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Impact of LIN7A silencing on
U87 cell invasion and its clinical
significance in glioblastoma
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Glioblastoma is highly aggressive and resistant to treatment, making it crucial to understand the
regulatory mechanisms underlying its invasion. LIN7A, a polar protein, has been implicated in

tumor cell migration and invasion, but its role in glioblastoma remains unclear. This study aimed

to manipulate LIN7A gene expression in U87 cells, analyze its impact on invasion, and explore the
potential mechanisms through which LIN7A regulates glioblastoma cell invasion. Lentiviral vectors
were used to silence the LIN7A gene in U87 cells, selecting the most effective vector. LIN7A gene
transcription, protein expression and localization were analyzed using RT-qPCR, Western blotting, and
immunofluorescence. U87 cell invasion was assessed via real-time cell analysis and spheroid invasion
assay, while MMP-2 and MMP-9 protease activities were measured using zymography. B-catenin
protein levels and localization were evaluated through Western blotting and immunofluorescence.
Expression of target genes in the B-catenin pathway was also measured. An orthotopic xenograft
glioblastoma model in nude mice was established by intracranial implantation of U87 cells, with
tumor growth monitored using immunofluorescence analysis of brain slices. The clinical significance

of LIN7A expression was confirmed by comparing its levels in core and peripheral invading areas of
glioblastoma and analyzing RNASeq data and clinical information from the Clinical Proteomic Tumor
Analysis Consortium (CPTAC) GBM cohort. Transfection of U87 cells with a lentiviral vector led to
decreased LIN7A levels and altered distribution patterns. Silencing the LIN7A gene increased U87 cell
proliferation and invasiveness, reduced clonal formation ability, and enhanced MMP-2 and MMP-9
protease activity. It also resulted in a slight increase in cytoplasmic B-catenin content, although not
statistically significant, but a significant increase in nuclear B-catenin accumulation and transcriptional
activity of target genes in the pathway. Animal studies showed that LIN7A gene silencing caused U87
cells to transition from clumpy to invasive growth mode. LIN7A expression was significantly lower in
the peripheral invading area compared to the core area in clinical samples of glioblastoma. Data mining
of the CPTAC-GBM cohort revealed a strong association between LIN7A gene expression and survival
time. Silencing LIN7A may promote U87 tumor cell invasion by disrupting intercellular junctions,
altering cell polarity, and activating the B-catenin pathway. Further research is warranted to elucidate
the role of LIN7A in glioblastoma cell invasion.
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Glioblastoma stands as the most prevalent malignant primary brain tumor, constituting approximately 57% of
all gliomas and 48% of all primary malignant central nervous system tumors. Despite advancements in standard
therapy, patients face grim prognoses, with a median survival of less than two years'. Recurrence, driven by
glioblastoma cell infiltration into healthy brain tissue, is a persistent challenge. Anti-angiogenic therapies may
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even exacerbate tumor aggressiveness in glioblastoma?~>, highlighting the need to understand the mechanisms
of invasiveness for improved therapies.

Cancer cell invasion involves alterations in cell polarity and signaling pathways. While quiescent cells exhibit
apical-basal polarity, migratory cells shift to anterior-posterior polarity®~1°. This polarity transition, associated
with epithelial-mesenchymal transition (EMT), is critical in tumor invasiveness. EMT disrupts cell polarity
and adhesion, promoting pro-migratory gene expression and cytoskeletal changes'"!2. Polarity proteins, key
regulators of cell signaling and cytoskeletal dynamics, can be co-opted by tumor cells to drive invasion'>.

Three conserved polarity complexes—PAR, Crumbs, and SCRIB—maintain apical-basal polarity and inhibit
EMT and metastasis. Their disruption is linked to enhanced tumor invasion via pathways like Rho GTPase
signaling and loss of cell-cell adhesion!*-2°. Evidences suggest that maintaining epithelial cell polarity serves as
a protective barrier against cancer, while the dysregulation of polarity complexes can lead to increased cancer
cell invasiveness and metastasis.

The LIN7 protein family, a component of the Crumbs polarity protein complex, has been shown to regulate
tumor cell migration and invasion in melanoma?! and squamous epithelial cell carcinoma??. However, its role in
glioma remains largely unexplored. This study investigates the role of LIN7A in U87 glioblastoma invasion, its
potential regulatory mechanisms, and the clinical relevance of LIN7A expression.

Materials and methods

Glioblastoma cells and culture conditions

Glioblastoma cell line U87 was obtained from the American Type Culture Collection (ATCC). Cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 1% glutamine, 100 pg/mL streptomycin,
100 U/mL penicillin, and 10% fetal calf serum. They were maintained in a humidified atmosphere containing
5% CO, at 37 °C.

Knockdown of gene expression

LIN7A was silenced using lentiviral particles with short hairpin RNA (shRNA) constructs (Mission” shRNA,
Sigma). Five individual sequences cloned in pLKO.1-puro vectors were lentiviral-transduced into U87 cells
with the addition of 8 ug/mL of Polybrene. Cells were selected using puromycin at a concentration of 2 pg/
mL. Knockdown efficacy was confirmed using quantitative real-time polymerase chain reaction (RT-qPCR).
The non-targeting shRNA lentiviral construct (Mission” SHC002, Sigma) was used as a control. ‘U87shLIN7A’
represents U87 cells with LIN7A gene silencing, while ‘U87 CtrI represents control cells.

Quantitative real-time PCR

Total RNA extraction was carried out using an RNA purification system (Qiagen), followed by treatment with
RNase-free DNase I to eliminate genomic DNA contamination (Roche). Subsequently, cDNA synthesis was
performed using Superscript RNase H-Reverse Transcriptase (Invitrogen) and random hexamers (Sigma-
Aldrich) with 5 ug of total RNA. Gene expression analysis was conducted in triplicate using the ABI Prism 7000
Sequence Detection System (Applied Biosystems) and SYBR Green Master Mix (Eurogentec). Standard curves
were generated for each transcript, demonstrating amplification efficiency ranging from 90 to 100%. Relative
quantification of gene expression was determined by comparing threshold values, with all results normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. Primers were procured from
Sigma-Aldrich, and the primer sequences can be found in Table 1.

Western blot analysis

To assess protein expression levels in whole cells, cell pellets were harvested and mechanically homogenized in
lysis buffer containing 50 mM Tris-HCI (pH 7.4), 50 mM NaCl, 1% Triton X-100, 1 mM EDTA, 20 mM NaF,
2 mM Na,VO,, 1 mM PMSE, and 1 pg/ml each of aprotinin, leupeptin, and pepstatin. The homogenates were
then clarified by centrifugation at 14,000¢ for 15 min at 4 °C, and total protein extracts were obtained from the
supernatant. Nucleoprotein and cytoplasmic protein from cultured U87 cells were extracted according to the

Target Forward primer Reverse primer

LIN7A 5'-GCAACAGCAAAGGCAACAGT-3’ 5-CTCTTTTGAGGCCTCCGTGT-3’
VEGF 5’-CTACCTCCACCATGCCAAGT-3’ 5'-GCAGTAGCTGCGCTGATAGA-3'
FZD7 5'-CAGACGTGCAAGAGCTATGC-3' 5'- ACGATCATGGTCATCAGGTACT-3’
TCF1 5'-CAGAGGAGAGGAACCAAGCTA-3" | 5'-GCAACTCGGGACATAAAGCC-3’
CD44 5-TTTGCATTGCAGTCAACAGTC-3’ | 5-GTTACACCCCAATCTTCATGTCCAC-3’
MMP2 5-TCTCCTGACATTGACCTTGGC-3" | 5-CAAGGTGCTGGCTGAGTAGATC-3’
MMP7 5-GAGTGAGCTACAGTGGGAACA-3" | 5-CTATGACGCGGGAGTTTAACAT-3’
C-MYC 5'-TCATCCAGGACTGTATGTGGAG-3' | 5'-GTAGGAGGCCAGCTTCTCTG-3'
CYCLIN D1 | 5'-GAGGAAGAGGAGGAGGAGGA-3' | 5'-GAGATGGAAGGGGGAAAGAG-3’
MMP9 5-TTGACAGCGACAAGAAGTGG-3’ 5-GCCATTCACGTCGTCCTTAT-3"
GAPDH 5-TGAGCGATGTGGCTCGGCT-3’ 5'-CTCTCTGCTCCTCCTGTTCGAC-3’

Table 1. The primers used in RT-qPCR.

Scientific Reports |

(2025) 15:7212

| https://doi.org/10.1038/s41598-025-91285-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Antibody type Specificity Dilution Catalog number | Supplier
Primary antibody Anti-LIN7A (rabbit polyclonal) WB 1:1000 IF 1:500 | PA5-30871 Invitrogen
Primary antibody | Anti-beta-catenin (rabbit polyclonal) WB 1:4000 IF 1:2000 | ab6302 Abcam
Primary antibody | Anti-lamin B1 (rabbit polyclonal) WB 1:1000 ab16048 Abcam
Primary antibody | Anti-alpha tubulin (rabbit monoclonal) WB 1:1000 ab52866 Abcam
Primary antibody | Anti-human nestin (rabbit polyclonal) IF 1:200 ZRB69 MilliporeSigma
Primary antibody | Anti-isocitrate dehydrogenase 1 (IDH1)-R132H (mouse monoclonal) | IF 1:500 SAB4200548 Merck
Secondary antibody | Alexa fluor 488 goat anti-rabbit IgG (H+L) IF 1:500 A-11008 Invitrogen
Secondary antibody | Alexa fluor 594 goat anti-mouse IgG (H+L) IF 1:500 A-11005 Invitrogen

Table 2. The detailed information of antibodies used in this study.

instructions provided by Proteintech (Cat No: PK10014). Protein concentration was determined using the BCA
method.

Next, proteins (100 pg of total protein per well) were separated by 10% SDS-PAGE and subsequently electro-
transferred onto nitrocellulose membranes. The membranes were blocked in 5% fat-free milk with 0.05%
Tween'-20 for 1 h at room temperature with constant agitation, followed by overnight incubation with primary
antibodies at 4 °C. Protein visualization was achieved using an enhanced chemiluminescence detection system.
For detailed information regarding the antibodies, please refer to Table 2.

Zymography

Cells were treated as indicated above and cultured in serum-free medium for 24 h. The supernatant was
harvested, and soluble protein was condensed. For each type of cell, 20 pg of protein was separated by 10%
SDS-PAGE containing 0.1% gelatin without denaturing agents. Gels were washed twice for 30 min in 50 mM
Tris-HCI (pH 7.5) and 2.5% Triton X-100. Subsequently, they were incubated overnight at 37 °C in a solution
containing 50 mM Tris-HCI (pH 7.6), 10 mM CaCl,, 150 mM NacCl, and 0.05% NaN, to allow the gelatinases
to digest the gelatin structure. Finally, gels were stained with Coomassie Brilliant Blue R-250 and destained with
a mixture of 90% methanol and water (1:1) and 10% glacial acetic acid. Bright bands indicative of gelatinolytic
activity were observed at Mr 92,000 for MMP-9 and Mr 72,000 for MMP-2.

Limiting dilution assay

The clonogenic potential of glioblastoma cells was evaluated using the Limiting Dilution Assay. Four different
dilutions (300 cells per well, 50 cells per well, eight cells per well, and one cell per well) were seeded in a 96-
well plate, with 24 wells per dilution, and cultured for 28 days. The number of wells with colony formation was
counted. The resulting data were tabulated, and an online tool was employed to assess differences in clonal
formation potential between the two cell types®*.

Real-time cell analysis

Real-time cell analysis (RTCA) of cell proliferation and invasion was conducted using the xCELLigence DP
device (Roche Diagnostics) following the manufacturer’s instructions?’. For cell proliferation assessment,
E-Plates were utilized. Logarithmic phase cells were harvested at suspension concentrations of 2.5x 10*/mL
and 4 x 10*/mL. Initially, 150 uL of medium was added, and the background impedance value was recorded
once equilibrium was reached. Subsequently, 100 puL of each cell suspension was added to four wells for each
cell concentration. Culture assays began once the cells settled and equilibrated. To evaluate cell invasiveness, the
bottom side of the wells in the upper chamber of the CIM-Plate was coated with 30 ul of collagen I (400 pg/ml,
Sigma), and the surface of the upper chamber was covered with a monolayer of 5% (v/v) growth factor-reduced
matrigel (BD Biosciences), diluted 1:20 with basal medium as specified by Roche in the application notes. Next,
25,000 cells/well suspended in culture medium without FBS were seeded in the upper chambers, while the lower
chambers were filled with full medium containing FBS. The dimensionless cell index (CI), derived as a relative
change in measured electrical impedance caused by migrated cells, served to reflect the invasive behavior of
monitored cells. Cell indices were measured every 15 min for up to 24 h using the RTCA software (version 1.2).

Three-dimensional (3D) tumor spheroid invasion assay

This assay was performed following previously established protocols?. Briefly, U87 cells were seeded in ultra-
low attachment 96-well plates (Corning Life Sciences, USA) at a density of 2500 cells/well. The cells were then
incubated at 37 °C with 5% CO, for 72 h to allow for the formation of 3D spheroids. Flat-bottom 96-well plates
were coated with 125 pug/ml growth factor-reduced Matrigel (Corning) in culture medium lacking growth
factors and incubated for 2 h at room temperature. Once coating was complete, a single spheroid per well was
transferred onto the Matrigel-coated plates. The spheroids were then cultured in a mixture of medium and
Matrigel. Microscopic images of the area covered by each spheroid were captured at 0, 24, 48, and 72 h after
implantation. For quantification, the mean area covered by invaded glioblastoma cells at each time point was
measured in 24-h intervals and compared to the area at 0 h. Changes in sphere area over time were analyzed
using Image]J. Invasiveness over time was graphically represented, and statistical differences between groups
were determined.
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Xenograft mouse model

All procedures on mice presented in this manuscript complied with the Hubei Provincial Regulations on
Laboratory Animal Administration and the guidelines of the Laboratory Animal Ethics Committee of Huazhong
University of Science and Technology (HUST), receiving formal approval from the Laboratory Animal Ethics
Committee of Tongji Medical College, HUST. Reporting in this manuscript follows the recommendations of the
ARRIVE guidelines?.

Female athymic mice (CD1 nu/nu), aged 6 to 12 weeks, were sourced from the Experimental Animal Center
of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). These mice were
bred in specific pathogen-free rooms to maintain their health status.

This study involved two groups of mice, with each group consisting of four animals. Mice were anesthetized
via intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine?’. Each group received stereotactic
implantation of either 1x10° U87shLIN7A or U87Ctrl cells into the right striatum. At 3- and 4-weeks post-
implantation, the mice were euthanized humanely through an overdose of inhalant anesthetic, followed by
cervical dislocation, and their brains were carefully removed and cryosectioned for further analysis.

The experimental protocol complied with the Hubei Provincial Regulations on Laboratory Animal
Administration and the guidelines of the Laboratory Animal Ethics Committee of Huazhong University of
Science and Technology (HUST), receiving formal approval from the Laboratory Animal Ethics Committee of
Tongji Medical College, HUST.

Glioblastoma tissue specimens

Glioblastoma tissue specimens were obtained and promptly cryopreserved using liquid nitrogen. These
specimens were collected from patients diagnosed with glioblastomas and treated at Tongji Hospital, affiliated
with Tongji Medical College, Huazhong University of Science and Technology, between June and December
2022. To facilitate the identification of tumor cells in immunofluorescence assays, only cases of glioblastoma
positive for the IDH1R132H mutation were selected for inclusion. All patients provided informed consent. This
study was approved by the Committee on Human Research of Tongji Hospital. All methods were performed in
accordance with the relevant guidelines and regulations, as approved by the Committee on Human Research of
Tongji Hospital.

Immunofluorescence

Cells were cultured on glass coverslips pre-coated with collagen I. When reaching 70% confluency, cells were
fixed with 2% paraformaldehyde in phosphate-buffered saline (PBS) for immunofluorescence staining. Following
fixation, cells were permeabilized with 0.3% Triton-X100 in PBS for 5 min and then incubated with primary
antibodies diluted in 5 mg/ml bovine serum albumin (BSA) in PBS for 4 h at room temperature. Subsequently,
cells were washed with PBS containing Tween 20 (PBST) and incubated with secondary antibodies diluted in
1% BSA in PBST for 1 h at room temperature in the dark. After three washes with PBST in the dark, cells were
counterstained with 500 nM Propidium Iodide (PI) for 5 min at room temperature and mounted with mounting
medium. Immunofluorescence images were acquired using a Cell Observer microscope (Zeiss). For detailed
information regarding the antibodies, please refer to Table 2.

For mouse xenografts, immunofluorescence staining was performed using rabbit anti-human nestin antibody
after cryosections were fixed with acetone. Alexa Fluor™ 488 anti-rabbit antibody was utilized as the secondary
antibody. To visualize whole brain slices, images were automatically taken on Cell Observer (Zeiss) in high-
magnification mosaic mode (Zeiss MosaiX), managed by ZEN software.

For glioblastoma tissue specimens, immunofluorescence staining on frozen sections of clinical samples was
performed. Detailed antibody information is provided in Table 2. For each sample, two-channel fluorescence
images of the tumor core and the invasive margin were obtained using Cell Observer (Zeiss). Image] software
was employed to select the region of interest (ROI) by setting a threshold for the IDH fluorescence channel.
Subsequently, the average fluorescence intensity of the LIN7A channel was calculated to facilitate statistical
analysis of the differences between groups.

Clinical survival analysis
To evaluate the prognostic significance of LIN7A in glioblastoma, RNASeq data and clinical information from
the Clinical Proteomic Tumor Analysis Consortium Glioblastoma (CPTAC-GBM) cohort were obtained via the
Genomic Data Commons (GDC) data portal. Processed data at level 3 were utilized for analysis. Samples were
stratified into two groups based on LIN7A expression levels. High and low LIN7A expression per sample was
determined relative to the median expression of this gene within the cohort.

Opverall survival probability curves were generated using the Kaplan-Meier method, and differences between
the curves were assessed using the log-rank test?®. Additionally, the relationship between LIN7A expression and
progression-free survival was evaluated using Spearman’s rank correlation analysis®.

Statistical analyses

Quantitative data for mRNA expression were obtained using RT-qPCR, zymography, and Western blot as
described earlier. The experiments were repeated three times, and statistical analyses were conducted and
visualized using SigmaPlot 12.5. The data are presented as mean + standard deviation (SD). Statistical analysis
for clone formation experiments was carried out using online tools (http://bioinf.wehi.edu.au/software/elda).
RTCA data analyses utilized the built-in software RTCA software 1.2. Clinical Survival Analyses were conducted
using R packages, specifically ‘survival’ and ‘corrr’ All tests were performed at the 0.05 level of significance.
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«Fig. 1. LIN7A gene silencing and validation. (A) Design of lentiviral vectors for LIN7A gene silencing: five
distinct lentiviral vectors were designed to target the LIN7A gene, with corresponding empty vectors serving
as controls. These vectors were used to transfect U87 cells at two different multiplicities of infection (MOIs),
1:10 and 1:100. The efficacy of gene silencing was assessed using quantitative reverse transcription polymerase
chain reaction (RT-qPCR), which allowed for the selection of the most effective vector. The selected vector’s
clone ID is NM_004664.2-710s1c1 (TRCN0000116870-CCGGGAACTACTCAAGGCTGCTAAACTCGAGT
TTAGCAGCCTTGAGTAGTTCTTTTTG). (B) Western blotting for confirmation of LIN7A gene silencing:
western blot analysis was performed to confirm the efficiency of LIN7A gene silencing. The LIN7A protein
band appeared at approximately 26 kDa, while the a-tubulin band, used as a loading control, was observed
at 55 kDa. (C) Quantitative analysis of LIN7A expression: quantitative analysis of the western blot bands was
conducted using Image]J software. The analysis revealed a significantly higher intensity of the LIN7A band
in U87Ctrl cells compared to U87shLIN7A cells (*P <0.05), confirming the successful silencing of LIN7A in
U87shLIN7A cells. (D,E) Immunofluorescence staining of LIN7A protein expression: immunofluorescence
staining was performed to visualize LIN7A protein expression in U87 cells. In U87Ctrl cells (D), LIN7A
protein was primarily localized to cell junctions, as indicated by green staining, while nuclei were stained blue.
In contrast, LIN7A expression was significantly reduced and lost its typical localization in U87shLIN7A cells
(E), confirming successful gene silencing at the protein level. Additionally, as indicated by the yellow arrows,
the cell junctions in U87Ctrl cells were intact, whereas those in U87shLIN7A cells appeared unclear, suggesting
disruption and compromised integrity of the cell junctions.

Results

LIN7A gene silencing alters its protein expression and distribution pattern

The most effective shRNA construct was identified through RT-qPCR and subsequently chosen for the
subsequent experiments (Fig. 1A). Western blotting analysis revealed a significant reduction in LIN7A
protein expression in U87shLIN7A cells compared to the control group (Fig. 1B, C). Furthermore, cellular
immunofluorescence analysis demonstrated that U87Ctrl cells exhibited strong fluorescence intensity of LIN7A,
localized predominantly at cellular junctions. Conversely, in U87shLIN7A cells, the fluorescence intensity of
LIN7A was notably decreased, and its distribution no longer showed the characteristic concentration at the cell
membrane and junctions. Instead, LIN7A displayed a disordered distribution across the cell membrane and
cytoplasm. The cell junctions in U87Ctrl cells were intact, whereas those in U87shLIN7A cells appeared unclear,
suggesting disruption and compromised integrity of the cell junctions. (Fig. 1D, E).

LIN7A gene silencing promotes cell proliferation and invasion but inhibits clonegenicity
Real-time cell analysis (RTCA) conducted using Roche’s xCELLigence system revealed that the cell proliferation
rate of U87ShLIN7A cells was significantly higher than that of the control U87Ctrl cells, regardless of the initial
cell number conditions (Fig. 2A, B). RTCA analysis of cell invasion, akin to the Boyden chamber experiment
but utilizing resistance variation, demonstrated a notable increase in U87shLIN7A cell invasion compared to the
control group (Fig. 2C). This method allowed continuous monitoring and intervention administration during
the experiment. To depict cellular invasion more accurately, a 3D spheroid invasion experiment was conducted.
Results showed a significant increase in U87shLIN7A cell aggressiveness compared to U87Ctrl when considering
the extracellular matrix surrounding the spheroid (Fig. 2D, E).

The impact of LIN7A gene suppression on clonogenic potential was assessed using the limiting dilution
technique. Findings revealed that a minimum of 4.48 U87Ctrl cells were required for clone formation, whereas
52.38 U87shLIN7A cells were needed, indicating a notable disparity between the two cohorts (P<0.01). These
results suggest that inhibition of the LIN7A gene in U87 cells led to a reduction in clone formation, as depicted
in Fig. 2F.

LIN7A gene silencing activates B-catenin pathway

Immunofluorescence staining of B-catenin was performed on cultured cells, revealing its distribution primarily
in the perinuclear and intranuclear regions of U87 Ctrl cells. In contrast, U87shLIN7A cells exhibited intense
intranuclear fluorescence, indicating an elevated presence of B-catenin in the nucleus. This altered distribution
signifies the translocation of B-catenin protein into the nucleus, a crucial step in the activation of the Wnt-f-
catenin classical pathway (Fig. 3A).

Subsequent quantification of B-catenin protein revealed no statistically significant disparity in the overall
cellular B-catenin protein content between U87shLIN7A and U87Ctrl cells, as determined by Western blotting.
However, the analysis of B-catenin content within the nucleus of U87shLIN7A cells revealed a significant increase
in B-catenin protein levels compared to the control U87Ctrl cells(P < 0.05) (Fig. 3B).

Activation of the P-catenin pathway is typically accompanied by the upregulation of transcription of
downstream target genes. RT-qPCR analysis was conducted to determine the transcription levels of AXIN2,
CD44, FZD7, TCF1, MMP2, and MMP9 genes. The findings revealed that all target genes were transcriptionally
upregulated to varying extents in U87shLIN7A cells, suggesting that LIN7A gene silencing might enhance the
activity of the B-catenin classical pathway (Fig. 3C).

To assess changes in protein function, gelatin enzyme profiling was performed to measure MMP-2 and
MMP-9 activity. Clear bands of different intensities indicating enzyme activity were observed. Image] software
quantified transparency intensity, showing increased protease activity of MMP-2 and MMP-9 in U87shLIN7A
cells compared to U87Ctrl cells (P <0.05) (Fig. 3D).
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Fig. 2. Impact of LIN7A gene silencing on U87 cell proliferation, invasion, and clone formation. Impact of
LIN7A silencing on U87 cell growth. The RTCA proliferation assay was performed by seeding cells onto E-plate
plates at initial densities of 2500 cells (A) and 4000 cells (B). Cell proliferation was monitored over 24 h, and
the growth curves of U87shLIN7A (green) and U87Ctrl (red) were compared. Statistical analysis indicated

a significant difference between the two groups (P<0.05). LIN7A silencing enhances U87 cell invasion. The
RTCA invasion assay (C) was performed using CIM-plate plates to evaluate and compare the invasion profiles
of U87shLIN7A (green) and U87Ctrl (red) cells. The analysis revealed a statistically significant difference
between the two invasion curves (P <0.05).For the spheroid invasion assay (D), 3D invasion of U87 spheroids
into the brain-mimicking matrix (BMM) was monitored over time. Phase contrast microscopy images were
captured at 0, 24, 48, and 72 h of culture. The invasion areas were quantified using Image] software, and the
data showed statistically significant differences between the two groups (E) (*P<0.05). LIN7A gene silencing
inhibits clonogenicity of U87 cells clonogenic assay (F): cells were seeded at varying concentrations in each
well, cultured under standard conditions, and monitored for colony formation over a 14-day period. The
number of colonies formed for each initial cell density was quantified (as shown in Supplementary Figure S1).
Statistical analysis revealed a significant difference between the two groups, with U87Ctrl cells requiring a
minimum of 4.48 cells to form colonies, compared to 52.38 cells for U87shLIN7A cells (P<0.01).
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Figure 2. (continued)

LIN7A gene silencing changes U87 cells intracranial growth model

To explore the effect of LIN7A gene silencing on U87 cell invasiveness in vivo, we established a xenograft mouse
model and monitored tumor growth patterns. By the third week, we observed that U87shLIN7A cells exhibited
a diffuse growth pattern and were smaller in size compared to the control group (U87Ctrl). In contrast, U87Ctrl
cells displayed a clumpy growth pattern (Fig. 4A).

Moving to the fourth week, we noted multiple small satellite infiltrates surrounding the U87shLIN7A tumor,
while the U87Ctrl tumor maintained its clumpy growth (Fig. 4B). These findings indicate significant differences
in the growth patterns of the two intracranial tumors at different time points. Notably, U87 cells following LIN7A
gene silencing underwent a transition towards an infiltrative growth pattern.

LIN7A gene expression decreases in invading glioblastoma cells

To investigate the correlation between LIN7A gene expression and glioblastoma cell invasion, tissue samples
were obtained from the central region of the GB tumor and the adjacent invasion zone during surgery, employing
intraoperative navigation and intraoperative fluorescence tumor imaging technology. Immunofluorescence
analysis revealed a pronounced cell density and abundant LIN7A protein expression within the core of the
tumor, contrasting with the sparser distribution of tumor cells and absence of LIN7A protein expression in
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Figure 2. (continued)

the invasion zone (Fig. 5). Quantification of fluorescence intensity using Image ] demonstrated a significant
disparity between the two regions.

LIN7A gene expression correlates with survival time in CPTAC GBM cohort

Data mining of the CPTAC cohort validated the prognostic value of LIN7A in glioblastoma. The median overall
survival (OS) time was significantly longer in the LIN7A high expression group compared to the low expression
group (Fig. 6A). Kaplan-Meier analysis indicated a trend of longer median progression-free survival in the
high LIN7A expression group compared to the low expression group, but the difference was not statistically
significant.(Fig. 6B). Additionally, a moderate correlation was observed between LIN7A gene expression and
progression-free survival (PFS) events (R=0.24, P<0.01) (Fig. 6C).

Discussion

Glioblastoma is highly aggressive, which is an important means of evading treatment and an important cause
of treatment failure. Tumor invasion and cell polarity are closely related. Cell polarity, which is defined as
asymmetry in cell shape, organelle distribution and cell function, is essential in numerous biological processes,
including cell growth, cell migration and invasion, molecular transport, and cell fate®®. Apical-basal polarity
is typical of cells present in differentiated epithelium while front-rear polarity develops in motile cells*!. In
cancer development, the transition from epithelial to migratory polarity may be seen as the hallmark of cancer
progression to an invasive and metastatic disease®.

Despite the morphological and functional dissimilarity, both epithelial and migratory polarity are controlled
by a common set of polarity complexes Par, Scribble and Crumbs?. The LIN7 protein, as an important component
of Crumbs complex, plays a significant role in cell adhesion maturation. It consists of an L27 domain and a PDZ
domain. The L27 domain plays a crucial role in mediating the interaction with CASK and is implicated in the
assembly of multimeric complexes and the localization of LIN7A to cellular membranes®*. Additionally, its PDZ
domain facilitates binding with various proteins, thereby contributing to the maintenance of cell polarity, cell-
to-cell adhesion junctions, and cell signaling processes!®.

The mechanisms by which cancer cells disrupt apical-basal polarity, leading to a migratory phenotype,
remains an open question®”. Oncogenic factors, along with the tissue microenvironment, activate pathways that
suppress epithelial characteristics and promote invasive properties, known as epithelial-mesenchymal transition
(EMT) in cancer progression. Cancer-related EMT disrupts cell polarity and adhesion, leading to increased
expression of migration-promoting genes. This causes epithelial cells to lose connections and gain the ability to
migrate away from the primary tumor site’%.

Studies conducted by Luo et al. (2018) and Gruel et al. (2016) have demonstrated that LIN7A promotes
invasion in liver and breast cancer cells, indicating that its effects may be tumor type-specific***. However,
glioblastomas exhibit significant biological differences from other epithelial-derived solid tumors, as they arise
from glial cells rather than epithelial cells. Furthermore, their invasive characteristics are markedly distinct from
those of other epithelial cancers. Our study revealed a disparity in LIN7A gene expression in glioblastoma, which
is associated with tumor aggressiveness and consequently, patient prognosis. Analysis of the cohort demonstrated
a significant elevation in LIN7A expression in tumor specimens from patients with extended overall survival
(OS) compared to those with shorter OS. Furthermore, a positive correlation was observed between LIN7A
expression and progression-free survival (PFS). Immunofluorescence analysis of distinct regions within the
tumor sample (bulk vs. invading area) within the same case revealed a notable reduction in LIN7A protein
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«Fig. 3. LIN7A gene silencing activates -catenin pathway. Immunofluorescence staining of B-catenin
localization: immunofluorescence staining (A) was used to assess the intracellular distribution of p-catenin in
U87shLIN7A and U87Ctrl cells. U87shLIN7A cells exhibited a notable increase in nuclear -catenin content
compared to U87Ctrl cells, as indicated by the red arrow, suggesting activation of the p-catenin pathway in
response to LIN7A silencing. Western blotting analysis of f-catenin protein levels: western blot analysis (B)
was performed to quantify B-catenin protein levels in whole-cell lysates and nuclear fractions. While there
was no significant difference in total -catenin protein content between U87shLIN7A and U87Ctrl cells, a
significantly higher level of nuclear B-catenin was observed in U87shLIN7A cells (*P <0.05). This indicates
that LIN7A silencing promotes the nuclear translocation of p-catenin. RT-qPCR Analysis of -catenin target
gene transcription: RT-qPCR (C) was used to analyze the transcriptional activity of select target genes in the
B-catenin pathway. U87shLIN7A cells exhibited varying degrees of enhanced transcriptional activity of these
genes compared to U87Ctrl cells (*P<0.05, **P<0.01), further confirming the activation of the p-catenin
signaling pathway. Zymography of MMP-2 and MMP-9 activity: zymography (D) was utilized to quantify
changes in MMP-2 and MMP-9 protease activity. U87shLIN7A cells showed significantly higher levels of
MMP-2 and MMP-9 activity compared to U87Ctrl cells (*P <0.05), suggesting that B-catenin activation
enhances protease activity involved in tumor invasion.

content in the invading area. Therefore, it is reasonable to speculate that the regulation of cell polar proteins by
multiple signaling pathways of EMT may be an upstream mechanism for the decrease of LIN7A gene expression
in invading glioblastoma cells.

To assess the expression of LIN7A in glioblastomas, we analyzed the transcription levels of LIN7A in
various glioblastoma cell lines, including LN308, S24, U87, and T269 GIC*, as well as in human astrocytes
(Supplementary Figure S2). The U87 cell line was chosen as the representative model for our experiments due
to its classic and well-documented characteristics. Our research demonstrates that silencing of the LIN7A gene
in U87 cells results in a significant decrease in the content of the LIN7A polar protein, and more importantly,
a notable change in its distribution, resulting in the breakdown of intercellular junctions and alteration of cell
polarity. The loss of apical-basal polarity, characteristic of differentiated epithelial cells, is associated with the
acquisition of a migratory phenotype in cells. As our results indicate that, compared to control U87Ctrl cells,
U87shLIN7A cells exhibited heightened aggressiveness both in vitro and in vivo, which can be attributed,
at least in part, to the disruption of cell adhesion and altered cellular polarity. Moreover, we also conducted
overexpression experiments on T269 GIC, a highly invasive cell line with low transcriptional levels of LIN7A,
as mentioned earlier. The results showed that overexpressing LIN7A in T269 GIC partially inhibited its high
invasiveness.

The disruption of tight junctions and adherens junctions leads to alterations in the localization of key apical
proteins and transcriptional regulators, which can significantly impact gene transcription®!~#4. Specifically, the
function of apical polarity proteins shifts from suppressing nuclear transcription to facilitating it. For example,
the subcellular localization of ZO-1 protein varies between non-invasive and aggressive cells. In non-invasive
cells, ZO-1 is primarily located in the plasma membrane, while in aggressive cells, it localizes to the nucleus®.
Additionally, the disruption of the E-cadherin-catenin complex leads to the accumulation of B-catenin in the
cytoplasm. This accumulation activates the Wnt signaling pathway, promoting cell proliferation and invasion
once B-catenin translocate to the nucleus®. Experimental findings demonstrate that the LIN-7 PDZ protein
engages in physical interactions with the PDZ target sequence of f-catenin, establishes an in vivo complex with
the cadherin-f-catenin system, and facilitates adhesion processes linked to cadherin®’. Moreover, research
indicates a direct association between LIN-7 and the C-terminal PDZ binding sequence of the P-catenin
protein in mammalian epithelial and neuronal cells, resulting in the formation of a LIN-7/cadherin/p-catenin
complex*. The study by Monzani et al. further validated the interaction between LIN-7 and B-catenin in
melanoma cells?!. Recent findings suggest that LIN-7 binds to B-catenin and plays a role in regulating tumor
invasion and metastasis in certain solid tumors: Onda et al. demonstrated that the downregulation of the LIN7C
gene serves as a biomarker for metastasis in oral squamous cell carcinoma, as evidenced by proteomic analysis,
functional validation, and clinical testing. Conversely, the upregulation of LIN7C gene in oral squamous
cell carcinoma cells does not hinder cell proliferation, but rather induces a non-invasive cell phenotype and
enhances the expression of -catenin®®. Additionally, Uzawa et al. utilized Miltazapine to facilitate the synthesis
of LIN7C protein in squamous cell carcinoma and melanoma cells, leading to its interaction with p-catenin and
subsequent inhibition of tumor metastasis?2.

The invasion of tumor cells is a dynamic process in which matrix metalloproteinases (MMPs) play
a crucial role, along with the transition of cell polarity from epithelial to migratory and the degradation of
extracellular matrix components. Our experimental findings demonstrate that silencing the LIN7A gene results
in upregulation of MMP2 and MMP9 transcription levels, protein expression, and enzymatic activity in U87
cells. Given that MMP2 and MMP9 are downstream targets of the Wnt-{-catenin signaling pathway, we also
investigated the impact of gene silencing on the transcriptional regulation of these target genes within the
pathway, revealing variable degrees of upregulation. Additional analysis of the protein levels of p-catenin in the
nucleus and cytoplasm revealed a slight increase in intracytoplasmic p-catenin content following gene silencing,
although the difference was not statistically significant. In contrast, there was a significant increase in the nuclear
[-catenin protein content.

Based on the findings of our experiment and other corroborating studies, it is plausible to hypothesize that
the downregulation of the LIN7A gene and subsequent reduction in LIN7A protein levels may result in the
liberation of cytosolic B-catenin and its translocation from the cell membrane to the nucleus. This process could
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Figure 3. (continued)
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Fig. 4. Observations of U87shLIN7A cell growth pattern changes in an intracranial model. (A)
Immunofluorescence of brain tissue sections at 3 weeks post-implantation: immunofluorescence images of
brain tissue sections from mice implanted intracranially with U87 cells for 3 weeks were captured. The left
image shows U87shLIN7A cells forming small, non-clumpy tumor lesions with loosely arranged tumor cells at
higher magnification, along with numerous dispersed tumor cells at the lesion periphery. In contrast, the right
image displays U87Ctrl cells forming large, clumpy tumor lesions with distinct marginal boundaries and few
invasive tumor cells. (B) Immunofluorescence of brain tissue sections at 4 weeks post-implantation: At 4 weeks
post-implantation, immunofluorescence images of brain sections showed that the volume of tumor lesions in
U87shLIN7A mice remained smaller compared to U87Ctrl. Additionally, numerous disseminated satellite foci
were observed in close proximity to the primary tumor mass (red arrows), indicating increased invasiveness of
the U87Ctrl tumors.
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Fig. 5. Immunofluorescence analysis of clinical tumor tissue samples. (A) LIN7A Expression in clinical
glioblastoma tissue sample: Fluorescence signals for IDH1R132H (red, right column) and LIN7A protein
(green, middle column) were captured and analyzed using Image] software. The fluorescence images showed
that LIN7A expression was more concentrated in the core region of the tumor compared to the infiltrating
area, indicating a potential regional variation in LIN7A expression within the tumor. (B) Quantitative analysis
of LIN7A expression across five clinical cases: five clinical tumor tissue samples were analyzed to quantify the
expression levels of LIN7A. Statistical analysis confirmed a significant difference in LIN7A expression between
the core and infiltrating areas, with the core region showing higher LIN7A levels (*P<0.01).
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«Fig. 6. The expression of LIN7A gene as a prognostic indicator. (A) Kaplan-Meier curve analysis for overall
survival: Kaplan-Meier curve analysis revealed a statistically significant difference in median survival time
between the high and low LIN7A expression groups, with median survival times of 779 days and 401 days,
respectively (P<0.05). The survival curves for high (blue) and low (red) LIN7A expression groups are shown,
with the difference in survival times indicating the prognostic value of LIN7A expression in overall survival.
Blue line represents the low LIN7A expression group. Red line represents the high LIN7A expression group.
(B) Kaplan-Meier curve analysis for progression-free survival: Kaplan-Meier curve analysis showed a trend
towards longer median progression-free survival time in the high LIN7A expression group (blue) compared to
the low expression group (red). However, this difference was not statistically significant. Blue line represents
the low LIN7A expression group. Red line represents the high LIN7A expression group. (C) Spearman
correlation analysis between LIN7A expression and progression-free survival events: Spearman correlation
analysis demonstrated a statistically significant moderate positive correlation (rho=0.24, P<0.05) between
LIN7A expression levels and progression-free survival events, highlighting a potential link between LIN7A
expression and tumor progression.

potentially augment the activation of the Wnt-catenin pathway, thereby facilitating the upregulation of target
genes such as MMP2 and MMP9. This is a possible downstream mechanism of LIN7A gene silencing to promote
invasion.

This study is an initial investigation into LIN7A’s regulatory role in glioblastoma invasion, with limitations
such as using only the U87 cell line. The animal model assessed U87 cell growth without quantitative comparison.
Clinical studies had a small sample size, selecting only IDHIR132H-positive cases, resulting in non-random
sampling and probably unrepresentative outcomes. Future studies could enhance by using larger samples,
diverse models, and deeper analyses to understand LIN7A’s involvement in glioblastoma invasion.

Conclusion

The role of LIN7A as a tumor suppressor gene in U87 cells is evident, as its silencing results in a notable
enhancement in tumor cell aggressiveness, potentially attributed to the compromised cell junction formation,
disrupted cell polarity, and heightened activity of the B-catenin pathway. Further investigation is warranted
to elucidate the potential upstream and downstream mechanisms by which the LIN7A protein regulates
glioblastoma cell invasion.

Data availability
The data that support the findings of this study are available from the corresponding authors on request.
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