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Background/Aims

Long non-coding RNAs (lncRNAs) play important roles in many diseases and participate in posttranscriptional regulatory networks in tumors. However, the functions of major lncRNAs in cervical cancer are unclear. Therefore, the aim of this study was to construct a lncRNA-mRNA coexpression functional network and analyze lncRNAs that might contribute to the pathogenesis of cervical cancer.



Methods

Differentially expressed lncRNAs (DElncRNAs) and mRNAs (DEmRNAs) between three pairs of cervical cancer tissues and adjacent mucosa were identified by lncRNA microarray analysis. LncRNA-mRNA correlation analysis and functional enrichment were performed on the DEGs. From the correlation network, PCBP1-AS1 was selected as a candidate for further analysis. PCBP1-AS1 expression was examined by qPCR, and Kaplan–Meier survival, clinicopathology, GSEA, and immune infiltration analysis of PCBP1-AS1 were performed. The immune responses of PCBP1-AS1 expression in cervical cancer were analyzed using TIMER and western blot. PCBP1-AS1 was knocked down and overexpressed to evaluate its role in cell proliferation, migration, and invasion.



Results

A total of 130 lncRNAs were significantly differentially expressed in cervical cancer patient samples compared with control samples. Differentially expressed mRNAs in the lncRNA-mRNA interaction network were involved in the EMT process. Combined with the Kaplan–Meier survival analyses, the coexpression network revealed that PCBP1-AS1 was significantly associated with OS and clinicopathological parameters in cervical cancer patients. Moreover, PCBP1-AS1 expression was not only significantly increased in cervical cancer specimens but also associated with tumor stage, TNM, and invasion. GSEA revealed that PCBP1-AS1 is closely correlated with cell biological function via the p53 and notch signaling pathways. TIMER analysis revealed that the numbers of NK cells and M2 macrophages decreased when PCBP1-AS1 expression was high, which was consistent with the western blot results in clinical samples. Furthermore, in vitro experiments showed that high expression of PCBP1-AS1 promoted cell proliferation, migration, and invasion.



Conclusions

Transcriptomic and lncRNA-mRNA correlation analyses revealed that PCBP1-AS1 plays a key role as an independent prognostic factor in patients with cervical cancer. The identification of PCBP1-AS1 as a new biomarker for cervical cancer could help explain how changes in the immune environment promote cervical cancer development.
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Introduction

Cervical cancer is one of the most common malignancies in female patients, and it has the highest mortality of all female reproductive system malignancies (1, 2). Moreover, its prevalence rate is rising among young women (3). Most patients suffering from cervical cancer are diagnosed at advanced stages, accompanied by invasion and distant metastasis (4, 5). At present, surgical resection and chemotherapy are the first-tier options of cervical cancer treatments, but tumor metastasis and recurrence still lead to poor prognosis (5–7). Although some progress has been made in research on the mechanism of cervical cancer, clinical applications are still limited, resulting in persistently high mortality in cervical cancer (8, 9). Therefore, the discovery of new mechanisms associated with cervical cancer for the identification of useful biomarkers as well as new specific therapeutic targets in cervical cancer is urgently needed.

In recent years, high-throughput transcriptome sequencing has become very common, revealing that up to 70% of the human genome is transcribed. However, the coding-protein transcripts are less than 2%, and most transcripts belong to non-protein-coding RNAs (ncRNAs) (10), including microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs. Accumulating evidence has demonstrated that ncRNAs play crucial roles in the occurrence and progression of tumors (11–13). In the past decade, lncRNAs, defined as transcripts with a length of more than 200 nt, have been found to play key roles in multiple types of human tumorigenesis, metastasis, and chemotherapy resistance (14–16). Nevertheless, most of the functional lncRNAs in cervical cancer have yet to be identified. The mechanism of lncRNA function is associated with its target mRNAs. Therefore, lncRNA induced target mRNA transcription disorders was an effective strategy to identify key functional lncRNAs for cancer. For example, to search for candidate prostate cancer-related lncRNAs, lncRNA-mRNA bipartite networks, and lncRNA-mRNA coexpression networks have been constructed (17, 18). Although the mechanism of lncRNAs is not fully understood, they have already been considered potential biomarkers and therapeutic targets for many tumors (19, 20).

Here, we performed lncRNA-seq to investigate the expression levels of lncRNAs and mRNAs in six cervical cancer samples (three paired cervical cancer and adjacent mucosa) and constructed a lncRNA-mRNA coexpression network to identify the role of the candidate lncRNAs in the expression, prognosis, clinical pathology, immune infiltration, proliferation, migration, and invasion of cervical cancer and HeLa cells.



Materials and Methods


Sample Collection and Preparation

A total of three pairs of cervical cancer and adjacent tissues were collected from three cervical cancer patients who underwent surgical operation from July 2019 to August 2012 in Department of Gynecology and Obstetrics, Affiliated Jiangning Hospital of Nanjing Medical University. After sequencing, we collected another 20 pairs of samples for data verification (Supplementary Table 1). Among them, 15 pairs (15 cervical cancer tissues and 15 controls) were collected from June 2020 to December 2020 for qPCR assay. Another five pairs of samples (five cervical cancer tissues and five controls) were collected between January 2021 and February 2021 to indirectly measure the number of immune cells in cervical cancer samples.

Specimens were frozen in liquid nitrogen immediately after operation and stored at −80°C until extraction. All samples were confirmed by histopathological examination. This study was approved by the ethics committee of the hospital. Informed consent to collection and use of the biological samples was obtained from each patient.



LncRNA Microarray

Total RNA was isolated using a RNeasy mini kit (Qiagen, Germany) and analyzed by 1% agarose gel electrophoresis (Bio-Rad, USA) to ensure that no degradation occurred. The RNA libraries were constructed using the TruSeq RNA Sample Preparation Kit (Illumina, USA). After purification, libraries were quantified using a Qubit 8000 (Life Technologies, USA) and validated with an Agilent 2100 (Agilent Technologies, USA) to confirm the insert size. Then, clusters were sequenced on an Illumina HiSeq 2500 instrument (Illumina, USA). Library construction and sequencing were performed at Shanghai Yuanshen Biomedical Technology Co., Ltd.



Data Analysis

Differentially expressed lncRNAs and mRNAs were identified through fold-change filtering (|log2FC|>1 and p<0.05) using the “edgeR” package in R. The differentially expressed RNA profiles were normalized by log2 transformation.



LncRNA-mRNA Correlation Network

The Pearson correlation coefficient was calculated, and the R value (cutoff >0.95) was used for each pair of lncRNA-mRNA interactions. The lncRNA-mRNA correlation network was constructed by Cytoscape software.



GO and KEGG Functional Enrichment Analysis

Functional enrichment analysis of lncRNA-target mRNAs was performed using Metascape (https://metascape.org/). All statistically enriched terms (Gene Ontology and Kyoto Encyclopedia of Genes and Genomes) were identified based on accumulative hypergeometric p values.



Kaplan–Meier Survival Analysis of lncRNAs

To investigate the predictive value of the expression levels of lncRNAs and mRNAs for the survival of cervical cancer patients, Kaplan–Meier survival analysis was performed using GEPIA (http://gepia2.cancer-pku.cn/). The statistical significance was set at p < 0.05. Then, the data obtained from the analysis were verified by StarBase (http://starbase.sysu.edu.cn/).



Cox Proportional Regression Model Based on Differentially Expressed RNAs

To analyze the independent effects of individual miRNAs on the overall survival of patients with colon cancer, we performed univariate and multivariate Cox proportional regression analysis with an online tool (SangerBox tools, http://sangerbox.com/Tool). We constructed a Cox proportional hazards regression model and calculated the risk value of each patient through the formula (risk score = b × exp (RNA1) + b × exp (RNA2) +… + b × exp (RNAn), where b represents the multivariate Cox regression coefficient and exp () represents the expression level of prognostic RNAs. Next, we calculated the survival rates of the high-risk and low-risk groups and plotted the 1-year, 3-year, and 5-year survival receiver operating characteristic (ROC) curves to test the feasibility of the prediction ability of the model.



RNA Extraction and Quantitative PCR

Total RNA was extracted from cervical cancer samples using an RNeasy mini kit (Qiagen, Germany) and analyzed by 1% agarose gel electrophoresis (Bio-Rad, USA) to ensure that no degradation had occurred. A Qubit 8000 (Life Technologies, USA) was used to measure the RNA concentration. Then, the RNA was reverse transcribed into cDNA. qRT-PCR was performed using SYBR Premix Ex Taq (Takara, China) on an ABI7500 system (Applied Biosystems, CA). The following cycling parameters were used: initial denaturation at 95°C for 30 s, followed by 35 cycles of 95°C for 5 s, 58°C for 30 s and 95°C for 60 s, and 60°C for 30 s. The primer sequences for PCR were as follows: PCBP1-AS1, forward: 5′-CCAACCTGATACATTGCCT-3′ and reverse 5′-TGGAAGAAATTCCCTGCTG-3′, GAPDH: forward 5′-CTCCTCCACCTTTGACGCTG-3′ and reverse 5′-TCCTCTTGTGCTCTTGCTGG-3′. Primers were synthesized by Sangon Biotech (China). GAPDH was used as a control. The mean value of triplicate experiments was used to calculate relative lncRNA expression using the formula ΔCt = Ctmean lncRNAs − Ctmean GAPDH. Expression fold changes were calculated using the 2-ΔΔCt method.



Immune Infiltrates Analysis

The TIMER (https://cistrome.shinyapps.io/timer/) correlation module was used to evaluate potential relationships between PCBP1-AS1 expression and immune infiltrates.



Gene Set Enrichment Analysis

GSEA was performed using normalized RNA-Seq data obtained from TCGA-cervical cancer. The number of permutations was set to 100. Using GSEA, we further analyzed GO terms and KEGG pathways to investigate possible biological functions of PCBP1-AS1 (p-value <0.05).



Cell Culture

HeLa cells were obtained from the American Type Culture Collection (ATCC). The cell lines were cultured as suggested by ATCC. The cells were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, USA) supplemented with 10% fetal bovine serum (Invitrogen, USA), 100 U/ml penicillin (Sigma, USA), and 100 µg/ml streptomycin (Sigma, USA) under a humidified atmosphere of 5% CO2 at 37°C.



Cell Transfection

PCBP1-AS1 small interfering RNA (si-PCBP1-AS1) and the corresponding control (si-NC) were purchased from RiboBio (Guangzhou, China). The PCBP1-AS1 overexpression plasmid (pCDH-GFP-PCBP1-AS1) and corresponding control plasmid (NC) were also purchased from RiboBio (Guangzhou, China). All oligomers and plasmids were transfected into HeLa cells using Lipofectamine 3000 reagents (Invitrogen, USA) based on the manufacturer’s protocol. Briefly, when HeLa cell densities were approximately 60% in 12-well plates (Corning, USA), 50 nM siRNA oligos or 2 µg overexpression plasmids were introduced into cells using Lipofectamine 3000 reagents (Invitrogen, USA). Untreated cells were set as blank groups and transfected with empty vectors, and NC-siRNA was used as a negative control. At 24 h post transfection, the efficiency of knockdown and overexpression was determined by qRT-PCR and fluorescence microscopy. Subsequent experiments were performed at 48 h after transfection.



Proliferation Assays

The proliferation of HeLa cells was measured by cell proliferation using Cell Counting Kit-8 (Sigma, USA) in 96-well plates. Then, 3,000 cells/well were incubated for 12, 24, and 48 h. All cells were then incubated with CCK-8 reagent (10 μl per well) for 3 h, and a microplate reader (Thermo, USA) was utilized to detect the absorbance of each well at 450 nm. Each experiment was carried out three times.



Wound‐Healing Assay

HeLa cells were seeded in plates (96 wells, Corning, USA) at 5 × 105 cells/well with culture medium at 37°C with 5% CO2. Then, the confluent cell monolayer was scratched with a sterile 200 μl pipette tip, and Opti-MEM™-reduced serum medium (Gibco, USA) was added. Microscope photos were taken after 0, 12, 24, and 48 h to record the scratched areas. ImageJ software was used to evaluate the percentage of closure.



Transwell Assay

At 48 h after transfection, HeLa cells were collected to prepare a single-cell suspension. The HeLa cell suspension (3 × 103 cells/well) was added to the Transwell upper chamber (Corning, USA), and DMEM (20% FBS) was added to 24-well plates in the lower chamber. The upper chamber was coated with Matrigel. After 24 h, 4% paraformaldehyde (Sigma, USA) was applied to fix the cells, and the cells were stained with 1% crystal violet (Sigma, USA). Cells were observed and counted under an optical microscope (Olympus, Japan).



Western Blot Analysis

Total protein was extracted using RIPA lysis buffer (Beyotime, China), and separated using 10% SDS-PAGE (Beyotime, China). Next, proteins were transferred onto PVDF membranes (Beyotime, China). Then, the target protein membrane was blocked with 5% nonfat milk for 24 h. Subsequently, the membranes were incubated with specific primary antibodies against CD4 (Beyotime, China, 1:1,000), CD19 (Beyotime, China, 1:1,000), CD56 (Beyotime, China, 1:1,000), and GAPDH (Beyotime, China, 1:1,000) for 24 h at 4°C. GAPDH was used as a control. Afterwards, the membranes were incubated with secondary antibodies (Beyotime, China, 1:1,000) for 4 h at room temperature. TMB color liquid (Beyotime, China) was used to detect protein bands. ImageJ software was used to analyze the gray value of the bands. Protein levels were calculated using the ratio of target protein/GAPDH.



Statistical Analysis

GraphPad Prism 8.0 software (California, USA) was utilized to perform statistical analysis. The discrepancies between two groups were compared by t-test. The differences were deemed statistically significant at p < 0.05.




Result


Differential Expression Patterns of Genes Between Cervical Cancer Tissues and Adjacent Tissues

To understand the lncRNAs and mRNAs involved in cervical cancer pathogenesis, we performed lncRNA microarray detection in three pairs of cervical cancer tissues and matched adjacent tissues. On average, 82.58 million reads were obtained for each sample (Supplementary Table 2). Among the 10,675 detected expressed lncRNAs, we identified 130 differentially expressed lncRNAs between cervical cancer tissues and adjacent tissues (|log2FC|>1 and p < 0.05), of which 48 were upregulated and 82 were downregulated in the cancer tissue, as shown in Figure 1A; the red points represent statistically significant upregulated differentially expressed lncRNAs, and the blue points represent downregulated differentially expressed lncRNAs. With this same criterion, we identified 656 significantly differentially expressed mRNAs, of which 293 were upregulated and 363 were downregulated (Figure 1A). The top 10 lncRNAs (up- and down) and mRNAs (up- and down) are shown in Tables 1 and 2, respectively. Among the annotated differentially expressed lncRNAs, antisense lncRNAs accounted for 37.50% of upregulated lncRNAs, whereas the majority of downregulated lncRNAs were lincRNAs and antisense lncRNAs (accounting for 40.24% each) (Figure 1D). The distribution of differentially expressed lncRNAs across chromosomes was also analyzed. Among the downregulated differentially expressed lncRNAs, chromosome 1 had the most differentially expressed lncRNAs (n = 9), followed by chromosome 5 (n = 8) (Figure 1C). In the same analysis, chromosome 2 had the most DElncRNAs (n = 7) among the upregulated differentially expressed lncRNAs (Figure 1C). The heat map results in Figure 1B show that lncRNA and mRNA expression was distinct between cervical cancer tissues and adjacent tissues. In summary, the results from the lncRNA microarray analysis indicated that aberrantly expressed genes, including mRNAs and lncRNAs, may play important roles in the development and progression of cervical cancer.




Figure 1 | LncRNA sequencing of CESC. (A) Volcano plots of differential expression profiles of lncRNAs and mRNAs. The red dots represent upregulated genes. The blue dots represent downregulated genes. The gray dots represent genes that do not differ significantly. (B) Heat map of differential expression profiles of lncRNAs and mRNAs. (C) Chromosomal distribution of all differentially expressed lncRNAs. (D) Fraction distribution of all category-annotated DEG long non-coding RNAs (lncRNAs).




Table 1 | Top10 (up- and downregulated) of DElncRNAs in normal tissues and CESC tissues.




Table 2 | Top 10 (up- and downregulated) of DEmRNAs in normal tissues and CESC tissues.





lncRNA-RNA Interaction Network and GO Analysis

lncRNAs can regulate the transcription, translation, and splicing of downstream target mRNAs. To understand the correlation between the expression of differentially expressed lncRNAs and differentially expressed mRNAs, a lncRNA-RNA interaction network was constructed. The lncRNA-mRNA coexpression pairs in the network were selected with a threshold of correlation ≥0.95, resulting in a network consisting of 514 nodes and 7,102 significant coexpression relationships, including 127 differentially expressed lncRNAs and 387 differentially expressed mRNAs (Figure 2A), suggesting that these differentially expressed lncRNAs might regulate downstream target mRNAs mainly through induction mechanisms. As shown in Figure 2A, the coexpression regulatory network was divided into two parts (cis and trans), which are the two regulatory mechanisms by which lncRNAs regulate downstream genes. Then, using the jActive module, we identified a highly active subnetwork module (ActivePath Score = 7.20; Figure 2B) from the network, including 66 nodes and 192 edges with 19 lncRNAs and 47 mRNAs. GO and KEGG enrichment analyses were performed to analyze the functions of the differentially expressed mRNAs in each subnetwork module of the network. The results showed that these differentially expressed mRNAs were significantly enriched in epidermal development, regulation of hormone levels, cell cycle, epidermal cell differentiation, phosphorylation, and cell resistance. The main pathways were the HNF3A pathway and regulation of the intracellular estrogen receptor signaling pathway (Figure 3), which indicated that these differentially expressed mRNAs may be related to EMT. EMT causes dissociated epithelial cells to acquire migration and invasive capacities and confers cancer cells with the ability to migrate to distant tissues.




Figure 2 | LncRNA-mRNA interaction network. (A) Correlation analysis was carried out with differentially expressed lncRNAs and mRNAs, and the cutoff value was set with a threshold of correlation >0.95. Red nodes represent lncRNAs, green nodes represent mRNAs, and red dotted boxes indicate trans and cis groups. (B) The red solid line box indicates the highly active subnetwork module identified by the jActive module.






Figure 3 | GO and pathway analysis for differentially expressed mRNAs in the highly active subnetwork module.





PCBP1-AS1 Is Associated With Poor Prognosis and Clinical Parameters of Cervical Cancer Patients

To identify the differentially expressed lncRNAs and mRNAs with potential prognostic value, the expression levels of 19 differentially expressed lncRNAs and 47 differentially expressed mRNAs in the network of the subnetwork module were analyzed using a univariate Cox proportional hazards regression model. Only one lncRNA (PCBP1-AS1) and four mRNAs (FAM222A, FHAD1, WDR62, and SBK1) were identified as prognostic factors (p < 0.05; Figure 4B). Kaplan–Meier curve analysis showed that PCBP1-AS1 was negatively correlated with OS (p < 0.05), and all mRNAs were positively correlated with OS (p < 0.05) (Figure 4A). Meanwhile, we evaluated the relationship among PCBP1-AS1 and four mRNA expression levels and various clinicopathological parameters of cervical cancer patients. Expression data and clinical characteristics were obtained from TCGA-cervical cancer database. The results showed that the expression of PCBP1-AS1, FAM222A, FHAD1, WDR62, and SBK1 was significantly correlated with tumor clinical stage, pathologic TNM, and lymphatic invasion (p < 0.05) (Figure 4C). From the multivariate Cox regression analysis, PCBP1-AS1 (p = 0.046; HR = 0.407, 95% CI, 0.156–1.06) and SBK1 (p = 0.047; HR = 0.804, 95% CI, 0.641–1.007) were independent prognostic factors (Table 3, Supplementary Figure 1).




Figure 4 | (A) Kaplan–Meier analysis results of PCBP1-AS1, FAM222A, FHAD1, WDR62, and SBK1 in CESC. (B) Univariate Cox proportional hazards regression analysis of PCBP1-AS1, FAM222A, FHAD1, WDR62, and SBK1 in CESC. (C) Expression of PCBP1-AS1, FAM222A, FHAD1, WDR62, and SBK1 correlated significantly with clinicopathological parameters.




Table 3 | Multivariate cox regression analysis of RNA signature associated with survival in cervical cancer patients.





Expression Validation of PCBP1-AS1 in Cervical Cancer Tissues

This project focuses on the regulation of lncRNAs; thus, PCBP1-AS1 was selected as a candidate for further determination of its role in cervical cancer pathogenesis. LncLocator prediction results revealed that PCBP1-AS1 was localized to the cytosol (Figure 5A). qRT-PCR was performed to detect PCBP1-AS1 expression levels in 15 cervical cancer tissues and 15 controls. The clinical characteristics of the cervical cancer samples are summarized in Supplementary Table 1. As shown in Figure 5B, PCBP1-AS1 had significantly higher expression levels in cervical cancer tissues than in their normal counterparts (p < 0.001). This result was consistent with the microarray analysis and TCGA data (Figure 5C). In addition, the expression of PCBP1-AS1 was positively correlated with FAM222A (p = 0.035), FHAD1 (p = 0.027), and SBK1 (p < 0.001) (Figure 5D). Moreover, univariate analysis revealed that PCBP1-AS1 expression, tumor stage, pathologic T stage, and lymph vascular invasion were significantly correlated with the OS of cervical cancer patients (Table 4-a). Our multivariate analysis revealed that PCBP1-AS1 expression might be an independent factor for the prognosis of cervical cancer (Table 4-b, Figure 5E). Meanwhile, the ROC curve AUC of PCBP1-AS1 expression for predicting survival was 0.603 (Figure 5F), which indicated that PCBP1-AS1 possessed the potential prognostic ability of cervical cancer. Furthermore, as shown in Figure 5G, we uncovered a correlation between PCBP1-AS1 expression and clinicopathologic characteristics. Increased PCBP1-AS1 expression levels in cervical cancer were significantly correlated with tumor stage, pathologic TNM (p < 0.05), and lymph invasion (p = 0.0402). These results indicated that cervical cancer patients with high levels of PCBP1-AS1 expression are more likely to promote the initiation and growth of cervical cancer than patients with low levels of PCBP1-AS1 expression due to the effect of tumor stage, pathologic TNM, and lymph invasion.




Figure 5 | (A) Subcellular localizations of PCBP1-AS1 determined by using lncLocator. (B) Expression of PCBP1-AS1 in CESC cancer tissues assessed by qPCR. (C) Expression of PCBP1-AS1 in CESC from TCGA by GEPIA.*p<0.05. (D) Correlation analysis among PCBP1-AS1, FAM222A, FHAD1, and SBK1. (E) Multivariate Cox analysis of PCBP1-AS1 expression and other clinicopathological variables. (F) ROC curves of PCBP1-AS1. (G) Expression of PCBP1-AS1 correlated significantly with clinicopathological parameters.




Table 4 | Correlation between overall survival and multivariable characteristics via (a) univariate analysis (b) multivariate survival analysis.





Relationship Between PCBP1-AS1 Expression and Tumor-Infiltrating Immune Cells

To understand the influence of PCBP1-AS1 in tumor-infiltrating lymphocytes, we analyzed the possible correlations between PCBP1-AS1 expression and levels of immune infiltration in cervical cancer. As shown in Figure 6, PCBP1-AS1 expression showed a positive correlation with the levels of CD8+ T cells (p < 0.05), CD4+ T cells (p < 0.05), B cells (p < 0.05), cancer-associated fibroblasts (p < 0.05), myeloid dendritic cells (p < 0.05), eosinophils (p < 0.05), mast cells (p < 0.05), neutrophils (p < 0.05), and regulatory T cells (p < 0.05). In contrast, the presence of macrophages and monocytes was negatively correlated with the levels of PCBP1-AS1 expression. The results indicated that PCBP1-AS1 played an important role in immune infiltration in cervical cancer. Meanwhile, to study whether the cervical cancer immune microenvironment was different in cases with high PCBP1-AS1 levels compared those with to low levels, we downloaded an RNA expression profile obtained from TCGA. The cervical cancer samples were divided into two groups with the median value of PCBP1-AS1 expression as a cutoff. Then, we explored the expression profiles to obtain a fraction of 18 immune cell subtypes and assessed the differences in their expression levels in the two PCBP1-AS1 expression groups (Figure 7A). B cells, CD4+ T cells, M0 macrophages, M2 macrophages, and activated NK cells were significantly affected by PCBP1-AS1 expression. M2 macrophages and activated NK cells were increased (p < 0.05) in the low expression group compared to the high expression group. In contrast, CD4+ T cells, B cells, and M0 macrophages were increased in the high expression group (p < 0.05). We collected five pairs of samples (five cervical cancer tissues and five adjacent tissues) and extracted total protein from them. Differences in CD4+ T cells (CD4), B cells (CD19), and NK cells (CD56) in normal samples and cervical cancer samples were detected by western blotting. The results showed that CD56 protein was present at low levels in the tumor samples. In contrast, CD4 and CD19 protein levels were higher in tumor samples than in normal samples, which indirectly confirmed the results of the above analysis of immune infiltration (Figures 7B, C). In addition, we analyzed the correlations between 18 types of immune cells (Figure 7D), which revealed that the different infiltrating immune cell subpopulations of cervical cancer were moderately correlated.




Figure 6 | Correlations between PCBP1-AS1 expression and immune infiltration levels, with purity adjustment.






Figure 7 | (A) The varied proportions of 18 subtypes of immune cells in high and low PCBP1-AS1 expression groups in tumor samples. (B) Western blot results of CD4 (representing CD4+ T cells), CD19 (representing B cells), and CD56 (representing NK cells) protein expression in cervical cancer tissues and corresponding adjacent normal cervical cancer tissues. GAPDH was used as a control. (C) Gray value ratios of CD4/GAPDH, CD19/GAPDH, and CD56/GAPDH in cervical cancer tissues and corresponding adjacent normal cervical cancer tissues. **p < 0.01,***p < 0.001. (D) Heatmap of 18 infiltrating immune cells in tumor samples.





Gene Set Enrichment Analysis of PCBP1-AS1

To further analyze the function of PCBP1-AS1, GSEA was performed, and the most differentially (FDR q-val < 0.250, NOM p-val < 0.050) enriched signaling pathways and functions were selected based on the normalized enrichment score (NES). As shown in Figure 8B, the GO sets of molecular functions and biological processes significantly associated with PCBP1-AS1 expression were cell adhesion, cell migration, cell proliferation, regulation of apoptosis, cell resistance, and chromatin regulation. KEGG pathway analysis showed that the four pathways with the strongest positive correlations with PCBP1-AS1 expression were protein export, proteasome, p53 signaling pathway, and glycolysis gluconeogenesis; the four pathways with the strongest negative correlations were phosphatidylinositol signaling, basal cell carcinoma, bladder cancer, and Notch signaling, as shown in Figure 8A. The above GO and KEGG pathway annotations are shown in Table 5. These results revealed that the expression level of PCBP1-AS1 was strongly associated with GO functions and pathways regulating cell function (cell adhesion, migration, proliferation, apoptosis, and resistance) and chromosome and protein activity.




Figure 8 | (A) KEGG pathway analysis showed five positively correlated groups and five negatively correlated groups. (B) GO term analysis revealed three positively correlated groups and three negatively correlated groups.




Table 5 | Signaling pathways most significantly correlated with PCBP1-AS1 expression based on their normalized enrichment score (NES) and p-value.





PCBP1-AS1 Contributes to HeLa Cell Proliferation, Migration, and Invasion

To further address the biological function of PCBP1-AS1, we used siRNA and overexpression plasmids to alter the expression level of PCBP1-AS1 in HeLa cells and analyzed the effect of PCBP1-AS1 on HeLa cell proliferation, migration, and invasion. Fluorescence microscopy analysis of PCBP1-AS1 revealed successful transfection of the overexpression plasmid (Figure 9A), and siRNA‐PCBP1-AS1 led to a significant decrease in PCBP1-AS1 expression in HeLa cells (Figure 9B). The effect of PCBP1-AS1 on cell proliferation was detected by the CCK-8 assay. Compared with the negative control (NC) group, overexpression of PCBP1-AS1 significantly promoted HeLa cell proliferation, whereas HeLa cell proliferation was significantly impaired by PCBP1-AS1 knockdown (p < 0.001) (Figure 9E). Meanwhile, the wound-healing assay revealed that overexpression of PCBP1-AS1 significantly enhanced HeLa cell migration, and siRNA-PCBP1-AS1 showed a notably slower scratch closure rate than control cells (Figures 9C, D), which revealed that silencing PCBP1-AS1 inhibited HeLa cell migration (p < 0.001). Furthermore, the Transwell assay demonstrated that PCBP1-AS1 knockdown HeLa cells displayed significantly lower invasion potential than the control cells (p < 0.001) (Figures 9F, G). Collectively, these results suggest that the expression level of PCBP1-AS1 affected the proliferation, migration, and invasion of cervical cancer cells.




Figure 9 | (A) Overexpression of PCBP1-AS1 in HeLa cells analyzed by fluorescence microscopy. (B) PCBP1-AS1 knockout efficiency in HeLa cells analyzed by qPCR. (C) and (D) The effects of PCBP1-AS1 knockdown or overexpression on HeLa cell migration measured using the migration assay. ⁎⁎⁎p < 0.001. (E) The effects of PCBP1-AS1 knockdown and overexpression on the viability of HeLa cells measured using the CCK-8 assay. (F) and (G) Transwell invasion assay and average number of invasive PCBP1-AS1 knockdown and overexpression cells. ⁎⁎⁎p < 0.001.






Discussion

Cervical cancer is one of the most common malignancies in females, and it has the highest mortality among female reproductive system malignancies (1, 2). Despite the development of diagnostic and treatment strategies, the prognosis of cervical cancer patients is still very poor, mainly due to cancer metastasis and recurrence (5–7). Thus far, a series of studies have indicated that lncRNAs exert substantial effects on the pathogenesis of carcinomas, suggesting that lncRNAs might act as prognostic indicators in tumorigenesis and cancer development (14–16). For example, PSMB8-AS1 contributes to pancreatic cancer progression by modulating the miR-382-3p/STAT1/PD-L1 axis (21). However, limited research has been performed on the transcriptomic profiles of cervical cancer, and the functional roles of lncRNAs in cervical cancer pathogenesis remain largely unknown. Hence, comprehensively understanding the lncRNA profile of cervical cancer and analyzing the mechanism of action involving lncRNAs might provide new thinking in the pathogenesis of this disease.

In this study, high-throughput microarray analysis was performed to characterize the significantly differentially expressed lncRNAs and mRNAs between cervical cancer patients and controls, which might be involved in cervical cancer progression. In total, 130 lncRNAs and 656 mRNAs were found to be dysregulated. The functions of lncRNAs are closely associated with downstream target mRNAs, which they may regulate directly or indirectly (22, 23). Therefore, a global lncRNA-mRNA coexpression cis- and trans-regulatory network was constructed with 127 differentially expressed lncRNAs and 387 differentially expressed mRNAs, which could be successfully used for disease-related lncRNA identification. Based on the lncRNA-PCG functional network, we identified a highly active subnetwork module, including 19 lncRNAs and 47 mRNAs, by the jActive module. GO and KEGG enrichment analysis based on the 47 differentially expressed mRNAs indicated that several biological processes and pathways may play important roles in cervical cancer pathogenesis, including epidermal development, cell cycle, cell resistance, epidermal cell differentiation, and regulation of the intracellular estrogen receptor signaling pathway, which indicated that these DEmRNAs may be related to EMT. EMT causes dissociated epithelial cells to acquire migratory and invasive capacities and endows cancer cells with the ability to migrate to distant tissues. This functional annotation provides bioinformatics-based evidence regarding the potential mechanism promoting cervical cancer occurrence. Based on Kaplan‐Meier analysis, PCBP1-AS1 and four mRNAs (FAM222A, FHAD1, WDR62, and SBK1) were identified as potential prognostic factors for cervical cancer patients. The expression of these DERNAs was significantly correlated with tumor clinical stage, pathologic TNM, and lymphatic invasion.

To the best of our knowledge, the five DERNAs have rarely been reported in previous studies, and their functions in cervical cancer are largely unknown. Originally, PCBP1-AS1 was identified in cervical cancer tissues through microarray expression profiling (24). However, its expression and biological function in cervical cancer tissues and cells have not been studied. Luo et al. reported that PCBP1-AS1 aggravated the progression of hepatocellular carcinoma by regulating the PCBP1/PRL-3/AKT pathway (25). Luan et al. noted that PCBP1-AS1 promoted the autophagy of glioma cells (26). FAM222A is Chromosome 12 Open Reading Frame 34. It was reported that FAM222a is related to chemotherapy resistance in gastric cancer, and its antisense RNA can regulate the migration of non-small cell lung cancer cells (27, 28). FHAD1 was reported by Zhao et al. to be a marker for the occurrence of prostate cancer (29). WDR62 was identified as a scaffold protein in the JNK signaling pathway (30). Zhou found that inactivation of WDR62 could cause defects in female meiotic initiation, which led to the occurrence of female reproductive diseases (31). SBK1 is also a peptide domain. Wang found that SBK1 was dysregulated in several cancer tissues, especially in ovarian cancer, and showed that SBK1 played an important role during ovarian carcinogenesis (32). According to the above studies, these five hub genes are likely to be involved in the occurrence or development of cervical cancer.

Our research results showed that PCBP1-AS1 expression was increased in cervical cancer tissues compared with paired adjacent normal tissues and was a prognostic biomarker for cervical cancer. Additionally, we found a role for upregulated PCBP1-AS1 as an independent prognostic factor for poor OS. Cervical cancer patients with high PCBP1-AS1 expression are more likely to have a more advanced stage, TNM status, and lymph metastasis than those with low PCBP1-AS1 expression. In addition, we analyzed the connections between PCBP1-AS1 expression and immune infiltration levels in cervical cancer by TIMER. We found a relationship between PCBP1-AS1 and T cell, B cell, myeloid dendritic cell, eosinophil, mast cell, neutrophil, macrophage, and monocyte infiltration. Furthermore, the immune infiltration score analysis showed that B cells, CD4+ T cells, M0 macrophages, M2 macrophages, and NK cells were related to PCBP1-AS1 expression. The results revealed that CD4+, B cells, and M0 macrophages were increased in the high expression group, whereas the levels of M2 macrophages and activated NK cells were decreased. It is reported that NK cells are important biological barriers that are resident in the cervix and can identify and kill virus-infected cells rapidly through pathways that do not require preactivation (33). Other research suggests that HPV16 disables the increased NK cells in the early lesion of the cervix (34). Here, we speculate that these phenomena may be a possible mechanism by which PCBP1-AS1 regulates the functions of NK cells in cervical cancer. Furthermore, the overexpression of PCBP1-AS1 may inhibit efficient NK cell immune responses and infiltration. Overall, PCBP1-AS1 plays a crucial role in the regulation and recruitment of immune infiltrating cells in cervical cancer. However, these results need to be further validated in combination with clinical trials.

Equally important, we performed GSEA to further analyze the biological function of PCBP1-AS1. Our results showed that the main significant pathways for PCBP1-AS1 included the p53 signaling pathway and Notch signaling. Notch signaling is well known to be one of the most frequently activated signaling pathways in cancer and is involved in cell cycle regulation (35) and immune responses (36). Rong et al. reported that activated Notch signaling may lead to the development of cervical cancer by regulating Numb splicing (37). Similarly, P53 also plays a complex role in promoting the cell cycle, cell senescence, and apoptosis. Wild-type p53 can promote the cancer metabolic switch by inducing PUMA-dependent suppression of oxidative phosphorylation (38). Furthermore, recent research found that many more genes could promote proliferation and suppress apoptosis in cervical cancer cells by inhibiting and activating the p53 signaling pathway (39–41). Our results help to deepen the understanding of the biological functions of PCBP1-AS1 in cervical cancer. Furthermore, to validate the identified biological functions, gain-of-function experiments were performed in HeLa cells. Our results showed that PCBP1-AS1 depletion could significantly inhibit cervical cancer cell proliferation. Wound healing assays and Transwell assays further demonstrated that downregulation of PCBP1-AS1 could reduce the migration and invasion ability of cervical cancer cells. Collectively, these results provide mechanistic evidence supporting the finding that PCBP1-AS1 upregulation is associated with more advanced stage, TNM status, and lymph metastasis. PCBP1-AS1 may also be a useful biomarker for cervical cancer.

In conclusion, we used transcriptome sequencing technology to profile the lncRNAs of both cervical cancer and adjacent mucosa from 15 patients. A total of 130 lncRNAs and 656 mRNAs were systematically screened, many of which played important roles in regulating cell biological functions. These sequencing data provide an important resource for future studies of key lncRNAs in cervical cancer. Of these, PCBP1-AS1 was found to be a new biomarker for the prognosis of cervical cancer patients and to regulate cell proliferation and migration. In addition, this study helps to elucidate the roles of immune cell infiltration and lncRNAs in cervical cancer. With a better understanding of the biological function of PCBP1-AS1, this molecule could act as an effective biomarker for the diagnosis and treatment of cervical cancer and may help clinicians make appropriate choices for targeted therapy for the treatment of cervical cancer in the future.
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Deleterious mutations in APC gene cause the autosomal dominant familial adenomatous polyposis (FAP) which is typically characterized by the occurrence of hundreds to thousands of colorectal adenomas that eventually lead to colorectal cancers (CRCs). BRCA1/2 are the two major susceptibility genes for breast and ovarian cancers. Here, we reported a coinheritance of mutations in APC and BRCA1 genes in a 20-year-old CRC patient with typical clinical features for FAP. Multiple relatives in the family of the patient were affected by colorectal and other cancers. Next-generation sequencing analysis using a panel consisting of 53 hereditary cancer related genes revealed a maternally inherited APC (exon15cn_del) mutation and a paternally inherited BRAC1 (p.lle1824AspfsX3) mutation. This is the first coexistence of APC and BRCA1 mutations in a CRC patient with the mutation inheritance pattern comprehensively characterized in the family. The patient underwent a colonoscopy and a subtotal colectomy and was subsequently diagnosed with colonic adenocarcinomas accompanied with hundreds of tubulovillous adenomas. The case reveals the scenario where two disease-causing mutations of different hereditary tumor syndromes coexist, and illustrates the importance of evaluating detailed family history and performing a multiple-gene panel test in patients with hereditary cancer.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide (6.1%) and the second leading cause of cancer-related mortality (9.2%) (1). Approximately 10% of CRC patients are diagnosed at an age younger than 50 years, which is a hallmark of inherited cancer predisposition. Germline mutations in the mismatch repair genes MLH1, MSH2, MSH6 and PMS2, or EPCAM lead to Lynch syndrome, the most common known cause of hereditary CRC and comprising 4% to 13.5% of early-onset CRC patients (2, 3).

Adenomatous polyposis coli (APC), located on chromosome 5q21-q22, is one of the tumor-suppressor genes frequently inactivated in the early progression of colorectal carcinogenesis (4, 5). Its primary transcript (NM_000038.6) has 16 exons with 1-15 coding a protein of 2843 amino acids (6). Deleterious germline mutations in APC cause familial adenomatous polyposis (FAP) which account for about 0.5% of all CRCs (4, 7). Individuals harboring a germline APC mutation can develop multiple adenomas caused by inactivation of the remaining allele in the colorectum via gain of additional somatic APC mutations or loss of heterozygosity (LOH) at this locus. FAP is typically characterized by the occurrence of hundreds to thousands of colorectal adenomas within 20 years which invariably lead to CRC if not detected early and removed.

Breast cancer susceptibility genes (BRCA) consisting of BRCA1 and BRCA2, are also important tumor-suppressor genes (8, 9). BRCA1 gene, located at chromosome 17q21, consists of 23 exons encoding a protein of 1863 amino acids. BRCA2 is located at chromosome 13q12 and included 27 exons encoding a large protein product of 3418 amino acids. Mutations in BRCA1/2 genes have been discovered in multiple malignancies (10). The cumulative breast cancer risk and ovarian cancer risk for mutation carriers are 5 times and 10-20 times higher than that for non-carriers (11), respectively. However, investigations on whether BRCA1/2 mutations increase lifetime risk of developing colorectal cancer have yielded conflicting results (12–15).

In the present study, we describe a 20-year-old male with familial CRC harboring concurrent germline mutations in APC and BRCA1 which were inherited maternally and paternally respectively.



Case Report

The reported patient was a 20-year-old male (Figure 1, III2) with a family history of cancers. His mother (II6) was first diagnosed with a grade II adenocarcinoma of colon accompanied with multiple polyps at the age of 48 and received a systemic chemotherapy. Subsequently, the detailed family history of his mother was assessed. His maternal grandfather (I3) died of gastric cancer when he was 60 years old. His maternal grandmother (I4) was diagnosed with CRC at the age of 59 and died at the age of 76. Two of his maternal aunts (II7&II9) died from CRC at the age of 39 and 50, respectively. His maternal uncle (II11) died of lung cancer at the age of 59. One of his female maternal cousins (III4) was diagnosed with CRC and subsequently received surgery at the age of 30 and was still alive.




Figure 1 | Familial Pedigree of case. The proband is indicated by an arrowhead. Squares represent males, circles represent females. Solid symbols represent affected individuals. Symbols with slash indicate deceased individuals. Age at cancer diagnosis is reported following the corresponding disease and the age of death is reported on the top right corner of symbol. GC, gastric cancer; CRC, colorectal cancer; OC, ovarian cancer; LC, lung cancer.



Due to the familial cancer history, in June 2018, the white blood cell sample was collected from the mother of the patient (proband, II6) and subjected to a next generation sequencing (NGS)-based genetic test using a panel consisting of 53 hereditary cancer related genes (Ugene, Burning Rock Biotech, China) with a median sequencing depth of 400x. The copy number variation analysis based on the sequencing depth revealed a copy number 1 for the exon 15 in APC gene, indicating a heterozygous loss of APC exon 15 (exon15cn_del, Figure 2A). Genetic test was also performed on two of the patient’s maternal cousins (III7&III6) and revealed the same APC mutation in the male cousin (III7) but no mutation present in female cousin (III6).




Figure 2 | Demonstration of NGS results of APC and BRCA1 germline mutations. (A) The heterozygous loss of exon 15 in APC gene was detected in the proband; (B) The same heterozygous loss of exon 15 in APC gene was also detected in the 20-year old male patient; (C) The heterozygous p.lle1824AspfsX3 in BRCA1 gene was detected in the 20-year old male patient.



NGS with the same 53-gene panel performed on the reported patient (III2) and his sister (III1) revealed existence of the germline APC exon15cn_del mutation in both (Figure 2B). However, in addition to APC mutation, the male patient also harbored an open reading frame shift mutation in BRAC1 (c. 5470_5477delATTGGGCA, p.lle1824AspfsX3, Figure 2C). The paternal family history of the patient showed that his paternal grandfather (I1) died from gastric cancer at the age of 47. His paternal aunt (II4) was diagnosed with ovarian cancer at the age of 54 years and is still alive. We also identified a same BRAC1 (p.lle1824AspfsX3) germline mutation in her.

Taken together, the family clinical history and identified deleterious mutations were highly suggestive of FAP. The 20-year-old patient underwent a colonoscopy on Feb 21, 2019. More than ten polyps in size of 0.4-4cm with erosions on some of them were discovered. Three big polyps on the hepatic flexure of colon were biopsied which indicated high-grade intraepithelial neoplasia. The patient subsequently received a subtotal colectomy on March 25, 2019 and was diagnosed with stage T3N1bM0 colonic adenocarcinomas accompanied with more than one hundred of tubulovillous adenomas with the larger ones measuring 0.3-1cm. Immunohistochemical tests were performed with the surgical sample and revealed a status of HER2 (0), proficient DNA mismatch repair (pMMR) and BRAF (–). The patient subsequently received a modified oxaliplatin (L-OHP) with leucovorin (LV) and bolus/continuous infusion of 5-fluorouracil (5-FU) (mFOLFOX6) regimen for 12 cycles. Repeated image tests and a colonoscopy in Dec, 2019 revealed no evidence of recurrence or metastasis but the presence of multiple polyps measuring 0.3-0.8cm on the rectum, which were subsequently diagnosed with adenomatous polyps. The patient remained alive as the submission of the manuscript. The sister of the patient (III1) was also diagnosed with multiple adenomatous polyps of colon in May 2019 when she was 27 years and underwent subtotal colectomy.



Discussion

Although this is the second report of CRC with concurrent APC and BRCA germline mutations, it is the first case which the inheritance of both mutations was well characterized by comprehensively sequencing the family members. Dolkar et al. first reported a 44-year-old Caucasian male with concurrent APC and BRCA germline mutations who had colonic adenocarcinoma accompanied with 15 additional colon polyps (16). The patient’s father had pancreatic cancer and his mother as well as his maternal cousin had colon cancer. Sequencing identified a pathogenic substitution mutation at nucleotide position 1213 in exon 9 of APC gene resulting in a premature stop codon (p.R405X) plus a deleterious c.8297delC variant in the BRCA2 gene. The report only provided genetic tests for the proband therefore origins of mutations were not well recognized. In the present case, the male patient carried germline mutations in APC and BRAC1 genes. By performing genetic analysis on multiple affected family members, we were able to delineate the inheritance pattern of mutations in this family. The mother of the patient (proband), sibling and maternal cousins all carried the APC mutation and his paternal aunt carried the BRAC1 mutation which demonstrated a maternal origin of the former mutation and a paternal origin of the latter.

Pathogenic variants in APC gene are predominantly located in the exon 15 and always cause a premature truncation of the APC protein through nonsense substitutions or frameshifts (7). One of the mutations identified in this case was a heterozygous loss of exon 15 in APC gene which has been reported previously (17) and defined as a pathogenic variant according to the guidance of American College of Medical Genetics and Genomics (ACMG) (18).

BRCA proteins play essential roles in repair of DNA double-strand breaks via a homologous recombination mechanism (10). Deficiencies in BRCA proteins cause chromosomal instability which is associated with tumorigenesis. The open reading frame shift mutation in BRAC1 (p.lle1824AspfsX3) reported in the case resulted in a truncated BRCA1 protein of 1825 amino acids. The mutation has been detected in 3 out of 133 Chinese women with familial breast/ovarian cancer and was characterized as pathogenic (19).

It is known that BRCA1/2 are the two major susceptibility genes for breast and ovarian cancers. However it is still controversial whether the existence of germline mutation in BRCA1/2 increases the risk of CRC. A study genotyped 2,398 CRC patients and 4,570 controls showed the presence of BRCA1 mutation in 0.42% of cases and in 0.48% of controls (P = 0.8). Although the BRCA1 mutation frequency was found slightly higher (0.93%) in patients with family CRC history, the study did not support the correlation of BRCA1 mutations with increased risk of CRC (14). Another prospective study in 7,015 women with a BRCA mutation revealed an increased risk of CRC in carriers with BRCA1 mutations younger than 50 years but not in carriers with BRCA2 mutations or elder females (15).

Mutations in APC cause autosomal dominant FAP which often leads to CRC eventually. However, it is inconclusive whether APC and BRCA interact intrinsically which might predispose individuals with germline mutations in both genes to an increased risk of cancers. In the present case, the patient with double mutations developed colonic adenocarcinomas with hundreds of adenomas at the age of 20. He had a much earlier onset than other relatives in the family who only carried APC mutation. Previous studies investigating the coexistence of APC polymorphism I1307K with BRCA germline mutations demonstrated that APC I1307K increased the penetrance of BRCA mutations for breast cancer but not for ovarian cancer (20, 21). A study in mice also implied that although APC mutation might function early in the neoplastic process, coinheritance of a BRCA2 alteration did not modify the APC mutation-driven phenotypes and therefore did not enhance tumorigenesis (22).

In present report, the well-specified family cancer history and the FAP-typical clinical characteristics observed in the proband made it relatively easy to uncover the disease-causing mutations. However in clinical practice, features of hereditary tumor syndrome are not always observed in patients and family histories are often not well-recognized. Therefore, the detection rate of pathogenic variants is always unsatisfactory. In a study aiming to screen the mutation rate in cancer susceptibility genes in 1,058 unselected CRC patients revealed 9.9% of patients carried mutations in cancer susceptibility genes and 7.0% carried mutations in non-Lynch syndrome (LS) genes. Notably, 15 of 23 carriers of high-penetrance non-LS mutations lacked classic clinical histories suggesting genetic factors that underlie CRC frequently occur beyond well-recognized familial CRC syndromes (23). Therefore, multigene panel testing in unselected patients with CRC will identify substantially more disease-causing mutations and bring more opportunities for genetically driven cancer prevention (3, 23).

The reported case harbors both APC and BRAC1 pathogenic mutations which also confer an increased risk for duodenal cancer, pancreatic cancer, thyroid cancer, breast cancer and prostate cancer (7, 24). In order to detect tumor at early stage and receive proper management, the patient is suggested to consider routine esophagogastroduodenoscopy, thyroid and breast ultrasound imaging, pancreatic and prostate CT scan annually.

In conclusion, we reported a familial CRC case with coinheritance of mutations in both APC and BRCA1 and well-characterized inheritance pattern in the family. The patient benefited from colonoscopy and subsequent management on the basis of genetic testing results. The case illustrates the importance of evaluating detailed family history and performing a multiple-gene panel test in cancer patient allowing for the identification of more disease-causing mutations and bringing more opportunities for genetically driven cancer prevention. In addition, one should also be aware of the scenario where double disease-causing mutations of different hereditary tumor syndromes coexist, in which the predisposition to specific cancer needs further investigation.
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Background

Apigenin, as a natural flavonoid, has low intrinsic toxicity and has potential pharmacological effects against hepatocellular carcinoma (HCC). However, the molecular mechanisms involving microRNAs (miRNAs) and their target genes regulated by apigenin in the treatment of HCC have not been addressed.



Objective

In this study, the molecular mechanisms of apigenin involved in the prevention and treatment of HCC were explored in vivo and in vitro using miRNA transcriptomic sequencing to determine the basis for the clinical applications of apigenin in the treatment of HCC.



Methods

The effects of apigenin on the proliferation, cell cycle progression, apoptosis, and invasion of human hepatoma cell line Huh7 and Hep3B were studied in vitro, and the effects on the tumorigenicity of Huh7 cells were assessed in vivo. Then, a differential expression analysis of miRNAs regulated by apigenin in Huh7 cells was performed using next-generation RNA sequencing and further validated by qRT-PCR. The potential genes targeted by the differentially expressed miRNAs were identified using a curated miRTarBase miRNA database and their molecular functions were predicted using Gene Ontology and KEGG signaling pathway analysis.



Results

Compared with the control treatment group, apigenin significantly inhibited Huh7 cell proliferation, cell cycle, colony formation, and cell invasion in a concentration-dependent manner. Moreover, apigenin reduced tumor growth, promoted tumor cell necrosis, reduced the expression of Ki67, and increased the expression of Bax and Bcl-2 in the xenograft tumors of Huh7 cells. Bioinformatics analysis of the miRNA transcriptome showed that hsa-miR-24, hsa-miR-6769b-3p, hsa-miR-6836-3p, hsa-miR-199a-3p, hsa-miR-663a, hsa-miR-4739, hsa-miR-6892-3p, hsa-miR-7107-5p, hsa-miR-1273g-3p, hsa-miR-1343, and hsa-miR-6089 were the most significantly up-regulated miRNAs, and their key gene targets were MAPK1, PIK3CD, HRAS, CCND1, CDKN1A, E2F2, etc. The core regulatory pathways of the up-regulated miRNAs were associated with the hepatocellular carcinoma pathway. The down-regulated miRNAs were hsa-miR-181a-5p and hsa-miR-148a-3p, and the key target genes were MAPK1, HRAS, STAT3, FOS, BCL2, SMAD2, PPP3CA, IFNG, MET, and VAV2, with the core regulatory pathways identified as proteoglycans in cancer pathway.



Conclusion

Apigenin can inhibit the growth of HCC cells, which may be mediated by up-regulation or down-regulation of miRNA molecules and their related target genes.





Keywords: apigenin, hepatocellular carcinoma, microRNA, transcriptome sequencing, pathway



Introduction

Hepatocellular carcinoma (HCC) is one of the main types of primary liver cancer. According to the latest statistics, more than 300,000 people die of HCC every year in China. It is the fifth largest cancer in the world and the second leading cause of cancer-related death (1, 2). Early clinical diagnosis and cure rate for HCC are low, and the rates of postoperative recurrence, metastasis, and mortality are extremely high. Even in developed countries, the relative survival rate of HCC in five years is only 7% (3). Due to the occult onset and high malignant degree of liver cancer, most patients with liver cancer are diagnosed at advanced stages, with treatment options mainly relying on chemotherapy and targeted therapy. Systemic chemotherapy with Western medicine, such as Adriamycin, Epirubicin, Fluorouracil, Cisplatin and Mitomycin, etc. has high general efficacy but also high toxicity, and the targeted therapeutic drugs are expensive. Therefore, a new and more affordable method is urgently needed to eradicate HCC.

Apigenin, a natural flavonoid, exists in Scutellaria barbata, Lobelia chinensis, Oldenlandia diffusa, Centipeda, Rhizoma Polygontum Cuspidatum, Veratrum Nigrum, Semen Plantaginis, Caulis Trachelospermi, and other Chinese herbal medicine. It has low intrinsic toxicity and has potential anti-oxidant, anti-inflammatory, anti-viral, and anti-cancer properties (4). Studies have demonstrated that apigenin can inhibit the proliferation of HCC cells, induce cell differentiation and apoptosis, inhibit cancer cell invasion and distant metastasis, inhibit angiogenesis, regulate immunity, enhance the sensitivity and reduce toxicity of chemotherapies (5–11). However, the molecular mechanism of apigenin in regulating the growth, invasion, and metastasis of HCC cells is still superficial and needs to be further investigated.

MiRNAs are highly conserved single-stranded non-coding RNAs that are involved in the regulation of various cellular activities, such as cell proliferation, apoptosis, differentiation, inflammation, migration, and invasion, and play important roles in tumorigenesis (12). It has been reported that apigenin has a good anti-HCC pharmacological effect, but the target miRNA molecules and related genes regulated by apigenin in the prevention and treatment of HCC are indeterminate. Therefore, in this study, the inhibitory effect of apigenin on human hepatoma cell line Huh7 and Hep3B was determined in vitro and in vivo, and the differential expression profile of miRNAs in Huh7 cells treated with apigenin was analyzed and screened using next-generation miRNA sequencing technology. Finally, we investigated the miRNAs and potential target genes of apigenin associated with the growth inhibition of HCC cells using ClueGo plug-in in Cytoscape-3.7.1 software, and miRTarBase database, and explored the molecular mechanism of apigenin in HCC.



Materials and Methods


Reagent and Cell Line

Apigenin and human HCC cell line (Huh7 and Hep3B) were used in this study. The cell origins and specifications were described previously (13) and are provided in Supplementary Materials.



Cell Proliferation and Colony Formation Assays

Cell proliferation and colony formation assays were executed as previously described (13) and are provided in Supplementary Materials. Each experiment was repeated three times in duplicates.



Cell Cycle and Apoptosis Analysis

Huh7 and Hep3B cells were collected for cell cycle or apoptosis analysis according to the manufacturer’s instructions, as described previously (14) and supplied in Supplementary Materials.



Transwell Invasion Assay

Cell culture inserts (8 μm pore size; Corning-Costar, USA) and Matrigel invasion chambers (Corning-Costar, USA) were used according to the manufacturer’s instructions. The transwell invasion assay was performed as previously described (13).



Tumorigenicity in Nude Mice

The assay of tumorigenicity in nude mice as previously described (15) and in Supplementary Materials. Male BALB/c nude mice (weighing 18 - 20 g) were purchased from Shanghai Lingchang Biotechnology Co. Ltd. (Certificate No. 20180003007216) and were maintained under specific pathogen-free conditions. All experiments were performed according to the guidelines of the Committee on Protection, Welfare and Ethics of Experimental Animals in Yueyang Hospital of Integrated Traditional Chinese and Western Medicine affiliated to Shanghai University of Traditional Chinese Medicine (no. YYLAC-2019-036-4-2).



Immunohistochemistry and Tunel assay

Immunohistochemistry and Tunel assay were performed according to the manufacturer’s instructions and as previously described (16) and in Supplementary Materials. The primary antibodies were supplied in Supplementary Table 1. Tunel apoptosis assay kit (Catalog No. C1098) was purchased from Beyotime Institute of Biotechnology (Jiangsu, China).



MicroRNA Transcriptome Expression Analysis

The method was provided in Supplementary Materials. The criteria for differentially expressed miRNAs and mRNAs were set at cutoff value of >2.0 fold change, and a threshold of RPM >10 for miRNA and FPKM >0.3 for mRNA based on the ratio between the treatment and the control. MiRNA experiments were performed by the Shanghai YunXu Bio-tech Company, Shanghai, China.



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

Quantitative real-time PCR (qRT-PCR) was performed according to the manufacturer’s instructions and as described previously (17). Primer sequences were shown in Supplementary Table 2. All samples were run in triplicate, and the relative miRNA and mRNA expression levels were calculated according to the 2-△△Ct method (14).



Bioinformatics Analysis for the Characterization of miRNA and Related Target Genes

SPSS 24.0 software was used for K-means clustering analysis. The standardized reads of differentially expressed miRNAs between apigenin and control groups were clustered by the Heatmap.2 function in R language. The total number of comparative reads was used to standardize the comparative splicing reads (junction reads) for each sample with log2 conversion. The differentially expressed miRNAs across the experimental groups were selected based on a log2 fold-change (log2 FC) > 2.0 and P-value < 0.001. The target genes of differentially expressed miRNAs were predicted based on CLUEGO plug-in in Cytoscape software (version 3.7.1) and miRTarBase database. Gene ontology (Go) annotations, including the terms “biological process”, “molecular function”, and “cellular component,” and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were then carried out for the identified target genes through by DAVID tools (https://david.ncifcrf.gov/) (18).



Statistical Analysis

All experiments were performed in triplicate and the results are presented as mean ± standard deviation (SD). Statistical analysis between the groups was performed by Student’s t-test using SPSS 24.0 software (SPSS, Armonk, NY, USA). A value of P < 0.05 was considered statistically significant.




Results


Apigenin Inhibits Huh7 and Hep3B Cell Growth

To observe the effect of apigenin on the proliferation of hepatoma cells, we treated Huh7 and Hep3B cells with various concentrations (5, 10, and 20 µM) of apigenin for 3 days. We found that apigenin inhibited HCC cell proliferation in a dose-dependent manner (P < 0.05) (Figures 1A, B). To investigate whether apigenin affected the ability of Huh7 and Hep3B cells to survive and form colonies, the same number of viable cells treated with apigenin or DMSO were seeded at a low cell density on the petri dish. After 14 days of culturing, the colonies were visualized and counted microscopically. As shown in Figure 1C, compared to the control group, apigenin significantly reduced the number and size of colonies formed in a concentration-dependent manner (P < 0.01).




Figure 1 | Effects of apigenin on the growth, colony formation, cell cycle progression, and apoptosis rate of Huh7 and Hep3B cells in intro. (A, B) Changes in cell viability as determined by the CCK-8 assay. (C) Colony formation. (D) Cell cycle distribution. (E) Apoptosis analysis by Annexin-V/PI staining. (F) Transwell invasion assay. *P < 0.05, **P < 0.01, indicating significant differences in comparison to the control treatment (0.1% DMSO) group. Data are shown as mean ± SD from three independent experiments.





Apigenin Affects Cell Cycle Arrest and Apoptosis

To determine whether apigenin inhibits the growth of hepatoma cells by affecting cell cycle progression (G0/G1, S, and G2/M) and cellular apoptosis, we treated Huh7 and Hep3B cells with different concentrations of apigenin (5 µM, 10 µM, and 20 µM) for 48 h and investigated the cell cycle distribution by flow cytometry. The results showed that the number of G2/M phase cells increased and G0/G1 phase cells decreased significantly in Huh7 cells while the number of G0/G1 phase cells increased and G2/M phase cells decreased significantly in Hep3B cells (P < 0.05) (Figure 1D), suggesting that the inhibition of cell growth by apigenin is associated with cell cycle arrest. PI and annexin V staining was used to detect the effect of apigenin on cell apoptosis. The results displayed that the rate of apoptosis of Huh7 and Hep3B cells increased significantly after treatment with apigenin at different concentrations for 48 h (P < 0.01) (Figure 1E). This indicates that apigenin induces apoptosis in a dose-dependent manner. Then, apoptosis was detected by Tunel assay and the results displayed that the rate of apoptosis of tumor tissues from mice treated with apigenin increased significantly after treatment with apigenin (P < 0.01) (Figure 2D).




Figure 2 | Effects of apigenin on the tumorigenicity of Huh7 xenograft in nude mice. (A) Tumor growth curves of Huh7 cells treated with apigenin (25 mg/kg/day) or vehicle control (0.1% DMSO). (B) Tumor masses of each treatment group. (C) Photographs of resected tumors (n = 6) from each treatment group. (D) Representative tumor sections stained with H&E, anti-Bax, anti-Bcl2, anti-Ki67 antibodies and Tunel assay kit. Original magnification: ×400. **P < 0.01 in comparison to the control treatment (0.1% DMSO) group.





Apigenin Restrains the Invasion of Huh7 and Hep3B Cells

Cell invasion assay provides a quantitative approach to study the invasion and metastasis of tumor cells induced by various cytokines. In this study, a transwell invasion experiment was performed to observe the effect of apigenin on the invasion ability of Huh7 and Hep3B cells. When observed under the microscope, the cells stained with crystal violet dye appeared rounded in shape. The invasion cells were more numerous in the control group but were sparse in the apigenin treatment group. Statistical analysis showed that compared with the control group, the invasion number of Huh7 and Hep3B cells treated with apigenin (5 µM, 10 µM, and 20 µM) was significantly reduced (P < 0.01) (Figure 1F and Supplementary Table 3). It is, therefore, suggested that apigenin is effective in inhibiting the invasion of Huh7 and Hep3B cells and is negatively correlated with the concentration of apigenin.



Apigenin Suppresses Tumorigenicity of Huh7 Cells in Nude Mice

Next, we determined the effect of apigenin on tumorigenicity of Huh7 cells in vivo. In accordance with the findings in vitro, intraperitoneal injection of apigenin (25 mg/kg/day) suppressed tumor growth, showing a significant reduction in tumor volume and weight in comparison to the control treatment (0.1% DMSO) group (P < 0.05; Figures 2A–C). Microscopically, the tumor cells were arranged in diffuse compact trabeculae, with variable degrees of anaplasia and increased mitotic activity in the control group. In contrast, obvious necrosis was detected in the apigenin group. Immunohistochemical analysis of paraffin-embedded sections demonstrated increased Bax and decreased Bcl2 and Ki67 staining after apigenin treatment (Figure 2D).



Apigenin Influenced miRNA Differential Expression as Assessed by Transcriptome Sequencing Analysis

Under high-throughput RNA-sequencing (RNA-seq), the differentially expressed miRNAs in apigenin-treated Huh7 hepatocellular carcinoma cells were identified, of which 130 up-regulated and 9 down-regulated in apigenin treated cells (Supplementary Table 4). Further, we based on log2 fold-change (log2 FC) ≥ 2.0 and P value ≤ 0.001 selection criteria, a total of 32 miRNAs were obtained, of which 30 were up-regulated and 2 were down-regulated in apigenin treated cells (Supplementary Tables 5, 6). The Heatmap.2 function of theR software package was used to cluster the differentially expressed miRNAs based on their expression profiles, and the results are shown as a hierarchical clustering heat map. As shown in Supplementary Figure 1, 139 differentially expressed miRNAs between the apigenin and control treatment groups could be effectively distinguished. We further made the heat map of 32 top apigenin-modulated miRNAs (Figure 3). Next, the miRNA target mRNA networks were constructed for the 30 upregulated and 2 down-regulated miRNAs using Cytoscape-3.7.1 software with the ClueGo plug-in and miRTarBase database (Supplementary Figures S2, S3).




Figure 3 | The heat map of 32 top apigenin-modulated miRNAs in Huh 7 cells. (A) The hierarchical clustering analysis was performed to analyze the average TPM expression of miRNAs in Huh 7 cells treated with 10 µM apigenin vs. 0.1% DMSO. (B) The hierarchical clustering analysis was performed to analyze the P value and Log2Fold of the 32 top apigenin-modulated miRNAs (P value ≤ 0.001). Red indicates high relative expression and pink indicates low relative expression.





Confirmation of the Differentially Expressed miRNAs and Target Genes by qRT-PCR

To verify the RNA-seq data, qRT-PCR analysis was conducted for 12 selected differentially expressed miRNAs. The qRT-PCR and RNA-seq expression results were consistent, although there were no distinct variations statistically in the expression of some genes. The results of the differential expression analysis of miRNAs displayed that the expression of hsa-miR-7847-3p, hsa-miR-663a, hsa-miR-1273g-3p, hsa-miR-619-5p, hsa-miR-34a-5p, hsa-miR-5787, and hsa-let-7i-5p levels were increased in apigenin-treated cells as compared with the control cells. Conversely, hsa-miR-1260b, hsa-miR-760, hsa-miR-215-3p, hsa-miR-181a-5p, and hsa-miR-148a-3p expression was markedly down-regulated in the cells treated with apigenin (Figure 4A). In the differential gene expression level, only CCND1 gene were markedly up-regulated in apigenin-treated cells as compared with the control cells, the remaining 6 genes including MAPK1, PIK3R5, CCND1, ADCY1, ADCY3, GNAQ and EGF were down-regulated in the cells treated with apigenin as compared with the control group. However, there was no significant difference in MAPK1, ADCY3, and GNAQ gene (Figure 4B).




Figure 4 | Differentially expressed miRNAs and related target genes between apigenin-treated cells and the control group by RT-PCR. (A) The verification of the RNA-seq data by qPCR analysis of 12 miRNAs. (B) The notarization of the RNA-seq data by qPCR analysis of seven genes. *P < 0.05 and **P < 0.01, compared with the control (0.1% DMSO) group. miRNAs and genes expression by RT-PCR.





Effect of Apigenin on Differentially Expressed miRNAs and Related Target Genes by KEGG Pathway Analysis

We further analyzed the enrichment of the KEGG pathways through the KEGG database. Then, we were able to infer the main pathways regulated by the differentially expressed miRNAs and their key target genes through KEGG pathway analysis.

KEGG pathway enrichment showed that the effect of apigenin on the up-regulated miRNAs in Huh7 cells was associated with multiple signaling pathways and target genes (Figure 5A). These miRNAs were involved in a variety of cancer-related signaling pathways, such as hepatocellular carcinoma, pathways in cancer, cellular senescence, bladder cancer, proteoglycans in cancer, gastric cancer, melanoma, microRNAs in cancer, breast cancer, glioma, chronic myeloid leukemia, pancreatic cancer, FoxO signaling pathway, human T-cell leukemia virus 1 infection, human cytomegalovirus infection, colorectal cancer, endometrial cancer, small cell lung cancer, prostate cancer, PI3K-Akt signaling pathway, AGE-RAGE signaling pathway in diabetic complications, hepatitis B, non-small cell lung cancer, Kaposi sarcoma-associated herpesvirus infection, acute myeloid leukemia, Epstein-Barr virus infection, viral carcinogenesis, hepatitis C, human papillomavirus infection, and the erbB signaling pathway (Supplementary Table 7). The hepatocellular carcinoma pathway accounted for 75.93%, FoxO signaling pathway for 20.37% (Figure 5B). Furthermore, MAPK1, E2F2, CDK4, CDKN1A, CCND1 were found key target genes of hepatocellular carcinoma pathway. MAPK1, CDKN1A, and CCND1 are key target genes of FoxO signaling pathway(Figure 5E). Meanwhile, apigenin up-regulated miRNAs and related target genes in Huh7 cells were arranged in descending order of Degree value. According to a Degree value > mean 9.7, the key target genes included MAPK1, PIK3CD, HRAS, CCND1, CDKN1A, E2F2, MYC, CDK4, MTOR, CDK2, STAT3, PTEN, CDKN1, BIGF1, MAPK14, TGFB1, CDKN2A, VEGFA, WNT4, CCNA2, MET, VAV3, APC2, and APC (Supplementary Table 8).




Figure 5 | KEGG pathway enrichment analysis of differentially expressed miRNA-related target genes. (A) Up-regulated miRNA and associated target gene signaling pathways (up-regulated miRNAs-pathway-genes) in apigenin-treated Huh7 cells. (B) The percentage of the up-regulated miRNA-related signaling pathways. (C) Down-regulated miRNA and target gene signaling pathways in apigenin-treated Huh7 cells (down-regulated miRNAs-pathway-genes). (D) The percentage of the down-regulated miRNA-related signaling pathways. (E) Up-regulated miRNA-FoxO signaling pathways-genes in apigenin-treated Huh7 cells.



Similarly, the effect of apigenin on the down-regulated miRNAs in Huh7 cells was also related to a variety of signaling pathways and target genes (Figure 5C). These signaling pathways consisted of microRNAs in cancer, proteoglycans in cancer, cellular senescence, FoxO signaling pathway, PD-L1 expression and PD-1 checkpoint pathway in cancer, focal adhesion, Th17 cell differentiation, human T-cell leukemia virus 1 infection, natural killer cell mediated cytotoxicity, colorectal cancer, apoptosis, gastric cancer, AGE-RAGE signaling pathway in diabetic complications, T cell receptor signaling pathway, renal cell carcinoma, neurotrophin signaling pathway, Th1 and Th2 cell differentiation, Chagas disease (American trypanosomiasis), long-term potentiation, acute myeloid leukemia, yersinia infection, growth hormone synthesis, secretion and action, sphingolipid signaling pathway, Prolactin signaling pathway, melanoma, central carbon metabolism in cancer, Fc epsilon RI signaling pathway, non-small cell lung cancer, and VEGF signaling pathway (Supplementary Table 9). Proteoglycans in cancer accounted for 67.27%, microRNAs in cancer for 12.73% (Figure 5D). According to a Degree value > mean 7.2, the key target genes were MAPK1, HRAS, STAT3, FOS, BCL2, SMAD2, PPP3CA, IFNG, MET, and VAV2 (Supplementary Table 8).



Effect of Apigenin on the Expression miRNAs and Related Target Genes by Go functional Analysis

To understand the biological significance of the identified miRNAs and their target genes, functional analysis was performed using the Go database. Go enrichment analysis mainly included three parts: biological process (BP), molecular function (MF), and cell component (CC). We were able to annotate and infer the functions of the differentially expressed miRNAs by analyzing the Go functions, with a false discovery rate (FDR) ≤ 0.05 indicating biological significance. Compared with the control group, 88 Go-BP terms of miRNAs target genes up-regulated in the apigenin treatment group were mainly involved in Cell cycle regulation accounted for 75.0% of all biological functions, regulation of transferase activity for 14.42%, regulation of kinase activity for 3.85%, regulation of growth for 2.88%, apoptotic process for 1.92%, regulation of cellular response to stress for 0.96% and response to inorganic substance for 0.96% (Figure 6A). Compared with the control group, 18 Go-MF terms of the miRNA target genes were up-regulated in the apigenin group and included histone kinase activity accounted for 44.44%, purine nucleotide transmembrane transporter activity for 16.67%, RNA polymerase II specific DNA-binding transcription factor binding for 16.67%, protein serine/threonine kinase activity for 11.11%, and myristoyl-CoA hydrolase activity and magnesium ion binding for 5.56% (Figure 6B). Compared with the control group, 18 Go-CC terms of miRNA target genes up-regulated in the apigenin group were mainly involved in cyclin-dependent protein kinase holoenzyme complex accounted for 36.36%, cyclin B1-CDK1 complex for 18.18%, chromosome region for 13.64%, cell-substrate junction for 9.09%, adherens junction for 9.09%, gamma-tubulin complex, and plasma membrane raft and transport vesicle for 4.55% (Figure 6C).




Figure 6 | Go functional analysis of the differentially expressed miRNA-related target genes. (A) The percentage of the up-regulated mRNAs-related GO-BP terms enriched in the corresponding group in total up-regulated mRNAs-related GO-BP terms. (B) The percentage of the up-regulated mRNAs-related GO-MF terms enriched in the corresponding group in total up-regulated mRNAs-related GO-MF terms. (C) The percentage of the up-regulated mRNAs-related GO-CC terms enriched in the corresponding group in total up-regulated mRNAs-related GO-CC terms. (D) The percentage of the down-regulated mRNAs-related GO-BP terms enriched in the corresponding group in total down-regulated mRNAs-related GO-BP terms.



Compared with the control group, 82 Go-BP terms of miRNA target genes down-regulated in the apigenin group were primarily associated with endothelial cell differentiation accounted for 27.68% of all biological functions, regulation of cellular senescence for 16.96%, regulation of anoikis for 16.07%, negative regulation of anoikis for 11.61%, intrinsic apoptotic signaling pathway responding to DNA damage for 6.25%, and positive regulation of insulin receptor signaling pathway for 5.36% (Figure 6D). Only 2 Go-MF terms of the miRNA target genes were down-regulated in the apigenin group with phosphotyrosine residue binding accounted for 100% of the Go terms enriched. There were no Go-CC terms found for the down-regulated miRNA target genes in the apigenin group.




Discussion

In this study, we demonstrated that apigenin inhibits the growth and invasion of HCC cells both in vitro and in vivo. In vitro, this effect showed that apigenin reduced HCC cell proliferation activity, induced cell cycle arrest and apoptosis, and suppressed the invasion of Huh7 and Hep3B cells. However, the effect of apigenin on cell cycle was completely different in Huh7 and Hep3B cells, suggesting that apigenin may have different effects on cell cycle regulation in different cell lines. Other studies have also confirmed that apigenin can induce the arrest of HepG2 cells in the G2/M phase and induce apoptosis (19).After the treatment of Bel-7402/adriamycin (ADM) cells, apigenin can induce cell arrest in the S phase (20). In addition, apigenin plays a role in other cancers by inducing apoptosis and cell cycle regulation (21, 22). In vivo, the inhibitory effect was manifested as apigenin halting the tumorigenicity of Huh7 cells in nude mice by decreasing the tumor volume, weight and increasing apoptosis, and impacting the expression of Bax, Bcl-2, and Ki-67. Therefore, apigenin has antitumor effects, which are consistent with the previous data demonstrated in various cancers, especially HCC (17).

Under high-throughput RNA-sequencing, we showed that apigenin-treated Huh7 cells were affected at the miRNA expression level. Apigenin up-regulated miRNAs were involved mainly in the hepatocellular carcinoma-related pathway and the FoxO signaling pathway, indicating that most of the differentially expressed miRNAs regulated by apigenin are related to the occurrence and development of HCC. Overall, the cell cycle regulation made up a large percentage of the Go terms. The differential expression of hsa-miR-199a-3p, hsa-miR-663a, and hsa-miR-24 in apigenin-treated Huh7 cells was mainly related to the proliferation and invasion of hepatoma cells. MiR-199a/b-5p was reported to inhibit the activation of the ROCK1/MLC and PI3K/Akt signaling pathways by negatively regulating ROCK1 expression, leading to the inhibition of liver cancer metastasis (23). MiR-663a/b can inhibit the proliferation and invasion of HCC cells by regulating TGF-β 1 and target gene GAB2 (24, 25). MiR-24 is known to promote HCC cell growth, metastasis, and invasion by targeting P53 or metallothionein 1M (26, 27), while our results demonstrated that apigenin up-regulated the expression of hsa-miR-24 and inhibited the growth of Huh7 hepatoma cells. In addition, up-regulation of miRNAs, such as hsa-miR-6769b-3p, hsa-miR-6836-3p, hsa-miR-4739, hsa-miR-6892-3p, hsa-miR-7107-5p, hsa-miR-1273g-3p, hsa-miR-1343, and hsa-miR-6089, by apigenin have not been reported previously.

The down-regulated miRNAs in apigenin-treated Huh7 cells were found to be involved mainly in proteoglycans in the cancer-related pathway and microRNAs in the cancer-related pathway. Of the identified Go terms, the differentiation of endothelial cells and apoptosis make up a large percentage. The down-regulation of hsa-miR-181a-5p and hsa-miR-148a-3p in apigenin-treated Huh7 cells was likely associated with the apoptosis and invasion of tumor cells. The deletion of the miR-181 family is known to inhibit the migration of tumor cells through the regulation of MAPK (28). In addition, miR-148b is found to suppress the proliferation, migration and invasion of HepG2 and SMMC 7721 cells by targeting Rho-associated protein kinase 1 (29). In this study, apigenin down-regulated the expression of hsa-miR-148a-3p and inhibited the proliferation of Huh7 hepatoma cells, which is inconsistent with the report in the literature. This discrepancy may be due to the different roles hsa-miR-148a-3p plays in different hepatoma cells. Although down-regulation of hsa-miR-148a-3p could promote cell proliferation and invasion, apigenin appears to affect multiple miRNAs at the same time, which results in the inhibition of the proliferation and invasion of hepatoma cells.

The miRNAs up-regulated in Huh7 cells during apigenin treatment were mainly linked to the suppression of MAPK1, PIK3CD, HRAS, CCND1, CDKN1A, E2F2, MYC, CDK4, MTOR, CDK2, STAT3, PTEN, CDKN1, BIGF1, MAPK14, TGFB1, CDKN2A, VEGFA, WNT4, CCNA2, MET, VAV3, APC2, and APC expression. BIGF1 is a newly discovered gene in HCC during this study. Among the down-regulated genes, CCND1 was found to be down-regulated by HOTAIR gene knockout Huh7 cells, which inhibited the proliferation and induced cell cycle arrest in Huh7 cells (30). Apigenin inhibited HCC growth by down-regulating CDK4 and up-regulating CyclinD1 via p38 MAPK-p21 signaling in Huh7, SMMC-7721 and HepG2 cell lines (31). Down-regulation of CDK2, cyclin A, cyclin B1 and cyclin E contributed to the anti-proliferation effect of apigenin treatment in human bladder cancer T-24 cells (32). In addition, MTOR, STAT3, HRAS and c-MYC as oncogenes, together with the transcription factor E2F2, play important roles in the proliferation, differentiation, apoptosis and invasion of HCC cells (9, 33, 34). However, in disagreement with our findings, an increase in CDKN1A expression was found to promote cell apoptosis (35). Overall, the predicted results of apigenin on miRNA target genes are consistent with the reported genes described in the literature. MYC, CDKN2A, PTEN, HARS, APC2, and APC are often referred to as miRNAs in cancer. CDKN2A and PTEN genes are involved in the p53 signaling pathway. WNT4, HGF and TGFB1 are associated with the molecular signaling pathways in cancer, proteoglycans in cancer, and the relaxin signaling pathway. CCND1, CDK4, MAPK1, CDKN1A, and E2F2 genes are linked to the development of hepatocellular carcinoma. At present, limited studies on PIK3CD, HRAS, E2F2, BIGF1, WNT4, and VAV3 genes have been reported in hepatoma cells, indicating the need for further research.

The down-regulated miRNAs in apigenin treated Huh7 cells showed anti-HCC pharmacological effects by increasing the expression of MAPK1, HRAS, STAT3, FOS, BCL2, SMAD2, PPP3CA, IFNG, MET, and VAV2. Of which, SMAD2, PPP3CA, MAPK1, and FOS genes are known to be involved in the regulation of tumor cell proliferation and invasion. Activation of TGF-β1/Smad2 signaling can promote epithelial-to-mesenchymal transition (EMT) and invasion of HCC (36). PPP3CA was down-regulated in the chip analysis of HCC patients with hepatitis C (37). The expression of MAPK1 inhibits the proliferation of Huh7 and Hep-G2 hepatoma cells (38). De-repression of c-Fos gene expression caused by miR-139 down-regulation contributes to MHCC97H cell metastasis (39). Inhibiting the expression of VEGF, VAV2, and CDC42 contributed to the suppression of angiogenesis and metastasis of HCC (40). PPP3CA is related to cell senescence, VEGF signaling pathway, etc. IFNG and VAV2 are associated with HIF-1 signaling pathway, TGF-β signaling pathway, etc. These genes have been rarely reported in liver cancer, which suggests the need for further study. In addition, we found that key target genes such as MAPK1 were included in the up-regulated and down-regulated miRNA networks, but our experimental results showed that there was no significant difference in MAPK1 after apigenin treatment, which may be caused by the mutual canceling of the up-regulated and down-regulated effects.

In summary, our study demonstrated that apigenin has an inhibitory effect in hepatoma cells, which is associated with anti-proliferation, induction of cell cycle arrest and apoptosis, and the suppression of HCC cell invasion. In addition, as a promising drug, apigenin has a variety of properties including obvious antioxidant and anti-inflammatory activity (41, 42). It is important to note that the effects of apigenin vary with different doses, and multiple studies have shown that 20-100 μM apigenin inhibits cell proliferation, invasion, and apoptosis induction (43, 44). It has also been suggested that high doses of apigenin may cause oxidative stress-induced liver damage (41). Therefore, in the application of the grasp of the dose is very important. This study is the first to utilize the whole genome expression profiles to identify apigenin-regulated miRNAs in HCC cells. These differentially expressed miRNAs may be involved in the specific molecular mechanism of the inhibitory activity of apigenin in hepatoma cells.
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Xuanwei County in Southwest China shows the highest incidence and mortality rate of lung cancer in China. Although studies have reported distinct clinical characteristics of patients from Xuanwei, the molecular features of these patients with non-small cell lung cancer (NSCLC) remain unclear. Here, we comprehensively characterised such cases using next-generation sequencing (NGS). Formalin-fixed, paraffin-embedded tumour samples from 146 patients from Xuanwei with NSCLC were collected for an NGS-based target panel assay; their features were compared with those of reference Chinese and The Cancer Genome Atlas (TCGA) cohorts. Uncommon EGFR mutations, defined as mutations other than L858R, exon 19del, exon 20ins, and T790M, were the predominant type of EGFR mutations in the Xuanwei cohort. Patients harbouring uncommon EGFR mutations were more likely to have a family history of cancer (p = 0.048). A higher frequency of KRAS mutations and lower frequency of rearrangement alterations were observed in the Xuanwei cohort (p < 0.001). Patients from Xuanwei showed a significantly higher tumour mutation burden than the reference Chinese and TCGA cohorts (p < 0.001). Our data indicates that patients from Xuanwei with NSCLC harbouring G719X/S768I co-mutations may benefit from treatment with EGFR-tyrosine kinase inhibitors. Our comprehensive molecular profiling revealed unique genomic features of patients from Xuanwei with NSCLC, highlighting the potential for improvement in targeted therapy and immunotherapy.

Keywords: NSCLC, tumour mutation burden, uncommon EGFR mutations, Xuanwei county, NGS


INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths in China (1). Many patients (57%) are diagnosed with metastatic disease, leading to a 5-year relative survival rate of 5% (2). Approximately 85% of lung cancers are non-small cell lung cancers (NSCLCs), of which lung adenocarcinoma and lung squamous cell carcinoma are the most common subtypes (3). Compared with other regions in China, Xuanwei County in Yunnan Province has the highest mortality rate of lung cancer. The age-standardised mortality rates of lung cancer patients from Xuanwei were six and three times higher than those of patients from rural areas of China, among females and males, respectively (4). Hospitals in Yunnan Province organise free CT examinations to ensure early detection of lung cancer, and many patients are diagnosed at stage I. Xuanwei is rich in smoky (bituminous) coal, which may be associated with the high mortality rate of lung cancer in this area. Retrospective studies have shown that a lifelong use of smoky coal is associated with a 36- and 99-fold increase in mortality in men and women, respectively, compared with smokeless coal use (5, 6). Notably, lung cancer in Xuanwei has some remarkable characteristics, such as higher incidence in non-smoking females, diagnosis at a younger age, rapid tumour progression, multiple lung lesions, poor overall prognosis, and family aggregation (7). Overall, lung cancer patients in Xuanwei may present a distinct subgroup globally, leading researchers to consider whether epidemiological and clinicopathological peculiarities can be interpreted based on genomic features. Recent studies suggested that the NSCLC cohort in Xuanwei harboured a significantly higher co-mutation rate in EGFR exons 18 and 20 (8). NSCLCs are often found to have a high tumour mutation burden (TMB), which has been associated with apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) signatures (9). However, the detailed characteristics of these EGFR mutations, comprehensive molecular profiling, and TMB characteristics of patients with NSCLC in Xuanwei are unclear.

We performed comprehensive genomic testing in an NSCLC cohort from Xuanwei. The genomic features of this cohort were compared with those of a reference Chinese NSCLC cohort (1,802 patients, excluding patients from Xuanwei) and data from The Cancer Genome Atlas (TCGA) mainly comprising a Western population from Europe and the US (10).



METHODS


Patient Enrolment

In total, 1948 Chinese patients diagnosed with NSCLC at the Yunnan Cancer Hospital, First People's Hospital of Yunnan Province, or First Affiliated Hospital of Kunming Medical University were recruited. Formalin-fixed paraffin-embedded tumour samples were collected between December 2017 and January 2019. Matched blood samples were collected as reference controls. Of these patients, 146 were from Xuanwei and defined as the Xuanwei cohort. The remaining 1,802 Chinese patients with NSCLC were defined as the reference Chinese cohort. This study was approved by the Institution Review Board of the First Hospital of Kunming Medical University and conducted according to the Declaration of Helsinki. Informed consent was obtained from all enrolled patients.



Next-Generation Sequencing (NGS)

All tumour tissues and matched blood samples underwent targeted NGS-based genomic testing (OrigiMed, Shanghai, China) in a College of American Pathologists-accredited and Clinical Laboratory Improvement Amendments-certified laboratory (11). Approximately 50 ng of cancer tissue DNA was extracted from 40 mm formalin-fixed paraffin-embedded tumour samples and blood samples using the DNA Extraction Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. All coding exons and selected introns of targeted genes were captured for hybridisation capture panel and then sequenced on an Illumina NextSeq-500 Platform (Illumina Incorporated, San Diego, CA). For formalin-fixed paraffin-embedded samples, sequencing depth was 900 × mean coverage (minimum 700 ×); for matched blood samples, sequencing depth was 300 ×. Genomic alterations, including single nucleotide variants, short and long insertions/deletions, copy number variations, and gene rearrangements, were subjected to advanced analysis. TMB score was calculated from a 450-gene panel data (Supplementary Table 1) for each sample by counting the number of somatic mutations, including coding single nucleotide variants and insertions/deletions, per megabase (Mb) of the sequence examined. Known somatic mutations in the Catalogue of Somatic Mutations in Cancer (COSMIC; https://cancer.sanger.ac.uk/cosmic/signatures) and known germline polymorphisms in the U.S. National Centre for Biotechnology Information's Single Nucleotide Polymorphism Database were not counted (12). Particularly, 35 and 111 tumour samples were subjected to 37 and 450 cancer-related gene panel testing (Supplementary Tables 1, 2), respectively. TMB analysis was available for 111 cases. A high TMB (TMB-H) was defined as ≥10 muts/Mb, and a low TMB (TMB-L) was defined as <10 muts/Mb. Mutational signature analysis was conducted using the deconstructSigs package v1.8.0. All the detected somatic mutations, including synonymous mutations in the cohort, were imported for signature analysis. Finally, the weights of 30 known cancer mutation signatures in COSMIC were generated (13, 14). Uncommon EGFR mutations were defined as mutations other than L858R, exon 19del, exon 20ins, and T790M (15).



Response Evaluation

All nine patients received oral EGFR-tyrosine kinase inhibitor (TKI) treatment. Radiological follow-up was performed first, after 1 month, and then, once every 2 months, via computed tomography of the thorax and upper abdomen. Response was assessed according to the Response Criteria in Solid Tumours (RECIST) 1.1 (16). Progression-free survival was defined as the interval from the date of initiation of EGFR-TKI therapy to the date of disease progression or death from any cause, whichever occurred first.



Statistical Analyses

Statistical analyses were performed using the R Statistical Software package (R Foundation for Statistical Computing, Vienna, Austria). To analyse differences in continuous variables and TMB, the Wilcoxon test was performed when comparing each two groups, and the Kruskal-Wallis test was performed when comparing all three groups. The Chi-square or Fisher's exact tests was used for association of categorical variables. The threshold for statistical significance was set at p < 0.05. The significance associated with each symbol is as follows: ***p < 0.001; **p < 0.01; and *p < 0.05.




RESULTS


Patients

Clinicopathological data of Xuanwei and reference Chinese patients with NSCLC are summarised in Table 1. The median age of the Xuanwei cohort was lower than that of the reference Chinese cohort (55 vs. 66 years, p < 0.001). Patients from Xuanwei showed less incidence of squamous cell carcinoma than reference Chinese patients (7.5 vs. 12.5%, p = 0.008). According to the pathology and medical history following the American Journal of Critical Care Cancer Staging Manual, patients were classified based on their main clinical stages (I–IV). The Xuanwei cohort contained more stage I–II patients than the reference Chinese cohort (68.5 vs. 45.7%, p = 0.0018). Moreover, Xuanwei cases had a greater cancer-related family history than reference Chinese cases (41.8 vs. 26.6%, p < 0.001), with most showing a family history of lung cancer (96.7%).


Table 1. Clinicopathological baseline characteristics of patients from Xuanwei and reference Chinese patients with NSCLC.
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Driver Genes in the Xuanwei NSCLC Cohort

The nine driver genes of NSCLC found in patients from Xuanwei are summarised in Figure 1A. Comparison of the mutational profile of driver genes in the three cohorts showed significant differences (Figure 1B). The KRAS mutation frequency in the Xuanwei cohort was significantly higher than that in reference Chinese groups (26.3 vs. 11.2%, p < 0.001). The frequency of rearrangement alterations identified in the Xuanwei cohort was lower than that in the reference Chinese cohort (2.7 vs. 11.9%, p < 0.001). Rearrangement in ROS1 and NTRK1/2/3 were not found in the Xuanwei cohort (Figures 1B,C). The most common KRAS mutation in the Xuanwei cohort was KRAS G12C (53.8%), followed by KRAS G12V (23.1%) (Figure 1D).


[image: Figure 1]
FIGURE 1. Driver gene mutation profile in the Xuanwei NSCLC cohort. (A) Mutation frequency of nine genes in Xuanwei cohorts. (B) Composition of the alteration type in the nine genes among the three groups, namely the Xuanwei cohort (left column), reference Chinese cohort (middle column), and TCGA cohort (right column). (C) Composition of the rearrangement alterations among the three groups. (D) Distribution of KRAS mutation subtypes in patients from Xuanwei. ***p < 0.001, **p < 0.01, and *p < 0.05.




EGFR Mutation Profile of the Xuanwei Cohort

A higher mutation frequency of EGFR was observed in the Xuanwei NSCLC cohort than in TCGA cases (46.6% vs. 10.7%, p < 0.001), although this frequency was comparable to that in reference Chinese cases (46.6 vs. 50.3%, p = 0.44) (Figures 1A,B). Notably, comparison of EGFR mutation subtypes demonstrated that patients from Xuanwei, compared to reference Chinese and Western patients, harboured a striking mutation pattern of higher EGFR G719X (47.6% vs. 5.0 vs. 3.1%, p < 0.001) and S768I (24.6% vs. 2% vs. 0.6%, p < 0.001) mutations, whereas classical EGFR-sensitive mutations, such as L858R (26.1% vs. 42.8% vs. 18.9%, p < 0.001) and exon 19del (10.1% vs. 40.6% vs. 25.8%, p < 0.001), showed significantly lower frequencies (Figures 2A,B; Supplementary Figures 1A,B).


[image: Figure 2]
FIGURE 2. EGFR mutation spectrum in the Xuanwei, reference Chinese, and TCGA NSCLC cohorts. (A) EGFR mutation subtypes of patients from Xuanwei. (B) Comparison of EGFR mutation profile among the three groups. (C) Ratio of uncommon EGFR mutations in the three groups. (D) Mutation profiles of patients from Xuanwei with EGFR genomic alterations. Mutant frequencies in the cohort are shown on the right. TMB for each patient is shown at the top. ***p < 0.001, **p < 0.01, and *p < 0.05.


Uncommon EGFR mutations were the predominant EGFR mutation type in the Xuanwei cohort compared to the reference Chinese cohort (55.9 vs. 9.9%, p < 0.001) (Figure 2C). The most commonly co-mutated genes are shown in Figure 2D. Tumours harboured a higher ratio of EGFR G719X and S768I co-mutations, which were mutually exclusive of L858R and exon 19del (Figure 2D). The clinicopathological characteristics of the Xuanwei NSCLC cohort with either uncommon or common EGFR mutations are summarised in Table 2. Patients with uncommon EGFR mutations were more likely to have a family history of cancer than those with common EGFR mutations (p = 0.048).


Table 2. Comparison of characteristics of patients from Xuanwei with NSCLC harbouring common and uncommon EGFR mutations.
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Comprehensive Profiling and Mutational Signatures in the Xuanwei Cohort

The most commonly mutated genes in the Xuanwei NSCLC cohort were TP53 (51%), EGFR (49%), KRAS (28%), LRP1B (26%), and SPTA1 (23%) (Figure 3A). The mutation statuses of NSCLC-related pathways were analysed. Genes involved in these signalling pathways that were included in the 450-gene panel are listed in Supplementary Table 3. Gene mutations in the Wnt/MAPK/ERBB signalling pathways were the most common in patients from Xuanwei with NSCLC (Figure 3B). The Xuanwei cohort showed a higher median TMB than the reference Chinese cohort and TCGA cases (13.1, 4.6, and 6.9 muts/Mb, respectively; p < 0.001) (Figure 3C). TMB-H was detected in 58.6% of the Xuanwei cohort and 23.5% of the reference Chinese cohort (p < 0.001) (Figure 3D). TMB and mutational signatures reflect the process of mutation accumulation in cancer. To gain further insights into the mutational process of patients from Xuanwei, we characterised the mutation signatures via analysis of TMB-H and TMB-L tumours using the somatic mutation data. The profile of somatic mutations is shown in Figure 3E. We identified 3,596 single nucleotide variants and 58 insertions/deletions from 111 paired sequences of NSCLC in Xuanwei cohorts. The six subtypes of base substitutions (C > A, C > G, C > T, T > A, T > C, and T > G) were unevenly represented in single nucleotide variants. C > A was the most common substitution (1,685, 49.8%), followed by C > T (752, 22.2%) (Figure 3E).
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FIGURE 3. Comprehensive profiling of and somatic mutation signatures in patients from Xuanwei with NSCLC. (A) Comprehensive profiling of 111 patients from the Xuanwei cohort. (B) Comparison of the detection rate of gene mutations in pathways in the three cohorts. (C) Comparison of the proportion of the TMB value and (D) patients with TMB-H. (E) Somatic mutation signatures of the Xuanwei cohort. (F,G) Correlation between TMB value/EGFR mutation type and mutation signature. (H) Frequency of copy number variations of all chromosomal changes. Numbers 1–22 in the middle represent the human chromosome number. ***p < 0.001, **p < 0.01, and *p < 0.05.


We analysed the Spearman correlation coefficient between TMB and mutational signatures. Four predominant signatures (APOBEC, Smoking, Signature 13, and Signature 24) were observed in tumours with TMB-H, whereas Signature 1, Signature 9, and Signature 23 showed a correlation with TMB-L, suggesting the extensive accumulation of mutations due to smoking and exposure to aflatoxin. Although Signature 24 has been found in cancer samples from patients with known exposure to aflatoxin (supported by COSMIC data) (Figure 3F), further exploration of this association is necessary to confirm this hypothesis. Uncommon EGFR mutations showed high frequency about smoking-associated signature (Figure 3G).

Copy number variation analysis showed that the most frequently amplified genes were EGFR (6.3%), TERT (6.3%), NKX2-1 (4.5%), CDK4 (3.6%), FGFR1 (2.7%), MYC (2.7%), NMP1 (2.7%), and SDHA (2.7%) (Figure 3H). The association between gene mutations and TMB was analysed (Supplementary Figure 2A); among the common actionable mutations, EGFR mutation was significantly inversely correlated with TMB (6.9 vs. 17 muts/Mb, p < 0.001). Tumours with uncommon EGFR mutations showed a significantly higher TMB than those with common EGFR mutations (11.2 vs. 3.1 muts/Mb, p < 0.01) (Supplementary Figures 2A,B). KRAS mutation cases showed a higher median TMB than KRAS wild-type mutation cases (21.1 vs. 9.6 muts/Mb, p < 0.01). Tumours with KRAS G12C showed a lower TMB than those with non-KRAS G12C mutations (12 vs. 20.5 muts/Mb, p < 0.05) (Supplementary Figures 2A,B). TP53, LRP1B, SPTA1, NF1, and KMT2C mutations frequently occurred in patients with NSCLC and were significantly positively correlated with TMB (p < 0.001) (Supplementary Figure 2C).



Antitumor Activity of EGFR-TKI in Patients From Xuanwei With Uncommon EGFR Mutations

Nine patients from Xuanwei with advanced lung adenocarcinoma bearing uncommon EGFR mutations, with a median age of 59 years, started EGFR-TKI treatment. Detailed mutation characteristics and the outcome of EGFR-TKI treatment are shown in Table 3. Nine patients included in the efficacy assessment had the sensitive uncommon G719X (9/9, 100%) and S768I (8/9, 89%) mutations. Before EGFR-TKI treatment, five patients showed metastasis in the lungs, two were diagnosed with brain metastasis, and one was diagnosed with bone metastasis. Eight patients received EGFR-TKI as first-line therapy, and one patient received osimertinib as third-line therapy. As per RECIST 1.1 guidelines, five patients achieved partial response or complete response, three showed stable disease, and the one that received osimertinib as third-line therapy showed progressive disease. Treatment-related adverse events included rash (2/9), pruritus (2/9), headache (2/9), stomatitis (2/9), and constipation (1/9). No grade 3 or more adverse events were identified. At data cut-off (February 1, 2020), three patients presented sustained disease control and remained on EGFR-TKI treatment, while the other six showed progressive disease. Four patients provided serial plasma to characterise the acquired resistance mechanisms: EGFR mutation loss was observed in two patients at the time of EGFR-TKI treatment. MET amplification emerged post-EGFR-TKI treatment in one patient; no resistance mechanisms were detected in the remaining patients via NGS. As blood analysis is not 100% sensitive for the detection of acquired mutations, other genetic alterations may be associated with resistance.


Table 3. Mutation characteristics and outcome of EGFR-TKI treatment.
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DISCUSSION

High mortality and incidence rates of lung cancer have been documented in Xuanwei County. Our study revealed that the Xuanwei cohort had a greater cancer-related family history compared with the reference Chinese cohort, and most patients from Xuanwei showed a family history of lung cancer (96.7%). However, we did not detect any germline mutations in patients with family history. Patients with uncommon EGFR mutations were more likely to have a family history of cancer than those with common EGFR mutations (p = 0.05). A multicentre case-control study suggested that environmental tobacco smoke exposure could influence the EGFR mutation profile of lung cancer in never smokers and that exposure during adulthood might reduce the probability of EGFR mutation (17). Uncommon EGFR mutations and TMB-H were the predominant genomic features of patients with NSCLC from Xuanwei. Mutational signatures analysis demonstrated that uncommon EGFR mutations and TMB-H were correlated with smoking signature and we speculate that the environment (smoky coal) in Xuanwei may influence molecular features of patients from Xuanwei with NSCLC, which requires further analysis.

Patients with NSCLC harbouring EGFR mutations may benefit from EGFR-TKI therapy (18–20). The “uncommon” EGFR mutations account for 10–18% of all EGFR mutations, and NGS testing can broaden the spectrum of aberrations within the “uncommon group” in patients with NSCLC (21). Patients with EGFR mutations, including L858R, ex19del, and T790M, show a good response rate to first- or third-generation EGFR-TKIs, whereas those with uncommon EGFR mutations generally exhibit less benefit from targeted therapy (22). In our study, the NGS-based analysis of patients from Xuanwei with NSCLC revealed their comprehensive and unique profile of genomic alterations; uncommon EGFR mutations, mainly including G719X, S768I, and L861Q, were the predominant EGFR mutation types in the Xuanwei cohort, forming a distinctive subgroup of NSCLC globally. For patients with such non-classical EGFR mutations, previous studies illustrated that progression-free survival was significantly longer after afatinib treatment than that after first-generation EGFR-TKI (gefitinib/erlotinib) treatment (11.3 vs. 3.6 months, p = 0.03) (23). Osimertinib shows favourable activity with manageable toxicity in patients with metastatic or recurrent NSCLC harbouring uncommon EGFR mutations, achieving a median progression-free survival of 8.2 months (95% CI, 5.9 to 10.5 months) (24). According to our study, patients from Xuanwei with NSCLC harbouring G719X/S768I co-mutations may benefit from first-, second-, and third-generation EGFR-TKI treatment. The efficacy of these EGFR-TKIs in advanced patients from Xuanwei with uncommon EGFR mutations requires further analysis. Adjuvant therapy with gefitinib led to significantly longer disease-free survival in patients with completely resected stage II–IIIA NSCLC with EGFR mutations (exon 19del and exon 21 L858R) than platinum-based chemotherapy (25). Whether patients from Xuanwei with uncommon EGFR mutations could benefit from adjuvant EGFR-TKI treatment is also worth further investigation.

Acquired resistance to EGFR-TKIs is a common event, and several mechanisms, including T790M, MET amplification, and PTEN down-regulation, have been reported for the common EGFR mutations exon 19del and L858R (26). However, mechanisms underlying EGFR-TKI resistance have not been investigated for uncommon EGFR mutations. Our study revealed that MET amplification and loss of EGFR mutation loss were related to EGFR-TKI resistance in patients harbouring EGFR G719X/S768I co-mutations. Nevertheless, further studies are required to confirm these mechanisms.

KRAS is a G-protein with intrinsic GTPase activity. KRAS mutations are associated with reduced responsiveness to EGFR-TKI therapy and poor survival (27). The KRAS mutation frequency in the Xuanwei cohort was significantly higher than that in the reference Chinese cohort. Furthermore, KRAS G12C accounted for 53.8% of KRAS-mutant patients in the Xuanwei cohort. AMG 510 is a novel, first-in-class, small molecule that specifically and irreversibly inhibits KRAS G12C by permanently locking it in an inactive GDP-bound state, and it demonstrated promising antitumor activity in patients with advanced NSCLC harbouring the KRAS G12C mutation (28). Patients from Xuanwei, who harbour the KRAS G12C mutation, may benefit from this inhibitor.

The TMB is an evolving biomarker for identifying eligible patients for checkpoint inhibitors in NSCLC (29, 30). Patients from Xuanwei with NSCLC showed a much higher median TMB than those in the reference Chinese and TCGA cohorts. Thus, patients from Xuanwei with NSCLC may benefit from immunotherapy. Furthermore, the TMB of patients with uncommon EGFR mutations was significantly higher than that of patients with common EGFR mutations in the Xuanwei cohort. Whether patients with uncommon EGFR mutations can benefit from immunotherapy requires further investigation.

This study comprehensively elucidated the molecular features of patients from Xuanwei with NSCLC via NGS. These patients appear to have a higher uncommon EGFR mutation ratio and a higher TMB value than reference Chinese patients and TCGA cohorts, and patients with uncommon EGFR mutations seem to show a good response to EGFR-TKI therapy. Studies with larger cohorts are needed to validate these observations, and further clinical research is warranted to provide insights into how comprehensive genomic profiling can guide treatment decisions for patients from Xuanwei with NSCLC.
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Background

Brain metastasis mainly originates from lung cancer. Napsin A and TTF-1 factors have frequently been detected in lung adenocarcinoma cases. Brain metastasis tumors with napsin A and TTF-1 positive are easily classified as lung adenocarcinoma origin. However, some thyroid cancers also exhibit these clinical features. Besides, lung is the most common metastasis of undifferential thyroid cancer. Therefore, it requires development of novel diagnostic tools to aid in distinguishing between pulmonary and thyroid origin.



Patient Findings

We reported a case that was initially diagnosed as brain metastatic lung cancer based on immunohistochemistry results. Analysis of next-generation sequencing (NGS) data from the brain lesion revealed that the cancer may have originated from the thyroid. We detected combo mutations in TERT promoter mutation, RET fusion and TP53, which are common in undifferential thyroid cancer (UTC), but rare for lung cancer. These results, coupled with identification of PAX8, indicated that this patient had UTC. Additionally, her three sons, despite being asymptomatic, were all diagnosed with papillary thyroid carcinoma.



Summary

The patient received anlotinib treatment and showed good clinical outcomes. One month after anlotinib treatment, the pulmonary nodules were found to be controlled, and the thyroid tumor drastically reduced, and tracheal compression relieved. She continued anlotinib treatment for the following two months, but died one month later because the treatment stopped owing to financial reasons. All her sons underwent total thyroidectomy with lymph node dissection.



Conclusions

Although NGS has been reported to assist in diagnosis of the origin of some tumors, this is the first evidence of NGS for the determination of the origin of thyroid tumors. To our knowledge, this is the first time that a combination of multiple mutations has been used to help determine the origin of a tumor, compared with the previous single mutant gene. Moreover, this is the first evidence on the use of anlotinib for treatment of UTC with distant metastasis. Besides, all three sons of the patient had thyroid carcinoma in subsequent examinations, indicating high-risk for familial non-medullary thyroid cancer in UTC patients and necessity for performing thyroid ultrasound testing in other family members.





Keywords: next-generation sequencing, undifferential thyroid cancer, TERT promoter mutation, RET fusion, anlotinib, tumor origin



Introduction

Brain metastasis results from various types of cancer, key among them being lung cancer (1). Clinical diagnosis of lung adenocarcinoma results from positive expression of napsin A aspartic peptidase (napsin A), and transcription termination factor-1 (TTF-1) markers (2, 3). In fact, brain metastasis tumors that positively express napsin A and TTF-1 are always classified as lung adenocarcinoma origin.

Undifferential thyroid cancer (UTC) is the least common type accounting for 1-2% of thyroid cancer cases. In fact, advanced distant metastatic disease is the most challenging condition among patients (4, 5). Intrathoracic, neck lymph nodes and lungs are the most common metastatic sites of UTC (6, 7). UTC often expresses PAX8 and loses thyroid cancer-specific marker-thyroglobulin (TG), and some of UTC tumors show positive napsin A and TTF-1 expression (3, 8). Immunophenotyping of the metastases for some UTC tumors is, therefore, similar to that for primary lung adenocarcinoma. Next-generation sequencing (NGS) has been successfully applied in clinical diagnosis, enabling identification of genetic features. Oncogenetic mutations in the MAPK (BRAF, RAS), PI3K and mismatch repair pathways, RAC1, TP53, and TERT promoters, as well as CCDC6-RET fusion have often been identified in UTC. However, mutations in the TERT promoter and RET fusion have been rarely detected in lung cancer (9, 10). Despite identification of several oncogenic mutations, only one mutation-driven targeted therapy has so far been approved for BRAF-mutant UTC (10).

Anlotinib is an oral novel multi-target tyrosine kinase inhibitor that targets RET, vascular endothelial growth factor receptor (VEGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptors (PGFR) and c-kit (11, 12). When compared to sunitinib, anlotinib exhibits significantly lower side effects. Consequently, anlotinib has currently become an effective compound for inhibition of multi-targeting receptor tyrosine kinases, owing to its efficacy against multiple cancers, including lung cancer (13–16), advanced medullary thyroid cancer (17), soft tissue sarcoma and metastatic renal cell carcinoma (12). However, its potential to treat UTC has not been reported.

In the current study, we studied a case that was initially considered brain metastatic lung cancer based on the immunohistochemistry (IHC) results, but found to be cancer originating from thyroid after NGS of the brain lesions. Specifically, we identified combo mutations in, TERT promoter, RET fusion and TP53, which are common for UTC but rare for lung cancer. We administered anlotinib treatment to the patient and achieved good clinical outcomes. This is a first study reporting the use of anlotinib for UTC with lung metastasis.



Case description

A 63-year-old female patient was presented to hospital, in March 2019, with repeated dizziness and visual impairment. A computerized tomography/magnetic resonance imaging (CT/MRI) revealed a mass lesion in the left occipital lobe. In addition to the brain mass, positron emission tomography (PET)-CT also indicated a hyper-metabolic mass in the left thyroid as well as some opaque mottled shadows and pulmonary nodules in the lung (Figure 1). Further ultrasound revealed multiple thyroid nodules, the largest calcified one located in the left thyroid and measuring 41*30*44 mm. The patient was subjected to brain tumor resection. IHC studies of the resected brain tumor positively identified cytokeratin 7 (CK7), napsin A and TTF-1, but TG was negative (Figures 2A–C; Details on IHC methods were showed in Supplementary Data). Fine-needle aspiration (FNA) of the thyroid lesion identified clusters of undifferentiated tumor cells. Based on these results, the pathologist hypothesized that the lesions in brain and thyroid had migrated from undifferentiated lung adenocarcinoma. However, the NGS results from FSZ-Thyroid NGS Panel V1 (Genetronhealth) revealed TERT promoter mutation, RET fusion and TP53 mutation in the brain lesion (Table 1 and Supplementary Figure 1). The details of NGS were shown in the Supplementary Data. These mutations combo are indicative of undifferential thyroid cancer (9), and rarely occur in lung cancers. Since the patient did not consent to further surgery, we did not obtain any operation samples on the thyroid or lung for further analysis. In addition, we positively detected PAX8 through IHC (Figure 2D). This factor is negative in lung adenocarcinoma, but always positive in thyroid cancer (18). Based on these results (positive PAX8, negative TG, cytopathology of thyroid FNA and the special genomic features), we concluded that the patient had undifferential thyroid cancer, with lung and brain metastasis. Due to the patient with brain metastasis and without BRAF mutations, RET-targeted BLU-667 clinical trial and BRAF inhibitor were not suitable for this patient. Therefore, indication therapy or off-label treatment were needed for this patient. After comprehensive consideration, we administered anlotinib, a novel multi-kinase inhibitor that has also been found to block RET (11). One month after treatment, the pulmonary nodules were found to be controlled, thyroid tumor drastically reduced and tracheal compression relieved (Figure 3). Unfortunately, the patient stopped anlotinib treatment, after three months, owing to financial constraints. Only two weeks after discontinuation of anlotinib, the patient went back to the hospital exhibiting breathlessness and cough. A CT scan revealed a large mass outbreak in her lungs, and she eventually died of respiratory failure.




Figure 1 | The positron emission tomography-computed tomography (PET-CT) at baseline (before surgery). PET-CT showed masses in brain (arrow), thyroid and lung.






Figure 2 | Immunohistochemistry of the patient’s brain cancer. From top to bottom, the immunochemistry results of the patient’s brain tumor and negative control sample were shown. The patient’s tumor showed positive of Napsin A (A), TTF-1 (B) and PAX8 (D), showing as “(+)” in top right corner of the graphs. Negative of TG (C) was identified, presenting as “(-)” in top right corner of the graphs. Corresponding negative results from negative control sample were also shown. Scale bar was in the lower right corner of each image. All images were magnified by 200 times. Scale bars (100μm) were provided.




Table 1 | NGS Gene Mutation Profiling of tumor tissues.






Figure 3 | Computed tomography images (CT) of the thyroid and lung before and after anlotinib treatment. Arrows represent the masses. At base line, in addition to brain lesions, there were a mass in the left thyroid and some opaque mottled shadows and pulmonary nodules in the lung. Then the patient experienced brain surgery. Before anlotinib treatment, a huge mass in the left thyroid and two obvious pulmonary nodules was found. One month after anlotinib treatment, the pulmonary nodules were found to be controlled, thyroid tumor drastically reduced and tracheal compression relieved.



Given the patient’s critical condition, three sons of the proband, who were asymptomatic, were presented to the local hospital and subjected to thyroid ultrasound examinations. They were all found with thyroid lesions. Total thyroidectomy, with lymph node dissection, was performed on all of them. Results revealed a thyroid papillary carcinoma (1.2cm), in the right thyroid lobe and isthmus (without lymph node metastasis) of the 36 years old youngest son. Pathologic diagnosis in the elder son (40 years old) revealed a follicular adenoma in the left lobe as well as a thyroid papillary microcarcinoma in the right lobe and isthmus. Lymph node metastasis were found in Level VI of the neck. Unfortunately, a more extensive lymph node metastasis was further detected at Level II, III, IV and VI of the neck in the eldest son (42 years old). All tumor tissues from the three sons were positive of TTF-1, TG and PAX8, negative of Napsin A (Supplementary Figure 2). Targeted sequencing by using FSZ-Thyroid NGS Panel V1 (Genetronhealth) was performed on the tumor tissues of the three sons, the results of which showed all the tissues had BRAF V600E mutations (Table 1 and Supplementary Figure 3).



Discussion

We present a case of UTC, with lung and brain metastasis, in which genetic features including CCDC6-RET fusion, TERT promoter and TP53 mutations were identified. Based on these features, a multi-targeted reagent, anlotinib, was used to treat the patient and resulted in good clinical outcomes. This is the first study reporting the use of mutation combo and IHC for the confirmation of UTC and the use of anlotinib for the treatment of UTC. The most noteworthy point in the present case is that traditional IHC markers combined with genetic characteristic of tumor are more effective in accurately determining the source of metastatic tumor. Generally, IHC is a major diagnostic tool for determining the origin of metastatic tumors (19, 20). However, this diagnosis is not enough for some special cases. A combined detection of napsin A and TTF-1 through IHC has been considered a reliable procedure for diagnosing adenocarcinoma originating from the lungs (2, 3). However, several studies have recently shown that both of Napsin A and TTF-1 are positive in approximately 15% of UTC cases (8). TG, a specific thyroid cancer marker due to its especial expression in tissues of thyroid origin has been reported (3), but its expression is often lost following dedifferentiation of UTC (8). Therefore, a positive napsin A and TTF-1 detection, as well as negative TG, is considered a misdiagnosis for lung adenocarcinoma. Studies have reported that some genetic alterations can be used to aid in determining the source of metastatic carcinoma, with higher specificity than traditional IHC markers (16). For example, IDH has been found to be mutated in low-grade gliomas, chondrosarcomas, hematologic malignancies and bile duct cancer (21, 22). BRCA1 and BRCA2 are prone to mutations in breast and ovarian cancers, with evidence of BRCA gene mutations indicating the genetic origin of these cancers (23). In addition, TERT promoter mutations are frequently identified in melanoma, thyroid cancer, bladder cancer and glioblastoma, while they are rare (2.57%) in lung cancer. On the contrary, EGFR L858R mutation is only found in lung cancer (24). Changes in RET expression tend to frequently occur in thyroid, and invasive breast cancers, as well as pancreatic ductal adenocarcinomas, but are rare in lung cancer. Moreover, the most common RET fusions are CCDC6-RET in thyroid cancer and KIF5B-RET in lung cancer (25). A combination of mutations including CCDC6-RET fusion, TERT-promoter and TP53 often occurs in dedifferentiated thyroid cancer (9). However, there is a probability of only 0.005% of this happening in lung adenocarcinoma (24, 25). Combo mutations from NGS in this case clearly confirmed the origin of the thyroid tumors; thus, this is the first case that the determination of the tumor origin by the assist of combo mutations, compared with previous single mutant gene. Moreover, IHC analysis positively detected PAX8, which has been strongly associated with thyroid origin (8), suggesting that this factor is an additional tool for discriminating thyroid from lung cancer in the setting of a double positive of napsin A and TTF-1.

Our results showed that anlotinib is effective in treating UTC, a rare thyroid cancer with a high mortality rate. Conventional treatments, such as surgery, radiotherapy and chemotherapy, have not effectively managed. In fact, the only approved targeted therapy, dabrafenib with trametinib, only works in BRAFV600E-positive anaplastic thyroid carcinoma patients. Several novel biological agents, as well as immune checkpoint and aurora kinase inhibitors, are currently under testing for treatment of UTC (26). Case in the current study, a patient with RET fusion, who was excluded from RET-targeted BLU-667 clinical trial because of brain metastasis, and the patient without BRAF mutation, also excluded from BRAF inhibitor, finally benefited from anlotinib. Anlotinib recently showed durable antitumor activity in lung cancers (13–16), medullary thyroid carcinoma (MTC) (17) and some other cancers (12). To the best of our knowledge, this was the first time that anlotinib has been used to manage UTC. The treatment resulted in good control of primary and lung metastasis lesions. Manageable adverse events were demonstrated in anlotinib-treated lung cancer (15) and MTC (17), here also no serious side effects occurred. These clinical results indicate that anlotinib may develop a new avenue for UTC therapy.

In addition, the patient’s sons all diagnosed with thyroid carcinoma, indicating obvious characteristics of familial non-medullary thyroid cancer (FNMTC). Previous studies have implicated FNMTC as an independent risk factor for increased aggressiveness of thyroid cancers (27), which may explain the critical and serious condition of the proband. To the best of our knowledge, no reports have studied FNMTC in UTC patients. It is, therefore, imperative to perform thyroid ultrasound testing on family members of patients diagnosed with UTC.

Overall, this report describes the genetic characteristics of a UTC patient, with distant metastases, and the obvious benefits of targeted therapy using anlotinib. We illustrate that a combination of driver mutations, detected by NGS, could directly guide understanding of the origin of tumors and the corresponding targeted therapy. Taken together, our findings indicate that this treatment could be an acceptable option for the urgent management of UTC.
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Supplementary Figure 1 | The mutation IGV results of the patient. (A–C) IGV results of TERT upstream promoter mutation (c.C228T (Chr5: 1295228)), CCDC6-RET fusion (CCDC6{NM_005436.4}:r.1_303+1_RET{NM_020975.4}:r.2137_5617) and TP53 mutation (c.842A>T (Chr17: 7577096)) of the patient’s tumor sample and their corresponding IGV results of negative control sample.

Supplementary Figure 2 | Immunochemistry results of each son’s tumor tissue. From top to bottom, the immunochemistry results of the eldest son, second son and youngest son’s tumor were shown. The three sons’ tumors showed negative of Napsin A, showing as “(-)”in top right corner of the graphs. Positive of TTF-1, PAX8 and TG were identified in all of the three sons’ tumors, presenting as “(+)”in top right corner of the graphs. Negative results from negative control samples were also shown. The immunohistochemical tests of the patient and her three sons were repeated simultaneously, so the same negative controls were used. Scale bar was in the lower right corner of each image. All images were magnified by 200 times.

Supplementary Figure 3 | IGV results of BRAF mutation (c.1799T>A (Chr7: 140453136)) of the tumor samples of the patient’s three sons. Corresponding IGV results of negative control sample were also provided.
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Colorectal mucinous carcinoma (MC) is associated with inferior prognosis and response to treatment compared to adenocarcinoma (AC). The molecular landscapes of MC and adenocarcinoma with mucous composition (AMC) are not well-defined. We aimed to describe the genomic landscape of MC and AMC in a large colorectal cancer cohort. Tumor samples from patients with MC, AMC, or AC were analyzed using next-generation sequencing. MC had a molecular signature distinct from that of AC; genomic features were similar between AMC and MC but not between AMC and AC. HER2 amplification and TP53 and APC mutation rates were lower, whereas SMAD4, PIK3CA, ACVR2A, KMT2D, LRP1, TGFBR2, GRIN2A, BRAF V600E, PTEN, and BRCA2 mutation rates were higher in MC than in AC. The mutation frequencies in MAPK, PI3K, and TGF-β pathways were higher, whereas those of cell cycle proteins and Wnt were lower in MC and AMC than in AC. The proportion of hypermutated tumors was significantly higher in MC and AMC than in AC. As MC has a distinct molecular signature from AC, immunotherapy can be potentially applied in treating MC. Similar molecular profiles of AMC and MC suggest that treatment strategies for MC, but not AC, can be used for AMC treatment.
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Introduction

According to the 2018 global cancer statistics released by the International Cancer Research Institute of the World Health Organization (WHO), colorectal cancer (CRC) has the third highest incidence rate and second highest mortality rate, and an increasing annual prevalence rate (1, 2). According to the WHO classification, mucinous carcinoma (MC) is a distinct pathological CRC subtype, with a substantial mucous component of more than 50% of the tumor volume, and accounts for 10–15% of all CRC cases (3, 4). MC constitutes a histological subtype with poor differentiation potential and is a predictive factor for poor prognosis (5, 6).

MC is clinically more prevalent among women, frequently located in the proximal colon, and associated with young age, high malignancy grade, tumor infiltration, lymph node metastasis, and peritoneal metastasis (4, 7). Compared with adenocarcinoma not otherwise specified (AC), patients with MC are reportedly less responsive to neoadjuvant radiotherapy and chemotherapy (8). The efficacy of first-line chemotherapy with oxaliplatin or irinotecan is lower among patients with advanced MC than among those with AC. Furthermore, patients with metastatic MC do not benefit from treatment with anti-epidermal growth factor (EGFR) monoclonal antibodies, even in cases with wild-type RAS and BRAF (9). Therefore, it is important to investigate the molecular characteristics of colorectal MC in detail and explore a more effective treatment strategy.

Colorectal MC has unique molecular characteristics. Most early studies focused on protein expression levels and reported that MUC2 and MUC5AC are upregulated in MC tumors (10, 11). Recent genomic analyses have reported that colorectal MC has a higher mutation frequency in Ras/MAPK and PI3K/Akt/mTOR pathways in MC than in AC, with a higher incidence of microsatellite instability (MSI), which is potentially associated with Lynch syndrome and the CpG island methylator phenotype (4). However, owing to limitations in detection technology, previous studies have not revealed the genetic landscape of MC, including comprehensive genomic characteristics, pathway analyses, and biomarkers for immunotherapy. The fraction of mucous composition varies substantially among Colorectal Cancers. Prior studies confirm that the variation of mucous composition in CRC is associated with distinct molecular and clinical features (12, 13). However, adenocarcinomas with relatively low mucous composition (less than 50%, also known as AMC) are usually diagnosed and treated as AC. The somatic mutational landscape of this unique subgroup is less known and the best clinical management of AMC needs to be addressed in the light of the mutational background (4).

In this study, we aimed to perform comprehensive targeted next-generation sequencing (NGS) to detect the two pathological subtypes of CRC, MC and AMC, and gain deep insights into their molecular characteristics, through the evaluation of the landscape of genetic alterations, pathway analysis, and analysis of biomarkers for immunotherapy to provide a molecular basis for the establishment of a precise treatment strategy for MC and AMC.



Materials and Methods


Patients and Tumor Selection

Tumor specimens of patients with CRC involved in this study from January 2018 to September 2019 were sent for NGS analysis. Of 2,115 patients with CRC, 1,226 with a confirmed pathological diagnosis of MC, AMC, or AC were selected and recruited. Patients with an uncertain diagnosis of the pathological subtype or those with other special pathological subtypes, such as signet-ring cell carcinoma, undifferentiated carcinoma, and squamous cell carcinoma, were excluded. Of 2,115 patients with CRC, 1,226 with a confirmed pathological diagnosis of MC, AMC, or AC were selected and recruited. Patients with an uncertain diagnosis of the pathological subtype or those with other special pathological subtypes, such as signet-ring cell carcinoma, undifferentiated carcinoma, and squamous cell carcinoma, were excluded. MC was defined as extracellular mucus secretion accounting for >50% of the tumor volume. AMC was defined that accounted for ≤50%. And AC was defined as tumor with no extracellular mucus secretion. All tumor tissues were assessed independently by two experienced pathologists before sample disposal to pathologically confirm the diagnoses.

This study was approved by the Institution Review Board of the Sixth Affiliated Hospital of Sun Yat-sen University in accordance with the Declaration of Helsinki. Written informed consent was obtained from all enrolled patients.



NGS Analysis

NGS analysis was carried out at OrigiMed (Shanghai, China), a College of American Pathologists-accredited and Clinical Laboratory Improvement Amendments-certified laboratory, using a 450-gene comprehensive assay (14). At least 50 ng of DNA was extracted from each 40 mm formalin-fixed paraffin-embedded (FFPE) tumor sample using a DNA Extraction Kit (QIAamp DNA FFPE Tissue Kit) in accordance with the manufacturer’s protocols. This panel encompassed all coding exons of 450 cancer-related genes and 64 selected introns of 39 genes that are frequently rearranged in solid tumors. Furthermore, the probe density was increased to ensure high capture efficiency in the conservatively low-read-depth regions. Peripheral blood was sampled from each patient as the normal control sample for genomic profiling. The genes were captured and sequenced with a mean coverage of 900× for FFPE samples and 300× for matched blood samples using an Illumina NextSeq 500 Platform (Illumina Incorporated, San Diego, CA, USA).



Genetic Analysis

All types of genetic alterations, including single-nucleotide variant (SNV), short and long indels, copy number alterations (CNAs), and gene rearrangement, were called using a suite of bioinformatics pipelines. Analysis of SNVs and indels began with the alignment of raw reads to the human genome reference sequence (hg19) with the Burrows-Wheeler Aligner (v0.62; BWA, Cambridge, MA, USA), followed by polymerase chain reaction (PCR) duplicates removal using MarkDuplicates algorithm from Picard (version 1.47; Cambridge, MA, USA). Local realignment and base quality recalibration for SNVs were performed using GATK (v3.1-1; Cambridge, MA, USA) and subsequently called by MUTECT (v1.7; Cambridge, MA, USA). The CNAs included: (1) amplification, defined as an increase in the number of gene segment copies by ≥8, and (2) homozygous deletion, defined as decrease of complete loss of gene segment copies in samples with 20% purity. To identify these alterations, tumor cellularity was estimated by allele frequencies of sequenced single-nucleotide polymorphisms (SNPs). For detection of gene rearrangement, aligned reads with abnormal insert size of 2,000 or zero bp were collected and used as discordant reads, that is, paired-end reads that could not be closely mapped to a genome reference, with each read of paired reads aligned to the same chromosomes or different chromosomes. Originally, the discordant reads with the distance less than 500 bp formed clusters were further assembled by fermi-lite to identify potential rearrangement breakpoints. The breakpoints were double confirmed by BLAT, and the resulting chimeric gene candidates were annotated. For germline mutations, common single nucleotide polymorphisms, defined as those from the dbSNP database (Version 147), at a frequency of more than 1.5% from the Exome Sequencing Project 6500 (ESP6500), or at a frequency of more than 1.5% from the 1000 Genomes Project, were excluded. Furthermore, the variant allele frequency was adjusted with tumor purity estimated using FACETS.



Tumor Mutational Burden (TMB) and MSI

The TMB was estimated using the method of Chalmers et al. (15). In brief, the somatic, coding, base substitution, and short indel mutations were enumerated. Driver mutations and germline alterations in the dbSNP database were not enumerated. The TMB was determined by dividing the total number of mutations by the size of the coding region. The MSI status was determined in all cases. Based on the MSI score, samples were classified as MSI-high (MSI-H) and microsatellite stable (MSS).



Statistical Analyses

Qualitative variables were assessed using Fisher’s exact test. Normally distributed quantitative data were analyzed using the t-test and non-normally distributed data were analyzed using the Wilcoxon rank test. All tests were two-tailed and significance was defined as a P value less than 0.05. All statistical analyses were performed using R software (Version 3.4.2).




Results


Clinical Characteristics

We defined MC as adenocarcinoma with mucous composition greater than 50% and AC as adenocarcinoma with no mucous composition. Adenocarcinoma with mucous composition but less than 50% is called AMC. Table 1 summarizes the characteristics of the patients. In total, 1,226 patients with CRC were enrolled in the study and divided into three categories by histological subtype: MC (10.5%), and AMC (8.2%), and AC (81.3%). The median age of patients with MC was less than that of patients with AC (56 vs. 59 years, P = 0.037), and the incidence of MC in the right colon was higher than that of AC (41.9 vs. 24.2%, P < 0.001). Patients with MC accounted for a larger proportion of patients with stage III CRC (44.2%) than AC (29.9%, P < 0.001) and AMC (29.0%, P = 0.091); but for AMC, the difference is only marginally significant. Furthermore, AMC was significantly more common in the right colon than AC was (50 vs. 24.2%, P < 0.001). No significant differences were observed between AMC and AC with respect to other clinical features.


Table 1 | Patient and tumor characteristics.





Comparison of Common Gene Mutations Among MC, AMC, and AC

Comprehensive targeted NGS revealed that the top 10 prevalent mutations in MC were KRAS (55.8%), TP53 (53.5%), APC (46.5%), SMAD4 (34.1%), ACVR2A (28.7%), PIK3CA (28.7%), KMT2D (22.5%), LRP1 (21.7%), TGFBR2 (20.2%), and ARID1A (19.4%) (Figure 1A). In general, the mutation profile of MC was different from that of AC (Figure 1B); however, the mutation profiles of MC and AMC did not differ significantly (data not shown). Among the commonly mutated genes in CRC, TP53 (53.5 vs. 79.5%, P < 0.001) and APC (46.5 vs. 75.1%, P < 0.001) displayed a significantly lower mutation rate, whereas SMAD4 (34.1 vs. 19.1%, P < 0.001), PIK3CA (28.7 vs. 19.2% P = 0.014), ACVR2A (28.7 vs. 9.1%, P < 0.001), KMT2D (22.5 vs. 6.4%, P < 0.001), LRP1 (21.7 vs. 4.8%, P < 0.001), TGFBR2 (20.2 vs. 6.4%, P < 0.001), and GRIN2A (14.7 vs. 4.5%, P < 0.001) displayed a significantly higher mutation rate in MC than in AC.




Figure 1 | Comparison of common gene mutations in MC, AMC, and AC. (A) Genomic landscape showing mutated genes among MC, AMC, and AC. Each column denotes an individual tumor and each row represents the MSI status, tumor site, and individual genes. Colors indicate the type of genetic alterations as indicated in the legend. (B) Analysis of the gene alteration frequency showing a higher gene alteration frequency in the MC group. MC, mucinous carcinoma; AMC, adenocarcinoma with mucous composition; AC, adenocarcinoma; MSI, microsatellite instability.



Furthermore, pathway analysis revealed that the mutation frequencies in MAPK, PI3K, and TGFβ pathways were higher, whereas those of cell cycle proteins and the Wnt pathway were lower, in MC and AMC than in AC (Figure 2).




Figure 2 | Comparative analysis of the frequencies of genetic alterations based on signaling pathways playing an important role in oncogenesis in colorectal cancer.





Comparison of Clinically Actionable Alterations Among MC, AMC, and AC

The mutation pattern of clinically actionable alterations in MC was different from that in AC but similar to that in AMC. The mutation rates of BRAF V600E (10.9 vs. 3.3%, P < 0.001), PIK3CA (28.7 vs. 19.2%, P = 0.014), PTEN (14.7 vs. 7.2%, P = 0.027), and BRCA2 (17.8 vs. 5.5%, P < 0.001) were significantly higher in MC than in AC. Although HER2 mutation rates were comparable between MC and AC (3.9 vs. 6.2%, P = 0.423), HER2 amplification occurred at a rate of 2.1% in AC but was not detected in MC or AMC. The mutation rate of KRAS was significantly higher in AMC than in AC (65.0 vs. 49.2%, P = 0.001); however, it did not significantly differ between MC and AC or MC and AMC. The mutation frequencies of clinically actionable genes in MC, AMC, and AC are summarized in Table 2.


Table 2 | Comparison of clinically actionable gene alterations in MC, AMC, and AC.



Gene fusions in receptor tyrosine kinases have been recently identified as druggable targets in CRC (16). One patient with an MC tumor in the right colon harbored an ETV6-NTRK3 fusion and the tumor was identified as MSI-H. NCOA4-RET and FGFR2-PIBF1 fusions were observed in patients with MC and AMC, respectively. The frequency of druggable fusions did not significantly differ among the three CRC pathological subtypes.



Comparison of Immune Biomarkers in MC, AMC, and AC

We defined hypermutated tumors as MSI-H tumors or those harboring POLE mutations that result in a dramatic TMB elevation. In general, the proportion of hypermutated tumors was significantly higher in MC and AMC than in AC (MC 27.9% vs. AC 8.4%, P < 0.001; AMC 18% vs. AC 8.4%, P = 0.003).

The percentage of MSI-H tumors was significantly higher in MC and AMC than in AC (MC 22.5% vs. AC 6.8%, P < 0.001; AMC 17% vs. AC 6.8%, P = 0.001) and comparable between MC and AMC. Although the percentage of all POLE mutations among the three subtypes did not differ significantly, the proportion of POLE mutations resulting in a high TMB in MSS tumors was significantly higher in MC than in AC (5.4 vs. 1.6%, P = 0.004). The median TMB and median number of somatic mutations were also significantly higher in MC and AMC than in AC (Figure 3 and Table 3).




Figure 3 | Comparison of immunotherapy-related biomarkers in MC, AMC, and AC. MC, mucinous carcinoma; AMC, adenocarcinoma with mucous composition; AC, adenocarcinoma; MSI, microsatellite instability; TMB, tumor mutational burden; MSS, microsatellite stability.




Table 3 | Comparison of immunotherapy-related biomarkers in MC, AMC, and AC.





Hypermutated Tumors in MC

We further evaluated the relevant immunotherapy indicators in MC, which revealed that 29 of 129 patients harbored MSI-H tumors, among which three harbored POLE mutations. Seven of 100 patients harbored MSS tumors with POLE mutations (Figure 4). Moreover, all POLE mutations detected in MSS tumors were located in the exonuclease domain, which led to extremely high levels of TMB. Only one E972G mutation in an MSS tumor was not located in the exonuclease domain and the TMB in this case was relatively lower (79.5 muts/Mb) than that in cases of POLE mutations in the exonuclease domain (TMB range, 121.1–595.5 muts/Mb). Furthermore, POLE mutations detected in three patients harboring MSI-H tumors were not present in the exonuclease domain. Details of clinical and molecular characteristics of MC with POLE mutations are summarized in Table 4.




Figure 4 | (A) Hypermutated tumors include MSI-H tumors and tumors harboring POLE mutations. (B) Genomic landscape showing associations among MSI-H, microsatellite instability, high TMB, MSI status, and POLE mutation. TMB, tumor mutational burden.




Table 4 | Clinical and molecular characteristics of MC with POLE mutations.






Discussion

This study identified the comprehensive genomic features of MC and AMC by targeted NGS using a large cohort of patients with CRC. We comprehensively compared genetic differences between MC, AMC, and AC and identified the following major features. In general, MC had a molecular signature that was distinct from that of AC. The genomic features were similar between AMC and MC but different between AMC and AC. MC had a distinguished mutation pattern for prevalent gene mutations and biomarkers used clinically for CRC. Most importantly, the proportion of hypermutated tumors in MC and AMC was significantly higher than that in AC, indicating the higher applicability of immunotherapy for patients with these histological subtypes. Our results support developing more tailored treatment strategies for patients with CRC according to an individual’s histological subtype.

Previous studies have suggested that mutations in SMAD4, GNAS, BRAF, and KRAS occur at high frequencies in MC, whereas TP53, APC, and NRAS mutations are less common (17, 18). The high frequency of BRAF mutations in MC is well-documented in the literature and supported by our findings (19, 20). Patients with metastatic CRC harboring a BRAF V600E mutation have a significantly worse prognosis. This study found the BRAF V600E mutation rate was significantly higher in MC and AMC than in AC, whereas the mutation rate of BRAF (non-V600E) did not significantly differ among the three groups. The SMAD4 mutation frequency was significantly higher in MC and AMC than in AC. Patients with a SMAD4 deletion have worse relapse-free survival and are resistant to chemotherapy with 5-fluorouracil (21). MCs were associated with an unsatisfactory response to neoadjuvant chemotherapy. However, whether SMAD4 plays a role in chemotherapy resistance mechanisms needs further research. On the other hand, the stage of the cancer is significantly associated with the frequency of specific mutation. For example, BRAF (V600E) is more frequent in high-stage MC. The observation suggests that the variation in the mutation rates among the three cancer types is attributed to the different clonal evolution processes, from which MC arises as a unique subtype.

A recent study reported that approximately 5% of patients with CRC harbor a HER2 mutation. In patients with CRC, nearly half of HER2 alterations are mutation rather than amplification or protein overexpression. Herein, HER2 amplification was not observed in MC. However, a proportion of patients with MC harbored HER2 mutations. Previous animal experiments have reported that the growth of implanted tumors harboring mutant HER2 can be inhibited by HER2 inhibitors, including trastuzumab, lapatinib, and afatinib, alone and in combination with trastuzumab and tyrosine kinase inhibitors (22–24).

Immune checkpoint inhibitors (ICIs) have recently been widely used in solid and hematological malignancies (25). We defined hypermutated tumors as MSI-H tumors or those harboring POLE mutations that result in a dramatic TMB elevation, as there is robust evidence for MSI-H and POLE mutations as predictive biomarkers for a good response to immunotherapy in CRC (26, 27). Pembrolizumab has been approved for treating solid tumors with MSI-H/deficient mismatch repair (dMMR) and nivolumab ± ipilimumab has been approved for treating advanced CRC with MSI-H/dMMR (28, 29). Recently, a study on neoadjuvant treatment of CRC was conducted using a combinatorial treatment with an anti-PD-1 antibody and anti-CTLA-4 antibody. The treatment resulted in a pathological response in 20/20 patients and primary pathological remission in 19/20 patients with dMMR tumors (30). MC is significantly more likely to be associated with MSI-H in the colon and rectum (20). The proportion of MSI-H tumors in this study was significantly higher in MC and AMC than in AC, suggesting that immunotherapy is suitable for a larger proportion of patients with MC and AMC. MC was more prevalent in stage III CRC in this study, indicating that patients are more likely to develop local lymph node metastasis and present locally advanced CRC. In some cases of locally advanced CRC, it is challenging for surgeons to perform R0 (margin-negative) resection, which results in a worse prognosis for patients. ICIs in a neoadjuvant setting would be an effective treatment alternative for patients with MC with MSI-H/dMMR; thus, it is necessary to clarify the MSI/MMR status before any treatment.

Immunotherapy in MSS CRC tumors still lacks efficacy; therefore, there is an urgent need to identify biomarkers for immunotherapy in MSS tumors. Hypermutation in MSS CRCs is often associated with POLE mutations accompanied by dramatic TMB elevation, owing to the loss of DNA replication fidelity caused by POLE mutations in the exonuclease domain (27). Wang et al. summarized the POLE/POLD1 mutation rate in 47,721 patients with different cancer types and identified that patients harboring POLE/POLD1 mutations have a significantly higher TMB. When adjusting for cancer types and MSI status for multivariate Cox regression analysis, POLE/POLD1 mutations were found to be independent risk factors for identifying patients that could benefit from ICI treatment (27). In this study, the frequency of POLE mutations resulting in high TMB in MSS tumors was significantly higher in MC than in AC. In addition, the proportion of hypermutated tumors (MSI-H or POLE mutations) was 27.9% in MC, suggesting that up to 30% of patients with CRC MC may benefit from immunotherapy. Furthermore, the mutation pattern of POLE differed between MSS and MSI-H tumors and POLE mutations occurring in the exonuclease domain markedly increased the TMB in MSS tumors.

We acknowledge that the current study had several limitations. First, the retrospective study design could not exclude selection bias. Second, the clinical data of patients’ treatments and outcomes were not controlled and collected in the current study; therefore, the clinical impacts of our findings need further confirmation. Finally, on the potential benefit of ICI, the effects of tumor infiltrating lymphocytes need to be evaluated along with the mutational profile as well as MSI and POLE statuses; whereas in the current study still lacks the pathological data for tumor immune microenvironment. On the other hand, the somatic mutational landscape is also affected by the host immune environment, hence serve as a proxy to the activities of the immune cells.

In spite of the limitations, using the large cohorts of MC (n = 129) and AMC (n = 100) via a comprehensive targeted NGS panel, our results reveal the molecular landscapes of MC, AMC, and AC, which could lead to tailored treatment for different histological subtypes of CRC. The selection of baseline clinical and pathological characteristics was relatively intact in this study, allowing the analysis of clinical and genomic features. Our findings shed new light on the treatment and management of patients with MC and AMC. Further prospective studies in patients with MC and AMC are warranted to validate our findings, especially regarding the potential use of immunotherapy.



Conclusions

We identified a distinct genomic landscape in colorectal MC via comprehensive genomic profiling for commonly mutated and clinically actionable genes. Hypermutated tumors account for nearly 30% of MC, suggesting that a large proportion of patients with MC may benefit from immunotherapy; therefore, there is a need for comprehensive molecular testing in these patients. AMC has similar genomic features to MC but different from AC, suggesting the potential for the use of MC treatment strategies for treating AMC.
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Penile squamous cell carcinoma (PSCC) is a rare malignancy with poor survival after standard treatment. Although genomic alterations of PSCC have been characterized in several latest studies, the association between the formation of somatic landscape and regional lymph node metastasis (LNM), an important predictor for patient survival, has not been comprehensively investigated. Here, we collected formalin-fixed paraffin-embedded tumor tissue and matched normal samples of 32 PSCC patients, including 14 LNM patients and 18 clinically node-negative patients, to implement a whole-exome sequencing. Comparison of genomic features among different lymph node status subgroups was conducted after genomic profiling and its effects on patient survival were explored. Top-ranked recurrent gene mutants in our PSCC cohort were TP53 (13/32), NOTCH1 (12/32), CDKN2A (11/32), TTN (9/32) and FAT1 (8/32), mainly identified in the Notch, Hippo, cell cycle, TP53, RTK-RAS and PI3K pathways. While CDKN2A was confirmed to be the driver gene in all PSCC patients, certain gene mutants were significantly enriched in LNM involved patients, including TP53 (9/14 vs. 4/18, p = 0.029) and GBF1 (4/14 vs. 0/18, p = 0.028). Overall survival stratification of PSCC patients were found to be significantly correlated with mutations of three genes, including PIK3CA (Hazard ratio [HR] = 4.15, p = 0.029), CHD7 (HR = 4.82, p = 0.032) and LAMC3 (HR = 15.9, p < 0.001). PIK3CA and LAMC3 held a higher prevalence in patients with LNM compared to those without LNM (PIK3CA: 3/14 vs. 1/18, LAMC3: 2/14 vs. 1/18). Our finding demonstrated that genomic divergence exists across PSCC patients with different lymph node statuses, and it may be correlated with their survival outcome. It helps delineate somatic evolution during tumor progression and perfect potential therapeutic intervention in this disease.
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Introduction

Penile squamous cell carcinoma (PSCC) is a rare cancer with a significantly higher incidence in developing countries compared to developed countries (1), mainly attributed to exposure to human papilloma virus (HPV) (2). For patients with advanced PSCC, standard treatment paradigm is a multimodal approach of chemotherapy combinations followed by surgical procedures (3–6). Unfortunately, more than half of the patients shortly progressed or relapsed after the treatment (6, 7).

To discover novel diagnostic and prognostic biomarkers that are capable to identify patients sensitive to specific therapy, genomic profiling of penile carcinoma has been examined (8–11) and a few PSCC cell lines were established (12). Those studies revealed that somatic alterations are associated with penile carcinogenesis, including frequent mutations in gene TP53, CDKN2A, NOTCH1 and PIK3CA (13, 14). Associated risk factors were also investigated and prediction models of patient survival were developed in the past years to achieve better management of this malignancy (15–18). In all studies, lymph node involvement was found to be the most evidential factor (19) compared to other predictors including histological subtypes (20) and high expression levels of TP53-regulated inhibitor of apoptosis 1 (21). Although it is indicated that lymph node metastasis (LNM) could be roughly inferred from lymph node staging, lymph vascular invasion or sentinel lymph node biopsy combined with sonography (22–24), accurate prediction of lymph node status is still lacking and the connections between lymphatic metastasis and potential genetic biomarkers remain unclear (25).

To investigate the evolution of somatic alterations during the process that tumors transform to a state prone to spread to the lymph node, we characterized the somatic mutation landscape and compared genetic characteristics between PSCC patients with different lymph node statuses with whole-exome sequencing. The performance of predicting patient survival with relevant variants was also evaluated.



Materials and Methods


Sample Cohort

Tumor tissue and matched normal blood or tissue samples of 32 PSCC patients were collected for whole-exome sequencing. These patients were diagnosed with PSCC from June 2015 to June 2019 in Hunan Cancer Hospital and underwent surgical resection afterward. Lymph node dissection was performed and the lymph node statuses were assessed in some patients. Clinical information including age, tumor stage, pathological type, lymph node status and survival information were gathered by reviewing the electronic medical records. The study was approved by the ethics committee of Hunan Cancer Hospital and all involved human subjects have signed the informed consent.



Whole-Exome Sequencing

DNA was extracted from formalin-fixed paraffin-embedded tissues and white blood cells using QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) and Blood Genomic DNA Mini Kit (Cwbiotech, Beijing, China). The whole exome was captured according to the standard procedures of xGen Exome Research Panel v1.0 (Integrated DNA Technologies, Coralville, IA). The captured DNA fragments were then used for library preparation and quantification guided by KAPA Hyper Prep protocols (Kapa Biosystems, Wilmington, MA), followed by purification with AMPure XP (Beckman Coulter, Brea, CA) and quantification using Qubit™ dsDNA HS Assay Kit (ThermoFisher, Waltham, MA). Pooled library was finally sequenced using Novoseq6000 (Illumina, San Diego, CA).



Variant Calling and Annotation

After adapter trimming with Trimmomatic, the sequencing reads were then aligned to the human reference genome hg19 using Burrows-Wheeler Aligner (BWA). Reads were then realigned using Genome Analysis Tool Kit (GATK) after duplicated reads were flagged with Picard. Mutect2 was used to identify somatic mutations, which were then annotated with ANNOVAR. Human identity consistency of paired samples was verified using an in-house script. Somatic mutations were filtered out under the following conditions (1): base quality value under 20; (2) mutation reads depth less than 10; (3) variant allele frequency less than 5%; (4) variant supporting reads more than 4 or variant allele frequency above 2% in the paired normal sample. Then synonymous and benign mutations were removed from the remaining variants. OncodriveCLUSTL was used to detect significant clusters of variation across genomic regions to identify candidate driver genes (26). Visualization of gene alterations in oncogenic signaling pathways was conducted using the PathwayMapper tool (http://pathwaymapper.org).



HPV Genotyping

HPV status of PSCC patients was assessed by HPV genotyping (17 high risk HPV: 16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73 and 82; 6 low risk HPV: 6, 11, 42, 43, 81 and 83), which was performed with a polymerase chain reaction reverse dot blot (PCR-RDB) approach (Yaneng Bio, Shenzhen, China) using DNA extracted from tumor tissue samples.



Tumor Mutation Burden, Heterogeneity and Genomic Stability

Tumor mutational burden (TMB), heterogeneity and genomic stability were assessed to evaluate the genomic status of their tumor samples for each patient (27). TMB was defined as the number of nonsynonymous somatic mutations per million bases, and heterogeneity was estimated with mutant-allele tumor heterogeneity (MATH) calculated by R package maftools (28, 29). Genomic instability was represented by the weighted genome integrity index (wGII), which denotes the chromosome-weighted proportion of genomic fragments with abnormal copy number (30).



Statistical Analysis

All statistical analyses were performed with R v3.6.0. Prevalence comparison of gene mutant was conducted using Fisher’s exact test. TMB, MATH and wGII among lymph node subgroups were compared with Wilcoxon rank-sum test. Kaplan-Meier estimate was implemented for survival analysis and the log-rank test was used to determine the mutated gene that correlated with patient survival. Hazard ratio (HR) was reported by the univariate and multivariable cox proportional hazard regression models. Two-sided P<0.05 was considered statistically significant.




Results


Cohort Characteristics

32 PSCC patients including 14 (43.75%) lymph node-positive patients and 18 (56.25%) negative node patients were enrolled in our investigation, summarized in Table 1. The median age of this cohort was 53.5 years (41–78 years). Among all patients, 8 (25%) of them were diagnosed with low, low-to-moderate or moderate grade cancer while 24 (75%) of them were evaluated as moderate-to-high or high grade cancer. 14 (43.75%) patients were assessed at stage III or higher. 28 (87.5%) patients were tested for HPV genotyping, and 16 (50%) of them were found to be HPV-positive. 7 (21.88%) patients experienced metastases or relapse and 9 (28.13%) patients deceased during follow-up.


Table 1 | Patient characteristics.





Somatic Mutation Landscape of PSCC in Chinese Patients

A total of 3,026 somatic mutations were identified in 2,418 genes, including single nucleotide variants and small insertions/deletions. The most common variant type was missense mutation (80.3%), followed by frameshift insertion/deletion (8.5%), nonsense mutation (7.3%), in-frame insertion/deletion (2.2%), splicing mutation (1.5%) and nonstop mutation (0.2%) (Figure 1A). TP53 (13, 40.63%), NOTCH1 (12, 37.50%), CDKN2A (11, 34.38%), TTN (9, 28.13%) and FAT1 (8, 25.00%) were found to be the most common repeatedly mutated genes in this cohort (Figure 1B), which have been reported to be frequently mutated in penile carcinoma. CASP8, which was previously reported to be frequently altered in the Chinese PSCC population (11), was mutated in 6 (18.75%) patients in this study. Although CSN1 mutant was reported in a Caucasian cohort (9), it was not found in any patient in our cohort. Other reported frequent gene mutants, like PIK3CA and HRAS, were mutated in a few patients but not among the top mutated genes.




Figure 1 | Summary of somatic mutations in 32 PSCC patients. (A) The frequencies of different variant types in lymph node metastasis (LNM) involved patients and negative-node patients. (B) Mutational landscape of all 32 PSCC patients. Each row represents one gene while each column represents one patient. The frequencies of gene mutants and clinical characteristics are labeled by the side of the heatmap. (NA, not assessed).





Pathway Alterations and Driver Mutant

Somatic mutations of 10 commonly altered pathways in cancer were characterized and variants were found in all these pathways with varying frequencies (Figure 2A). Notch (20, 62.50%), Hippo (18, 56.25%), TP53 (15, 46.88%), cell cycle (13, 40.63%), RTK-RAS (12, 37.50%) and PI3K (7, 21.88%) were the most frequently mutated pathways. The prevalence of each pathway was contributed by different dominant gene mutants, as exemplified for FAT1 in the Hippo pathway, CDKN2A in the cell cycle pathway and HRAS in the RTK-RAS pathway.




Figure 2 | Altered pathways and diver mutant in penile carcinoma. (A) The frequencies of ten common cancer-related pathways altered in 32 PSCC patients, (B) PSCC candidate driver genes identified by OncodriveCLUSTL. Significant gene (observed p-value < 0.01) is highlighted with red circle. (C) Distribution of mutations across CDKN2A region in 32 PSCC patients. The mutations, mainly two hotspots labeled in the figure, are enriched in two clusters (shown at the bottom) that span 1 base and 16 bases respectively.



To further investigate tumorigenesis-associated pathways in penile carcinoma, somatic mutations were used to identify candidate driver genes with OncodriveCLUSTL, which has been proven to be a state-of-the-art method in the field of driver gene prediction. The only gene that showed significance was CDKN2A (adjusted p < 0.001, Figure 2B), whose two prevailing hotspot mutations enriched in its ankyrin repeat-containing domain (Figure 2C), indicating alterations in the cell cycle pathway may be involved in triggering this malignancy.



LNM-Associated Somatic Alterations Correlate With Patient Survival in Penile Carcinoma

Regional lymph node involvement was considered to be a key predictor of patient survival in PSCC. We assessed the overall survival (OS) by lymph node statuses in our cohort and confirmed that the positive lymph node was associated with shorter survival (HR = 4.92, log-rank p = 0.028; Figure 3A). Only 7 genes appeared in the intersection of the first 20 mutated genes in LNM positive and negative patients, including NOTCH1, TTN, CDKN2A, FAT1, TP53, CASP8 and AFDGRV1 (Supplementary Figure 1). Furthermore, the prevalence of mutated genes between different lymph node statuses was compared to explore the association between somatic variants and the LNM process in PSCC. The candidate genes for this comparison were limited to 58 genes that altered in at least 3 patients. Alterations of two genes, TP53 (9/14 vs. 4/18, p = 0.029) and GBF1 (4/14 vs. 0/18, p = 0.028), were found to be significantly enriched in lymph node-positive samples (Figure 3B), suggesting the occurrence of such genomic events during tumor progression may potentially promote regional lymph node metastasis. Although NFE2L2 mutations tended to serve a protective role of LNM, no significant difference was observed (0/14 vs. 5/18, p = 0.052).




Figure 3 | Somatic alterations between different lymph node metastasis (LNM) subgroups and its correlation with OS in PSCC. (A) Kaplan-Meier curve of overall survival by lymph node metastasis (LNM). (B) Enrichment of somatic alterations by lymph node status. Kaplan-Meier curves of overall survival by the mutation status of gene (C) PIK3CA, (D) CHD7 and (E) LAMC3 in PSCC patients. P values of the log-rank test and hazard ratios are shown at the bottom left for each curve.



The associations between somatic mutations and survival outcome of PSCC patients were further investigated. Mutants of TP53 and GBF1, which were significantly enriched in positive lymph node patients, indicated shorter OS but the difference was not statistically significant (TP53: HR = 1.27; GBF1: HR = 1.94; Supplementary Figure 2). However, fine performance of stratifying overall survival of patients was observed in three other genes, including PIK3CA (HR = 4.15, p = 0.029; Figure 3C), CHD7 (HR = 4.82, p = 0.032; Figure 3D) and LAMC3 (HR = 15.9, p < 0.001; Figure 3E). Furthermore, these genes together with age and LNM status, were included as covariates in cox multivariable regression to verify their significance. Independent associations with OS were confirmed in CHD7 (HR = 29.4, p = 0.009) and LAMC3 (HR = 11.9, p = 0.003), except for PIK3CA (HR = 3.65, p = 0.1) (Supplementary Table 1). Moreover, PIK3CA and LAMC3, held a higher frequency of mutation in patients with LNM but did not reach the significant level (PIK3CA: 3/14 vs. 1/18, LAMC3: 2/14 vs. 1/18; Figure 3B).



LNM-Related Somatic Alterations in Pathway Level

Further investigations were carried out by exploring correlations between somatic alterations and lymphatic metastasis in the pathway level. TP53 pathway is the only significantly enriched pathway in node-positive patients (p = 0.031, Supplementary Figure 3), which is mainly caused by the mutations in tumor suppressor gene TP53 and ATM (Figure 4A). There also is a tendency that alterations in RAS pathway preferentially occurred in LNM negative patients (HRAS and BRAF, Figure 4B). In the cell cycle pathway (CDKN2A and E2F3, Figure 4C) and NRF2 pathway (NFE2L2 and KEAP1, Figure 4D), oncogene mutations in lymph node-negative patients and tumor suppressor gene mutations in lymph node-positive patients can be observed in similar patterns. The opposite phenomena were found in the PI3K pathway (PIK3CA in node-positive patients and PTEN in node-negative patients, Figure 4E).




Figure 4 | Comparison of somatic alterations between LNM subgroups in signaling pathway level. Mutation frequencies of genes in (A) TP53 pathway, (B) RTK-RAS pathway, (C) cell cycle pathway, (D) NRF2 pathway and (E) PI3K pathway were labeled with LNM negative on the left and LNM positive on the right. Oncogenes were filled with red color and tumor suppressor genes were filled with blue.



Except for certain mutants, the relationship between LNM and other tumor genomic features including tumor mutational burden, tumor heterogeneity and genomic stability were also investigated (Supplementary Figure 4). No significant differences were found between node-negative and positive lymph node patients in TMB (3.4 vs. 2.2, p = 0.44), MATH (31.9 vs. 21.6, p = 0.67) and wGII (0.15 vs. 0.12, p = 0.28). The similarity of different lymph node statuses further indicated that lymph node metastasis may be driven by key alterations rather than advanced tumor status.




Discussion

Risk stratification of lymph node metastasis is essential for both clinical intervention and prognosis prediction of PSCC. Given the high-risk lymph node micrometastases in node-negative tumors (31) and high false-negative rates of modified inguinal lymph nodes dissection and dynamic sentinel lymph node biopsy (32, 33), the molecular drivers of metastasis and novel biomarkers for risk assessment of LNM need to be urgently uncovered.

The advancements within genomic characterization of PSCC were mostly constrained in a form of targeted panel strategy, except for two (9, 11). In this study, we implemented a whole-exome sequencing to perform comprehensive somatic alteration profiling of 32 PSCC patients. The observation that TP53, CDKN2A, NOTCH1, TTN and FAT1 being the most frequently mutated genes was in concordance with previous studies and similar result was found in the pathway level. We also confirmed that CDKN2A plays a critical role in tumorigenesis of PSCC, which has been reported to be preferentially occurred in lichen sclerosus-external genital carcinoma (34).

Comparison between different lymph node status subgroups showed that LNM is associated with alterations of certain genes, like TP53 and GBF1 in our study. GBF1 is required for the trans-Golgi network localization of HPV16 infection (35), which inactivates tumor suppressor protein p53 in penile carcinoma. It has been found that specific mutations or changes in expression of TP53 are correlated with LNM in various cutaneous squamous cell carcinomas (36–38), and alterations in TP53 were significantly associated with shorter event-free survival (10). In addition, higher prevalence in positive-node patients along with the tendency towards shorter survival were observed in PIK3CA and LAMC3 mutants. Notably, it has been demonstrated that lymphatic metastasis in PSCC was correlated with the elevated expression of LAMC2 (39), another heterotrimer of the laminin gamma family. The mutations within all these genes during tumor progression of PSCC could promote its spread to lymph nodes, leading to a poor prognosis.

There were some limitations in this study. Firstly, it is unrealistic to harbor both the pre-LNM sample and samples in a state with positive-node from the same patient. This leads to the lack of direct evidence for our findings, which may need to be resolved after the establishment of animal models. Due to the low incidence of penile carcinoma, partial results did not reach the significance level with a small number of enrolled samples, like in most PSCC studies. It will be further validated by a larger cohort in the upcoming future.

In summary, we reproduced an accordant genomic landscape in penile carcinoma and depicted the formation of somatic alterations while the tumor evolved to the status liable to spread to lymph nodes. The findings also proposed candidate genetic biomarkers for both the management of low-risk primary penile tumors and prognosis prediction of patients with this malignancy.
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Nrf1 and Nrf2, as two principal CNC-bZIP transcription factors, regulate similar but different targets involved in a variety of biological functions for maintaining cell homeostasis and organ integrity. Of note, the unique topobiological behavior of Nrf1 makes its functions more complicated than Nrf2, because it is allowed for alternatively transcribing and selectively splicing to yield multiple isoforms (e.g., TCF11, Nrf1α). In order to gain a better understanding of their similarities and differences in distinct regulatory profiles, all four distinct cell models for stably expressing TCF11, TCF11ΔN, Nrf1α or Nrf2 have been herein established by an Flp-In™ T-REx™-293 system and then identified by transcriptomic sequencing. Further analysis revealed that Nrf1α and TCF11 have similar yet different regulatory profiles, although both contribute basically to positive regulation of their co-targets, which are disparate from those regulated by Nrf2. Such disparity in those gene regulations by Nrf1 and Nrf2 was further corroborated by scrutinizing comprehensive functional annotation of their specific and/or common target genes. Conversely, the mutant TCF11ΔN, resulting from a deletion of the N-terminal amino acids 2–156 from TCF11, resembles Nrf2 with the largely consistent structure and function. Interestingly, our further experimental evidence demonstrates that TCF11 acts as a potent tumor-repressor relative to Nrf1α, albeit both isoforms possess a congruous capability to prevent malignant growth of tumor and upregulate those genes critical for improving the survival of patients with hepatocellular carcinoma.




Keywords: TCF11, Nrf1α, Nrf2, transcriptomic sequencing, regulatory profiling, hepatocellular carcinoma



Introduction

In all life forms, a variety of cell identifications with specialized topological shapes are evolutionarily selectively determined by diverse hub sets of transcription factors (TFs)-regulated gene expression profiles. Thereof, activation or inhibition of distinct TFs is essential for regulation of their target gene expression by binding a specific DNA sequence to maintain and perpetuate the normal and orderly operation of given organisms. In human, there exist over 1,600 known and likely putative TFs; they have comprised nearly forty of distinct families (1). Among them, the basic leucine zipper (bZIP) TFs consist of a larger group of the diverse basic-domain superfamily (in accordance with a new classification of TFs as described at http://www.edgar-wingender.de/huTF_classification.html). Of these bZIP factors, the Cap’n’collar (CNC) subfamily members are characterized by a highly conserved 43-aa CNC domain, located N-terminally to the basic DNA-binding domain (2, 3). All CNC-bZIP orthologues share a highly conservatism of evolution from marine bacteria, ascidian, sea urchin, octopus, fly, hydra, worm, bird, insect, fish, frog to mammals including human (4), for an indispensable role in executing the cytoprotective transcriptional responses to changing environmental stress, and thus preserving the cellular homeostasis during development and growth of distinct life forms. Only a functional CNC-bZIP heterodimer with small Maf or other bZIP factors can be allowed for binding to target genes, containing one of specialized antioxidant/electrophile response elements (AREs/EpREs) or other cis-regulatory homologous consensus sequences to drive distinct gene expression profiles and shape relevant biological functions.

Notably, Nrf1 [also called NFE2L1 (nuclear factor, erythroid 2 like 1), with its long TCF11 (transcription factor 11) and short Nrf1β/LCR-F1 (locus control region-1) isoforms, Gene ID: 4779] and Nrf2 [also called NFE2L2 (nuclear factor, erythroid 2 like 2), Gene ID: 4780] are two principal CNC-bZIP transcription factors expressed in various cell types and tissues of mammals, including mouse and human (2, 5). Analysis of a neighbor-joining CNC-bZIP phylogenetic tree has unveiled that the membrane-bound Nrf1 orthologues should have emerged at a more ancient stage of the earlier evolution from marine bacteria to humans, and is thereby considered as a living fossil, than the water-soluble Nrf2 (4). This discovery supports a notion that Nrf1 has a potent capability to fulfill more biological functions far beyond redox regulation that was originally identified. In fact, accumulating evidence reveals that Nrf1 exerts an important role in embryonic development (6, 7), osteoblastogenesis (8, 9), life quality control of proteostasis by proteasome (10, 11) and metabolism (12–14), anti-inflammatory immune response (15), and anti-tumor cytoprotection against hepatoma (16, 17), in addition to redox stress defense (18, 19). Conversely, loss of Nrf1’s function by gene-targeting in mice leads to severe oxidative stress and spontaneous development of distinct pathological phenotypes, resembling human non-alcoholic steatohepatitis (NASH) with progressive hepatoma, neurodegenerative diseases or diabetes mellitus (3). By contrast, Nrf2 is dispensable based on the fact that animal development and growth are unaffected by its functional loss, without any pathological phenotypes. Such being the case, Nrf2 is still accepted as a master regulator of redox homeostasis (20), metabolism (21, 22) and DNA repair (23) in order to meet the healthy needs of life. Rather, Nrf2 acts as a two-edged sword to shape significant biological functions in proliferation (24, 25), resistance to apoptosis (26, 27), angiogenesis (28–30), carcinogenesis (31, 32) and invasion (33–35). Overall, these demonstrate that Nrf1 and Nrf2 elicit similar yet different physiological functions. For instance, our previous work revealed an inter-regulatory crosstalk between Nrf1 and Nrf2 at distinct levels (17), implying that they may regulate each other as a competitive player in similar biological process by distinct ways, but the details require to be further identified.

As a matter of fact, so less attention has been paid on Nrf1 than Nrf2, though the indispensable Nrf1 is highly valued as a robust deterministic transcription factor and identified as an important endoplasmic reticulum (ER) sensor for changes in the intracellular redox, glucose, protein and lipid including cholesterol, status (36, 37). Of note, a unique capability of single Nrf1 gene confers it to be alternatively transcribed and also further subjected to selective splicing to give rise to multiple isoforms with different tempo-spatial topological properties (38). Consequently, distinct lengths of Nrf1 isoforms (e.g., TCF11, TCF11ΔN, Nrf1α, Nrf1β/LCR-F1) are expressed differentially in distinct type of cells, which makes diverse biological functions of Nrf1 more complicated (3, 5, 39). In response to biological cues, the ER-resident Nrf1/TCF11 is topologically dislocated from the lumen into extra-ER compartments, where their glycoproteins are deglycosylated and then subjected to selective juxtamembrane proteolytic processing to yield a mature factor before transactivating target genes (e.g., those encoding proteasomal subunits, antioxidant and cytoprotective proteins). Of note, an isoform longer than Nrf1α was originally referred to as TCF11 (40), consisting of 772 aa, but it is absent in the mouse, while the human prototypic Nrf1α of 742 aa lacks the Neh4L domain, due to alternative splicing of the TCF11 transcript to remove its exon 4 (Figure 1A and Figures S1A, B). As such, Nrf1α retains relative complete structural domains from Neh1L to Neh6L, of which equivalents exist in Nrf2 (3, 41). Thereby, it is postulated that Nrf1α and TCF11 should be two main players to exert differential transcriptional regulation of distinct Nrf1-target genes, but this remains to be proved. In addition, the short isoform Nrf1β (42, 43), which was early designated as LCR-F1, lacks the N-terminal domain (NTD) and its adjacent acidic domain 1 (AD1), relative to Nrf1α or TCF11 (Figure S1A).




Figure 1 | Establishment of four distinct model cell lines to stabilize expression of TCF11, TCF11ΔN, Nrf1α and Nrf2. (A) A schematic diagram of the Flp-In™ T-REx™-293 system. The system allows the Flp recombinase-mediated homologous recombination of each indicated pcDNA5/FRT/TO-V5 expression constructs (for TCF11, TCF11ΔN, Nrf1α or Nrf2) with the Flp-In™ T-REx™-293 host cells through the FRT sites. (B–D) After incubation of TCF11, Nrf1α, Nrf2 or TCF11ΔN, as well as control cell lines with 1 μg/ml Tet for 12 h, total RNAs were isolated and then reversely transcribed into the first strand of cDNA. Subsequently, quantitative real-time PCR was employed to identify the mRNA expression levels of Nrf1α (B), TCF11 (C), TCF11ΔN (C) and Nrf2 (D) in each of indicated cell lines. The data are shown as mean ± SEM (n = 3 × 3, $$, p <0.01, when compared to the Control). (E–G) Total lysates of each cell line that had been treated with 1 μg/ml Tet (+) or not (−) were subjected to protein separation by SDS-PAGE gels, and then visualized by immunoblotting with distinct primary antibodies against V5, Nrf1 or Nrf2 to identify the protein levels of TCF11, Nrf1α, Nrf2 and TCF11ΔN. (H–K) Total lysates of experimental cells, which had been induced with 1 μg/ml Tet for 12 h before being treated with CHX (50 μg/mL) alone or in combination with MG132 (10 μmol/L) for distinct times as indicated, were resolved by SDS-PAGE and then analyzed by Wester blotting with V5 antibody to identify the stability of TCF11 (H), Nrf1α (I), TCF11ΔN (J) and Nrf2 (K) respectively.



To date, growing evidence indicates that Nrf1 and Nrf2, as two versatile leading players in maintaining cellular homeostasis, are essential for important pathophysiological processes in human diseases. Yet, which specific target genes are regulated by both CNC-bZIP factors, and specific biological processes in which such genes are implicated, require for further in-depth study, albeit two recent reports also revealed different portions of between the indicated NRF-target expression profiles (44, 45). Herein, to refine distinct functions of Nrf1, it remains important to distinguish TCF11 and its N-terminally-truncated TCF11ΔN (which is derived from deletion of amino acids at the 2nd to 156th positions in TCF11, and can also occur naturally with the reminiscent Nrf2-like structural domains) from Nrf1α and Nrf2. As for this end, we have established four different cell lines stably expressing TCF11, TCF11ΔN, Nrf1α or Nrf2, respectively, by using an Flp-In™ T-REx™-293 system (as deciphered in Figure 1A and Figure S2). When required, this controllable system is turned on by tetracycline to induce each factor-specific transcriptional expression, while all others are unaffected in each of the indicated cell lines. Subsequently, transcriptomic sequencing of these cell modes unraveled that those common genes regulated by Nrf1 and Nrf2 are more responsible for regulating transcriptional expression and signal transduction in response to stimulus and diseases. The differentially expressed genes regulated by Nrf1, but not Nrf2, are preferentially enriched in carbohydrate metabolism and cellular processes, while Nrf2-specific genes strikingly prefer to developmental process. Notably, Nrf1α and TCF11 share similar regulatory patterns, but they are disparate from those of Nrf2 or TCF11ΔN. Besides, TCF11 can also mediate more target genes that are different from those regulated by Nrf1α, displaying distinct biological functions in development and regeneration. This notion is evidenced by our further supportive experiments, demonstrating that TCF11 can serve as a potent tumor-repressor relative to prototypic Nrf1α, albeit both factors possess a congruous capability to prevent tumor growth, as accompanied by up-regulation of those target genes significantly improving the survival rate of patients with hepatocellular carcinoma (HCC).



Materials and Methods


Chemicals and Antibodies

All chemicals were of the highest quality commercially available. Hygromycin B and blasticidin were purchased from Invitrogen Ltd, which were employed as double drug-screening to select putative positive clones from those transfected Flp-In™ T-REx™-293 expression cells. Tetracycline from Sangon Biotech Co (Shanghai, China) was utilized as an inducible reagent at a concentration of 1 μg/ml. Both cycloheximide (CHX) and MG132 were purchased from Sigma-Aldrich (St. Louis, MO, USA). The antibody against Nrf1 proteins was acquired from our own lab [as indicated in Zhang’s (46)], and all other antibodies were also employed against a V5 epitope (Invitrogen), Nrf2 (Abcam), CHP2 (Sangon Biotech), CPS1 (Abcam), FOXO1 (Cell Signaling Technology), IRS4 (Abcam), NKX2-8 (Sangon Biotech), AKR1B10 (Abcam), EPO (Proteintech Group), MUTYH (Sangon Biotech), PKM (Sangon Biotech), GP73 (Proteintech Group), GPC3 (Proteintech Group), Histone H3 (Bioss) or α-Tubulin (Beyotime), while β-actin and secondary antibodies were from ZSGB-BIO (Beijing, China).



Cell Lines, Cell Culture and Transfection

These cell lines expressing TCF11, TCF11ΔN, Nrf1α, Nrf2, as well as an empty control, were established by using the Flp-In™ T-REx™-293 system (Invitrogen) (Figure S2). Their cDNA fragments, encoding human TCF11, TCF11ΔN (with a deletion to remove the 2nd to 156th residues prior to the Neh2L subdomain from TCF11), Nrf1α and Nrf2, respectively, were cloned into pcDNA5/FRT/TO-V5 expression vector, before being cotransfected with a Flp-expressing pOG44 plasmid into the Flp-In™ T-REx™-293 host cells. The Flp recombinase was allowed for its homologous recombination at FRT (Flp Recombination Target) sites existing in the host cells with each of the expression vectors. Of note, an empty expression vector was cotransfected into the host cell, to generate a negative control cell line. Then, the positive expression clones, as indicated, were selected by co-treatment of 150 μg/ml hygromycin B and 15 μg/ml blasticidin. All positively-selected cell lines were allowed for stably expression of target genes, beyond the negative control line, and thus referred to simply as TCF11, TCF11ΔN, Nrf1α, Nrf2 or Control, respectively. Moreover, HepG2 was obtained originally from ATCC (Zhong Yuan Ltd., Beijing, China); MHCC97H and MHCC97L were obtained originally from the Live Cancer Institute, Fudan University of China; HL-7702, SMMC-7721 and QGY-7701 were obtained originally from National Infrastructure of Cell Line Resource (NICR), and Huh7 was obtained originally from Japanese Collection of Research Bioresources (JCRB), while both Nrf1α−/− and Nrf2−/− cell lines were created from wild-type HepG2 cells (16, 17). Notably, the fidelity of these cell lines had been conformed to be true by their authentication profiling and STR (short tandem repeat) typing maps (which were carried out by Shanghai Biowing Applied Biotechnology Co., Ltd, Shanghai, China) (37).

All experimental cells, except elsewhere indicated, were allowed for growth in DMEM basic medium (GIBCO, Life technologies), with being supplemented with 10% (v/v) foetal bovine serum (FBS, Biological Industries, Israel) and 100 units/ml of either of penicillin and streptomycin, in the 37 °C incubator with 5% CO2. Of note, those expression constructs for human Nrf1α, TCF11 and Nrf2 were made by inserting each of their cDNA-encoding sequences into a pcDNA3 vector, respectively. The primer pairs used for this study were provided as shown in Table S1. The cell transfection with one of those indicated plasmids, alone or in combination, were carried out by using Lipofectamine®3000 Transfection Kit (Invitrogen) for 8 h, and then allowed for a 24-h recovery from transfection in the fresh medium before being subjected to the indicated experiments.



Quantitative Real-Time PCR

Each of experimental cell lines was subject to its total RNAs isolated by employing an RNA simple Kit (Tiangen Biotech CO. LTD, Beijing, China). Total RNAs (1 μg) were added in a reverse-transcriptase reaction to yield the first strand of cDNAs (by another RevertAid First Strand Synthesis Kit, from Thermo), which served as the template of quantitative PCR in the GoTaq® qPCR Master Mix (Promega). Then, each pairs of all forward and reverse primers (as listed in Table S1) were also added in an indicated PCR, that was carried out in the following conditions at 95 °Cfor 3 min, followed by 40 cycles of 15 s at 95 °C, and the last 30 s at 60 °C. The final melting curve was validated to examine the amplification quality, and β-actin at its mRNA expression levels served as an internal control for normalization.



Western Blotting

Each of experimental cell lines was harvested in a lysis buffer (0.5% SDS, 0.04 mol/L DTT, pH 7.5) containing the protease inhibitor EASYpacks (Roche, Germany). The lysates were denatured immediately at 100 °C for 10 min, sonicated sufficiently, and diluted in 3× loading buffer (187.5 nmol/L Tris–HCl, pH 6.8, 6% SDS, 30% Glycerol, 150 nmol/L DTT, 0.3% Bromophenol blue) at 100 °C for 5 min. Subsequently, equal amounts of protein extracts were subjected to separation by SDS-PAGE containing 4–15% polyacrylamide, followed by immunoblotting with each of distinct antibodies as indicated. On some occasions, the blotted membranes were also stripped for 30 min and then re-probed with an additional antibody, while β-actin served as an internal control to verify equal loading of protein in each of electrophoretic wells.



Transcriptome Sequencing Analysis

Total RNAs extracted from each of cell lines, that had incubated with 1 μg/ml of tetracycline for 12 h, were subjected to the transcriptome sequencing by Beijing Genomics Institute (BGI, Shenzhen, China) on an Illumina HiSeq 2000 sequencing system (Illumina, San Diego, CA). All detected mRNAs were fragmented into short fragments (~200 bp). The clean reads were obtained during data filtering to remove the low- quality reads, and subjected to sequence mapping to the reference of human genome (GRCh37/hg19 from UCSC database) by using SOAP2 (47). The resulting expression levels of given genes were calculated by the RPKM method (48). All those differentially expressed genes (DEGs) were identified, with the criteria fold changes ≥2 or ≤0.5 and FDR (false discovery rate) ≤0.001, by the Poisson distribution model method (PossionDis) (49, 50). Such sequencing metadata have also been submitted to NCBI SRA (PRJNA501789). In addition, the DEGs were functional annotated by using the online tool DAVID (https://david.ncifcrf.gov/) to search their involved GO (gene ontology) terms and pathways, which were further classified with QuickGO (https://www.ebi.ac.uk/QuickGO/) and KEGG (https://www.kegg.jp/) databases.



Lentivirus-Mediated Restoration of Nrf1α or TCF11

One of the lentiviral-mediated expression constructs for Nrf1α or TCF11, that was designed by a help with supplier (GeneCopoeia, Guangzhou, China), together with the GFP-expressing lentiviral control vector, were co-transfected into our Nrf1α−/− cells, to establish Nrf1α-restored and TCF11-restored cell lines. Briefly, the lentiviral-packaging 293T cells (1 × 106) were seeded in a 10-cm dish and cultured in 10 ml DMEM supplemented with 10% FBS. Then, the mixture of 2.5 μg of each lentiviral ORF expression plasmid and 0.25 μg of the Lenti-Pac HIV plasmid in 15 μl of EndoFectin Lenti was incubated with 200 μl of Opti-MEM® (Invitrogen). The DNA-EndoFectin Lenti complex was directly added into cultured cells before being allowed for overnight incubation at 37 °C in a CO2 incubator, followed by replaced by fresh medium supplemented with 5% FBS. Subsequently, a 1:500 volume of the TiterBoost reagent was further added to the above cultured media and allowed for continuous culture. The pseudovirus-containing culture media for 48 h post-transfection were collected by centrifuging as 500×g for 10 min. Then, the resulting lentivirus titer was estimated, prior to being subjected to efficient transfection of Nrf1α−/− hepatoma cells.



Subcutaneous Tumor Xenografts in Nude Mice

Mouse xenograft models were made by subcutaneous heterotransplantation of wild-type HepG2 (WT), Nrf1α−/−, Nrf1α-restored and TCF11-restored cells, respectively, into nude mice as described (51). Each line of experimental cells (1 × 107) was allowed for its exponential growth and then suspended in 0.2 ml of serum-free DMEM, before being inoculated subcutaneously into the right upper back region of male nude mice (BALB/Cnu/nu, 6 weeks, 18 g, from HFK Bioscience, Beijing) at a single site. The procedure of injection into all mice was complete within 30 min, and subsequent formation of the subcutaneous tumor xenografts was observed. The tumor sizes, after emerged, were measured every two days, until the 42nd day when all those mice were sacrificed and the transplanted tumors were excised. The sizes of growing tumors were calculated by a standard formula (i.e., V = ab2/2) and shown graphically (n = 7 per group). Notably, all the mice were maintained under standard animal housing conditions with a 12-h dark cycle and allowed access ad libitum to sterilized water and diet. All relevant studies were carried out on 8-week-old mice (with the license No. PIL60/13167) in accordance with United Kingdom Animal (Scientific Procedures) Act (1986) and the guidelines of the Animal Care and Use Committees of Chongqing University and the Third Military Medical University, both of which were also subjected to the local ethical review (in China). All relevant experimental protocols were approved by the University Laboratory Animal Welfare and Ethics Committee (with two institutional licenses SCXK-PLA-20120011 and SYXK-PLA-20120031). As for additional ethical concerns about the xenograft model mice bearing so big tumors insomuch as to give rise to certain bleeding ulcers, such a bad health condition of mice was only emerged from only day 2 prior to being sacrificed, and also such relevant study was indeed conducted according to the valid ethical regulations that have been approved.



The Colony Formation Assay on Soft Agar

The cell culture plates (each with a diameter of 10 cm) were coated by the basement gel containing 0.6% soft agar mixed in the complete medium, upon which the upper gel containing 0.35% soft agar. Then, experimental cells (2 × 104, that had been growing in the exponential phase) was allowed for two-layer gel formation. Thereafter, the plates were cultured for 2–3 weeks in the incubator at 37 °C with 5% CO2 before being stained with 1% crystal violet reagent (Sigma) and counted.



The In Vitro Scratch Assays

When experimental cells (1 × 105) grown in 6-well plates reached 70% confluency, they were allowed for synchronization by 12-h starvation in serum-free medium and then treated with 1 μg/ml of mitomycin C (from Cayman, USA) for 6 h. Subsequently, a clear ‘scratch’ in the cell monolayer was created and then allowed for being healed in the continuous culture at 37 °C with 5% CO2. Thereafter, the cell migration was quantified according to the standard procedures (52).



The Transwell-Based Migration and Invasion Assays

The Transwell-based migration and invasion assays were conducted in the modified Boyden chambers (Transwell; Corning Inc. Lowell, MA, USA) as described previously (53). When the growing cells reached 70% confluency, they were starved for 12 h in serum-free medium. The experimental cells (5 × 103) were suspended in 0.5 ml medium containing 5% FBS and seeded in the upper chamber of a Transwell, which allows the cells to grow on the microporous polycarbonate membrane that is tissue culture-treated to enhance the cellular attachment to the bottom. The cell-seeded Transwells were placed in each well of 24-well plates containing 1 ml of complete medium (i.e., the lower chamber), and then cultured for 24 h in the incubator at 37 °C with 5% CO2. Of note, the bottom of upper Transwell was pre-coated by matrigel basement matrix (BD, Biosciences, USA), before the cells were placed in the invasion assay. The remaining cells in the upper chamber were removed, and the cells attached to the lower surface of the Transwell membranes were fixed with 4% paraformaldehyde (AR10669, BOSTER) and stained with 1% crystal violet reagent (Sigma) before being counted.



Subcellular Fractionation

Equal numbers (4 × 106) of different cell lines were seeded in each of 10-cm dishes and allowed for growth for 24 h, followed by treatment with Tet (1 μg/ml) for additional 12 h alone or in combination with MG132 (10 μmol/L, within the last 4 h added) before being harvested in an ice-cold Nuclei EZ lysis buffer (Sigma, NUC101-1KT). Then the lysates were subjected to subcellular fractionation by centrifuging at 500×g for 5 min at 4 °C. The supernatants were collected as the non-nuclear cytoplasmic fractions, while the sediments were washed twice with the Nuclei EZ lysis buffer, and the resulting nuclear fractions were pelleted by centrifuging at 500×g for 5 min at 4 °C. Subsequently, the cytoplasmic and nuclear fractions were evaluated by Western blotting with distinct antibodies.



Immunofluorescence Assay

Experimental cells (2 × 105) were allowed for 24-h growth on a cover glass placed in each of 6-well plates, and treated with Tet (1 μg/ml) for additional 12 h before being fixed with 4% paraformaldehyde for 20 min. The cells were then permeabilized for 10 min with 0.1% Triton X-100 (Beyotime, diluted with PBS) before immunocytochemistry with the primary antibodies against the V5 tag (diluted at 1:100) incubated at 4 °C overnight. The immunostained cells were visualized by incubation with the fluorescein-conjugated goat anti-mouse IgG (ZSGB-BIO, dilution 1:100) for 1 h at room temperature in the dark, followed by DAPI staining (KeyGEN BioTECH, KGA215) of the nuclear DNAs for 5 min. The resulting images were observed and photographed by fluorescence microscope.



Flow Cytometry Analysis of Cell Cycle and Apoptosis

Experimental cells (5 × 105) were allowed for growth in 6-cm dish for 48 h and synchronization by 12-h starvation in a serum-free medium, before being treated with 10 μmol/L BrdU for 12 h. The cells were fixed for 15 min with 100 μl BD Cytofix buffer (containing a mixture of the fixative paraformaldehyde and the detergent saponin) at room temperature and permeabilized for 10 min with 100 μl BD Cytoperm permeabilization buffer (containing fetal bovine serum as a staining enhancer) on ice. Subsequently, the cells were re-fixed and treated with 100 μl DNase (at a dose of 300 μg/ml in DPBS) for 1 h at 37 °C, in order to expose the incorporated BrdU, followed by staining with FITC conjugated anti-BrdU antibody for 1 h at room temperature. Thereafter, the cells were suspended in 20 μl of 7-amino-actinomycin D solution 20 min for the DNA staining, and re-suspended in 0.5 ml of a staining buffer (i.e., 1× DPBS containing 0.09% sodium azide and 3% heat-inactivated FBS), prior to the cell cycle analysis by flow cytometry. Additional fractions of cells (5 × 105) were allowed for 48-h growth in 6-cm dish before being harvested for apoptosis analysis. The cells were pelleted by centrifuging at 500×g for 5 min and washed by PBS three times, before being incubated for 15 min with 5 μl of Annexin V-FITC and 10 μl of propidium iodide (PI) in 195 μl of binding buffer, followed by apoptosis analysis with flow cytometry. The results were further analyzed by the FlowJo 7.6.1 sofware.



Hematoxylin–Eosin Staining Assay

Representatives of the above xenograft tumor tissues were fixed with 4% paraformaldehyde and then transferred to 70% ethanol according to the routine protocol. Thereafter, all individual tumor tissues were placed in the processing cassettes, dehydrated through a serial of alcohol gradient, and then embedded in paraffin wax blocks before being sectioned into a series of 5-µm-thick slides. Next, the tissue sections were dewaxed in xylene, and then washed twice in 100% ethanol to eliminate xylene, followed by rehydration in a series of gradient concentrations of ethanol with being distilled. Subsequently, they were stained with the standard hematoxylin and eosin (H&E) and visualized by microscopy.



Statistical Analysis

Statistical significances were determined using either Student’s t-test (for a comparison between two groups) or two-way ANOVA (for comparison among multiple groups). The relevant data presented herein are shown as a fold changes (mean ± SEM or ± SD) with significant differences that were calculated by the value of p < 0.05).




Results


Controllable Model Cell Lines for Stably Expressing TCF11, TCF11ΔN, Nrf1α, or Nrf2 Are Established

As shown in Figure 1A, four distinct expression constructs for TCF11, TCF11ΔN, Nrf1α or Nrf2, together with a recombinase Flp-expressing plasmid, were co-transfected into the Flp-In™ T-REx™-293 host cells and also integrated into this host cells by Flp-mediated homologous recombination at FRT sites. Then, putative positive cell clones stably expressing the indicated gene of interest (GOI) were selected and maintained by hygromycin B (150 μg/ml) and blasticidin (15 μg/ml) to establish these cell models for expression of TCF11, TCF11ΔN, Nrf1α or Nrf2. Such model cell lines are controllable because their GOI are tightly monitored by interaction of Tet (tetracycline) with its repressor TetR; thus, only after TetR will be released from the TetO2 operator, transcriptional expression of GOI and down-stream target genes can be induced. In subsequent parallel experiments, an additional cell line co-transfected with the empty expression vector served as an internal negative control. In order to further validate such stable controllable expression of TCF11, TCF11ΔN, Nrf1α or Nrf2, respectively, all these indicated model cell lines were treated with 1 μg/ml Tet for 12 h and then determined by real-time quantitative PCR (Figures 1B–D) and immunoblotting (Figures 1E–G).

Notably, a pair of specific TCF11-recognized primers, including part of the Neh4L-coding nucleotides, were designed by distinguishing it from Nrf1α, because the Neh4L-missing nucleotides of Nrf1α remains present in TCF11 and also in its N-terminally-truncated TCF11ΔN. Thus, the latter two factors-shared same primers were employed for quantitative PCR examinations of TCF11 and TCF11ΔN. As anticipated, real-time qPCR revealed that each specific transcriptional expression of TCF11, TCF11ΔN, Nrf1α or Nrf2, respectively, was induced by Tet in their indicated model cell lines (Figures 1B–D). Such Tet-induced protein expression abundances of TCF11, TCF11ΔN, Nrf1α and Nrf2 were evaluated by immunoblotting with antibodies against Nrf1/TCF11, Nrf2 and their C-terminally-tagged V5 epitope, respectively. The resulting data (Figures 1E–G) demonstrated that those model cell lines had a strong capability to stably express each of interested genes, one of which had almost no effects on all the others examined, though each factor-specific expression was induced under Tet control. Of note, a major protein of TCF11 exhibited a slightly slower mobility, than that of Nrf1α, on electrophoretic gels, whereas the V5-tagged TCF11ΔN mobility appeared to coincide closely to the electrophoretic band of Nrf2 (Figure 1E). Besides, a few of putative C-terminally-truncated isoforms of Nrf1α, TCF11 or TCF11ΔN were also immunoblotted with Nrf1/TCF11-specfic antibody (Figure 1F). Furtherly, the subcellular nucleocytoplasmic fractionation and immunofluorescence experiments unraveled that a certain amount of TCF11, TCF11ΔN, Nrf1α or Nrf2 was allowed to be localized in the cellular nucleus (Figures S3A–E). However, such nuclearly-positioning proteins are rapidly degraded, due to this fact that these protein degradations were inhibited by MG132 (at 10 μmol/L), so that obvious increases in their protein expression levels were recovered in the nuclear fractions of MG132-treated cells (Figures S3A–D).

For further time-course analysis of TCF11, TCF11ΔN, Nrf1α and Nrf2, their indicated cell lines that had been pre-treated for 12 h with 1 μg/ml Tet were treated with 50 μg/ml cycloheximide (CHX, that inhibits biosynthesis of nascent proteins) alone or plus a proteasomal inhibitor MG132. As shown in Figures 1H–K, the N-terminal truncation of TCF11 (to remove both its ER-targeting signal peptide sequence and adjacent juxtamembrane proteolytic degron) caused the resulting TCF11ΔN isoform to become stabilized relatively. Subsequent calculation of their half-lives in CHX-treated cells suggested that a major TCF11ΔN protein was conferred with a relative higher stability than those of TCF11, Nrf1 and Nrf2, each with distinct expression isoforms (as illustrated graphically in Figures 1H–K). Upon co-treatment of cells with CHX and MG132, all those examined protein half-lives were markedly enhanced. Such being the case, intact TCF11 protein-A became gradually fainter and then disappeared by 2 h after co-treatment (Figure 1H). Such disappearance of TCF11 protein-A seemed to be accompanied by gradual emergence and increment of its protein-B and -C until the end of 8-h experimentation. Similar yet different conversion of Nrf1α protein-A into short isoforms-B, -C and -D was observed (Figure 1I). However, no similar changes were determined in two cases of Nrf2 and TCF11ΔN, because both proteins gradually decreased with increasing time of co-treatment until they finally disappeared from 4 to 8 h after co-treatment of the cells with CHX and MG132 (Figures 1J, K). Collectively, these demonstrate that the absence of the N-terminally ER-targeting sequence in TCF11ΔN, as well as in Nrf2, allows them to display distinguishable behaviors from the ER-resident TCF11 and Nrf1α, both of which are manifested in similar but nuanced ways of topobiological processing within and around this organelle before being dislocated into the nucleus.



Differential Expression Profiles of Genes Regulated by TCF11, TCF11ΔN, Nrf1α and Nrf2 Are Defined

To identify differential expression profiles of genes regulated by TCF11, TCF11ΔN, Nrf1α and/or Nrf2, relevant RNAs extracted from the established model cell lines were subjected to transcriptome sequencing. As a result, all those detectable genes, if upregulated or downregulated respectively with fold changes ≥2 or ≤0.5 plus false discovery rate (FDR) ≤0.001 (Figure 2A), were defined as differentially expressed genes (DEGs), by comparison with equivalents measured from control cells. Thereof, 2,845 DEGs were detected in TCF11-expressing cells, of which 2,786 target genes were upregulated by TCF11 (Figure 2A, and Table S2). By contrast, Nrf1α-expressing cells only yielded 1,001 DEGs, i.e., 957 upregulated plus 44 downregulated (Table S3), whereas Nrf2-expressing cells led to a significantly decreased number of upregulated genes (i.e., 276) but as accompanied by down-regulation of 457 DEGs (Table S4). Notably, 1,459 DEGs were identified in TCF11ΔN-expressing cells, with so many as 989 genes downregulated (Table S5). Interestingly, TCF11ΔN appeared to be endowed with a regulatory trend of its target genes similar to that of Nrf2 (Figure 2). Such changed DEGs with distinct trends among different groups were further explicated by scatterplots of gene expression profiles (Figure S4A). Together, these data indicate that TCF11 makes a greater impact on the overall gene expression than Nrf1α, albeit both contribute to basically positive regulation of their DEGs, whereas Nrf2 and TCF11ΔN make more contributions to negative regulation rather than positive regulation of their DEGs.




Figure 2 | Statistical analysis of the data obtained from transcriptome sequencing. (A) Differentially expressed genes (DEGs) in distinct cell lines were analyzed by transcriptome sequencing, and relevant differences in the number of those increased or decreased DEGs are shown in the histogram. The DEGs were selected according to the following criteria: fold change ≥2 or ≤0.5 and FDR ≤0.001 (as compared to the Control cells). (B) The specific DEGs in each cell line and their common DEGs between every two cell lines were also counted as indicated in the chart, and the number of increased and decreased DEGs in each group is shown separately in black font, and the total is shown in white. In addition, the change trends of DEGs in each group were indicated in red or green, which represent up-regulated or down-regulated in the cells in the first row, respectively. (C) The heatmap with hierarchical clustering of 90 DEGs shared in all four cells lines. (D) Distinct groupings of the subsequent functional annotation and also the Venn diagram of DEGs between every two cell lines.



The intersections of these four groups of DEGs regulated by TCF11, TCF11ΔN, Nrf1α and/or Nrf2 were shown by the Venn diagram (Figure S4B). Those common DEGs between every two cell groups and each specific DEGs were taken into account (in orthogonal table, Figure 2B), with distinct regulatory tendencies of DEGs even in each subgroup. Of note, the common DEGs between Nrf2-expressing cells and the others were more likely to be downregulated rather than up-regulated by Nrf2, with a roughly similar number of its upregulated genes to down-regulated genes amongst Nrf2-specific DEGs. Another similar situation also occurred in TCF11ΔN-expressing cells.

Approximately 90 DEGs were identified to be shared among these four cell lines (as shown in the Venn diagram, Figure S4B). Differential expression levels of these DEGs were presented by their heatmap with hierarchical clustering (Figure 2C). In the shared DEGs, only four genes HMOX1 (heme oxygenase 1), PCSK4 (proprotein convertase subtilisin/kexin type 4), SALL3 (spalt like transcription factor 3) and GAL (galanin and GMAP prepropeptide) had a similar expression trends in all four cell lines. Most of other shared DEGs were up-regulated by TCF11 and Nrf1α, but down-regulated by Nrf2 and TCF11ΔN, besides two exceptions of EMILIN2 (elastin microfibril interface 2) and HSPB8 (heat shock protein family B member 8) regulated by opposite ways (Figure 2C). In addition, no evident effects of Nrf2-expressing cell model on TCF11, TCF11ΔN or Nrf1α was examined by transcriptome sequencing, but conversely, only a marginal increase of Nrf2 expression was found in Nrf1α-, TCF11-, rather than TCF11ΔN-expressing cell models (Figure S4C). Amongst other CNC-bZIP members, only BACH1 was up-regulated by TCF11, whilst all sMAF partners were up-regulated by Nrf2 and TCF11ΔN, but Keap1 was unaffected.

In order to gain a further insight into similarities and differences in biological functions of between TCF11, TCF11ΔN, Nrf1α and Nrf2, their common and different regulatory DEGs were scrutinized in distinct combinations of every two groups as indicated by Groups A to L (Figure 2D). Similar or opposite trends in those common DEGs of every two cell groups were schematically shown. For an example of Group B, 121 common DEGs between Nrf1α and Nrf2 were subdivided into 109 oppositely-regulated genes and the other 12 genes with the same directional tend. In Group E, all those common DEGs were manifested only with the same directional trend to be regulated by both Nrf2 and TCF11ΔN. By contrast, a largely opposing expression trend in 619 of the common 671 DEGs co-regulated by TCF11ΔN and TCF11 was shown in Group H, while 946 of the other common 949 DEGs shared by TCF11 and Nrf1α in Groups K showed the same tendency of expression change. Such groups of these DEGs were also subjected to comprehensive analysis of their functional annotations as described below.



Nrf1α and Nrf2 Have Diverse Regulatory Patterns of Their Target Genes

In Group A, 880 DEGs were identified in Nrf1α-expressing rather than Nrf2-expressing cells, and further subjected to their functional annotation by the DAVID (database for annotation, visualization and integrated discovery) (Figure 3A), for the data mining in order to delineate unique biological functionality of Nrf1α in regulating genes preferentially than Nrf2. Besides their shared common 121 DEGs in Group B, the other 612 DEGs in Group C were also annotated to identify those biological functions of Nrf2 that were responsible preferentially than Nrf1α (Figure 3A, and Table S6). The details of all top significant biological process terms and pathways enriched by DEGs in three different groups were deciphered in histograms and scatterplots (Figure 3A). Furtherly, the biological process terms and pathways were classified by using QuickGO and KEGG databases. Such functional annotation analysis implied that DEGs regulated by Nrf1α (Group A) were predominantly involved in cellular metabolic process, response to stimulus, replication and repair, cell growth and death, protein folding, sorting and degradation, signal transduction, immune system and cancers. In Group B, DEGs co-regulated by Nrf1α and Nrf2 took part in distinct cellular metabolic process, RNA processing, regulation of biological process, response to stimulus, apoptotic process, regulation of transcription, translation and cancers. Nrf2-regulated DEGs (in Group C) were also responsible for cellular metabolic process, apoptotic process, response to stimulus, regulation of transcription, development and regeneration, signal transduction, endocrine system, infectious diseases and cancers.




Figure 3 | Functional annotation of specific or common DEGs in Nrf1α and Nrf2 cells. (A) The top 10 of significant biological process terms and pathways enriched by DEGs in Groups A, B, and C were exhibited in histograms and scatterplots, respectively. (B) After Nrf1α, Nrf2 and Control cell lines were incubated with 1 μg/ml Tet for 12 h, total RNAs were isolated and reversely transcribed into the first strand of cDNA. Subsequently, the mRNA levels of DEGs that were associated with more functions, along with high expression levels and well significance in Groups A to C, were determined by quantitative real-time PCR analysis of Nrf1α, Nrf2 and Control cell lines. The data are shown as mean ± SEM (n = 3 × 3, *p 0.05; **p < 0.01; $p < 0.05; $$p < 0.01, when compared to the Control values).



Based on certain association with multiple functions, along with higher expression levels and well significance, 19 DEGs were selectively verified by further quantitative PCR analysis (Figure 3B). The results demonstrated that four DEGs, including BARD1 (BRCA1 associated RING domain 1), CASP3 (caspase 3), HSP90AA1 (heat shock protein 90 alpha family class A member 1) and BPTF (bromodomain PHD finger transcription factor) were upregulated by Nrf1α, but not significantly affected by Nrf2. By contrast, nine DEGs, including BLM (Bloom syndrome, RecQ like helicase), CCNG1 (cyclin G1), PALB2 (partner and localizer of BRCA2), STAG2 (stromal antigen 2), DICER1 (dicer 1, ribonuclease III), PNN (pinin, desmosome associated protein), RB1 (RB transcriptional corepressor 1), SMARCA1 (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 1) and SOS1 (SOS Ras/Rac guanine nucleotide exchange factor 1) were upregulated by Nrf1α, but downregulated by Nrf2. Another six DEGs, such as FOXO1 (forkhead box O1), KRAS (KRAS proto-oncogene, GTPase), MAP2K6 (mitogen-activated protein kinase kinase 6), NF1 (neurofibromin 1), NRP1 (neuropilin 1) and TGFBR1 (transforming growth factor beta receptor 1) were reduced in Nrf2-expressing cells, but no significant changes of them was detected in Nrf1α-expressing cells. In addition, putative functions of the examined genes as well as of their encoding proteins were also extracted (Figure 3B, on the bottom).



TCF11ΔN Exhibits a Similar Regulatory Profile to That of Nrf2

All those DEGs regulated by Nrf2 or TCF11ΔN alone or both were divided into three Groups D, E and F, respectively, and then functionally annotated with the above-described methods (Figure 4A and Table S7). In Group D, 194 DEGs regulated by Nrf2, but not by TCF11ΔN, were generally involved in cellular metabolic process, localization, regulation of biological process, developmental process, response to stimulus, signal transduction and cancers. In the intersected Group E, 539 DEGs co-regulated by Nrf2 and TCF11ΔN were also associated with cellular metabolic process, development and regeneration, regulation of transcription, response to stimulus, apoptotic process, endocrine system, signal transduction, infectious diseases and cancers. In Group F, 920 DEGs regulated by TCF11ΔN were significantly enriched in cellular metabolic process, cell motility, cellular community, developmental process, regulation of transcription, signal transduction, signaling molecules and interaction, cardiovascular diseases and cancers. Intriguingly, eight common biological process terms and additional eight common pathways were predicted to exist between the top 10 functions significantly enriched in Group C (including DEGs regulated by Nrf2 but not by Nrf1α) and Group E (with an intersection of DEGs shared by Nrf2 and TCF11ΔN) (Figure S4D). This implies that Nrf2 and TCF11ΔN share the common regulatory profiles, but they are likely differential from those of Nrf1α and Nrf2.




Figure 4 | Functional annotation of specific or common DEGs in Nrf2 and TCF11ΔN cells. (A) Top 10 of significant biological process terms and pathways enriched by DEGs in Groups D, E, and F were exhibited in histograms and scatterplots, respectively. (B) After induced with 1 μg/ml Tet for 12 h, total RNAs were isolated from Nrf2, TCF11ΔN or Control cell lines and then reversely transcribed into the first strand of cDNA. Subsequently, the mRNA levels of DEGs that were associated with more functions as annotated, along with high expression levels and well significance in Groups D to F, were determined by quantitative real-time PCR analysis of Nrf2, TCF11ΔN and Control cells. The data are shown as mean ± SEM (n = 3 × 3, *p < 0.05; **p < 0.01; $p < 0.05; $$p < 0.01, when compared to the Control values).



The results of quantitative PCR validation (Figure 4B) revealed that expression of FGF21 (fibroblast growth factor 21), FOSB (a subunit of AP-1 transcription factor) and JUNB (another subunit of AP-1) were upregulated by Nrf2 and TCF11ΔN, with downregulation of MAP2K6 (mitogen-activated protein kinase kinase 6) and NRP1 (neuropilin 1). By contrast, GLI1 (GLI family zinc finger 1) was upregulated by Nrf2, but not significantly altered by TCF11ΔN. Conversely, TGFBR1 (transforming growth factor beta receptor 1) was downregulated by Nrf2, but upregulated by TCF11ΔN. However, reduced expression of CAV1 (caveolin 1) was accompanied by increased COL6A2 (collagen type VI alpha 2 chain) in TCF11ΔN-expressing cells, but almost unaffected by Nrf2. In addition, putative functions of such target genes were mapped, as indicated by the histogram (Figure 4B, on the bottom).



TCF11 and Its Truncated TCF11ΔN Regulate Similar yet Different Subsets of Target Genes

The common and distinct target DEGs in TCF11ΔN- and/or TCF11-expressing cell lines were assigned into three groups, and functionally annotated with the aforementioned method as visualized in bar charts and scatterplots (Figure 5A and Table S8). In Group G, 788 DEGs were identified as targets of TCF11ΔN, but not of TCF11, and enriched with distinct functions in cellular metabolic process, regulation of biological process, cellular community, apoptotic process, developmental process, development and regeneration, response to stimulus, signal transduction, signaling molecules and interaction, infectious diseases and cancers. Their commonly-shared 671 DEGs in Group H were functionally responsible for cellular metabolic process, cell cycle, cell motility, signal transduction; protein folding, sorting and degradation, transport and catabolism, endocrine system and cancers. In Group I, 2174 DEGs were regulated by TCF11, rather than by TCF11ΔN, and preferentially functionally associated with cellular metabolic process, cell growth and death, replication and repair, response to stimulus, signal transduction; protein folding, sorting and degradation, regulation of transcription, translation, transport and catabolism, carbohydrate metabolism and infectious diseases. Notably, six identical pathways were found by comparison between top 10 significantly enriched pathways from Group C (i.e., DEGs regulated by Nrf2 but not by Nrf1α) and Group G (i.e., DEGs regulated by TCF11ΔN but not by TCF11) (Figure S4D). This indicates that TCF11ΔN-regulated genes are much likely to execute somewhat combinational or overlapping functions with Nrf2-target genes.




Figure 5 | Functional annotation of specific or common DEGs in TCF11ΔN and TCF11 cells. (A) Top 10 of significant biological process terms and pathways enriched by DEGs in Groups G, H, and I were exhibited in histograms and scatterplots, respectively. (B) After induced with 1 μg/ml Tet for 12 h, total RNAs were isolated from Control, TCF11ΔN or TCF11 cell lines before being reversely transcribed into the first strand of cDNA. Subsequently, relative mRNA levels of DEGs that were associated with more functions, along with high expression levels and well significance in Groups G to I, were determined by quantitative real-time PCR in Control, TCF11ΔN and TCF11 cells. The data are shown as mean ± SEM (n = 3 × 3, *p < 0.05; $p < 0.05, when compared to the Control values).



Subsequently, several unique or common target genes regulated by TCF11 and/or TCF11ΔN were also validated by quantitative PCR (Figure 5B). The results showed that FOSB, JUNB and NFKB2 (nuclear factor kappa B, subunit 2) were upregulated, while WNT5A (Wnt family member 5A) was downregulated, by TCF11ΔN, but unaffected by TCF11. Conversely, COL4A6 (collagen type IV alpha 6) and HIF1A (hypoxia inducible factor 1 alpha) were upregulated by TCF11, but downregulated by TCF11ΔN. Besides, ATM (ATM serine/threonine kinase) was also upregulated by TCF11, but roughly unaltered by TCF11ΔN. The putative functions relative to these examined genes were exhibited (as shown in Figure 5B, on the bottom).



TCF11 and Nrf1α Display Similar but Differential Regulatory Profiles

Those DEGs regulated by TCF11 and/or Nrf1α were grouped by J to L, and then functionally annotated by DAVID, with histograms and scatterplots exhibited (Figure 6A and Table S9). Comprehensive analysis of the top significantly enriched biological process terms and pathways showed that 1896 DEGs of Group J, by identifying TCF11-, but not Nrf1α -, expressing cells, were associated with distinct functions in cellular metabolic process, cell cycle, subcellular localization, transport and catabolism, carbohydrate metabolism, regulation of transcription, translation, signal transduction, endocrine system, development and regeneration, infectious diseases and cancers. In Group K, TCF11 and Nrf1α co-regulated 949 DEGs that were involved in cellular metabolic process, cell growth and death, replication and repair, folding, sorting and degradation, regulation of transcription, response to stimulus, endocrine system, immune system and cancers. In Group L, only 52 DEGs were identified by transcriptional regulation by Nrf1α, but unaffected by TCF11 expression. Their putative functions were associated with cellular community and metabolic process, and subcellular localization, regulation of biological process, signal transduction and response to stimulus. Besides, many of overlapping functions were predicted to exist among distinct combinations of top significantly enriched functions exerted by Group A (i.e., DEGs regulated by Nrf1α but not by Nrf2), Group I (i.e., DEGs regulated TCF11 but not by TCF11ΔN) and Group K (i.e., DEGs co-regulated by TCF11 and Nrf1α) (Figure S4D). Thus, it is inferable that TCF11 and Nrf1α display similar regulatory profiles, with a striking disparity from those of TCF11ΔN or Nrf2.




Figure 6 | Functional annotation of specific or common DEGs in TCF11 and Nrf1α cells. (A) Top 10 of significant biological process terms and pathways enriched by DEGs in Groups J, K, and L were exhibited in histograms and scatterplots, respectively. (B) After induced with 1 μg/ml Tet for 12 h, total RNAs were isolated from Control, TCF11 or Nrf1α cell lines and then reversely transcribed into the first strand of cDNA. Subsequently, relevant mRNA levels of DEGs that were associated with more functions as annotated, along with high expression levels and well significance in Groups J to L, were determined by quantitative real-time PCR in Control, TCF11 and Nrf1α cells. The data are shown as mean ± SEM (n = 3 × 3, **p <0.01; $p <0.05; $$p <0.01, when compared to the Control values).



Amongst the above DEGs, 14 were selected for further quantitation by real-time PCR (Figure 6B). The results revealed that eight DEGs were upregulated by both TCF11 and Nrf1α, which included ATF2 (activating transcription factor 2), BRCA1 (BRCA1 DNA repair associated), HSP90AA1 (heat shock protein 90 alpha family class A member 1), HSP90B1 (heat shock protein 90 beta family member 1), RAD50 (RAD50 double strand break repair protein), SMC3 (structural maintenance of chromosomes 3), SOS1 (SOS Ras/Rac guanine nucleotide exchange factor 1) and USP16 (ubiquitin specific peptidase 16). Additional four DEGs, i.e., ARFGAP3 (ADP ribosylation factor GTPase activating protein 3), IMPA1 (inositol monophosphatase 1), PRKCE (protein kinase C epsilon) and PTEN (phosphatase and tensin homolog) were upregulated by TCF11, but almost unaffected by Nrf1α. Conversely, Nrf1α expression caused a decrease in CGREF1 (cell growth regulator with EF-hand domain 1) as accompanied by increased ICAM5 (intercellular adhesion molecule 5), but both genes were unaltered by TCF11. These examined genes were responsible for their putative functions as indicated (Figure 6B, on the bottom). Altogether, TCF11 and Nrf1α exhibit a similar regulatory profile, but with some of quietly different target genes.

Notably, the relative expression levels of those representative genes from Groups A to L in real-time quantitative PCR are basically consistent with the sequencing data, all with significant positive correlations (as shown in Figure S5). Collectively, the overall mapping profile between each of these four transcription factors and the enriched biological functions had been constructed according to the functional annotation and comparative analysis of each group of DEGs (Figure S6).



TCF11 Is a More Potent Player Than Nrf1α at Preventing Tumor Xenografts in Nude Mice

As analyzed above, distinct subset of DEGs regulated by Nrf1, TCF11 and/or Nrf2 were annotated for their functional relevancies to cancer development or prevention. In fact, our previous work had revealed that knockdown of Nrf1 caused a significant malignant growth of subcutaneous tumor xenografts in nude mice (54). Thereof, Nrf1α was indicated to act as a dominant tumor-repressor insomuch as to confine oncogenicity of Nrf2 (16, 17). Herein, to corroborate the putative tumor-preventing effects of Nrf1α and TCF11, both CNC-bZIP factors were restored by transfecting the lentivirus expression constructs into HepG2 cells with a specific loss of Nrf1α, respectively, as described elsewhere (16). As a consequence, the resulting Nrf1α- or TCF11-restored cell lines were confirmed by quantitative PCR and immunoblotting to be definitely true (Figure 7A).




Figure 7 | Malgrowth of Nrf1α−/−-derived hepatoma cells were significantly suppressed by restoration of Nrf1α and TCF11. (A) Both quantitative real-time PCR (up) and Western blotting (down) were employed to identify the protein and mRNA levels of Nrf1α and TCF11 in Nrf1α- and TCF11-Restored hepatoma cells. The experimental cells had been treated with or without 10 μmol/L MG132 for 4 h before being harvested for Western blotting. The data are shown as mean ± SEM (n = 3 × 3, **p < 0.01; $$p < 0.01). (B) Differences in mouse subcutaneous xenograft tumors derived from wild type HepG2 (WT), Nrf1α−/−, Nrf1α-Restored and TCF11-Restored cells were measured in size every two days, before being sacrificed on the 42nd day. The data are shown as mean ± SD (n = 7 per group, *p < 0.05; **p < 0.01; $p < 0.05; $$p <0.01, when compared with the WT group). (C–H) The soft agar colony formation (C, D), as well as migration (E, F) and invasion (G, H), of wild type HepG2 (WT), Nrf1α−/−, Nrf1α-Restored and TCF11-Restored cells were examined as described in Materials and Methods. The data are shown as mean ± SD (n = 9, *p < 0.05, **p < 0.01).



Subsequently, both Nrf1α- and TCF11-restored cell lines, alongside with Nrf1α−/− cells and wild-type (WT) HepG2 cells, were heterotransplanted into distinct groups of those immunodeficient nude mice at their subcutaneous loci as indicated. After tumor formation, the sizes of growing tumors were measured for every two days within ensuing five weeks before the tumor-bearing mice were sacrificed. The resulting data were calculated and shown graphically (Figure 7B), as a consequence demonstrating that restoration of Nrf1α or TCF11 enables a significant tumor-preventing effect on the subcutaneous human carcinoma xenografts in nude mice, when compared with those obtained from Nrf1α−/− and WT cell lines. In addition, it should be also noted that both Nrf1α−/− and WT hepatoma cell lines, as reported previously (16), were herein used as only two co-references in this parallel animal experiments to strengthen their comparability (Figure 7B). Furthermore, a series of comparative experiments revealed that Nrf1α−/− cell proliferation, migration and invasion were all significantly suppressed by restoration of Nrf1α and TCF11 (Figures 7C-H), and the cell-cycle arrest at S-phase, along with the increase in early apoptosis, due to the restoration of them (Figure S7). This is further supported by pathohistological results of the hematoxylin and eosin (HE) staining, revealing that malignant progression of Nrf1α−/− -derived tumor xenografts was substantially suppressed by restoration of either Nrf1α or TCF11 with complete coagulative necrosis of tumor tissues (Figure S8). Collectively, TCF11 acts as a more potent tumor-repressor than Nrf1α, albeit both isoforms are endowed with an intrinsic capability to prevent tumor development and malignant growth.



Nrf1α and TCF11 Regulate Critical Genes for Improving the Survival Rate of HCC Patients

To weigh the practical effects of TCF11, Nrf1α and Nrf2 on human hepatocellular carcinoma (HCC), their relevancies to the overall survival (OS) of HCC patients were firstly investigated (Figure 8). For this, HCC-relevant molecules were selected from the UniProt database and their genes were further parsed by the Kaplan–Meier Plotter (55), along with other relevant databases (56–58), to find those markers of being significantly correlated with OS of patients with HCC. As shown in Figures 8A1–A8 and Table S10, a better OS was predicted to couple with increased expression of CHP2 (calcineurin like EF-hand protein 2), CPS1 (carbamoyl-phosphate synthase 1), FOXO1 (forkhead box O1), IRS4 (insulin receptor substrate 4) and/or NKX2-8 (NK2 homeobox 8); this was also accompanied by reduced expression of AKR1B10 (aldo-keto reductase family 1 member B10), EPO (erythropoietin), MUTYH (mutY DNA glycosylase) and/or PKM (pyruvate kinase M1/2). Besides, GP73 (also called GOLM1, golgi membrane protein 1) has been reported to be a potential diagnostic marker for primary HCC (59, 60), while GPC3 (glypican 3) acts as another key biomarker for early diagnosis of human HCC and a rational immunotherapeutic target for HCC (61, 62). Although no significant differences in the expression levels of Nrf1 or Nrf2 amongst various tumor tissues from numerous patients with distinct stages of HCC were examined (Table S10), such two CNC-bZIP factors had been determined to differentially regulate the progression of HCC (17). Notably, basal expression of Nrf1 in distinct HCC tissues had been shown significantly altered, relative to the equivalent expression in their adjacent para-carcinoma tissues or those expressed in normal liver cells (16). These suggest that Nrf1 and Nrf2 execute distinct functions in the progression of HCC through differentially regulating putative pathophysiological processes. However, discrete isoforms of Nrf1 were also undistinguished in the above-described databases, but their unique activities are required for being further investigated separately.




Figure 8 | Diverse effects of Nrf1 and Nrf2 on those HCC-relevant proteins that are significantly correlated with the overall survival (OS). (A) The correlation analysis between of hepatocellular carcinoma (HCC) associated genes and the relevant OS rates of patients with HCC. (B) The protein expression levels of HCC-associated proteins in Nrf1α, TCF11, TCF11ΔN and Nrf2 cell models were examined by Western blotting analysis of these experimental cell lines that had been induced with or without 1 μg/ml Tet for 12 h before being harvested. (C) Both wild type HepG2 and its derived Nrf1α−/− cells were transfected with either Nrf1α or TCF11 expression plasmids, and then allowed for 24-recovery from transfection in the fresh medium before being subjected to Western blotting, to identify the protein levels of HCC-associated proteins. (D) Both wild type HepG2 and its derived Nrf2−/− cells were transfected with an Nrf2 expression plasmid, and then allowed for 24-recovery from transfection in the fresh medium before being subjected to Western blotting. (E) MHCC97L or MHCC97H cells were transfected with each of Nrf1α, TCF11 and Nrf2 expression constructs, and then allowed for 24-recovery from transfection in the fresh medium before being examined by Western blotting to identify abundances of HCC-associated proteins as described above. The intensity of all the immunoblots was calculated and shown on the bottom (B–E).



The immunoblotting results showed that TCF11 and Nrf1α enabled the normal cells to increase CHP2 and CPS1 abundances, respectively (Figures 8B3, B4). Although FOXO1 was slightly increased, NKX2-8 was markedly increased, by both TCF11 and Nrf1α (B5 & B7), but IRS4 was down-regulated by TCF11 but not Nrf1α (B6). Furtherly, AKR1B10 and EPO were, to greater or less extents, diminished by TCF11 and Nrf1α (B8 & B9). Notably, significant decreases in the two HCC biomarkers GP73 and GPC3 were caused by TCF11 and Nrf1α (B12 & B13). By sharp contrast, most of the above-examined proteins were reduced by TCF11ΔN and Nrf2 (Figure 8B, right panels), with an exception that GPC3 was significantly up-regulated by Nrf2, but not TCF11ΔN.

Further examinations revealed that overexpression of TCF11 and Nrf1α in HepG2 cells enabled CHP2, CPS1, FOXO1, IRS4 and NKX2-8 to be enhanced to varying extents, but they were markedly suppressed by loss of Nrf1α−/− (Figure 8C, left panels). Such loss of Nrf1α also gave rise to constructive enhancement of Nrf2, AKR1B10 and GPC3, as accompanied by constructive abolishment of EPO and GP73, besides CHP2 and NKX2-8. However, it is intriguing to note that all these constructive changes could not be ameliorated by modest restoration of ectopic TCF11 or Nrf1α into Nrf1α−/− cells (Figure 8C, right panels). By contrast, forced expression of Nrf2 in HepG2 cells caused only a marginal increase in FOXO1 or GP73, but the other examined genes were unaffected (Figure 8D, left panels). Conversely, loss of Nrf2 caused a slight increase in CHP2 and GPC3; but the former CHP2 was reduced by ectopic Nrf2 restoration to its basal levels, while the latter GPC3 was not mitigated by ectopic Nrf2 (Figure 8D, right panels).

The above-described data indicate distinct contributions of TCF11, Nrf1α and Nrf2 to differential or opposite regulation of endogenous expression levels of different, even the same, target genes. This notion was herein substantiated by our further comparative experiments of TCF11, Nrf1α and Nrf2 that had been transfected for their respective overexpression in either MHCC97L or MHCC97H cell lines (Figure 8E). As anticipated, abundances of CHP2, CPS1, FOXO1, IRS4, NKX2-8 proteins were increased with their respectively-varying trends by ectopic TCF11, Nrf1α or Nrf2 expression in MHCC97L cells (Figure 8E, left panels), whereas such events did not occur in MHCC97H cells (Figure 8E, right panels). Besides, both EPO and GPC3 were suppressed by ectopic expression of TCF11, Nrf1α and Nrf2 in MHCC97L cells, but almost unaffected in MHCC97H cells with hyper-expression of Nrf2. Such discrepancies in these gene expressions are much likely contributable to distinct metastatic potentials and other malignant properties of between MHCC97L and MHCC97H cell lines. Subsequently, an integrated interaction network regulated by Nrf1 and Nrf2 (Figure 9A) was built on the basis of the protein interaction database STRING (63), in combination with our experimental results as shown above. The distinct expression levels of those indicated genes that make up the network in stable expression cells (Figure 9B) or knockout model cells (Figure 9C), were also indicated in the heatmap, respectively. Taken altogether, it is demonstrated that Nrf1α and TCF11, but not Nrf2, are conferred for an intrinsic capability to regulate those genes critical for improving the survival rate of patients with HCC, such that Nrf1α or TCF11 perform a strikingly disparate effect from that of Nrf2 on human hepatoma (Figure 9D).




Figure 9 | Relationship and difference between the regulation patterns of Nrf1 and Nrf2 on their targets. (A) The functional protein association networks of targets regulated by Nrf1 or Nrf2. Of note, the protein-protein associations are determined by various ways, which are thus represented by different colored edges as indicated. (B) The heatmap of the sequencing expression of genes, which are composed of the network, with distinct expression levels in TCF11, Nrf1α, Nrf2 and TCF11ΔN cell lines. The color of the nodes in the heatmap represents the value of log2 (fold change) as shown in the color bars, indicating the gene expression trend as compared with the control group (upregulation or downregulation, were marked in red or green, respectively). (C) The heatmap of the sequencing expression of genes in Nrf1α−/− and Nrf2−/− cell lines. The color of the nodes in the heatmap represents the value of log2 (fold change) as shown in the color bars, indicating the gene expression trend as compared with the wild-type HepG2 cells. (D) A comprehensive regulatory model is proposed to reveal the different effects of Nrf1 and Nrf2 on hepatoma (right panel). In addition, the Hox hub abutting the distinct Nrf loci was also indicated (at the lower left corner).






Discussion

In this study, we have established four controllable cell models for stably expressing TCF11, TCF11ΔN, Nrf1α or Nrf2, which all occur naturally with their respective intact structural domains, albeit they were tagged C-terminally by a neutral V5 epitope. Of striking note, Nrf1α and TCF11 are two longer isoforms of the ER-resident Nrf1 with changing gears in their overall transcriptional activity, because both proteins are tightly controlled by their unique topobiological rheostat modules from the ER to enter the nucleus. For instance, the NST (Asn/Ser/Thr-rich) domain transactivation of Nrf1α/TCF11, as well as SKN-1 (Skinhead-1) and CncC (Cap′n′collar isoform C), is also required for re-editing of their indicated asparagines to aspartates in this region during dynamic dislocation from the lumen to extra-ER subcellular compartments (64, 65). Upon lack of such amino acid re-editing by peptide: N-glycosidase (PNG1), this causes an evident decrease in the rheostat capacity of Nrf1α/TCF11, and even loss of PNG1 or its mutations results in inactivation of Nrf1α/TCF11, manifesting inflammation and adrenal insufficiency (66–68). Furtherly, the rheostat capacity of Nrf1α/TCF11 is also monitored by its reversible ubiquitination and deubiquitination during its selective ER-associated proteasome-regulated processing to multiple isoforms (69, 70).

During our manuscript preparation, removal of the N-terminal ER signal peptide-containing 104-aa or 121-aa regions from Nrf1α/TCF11 to yield two artificially-truncated mutants (i.e., Nrf1ΔN104 or Nrf1ΔN121) had been reported by both independent Bollong’s and Ooi’s laboratories (44, 45). It is, to our great surprise, seen that such artificial mutants Nrf1ΔN104 or Nrf1ΔN121 were asserted to represent two constitutive processed Nrf1 activators, although they each retain a negative PEST region. Thereby, our study of TCF11ΔN showed an N-terminal 2–156 residues-truncated mutant (i.e., TCF11ΔN2–156), which may also arise from a naturally-splicing transcript (41). However, TCF11ΔN is herein identified as a mimic Nrf2 factor, because both share conserved structural domains (Figure 1A). This seems to totally contradict the purpose of Nrf1ΔN104 or Nrf1ΔN121 by both Bollong’s and Ooi’s colleagues (44, 45). Additional two mutants of caNrf2 to block its Keap1-binding activity were also utilized in their experimental settings. Besides, it should be of crucial importance to note that a strong acidic property of 3×Flag, wherever it was tagged at the N-terminal or C-terminal ends of a given protein, exerts distinctive or even opposing effects on its topobiological folding and dynamic moving in and out of membranes and other subcellular compartments (69, 71). Overall, our study has provided four cell tools to evaluate similarities yet differences in between intact TCF11, TCF11ΔN, Nrf1α and Nrf2-regulatory profiles, which are stimulated at the Tet-inducibly controllable levels.

Subsequently, these four cell lines were determined by transcriptomic sequencing in an integrative combination with routine reductionist approaches. As expected, comprehensive functional annotation of TCF11, TCF11ΔN, Nrf1α and Nrf2 unraveled that they are likely to perform diverse biological functions by combinationally overlapping or competitively opposing modules within distinct cellular networks, apart from their unique functions. Thereby, a further understanding of their respectively regulated targets and functions should be achieved only by making one of them function alone. For this end, our established cell lines stably expressing TCF11, TCF11ΔN, Nrf1α or Nrf2 respectively, are an invaluable tool to gain insights into distinguishing their regulatory profiles, while they are allowed to function alone. Consequently, the regulatory patterns of Nrf1α and TCF11 are similar yet different, which are strikingly disparate from that of Nrf2, even with certain opposite effects on the same targets. Such distinctions between Nrf1α/TCF11 and Nrf2 are attributable to differences in their primary structures and functional subcellular locations. This is due to the objective fact that the ER-associated domains of Nrf1α/TCF11 determine its unique membrane topobiology and post-synthetic processing mechanisms, which enables it to be distinguishable from Nrf2. Yet, once the ER-targeting signal peptide-adjoining region were deleted to yield TCF11ΔN, this N-terminally truncated isoform does exhibit a similar regulatory pattern to that of Nrf2. However, this notion appears to totally contradict the conclusions drawn from two so-called constitutive activators Nrf1ΔN104 or Nrf1ΔN121 by Bollong’s and Ooi’s groups (44, 45). As such, their analyses by combining ChIP-seq and RNA-seq data revealed that Nrf1ΔN121 (or Nrf1ΔN104) had 3.19-fold numbers of target-binding peaks than those of caNrf2-binding targets. Of note, over 75% of Nrf1ΔN121-binding targets are focused preferentially on the consensus ARE sequence (5′-TGAC/GnnnGC-3′) flanked by AT-enriched motifs, while only less than 45% of caNrf2-binding targets are recruited on ARE-like sequences flanked by GC-enriched motifs (44). It is inferable that Nrf1 exerts its unique biological functions by predominantly regulating ARE-driven cognate genes, whereas Nrf2 has a widely-varying capacity to elicit its promiscuous roles in diversely mediating non-ARE-battery genes. Altogether, with our previous work (17, 37) demonstrating that both Nrf1α/TCF11 and Nrf2 can mutually influence each other by their inter-regulating at distinct levels, this leads to the formation of a steady-state regulatory network system finely monitored by a negative feedback loop to maintain the cell homeostasis and organ integrity.

Since early discovery of Nrf2 required for regulating antioxidant and detoxification genes (72), the overwhelming majority of investigations in this field have been focused disproportionately on this CNC-bZIP factor and its negative regulator Keap1 in response to redox stress, but also provided myriad insights into its promiscuous roles in biology and medicine, as well as drug development (73–75). However, aside from these studies by routine reductionist approaches, the whole genome-widely integrative analyses uncovered the underlying facts that Nrf1, but not Nrf2, is essentially required for regulating important homeostatic and metabolic genes involved in the normal growth and development throughout life process. This is fully consistent with the experimental evidence showing that loss of Nrf1 results in mouse embryonic lethality and also causes adult pathological phenotypes varying within its gene-targeting mutant organs [reviewed by (70)]. Such bad consequences are attributable to severe endogenous oxidative stress and fatal defects in redox metabolism reprogramming and relevant constitutive gene expression profiles of Nrf1-deficient cells [this study and (12)]. Collectively, these facts demonstrate that Nrf1 is a predominant determinist factor of cellular constitutive redox metabolic homeostasis with organ integrity. That is to say, Nrf1 has a potent capacity to contribute to the steady-state robustness of cell physiological homeostasis. By contrast, Nrf2 is much likely to make a major contribution to the sensitive plasticity of cell homeostasis, because it has been accepted as a master regulator in response to diverse stresses. This is also supported by the facts of no obvious phenotypes resulting from global loss of Nrf2 in mice, but its deficiency leads to more susceptibility to chemical carcinogens and diverse stresses than wild-type controls (76, 77).

Such differential contributions of Nrf1 and Nrf2 to cell homeostasis robustness and plasticity are also likely resulted from a striking evolutionary conservation of their CNC-bZIP family in distinct species during nature selection. Comparative genomics analyses revealed that, although this CNC-bZIP family expansion and diversification have occurred in vertebrates, Nrf1 is viewed as a living fossil that is more ancient than Nrf2, because it is conserved closely to the only CNC in Drosophila melanogaster, SKN-1 in Caenorhabditis elegans and each of newly-identified Nach factors in simple multicellular eukaryotes, but not in unicellular protozoans or other prokaryotes beyond Endozoicomonas (4). This implies that they have evolved for multicellular cooperative selection. For instance, the C. elegans SKN-1, like Nrf1, is selectively processed by post-transcriptional and post-translational ways to yield distinct isoforms, one of which is N-terminally truncated (by analogy of TCF11ΔN) but manifested the Nrf2-like functions, albeit with no existence of Keap1-like orthologues (65, 78). Such the highly evolutional conservativity of Nrf1, but not of Nrf2, strongly demonstrates that it is indispensable for basal constitutive contributions to orchestrating the ensemble of critical gene regulatory networks, such that the normal cell homeostasis and organ integrity have been perpetuated in the entire course of life.

In fact, the CNC-bZIP family members (p45, Nrf1, Nrf2 and Nrf3) are, though diversified in vertebrates, topologically organized together with the developmental Hox gene clusters (as shown in Figure 9D), upon forming the PcG hub to maintain their genes in a silent-but-poised state (79). A recent ChIP data analysis revealed that most of Nrf1-binding sites are focused closely to the canonical ARE sequences that are widely located in its cognate gene promoter and distal intergenic enhancer regions (i.e., dynamic genome-topology as a functional primer is built by spatial interactions of distal enhancers with the proximal promoters in the same genes or even between different genes in chromosomal architecture), whereas Nrf2-binding sites are promiscuously loosed to ARE-like or no-ARE sequences that are, however, constrained narrowly in its target gene promoters (44). Collectively, the interplay between selective transcription factor (e.g., CNC-bZIP)-regulated gene programming and genome conformation is surmised as a driving force for cell-fate decision with distinct type-featured identifications.

Notably, the versatile Nrf2 acts de facto as a promiscuous, not essential, player in its biology, because it is dispensable for normal growth and development in mice with no phenotypes (e.g., cancer) resulting from its genetic loss (74, 77). Contrarily, accumulating evidence clearly demonstrates that hyperactive Nrf2 promoted cancer development and malignance, because it is relevant to most of cancer hallmarks (73). This implies that, except that Nrf2 can exert a significant cytoprotective function against diverse stresses so as to confer the cells to be acquired for the adaptive responses, its long-term hyper-activation can also critically inspire potential cancerous cells to be extricated from being rigidly controlled and confined by inevitability of the host multicellular cooperative evolution. The notion is supported by transcriptome sequencing of Nrf2-deficient cells, because this loss of Nrf2 causes hepatoma to be significantly ameliorated or completely prevented (17). In the other way round, aberrant accumulation of hyperactive Nrf2 in Nrf1-deficient cells (or livers) leads to further malignant transformation of human hepatocellular carcinoma (HCC).

In particular, the spontaneous development of NASH-based inflammation and hepatoma are resulted from severe endogenous oxidative stress and fatal defects in basal constitutive gene expression affected by its genetic instability in mouse Nrf1-deficient livers (80–82). Of note, TCF11 is absent in mice and has a low proportion in all human hepatoma cell lines, but it, together with Nrf1α at a 1:1 ratio, exists in human normal cells (Figure S9). Upon Nrf1α-specific knockout from hepatoma cells, this results in cancer malignant growth and metastasis to the lungs in xenograft model mice (16, 54). The Nrf1α−/−-derived cancer deterioration is definitely resulted from severe oxidative stress, fateful defects in the redox metabolism reprogramming, and marked dysfunctions of fate-decisive gene regulatory networks, along with critical aberrant signaling transduction networks (12, 17). However, it is, to our great surprise, found that Nrf1α−/−-led malignant transformation is markedly alleviated and prevented by silencing of Nrf2; this is also accompanied by blocking oxidative stress upon Nrf2 knockdown (12, 17). More excitingly, restoration of Nrf1α is allowed for significant mitigation of Nrf1α−/−-exacerbated tumor to similar wild-type extents, while its malignant growth is further suppressed or even abolished by TCF11 restoration, with complete coagulative necrosis of tumor tissues (Figures 7B and S8). This demonstrates that TCF11 is a potent tumor-suppressor than Nrf1α, while Nrf2 is a tumor-promotor, particularly in the Nrf1α−/− case. Altogether, loss of Nrf1α/TCF11’s function, with hyperactive Nrf2 accumulation, results in liver cancer initiation and progression. This consequence is likely originated from endogenous oxidative stress-induced damages of mutant cells in aberrant metabolic inflammatory microenvironments. This gives rise to an evolvable selection force in so much of Darwinian dynamics, so that a clade of the mutant cancerous-prone cells is endowed with a self-defined fitness function and also specified to acquire for an independent of the host team optimum cooperative confinements, in order to behave themselves with own properties of cell division, proliferation and migration during carcinogenesis and progression.

Moreover, this work further demonstrates that the tumor-preventing effect of Nrf1α and TCF11 is accompanied by the constitutive activation or repression of critical genes for improving the overall survival of patients with hepatocellular carcinoma (Figure 9). This is because these changes can be ameliorated by either Nrf1α- or TCF11-restored lines (as mentioned in Figure 7). However, their activation or repression of some genes could not be ameliorated by compensation of ectopic Nrf1α and TCF11 transfection into those Nrf1α/TCF11-deficient cancer cells. This is surmised to be the relevance of those given genes closely to the contexts within genome topological conformations, enabling ectopic Nrf1α/TCF11 factors to be allowed or forbidden for direct access to target genes (as shown in the lower left corner of Figure 9D).

Lastly, it should also be noted that our subcellular fractionation and immunofluorescence results have unraveled that a certain fraction of TCF11, TCF11ΔN, Nrf1α or Nrf2 can be allowed for spatial translocation from the cytoplasmic to the nuclear compartments, in which they gain access to target genes (Figure S3). Interestingly, these nuclearly-located fractions of TCF11, TCF11ΔN, Nrf1α or Nrf2 are rapidly degraded. This is due to this fact that inhibition of their proteasomal degradation by MG132 causes an obvious increase in each protein expression level of TCF11, TCF11ΔN, Nrf1α or Nrf2, and they were also markedly recovered in their nuclear fractions of MG132-treated cells (Figure S3). Altogether, these demonstrate that only after TCF11, TCF11ΔN, Nrf1α or Nrf2 enter the nucleus and stay for a given time in this subcellular compartment, they are conferred to exert their putative physiological functions by regulating transcriptional expression profiles of distinct subsets of target genes. On the contrary, it is inferable that if they are degraded totally, as reported previously, in the extra-nuclear cytoplasmic compartments, just under normal physiological conditions, none of their remaining proteins can be allowed for dynamic repositioning into the nucleus, so that no physiological functions of cognate genes would be regulated by these CNC-bZIP factors. However, this notion cannot hold true in fact, albeit the detailed mechanisms are required to be further explored.



Conclusions

In summary, four useful model cell lines stably expressing TCF11, TCF11ΔN, Nrf1α or Nrf2, not mutants, are yielded herein. Their transcriptional expression levels are controlled by a tetracycline-inducible switch, but not monitored by one of redox inducers (e.g., sulforaphane or tert-Butylhydroquinone) or ER stressors (e.g., tunicamycin or thapsigargin). These cells were subjected to the integrative systems biology analyses of their omics data with routine reductionist approaches. To explore the essential distinctions between Nrf1α/TCF11 and Nrf2 in their contributions to critical constitutive gene expression profiles for basal redox metabolism, normal growth, development, cell homeostasis and organ integrity, we have provided holistic relevant data as much as possible, in the present digital network era. Notably, some seemingly-paradoxical data are still retained, because they may serve as vital nodes of a few negative feedback (and feedforward) regulatory circuits existing in the self-organizing systems of life. This is for the sake of an objective truth in life. Significantly, it is demonstrated that TCF11 serves as a more potent tumor-suppressor than Nrf1α at preventing cancer development and progression. This is defined by similar yet different regulatory profiles of both isoforms, with a striking disparity from Nrf2. Rather, a naturally-spliced mutant TCF11ΔN resembles Nrf2 with largely consistent structure and function in regulating similar sets of target genes. Interestingly, the tumor-preventing effect of Nrf1α/TCF11 seems to be accompanied by certain constitutive activation or repression of critical genes for improving the overall survival rates of patients with hepatoma. Once loss of Nrf1α/TCF11’s function, with hyperactive Nrf2 accumulated, this leads to severe endogenous oxidative damages, aberrant redox metabolic inflammation, and ultimate spontaneous hepatoma. Such genetic and nongenetic drivers could be integrated as a selection force in Darwinian dynamics to enable for stochastic speciation of Nrf1-deficient cells during carcinogenesis and ensuing progression, albeit this is required for deeply studies. Taken together, this study provides a holistic perspective to give a better understanding of essential differences between Nrf1α/TCF11 and Nrf2 in biology and medicine. Thereby, this facilitates drug discovery to induce Nrf1α/TCF11 as a new potent chemoprevention target against cancer.
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Regarded as the most invasive subtype, triple-negative breast cancer (TNBC) lacks the expression of estrogen receptors (ERs), progesterone receptors (PRs), and human epidermal growth factor receptor 2 (HER2) proteins. Platelets have recently been shown to be associated with metastasis of malignant tumors. Nevertheless, the status of platelet-related genes in TNBC and their correlation with patient prognosis remain unknown. In this study, the expression and variation levels of platelet-related genes were identified and patients with TNBC were divided into three subtypes. We collected cohorts from The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) databases. By applying the least absolute shrinkage and selection operator (LASSO) Cox regression method, we constructed a seven-gene signature which classified the two cohorts of patients with TNBC into low- or high-risk groups. Patients in the high-risk group were more likely to have lower survival rates than those in the low-risk group. The risk score, incorporated with the clinical features, was confirmed as an independent factor for predicting the overall survival (OS) time. Functional enrichment analyses revealed the involvement of a variety of vital biological processes and classical cancer-related pathways that could be important to the ultimate prognosis of TNBC. We then built a nomogram that performed well. Moreover, we tested the model in other cohorts and obtained positive outcomes. In conclusion, platelet-related genes were closely related to TNBC, and this novel signature could serve as a tool for the assessment of clinical prognosis.
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INTRODUCTION
Breast cancer (BC) remains a primary disease burden for women worldwide (Britt et al., 2020). According to the expression of estrogen receptors (ERs), progesterone receptors (PRs), and human epidermal growth factor receptor 2 (HER2) proteins, BC can be divided into several subtypes, and each lead to certain therapeutic sensitivities and prognoses (Heer et al., 2020). Among these subtypes, triple-negative breast cancer (TNBC) accounts for 15–20% of all breast cancer cases (Carey et al., 2010). Fewer than 30% of metastatic TNBC patients survive for more than 5 years (Johnson et al., 2013). Due to its chemoresistance and unfavorable prognosis, treatment of TNBC is still a major challenge and considered to be a “black hole” compared to other BC subtypes (Zheng et al., 2020a). Given the limitations of TNBC treatments, there is an urgent need to explore novel targets to ameliorate the prognosis of TNBC, and effective models are imperative to make targeted therapy more feasible.
Platelets, which regulate hemostasis and thrombosis, are one of the three main types of blood cells in the human body (Holinstat, 2017). They are created in the bone marrow and circulate through the bloodstream. When bleeding or injury occurs, they quickly reach the wound site, form a plug, and recruit more platelets simultaneously. They form a clot that coalesces with other clotting factors to help stop bleeding (van der Meijden and Heemskerk, 2019). A reduction of platelets can result in bleeding diathesis, causing spot bleeding, bruising, and purple spots. When the platelet count lowers even more, hematencephalon or pneumorrhagia can occur, which lead to death (Vinholt, 2019). In addition to playing an indispensable role in clotting and maintaining hemostasis, platelets are also directly implicated in cancer. It is well known that platelets participate substantially in the growth and metastasis of cancers. In 1872, Leopold Riess found that thrombocytosis was common in solid tumors (Riess, 1872). In many patients with cancer, platelet counts can greatly increase (Haemmerle et al., 2018). Platelets are involved in angiogenesis and tumor progression. It has been reported that thrombocytosis is directly associated with a shorter survival time in various types of cancer (Buergy et al., 2012). Platelets have an impact on the treatment efficacy of patients and take part in multiple steps of cancer metastasis. Tumor cells cannot survive unless they avoid attack by natural killer (NK) cells. Platelets encase the tumor cells in a thrombus so that they escape from NK cell monitoring, which allows them to circulate through the bloodstream (Nieswandt et al., 1999). Additionally, platelets can secrete TGF-β, which enhances metastasis and reduces the cytotoxicity of NK cells and the production of IFN-γ (Kopp et al., 2009). Platelets can also store and release growth factors such as the vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), which are crucial for tumor growth and vascular stability, when stimulated by external sources (Wojtukiewicz et al., 2017). Moreover, platelets can prevent chemotherapy-induced apoptosis in cancer cells. It has been proven that thrombocytosis is closely related to poor response to chemotherapy during in vitro and in vivo experiments, which indicates that the efficacy of chemotherapy drugs could be improved if we suppress the amount or activity of platelets (Bottsford-Miller et al., 2015).
Based on the existing findings above, we hypothesized that platelets are closely related to the proliferation and metastasis of cancers. However, there are few studies on the detailed functions of platelets in TNBC. In addition, array-based databases to recognize survival-associated genes are valuable and urgently needed to guide tailored therapies for TNBC patients (Xie et al., 2019). Therefore, we conducted a comprehensive study to examine the status of platelet-related genes in normal breast and TNBC tissues, determine their prognostic value, and determine the relationship between platelets and the tumor immune microenvironment. Figure 1 summarizes the workflow of the data analysis. In summary, our study could contribute to discovering the heterogeneity of TNBC and offers a method to select suitable patients for immunotherapy.
[image: Figure 1]FIGURE 1 | Workflow of data analysis in our study.
MATERIALS AND METHODS
Selection of Platelet-Related Genes
The platelet-related genes list was collected from gene set enrichment analysis (GSEA) gene sets (https://www.gsea-msigdb.org/gsea/index.jsp/) by the keyword “platelet.” Finally, 480 genes related to platelets were included in the analysis (Supplementary Table S1).
Data Collection
We acquired the raw transcriptome count data and the normalized converted RNA-sequencing (RNA-seq) profile fragments per kilobase of exon per million reads mapped (FPKM) of 115 TNBC patients and 113 normal tissues from the University of California Santa Cruz (UCSC) database. Clinical characteristics and copy number variation (CNV) information were also downloaded (https://xenabrowser.net/datapages/). Masked somatic mutation information was downloaded from the GDC Data Portal (https://portal.gdc.cancer.gov/). The log2-converted chip-seq data and clinical information of the external 107 TNBC patients’ validation cohort were obtained from the Gene Expression Omnibus (GEO) database (ID: GSE58812). We also collected DNA microarray data and clinical information of 298 TNBC patients from the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) dataset as a test cohort (http://molonc.bccrc.ca/aparicio-lab/research/metabric/). Another dataset, GSE25066, which was selected as a neoadjuvant therapy cohort, was also downloaded from the GEO database.
Identification of Differentially Expressed Platelet-Related Genes
Raw transcriptome count data of 115 TNBC patients and 113 compared normal samples in the TCGA–BRCA cohort were prepared to identify the differentially expressed genes (DEGs). The “edgeR” package was used subsequently to screen out DEGs with a p value < 0.05 and the absolute value of the log2 fold change (log2FC) > 1 (Robinson et al., 2010). Based on these DEGs, Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) analyses were performed (R package “clusterProfiler”) (Yu et al., 2012).
Identification of Variant Characteristics of Platelet-Related Genes
We applied the “maftools” package to analyze masked somatic mutation information of TNBC patients (Mayakonda et al., 2018). CNV values of the platelet-related genes were screened out and those less than −0.2 were deemed as “loss” while greater than 0.2 were regarded as “gain”. The varied characteristics of platelet-related genes were shown in a circus plot with the help of the “RCircos” package (Zhang et al., 2013).
Unsupervised Clustering of Platelet-Related DEGs
According to the DEGs, we used the “ConsensusClusterPlus” package to complete consensus clustering (CC) in order to identify the unidentified subtypes of TNBC (Wilkerson and Hayes, 2010). The CC parameter “maxK” was selected as “10,” “clusterAlg” was selected as “pam,” and “distance” was selected as “pearson.” The “gsva” package was applied to perform the single-sample gene set enrichment analysis (ssGSEA), and the “limma” package was used to find out different active pathways among three clusters. The reference database was “h.hallmark.v7.4.symbols.gmt” (Hänzelmann et al., 2013; Ritchie et al., 2015).
Construction of the Platelet-Related Gene Signature
Univariate Cox regression was utilized to assess whether these genes made a difference to the survival status in both the TCGA cohort and the GSE58812 cohort. To avoid omissions, we adjusted the cutoff p value to 0.1. The least absolute shrinkage and selection operator (LASSO) Cox regression method (R package “glmnet”) was further used to shrink the candidates in order to construct the most suitable signature, with the selection of “lambda. min” (Friedman et al., 2010). Ultimately, the model exported the risk score of each patient by the formula below:
[image: image]
(βi represents the coefficient index, and Ei represents the gene expression level).
To make plots more intuitionistic, we adjusted the risk score by using a linear transformation. The calculated risk score subtracted the minimum and divided it by the maximum, which mapped these exponentials to the range of 0–1. The formula was as follows:
[image: image]
On the grounds of the median value of the risk score, TNBC patients in each cohort were classified into low-risk and high-risk groups. We used the “stats” R package to perform principal component analysis (PCA). The prognostic difference between the two groups was investigated via Kaplan–Meier analysis (R package “survival”). Besides, the “survminer,” “rms,” and “timeROC” R packages were applied to finish receiver operating characteristic (ROC) analysis (Blanche et al., 2013).
Independent Prognostic Analysis of the Risk Score
We collected the clinical features (age, pathologic T, pathologic N, and stage) of TNBC patients in the TCGA cohort, and they were analyzed together with the risk score by means of univariate and multivariable Cox regression.
Functional Enrichment Analyses Between Risk Groups
Gene set enrichment analysis (GSEA, https://software.broadinstitute.org/gsea/index.jsp/) was used to find out the different biological functions and signaling pathways between the two groups. We set “c2.cp.kegg.v7.4.symbols.gmt” and “c5.go.bp.v7.4. symbols.gmt” as the reference database, and the cutoff criteria were set to |NES| > 1.5 and Q < 0.25. Gene set variation analysis (GSVA) was employed with the “c2.cp.reactome.v7.4.symbols.gmt” database, and their correlations with the risk score were also calculated by the means of “gsva” and “corrplot” packages (Hänzelmann et al., 2013).
The Nomogram Establishing
Age, pathologic T, pathologic N, stage, and the risk score were set together. Multivariable Cox regression and stepwise regression analyses were employed to establish a prognostic nomogram. The nomogram plot was shown by the “regplot” package. Calibration plots and decision curve analysis (DCA) were used to evaluate the efficacy of the nomogram (R package “caret” and “rmda”).
Tumor Immune Microenvironment Analysis
We collected gene expression data in the three cohorts and downloaded the LM22 signatures (Newman et al., 2015). With the help of the online platform CIBERSORTx (https://cibersortx.stanford.edu/), we analyzed whether there was a relationship between the risk groups and the tumor immune microenvironment.
Statistical Analysis
All statistical analyses were presented via R 4.1.0 (https://www.r-project.org/). The Wilcoxon test was employed to evaluate the difference of expression levels of the TNBC samples and normal tissues, as well as low- and high-risk groups. The relationship between the risk groups of patients and response to neoadjuvant therapy was assessed by the chi-square test.
RESULTS
Identification of DEGs Between TNBC and Normal Tissue
The expression levels of 480 platelet-related genes were compared between samples from 115 patients with TNBC and 113 normal samples in the TCGA-BRCA cohort, and 177 DEGs were identified. In the TNBC group, 64 genes were downregulated, whereas 113 other genes were upregulated (Supplementary Table S2). The heatmap of DEGs is shown in Figure 2A, and the volcano plot of DEGs is presented in Figure 2B. We then performed functional enrichment analyses including KEGG and GO, and the results showed that DEGs were directly related to the platelets (Figures 2C,D), including platelet activation, degranulation, and aggregation (Supplementary Table S3).
[image: Figure 2]FIGURE 2 | Expressions of the 177 platelet-related DEGs and the functional enrichment analyses. (A) Heatmap (atrovirens: low expression level; brick red: high expression level) of the platelet-related DEGs between TNBC (brilliant red) and the normal tissues (brilliant green). (B) Volcano plot of the platelet-related DEGs (green: downregulated DEGs; red: upregulated DEGs; gray: unchanged genes). Points with labels are obvious DEGs with p value < 0.001 and |log2FC| > 3.5. (C) Bubble plot for KEGG enrichment (different colors represent different descriptions, and sizes reflect the enrichment numbers of genes). (D) Bubble plot for GO enrichment (biological processes). (E) The variation of platelet-related genes in the training cohort. (F) The location, expression, CNV values, and correlation of platelet-related genes in TCGA cohort.
Variant Landscape of Platelet-Related Genes
Variations in platelet-related genes were also evaluated in patients with TNBC from the TCGA cohort. The result showed there was approximately 92% (92/100) of TNBC patients who experienced mutations. The top 10 mutations of platelet-related genes are displayed in Figure 2E with TP53 as the most frequent (89%) and nine other mutations ranging in frequency from 4 to 21%. Meanwhile, CNV status analysis indicated frequent alterations in platelet-related genes. We noted that YWHAZ and ZFPM2 possessed the most significant copy number amplification, whereas F2RL2 had the most extensive CNV deletion (Supplementary Figure S1). The location, expression, CNV values, and correlation of each platelet-related gene are shown in Figure 2F.
TNBC Platelet-Related Subtypes Based on the DEGs
To explore unidentified subtypes of TNBC, we used the expression of platelet-related DEGs to perform CC analysis of the TCGA cohort. We found that when k = 3, the differences among subgroups were the most obvious, which indicated that 115 patients with TNBC could be classified into three clusters (Figures 3A,B). It is worth noting that there were obvious differences between the overall survival (OS) time and the three clusters (p = 0.043, Figure 3C). Cluster three was associated with a favorable prognosis, while cluster two was associated with a poor prognosis, and cluster one was between them. However, we found no substantial differences in the clinical features among the three clusters. We then performed ssGSEA and found that different clusters were enriched in certain pathways. For example, the worst-prognosis cluster two was rich in the KRAS signal pathway, angiogenesis, and coagulation, while it was downregulated in DNA repair and the G2M checkpoint compared to the best-prognosis cluster three (Figure 3D).
[image: Figure 3]FIGURE 3 | Tumor classification based on the platelet-related DEGs and construction of risk signature in TCGA cohort. (A) 115 TNBC patients were divided into three subgroups (k = 3). (B) Consensus Cumulative Distribution Function (CDF) Plot under k = 2–10. (C) Kaplan–Meier OS curves for the three clusters. (D) Heatmap (light blue: low expression level; pink: high expression level) of the hallmark gene set among three clusters (green: cluster 1, red: cluster 2, purple: cluster 3). (E) LASSO Cox regression of the 7 model genes. (F) Cross-validation for the LASSO Cox regression.
Construction of a Prognostic Gene Signature
Survival information was collected and matched with TNBC patients. Univariate Cox regression analysis was performed separately for general filtration. In TCGA, 46 genes met the cutoff of p < 0.1 as did 90 genes in GSE58812. The intersection of the two outputs had nine genes (ALDOA, SERPINE1, COL1A2, GNB2, ITGB5, COL1A1, PRKAR2A, TBXA2R, and ITGB3). All were risk factors with hazard ratios (HRs) > 1. By performing the LASSO Cox regression analysis, we constructed a seven-gene signature with a minimum value of lambda (λ) (Figures 3E,F). We investigated the correlation of each model gene (Supplementary Figure S2), using Kaplan–Meier (K-M) analysis to determine their respective influences on the OS time (Supplementary Figure S3) and the Wilcoxon test to examine the model genes’ expression levels between the TNBC tissues and normal samples (Supplementary Figure S4). The results showed that five genes (ALDOA, SERPINE1, GNB2, ITGB5, and ITGB3) had a significant influence on the OS time (p < 0.05), and the expression of each gene was significantly different (p < 0.05). The risk score was calculated as follows: risk score = (0.5144062 * ALDOA exp.) + (0.1688905 * SERPINE1 exp.) + (0.3378084 * GNB2 exp.) + (0.1297068 * ITGB5 exp.) + (0.7508113 * PRKAR2A exp.) + (0.6483026 * TBXA2R exp.) + (0.5324253 * ITGB3 exp.).
Internal Training and External Validation of the Risk Signature
Based on the median value calculated by the risk score formula above, we divided the 115 patients with TNBC into low- and high-risk groups equally within the TCGA cohort, which we had selected as a training dataset. We found that patients in the high-risk group were more likely to survive as the risk score increased (Figure 4A). Principal component analysis (PCA) showed that this classification performed well (Figure 4B). K-M analysis showed that patients in the low-risk group were more likely to have lower death rates (p < 0.05, Figure 4C). In addition, we applied time-dependent ROC analysis to evaluate the efficacy of the prognostic model. The area under the ROC curve (AUC) was 0.759 for 1 year, 0.806 for 2-year, 0.854 for 3-year, 0.769 for 4-year, and 0.853 for 5-year survival (Figure 4D). Consequently, we used GSE58812 as the validation cohort. A higher risk score resulted in shorter survival time (Figure 4E). The two groups were separated using PCA (Figure 4F). K-M analysis also indicated that patients in the low-risk group had longer survival times (p < 0.05, Figure 4G). Moreover, ROC curve analysis of GSE58812 indicated that the established prognostic model had excellent predictive efficacy (AUC = 0.749 for 1-year, 0.575 for 2-year, 0.626 for 3-year, 0.686 for 4-year, and 0.745 for 5-year survival) (Figure 4H).
[image: Figure 4]FIGURE 4 | Landscape of adjusted risk score, heatmaps, PCA, Kaplan–Meier analysis, and ROC analysis of the risk signature in the internal set and the external GEO (GSE58812) set. (A) Distribution of the adjusted risk score and heatmap in the training TCGA set. (B) PCA plot based on the risk groups in the training TCGA set. (C) Kaplan–Meier survival analysis of the patients in the training TCGA set. (D) ROC curve analysis according to the 1-, 2-, 3-, 4-, and 5-year survival of the AUC value in the training TCGA set. (E) Distribution of the adjusted risk score and heatmap in the validation GEO (GSE58812) set. (F) PCA plot based on the risk score in the validation GEO (GSE58812) set. (G) Kaplan–Meier survival analysis of the patients in the validation GEO (GSE58812) set. (H) ROC curve analysis according to the 1-, 2-, 3-, 4-, and 5-year survival of the AUC value in the validation GEO (GSE58812) set.
Independent Prognostic Value of the Risk Signature
We performed univariate and multivariable Cox regression analyses to explore whether the risk score was an independent prognostic factor. The univariate Cox regression analysis showed that, compared with other features, the risk score was regarded as a risk factor (HR = 5.287, 95% CI: 2.465–11.337, and p < 0.05, Figure 5A), predicting poor survival in TCGA cohort. The multivariate analysis further confirmed, after removing confounding factors, the risk score was still an independent risk factor (HR = 5.796, 95% CI: 2.550–13.175, and p < 0.05, Figure 5B) for TNBC patients in TCGA cohort.
[image: Figure 5]FIGURE 5 | Univariate and multivariate Cox regression analyses for the risk score and GSEA between low- and high-risk groups in TCGA cohort. (A) Univariate analysis for TCGA cohort. (B) Multivariate analysis for TCGA cohort. (C,D) Involved signaling pathways in two risk groups in TCGA cohort. (E) Correlation analysis of the risk score and pathways from the reactome gene set. (F) Alluvial diagram shows the changes of clusters, vital status, and risk groups in TCGA cohort.
Functional Enrichment Analyses Based on the Risk Signature
To further detect the distinction in the signaling pathways and biological processes between the subgroups classified by the risk signature, we applied GSEA to analyze with the criteria of p < 0.05 and Q < 0.25. The results are presented in Supplementary Table S4. We observed that the high-risk group was active in the excitation of the extracellular matrix (ECM) receptor interaction, the PDGF receptor signaling pathway, the VEGF signaling pathway, and the transforming growth factor-β (TGF-β) signaling pathway. As for biological processes, the low-risk group was inactive in blood vessel endothelial cell migration, focal adhesion, vascular smooth muscle contraction, regulation of blood pressure, vascular permeability, and vasculature development (Figures 5C,D). Moreover, we also performed an analysis to determine whether there was a relationship between the risk score and pathways derived from the reactome database. This showed that most of the patients in the high-risk group were strongly correlated with platelet-related biological processes, such as platelet activation and platelet aggregation, while negatively correlated with downstream B-cell receptor events and mitochondrial translation (Figure 5E). As shown in Figure 5F, most patients in cluster three were classified into the low-risk group, which was related to better survival outcomes. Collectively, these data suggested that the risk score had a strong correlation with the function and processes of platelets and could effectively predict prognosis.
Establishment and Assessment of the Nomogram Model
We used multivariable Cox and stepwise regression analyses to establish a nomogram model in TCGA cohort to estimate the probability of two-, three-, and 5-year OS. The stage and risk scores were selected for the model (Figure 6A). The C-index value of the model was 0.916 (95% CI: 0.858–0.973). Calibration curves were used to assess the consistency between the predicted and actual survival rates. The accuracy of this model in predicting the two-, three-, and 5-year survival rates was favorable (Figures 6B–D). Moreover, we performed DCA to confirm a range of threshold probabilities for the model and found that the nomogram model was apparently better than any other predictor applied in this study (Figure 6E).
[image: Figure 6]FIGURE 6 | Establishment and assessment of the nomogram based on the 7-gene signature. (A) Nomogram for predicting the proportion of patients with 2-, 3-, or 5-year OS (*** means p < 0.001). (B–D) Calibration plots of the nomogram-predicted probability of 2-, 3-, and 5-year survival in TCGA cohort. (E) DCA of the nomogram predicting 2-, 3-, and 5-year OS comparing age, pathologic T, pathologic N, stage, and risk score.
Comparison of the Tumor Immune Microenvironment Between Risk Groups
We then proceeded with analysis to identify whether there was a difference in the tumor immune microenvironment between the two risk groups in TCGA and GSE58812 cohorts. We used CIBERSORTx to calculate the enrichment scores of 22 immune-related cells in each sample. In TCGA cohort, the high-risk group frequently had lower levels of immune cell infiltration, especially CD8+ T cells, follicular helper T cells, active NK cells, and dendritic cells. However, the expression of macrophage 0 (M0) infiltration was significantly upregulated in the high-risk group (Figure 7A). A similar immune status was found in the GSE58812 cohort; the high-risk group generally had lower levels of infiltration of immune cells, especially memory B cells, memory CD4+ T cells, macrophage 1 (M1) cells. However, the levels of infiltration of CD8+ T cells, regulatory T cells (Tregs), M0 cells, and macrophage 2 (M2) cells were higher in the high-risk group (Figure 7B).
[image: Figure 7]FIGURE 7 | Comparison of the tumor immune microenvironment between risk groups. (A) Comparison of the enrichment scores of 22 types of immune cells between low- (blue) and high-risk (red) groups in TCGA cohort (* means p < 0.05, NS means no significance). (B) Comparison of the enrichment scores of 22 types of immune cells between low- (blue) and high-risk (red) groups in the GEO cohort.
Extra Test of the Risk Signature
To ensure that the established risk signature was widely applicable, we collected 298 patients with TNBC from the METABRIC dataset, which was used as a test cohort. After calculating the risk scores, the patients were divided into two risk groups. As the risk score increased, patients were more likely to die (Figure 8A). PCA indicated that the classification was distinct (Figure 8B). The K-M analysis showed that patients in the low-risk group lived longer, with a nearly significant p value (p = 0.062, Figure 8C). ROC curve analysis of the METABRIC cohort revealed that the risk signature was suitable for predicting the prognosis (AUC = 0.639 for 1-year, 0.562 for 2-year, 0.563 for 3-year, 0.569 for 4-year, and 0.596 for 5-year survival) (Figure 8D). With respect to the tumor immune microenvironment, the result was the most similar to the GSE58812 cohort, in which the high-risk group had a lower level of infiltration of active memory T cells and M1 cells, while it had higher levels of infiltration of M0 and M2 cells (Figure 8E).
[image: Figure 8]FIGURE 8 | Extra test of the risk signature in the METABRIC cohort and a GEO neoadjuvant therapy cohort (GSE25066). (A) Distribution of the adjusted risk score and heatmap in the METABRIC cohort. (B) PCA plot based on the risk score in the METABRIC cohort. (C) Kaplan–Meier survival analysis of the low- and high-risk group patients in the METABRIC cohort. (D) ROC curve analysis according to the 1-, 2-, 3-, 4-, and 5-year survival of the AUC value in the METABRIC cohort. (E) Comparison of the enrichment scores of 22 types of immune cells between low- (blue) and high-risk (red) groups in the METABRIC cohort. (F) ROC curve analysis for predicting the response of neoadjuvant therapy in the GEO neoadjuvant therapy cohort (GSE25066).
In addition, we applied the risk signature to GSE25066, which was the neoadjuvant therapy cohort. We sought to identify whether the risk signature was valuable for predicting the curative effect of neoadjuvant therapy in patients with TNBC. A total of 170 TNBC patients were classified into two groups, pathologic complete response (pCR) and non-complete response (nCR), in accordance with the response to neoadjuvant therapy. By utilizing the ROC analysis, we found that the risk scores of 113 samples in the nCR group were higher than the 57 sampled in the pCR group, and the AUC was 0.620, which was noteworthy (Figure 8F). In addition, we applied the chi-square test and found that there were 36 patients with pCR in the low-risk group while only 21 in the high-risk group (p = 0.015). The proportion of pCR in the low-risk group was much higher, indicating that these patients could be sensitive to neoadjuvant therapy (Supplementary Figure S5).
DISCUSSION
Regarded as the most invasive breast cancer subtype, TNBC lacks effective therapeutic targets and accurate efficacy prediction models. In this study, we first applied bioinformatics methods to explore the relationship between platelets and TNBC. We constructed a seven-gene risk signature in the TCGA cohort via univariate Cox analysis and LASSO Cox regression analysis, and the model was shown to perform well in the external validation dataset GSE58812. Some classical signaling pathways and platelet-related biological processes were found to be active in high-risk groups. We built a nomogram including clinical characteristics and risk scores, and the results showed that it performed well. The differences in the tumor immune microenvironment between the two risk groups were compared, and universally upregulated levels of M0 cells and downregulated levels of M1 and M2 cells were found in the high-risk group compared with the low-risk group. Finally, we added a test set downloaded from the METABRIC to ensure that the established risk signature was widely applicable, and we obtained a good outcome. Moreover, we applied the model to a neoadjuvant therapy cohort and found that the model could be useful for predicting the efficacy of neoadjuvant therapy in patients with TNBC.
Platelets are one of the three main types of blood cells in the human body and act as a double-edged sword. On the one hand, platelets are involved in the angiogenesis and metastasis of tumors (Menter et al., 2017). On the other hand, inhibition of platelet activity and quantity could be a novel therapeutic target (Yeung et al., 2018). Our study built a signature covering seven platelet-related genes (ALDOA, SERPINE1, GNB2, ITGB5, PRKAR2A, TBXA2R, and ITGB3) and found that it had the ability to predict OS in TNBC patients. Aldolase A (ALDOA) is an aldolase isozyme (ALDOA, ALDOB, and ALDOC). ALDOA participates in many biological processes and cellular functions, including cell morphology, motor regulation, muscle maintenance, actin filament constitution, and ATP biosynthesis (Carr and Knull, 1993; Kusakabe et al., 1997; Kajita et al., 2001). It is worth noting that ALDOA is highly expressed in various cancers, such as colorectal cancer, hepatocellular carcinomas, and pancreatic cancer (Peng et al., 2012; Ji et al., 2016). In addition, a deficiency of ALDOA is related to hemolytic anemia (Yao et al., 2004). In our study, ALDOA was highly expressed in TNBC samples, and a high expression of ALDOA was not effective for prolonging survival time, which was in agreement with previous studies. SERPINE1, also called plasminogen activator inhibitor 1 (PAI1), mediates the inhibition of fibrin degradation (Placencio and DeClerck, 2015). High concentrations of SERPINE1 are associated with thrombosis (Corduan et al., 2015). SERPINE1 is overexpressed in numerous cancers, especially breast cancer. Previous studies confirmed that upregulation of SERPINE1 predicted worse overall survival, greater possibility of metastasis, and poorer responses to chemotherapy, which was consistent with our study results (Duffy et al., 2014). G Protein Subunit-β2 (GNB2) is a protein-coding gene that is responsible for the formation of beta subunits (Blatt et al., 1988). GNB2 has been reported to be frequently mutated and upregulated in many hematological neoplasms, and a lower expression of GNB2 could reduce the proliferation potential of tumor cells (Kotani et al., 2019). Our study confirmed that GNB2 was a risk gene. Integrin-β5 (ITGB5) belongs to the integrin family, which regulates many biological functions in tumors such as proliferation, adhesion, migration, and invasion (Lin et al., 2018). The role of ITGB5 in angiogenesis has also been demonstrated (Su et al., 2007). Although GNB2 was a risk factor for survival in our study, interestingly, the expression of GNB2 was lower in TNBC samples than in normal tissues. Given the sparse data from TNBC and the contradictory results in other tumors, further studies are needed. PRKAR2A codes for protein kinase A. Previous studies have shown that PRKAR2A deficiency predisposes patients to hematopoietic malignancies (Saloustros et al., 2015). In addition, PRKAR2A has been found to regulate the response of cancer cells to chemotherapy, which might be the reason why our established model helped predict the curative effect of neoadjuvant therapy in TNBC patients (Zynda et al., 2014). The thromboxane A2 receptor (TBXA2R) is a specific coordinator of the T prostanoid receptor (TPR), which is associated with the platelet activity. The variants of the TBXA2R gene cause bleeding and increased metastasis in multiple cancers (Mundell and Mumford, 2018; Pulley et al., 2018). Our study also confirmed that TBXA2R was highly expressed in TNBC samples and was a risk factor for survival. Integrin-β3 (ITGB3), also named CD61 or GP3A, is a member of the integrin family and has been widely studied by scientists. ITGB3 acts as a receptor and participates in forming the tumor stromal and immune microenvironment, as well as maintaining tumor stemness (Zhu et al., 2019). In addition, ITGB3 can mediate extracellular vesicles to facilitate intercellular communication in BC cells (Fuentes et al., 2020). The expression level of ITGB3 was lower in the TNBC samples according to our study, which was similar to that of ITGB5.
Tumor cells can survive because the tumor microenvironment provides a haven for them to escape immune surveillance and drug interference (Zou et al., 2019). High infiltration levels of immune cells can enhance the efficacy of neoadjuvant therapy for BC patients, and the levels of antitumor-infiltrating immune cells in the high-risk group would be low, which indicates holistic damage of immune functions (Zou et al., 2020; Zou et al., 2021). Surprisingly, among the three cohorts, the expressions of M0 and M2 cells were upregulated, while the expression of M1 cells was downregulated in the high-risk group. M0 cells are resting macrophages that can be polarized into two different phenotypes, M1 and M2. Both M1 and M2 cells are closely associated with inflammatory responses; M1 cells are mainly involved in pro-inflammatory responses, while M2 cells mainly participate in anti-inflammatory responses (Mehla and Singh, 2019). Theoretically, the increase in platelets is correlated with anti-inflammation, which was similar to our results. Previous studies have shown that the abundance of M1 cells represents a better outcome, while the enrichment of M2 cells indicates a poorer prognosis in the TNBC microenvironment (Zheng et al., 2020b). We hypothesized that the phenotypic shift of the M2 subtype toward the M1 subtype might be a strategy to overcome the early phases of inflammation and immunotherapy.
The established seven-gene signature and nomogram reflected excellent performance in internal and external cohorts; however, it had the following shortcomings. First, the seven genes mentioned above were all risk factors for survival; the interaction of each other during platelet activation needs further investigation, and the roles of some of the candidates, such as PRKAR2A, that occur in TNBC have not been revealed, which might be an important point for further research. Second, the signature lacked verification of large-scale prospective trials. Third, TCGA cohort was composed of gene sequencing data, while the GSE58812 and METABRIC cohorts were gene chip data, indicating that the results originating from external cohorts might not fully reveal actual prognostic efficacy in TNBC. Ultimately, the detailed mechanisms have not been explored at the cellular and molecular levels.
In summary, we presented a novel platelet-related gene signature as a practical tool for patients with TNBC, which can offer an independent value in the assessment of clinical outcomes.
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Background

Gastric cancer (GC) is one of the most common cancer types, especially in Asian countries. Hyperthermic intraperitoneal chemotherapy (HIPEC) has been shown to improve the progression-free survival among gastric cancer patients with peritoneal metastases; however, not all patients demonstrate response to HIPEC.



Methods

Biomarkers are needed to select patients for effective treatment of HIPEC. Here, we performed whole-exome sequencing on tumor samples from 18 gastric cancer patients who received HIPEC treatment and assessed the association between genomic mutation features and progression-free survival. Exome sequencing was further conducted on tumor samples from additional 15 gastric cancer patients as a replication study.



Results

The tumor mutational burden (TMB) was significantly higher in the group of patients with a better response to HIPEC treatment than that of the others. Kaplan–Meier survival curve showed that patients with high TMB had a significantly longer survival time than that in patients with low TMB. This discovery was validated in the replication cohort. Genes bearing mutations recurrently and selectively in patients with better response to HIPEC were found in the two cohorts.



Conclusion

We found that higher TMB is significantly associated with better response to HIPEC. Our results provide useful hints for prognostic stratification of HIPEC treatment.





Keywords: gastric cancer, hyperthermic intraperitoneal chemotherapy, survival, tumor mutational burden, biomarker



Introduction

Gastric cancer is among the most common cancer types and a leading cause of cancer death in both men and women worldwide (1), especially in Asian countries, which imposes a considerable global health burden. In addition, when gastric cancer is diagnosed, patients are often already at an advanced stage. Surgery with subtotal gastrectomy or total gastrectomy is the current mainstay of treatment (1). Surgical resection is a curative therapeutic approach for gastric cancer and confers good outcome for early-stage gastric cancer. However, early gastric cancer often remains asymptomatic unless detected by endoscopy and biopsy. The survival rate for patients with metastatic gastric cancer is very low, ranging from 4 to 12 months (1), despite the successful application of modern chemotherapy to other solid tumors.

Hyperthermic intraperitoneal chemotherapy (HIPEC) is carried out by perfusing the abdominal cavity with 43°C circulating hyperthermic saline containing anticancer drugs. HIPEC treatment has been applied to gastric cancer, colorectal cancer, ovarian cancer, pancreatic cancer, and other abdominal cancer types. Poor peritoneal penetration of chemotherapy drugs is an outstanding limitation in the treatment of gastric cancer. HIPEC has thus been administered to patients in combination with cytoreductive surgery to achieve better therapeutic effects. Cumulative evidence has shown the beneficial treatment effect of HIPEC. Studies showed that a combination of cytoreductive surgery (CRS) and HIPEC can reduce the incidence of peritoneal recurrence of advanced gastric cancer and improve the median survival (2–4). A systematic review (5) on  7 studies (6–12) has been done to compare the prophylactic HIPEC after surgery for patients with gastric cancer without clinically evident metastases or positive peritoneal cytology sign. Their analysis results suggested that, compared to surgery alone, the combination with HIPEC may decrease peritoneal recurrence and increase survival rate without affecting the morbidity and mortality of patients despite the overall risk of bias in these studies that is likely due to the non-standard of care in the studies that was carried out more than 10 years ago. A meta-analysis of randomized controlled trials in patients with advanced gastric cancer and peritoneal metastases also showed a beneficial effect of HIPEC in terms of 3-year survival rate and complete response rate (13). Continuous breakthroughs have been made in developing the theoretical basis and technical execution in HIPEC, which further improved the treatment effect (14, 15). Because of the promising treatment of HIPEC, the International Conference on Peritoneal Cancer in Amsterdam (Netherlands) and the American Anti-Cancer Association adopted CRS combined with HIPEC as the standard treatment for gastric cancer with peritoneal metastasis (16, 17).

Similar to the fact that cancer patients respond distinctly to immunotherapy, patients also have different responses to HIPEC treatment. The different results observed regarding the efficacy of HIPEC imply that not all patients can benefit from the treatment and proper stratification may be necessary before HIPEC treatment (14, 15). Few studies have been carried out to examine the biomarkers that can effectively predict the efficacy of HIPEC and stratify patients for HIPEC treatment. Through a candidate gene approach, three studies identified biomarkers, the expression level of which can be predictive for the efficacy or resistance to HIPEC treatment on patients with colorectal peritoneal metastasis, including Bloom syndrome protein (BLM) (18), Vascular endothelial growth factor (VEGF), Versican (VCAN) (19), PAX interacting protein 1 (PAXIP1), and Single stranded DNA binding protein 2 (SSBP2) (20). A recent study focusing on candidate genetic variants reported the association of NQO1∗3 allele with poor peritoneal recurrence rate and low disease-free survival (21) among colorectal cancer patients who received cytoreductive surgery plus hyperthermic intraperitoneal mitomycin C. There was no study examining the genetic association with efficacy of HIPEC on gastric cancer. Furthermore, an unbiased study via a genomic approach may be more fruitful in identifying biomarkers to predict HIPEC efficacy.



Methods


Tumor Samples and Clinical Characteristics

The study was approved by the institutional review boards of the Affiliated Cancer Hospital of Guangzhou Medical University. All tissue samples were obtained with the approval of patients’ consents from 2010 to 2017. The recruited patients met the following criteria. They had proven gastric cancer with histopathology and received CRS and closed HIPEC treatment after surgery. HIPEC was administered intraperitoneally with chemotherapeutic agents in 4–6 L of perfusate at a temperature of 43°C for 90 min with a flow rate of 400–600 ml/min. The resected tumor samples were examined by the pathology department to confirm the stage of tumor tissue. The tumor tissues and adjacent regions were prepared as formalin-fixed paraffin-embedded (FFPE) tissue blocks following the standard protocol of the diagnosis laboratory.

Approximately 30% of GC patients have regional spread at diagnosis; the local regional progression of gastric cancer generally results in peritoneal metastases (PMs), which have a significant negative impact on the overall survival (OS) and quality of life as a result of refractory ascites, progressive intestinal obstruction, and uncontrollable abdominal pain (22). CRS+HIPEC could obviously decrease the volumes of ascites for a long time compared to only CRS for advanced GC patients. We checked the OS as the criteria of HIPEC effect. Patients with survival time of more than 1 year after HIPEC treatment were classified as the durable clinical benefit (DCB) group, and those with less than 1 year were included in the no durable benefit (NDB) group.



Statistical Analysis

The data analysis was conducted using IBM SPSS Statistics 24.0 (SPSS, Inc., Chicago, IL, USA). Continuous data were expressed as mean ± standard deviation (SD), and inter-group comparison was conducted using an independent-samples t-test. Count data were expressed by percentage or constituent ratio, and the comparison between groups was carried out by chi-square test or exact probabilities method. The level of statistical significance was set at p < 0.05 and α = 0.05. Specifically, the comparison of baseline characteristics of patients was conducted with the following statistical methods: age between groups was examined by unpaired t test; the comparison of sex, Eastern Cooperative Oncology Group (ECOG), and degree of differentiation between groups was examined by chi-square test; and the comparison of the degree of peritoneal metastasis (P degree), ascites, and number of chemotherapy in half a year between groups was examined by Fisher exact test. The Kaplan–Meier (K-M) method and the log-rank test were used to evaluate OS.



Whole-Exome Sequencing

Tumor samples and para-cancer control samples from FFPE tissue blocks were analyzed by whole-exome sequencing (WES). The para-cancer control samples were taken from the normal tissue within the 1–5-cm distance from the visible tumor area. Library preparations were performed with KAPA Hyper Prep Kit (KAPA Biosystems, USA). Target enrichment was performed using the xGen Exome Research Panel and Hybridization and Wash Reagents Kit (Integrated DNA Technology, USA) according to manufacturer’s protocol. Standard WES was performed with paired-end sequencing on the Illumina HiSeq2000 platform to generate reads of 2 × 100 bp with an average of 200× mean target coverage for tumor samples and 20× mean coverage for controls.



Exome Analysis Pipeline

Quality control and filtering steps were performed on the raw sequencing data, and the data were further checked using software FastQC, including per sequence quality scores, GC content, per base sequence quality, per base sequence content, sequence duplication levels, and overrepresented sequence. Then, the Quality Control (QC)’ed sequencing data were aligned to the Grch37 genome built using Burrows–Wheeler Aligner (BWA) (v0.7.12) (23). Picard Tool was used to mark duplicates, and Genome Analysis Tool Kit (GATK) was used to conduct indel realignment, base-quality score recalibration, and duplicate-read removal (24). Variant calls for both Single Nucleotide Variation (SNV) and Insertion Deletion (INDEL) were generated using software VarDict (25) based on the paired tumor–normal variant calling algorithm. Variant annotation was performed using ANNOVAR (26) and vcf2maf on the VCF file, and further filtering was described below.



Variant Filtering

Variants were filtered out in any of the following conditions: (allele frequency × read depth <6) and (mean number of mismatches >1.0 and mean mapping quality <55.0); or (mean number of mismatches >2.0 and mean mapping quality <60.0); or (read depth <10) and (alternate allele quality <45); or alternate allele quality <55 and allele frequency <0.2 and somatic variant p-value >0.06. In addition, variants were filtered out if the reference genotype likelihood of their para-cancer control were >3.5. To keep stringent data quality, we only kept strong somatic variants. Then, variants were further filtered based on their predicted effect on protein structure and function and variant allele frequency in large population databases. Variants that might have an impact on protein function (e.g., in_frame_del, in frame_ins, missense_mutation, nonsense_mutation, nonstop_mutation, splice_site, and translation_start_site) and allele frequency <0.01 in the following databases were kept, including ExAC_EAS, gnomAD_exom_ALL, gnomAD_exom_EAS, gnomAD_genome_ALL, gnomAD_genome_EAS, 1000g2015aug_all, and 1000g2015aug_eas.



Analysis of Tumor Mutational Burden on HIPEC Efficacy

Tumor mutational burden (TMB) was defined as the total number of strong somatic non-synonymous mutations in each tumor exome that passed our QC filtering. Mann–Whitney test was used to compare the number of somatic mutations in DCB and NDB groups. Patients were divided into the high mutation group and the low mutation group based on the median of somatic mutation number of all patients, which is 373. It is about 9.8 mutations/Mb, which is similar to the TMB threshold adopted in other studies (27, 28). Log-rank test was used to compare K-M survival curves between the two groups.



Association Analysis at Single-Variant Level

We first evaluated the association of variants with HIPEC efficacy at the single-variant level by Fisher’s exact test, and the statistical significance threshold was p-value <0.05.



Association Analysis at the Gene Level

RVTESTS (29) were used to perform correlation analysis of rare variants at the gene level. We used the VCF file generated from the above pipeline as the input file for RVTESTS, followed by Fisher’s exact test (CMC Fisher) to evaluate genes being positively or negatively associated with the efficacy of HIPEC.



Pathway Enrichment Analysis of Genes Associated With HIPEC Efficacy

Pathway enrichment analysis was performed via WEB-based GEne SeT AnaLysis Toolkit (30) (http://www.webgestalt.org/) that is based on the hypergeometric test.

From International Cancer Genome Consortium (ICGC) databases (https://dcc.icgc.org/), whole-genome sequencing data and follow-up data of Chinese population were obtained, and the TMB value of non-synonymous mutations in the exon regions was calculated for each patient. The patients were divided into high TMB group and low TMB group by the median value of TMB, and K-M survival curve was performed to examine the association between TMB and survival.




Results


High Tumor Mutational Burden Was Associated With Improved Patient Survival

We conducted a retrospective study to identify genetic determinants for HIPEC response involving 18 gastric cancer patients, among whom 8 patients showed DCB (patients with survival time of more than 1 year) and 10 patients had NDB. The baseline characteristics of these patients are shown in Table 1. The average age of the NDB group is significantly lower than that of the DCB group (43.8 ± 9.7 vs. 54.1 ± 8.1, p = 0.030), while the other characteristics were similar between DCB and NDB groups. We analyzed the WES data of these tumor samples with their matched normal tissues for germline references. The mean target coverage in the WES data of tumor samples is 200× and, on average, >90% of the target sequence was covered to a depth of >10×. The number of non-synonymous somatic mutations in all patients ranged from 90 to 3,027, with a median of 373.


Table 1 | The baseline characteristics of patients who received hyperthermic intraperitoneal chemotherapy (HIPEC).



We first analyzed the overall TMB of non-synonymous strong somatic mutation with low frequency in a large population database (variant allele frequency <0.01). The TMB was defined as the total number of strong somatic non-synonymous mutations in the coding regions of the human genome. The TMB in the DCB group ranges from 113 to 3,027, with a median of 799.5; and the TMB in the NDB group ranges from 90 to 569, with a median of 278. Therefore, patients with a partial or stable response to HIPEC had a significantly higher TMB than patients with NDB (p = 0.034) (Figure 1A). We noticed that there is a subject in the DCB group carrying >3,000 mutations. After removing this sample, the comparison yielded a result of p = 0.07 with marginal significance but still suggests a positive correlation between TMB and response to HIPEC. The K-M survival curves showed significantly better survival in the DCB group [median OS 1,754 vs. 186 days, log-rank p = 0.0001; hazard ratio (HR) = 10.47, 95% confidence interval (CI) ranged from 3.139 to 34.93].




Figure 1 | The correlation between tumor mutational burden (TMB) and response to hyperthermic intraperitoneal chemotherapy (HIPEC). (A) The number of strong somatic mutations compared between the durable clinical benefit (DCB) and the no durable benefit (NDB) groups. The median value and the range of the data in each group are shown. (B) The comparison of survival rate between gastric cancer patients with high TMB and those with low TMB in our study who received HIPEC treatment. (C) The survival analysis between patients with high TMB and those with low TMB from the ICGC database without HIPEC treatment. In (B, C), the overall survival time is shown on the X-axis, and the survival rate with a percentage scale is shown on the Y-axis. (D) The number of strong somatic mutations compared between the DCB and the NDB groups in the replication cohort. The median value of each group and the standard deviation showing data variability are shown. (E) The comparison of survival rate between gastric cancer patients with high TMB and those with low TMB in the replication cohort who received HIPEC treatment.



Patients were divided into the high mutation group and the low mutation group based on the median of somatic mutation number of all patients. To measure the effect of TMB on the OS of GC patients, we conducted K-M survival analysis. K-M survival curve showed that patients with high TMB had a significant longer survival time than that of patients with low TMB (HR = 4.82, 95% CI = 1.46–15.95, p = 0.001; Figure 1B). In addition, analyzing the data of Chinese gastric cancer patients in the ICGC database, we found no significant association between TMB and patient survival time (p > 0.05; Figure 1C). In addition, a previous research with comparable sequencing approach among 262 GC patients after excluding patients who received routine preoperative chemoradiotherapy or biological immunotherapy showed that the prognosis of GC and OS are better among patients with higher TMB than those with lower TMB (28). Thus, the association of high TMB and better response to HIPEC observed in our study is not likely due to the relationship between TMB and prognosis of gastric cancer per se. The above evidence suggests an association between high TMB and longer survival for patients who received HIPEC treatment.

We further conducted a replication study. The replication cohort is composed of an independent set of 15 GC samples from patients with similar HIPEC treatment, including 10 patients in the DCB group and 5 patients in the NDB group according to the same criteria. The baseline clinical characteristics of the replication cohort were similar to those of the discovery cohort (Table 2). The median TMB was 364.5 in tumors from patients in the DCB group compared to 233 in those in the NDB group (Mann–Whitney p = 0.02) (Figure 1D). With the same TMB criteria, the GC samples were classified as high TMB group (n = 7) and low TMB group (n = 8). K-M survival analysis was similarly conducted to measure the effect of TMB on the OS of GC patients in the replication cohort. The results confirmed that patients with high TMB had a significantly longer survival time than that in patients with low TMB (HR = 5.842, 95% CI = 1.179–28.94, p = 0.031; Figure 1E).


Table 2 | The baseline characteristics of patients who received hyperthermic intraperitoneal chemotherapy (HIPEC) in the replication cohort.





Single Variant Associated With HIPEC Therapy

We then sought to identify mutations associated with efficacy of HIPEC therapy. The results based on Fisher’s exact test did not suggest any strong somatic mutations surpassing statistical significance, which is likely due to the limitation of a small sample size. Three mutations occurred in either the DCB or the NDB group specifically without carriers in the other group (Table 3).


Table 3 | The three variants that are specifically enriched in the durable clinical benefit (DCB) group or the no durable benefit (NDB) group.





Genes Correlated With HIPEC Treatment

We then focused on identifying genes harboring mutations recurrently and selectively associated with response or resistance to HIPEC. We found that genes GPI, PCDH9, and C21ORF140 harbored mutations in three or more NDB patients but none in the DCB group, and further statistical analyses of collapsing variants to the gene level showed a significant negative correlation with HIPEC response (p < 0.05). On the other hand, a total of 25 genes bearing mutations are recurrently and selectively enriched in the DCB group but none in the NDB group (Figures 2A, B). Several of these genes were known to be involved in regulating cancer proliferation, metastasis, or invasion (Supplementary Table S1). Analyzing the association between non-synonymous mutations in these genes and OS of Chinese gastric cancer patients in the ICGC database, we did not find any significant association with OS. We checked the distribution of the above enriched single variants and genes in the replication cohort. Gene MUC16 harbored mutations in three patients of the DCB group but none in the NDB group; gene DNAH3 contained mutations in four patients of the DCB group but none in the NDB group; the other genes did not exhibit such enrichment. It is not unexpected for discrepancies to appear at the variant and gene levels between the discovery and replication cohorts, considering the sample size. Thus, studies with larger sample sizes are certainly required to identify and validate predictive markers for HIPEC treatment.




Figure 2 | The genes bearing mutations specifically enriched in the durable clinical benefit (DCB) group or no durable benefit (NDB) group. (A) The location of the mutations in the top response-associated genes with respect to the structural domains of each protein product encoded by these genes. (B) The genes carrying mutations that only occurred in patients in the DCB group but none in the NDB group. The yellow color indicates a patient in the DCB group carrying a mutation in the corresponding gene. The lower panel showed the total number of mutations in each patient. The number on the right shows the p-value of Fisher exact test comparing the number of GC patients carrying mutation(s) in each gene between the DCB and NDB groups. (C) The pathways enriched by genes with at least one mutation specifically occurring in patients in the DCB group.





Gene Set Enrichment Analysis of Significantly Correlated Genes

To identify potential signaling pathways that may contribute to HIPEC sensitivity, we conducted pathway enrichment on 348 genes that bear mutations occurring only in the DCB group but not the NDB group. Among the 134 genes that were mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, the pathways of extracellular matrix (ECM)–receptor interaction, Notch signaling pathway, focal expression, and human papillomavirus infection showed significant enrichment (q-value <0.05) (Figure 2C).




Discussion

Though HIPEC has been widely administered to patients of gastric cancer, it has been controversial about its efficacy likely due to tumor heterogeneity; therefore, it is important to identify genomic determinants of response to HIPEC treatment. To our knowledge, this is the first study examining molecular features of HIPEC efficacy using an unbiased high-throughput sequencing approach. Within our discovery cohort and a replication cohort, we found a significant association between high TMB and patients’ beneficial treatment effect.

HIPEC may induce immune response activation. It has been reported that focal thermal ablation of tumor may stimulate a systemic antitumor immune response (31). From the tumor cells and surrounding tissues that were damaged by heat, a variety of immune molecules were released, including cytokines and chemokines. It has been reported that the serum levels of tumor necrosis factor-α (TNFα) and interleukin-1β (IL-1β), IL-6, and IL-8 were elevated after thermal ablation (32–35). In addition, heat shock proteins (HSPs) such as HSP70, which is highly expressed by tumor cells, were detected to be increased following thermal ablation. HSPs play important roles in inhibition of apoptosis inside cells, as well as antigen-presenting and activating dendritic cells and modulating the activity of T-regulatory cells in the microenvironment of tumor cells. HSPs are also involved in other antitumor immune responses (36–39). Increased activation of dendritic cells and decreased activity of T-regulatory cells have been observed in multiple studies (32, 33). Immune cell infiltration was also observed, such as B and T lymphocytes, dendritic cells, neutrophils, natural killer (NK) cells, and macrophages. Such intense immune and inflammatory response occurring after focal thermal ablation may also be able to explain the positive correlation between TMB and response to HIPEC. We hypothesize that tumor cell damage caused by HIPEC results in the release of various intracellular molecules to the tumor microenvironment, and the higher the TMB, the more neo-antigens may be captured by immune cells, therefore leading to better response after treatment.

We identified multiple genes carrying mutations enriched in the DCB or NDB group specifically. The expression level or SNPs in these genes have been reported as being significantly associated with several cancer types. Functional studies showed that these genes have been implicated in key signaling pathways in cancer, such as the proliferation, migration, and invasion of tumor cells, as being summarized in Supplementary Table S1. However, due to the limited sample size, the individual variant or gene is not robust enough to be identified as a definitive predictive marker for responses to HIPEC treatment. A larger cohort with more samples needs to be sequenced to validate these findings, and experimental studies need to be carried out to investigate the role of these genes in molecular and cellular responses to HIPEC.


Limitations

The limitation of our study lies in three aspects. First, the sample size is small; therefore, it is not unexpected that none of the enriched variants at the single-variant level is statistically significant. The results from gene level need to be further examined in studies with larger sample sizes. Second, an independent replication study sampled from other populations is needed to investigate whether TMB that was identified as a predictive mutation feature for HIPEC efficacy can be generalized to other populations. Third, functional studies are warranted to further examine how such a mutational feature contributes to response or resistance to HIPEC treatment. Nevertheless, our study demonstrated that a high mutational burden is significantly associated with better response to HIPEC, which is consistent with previous reports that HIPEC induces immune responses and high TMB confers better immunotherapy efficacy.



Conclusion

Though limited by the small sample size and single data type at the DNA level, we conducted the first biomarker study of HIPEC treatment to gastric cancer based on unbiased high-throughput sequencing data. We found that TMB is significantly associated with HIPEC efficacy. The genes identified are relevant to the activation and inhibition of signaling pathways in cancer cells. Our results demonstrated that high mutational burden confers a beneficial HIPEC treatment effect, which warrants further confirmation in independent cohorts and functional examination of the underlying mechanism of HIPEC sensitivity. Our study provides insights into the development of mutational features to select patients for effective HIPEC treatment.
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Central nervous system germ cell tumors (CNS GCTs) are a heterogeneous group of primary CNS tumors. GCTs are more common and mostly observed in pediatric and young adult patients. CNS GCTs are divided into germinomas and non-germinomatous germ cell tumors (NGGCTs), with different therapeutic strategies depending on diagnosis. Herein, we report a patient with pediatric central nervous system germinoma harboring a somatic KIT p.Y823D and a heterozygous germline SDHA p. T396Nfs*14 mutation detected by next generation sequencing. After surgery, the patient received chemotherapy (temozolomide + nedaplatin + etoposide). This is the first report of a Chinese pediatric patient with CNS GCT harboring concurrent germline SDHA and somatic KIT mutation, which enriches molecular profiles of CNS GCTs and provides more molecular evidence of clinical diagnosis and potential targeted therapy in CNS GCTs.
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Introduction

Central nervous system (CNS) germ cell tumors (GCTs) are rare tumors originating primarily from midline locations, including pineal and suprasellar regions. The 2021 world health organization (WHO) classification of tumors of the CNS identified 8 GCTs subtypes: mixed germ cell tumor; germinoma (GE); nongerminomas germ cell tumors (NGGCTs) including choriocarcinoma, yolk sac tumor, embryonal carcinoma; and teratoma classified further as mature teratoma, immature teratoma and teratoma with somatic-type malignancy (1). The incidence of CNS GCTs was once considered more prevalent in East Asia than in the Western Countries (2). But the study by McCarthy et al. revealed that the incidence of primary GCTs between Japan and the United States is similar, and the gender-based patterns by location and high rates of survival are similar too (3). The median age at which CNS GCTs are diagnosed is 10–14 years, and there is a significant predominance in males (4, 5). GE has a relatively better prognosis than NGGCTs, with a 5-year survival rate of approximately 90%, which in NGGCTs is 75–82% (5, 6). CNS GCTs are very responsive to radiation therapy/chemotherapy. NGGCTs usually secrete elevated alpha-fetoprotein (AFP) and/or beta-human chorionic gonadotropin (beta-hCG) into serum and cerebrospinal fluid, so AFP and beta-hCG are helpful in distinguishing GEs and NGGCTs. Different tests including CT or MRI scans, tumor markers in serum and cerebrospinal fluid, and histopathology are used to diagnose GCT, but there are still difficulties (7, 8). To date, there are limited large-scale data of GCTs in China, with only 2 large studies (9, 10).

Molecular characterization studies have shown that KIT or KRAS gene mutations are present in about 25% of seminomas, yet it is rare in non-seminomatous germ cell tumor (11). Gain of chromosome 12p exists in almost all testicular GCTs (12). The gain of chromosome 12p is observed in CNS GCTs with lower frequency (13). With the application of next-generation sequencing (NGS) analysis in recent years, the combination of activated KIT signaling pathway and complex chromosomal anomalies, especially gain of chromosome 12p seems to be the key molecular drive of gonadal GCTs pathogenesis (11, 12). Recently, whole-exome sequencing of CNS GCTs reveals mutations in the KIT-RAS-MAPK or AKT-MTOR pathways, including KIT (26%), KRAS/NRAS (20%), CBL (11%), MTOR (8%), and NF1 (3%) (14). Moreover, a rare germline variant of JMJD1C S880P is associated with CNS GCTs, especially in Japanese. Germline SDHA mutation has not been reported in GCTs (14). Nonetheless, the complete molecular characterization of CNS GCTs in Chinese has not been achieved. In the present case, for the first time, we report a Chinese CNS germinoma patient with a KIT hotspot somatic mutation concurrent with a novel SDHA germline mutation that showed distinct early-onset.



Case Presentation

A 4-year-old male toddler presented to our hospital due to the elevated serum HCG levels, produced by the tumor. On examination, the muscle strength of the lower limbs was grade 4 and the skin of the whole body was hairy, with a beard and pubic hair. The development of external genitalia was significantly larger than the boys of the same age. An irregular cafe-au-lait macule could be seen on the right forehead, which might be considered as a sign of the syndrome. Brain magnetic resonance imaging (MRI) scans revealed a space-occupying lesion in the right lateral ventricle with hydrocephalus (Figures 1A–C). Increasing levels of β-hCG (207.72 U/L—NV 0-5) were found in serum. The patient had epiphyseal dysplasia of the lower limbs with a slight limp in the right lower limb. The patient underwent space-occupying resection of the lesions and external ventricular drain (Figures 1D–F). Microscopical analysis indicated that the tumor was a malignant tumor of germ cell origin without any nongerminomas germ cell tumors components (Figure 1J). Immunochemistry was performed and showed AFP/HCG negative and PLAP/CD117 positive by postoperative tissue, and probably the HCG-producing trophoblastic giant cells have been missed. The Ki67 proliferation index of hot spots was high (50%-60%). After surgery, acne improved and β-hCG returned to normal levels. Combined with histological morphology and immunohistochemistry, the final diagnosis was a secreting CNS germinoma.




Figure 1 | Clinicopathologic features of patient. Pre-operative T1-weighted (A) and T2- weighted (B) dynamic contrast enhanced MRI (C). Post-operative T1-weighted (D) and T2- weighted (E) dynamic contrast enhanced MRI (F). 5 months post-operative T1-weighted (G) and T2- weighted (H) dynamic contrast enhanced MRI (I). Hematoxylin and eosin (J).



The white blood cell and tumor tissue specimens of the patient were collected for NGS detection based on a panel including 539 cancer-related genes (Simceredx). By comprehensive genomic profiling, somatic KIT p.Y823D (AF 46.29%) and SDHA p. T396Nfs*14 (AF 48.35%) was detected but no second hits or loss of heterozygosity (LOH) in tumor tissue (Figures 2A, B). Copy number variations (CNV) including the gain of chromosome 7 and 21, and loss of chromosome 13 were identified (Figure 2C). Due to the younger age of diagnosis with a cafe-au-lait macule phenotype, we confirmed the germline mutation in leukocytes. No cafe-au-lait macule-associated tumor syndrome mutation was identified, but SDHA p. T396Nfs*14 was confirmed a heterozygous germline mutation. Further analysis by Sanger sequencing identified that the SDHA heterozygous mutation originated from his father with a normal phenotype (Figures 2D, E). The patient didn’t have familial cancer history.




Figure 2 | Molecular pathology data of patient. Next generation sequencing (NGS) revealing a germline SDHA c.1186dup variant (A), and a somatic KIT c.2467T>G variant (B). Copy number variation (CNV) in the whole genome (C). The unaffected father of the patient carried the heterozygous SDHA c.1186dup mutation (E), whereas the healthy mother did not (D).



The patient received chemotherapy (temozolomide + nedaplatin + etoposide) and radiation therapy after surgery. Computed tomography scan after chemotherapy in of the brain showed a few effusions in the right subdural. Up to the article submission, there was no tumor recurrence (Figures 1G–I).



Discussion and Conclusion

In our case, we found concurrent germline SDHA and somatic KIT mutations, which was not reported in CNS GCTs. SDHA gene encodes a major subunit of Succinate dehydrogenase, a complex of the mitochondrial respiratory chain whose subunits are encoded by SDHA, SDHB, SDHC, SDHD, SDHAF1, and SDHAF2. As tumor suppressor genes, aberrations in the SDH complex genes result in the SDH complex deficiency (SCD) syndrome, an autosomal dominant disease with the occurrence of multiple tumors including gastrointestinal stromal tumors (GISTs), paragangliomas (PGLs), pheochromocytomas (PCCs), renal cell carcinomas (RCCs), and others (15). According to the paper by Korpershoek et al., the penetrance of SDHA - associated apparently sporadic paragangliomas and pheochromocytoma is low (16). Recently, germline mutations in SDHx were also reported in germ cell tumors including SDHB p.L157W in mediastinal germ cell tumor and SDHD p.W43* in testicular seminoma (17, 18). The patient has no evidence of PGLs/PCCs and his father carries the same SDHA mutation without tumor phenotype, which may be related to the incomplete penetrance of SCD syndrome.

The p. T396Nfs*14 (c.1186dup) mutation is located in exon 9 of the SDHA gene. The variant is predicted to result in a premature stop codon at position 409 of protein likely causing an absence or loss of C-terminal domain protein product (19). According to the guideline of the American College of Medical Genetics and Genomics (ACMG), we defined the SDHA mutation as a pathogenic variant. KIT p.Y823D mutation lies in the protein kinase domain of the Kit protein conferring a gain of function on Kit and then activates the KIT-RAS-MAPK pathway (20). Although the current evidence is insufficient to establish a clinical relationship for GCTs and SDHx mutations. Considering the early onset of the disease in this patient, we speculate that SDHA germline mutation promotes a more aggressive behavior of GCTs related to the KIT-RAS-MAPK pathway potentially, by activating the pseudo-hypoxic pathway to increased ROS, angiogenesis, and cell proliferation in SDH-deficient tumors (21).

At present, surgery, radiotherapy, and chemotherapy can all improve the outcomes of CNS GCTs. The genomic analysis could provide the application of TKIs in in CNS GCTs. In CNS GCTs, KIT mutations were mainly concentrated in exon 17, followed by exon 11. KIT p.Y823D in GCT patients was reported to be sensitive to sorafenib and resistant to imatinib and Sunitinib (14). Tyrosine kinase inhibitors (TKIs) targeting KIT have been approved in other tumors. KIT mutations and SDHx germline mutations are also common in gastrointestinal stromal tumors, and distinct from our case, they are usually mutually exclusive (22). The possible synergistic or antagonistic effects of the co-mutation on the drug are unknown.

In conclusion, we for the first time report a 4-year-old Chinese male child with CNS GCT harboring concurrent germline SDHA and somatic KIT mutation, which showed the necessity to detect germline mutations in CNS GCTs, especially in children with CNS GCTs. In addition, the relationship between SDHA germline mutations and the clinical diagnosis, prognosis, and therapy of CNS GCTs needs to be further investigated.
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DCB (n =8) NDB (n = 10) P
Age 54.1 8.1 438+97 0.030*
Sex
Male 3(37.5) 4(40.0) 0.999
Female 5(62.5) 6 (60.0)
ECOG
0~1 score 7(87.5) 9(90.0) 0.999
2~4 score 1(12.5) 1(10.0)
Degree of differentiation
G1+G2 2(25.0) 2 (20.0) 0.999
G3+GX 6(75.0) 8(80.0)
P degree
pix 1(12.5) 0(0.0) 0.999
pl 1(12.5) 2 (20.0)
p2 3(37.5) 4 (40.0)
p3 3(37.5) 4 (40.0)
Ascites 0.552
No 6(75.0) 5(50.0)
A small amount number of 2(25.0) 5(50.0)
chemotherapy in half a year
1~-3 7(87.5) 7(70.0) 0.751
4-6 1(12.5) 3(30.0)

ECOG, the grade of Eastern Cooperative Oncology Group.

They were classified into durable clinical benefit (DCB) group and no durable benefit (NDB)
group based on their response to treatment.

*n-value < 0.05.
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DCB(n=10) NDB(n=5 p

Age 50.80 + 10.63 41.24 +15.90 0.186

Sex
Male 8 (80) 1(80) 0.089
Female 2 (20) 4 (20)

ECOG
0-1 score 10 (100) 5 (100) 0.999
2-4 score 0(0) 00

Degree of differentiation
G1+G2 2 (20) 0(0) 0.524
G3+Gx 8(80) 5 (100)

P degree
pix 7 (80) 1(20) 0.119
p1-p3 3(20) 4 (80)

Ascites
no 8(80) 5 (100) 0.524
A small amount 2 (20) 0(0)

Number of chemotherapy in half a year
1-3 4 (40) 3 (60) 0.364
4-6 6 (60) 1(20)
>7 0(0) 1(20)

ECOG, the grade of Eastern Cooperative Oncology Group; DCB, group with durable
clinical benefit; NDB, group without durable benefit,
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POLE
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POLE
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Sex

female
male

female
fernale
female
female
female
male

female
male

Age(years)

51
43
40
37
59
41
56
47
47
76

Primary tumor site

Right colon
Right colon
Left colon
Rectum
Left colon
Rectum
Right colon
Right colon
Right colon
Left colon

Stage

TMB(muts/Mb)

57.7
58.9
104
396
268.6
1211
79.5
383.4
591.5
309.5

MC, mucinous carcinoma; TMB, tumor mutational burden; MSI, microsatellite instability.

MsI

MSI-H
MSI-H
MSI-H
MSs
MSs
MSsS
Mss
Mss
Mss
Mss

Variation type

Substitution
Substitution
Truncation

Substitution
Substitution
Substitution
Substitution
Substitution
Substitution
Substitution

DNA change

©.5648C>T
©.557C>T
©.4337_4338del
c.1231G>T
¢.857C>G
¢.1231G>C
c.2915A>G
c.1231G>T
¢.857C>G
¢.857C>G

Amino acid change

p.A1883V
p.A186V
P.V1446Gfs*3
p.V411L
p.P286R
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Characteristics MCN = 129 (%) AMCN = 100 (%) ACN = 997 (%) P value MC vs. AC P value AMC vs. AC P value MC vs. AMC

Gender 1.000 0.134 0.227
Female 50 (38.8) 47(47) 390 (39.1)
Male 79 (61.2) 53(53) 607 (60.9)
Age 0.037 0.399 0.043
Median 56 62 59
Range 17-86 28-82 16-96
Primary Tumor Site <0.001 <0.001 0.016
Left colon 55 (42.6) 5 (25) 320 (32.1)
Right colon 54 (41.9) 50 (50) 241 (24.2)
Rectum 20 (15.5) 24 (24) 427 (42.8)
NA 0(0) 1(1) 9(0.9)
Stage at diagnosis® <0.001 0.133 0.091
Stage | 323 5(5) 58 (5.8)
Stage Il 40 (31) 33 (33) 232 (23.3)
Stage Ill 57 (44.2) 29 (29) 298 (29.9)
Stage IV 27 (20.9) 32(32) 367 (36.8)
NA 2(1.6) 1(1) 42 (4.2)
Sample Source 0.415 0.622 0177
Primary lesion 126 (97.6) 100 (100) 984 (98.7)
Metastatic lesion 3(2.4) 0(0) 13(1.3)

“Stage at diagnosis based on AJCC (8th edition). MC, mucinous carcinoma; AMC, adenocarcinoma with mucous composition; AC, adenocarcinoma; AJCC, American Joint Committee
on Cancer; NA, not applicable.





OPS/images/fonc.2021.603564/table2.jpg
Genes MCN = 129 (%) AMCN = 100 (%) ACN = 997 (%) P value MC vs. AC P value AMC vs. AC P value MC vs. AMC

KRAS 72 (55.8%) 65 (65.0%) 491 (49.2%) 0.135 0.001 0.135
NRAS 4 (3.1%) 2 (2.0%) 36 (3.6%) 1.000 0.570 0.698
VEGFA 2(1.6%) 3(3.0%) 13(1.3%) 0.687 0.173 0.656
EGFR 9(7.0%) 2(2.0%) 100 (10.0%) 0.168 0.231 0.072
BRAF 14 (10.9%) 8 (8.0%) 33 (3.3%) <0.001 0.027 0.507
V600E

BRAF 6 (4.7%) 5 (5.0%) 22 (2.2%) 0.128 0.091 1.000
non-V600E

HER2 (ERBB2) 0(0.0%) 0(0.0%) 21 (2.1%) 0.158 0.248 NA
amplification

HER2 (ERBB2) 5 (3.9%) 4 (4%) 62 (6.2%) 0423 0.508 1.000
mutation

All druggable 2 (1.6%) 1(1%) 17 (1.7%) 1.000 1.000 1.000
fusion

NTRK1 0 (0%) 0(0%) 5(0.5%) 0.039 0.689 NA
fusion

NTRK3 1 (0.8%) 0(0%) 1(0.1%) 0.036 1.000 0.506
fusion

PIK3CA 37 (28.7%) 31(31.0%) 191 (19.2%) 0.014 0.008 0.771
AKT1 5 (3.9%) 3 (3%) 22 (2.2%) 0.224 0.491 1.000
PTEN 19 (14.7%) 14 (14%) 72 (7.2%) 0.027 0.013 0.844
BRCA1 6 (4.7%) 5 (5%) 19 (1.9%) 0.057 0.06 1.000
BRCA2 23 (17.8%) 9 (9%) 55 (5.5%) <0.001 0.043 0.553

MC, mucinous carcinoma; AMC, adenocarcinoma with mucous composition; AC, adenocarcinoma; NA, not applicable.
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Characteristics MCN =129 (%) AMCN =100 (%) ACN =997 (%) P value MCvs. AC P value AMCvs. AC P value MC vs. AMC

Hypermutated tumor® 36 (27.9) 18 (18.0) 84 (8.4) <0.001 0.003 0.086
MSI-H tumor 29 (22.5) 17 (17.0) 68 (6.8) <0.001 0.001 0.324
POLE 10(7.8) 7(7.0) 43 (4.3) 0.117 0.209 1.000
ALL mutation

POLE 7(5.4) 1(1) 16 (1.6) 0.004 1.000 0.074
Hypermutation in MSS tumor®

TMB <0.001 <0.001 0.967
Median (muts/Mb) 7.0 6.9 5.4

Range 1.2-591.5 0-254.7 0-825.3

Somatic mutations number 0.002 0.003 0.963
Median (N/tumor) 9 9 8

Range 2-277 1-160 1-269

Hypermutated tumors are defined as MSI-H tumors or tumors harboring POLE mutations, resulting in drastic TMB elevation.

®Hypermutation in MSS tumors associated with POLE-mutated cases with dramatic TMB elevation in MSS CRC, mostly caused by POLE mutations in the exonuclease domain.

MC, mucinous carcinoma; AMC, adenocarcinoma with mucous composition; AC, adenocarcinoma; CRC, colorectal cancer; MSI, microsatellite instability; TMB, tumor mutational burden;
MSS, microsatellite stability.
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All patients (N = 32) Positive lymph node (N = 14) Negative lymph node (N = 18)

Age, median (range) 53.5 (41-78) 54.0 (46-66) 52.5 (41-78)
Grade
Well 43.8% (14/32) 50.0% (7/14) 38.9% (7/18)
Well to moderate 31.3% (10/32) 28.8% (4/14) 33.3% (6/18)
Moderate 18.8% (6/32) 14.3% (2/14) 22.2% (4/18)
Moderate to poor 3.1% (1/32) - 5.6% (1/18)
Poor 3.1% (1/32) 7.1% (1/14) -
Stage
0 18.8% (6/32) - 33.3% (6/18)
| 15.6% (5/32) - 27.8% (5/18)
Il 21.9% (7/32) - 38.9% (7/18)
n 18.8% (6/32) 42.9% (6/14) =
\% 25.0% (8/32) 57.1% (8/14) -
HPV status
Negative 37.5% (12/32) 21.4% (3/14) 50.0% (9/18)
Positive 50.0% (16/32) 64.3% (9/14) 38.9% (7/18)

NA 12.5% (4/32) 14.3 (2/14) 11.1% (2/18)
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Characteristics

Gender

Male

Female

Age (years)
Median age (range)
Stage

Unknown
istology
Adenocarcinoma

others

Family history
Yes

No

Unknown
Smoking history
Yes

Never

Unknown
Lesions number
1

>2

Unknown

Overall

(N=68)

29 (42.6%)
39 (57.4%)

54 (36-78)

44 (64.7%)
4(5.8%)
8(11.8%)
11(16.2%)
1(1.5%)

67 (98.5%)
1(1.5%)

28 (41.2%)
39 (57.3%)
1(15%)

19 (27.9%)
48 (70.5%)
1(1.6%)

21 (30.9%)
45 (66.2%)
2(2.9%)

‘Common

(N =30)

12 (40%)
18 (60%)

53 (36-72)

19 (63.3%)
2(6.7%)
4(18.3%)
4(13.3%)
1 (3.4%)

29(96.7%)
1(3.3%)

8(26.7%)
21(70%)
1(3.3%)

9(80%)
20 (66.6%)
1(3.4%)

10(33.3%)
19 (66.3%)
1(0.4%)

Uncommon

=38

17 (44.7%)
21 (55.3%)

55 (38-78)

25 (65.8%)

2(5.5%)

4(10.5%)

7(18.2%)
]

38(100%)
)

20 (52.6%)
18 (47.4%)
)

10 (26.3%)
28 (73.7%)
0

11 (29%)
26 (68.4%)
1(26%)

p-value

0.81

0.08

0.95

0.048

0.43

0.79
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Patient Age

(vears)
1 70
2 70
3 68
4 54
5 70
6 48
7 49
8 59
9 52

PD, progressive disease; PR, partial response; SD, stable disease.

Male

Female

Female

Female

Female

Male

Male

Male

Male

Stage

ns

[EGFR mutation

EGFR
p.GT198/p.S768//
p.N1107D

EGFR

p.G719S/
p.S768/Amplification
EGFR

p.GT198/

p.S7e8!

EGFR

p.GT19S/

p.S768I

EGFR
p.GT190/p.S7681
EGFR
p.GT190/p.S768Y
Amplification
EGFR
P.GT19C/p.KT14E
TpNTATL

EGFR
p.GT190/p.S7681
EGFR
p.GT190/p.S7681

Best response

sD

sD

PR

CR, ongoing

treatment

PR

PR, ongoing
treatment

SD, ongoing
treatment

PR

PD

EGFR-TKI

Afatinib

Afatinib

Afatinib

Afatinib

Gefitinib

Osimertinib

Gefitinib

Gefitinib

Osimertinib

Therapy

First-line

First-line

First-line

First-line

First-line

First-line

First-line

First-line

Third-line.

Progression-free
survival (months)

16

Resistance
mechanism

Disappearance of
EGFR

Unknown

Disappearance of
EGFR

EGFR
p.G719C/p.S768I

MET ampification,
PTEN 1325V

Unknown
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Characteristics

Gender [N (%))
Male

Female

Age (median years, range)
Stage [N (%))

Unknown
Smoking history [N (%))
Yes

Never

Unknown

Histology [N (%))
Adenocarcinoma
Squamous cell carcinoma
Others

Family history [V (%)

Yes (lung cancer family history)
No

Unknown

Lesion number [N (%))

1

=2

Unknown

Xuanwei cohort (N = 146)

82 (56.2%)
64 (43.8%)
55 (36-78)

86 (58.8%)
14.(9.6%)
22(15.1%)
22(15.1%)
2(1.4%)

58 (39.7%)
86 (58.9%)
2(1.4%)

131(89.8%)
11 (7.5%)
4@2.7%)

61(41.8%) (59, 96.7%)
83 (56.8%)
2(1.4%)

49 (33.6%)
91 (62.3%)
6(4.1%)

Reference Chinese cohort (N = 1,802)

985 (54.7%)
817 (45.3%)
66 (22-92)

632 (35.1%)
192 (10.7%)
356 (19.8%)
620 (34.3%)
2(0.1%)

550 (30.5%)
1,046 (58.1%)
206 (11.4%)

1,567 (87.0%)
225 (12.5%)
10 (0.5%)

479 (26.6%) 232 (48.4%)
1183 (65.6%)
140 (7.8%)

p-value

0.7914

<0.001
<0.001

0.1899

0.008

<0.001





