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Stabilization of KPNB1 by deubiquitinase USP7 promotes glioblastoma progression through the YBX1-NLGN3 axis
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Abstract
Background
Glioblastoma (GBM) is the most common malignant tumor of the central nervous system. It is an aggressive tumor characterized by rapid proliferation, diffuse tumor morphology, and poor prognosis. Unfortunately, current treatments, such as surgery, radiotherapy, and chemotherapy, are unable to achieve good outcomes. Therefore, there is an urgent need to explore new treatment targets. A detailed mechanistic exploration of the role of the nuclear pore transporter KPNB1 in GBM is lacking. This study demonstrated that KPNB1 regulated GBM progression through a transcription factor YBX1 to promote the expression of post-protrusion membrane protein NLGN3. This regulation was mediated by the deubiquitinating enzyme USP7.

Methods
A tissue microarray was used to measure the expression of KPNB1 and USP7 in glioma tissues. The effects of KPNB1 knockdown on the tumorigenic properties of glioma cells were characterized by colony formation assays, Transwell migration assay, EdU proliferation assays, CCK-8 viability assays, and apoptosis analysis using flow cytometry. Transcriptome sequencing identified NLGN3 as a downstream molecule that is regulated by KPNB1. Mass spectrometry and immunoprecipitation were performed to analyze the potential interaction between KPNB1 and YBX1. Moreover, the nuclear translocation of YBX1 was determined with nuclear-cytoplasmic fractionation and immunofluorescence staining, and chromatin immunoprecipitation assays were conducted to study DNA binding with YBX1. Ubiquitination assays were performed to determine the effects of USP7 on KPNB1 stability. The intracranial orthotopic tumor model was used to detect the efficacy in vivo.

Results
In this study, we found that the nuclear receptor KPNB1 was highly expressed in GBM and could mediate the nuclear translocation of macromolecules to promote GBM progression. Knockdown of KPNB1 inhibited the progression of GBM, both in vitro and in vivo. In addition, we found that KPNB1 could regulate the downstream expression of Neuroligin-3 (NLGN3) by mediating the nuclear import of transcription factor YBX1, which could bind to the NLGN3 promoter. NLGN3 was necessary and sufficient to promote glioma cell growth. Furthermore, we found that deubiquitinase USP7 played a critical role in stabilizing KPNB1 through deubiquitination. Knockdown of USP7 expression or inhibition of its activity could effectively impair GBM progression. In vivo experiments also demonstrated the promoting effects of USP7, KPNB1, and NLGN3 on GBM progression. Overall, our results suggested that KPNB1 stability was enhanced by USP7-mediated deubiquitination, and the overexpression of KPNB1 could promote GBM progression via the nuclear translocation of YBX1 and the subsequent increase in NLGN3 expression.

Conclusion
This study identified a novel and targetable USP7/KPNB1/YBX1/NLGN3 signaling axis in GBM cells.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-024-02954-8.
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Introduction
GBM is the most common malignancy of the central nervous system, accounting for about 57% of all gliomas and 48% of all primary malignant central nervous system tumors [1]. GBM is characterized by aggressive and rapid cell proliferation and diffuse tumor morphology [2, 3]. As a high-grade malignant glioma, GBM typically results in a very poor prognosis due to its unique and critical location [4]. Currently, the main treatment modalities of GBM include surgery, radiotherapy, and chemotherapy [5]. The preferred treatment for GBM is maximally safe surgical resection [6]; however, its long-term efficacy is limited and there may be trauma to the surrounding normal brain tissue. The median survival time of patients after surgical resection alone is about 3 months, and postoperative radiotherapy can improve the median survival time to 8 months [7]. The combination of postoperative radiotherapy and temozolomide can further improve the median survival [8]. However, due to the high degree of malignancy of GBM and the fact that glioma cells are prone to develop treatment resistance [9–11], the median survival time of patients remains low, and the existing treatment modalities lead to an average survival time of only 15 months or less [4]. Therefore, it is of great significance to explore the pathogenesis of GBM and develop new treatment methods for glioma patients.
A key factor in cancer progression is the dysregulation of nucleoplasmic protein shuttling, resulting in abnormal protein spatial localization [12, 13]. Karyopherin β1 (KPNB1) is an important nuclear receptor that participates in the nuclear import of many cancer-associated proteins [14–16], and whose expression is related to tumor progression in multiple cancer types. For example, it is reported that KPNB1 can mediate PD-L1 nuclear translocation and promote non-small cell lung cancer cell proliferation [17]. In breast cancer, suppression of KPNB1 inhibited cancer cell proliferation by abrogating the nuclear transport of Her2 [18]. KPNB1 has also been previously studied in glioma; KPNB1 could regulate the proliferation of GBM cells through the Wnt/β-catenin pathway [19]. A subsequent study showed that KPNB1 inhibition could disrupt protein homeostasis, cause protein accumulation in the cytoplasm leading to increased polyubiquitination levels, and trigger the unfolded protein response in GBM cells, ultimately mediating apoptosis via Bcl-2 family members [20]. It has also been shown that KPNB1 can overcome TRAIL resistance by regulating the expression and function of DR5, Mcl-1, and FLIP in GBM cells [21]. These data imply that KPNB1 may be a potential target for future cancer therapy. However, it remains unclear whether KPNB1 is involved in the translocation of oncogenes and regulates the progression of GBM.
Transcription factors (TFs) are key molecular transcriptional regulators, and their roles in disease progression have been extensively reported. The Y-box binding protein (YBX1, YB-1, or nuclease-sensitive element-binding protein 1; NSEP1) is a DNA and RNA binding protein with multiple functions, including the regulation of transcription and translation [22], DNA repair [23], and pre-mRNA splicing [24]. YBX1 is also known as an oncoprotein that is overexpressed in numerous different types of cancer [25, 26]. Initially, YBX1 was found to transcriptionally activate the expressions of ABCB1, an ATP-binding cassette transporter associated with multidrug resistance [27], as well as the growth factor receptor genes EGFR and HER2/ErbB2 in cancer cells [28–30]. In addition, there is strong evidence supporting that the nuclear localization and/or overexpression of YBX1 could predict poor prognosis in patients with more than 20 different tumor types [31, 32]. However, the mechanism of nuclear localization of YBX1 in GBM progression remains to be elucidated. Therefore, this study mainly focused on the effects of nuclear localization of YBX1 on the transcriptional regulation of downstream genes.
Neuroligin 3 (NLGN3) is expressed in neurons and is classified as a postsynaptic adhesion molecule. NLGN3 can interact with presynaptic neurons and plays a key role in synapse formation, differentiation, maturation, and function [33]. Studies have found that NLGN3 secreted by neurons can induce the phosphorylation and activation of several key receptor tyrosine kinases (RTKs) on glioma cells, including focal adhesion kinase activation upstream of PI3K–mTOR [34], thereby promoting glioma progression [35]. Moreover, GBM-derived NLGN3 has an oncogenic function and can induce cancer stem cell (CSC) properties within GBM [36], which is significant because clinical evidence suggests that an increased number of CSCs may contribute to the failure of conventional therapies. However, the mechanisms associated with the acquisition of CSC properties in GBM are not fully understood. Hence, NLGN3 is likely a key neuron-derived factor that regulates glioma growth.
Deubiquitinating enzymes (DUBs) are proteases that process ubiquitin or ubiquitin-like gene products, reverse the modification of proteins by a single ubiquitin(−like) protein, and remodel polyubiquitin(−like) chains on target proteins [37]. Abnormalities in DUBs are associated with various diseases, including inflammatory diseases [38], and drive de novo lipogenesis [39] and cancer [40]. USP7, a member of the ubiquitin-specific processing protease family, is considered a biomarker to predict metastasis and recurrence in various malignancies [41, 42]. USP7 can regulate protein networks by preventing the degradation of p53 and its E3 ligase MDM2 [43]. USP7 can also deubiquitinate and stabilize EZH2 in prostate cancer cells [44]. To the best of our knowledge, little is known about the function of USP7 in GBM genesis; therefore, it is of great interest to elucidate novel substrates of USP7.
The current study aimed to elucidate the mechanistic role of KPNB1 in GBM. The results showed that KPNB1 was upregulated in GBM cell lines, an increase that was mediated by the deubiquitinating enzyme USP7. Moreover, this increase in KPNB1 expression promoted the nuclear translocation of YBX1, a transcription factor [45] that is enriched in the transcriptional start region of NLGN3, thus promoting the expression of the key oncogenic factor NLGN3. Therefore, this study elucidated a previously unknown mechanism of GBM development and provided a novel therapeutic target for GBM treatment.

Material and methods
Cell culture
U251MG and U87MG glioma cell lines were obtained from the Cell Bank of Shanghai Biological Institution (Shanghai, China). Glioma cell lines were maintained in DMEM containing 10% FBS and antibiotics at 37 °C with 5% CO2 concentration. All cell lines were mycoplasma-free and routinely tested by PCR amplification.

Tissue microarray and immunohistochemistry (IHC)
The tissue microarray (cat. no. N783701, Bioaitech, CN) and IHC were employed to assess the levels of KPNB1 (#10077–1-AP, Proteintech; 1:1000 dilution) and USP7 (#66514–1-Ig, Proteintech; 1:2500 dilution) in glioma tissue. The IHC score was evaluated as previously reported [46].

Plasmid construction and reagents
Plasmids for the overexpression of KPNB1, USP7, YBX1, and NLGN3 were obtained from WZ Bioscience (Shandong, China). Flag-KPNB1 was cloned into the CMV-MCS-3xFlag-SV40-neomycin vector. Myc-USP7 was cloned into the pEnter vector. His-YBX1 was cloned into the pEnter vector with C-terminal Flag and His tags. HA-NLGN3 was cloned into the pCMV-N-HA vector. Antibodies against KPNB1 (#10077–1-AP), YBX1 (#20339–1-AP), NLGN3 (#AC039), USP7 (#66514–1-Ig, Proteintech, 1:5000 dilution), GAPDH (#60004–1-Ig, Proteintech, 1:10000 dilution), HA-tag (#51064–2-AP, Proteintech, 1:5000 dilution), Flag-tag (#66008–4-Ig, Proteintech, 1:5000 dilution), P5091, and MG132 (#S2619) were obtained from Selleck (Shanghai, China).

RNA interference
Short hairpin RNAs (shRNAs) were obtained from GeneChem (Shanghai, China), and siRNA was purchased from RiboBio (Guangzhou, China). Lipofectamine 2000 (Thermo Fisher Scientific, China) and Opti-MEM media (Invitrogen, USA) were used for the transfection studies, with 50 nM of each siRNA, as previously described [47]. At least 48 hours later, cells were harvested and analyzed. The sequences of the shRNAs and siRNAs are provided in Supplementary Tables S1 and S2.

Immunofluorescence staining
After 48 h of transfection treatment, U251MG cells were trypsinized, re-seeded into 24-well plates supplemented with sterile slides, and cultured for a further 24 hours. The next day, 4% paraformaldehyde was added to the 24-well plate to fix the cells on the slides. Immunofluorescence staining was then performed as described previously [48]. After staining was completed, fluorescence images were obtained using a fluorescent microscope (Olympus IX71, Japan) and a confocal laser-scanning microscope (LSM780, ZEISS, Germany).

Western blotting and co-immunoprecipitation (co-IP)
Western blotting was performed to measure protein levels in glioma cell homogenates. Cells were lysed using RIPA buffer containing protease inhibitors. Lysates were incubated on ice for 20 min and then centrifuged at 10,000 g for 10 min at 4 °C. Protein concentrations were standardized across all samples. Then, samples were mixed with 5× loading buffer (1:4), boiled for 10 min, and run on SDS-PAGE gels. Proteins were transferred to PVDF membranes and blocked with 5% bovine serum albumin (BSA) in TBST for 1 h. Antibodies were incubated with membranes at 4 °C overnight. Horseradish peroxidase (HRP)-conjugated secondary anti-rabbit antibody (BioRad) was then added for 1 h (1:1000). Proteins were visualized using Clarity ECL Western Substrate (BioRad) and quantified and analyzed using ImageJ. For co-immunoprecipitation (IP), collected cells were suspended in 1 mL RIPA protein lysate containing 1% protease inhibitors on ice for at least 30 min. The supernatant was collected and co-cultured with Protein A and G Agarose beads (#G1718, Santa Cruz, America) and primary antibodies or IgG at 4 °C for 24 h. Then, the beads were washed with NETN buffer 6 times, and 50 μL of sample loading buffer was added, followed by boiling for 15 min. These samples were then subjected to Western blotting analysis. The antibodies used are as follows: KPNB1 (#10077–1-AP, Proteintech, 1:200 dilution), USP7 (#66514–1-Ig, Proteintech, 1:500 dilution), and YBX1 (#20339–1-AP, Proteintech, 1:200 dilution).

Deubiquitination assay
The deubiquitination assay was performed using IP analysis. U251MG cells were co-transfected with sh-USP7 and HA-UB or Myc-USP7, sh-USP7, and HA-UB and allowed to grow for 60 hours. Then, the proteasome inhibitor MG132 was added for another 12 hours. The cells were collected and lysed in EBC buffer (50-mM Tris-HCl pH = 7.6–8.0, 0.5% NP-40, 1 mM EDTA, 1 mM Na3VO4, 50-mM NaF, and 1 mM β-mercaptoethanol) supplemented with protease inhibitors. After centrifugation at 14,000 rpm for 10 min, the supernatant was collected and incubated with agarose beads at 4 °C overnight with rotation. After extensive washing, 1× loading buffer was added, and the proteins were separated with SDS-PAGE followed by Western blot analysis.

Proximity ligation assay (PLA)
The U251MG cells were fixed with the blocking solution following the manufacturer’s protocol (Duolink in situ fluorescence; Sigma). Then, the primary antibodies against KPNB1 (67,597; Proteintech; 1:200 dilution) and YBX1 (20339–1-AP; Proteintech; 1:300 dilution) or IgG (Rabbit) (3900; Cell Signaling Technology; 1:5000 dilution) and IgG (Mouse) (53,484; Cell Signaling Technology; 1:5000 dilution) were added to the cells and incubated for 2 h at 37 °C. Then, the cells were washed with 1× wash buffer and incubated with PLA probe for 1 h at 37 °C. The ligation–ligase was added to cells at 37 °C. After 30 min, the cells were incubated with amplification–polymerase solution for 100 min. The Duolink In Situ Mounting Medium with DAPI was added to cells, and images were taken under a confocal microscope. PLA and DAPI signals were counted under a fluorescence microscope, and a high-resolution intercellular visualization was performed using a confocal microscope (Leica Microsystems, Wetzlar, Germany). Detailed operation is referred to this article [47].

Nuclear-cytoplasmic separation
Two transfected cell lines (sh-control and sh-KPNB1) were collected in a centrifuge tube, to which cytoplasmic protein extraction reagent A with pre-added phenylmethanesulfonyl fluoride (PMSF) was added. After shaking and mixing, cytoplasmic protein extraction reagent B was added to the samples and incubated on ice for 10 min. After shaking and mixing, the samples were centrifuged at 12,000 g and 4 °C for 5 min. The supernatants were collected in precooled centrifuge tubes and the cytoplasmic proteins were obtained, while the pellets were collected for nuclear protein extraction. A nuclear protein extraction reagent with pre-added PMSF was added to the pellet. The samples were then incubated in the ice bath for 2 min, followed by shaking for 20 s; this process was repeated for a total of 30 min. Then, the samples were centrifuged at 1000 g and 4 °C for 10 min, and the supernatants were obtained as nuclear protein extracts. The concentrations of cytoplasmic and nuclear proteins were measured using a BCA assay and analyzed using Western blot.

Clonogenic survival assay
Cells were plated in 6-well plates at a density of 1000 cells per well and cultured for 10 days. Colonies were fixed and stained with 4% formaldehyde in PBS containing 0.02% crystal violet for 30 min, then washed with tap water. The number of colonies was counted and recorded.

In vitro invasion assay
Transwell chambers (8.0 μm Pore Size, CORNING) were coated with 50 μL Matrigel. Cells were resuspended in serum-free media and added to the upper chambers (5 × 104 cells/200 μL/chamber) of the Transwell plates. The lower chambers were filled with 500 μL of serum-containing media [49, 50]. After 48 h, non-invading cells on the upper surface of each Transwell membrane were removed using a cotton swab, and cells on the lower surface were stained with 1% crystal violet. Five randomly chosen areas were photographed under a microscope, and the number of stained cells was counted.

CCK-8 assay
3000 cells were plated in 96-well plates and cultured for 5 days with 200 μL of DMEM containing 10% FBS. The CCK-8 assay was performed according to the manufacturer’s instructions. In brief, 20 μL of CCK-8 reagent (#C0037, Beyotime) was added to each well 1 hour before the end of the incubation period. The optical absorbance at 450 nm in each well was measured using a microplate reader.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted from cells using the OMEGA Total RNA extraction kit according to the manufacturer’s protocol. RNA concentrations were quantified using a Nanodrop spectrophotometer. Reverse transcription was performed to synthesize cDNA using the Novy HiScript® III RT SuperMix for qPCR retrovirus kit according to the manufacturer’s instructions. RT-qPCR was performed using a TB Green™ Fast qPCR Mix kit (TAKARA, RR430A, JPN). The data were presented as the average of three technical replicates from at least five independent experiments (biological replicates). The primer sequences for the genes are provided in Supplementary Table S3.

EdU incorporation assay
Treated cells were seeded in 96-well plates at 5000 cells per well. The next day, the supernatant was discarded and 10 μM EdU was added to the complete medium, which was provided to cells at 200 μL per well. After 2 h of incubation at 37 °C, cells were fixed for 1 h with 4% paraformaldehyde in PBS and stained using the BeyoClick-TM EdU-488 kit and protocol (Beyotime). The percentage of EdU-labeled cells was determined by confocal microscopy at 200× magnification, and the cell proliferation index was calculated.

Chromatin immunoprecipitation (ChIP) assay
The binding sites of YBX1 and NLGN3 were determined using a ChIP assay. For this purpose, formaldehyde was added to the cells to facilitate cross-linking of the target proteins with genomic DNA. Then, cells were digested to obtain lysates, which were then sonicated to achieve genomic DNA of 200–1000 bp fragments. The target proteins and the DNA fragments bound to them were co-immunoprecipitated, purified, and amplified using PCR. The primer sequences for ChIP-qPCR are provided in Supplementary Table S4.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
293 T cells transfected with a Flag-KPNB1-expressing plasmid were used for the identification of novel KPNB1-binding proteins. KPNB1 protein was immunoprecipitated using an anti-KPNB1 antibody and protein A + G agarose beads (#P2012, Beyotime, China) at 4 °C. LC-MS/ MS analysis was performed using a Thermo Scientific Ultimate 3000 RSLC system combined with a Q Exactive Plus high-resolution mass spectrometer by SpecAlly Life Technology Co., Ltd., Wuhan, China. The data were retrieved using MaxQuant (v1.6.6) software and the Andromeda algorithm. The UniProt human proteome database was used as a reference database. Proteins and peptides were filtered using a false discovery rate (FDR) of 1%.

Flow cytometry
The two stable glioma cell lines were digested with trypsin in their logarithmic growth phase and collected in a flow cytometry tube with a pre-added culture medium. After centrifugation at 300 g for 5 min, the supernatants were discarded, and the pellets were washed with PBS and re-suspended in 300 μL of binding buffer. Then, 5 μL of Annexin V (FITC) was added and samples were incubated in the dark for 10 min. Following this, 5 μL of propidium iodide (PI) was added, mixed, and incubated in the dark for a further 5 min. Flow cytometry was performed, and the corresponding channels were detected and observed within 1 hour.

Transcriptome sequencing (RNA-seq)
Total RNA was extracted using TRIzol reagent (#R401–01 RNA isolator Total RNA Extraction Reagent, Vazyme, Nanjing, China), and transcriptome sequencing was performed by NOVOGENE (Beijing, China). The library preparations were sequenced on an Illumina NovaSeq platform, and 150 bp paired-end reads were generated. The RNA-seq data is provided in Supplementary Table S5.

In vivo xenografts
All experimental procedures on animals were performed according to the guidelines and regulations approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. Female BALB/c nude mice (4–5 weeks old) were purchased from Shulaibao Biotech (Wuhan, China) and acclimatized for 1 week under specific pathogen-free conditions in standard cages. To establish the intracranial disease model, GBM cells expressing luciferase (U251MG-luc) (1 × 106 cells) were implanted intracranially into nude mice using a previously described guide-screw system [51]. Treated U251MG cells were injected into the brains of BALB/c nude mice (4 to 5 weeks old). The origin of the anterior fontanelle was 2 mm to the left and 1.5 mm to the back, and the depth of the needle was 2.5 mm. Tumor growth and development were visualized and quantified using an IVIS Spectrum in vivo imaging system.


Statistical analysis
All experiments were performed in at least three biological replicates. The data were statistically analyzed and plotted using GraphPad Prism 8.0. Western blot and DNA gel electrophoresis data were analyzed using Image J. Categorical data were analyzed using the chi-square test. Continuous data involving two groups were analyzed using an unpaired t-test, and data involving three or more groups of samples were analyzed using one-way ANOVA with Tukey’s post hoc test. All the graphs show the mean ± SD of triplicate experiments. A P-value of less than 0.05 was considered statistically significant.

Results
KPNB1 was abnormally expressed in glioma tissues and predicted poor prognosis
To verify the relationship between KPNB1 expression and glioma grade and prognosis, the mRNA expression levels of KPNB1 in the TCGA database were analyzed. The results showed that KPNB1 expression was increased in glioma tissues compared with normal brain tissues (Fig. 1A). Further analysis using the CGGA database found that KPNB1 levels were positively associated with the WHO grade of the glioma, with higher KPNB1 expression in WHO IV gliomas than those graded as WHO II or WHO III (Fig. 1B). Analyzing the clinical characteristics of glioma patients in the TCGA database showed that KPNB1 expression was not related to age and gender but associated with the initial glioma treatment efficacy. Patients with high KPNB1 expression had worse initial treatment efficacy and lower PR and CR (Fig. 1C). Moreover, additional analysis of the TCGA database showed that KPNB1 expression was negatively correlated with the overall survival rate of patients, a relationship that became more statistically significant with increasing WHO glioma grade (Fig. 1D-G).[image: ]
Fig. 1KPNB1 was abnormally expressed in glioma tissues and predicted poor prognosis. A. TCGA database analysis showed that the expression of KPNB1 was higher in glioma tissues than in normal tissues. B. CGGA database analysis showed that the expression of KPNB1 increased with increasing WHO glioma grade. C. The baseline characteristics, WHO grade, initial treatment, and prognosis of glioma patients were analyzed using a chi-square test for categorical variables and a Student’s t-test for continuous variables. D-G. A Kaplan-Meier plotter was used to analyze the effects of KPNB1 on the overall survival of glioma patients. The log-rank test was used to detect statistically significant differences. H-I. IHC Images (H) and dot plots (I) of KPNB1 staining using glioma and normal tissue sections (***P < 0.001, unpaired t-test)


To confirm the database analyses, KPNB1 protein levels were measured in a tissue microarray containing specimens from a cohort of glioma patients (n = 64) and non-tumor brain tissue specimens (n = 14). The findings demonstrated that KPNB1 was upregulated in glioma tissues compared to non-tumor brain tissues (Fig. 1H and I). Therefore, our data demonstrated that KPNB1 was upregulated in glioma tissues compared to healthy tissues, with high KPNB1 expression levels associated with poor prognosis among glioma patients.

Abnormally high expression of KPNB1 promoted glioma progression in vitro and in vivo
Since KPNB1 is highly expressed in gliomas and associated with poor prognosis, we hypothesized that it may have a tumorigenic role in gliomas. To this point, we performed KPNB1 knockdown experiments in U251MG and U87MG cells using two different gene-specific shRNAs (Supplementary Fig. S1A and S1B). KPNB1 silencing profoundly decreased the proliferation, invasion, and migration of GBM cell lines, as determined by CCK8, colony formation, Transwell, and EdU assays (Fig. 2C, Supplementary Fig. S1C-S1E). Conversely, we overexpressed KPNB1 by ectopically transfecting U87MG and U251MG cells with KPNB1 expression plasmids (Supplementary Fig. S1F and S1G) and achieved the opposite effects to KPNB1 knockdown, showing increased proliferation, invasion, and migration of GBM cells (Supplementary Fig. S1H and S1J). Moreover, we showed that rescue of KPNB1 expression in cells with KPNB1 silencing (Fig. 2A and B) reversed the suppressive effects on cell proliferation and invasion induced by KPNB1 knockdown in vitro (Fig. 2C-E). Previous studies have shown that lentivirus-mediated expression of shKPNB1 in GBM cells can induce the cleavage of caspase-3 and PARP, leading to apoptosis [20]. As expected, increased apoptosis was observed following KPNB1 knockdown in U87MG and U251MG cells, which was rescued by KPNB1 overexpression (Fig. 2F). We further analyzed the tumorigenic effects of KPNB1 in vivo using a model of intracranial orthotopic tumors in nude mice. We found that the knockdown of KPNB1 inhibited tumor growth and prolonged the overall survival of mice. However, overexpression of KPNB1 could rescue this inhibitory effect and promote intracranial GBM growth, resulting in shortened overall survival of these mice (Fig. 2G-I). The standard treatment for GBM consists of surgical resection followed by palliative radiotherapy and chemotherapy [52]. Although temozolomide (TMZ) treatment could prolong a subset of effective patients by up to 2.5 months, GBM usually exhibits a unique phenotype of resistance to DNA damage and is inevitably resistant to the effects of TMZ [53]. Since KPNB1 had a regulatory effect on the malignant phenotype of GBM cells, it was speculated that KPNB1 might regulate TMZ sensitivity. The results showed that as compared to the TMZ group, the proliferation ability of GBM cells treated with KPNB1 knockdown combined with TMZ was further inhibited, and the number of apoptotic cells was further increased (Supplementary Fig. S1K and S1L). Taken together, these results suggested a tumor-promoting function of KPNB1 in GBM. The knockdown of KPNB1 not only limited GBM progression but also increased sensitivity to TMZ treatment. This provided a rationale for the clinical translation of KPNB1 as a therapeutic target.[image: ]
Fig. 2KPNB1 knockdown inhibited glioblastoma growth, which could be rescued by overexpression of KPNB1. A. Western blot analysis showing KPNB1 expression in U87MG and U251MG cells infected with lentivirus vectors expressing KPNB1-specific shRNAs or shRNAs + KPNB1 plasmid. B. RT-qPCR results showing KPNB1 expression in U87MG and U251MG cells. Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA. U87MG and U251MG cells infected with lentivirus vectors expressing KPNB1 specific shRNAs or shRNAs + KPNB1 plasmid after puromycin selection were harvested for colony formation assay (C), Transwell invasion assay (D), and fluorescein isothiocyanate (FITC)/PI flow cytometry (F). Scale bars: 100 μm. Each bar represents the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. U251MG cells were transfected with the indicated constructs. E. EdU assay of U87MG and U251MG cells infected with lentivirus vectors expressing KPNB1-specific shRNAs or shRNAs + KPNB1 plasmid after puromycin selection. EdU-positive nuclei (red) and 1× DAPI-stained nuclei of all cells (blue) were visualized by fluorescence microscopy. Quantification of the EdU assay on the right. Error bars represent mean ± SD one-way ANOVA, Tukey’s multiple comparisons test; n = 3 independent experiments, *P < 0.05; **P < 0.01; ***P < 0.001. G. After puromycin selection, cells were administered to nude mice by intracranial injection to establish a xenograft model. Representative bioluminescence imaging of a tumor at day 28 is shown. H. Quantitative assessments of tumor growth following implantation. Data expressed as mean ± SD, n = 10 per group. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. I. Mice were sacrificed at the ethical endpoint, and survival curves were plotted in Kaplan–Meier graphs, with differences evaluated using the log-rank test (P < 0.001 for control vs. shKPNB1; P < 0.001 for shKPNB1 vs. shKPNB1+ KPNB1)



Transcriptome sequencing revealed that KPNB1 reduced the expression of NLGN3 in GBM
To further elucidate the mechanism by which KPNB1 regulated GBM progression, RNA sequencing analysis was performed following small interfering RNA (siRNA) knockdown of KPNB1 in U251MG cells. Boxplots (Fig. 3A) were used to visualize the quality control of RNA sequencing. We analyzed and identified 130 upregulated and 497 downregulated DEGs (Fig. 3B). The volcano plot (Fig. 3B) and heat map (Fig. 3C) indicated that knockdown of KPNB1 resulted in a marked decrease in the expression of neuroligin 3 (NLGN3). NLGN3 is a postsynaptic adhesion molecule that can interact with presynaptic neuronal proteins and play a key role in the formation, differentiation, maturation, and function of synapses [54]. Notably, NLGN3 has been implicated in GBM, and a study by Venkatesh et al. published in Cell identified NLGN3 as a mitogen that could promote the growth of high-grade gliomas [34]. GO functional enrichment analysis showed that KPNB1 was associated with multiple synaptic activities in U251MG cells (Fig. 3D). NLGN3 protein has been characterized as a synaptic organizer [55], which is consistent with the hypothesis that KPNB1 has a role related to the function of NLGN3 and is involved in the regulation of GBM progression. Moreover, TCGA (n = 701) database correlation analysis showed that there was a positive correlation between the mRNA expression levels of NLGN3 and KPNB1 (Fig. 3E). These results suggested that KPNB1 might positively regulate NLGN3 expression in GBM.[image: ]
Fig. 3Transcriptome sequencing revealed that KPNB1 knockdown reduced the expression of NLGN3 in glioblastoma. A. U251MG cells infected by siControl or siKPNB1 were harvested for transcriptomic RNA sequencing. Boxplots show the quality control of RNA sequencing. B-C. Volcano plot (B) and heat map (C) show that NLGN3 was significantly down-regulated in KPNB1-silenced U251MG cells. D. GO functional enrichment analysis was performed and KPNB1 was associated with multiple synaptic activities in U251MG cells. E. TCGA (n = 701) database correlation analysis showed that there was a positive correlation between the mRNA expression levels of NLGN3 and KPNB1



KPNB1 regulated GBM progression through NLGN3
Given the marked downregulation of NLGN3 following KPNB1 knockdown, and the previously reported roles of NLGN3 in various cancers, especially in nervous system tumors [36, 56–58], we hypothesized that KPNB1 regulated GBM progression through NLGN3. To test this hypothesis, we knocked down KPNB1 in two cell lines (U87MG and U251MG) and found that the protein and mRNA levels of NLGN3 were reduced in response to KPNB1 knockdown (Fig. 4A and B). The overexpression of KPNB1 produced the opposite effect, with increased NLGN3 expression (Fig. 4C and D). Next, we used lentiviral vectors to construct U87MG and U251MG cell lines as follows: KPNB1 knockdown alone, NLGN3 knockdown alone, and combined KPNB1-NLGN3 knockdown (Fig. 4E and F). CCK8, colony formation, and Transwell invasion assays showed that knockdown of each of KPNB1 and NLGN3 alone inhibited the proliferation, invasion, and migration of GBM cell lines, and these inhibitory effects were further enhanced in the combined knockdown group (Fig. 4G-I). In vivo experiments further demonstrated that intracranial tumor growth was significantly inhibited in the combined KPNB1-NLGN3 knockdown group, with prolonged survival time (Fig. 4J-L). We also showed that co-overexpression of KPNB1 and knockdown of NLGN3 attenuated the downregulation of NLGN3 expression caused by NLGN3 silencing alone (Supplementary Fig. S2A and S2B), as well as the inhibitory effect of NLGN3 silencing alone on GBM cell lines (Supplementary Fig. S2C-E). These data suggested that both KPNB1 and NLGN3 played important roles in regulating GBM progression, and the effects of KPNB1 on GBM progression were primarily mediated via NLGN3.[image: ]
Fig. 4KPNB1 regulated glioblastoma progression through NLGN3. A. Western blot analysis showing KPNB1 and NLGN3 expression in U87MG and U251MG cells infected with lentivirus vectors expressing KPNB1-specific shRNAs. B. RT-qPCR results showing NLGN3 expression in U87MG and U251MG cells. Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA.C-D. U87MG and U251MG cells were infected with lentivirus vectors expressing KPNB1. C. Western blot analysis showing KPNB1 and NLGN3 expression. D. RT-qPCR results showing NLGN3 expression. Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA. E-L. U87MG and U251MG cells were infected with lentivirus vectors expressing shKPNB1, shNLGN3, or shKPNB1 combined with shNLGN3. Cells were collected for Western blot analysis (E), RT-qPCR (F), CCK8 assay (G), colony formation assay (H), and transwell invasion assay (I). J. After puromycin selection, cells were administered to nude mice by intracranial injection to establish the xenograft model. Representative bioluminescence imaging of a tumor at day 28 is shown. K. Quantitative assessments of tumor growth following implantation. Data expressed as mean + SD, n = 10 per group. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. L. Mice were sacrificed at ethical endpoint, survival curves were plotted in Kaplan–Meier graphs, and differences were evaluated using the log-rank test (P < 0.001 for control vs. shKPNB1; P < 0.001 for control vs. shNLGN3; P < 0.001 for control vs. shKPNB1 + shNLGN3; P = 0.057 for shKPNB1 vs. shKPNB1 + shNLGN3; P = 0.012 for shNLGN3 vs. shKPNB1 + shNLGN3)



KPNB1 interacted with YBX1 and regulated its nuclear localization in GBM
As KPNB1 is a member of the karyopherin β family, it mediates the transport of proteins from the cytoplasm to the nucleus [59]. Since KPNB1 has not been reported to function as a transcription factor, we speculated that KPNB1 regulated NLGN3 indirectly. Therefore, we performed mass spectrometry to identify the binding partners of KPNB1 (Fig. 5A). YBX1 was identified by screening proteins associated with NLGN3 transcript levels from the mass spectrometry results; the amino acid sequence of YBX1 as determined by mass spectrometry is shown in Fig. 5B. We also found by reciprocal co-IP in U87MG and U251MG cells that endogenously expressed KPNB1 bound to YBX1 (Fig. 5C). The KPNB1-Flag expression plasmid was transfected into 293 T cells, and reciprocal co-IP assay results indicated that exogenously expressed KPNB1 interacted with endogenously expressed YBX1 in 293 T cells (Fig. 5D). To investigate the regulatory relationship between KPNB1 and YBX1, we transfected plasmids encoding shRNAs against KPNB1, YBX1, or both into the two cell lines. The results showed that the protein expression of YBX1 was not changed after KPNB1 knockdown (Supplementary Fig. S3A-C); however, the cell proliferation was significantly inhibited in the combined knockdown group compared with the corresponding single knockdown groups (Supplementary Fig. S3D and S3E). Therefore, we hypothesized that KPNB1 played a carcinogenic role by regulating the cytoplasmic/nuclear localization of YBX1. To test this, KPNB1 was knocked down in the two cell lines (U87MG and U251MG) and total protein, cytoplasmic protein, and nuclear protein were extracted to measure YBX1 expression. After silencing KPNB1, the total YBX1 protein did not change, but the expression of YBX1 in the cytoplasmic fraction increased, and the expression of nuclear YBX1 protein decreased (Fig. 5E). In contrast, the nuclear expression of YBX1 increased after overexpression of KPNB1 (Fig. 5F). Immunofluorescence staining confirmed that the cytoplasmic localization of YBX1 increased, and the nuclear expression decreased after KPNB1 knockdown (Fig. 5G). Moreover, we performed a proximity ligation assay (PLA) to confirm the interaction between KPNB1 and YBX1 in U251MG cells (Fig. 5H). These results suggested that KPNB1 interacted with YBX1 in GBM and regulated the nuclear translocation of YBX1 to promote tumor growth.[image: ]
Fig. 5KPNB1 interacted with YBX1 and regulated its nuclear localization in glioblastoma. A. Mass spectrometry was used to identify the proteins obtained in U251MG cells. A subset of the identified peptides is displayed. B. Mass spectrometric sequencing of YBX1. C. Western blot analysis of reciprocal co-IP in U87MG and U251MG cells, demonstrating that endogenously expressed KPNB1 bound to YBX1. D. KPNB1-Flag expression plasmid was transfected into 293 T cells. Reciprocal co-IP demonstrating the interaction of exogenously expressed KPNB1 with endogenously expressed YBX1. E-F. Western blot analysis was used to detect the protein expression of YBX1 in the cytoplasm and nucleus of U87MG and U251MG infected with sh-Control or shKPNB1 (E) and EV or KPNB1 plasmids (F). G. U251MG cells were classified as treatment (shKPNB1) or control. Cells were incubated with rabbit anti-KPNB1 antibody and mouse anti-YBX1 antibody for immunofluorescence to determine the nuclear translocation of YBX1. H. PLA was used to verify the interaction between KPNB1 and YBX1 in U251MG cells. The size of the scale bar in microscopy images was 20 μm



Nuclear localization of YBX1 enhanced NLGN3 expression in GBM
Through TCGA database analysis, we found that the expression of YBX1 was positively correlated with NLGN3 (Fig. 6A). Next, to verify the regulatory effects of YBX1 on NLGN3, Western blot and RT-qPCR were performed, which showed that NLGN3 expression was downregulated after YBX1 silencing (Fig. 6B and C). Moreover, NLGN3 expression was also upregulated after YBX1 overexpression (Fig. 6D and E). In addition, the downregulation of NLGN3 following NGLN3 knockdown alone was rescued by overexpressing YBX1 (Fig. 6F and G). Both the colony formation assay and CCK8 assay demonstrated that overexpression of YBX1 could promote the proliferation of GBM cells and knockdown of NLGN3 could inhibit GBM cell proliferation; moreover, this inhibitory effect could be rescued by overexpression of YBX1 (Supplementary Fig. S3F-H). Next, we predicted a YBX1 binding peak in the promoter of NLGN3 by using ChIP-Atlas (Fig. 6H). The DNA motif of YBX1 was presented using JASPAR online tools (Fig. 6I). We then tested this interaction by ChIP qPCR and gel electrophoresis assay. YBX1 bonded to the promoter region of NLGN3, and this binding was significantly reduced after KPNB1 knockdown (Fig. 6J and K). These data suggested that YBX1 promoted NLGN3 transcription after nuclear translocation via KPNB1, which contributed to GBM progression.[image: ]
Fig. 6Nuclear localization of YBX1 enhanced NLGN3 expression in GBM. A. TCGA database showed that the expression of YBX1 was positively correlated with that of NLGN3 at the mRNA level. B and C. U87MG and U251MG cells were infected with shYBX1#1 and shYBX1#2. Cells were collected for Western blot analysis (B) and RT-qPCR (C). Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA. D and E. U87MG and U251MG cells were infected with YBX1 plasmids. Cells were collected for Western blot analysis (D) and RT-qPCR (E). Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA. F and G. U87MG and U251MG cells were infected with shControl or shNLGN3 for 48 h. Then, cells were transfected with pcDNA3.1 or His-YBX1 as indicated. After 24 h, cells were harvested for Western blotting analysis (F) and RT-qPCR analysis (G). Data presented as the mean ± SD of three independent experiments, ***P < 0.001, one-way ANOVA. H. ChIP-Seq peaks were mapped on the UCSC genome browser. Data presented as the mean ± SD of three independent experiments, ***P < 0.001, ns not significant, one-way ANOVA. I. The DNA motif of HSF4 was prepared using JASPAR online tools. J. Relative quantification of ChIP-qPCR. All data are shown as the mean ± SD from three replicates. ***P < 0.001, unpaired Student’s t-test. K. DNA electrophoresis of the products from the ChIP assay



USP7 could bind to KPNB1 and stabilize KPNB1 expression by deubiquitination
The regulation of protein expression is undoubtedly a complex process [60]. Ubiquitination, a critical post-translational modification, is currently the focus in studying the regulation of eukaryotic signaling in normal and disease states, as the ubiquitin-proteasome pathway is the most important known protein degradation pathway of high specificity in all eukaryotic organisms [61]. To determine the mechanism of KPNB1 overexpression in GBM, UbiBrowser (http://​ubibrowser.​bio-it.​cn/​) was used. The results showed that the DUBs TNFIAP3 and USP7 were closely associated with KPNB1 (Fig. 7A). Co-IP confirmed the interaction between endogenously expressed USP7 and KPNB1 in U87MG and U251MG cell lines (Fig. 7B). Next, the knockdown of USP7 in both cell lines showed that KPNB1 was downregulated at the protein level but not at the mRNA level (Fig. 7C). The results were consistent with the effects of P5091, an inhibitor of USP7 (Fig. 7D). Overexpression of USP7 also resulted in increased KPNB1 protein levels, but the mRNA levels were not perturbed (Fig. 7E). The above results suggested that USP7 regulation of KPNB1 might act through post-translational mechanisms and was unlikely to interfere with mRNA transcription. To further test this hypothesis, we added the proteasome inhibitor MG132 to both cell lines with USP7 knockdown and found that KPNB1 expression was no longer affected by USP7 knockdown (Fig. 7F). P5091 also produced consistent results (Fig. 7G). A subsequent protein half-life assay confirmed that KPNB1 protein degradation was accelerated after USP7 knockdown (Fig. 7H and J) and slowed after USP7 overexpression (Fig. 7H and J). Consistently, P5091 also accelerated the degradation of KPNB1 (Fig. 7I and J). Moreover, a protein polyubiquitination assay further confirmed that USP7 stabilized KPNB1 expression by deubiquitination (Fig. 7K and L). Additionally, we used a GBM tissue microarray to verify the positive correlation between USP7 and KPNB1 expression in gliomas (Fig. 7M and N). These results suggested that USP7 interacted with KPNB1, with a positive correlation between USP7 and KPNB1 expression. Importantly, our data implied that USP7 enhanced KPNB1 protein levels in GBM by deubiquitination.[image: ]
Fig. 7USP7 bound to KPNB1 and stabilized KPNB1 expression by deubiquitination. A. UbiBrowser identified deubiquitinases (DUBs) that might interact with KPNB1. B. Western blot analysis showing the reciprocal co-IP in U87MG and U251MG cells demonstrating the binding of endogenously expressed KPNB1 to USP7. C. U87MG and U251MG cells were infected with shUSP7#1 and shUSP7#2. Cells were collected for Western blot analysis and RT-qPCR. Data presented as the mean ± SD of three independent experiments, ns: not significant, one-way ANOVA. D. U87MG and U251MG cells were treated with or without USP7 inhibitor P5091 (10 μM) for 48 h. Then, cells were harvested for RT-qPCR and Western blotting analysis. Data presented as the mean ± SD of three independent experiments, ns: not significant, one-way ANOVA. E. U87MG and U251MG cells were infected with USP7 plasmids. Cells were collected for Western blot analysis and RT-qPCR. Data presented as the mean ± SD of three independent experiments, ns: not significant, one-way ANOVA. F. U251MG cells were infected with shUSP7#1 and shUSP7#2. After 48 h or 72 h, the corresponding groups were treated with MG132 for another 12 h. All cells were harvested for Western blotting analysis. G. U251MG cells were treated with or without USP7 inhibitor P5091 (10 μM) for 48 h then treated with MG132 for another 12 h. All cells were harvested for Western blotting analysis. H-J. U251MG cells were infected with shUSP7 or Myc USP7 (H) or treated with P5091 (I). Cells were treated with cycloheximide (CHX), and all cells were collected for Western blotting analysis at different time points. The half-life of KPNB1 protein is shown (J). K-L. U251MG cells were infected with shUSP7 (K) or Myc USP7 (L) and treated with MG132 for 12 h. Then, cells were collected for Western blot analysis. M-N. GBM tissue microarrays were stained with antibodies against USP7 and KPNB1. The correlation of these two proteins is shown in panel (N). Spearman correlation was used to determine statistical significance; P < 0.001



USP7/KPNB1/YBX1 axis regulated NLGN3 expression and promoted tumorigenesis in GBM
We next sought to further elucidate the role of USP7 in GBM progression and clarify whether this role was dependent on KPNB1. Based on the above experiments, we identified the molecular mechanism by which KPNB1 regulated GBM progression. Next, we knocked down KPNB1 while suppressing the expression of USP7 in U87MG and U251MG cell lines. The knockdown effect was verified by Western blotting (Fig. 8A), and we found that the KPNB1-USP7 combined knockdown achieved a greater effect to decrease NLGN3 protein expression compared with the single knockdown groups (Fig. 8A). However, the protein level of YBX1 was not changed (Fig. 8A). Moreover, both the colony formation assay and CCK8 assay demonstrated that the cell proliferation ability of the combined knockdown group was further inhibited compared with that of the single knockdown groups (Fig. 8D-F), and the tumor-suppressing effects of the combined knockdown were further verified in vivo (Fig. 8H-I). The use of P5091 achieved results consistent with that of USP7 knockdown (Fig. 8B). Conversely, USP7 overexpression rescued the downregulation of NLGN3 caused by KPNB1 knockdown (Fig. 8C). In addition, colony formation and CCK8 assays confirmed that overexpression of USP7 promoted GBM cell proliferation and was sufficient to rescue the decrease in GBM cell proliferation caused by KPNB1 knockdown (Fig. 8E-G). These results suggested that USP7 regulated NLGN3 expression by stabilizing KPNB1 expression, and this effect was indirectly regulated by the nuclear translocation of YBX1. Overall, these data indicated that the USP7/KPNB1/YBX1/NLGN3 axis actively regulated tumor progression in GBM (Fig. 8J).[image: ]
Fig. 8USP7/KPNB1/YBX1/NLGN3 axis promoted tumorigenesis in GBM. A, D, and F. U87MG and U251MG cells were infected with shUSP7, shKPNB1, or both. Cells were collected for Western blot (A), colony formation assay (D), and CCK8 assay (F). Data expressed as mean ± SD, n = 10 per group. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. B. U87MG and U251MG cells were treated with P5091 and then collected for Western blot. C, E, and G. U87MG and U251MG cells were infected with Control or shKPNB1 for 48 h. Then, cells were transfected with pcDNA3.1 or Myc USP7 as indicated. After 24 h, cells were harvested for Western blotting analysis (C), colony formation assay (E), and CCK8 assay (G). Data expressed as mean ± SD, n = 10 per group. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. H. U251MG cells were infected with shUSP7 and shKPNB1. After puromycin selection, cells were administered to nude mice via intracranial injection to establish a xenograft model. Representative bioluminescence imaging of a tumor at day 28 is shown. I. Quantitative assessments of tumor growth following implantation. Data expressed as mean ± SD, n = 10 per group. *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA. J. Schematic diagram summarizing the role of the USP7/KPNB1/YBX1/NLGN3 axis in promoting tumorigenesis in GBM




Discussion
As the most common primary intracranial malignant tumor, GBM is frequently associated with poor prognosis, with a median survival of less than 2 years [5]. Incidence of GBM demonstrates a sexual dimorphism, with GBM more commonly occurring in males; incidence also increases with age [62, 63]. Currently, standard therapies for newly diagnosed GBM include surgical treatment and postoperative temozolomide combined with radiotherapy, but the overall prognosis remains poor, and long-term survival is rare [64]. The advent of immunotherapy has transformed the treatment outcomes of many cancers, but its use for CNS tumors has been limited by their unique immune microenvironment [65]. Therefore, immunotherapy has not achieved good efficacy in glioma patients. Hence, despite substantial efforts to explore immunotherapy and precision oncology approaches, there is clearly a need for better treatment options. Significant challenges to the development of novel therapeutic modalities include not only the unique immune microenvironment but also the unique anatomical structures associated with GBM (e.g., blood-brain barrier). Therefore, there is an urgent need to identify novel and highly effective targets to ultimately improve the outcomes of patients with GBM.
KPNB1 is a nuclear transport receptor that can interact with KPNA to transport molecules with classical nuclear localization signals (NLS) into the nucleus, as well as molecules with non-classical NLS in a KPNA-independent manner [66]. KPNB1 plays an important role in a variety of cancers, and in this study, we revealed a novel regulatory mechanism of KPNB1 in GBM cells. We elucidate for the first time the specific mechanisms downstream of KPNB1 as a key molecular target for predicting GBM prognosis. The high expression of KPNB1 in GBM could promote the growth, proliferation, and migration of glioma cells and enhance tumor growth in vivo. It was also found that the knockdown of KPNB1 promoted TMZ sensitivity. KPNB1 could promote the function of YBX1 as a transcriptional activator by facilitating its nuclear import. However, the mechanism of the interaction between KPNB1 and YBX1 remains uncertain. Notably, YBX1 is highly enriched in the transcriptional start site of its downstream NLGN3. Therefore, we suggested that the increased nuclear import of YBX1 might promote the expression of NLGN3. As a postsynaptic adhesion molecule, NLGN3 itself is also highly expressed in glioma cells, and previous studies have reported that NLGN3 can promote glioma progression.
In most eukaryotic cells, ubiquitination is a reversible process driven by a series of enzymes. Protein deubiquitination is retained by deubiquitinating enzymes [67]. The regulatory mechanism of KPNB1 ubiquitination and deubiquitination in tumor cells remains unclear. The current study identified USP7 as a member of the ubiquitin-specific processing protease family that could stabilize KPNB1 expression by deubiquitination. USP7 is a member of the ubiquitin-specific protease family and can scavenge the ubiquitin modification of the substrate, thereby protecting the substrate from proteolysis [42, 68]. Previous studies have shown that USP7 plays different roles in the development of cancer [69]. A recent study showed that high USP7 expression was associated with poor survival and later tumor stage in GBM [70]. However, the role of USP7 in GBM progression requires further investigation. The current study initially found that USP7 expression was upregulated in GBM tissues. Subsequently, USP7 promoted GBM proliferation and invasion by stabilizing the KPNB1-YBX1-NLGN3 signaling axis in vitro and in vivo. P5091, as a novel specific inhibitor of USP7, might have clinical significance by providing an effective way to treat GBM.
It is well known that GBM is an incurable malignant brain tumor due to its high cellular heterogeneity, caused by the complex brain genetic heterogeneity of patients [71]. A subpopulation of cells in gliomas, known as brain tumor stem cells, is an aggressive, stem-like cell population that is resistant to chemotherapy and radiation therapy and may be responsible for tumor recurrence after the application of standard therapies [72]. The glioblastoma stem cells (GSCs) are distinguished by their unlimited self-renewal capability and differentiation potential, which contribute to the tumorigenesis, progression, and recurrence of GBM [73, 74]. The current study only explored the role of the USP7-KPNB1-YBX1-NLGN3 axis in GBM cell lines. However, the effects of this signal axis on the activity of GSC will be investigated in the future. Therefore, our future study will focus on further elucidation of whether KPNB1 is the molecular mechanism by which GSCs maintain stemness. The Cancer Genome Atlas Network describes a robust gene expression-based molecular classification of GBM into mesenchymal, classical, and proneural subtypes, providing a potential approach to improve the treatment of glioblastoma [75]. Studies have found that patients with different subtypes have different prognosis, with proneuronal and classical GBM showing a better prognosis than mesenchymal tumors [76, 77]. Therefore, these subtype-related differences provide different therapeutic directions to guide the application of targeted therapeutic therapies in GBM. An assessment of the response of mesenchymal, classical, and preneuronal GBM subtypes to treatment with the USP7-KPNB1-YBX1-NLGN3 signaling axis is missing from this study. We next plan to further investigate the potential differences in the therapeutic response of different subtypes of GBM to this signaling axis, thereby providing new insights for clinical application. Our study has additional limitations, such as YBX1 may not be the only transcription factor, but based on our results, YBX1 is still the most likely transcription factor regulated by KPNB1. At the same time, we know that USP7 is a deubiquitinating enzyme, and its deubiquitinating activity is usually explored in research to maintain protein stability. However, it has been reported that USP7 can interact with PcG proteins to regulate molecular transcription [78]. Thus, the regulation of NLGN3 by USP7 may not only indirectly promote NLGN3 transcription by stabilizing KPNB1 expression by deubiquitination. USP7 may also directly regulate NLGN3 expression. These questions need to be further explored. To sum up, this study elucidated that KPNB1 promoted glioma progression through the YBX1-NLGN3 axis while USP7 stabilized its high expression, which may provide a new therapeutic target for GBM.

Conclusions
Aberrant transport of proteins into the nucleoplasm disrupts cell homeostasis and promotes cancer progression. KPNB1 is a nuclear receptor that is highly expressed in a variety of cancers and promotes tumor progression. However, few studies have investigated its function in mediating the nuclear translocation of macromolecules in the context of cancer. Our study found that KPNB1 was highly expressed in GBM and associated with poor clinical prognosis. Moreover, KPNB1 could regulate the nuclear translocation of YBX1. Transcriptome sequencing demonstrated that KPNB1 could regulate the expression of NLGN3, which has been previously reported as a postsynaptic membrane protein that is highly expressed in the central nervous system and key to glioma progression. In our study, we found that YBX1 exhibited a binding peak with the promoter region of NLGN3, and this binding was regulated by KPNB1. In addition, we also showed that USP7 could stabilize KPNB1 expression by deubiquitination, which could be inhibited by the USP7 inhibitor P5091. Taken together, our results identified the USP7/KPNB1/YBX1/NLGN3 axis as a regulator of GBM progression and provided new insights into the clinical treatment of GBM.

Acknowledgments
Not applicable.

Authors’ contributions
Design and Conducting experiments: J.L., B.Z. Data analysis and figure preparation: Z.S., D.D., Z.Y. Technical assistance: C.W., Y.H., Y.J., Y. J, X. X, W.W., X. Y, J.S., M.J., Y.H., B.W., L.W., F.H. Conception and supervision the study: Y.L., K.Y.

Funding
This work was supported by grants from the National Nature Science Foundation of China (No. 82073354 to KY, No. 82002896 to YL, No. 82102843 to YH).

Availability of data and materials
The data supporting the findings of this article is included within this article and its additional files. The RNA-seq data is provided in Supplementary Table S5. The datasets used and/or analyzed during the current study are available from the corresponding authors (yangkunyu@hust.​edu.​cn) upon reasonable request.

Declarations
Ethical approval and consent to participate
The study was conducted in accordance with the principles of the Declaration of Helsinki principles. It was approved by the Animal Use and Care Committees at Tongji Medical College, Huazhong University of Science and Technology (2022 IACUC Number: 3114).

Consent for publication
Not applicable.

Competing interests
The authors declare no potential conflicts of interest.


References
	1.
Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-Sloan JS. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United States in 2011-2015. Neuro-oncology. 2018;20(suppl_4):iv1–86.PubMedPubMedCentral


	2.
Velásquez C, Mansouri S, Mora C, Nassiri F, Suppiah S, Martino J, et al. Molecular and clinical insights into the invasive capacity of glioblastoma cells. J Oncol. 2019;2019:1740763.PubMedPubMedCentral


	3.
Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021 WHO classification of tumors of the central nervous system: a summary. Neuro-oncology. 2021;23(8):1231–51.PubMedPubMedCentral


	4.
Grochans S, Cybulska AM, Simińska D, Korbecki J, Kojder K, Chlubek D, et al. Epidemiology of glioblastoma Multiforme-literature review. Cancers (Basel). 2022;14(10):2412.PubMed


	5.
Tan AC, Ashley DM, López GY, Malinzak M, Friedman HS, Khasraw M. Management of glioblastoma: state of the art and future directions. CA Cancer J Clin. 2020;70(4):299–312.PubMed


	6.
Molinaro AM, Hervey-Jumper S, Morshed RA, Young J, Han SJ, Chunduru P, et al. Association of Maximal Extent of resection of contrast-enhanced and non-contrast-enhanced tumor with survival within molecular subgroups of patients with newly diagnosed glioblastoma. JAMA Oncol. 2020;6(4):495–503.PubMedPubMedCentral


	7.
Tran B, Rosenthal MA. Survival comparison between glioblastoma multiforme and other incurable cancers. J Clin Neurosci. 2010;17(4):417–21.PubMed


	8.
Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 2005;352(10):987–96.CrossrefPubMed


	9.
Ghosh D, Nandi S, Bhattacharjee S. Combination therapy to checkmate glioblastoma: clinical challenges and advances. Clin Transl Med. 2018;7(1):33.PubMedPubMedCentral


	10.
Da Ros M, De Gregorio V, Iorio AL, Giunti L, Guidi M, de Martino M, et al. Glioblastoma Chemoresistance: the double play by microenvironment and blood-brain barrier. Int J Mol Sci. 2018;19(10).


	11.
Ou A, Yung WKA, Majd N. Molecular mechanisms of treatment resistance in glioblastoma. Int J Mol Sci. 2020;22(1).


	12.
Feldherr C, Cole C, Lanford RE, Akin D. The effects of SV40 large T antigen and p53 on nuclear transport capacity in BALB/c 3T3 cells. Exp Cell Res. 1994;213(1):164–71.PubMed


	13.
Feldherr CM, Akin D. Signal-mediated nuclear transport in proliferating and growth-arrested BALB/c 3T3 cells. J Cell Biol. 1991;115(4):933–9.PubMed


	14.
Liang P, Zhang H, Wang G, Li S, Cong S, Luo Y, et al. KPNB1, XPO7 and IPO8 mediate the translocation ofNF-κB/p65 into the nucleus. Traffic (Copenhagen, Denmark). 2013;14(11):1132–43.PubMed


	15.
Cimica V, Chen HC, Iyer JK, Reich NC. Dynamics of the STAT3 transcription factor: nuclear import dependent on ran and importin-β1. PLoS One. 2011;6(5):e20188.PubMedPubMedCentral


	16.
Kojima Y, Nakayama M, Nishina T, Nakano H, Koyanagi M, Takeda K, et al. Importin β1 protein-mediated nuclear localization of death receptor 5 (DR5) limits DR5/tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-induced cell death of human tumor cells. J Biol Chem. 2011;286(50):43383–93.PubMedPubMedCentral


	17.
Du W, Zhu J, Zeng Y, Liu T, Zhang Y, Cai T, et al. KPNB1-mediated nuclear translocation of PD-L1 promotes non-small cell lung cancer cell proliferation via the Gas6/MerTK signaling pathway. Cell Death Differ. 2021;28(4):1284–300.PubMed


	18.
Sheng C, Qiu J, He Z, Wang H, Wang Q, Guo Z, et al. Suppression of Kpnβ1 expression inhibits human breast cancer cell proliferation by abrogating nuclear transport of Her2. Oncol Rep. 2018;39(2):554–64.PubMed


	19.
Lu T, Bao Z, Wang Y, Yang L, Lu B, Yan K, et al. Karyopherinβ1 regulates proliferation of human glioma cells via Wnt/β-catenin pathway. Biochem Biophys Res Commun. 2016;478(3):1189–97.PubMed


	20.
Zhu ZC, Liu JW, Li K, Zheng J, Xiong ZQ. KPNB1 inhibition disrupts proteostasis and triggers unfolded protein response-mediated apoptosis in glioblastoma cells. Oncogene. 2018;37(22):2936–52.PubMedPubMedCentral


	21.
Zhu ZC, Liu JW, Yang C, Li MJ, Wu RJ, Xiong ZQ. Targeting KPNB1 overcomes TRAIL resistance by regulating DR5, Mcl-1 and FLIP in glioblastoma cells. Cell Death Dis. 2019;10(2):118.PubMedPubMedCentral


	22.
Wolffe AP. Structural and functional properties of the evolutionarily ancient Y-box family of nucleic acid binding proteins. BioEssays : News Rev Mol Cell Dev Biol. 1994;16(4):245–51.


	23.
Eliseeva IA, Kim ER, Guryanov SG, Ovchinnikov LP, Lyabin DN. Y-box-binding protein 1 (YB-1) and its functions. Biochem Biokhimiia. 2011;76(13):1402–33.


	24.
Smith S, Seth J, Midkiff A, Stahl R, Syu YC, Shkriabai N, et al. The pleiotropic effects of YBX1 on HTLV-1 transcription. Int J Mol Sci. 2023;24(17).


	25.
Lasham A, Moloney S, Hale T, Homer C, Zhang YF, Murison JG, et al. The Y-box-binding protein, YB1, is a potential negative regulator of the p53 tumor suppressor. J Biol Chem. 2003;278(37):35516–23.PubMed


	26.
Sangermano F, Delicato A, Calabrò V. Y box binding protein 1 (YB-1) oncoprotein at the hub of DNA proliferation, damage and cancer progression. Biochimie. 2020;179:205–16.PubMed


	27.
Leonard GD, Fojo T, Bates SE. The role of ABC transporters in clinical practice. Oncologist. 2003;8(5):411–24.PubMed


	28.
Akiyama S, Fojo A, Hanover JA, Pastan I, Gottesman MM. Isolation and genetic characterization of human KB cell lines resistant to multiple drugs. Somat Cell Mol Genet. 1985;11(2):117–26.PubMed


	29.
Bommert KS, Effenberger M, Leich E, Küspert M, Murphy D, Langer C, et al. The feed-forward loop between YB-1 and MYC is essential for multiple myeloma cell survival. Leukemia. 2013;27(2):441–50.PubMed


	30.
Roninson IB, Chin JE, Choi KG, Gros P, Housman DE, Fojo A, et al. Isolation of human mdr DNA sequences amplified in multidrug-resistant KB carcinoma cells. Proc Natl Acad Sci U S A. 1986;83(12):4538–42.PubMedPubMedCentral


	31.
Kuwano M, Shibata T, Watari K, Ono M. Oncogenic Y-box binding protein-1 as an effective therapeutic target in drug-resistant cancer. Cancer Sci. 2019;110(5):1536–43.PubMedPubMedCentral


	32.
Basaki Y, Hosoi F, Oda Y, Fotovati A, Maruyama Y, Oie S, et al. Akt-dependent nuclear localization of Y-box-binding protein 1 in acquisition of malignant characteristics by human ovarian cancer cells. Oncogene. 2007;26(19):2736–46.PubMed


	33.
Uchigashima M, Cheung A, Futai K. Neuroligin-3: a circuit-specific synapse organizer that shapes Normal function and autism Spectrum disorder-associated dysfunction. Front Mol Neurosci. 2021;14:749164.PubMedPubMedCentral


	34.
Venkatesh HS, Johung TB, Caretti V, Noll A, Tang Y, Nagaraja S, et al. Neuronal activity promotes glioma growth through Neuroligin-3 secretion. Cell. 2015;161(4):803–16.PubMedPubMedCentral


	35.
Venkatesh HS, Tam LT, Woo PJ, Lennon J, Nagaraja S, Gillespie SM, et al. Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nature. 2017;549(7673):533–7.PubMedPubMedCentral


	36.
Yun EJ, Kim D, Kim S, Hsieh JT, Baek ST. Targeting Wnt/β-catenin-mediated upregulation of oncogenic NLGN3 suppresses cancer stem cells in glioblastoma. Cell Death Dis. 2023;14(7):423.PubMedPubMedCentral


	37.
Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of ubiquitin-specific deubiquitinating enzymes. Annu Rev Biochem. 2009;78:363–97.PubMed


	38.
Lopez-Castejon G, Edelmann MJ. Deubiquitinases: novel therapeutic targets in immune surveillance? Mediat Inflamm. 2016;2016:3481371.


	39.
Wang N, Li T, Liu W, Lin J, Zhang K, Li Z, et al. USP7- and PRMT5-dependent G3BP2 stabilization drives de novo lipogenesis and tumorigenesis of HNSC. Cell Death Dis. 2023;14(3):182.PubMedPubMedCentral


	40.
Pinto-Fernandez A, Kessler BM. DUBbing Cancer: Deubiquitylating enzymes involved in epigenetics, DNA damage and the cell cycle as therapeutic targets. Front Genet. 2016;7:133.PubMedPubMedCentral


	41.
Dai X, Lu L, Deng S, Meng J, Wan C, Huang J, et al. USP7 targeting modulates anti-tumor immune response by reprogramming tumor-associated macrophages in lung Cancer. Theranostics. 2020;10(20):9332–47.PubMedPubMedCentral


	42.
Qi SM, Cheng G, Cheng XD, Xu Z, Xu B, Zhang WD, et al. Targeting USP7-mediated Deubiquitination of MDM2/MDMX-p53 pathway for Cancer therapy: are we there yet? Front Cell Dev Biol. 2020;8:233.PubMedPubMedCentral


	43.
Tavana O, Gu W. Modulation of the p53/MDM2 interplay by HAUSP inhibitors. J Mol Cell Biol. 2017;9(1):45–52.PubMed


	44.
Lee JE, Park CM, Kim JH. USP7 deubiquitinates and stabilizes EZH2 in prostate cancer cells. Genet Mol Biol. 2020;43(2):e20190338.PubMedPubMedCentral


	45.
Evdokimova V. Y-box binding protein 1: looking Back to the future. Biochem Biokhimiia. 2022;87(Suppl 1):S5–s145.


	46.
Guo F, Cheng X, Jing B, Wu H, Jin X. FGD3 binds with HSF4 to suppress p65 expression and inhibit pancreatic cancer progression. Oncogene. 2022;41(6):838–51.PubMed


	47.
Zhang B, Cheng X, Zhan S, Jin X, Liu T. MIB1 upregulates IQGAP1 and promotes pancreatic cancer progression by inducing ST7 degradation. Mol Oncol. 2021;15(11):3062–75.PubMedPubMedCentral


	48.
Cai H, Guo F, Wen S, Jin X, Wu H, Ren D. Overexpressed integrin alpha 2 inhibits the activation of the transforming growth factor β pathway in pancreatic cancer via the TFCP2-SMAD2 axis. J Exp Clin Cancer Res: CR. 2022;41(1):73.PubMedPubMedCentral


	49.
Fang E, Wang X, Wang J, Hu A, Song H, Yang F, et al. Therapeutic targeting of YY1/MZF1 axis by MZF1-uPEP inhibits aerobic glycolysis and neuroblastoma progression. Theranostics. 2020;10(4):1555–71.PubMedPubMedCentral


	50.
Zhao X, Li D, Huang D, Song H, Mei H, Fang E, et al. Risk-associated long noncoding RNA FOXD3-AS1 inhibits neuroblastoma progression by repressing PARP1-mediated activation of CTCF. Mol Ther : J Am Soc Gene Ther. 2018;26(3):755–73.


	51.
Koul D, Fu J, Shen R, LaFortune TA, Wang S, Tiao N, et al. Antitumor activity of NVP-BKM120--a selective pan class I PI3 kinase inhibitor showed differential forms of cell death based on p53 status of glioma cells. Clin Cancer Res. 2012;18(1):184–95.PubMed


	52.
Touat M, Idbaih A, Sanson M, Ligon KL. Glioblastoma targeted therapy: updated approaches from recent biological insights. Ann Oncol: Off J Eur Soc Med Oncol. 2017;28(7):1457–72.


	53.
Lu C, Wei Y, Wang X, Zhang Z, Yin J, Li W, et al. DNA-methylation-mediated activating of lncRNA SNHG12 promotes temozolomide resistance in glioblastoma. Mol Cancer. 2020;19(1):28.PubMedPubMedCentral


	54.
Scheiffele P, Fan J, Choih J, Fetter R, Serafini T. Neuroligin expressed in nonneuronal cells triggers presynaptic development in contacting axons. Cell. 2000;101(6):657–69.PubMed


	55.
Chubykin AA, Liu X, Comoletti D, Tsigelny I, Taylor P, Südhof TC. Dissection of synapse induction by neuroligins: effect of a neuroligin mutation associated with autism. J Biol Chem. 2005;280(23):22365–74.PubMed


	56.
Wang Y, Liu YY, Chen MB, Cheng KW, Qi LN, Zhang ZQ, et al. Neuronal-driven glioma growth requires Gαi1 and Gαi3. Theranostics. 2021;11(17):8535–49.PubMedPubMedCentral


	57.
Pan Y, Hysinger JD, Barron T, Schindler NF, Cobb O, Guo X, et al. NF1 mutation drives neuronal activity-dependent initiation of optic glioma. Nature. 2021;594(7862):277–82.PubMedPubMedCentral


	58.
Liu R, Qin XP, Zhuang Y, Zhang Y, Liao HB, Tang JC, et al. Glioblastoma recurrence correlates with NLGN3 levels. Cancer Med. 2018;7(7):2848–59.PubMedPubMedCentral


	59.
Shi Q, Lin M, Cheng X, Zhang Z, Deng S, Lang K, et al. KPNB1-mediated nuclear import in cancer. Eur J Pharmacol. 2023;955:175925.PubMed


	60.
He L, Li H, Li C, Liu ZK, Lu M, Zhang RY, et al. HMMR alleviates endoplasmic reticulum stress by promoting autophagolysosomal activity during endoplasmic reticulum stress-driven hepatocellular carcinoma progression. In: Cancer communications. (London, England); 2023.


	61.
Yang X, Zhang Y, Xue Z, Hu Y, Zhou W, Xue Z, et al. TRIM56 promotes malignant progression of glioblastoma by stabilizing cIAP1 protein. J Exp Clin Cancer Res : CR. 2022;41(1):336.PubMedPubMedCentral


	62.
Lacroix M, Abi-Said D, Fourney DR, Gokaslan ZL, Shi W, DeMonte F, et al. A multivariate analysis of 416 patients with glioblastoma multiforme: prognosis, extent of resection, and survival. J Neurosurg. 2001;95(2):190–8.PubMed


	63.
Lamborn KR, Chang SM, Prados MD. Prognostic factors for survival of patients with glioblastoma: recursive partitioning analysis. Neuro-Oncology. 2004;6(3):227–35.PubMedPubMedCentral


	64.
Linz U. Commentary on effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial (lancet Oncol. 2009;10:459-466). Cancer-Am Cancer Soc. 2010;116(8):1844–6.


	65.
Ransohoff RM, Engelhardt B. The anatomical and cellular basis of immune surveillance in the central nervous system. Nat Rev Immunol. 2012;12(9):623–35.PubMed


	66.
He S, Miao X, Wu Y, Zhu X, Miao X, Yin H, et al. Upregulation of nuclear transporter, Kpnβ1, contributes to accelerated cell proliferation- and cell adhesion-mediated drug resistance (CAM-DR) in diffuse large B-cell lymphoma. J Cancer Res Clin Oncol. 2016;142(3):561–72.PubMed


	67.
Rasaei R, Sarodaya N, Kim KS, Ramakrishna S, Hong SH. Importance of Deubiquitination in macrophage-mediated viral response and inflammation. Int J Mol Sci. 2020;21(21).


	68.
Gao H, Yin J, Ji C, Yu X, Xue J, Guan X, et al. Targeting ubiquitin specific proteases (USPs) in cancer immunotherapy: from basic research to preclinical application. J Exp Clin Cancer Res : CR. 2023;42(1):225.PubMedPubMedCentral


	69.
He Y, Jiang S, Zhong Y, Wang X, Cui Y, Liang J, et al. USP7 promotes non-small-cell lung cancer cell glycolysis and survival by stabilizing and activating c-Abl. Clin Transl Med. 2023;13(12):e1509.PubMedPubMedCentral


	70.
Pan T, Li X, Li Y, Tao Z, Yao H, Wu Y, et al. USP7 inhibition induces apoptosis in glioblastoma by enhancing ubiquitination of ARF4. Cancer Cell Int. 2021;21(1):508.PubMedPubMedCentral


	71.
Tirosh I, Suvà ML. Tackling the many facets of glioblastoma heterogeneity. Cell Stem Cell. 2020;26(3):303–4.PubMed


	72.
Garcia CA, Bhargav AG, Brooks M, Suárez-Meade P, Mondal SK, Zarco N, et al. Functional characterization of brain tumor-initiating cells and establishment of GBM preclinical models that incorporate heterogeneity, therapy, and sex differences. Mol Cancer Ther. 2021;20(12):2585–97.PubMedPubMedCentral


	73.
Bhaduri A, Di Lullo E, Jung D, Müller S, Crouch EE, Espinosa CS, et al. Outer radial glia-like Cancer stem cells contribute to heterogeneity of glioblastoma. Cell Stem Cell. 2020;26(1):48–63.e6.PubMedPubMedCentral


	74.
Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH, et al. A patient-derived glioblastoma organoid model and biobank recapitulates inter- and intra-tumoral heterogeneity. Cell. 2020;180(1):188–204.e22.PubMed


	75.
Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17(1):98–110.PubMedPubMedCentral


	76.
Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, et al. Tumor evolution of glioma-intrinsic gene expression subtypes associates with immunological changes in the microenvironment. Cancer Cell. 2018;33(1):152.PubMedPubMedCentral


	77.
Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al. Molecular subclasses of high-grade glioma predict prognosis, delineate a pattern of disease progression, and resemble stages in neurogenesis. Cancer Cell. 2006;9(3):157–73.PubMed


	78.
Liu C, Sun L, Tan Y, Wang Q, Luo T, Li C, et al. USP7 represses lineage differentiation genes in mouse embryonic stem cells by both catalytic and noncatalytic activities. Sci Adv. 2023;9(20):eade3888.PubMedPubMedCentral




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/13046_2024_2954_Fig3_HTML.png
si_KPNB1 si_Control

130 eUp ©Down497

si_Control si_KPNB1 <
= KPNB1”” 4 |
— i i T |
by H i H H H 1 It
% ig l i i i | o
X |
o » .'
= °
x° 1S
o
g o
-l !.
0
NIV TP
O O X O O X
& ?0 52 %0\ ??J\ ,oe\ & %° o
7/ v 7 /7 -_—— = =
PELe 0@ — ol
LR 2 0 2
VSV Log,(Fold Change)
E.
[ae] °
2 10
ID Description (_'D 81
g Z~
G0:0034765 of ion =
o+t
G0:0048246 macrophage chemotaxis = E 6 L
G0:0097060 Ssynaptic membrane g & & s . Coq o
GO0:0045211 ) »=<4 R 8
GO:0045211  postsynaptic membrane o) R .
G0:0022839 ion gated channel activity &3 2 ° ° S;earman
G0:0022836  gated channel activity g R = 0.406
hsa04066 HIF-1 signaling pathway ﬁ 0- - i P‘< 0.001
hsa05321 Inflammatory bowel disease The eipressieon of lzPNB1
Log,(TPM+1)

o TS E—

Lzesoasuu






OEBPS/navigation.xhtml

    
      Contents


      
        		Stabilization of KPNB1 by deubiquitinase USP7 promotes glioblastoma progression through the YBX1-NLGN3 axis


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2024_2954_Fig6_HTML.png
A B C = shControl

GBM (TCGA =1 shYBX1#1
" ( ) shControl + + 1.5 EAshYBX1#2
. ShYBX1#1 + +
= shYBX1#2 - —
= —a — 1=
Eoe NLGN3 [ |_!" z_10
& YBX1 ——— £2
2 4 : e
z GAPDH [ g gubems| 23 054
[2) . L
S . - . Us7MG U251MG &
— 0.0
80 85 90 95 10.0
=EV Us7MG U251MG
> Log,(YBX1 TPM) . S iis-YBX 1+ E
E=His-YBX1++
EV + & 5 Sk - shControl + + + o+
shNLGN3 + + + #
His-YBX1 + 4‘ __ % EV + + . N
B mm ¢ NLGN3 :i
cHPoH [ —— S o -
[0}
USTMG U251MG o GAPDH [ s e e [ S S |
USTMG U251MG Us7MG U251MG
5 H
< 4 71,150,000 71,155,000 i 71,165,000 7|.|'7«:z“o;\
Z ENCODE3_YBX1
&~
EZ S
0O
=
522
& 1 ‘GENCODE Va1 (48 tems fitered o)
i - E—
O OMIM Gene Phenotypes - Dark Green Can Be Disease-causir
shControl
shNLGN3 R + o+
EV + + + +
His-YBX1 + + + +
Us7MG U251MG K
Input IgG ChIP
J - oey =acontrol = g é g é s é
=1shKPNB1 s & § o § &
5 3] X 3] X o N4
g 041 5 5 § § & %
G C T 5 200bp
f$ X 021 100bp
ns
0.0-

igG YBX1





OEBPS/images/13046_2024_2954_Fig4_HTML.png
=EvV
& G e=ashControl ¢ D =aFlag-KPNB+
=3 shKPNB1#1 g EIFlag-KPNB1++
shControl + i =3 shKPNB1#2 EV + +
el * < 1S e FlagKPNBI o+ 4+ + 2
S T ek (74
[y =
e SR £ 10 oo T —
X = =
NLoN: e =—la == = Zos NLGN3 ——
GAPDH [ ] —] & GAPDH [—] &
US7TMG  U251MG US7MG U251MG USTMG  U251MG
E G
=3 shControl =3 ShNLGN3 ~shContro|
shControl  + + =3 shKPNB1 B shKPNB1+shNLGN3 i O_:gnﬁfgm
shKPNB1 @ b + SR B S S, 1~ shKPNB1+shNLGN3
ShNLGN3 + o+ 2 0.8 .
NLGN3|-—— -”2— --——I 5%1‘0 20.61 ;32
o *
KPNB1 [ = e —] [ = o — £2,5 O 041 us7MG
GAPDH e es coen| @6 tees & 0.2
US7MG U251MG 0.0 0.0 T . .
USTMG  U251MG 0 2 Day(s)4 6
H  sncontrol shkPNB1 shNLGN3 STKPNB! TEhcantl
+shNLGN3 TERPNEL
- =sh GN3 1.07~
ol ] = = ON3. LGNS ShKPNBT+shNLGN3
2 3200 0.8 o,
b= = Kkk . *%]
< ] — 0.6 HA
= =9 Sk k. *
2150 Q
o 2100 O 0.4 U251MG
= ; v 021
Q > 50 0.0
= g 2 4 6
5 © Day(s)
| 3 U251MG
shControl shKPNB1 shNLGN3 STKPNBT =) . 1.00
+SHNLGNS &
. ] 1+shNLGN3
oFR c15 075
5] Kk
® 8 —=— 8oz Ll[
> Z1.0 —shConlro\l o]
o ShKP] NB‘\ Z Ly
) = 0.25]~shNLGH
Q 3 " “ShRBNST c>|
= 0 0.5 i +shNLGN3 [
= 2 0.00
S 500 0 25 50 75 100
& : U25TMG days after xenografting
J shKPNB1 K
shControl shKPNB1 shNLGN3 +shNLGN3
109 -e- shControl |,
o] = snePni [ s
4~ shNLGN3

~%- shKPNB1+shNLGN3

photon flu(x10°)

0 10 20 30

Radiance days after xenografting
(p/seclcm?/sr)






OEBPS/images/13046_2024_2954_Fig7_HTML.png
KPNB1

USP7

B P P c <
TNFAIP3 = = zZ
- o . o &~
OT 20 & 2 o & Em
£ 5> v £ D% ez
usp7 [l BN [= == ¥
KPNB1[—__ — = &
P 1P US7TMG  U251MG
= ~ = ~
2o & 2 @b UsP7 [ == | == =]
- = =] = = 2
KPNB1
koo [
S — GAF’DH
UsSP7 il - ihucsogy%l I
Us7MG U251MG Sh-USPTH2 & +
> =1 DMSO E F 15
£ 1.5/ =3 P5091 5 =
5 | s S&10
© 210 az
=0 g <
X 2<05
T 05 k5
o &
0
KPNB === == UBTHG U2siNiG KPNB1|_.- = |_._._4
GAPDH [ eames] use7
DMSO + ’ KPNE o s e e GAPDH [— _
P08 e e ooy e oo -
EV + shUSP7#1 + +
15 ns Myc-USP7 + + o+ shUSP7#2 e +
A MG132 + o+
5 H
Sm10 CHX shControl+EV shUSP7+EV shControl+Myc-USP7
oz "
2% 05 Timeh) o0 2 4 8 16 0 2 4 8 16 0 2 4 8 16
g KPNB [ —= — | [=— — |[=————]
© oh NNl e ———
KPNB1
caroH BEEEEEE | CHX DMSO P5091 K b o
Tmeh) 0 2 4 8 16 0 2 4 8 16 BHA =
DMSO + + [ —— :
P5091 + + KPNB T e e = [ | pxenat
We1s2 T cvrrerine e S ebesenes | —
KPNB 1 [ s
-s-shControl+EV KPNB1 [
c 15 -=shUSP7+EV 15, ~DMsO _
So - shControl+Myc-USP7 5 = P5091 USP7 [ = 2
25 ol 2
e Z10 £210 e
Erd 28 sh-Control
£ 2< shUSP7 +
s 05 T os HAUG 5 0
x 14 MG132 + + o+
0.04 ; : : g 0.04 , : : ) IB:H
0 5 10 15 20 0 5 10 15 20 L A
Time(h) Time(h IP:KPNB1
N IHC Score
Case2 -
< KPNB1
G KPNE1
. = USP7 [we -~
all vy
o 2 GAPDH s |
- sh-Control
£ sh-USP7 + o+
=] EV + + +
E § © Myc-USP7 5

KPNB1 USP7

HA-Ub + o+
MG132 + + + +

Input






OEBPS/images/13046_2024_2954_Fig1_HTML.png
w

Anova, p=2.3e-10

2 2 o
B o
= i ——
o
= gé 5 ;
2 6 1=
g i, B
o a8 o “
5 5 é = "
2 2
k= =
WHO Il WHO Il WHO IV
Normal Tumor Grade
Low High
characteristics ~ expression of expression of p value
KPNB1 KPNB1
n 349 350
WHO grade, n (%) 1.95471E-06
G2 140 (22%) 84 (13.2%)
G3 97 (15.2%) 148 (23.2%)
G4 75 (11.8%) 93 (14.6%)
Gender, n (%) 0.904199723
Female 148 (21.2%) 150 (21.5%)
Male 201 (28.8%) 200 (28.6%)
Age, n (%) 0.940547678
<60 278 (39.8%) 278 (39.8%)
> 60 71 (10.2%) 72 (10.3%)
Primary therapy
outcome, n (%) 0.017838501
44 (9.5%) 68 (14.6%)
sD 71 (15.3%) 77 (16.6%)
PR 37 (8%) 28 (6%)
CR 81 (17.4%) 59 (12.7%)

Normal brain tissue

IHC Score of KPNB1

Tumor

Normal

Survival probability Survival probability

Survival probability

Survival probability

All WHO grade survival (glioma)

1.00 KPNB1

- High(111)
0.75 - Low(111)
0.50+ ----yzmmmneeen T
0.25 p<ubum
0.00

0 1000 2000 3000 4000 5000
Time(day)

WHO grade Il survival (glioma)
1.00

0.75
0.50
025 .. KPNB1
Ld . High(45)
0.00 - Low(45)
0 1000 2000 3000 4000 5000

Time(day)

WHO grade Il survival (glioma)

1.00 KPNB1

- High(24)
0.75 - Low(23)
0.00

0 1000 2000 3000 4000 5000
Time(day)

WHO grade IV survival (glioma)

1.00 KPNB1

- High(43)
0.75 - Low(42)
0.50 ---f-
0.25,
0.00

0 1000 2000 3000 4000 5000
Time(day)





OEBPS/images/13046_2024_2954_Fig8_HTML.png
OD450nm

H

A B
Us7MG U251MG Us7MG U251MG
NLGNS3 e = == - - .| NLGN3S [ v [ = —
KPNBiEm === == -~ | KPNBIm==== [ = —
YBX [ o o o | [y e o e YBX 1[5 o s s | [ v o o
USP7 [ == @8 —|f== - == -+ GAPDH D GDaD e« s o |
GAPDH QPSS (e e s @] shControl + + &
shKPNB1 i +
shControl + + DMSO + i 1 +
shKPNB1 + + + + P5091 " 5 i
shUSP7 + o+ + o+
shUSP7 E
Control shUSP7 shKPNB1  +shKPNB1 Control
= — — > -
8 o
o ik = |
S ~
= 5
=

&

U87MG U251MG
NLGN3 [y = | [y~ = |

KPNB1 [ — |y — |
YBX1
usP7
GAPDH [ e [ - -
+ + + +
DA
MycUSP7  +  + o+
usP?
UsP7 ShKPNB1  +shKPNB1
o T — =

g

U251MG

£

= Control

= Control
=

T 200 = shUSP7 T 300 oUsk
g = ShKPNB1 = -EJ@%%NEAKPNM
o 150 —xx _ =shUSP7+shKPNB1 g
o kk aQ
= ik + 200
£ 100 £
E ng s E
== ns
i 50 i 100
(=4 (=4
S S
S § o
cont IU87MG U251MGcommI UsTMG U231MG
-~ Control ol
- shUSP7 - shUSP7 G ~Control ~ Control
101 = S0ERor 101 ShUSPPAshKPNBH  shkenet 0.8~ ShKPNBH
d . 07 +5| - 87 s
ol ~SMUSPTsSHKENBL - ;-g - USP7+ShKPNB . USP7+shKPNB1
06 HE MY H fos
0.4{ USTMG I " S 044 U251MG F| Qo4
0.2 0.2 o 0.2
0.0+ T T 1 0.0 0.0
4 2 4 6
Day(s) Day(s)
shKPNB1 J
shControl shUSP7 shKPNB1 +shUSP7
8.0 -+~ Control W 20p
= shUSP7 [ =
A =107+ ShKPNB1 AE @D
6.0 © ~+shUSP7+shKPNB1 @D
: ; 8 Nucleus
3
4.0 He
E 4 [ E @ NLGN3
o 2 2
b0 & e
x108 0+ Cytoplasm Cell proliferation and migration A
0 10 20 30
days after xenografting
Radiance

(p/sec/cm?/sr)





OEBPS/css/envelope.png





OEBPS/images/13046_2024_2954_Fig2_HTML.png
(o] ShKPNB1#1
A shControl shKPNB1#1 +KPNB1 5o =shControl
N =shKPNB1#1
shControl + + e 2 =3shKPNB1#1+KPNB1
ShKPNB1#1 + 4 LA s EF " .
& 5T 100] —— =
iy . . ® 22 ey
Flag-KPNB1 + £8 5o
KPNB1 [ ! g 3
GAPDH 2 o UB7MG U25TMG
US7TMG U251MG S5

: — o =shControl
B 3 shKPNB1#1 = shKPNB1#1

S ShKPNB1#1 3
g, m=shControl o 1#1 +KPNB1 15 :*:shKPNB“MH KPNB1
Em =shKPNB1#1 2 =0 =
2E, =shKPNB1#1 8 8T 10
33X +KPNB1 ® 2c
& = T%o05

0 = © 8

USTMG  U251MG 5 et
> 00Ug7MG U251MG
E UB7MG UBEiME

=ashControl
=shKPNB1#1
shControl =3shKPNB1#1+KPNB1
200] = — =

Propidium lodide

S
5z
o3
-0(—6 o
shKPNB1#1 = Q0
=]
27
g8
¥ S
ShKPNB1#1 2 o
*KPNE1 US7TMG U251MG
Edu Merge DAPI Merge =shControl
F vorme U251 < SSkPNETH
..shControl __ shKPNB1#1 _ shKPNB1#1+KPNB1 _shControl shKPNB1#1 shKPNB1#1+KPNB1 §3 +KPNB1
“Th BNl EE ) j % | w3
K 220
i @
: .} 8:]()
2 % a | %
— = £ %Us7iic U25TMG
Annexin V-FITC <

G . 86 H |

£ 107 -*shControl 1.00

) =

& 6.0 S g -=-shKPNB1#1 -

= * - shKPNB1#1+KPNB1 |x

2 4o & ° B0.50]

4 5 4 i hControl

e — shCon HE

< 3, 0.251 — shkpnpi#lE |
- 20 £ ’/'/§ — ShKPNB1#1
o= +KPNB1
zQ 04 r T J 0.00
& E il 0 i <9 i 70 da szasfter xse?lo r;fstin
¥ Radiance days after xenografting Y g g

(p/sec/cm?/sr)





OEBPS/images/13046_2024_2954_Fig5_HTML.png
Accession Gene Length FAM/NC  log2 FAM/IDiff Sig Count FAM NC C us7MG U251MG
P63172 DYNLT1 113 1.5650118 0.6461736 + 2 26.906327 26.260154 P |P
MRPS21 87 22419417 1.1647487 + 2 24.478154 23.313406| g_ 10} é g o é
RPL19 196 1.6579029 0.7293595 + 2 21.036107 20.306747| £ > = D >
B . PN e |
NH2-L Hb.th,lEh,L.s\.b.thL\ithINrQ Gr;l]rSrY*'EYIYR-COOH YBX1 |- -l l,.
Int (%)
v P IP
= o o
5 -
o O E 2 o &
75 ¥ Yy £ 2 ¥ £ D X
: o KPNBT [=—= ([ =
b, :
N N Wi b YBX1 [w- - [ ]
> P » |y i
y“é' b | “ ; ‘ D Input  IP:Flag
M ol I . — =
PR T TR R T T TR A T R T AT TH Flag-KPNB1 + +
E Vector + +
O .
N R N 4
OO X FS
ST YOOI S
YBX1 G
KPNB1 KPNB1 YBX1 DAPI KPNB1/YBX1 Merge

o-tublin (IS ]
Histone H3 [FEN s ]

sh-Control +
sh-KPNB1

+
+

o-tublin ]
Histone H3 [ S

sh-Control +
sh-KPNB1

F

+
+

a-tublin

Histone H3 E
EV + +
KPNB1 + + +

5
=
=
o)
(&)
b
)

shKPNB1

U251MG

a-tublin -]

Histone H3 EI
EV + +
KPNB1

KPNB1 & YBX1

+ + +

.

1gG(M) & IgG(R)

U251MG





OEBPS/css/sidebar.gif





