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Abstract: Lung adenocarcinoma (LUAD) remains the most prevalent and lethal subtype of lung cancer, largely due 
to late diagnosis and therapeutic resistance. In this study, we conducted a comprehensive multi-omics analysis to 
characterize the pleckstrin homology domain-containing (PLEKHA) family gene in LUAD. Among the eight members, 
PLEKHA6 was uniquely overexpressed in LUAD tissues and significantly associated with poor prognosis. Integrated 
bulk RNA-Seq, single-cell RNA-Seq, DNA methylation, and pharmacogenomic analyses identified PLEKHA6 as a key 
modulator of oncogenic processes, including Wnt/β-catenin signaling, cadherin-mediated adhesion, and cytoskel-
etal remodeling. Functional assays in A549 LUAD cells revealed that PLEKHA6 knockdown suppressed β-catenin 
and VE-cadherin expression, leading to impaired proliferation, migration, and colony formation, along with enhanced 
apoptosis and cell cycle arrest. Single-cell RNA sequencing demonstrated a correlation between PLEKHA6 expres-
sion and tumor-associated macrophage (TAM) infiltration, implicating PLEKHA6 in immune remodeling within the 
tumor microenvironment (TME). Drug sensitivity analysis and molecular docking further identified potential thera-
peutic drugs targeting PLEKHA6-expressing LUAD cells. Collectively, our findings establish PLEKHA6 as a novel 
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Introduction

Lung adenocarcinoma (LUAD) is the most com-
mon subtype of non-small cell lung cancer 
(NSCLC), accounting for approximately 40% of 
all lung cancer cases [1, 2]. Despite advances 
in diagnostic techniques and therapeutic strat-
egies, the prognosis for patients with LUAD 
remains poor, with a five-year survival rate of 
less than 20% globally. The high mortality rate 
is often attributed to late-stage diagnosis and 
the heterogeneous nature of the disease, which 
complicates treatment approaches [3-7]. 
Consequently, there is an urgent need for reli-
able biomarkers that can predict patient prog-
nosis, and potentially serve as therapeutic tar-
gets [8-10].

Recent advances in high-throughput sequenc-
ing and bioinformatics have facilitated the iden-
tification of novel biomarkers that may play cru-
cial roles in cancer progression and patient 
outcomes. Among these, the pleckstrin homol-
ogy domain-containing family A (PLEKHA) mem-
ber genes have garnered attention due to their 
involvement in various cellular processes, in- 
cluding signal transduction, cytoskeletal dyna- 
mics, and membrane trafficking. The PLEKHA 
family consists of eight members: PLEKHA1, 
PLEKHA2, PLEKHA3, PLEKHA4, PLEKHA5, PLE- 
KHA6, PLEKHA7, and PLEKHA8. As the name 
suggests, the PLEKHA family codes for proteins 
that contain pleckstrin homology (PH) domain 
which is known to bind phosphatidylinositol lip-
ids, such as the PIP3 and PIP2, as well as other 
proteins to the plasma membrane [11]. Thus, 
the PLEKHA family has essential roles in a vari-
ety of intracellular downstream signaling path-
ways. These genes have been implicated in a 
variety of cancers; however, their specific roles 
and clinical relevance in LUAD remain underex-
plored [12, 13]. For instance, Jeung et al. sug-
gested that knockdown of PLEKHA7 could 
inhibit the growth of colorectal cancer which 
harbors mutant-KRAS [14]. Moreover, PLEKHA5 
is a downstream effector of Met signaling in 
diffuse-type gastric carcinoma (DGC) with met 
gene amplification, suggesting that targeting 

PLEKHA5 could be a potential strategy to com-
bat Met inhibitor resistance [15].

In this study, we performed an integrative multi-
omics analysis to investigate the expression 
patterns, functional roles, and clinical signifi-
cance of the PLEKHA gene family in LUAD. 
Among the eight family members, PLEKHA6 
emerged as the most significantly overexpre- 
ssed gene in LUAD tissues and was uniquely 
associated with poor overall survival, distin-
guishing it from other PLEKHA genes with no 
significant prognostic value. We further exam-
ined its relationship with immune cell infiltra-
tion, β-catenin activation, and drug sensitivity 
(Figure 1). Our findings reveal that PLEKHA6 
acts as a clinically relevant immune-modulato-
ry oncogene that promotes LUAD progression, 
offering novel insights into therapeutic vulner-
abilities and potential biomarker.

Material and methods

Gene expression and prognostic analysis

This study employs a comprehensive bioinfor-
matics approach to investigate the prognostic 
significance of the PLEKHA gene family, with a 
specific focus on PLEKHA6 in LUAD. Publicly 
available datasets were utilized for the analy-
sis, including gene expression data from The 
Cancer Genome Atlas (TCGA) and the Gene 
Expression Omnibus (GEO). Additionally, exp- 
ression data from normal lung tissues were 
obtained from the Genotype-Tissue Expression 
(GTEx) project to serve as a comparative base-
line [16]. To gain insights into the functional 
implications of PLEKHA6-regulated genes, we 
employed the clusterProfiler R package [17], 
Omics Playground v.3.4.1 [18], and SRplot plat-
form [19] for conducting functional enrichment 
analyses [20-22]. To evaluate the prognostic 
value of PLEKHA6 in LUAD, Kaplan-Meier sur-
vival analyses were performed using GEPIA and 
UALCAN, based on their predefined cut-off cri-
teria [23-25]. Patients were stratified into high- 
and low-expression groups according to the 
median expression level of PLEKHA6 as previ-
ous described [26-28].

oncogenic driver and immune modulator in LUAD, supporting its potential as both a prognostic biomarker and a 
therapeutic target for precision oncology.

Keywords: Pleckstrin homology domain-containing family A6 (PLEKHA6), lung adenocarcinoma, β-catenin, tumor 
microenvironment, single-cell RNA-seq, drug discovery
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Figure 1. Schematic overview of the study workflow integrating multi-omics analysis, survival prediction, immune 
profiling, drug sensitivity screening, and molecular docking to investigate the role of PLEKHA6 in LUAD.

DNA methylation analysis and cancer cell line 
encyclopedia (CCLE)

The MethSurv database (https://biit.cs.ut.ee/
methsurv/) was utilized to analyze single CpG 
methylation patterns and generate heatmaps 
of distinct DNA methylated regions. The DNA 
methylation values were represented as beta 
values, which range from 0 to 1. The methyla-
tion level at each CpG site was calculated using 
the formula M/(M + U + 100), where ‘M’ repre-
sents the intensity values of methylated DNA 
and ‘U’ represents the intensity values of 
unmethylated DNA. This analysis provided 
insights into the epigenetic regulation of 
PLEKHA6 and its potential role in LUAD pro-
gression [29-31]. For the CCLE dataset through 

the cBioPortal platform (https://www.cbiopor-
tal.org/), which integrates diverse genomic 
data types, including somatic mutations, copy-
number alterations, and mRNA expression pro-
files. The CCLE database includes extensive 
characterizations of over 1,000 cancer cell 
lines derived from various tumor types. We que-
ried the expression levels of PLEKHA6 and 
examined its genetic alterations across differ-
ent LUAD cell lines [32].

Integrated pathway enrichment, drug sensitiv-
ity prediction, and molecular docking analysis 
of PLEKHA6 in LUAD

MetaCore pathway analysis was employed to 
delve into the specific signaling networks and 
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biological processes linked to PLEKHA6. The 
platform explored the interactions between 
PLEKHA6 and other key regulatory proteins, 
shedding light on its potential role as a thera-
peutic target [33-36]. To identify pharmacologi-
cal compounds potentially targeting PLEKHA6, 
drug sensitivity analysis was conducted using 
the Genomics of Drug Sensitivity in Cancer 
Analysis (GSCA) platform (https://guolab.wchs-
cu.cn/GSCA/#/drug) [37]. GSCA integrates tr- 
anscriptomic and pharmacogenomic data to 
associate gene expression with drug response 
profiles. Compounds were ranked based on 
their correlation with PLEKHA6 expression 
across multiple cancer datasets, highlighting 
several agents for further validation. To further 
validate the interaction of candidate drugs with 
PLEKHA6, molecular docking analysis was per-
formed. Selected compounds identified through 
GSCA and CTRP analyses, including Austocystin 
D, BX-912, Camptothecin, Doxorubicin, Etopo- 
side, and Foretinib were subjected to docking 
simulations. Their 3D structures were retrieved 
from PubChem in SDF format and preproce- 
ssed using PyMol and AutoDockTools. The pre-
dicted structure of PLEKHA6 was obtained from 
AlphaFold3 (UniProt ID: Q9Y2H5), excluding 
low-confidence regions to ensure modeling 
accuracy. Binding site prediction was perfor- 
med using the CastP-Fold server, and Pocket 6 
was selected for docking based on its concor-
dance with AlphaFold’s predicted pathogenicity 
regions. AutoDock Vina was used to conduct 
docking simulations, with energy range and 
exhaustiveness set to 4 and 8, respectively. 
Ligand-protein interactions were visualized in 
3D using PyMol and in 2D using LigPlot+ and 
Biovia Discovery Studio [38-41]. This integrat-
ed approach combining pathway enrichment, 
transcriptomic drug prediction, and molecular 
docking provides a comprehensive framework 
for identifying and validating small-molecule 
therapeutics targeting PLEKHA6 in LUAD.

Protein-protein interaction and single-cell RNA 
sequencing data acquisition and processing

The Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) is an online resource 
designed to evaluate protein-protein interac-
tion (PPI) networks. In this study, STRING  
version 10.5 was employed to assess poten- 
tial PPI relationships among differentially ex- 

pressed genes (DEGs) [42], and visualized 
using Cytoscape software version 3.6.0 [43-
46]. The single-cell RNA sequencing (scRNA-
seq) dataset used in this study was obtained 
from the previously published work by Travaglini 
et al. which offers a comprehensive cellular 
atlas of the human lung [47]. For the purposes 
of our analysis, only lung tissue samples were 
extracted from the processed dataset to inves-
tigate the TME in greater detail. The original 
dataset, available in Hierarchical Data Format 
version 5 (.h5ad), was converted to R Data 
Serialization (.rds) format using the convert 
Format function from the sceasy package 
(v0.0.7), ensuring compatibility with R-based 
analytical tools. The converted .rds file was 
then imported into the Seurat package (v5.1.0) 
for downstream processing and analysis [48, 
49]. Comprehensive scRNA-seq analysis was 
performed using the SCP: Single Cell Pipeline 
(v0.5.6) which provides an integrated workflow 
for preprocessing, clustering, dimensionality 
reduction, and visualization. The final dataset 
consisted of 58,870 genes profiled across 
35,685 individual cells, offering high-resolution 
insights into the cellular composition of lung tis-
sue. Data visualization and heatmap genera-
tion were conducted using the Complex 
Heatmap package (v2.22.0) allowing for the 
identification of significant expression patterns 
and intercellular relationships within the TME 
[50].

Cell culture, RNA extraction, RT-qPCR, and 
western blot analysis

A549 human LUAD cells kindly provided from 
Prof. Chiou-Feng Lin (Taipei Medical University), 
the cells were cultured in DMEM (Corning,  
Cat. No. 90-113-PB) with 10% FBS (Avantor, 
Singapore) and 1% penicillin-streptomycin at 
37°C with 5% CO2 [51, 52]. Stable knockdown 
of PLEKHA6 was achieved using shRNA con-
structs from the National RNAi Core Facility 
(Academia Sinica, Taipei), with pLKO.1-shLacZ 
as control. Total RNA was extracted using the 
GENEzol™ TriRNA Pure Kit (Geneaid, Taiwan) 
and reverse-transcribed with PrimeScript RT 
Reagent Kit (Takara). RT-qPCR was conducted 
on a Roche LightCycler® 96 with TB Green® 
SYBR Green Master Mix (Takara). Primers for 
PLEKHA6, β-catenin, and VE-cadherin were 
from OriGene, normalized to GAPDH using the 
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2^-ΔΔCt method. Triplicate experiments were 
averaged and expressed as mean ± SD.

For Western blotting, proteins were extracted in 
RIPA buffer (Cyrusbio, Taiwan) with protease/
phosphatase inhibitors, quantified using BCA 
assay (Omics Bio), and resolved by 10% SDS-
PAGE. After PVDF membrane transfer and 5% 
BSA blocking, blots were probed overnight with 
primary antibodies: anti-PLEKHA6 (AbClonal 
A24210), anti-β-catenin (Cell Signaling Tech- 
nology S33/37/T41), anti-VE-cadherin (AbCl- 
onal A0734), and anti-α-tubulin (Elabsciences 
E-AB-20036). Goat anti-mouse (AP124P) and 
goat anti-rabbit (AP132) HRP-conjugated anti-
bodies (Sigma-Aldrich) were used as secondar-
ies. Signal was visualized with ECL reagent 
(Thermo Scientific) using the e-BLOT Touch 
Imager.

Cell proliferation, colony formation, and 
wound-healing assays

Cell viability was evaluated by MTT assay. A549 
cells (5 × 103/well) were seeded in 96-well 
plates and treated for 0, 24, 48, and 72 h. MTT 
reagent (0.5 mg/mL) was added for 4 h, and 
formazan crystals were solubilized in DMSO for 
absorbance reading at 570 nm. Colony forma-
tion assays involved seeding 1 × 103 cells/well 
in 6-well plates, culturing for 7 days, followed 
by ethanol fixation and methylene blue stain-
ing; colony size and number were quantifi- 
ed microscopically. For wound-healing assays, 
confluent monolayers were scratched using a 
10-μL pipette tip and washed with PBS. Wound 
closure was monitored at 0 and 24 h using an 
Olympus IX73 microscope.

Statistical analysis

All statistical analyses were performed using  
R software (version 4.0.3). Data visualization, 
including heatmaps, boxplots, and survival 
curves, was carried out using ggplot2 and 
pheatmap packages [53-55]. The significance 
level for all statistical tests was set at P < 0.05. 
Data visualization and statistical analysis  
were conducted using ggplot2, SPSS (IBM, 
Armonk, NY, USA), and ImageJ (NIH, Bethesda, 
MD, USA). Results are expressed as mean ± 
standard deviation (SD) from at least three 
independent experiments. Statistical signifi-
cance was assessed using one-way and two-
way ANOVA.

Results

Differential expression of PLEKHA gene family 
in LUAD

Our comprehensive bioinformatics analysis 
revealed distinct expression patterns of the 
PLEKHA gene family across Pan-cancer and 
normal tissues (Figure 2A). Among them, 
PLEKHA3, PLEKHA5, PLEKHA6 PLEKHA7,  
and PLEKHA8 were significantly overexpress- 
ed in LUAD patients (p-value < 0.05). While 
PLEKHA1, PLEKHA2, and PLEKHA4 showed 
relatively low expression levels (Figure 2A). 
Boxplots demonstrated notably elevated 
PLEKHA6 expression in LUAD tissues com-
pared to normal lung tissues, with a clear dis-
tinction between cancerous and non-cancer-
ous samples and a positive correlation with 
tumor stage (Figure 2B). To validate these  
findings, we conducted an independent analy-
sis using the GSE86958 dataset, which con-
tains paired RNA expression profiles from six 
patients with invasive mucinous LUAD and 
adjacent normal lung tissues. The volcano plot 
generated via Limma differential expression 
analysis (log2FC ± 2, P < 0.05) further highlight-
ed PLEKHA family members (Supplementary 
Figure 1A), especially PLEKHA6, as significantly 
dysregulated. The distribution of significant 
gene alterations was visualized using a Man- 
hattan plot, reinforcing the association of 
PLEKHA6 with LUAD tumorigenesis (Supple- 
mentary Figure 1B). A boxplot comparison  
confirmed significantly higher PLEKHA6 expres-
sion in tumors (P = 0.0031, Tukey’s t-test; 
Supplementary Figure 1C). Analysis of PLEKHA6 
expression in LUAD cell lines from the Cancer 
Cell Line Encyclopedia (CCLE) dataset revealed 
notably high levels in HCC78 and NCIH2106, 
both known for their aggressive tumor behavior 
[56], suggesting a potential link between 
PLEKHA6 expression and tumor aggressive-
ness (Supplementary Figure 2).

Across TCGA-LUAD samples, PLEKHA6 expres-
sion remained strongly elevated, particularly  
in advanced-stage tumors (Figure 3A). Correla- 
tion with clinicopathological features, including 
TP53 mutation, smoking history, age, gender, 
nodal status, and histology,was explored 
(Supplementary Figure 3A-F; Supplementary 
Tables 1, 2, 3, 4, 5, 6). Notably, TP53-mutant 
cases exhibited higher PLEKHA6 levels, align-
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ing with the role of TP53 in LUAD heterogeneity 
and progression [57, 58]. Associations with 
nodal metastasis and histological subtype fur-
ther support its potential as a prognostic bio-
marker [59].

Survival analysis, DNA methylation and human 
protein atlas analysis of PLEKHA6 in LUAD

Kaplan-Meier and Cox regression analyses 
revealed that high PLEKHA6 expression signifi-
cantly correlated with worse overall survival 
(Figure 3B) and reduced disease-free survival 
in LUAD patients, while other PLEKHA genes 
showed no prognostic significance [56]. These 
results were consistent across datasets and 
support PLEKHA6 as a robust prognostic bio-
marker (Supplementary Figure 4). DNA methyl-
ation analysis using MethSurv identified 36 
CpG sites linked to PLEKHA6 expression (Figure 
4A), with cg01720945 and cg26522351 sig-
nificantly associated with patient survival 
(Figure 4B). Additionally, immunohistochemis-
try data from the Human Protein Atlas con-
firmed detectable PLEKHA6 protein expression 
in LUAD tissues. Of 12 cases analyzed, 2 
showed moderate staining, 1 weak, and 9  
negative using antibody HPA028152, this pro-
tein-level validation provides further evidence 
of the clinical relevance of PLEKHA6 in LUAD 
(Supplementary Figure 5).

Pathway enrichment and network analysis

Further network analysis using GO and STRING, 
as well as Cytoscape, identified key interactors 
of PLEKHA6, including proteins involved in cell 
adhesion and cytoskeletal remodeling, which 
are known to facilitate cancer cell dissemina-
tion (Figure 5). These findings are visualized in 
the protein-protein interaction (PPI) network 
presented in the STRING database, where 
PLEKHA6 is centrally positioned, interacting 
with multiple nodes implicated in cancer-relat-
ed pathways (Figure 6). To elucidate the biologi-
cal functions of PLEKHA6 in LUAD, pathway 
enrichment analysis was conducted using 
MetaCore. The analysis revealed that PLEKHA6 
is significantly involved in several oncogenic 
pathways, including “Signal transduction_

Ephrin-B signaling”, “Cell adhesion_Classical 
cadherin-mediated cell adhesion”, “Cell adhe-
sion_Tight junctions”, “PXR-mediated direct 
regulation of xenobiotic metabolizing enzymes/
Rodent version”, “Cytoskeleton remodeling_
Regulation of actin cytoskeleton organization 
by the kinase effectors of Rho GTPases”, “PXR-
mediated direct regulation of xenobiotic metab-
olizing enzymes/Human version”, “Androstene- 
dione and testosterone biosynthesis and 
metabolism p.2”, “G-protein signaling_RhoA 
activation”, “Protein folding and maturation_
Angiotensin system maturation”, “Inhibition of 
Ephrin receptors in colorectal cancer”, “G-pro- 
tein signaling_Rac1 activation”. These path-
ways are crucial for cell migration, invasion, 
and metastasis, which are key processes in 
cancer progression. The enriched pathways 
associated with PLEKHA6 highlight its role in 
regulating cellular processes critical to tumori-
genesis. Notably, PLEKHA6 was also linked to 
the PXR-mediated regulation of xenobiotic 
metabolizing enzymes, suggesting a potential 
role in chemoresistance, which could contrib-
ute to the poor outcomes observed in patients 
with high PLEKHA6 expression (Figure 7; 
Supplementary Table 7). The involvement of 
PLEKHA6 in pathways related to cell adhesion, 
cytoskeletal dynamics, and drug metabolism 
suggests that targeting this gene or its down-
stream effectors could provide therapeutic 
benefits for LUAD patients, particularly those 
who do not respond to conventional therapies. 
The identification of these pathways also opens 
up the possibility of developing combination 
therapies that target multiple nodes in the sig-
naling networks influenced by PLEKHA6, there-
by enhancing treatment efficacy.

Single-cell analysis of PLEKHA6 in LUAD

To investigate the cellular localization and 
potential immunological role of PLEKHA6 in 
LUAD, we performed a detailed single-cell RNA 
sequencing (scRNA-seq) analysis using LUAD 
tumor datasets. The dot plot analysis (Figure 
8A) demonstrated that PLEKHA6 expression 
was predominantly enriched in macrophage 
populations, as reflected by both the size and 
intensity of the dots, indicating a high propor-

Figure 2. Pan-cancer analysis of PLEKHA family genes from TCGA patients. A. Transcript levels of PLEKHA family 
genes in normal and cancer tissues from TCGA patients. B. Box plots indicate PLEKHA family mRNA expression in 
TCGA dataset, and PLEKHA6 had high expression levels in LUAD patients (P < 0.05 was considered significant). 
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Figure 3. Tumor stage and prognosis analysis of PLEKHA family genes from LUAD patients. A. A patient’s tumor stage determined PLEKHA family genes expression 
levels in LUAD patients via the UALCAN platform (P < 0.05). B. Kaplan-Meier plot of PLEKHA family genes in LUAD patients for an overall survival analysis from TCGA 
patients via the GEPIA platform.

Figure 4. DNA methylation of PLEKHA6, and protein expression levels of PLEKHA6 in different LUAD. A. Heatmap of DNA methylation expression levels of PLEKHA6 
in TCGA LUAD patients. B. The KM curves of PLEKHA6 related survival analysis with the methylation sites cg01720945 and cg26522351.
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Figure 5. Functional and pathway enrichment analyses were performed specifically on genes co-expressed with PLEKHA6 in LUAD TCGA patients. A. The analysis 
involved gene ontology (GO) terms, including biological processes, cellular components, and molecular functions. Circle sizes in the visual representation of the 
results indicate the number of genes associated with each function, while colors of the bubbles correspond to p values, providing information about the statistical 
significance of the enrichment. B. Pathway analysis of PLEKHA6 co-expressed genes in the KEGG database.
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Figure 6. Protein-Protein Interactions (PPIs) of PLEKHA6 in STRING Database. Various types of evidence support the 
predicted interactions and are represented by different colored lines: red lines indicate the presence of fusion evi-
dence, green lines denote neighborhood evidence, blue lines represent co-occurrence evidence, purple lines show 
experimental evidence, yellow lines indicate text mining evidence, light blue lines correspond to database evidence, 
and black lines represent co-expression evidence.

tion of PLEKHA6-positive macrophages and 
elevated transcript abundance. This macro-
phage-specific enrichment was further sup-
ported by a heatmap visualizing PLEKHA6 exp- 
ression across annotated cell ontology classes 
(Figure 8B), which revealed consistently higher 
expression levels in macrophages relative to 
other immune, stromal, and epithelial popu- 
lations.

To further delineate the spatial organization  
of PLEKHA6-expressing cells within the TME, 
we applied Uniform Manifold Approximation 
and Projection (UMAP) clustering. This analysis 
revealed distinct aggregation patterns of 
immune and stromal cell types (Figure 8C), 
with PLEKHA6-positive cells localizing predomi-
nantly within immune cell-rich clusters. A cor-
responding feature plot (Figure 8D) confirmed 

that regions of high PLEKHA6 expression spa-
tially overlapped with clusters enriched for 
macrophages. This observation was validated 
by macrophage-specific UMAP annotation 
(Figure 8E), which showed a clear co-localiza-
tion between PLEKHA6-expressing zones and 
tumor-associated macrophages (TAMs). TAMs 
are key mediators of tumor progression in 
LUAD, capable of regulating immune evasion, 
angiogenesis, and metabolic adaptation 
through diverse signaling pathways such as 
G-protein signaling, Ephrin-B signaling, and Rho 
GTPase-driven cytoskeletal remodeling. They 
exhibit functional plasticity and can polarize 
into M1-like (pro-inflammatory) or M2-like (pro-
tumorigenic) phenotypes depending on the 
cues within the TME [52, 60, 61]. The selective 
upregulation of PLEKHA6 in TAMs suggests a 
role in reinforcing M2-like polarization, which is 
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Figure 7. MetaCore pathway analysis of PLEKHA6 co-expressed genes in LUAD patients from TCGA. A. The MetaCore pathway enrichment analysis was conducted for 
genes co-expressed with PLEKHA6 in LUAD patients, revealing potential pathways involving these genes ranked by their log p values. B. The “Cell adhesion_Endo-
thelial cell contacts by junctional mechanisms” is highlighted, with symbols representing proteins and arrows indicating protein interactions (green for activation and 
red for inhibition). Thermometer-like histograms visually represent microarray gene expressions, with blue indicating downregulation and red indicating upregulation.
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Figure 8. Single-cell transcriptomic analysis of PLEKHA6 expression and macrophage association. A. Dot plot show-
ing PLEKHA6 expression across cell types; dot size indicates the percentage of expressing cells, and color re-
flects expression level. B. Heatmap of gene expression across cell ontology classes, with PLEKHA6 highlighted. C. 
UMAP plot showing clustering of single cells by annotated cell type. D. Feature plot displaying PLEKHA6 expression 
levels across the UMAP landscape. E. UMAP highlighting macrophages (blue), indicating spatial association with 
PLEKHA6-expressing clusters. Macrophages highlighted in blue, showing the spatial distribution of macrophages 
relative to other cell types and suggesting a potential association between PLEKHA6 expression and macrophage-
enriched regions.

known to promote immune suppression and 
cancer cell survival under hostile conditions 
[52, 60, 61].

To further dissect this association, we extend-
ed our UMAP-based analysis to incorporate 
major immune lineages including CD4+ and 
CD8+ T cells, B cells, NK cells, dendritic cells, 
and monocytes, alongside macrophages (Fig- 
ure 8E). This expanded mapping revealed that 

PLEKHA6 expression remained highly restrict-
ed to macrophage populations, with minimal 
co-expression in other immune subsets, under-
scoring its specificity. To validate functional 
implications, we analyzed the co-expression of 
PLEKHA6 with markers of immunosuppressive 
macrophage phenotypes (CD163, MRC1, IL10), 
which were positively correlated in macroph- 
age-enriched clusters (Supplementary Figure 
6). These data suggest that PLEKHA6 may con-
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tribute to shaping TAM function and polariza-
tion within the LUAD microenvironment, poten-
tially fostering an immune-evasive, tumor-pro-
moting niche. The preferential localization of 
PLEKHA6 in macrophages, particularly M2-like 
TAMs, highlights its potential as a molecular 
target for disrupting pro-tumor immune remod-
eling in LUAD.

Association between PLEKHA6 and drug sensi-
tivity in LUAD

To assess the therapeutic potential of PLEKHA6 
in LUAD, we correlated its expression with drug 
response using the GDSC and CTRP pharma-
cogenomic datasets. High PLEKHA6 expres-
sion was strongly associated with increased 
sensitivity to Austocystin D and Foretinib 
(Figure 9A, 9B). Austocystin D, a mycotoxin with 
anti-cancer activity, may exert selective effica-
cy in PLEKHA6-high LUAD cells by antagonizing 
redox imbalance and β-catenin-driven onco-
genic signaling. Given that PLEKHA6 enhan- 
ces β-catenin activation, this suggests that 
Austocystin D could disrupt mitochondrial or 
cytoskeletal functions maintained by PLEKHA6 
overexpression [62]. Foretinib, a multi-kinase 
inhibitor targeting MET, VEGFR2, and RON, also 
showed pronounced efficacy in PLEKHA6-high 
cell lines. This aligns with our pathway analy- 
sis, which revealed that PLEKHA6 modulates 
Ephrin-B signaling, cadherin-mediated adhe-
sion, and Rho GTPase-driven cytoskeletal re- 
modeling - networks that converge on MET and 
VEGF signaling. Foretinib’s disruption of these 
pathways may impair the survival and migrato-
ry advantages conferred by PLEKHA6 [63, 64]. 

To probe potential direct interactions, molecu-
lar docking simulations using the AlphaFold-
predicted PLEKHA6 structure identified Poc- 
ket 6 as a druggable site (Figure 9C-F). Both 
Austocystin D and Foretinib displayed strong 
binding affinities and stable interactions within 
this region (Figure 9C-F). Austocystin D engaged 
in multiple hydrogen bonds and hydrophobic 
contacts, while Foretinib formed polar interac-
tions near the pleckstrin homology domain, 
supporting their potential to modulate PLEKHA6 
activity directly. These findings reveal that 
PLEKHA6 expression stratifies LUAD cells by 
drug sensitivity and may represent a biomarker 
for therapeutic response. The convergence of 
transcriptomic association and structural bind-
ing evidence positions PLEKHA6 as a promising 

candidate for targeted therapy or biomarker-
guided drug repurposing in LUAD.

Biological functions of PLEKHA6 in LUAD cells

To experimentally validate the functional role  
of PLEKHA6 in LUAD, we generated A549 cell 
lines stably expressing two independent shR-
NAs targeting PLEKHA6 (shPLEKHA6#1 and 
shPLEKHA6#2). Knockdown efficiency was 
confirmed by RT-qPCR and Western blot, both 
showing a significant reduction in PLEKHA6 
expression compared to shLacZ control cells 
(Figure 10A-G). Western blot analysis further 
demonstrated a marked decrease in β-catenin 
protein levels in PLEKHA6-silenced cells, sug-
gesting that PLEKHA6 may serve as an up- 
stream regulator of the Wnt/β-catenin signaling 
pathway. In addition, we observed a concomi-
tant reduction in VE-cadherin expression, a key 
adherens junction molecule that anchors 
β-catenin at the cell membrane. β-catenin and 
VE-cadherin are functionally interconnected 
components of the adherens junction complex, 
where VE-cadherin anchors β-catenin at the 
plasma membrane and regulates its stability. 
This interaction is crucial for maintaining epi-
thelial architecture and modulating down-
stream Wnt signaling. Our observation that 
PLEKHA6 knockdown leads to concurrent 
downregulation of both β-catenin and VE-ca- 
dherin supports the hypothesis that PLEKHA6 
contributes to LUAD progression by stabilizing 
this complex. Loss of this regulatory axis may 
not only weaken intercellular adhesion but also 
impair β-catenin’s transcriptional activity, ulti-
mately reducing proliferative and migratory 
potential. β-catenin is a pivotal effector of the 
canonical Wnt pathway, which regulates prolif-
eration, stemness, and cell migration in various 
cancers, including LUAD. The suppression of 
β-catenin upon PLEKHA6 knockdown aligns 
with our transcriptomic and MetaCore pathway 
enrichment results, which implicated PLEKHA6 
in key oncogenic networks such as Ephrin-B 
signaling, Rho GTPase-mediated cytoskeletal 
remodeling, and classical cadherin-mediated 
adhesion pathways that converge on or influ-
ence β-catenin stability and activity. These find-
ings suggest that PLEKHA6 may act as a posi-
tive regulator of β-catenin, potentially by stabi-
lizing it at the membrane or influencing its cyto-
skeletal transport and nuclear translocation. 
Given that aberrant activation of β-catenin pro-
motes EMT, proliferation, and resistance in 
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Figure 9. Correlation analysis and molecular docking of PLEKHA6 with potential drugs. A. Correlation between PLE-
KHA6 mRNA expression and drug sensitivity in the GDSC database. Significant positive correlations are highlighted 
in red. B. Correlation between PLEKHA6 expression and drug response in the CTRP database, with Austocystin D 
identified as a significantly associated compound. C. Predicted docking poses of Austocystin D bound to PLEKHA6, 
showing the interaction site. D. 2D interaction diagram of Austocystin D with PLEKHA6, indicating key interacting 
amino acid residues. E. Predicted docking pose of Foretinib with the PLEKHA6 protein, illustrating its position within 
the binding pocket. F. 2D interaction diagram of Foretinib and PLEKHA6, displaying hydrogen bonding and hydro-
phobic interactions.

LUAD, our data highlight PLEKHA6 as a poten-
tial upstream effector in this oncogenic axis. 
Targeting PLEKHA6 may thus offer a means to 
suppress Wnt-driven tumor progression. These 
insights support the emerging view that pleck-
strin homology domain-containing proteins par-
ticipate in scaffolding or trafficking mecha-
nisms critical for oncogenic signaling [65-68].

Functional impact of PLEKHA6 in LUAD cells

To determine the phenotypic impact of 
PLEKHA6 knockdown, we performed a series of 
functional assays using shPLEKHA6#1 and 
shPLEKHA6#2 A549 cell lines. Cell prolifera-
tion assessed via MTT assay at 0, 24, 48, and 
72 hours, showed significantly reduced viability 
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Figure 10. PLEKHA6 knockdown impairs expression, viability, migration, and clonogenic potential of A549 cells. (A-C) 
RT-qPCR validation of PLEKHA6 knockdown in A549 cells transduced with shPLEKHA6#1 and shPLEKHA6#2 com-
pared to shLacZ control. (D) Western blot confirming reduced PLEKHA6 protein levels in knockdown cells; α-tubulin, 
was used as the loading control. (E-G) Densitometric analysis of Western blot bands, normalized to α-tubulin, quanti-
fying knockdown efficiency. (H, I) MTT assay showing significantly decreased cell viability in PLEKHA6-depleted cells 
over 72 hours. Data are presented as mean ± SD; P < 0.01. (J, K) Wound healing assay demonstrating reduced mi-
gration in PLEKHA6 knockdown cells. (H) Representative images and (I) quantitative analysis after 24 hours. (L, M) 
Colony formation assay. (L) Representative images of colony formation. (M) Quantification showing reduced colony 
number and size in knockdown cells.

in PLEKHA6-deficient cells compared to the 
shLacZ control (Figure 10H, 10I). This reduc-
tion is consistent with impaired β-catenin sig-
naling, which is known to regulate cell cycle 
progression via transcriptional activation of tar-
gets such as c-Myc and Cyclin D1 [67]. Wound-

healing assays demonstrated a marked delay 
in migration in PLEKHA6-silenced cells (Figure 
10J, 10K), suggesting compromised motility, 
possibly due to cytoskeletal disorganization 
mediated by the Rho GTPase pathway another 
node highlighted in our MetaCore analysis. 
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Figure 11. Schematic representation of the molecular mechanisms regu-
lated by PLEKHA6 in LUAD. Knockdown of PLEKHA6 (KD-PLEKHA6) inhibits 
Wnt signaling by promoting β-catenin degradation through the destruction 
complex (Axin, APC, GSK-3β, CKIα), leading to reduced TCF/LEF-mediated 
transcription and resulting in apoptosis and cell cycle arrest.

Additionally, colony formation assays revealed 
that PLEKHA6 knockdown significantly impair- 
ed the clonogenic potential of A549 cells 
(Figure 10L, 10M), further supporting a role for 
PLEKHA6 in sustaining tumorigenic properties. 
Together, these results confirm that PLEKHA6 
contributes to multiple hallmarks of LUAD, 
including proliferation, migration, and self-
renewal. The coordinated suppression of these 
phenotypes upon PLEKHA6 knockdown along-
side reduced β-catenin levels supports its  
role as a potential therapeutic target and prog-
nostic biomarker in LUAD. Considering the clini-
cal correlation between elevated PLEKHA6 
expression and poor survival outcomes, this 
gene warrants further exploration for integra-
tion into Wnt-pathway-targeted or combination 
therapies.

Discussion

LUAD remains a major clinical 
challenge due to late diagno-
sis, high metastatic potential, 
and therapy resistance [62]. 
This study identifies PLEKHA6, 
a pleckstrin homology (PH) 
domain-containing protein, as 
a novel biomarker and re- 
gulator of LUAD progression. 
Through integrative multi-
omics analysis - including tran-
scriptomics, single-cell profil-
ing, DNA methylation, protein 
expression, molecular dock-
ing, and functional validation, 
we demonstrate that PLEKHA6 
is overexpressed in LUAD and 
associated with poor progno-
sis, pro-tumor immune polar-
ization, and potential drug sen-
sitivity. PH domain - containing 
proteins play key roles in cyto-
skeletal dynamics, signaling 
transduction, and vesicular 
trafficking [69-72]. In cancer, 
several members - such as 
PLEKHA7, have been shown to 
influence epithelial integrity 
and metastasis [73, 74]. Here, 
we show that PLEKHA6 pro-
motes LUAD proliferation and 
migration, partly through stabi-
lizing VE-ca-dherin/β-catenin 
complexes and facilitating Wnt 

signaling, a canonical pathway in LUAD tumori-
genesis. Knockdown of PLEKHA6 downregu-
lates β-catenin and suppresses oncogenic phe-
notypes in A549 cells, supporting its role as a 
positive regulator of LUAD aggressiveness.

Importantly, single-cell RNA-seq analysis re- 
vealed PLEKHA6 to be enriched in TAMs, par-
ticularly those exhibiting immunosuppressive 
(M2-like) phenotypes. Co-expression of PLE- 
KHA6 with CD163, MRC1, and IL10 reinforces 
its potential role in shaping the immunosup-
pressive tumor TME. This is supported by prior 
findings involving PLEKHA4, which was shown 
to correlate with M2 macrophage infiltration in 
glioma [75, 76]. This macrophage-specific pat-
tern, with limited expression in cytotoxic CD8+ T 
cells and NK cells, suggests that PLEKHA6 may 
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contribute to immune evasion by reinforcing 
TAM polarization [77, 78].

Therapeutically, drug sensitivity profiling and 
molecular docking highlighted Austocystin D 
and Foretinib as potential agents for targeting 
PLEKHA6-expressing LUAD cells. Foretinib, in 
particular, targets MET and VEGFR2 pathways, 
which intersect with the cytoskeletal remodel-
ing and cadherin-mediated adhesion networks 
enriched in PLEKHA6-high LUAD. Its high bind-
ing affinity for a predicted PLEKHA6 functional 
pocket further supports the feasibility of direct 
pharmacological inhibition. These findings pro-
vide a molecular basis for further preclini- 
cal validation of PLEKHA6-targeted therapies,  
particularly in patients with high PLEKHA6 
expression. In the other hand, our in vitro exper-
iments offer strong functional support for the 
oncogenic role of PLEKHA6. Knockdown of 
PLEKHA6 in LUAD cells led to reduced expres-
sion of β-catenin at both the transcript and pro-
tein levels, as well as decreased proliferation, 
migration, and clonogenic growth. These 
effects are consistent with disruption of Wnt/β-
catenin signaling, a critical pathway in LUAD 
pathogenesis and therapeutic resistance.

Conclusion

In conclusion, our study provides a comprehen-
sive characterization of PLEKHA6 as a key 
oncogenic driver and immune modulator in 
LUAD. Through integrative omics and experi-
mental validation, we identify PLEKHA6 as a 
novel biomarker and targetable protein, offer-
ing opportunities for both diagnostic develop-
ment and personalized therapeutic strategies 
in LUAD (Figure 11).
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Supplementary Figure 1. Clinical transcriptomic validation of PLEKHA6 in LUAD. A. Volcano Plot highlighting PLEKHA 
gene family using Limma DEG analysis (cutoff value Log2 FC = ±2, p-value = 0.5). B. Manhattan plot of the samples 
with cutoff value being p-value < 0.05. C. Box-plot of PLEKHA6 expression comparison between tumor and normal 
sample using Tukey’s t-test showing high significance between difference of expression (p-value < 0.0031451). 



PLEKHA6 as a prognostic and therapeutic target in LUAD

2	

Supplementary Figure 2. PLEKHA6 mRNA expression landscape across LUAD cell lines. Heatmap showing PLE-
KHA6 mRNA expression levels across LUAD cell lines using data from the Cancer Cell Line Encyclopedia (CCLE). Ex-
pression values were obtained from the cBioPortal database and ranked accordingly. In the heatmap, red indicates 
higher expression and blue indicates lower expression.
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Supplementary Figure 3. Clinicopathological stratification of PLEKHA6 mRNA expression in LUAD. PLEKHA6 mRNA 
expression levels in LUAD patients stratified by various clinicopathological parameters: (A) TP53 mutation status; 
(B) smoking history; (C) patient age; (D) patient gender; (E) nodal metastasis status; and (F) Histological subtype.
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Supplementary Table 1. Statistical expression of PLEKHA6 in LUAD based on sample types
Comparison Statistical significance
Normal-vs-Primary < 1E-12

Supplementary Table 2. Statistical expression of PLEKHA6 in LUAD based on TP53 mutation status
Comparison Statistical significance
Normal-vs-TP53-Mutant 1.62436730732907E-12
Normal-vs-TP53-NonMutant 1.11022302462516E-16
TP53-Mutant-vs-TP53-NonMutant 7.723700E-02

Supplementary Table 3. Statistical expression of PLEKHA6 in LUAD based on patient’s gender
Comparison Statistical significance
Normal-vs-Male 1.62436730732907E-12
Normal-vs-Female 1.62447832963153E-12
Male-vs-Female 1.419410E-01

Supplementary Table 4. Statistical expression of PLEKHA6 in LUAD based on patient’s smoking 
habits
Comparison Statistical significance
Normal-vs-Non smoker 6.66355859380019E-13
Normal-vs-Smoker 3.65119046108475E-12
Normal-vs-Reformed smoker1 1.62447832963153E-12
Normal-vs-Reformed smoker2 1.62447832963153E-12
Nonsmoker-vs-Smoker 1.337590E-02
Nonsmoker-vs-Reformed smoker1 9.639600E-01
Nonsmoker-vs-Reformed smoker2 4.367700E-02
Smoker-vs-Reformed smoker1 5.000700E-03
Smoker-vs-Reformed smoker2 4.164000E-01
Reformed smoker1-vs-Reformed smoker2 1.486210E-02

Supplementary Table 5. Statistical expression of PLEKHA6 in LUAD based on Histological subtypes
Comparison Statistical significance
Normal-vs-NOS 1.62436730732907E-12
Normal-vs-Mixed < 1E-12
Normal-vs-ClearCell 4.503200E-01
Normal-vs-LBC-NonMucinous 4.413300E-04
Normal-vs-SolidPatternPredominant 2.038800E-01
Normal-vs-Acinar 1.537090E-03
Normal-vs-LBC-Mucinous 2.615800E-02
Normal-vs-Mucinous carcinoma 2.194100E-04
Normal-vs-Papillary 2.502600E-03
Normal-vs-Mucinous 3.522000E-01
Normal-vs-Micropapillary 4.631800E-01
Normal-vs-SignetRing N/A
NOS-vs-Mixed 6.096400E-03
NOS-vs-ClearCell 5.472400E-01
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NOS-vs-LBC-Non-Mucinous 7.803700E-02
NOS-vs-Solid Pattern Predominant 3.184400E-01
NOS-vs-Acinar 2.090800E-01
NOS-vs-LBC-Mucinous 2.796500E-03
NOS-vs-Mucinous carcinoma 2.680900E-03
NOS-vs-Papillary 3.962800E-01
NOS-vs-Mucinous 4.176200E-01
NOS-vs-Micropapillary 3.471200E-01
NOS-vs-Signet Ring N/A
Mixed-vs-ClearCell 3.804400E-01
Mixed-vs-LBC-Non-Mucinous 8.882400E-01
Mixed-vs-Solid Pattern Predominant 1.568570E-01
Mixed-vs-Acinar 8.010800E-01
Mixed-vs-LBC-Mucinous 9.847700E-02
Mixed-vs-Mucinous carcinoma 1.610610E-01
Mixed-vs-Papillary 7.907800E-01
Mixed-vs-Mucinous 4.536200E-01
Mixed-vs-Micropapillary 2.194600E-01
Mixed-vs-Signet Ring N/A
Clear Cell-vs-LBC-Non-Mucinous 3.802600E-01
Clear Cell-vs-Solid Pattern Predo minant 9.668400E-01
ClearCell-vs-Acinar 4.216200E-01
ClearCell-vs-LBC-Mucinous 1.638390E-01
ClearCell-vs-Mucinous carcinoma 8.343900E-02
ClearCell-vs-Papillary 5.440600E-01
ClearCell-vs-Mucinous 2.855600E-01
ClearCell-vs-Micropapillary 8.387600E-01
ClearCell-vs-SignetRing N/A
LBC-NonMucinous-vs-SolidPatternPredominant 1.644160E-01
LBC-NonMucinous-vs-Acinar 9.319600E-01
LBC-NonMucinous-vs-LBC-Mucinous 1.733770E-01
LBC-NonMucinous-vs-Mucinous carcinoma 2.564800E-01
LBC-NonMucinous-vs-Papillary 7.833800E-01
LBC-NonMucinous-vs-Mucinous 4.598000E-01
LBC-NonMucinous-vs-Micropapillary 2.270200E-01
LBC-NonMucinous-vs-SignetRing N/A
SolidPatternPredominant-vs-Acinar 2.007800E-01
SolidPatternPredominant-vs-LBC-Mucinous 3.223600E-02
SolidPatternPredominant-vs-Mucinous carcinoma 1.120450E-02
SolidPatternPredominant-vs-Papillary 3.278200E-01
SolidPatternPredominant-vs-Mucinous 3.826600E-01
SolidPatternPredominant-vs-Micropapillary 8.354800E-01
SolidPatternPredominant-vs-SignetRing N/A
Acinar-vs-LBC-Mucinous 2.421000E-01
Acinar-vs-Mucinous carcinoma 3.453600E-01
Acinar-vs-Papillary 7.363400E-01
Acinar-vs-Mucinous 4.646200E-01
Acinar-vs-Micropapillary 2.698000E-01
Acinar-vs-SignetRing N/A
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LBC-Mucinous-vs-Mucinous carcinoma 5.367200E-01
LBC-Mucinous-vs-Papillary 1.872180E-01
LBC-Mucinous-vs-Mucinous 2.859600E-01
LBC-Mucinous-vs-Micropapillary 7.777700E-02
LBC-Mucinous-vs-SignetRing N/A
Mucinous carcinoma-vs-Papillary 2.348200E-01
Mucinous carcinoma-vs-Mucinous 5.218200E-01
Mucinous carcinoma-vs-Micropapillary 2.911600E-02
Mucinous carcinoma-vs-SignetRing N/A
Papillary-vs-Mucinous 2.246300E-02
Papillary-vs-Micropapillary 3.901000E-01
Papillary-vs-SignetRing N/A
Mucinous-vs-Micropapillary 3.765400E-01
Mucinous-vs-SignetRing N/A
Micropapillary-vs-SignetRing N/A

Supplementary Table 6. Statistical expression of PLEKHA6 in LUAD based on nodal metastasis sta-
tus
Comparison Statistical significance
Normal-vs-N0 1.62436730732907E-12
Normal-vs-N1 1.11022302462516E-16
Normal-vs-N2 8.19559975440143E-11
Normal-vs-N3 2.41149999968826E-09
N0-vs-N1 8.846000E-01
N0-vs-N2 7.173600E-01
N0-vs-N3 9.300200E-01
N1-vs-N2 6.704800E-01
N1-vs-N3 9.327200E-01
N2-vs-N3 8.800600E-01
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Supplementary Figure 4. Disease-free survival (DFS) analysis of PLEKHA gene family members in LUAD. Kaplan-Meier survival curves illustrating the association 
between mRNA expression levels of the eight PLEKHA genes and DFS in LUAD patients. Patients were stratified into high- and low-expression groups based on 
median expression levels.
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Supplementary Figure 5. Immunohistochemical validation of PLEKHA6 in LUAD. Immunohistochemical staining showing the expression of PLEKHA6 in normal lung 
tissues and Tumor Tissue.
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Supplementary Table 7. Pathway analysis of genes co-expressed PLEKHA6 from TCGA LUAD databases using the MetaCore database (with p-
value < 0.05 set as the cutoff value)
# Maps p Value Network Objects from Active Data
1 Cell adhesion_Endothelial cell contacts by junctional mecha-

nisms
1.56E-08 MAGI-1 (BAIAP1), Plakophilin 4, Alpha-actinin, Cingulin, Plakoglobin, p120-catenin, AF-6, ZO-1, 

Alpha-catenin, ZO-2
2 Signal transduction_Ephrin-B signaling 1.38E-07 Ephrin-B1, p130CAS, p190-RhoGEF, HGK (MAP4K4), PAK, PAK1, Kalirin, PICK1, AF-6, c-Src, 

Ephrin-B, GRB7
3 Cell adhesion_Classical cadherin-mediated cell adhesion 2.42E-07 MAGI-1 (BAIAP1), E-cadherin, Cortactin, Formin, Alpha-actinin, Plakoglobin, p120-catenin, Alpha-

catenin, VAV-2
4 Cell adhesion_Tight junctions 4.62E-07 Cortactin, ZO-3, Cingulin, PDZ-RhoGEF, EPB41, Tubulin alpha, Claudin-2, AF-6, ZO-1, DNMBP 

(TUBA), ZO-2
5 PXR-mediated direct regulation of xenobiotic metabolizing 

enzymes/Rodent version
1.20E-06 UGT1A3, CYP2C19, MRP3, UGT1A1, CYP3A4, SR-BI, CES2, UGT1A4, CYP3A5, UGT1A6

6 Cytoskeleton remodeling_Regulation of actin cytoskeleton 
organization by the kinase effectors of Rho GTPases

1.26E-06 BETA-PIX, Cortactin, Alpha-actinin, MRCKalpha, PAK, PAK1, MyHC, LIMK, Spectrin, SLC9A1, 
MRCK, PRK1

7 Androstenedione and testosterone biosynthesis and metabo-
lism p.2

1.77E-06 UGT1A3, UGT1A9, AKR1C3, UGT1A1, AKR1C4, UGT1A10, UGT1A8, UGT1A4, UGT2B15

8 PXR-mediated direct regulation of xenobiotic metabolizing 
enzymes/Human version

2.51E-06 UGT1A3, CYP2C19, MRP3, UGT1A1, CYP3A4, SR-BI, CES2, UGT1A4, CYP3A5, UGT1A6

9 G-protein signaling_RhoA activation 3.45E-06 IGF-1 receptor, p190-RhoGEF, DBS, Cingulin, PDZ-RhoGEF, Ephexin, Thrombin, Ephrin-A, Plexin 
B2, Angiotensin II, ACM1, c-Src, ZO-1, VAV-2

10 Neurophysiological process_Receptor-mediated axon growth 
repulsion

6.08E-06 Cortactin, PDZ-RhoGEF, Ephexin, LIMK2, PAK1, Ephrin-A, Plexin A2, c-Src, GRB7, VAV-2

11 Protein folding and maturation_Angiotensin system matura-
tion

9.12E-06 Angiotensin III, Angiotensin (2-10), Angiotensinogen, Angiotensin IV, Angiotensin I, Angiotensin II, 
Kallikrein 1, Angiotensin (1-7), Angiotensin (1-9), ACE2

12 Inhibition of Ephrin receptors in colorectal cancer 1.04E-05 Ephrin-B1, E-cadherin, SMAD3, Ephrin-A, KLF5, Ephrin-B, Frizzled, VAV-2
13 G-protein signaling_Rac1 activation 1.79E-05 BETA-PIX, p130CAS, DOCK6, PAK, EPS8, ErbB2, p200RhoGAP, Kalirin, AF-6, c-Src, FARP2, VAV-2
14 Effect of H. pylori infection on gastric epithelial cells motility 2.02E-05 E-cadherin, Cortactin, Alpha-actinin, PAK1, p120-catenin, c-Src, Connexin 32, ZO-1, Alpha-

catenin
15 Estradiol metabolism 2.02E-05 UGT1A3, CYP2C19, UGT1A1, CYP3A4, UGT1A10, UGT2B7, SULT1A3, UGT1A4, CYP3A5
16 E-cadherin signaling and its regulation in gastric cancer 4.43E-05 E-cadherin, Formin, Alpha-actinin, Plakoglobin, p120-catenin, c-Src, Alpha-catenin, Frizzled
17 Retinol metabolism 5.40E-05 DGAT1, UGT1A3, CYP2C19, CYP2C18, CYP3A4, UGT2B7, BCDO, Xanthine oxidase, UGT1A8, 

CYP3A5, RDH5
18 Signal transduction_Ephrin reverse signaling 5.97E-05 Ephrin-B1, PAK1, Ephrin-A, PICK1, SFK, c-Src, Ephrin-B
19 2-Naphthylamine and 2-Nitronaphtalene metabolism 7.02E-05 UGT1A3, UGT1A9, UGT1A1, GSTA5, CYP3A4, GSTA1, SULT1A3, UGT1A8, UGT1A4, UGT1A6
20 Retinoic acid maintains mucocilliary differentiation and mu-

cins expression in normal and asthmatic airway epithelium
9.61E-05 Mucin 5B, Mucin 4, MUC1, Thyroid hormone receptor, SP1, Mucin 2, GCNT3

21 CAR-mediated direct regulation of xenobiotic metabolizing 
enzymes/Rodent version

9.87E-05 CYP2C19, MRP3, UGT1A1, CYP3A4, NQO1, ADHG, CYP3A5, UGT1A6

22 CAR-mediated direct regulation of xenobiotic metabolizing 
enzymes/Human version

9.87E-05 CYP2C19, MRP3, UGT1A1, CYP3A4, NQO1, ADHG, CYP3A5, UGT1A6
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23 Cell adhesion_Gap junctions 1.21E-04 Connexin 36, E-cadherin, Tubulin alpha, Connexin 32, ZO-1, ZO-2
24 G-protein signaling_CDC42 activation 1.41E-04 BETA-PIX, E-cadherin, DOCK6, DBS, BCR, c-Src, FARP2, DNMBP (TUBA), Frabin, VAV-2
25 G-protein signaling_CDC42 inhibition 2.04E-04 RhoGAP1, ABR, BCR, p200RhoGAP, RalBP1, GRAF
26 Cell adhesion_Histamine H1 receptor signaling in the inter-

ruption of cell barrier integrity
2.35E-04 p130CAS, E-cadherin, Alpha-actinin, LIMK2, p120-catenin, c-Src, ZO-1, Alpha-catenin

27 G-protein signaling_RhoB activation 2.83E-04 p190-RhoGEF, DBS, PDZ-RhoGEF, SMAD3, TRIF (TICAM1), TIM1, p300, FOXO3A, VAV-2
28 Inhibition of TGF-beta signaling in gastric cancer 3.28E-04 CEACAM5, SMAD3, Sin3A, p300, Beta-fodrin, ELF3
29 Regulation of metabolism_ChREBP signaling 4.72E-04 RETSAT, ACACA, Sin3A, TUG1, p300, HNF4-alpha, PCSK9, ROR-gamma, PPAR-alpha
30 Acetaminophen metabolism 5.33E-04 UGT1A3, UGT1A9, MRP3, UGT1A1, CYP3A4, UGT1A10, NQO1, UGT2B15, UGT1A6
31 O-glycan biosynthesis 5.33E-04 GALNT4, B3GT2, GALNTL2, GALNT12, SIA7A, GALNT2, GCNT3, GALNT7, B3GT5
32 Bone metastases in Prostate Cancer 6.15E-04 LRP5, IGF-1 receptor, ErbB2, c-Src, Frizzled, Kallikrein 3 (PSA)
33 Immune response_BAFF-induced non-canonical NF-kB signal-

ing
7.44E-04 Skp2/TrCP/FBXW, UBE1, TRAF3, UEV1A, Furin, beta-TrCP

34 Oxidative stress_Activation of NOX1, NOX5, DUOX1 and 
DUOX2 NADPH Oxidases

8.63E-04 DUOXA2, BETA-PIX, DUOX2, DUOX1, c-Src, DUOXA1, VAV-2

35 Development_WNT/Beta-catenin signaling in the cytoplasm 9.55E-04 E-cadherin, Axin1, PAK1, p120-catenin, c-Src, Axin, Frizzled, VAV-2
36 1-Naphthylamine and 1-Nitronaphtalene metabolism 1.32E-03 UGT1A3, UGT1A9, UGT1A1, GSTA1, UGT1A8, UGT1A4, UGT1A6
37 Role of alpha-6/beta-4 integrins in cancer progression 1.32E-03 Plectin 1, ITGB4, MSP receptor (RON), ErbB2, PAK1, IRS-2, ErbB3
38 Cell adhesion_Endothelial cell contacts by non-junctional 

mechanisms
1.71E-03 MAGI-1(BAIAP1), Alpha-actinin, Plakoglobin, p120-catenin, Alpha-catenin

39 Regulation of lipid metabolism_Cholesterol regulation of 
lipidic metabolism

1.73E-03 ACACA, NPC1L1, SREBP2 (nuclear), CYP3A4, p300, SR-BI, SREBP2 precursor, PCSK9, SREBP2 
(Golgi membrane)

40 Pro-oncogenic action of Androgen receptor in breast cancer 1.74E-03 E-cadherin, AKR1C3, MUC1, ErbB2, Kallikrein 3 (PSA), ErbB3
41 Development_Trophectoderm differentiation 2.07E-03 SMAD3, Furin, PACE4, CDX2, CRIPTO
42 Development_Positive regulation of WNT/Beta-catenin signal-

ing in the cytoplasm
2.09E-03 IGF-1 receptor, Bcl-9, SMAD3, IRS-2, Insulin receptor, Axin, USP7, Alpha-1 catenin, Frizzled

43 Apoptosis and survival_NGF/ TrkA PI3K-mediated signaling 2.29E-03 BETA-PIX, MRCKalpha, LIMK2, PAK1, Kalirin, c-Src, ARAP3, FOXO3A, VAV-2
44 Cell adhesion_Cell-matrix glycoconjugates 2.69E-03 CEACAM5, Galectin-4, BCAN, MUC1, ITIH2, A1M
45 Regulation of metabolism_Glucocorticoid receptor signaling 

in glucose and lipid metabolism
2.98E-03 FACVL1, HNF3-gamma, ACACA, G6PE, Sin3A, p300, SREBP2 precursor, HNF3, FOXO3A

46 G-protein signaling_Rac3 regulation pathway 3.15E-03 ABLIM1, Neurabin-1, PAK1, HNF1-alpha
47 Development_Negative regulation of WNT/Beta-catenin 

signaling in the cytoplasm
3.24E-03 E-cadherin, Skp2/TrCP/FBXW, CXXC5, CXXC4, Axin, beta-TrCP, Alpha-1 catenin, Frizzled, Beclin 1

48 Development_ErbB4 signaling 3.46E-03 Neuregulin 4, N-CoR, ErbB2, Kalirin, SFK, c-Src, S100B, GRB7
49 Androstenedione and testosterone biosynthesis and metabo-

lism p.3
3.51E-03 UGT1A9, AKR1C3, AKR1C4, UGT1A10, UGT2B7, UGT2B4

50 NRF2 regulation of oxidative stress response 3.85E-03 MafK, GPX2, UGT1A1, GSTA1, MafF, NQO1, SLC7A11
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Supplementary Figure 6. Single-cell transcriptomic mapping of PLEKHA6 in LUAD microenvironment. This UMAP 
plot visualizes the distribution of cell types in LUAD tissue based on single-cell transcriptomic data, with a focus on 
PLEKHA6 expression. Immune cells, highlighted in red, form a distinct cluster on the left side of the plot, while other 
cell types, including epithelial (top right), stromal (bottom right), and endothelial cells (center-bottom), are shown in 
gray. The clustering pattern suggests a spatial and transcriptional distinction of immune cells, potentially implicating 
PLEKHA6 in immune-related functions within the LUAD tumor microenvironment.


