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Glioma is the most common type of malignant tumor in the central nervous system with an unfavorable prognosis and limited treatment. In this study, we are devoted to addressing the prognostic value of DNA damage repair-related genes in low-grade glioma (LGG). We plotted the landscape of DNA damage repair (DDR)-related genes and identified SMC4 as an independent prognostic marker with integrated bioinformatics analysis, which is overexpressed in different histologic subtypes of glioma. We observed that SMC4 expression is elevated in recurrent LGG patients or those with advanced histologic staging. SMC4 depletion inhibits proliferation and induces increased replication damage in LGG cells. Lastly, we predicted and validated the transcription modulation of SMC4 by a transcription factor, MYB, at the -976bp~ -837bp of the SMC4 promoter region in LGG cells. Together, our study identified SMC4 as a potential prognostic biomarker for LGG patients, which functions to promote cell proliferation by repairing replication damage and the expression of SMC4 could be transcriptionally regulated by MYB.
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Introduction

Glioma is the most prevalent primary malignant brain tumor in adults and is canonically categorized into 4 different stages, among which grade II and III frequently possess IDH mutation, collectively termed as low-grade glioma (LGG) (1). And LGG constitutes a heterogeneous group of neuroepithelial neoplasms, including astrocytoma, oligodendroglioma, and oligo-astrocytoma (2, 3), etc. While the proliferation rate is slower, the prognosis of LGG is poor due to its infiltrative nature and aggressive behavior (4). While multiple molecular subtypes and clusters of glioma have been suggested within decades, the effective treatment for LGG remains limited (5, 6). In this study, we sought to find potential targets for the LGG treatment.

Multiple biological processes in cells produce reactive oxygen species (ROS) oxidized DNA lesions, most commonly observed in mitochondria, and cause numerous oxidized DNA lesions. And the accumulation of DNA lesions would potentially hamper the physiological function and survival of the cell (7). To solve this, many cells from diverse histological origins are conserved in the DNA damage repair (DDR) pathways (7, 8). As one of the most fundamental functions of cells, DDR pathways are mainly comprised of 5 pathways, including mismatch repair (MMR), base excision repair (BER), homologous recombination (HR), non-homologous end joining (NHEJ), and nucleotide excision repair (NER). And most pathways are consistently activated in highly proliferative cells and metabolic active cells, especially in cancer (9–11). The role of DDR, especially mismatch repair pathways in several cancer types has been discussed, the function of these genes in LGG has not been unveiled (12–14). Also, while targeted therapies inhibiting the key enzymes in the DDR pathways have been raised for the treatment of cancer, such as MTH1 inhibitor, PARP inhibitor (15, 16), etc., validated targets for LGG patients are still limited and the search for druggable key enzymes with potential prognostic values are urgent (15, 16). While the gene expression and cellular landscape of several brain tumors have been unveiled with single cell sequencing, the DNA damage repair landscape of glioma is still lacking due to the relatively low expression level.

Structural maintenance of chromosome 4 (SMC4) is a critical member of the SMC family and is considered to facilitate the sister-chromatid condensation and mitosis (17). SMC4 is highly conserved across species and is observed to be overexpressed in multiple solid tumors, including hepatocellular carcinoma, colorectal cancer, and prostate cancer, etc. (18–20). Recent studies have unveiled its correlation with tumor proliferation, differentiation, and vascular invasion in different cancers and suggested that miR-219 might be responsible for the regulation of SMC4 expression (18, 21). However, the expression of SMC4 in brain tumors, such as LGG, and its canonical regulation by transcription factors or DNA methylation status are unknown.



Material and Method


Data Collection

mRNA sequencing data, DNA methylation data, and clinical data of low-grade glioma patients and other cancer types were acquired from the TCGA LGG database (https://tcga-data.nci.nih.gov/), GEO database (GSE147352, GSE78895, and GSE152071, etc., https://www.ncbi.nlm.nih.gov), Oncomine database (https://www.oncomine.org/resource/main.html) and GEPIA database (http://gepia.cancer-pku.cn/index.html). Expression patterns of normal brain tissues were obtained from TCGA database (https://xenabrowser.net/datapages/).

Stemness score was acquired from the TCGA PAN-CANCER database (https://xenabrowser.net/datapages/). Telomere length for low-grade glioma patients was acquired from previous research (22). IDH mutation and 1p19q co-deletion data were obtained from China Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/) Cell line sequencing data and IC50 for TMZ were obtained from Genomics of Drug Sensitivity in Cancer (http://www.cancerrxgene.org/).



Pathway Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) enrichment analysis are traditional bioinformatics tools to map a certain group of genes to different pathways and to calculate corresponding odds ratio and significance. GO enrichment analysis is composed of three diverse parts: biological process (GO_BP), cell component (GO_CC), and molecular function (GO_MF). Both KEGG and GO analysis was performed with the Enrichr website (http://amp.pharm.mssm.edu/Enrichr/).

GSEA was performed with the GSEA 4.0.3 software (http://www.gsea-msigdb.org/gsea/index.jsp). GSEA analysis was performed to understand the activation status of a certain pathway with a defined set of genes.3 major GO terms, including GO_BP, GO_MF and GO_CC, and KEGG pathways were included in the analysis. Pathways and genes showed statistical significance and concordant differences were considered altered pathways.



Kaplan-Meier Analysis

Kapan-Meier analysis was performed in this study to compare the next (OS), disease-specific survival (DSS), and progression-free interval (PFI) in glioma patients.

Kaplan-Meier analysis was performed with Graphpad (https://www.graphpad.com/), SPSS (https://www.ibm.com/products/spss-statistics), or GEPIA to calculate Hazard ratio and log-rank significance in different groups of glioma patients. Besides, Kaplan-Meier analysis was performed with SPSS to stratify patients with respect to histological grade and new tumor events in low-grade glioma patients.

The cut-off value for all the Kaplan-Meier analyses in this article is defined by the median of its corresponding expression level. Gene expression higher than the cut-off value is defined as a high-expression group, vice versa.



Multiple Variate Cox Regression

Multiple variate Cox regression was performed with SPSS software to select independent factors for the prognosis of glioma patients. The forward stepwise method was used in the multivariate Cox Regression model with p < 0.05 to enter and p < 0.10 to exit.

Independent factors which are significant in predicting OS or PFI were selected and the risk score for both OS and PFI were calculated for glioma patients.



Heatmap and Hierarchical Clustering

Heatmap with hierarchical clustering was achieved with MeV software (https://sourceforge.net/projects/mev-tm4/). For Heatmap, the expression level of each gene was normalized to the median in each patient and the color scale was normalized to -2 ~ 2. Hierarchical clustering was performed with the Euclidean clustering method with complete linkage and optimized gene/sample order.

Heatmap and the following hierarchical clustering enabled us to directly visualize and comprehend the expression pattern of a certain cluster of genes or samples.



Correlation Analysis and Student’s T-Test

Correlation between two groups of samples (including Figures 2H, 4D, G, 6B, 5F, G, and Supplementary Figures 3C–E) was performed with SPSS and plotted with Graphpad. Linear regression was performed with Graphpad with 95% CI labeled.

Student’s t test (including Figures 2F, 3B, C, E, F, 4E, 5A, C, D, F, 6A and Supplementary Figure 2E) was performed with Graphpad.



Prediction of the Transcriptional Modulation of SMC4

To further explore the potential transcriptional modulation of SMC4 in low-grade glioma patients, we first acquired the DNA sequence of the SMC4 promoter (-2000bp ~ -1bp) in the UCSC database (http://www.genome.ucsc.edu/index.html). Then we predicted the binding affinity of all the known human transcription factors listed in the PROMO database (http://alggen.lsi.upc.es/recerca/frame-recerca.html).

Next, the transcription factors with at least 2 binding site < 5% dissimilarly was selected as potential transcription factors for the modulation of SMC4. We analyzed the expression level of SMC4 and candidate transcription factors and transcription factors with Pearson R > 0.4 or < -0.4 were selected. And we validated our findings in the GEPIA database and 3 datasets in the GEO database.



Cell Proliferation Assay and Dose-Response Analysis

Two glioma cell lines, LN229, and SW1088 were obtained from Dr. L. Yang from the Third Affiliated Hospital of Harbin Medical University. Two cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin and streptomycin at 37 degrees in a humidified chamber with 5% CO2.

Cells were seeded in the 96-well plate at 2000 cells/well and cultured for 5 days. The proliferation curve was plotted with CCK8 (Cell Counting Kit-8).

Dose-response for temozolomide was performed as previously described (23). Briefly, SW1088 cells were transfected with siCtrl, siSMC4 #1 and siSMC4 #2 on day 0. Cells were re-suspended and seeded in a 96-well plate at 5000 cells/well on day 1 and treated with an increased concentration of temozolomide for 3 days. Cell number was quantified with CCK8 at the end of the experiment.



Constructs and Transfections

Specific target shRNAs were subcloned into lentiviral vector pLKO.1 (Shanghai Genomeditech) and a non-target shRNA was used as a negative control. 2 shRNA sequences are: shSMC4 #1: 5’- GCATGTTAAGGAAACTCAGCC-3’ and shSMC4 #2: 5’- GCAGCGCCTCATCAAGAAAGT-3’ (24).

MYB-overexpression construct was purchased from Sigma-Aldrich, as previously described (25) and an empty vector was used as a negative control. Viral particles were packaged in 293T cells and used to infect glioma cell lines in the presence of 8 µg/ml polybrene, followed by puromycin selection.



Antibody and Reagents

The following primary antibodies were used:

	SMC4 ab17958 Rb Abcam WB

	γH2AX 9718S Rb CST IF

	MYB ab109127 Rb Abcam WB

	Flag 14793S Rb CST ChIP



The following secondary antibodies were used:

	Alexa Fluor® 488 anti-Rabbit ab150077 Goat Abcam IF

	HRP-labeled Anti-Rabbit A0208 Goat Beyotime WB



Temozolomide was purchased from Selleck (https://www.selleck.cn/).



Immunofluorescence and EdU Staining

Immunofluorescence was performed as previously described (23). Briefly, cells were fixed with 3.7% PFA and permeabilization with 1% Triton-X100, then cells were washed with PBS twice and blocked for 1h in blocking solution. Cells were incubated with primary antibody (diluted in blocking solution) and the secondary antibody, followed by washing with PBS-Tween 20. Last, cells were counterstained with DAPI before image acquisition.

EdU staining kit was purchased from Beyotime (https://www.beyotime.com/). Cells were incubated with 1:1000 EdU for 30min and fixed with 3.7% PFA. Cells were then permeabilized, blocked, and incubated with primary/secondary antibody, after which EdU-Click reaction is performed according to the manufacturer’s protocol, as previously described (23). After 5 times washing with PBS, cells were counterstained with DAPI, and images were acquired. The colocalization results were analyzed with a Cell profiler.



Chromatin Immunoprecipitation (ChIP)

ChIP was performed with a Chromatin Immunoprecipitation kit (Merck Millipore, MA, USA) according to the manufacturer’s instructions. The enrichment of the DNA template was analyzed by conventional quantitative PCR, using primers specific for each target gene promoter. Primers sequences were listed as follows:

	Primer for the SMC4 promoter region -1024 ~ -1163,

	F: 5’- TTCTCGGGGAACAGGAATCG-3’;

	R: 5’- CGACTCGCCAGTGTTATGGT-3’;





Quantitative Polymerase Chain Reaction (qPCR)

Qiagen RNA isolation kit and reverse transcriptase were used to extract total RNA from tissues and cultured cells and to synthesize complementary DNA.

qPCR was performed using SYBR Premix Ex Taq (Takara) in a Bio-Rad CFX-96 Real-Time PCR detector. Primers for MYB and SMC4 are as follows:

	h_MYB_F: 5’-ATCTCCCGAATCGAACAGATGT-3’

	h_MYB_R: 5’-TGCTTGGCAATAACAGACCAAC-3’

	h_SMC4_F: 5’-TTGTCATGCACTGGACTACATTG-3’

	h_SMC4_R: 5’-TTTTTCGCCCATACAGCCATC-3’

	h_ GAPDH _F: 5’- GCCATGTAGACCCCTTGAAGAGC-3’;

	h_ GAPDH _R: 5’- ACTGGTTGAGCACAGGGTACTTTAT-3’.





Dual-Luciferase Reporter Assay

Dual-luciferase reporter assay was performed according to the manufacturer’s protocol (Beyotime, RG027). Briefly, cells were co-transfected with firefly luciferase control plasmid along with renilla reporter plasmid at a ratio of 10:1. After 48 hours, cells were harvested and lysed in a lysis buffer. The activity of luciferase was detected by the Dual-Luciferase Reporter Assay System. The results were normalized to the renilla activities.

Promoter region used were: GTTAAAAACCCACTAAAACTAAGTTCTCGGGGAACAGGAATCGCCAAACTTGCTTACTAATTCTAATTATGCCTTACCCAGGGCAATGTATACAAACACTACTTAGGGAATATTTGCTGATCGATAATTTCCTCATAAAAATAACCATAACACTGGCGAGTCGTTTTTTCCACTAAAGAGCCTTTTAGTCAAATTATTTT.




Result


The Landscape of DNA Damage Repair in Glioma Patients

We started to illustrate the landscape of DNA damage repair (DDR) -related genes in glioma patients. A total of 360 genes involved in the DDR pathways were defined as previously reported (26). The mRNA sequencing data of DDR genes were collected from TCGA Low-grade Glioma (LGG) database. While many of the DDR-related genes are heterogeneously expressed in glioma patients, a cluster of genes (n = 37) are simultaneously expressed across glioma patients in the Euclidean hierarchical clustering, which is defined as DDR signature genes (Figure 1A).




Figure 1 | The DNA damage repair landscape of low-grade glioma patients in TCGA database. (A) Heatmap and Hierarchical Clustering showing the heterogenous expression of 360 DNA damage repair-related genes in 530 glioma patients in the TCGA database. A sub-cluster of highly homogeneously expressed genes is marked in the red square. (B) Top: heatmap and Hierarchical Clustering of the glioma patients with 37 DNA damage repair signature genes (n = 530) from Figure 1A. Patients can be divided into high or low DDR level group according to the Hierarchical Clustering result. Bottom: vital status of the glioma patients with different DNA damage repair levels as presented in the top figure (n = 530). Deceased patients are labeled in red and censored/living patients are labeled in blue. (C) Kaplan-Meier analysis showing the OS, DSS, DFI and PFI of glioma patients with high vs. low DNA damage repair level according to the median (nhigh = 265, nlow = 265). (D) Bubble diagram showing the KEGG and GO analysis results (including GO_BP, GO_MF and GO_CC) for 37 DNA damage repair signature genes. The size of each point represents the number of genes in the representative pathway. DDR, DNA Damage Repair; OS, Overall Survival; DSS, Disease-Specific Survival; DFI, Disease-Free Interval; PFI, Progression-Free Interval; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.



LGG patients were subsequently clustered into high and low DDR groups according to the DDR signature (Figure 1B, the top panel) and we noticed that the vital status of glioma patients was altered in the high DDR group (Figure 1B, the bottom panel). Consistently, LGG patients with higher DDR signature gene expression showed significantly unfavorable prognosis in the overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) of glioma patients (Figure 1C).

To interpret the prognostic value of DDR signatures in LGG patients, we performed KEGG and Gene Ontology analysis with all the DDR signature genes. Results showed the enrichment of the Fanconi Anemia and the Homologous Recombination pathway in KEGG, the enrichment of the DNA repair, DNA metabolic process in GO_BP (biological process) term, the enrichment of Rad51B/C/D-XRCC2 complex in GO_CC (cell component) term and the enrichment of Endodeoxyribonuclease activity in GO_MF (molecular function) term (Figure 1D). These results indicated that the activation of DNA damage repair pathways, especially the Fanconi Anemia and the Homologous Recombination pathways, etc., was responsible for the unfavorable prognosis of the glioma patients.



The Identification of SMC4 as a Prognostic Marker for Glioma

Kaplan-Meier analysis showed all the DDR signature genes, together with two clinical factors, neoplasm histologic grade and new tumor event after initial treatment could affect the OS and PFI of the glioma patients respectively (Supplementary Figures 1A, B).

Next, we performed univariate and multivariate Cox regression analysis to determine independent genes and/or clinical signatures for the OS or PFI of glioma patients. Multivariate Cox regression was performed with the forward stepwise method (p < 0.05). We identified SMC4, FANCB, WEE1, neoplasm histologic grade and new tumor event after initial treatment as independent markers for the OS, and identified TOP2A, WEE1, mold/dust allergy, neoplasm histologic grade, new tumor event after initial treatment and preoperative corticosteroids as independent markers for PFI (Figure 2A). As expected, the histological grade, recurrence after treatment and WEE1 is crucial for both the survival and the PFI of LGG patient. We found that SMC4 and FANCB are independent predictors for survival, and TOP2A, mold/dust allergy and preoperative corticosteroids are independent predictors for the PFI of LGG patients. While there are, limited studies unveiling how the allergy or corticosteroids could affect the PFI of LGG patients, both allergy or corticosteroids indicate the altered immune condition in the tumor microenvironment (such as mast cells), which might affect the prognosis of these patients (27).




Figure 2 | Identification of SMC4 as a prognostic marker of low-grade glioma patients. (A) Table showing the results of the multivariate Cox Regression for the OS (the top table) or PFI (the bottom table) of LGG patients in TCGA database with Forward Stepwise method in SPSS. Genes or clinical signatures identified as risk factors are listed in the table. The B factor, p value (Sig.), expected B factor (with 95% CI) are provided for each risk factor. (B, C) Kaplan-Meier analysis comparing the OS (B) and PFI (C) of high or low risk LGG patients. 530 patients were enrolled and divided into high/low-risk groups according to the median of OS risk score or PFI risk score (nhigh = 265, nlow = 265). (D) Kaplan-Meier analysis comparing the OS and PFI in glioma patients according to the expression levels of SMC4, TOP2A, FANCB and WEE1. 530 patients were enrolled and divided into high/low-risk groups according to the median of their respective risk score (nhigh = 265, nlow = 265). (E) Heatmap and Hierarchical Clustering showing the proliferation potency of glioma patients. Patients were divided into high or low proliferative potential group according to the Hierarchical Clustering results. Proliferation markers are TYMS, CCNB1, PTTG1, CEP55, NUF2, CDC20, NDC80, UBE2C, RRM2 and MKI67. (F) Violin plot showing the expression of SMC4, TOP2A, FANCB and WEE1 in high/low proliferative LGG patients (n = 530). High or low expression levels are defined with the median. (G) The correlation between SMC4, TOP2A, FANCB and WEE1 mRNA levels in LGG patients from TCGA database (n = 530). The size and color of each dot represents correlation coefficient. (H) Dot plot and linear regression showing the correlation between the SMC4 mRNA and the WEE1, TOP2A or FANCB mRNA (n = 530). The R square of linear regression model is labeled in the table above the figure. OS, Overall Survival; PFI, Progression-Free Interval; LGG, lower-grade glioma.



Based on the result of multivariate Cox regression model, we calculated the risk score for OS (OSrisk= 0.882 * SMC4 - 0.759 * FANCB + 0.678 * WEE1 + 1.316 * neoplasm histologic grade + 0.828 * new tumor event after initial treatment) and PFI (PFIrisk = -0.132 * TOP2A + 0.533 * WEE1 + 1.667 * mold or dust allergy + 0.795 * neoplasm histologic grade + 2.045 * new tumor event after initial treatment + 0.553 * preoperative corticosteroids), respectively. To assess the efficacy of these risk scores, we ranked all glioma patients with respect to OSrisk or PFIrisk and defined patients into high or low OSrisk or PFIrisk according to the median. Kaplan Meier analysis showed both OSrisk and PFIrisk scores were significantly correlated with the prognosis of the glioma patients (Figures 2B, C). Further, we interrogated the prognosis relevance of all four target genes (SMC4, FANCB, WEE1 and TOP2A) enrolled in both risk scores and we observed that all of them are correlated with reduced OS and PFI (Figure 2D).

The proliferation potential of LGG patients was assessed with the proliferation signature genes, as previously reported (28), and the top 2 clusters of patients by Hierarchical Clustering were defined as high and low proliferative LGG. Interestingly, SMC4, FANCB, WEE1 and TOP2A were simultaneously elevated in the high proliferation group (Figures 2E, F) and all four genes were co-expressed, among which SMC4 showed the highest linear correlation with the rest targets, with all R square > 0.5 (Figure 2G).

While all 4 target genes predicted reduced OS and PFI in LGG patients, both FANCB and TOP2A showed a protective role in the risk score model, indicating the controversial effect of FANCB and TOP2A in glioma patients. Besides, the biological and clinical functions of WEE1 have been widely explored. Therefore, we sought to unveil the expression pattern and function of SMC4 in LGG patients.



The Expression Pattern of SMC4 in LGG Patients

In the Oncomine database, we observed the elevated expression of SMC4 in different cancer types (Supplementary Figure 2A) and different glioblastoma databases (Supplementary Figures 2B–D). Similarly, we observed the overexpression of SMC4 in 3 different GEO databases (GSE147352, GSE78895 and GSE152071) (Supplementary Figure 2E).

In the GEPIA database, SMC4 is dysregulated in 13 out of 32 types of malignant tumor tissues (Figure 3A). As shown in the GTEX database, SMC4 expression in the brain is among the lowest tissues in humans (Figure 3B) and is significantly elevated in primary or recurrent tumors (Figure 3C). There are three major histological subtypes of glioma (astrocytoma, oligoastrocytoma and oligodendroglioma) and SMC4 overexpression correlated with the reduced OS in astrocytoma and oligodendroglioma (Figure 3D, the top panel) and correlated with reduced PFI in astrocytoma and oligo-astrocytoma (Figure 3D, the bottom panel).




Figure 3 | The expression of SMC4 in glioma patients. (A) The expression of SMC4 in 32 different cancer types in the GEPIA database. (B, C) The expression of SMC4 in normal tissues (B) or primary/recurrent tumor tissues (C) from the GTEX database. (D) Kaplan-Meier analysis comparing the OS and PFI in glioma patients with different histologic origins (n = 97, 75 and 114 for astrocytoma, oligoastrocytoma and oligodendroglioma respectively). Patients were divided into two groups according to SMC4 expression level. (E) Violin plot showing the expression of SMC4 in glioma patients with the different first-course responses (the left panel), new tumor events (the middle panel), or histologic staging (the right panel). (F) Violin plot showing the expression of SMC4 in glioma patients with different symptoms (the left panel), tumor location (the middle panel), or supratentorial location (the right panel). (G) Tables showing the results from the multivariate Cox Regression model for the OS (the left panel) or the PFI (the right panel) with SMC4 and different clinical features in LGG patients. (H) Kaplan-Meier analysis comparing the OS and PFI of SMC4 high or low-expressing LGG patients, with or without new tumor events (the top panel) or patients from different histologic staging (the bottom panel). OS, Overall Survival; PFI, Progression-Free Interval; LGG, lower-grade glioma. ****p < 0.0001.



To decipher the correlation between SMC4 and different clinical phenotypes, we examined the expression of SMC4 mRNA in glioma patients with different first-course responses, new tumor events, histological grades, first symptoms, tumor location and supratentorial locations (Figures 3E, F), etc. And results showed SMC4 was only overexpressed in patients with new tumor events and patients with advanced histologic grade (Figure 3E).

Then we performed Multivariate Cox Regression with SMC4 and different clinical factors. The result showed SMC4 and neoplasm histologic grade could simultaneously affect the OS of glioma patients, while SMC4 together with mold/dust allergy history, neoplasm histologic grade and new tumor event after initial treatment could independently affect the PFI of the glioma patients (Figure 3G). Further, we performed Kaplan-Meier analysis in LGG patients stratifying the new tumor events or histologic grade respectively. Results showed SMC4 could effectively predict the OS and PFI in glioma patients independent of new tumor event(s) (Figure 3H, the top panel) or histologic grade (G2 or G3) (Figure 3H, the bottom panel).



SMC4 Expression in Patients With Different Molecular Subtypes

We performed gene set enrichment analysis (GSEA) to determine the condition of KEGG pathways and GO terms in LGG patients with high or low SMC4 levels. Results showed that majority of the KEGG pathways and GO terms were activated in patients with high SMC4 (Figure 4A). The top three activated pathways were cell cycle, p53 signaling and DNA replication in KEGG pathway and sister chromatid segregation, condensed chromosome centromeric region and mitotic sister chromatid segregation in GO terms (Figures 4B, C), indicating that SMC4 might participate in the DNA replication and mitosis progression. And the top three suppressed pathways were cardiac muscle contraction, oxidative phosphorylation and ribosome in KEGG pathway and cation channel complex, exocytic vesicle and regulation of trans synaptic signaling in GO terms (Figures 4B, C), which indicates the canonical biological function of cells were impaired in SMC4 high expressing LGG tissues.




Figure 4 | SMC4 expression in patients with different molecular subtypes (A) Volcano plot showing the GSEA result comparing the enrichment score (E.S.) of different KEGG (the left panel) or GO (the right panel) pathways in glioma patients with high vs. low SMC4 levels. Up-regulated pathways are labeled in red and down-regulated pathways labeled in blue. (B, C) GSEA results showing the top 3 activated (the top panel) or suppressed pathways (the bottom panel) in KEGG (B) or GO (C) pathways. (D) Dot plot showing the correlation between SMC4 mRNA level and telomere length calculated with LPS or WGS methods (the left panel) or stemness score (the right panel) calculated based on mRNA or DNA level. The linear regression model with 95% CI were plotted. (E) Violin plot showing the expression of SMC4 mRNA in LGG patients with different immune subtypes. (F) Bar plot showing the expression of SMC4 mRNA in LGG patients with IDH mutation (the left panel) or 1p19q co-deletion (the right panel). (G) Dot plot showing the correlation between SMC4 mRNA and MGMT mRNA in LGG patients. Linear regression and 95% CI are shown in black. (H) Kaplan-Meier analysis comparing the survival of high vs. low SMC4 in low-MGMT expressing (the left panel) or high MGMT-expressing LGG patients (the right panel). (I) Dot plot showing the correlation between the IC50 of TMZ and SMC4 expression level in different LGG cell lines. Linear regression and 95% CI are shown in black. (J) Dot plot showing the expression level of SMC4 mRNA in LGG patients undergoing chemotherapy (the right panel) or radiotherapy (the left panel) with different outcomes. GO, Gene Ontology; LGG, lower-grade glioma. ****p < 0.0001.



Cancer cells typically feature abrupt activation of telomerase, upregulated stemness enhanced chemo-resistance to achieve consistent proliferation and avoid senescence or apoptosis (29–31). To determine whether SMC4 could affect these malignant phenotypes, we examined the correlation between SMC4 and the telomere length and stemness scores. While no significant correlation could be observed between SMC4 mRNA and telomere length or mRNA-based stemness score, SMC4 was highly correlated with the DNA-based stemness score (Figure 4D). Three major immune conditions were observed in glioma patients and the expression of SMC4 was significantly suppressed in the immunologically quiet patients (Figure 4E).

Further, we observed a significant decrease in IDH mutant LGG patients (Figure 4F, the left panel) and 1p19q co-deletion LGG patients (Figure 4F, the right panel). Yet SMC4 mRNA expression is not significantly correlated with MGMT mRNA (Figure 4G) and SMC4 is significantly correlated with the OS of MGMT low-expression and MGMT high-expression LGG patients (Figure 4H). Besides, we couldn’t observe any correlation between SMC4 expression and temozolomide (TMZ) sensitivity in LGG patients (Figure 4I) and the SMC4 expression is not altered with the prognosis of LGG patients who underwent radiotherapy or pharmaceutical therapy (Figure 4J).



The SMC4 Promotes Proliferation by Repairing Replication Damage in Glioma Cells

We established two stable SMC4-depleted cell lines (SW1088 and LN229) with shRNA (Supplementary Figures 4A, B). SW1088 and LN229 showed significantly reduced proliferation after SMC4 depletion in the CCK8 assay (Figure 5A). We performed EdU staining to reflect the efficacy of DNA replication in cells and γH2AX staining to reflect DNA damage sites. SMC4 depleted SW1088 and LN229 cells exhibited dramatically reduced DNA replication (Figure 5B, the top panel and Figure 5C). Consistently, we observed increased DNA damage foci in the SMC4 depleted cells (Figure 5B, the bottom panel and Figure 5D).




Figure 5 | (A) Proliferation assay showing reduced proliferation of SMC4 depleted SW1088 and LN229 cells with Cell Counting Kit 8 (CCK8). OD450 was measured to quantify cell number in each group. Results from 3 different experiments. (B–D) Typical figures (B) and quantification (C, D) of the EdU staining (B, the top panel and C) and γH2AX staining (B, the bottom panel and D) in the control or SMC4 depleted SW1088 and LN229 cells. EdU (red) and γH2AX (green) were detected with immunofluorescence. Result from 3 different experiments. (E, F) Typical figures (E) and quantification (F) of EdU- γH2AX colocalization in the control or SMC4 depleted SW1088 or LN229 cells. EdU (red) and γH2AX (green) were detected with immunofluorescence. Results from 3 different experiments. (G) Dose-response analysis comparing the sensitivity of SMC4-depleted SW1088 and LN229 cells to temozolomide (TMZ) after 3 days with CCK8. OD450 was measured to quantify cell number in each group. Results from 3 different experiments. Data were represented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. The data were analyzed using Student’s t-test.



Further, we use the colocalization of EdU and γH2AX to reflect the DNA damage in cells and we observed an increased EdU-γH2AX colocalization in the SMC4 depleted cell lines (Figures 5E, F). However, we couldn’t observe an increased sensitivity to temozolomide (TMZ) in SMC4 depleted SW1088 cells or LN229 cells (Figure 5G) Together, we showed SMC4 could facilitate the repair of DNA replication damage in glioma cells.



The Transcriptional Modulation of SMC4

The genomic methylation level of SMC4 was collected from the TCGA LGG database and SMC4 showed a high methylation level at 5 different domains (Figure 6A). We observed 2 intragenic methylation domains (cg12785694 and cg13783238) and 1 promoter region methylation (cg04212239) out of 5 highly methylated domains were negatively correlated with the SMC4 mRNA level (Figures 6A, B). And the methylation levels of these 3 domains were positively correlated with the OS and PFI of the glioma patients (Figure 6C). While it seemed intriguing that the methylated intragenic domains were negatively correlated with the expression level of SMC4, we noticed that the intragenic methylation could also prevent the initiation of DNA transcription, which might to some extent explain our findings (32). Together, these findings indicate that the transcription of SMC4 is highly dependent on the de-methylation status of these domains. Besides, we observed that the copy number variation of SMC4, either deletion or amplification, could significantly correlated with reduced OS and PFI of LGG patients (Supplementary Figure 3A). Yet the mutation of SMC4 couldn’t affect OS and PFI of LGG patients (Supplementary Figure 3B), probably due to the limited sample size.




Figure 6 | The transcriptional modulation of SMC4. (A) Violin plot showing the relative methylation status of SMC4 DNA in glioma patients. (B) Dot plot showing the significant correlation between the methylation status and mRNA level of SMC4. cg12785694, cg13783238 and cg04212239 are shown in orange, red or blue. (C) Kaplan-Meier analysis comparing the OS and PFI in patients with different SMC4 methylation statuses. Methylation level of cg04212239 (the left panel), cg13783238 (the middle panel) or cg12785694 (the right panel) are analyzed. (D) Dot plot showing predicted binding sites on SMC4 promoter region from PROMO database and the correlation between predicted targets and SMC4 level in glioma patients in TCGA database. Pearson correlation -0.5< r <0.5 are labeled in grey; negative correlations (r < -0.5) are labeled in blue and positive correlations (r > 0.5) are labeled in red. (E) Dot plot showing the binding site of different targets on SMC4 promoter and its dis-similarity. (F, G) Dot plot showing the correlation between SMC4 level and the expression of THRA, E2F1 and MYB in TCGA database (F) or GEPIA database (G). (H) Quantification of SMC4 and MYB mRNA level in MYB overexpressed SW1088 and LN229 cells with qPCR. GAPDH is used as an internal control for the analysis. Results from 3 different experiments. (I) The top panel: quantification of fold enrichment at the promoter region of SMC4 with ChIP-qPCR. The bottom panel: quantification of SMC4 transcription (-800bp~-1000bp) activity with dual-luciferase assay in SW1088 and LN229 cells. Results from 3 different experiments. Data were represented as mean ± SEM. *p<0.05; **p<0.01. The data were analyzed using Student’s t-test.



Then we tried to predict the transcription factors responsible for the transcription of SMC4. We predicted the binding dis-similarity of all the known human transcription factors at the SMC4 promoter region (-2000bp) in the PROMO database. The dissimilarity threshold was set to 5% and the correlation between transcription factors and SMC4 was calculated with Pearson correlation. We filtered three transcription factors (THRA, E2F1 and MYB) with more than one binding site on SMC4 promoter were correlated with SMC4 level in TCGA LGG database (Pearson R > 0.4) and their binding sites with the corresponding dis-similarity were plotted (Figures 6D–F). Then we validated our findings in the GEPIA database and 3 different GEO databases. In GEPIA, E2F1 and MYB could positively correlate with SMC4 (Pearson R > 0.4) (Figure 6G), while in the GEO database, MYB correlates with SMC4 in GSE78895, GSE152071 and GSE147352 (Supplementary Figure 3C); E2F1 correlates with SMC4 in GSE147352 (Supplementary Figure 3D) and THRA correlates with SMC4 in GSE152071 and GSE147352 (Supplementary Figure 3E).

To validate our prediction, we established two Flag-tagged, MYB overexpression glioma cell lines (SW1088 and LN229) and performed Chromatin immunoprecipitation (Supplementary Figures 4C, D). We observed the elevated SMC4 in the MYB overexpressed glioma cells (Figure 6H). Also, the ChIP assay showed the binding of MYB to the SMC4 promoter at the -976bp~ -837bp region (Figure 6I, the top panel). Further, we validated our data with dual-luciferase assay with the -1000bp~-800bp of the SMC4 promoter (Figure 6I, the bottom panel).




Discussion

Lower-grade glioma (LGG) is generally considered to derive from the supporting glial cells of the central nervous system (33). Although glioma is typically considered a chronic disease, the prognosis of LGG has not improved dramatically due to its invasive and infiltrative potential (34–36). Here in this study, we started by demonstrating the expression pattern of LGG patients in a DNA damage repair (DDR) perspective. While LGG is typically considered heterogenous, we noticed a cluster of DDR genes with homogenous expression patterns and defined these genes as the signature for DDR. And it indicates that LGG patients are highly conserved in the expression pattern of DNA damage repair-related genes.

Interestingly, we noticed that the prognosis of LGG patients with higher overall DDR levels is worse than its counterpart. To understand this, we selected independent markers for the prognosis of LGG patients with the Multivariate Cox Regression model and established the corresponding risk score model respectively. Following Kaplan-Meier analysis shows the risk scores for OS and PFI could effectively predict the prognosis of the LGG patients. With bioinformatic analysis, we identified several potential markers for the prognosis of LGG patients, among which SMC4 is identified as a potential target in LGG.

While the work by Jiang et al. has unveiled SMC4 functions to promote glioma proliferation via TGF-β pathways, the role of DNA damage repair-related function of SMC4 is not discussed (24). SMC4 is overexpressed in multiple tumor cells, including LGG, hepatocellular carcinoma and breast adenocarcinoma, etc. SMC4 predicts unfavorable outcomes in LGG patients independent of histological subtypes. Although SMC4 is not differentially expressed concerning the symptoms, location and first-course response of the glioma patients, SMC4 is overexpressed in patients with recurrence and advanced histologic staging. Also, SMC4 correlates with reducing OS and PFI in LGG patients despite the new tumor events status or histologic staging. Then we noticed the SMC4 downregulation in IDH mutated and 1p19q co-deleted LGG patients, although the underlying mechanism in between remains to be explored. Besides, SMC4 correlates with the survival of LGG patients, despite MGMT level, which indicates MGMT and SMC4 might function independently in LGG patients.

Multiple KEGG pathways and GO terms are activated in LGG patients with high SMC4 levels, indicating the loss of normal functions and the gain of enhanced proliferation. The methylation status of the SMC4 gene is negatively correlated with the SMC4 mRNA level, which predicts a favorable prognosis of the LGG patients. While it seems intriguing that 2 intragenic domain methylation negatively correlated with SMC4 level, this observation might due to the prevention of spurious transcription initiation by intragenic DNA methylation (32). The binding of transcription factors at the SMC4 promoter region is predicted and MYB and E2F1 are identified as potential transcription factors for SMC4 in glioma patients.

In this study, we illustrated the DDR landscape and identified SMC4 as a potential marker for the prognosis of LGG patients. We demonstrated the expression pattern and the clinical relevance of SMC4 and unveiled the pathway alteration in SMC4 dysregulated LGG patients. Lastly, we explored the methylation status of the SMC4 gene and predicted the potential transcription factors for SMC4 expression. And the limitation of the study is that this is a computational study and further validation on in vitro models and LGG patients is needed. While it seems a long way to find a promising approach for LGG patients, we believe SMC4 could be a target for the treatment of glioma patients.
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