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implicated in the progression of several malignancies, whereas its biological role and therapeutic
relevance in hepatocellular carcinoma (HCC) remain largely unknown. This study aimed to investigate
the expression pattern, oncogenic function, and potential molecular mechanisms of GABRD in HCC and
to identify candidate small-molecule inhibitors targeting GABRD.

Methods: Public datasets from HCCDB and TCGA, together with clinical specimens, were used to
evaluate GABRD expression and prognostic significance. Gain- and loss-of-function models were
established using lentiviral overexpression and CRISPR/Cas9-mediated knockout approaches. Cell
proliferation, migration, and invasion were assessed by CCK-8, EdU incorporation, colony formation,
wound-healing, and Transwell assays. The in vivo effects were evaluated using subcutaneous xenograft,
spontaneous HCC, and pulmonary metastasis models. RNA sequencing combined with GO, KEGG, and
GSEA analyses was performed to explore downstream mechanisms. Structure-based virtual screening,
molecular docking, and molecular dynamics simulations were applied to identify potential GABRD-
targeting compounds, followed by in vitro and in vivo validation.

Results: GABRD was significantly upregulated in HCC tissues and cell lines, and its elevated
expression was associated with unfavorable overall survival, disease-specific survival, and progression-
free survival. GABRD knockout markedly inhibited HCC cell proliferation, migration, and invasion,
whereas GABRD overexpression exerted opposite effects. In vivo studies further demonstrated that
GABRD deficiency suppressed tumor growth and pulmonary metastasis. Transcriptomic analyses
suggested that GABRD might promote HCC progression through cytokine-cytokine receptor interaction,
JAK-STAT signaling, and epithelial-mesenchymal transition-related pathways. Structure-based virtual
screening identified memantine as a potential GABRD-binding compound with high binding affinity.
Memantine reduced GABRD expression and significantly reversed the pro-tumorigenic effects mediated
by GABRD both in vitro and in vivo.

Conclusion: GABRD acts as an oncogenic regulator in HCC and may serve as a prognostic biomarker
and therapeutic target. Memantine suppresses HCC growth and metastasis by targeting GABRD,
providing experimental evidence for drug repurposing and novel targeted therapeutic strategies in HCC.
Carcinoma, Hepatocellular; Receptors, GABA-A; Memantine
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X4 (P<0.05) ([K14D), W] GABRD il b #0
il b IR 240 M R P T 1 B TR L TR EE R R Mye
Akt FORL A T /NER B R PRI . SOk S
408, FrA /N IER B i . 5 B HR A
G, T4 GABRD i 5% J5RL Y /)N BUFF I %) Ji 96 45
LRSS RN N E R NE KRR N

http://www.zpwz.net



950 HE AR R 5535 %
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© ERHL

N1 T1 N2 T2 N3 T3 N4 T4 N5 T5 N6 T6

GABRD GABRD65 kD
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P=0.0342

SNU-449
HuH-7
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v [ 56

51 GABRDZEHCCHBRIEFSBERARFUGHERX  A: ST HCCDBHL A ANNE RNA W ER Y -SNEE ;. B: [A%L
Pt T GABRD AT R IKKF t-SNE ] (K— i fli—#5); C-D: TCGA ¥dli/# .78 GABRD 7E HCC 4415 1 441
HHRIANOL; B AR HCC 4121 GABRD H) mRNA Kk K-F- 5IEH S ; F-H: J&T TCGA i i Kaplan-
Meier EFF MR ; 1: HCC LU H I e A Y 25 R (n=5; #/L: 42100 pm, 4550 pm); J: 6 LK HCC %8 5%
24 41 GABRD £ [ 1) Western blot Kl 45 5 ; K-L: Western blot £ qRT-PCR A5l 1E 5 T4 i 22 WRL68 5 A [5] HCC 41l
Jfi 7 H GABRD (8 4 Fl mRNA &iAKF (n=3)

Figure 1 GABRD is highly expressed in HCC and is associated with poor prognosis in patients  A: t-SNE plot based on single-

cell RNA sequencing data from the HCCDB database; B: t-SNE plot showing relative expression levels of GABRD in the
same dataset (gray—blue: low—high); C-D: Expression of GABRD in HCC tissues and normal tissues based on TCGA

database; E: Comparison of GABRD mRNA expression levels between HCC tissues of different stages and normal tissues;
F-H: Kaplan-Meier survival curves based on TCGA data; I: Immunohistochemical staining of HCC tissue microarray (n=5;
scale bar: left 100 pum, right 50 um); J: Western blot analysis of GABRD protein expression in 6 paired HCC tumor and
adjacent non-tumor tissues; K—L: Western blot and gqRT-PCR analysis of GABRD protein and mRNA expression levels in
normal hepatocyte cell line WRL68 and different HCC cell lines (n=3)
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Figure 2

GABRD knockout suppresses proliferation, migration, and invasion of hepatocellular carcinoma cells

K GABRD RBS 5 40 AT RERE S (n=5; k). 500 um); G: Transwell 325G GABRD fail5:

A-B:

Validation of GABRD knockout efficiency in HCCLM3 cells using Western blot and qRT-PCR (n=3); C: CCK-8 assay
showing proliferation of HCCLM3 cells after GABRD knockout; D: EdU assay showing proliferative activity after

GABRD knockout (n=5; scale bars: left 200 pm, middle 100 pm, right 50 um); E: Colony formation assay showing

proliferative capacity after GABRD knockout (n=5); F: Wound-healing assay showing migratory ability after GABRD

knockout (n=5; scale bar: 500 pm); G: Transwell invasion assay showing invasive ability after GABRD knockout (n=5;

scale bar: 200 um)
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Figure 3 GABRD overexpression promotes proliferation, migration, and invasion of hepatocellular carcinoma cells

A-B:

Western blot and qRT-PCR validation of GABRD overexpression efficiency in SNU-449 cells (n=3); C: CCK-8 assay
showing proliferation of SNU-449 cells after GABRD overexpression; D: EdU assay showing proliferative activity after

GABRD overexpression (n=5; scale bars: left 200 um, middle 100 pum, right 50 um); E: Colony formation assay showing

proliferative capacity after GABRD overexpression (n=5); F: Wound-healing assay showing migratory ability after

GABRD overexpression (n=5; scale bar: 500 pm); G: Transwell invasion assay showing invasive ability after GABRD

overexpression (n=5; scale bar: 200 pm)
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Figure 4 GABRD deficiency inhibits tumor growth and pulmonary metastasis in hepatocellular carcinoma mouse models
A: Representative images of subcutaneous xenograft tumors in the NTC and GABRD-KO groups (n=6); B: Comparison of
tumor weights between the two groups; C: Tumor growth curves of subcutaneous xenografts; D: Representative Ki-67
immunohistochemical staining and quantitative analysis of Ki-67-positive areas (n=6; scale bars: left 100 um, right 50 um);
E-F: Representative liver images from the spontaneous HCC model and quantitative analysis of liver tumor volume in the
spontaneous HCC model (n=6); G: In vivo bioluminescence imaging of pulmonary metastases and quantification of
bioluminescence intensity (n=5); H: Representative HE staining of lung tissues and quantitative analysis of pulmonary
metastatic nodules (n=5; scale bars: upper 500 um, lower 200 pm)
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Figure 5

signaling, and EMT-related pathways

RNA-seq analyses suggest that GABRD knockout suppresses cytokine-cytokine receptor interaction, JAK-STAT
A: Heatmap of differentially expressed genes between the GABRD-KO and

control groups; B-D: GO enrichment analysis showing significantly suppressed BP, CC, and MF terms after GABRD

knockout; E: KEGG pathway enrichment analysis of differentially expressed genes; F: GSEA showing a positive

association between GABRD expression and EMT-related gene signatures; G: Immunofluorescence staining showing
inhibition of EMT-related markers after GABRD knockout (n=5; scale bars: left 200 um, middle 100 pm, right 50 um)
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Figure 6 Stable protein-small molecule complex formation between memantine and GABRD

of the GABRD protein; B: Molecular docking model of the GABRD-memantine complex; C-D: Radius of gyration

A: Secondary structure analysis

analysis during the binding process between GABRD and memantine, indicating favorable structural stability of the
complex system; E: Hydrogen-bond interactions formed between GABRD and memantine, demonstrating high overall
stability of the complex; F: RMSD analysis of the GABRD-memantine complex, showing excellent binding-site
adaptability of memantine to GABRD; G: RMSF analysis of the GABRD-memantine complex, indicating a stable
conformation of the active regions within the complex; H-I: Free-energy analysis of the GABRD-memantine complex,

demonstrating a high binding affinity between memantine and the GABRD protein
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Figure 7 Memantine pretreatment reverses the GABRD-mediated tumor-promoting effects in HCC
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A: Memantine

pretreatment suppresses GABRD protein expression levels (n=4); B-D: CCK-8, EdU, and colony formation assays showing

that memantine pretreatment reverses the GABRD-mediated promotion of HCC cell proliferation (n=5); E: Wound-healing

assay showing that memantine pretreatment reverses the GABRD-mediated enhancement of HCC cell migration and

invasion (n=5); F: Transwell assay showing that memantine pretreatment reverses the GABRD-mediated enhancement of

HCC cell migration and invasion (n=6); G: Spontaneous HCC mouse model showing that memantine pretreatment

suppresses the GABRD-induced tumor-promoting effect (n=6); H-I: In vivo bioluminescence imaging and HE staining

demonstrating that memantine pretreatment inhibits GABRD-induced pulmonary metastasis of HCC (n=5)
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