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Abstract

:

Glioblastoma multiforme (GBM) is a highly aggressive malignancy and represents the most common brain tumor in adults. To better understand its biology for new and effective therapies, we examined the role of GDP-mannose pyrophosphorylase B (GMPPB), a key unit of the GDP-mannose pyrophosphorylase (GDP-MP) that catalyzes the formation of GDP-mannose. Impaired GMPPB function will reduce the amount of GDP-mannose available for O-mannosylation. Abnormal O-mannosylation of alpha dystroglycan (α-DG) has been reported to be involved in cancer metastasis and arenavirus entry. Here, we found that GMPPB is highly expressed in a panel of GBM cell lines and clinical samples and that expression of GMPPB is positively correlated with the WHO grade of gliomas. Additionally, expression of GMPPB was negatively correlated with the prognosis of GBM patients. We demonstrate that silencing GMPPB inhibits the proliferation, migration, and invasion of GBM cells both in vitro and in vivo and that overexpression of GMPPB exhibits the opposite effects. Consequently, targeting GMPPB in GBM cells results in impaired GBM tumor growth and invasion. Finally, we identify that the Hippo/MMP3 axis is essential for GMPPB-promoted GBM aggressiveness. These findings indicate that GMPPB represents a potential novel target for GBM treatment.
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1. Introduction


Gliomas, tumors that display histological similarities to glial cells, are the most prevalent and lethal primary tumors of the brain [1]. Glioblastoma multiforme (GBM) is the most common type of glioma, accounting for more than half of all gliomas [2]. GBM is also one of the most aggressive malignant brain and CNS histopathologies and has been categorized as a WHO grade IV glioma [2]. The median survival for patients with GBM is 14–16 months due to its significant capacity for invasion and resistance to multi-therapy, including surgical resection, radiation, and chemotherapy [3]. Despite advancements in CNS tumor therapies, the 5-year survival for GBM patients between 15 and 39 years old is approximately 25%, and for patients over 40 years old, it is less than 10% [2]. Alterations in multiple signaling pathways have been identified as part of the molecular cascades responsible for glioma tumorigenesis. In addition to well-established signaling pathways that have been characterized in the context of glioma genesis, such as PI3K/AKT/PTEN, EGFR, TP53, and RB1 [4,5,6,7], the influence of additional signaling pathways is increasingly being explored, including the Notch, Wnt, and Hippo pathways [8,9,10]. Some of these pathways, such as EGFR, have been tested as therapeutic targets [11,12]. Given the continued poor prognosis in patients with GBM, further investigation of additional signaling pathways and mechanisms that control GBM growth and invasion is needed to develop new therapies for significant improvement of clinical outcomes.



It has been well-established that protein glycosylation is one of the most important post-translational modifications [13]. Aberrations in protein glycosylation support tumor progression through various pathways [14]. Unique alterations in tumor-associated glycosylation may also serve as a distinct feature of cancer cells and therefore provide novel diagnostic and even therapeutic targets [15]. It has been reported that abnormal glycosylation significantly impacts the proliferation and invasion of gliomas [16]. O-mannosylation, one type of O-linked mannose glycosylation, has also been implicated in cancer and metastasis [17]. GDP-mannose is a key substrate for multiple glycosylation pathways, including O-mannosylation of alpha dystroglycan (α-DG), a component of the dystrophin-glycoprotein complex [18]. Recent works have focused on α-DG, a category of O-mannose modified protein, as its improper glycosylation is associated with cancer metastasis [19,20]. α-DG is widely expressed in many tissues, especially the brain and muscle; however, the necessity and sufficiency of O-mannosylation for glioma malignancy still remain to be determined [18].



GDP-mannose pyrophosphorylase B (GMPPB) is a cytoplasmic protein and, along with GMPPA, is one of the two key functional subunits for the enzyme GDP-mannose pyrophosphorylase (GDP-MP), which catalyzes the reaction of GTP and Man-1P to form GDP-mannose and diphosphate (PPi) [13]. Maintaining a proper level of GDP-mannose is essential for human development [21,22,23,24]. Previous studies have shown that GMPPB mutations correlate with several congenital diseases, including severe congenital muscular dystrophy (CMD) with abnormalities in the brain and eye [25]. It has been verified in zebrafish that disruption of the interactions between GMPPA and GMPPB results in abnormal brain development and muscle [13] abnormalities. Given GMPPBs involvement in the glycosylation process, further investigation into the role of GMPPB in gliomas may inspire novel strategies for the treatment and diagnosis of gliomas.



The Hippo pathway has been mapped out over the last several decades of study [26,27]. Two key proteins involved in transcriptional control of the Hippo pathway, Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ), have been implicated in the progression of multiple human cancers [28,29], including GBM tumorigenesis and multi-drug resistance [30,31]. Matrix metalloproteinases (MMPs) are a group of enzymes that are shown to mediate carcinogenesis in both a physiological and pathological manner [32]. Matrix metallopeptidase 3 (MMP3) is one of the most studied MMP enzymes, and its overexpression has been associated with tumor growth and invasion in various types of tumors, including breast cancer, prostate cancer, pancreatic cancer, and gliomas [31,32,33,34,35]. Here, we examined if silencing GMPPB could inhibit the proliferation and invasion of GBM and if such activities are mediated by activating the phosphorylation of YAP at ser127 and inhibiting the downstream target gene, MMP3.




2. Results


2.1. GMPPB Is Upregulated in GBM Tumors and Correlated with Higher WHO Grades and Poor Prognosis


Using the TCGA and GTEx databases to analyze GMPPB mRNA expression levels, we found that GMPPB was significantly upregulated in glioma tumors when compared to normal brain tissues (Figure 1A). We then examined the protein expression of GMPPB by Western blot in six patient samples, including 2 Grade II, 2 Grade III, and 2 Grade IV GBM tumors. Their adjacent “normal” brain tissue samples, resected to gain tumor exposure during surgery, were examined by our institutional neuropathologist. The small areas of normal tissue were included as references. The results showed that the glioma tumor samples expressed higher levels of GMPPB compared to their adjacent normal brain tissues (Figure 1B). To evaluate if GMPPB expression was related to the malignant grades of gliomas, we analyzed data from TCGA and found that there is a positive correlation between GMPPB expression and the WHO grades of gliomas and that GBM tumors expressed the highest levels of GMPPB (Figure 1C). We verified this finding by performing IHC staining on GBM tumor samples of different WHO grades. Our data confirmed that Grade IV GBM tumors had the highest expression of GMPPB as compared to Grade III and Grade II gliomas (Figure 1D). We also examined the correlation between the expression levels of GMPPB and overall survival. Analysis of mRNA expression in 698 cases in the TCGA database showed a reverse correlation between GMPPB expression and glioma (Figure 1E). We then extracted 164 GBM patients from the total of 698 glioma patients. The Kaplan–Meier curve results indicated that GMPPB correlates with a poor prognosis in GBM patients (Figure 1F). To support these results, we analyzed GMPPB expression in our 50 glioma clinical samples (collected from the Department of Neurosurgery at Sun Yat-sen University Cancer Center) (Table 1). As shown in Figure 1G, glioma patient samples with high GMPPB expression exhibited significantly poorer prognosis (p < 0.05) than those with low levels of expression. It is worthy of note that such differences were independent of the tumor grades.




2.2. Silencing GMPPB Inhibits GBM Cell Proliferation, Migration, and Invasion


To explore the biological role of GMPPB in GBM cells, we first performed loss-of-function studies by transducing U251 and U87 cells with two lentiviral shRNAs against GMPPB, i.e., shGMPPB#1 and shGMPPB#2. Lentiviral shRNA encoding a non-target (shNC) was included as a control. Western hybridization confirmed the near-complete inhibition of GMPPB expression by both shRNAs in the two lines (Figure 2A), accompanied by significantly inhibited cell proliferation and colony-forming efficiency (p < 0.05) in both U87 and U251 cells as assessed by the CCK-8 assay and the colony-forming assay, respectively (Figure 2B–D). Using a transwell assay, we also detected significantly reduced tumor migration and invasion following GMPPB knockdown (p < 0.05) (Figure 2E,F).




2.3. Overexpression of GMPPB Promotes GBM Cell Proliferation, Migration and Invasion


We next examined the effects of gain-of-function experiments on the A172 and U138 lines. These two lines were chosen because they endogenously expressed lower levels of GMPPB compared to U251 and U87 [36]. Transduction with lentiviral pLVX-GMPPB led to significantly elevated protein expression of GMPPB (Figure 3A), which was accompanied by significantly promoted cell proliferation (p < 0.05) as well as enhanced tumor cell migration (1.9 and 2.1 fold) and invasion (2.1 and 3.8 fold) in A172 and U138 cells, respectively (Figure 3B–D). Altogether, these data involving four different GBM cell lines support the role of GMPPB in modulating cell proliferation, migration, and invasion.




2.4. Downregulation of GMPPB Inhibits Glioblastoma Growth in Xenograft Models


We next examined whether downregulation of GMPPB led to similar effects in vivo as it had in vitro. U251 control cells and GMPPB knocked-down cells were inoculated subcutaneously into the right dorsal flanks of five mice each. Tumor growth was examined and measured every 5 days until day 30 post-inoculation. Compared with larger and more invasive tumors in the control groups, mice implanted with U251-shGMPPB#1 cells developed significantly smaller tumors with well-demarcated margins (p < 0.05) (Figure 4A–C). Histological examination revealed the growth of GBM with cellular atypia (H&E) and the loss of GMPPB expression as detected by IHC, thereby verifying the in vivo activities of silenced GMPPB (Figure 4D,E). Additionally, we have included HE staining images of the whole xenografts from 1 control and 1 shGMPPB group in Supplementary Figure S1.




2.5. Silencing GMPPB Inhibits the Proliferation and Invasion of Glioblastoma via Hippo/MMP3 Pathways


To explore the molecular mechanisms and signaling pathways essential for GMPPB-promoted GBM cell proliferation and invasion, we performed RNA-seq in GMPBB knockdown U87 cells and negative control U87 cells to identify the downstream targets of GMPPB (Figure 5A). The complete list of 548 differentially regulated genes from the RNA-seq was uploaded as Supplementary Table S1. Based on the results of RNA-seq, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that gene sets that were significantly differentially regulated in GMPPB knockdown cells were mainly involved in cell adhesion, axon guidance, and Hippo signaling pathways (Figure 5B). Intriguingly, we also detected MMPs (Figure 5A,D), a gene that has been previously reported to play an important role in the malignancy of glioma cells [31,37,38,39], as one of the downstream target genes of GMPPB. Indeed, the expression of MMP3 was decreased by down-regulating GMPBB, while in GBM cells, over-expressing GMPPB increased the expression levels of MMP3 in GBM cells (Figure 5E). Activation of the Hippo pathways was another discovery. We found that in U251 cells, silencing GMPPB significantly increases the phosphorylation levels of both Mps one binder kinase activator 1 (MOB-1) and YAP (ser127), while the increased expression of GMPPB decreases the levels of p-MOB1 and p-YAP (ser127) in A172 cells (Figure 5C). Previous studies have revealed that phosphorylation of YAP at ser127 prevents YAP activation and translocation to the nucleus from the cytosol, resulting in inhibition of the expression of downstream target genes [40,41]. Additionally, several other important genes in the Hippo signaling pathways, such as Mammalian sterile-20-like 1/2 (MST1/2) and MOB1, were differentially expressed upon changes in GMPPB expression, and all of them contributed to the phosphorylation or dephosphorylation of YAP at the ser127 site (Figure 5C).




2.6. MMP3 Is Essential for GMPPB-Driven Cell Proliferation and Invasion and Is a Downstream Target Gene of the Hippo Pathway in GBM


We also detected MMP3 (Figure 5A,D) as one of the downstream target genes of GMPPB. Indeed, the expression of MMP3 was decreased by down-regulating GMPBB, while in GBM cells, over-expressing GMPPB increased the expression levels of MMP3 (Figure 5E). Given the important roles of MMP3 in the progression of glioma cells [31,37,38,39], we sought to functionally validate the role of MMP3 in mediating GMPPB-induced GBM proliferation and invasion and its relationship with the Hippo pathway. In order to answer this question, we knocked down MMP3 in our GMPPB-overexpressed A172 cells (Figure 5E) and found that downregulation of MMP3 reversed GMPPB-driven GBM cell proliferation (Figure S2) and invasion (Figure 5F). In order to further explore if MMP3 is one of the downstream target genes in the Hippo pathway, we applied the YAP inhibitor drug verteporfin (MCE, Concord, CA, USA, catalog number CL318952), which has been shown to disrupt YAP-TEAD interactions and to affect expression of its downstream target genes, such as Ki67, EGFR, CDH2, and ITGB1 [29,42]. We found that in A172 cell lines overexpressing GMPPB, verteporfin treatment inhibited the expression of MMP3 in a dose-dependent manner (Figure 5G). These results indicated that MMP3 is essential for GMPPB-driven cell proliferation and invasion. Since YAP is one of the key effector proteins (a transcriptional coactivator), our data suggested that MMP3 is a new downstream target gene of Hippo-YAP pathway in GBM [43,44].





3. Discussion


In this study, we investigate the biological role of GMPPB in GBM. We demonstrate that GMPPB is highly expressed in glioma tumors, particularly in GBM tumors. We also verify that high expression of GMPPB correlates with a poorer prognosis in patients with malignant gliomas. To further examine the molecular mechanisms that GMPPB plays in gliomas, we performed loss- and gain-of-function studies in four GBM cell lines. We found that silencing GMPPB inhibits the proliferation, migration, and invasion of GBM cell lines, and vice versa. Importantly, reduced expression of GMPPB inhibits GBM tumor growth in mice. Our research suggests GMPPB as a potential novel target for GBM treatment, which may be beneficial to patient survival. We further demonstrated that the Hippo/MMP3 axis plays an important role in GMPPB-promoted GBM malignancy.



Elucidating the signaling pathways regulated by GMPPB in GBM should provide novel insights about GBM biology. To identify pathways and downstream key target genes that GMPPB impacts most, we performed RNA sequencing after GMPPB was silenced in GBM cells. In addition to identifying Hippo pathways as importantly related to GMPPB, we further revealed that silencing GMPPB in GBM activates MST1/2 and increases phosphorylation of MOB1, which results in increased phosphorylation of YAP at the ser127 site. As reported previously, the phosphorylation of YAP at ser127 can prevent its translocation from the cytoplasm to the nucleus, leading to degradation and inactivation [45]. Conversely, we found that overexpression of GMPPB in GBM decreases the expression of MST1/2 and inhibits the phosphorylation of MOB1, causing the unphosphorylated YAP to escape from the cytoplasm and enter the nucleus, where it binds its transcriptional coactivator (TEAD). Our results build upon and extend previous findings that the interaction of YAP-TEAD prompts cancer cells to act as cancer stem cells, initiating DNA replication procedures, and triggering tumor proliferation, progression, and metastasis [28,30,40,45]. Despite the contributions provided by our study, the direct link between GMPPB and the Hippo pathway remains elusive, although there are multiple reports providing important clues. Previous studies have shown that overexpression or knockdown of wild-type GMPPB affects the glycosylation of α-DG and O-mannosylation [22,25]. Furthermore, impaired GMPPB function reduces the amount of GDP-mannose available for the O-mannosylation of α-DG [25]. Previous work has demonstrated that O-mannosylation shares some of the important biological functions of O-GlcNAcylation [46], which has been found to be involved in dysregulating the Hippo pathway in various cancer cell types [47,48]. Given the known functional similarities between O-GlcNAcylation and O-mannosylation, as well as what is known about the effects of O-GlcNAcylation on the Hippo pathway, we speculate that O-mannosylation may participate in GMPPB regulation of the Hippo pathway, which warrants further biological validation in GBM tumors.



In this study, we use subcutaneous xenograft models and established cell lines to verify the impacts of GMPPB knockdown on GBM growth. To further examine the impact of GMPPB and MMP3 knockdown in GBM tumors in a microenvironment similar to human brain tumors, we will expand our work to patient-derived orthotopic xenografts (PDOX) models as we have previously performed [49,50,51]. It is equally important to demonstrate that overexpression of GMPPB is strongly correlated with tumor cell proliferation, invasion, and metastasis in vivo. Since the parent A172 and U138 cell lines are known to be non-tumorigenic [52], future work will include GMPPB gain-of-function analysis in vivo using culture techniques that better replicate human GBM tumors, such as glioma stem or stem-like cells, together with the A172 and U138 cell lines. By replicating the human brain microenvironment, we are confident that the use of the PDOX model will provide critical details as to how GMPPB, Hippo, and MMP3 interact with each other to influence GBM progression. Worthy of note is that the overall levels of suppressed cell proliferation are <50% in our model system. Since the Hippo pathway has been implicated in multiple cell death modes, including apoptosis, autophagy, pyroptosis, and ferroptosis [53,54,55,56], it will be intriguing to explore the mechanisms of cell death, particularly in PDOX models, in the future. While the established cell lines do not exactly replicate the inter- and/or intra-tumoral heterogeneity as seen in cancer stem cell or stem-like GBM cell-derived cell cultures, PDOX models provide a useful resource to harvest and test glioma stem cells to support future efforts in validating GMPPB as a potential therapeutic target and testing new anti-cancer drugs against GMPPB in GBM [57]. Our study provides novel insights on the interplay progression of GMPPB regulation of the Hippo pathway to MMP3 through a series of functional validations. We show that reducing MMP3 expression can reverse the proliferation and invasion abilities of GMPPB-driven GBM. Most importantly, we demonstrate that MMP3 can be inhibited by the YAP/TAZ inhibitor verteporfin, which has entered clinical trials as a treatment for pancreatic cancer and glioma [58,59]. This finding is very exciting, as it demonstrates the power of biological studies in discovering new therapies.




4. Materials and Methods


4.1. Tumor Specimens and Cell Culture


Human surgical specimens were obtained from patients who underwent surgery at the Sun Yat-sen University Cancer Center (Guangzhou, China). This study was approved by the Institutional Ethical Review Board of Sun Yat-sen University Cancer Center (SL-B2023-039-01), and written informed consent was obtained from all patients. Final diagnoses of all the samples were made by our institutional neuropathologist (SR Liu) in accordance with the World Health Organization (WHO) criteria. The tumor tissues were snap frozen in liquid nitrogen and cryopreserved before use. A total of 50 glioma patient samples were included (Table 1).



Four human glioma cell lines (U87, U251, U138, and A172) were generously provided by Prof. Zhongping Chen (Sun Yat-sen University Cancer Center). They were cultured in DMEM (Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA). HEK293T embryonic kidney cells were obtained from the American Type Culture Collection (ATCC) and cultured in DMEM supplemented with 10% FBS. All cells were incubated at 37 °C and 5% CO2 and tested to rule out mycoplasma contamination before use.




4.2. Plasmid Construction


The human GMPPB (NM_013334.4) gene was cloned into a pLVX-puro vector following digestion with restriction endonucleases EcoRI-SmaI. The pLKO.1-puro vector was used to clone the shRNAs that target GMPPB. The sequences used for cloning the lentiviral shRNAs are CAGTGACGTGATCTGCGATTT for shGMPPB#1 and AGGGCTTCTGGATGGACATTG for shGMPPB#2.




4.3. Virus Production and Infection


Lentiviral vector pLVX-GMPPB or pLKO.1-shGMPPB and helper vectors psPAX2 and pMD.G-VSV-G were transfected into 293T cells by Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA, catalog number 11668019) following the manufacturer’s instructions. The medium was changed with fresh DMEM/10% FBS after 24 h incubation. Then, the supernatant was collected after 24 h and filtered with a 0.45 μm nitrocellulose filter. The supernatant was used to infect glioma cells for 24 h and then selected with 2 μg/mL puromycin for 1 week. The stable pooled clones were verified by qRT-PCR and western blotting.




4.4. RNAi Treatment


siRNA transfection was performed according to the manufacturer’s instructions using Lipofectamine RNAi MAX transfection reagent (Invitrogen, Carlsbad, CA, USA) and 50 nM siRNA. The oligonucleotide target sequence for si-MMP3 is AGGATACAACAGGGACCAATT.




4.5. Quantitative RT-PCR


Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions and used as templates for reverse transcription into cDNA with the Reverse Transcription Kit (Takara, Tokyo, Japan). The levels of GMPPB (5′-3′ GGGAATCCGAATCTCCATGTC, 3′-5′ GTCTCAGAGAGTAGGTCACGG) and MMP3 (5′-3′ CGGTTCCGCCTGTCTCAAG, 3′-5′ CGCCAAAAGTGCCTGTCTT) mRNA expression were determined by qRT-PCR using TB SYBR green Premix Ex Taq (Takara) and gene-specific primers, including two house-keeping genes, GAPDH (5′-3′ GGAGCGAGATCCCTCCAAAAT, 3′-5′ GGCTGTTGTCATACTTCTCATGG) and β-actin (5′-3′ CGCGAGAAGATGACCCAGAT, 3′-5′ GGGCATACCCCTCGTAGATG) were included as references.




4.6. Western Blotting


Cultured GBM cells were washed twice with ice-cold PBS and lysed by RIPA buffer (NCM Biotechnology, Suzhou, China) mixed with protease inhibitor cocktail (100×, NCM Biotechnology) and Phosphatase inhibitor (100×, NCM Biotechnology), followed by centrifugation at 12,000 rpm for 20 min at 4 °C to remove cell fragments. Twenty micrograms of protein were loaded and separated on a 10% sodium dodecyl sulfate–polyacrylamide gradient gel. The gels were transferred to Immobilon-P PVDF membranes (Millipore, Burlington, MA, USA), which were then blocked (1 h) in TBST (20 mM Tris-HCl, pH 7.4; 150 mM NaCl and 0.2% Tween-20) with 5% BSA (Sigma-Aldrich, Saint Louis, MO, USA) and incubated with diluted primary antibodies overnight at 4 °C. After using the secondary HRP-conjugated antibodies, the clarity ECL substrate (Biosharp, Hefei, China) was used for detection by a MiniChmei Chemiluminescence imager (SAGECREATION, Beijing, China).



Primary antibodies used were GMPPB Polyclonal Antibody (1:1000) (catalog number 15094-1, Proteintech, Rosemont, IL, USA), MMP3 Antibody (1:2000) (catalog number ab52915, Abcam, Cambridge, MA, USA), Hippo Signaling Antibody Sampler kit (1:1000) (catalog number 3579, Cell Signaling Technology, Danvers, MA, USA), and b-actin Antibody (1:10,000) (Cell Signaling Technology, catalog number 8457).




4.7. Cell Proliferation


Cell viability was assessed by the Cell Counting kit-8 (CCK-8; APExBIO, USA) assay and the colony formation assay, as we described previously. Briefly, the cells were plated into 96-well plates at a density of 2 × 103 cells/100 μL/well, and the test was started 24 h later and lasted for 4 consecutive days. The medium in the well was discarded, and CCK-8 reagent was mixed with serum-free medium in advance and added into 96-well plates with 100 μL per well (CCK8 reagent: Serum-free medium = 10 μL: 90 μL per well). After incubation at 37 °C for 1.5 h, a 450 nm OD value was detected by spectrophotometric measurements. For the colony formation assay, cells were collected and plated in six-well plates in an incubator for 10 days. Next, cells were fixed with 4% paraformaldehyde for 15 min and stained with crystal violet for 15 min. The images of colonies in each well were collected.




4.8. Migration and Invasion


The evaluation of migration and invasion of GBM cells was performed using Boyden chambers containing 24-well Transwell plates (BD Inc., San Jose, CA, USA) with a pore size of 8 μm. All experiments were performed in duplicate and repeated three times. For the migration assay, the transwell upper chambers (8 μm pore size) were seeded with 1 × 105 (U87, U251) cells or 8 × 104 (A172, U138) cells in 100 μL of serum-free DMEM without an extracellular matrix coating. DMEM containing 10% FBS was added to the lower chamber. After 18 h of incubation, the cells on the bottom surface of the 8 µm filter were fixed, stained, and examined using a microscope. For the invasion assay, the transwell upper chamber (8 μm pore size) was coated with 50 μL of 1:8 diluted Matrigel (Corning, NY, USA) at 37 °C for 2 h to obtain Matrigel solidified. Then, 1 × 105 (U87, U251) cells or 8 × 104 (A172, U138) cells in 100 μL of serum-free DMEM were added to the upper chamber, and the lower chamber was filled with culture medium containing 20% FBS. After 24 h of incubation at 37 °C in 5% CO2, the cells were fixed, stained, and observed as described for the migration assays.




4.9. Animal Experiments


All animal procedures were performed following the “Guide for the Care and Use of Laboratory Animals” and the “Principles for the Utilization and Care of Vertebrate Animals” and a protocol approved by the Animal Research Committee of Sun Yat-sen University Cancer Center (L102042022080K). Four-week-old female BALB/c nude mice were purchased from Jiangsu GemPharmatech Lab Animal Technology Co., LTD. For subcutaneous xenograft models, 1 × 106 control or GMPPB knockdown U251 cells were suspended in 100 µL of PBS and implanted into the flanks of nude mice. Tumor sizes were measured every 5 days, and tumor volumes were calculated with the formula Volume = (length × width2)/2. After 30 days, the animals were sacrificed, and their subcutaneous tumors were removed and imaged. All the dissected tumor tissue samples were paraffin-embedded, sectioned, and stained for histopathological analysis.




4.10. Immunohistochemistry Staining (IHC) and H Score


IHC staining was performed on 3 μm sections. The glioma tissue sections were heated at 65 °C for dewaxing, followed by antigen retrieval in citrate antigen retrieval solution. After blocking with goat serum at 37 °C for 30 min, the primary anti-GMPPB antibody (LSBio, Seattle, WA, USA, LS-C81311) was diluted in 1:200 and then incubated at 4 °C overnight in a humidified container. After three washes with TBS, the tissue slides were treated with a Dako real-imaging peroxidase detection system according to the manufacturer’s instructions (Dako, Glostrup, Denmark).



The IHC images were acquired by using a digital pathology slide scanner (KFBIO, KF-PRO-020). Then, the H score of the images was evaluated by the HALO image analysis system (Indica Labs, Albuquerque, NM, USA). To be more detailed, after the images were obtained by the HALO system, most of the cells in the slides would be collected and categorized into different levels. For example, negative, weak, moderate, and strong are all based on the staining degree. Then, the analysis system will record the cell proportion of each staining degree and eventually use it for Histochemistry score (H-score) calculation.




4.11. Bioinformatics Analysis


To examine the expression of GPPB in a large cohort of patient tumors, we extracted data from the TCGA (https://tcga-data.nci.nih.gov, accessed on 10 February 2023) and GTEx (https://gtexportal.org, accessed on 10 February 2023) databases and applied R software (version 4.2.1) to complete the Bioinformatics analysis. Additionally, we retrieved GMPPB TPM RNA-seq data of glioma and normal tissues from UCSC XENA (https://xenabrowser.net/datapages/ accessed on 10 February 2023) unified by the Toil process [60], applied the statistics package, and used the car package for statistical analysis. Before we applied the ggplot2 package for data visualization, updated WHO grading of the tumors was obtained from the supplementary data described by Ceccarelli et al. [61]. To examine the impact of GMPPB expression on patient survival, we used the TCGA database to download TCGA GBM and TCGA LGG project STAR processes of RNAseq data and extract the TPM format of the data, which was then correlated with the prognosis reported by Liu et al. [62] The survival package was applied to test the proportional risk hypothesis and fit survival regression.




4.12. Statistical Analysis


The significance of differences between groups was analyzed by the Student’s t test and among multiple groups with analysis of variance (ANOVA) using SPSS (Version 16.0, IBM, Armonk, NY, USA) and GraphPad Prism (Version 9.0, La Jolla, CA, USA). The correlations between GMPPB expression and overall survival curves were assessed using Kaplan-Meier analysis. p values < 0.05 were considered statistically significant.





5. Conclusions


In this study, we demonstrate that GMPPB is important in GBM growth and metastasis and identify it as a novel prognosis biomarker and a potential therapeutic target in glioma. Additionally, we characterized the Hippo/MMP3 axis as an important pathway during GMPPB-driven GBM progression and further showed that inhibiting MMP3 could reverse GMPPB-driven invasion. We also demonstrated that pharmacological inhibition of YAP/TAZ with Verteporfin can inhibit MMP3 expression in GBM.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241914707/s1.





Author Contributions


Conceptualization, Z.-L.H., X.-N.L. and Y.-F.X.; Data curation, Z.-L.H. and Y.-F.X.; Formal analysis, Z.-L.H., P.F., Y.-J.Y., Y.W., S.-H.Z., Y.-J.H., X.X., Y.L. and S.-R.L.; Funding acquisition, Y.-F.X.; Methodology, Z.-L.H., G.-X.S., S.-R.L., X.-N.L. and Y.-F.X.; Project administration, Y.-F.X.; Resources, Z.-L.H., P.F. and Y.-F.X.; Supervision, Z.-P.C., X.-N.L. and Y.-F.X.; Validation, Z.-L.H., A.S.A. and X.-N.L.; Writing—original draft, Z.-L.H.; Writing—review & editing, Z.-L.H., A.S.A., M.S., X.-N.L. and Y.-F.X. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by The Science Development Program of Guangzhou 201707020001(Yun-Fei Xia).




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional Ethical Review Board of Sun Yat-sen University Cancer Center (SL-B2023-039-01) for studies involving humans. The animal study was performed based on the “Guide for the Care and Use of Laboratory Animals” and the “Principles for the Utilization and Care of Vertebrate Animals” and was approved by the Animal Research Committee of Sun Yat-sen University Cancer Center (L102042022080K).




Informed Consent Statement


Informed consent was obtained from all subjects involved in this study.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


The cell lines were generously provided by Zhongping Chen (Sun Yat-sen University Cancer Center).




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


GMPPB, GDP-mannose pyrophosphorylase B; GDP-MP, GDP-mannose pyrophosphorylase; GBM, Glioblastoma multiforme; YAP, Yes-associated protein; MMP3, Matrix metallopeptidase 3.




References


	



Chen, J.; McKay, R.M.; Parada, L.F. Malignant glioma: Lessons from genomics, mouse models, and stem cells. Cell 2012, 149, 36–47. [Google Scholar] [CrossRef] [PubMed]

	



Ostrom, Q.T.; Price, M.; Neff, C.; Cioffi, G.; Waite, K.A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2015–2019. Neuro Oncol. 2022, 24, v1–v95. [Google Scholar] [CrossRef] [PubMed]

	



Hoshide, R.; Jandial, R. 2016 World Health Organization Classification of Central Nervous System Tumors: An Era of Molecular Biology. World Neurosurg. 2016, 94, 561–562. [Google Scholar] [CrossRef] [PubMed]

	



Barzegar Behrooz, A.; Talaie, Z.; Jusheghani, F.; Los, M.J.; Klonisch, T.; Ghavami, S. Wnt and PI3K/Akt/mTOR Survival Pathways as Therapeutic Targets in Glioblastoma. Int. J. Mol. Sci. 2022, 23, 1353. [Google Scholar] [CrossRef] [PubMed]

	



Keller, S.; Schmidt, M.H.H. EGFR and EGFRvIII Promote Angiogenesis and Cell Invasion in Glioblastoma: Combination Therapies for an Effective Treatment. Int. J. Mol. Sci. 2017, 18, 1295. [Google Scholar] [CrossRef]

	



Mai, W.X.; Gosa, L.; Daniels, V.W.; Ta, L.; Tsang, J.E.; Higgins, B.; Gilmore, W.B.; Bayley, N.A.; Harati, M.D.; Lee, J.T.; et al. Cytoplasmic p53 couples oncogene-driven glucose metabolism to apoptosis and is a therapeutic target in glioblastoma. Nat. Med. 2017, 23, 1342–1351. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Wu, Z.; Zhang, H.; Zhang, N.; Wu, W.; Wang, Z.; Dai, Z.; Zhang, X.; Zhang, L.; Peng, Y.; et al. Glioma targeted therapy: Insight into future of molecular approaches. Mol. Cancer 2022, 21, 39. [Google Scholar] [CrossRef] [PubMed]

	



Fan, X.; Khaki, L.; Zhu, T.S.; Soules, M.E.; Talsma, C.E.; Gul, N.; Koh, C.; Zhang, J.; Li, Y.M.; Maciaczyk, J.; et al. NOTCH pathway blockade depletes CD133-positive glioblastoma cells and inhibits growth of tumor neurospheres and xenografts. Stem Cells 2010, 28, 5–16. [Google Scholar] [CrossRef]

	



Pedini, G.; Buccarelli, M.; Bianchi, F.; Pacini, L.; Cencelli, G.; D’Alessandris, Q.G.; Martini, M.; Giannetti, S.; Sasso, F.; Melocchi, V.; et al. FMRP modulates the Wnt signalling pathway in glioblastoma. Cell Death Dis. 2022, 13, 719. [Google Scholar] [CrossRef]

	



Masliantsev, K.; Karayan-Tapon, L.; Guichet, P.O. Hippo Signaling Pathway in Gliomas. Cells 2021, 10, 184. [Google Scholar] [CrossRef]

	



Narita, Y.; Muragaki, Y.; Kagawa, N.; Asai, K.; Nagane, M.; Matsuda, M.; Ueki, K.; Kuroda, J.; Date, I.; Kobayashi, H.; et al. Safety and efficacy of depatuxizumab mafodotin in Japanese patients with malignant glioma: A nonrandomized, phase 1/2 trial. Cancer Sci. 2021, 112, 5020–5033. [Google Scholar] [CrossRef] [PubMed]

	



Nafe, R.; Hattingen, E. The Spectrum of Molecular Pathways in Gliomas-An Up-to-Date Review. Biomedicines 2023, 11, 2281. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, L.; Liu, Z.; Wang, Y.; Yang, F.; Wang, J.; Huang, W.; Qin, J.; Tian, M.; Cai, X.; Liu, X.; et al. Cryo-EM structures of human GMPPA-GMPPB complex reveal how cells maintain GDP-mannose homeostasis. Nat. Struct. Mol. Biol. 2021, 28, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Pinho, S.S.; Reis, C.A. Glycosylation in cancer: Mechanisms and clinical implications. Nat. Rev. Cancer 2015, 15, 540–555. [Google Scholar] [CrossRef] [PubMed]

	



Stowell, S.R.; Ju, T.; Cummings, R.D. Protein glycosylation in cancer. Annu. Rev. Pathol. 2015, 10, 473–510. [Google Scholar] [CrossRef] [PubMed]

	



Yue, J.; Huang, R.; Lan, Z.; Xiao, B.; Luo, Z. Abnormal glycosylation in glioma: Related changes in biology, biomarkers and targeted therapy. Biomark. Res. 2023, 11, 54. [Google Scholar] [CrossRef] [PubMed]

	



Dobson, C.M.; Hempel, S.J.; Stalnaker, S.H.; Stuart, R.; Wells, L. O-Mannosylation and human disease. Cell Mol. Life Sci. 2013, 70, 2849–2857. [Google Scholar] [CrossRef] [PubMed]

	



Quereda, C.; Pastor, A.; Martin-Nieto, J. Involvement of abnormal dystroglycan expression and matriglycan levels in cancer pathogenesis. Cancer Cell Int. 2022, 22, 395. [Google Scholar] [CrossRef]

	



Losasso, C.; Di Tommaso, F.; Sgambato, A.; Ardito, R.; Cittadini, A.; Giardina, B.; Petrucci, T.C.; Brancaccio, A. Anomalous dystroglycan in carcinoma cell lines. FEBS Lett. 2000, 484, 194–198. [Google Scholar] [CrossRef]

	



Singh, J.; Itahana, Y.; Knight-Krajewski, S.; Kanagawa, M.; Campbell, K.P.; Bissell, M.J.; Muschler, J. Proteolytic enzymes and altered glycosylation modulate dystroglycan function in carcinoma cells. Cancer Res. 2004, 64, 6152–6159. [Google Scholar] [CrossRef]

	



Koehler, K.; Malik, M.; Mahmood, S.; Giesselmann, S.; Beetz, C.; Hennings, J.C.; Huebner, A.K.; Grahn, A.; Reunert, J.; Nurnberg, G.; et al. Mutations in GMPPA cause a glycosylation disorder characterized by intellectual disability and autonomic dysfunction. Am. J. Hum. Genet. 2013, 93, 727–734. [Google Scholar] [CrossRef] [PubMed]

	



Carss, K.J.; Stevens, E.; Foley, A.R.; Cirak, S.; Riemersma, M.; Torelli, S.; Hoischen, A.; Willer, T.; van Scherpenzeel, M.; Moore, S.A.; et al. Mutations in GDP-mannose pyrophosphorylase B cause congenital and limb-girdle muscular dystrophies associated with hypoglycosylation of alpha-dystroglycan. Am. J. Hum. Genet. 2013, 93, 29–41. [Google Scholar] [CrossRef] [PubMed]

	



Freeze, H.H.; Chong, J.X.; Bamshad, M.J.; Ng, B.G. Solving glycosylation disorders: Fundamental approaches reveal complicated pathways. Am. J. Hum. Genet. 2014, 94, 161–175. [Google Scholar] [CrossRef] [PubMed]

	



Jaeken, J.; Matthijs, G.; Saudubray, J.M.; Dionisi-Vici, C.; Bertini, E.; de Lonlay, P.; Henri, H.; Carchon, H.; Schollen, E.; Van Schaftingen, E. Phosphomannose isomerase deficiency: A carbohydrate-deficient glycoprotein syndrome with hepatic-intestinal presentation. Am. J. Hum. Genet. 1998, 62, 1535–1539. [Google Scholar] [CrossRef] [PubMed]

	



Chompoopong, P.; Milone, M. GDP-Mannose Pyrophosphorylase B (GMPPB)-Related Disorders. Genes 2023, 14, 372. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, R.; Hansen, C.G. The Hippo pathway in cancer: YAP/TAZ and TEAD as therapeutic targets in cancer. Clin. Sci. 2022, 136, 197–222. [Google Scholar] [CrossRef]

	



Calses, P.C.; Crawford, J.J.; Lill, J.R.; Dey, A. Hippo Pathway in Cancer: Aberrant Regulation and Therapeutic Opportunities. Trends Cancer 2019, 5, 297–307. [Google Scholar] [CrossRef]

	



Franklin, J.M.; Wu, Z.; Guan, K.L. Insights into recent findings and clinical application of YAP and TAZ in cancer. Nat. Rev. Cancer 2023, 23, 512–525. [Google Scholar] [CrossRef]

	



Seeneevassen, L.; Dubus, P.; Gronnier, C.; Varon, C. Hippo in Gastric Cancer: From Signalling to Therapy. Cancers 2022, 14, 2282. [Google Scholar] [CrossRef]

	



Casati, G.; Giunti, L.; Iorio, A.L.; Marturano, A.; Galli, L.; Sardi, I. Hippo Pathway in Regulating Drug Resistance of Glioblastoma. Int. J. Mol. Sci. 2021, 22, 13431. [Google Scholar] [CrossRef]

	



Yu, X.; Jin, J.; Zheng, Y.; Zhu, H.; Xu, H.; Ma, J.; Lan, Q.; Zhuang, Z.; Chen, C.C.; Li, M. GBP5 drives malignancy of glioblastoma via the Src/ERK1/2/MMP3 pathway. Cell Death Dis. 2021, 12, 203. [Google Scholar] [CrossRef] [PubMed]

	



Niland, S.; Riscanevo, A.X.; Eble, J.A. Matrix Metalloproteinases Shape the Tumor Microenvironment in Cancer Progression. Int. J. Mol. Sci. 2021, 23, 146. [Google Scholar] [CrossRef] [PubMed]

	



Suhaimi, S.A.; Chan, S.C.; Rosli, R. Matrix Metallopeptidase 3 Polymorphisms: Emerging genetic Markers in Human Breast Cancer Metastasis. J. Breast Cancer 2020, 23, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Su, J.; Zhou, P.; Pan, X.Y.; Huang, G.X.; Yin, L.J.; Lu, J. Glucocorticoids promote lung metastasis of pancreatic cancer cells through enhancing cell adhesion, migration and invasion. Endocr. J. 2023, 70, 731–743. [Google Scholar] [CrossRef] [PubMed]

	



Olczak, M.; Orzechowska, M.J.; Bednarek, A.K.; Lipinski, M. The Transcriptomic Profiles of ESR1 and MMP3 Stratify the Risk of Biochemical Recurrence in Primary Prostate Cancer beyond Clinical Features. Int. J. Mol. Sci. 2023, 24, 8399. [Google Scholar] [CrossRef]

	



The Human Protein Atlas. Available online: https://www.proteinatlas.org/ENSG00000173540-GMPPB/cell+line#brain_cancer (accessed on 26 August 2023).

	



Mercapide, J.; Lopez De Cicco, R.; Castresana, J.S.; Klein-Szanto, A.J. Stromelysin-1/matrix metalloproteinase-3 (MMP-3) expression accounts for invasive properties of human astrocytoma cell lines. Int. J. Cancer 2003, 106, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Jin, X.; Jin, X.; Sohn, Y.W.; Yin, J.; Kim, S.H.; Joshi, K.; Nam, D.H.; Nakano, I.; Kim, H. Blockade of EGFR signaling promotes glioma stem-like cell invasiveness by abolishing ID3-mediated inhibition of p27(KIP1) and MMP3 expression. Cancer Lett. 2013, 328, 235–242. [Google Scholar] [CrossRef] [PubMed]

	



Fan, W.; Zhou, K.; Hu, D.; Song, X.; Zhao, Y.; Chen, H.; Wei, Q.; Chen, G.; Shi, J.; Du, G.; et al. Single nucleotide polymorphisms of matrix metallopeptidase 3 and risk of gliomas in a Chinese Han population. Mol. Carcinog. 2012, 51 (Suppl. 1), E1–E10. [Google Scholar] [CrossRef]

	



Mo, J.S.; Yu, F.X.; Gong, R.; Brown, J.H.; Guan, K.L. Regulation of the Hippo-YAP pathway by protease-activated receptors (PARs). Genes. Dev. 2012, 26, 2138–2143. [Google Scholar] [CrossRef]

	



Gao, Y.; Yang, Y.; Yuan, F.; Huang, J.; Xu, W.; Mao, B.; Yuan, Z.; Bi, W. TNFalpha-YAP/p65-HK2 axis mediates breast cancer cell migration. Oncogenesis 2017, 6, e383. [Google Scholar] [CrossRef]

	



Barrette, A.M.; Ronk, H.; Joshi, T.; Mussa, Z.; Mehrotra, M.; Bouras, A.; Nudelman, G.; Jesu Raj, J.G.; Bozec, D.; Lam, W.; et al. Anti-invasive efficacy and survival benefit of the YAP-TEAD inhibitor verteporfin in preclinical glioblastoma models. Neuro Oncol. 2022, 24, 694–707. [Google Scholar] [CrossRef] [PubMed]

	



Broker, L.E.; Kruyt, F.A.; Giaccone, G. Cell death independent of caspases: A review. Clin. Cancer Res. 2005, 11, 3155–3162. [Google Scholar] [CrossRef] [PubMed]

	



Werneburg, N.; Gores, G.J.; Smoot, R.L. The Hippo Pathway and YAP Signaling: Emerging Concepts in Regulation, Signaling, and Experimental Targeting Strategies with Implications for Hepatobiliary Malignancies. Gene Expr. 2020, 20, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Piccolo, S.; Dupont, S.; Cordenonsi, M. The biology of YAP/TAZ: Hippo signaling and beyond. Physiol. Rev. 2014, 94, 1287–1312. [Google Scholar] [CrossRef] [PubMed]

	



Halim, A.; Larsen, I.S.; Neubert, P.; Joshi, H.J.; Petersen, B.L.; Vakhrushev, S.Y.; Strahl, S.; Clausen, H. Discovery of a nucleocytoplasmic O-mannose glycoproteome in yeast. Proc. Natl. Acad. Sci. USA 2015, 112, 15648–15653. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Qiao, Y.; Wu, Q.; Chen, Y.; Zou, S.; Liu, X.; Zhu, G.; Zhao, Y.; Chen, Y.; Yu, Y.; et al. The essential role of YAP O-GlcNAcylation in high-glucose-stimulated liver tumorigenesis. Nat. Commun. 2017, 8, 15280. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.; Kang, J.G.; Kang, M.J.; Park, J.H.; Kim, Y.J.; Kweon, T.H.; Lee, H.W.; Jho, E.H.; Lee, Y.H.; Kim, S.I.; et al. O-GlcNAcylation on LATS2 disrupts the Hippo pathway by inhibiting its activity. Proc. Natl. Acad. Sci. USA 2020, 117, 14259–14269. [Google Scholar] [CrossRef]

	



Qi, L.; Lindsay, H.; Kogiso, M.; Du, Y.; Braun, F.K.; Zhang, H.; Guo, L.; Zhao, S.; Injac, S.G.; Baxter, P.A.; et al. Evaluation of an EZH2 inhibitor in patient-derived orthotopic xenograft models of pediatric brain tumors alone and in combination with chemo- and radiation therapies. Lab. Invest. 2022, 102, 185–193. [Google Scholar] [CrossRef]

	



Yu, L.; Baxter, P.A.; Zhao, X.; Liu, Z.; Wadhwa, L.; Zhang, Y.; Su, J.M.; Tan, X.; Yang, J.; Adesina, A.; et al. A single intravenous injection of oncolytic picornavirus SVV-001 eliminates medulloblastomas in primary tumor-based orthotopic xenograft mouse models. Neuro Oncol. 2011, 13, 14–27. [Google Scholar] [CrossRef]

	



Zhao, X.; Liu, Z.; Yu, L.; Zhang, Y.; Baxter, P.; Voicu, H.; Gurusiddappa, S.; Luan, J.; Su, J.M.; Leung, H.C.; et al. Global gene expression profiling confirms the molecular fidelity of primary tumor-based orthotopic xenograft mouse models of medulloblastoma. Neuro Oncol. 2012, 14, 574–583. [Google Scholar] [CrossRef]

	



de Ridder, L.I.; Laerum, O.D.; Mork, S.J.; Bigner, D.D. Invasiveness of human glioma cell lines in vitro: Relation to tumorigenicity in athymic mice. Acta Neuropathol. 1987, 72, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Zhou, Z.; Yang, H.; Jiao, F.; Li, N.; Gao, Y.; Wang, L.; Chen, J.; Quan, M. MST1 Suppresses Pancreatic Cancer Progression via ROS-Induced Pyroptosis. Mol. Cancer Res. 2019, 17, 1316–1325. [Google Scholar] [CrossRef] [PubMed]

	



Fallahi, E.; O’Driscoll, N.A.; Matallanas, D. The MST/Hippo Pathway and Cell Death: A Non-Canonical Affair. Genes 2016, 7, 28. [Google Scholar] [CrossRef]

	



Sun, T.; Chi, J.T. Regulation of ferroptosis in cancer cells by YAP/TAZ and Hippo pathways: The therapeutic implications. Genes. Dis. 2021, 8, 241–249. [Google Scholar] [CrossRef] [PubMed]

	



Tang, F.; Christofori, G. The cross-talk between the Hippo signaling pathway and autophagy:implications on physiology and cancer. Cell Cycle 2020, 19, 2563–2572. [Google Scholar] [CrossRef]

	



Huang, Y.; Qi, L.; Kogiso, M.; Du, Y.; Braun, F.K.; Zhang, H.; Huang, L.F.; Xiao, S.; Teo, W.Y.; Lindsay, H.; et al. Spatial Dissection of Invasive Front from Tumor Mass Enables Discovery of Novel microRNA Drivers of Glioblastoma Invasion. Adv. Sci. 2021, 8, e2101923. [Google Scholar] [CrossRef] [PubMed]

	



Vigneswaran, K.; Boyd, N.H.; Oh, S.Y.; Lallani, S.; Boucher, A.; Neill, S.G.; Olson, J.J.; Read, R.D. YAP/TAZ Transcriptional Coactivators Create Therapeutic Vulnerability to Verteporfin in EGFR-mutant Glioblastoma. Clin. Cancer Res. 2021, 27, 1553–1569. [Google Scholar] [CrossRef]

	



Huggett, M.T.; Jermyn, M.; Gillams, A.; Illing, R.; Mosse, S.; Novelli, M.; Kent, E.; Bown, S.G.; Hasan, T.; Pogue, B.W.; et al. Phase I/II study of verteporfin photodynamic therapy in locally advanced pancreatic cancer. Br. J. Cancer 2014, 110, 1698–1704. [Google Scholar] [CrossRef]

	



Vivian, J.; Rao, A.A.; Nothaft, F.A.; Ketchum, C.; Armstrong, J.; Novak, A.; Pfeil, J.; Narkizian, J.; Deran, A.D.; Musselman-Brown, A.; et al. Toil enables reproducible, open source, big biomedical data analyses. Nat. Biotechnol. 2017, 35, 314–316. [Google Scholar] [CrossRef]

	



Ceccarelli, M.; Barthel, F.P.; Malta, T.M.; Sabedot, T.S.; Salama, S.R.; Murray, B.A.; Morozova, O.; Newton, Y.; Radenbaugh, A.; Pagnotta, S.M.; et al. Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma. Cell 2016, 164, 550–563. [Google Scholar] [CrossRef]

	



Liu, J.; Lichtenberg, T.; Hoadley, K.A.; Poisson, L.M.; Lazar, A.J.; Cherniack, A.D.; Kovatich, A.J.; Benz, C.C.; Levine, D.A.; Lee, A.V.; et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-Quality Survival Outcome Analytics. Cell 2018, 173, 400–416.e411. [Google Scholar] [CrossRef]








[image: Ijms 24 14707 g001] 





Figure 1. GMPPB is upregulated in GBM tumors and correlates with higher WHO grades and a poor prognosis. (A) The Cancer Genome Atlas (TCGA) dataset and Genotype-Tissue Expression (GTEx) dataset analysis of the GMPPB mRNA expression levels in glioma tumors and normal brain tissues *** p < 0.001, normal tissues: n = 1157; tumors: n = 689 (B) Immunoblot analysis of GMPPB in six glioma tumor samples and their adjacent normal brain tissues using β-actin was used as a loading control. (C) TCGA dataset analysis of the GMPPB mRNA expression levels in different glioma WHO grades: *** p < 0.001, G2: n = 224, G3: n = 245, G4: n = 168. (D) IHC staining of GMPPB in different WHO-grade glioma tumors. Scale bar = 120 μm. (E) TCGA dataset analysis of the relationship between the expression levels of GMPPB and the overall survival of glioma patients, p < 0.001, n = 698 (F) TCGA dataset analysis of the relationship between the expression levels of GMPPB and the overall survival of GBM patients, p = 0.016, n = 164 (G) Kaplan–Meier curve showing the relationship between the expression levels of GMPPB and the prognosis of glioma patients from the Department of Neurosurgery at Sun Yat-sen University Cancer Center, p = 0.037, n = 50. 
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Figure 2. Silencing GMPPB inhibits GBM cell proliferation, migration, and invasion. (A) Immunoblot analysis of GMPPB in U251-shNC, U251-shGMPPB#1, U251-shGMPPB#2, U87-shNC, U87-shGMPPB#1, and U87-shGMPPB#2 cells using β-actin as a loading control (B) Effect of GMPPB knockdown on U251 GBM cell proliferation. n = 3. (C) Effect of GMPPB silencing on U87 GBM cell proliferation. n = 3. (D) Colony formation image of GMPPB knockdown on a U251 GBM cell (E) Representative images (left) and graphs (right) showing the effect of GMPPB silencing on U251 cell migration and invasion was assessed by transwell assays. n = 3. (F) Representative images (left) and graphs (right) showing the effect of GMPPB knockdown on U87 cell migration and invasion was assessed by transwell assays. n = 3. Folds of migration or invasion cell number = numbers of migrated or invaded cells in treatment groups/numbers of migrated or invaded cells in control groups. * p < 0.05; ** p < 0.01; *** p < 0.001. Scale bar = 100 μm. 
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Figure 3. Overexpression of GMPPB promotes GBM cell proliferation, migration, and invasion. (A) Immunoblot analysis of GMPPB in A172-vector, A172-GMPPB, and U138-vector, U138-GMPPB cells using β-actin was used as a loading control. (B) Effect of GMPPB overexpression on A172 and U138 GBM cell proliferation. n = 3. (C) Representative images (left) and graphs (right) showing the effect of GMPPB overexpression on A172 cell migration as assessed by transwell assays. n = 3. (D) Representative images (left) and graphs (right) showing the effect of GMPPB overexpression on U138 cell migration and invasion as assessed by transwell assays. n = 3. Folds of migration or invasion cell number = numbers of migrated or invaded cells in treatment groups or numbers of migrated or invaded cells in control groups. ** p < 0.01; *** p < 0.001. Scale bar = 100 μm. 
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Figure 4. Downregulation of GMPPB inhibits glioblastoma growth in xenograft models. (A) Whole image of U251 negative control (shNC) group and GMPPB knockdown cells (shGMPPB#1) group xenograft mice after being euthanized (B) The two groups of tumors were isolated and compared. (C) The growth curves of xenograft tumors formed by U251 shNC or U251-shGMPPB#1 after their injection in nude mice The tumor volumes were measured every 5 days. Data are displayed as the mean ± SD (n = 5, ** p < 0.01). (D) HE staining was used to verify the formation and atypia of malignant tumors. Scale bar = 100 μm. (E) IHC was used to measure the protein levels of GMPPB in tumors from two groups. Scale bar = 120 μm. 
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Figure 5. Silencing GMPPB inhibits the proliferation and invasion of glioblastoma cells via the Hippo/MMP3 pathway. (A) Representative heatmaps of transcriptome analysis indicate genes differentially regulated upon GMPPB knockdown in U87 cells, including MMP3 (boxed in red). (B) KEGG pathway analyses of GMPPB knockdown in U87 cells. Pathways potentially involved in invasion and migration, i.e., cell adhesion molecules, and pathways identified from the current study, i.e., Hippo signaling pathway, are highlighted in red boxes. (C) The indicated proteins in the Hippo pathway were analyzed by Western blotting in the GMPPB-knocked-down U251 cells and GMPPB-overexpressed A172 cells. (D) The protein MMP3 expression was displayed by Western blotting in the GMPPB-knocked-down U87, U251 cells, and GMPPB-overexpressed A172 cells. (E) MMP3 protein expression was displayed by Western blotting after si-NC and si-MMP3 RNA were transfected into A172 GMPPB-overexpressing cell lines. (F) Transwell assay analysis of the effect of si-NC or si-MMP3-transfected A172 GMPPB expression on GBM cell invasion *** p < 0.001. n = 3. Folds of invasion cell number = numbers of invaded cells in treatment groups/numbers of invaded cells in vector groups. (G) Verteporfin impacts the MMP3 protein expression displayed by Western blotting in GMPPB-overexpressing A172 cells. The concentration of verteporfin was 1 µg/mL and 2 µg/mL. β-actin was used as a loading control. 






Figure 5. Silencing GMPPB inhibits the proliferation and invasion of glioblastoma cells via the Hippo/MMP3 pathway. (A) Representative heatmaps of transcriptome analysis indicate genes differentially regulated upon GMPPB knockdown in U87 cells, including MMP3 (boxed in red). (B) KEGG pathway analyses of GMPPB knockdown in U87 cells. Pathways potentially involved in invasion and migration, i.e., cell adhesion molecules, and pathways identified from the current study, i.e., Hippo signaling pathway, are highlighted in red boxes. (C) The indicated proteins in the Hippo pathway were analyzed by Western blotting in the GMPPB-knocked-down U251 cells and GMPPB-overexpressed A172 cells. (D) The protein MMP3 expression was displayed by Western blotting in the GMPPB-knocked-down U87, U251 cells, and GMPPB-overexpressed A172 cells. (E) MMP3 protein expression was displayed by Western blotting after si-NC and si-MMP3 RNA were transfected into A172 GMPPB-overexpressing cell lines. (F) Transwell assay analysis of the effect of si-NC or si-MMP3-transfected A172 GMPPB expression on GBM cell invasion *** p < 0.001. n = 3. Folds of invasion cell number = numbers of invaded cells in treatment groups/numbers of invaded cells in vector groups. (G) Verteporfin impacts the MMP3 protein expression displayed by Western blotting in GMPPB-overexpressing A172 cells. The concentration of verteporfin was 1 µg/mL and 2 µg/mL. β-actin was used as a loading control.



[image: Ijms 24 14707 g005]







 





Table 1. Summarize the 50 glioma patients involved in the GMPPB expression and prognosis analysis.
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Male

	
Female

	
Total






	
WHO Grade

	
Grade I

	
4

	
1

	
5




	
Grade II

	
7

	
12

	
19




	
Grade III

	
15

	
2

	
17




	
Grade IV

	
2

	
5

	
7




	
NA

	

	
2




	
Age

	
Age < 40

	
14

	
18

	
32




	
Age > 40

	
7

	
11

	
18




	
GMPPB

(Median expression as cut-off value)

	
Low expression

	
14

	
12

	
26




	
High expression

	
15

	
9

	
24
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