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Background: Glioma presents significant therapeutic challenges due to its marked heterogeneity and resistance to conventional
treatments. Apolipoprotein E (APOE), a glycoprotein involved in lipid metabolism, has been reported to be dysregulated in glioma;
however, its functional role in glioma progression remains poorly understood.

Methods: APOE expression in glioma was analyzed using publicly available transcriptomic datasets from The Cancer Genome Atlas
(TCGA) and Chinese Glioma Genome Atlas (CGGA). Functional studies were performed in U251MG and U87MG glioma cells with
APOE overexpression or knockout. Cell proliferation, migration, and invasion were evaluated using CCK-8, Edu, Transwell, and
wound-healing assay. Mechanistic analyses included RNA sequencing, immunofluorescence, nucleocytoplasmic fractionation, Western
blotting and immunoprecipitation. A nude mouse xenograft model was used to assess tumor growth in vivo.

Results: APOE expression was elevated in glioma datasets. Functional assays demonstrated that APOE promotes glioma cell
proliferation, migration, and invasion. Notably, APOE was detected in the nucleus, where it exhibited transcriptional regulatory
activity. Mechanistically, APOE overexpression significantly activated the PI3K/AKT signaling pathway, and this effect was effec-
tively reversed by the PI3K inhibitor LY294002. Consistently, APOE overexpression enhanced tumor growth in vivo.

Conclusion: These findings indicate that APOE promotes glioma progression through nuclear activity and activation of the PI3K/
AKT signaling pathway, highlighting APOE-related signaling as a potential therapeutic target in glioma.
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Introduction
Gliomas account for approximately 30% of all primary intracranial neoplasms and nearly 80% of malignant brain tumors,
making them the leading cause of death from primary brain cancer.' Glioma remains a major therapeutic challenge,
largely due to the blood-brain barrier (BBB), which restricts the intracranial delivery and therapeutic efficacy of many
systemic anticancer agents.” Following the 2021 World Health Organization (WHO) classification, these tumors are
graded 1 to 4 based on integrated histopathological and molecular features. This classification reveals significant
disparities in treatment response: IDH-mutant, 1p/19q-codeleted oligodendrogliomas offer the most favorable outcomes,
IDH-mutant astrocytomas are associated with intermediate prognosis, while IDH-wild-type glioblastomas, representing
the most malignant form of glioma, confer the worst survival.> Current standards of care still primarily rely on treatment
that induce DNA damage, including adiotherapy and alkylating agents, such as temozolomide (TMZ), carmustine
(BCNU), lomustine (CCNU) and procarbazine.*> Beyond molecular therapies, multifunctional biomaterials have become
essential in surgical reconstruction.® For instance, processed bovine pericardium is frequently utilized as a flexible,
biocompatible dural substitute to ensure reliable repair and support tissue regeneration following glioma resection.’
Despite advancements in surgical cytoreduction, radiation, and chemotherapy, glioma recurrence remains nearly
inevitable.® Glioma progression is driven by diverse genetic and molecular alterations;” therefore, genomic investigations
are critical for understanding the pronounced intertumoral heterogeneity of gliomas and for identify key genes in tumor
progression that may represent therapeutic targets.
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In this context, identifying genes that link neurobiology and tumor biology is a high priority. Apolipoprotein
E (APOE), a 34-kDa glycoprotein primarily known for its role in lipid metabolism and Alzheimer’s disease'®!! has
emerged as a promising candidate. Increasing evidence indicates that APOE is also associated with the development and
progression of multiple cancers, including gliomas.'>'> In glioma, APOE has been implicated in the regulation of tumor
cell metabolism, immune response, and the tumor microenvironment. ¢ Notably, nuclear localization of APOE has

been reported,?**!

suggesting novel functions beyond its traditional roles. Despite these observation, the molecular
mechanisms underlying APOE’s effects in glioma remain poorly understood.

Given APOE’s involvement in critical tumor processes, it is plausible that its effects are mediated, at least in part,
through key intracellular signaling pathways. Among these, the PI3K/AKT signaling cascade plays a central role in
regulating cell proliferation, survival, metabolism, and migration, and aberrant activation of this pathway has been
observed in up to 85% of glioblastomas.”*** A variety of PI3K and AKT inhibitors have been developed and evaluated
in preclinical and clinical studies,” LY294002, a specific phosphatidylinositol 3-kinase (PI3K) inhibitor, has been shown
to suppress PI3K/AKT signaling and promote apoptosis in glioma cells.**’

Therefore, this study aimed to investigate the role of APOE in glioma progression and to determine whether it exerts
its oncogenic effects through modulation of the PI3K/AKT singling pathway. We hypothesized that elevated APOE
expression in glioma promotes its nuclear translocation and transcriptional activation, thereby regulating downstream
signaling pathways such as PI3K/AKT. Elucidating APOE’s contribution to glioma biology may provide novel insights
into disease mechanisms and suggest potential therapeutic strategies targeting APOE or its associated signaling pathways

to inhibit glioma progression and improve patient outcomes.

Materials and Methods
APOE Expression Analysis of Public Database

APOE expression in glioma and normal brain tissues was analyzed using two independent datasets. First, the GEPIA2
web tool (http://gepia2.cancer-pku.cn), which integrates The Cancer Genome Atlas (TCGA) and Genotype-Tissue

Expression (GTEx) RNA-seq data, was used to compare APOE expression in LGG and GBM tumor tissues versus
normal controls. Box plots were generated using default parameters, with expression levels log2(TPM + 1) transformed.
Statistical significance was assessed using one-way ANOVA (P<0.01). Second, mRNA-seq count data from the Chinese
Glioma Genome Atlas (CGGA) were used to analyze APOE expression in glioma and normal brain tissues. Tumor
samples (mRNAseq 693) and normal brain tissues (normal_ZO)28 were merged, and raw counts were normalized using
the median-of-ratios method implemented in the DESeq2 package (v1.38.3) in R (v4.2.3). Differential expression
analysis was performed following the standard DESeq2 workflow. For subgroup analysis, glioma samples were stratified
by IDH mutation status to compare APOE expression between IDH mutant and IDH_wildtype groups. Statistical
significance was determined by Benjamini-Hochberg adjusted p-values. Normalized APOE expression values were log-
transformed as log2(normalized count +1), and box plots were used for visualization.

Survival analysis was conducted using GEPIA2 to evaluate the prognostic value of APOE expression in LGG and
GBM. Patients were stratified into high and low expression groups based on the median value. Kaplan—-Meier curves
were generated for overall survival (OS), and hazard ratios (HR) were calculated using the Cox proportional hazards
model with 95% confidence intervals. Statistical significance was assessed using the Log rank test. Additionally, the
CGGA mRNAseq 695 dataset was used to analyze the impact of IDH mutation status on OS. Patients with available
mutation and survival data were included. Kaplan—Meier survival curves were generated using the R packages “survival”
and “survminer” (v4.3.1). OS was defined as the time from diagnosis to death or last follow-up. Survival differences were
assessed using the Log rank test, with p-values < 0.05 considered significant. Curves were visualized using ggsurvplot ()
with pval = TRUE, risk. table = TRUE, and 95% confidence intervals.

Cell Culture
The U251MG (#CL-0237, Wuhan Pricella Biotechnology Co., Ltd)., U87MG (glioblastoma of unknown origin, #CL-
0238, Wuhan Pricella Biotechnology Co., Ltd)., and the 293T (#CL-0005, Wuhan Pricella Biotechnology Co., Ltd.) cell
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lines were procured from Wuhan Pucell Technology Co., Ltd. All the cell lines were verified through STR genotyping,
and mycoplasma testing was performed. All the cells were cultured in DMEM (#BL301A, Biosharp) supplemented with
10% foetal bovine serum (#C04001, VivaCell), streptomycin (100 pg/mL, #C0222, Beyotime), and penicillin (100 U/mL,
#C0222, Beyotime). The cells were incubated at 37 °C in humidified 5% CO,. The treated cells were subsequently
harvested for Western blot analysis, CCK-8 and EdU assays, and transwell invasion and migration assays.

APOE Lentiviral Transduction

Lentiviral vectors encoding APOE (Lv-APOE) and control (CON335; Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin)
were purchased from GeneChem Technology (Shanghai Genechem Co., Ltd.). Cells were infected at 70-90% confluency,
and GFP expression was assessed 48—72 h post infection using fluorescence microscopy. Stable cell lines were selected
by culturing infected cells in 2 pg/mL puromycin (#ST551, Beyotime) for 3—7 days. Infection efficiency was confirmed
by Western blotting.

Construction of APOE Knockout Cell Line

APOE knockout cells were generated using a puromycin selection vector for CRISPR/Cas9-mediated enhancer deletion.
The CRISPR/Cas9 plasmid used was pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid, #62988). Two sgRNA
sequences targeting the APOE locus were designed as follows:

sgRNA1: forwards, 5'-caccgGCGGACATGGAGGACGTGTG-3;

reverse, 5'-aaacCACACGTCCTCCATGTCCGCC-3";

sgRNA2: forwards, 5'-caccgGGCCTACAAATCGGAACTGG-3;

reverse,5’- aaacCCAGTTCCGATTTGTAGGCCC-3'.

U251 cells were transfected at 60-70% confluency. At 24 hours post-transfection, the cultured medium was
supplemented with 1 pg/mL puromycin and cells were incubated for 48—72 h to eliminate transfected cells. Surviving
cells were dissociated into single cell suspension and seeded into 96-well plates for clonal expansion. After 2-3 weeks,
individual colonies were harvested and screened for APOE knockout by Western blotting. Confirmed APOE knockout
clones were expanded and maintained for downstream experiments.

Western Blotting

The cells subjected to various treatments were lysed via RIPA buffer supplemented with PMSF (# HY-B0496,
MedChemExpress) (1:100) and proteinase inhibitor cocktail (#HY-K00010, MedChemExpress) (1:100). Nuclear and
cytoplasmic proteins were extracted from U251MG cells subjected to various treatments via a Nuclear and Cytoplasmic
Protein Extraction Kit (catalogue #P0027; Beyotime). Equal amounts of protein were subjected to SDS-PAGE and
transferred to nitrocellulose (NC) membranes (#66485, PALL). The membrane was subsequently blocked with 5% nonfat
dry milk for 30-60 min and then incubated with the following primary antibodies overnight at 4 °C: APOE (#68587,
CST), PI3 kinase p85 (#660225-1-Ig, ProteinTech), phospho-PIK3R1 (p-PI3K) (#CSB-PA000712, CUSABIO), AKT
(#29208S, Cell Signaling), P-AKT (S473) (#9271s, Cell Signaling), B-actin (#66009-1-Ig, ProteinTech), Lamin Bl
(#12987-1-AP, ProteinTech), and a-Tubulin (#6603 1-1-Ig, ProteinTech) Next, the membrane was incubated with HRP-
conjugated secondary antibodies for 60 min at ambient temperature Protein band signals were captured via the Tanon
5200 system (Tanon Technology Co., Ltd.) and analyzed with ImageJ software (version 1.40 g; National Institutes of
Health).

Immunohistochemistry (IHC)

The collected the subcutaneous tumors from the nude mice were formalin fixed and paraffin embedded. The sections
were stained according to the reagent instructions (#PV-9001, Beijing Zhongshan Jingiao Biotechnology Co., Ltd.) and
labelled with primary antibodies against APOE (#66830-1-1g, ProteinTech), PI3 kinase p85 (#660225-1-Ig, ProteinTech),
phospho-PIK3R1 (p-PI3K) (#CSB-PA000712, CUSABIO), AKT (#2920S, Cell Signaling), and phospho-AKT1/AKT2/
AKT3 (S473) (#CUB-PA000466, CUSABIO) The sections were stained and photographed.
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CCK-8 Assay

For the cell proliferation assay, U251MG (control, APOE-overexpressing and APOE-knockout) and U87MG (control,
APOE-overexpressing) glioma cells were seeded into 96-well plates. The cells were treated with LY294002 (#T2008,
Shanghai Top Science & Technology Co., Ltd.) at a concentration of 20 uM. At distinct time intervals following cell
inoculation, CCK-8 (#CT0001-B, Sparkjade®, Shandong Sparkjade Biotechnology Co., Ltd.) reagent was added to the
96-well plates, and the absorbance at a wavelength of 450 nm (OD450) was measured via a plate reader (SpectraMax
iD3/iD5).

Trans Well Assay

BD Matrigel™ Basement Membrane Matrix (#356234, BD Biosciences) diluted in PBS buffer was applied to the upper
compartment of a 24-well plate (#143341-D; LABSELECT) on the membrane (the migration assay omitted this step).
The cells subjected to various treatment conditions were resuspended at a density of 1.5 x 10* cells per well in serum-free
fresh medium and then seeded onto membranes coated with extracellular matrix gel, where the experimental group was
treated with 20 uM LY294002 for 24 h. The cells that did not traverse the membrane and those in the upper compartment
were removed, and the remaining cells were fixed with 4% paraformaldehyde (PFA). Thereafter, the cells were incubated
with crystal violet staining solution for 20 min, followed by visualization under an inverted microscope (YUEHSI,
YIB510, China).

Wound Healing Experiments

Initially, approximately 3x10° cells were seeded into 6-well plates. On the following day, vertical scratches were
introduced into the wells via a pipette tip. The detached cells were subsequently removed by washing with PBS. The
remaining cells were then cultured in serum-free medium for 0, 24, or 48 h, and images were captured at these time
points. During this process, the cells were treated with LY294002 at a concentration of 20 uM for 0, 24, or 48 h.

EdU Assay

The cells subjected to various treatments were labelled via an EdU Cell Proliferation Kit (#C0075S, Beyotime, China)
with Alexa Fluor 555. First, the cells were seeded into a 24-well plate at an appropriate density and incubated with
medium supplemented with 1x EdU at 37 °C for 3 h. Subsequently, the cells were permeabilized with 0.3% Triton X-100
at 37 °C for 15 min, followed by staining with Click Addictive Solution and Hoechst 33342. Images were acquired under
a fluorescence microscope (Olympus, Axio Observer 3, Germany). Each experimental treatment was repeated at least
three times to ensure the accuracy of the EdU positivity rate data.

Immunofluorescence (IF)

The cells were seeded onto glass coverslips placed in a 24-well plate at a density of 25% confluence. After the cells
adhered to the substrate, the culture medium was removed, and the residual medium was washed away with PBS
(#BL302A, Biosharp). The cells were then fixed with prewarmed 4% PFA (#BL593A, Biosharp) for 30 min. After three
washes with PBS, the cells were permeabilized with 0.1% Triton X-100 for 20 min. Following three additional washes
with PBS, the cells were blocked with goat serum (catalogue #C0265, Beyotime) at 37 °C for 30 min and then incubated
with the primary antibody against APOE (#66830-1-Ig, Proteintech) overnight at 4 °C The following day, the cells were
incubated with the corresponding secondary antibody (#20000930, Proteintech) for 50 min at room temperature in the
dark The cell nuclei were counterstained with DAPI (#BL105A, Biosharp) for 5-10 min at room temperature in the dark.
After mounting and drying, the coverslips were photographed, and the data were collected.

Immunoprecipitation (IP)

For APOE immunoprecipitation, the nuclear and cytoplasmic proteins of U251MG cells were extracted via a nuclear
protein extraction kit (#P0027, Beyotime). The extracted lysates were incubated with anti-APOE (#13366S, CST) or
rabbit IgG (#30000-0-AP, Proteintech) overnight at 4 °C, followed by incubation with protein A/G magnetic beads (#HY-
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K0202, MedChemExpress) for 2h at 4 °C. The beads were then washed three times with washing buffer and eluted with
1xSDS—PAGE loading buffer. Subsequently, the IP was subjected to electrophoresis. After electrophoresis, the SDS—
PAGE gel was placed in Coomassie Brilliant Blue staining solution (#P0017A, Beyotime) and stained at room
temperature for 1 h. Then, the gel was decolorized in Coomassie Brilliant Blue decolorizing solution (P0017C,
Beyotime) by heating in a microwave until boiling and shaking on a rocker for 1 h. Finally, the gel was photographed
for documentation.

RNA Sequencing

The collected APOE-overexpressing U251MG cells and control samples were subjected to RNA sequencing conducted
by Beijing Tsingke Biotech Co., Ltd., with three biological replicates performed for each group. RNA integrity was
assessed via an Agilent 2100 LabChip GX Bioanalyzer (Agilent, model number Platinum Agilent LabChipGX). The
resulting data were analysed by Beijing Tsingke Biotech Co., Ltd. Differentially expressed genes (DEGs) between the
two conditions/groups were analysed via the DESeq2 (http://www.bioconductor.org/packages/release/bioc/html/DESeq.

html) R package. Gene Ontology (GO) enrichment analysis was performed via DAVID. We utilized KOBAS software to
assess the enrichment of DEGs in KEGG pathways statistically.

Xenograft Tumor Model in Nude Mice

Male BALB/c nude mice were purchased from GemPharmatech Bio-Company in Jiangsu, China. All animals were
housed under specific pathogen-free (SPF) conditions in a controlled environment maintained at 20-22°C, with a 12-hour
light/dark cycle and 50—60% relative humidity. Food and water were provided ad libitum. The thymus-deficient nude
mice were randomly assigned to four groups: (1) APOE-knockout U251MG (KO) group, (2) control U251MG glioma
cell (C) group, (3) APOE-overexpressing U251MG (OE) group, and (4) APOE-overexpression U251MG treated with the
PI3K inhibitor LY294002 (OE+ LY294002) group. Prior to the injection of tumor cells, the mice were anaesthetized with
2-3% isoflurane for induction, followed by maintenance with 1-1.5% isoflurane. Cancer cells were injected subcuta-
neously into the right dorsal side of the nude mice. Each mouse received a subcutaneous injection of 100 pL of Matrigel
solution containing 5x10° tumor cells. Beginning on Day 7, the OE + LY294002 group received intraperitoneal injections
of LY294002 at 35 mg/kg every 3 days. Tumor size was measured weekly using calipers, and tumor volume was
calculated using the formula: 1/2xlengthxwidth®. All measurements are expressed in millimeters(mm) for length and
width, and in cubic millimeters (mm?) for calculated volume. The study endpoint was defined when the largest tumor
reached approximately 18.1mm in diameter (close to the 20mm ethical upper limit), at which time significant intergroup
differences in tumor growth were observed, and all mice were euthanized for further analysis. At the time of sacrifice, the
average body weight of the mice was 28.4 + 0.51g. Ethical approval for the in vivo portion of this study, which
demonstrated that APOE promotes tumor growth, was granted by the Institutional Animal Care and Use Committee of
Anhui Medical University (NO. LLSC20231146).

Statistical Analyses

Statistical analyses and data visualization were performed using GraphPad Prism 9.0.For comparisons between two
groups, unpaired two-tailed Student’s t tests were used.For experiments involving more than two groups or multiple
experimental conditions, one-way or two-way analysis of variance (ANOVA) was applied as appropriate. Two-way
ANOVA was used for time-course experiments, including CCK-8 cell viability assays and in vivo tumor growth and body
weight analyses, with time and treatment or genotype as independent factors. One-way ANOVA was applied to assess
differences among multiple groups when only a single factor was involved. For experiments involving multiple pairwise
comparisons, such as Trans well migration and invasion assays and Western blot quantifications of multiple protein
phosphorylation markers, unpaired two-tailed t tests with false discovery rate (FDR) correction were performed to
account for multiple comparisons. Kaplan—Meier survival analyses were conducted using log-rank (Mantel-Cox) tests to
evaluate differences in overall survival between groups. Data are presented as mean = SEM or mean + SD, as specified in
the corresponding figure legends. Statistical significance was defined as P < 0.05 or FDR-adjusted q < 0.05, as indicated.
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Results
APOE Expression Is Elevated in Glioma and Associated with IDH Mutation and Patient

Prognosis

To elucidate the role of APOE in human glioma, we first analyzed gene expression profiles using the GEPIA2 platform,
which integrates TCGA and GTEx data. Comparison of glioma tumor tissues, including both lower-grade glioma (LGG)
and glioblastoma multiforme (GBM), with matched normal tissues revealed that APOE is significantly upregulated in
glioma (Figure 1A). To further validate this observation, we analyzed mRNA-Seq data from the Chinese Glioma Genome
Atlas (CGGA). Consistently, APOE expression was significantly higher in glioma tissues compared to normal brain
tissues (Figure 1B). Additionally, stratification of glioma samples by /DH mutation status showed that APOE expression
was higher in /DH-mutant tumors than in their /DH-wildtype counterparts (Figure 1C).

Next, we examined the prognostic significance of APOE expression. Kaplan-Meier survival analysis using GEPIA2
demonstrated that patients with high APOE expression exhibited significantly longer overall survival (OS) than those
with low APOE expression (Figure 1D). This result was further validated using CGGA data, which also showed that
IDH-mutant patients had significantly longer OS than those with IDH- wildtype gliomas (Figure 1E). Given the
enrichment of APOE in /DH-mutant tumors, which are typically associated with better prognosis, this survival advantage
may be partly attributable to /DH mutation status.

These findings indicate that APOE is upregulated in glioma tissues, particularly in /DH-mutant subtypes, and that
higher APOE expression is associated with favorable prognosis. These results suggest that APOE may contributed to
glioma development and progression, possibly in an /DH- dependent manner.
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Figure I APOE expression and its clinical relevance in glioma. (A) APOE mRNA expression levels in tumor and non-tumor tissues of lower-grade glioma (LGG) and
glioblastoma multiforme (GBM), analyzed using GEPIA2 database (red, tumor; black, non-tumor). (B) Comparison of APOE expression between glioma and normal brain
tissues using CGGA RNA-Seq data (blue, normal; yellow, tumor). (C) APOE expression levels in glioma tissues stratified by IDH mutation status using CGGA data (blue,
IDH_Mutant; yellow, IDH_Wildtype). (D) Kaplan-Meier overall survival curves of glioma patients with high versus low APOE expression based on GEPIA2 analysis. (E)
Kaplan-Meier overall survival curves comparing IDH-mutant and IDH-wildtype glioma patients in the CGGA dataset.
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APOE Promotes Glioma Cell Line Growth

To investigate the function of APOE in glioma, we first examined its expression levels across multiple glioma cell lines
using the CCLE database. U251MG and U87MG cells exhibited relatively low baseline APOE expression and were
selected for further studies (Figure 2A). APOE was overexpressed in both cell lines, and successful overexpression was
confirmed by Western blotting (Figure 2B). CCK-8 assays revealed significant increased cell viability in APOE-
overexpressing cells compared to controls (Figure 2C). Consistently, EAU incorporation assays showed a higher propor-
tion of proliferation cells in the APOE-overexpressing groups (Figure 2D), indicating enhanced proliferative capacity. To
evaluate effects on cell motility, Transwell assays were performed. APOE overexpression markedly promoted both
migration and invasion in glioma cells (Figure 2E).

To further confirm the oncogenic role of APOE, we generated APOE-knockout U251 cells using CRISPR-Cas9
with specific sgRNAs targeting the APOE gene. Efficient knockout was validated by Western blotting (Figure 2F).
Loss of APOE led to a significant reduction in cell proliferation (Figure 2G and H), along with a marked decrease in
both migratory and invasive capabilities (Figure 2I). Taken together, these findings demonstrate that APOE
promotes glioma cell proliferation, migration and invasion. Highlighting its potential role as an oncogenic driver

in glioma.

APOE Overexpression Promotes Nuclear Translocation and Activate the PI3K/AKT

Pathway in Glioma Cells

A previous study in Alzheimer’s disease (AD) demonstrated that APOE &4 can translocate into the nucleus, bind double-
stranded DNA, and exhibits transcription factor-like activity.”’ Based on this, we hypothesized that the pro-tumorigenic
effects of APOE in glioma might also involve its nuclear translocation. To test this, we performed immunofluorescence
staining in U251 cells overexpressing APOE. Compared to control cells, APOE-overexpression cells exhibited markedly
increased APOE signal in both the nucleus and cytoplasm (Figure 3A). To validate these findings, we conducted
subcellular fractionation followed by Western blot analysis. Consistent with immunofluorescence results, APOE protein
levels were substantially elevated in both nucleus and the cytoplasm fractions of APOE-overexpression U251 cells
(Figure 3B). Further, nuclear proteins were subjected to immunoprecipitation followed by SDS-PAGE and Coomassie
blue staining. We observed an increased number of nuclear APOE-binding protein bands in the APOE-overexpression
groups, suggesting potential transcriptional regulatory roles for APOE in the nucleus (Figure 3C).

To investigate the downstream effects of APOE overexpression, we performed RNA sequencing to compare
transcriptomic profiles between APOE-overexpression and control U251 cells. A total of 443 differentially expressed
genes (DEGs) were identified, including 340 upregulated and 103 downregulated genes (Figure 3D). Gene Ontology
(GO) enrichment analysis revealed that these DEGs were significantly associated with biological processes such as
transcriptional regulation by RNA polymerase II, cell migration, cell proliferation, and cell differentiation. Enriched
cellular components included the nucleus, mitochondria and endoplasmic reticulum, while enriched molecular functions
involved DNA-binding transcription factor activity, DNA binding, and RNA polymerase II-specific activity (Figure 3E),
supporting the notion that APOE enhances transcriptional activity.

KEGG pathway enrichment analysis of APOE-associated DEGs indicated significant enrichment in the PI3K/AKT
signaling pathway (Figure 3F). To validate this association, we examined the phosphorylation status of PI3K and
AKT in glioma cells with altered APOE expression. In U251 cells, APOE overexpression led to a significantly
increase in the p-PI3K/PI3K and p-AKT/AKT ratios compared to control cells. Treatment with the PI3K inhibitor
LY294002 effectively reduced phosphorylation of these proteins (Figure 3G). Similar results were observed in U87
cells, where APOE overexpression elevated p-PI3K/PI3K and p-AKT/AKT ratios, and LY294002 treatment effec-
tively suppressed phosphorylation (Figure 3H). Conversely, APOE knockout in U251 cells significantly decreased
p-PI3K/PI3K and p-AKT/AKT ratios relative to controls (Figure 3I). These data demonstrated that APOE over-
expression in glioma cells promotes its nuclear translocation, enhances transcriptional activity, and activates the
PI3K/AKT signaling pathway.
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Figure 2 APOE promotes glioma cell proliferation, migration, and invasion. (A) Analysis of APOE expression levels across glioblastoma (GBM) cell lines using the Cancer Cell Line
Encyclopedia (CCLE) database. (B) Western blotting validation of APOE overexpression in U251 and U87 cell lines, with densitometric quantification. Data are presented as mean
+ SEM (n=4). Statistical significance was determined using an unpaired two-tailed t-test. (C) Cell viability assessment by the CCK-8 assay in U25 land U87 cells over a 4-day period,
with OD450 measured daily. Data are presented as mean + SD (n=4). Statistical significance between control and APOE-overexpression cells across the entire observation period
was determined using two-way ANOVA, with time and genotype as factors. (D) EdU incorporation assays evaluating the proportion of proliferating U251 and U87 cells, with
quantification. Data are presented as mean + SEM (U251, n=15; U87, n=16). Statistical significance was determined using an unpaired two-tailed t-test. (E) Quantification of cell
migration and invasion in U251 and U87 cells using Transwell assays. Representative images and quantitative analyses of migrated and invaded cells are shown. Migration and invasion
were quantified by counting cells that traversed the membrane and are presented as mean + SEM from independent experiments (n=4). Statistical analysis was performed using
unpaired two-tailed t tests with false discovery rate (FDR) correction for multiple comparisons. (F) Western blot analysis confirming APOE knockout in U251 cells, with
densitometric quantification. Data are presented as mean + SEM (n=4). Statistical significance was determined using an unpaired two-tailed t-test. (G) EdU incorporation assay
assessing proliferation in APOE-knockout U251 cells, with quantification. Data are presented as mean + SEM (n=8). Statistical significance was determined using an unpaired two-
tailed t-test. (H) Cell viability assessed by the CCK-8 assay in APOE-knockout U251 cells over a 4-day period. Data are presented as mean + SD (n=4). Statistical significance
between control and APOE-knockout cells across the entire observation period was determined using two-way ANOVA, with time and genotype as factors. (I) Evaluation of
migration and invasion in APOE-knockout U251 cells using Transwell assays. Representative images and quantitative analyses of migrated and invaded cells are shown. Migration and
invasion were quantified by counting cells that traversed the membrane and are presented as mean * SEM from independent experiments (n=3). Statistical analysis was performed
using unpaired two-tailed t tests with false discovery rate (FDR) correction for multiple comparisons. (*P < 0.05, **P < 0.0, **P < 0.001, ***P < 0.0001).
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Figure 3 Nuclear translocation of APOE activates the PI3K/AKT signaling pathway in glioma cells. (A) Immunofluorescence staining showing the subcellular localization of
APOE in U251 cells. (B) Western blot analysis of APOE protein in nuclear and cytoplasmic fractions of U251 cells. (C) Coomassie Brilliant Blue staining of immunoprecipitated
APOE protein complexes in U251 cells. (D) Volcano plot showing differentially expressed genes (DEGs) in APOE-overexpressing U251 cells compared with control cells.
A total of 443 DEGs were identified. (E) Gene Ontology (GO) enrichment analysis of the DEGs. (F) KEGG pathway enrichment analysis of the DEGs. (G) Western blot analysis
and quantification of p-PI3K/PI3K and p-AKT/AKT ratios in APOE-overexpressing U251 cells treated with LY294002. Protein phosphorylation levels were quantified and
analyzed using unpaired two-tailed t tests with false discovery rate (FDR) correction. Differences were considered statistically significant at q < 0.05. (H) Western blot analysis
and quantification of p-PI3K/PI3K and p-AKT/AKT ratios in APOE-overexpressing U87 cells treated with LY294002. Protein phosphorylation levels were quantified and
analyzed using unpaired two-tailed t tests with false discovery rate (FDR) correction. Differences were considered statistically significant at q < 0.05. (I) Western blot analysis
and quantification of p-PI3K/PI3K and p-AKT/AKT ratios in APOE knockout U251 cells. Protein phosphorylation levels were quantified and analyzed using unpaired two-tailed
t tests with false discovery rate (FDR) correction. Differences were considered statistically significant at q < 0.05. (*P < 0.05, **P < 0.01, ***P < 0.001).
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APOE Promotes Glioma Progression via Activation of the PI3K/AKT Pathway

To determine whether APOE promotes glioma progression through activation of the PI3K/AKT signaling pathway, we
assessed whether pharmacological inhibition of PI3K could reverse the tumor-promoting effects of APOE overexpres-
sion. U251 glioma cells stably overexpressing APOE were treated with the PI3K inhibitor LY294002, and cell viability
was measured using the CCK-8 assay. The results showed that APOE overexpression significantly enhanced cell viability
compared to control cells; however, treatment with LY294002 effectively abolished this growth-promoting effect
(Figure 4A), indicating that PI3K signaling is required for APOE-mediated glioma cell proliferation. To further evaluate
whether APOE enhances glioma cell motility through PI3K/AKT signaling, we performed Tran swell invasion and
wound healing assays in APOE-overexpressing U251 cells with or without LY294002 treatment. APOE overexpression
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Figure 4 PI3K inhibition attenuates APOE-mediated proliferation and motility in glioma cells. (A) Cell viability of U251 cells stably overexpressing APOE or vector control
following treatment with the PI3K inhibitor LY294002, assessed using the CCK-8 assay over a 4-day period, with OD450 measured daily. Data are presented as mean * SD
(n=3). Statistical significance between control and APOE-overexpressing cells across the entire observation period was determined using two-way ANOVA, with time and
genotype as factors. (B) Transwell assays evaluating the migratory and invasive capacities of U251 cells with or without APOE overexpression and LY294002 treatment, with
quantitative analysis. Representative images and quantification of migrated and invaded cells are shown. Migration and invasion were quantified by counting cells that
traversed the membrane and are presented as mean + SEM from independent experiments (n=4). Statistical analysis was performed using unpaired two-tailed t tests with
false discovery rate (FDR) correction for multiple comparisons. (C) Wound healing assays assessing cell migration in U251 cells under the same experimental conditions as
in (B), with quantitative analysis of relative wound closure area. Representative images and quantification are shown. Data are presented as mean + SEM from independent
experiments (n=3). Statistical significance was determined using unpaired two-tailed t tests. (D) Cell viability of U87 cells assessed by the CCK-8 assay following PI3K
inhibition. Data are presented as mean * SD (n=3). Statistical significance between control and APOE-overexpression cells across the entire observation period was
determined using two-way ANOVA, with time and genotype as factors. (E) Transwell migration and invasion assays of U87 cells following PI3K inhibition, with quantitative
analysis. Representative images and quantification of migrated and invaded cells are shown. Migration and invasion were quantified by counting cells that traversed the
membrane and are presented as mean * SEM from independent experiments (n=4). Statistical analysis was performed using unpaired two-tailed t tests with false discovery
rate (FDR) correction for multiple comparisons. (**P < 0.01, **P < 0.001, ***P < 0.0001).
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led to increased invasion and migration, whereas PI3K inhibition efficiently reversed these effects (Figure 4B and C).
Similar rescue effects were observed in U87 glioma cells, where LY294002 treatment significantly mitigated the APOE-
induced increases in cell proliferation, invasion, and migration (Figure 4D and E).

Collectively, these findings indicated that APOE promotes glioma progression, at least in part, by activating the PI3K/
AKT signaling pathway and that pharmacological inhibition of PI3K can reverse these effects.

APOE Promotes Tumorigenicity and Proliferation in a Mouse Model

To validate the tumor-promoting role of APOE in vivo, we established a subcutaneous xenograft model using U251
glioma cells with differential APOE expression. Compared with the control group (U251 Control), the APOE-knockout
group (U251 APOE KO) exhibited significantly reduced tumor volume and weight. In contrast, APOE-overexpressing
group (U251 _APOE OE) markedly increased tumor growth, as reflected by increased tumor volume and weight over
a 56-day period. Notably, treatment with PI3K inhibitor LY294002 effectively suppressed tumor growth in the APOE-
overexpression group without affecting mouse body weight (Figure SA-D). Indicating that APOE-induced tumorigeni-
city is at least partially dependent on PI3K/AKT signaling.

To further investigate the molecular mechanism, we performed immunohistochemistry and Western blot analyses of
tumor tissues. As expected, levels of phosphorylated PI3K (p-PI3K) and phosphorylated AKT (p-AKT) were signifi-
cantly elevated in tumors derived from APOE-overexpression cells. In contrast, both the APOE-knockout and APOE-
overexpressing + LY294002 groups showed reduced p-PI3K and p-AKT expression (Figure SE and F). In conclusion,
these in vivo findings support that APOE enhances glioma tumorigenicity and proliferation by activating the PI3K/AKT
signaling pathway, and that inhibition of this pathway can effectively mitigate the tumor-promoting effects of APOE.

Discussion

The therapeutic outcomes of surgery, chemotherapy, and radiotherapy for glioma patients are suboptimal.?’ In-depth
investigations into the pathogenesis of gliomas are expected to provide theoretical guidance for disease treatment and
may offer insights into the development of novel therapeutic strategies. APOE promotes cell growth by interacting with
receptors involved in lipid metabolism and cellular signaling pathways, such as those in the low-density lipoprotein
receptor (LDLR) family, which are often upregulated in cancer cells.’*>' In GBM, the levels of APOE in cerebrospinal
fluid (CSF) are significantly elevated.®> Wei Huang et al also found that knocking down APOE affected macrophage
polarization and immune evasion in glioma through the paracrine signaling of CCL5."® However, the potential mechan-
isms underlying the effects of APOE in glioma have yet to be established.

The present study investigated the molecular mechanisms involved in the cancer-promoting effects of APOE in
glioma cells. Bioinformatics analysis of public datasets revealed that APOE is expressed at higher levels in glioma tumor
than in control brain tissue (Figure 1). Further research demonstrated that APOE promotes the growth, migration, and
invasion of /DH-wildtype glioma cells (Figure 2). On the basis of our findings, APOE plays a context-dependent
oncogenic role; while clinical datasets may show varied prognostic associations across pan-glioma cohorts, our data
specifically underscore its potent tumor-promoting activity in the IDH-wildtype/GBM background. This is consistent
with the literature published on various cancers.'>**> Consequently, APOE may serve as a biomarker for poor
prognosis and a potential therapeutic target specifically for patients with /DH-wildtype GBM.

Studies have demonstrated that APOE &4 undergoes proteolytic fragmentation, facilitating its translocation into the
nucleus. Once inside the nucleus, APOE &4 exhibits high-affinity DNA binding, targeting over 1,700 promoter regions.*®
Both APOE &4 and APOE €3 isoforms have been shown to bind to the promoter of the apolipoprotein D (APOD) gene,
acting as transcriptional repressors.’’ Additionally, both isoforms can translocate to the nucleus and directly bind to the
promoter region of SirT1, influencing gene expression pattern.>®

In this study, we utilized IF staining and nuclear—cytoplasmic separation followed by WB analysis to confirm that APOE is
localized not only in the cytoplasm but also in the cell nucleus. Compared with that in the control group, the nuclear protein
expression level of APOE in the overexpression group was significantly greater. Therefore, we hypothesize that APOE may
perform certain functions within the nucleus, such as acting as a transcription factor. To explore this possibility, we subsequently
performed IP to assess whether APOE interacts with nuclear proteins, providing preliminary evidence that APOE may function
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Figure 5 APOE promotes glioma growth in vivo through activation of the PI3K/AKT pathway. (A) Representative images of subcutaneous tumors formed in nude mice (n =
3 per group). (B) Tumor growth curves of U251 xenografts over a 56-day period. Tumor volumes were measured at the indicated time points in mice bearing U251
xenografts with APOE knockout (KO), control, APOE overexpression (APOE OE), or APOE OE treated with the PI3K inhibitor LY294002. Data are presented as mean *
SEM (n=3). Statistical significance was determined using two-way ANOVA, with time and treatment as factors. (C) Statistical comparison of tumor weights at the end of the
56-day experimental period. Data are presented as mean + SEM (n=3). Statistical significance was determined using an unpaired two-tailed t test. (D) Body weight curves of
nude mice over the 56-day experimental period. Data are presented as mean + SEM (n=3). Statistical significance was determined using two-way ANOVA, with time and
treatment as factors. (E) Immunohistochemical (IHC) staining of APOE, PI3K, p-PI3K, AKT, and p-AKT in subcutaneous tumor tissues. (F) Western blot analysis and
quantification of APOE, PI3K, p-PI3K, AKT, and p-AKT expression levels in subcutaneous tumors from nude mice. APOE and protein phosphorylation levels were quantified
and analyzed using unpaired two-tailed t tests with false discovery rate (FDR) correction. Differences were considered statistically significant at q < 0.05. (*P < 0.05, **P <
0.01, ¥¥P < 0.001, ***P < 0.0001).

as a transcriptional regulator (Figure 3). This suggests that APOE plays a direct role in modulating gene expression. While the
exact mechanisms by which APOE enters the nucleus remain to be elucidated, our findings highlight the potential role of APOE
in nuclear processes and suggest that APOE may serve as a therapeutic target for gliomas. Future research should focus on
unravelling the detailed mechanisms of APOE nuclear translocation and its functional implications in glioma biology.

Several studies have elucidated multiple mechanisms of PI3K function in gliomas.*®

Our RNA-seq data revealed that APOE is associated with the PI3K/AKT signaling pathway in glioma (Figure 3). Further
experiments in our study demonstrated that the activation of the PI3K/AKT signaling pathway in gliomas is associated with
glioma progression. Additionally, treatment with the PI3K inhibitor LY294002 blocked the activation of the PI3K/AKT signaling
pathway and subsequently resulted in decreased proliferation, invasion and migration in APOE-overexpressing glioma cells
(U251 and U87) (Figure 4). Furthermore, in an in vivo mouse model, APOE-overexpression tumors exhibited significantly

accelerated growth, which was markedly inhibited by LY294002 treatment through suppression of PI3K/AKT signaling pathway

12 https: Cancer Management and Research 2026:18



Xia et al @

(Figure 5). Therefore, APOE may promote the malignant phenotypes of glioma cells by activating the PI3K/AKT signaling
pathway. However, the specific mechanisms of activation have not been elucidated and warrant further in-depth investigation.
In conclusion, our recent findings indicate that APOE enhances the proliferation, invasion, and migration of
IDH-wildtype GBM cells, with these malignant effects potentially mediated through the PI3K/AKT signaling
pathway. Additionally, APOE can translocate to the nucleus and activate transcription, suggesting a further layer
of involvement in glioma biology. This connection opens a promising research direction to explore how APOE
may contribute to glioma progression, possibly through transcriptional activation or other mechanisms that
influence the PI3K/AKT signaling pathway. Investigating the enrichment of PI3K/AKT signaling pathway-
related genes coexpressed with APOE could offer valuable insights for the development of targeted therapies.
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