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Background: Nucleolar and spindle-associated protein 1 (PLIN3), a member of the perilipin family, plays a critical role in lipid 
droplet dynamics and is implicated in promoting tumor progression across several cancers. However, its influence on the tumor 
immune microenvironment and its potential as a prognostic indicator regarding immunotherapy responses have yet to be system
atically evaluated. This study leverages data retrieved from multiple databases to address these questions.
Methods: PLIN3 mRNA and protein expressions were analyzed across a diverse range of normal and cancerous tissues, utilizing data 
retrieved from multiple databases. The potential of PLIN3 as a diagnostic and prognostic biomarker in cancers was assessed. 
Advanced computational algorithms were employed to examine the impact of PLIN3 on immune cell infiltration. The association 
between PLIN3 expression and the presence of M2 macrophages was validated through analyses incorporating bulk and single-cell 
transcriptomics, spatial transcriptomics, and multicolor fluorescence staining techniques. Furthermore, the effects of PLIN3 on tumor 
malignancy and growth were investigated in vitro in lung adenocarcinoma (LUAD) cells. Potential compounds targeting PLIN3 were 
identified using the Connectivity Map (cMap) web tool, and their efficacy was further assessed through molecular docking.
Results: PLIN3 was predominantly upregulated in various cancers, correlating with adverse prognostic outcomes. A strong positive 
association was observed between PLIN3 levels and M2 macrophage infiltration in several cancer types, establishing it as a potential 
pan-cancer marker for M2 macrophage presence. This was confirmed by integrative multi-omics analysis and multiple fluorescence 
staining. Additionally, PLIN3 knockdown in LUAD cells diminished their malignant traits, resulting in decreased proliferation and 
migration. In LUAD, clofibrate was identified as a potential inhibitor of PLIN3’s pro-oncogenic functions.
Conclusion: PLIN3 may serve as a potential biomarker and oncogene, particularly in LUAD. It plays a key role in mediating M2 
macrophage infiltration in various cancers and presents a promising immunotherapeutic target.
Keywords: pan-cancer analysis, M2 macrophage, biomarker, prognosis, immunotherapy

Introduction
Cancer remains a significant cause of mortality globally and poses a substantial public health challenge. Data from the 
Global Cancer Research Center indicated that in 2020, approximately 10 million cancer-related deaths occurred globally 
(excluding non-melanoma skin cancers). Projections suggest that by 2040, the global cancer burden could escalate to 
28.4 million cases, marking a 47% increase from 2020.1 Despite improvements in surgical techniques and early screening 
that have lowered mortality, tumor heterogeneity and their tendency to recur and metastasize contribute to poor prognosis 
and survival in multiple cancers.2 Prognostic biomarkers and detailed patient characteristics are crucial for tailoring 
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treatments and enhancing patient outcomes.3,4 Despite the increasing support for personalized cancer therapies, the 
integration of prognostic biomarkers into clinical practice remains limited.

Tumor-associated macrophages (TAMs), especially the M2 subtype, are pivotal in cancer development and progression. As 
central players in the tumor microenvironment, M2 macrophages drive tumor growth by stimulating angiogenesis, inhibiting 
anti-tumor immunity, and supporting metastatic spread.5 Through the release of cytokines and growth factors, they establish an 
immunosuppressive niche that aids cancer cells in escaping immune detection.6 Their presence is often linked to unfavorable 
outcomes in numerous malignancies, highlighting their potential as therapeutic targets.7 Investigating the regulatory mechanisms 
behind M2 macrophage recruitment and activity is thus crucial for advancing cancer treatment strategies.

PLIN3, a member of the perilipin (PLIN) family, is integral to the synthesis and turnover of neutral lipids and is essential 
for cell viability and autophagy, potentially contributing to treatment resistance.8–10 Previous research has demonstrated 
that PLIN3 is involved in macrophage transformation and enhances the expression of Toll-like receptor 9, thereby 
activating the immune response.11,12 Studies have shown that PLIN3 can drive tumor progression in various cancers, 
including renal clear cell carcinoma, oral squamous cell carcinoma, liver cancer, cervical cancer, and prostate cancer.13–18

Pan-cancer analysis offers valuable insights into the roles and molecular underpinnings of specific genes in cancer, 
facilitating their potential clinical application.19 Given the scarcity of comprehensive studies on PLIN3 across cancer 
types and its unexplored roles, this study undertook a broad pan-cancer analysis using publicly available databases to 
assess PLIN3’s expression, genomic alterations, and prognostic significance. We also examined PLIN3’s involvement in 
DNA damage response, cancer immunity, and epigenetic modifications. Furthermore, multiple fluorescence staining 
suggested that PLIN3 may serve as a marker for M2 macrophage infiltration across various cancers. The potential 
activation of PLIN3 by specific compounds in certain cancers was investigated, enhancing our understanding of PLIN3’s 
functions across different tumors and suggesting new avenues for therapeutic interventions.

Materials and Methods
Collection and Analysis of Pan-Cancer Data
PLIN3-related clinical and gene expression data from various cancer and normal tissues were sourced from the TCGA and 
GTEx databases and processed using the UCSC Xena tool.20 Gene expressions were standardized to transcripts per million 
(TPM). Subsequently, the standardized values were log-transformed using the formula log2(TPM + 1). PLIN3 expression in 
tissues, visualized through immunohistochemistry (IHC) images, was accessed from the Human Protein Atlas (HPA).21 

Additionally, pan-cancer single-nucleotide variations (SNV) and merged methylation data from HM27 and HM450 platforms 
were retrieved from cBioPortal.22 The abbreviations for the various cancers are provided in Supplementary Table 1.

PLIN3 Expression Evaluation Across Cancers
We analyzed PLIN3 expression in 33 cancer types using the TCGA dataset. To compare PLIN3 expression between 
cancerous and normal tissues, we utilized normal tissue data from the GTEx database, which includes samples from 
healthy individuals without cancer. Expression relationships with clinicopathological features such as cancer subtypes 
and TNM stages were illustrated using boxplots created with the “limma” and “ggplot2” R packages.23 Comparative 
analysis of PLIN3 protein levels between cancerous and normal tissues employed data from the Clinical Proteomic 
Tumor Analysis Consortium (CPTAC), accessed via the UALCAN portal.24 This dataset includes protein expression 
profiles from tumor samples and, where available, matched normal tissues from healthy individuals.

Prognostic and Diagnostic Utility of PLIN3
The diagnostic utility of PLIN3 was assessed through ROC curves generated by the “pROC” package in R, with the 
diagnostic significance highlighted by the areas under the curves (AUCs). Prognostic assessments were conducted using 
univariate Cox regression for outcomes like overall survival (OS), disease-specific survival (DSS), disease-free survival 
(DFS), and progression-free survival (PFS), utilizing the “survival” and “forestplot” packages in R. Kaplan-Meier survival 
analysis is conducted using the “survival” R package. Optimal cutoff values for defining high and low expression cohorts are 
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established with the “survminer” R package, ensuring that neither group constitutes less than 30% of the sample. The 
differences between these expression groups were assessed using a Log rank test, executed via the “survfit” function.

Analysis of Genomic Alterations and Genetic Heterogeneity in PLIN3
Genetic alterations of PLIN3 in pan-cancer were explored using the cBioPortal (http://cbioportal.org) and COSMIC 
(https://cancer.sanger.ac.uk/cosmic/) databases, focusing on mutation types and differences. The distribution of mutations 
within PLIN3 was illustrated using the “lollipopPlot” function from the “maftools” R package, with protein domains 
referenced from the PFAM database.

Tumor mutation burden (TMB) was calculated using the “maftools” R package. Microsatellite instability (MSI), 
homologous recombination deficiency (HRD), aneuploidy scores, and various mutation rates were assessed based on data 
extracted from existing literature.25 Associations between these genomic features and PLIN3 expression levels were 
comprehensively evaluated.

PLIN3’s Role in DNA Repair, Cancer Stemness, and Methylation
Interactions between PLIN3 expression and key DNA repair and methylation enzymes, including mismatch repair 
(MMR) genes26 and DNA methyltransferases (DNMTs)27 were visually assessed. DNA methylation-based stemness 
scores (DNAss) and RNA methylation-based stemness scores (RNAss) were derived from the methylation profiles of 
each tumor. The correlation between PLIN3 mRNA expression and these scores was then analyzed.28 Heatmaps were 
employed to illustrate the relationships between PLIN3 expression and 44 genes involved in N1-methyladenosine (m1A), 
5-methylcytosine (m5C), and N6-methyladenosine (m6A) modifications across various cancers.29

Influence of PLIN3 in the Tumor Immune Microenvironment
To enable Gene Set Enrichment Analysis (GSEA), tumor samples were grouped into high and low PLIN3 expression 
categories according to the median expression levels.30 The influence of PLIN3 on the tumor microenvironment was 
assessed by calculating the Immune Score, Stromal Score, ESTIMATE Score, and tumor purity using the “Estimate” 
package in R.31 The relationship between PLIN3 levels and six immune subtypes was analyzed using the TISDB Subtype 
module.32 Heatmaps were generated to depict correlations between PLIN3 expression and various immune-related genes, 
including immunostimulatory and immunosuppressive genes, major histocompatibility complex (MHC) molecules, che
mokines, and their receptors. The TIMER 2.0 platform was utilized to assess the relationship between PLIN3 levels and 
immune cell infiltration. Additionally, changes in gene expression in response to anti-PD-L1, and anti-CTLA4 treatments 
were assessed using the Tumor Immune Syngeneic Mouse (TISMO) web tool.33 We utilized the SpatialTME database to 
conduct a comprehensive spatial transcriptomic analysis across various cancers. The SpatialTME database facilitates the 
deconvolution of the tumor microenvironment (TME) cellular composition.34 Integration of 10x Visium sequencing data 
allowed us to construct a pan-cancer spatial transcriptomic atlas. Each microregion in the spatial transcriptomic sections 
was characterized by the dominant cell types, and the average gene expression within each cell type in every section was 
examined. We employed the scale function for z-score normalization and visualized the data using the “pheatmap” 
R package. Furthermore, the spatial distribution and co-localization of PLIN3 with the macrophage markers CD68 and 
the M2 macrophage marker CD163 were assessed using spatial transcriptomics data from primary lung adenocarcinoma 
samples (GSM5420751). Deconvolution for this analysis was performed using the “Cottrazm” package. We visualized gene 
expression landscapes within microregions on 10x Visium slides through the “SpatialFeaturePlot” tool available in the 
“Seurat” R package.35 To analyze correlations between cell content across all spots, as well as between cell content and 
gene expression, we applied Spearman correlation analysis. Visualization of these relationships was accomplished using the 
“linkET” R package. PLIN3 expression across different immune cells in various cancers was analyzed via the Tumor 
Immune Single-cell Hub (TISCH).36 Additionally, the CancerSEA platform’s “correlation plot” module was employed to 
explore associations between PLIN3 expression and various functional cancer states.37
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Multiple Fluorescence Staining
Formalin-fixed, paraffin-embedded tissue sections from lung adenocarcinoma (LUAD) were sourced from Jiangmen 
Central Hospital. This study was conducted in accordance with the Declaration of Helsinki. All participants 
provided informed consent, and the study was approved by the hospital’s institutional review board (Approval 
number: 2024–205A). All procedures adhered to relevant guidelines and regulations. Exclusion criteria included 
patients with autoimmune diseases or those who had received radiotherapy or chemotherapy before surgical tissue 
collection. Tissue sections were stained with hematoxylin and eosin (Servicebio, China), followed by multi- 
fluorescence staining of LUAD samples to assess PLIN3 as a marker for M2 macrophages. After deparaffinization 
and blocking with 5% bovine serum albumin, sections were treated with primary antibodies against PLIN3 (1:500, 
Proteintech; 10694-1-AP) and either CD163 (1:500, ImmunoWay, YM6146) or CD68 (1:500, ImmunoWay, 
YM3050). Following secondary antibody application, nuclei were counterstained with DAPI, and the slides were 
mounted with an antifade medium for confocal imaging (3DHistech Pannoramic MIDI). Cellular fluorescence was 
assessed with Caseviewer software.

Drug Sensitivity Analysis and Identification of Potential Therapeutics
Cancer cell line (CCL) drug sensitivity data were collated from GDSC,38 CTRP,39 and PRISM40 databases, with AUC values 
from CTRP and PRISM, and IC50 values from GDSC. Transcriptomic data for CCLs were obtained from the CCLE 
database.41 IC50 values were analyzed using the “oncoPredict” R package to correlate PLIN3 expression with drug response 
metrics. Potential PLIN3-activating compounds were identified using cMap’s “query” tool.42 Molecular docking was 
initiated by preparing the PLIN3 protein with AutoDock Tools, emphasizing residue repair, hydrogen bond optimization, 
and energy minimization.43 The ligands were prepared and minimized using Chem 3D 22.00, followed by virtual screening 
with AutoDock Vina, and visualization of the results was carried out using Pymol (Educational open source).44

Cell Culture and siRNA-Mediated Gene Silencing
The A549 and H1299 lung cancer cell lines were sourced from the American Type Culture Collection (ATCC). 
These cell lines were cultured in 1640 medium supplemented with 10% FBS (Servicebio) and 1% penicillin- 
streptomycin (Meilunbio) at 37°C in a 5% CO2 incubator (Heal Force). GenePharma (China) supplied the siRNAs 
targeting PLIN3: siPLIN3#1 with the sequence 5’-GCTGGACAAGTTGGAGGAGAA-3’ and siPLIN3#2 with the 
sequence 5’-GGACAAGTTGGAGGAGAACCT-3’. Cells were transfected with Lipofectamine 2000 (Invitrogen, 
USA) following the manufacturer’s instructions. 48 hours post-transfection, cells were harvested to evaluate 
PLIN3 knockdown efficiency, as well as cellular proliferation and migration.

Quantitative Real-Time PCR (RT-PCR)
Total RNA was extracted using the RNAfast200 kit (Fijie Reagent) according to the manufacturer’s instructions. 
Complementary DNA (cDNA) was synthesized and quantitative PCR (qPCR) was performed utilizing Vazyme reagents. 
GAPDH was used as the internal control. The specific primer sequences and reaction conditions are provided in 
Supplementary Table 2. Gene expression levels were quantified with the 2−ΔΔCt method.

Colony Formation Assay
24 hours post-transfection, A549 and H1299 cells were seeded at a density of 1000 cells per well in 6-well plates and 
incubated for 7 to 14 days to allow colony formation. The resulting colonies were washed with PBS, fixed using 4% 
paraformaldehyde for 30 minutes, and subsequently stained with 1% crystal violet for 10 minutes.

Cell Migration Assay
Migration capabilities of LUAD cells were evaluated using a transwell setup (Corning 3422 with an 8 μm pore size) 
lacking a Matrigel coating. Briefly described, between 20,000 and 40,000 cells were placed in the upper compartment 
with 200 µL of serum-free medium. The bottom compartment contained 600 µL of medium enriched with 10% FBS. 
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After a 24-hour incubation at 37 °C, the chambers were washed with PBS and fixed with 4% paraformaldehyde for about 
30 minutes. Cells that did not migrate through the membrane were gently wiped off from the upper side using a cotton 
swab. Subsequently, the membrane was stained with crystal violet for roughly 30 minutes at ambient temperature, 
washed with PBS, allowed to air-dry, and subsequently photographed.

Results
Expression of PLIN3 in Pan-Cancer Contexts
Figure 1 presents the study’s flowchart. Pan-cancer PLIN3 mRNA expression data were obtained from the TCGA 
and GTEx databases. Notably, PLIN3 expression were found to be elevated in 21 cancer types, including LUAD, 
liver hepatocellular carcinoma (LIHC), kidney renal clear cell carcinoma (KIRC), and pancreatic adenocarcinoma 
(PAAD) (Figure 2A). Figures 2B present the differential analysis of paired samples in TCGA. Figure 2C shows the 
differential analysis of PLIN3 expression in paired tumor and normal tissue samples from TCGA across multiple 
organs. PLIN3 is notably upregulated in several cancers, including lung, liver, stomach, intestines, thyroid, pancreas, 
and brain, highlighting its potential as a biomarker and its involvement in lipid metabolism and immune modulation. 
Further research is needed to clarify its specific roles in these malignancies. It is also highly expressed in 
reproductive organs like the testes and ovaries, suggesting a function in reproductive tissue biology. PLIN3 
demonstrated high diagnostic efficacy, achieving an area under the curve (AUC) greater than 0.7 in predicting 20 
cancer types, as illustrated in Figure 2D. Moreover, we validated the upregulation of PLIN3 at the protein level in 
various cancer types using data from the CPTAC database. Specifically, increases in PLIN3 protein were observed in 
seven cancer types, including LUAD, PAAD, KIRC, and others. Notably, liver hepatocellular carcinoma (LIHC) 

Figure 1 Study flowchart.
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Figure 2 Differential expression of PLIN3 and its prognostic potential across various cancers. (A) Comparison of PLIN3 levels in tumor versus normal tissue samples from 
GTEx and TCGA databases. (B) PLIN3 mRNA expression in paired tumor and normal samples from TCGA. (C) PLIN3 expression profiles across various organs comparing 
tumor and normal tissues. (D) Diagnostic ROC curves evaluating PLIN3 as a biomarker across multiple cancers. Abbreviation list of tumor cohorts from TCGA is given in. 
Supplementary Table 1. 
Notes: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Abbreviations: TCGA, The Cancer Genome Atlas; GTEx, Genotype-Tissue Expression.
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exhibited a contrary expression pattern (Figure 3A). IHC analysis showed strong PLIN3 protein staining in these 
cancer types, except in LIHC (Figure 3B). Additionally, expression patterns and isoform usage of PLIN3 were 
analyzed using data from the GEPIA2 database (Supplementary Figure 1A, and B). Furthermore, PLIN3 expression 
correlated with tumor stages in 12 cancer types, including LUAD and KIRC, suggesting its potential association 
with cancer progression (Supplementary Figure 2).

Figure 3 Differential analysis of PLIN3 protein levels. (A) Wilcoxon Rank Sum Tests to compare the statistical differences in expression levels between the tumor and 
normal groups from the CPTAC dataset. (B) IHC images of PLIN3 staining sourced from the Human Protein Atlas. Abbreviation list of tumor cohorts from TCGA is given in. 
Supplementary Table 1. 
Abbreviations: CPTAC, Clinical Proteomic Tumor Analysis Consortium; IHC, Immunohistochemistry.
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Diagnostic and Prognostic Significance of PLIN3 in Cancer
To assess its prognostic significance, PLIN3 was evaluated as a marker for overall survival (OS), progression-free 
interval (PFI), disease-free interval (DFI), and disease-specific survival (DSS) across 33 cancer types. Univariate 
analyses revealed that high PLIN3 levels significantly forecasted OS in KIRC, brain lower grade glioma (LGG), 
LIHC, LUAD, mesothelioma (MESO), PAAD, and skin cutaneous melanoma (SKCM), while showing a protective 
impact in thymoma (THYM) and uterine corpus endometrial carcinoma (UCEC) (Figure 4A). Regarding DSS, elevated 
PLIN3 was associated with increased risk in cancers such as KIRC, LGG, LUAD, and PAAD, yet provided a protective 
effect in thyroid carcinoma (THCA), THYM, and UCEC (Figure 4B). In terms of DFI, PLIN3 was a risk factor in LGG, 
cholangiocarcinoma (CHOL), pheochromocytoma and paraganglioma (PCPG), PAAD, and LUAD (Figure 4C). 

Figure 4 Survival analysis correlating PLIN3 expression with patient outcomes in pan-cancer. (A–D) Forest plots displaying the prognostic significance of PLIN3 for OS, 
DSS, DFI, and PFI via univariate Cox regression analysis. (E) Kaplan-Meier plots for OS, with the red and blue lines representing high and low PLIN3 expression groups, 
respectively. Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Notes: Log rank tests evaluate differences between survival curves, with p<0.05 indicating statistical significance. 
Abbreviations: OS, Overall survival; DSS, Disease-specific survival; DFI, Disease-free interval; PFI, Progression-free interval; HR, Hazard ratio.
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Similarly, for PFI, PLIN3 was deemed a risk factor in multiple cancers including glioblastoma multiforme (GBM), 
SKCM, LUAD, MESO, LGG, PAAD, and KIRC, but was protective in lymphoid neoplasm diffuse large B-cell 
lymphoma (DLBC), THYM, and UCEC (Figure 4D). Kaplan-Meier curves supported these findings, underscoring the 
complex relationships between PLIN3 levels and cancer prognosis (Figure 4E and Supplementary Figure 3).

PLIN3 Genetic Alterations and Genomic Instability Across Cancers
Using the COSMIC database, our study identified missense substitutions as the predominant mutation type in PLIN3, 
accounting for 40.90% of mutations (Figure 5A). Genetic alterations, which play a crucial role in tumorigenesis, included 
notable amplifications of PLIN3 in cancers such as LGG and PCPG (Figure 5B). Figure 5C details the locations, types, 
and frequencies of these PLIN3 alterations. Particularly, the substitution of alanine (A) with valine (V) at position 224 
was frequently observed. Somatic copy number alterations (SCNA) were infrequent across the examined cancers; 
however, a clear pattern emerged showing that higher PLIN3 expression correlated with increased genomic amplification 
(P < 0.001, Figure 5D and E). Further analyses explored the impact of PLIN3 on HRD, aneuploidy score, and SNV 
neoantigens, as well as mutation rates and tumor ploidy, factors crucial for cancer prognosis and treatment response 
(Supplementary Figure 4A-F). These findings suggest PLIN3’s role in HRD-related pathways and genetic instability, 
especially in lung cancer, highlighting its potential involvement in cancer development and progression.

PLIN3 Associations With DNA Repair, Stemness, and Epigenetic Alterations in 
Pan-Cancer
MMR and homologous recombination repair (HRR) are critical for maintaining genomic integrity.45 Furthermore, the 
regulation of stem cell activities is pivotal in cancer progression and in responses to treatment.46 Our analysis 
identified strong correlations between PLIN3 and several MMR-related genes across 22 cancer types, including 
LUAD, PAAD, and LIHC (P < 0.05, Figure 6A). Additionally, PLIN3 was positively associated with DNAss in 
UVM, and RNAss in ACC (P < 0.05, Figures 6B, C). We further explored epigenetic modifications of PLIN3 across 
various cancers. A heatmap detailed the relationship between methylation levels at different genomic regions 
associated with the PLIN3 gene, including the promoter, untranslated regions, and CpG contexts such as islands, 
shores, shelves, and open sea areas (Supplementary Figure 5). Methylation in promoter-related regions of PLIN3 
inversely correlated with its mRNA expression in most cancers. The analysis also evaluated the relationships between 
PLIN3 and four key methyltransferases—DNMT1, DNMT2, DNMT3A, DNMT3B—revealing significant correlations 
in cancers such as PAAD, LIHC, and KIRC (Figure 6E). Further investigation into the associations between PLIN3 
and 44 regulators of RNA modifications showed positive associations with m1A, m5C, and m6A methylation across 
most cancer types (Figure 6D). These findings highlight the extensive involvement of PLIN3 in regulating DNA and 
RNA modifications, potentially impacting genomic stability and influencing the pathophysiology of various cancers.

PLIN3 Is Involved in Cancer Immune Pathways in LUAD
The ESTIMATE algorithm was employed to investigate the relationship between PLIN3 and the TME, calculating the 
ImmuneScore, StromalScore, and ESTIMATEScore in pan-cancer. A positive correlation was identified between PLIN3 
and the ImmuneScore in 13 cancer types, including KIRC, PAAD, LIHC, and LUAD (Figure 6H). These findings align 
with the GSEA results, suggesting that PLIN3 may enhance cellular infiltration in these cancers, potentially influencing 
the response to immunotherapy.

Further analysis was performed to investigate the distribution of immune subtypes based on PLIN3 expression levels, 
revealing a predominance of the C2 subtype in the high PLIN3 group and the C3 subtype in the low PLIN3 group 
(Supplementary Figure 6). This suggests that high PLIN3 expression may be associated with a more active immune 
response, which could have implications for immunotherapy efficacy. Using the TISMO tool, we compared PLIN3 gene 
expression across various tumor models and immune checkpoint blockade (ICB) treatments, as well as between pre- and 
post-ICB treatment in both responders and non-responders (Supplementary Figure 7). The correlations between PLIN3 
expression and significant biomarkers for immunotherapy, such as TMB and MSI, were assessed. We observed a positive 
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relationship between high TMB scores and PLIN3 expression in UCEC, LIHC, and LUAD (Figure 6F), and a similar 
positive relationship between high MSI scores and PLIN3 expression in ESCA and LUAD (Figure 6G). These findings 
highlight that PLIN3 could be instrumental in regulating immune cell infiltration and the function of TME-associated 
genes, particularly in cancers with high TMB and MSI, which are known to respond better to immunotherapy.

Figure 5 Genetic alterations of PLIN3 across various cancers. (A) Overview of PLIN3 mutation types using data from the COSMIC database. (B) Mutation frequency of 
PLIN3 across different cancer types. (C) Detailed mapping of PLIN3 genetic alterations, including sites and numbers, sourced from cBioPortal. (D) Histogram depicting the 
frequency of somatic copy number alterations of PLIN3 in each cancer type. (E) Analysis of differential PLIN3 expression across various CNV types in pan-cancer. 
Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Abbreviations: CNA, Copy number alterations; PTM, Post-translational modification; CNV, Copy number variation.
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Figure 6 Associations of PLIN3 with DNA repair, stemness, and epigenetic modifications. (A) Heatmap illustrating correlations between PLIN3 and five MMR-related genes. 
(B) Lollipop chart detailing the correlation of PLIN3 levels with DNA methylation-based stem scores. (C) Bar chart showing the correlation of PLIN3 levels with RNA 
methylation-based stem scores. (D) Heatmap of the relationships between PLIN3 levels and RNA modifications. (E) Heatmap displaying associations of PLIN3 with four 
methyltransferases. (F) Radar chart presenting the Spearman correlation between PLIN3 expression levels and TMB across pan-cancer. (G) Radar chart showing the Spearman 
correlation between PLIN3 expression levels and MSI across pan-cancer. (H) Heatmap displaying relationships between PLIN3 expression and ESTIMATE, Immune, and Stromal 
scores, with statistical significance indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Abbreviations: m1A, N1-methyladenosine; m5c, 5-methylcytosine; m6a, N6-methyladenosine; MMR, mismatch repair; TMB, Tumor mutation burden; MSI, Microsatellite instability.
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To gain deeper insights into the effect of PLIN3 on tumor prognosis, we performed a pan-cancer GSEA. This analysis 
involved comparing the differentially expressed genes in patients with high versus low PLIN3 expression across various 
cancer types. The heatmap analysis revealed notable enrichment of immune-related pathways, such as interferon-gamma, 
interferon-alpha, inflammatory, interleukin-6, and interleukin-2, suggesting a role for PLIN3 in the antitumor immune 
response (Figure 7). Furthermore, high PLIN3 expression was positively correlated with epithelial-mesenchymal transi
tion (EMT) in LUAD, BLCA, and KIRC patients. This correlation may underlie the tendency for patients with elevated 
PLIN3 levels in these cancers to experience lymph node and distant metastasis, as well as recurrence. Additionally, 
PLIN3 was found to be closely linked with multiple lipid metabolism pathways, which may relate to the functionality of 
immune cells such as macrophages. These cells accumulate lipid droplets within the tumor microenvironment, potentially 
affecting their polarization and function, thereby influencing inflammatory responses and tumor cell clearance. Moreover, 
PLIN3 is involved in drug metabolism processes, possibly affecting responses to chemotherapy.

To investigate which immune cell types might be influenced by PLIN3 expression across cancers, we used seven 
different algorithms to analyze correlations, ensuring the accuracy of our results through cross-validation. As depicted in 
Figure 8B, PLIN3 expression was positively correlated with the infiltration of cancer-associated fibroblasts, macro
phages, and neutrophils. We also examined the relationships between PLIN3 and immune-related genes that encode 
immunosuppressive and activating proteins, as well as chemokines, their receptors, and MHC proteins (Figure 8A). 
Notably, high PLIN3 expression levels correlated positively with various immune-related molecules across a broad 
spectrum of cancers, further supporting its role in modulating the immune microenvironment.

PLIN3 Expression as a Key Marker of M2 Macrophage Infiltration
To gain a deeper understanding of which cell types express PLIN3 in tumor tissues, we examined 162 slices from spatial 
transcriptomes. We observed prominent PLIN3 expression predominantly in tumor cells and macrophage-rich micro
regions (Figure 9A). Spatial transcriptomic analysis highlighted strong co-localization of PLIN3 with the macrophage 
markers CD68 and CD163 in LUAD, with a substantial positive correlation between PLIN3 levels and macrophage 
presence in these spots (Figure 9B and C). Furthermore, the single-cell expression profiles of PLIN3, based on 68 
datasets from the TISCH database, showcased extensive expression across various cancers, particularly in monocytes/ 
macrophages and malignant cells, as depicted in the heatmap (Figure 9D). UMAP analysis demonstrated pronounced 
PLIN3 expression, particularly in macrophages within non-small cell lung cancer (NSCLC, EMTAB6149) and kidney 
renal clear cell carcinoma (KIRC, GSE159115) (Figures 9E and F). Supporting these findings, fluorescent staining 
demonstrated the co-expression of PLIN3 with both CD68 and CD163 in LUAD tissue sections (Figures 10A and B). 
Collectively, the data from bulk, spatial, single-cell transcriptomic analyses, and fluorescence staining establish a strong 
correlation between PLIN3 expression and M2 macrophage infiltration, highlighting the potential of PLIN3 as 
a biomarker for M2 macrophage presence across various cancers.

Potential Role of PLIN3 in LUAD Cells
To further investigate the functional role of PLIN3 in tumor cells, we generated stable PLIN3-knockdown cells using the 
A549 and H1299 LUAD cell lines. The efficacy of the PLIN3 knockdown was verified via RT-QPCR (Figure 10C). 
Colony formation assays confirmed that knocking down PLIN3 significantly reduced the colony-forming ability of A549 
and H1299 cells (Figure 10D). Furthermore, transwell assays showed that silencing PLIN3 hindered the migratory 
capacity of A549 and H1299 cells (Figure 10E). CancerSEA single-cell sequencing data were analyzed to assess the 
relationship between PLIN3 expression and 14 functional states of cancer. The results revealed strong positive correla
tions with various cancer-related processes, including angiogenesis, apoptosis, EMT, hypoxia, inflammation, invasion, 
metastasis, and quiescence in LUAD (Supplementary Figure 8).

Drug Sensitivity Analysis
In pan-cancer analyses, the “cor.test” function was employed to ascertain the Spearman correlation between PLIN3 and 
various chemotherapy drugs across multiple databases (Figure 11A). The results indicated that PLIN3 could potentially 
be sensitive to chemotherapy. To further explore potential therapeutic strategies to counteract the tumorigenic effects 
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Figure 7 Functional analysis of PLIN3 in human cancers using GSEA. Bubble plot illustrating differential enrichment of hallmark gene sets between PLIN3-high and -low 
tumor patients. Circle size corresponds to the magnitude of the P-value, while color transitions from red to white to blue indicate the strength of NES. The red boxes 
highlight key pathways that are significantly enriched in PLIN3-high tumor patients, emphasizing their potential biological importance in cancer progression. Abbreviation list of 
tumor cohorts from TCGA is given in Supplementary Table 1. 
Abbreviations: GSEA, Gene Set Enrichment Analysis; NES, Normalized enrichment scores; FDR, False discovery rate.
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Figure 8 Correlation analysis between PLIN3 expression and immune cell infiltration. (A) Heatmap showing correlations between PLIN3 mRNA expression and the 
expression of chemokines, chemokine receptors, immune-inhibitors, immune-stimulatory, and MHC genes. (B) Heatmaps displaying correlations between PLIN3 expression 
and infiltration levels of various immune cells. Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Abbreviations: MHC, Major histocompatibility complex.
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Figure 9 PLIN3 as a Potential Marker of M2 Macrophage Infiltration. (A) Heatmap showing PLIN3 gene expression across various microdomains in pan-cancer spatial 
transcriptomic sections. Rows represent different datasets, each labeled in a color specific to the disease type. Columns represent different cell types, with the color intensity 
on the right scale indicating data values—darker red signifies higher values, and lighter colors indicate lower values. Gray indicates that the cell type is absent in the microregion. The 
red boxes highlight PLIN3’s widespread expression in macrophage and malignant cell types. (B) Spearman correlation analysis used to calculate the correlation between cell content 
across all spots and between cell content and gene expression levels. Red lines indicate positive correlations, green lines indicate negative correlations, and gray lines indicate non- 
significant correlations. Line thickness represents the magnitude of the correlation coefficient (C) Spatial transcriptomics exploring co-localization patterns of PLIN3 with CD68 
and CD163, color-coded by expression levels. Each dot represents a microdomain (spot) with deeper red indicating higher gene expression. (D) Expression of PLIN3 in cancer- 
specific single-cell clusters analyzed using the TISCH database. The red boxes highlight PLIN3’s widespread expression in monocyte, macrophage and malignant cell types. (E-F) 
UMAP plots detailing cell type distributions and PLIN3 intensity in KIRC (E) and NSCLC (F).Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Abbreviations:  TISCH, Tumor Immune Single-cell Hub; NSCLC, non-small cell lung cancer.
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Figure 10 Investigation of PLIN3’s role in regulating malignancy in LUAD tumor cells. (A) Fluorescent staining of tumor tissues showing CD68 (red) and PLIN3 (green), with 
DAPI (blue) for counterstaining. (B) Fluorescent images of tumor tissues with CD163 (red) and PLIN3 (green), counterstained with DAPI (blue). (C) PLIN3 mRNA 
expression levels in transfected cells. (D) Colony formation assay to evaluate the impact of PLIN3 on tumor cell proliferation. (E) Wound healing assay assessing the effect of 
PLIN3 knockdown on tumor cell migration. 
Notes: Statistical significance is indicated by *p < 0.05, ***P < 0.001.. 
Abbreviations:  LUAD, Lung adenocarcinoma.
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Figure 11 Drug Sensitivity Analysis. (A) Bubble plot illustrating correlations between PLIN3 expressions and drug sensitivity across various databases. A p-value < 0.05 was 
considered statistically significant. (B) The heatmap illustrates potential compounds that target PLIN3, identified using CMap analysis across various cancers. (C) 
Identification of PLIN3-targeting compounds through CMap analysis for LUAD. (D) 3D molecular docking illustrations showing interactions between PLIN3 and compound 
clofibrate. Abbreviation list of tumor cohorts from TCGA is given in.Supplementary Table 1. 
Abbreviations: cMap, Connectivity Map.
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associated with PLIN3, we conducted a Connectivity Map (CMap) analysis. A PLIN3-related signature was developed, 
comprising 150 genes that were significantly upregulated and 150 genes that were significantly downregulated, identified 
by screening patients with high and low PLIN3 expression across various cancers. Using the Extreme Summarization 
(XSum) method, we compared PLIN3-related traits with CMap gene signatures, resulting in similarity scores for 1288 
compounds. Compounds such as clofibrate, PHA.00816795, X4.5. dianilinophthalimide, and exisulind displayed rela
tively lower scores across most cancers, indicating their potential to counteract PLIN3-mediated carcinogenic effects 
(Figure 11B). Further CMap analysis specifically for LUAD identified clofibrate as a compound capable of potentially 
reversing PLIN3’s dysregulated molecular traits and mitigating its oncogenic effects (Figure 11C). To evaluate the 
potential interaction between the PLIN3 protein and clofibrate, molecular docking analysis was conducted. Ten PLIN3 
models were generated using AlphaFold2.0, based on the provided FASTA sequence (Supplementary Material 1). The 
top-ranked model exhibited an overall quality factor of 87.84. AutoDock Vina 1.05.36 successfully docked W.13 to 
PLIN3 (DockScore: −3.564 kcal/mol) (Figure 11D), indicating the potential of clofibrate to modulate PLIN3 activity. 
These results provide substantial support for our predictions, though further studies are necessary to clarify the 
mechanisms involved.

Discussion
Over the past decade, immunotherapy has significantly extended the survival of patients with advanced tumors, 
revolutionizing clinical treatment strategies.47 However, its effectiveness is restricted to a specific subset of patients, 
mainly due to the heterogeneity within the tumor-immune microenvironment.4 Identifying predictors of clinical response 
to immunotherapy could enhance the selection of suitable tumor types and patient subgroups. In this study, multi-omics 
approaches integrating data from various platforms revealed that PLIN3 may serve as a novel immunological marker, 
influencing macrophage infiltration and promote tumor proliferation and migration, suggesting its potential in guiding 
immunotherapy decisions.

Initially, we quantified PLIN3 mRNA and protein levels in tumor tissues compared to normal tissues across various 
cancers. Our findings indicate a consistent overexpression of PLIN3 in multiple cancer types. ROC analysis further 
validated these findings with high confidence. Further investigation into PLIN3’s prognostic potential, considering OS, 
DSS, DFI, and PFI, revealed significant correlations. Elevated PLIN3 levels were linked to a higher risk and worse 
outcomes in several cancers, including KIRC, LGG, LIHC, LUAD, MESO, PAAD, and SKCM. Conversely, high PLIN3 
expression was associated with better prognosis in THYM and UCEC, suggesting a protective role in these contexts. We 
further explored the relationship between PLIN3 expression levels and clinical features across these cancers. Aligning 
with our survival outcomes, high PLIN3 expression was related to lower TNM stages in THYM and UCEC. Conversely, 
in KIRC and LUAD, elevated PLIN3 levels correlated with an increased risk of metastasis and disease progression, as 
confirmed by GESA and in vitro cellular assays, underscoring PLIN3 as a prognostic biomarker.

Our analysis also explored PLIN3’s role in the immune landscape of tumors. We discovered that PLIN3 expression 
correlates with the immune score, suggesting its role in influencing the tumor microenvironment. Immune infiltration 
analyses further demonstrated a significant positive association between PLIN3 and the expression of MHC, immune 
inhibitors, immune stimulators, and chemokine genes. Utilizing seven different algorithms, we found a consistent 
positive relationship between PLIN3 mRNA levels and M2 macrophage presence across various cancers. These findings 
were substantiated by both bulk and single-cell transcriptomic as well as spatial transcriptomic sequencing data, 
revealing co-expression patterns between PLIN3 and M2 macrophage markers.

TMB is recognized as an effective predictor of responses to ICB therapy, with several studies documenting its association 
with treatment response and survival benefits.48,49 MSI, indicative of genetic instability, is increasingly used to select patients 
likely to benefit from immunotherapy, targeted treatments, and comprehensive systemic therapies.50 Patients with high TMB 
or MSI levels often experience improved long-term survival outcomes following immunotherapy.51,52 To our knowledge, the 
association between PLIN3 and TMB or MSI has not been previously explored. Our study examined this relationship in 
LUAD, finding a positive relationship between PLIN3 expression and both MSI and TMB levels. This suggests that PLIN3 
could impact the effectiveness of immunotherapy in LUAD patients.
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In our CMap analysis, we identified four compounds—exisulind, X4.5.dianilinophthalimide, PHA.00816795, and 
clofibrate—as potential inhibitors of PLIN3-mediated pro-oncogenic activities. Exisulind, a phosphodiesterase 5 (PDE5) 
inhibitor, demonstrates antitumor properties by boosting cGMP levels, which activate protein kinase G (PKG) and 
promote apoptosis.53 This compound disrupts critical signaling pathways including β-catenin degradation and MAPK/ 
JNK, leading to growth arrest in multiple cancers such as breast, lung, prostate, and colon.54,55 Similarly, clofibrate, 
a PPAR-α agonist, displays anticancer activity by causing cell cycle arrest, enhancing apoptosis, and inhibiting 
inflammatory pathways such as NF-κB and ERK1/2.56 It also diminishes lipogenic and proliferative signaling, enhances 
sensitivity to radio- and chemotherapy, and stimulates autophagy, making it effective against breast, pancreatic, liver, and 
colorectal cancers.57–60 These findings contribute novel perspectives for future research on PLIN3’s role in cancer 
development and progression.

Conclusions
In conclusion, our multi-omics pan-cancer analysis identifies PLIN3 as a key marker of cancer prognosis and immunity, 
strongly linked to M2 macrophage infiltration across various cancer types. This study highlights PLIN3’s role in tumor 
progression and suggests potential therapeutic strategies, including the use of compounds like clofibrate. By deepening 
our understanding of PLIN3’s function, these findings open up promising treatment options for patients with limited 
therapeutic responses.
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