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ABSTRACT

TRIM29 is implicated in cancer progression; however, its function in 

lung adenocarcinoma (LUAD) remains unknown. We assessed the 

contribution of TRIM29 to LUAD biology, its influence on the tumor 

microenvironment (TME), and its prognostic relevance in LUAD. We 

analyzed two independent LUAD transcriptomic cohorts. Gene set 

enrichment analysis (GSEA) was performed using deconvolution-based 

TME profiling with xCell, ESTIMATE, and EPIC. Associations between 

TRIM29 and epithelial–mesenchymal transition (EMT), angiogenesis, 

stromal remodeling, and survival were corroborated using 

immunohistochemistry, histopathology, and cell line assays. Drug 

sensitivity analyses were performed to identify therapeutic agents for 

TRIM29-high tumors. GSEA consistently showed enrichment of EMT in 

TRIM29-high tumors across both mRNA datasets. Deconvolution revealed 

that TRIM29-high tumors harbored an increased number of fibroblasts 

and endothelial cells, along with elevated stromal scores. The GSEA and 

deconvolution results using the TRIM29-associated transcriptional 

module were consistent with those obtained from the single-gene 

analysis. In an independent cohort, immunohistochemistry and 

histopathology confirmed positive correlations between TRIM29 

expression and SNAIL, TWIST, microvessel density, and stromal 
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proportion. High TRIM29 expression at the transcript and protein levels 

is associated with poor overall survival. Functionally, TRIM29 inhibition 

in cell lines decreased N-cadherin, SNAIL, and TWIST expression while 

increasing E-cadherin expression. Drug response profiling revealed that 

mTOR inhibitors exhibited the highest activity in TRIM29-high cells. To 

our knowledge, this study provides evidence suggesting that TRIM29 

may be associated with EMT-related transcriptional programs, 

angiogenesis, and stromal remodeling in LUAD, as well as with adverse 

clinical outcomes. An integrated pathology-transcriptome-outcome 

framework supports biomarker-guided strategies for TRIM29-high 

tumors, with mTOR inhibition emerging as a promising therapeutic 

strategy.

KEYWORDS: lung adenocarcinoma; TRIM29; epithelial-mesenchymal 

transition; angiogenesis; stromal remodeling
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Introduction

Lung cancer is one of the leading causes of death worldwide, and non-

small cell lung cancer (NSCLC) accounts for approximately 85% of all 

cases(1). Lung adenocarcinoma (LUAD) is the most common subtype of 

lung cancer. Although LUAD has a poor prognosis, recent advancements 

in targeted therapies, such as tyrosine kinase inhibitors and 

immunotherapies, such as immune checkpoint inhibitors, have 

significantly improved patient survival rates(2, 3). However, these 

treatments are effective only for patients with specific genetic mutations 

(e.g., epidermal growth factor receptor and anaplastic lymphoma kinase) 

or high PD-L1 expression, which limits the eligible patient population, 

and the development of drug resistance after treatment remains a major 

challenge(4, 5). Therefore, there is an urgent need to identify new 

therapeutic targets and develop effective treatment strategies for LUAD.
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The tripartite motif (TRIM) family of proteins consists of E3 ubiquitin 

ligases involved in various biological processes that play crucial roles in 

cell growth, differentiation, immune responses, and tumorigenesis(6). 

TRIM29 is a TRIM protein that influences the stability and function of 

various target proteins through ubiquitination (7). TRIM29 

overexpression has been repeatedly associated with adverse outcomes 

and pro-tumorigenic signaling, such as epithelial–mesenchymal transition 

(EMT)(8), proliferation(9) and enhanced invasion(10) in several tumor 

types. A previous study revealed that TRIM29 levels positively correlate 

with tumor size, adverse histologic grade, advanced TNM staging, and 

lymphatic nodal  metastasis in LUAD(11).

However, the functional role of TRIM29 and its impact on the tumor 

microenvironment (TME) in LUAD have not yet been elucidated. 

Therefore, this study aimed to elucidate the role of TRIM29 in LUAD 

using four independent LUAD datasets to perform gene set enrichment 

analysis (GSEA) and tumor microenvironment deconvolution. Through 

this, we identified the role of TRIM29 in the TME and validated our 

findings through histopathological and immunohistochemical analyses, as 

well as cell line studies. Furthermore, we conducted a drug sensitivity 

analysis to identify candidate agents that effectively inhibit TRIM29. This 

study proposes TRIM29 as a new therapeutic target for LUAD and 

contributes to the development of new treatment strategies.

Materials and methods
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Study population 

We investigated four LUAD cohorts: the Pan-Cancer Atlas RNA-seq (n = 

510) and CPTAC-LUAD (n = 110) cohorts obtained from cBioPortal 

(http://cbioportal.org)(12), a resected LUAD series from Ajou University 

Hospital (n = 200), and the KM plotter LUAD compendium (n = 1,161; 

https://kmplot.com)(13). The demographic and clinicopathological 

features of the Ajou cohort are summarized in Supplementary Table 1. The 

study protocol was approved by the Institutional Review Board of Ajou 

University Hospital (IRB No. AJOUIRB-KS-2024-340, approved on July 11, 

2024), and the requirement for informed consent was waived by the same 

Institutional Review Board due to the retrospective nature of the study. All 

procedures complied with the principles of the Declaration of Helsinki. 

Identifiers were removed from all images.

Histopathology and immunohistochemistry

Tissue microarrays were generated and stained for TRIM29, E-cadherin, 

SNAI1 (SNAIL), TWIST1 (TWIST), VIMENTIN, and CD31. Antibody 

information is provided in Supplementary Table 2. Staining was performed 

on the VENTANA BenchMark ULTRA platform using the OptiView DAB 

detection system. Cytoplasmic or membranous staining intensity in tumor 

cells was graded 0–3, and expression was summarized using an H-score 

(intensity × percentage of positive cells)(14). For microvessel density 

(MVD), CD31 highlighted vascular structures and angiogenic “hotspots 
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were identified at low power (×40), and microvessels were counted in 

three random high-power fields (×400) per case, with the mean recorded 

as the MVD. Stromal proportion was evaluated as previously described(15), 

where the largest invasive block was located at 1.25×, and at 10×, only 

fields containing both stroma and tumor were scored, estimating the 

stromal area in 5% increments.

Cell culture

Human LUAD lines (NCI-H441 and NCI-H650; Korean Cell Line Bank) 

were maintained in RPMI-1640 supplemented with 10% fetal bovine serum 

and 1% penicillin–streptomycin at 37 °C in 5% CO₂. All cell lines were 

tested negative for mycoplasma before the experiments.

TRIM29 siRNA transfection

Small interfering RNAs (siRNAs) were transfected using Lipofectamine 

RNAiMAX (Invitrogen) according to the manufacturer’s instructions. 

siRNA #1: sense, 5′-CCAAUGAGAAGGCCAUCCU-3′; antisense, 5′-

AGGAUGGCCUUCUCAUUGG-3ʹ. siRNA #2: sense, 5′-

CCACCUAUCAUGUCCUGCU-3′; antisense, 5′-

AGCAGGACAUGAUAGGUGG-3ʹ.

Western blotting
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The cells were lysed using RIPA buffer (Thermo Fisher Scientific). Proteins 

were separated using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, transferred to polyvinylidene difluoride membranes, and 

probed with antibodies against TRIM29, E-cadherin, N-cadherin, SNAIL, 

and TWIST (Supplementary Table 2). 

Cell Migration Analysis

Cell migration was evaluated via a wound healing assay performed on 

confluent monolayers 24h post-transfection. A sterile tip was used to 

create a linear scratch, followed by a PBS wash and incubation in 1% FBS 

medium to isolate migration from proliferation. The healing process was 

monitored microscopically over a 96-hour period. Wound areas were 

analyzed using ImageJ, and the percentage of closure was calculated by 

comparing the wound area at each time point (24, 48, 72, 96 hour) against 

the initial area at 0h. The change in scratch-wound area was calculated 

using the following equation: 

Wound Closure (%) = [(scratch-wound area at 0 h - scratch-wound area at 

24, 48, 72, 96 hour) / (scratch-wound area at 0 h)] × 100 (%)

GSEA

GSEA (v4.3.2; Broad Institute; 

http://www.broadinstitute.org/gsea/index.jsp)(16) was performed using 

the hallmark gene sets. Samples were dichotomized according to median 
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TRIM29 expression. Nominal p-values were estimated from 1,000 

phenotype permutations in this study.

Tumor microenvironment analysis using deconvolution tools (xCell, 

ESTIMATE, EPIC)

Signals from non-malignant cell populations were inferred from bulk 

expression using three complementary tools. xCells produced enrichment 

scores for 64 immune/stromal cell types and composite immune, stromal, 

and microenvironment scores(17). ESTIMATE yields an immune score, 

stromal score, and combined ESTIMATE Score(18). EPIC was used to 

estimate the cell type proportions from the bulk profiles(19).

Construction of TRIM29-associated Transcriptional Module

To transition from a single-gene centric analysis to a system-level 

approach, a TRIM29-associated transcriptional module was constructed. 

First, Spearman’s rank correlation coefficients (rho) were calculated 

between the expression of TRIM29 and all other protein-coding genes 

across the entire transcriptome. Genes within the top 5th percentile of the 

highest positive correlation were selected to define the TRIM29-

coexpression module. To represent the collective activity of this module, a 

composite module score was calculated for each sample by averaging the 

Z-score transformed expression values of the constituent genes. Samples 

were then stratified into "Module-High" and "Module-Low" groups based 

on the median score for subsequent downstream analyses, including TME 
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deconvolution and functional enrichment.

Drug Sensitivity analysis

We analyzed the LUAD cell lines from the DepMap database. To measure 

drug sensitivity, we used the PRISM repurposing secondary screening 

dataset (PRISM, Profiling Relative Inhibition Simultaneously in Mixtures; 

AUC) and the Genomics of Drug Sensitivity in Cancer datasets (GDSC1/2; 

IC50 and AUC), where AUC is the area under the dose–response viability 

curve and IC50 is the half-maximal inhibitory concentration. The cell lines 

were split into TRIM29-HIGH and -LOW by the top/bottom 20% (with 

tertile or median split fallback when the groups were small). For drugs 

with ≥8 LUAD lines, we tested association using Spearman correlation—

where a negative Spearman ρ indicates that higher TRIM29 expression is 

associated with lower AUC/IC50 values (greater drug sensitivity)—and a 

two-sided Wilcoxon rank-sum test comparing HIGH vs. LOW; p values were 

false discovery rate (FDR)-adjusted (Benjamini–Hochberg). PRISM and 

GDSC results were integrated per compound using Fisher’s method on 

Spearman p values, together with the minimum FDR and mean ρ; only 

direction-concordant hits were ranked, and the top 50 negative 

associations were reported. For visualization, the AUC was z-scored within 

each drug for heatmaps. All analyses were performed using R software 

(tidyverse, limma, and pheatmap packages).

Statistical analysis
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Between-group differences in continuous variables were tested using the 

Mann–Whitney U test. Correlations were calculated using Spearman’s 

rank test. Survival was analyzed using Kaplan–Meier estimates and log-

rank tests. Deconvolution analyses were performed in R with xCell, 

ESTIMATE, and EPIC. The TRIM29 cutoff point for survival in the Ajou 

cohort was selected using Cutoff Finder based on the log-rank 

significance(20). Statistical analyses were conducted using IBM SPSS 

Statistics (version 25.0; IBM, Armonk, NY, USA) and R 4.3.3 (http://www.r-

project.org/). Statistical significance was defined as two-sided p < 0.05.

Results 

GSEA-based analysis of signaling pathways associated with 

TRIM29 expression in LUAD

To explore the signaling pathways associated with TRIM29 expression, 

we conducted GSEA using the median TRIM29 expression level as the 

threshold for group stratification. Figure 1 presents the ten pathways with 

the highest normalized enrichment scores (NES) identified in the two 

independent mRNA expression datasets. Among these, the apical junction, 

EMT, and KRAS signaling UP consistently emerged as enriched in the 

TRIM29-high cohort. In the Pan-Cancer Atlas dataset, tumors with 

elevated TRIM29 expression were significantly enriched in the EMT 

pathway (NES = 1.78, p = 0.018, FDR = 0.048; Figure 1A, B). A similar 

pattern was observed in the CPTAC dataset, in which EMT enrichment was 
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detected in the TRIM29-high group (NES = 1.56, p = 0.083, FDR = 0.235; 

Figure 1C, D).

Deconvolution-based characterization of the tumor 

microenvironment in relation to TRIM29 expression in LUAD

We next examined the association between TRIM29 expression and the 

TME in two independent LUAD cohorts (The Cancer Genome Atlas 

(TCGA) and the Clinical Proteomic Tumor Analysis Consortium (CPTAC)). 

In the TCGA dataset, xCell deconvolution revealed that TRIM29-high 

tumors were characterized by increased enrichment of fibroblasts and 

endothelial cells, and higher stromal and microenvironment scores than 

TRIM29-low tumors (all p < 0.05; Figure 2A). Concordant results were 

obtained using ESTIMATE, which showed significantly elevated 

ESTIMATE, immune, and stromal scores in the TRIM29-high group (all p 

< 0.05; Figure 2B). Similarly, EPIC analysis confirmed a greater 

proportion of cancer-associated fibroblasts (p = 0.02; Figure 2C) and 

suggested a trend toward increased endothelial cell content, although 

this was not statistically significant (p = 0.08; Figure 2C).

The enrichment patterns were consistent in the CPTAC LUAD cohort. 

TRIM29-high tumors exhibited higher levels of fibroblasts (p = 0.02; 

Figure 3A), endothelial cells (p = 0.002; Figure 3A), and 

stromal/microenvironment scores (p = 0.04, p = 0.09, respectively; 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Figure 3A) than xCell analysis. ESTIMATE analysis further supported 

these findings, with significantly higher ESTIMATE, immune, and stromal 

scores in the TRIM29-high group (all p < 0.001; Figure 3B). The EPIC 

analysis revealed a strong association between TRIM29 expression and 

endothelial cell enrichment (p = 0.004; Figure 3C), whereas cancer-

associated fibroblasts showed no significant correlation (p = 0.61; Figure 

3C).

Overall, these findings indicate that elevated TRIM29 expression is 

consistently linked to stromal activation in LUAD, as reflected by 

endothelial cell enrichment and fibroblast infiltration.

Characterization of the tumor microenvironment in relation to the 

TRIM29-associated transcriptional module

To shift from a single-gene-centric view to a network-level perspective, 

we defined a TRIM29-associated transcriptional module comprising the 

top 5% of genes most strongly correlated with TRIM29 expression. We 

then characterized the TME landscape by stratifying patients into 

module-high and module-low groups across two independent LUAD 

cohorts. 

To explore the signaling pathways coordinated by the TRIM29-

associated transcriptional module, we conducted GSEA using the median 

module score as the threshold for group stratification. Figure 4 

illustrates the top ten hallmark pathways with the highest NES in both 
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cohorts. In the TCGA dataset, the EMT pathway exhibited the strong 

association with the module activity, characterized by high enrichment 

scores and significant statistical stringency (NES = 2.26, p < 0.001, FDR 

< 0.001; Figure 4A, B). This pattern was remarkably consistent in the 

CPTAC dataset. The TRIM29-associated module was again top-ranked for 

the EMT pathway, showing even higher enrichment magnitude than the 

single-gene analysis (NES = 2.31, p < 0.001, FDR < 0.001; Figure 4C, 

D). 

In the TCGA dataset, xCell deconvolution demonstrated that module-

high tumors were significantly enriched with fibroblasts and endothelial 

cells, exhibiting markedly higher stromal and microenvironment scores 

compared to module-low tumors (all p < 0.001; Supplementary Figure 

1A). These findings were further corroborated by ESTIMATE analysis, 

which revealed significantly elevated stromal, immune, and overall 

ESTIMATE scores in the module-high group (all p < 0.001; 

Supplementary Figure 1B). Additionally, EPIC analysis confirmed a 

substantially higher fraction of cancer-associated fibroblasts (p < 0.001) 

and endothelial cells (p = 0.031) in tumors with high module activity 

(Supplementary Figure 1C). The association between the TRIM29 module 

and stromal activation was consistently observed in the CPTAC LUAD 

cohort. According to xCell analysis, module-high tumors showed 

significantly increased infiltration of fibroblasts (p < 0.001; 

Supplementary Figure 2A) and endothelial cells (p = 0.002; 

Supplementary Figure 2A), alongside higher stromal (p < 0.001; 
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Supplementary Figure 2A) and microenvironment scores (p = 0.008; 

Supplementary Figure 2A). ESTIMATE scores supported this trend, with 

significantly higher stromal (p = 0.016; Supplementary Figure 2B) and 

ESTIMATE scores (p = 0.039; Supplementary Figure 2B) in the module-

high group, although the difference in immune scores did not reach 

statistical significance (p = 0.174; Supplementary Figure 2B). EPIC 

analysis further validated the enrichment of endothelial cells in the 

module-high group (p = 0.001; Supplementary Figure 2C). However, in 

contrast to the endothelial enrichment, cancer-associated fibroblasts 

fractions were found to be significantly higher in the module-low group 

(p = 0.025; Supplementary Figure 2C).

Immunohistochemical and histopathological validation of 

TRIM29-associated biological processes

To validate the association between TRIM29 expression and tumor 

biology, we performed immunohistochemical and histopathological 

analyses of 200 LUAD specimens obtained from Ajou University Hospital. 

Representative staining images of TRIM29, EMT markers (E-cadherin 

and vimentin), EMT-inducing transcription factors (EMT-TFs) (SNAIL and 

TWIST), MVD, and stromal proportions are shown in Figure 5A.

Correlation analysis demonstrated that TRIM29 expression was not 

significantly correlated with that of E-cadherin (Rho = -0.017, p = 0.806; 
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Figure 5B) or VIMENTIN (Rho = 0.045, p = 0.533; Figure 5C). In 

contrast, TRIM29 expression in tumor cells was positively associated 

with SNAIL and TWIST expression (Rho = 0.192, p = 0.007; Rho = 0.243, 

p < 0.001; Figure 5D and E), MVD (Rho = 0.201, p < 0.001; Figure 5F), 

and stromal proportion (Rho = 0.154, p = 0.033; Figure 5G). Collectively, 

these findings support the association between TRIM29 expression and 

the upregulation of EMT-inducing transcription factors (EMT-TFs), such 

as SNAIL and TWIST, as well as angiogenesis and stromal remodeling in 

LUAD, although a direct correlation with canonical phenotypic EMT 

markers was not observed.

Prognostic implications of TRIM29 expression

Next, we investigated the prognostic significance of TRIM29 expression 

in patients with LUAD. Using the KM plotter LUAD dataset (n = 1,161), 

Kaplan–Meier analysis revealed that patients with higher TRIM29 mRNA 

expression had significantly shorter overall survival (p = 0.00073; Figure 

6A). Similarly, analysis of the Ajou University Hospital LUAD cohort (n = 

200), in which TRIM29 protein expression was dichotomized at an H-

score threshold of 100, demonstrated that elevated TRIM29 protein 

levels were strongly associated with poor survival outcomes (p < 0.001; 

Figure 6B). Multivariate Cox regression analysis further confirmed that 

TRIM29 expression was an independent prognostic marker of LUAD 

(hazard ratio = 3.061, p = 0.048; Figure 6C).

Role of TRIM29 in EMT pathway and TRIM29–Drug Sensitivity in 
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DepMap LUAD

To determine whether TRIM29 is functionally involved in the EMT 

pathway in LUAD cells, we conducted a series of in vitro experiments. In 

two LUAD cell lines, TRIM29 suppression significantly decreased the 

expression of EMT-inducing transcription factors (EMT-TFs), such as 

SNAIL and TWIST (Figure 7A). Furthermore, we observed a classic 

'cadherin switch' characterized by an increase in E-cadherin and a 

decrease in N-cadherin levels following TRIM29 inhibition (Figure 7A). 

To evaluate the functional consequences of these molecular changes, we 

performed a wound healing assay, which revealed that TRIM29 

knockdown markedly reduced the migratory capacity of LUAD cells 

(Figure 7B). Collectively, these findings provide robust evidence that 

TRIM29 drives the EMT program and promotes cellular migration in 

LUAD.

We prioritized the top 50 compounds from the PRISM Repurposing 

Secondary Screen (AUC) and GDSC1/2 (IC50/AUC), which showed a 

negative association between TRIM29 expression and drug response (i.e., 

higher TRIM29 expression correlated with a lower AUC/IC50, indicating 

greater sensitivity). These compounds were identified as candidate 

agents with preferential activity in the TRIM29-high context. For the 

PRISM subset (46 compounds with sufficient coverage), the compound–

cell line relationships were visualized as a heatmap (Figure 7C). Across 

all drugs, the TRIM29-HIGH group consistently exhibited lower AUC 
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values than the LOW group, consistent with increased sensitivity. Next, 

we summarized the mechanisms of action of the top 50 and observed the 

enrichment of mTOR inhibitors (n = 5: compound names PF-05212384, 

OSI-027, torin-2, torin-1, and PP242) (Figure 7D).

Discussion

To the best of our knowledge, this is the first study to provide evidence 

that TRIM29 is significantly associated with EMT-inducing transcriptional 

program, angiogenesis, and stromal remodeling in LUAD, emphasizing the 

novelty and clinical relevance of our findings. Consistent associations were 

detected in two independent LUAD transcriptomic datasets and 

subsequently confirmed at the protein level in an independent cohort of 

patients. High TRIM29 expression was associated with poor clinical 

outcomes. Moreover, TRIM29 expression was associated with EMT-related 

phenotypes in cell line models, and drug response analyses suggested 

mTOR inhibitors as potential treatment options for TRIM29-high tumors.

Our drug response analyses identified mTOR inhibitors as the primary 

candidate therapies for tumors exhibiting high TRIM29 expression. This 

finding is supported by recent studies that have highlighted a critical 

functional link between TRIM29 and the mTOR signaling pathway. 

Elevated, elevated TRIM29 expression acts as an oncogene in 

nasopharyngeal carcinoma. Mechanistically, it reduced the levels of the 

tumor suppressor PTEN and increased the phosphorylation of AKT, 

p70S6K, and 4E-BP1 in the cells. The pro-invasive effects of TRIM29 were 
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functionally reversed by AKT inhibition or treatment with rapamycin, a 

well-known mTOR inhibitor, thus establishing a direct connection between 

TRIM29-driven invasiveness and the PTEN/AKT/mTOR signaling 

pathway(21). A recent study indicated that TRIM29 enhances cell 

proliferation and metastasis in colorectal cancer through indirect 

modulation of the PI3K/AKT pathway(22). TRIM29 drives thyroid 

carcinoma progression by activating the PI3K/AKT signaling pathway(23). 

However, our GSEA results for the PI3K/AKT/mTOR pathway in the 

Pancancer and CPTAC datasets did not reach statistical significance at the 

mRNA level. Therefore, the mTOR inhibitor signal likely reflects an 

indirect, context-dependent suppression of TRIM29-associated 

downstream programs, rather than direct inhibition of TRIM29 itself. 

AKT/mTOR signaling has been closely linked to EMT regulation. A 

comprehensive review by Roshan et al. summarizes multiple mechanisms 

by which AKT/mTOR activation promotes EMT, including induction of EMT 

transcription factors (e.g., SNAIL, ZEB, and TWIST) and suppression of 

epithelial traits such as E-cadherin expression(24). Consistent with this, 

Perumal et al. showed in lung cancer cells that PTEN inactivation, an 

upstream event that enhances PI3K–AKT–mTOR signaling, can drive EMT-

associated programs through β-catenin/SNAIL-related pathways(25). 

Collectively, these studies support the biological plausibility that mTOR-

axis activity can contribute to EMT-like states. Accordingly, even without 

transcript-level pathway enrichment in our cohorts, mTOR inhibitors may 

still indirectly attenuate the TRIM29–EMT program by suppressing EMT-
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promoting signaling.

Previous studies have implicated TRIM29 in the regulation of EMT, 

angiogenesis, and stromal remodeling. In lung squamous cell carcinoma, 

TRIM29 promotes cell proliferation, migration, and invasion by driving the 

autophagic degradation of E-cadherin and altering EMT markers(26). In 

nasopharyngeal carcinoma, ectopic TRIM29 expression enhances cell 

proliferation, EMT, and invasion(21). TRIM29 is transcriptionally 

upregulated under hypoxia via ATM/HIF-1α, positioning it within the 

canonical pro-angiogenic stress program(27). In lung cancer cells, TRIM29 

upregulates MMP-9 through ERK/JNK, a protease central to extracellular 

matrix (ECM) degradation, invasion, and angiogenesis, thereby providing 

a direct conduit from TRIM29 to matrix remodeling(28). Beyond 

controlling proteases, TRIM29 rewires adhesion and cytoskeletal circuitry 

by inducing autophagic E-cadherin turnover in lung cancer and 

modulating intermediate filaments and focal adhesions in bladder cancer, 

changes integral to tumor–stroma communication and ECM dynamics (26, 

28).

We used three complementary bulk transcriptome deconvolution tools, 

xCell, ESTIMATE, and EPIC, to characterize the relationship between 

TRIM29 and the LUAD tumor microenvironment. xCell is a gene-signature-

based framework that infers the enrichment of 64 immune and stromal cell 

types and provides composite microenvironment/stromal metrics, 

enabling broad cell-state-aware profiling from bulk data(17). ESTIMATE 

computes stromal, immune, and aggregate ESTIMATE scores via single-
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sample gene set enrichment analysis-derived signatures, and has been 

shown to correlate with tumor purity, thereby offering an orthogonal view 

of non-malignant admixture in tumors (18). EPIC deconvolves the 

proportions of major immune and non-immune stromal compartments 

(including cancer-associated fibroblasts and endothelial cells) using RNA-

seq reference profiles and renormalization to account for cell-type-specific 

mRNA content, providing proportion-level readouts that complement the 

enrichment score (19). Applying these methods across two independent 

LUAD cohorts, we observed concordant increases in fibroblast and 

endothelial signals, as well as higher stromal/microenvironment and 

ESTIMATE scores in TRIM29-high tumors, supporting a robust association 

between TRIM29 expression and stromal activation. Although each 

method has intrinsic limitations, cross-tool agreement mitigates method-

specific biases and strengthens the inferences. These results, together 

with our immunohistochemical findings, suggest that TRIM29-high LUADs 

reside in a stroma-rich, vascularized milieu that is likely to influence 

invasion, immune exclusion, and therapeutic responses, motivating 

orthogonal validation with spatial or single-cell assays in future studies.

Histopathologically, a high stromal rate reflects a desmoplastic, 

fibroblast-rich, and ECM-rich microenvironment. In NSCLC, stroma-poor 

cases show better outcomes than stroma-rich tumors, supporting the 

clinical relevance of a high stromal rate in thoracic oncology(29-31). 

Mechanistically, stromal activation coordinates CAF-driven immune 

exclusion(32), ECM remodeling/stiffening(33), and proangiogenic 
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signaling(34), which facilitates EMT, invasion, and resistance to therapy. 

Transcriptomic analyses revealed that TRIM29-high tumors exhibited 

significantly higher stromal and microenvironment scores, and patients in 

the TRIM29-high group had a poorer prognosis. This integrated pathology–

transcriptome–outcome framework strengthens the rationale for 

biomarker-enriched therapeutic strategies for TRIM29-high tumors.

In the Ajou validation cohort, TRIM29 expression showed a significant 

positive correlation with EMT-inducing transcription factors (EMT-TFs), 

specifically SNAIL and TWIST, even though canonical phenotypic markers 

did not reach significance. This suggests that in the complex tumor 

microenvironment of LUAD, TRIM29 may primarily function as an 

upstream initiator of the EMT transcriptional program. It is well-

established that the TGF-β and Wnt/β-catenin axes play pivotal roles in the 

transcriptional regulation of EMT(35, 36). The lack of correlation with E-

cadherin/vimentin in tissue might be due to the transient nature of EMT 

or the presence of a "partial EMT" state, which is frequently observed in 

clinical carcinoma samples(37, 38).

Our study had certain limitations. First, although combined 

mRNA/immunohistochemical data and cell line assays support a 

relationship between TRIM29 and EMT, angiogenesis, and prognosis, the 

pathway-level mediators of these effects were not evaluated in this study. 

Definitive causal inference requires focused mechanistic experiments 

using cellular and animal models. Second, protein quantification relies on 

tissue microarrays, which are susceptible to sampling bias due to 
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pronounced intratumoral heterogeneity. Third, our transcriptomic and 

protein datasets were not perfectly matched at the specimen level, and 

this lack of concordant sampling may have contributed to the variability in 

cross-modal comparisons. Fourth, our inference of tumor 

microenvironment composition was based on computational deconvolution 

methods (xCell, ESTIMATE, and EPIC), which rely on predefined gene 

signatures and may not fully capture the complexity and spatial 

heterogeneity of the tumor microenvironment. Direct validation using 

spatially resolved or single-cell approaches would strengthen these 

findings. Fifth, the retrospective design and heterogeneity across cohorts, 

including differences in clinical characteristics, treatment regimens, and 

sequencing platforms, may have introduced confounding factors that could 

influence survival and gene expression analyses.

This is the first study to systematically implicate TRIM29 in LUAD 

progression through the coordinated promotion of EMT-related 

transcriptional program, angiogenesis, and stromal remodeling. By 

transitioning from a single-gene focus to the definition of a TRIM29-

associated transcriptional module, we demonstrate that TRIM29 does not 

function in isolation but rather orchestrates a robust co-expression 

network that drives these hallmark biological processes. These module-

level signatures were concordant across two independent transcriptomic 

cohorts and were corroborated at the protein level in a separate LUAD 

cohort, underscoring the robustness of our findings. High TRIM29 

expression is associated with an adverse prognosis. Consistent with these 
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observations, TRIM29 was associated with EMT-related phenotypes in 

cell line models, and pharmacogenomic analyses suggested mTOR 

inhibitors as potential candidates for TRIM29-high tumors. Collectively, 

the data position TRIM29 as both a prognostic biomarker and a 

promising therapeutic target in LUAD and motivate future studies to 

elucidate the mechanisms of TRIM29-driven stromal activation and test 

strategies that disrupt TRIM29-mediated tumor–stroma interactions.
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Figure Legends

Figure 1. GSEA stratified by TRIM29 expression in the two LUAD cohorts. 

Top 10 pathways enriched in TRIM29-high tumors in the Pan-Cancer Atlas 

(A) and CPTAC (C). Enrichment plots for EMT by TRIM29 expression in 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



the Pan-Cancer Atlas (B) and CPTAC (D).

Abbreviations: EMT, epithelial–mesenchymal transition; GSEA, gene set 

enrichment analysis; LUAD, lung adenocarcinoma; NES, normalized 

enrichment score

Figure 2. Association of TRIM29 with stromal/immune features in the 

TCGA-LUAD cohort. xCell-inferred stromal and endothelial populations (A); 

ESTIMATE immune/stromal scores (B); EPIC-inferred fractions of cancer-

associated fibroblasts and endothelial cells (C).

Abbreviations: LUAD, lung adenocarcinoma; CAF, cancer-associated 

fibroblast

Figure 3. Association of TRIM29 with stromal/immune features in the 

CPTAC-LUAD cohort. xCell-inferred stromal and endothelial populations 

(A); ESTIMATE scores (B); EPIC-inferred fractions of CAFs and endothelial 

cells (C).

Abbreviations: LUAD, lung adenocarcinoma; CAF, cancer-associated 

fibroblast

Figure 4. GSEA stratified by TRIM29-associated transcriptional module 

in the two LUAD cohorts. Top 10 pathways enriched in TRIM29-associated 

transcriptional module -high tumors in the Pan-Cancer Atlas (A) and 

CPTAC (C). Enrichment plots for EMT by TRIM29-associated 

transcriptional module in the Pan-Cancer Atlas (B) and CPTAC (D).
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Abbreviations: EMT, epithelial–mesenchymal transition; GSEA, gene set 

enrichment analysis; LUAD, lung adenocarcinoma; NES, normalized 

enrichment score

Figure 5. Correlations between TRIM29 and EMT, angiogenesis, and 

stromal content in LUAD specimens from Ajou University Hospital. 

Representative IHC images of TRIM29 (magnification x400 and scale bar 

is 50um), EMT markers (magnification x400 and scale bar is 50um), 

microvessel density (MVD) (magnification x400 and scale bar is 50um), 

and stromal proportion (magnification x100 and scale bar is 200um) (A). 

Correlations of TRIM29 with E-cadherin (B), vimentin (C), SNAIL (D), 

TWIST (E), MVD (F), and stromal proportion (G)

Abbreviations: EMT, epithelial–mesenchymal transition; LUAD, lung 

adenocarcinoma; MVD, microvessel density; IHC, immunohistochemistry

Figure 6. Survival according to TRIM29 expression in the KM plotter and 

Ajou University Hospital LUAD datasets. Overall survival by TRIM29 level 

in the KM plotter (A) and Ajou cohort (B). Multivariable analysis of overall 

survival in the Ajou cohort (C).

Abbreviations: LUAD, lung adenocarcinoma

Figure 7. TRIM29 function in the EMT pathway and TRIM29–drug 

sensitivity in DepMap LUAD. TRIM29 knockdown versus control in NCI-

H441 and NCI-H650 cells (A). Wound healing assay according to TRIM29 
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knockdown in NCI-H441 and NCI-H650 cells (B). Heatmap of compound–

cell line responses in the PRISM dataset (C). Bar chart showing the 

mechanism-of-action frequency among the top 50 compounds (D).

Abbreviations: EMT, epithelial–mesenchymal transition; DepMap, Cancer 

Dependency Map; PRISM, Profiling Relative Inhibition Simultaneously in 

Mixtures; MOA, mechanism of action

Supplementary Figure 1. Association of TRIM29-associated transcriptional 

module with stromal/immune features in the TCGA-LUAD cohort. xCell-

inferred stromal and endothelial populations (A); ESTIMATE 

immune/stromal scores (B); EPIC-inferred fractions of cancer-associated 

fibroblasts and endothelial cells (C).

Abbreviations: LUAD, lung adenocarcinoma; CAF, cancer-associated 

fibroblast

Supplementary Figure 2. Association of TRIM29-associated transcriptional 

module with stromal/immune features in the CPTAC-LUAD cohort. xCell-

inferred stromal and endothelial populations (A); ESTIMATE scores (B); 

EPIC-inferred fractions of CAFs and endothelial cells (C).

Abbreviations: LUAD, lung adenocarcinoma; CAF, cancer-associated 

fibroblast
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