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Hypoxia Can Induce Migration of Glioblastoma Cells Through a Methylation-Dependent Control of ODZ1 Gene Expression
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The transmembrane protein ODZ1 has been associated with the invasive capacity of glioblastoma (GBM) cells through upregulation of RhoA/ROCK signaling, but the mechanisms triggering the ODZ1 pathway remain elusive. In addition, it is widely accepted that hypoxia is one of the main biological hallmarks of the GBM microenvironment and it is associated with treatment resistance and poor prognosis. Here we show that hypoxic tumor regions express higher levels of ODZ1 and that hypoxia induces ODZ1 expression in GBM cells by regulating the methylation status of the ODZ1 promoter. Hypoxia-induced upregulation of ODZ1 correlates with higher migration capacity of GBM cells that is drastically reduced by knocking down ODZ1. In vitro methylation of the promoter decreases its transactivation activity and we found a functionally active CpG site at the 3'end of the promoter. This site is hypermethylated in somatic neural cells and mainly hypomethylated in GBM cells. Mutagenesis of this CpG site reduces the promoter activity in response to hypoxia. Overall, we identify hypoxia as the first extracellular activator of ODZ1 expression and describe that hypoxia controls the levels of this migration-inducer, at least in part, by regulating the methylation status of the ODZ1 gene promoter.
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INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant brain tumor and carries a dismal prognosis despite the current standard of care (1, 2). The invasive properties of GBM hamper the effect of treatment and lead to tumor recurrence. As such, the molecular pathways that regulate glioma cell invasion play a major role in the pathogenicity of GBM (3). Infiltrative GBM stem-like cells have been described in the peritumoral parenchyma (4) and their role in developing resistance to chemo- and radiotherapy is widely accepted (5, 6). Another hallmark of GBM is hypoxia, that has been associated with worse prognosis and treatment resistance and its role in GBM cell invasion has been extensively described (7–9).

Hypoxia triggers a complex tumor cell response that enables migration and invasion of the surrounding parenchyma through activation of multiple molecular pathways, as PI3K/Akt, Wnt/ß-catenin, Hedegehog, TGFß, and Tyrosine kinase receptors, among others (10–12). Hypoxia alters expression of these genes through biding of HIF to promoters of genes containing HREs (7). Nevertheless, to the best of our knowledge, the role of hypoxia in regulating migration of GBM cells through gene promoter methylation has not been completely addressed, despite that hypoxia is known to change the DNA methylation status (13).

ODZ1 (Teneurin-1, TNM1, TENM1), a philogenetically conserved type II transmembrane protein, has been associated to the migratory capacity of GBM cells by upregulating the RhoA-ROCK pathway that results in cytoskeletal remodeling, cell migration and invasion of peritumoral parenchyma (14). However, the extracellular triggers capable to upregulate ODZ1 have not yet been described.

In the present study, we found that hypoxia is able to induce the expression of ODZ1 in GBM cells and that the methylation status of the ODZ1 promoter plays a major role in regulating the levels of this cell migration inducer.



MATERIALS AND METHODS


Patients

A total of 17 patients with confirmed primary IDHwt GBM were included in the analysis. All of these patients in this cohort met all the following inclusion criteria: (1) age>18 years and (2) Histological confirmation of IDH wild-type GBM. Pimonidazole hydrochloride (PIMO) (Hpoxyprobe-1; Natural Pharmacia International Inc., Burlington, MA), an exogenous hypoxia marker with an IND (Investigational New Drug) status for use in the clinical evaluation of hypoxia, was administered to all patients 16–20 h prior surgical resection. Tumor specimens were obtained at the time of surgery and processed for further analysis. Approval of Research Ethics Board from University Health Network (Toronto, Canada) or Hospital Universitario Marques de Valdecilla (Santander, Spain) was obtained for each patient included in the study in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans.



Immunohistochemical Staining and Analysis

We reviewed the H&E slides and select the best blocks with highest tumor cellularity aiming at 70% tumor cellularity. Immunohistochemical staining was performed using an in-house anti-icODZ1 antibody against the N-terminal region of ODZ1 (14) and Hypoxyprobe, a peroxidase-based immunostaining kit containing an anti-PIMO monoclonal antibody (NPI Inc., Burlington, MA). Both were used to assess ODZ1 cytoplasmatic and nuclear expression and stable cytoplasmic and nuclear PIMO protein adducts, respectively. Consecutive formalin-fixed paraffin-embedded tumor sections were stained and reviewed with each antibody. PIMO uptake and ODZ1 nuclear and cytoplasmic expression were quantified using a pixel-based image analysis software (Aperio ImageScope). PIMO negative and positive regions were delineated and annotated. Then, ODZ1 expression was determined in each annotated PIMO positive and PIMO negative region. PIMO and ODZ1 positivity cut-offs were defined as 15 and 5% in the tumoral areas, respectively.



Promoter Methylation Status and Bioinformatics Analysis

In order to assess the methylation status of ODZ1 promoter within hypoxic tumor cells, we dissociated fresh GBM specimens from 10 patients administered with PIMO 16–20 h prior to surgery. Cells were labeled with a FITC-conjugated PIMO-specific antibody, followed by FACS. DNA was isolated from FACS-sorted PIMO positive and negative cells. Methylation profiling was performed using the Illumina Infinium HumanMethylationEPIC Array (Illumina Inc., San Diego, CA). Raw data files (*.idat) were imported preprocessed and normalized with the ssNoob method using the minfi package (version 1.28.3) (15) from the Bioconductor package (version 3.8) (16) together with appropriate quality control (detection P < 0.05) and analysis procedure. Methylation values (beta-values) of all CpG sites were obtained which range from 0 for unmethylated to 1 for fully methylated. In addition, we analyzed the ODZ1 methylation status in 155 GBM samples obtained from The Cancer Genome Atlas (TCGA) following a protocol previously described (17). Briefly, the TCGA 450k methylation data set (level 3) and clinical information were downloaded from the National Cancer Institute Genomic Data Commons. Four CpGs sites located within the ODZ1 gene were included in the analysis: cg08750326, cg24761295, cg01792733, and cg19331065. Overall methylation in GBM cells cultured under hypoxia was assessed by using the colorimetric MethylFlash Global DNA Methylation ELISA kit (Epigentek, Farmingdale, NY) following the manufacturer protocol.



Primary Cells Cultures

Primary GBM cells used in this study were previously established in our laboratory (14, 18). Three different primary cell lines established from tumor specimens of patients with GBM were used (G196, G52, and G63). Two of them did not express IDH1 mutant protein, overexpressed EGFR and were GFAP (+) while the other expressed mutant p53 protein. The tumor cells were maintained as neurospheres in serum-free DMEM/F12 medium (Invitrogen, Carlsbad, CA) and plated at a density of 3 × 106 live cells/60-mm plate. Neurospheres were dissociated every 4–5 days to facilitate cell growth. Cells were used between passages 10 and 20. GBM cells were incubated under hypoxia (1% O2), in a Hypoxia Incubator Chamber (StemCell Technologies, Vancouver, BC, Canada), or normoxia (21% O2) and harvested after 24 or 48 h for further analysis. When indicated cells were treated with Hypoxiprobe-1 and immunolabeled with anti-PIMO to confirm an effective cellular response to hypoxia.



Expression Analyses

The expression of individual genes was evaluated by quantitative RT-PCR on total cellular RNA as previously described (14). cDNA was generated and amplified using the following primers: β-Actin (5′GCGGGAAATCGTGCGTGACATT3′ and 5′GATGGAGTTGAAGGTAGTTTCGTG3′) and ODZ1 (5′ACTCAAGAGATGGAATTCTGTG3′ and 5′CTTAGTGCATGGTCAGGTG 3′). qRT-PCR was performed in a 7000-sequence detection system (Life Technologies, Carlsbad, CA).



Enzymatic Methylation of the ODZ1 Promoter

A CpG methyl-transferase (M.SssI) was used to methylate all CpG sites in the ODZ1 promoter according to manufacturer instructions (New England Biolabs, Ipswich, MA). Methylated promoter was cloned into KpnI and HindIII sites of an unmethylated pGL2-luciferase reporter plasmid (Promega, Madison, WI). DNA was isolated from transduced bacterial colonies and those maintaining the methylated ODZ1 promoter were identified by digestion with the methylation-sensitive HpaII restriction enzyme (New England Biolabs) followed by PCR-amplification with primers flanking the CCGG site of interest (cg24761295) (5′TGCTGCAACCTCCAGCTTAAT3′ and 5′TGTGAGGAAATGCATCTGGCA3′). As a control, we amplified a fragment of the ODZ1 promoter without HpaII sites with primers (5′TGCAACAGTGGACTGAAATGG3′ and 5′TCTTAGGGCCAGTAGAGGCAT3′).



Transfections, Gene Reporter Assays, and Gene Silencing

GBM cells were cotransfected with 2 μg wild type and mutant promoter or methylated and unmethylated promoter cloned into pGL2-luciferase reporter, and 0.2 μg pRSV-ß-gal by using nucleofection. Transfected cells were cultured under hypoxic or normoxic conditions for 48 h and cell extracts were prepared and analyzed for the relative luciferase activity by a dual-light reporter gene assays (Applied Biosystems, Foster City, CA). Results were normalized for transfection efficiency with values obtained with pRSV-β-gal. Site-directed mutagenesis of cg24761295 in the OIDZ1 promoter was performed by using the QuickChange site-directed mutagenesis kit (Agilent Technologies, Santa Cruz, CA) with the following primers (5′CAGAGTGTTATTATTGCCTCAGGCTAGCTTCATGTCATCTAG3′ and 5′CTAGATGACATGAAGCTAGCCTGAGGCAATAATAACACTCTG3′). The modified promoter was sequenced to verify the mutation. When indicated, GBM cells were transfected with ODZ1-specific shRNAs (Thermo Fisher Scientific, Waltham, MA) by using nucleofection.



Migration Assay

The migration capacity of GBM cells was analyzed by using a modified Boyden chamber assay in 24-well plates (Transwell, Corning Incorporated, NY). Cells were placed in the upper compartment and following 24 or 48 h of incubation under hypoxic and normoxic conditions, migratory cells in the lower face of the membrane were fixed and stained.



Statistical Analysis

All statistics were calculated with the SPSS statistical package (version 13.0). Data are presented as mean ± SD of three independent experiments. Differences between groups were tested for statistical significance using the unpaired 2-tailed Student's t-test or Chi Square accordingly. The significance level was set at p < 0.05.




RESULTS


Hypoxia Upregulates ODZ1 in GBM Tumor Specimens

Tumor cell migration is known to be triggered by microenvironmental stress including hypoxia, which is one of the hallmarks of GBM. Recently, we described ODZ1 as a novel inducer of migration/invasion in GBM (14) but the external stimuli that promote the expression of ODZ1 are not known. To determine whether ODZ1 expression was linked to hypoxia in GBM, we first examined the cellular uptake of the exogenous hypoxia marker pimonidazole (PIMO) administered to the patients prior to surgery to delineate the severely hypoxic tumor regions. We then analyzed the expression of ODZ1 protein in hypoxic and normoxic regions (Figure 1A). ODZ1 nuclear and cytoplasmic expression increased in the severe hypoxic regions when compared with the normoxic tumor regions in GBM. Up to 80% of regions that stained positive for the hypoxia marker PIMO were ODZ1-positive, whereas among the PIMO-negative regions <20% were ODZ1-positive (p < 0.05) (Figure 1B).


[image: Figure 1]
FIGURE 1. In vivo ODZ1 expression and its association with the hypoxic microenviroment in GBM. (A) GBM tissue specimens were immunostained with anti-ODZ1 antibody. Original and pixel-based image analysis of ODZ1 nuclear and cytoplasmic expression in positive and negative representative cases, are presented. (B) PIMO and ODZ1 immunostaining was determined in consecutive histological sections in 54 tumor regions. (Chi-Square, *p < 0.05).




Hypoxia Upregulates ODZ1 Transcription and Promotes Migration of GBM Cells

To determine whether hypoxia leads to increased expression of ODZ1, we cultured primary GBM cells under hypoxic conditions (1% O2) and found that the majority of the cells remained viable (over 85% by Trypan blue assay). We treated cells with PIMO before harvesting and performed immunofluorescence analysis to confirm that cells cultured in hypoxic conditions were able to uptake PIMO from culture media, while those grown in normoxia did not (Figures 2A,B). Consistent with our previous findings, analysis of ODZ1 expression in hypoxia indicated a 4-fold increase in ODZ1 mRNA expression (p < 0.05) (Figure 2C). Moreover, as shown in Figure 2D, hypoxia promoted migration of GBM cells (more than 2-fold increase, p < 0.05). In order to study whether ODZ1 contributed to hypoxia-induced migration, we knocked down ODZ1 by using two specific shRNAs and showed that efficient downregulation of ODZ1 mRNA levels correlated with reduced migration of GBM cells under hypoxia (p < 0.05) (Figures 2E,F). Similar results were obtained with another GBM cell line (Supplementary Figure 1). Then, we cloned the ODZ1 promoter into a luciferase reporter-containing plasmid. GBM cells transfected with this construct increased the level of luciferase activity when cultured in low oxygen (1-fold increase, p < 0.05) (Figure 2G) further demonstrating that hypoxia was relevant for the expression of ODZ1 and that the promoter cloned contained hypoxia-responsive elements.


[image: Figure 2]
FIGURE 2. Hypoxia upregulates ODZ1 and promotes ODZ1-dependent migration of GBM cells. (A) Primary GBM cells cultured under hypoxia for 48 h maintain their phenotype with a viability higher than 80%. (B) Cells cultured in 1% O2 for 48 h stained positive for the hypoxia marker PIMO as confirmed by immunofluorescence with anti-PIMO antibody (more than 95% of PIMO positive cells). (C) ODZ1 mRNA levels in GBM cells under hypoxia (1% O2) and normoxia (21% O2) for 24 h were analyzed by qPCR in three different GBM primary cell lines (G196, G52, and G63). (D) A modified Boyden Chamber assay was used to assess cell migration under hypoxia and normoxia for 48 h. (E) Downregulation of hypoxia-induced ODZ1 mRNA levels in G196 cells transfected with two ODZ1-specific shRNAs and cultured under hypoxia for 48 h. (F) Cell migration capacity under hypoxia (48 h) in the presence of ODZ1 shRNAs. (G) Cells transfected with ODZ1 promoter cloned into a luciferase reporter plasmid were analyzed for luciferase activity under hypoxia (48 h). All histograms show the mean ± SD of three independent experiments. Student t-test *p < 0.05. Scale bar: 10 μm.




ODZ1 Promoter Methylation Status Is Modified by Hypoxia

Hypoxia resulted in overall DNA methylation in GBM tumor cells (Figure 3A). We isolated PIMO positive and PIMO negative tumor cells from surgical specimens of 10 patients with GBM by using a cell sorter (Figures 3B,C) and analyzed the methylation status of the ODZ1 promoter. We focused on a fragment of 1.4 kb upstream of the transcription start site that contained no canonical CpG island but 18 CpG sites. Analysis of 155 GBM cases from TCGA showed that two of these CpG sites (cg08750326 and cg24761295) were hypomethylated in GBM compared to normal brain tissue, while two other CpG sites (cg01792733 and cg19331065), located in the body of the gene, far from the transcription start site, had similar methylation status both in normal brain and GBM (Figure 3D). Kaplan Meier survival analysis based on the methylation status showed a tendential, but not statistically significant, correlation of cg24761295 site hypomethylation and poor survival (Supplementary Figure 2). The methylation status of CpG sites in the ODZ1 promoter (cg08750326 and cg24761295) was analyzed in sorted PIMO positive and negative cells and found that only the cg24761295 was differentially methylated being hypomethylated in PIMO positive cells (Figure 3E), which is consistent with a higher expression of ODZ1 under hypoxia.


[image: Figure 3]
FIGURE 3. Hypoxia-dependent regulation of ODZ1 promoter methylation. (A) Overall methylation level of DNA from GBM cells cultured under hypoxic and normoxic conditions (48 h). (B) Immunohistochemistry of GBM tumor tissue with anti-PIMO antibody showing the presence of PIMO positive cells. (C) Schematic diagram of the experimental design to analyse the methylation status of CpG sites within the ODZ1 promoter in tumor tissue from GBM patients (Created with BioRender.com). (D) Methylation status of CpG sites in the ODZ1 gene in GBM tissue (n = 155) and normal brain (n = 5). Data obtained from TCGA. (E) Methylation of CpG sites located at the ODZ1 promoter in PIMO negative and PIMO positive cells in tumor specimens from 10 patients following the experimental design described in (C). Histograms show the mean ± SD of three independent experiments. Boxes show the median with whiskers extended to minimum and maximum values. Student t-test *p < 0.05, **p < 0.01.




Promoter Methylation or Mutagenesis of cg24761295 in the ODZ1 Promoter Reduces Gene Expression

CpG sites in the ODZ1 promoter were enzymatically methylated by M. SssI methyltransferase prior to cloning into the luciferase reporter (Figure 4A). We confirmed the presence of methylated promoter by digesting the plasmid with HpaII, which cuts the unmethylated CCGG sites of pGL2-luciferase that flanked the promoter and leaves the methylated CCGG sites within the promoter uncut (Figure 4B). Methylation was confirmed by digesting DNA with HpaII followed by PCR amplification with primers flanking cg24761295 to assure the methylation status of this site. Only the plasmid with methylated (uncut) promoter gave an amplification signal (Figure 4C). Reporter plasmid containing an ODZ1 methylated promoter was transfected into GBM cells and these tumor cells were cultured under hypoxia. As shown in Figure 4D, hypoxia induced luciferase activity through the unmethylated ODZ1 promoter. However, this activity was abolished when CpG sites within the promoter were methylated. To assess the specific relevance of cg24761295, a C to A change was introduced by site-directed mutagenesis (Figure 5A) and confirmed by HpaII digestion (Figure 5B) and sequencing (not shown). Consistent with our previous results, GBM cells transfected with the wild type promoter-reporter plasmid increased luciferase activity in response to hypoxia (p = 0.035), whereas cells containing the mutant promoter did not (Figure 5C).


[image: Figure 4]
FIGURE 4. ODZ1 promoter methylation blocks gene transcription. (A) Schematic representation of the methylated ODZ1 promoter cloned into a pGL2-Luciferase reporter vector highlighting the methylated CpG sites, including cg24761295 (Created with BioRender.com). (B) Schematic diagram showing the location of HpaII sites within the ODZ1 promoter and flanking the promoter in the reporter plasmid (Created with BioRender.com). (C) Enzymatically methylated ODZ1 promoter was amplified with primers flanking cg24761295 after digestion with methylation sensitive HpaII. Amplification signal (uncut fragment) confirms the methylation of this site. (D) Luciferase activity in cells transfected with the reporter plasmid containing a methylated ODZ1 promoter and maintained under normoxia or hypoxia (48 h). Histograms show the mean ± SD of three independent experiments. Student t-test **p < 0.01.
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FIGURE 5. Mutation of cg24761295 reduces the transactivation capacity of the ODZ1 promoter. (A) Diagram shows the C to A mutation introduced in cg24761295 of the promoter (Created with BioRender.com). (B) A fragment of 200 bp containing cg24761295 was amplified from wild type and mutant promoter and digested with HpaII to confirm mutation. (C) GBM cells were transfected with wild type and mutant promoter-containing plasmids and luciferase activity was determined under hypoxia and normoxia (48 h). Histograms show the mean ± SD of three independent experiments. Student t-test *p < 0.05. ns, not significant.





DISCUSSION

Cell invasion and tumor hypoxia are two key biological hallmarks associated with GBM pathogenesis and are both associated with poor prognosis (3, 19). The role of hypoxia in regulating tumor invasion through numerous molecular pathways is widely accepted (7). Nevertheless, the contribution of ODZ1, a gene involved in GBM invasion, to the hypoxia-induced GBM cell migration is still unknown. The tumor hypoxic microenvironment activates a number of cellular processes directed to favor an invasive GBM cell phenotype, including cytoskeletal dynamic changes that allows cell migration (7). ODZ1 plays a role in this mechanism as our group has previously described, by upregulating the RhoA/ROCK cascade that leads to cytoskeletal remodeling (14). In this study, we examined the link between ODZ1 and hypoxia in regulating tumor cell invasion and deciphered a mechanism through which hypoxia regulates ODZ1 expression and leads to tumor cell migration. In line with this, we found that ODZ1 was mainly expressed in severely hypoxic tumor regions of surgical specimens from patients with GBM. This finding was validated by in vitro studies demonstrating that GBM cells upregulate ODZ1 mRNA and increased cell migration in response to hypoxia. Interestingly, blockade of ODZ1 expression by interfering RNA reduced hypoxia-induced cell migration. This finding identifies the first extracellular stimulus able to trigger the ODZ1-mediated pathway of tumor cell migration. It has been proposed that hypoxia-dependent pathways and epigenetic alterations may contribute together to the regulation of the epithelial-to-mesenchymal transition giving rise to cells with migratory capacity (20). Additionally, the hypoxic microenvironment may influence the tumor DNA methylation status. We described an increased overall methylation in GBM cells under hypoxic conditions. However, our data also indicate that CpG sites within the ODZ1 promoter are hypomethylated under hypoxia. In support of our findings, Thienpont et al. have shown that hypoxia-induced loss of TET activity increases hypermethylation at gene promoters in GBM (21) and it has also been described that hypoxia increases the expression of a gene involved in the control of cell migration through promoter hypomethylation (22). Although the ODZ1 promoter lacks a canonical CpG island (23–25), it does contain an aggregation of CpG sites. We have found that one of this CpG sites (cg24761295) is differentially methylated in hypoxic and normoxic GBM cells, being hypomethylated in hypoxic microenvironments. In line with this, in the TCGA database this site is commonly hypomethylated in GBM. Promoter methylation status controls gene expression through different mechanisms including histone binding or recruiting 5mC-dependent blocking proteins (26–28). Importantly, hypermethylation of ODZ1 promoter or mutation of cg24761295 blocked the activating effect of hypoxia on ODZ1 expression, further confirming the role of this CpG site in regulating ODZ1 promoter activity. Cumulatively, our results suggest that ODZ1 promoter methylation has a significant role in controlling the levels of this tumor invasion-associated gene in GBM cells under hypoxia. Consistently, the 1.4 kb promoter fragment upstream of the transcription start site cloned in a reporter plasmid contained hypoxia-responsive elements, including cg24761295 at the 3' end of the promoter. Of note, cg24761295 has been shown to be hypomethylated in metastatic melanoma and colon cancer cells, compared with the primary counterparts (29) supporting the association of this CpG site with invasiveness. In line with this, we showed that methylation of CpG sites reduced the activity of the ODZ1 promoter, being cg24761295 of major functional relevance. Besides, although overall survival has a tendential correlation with hypomethylation of cg24761295 site, this association is not statistically significant. This suggests that ODZ1 promoter hypomethylation may not be enough to account for the in vivo upregulation of ODZ1 in response to hypoxia. Other transcriptional mechanisms may also contribute to promote the expression of this cell migration-associated gene. To this end, another gene, CDH3 (P-cadherin), also involved in cancer cell migration and invasiveness, has been shown to be upregulated by promoter hypomethylation (30) and also by transcription factors including C/EBPbeta and beta-Catenin in breast cancer cells (31, 32). Although the findings presented here support the role of hypoxia-induced epigenetic regulation of ODZ1, the contribution of other transcriptional pathways associated with the cellular response to hypoxia should be addressed in future studies.

The results presented here suggest that the tumor hypoxic microenvironment plays a significant role in activating the ODZ1-mediated migration of GBM cells. This activation pathway is controlled, at least in part, by the methylation status of the ODZ1 promoter being of special relevance a CpG site (cg24761295) proximal to the transcription start site. Thus, ODZ1 expression within the hypoxic tumor microenvironment may serve as a prognostic marker and therapeutic target for the clinical management of GBM patients.
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Supplementary Figure 1. (A) Downregulation of hypoxia-induced ODZ1 mRNA levels in G52 cells transfected with ODZ1-specific shRNAs and cultured under hypoxia for 48 h. (B) Cell migration capacity under hypoxia (48 h) in the presence of ODZ1 shRNAs. No significant differences in migration were obtained with the sh2 most likely due to low knock-down efficiency. Student t-test *p < 0.05.

Supplementary Figure 2. Kaplan-Meier plot of the overall survival in 155 IDHwt GBM patients obtained from The Cancer Genome Atlas (TCGA) stratified according the methylation status of cg24761295 (A) and cg08750326 (B) probes in ODZ1 promoter.
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