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Abstract

Lung adenocarcinoma (LUAD) remains a leading cause of cancer-related mortality worldwide. Although
the transcription-export (TREX) complex plays a central role in RNA maturation and nuclear export, the
clinical and biological relevance of individual THO Complex Subunit (including THOCI, THOC2,
THOC3, THOCS5, THOCS6, and THOC7?) in LUAD is not well defined. We performed integrative
analyses combining bulk transcriptomics from TCGA/GTEx and independent GEO cohorts, survival
modeling, DNA methylation profiling, protein-level annotation from public resources, protein—protein
interaction network analysis, immune infiltration estimation (TIMER), and single-cell RNA sequencing
(scRNA-seq) to evaluate the relevance of THOC3 and THOC7 in LUAD. Across TCGA and external
GEO validation datasets, THOC3 and THOCY7 were consistently upregulated in LUAD and associated
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with poorer overall and disease-free survival, whereas other THO complex members showed weaker or
inconsistent associations. Given these comparatively consistent and reproducible signals, we therefore
prioritized THOC3 and THOCY7 for downstream multi-layer analyses. Epigenetic profiling and interaction
network analyses placed both genes within conserved RNA processing and export programs linked to
genome maintenance pathways. Single-cell transcriptomic analysis provided additional resolution,
demonstrating predominant enrichment of THOC3 and THOCY7 in malignant epithelial clusters, with
THOCS aligning with transcriptional programs associated with DNA replication and repair, and THOC7
with proliferative and checkpoint-related states. Notably, expression of both genes was also detectable in
myeloid and neutrophil subsets, and THOC7 expression remained elevated in recurrent LUAD samples,
indicating association with aggressive and treatment-resistant disease states. Collectively, by integrating
bulk, single-cell, epigenetic, and immune profiling across multiple independent cohorts, this study
identifies THOC3 and THOCY7 as reproducible molecular correlates of aggressive LUAD phenotypes.
These highlight dysregulated RNA export programs as potential biomarkers of poor prognosis and
motivate future functional studies to assess RNA export dependencies in LUAD.

Keywords: lung adenocarcinoma, THOC3, THOC7, RNA export, TREX complex, DNA repair, immune microenvironment,

biomarker, therapy resistance

Introduction

Lung cancer remains the leading cause of
cancer-related morbidity and mortality worldwide,
accounting for approximately 2.2 million new cases
and 1.8 million deaths annually according to
GLOBOCAN 2020 estimates [1]. It is broadly
classified into small-cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC), the latter
comprising nearly 85% of all cases [2]. Among NSCLC
subtypes, lung adenocarcinoma (LUAD) is the most
prevalent, accounting for approximately 40% of
diagnoses [3]. LUAD, originating from alveolar
epithelial cells, and represents the most common
histological subtype of NSCLC [4]. It is the
predominant lung cancer subtype in non-smokers and
female patients, accounting for 40-50% of cases
worldwide [5]. Smoking (including passive exposure),
air pollution, and occupational hazards remain major
risk factors, while epidermal growth factor receptor
(EGFR) mutations represent one of the most frequent
molecular alterations, particularly in East Asian
populations [6-8]. Currently, low-dose computed
tomography (LDCT), is widely used for -early
detection, while tissue biopsy obtained via
bronchoscopy or needle biopsy remains the gold
standard for pathological classification [9]. Treatment
strategies are guided by disease stage and molecular
features; surgery however, prognosis for advanced
LUAD remains poor, with a five-year survival rate
below 10% for stage IV disease [10, 11]. Despite
advances in targeted therapies and immunotherapy,
therapeutic resistance and disease recurrence
continue to pose major clinical challenges [12-14].

RNA processing and nuclear export are essential
components of eukaryotic gene expression, ensuring
that pre-mRNAs are properly and accurately spliced,
packaged, and transported from the nucleus to the
cytoplasm for translation [15, 16]. Following

transcription by RNA polymerase II, nascent
transcripts undergo multiple maturation steps,
including capping, splicing, and 3' end processing
[17]. Nuclear export requires coordination assembly
of ribonucleoprotein complexes and surveillance
mechanisms that preserve transcript fidelity.
Dysregulation of these processes has been associated
with aberrant RNA accumulation, genomic instability,
and altered transcriptional programs observed in
cancer. The transcription export (TREX) complex is a
conserved multiprotein assembly that couples
transcriptional elongation and RNA processing to
nuclear export [18]. Within this complex, the THO
subcomplex (THOC1-7, Table 1) functions as a
structural scaffold, bridging mRNA splicing and
packaging factors with export adaptors such as
ALYREF and the DEAD-box RNA helicase DDX39B
[19, 20]. Notably, THOC4 is annotated as a
pseudogene; thus, we focused our analyses on
protein-coding THO subunits with consistent
transcript annotations (THOC1-3 and THOC5-7).
Through this coordination, the THO/TREX
machinery contributes to transcript quality control,
genome stability, and regulation of genes involved in
proliferation, stress responses, and DNA maintenance
[21, 22]. Previous studies have suggested that
dysregulation of specific THOC family members may
be associated with tumor-related phenotypes in
certain cancer types [23, 24]. For instance, THOC1 has
been linked to proliferation and anti-apoptotic
signatures in breast and ovarian cancers, while
THOC5 has been implicated in hematopoietic
malignancies [25-28]. However, the role of THOC3
and THOC? in LUAD remains poorly characterized.
In this study (Figure 1), we performed a systematic
integrative analysis to examine the expression
patterns and clinical associations of THOC family
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members across cancer types, identifying THOC3 and
THOC? as consistently upregulated in LUAD and
associated with adverse clinical outcomes, including
overall survival and disease-free  survival.
Protein-level expression patterns derived from public
immunohistochemistry resources further supported
differential expression trends in LUAD tissues
relative to normal lung samples.

Using an integrative multi-omics framework
encompassing pan-cancer transcriptomics, survival
analyses, protein expression resources, protein-
protein interaction networks [29-31], functional
enrichment, external GEO-based validation [32-36],
and single-cell transcriptomic profiling [37-41], this
study aims to characterize the transcriptional and
cellular contexts associated with THOC3 and THOC?7
expression in LUAD. Our findings are intended to
provide a comprehensive, hypothesis-generating
foundation for future functional studies investigating
the potential roles of RNA export-associated factors
in LUAD biology.

Material and Methods

Data acquisition and preprocessing

To comprehensively evaluate the expression
patterns and clinical associations of THOC family
members in lung adenocarcinoma (LUAD), we
integrated multi-omics datasets from several public
repositories. RNA sequencing (RNA-seq) expression
profiles, DNA methylation data, and corresponding
clinical annotations for LUAD were obtained from

Table 1. Basic characteristics of THOC Complex genes.

The Cancer Genome Atlas (TCGA-LUAD), with
normal lung tissue controls were retrieved from the
Genotype-Tissue Expression (GTEx) project. For
external transcriptomic validation, independent
LUAD cohorts were obtained from the Gene
Expression Omnibus GEO, including GSE13213 and
GSE31210 [42, 43]. GSE13213 consists of LUAD tumor
samples with available survival information
generated on the Affymetrix Human Genome U133
Plus 2.0 platform, whereas GSE31210 includes LUAD
tumor samples together with non-tumor lung tissues,
enabling independent tumor-normal expression
comparisons and survival analyses. Single-cell RNA
sequencing (scRNA-seq) data were obtained from
GEO accession GSE202159, comprising 82,991 cells
derived from multiple LUAD tumors. Additional
prognostic validation was performed using the
PRECOG platform [44]. RNA-seq data from TCGA
and GTEx were normalized to transcripts per million
(TPM) or fragments per kilobase per million (FPKM),
as appropriate. Batch effects between TCGA and
GTEx cohorts were corrected using the ComBat
algorithm. Principal component analysis (PCA) was
performed to evaluate cohort-driven variance
between TCGA-LUAD and GTEx samples prior to
batch correction (Supplementary Figure S1A-B).
Differential expressions between tumor and normal
tissues were assessed using the Wilcoxon rank-sum
test, and multiple testing correction was applied using
the false discovery rate (FDR), with FDR < 0.05
considered statistically significant [45-47].

Gene Official HGNC Gene Aliases Description

Location on

symbol Full Name ID ID chromosome
THOC1 THO 19070 9984 P84; HPR1; P84N5; THOC1 (THO Complex Subunit 1) is a Protein Coding gene. Diseases associated with 18p11.32
complex DFNAS86 THOCT1 include Deafness, Autosomal Dominant 86 and Autosomal Dominant
subunit 1 Nonsyndromic Deafness. Among its related pathways are Transport of Mature Transcript to
Cytoplasm and Gene expression (Transcription).
THOC2 THO 19073 57187 AMCY7; THO2; THOC2 (THO Complex Subunit 2) is a Protein Coding gene. Diseases associated with Xq25
complex MRX12; MRX35; THOC?2 include Intellectual Developmental Disorder, X-Linked, Syndromic, Kumar Type
subunit 2 CXorf3; XLID12; and X-Linked Intellectual Disability-Short Stature-Overweight Syndrome. Among its related
hTREX120; dJ506G2.1 pathways are Transport of Mature Transcript to Cytoplasm and Gene expression
(Transcription).
THOC3 THO 19072 84321 THO3; hTREX45 THOC3 (THO Complex Subunit 3) is a Protein Coding gene. Diseases associated with 5q35.2
complex THOCS3 include Lethal Congenital Contracture Syndrome 1 and Sarcoma. Among its related
subunit 3 pathways are Transport of Mature Transcript to Cytoplasm and Gene expression
(Transcription).
THOC5 THO 19074 8563 Fmip; PK1.3; fSAP79; THOCS5 (THO Complex Subunit 5) is a Protein Coding gene. Diseases associated with 22q12.2
Complex C220rf19 THOCS include Meningioma and Sarcoma. Among its related pathways are Transport of
Subunit 5 Mature Transcript to Cytoplasm and Gene expression (Transcription).
THOC6 THO 79228 28369 WDRS5S; fSAP35; THOC6 (THO Complex Subunit 6) is a Protein Coding gene. Diseases associated with 16p13.3
complex MMRFCGU THOCS6 include Beaulieu-Boycott-Innes Syndrome and Chromosome 16P13.3 Duplication
subunit 6 Syndrome. Among its related pathways are Transport of Mature Transcript to Cytoplasm
and Gene expression (Transcription).
THOC7 THO 80145 29874 fSAP24; hTREX30; THOC? (THO Complex Subunit 7) is a Protein Coding gene. Diseases associated with 3pl4.1
complex NIF3L1BP1 THOC? include Ogden Syndrome and Microphthalmia, Syndromic 1. Among its related
subunit 7 pathways are Transport of Mature Transcript to Cytoplasm and Gene expression

(Transcription).
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Figure 1. Schematic overview of the study workflow. Public datasets from TCGA, GEO, and UALCAN were used to analyze the expression and clinical relevance of
THOC3 and THOC?7 in LUAD. Prognostic, immune infiltration, and protein validation analyses were performed using GEPIA2, TIMER2.0, and the Human Protein Atlas.
Functional enrichment was assessed via GSEA, GO, KEGG, and MetaCore. STRING was used for protein—protein interactions, and single-cell RNA sequencing (scRNA-seq) data
provided cell-type—specific insights. Together, these analyses outline the oncogenic and functional landscape of THOC3 and THOC7 in LUAD.

Gene expression, survival analysis and protein
validation

Gene expression analyses were performed using
GEPIA2  (http://gepia2.cancer-pku.cn/) [48], an
interactive web tool that integrates TCGA and GTEx
datasets for differential expression, correlation, and
survival analysis [49-51]. The expression of the THOC
gene family (THOCI1-7) was compared between
LUAD tumors and normal tissues, and THOC3 and
THOC? were prioritized as significantly upregulated
members. Prognostic analyses were conducted using
Kaplan-Meier curves generated in GEPIA2 and
Kaplan-Meier Plotter platform
(http:/ /kmplot.com/analysis/) [52]. Patients were
stratified into high- and low-expression groups using
the median expression value as the cutoff, unless

otherwise specified. Statistical significance was
assessed using log-rank tests, hazard ratios (HRs)
with 95% confidence intervals (Cls) were estimated
using Cox proportional hazards regression models
[53, 54]. Where available, multivariate analyses
incorporated clinical covariates including age, tumor
stage, smoking history, and TP53 mutation status.
Protein-level expression patterns of THOC3 and
THOC?7 were examined using the Human Protein
Atlas (HPA; https://www.proteinatlas.org/) [55],
which provides immunohistochemistry (IHC) and
immunofluorescence ~ images  derived  from
patient-derived tissues. Subgroup-specific expression
trends based on sex, age, smoking status, tumor stage,
and TP53 mutation status were further explored using
UALCAN (http:/ /ualcan.path.uab.edu/) [56], which
integrates TCGA transcriptomic data and Clinical
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Proteomic Tumor Analysis Consortium (CPTAC)
protein datasets. These protein-level analyses were
used to provide descriptive expression context rather
than experimental validation.

DNA methylation and protein-protein
interaction (PPI) network analysis

Epigenetic regulation of THOC3 and THOC?
was assessed using Illumina HumanMethylation450K
array data from TCGA-LUAD. CpG probes mapped
to promoter regions, gene bodies, and N-shore
regions were analyzed, and differences between
tumor and normal tissues were evaluated using
Student’s t-tests, with significance defined as mean AP
> 0.20 and p < 0.01 [57]. Protein-protein interaction
(PPI) networks were constructed using STRING v11.5
(https:/ /string-db.org/) [58], incorporating
experimentally validated and predicted interactions
with confidence scores. Networkswere visualized
using Cytoscape v3.9.1 and hub genes were identified
using CytoHubba, based on degree and betweenness
centrality [59-61]. Densely connected functional
modules were extracted using MCODE. These
analyses were performed to characterize interaction
contexts and network connectivity rather than to infer
direct mechanistic regulation.

Functional enrichment analysis

Genes co-expressed with THOC3 and THOC?7
were identified via cBioPortal
(https:/ /www.cbioportal.org) selecting the top 10%
of genes ranked by Pearson correlation coefficients
[62]. Functional annotation was conducted using the
clusterProfiler R package, to evaluate Gene Ontology
(GO) biological processes, cellular components, and
molecular functions and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways [63]. Gene Set
Enrichment Analysis (GSEA) was performed using
the Molecular Signatures Database (MSigDB v7.5)
with a pre-ranked approach and 1,000 permutations
[64-66]. Pathways with nominal p-values < 0.05 and
false discovery rate (FDR) g-values < 0.25 were
considered significant [67]. To complement these
analyses, pathway enrichment was further evaluated
using MetaCore (Clarivate Analytics), a curated
systems  biology  platform  that integrates
experimentally supported molecular interactions
[68-70]. MetaCore results were used to refine pathway
associations and are reported in the Supplementary
Tables.

Immune infiltration and single-cell RNA
sequencing (scRNA-seq) analysis

THOC3/THOC?
infiltration were

The correlation between
expression and immune cell

1412
evaluated  using the  TIMER2.0  platform
(https:/ /timer.cistrome.org). = Immune  lineages

analyzed included B cells, CD4* T cells, CD8" T cells,
macrophages, dendritic cells, and neutrophils.
Correlation coefficients were calculated using
Spearman’s correlation, with p < 0.05 considered
statistically significant after FDR correction [71].

Single-cell RNA-seq data from GSE202159, were
analyzed using Seurat v5.1.0. Cells were filtered based
on standard quality-control criteria, normalized, and
subjected to dimensionality reduction using principal
component analysis (PCA), uniform manifold
approximation and projection (UMAP), and
t-distributed stochastic neighbor embedding (t-SNE).
Cell clustering was performed using the Louvain
algorithm, and cell types were annotated based on
established canonical markers for epithelial cells,
fibroblasts, endothelial cells, myeloid cells, T cells, B
cells, neutrophils, and lymphatic endothelial cells
[72-74]. THOC3 and THOCY? expression patterns were
visualized across cell populations using features and
violin plots. Subcluster analyses stratified by smoking
history, TP53 mutation status, and recurrence status
were performed to explore context-dependent
expression patterns [75].

Statistical analysis

All statistical analyses were performed using R
version 4.3.0. Tumor-normal expression differences
were evaluated using the Wilcoxon rank-sum test,
and subgroup analyses were conducted with
appropriate multiple-testing correction using the false
discovery rate. Survival outcomes were assessed
using KaplanMeier analysis with log-rank testing, and
Cox proportional hazards regression models were
applied to estimate hazard ratios and 95% confidence
intervals, adjusting for clinical covariates where
available. DNA methylation analyses used Student’s
t-tests with predefined AP thresholds. Immune

infiltration  correlations were assessed using
Spearman’s  correlation. Functional enrichment
analyses employed hypergeometric and

permutation-based testing as implemented in
clusterProfiler, GSEA, and MetaCore. Visualizations
were generated using ggplot2, Seurat,
ComplexHeatmap, and Cytoscape as we previous
described [76-79].

Results

Expression patterns and prognostic
associations of THOC family members in
LUAD

In this study, we first examined the expression
patterns of the THOC family gene across human

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

1413

cancers using TCGA pan-cancer datasets. Among the
seven canonical subunits of the THO complex
(THOC1-7), THOC3 and THOC?7 showed the most
consistently elevation in LUAD relative to normal
lung tissues (Figure 2A-F). Specifically, both THOC3
(Figure 2C) and THOC?7 (Figure 2F), exhibited
significantly higher median mRNA expression in
LUAD tumor tissues compared with adjacent normal
lung tissues (Wilcoxon test, p < 0.01). However,
distributions showed substantial overlap between
tumor and normal samples, indicating modest effect
sizes  rather than  uniform  tumor-specific
overexpression. In contrast, other THOC members
including THOC1, THOC2, THOC5, and THOC6
(Figure 2A, 2B, 2D, 2E), displayed weaker or
non-significant tumor-normal differences. These
results suggest that while multiple THOC genes are
expressed in LUAD, THOC3 and THOC?7
demonstrate relatively stronger, though
heterogeneous, elevation at the cohort level. To
determine whether THOC gene expression varied
across disease progression, we further analyzed
expression levels across clinical stages I-IV in the
TCGA-LUAD cohort. As shown in Supplementary
Figure S1C-H, none of the THOC family members
exhibited statistically significant stage-dependent
differences by ANOVA. Although THOC3 displayed
a modest trend toward higher expression in more
advanced stages, substantial overlap across stages
was observed, highlighting pronounced intra-stage
heterogeneity. These findings indicate that THOC3
and THOC? expression is not strongly stratified by
clinical stage, and that their tumor-normal differences
are not solely driven by stage progression.

We next assessed whether THOC gene
expression was associated with clinical outcomes in
LUAD patients using Kaplan-Meier survival analyses
in the TCGA-LUAD cohort. Overall survival (OS),
and disease-free survival (DFS) were evaluated using
median expression cutoffs. For most THOC family
members, survival associations were weak or
inconsistent (Figure 3A, 3B, 3D, 3E, 3G, 3H, 3], 3K). In
contrast, higher expressions of THOC3 and THOC?
were associated with poorer survival outcomes.
Specifically, patients with high THOC3 expression
showed reduced OS (Figure 3C, log-rank p = 0.017,
HR = 1.34) and DFS (Figure 31, p = 0.018, HR = 1.29),
while elevated THOC7 expression was similarly
associated with shorter OS (Figure 3F, p = 0.017, HR =
1.41) and DFS (Figure 3L, p = 0.019, HR = 1.29). These
associations reflect univariate correlations and do not
establish independent prognostic value or causal
involvement. These findings indicate that THOC3 and
THOC? are among the THOC family members most
consistently associated with altered expression and

adverse clinical outcomes in LUAD relative to other
subunits. Importantly, these results describe statistical
associations observed at the cohort level,
characterized by heterogeneity and overlapping
expression distributions, and do not imply that
THOC3 or THOC? directly drive tumor progression.
Rather, their elevated expression may reflect broader
transcriptional states associated with tumor
aggressiveness or proliferative demand. Based on
these association patterns, THOC3 and THOC? were
prioritized for further descriptive and integrative
analyses in subsequent sections of the study.

Protein-level context, external transcriptomic
validation, and clinicopathological associations
of THOC3 and THOC?7 in LUAD

Building on the observation that THOC3 and
THOCY? exhibit relatively higher mRNA expression in
LUAD and are associated with unfavorable overall
survival (OS) and disease-free survival (DFS) in the
TCGA-LUAD cohort (Figure 2-3), we next sought to
evaluate the reproducibility of these associations in
independent datasets and to place the findings within
a protein-level and clinicopathological context. To
address  concerns, we  performed external
transcriptomic validation using two independent
LUAD cohorts from the Gene Expression Omnibus
(GEO), GSE13213 and GSE31210. Consistent with
TCGA results, both THOC3 and THOC7 showed
significantly higher expression in the high-expression
groups compared with low-expression groups (Figure
4A-D) in both the independent LUAD cohort.
Kaplan-Meier survival analyses further demonstrated
that elevated expression of THOC3 and THOC?7 was
associated with poorer overall survival in both the
independent cohort (Figure 4E-H). These findings
confirm that the observed expression outcome
associations are reproducible across cohorts,
supporting robustness of the transcriptomic signal.
Importantly, this external validation strengthens
confidence in the associations while remaining
descriptive and non-mechanistic in nature.

To complement transcriptomic analyses,
protein-level expression patterns of THOC3 and
THOC7 proteins in were examined using
immunohistochemistry (IHC) data from the Human
Protein Atlas (HPA). In normal lung tissues, THOC3
and THOC? generally displayed weak to moderate
staining, whereas LUAD tumor tissues more
frequently exhibited moderate to strong staining
intensity (Figure 4I-N). These observations provide
protein-level expression context consistent with
mRNA-level findings but do not constitute
independent experimental validation. Quantitative
summaries derived from HPA further indicated a
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shift toward medium-to-high expression levels in
LUAD samples relative to normal tissues.
Immunofluorescence (IF) images from the Human
Protein Atlas (HPA) were wused to illustrate
subcellular distribution patterns of THOC3 and
THOC?7 and have now been relocated to the
Supplementary Materials (Supplementary Figure S2).
These images were included solely for descriptive
visualization of intracellular localization and not as
functional or disease-specific validation. The IF data
were generated using A431 cells, which were
employed only as an EGFR-high epithelial reference
model with well-defined cellular morphology and
strong, reproducible fluorescence signals, enabling
clear discrimination between nuclear and cytoplasmic

A Expression of THOC1 across TCGA cancers (with tumor and normal samples)

compartments. Given that aberrant EGFR signaling is
a central molecular feature of lung adenocarcinoma,
A431 cells provide a technical context in which
EGFR-associated nucleocytoplasmic organization can
be readily visualized, rather than a biological
surrogate for LUAD. Importantly, A431 cells were not
used to model LUAD-specific behavior, and no
conclusions regarding lung cancer-specific function,
oncogenic mechanism, or EGFR-dependent regulation
of THOC3 or THOC? are derived from these images.
As these IF data originate from a non-LUAD epithelial
system, they are presented strictly to illustrate general

localization tendencies, and no LUAD-specific
mechanistic inference is drawn from these
observations.
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Figure 2. Expression of THOC family genes across TCGA cancers and in LUAD. (A-F) Boxplots showing the mRNA expression levels (log2 TPM) of THOCI-
THOC?7 family members across TCGA pan-cancer datasets. Tumor tissues are represented in red and matched normal tissues in blue. Green dashed boxes highlight lung
adenocarcinoma (LUAD) samples for each THOC gene. The corresponding right-hand panels show LUAD tumor samples (red) versus normal lung tissues (black). Notably,
THOC3 (C) and THOCT (F) display significantly higher expression in LUAD tumors compared with normal tissues, as indicated by red-outlined panels. Colors: Red = tumor

samples; Blue = pan-cancer normal tissues; Black = LUAD normal tissues.
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Figure 3. Prognostic impact of THOC family gene expression in LUAD. (A-F) Overall survival (OS) analysis of LUAD patients stratified into low- and high-expression
groups for THOCI-THOCT7 using Kaplan—Meier plots. Patients with high THOC3 expression (C) showed significantly poorer OS compared with the low-expression group.
Similarly, high THOC7 expression (F) was strongly associated with unfavorable OS. No statistically significant differences were observed for THOCI, THOC2, THOC4, THOCS,
and THOCS. (G-L) Disease-free survival (DFS) analysis of LUAD patients stratified by THOC1-THOC7 expression. Elevated THOC3 expression (l) correlated with shorter
DFS, and THOC?7 high expression (L) also predicted significantly worse DFS. The remaining THOC family members did not show significant DFS associations (G, H, J, K). Colors:
Red = high-expression group; Blue = low-expression group (OS panels); Black = low-expression group (DFS panels).

To further explore clinical associations,
subgroup analyses were performed using TCGA data
accessed via UALCAN (Figure 5A-L). Both THOC3
and THOC?7 were consistently expressed at higher
levels in LUAD tumor tissues compared with normal
lung tissues across multiple clinical strata, including

sex, age group, and smoking status. Expression levels
were elevated across clinical stages I-IV without
strong stage-dependent stratification, consistent with
the  stage-agnostic =~ patterns  observed  in
Supplementary Figure S1C-H. Notably, both genes
exhibited higher expression in TP53-mutant tumors
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compared with TP53 wild-type cases, suggesting an
association between THOC3/THOC? expression and
genomic instability-associated tumor contexts rather
than linear disease progression. These analyses
demonstrate that THOC3 and THOC?7 expression-
survival associations are reproducible across
independent LUAD cohorts, supported by external
GEO validation, and are accompanied by consistent

protein-level expression patterns in patient tissues.
However, all findings presented here remain
correlational and do not establish a direct oncogenic
or mechanistic role for THOC3 or THOC?. Instead,
the data support the interpretation that these genes
mark transcriptional states associated with adverse
clinical outcomes in LUAD, warranting further
functional investigation.
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Figure 4. External validation of THOC3 and THOCT7 expression, prognostic relevance, and protein-level distribution in LUAD. (A-D) Box-plot analysis
showing differential expression of THOC3 and THOC?7 between high- and low-expression groups in the independent LUAD cohort GSEI13213 (A-B) and GSE31210 (C-D),
confirming significantly elevated expression in the high-expression groups (p < 0.001). (E-H) Kaplan—Meier overall survival analyses demonstrating that high expression of
THOCS3 and THOCT is associated with poorer overall survival in LUAD patients from GSE13213 (E-F) and the independent GSE31210 cohort (G—H). (I-J) Representative
immunohistochemical (IHC) staining of THOC3 protein (antibody HPA044009) in normal lung alveolar tissue (I) and LUAD tumor tissue (J). Normal lung samples show weak to
moderate cytoplasmic and membranous staining, whereas LUAD tissues display strong cytoplasmic/membranous staining in the majority of tumor cells. (K) Quantitative
summaries of IHC staining intensity derived from the Human Protein Atlas, indicating predominantly medium-to-high expression levels of THOC3 in LUAD tissues. (L-M)
Representative IHC staining of THOC?7 protein (antibody HPA044143) in normal lung alveolar tissue (L) and LUAD tumor tissue (M). Normal tissues exhibit weak to moderate
nuclear staining, while LUAD samples demonstrate strong nuclear localization with high tumor cell positivity. (N) Quantitative summaries of IHC staining intensity derived from
the Human Protein Atlas, indicating predominantly medium-to-high expression levels of THOC7 LUAD tissues.
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Figure 5. Clinical correlation of THOC3 and THOC7 expression in LUAD TCGA patients. (A-F) Boxplots showing THOC3 expression in LUAD based on
different clinical parameters, (A) Sample types (normal vs. primary tumor), (B) patient gender, (C) cancer stages (I-1V), (D) smoking habits (non-smoker, smoker, reformed
smoker), (E) patient age groups, and (F) TP53 mutation status. THOC3 expression was significantly elevated in primary tumor tissues compared with normal controls (A) and
was further enriched in advanced cancer stages (C) and TP53-mutant samples (F). (G-L) Boxplots showing THOC7 expression in LUAD across the same clinical categories,
(G) Sample types, (H) gender, (I) cancer stages, (J) smoking habits, (K) age, and (L) TP53 mutation status. THOC7 expression was markedly higher in tumor tissues than in
normal lung (G), with notable increases in TP53-mutant groups (L). Colors: Blue = normal tissues; Red/Orange/Brown/Green/Magenta = clinical subgroups as indicated in each

panel. Statistical significance: p < 0.05, p < 0.01, p <0.001 (log2 TPM, TCGA).

DNA methylation and Interaction Landscape
of THOC3 and THOC?7 in LUAD

To explore potential regulatory contexts
associated with the elevated expression of THOC3
and THOC?7 in LUAD, we examined their DNA
methylation profiles using TCGA Illumina 450K data.

Distinct methylation patterns were observed between
LUAD and normal lung tissues (Supplementary
Figure S3A-B). For THOC3, two CpG sites
(cg11951952 and cgl1444436) displayed lower
methylation levels in tumor samples compared with
normal tissues. For THOC7, three CpG sites
(cgl1378484, cg22134162, and cg25490800) similarly
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exhibited reduced methylation across tumor samples,
including regions within gene bodies and N-shore
regions. These observations indicate an association
between altered DNA methylation states and
increased THOC3 and THOC?7 expression in LUAD.
However, given the correlative nature of these data,
no direct causal relationship between methylation
changes and transcriptional activation can be inferred.
To further contextualize THOC3 and THOC? within
known molecular networks, we constructed a
protein-protein interaction (PPI) network using
STRING (Figure 6A). Both THOC3 and THOC?7 were
embedded within dense interaction networks
enriched for RNA processing and mRNA export
factors, consistent with their established roles as
components of the THO/TREX  complex.
High-confidence  predicted interactions  were
observed with canonical TREX-associated proteins,
including THOC1, THOC2, THOC5, THOCS,
DDX39B, ALYREF, SARNP, and CHTOP. To provide
a quantitative summary of these predicted
interactions, interaction confidence scores for THOC3
and THOC? with their top-ranked partners are shown
in Figure 6B and Figure 6C, respectively, illustrating
their connectivity within the conserved THO/TREX
interaction network. For THOCS, strong predicted
associations were observed with DDX39B, ALYREEF,
and SARNP, proteins involved in pre-mRNA
processing and nuclear export. Additional
interactions with MAGOH and CHTOP place THOC3
within broader RNA maturation and surveillance
networks. Similarly, THOC? displayed predicted
interactions with core TREX components as well as
nuclear pore-associated proteins such as RAE1 and
NUPS88, suggesting potential links between RNA
export machinery and nuclear transport architecture.
These interaction patterns are consistent with known
TREX complex organization and do not indicate
LUAD-specific rewiring or functional gain.
Importantly, PPI networks derived from STRING
represent predicted and literature-curated
associations and do mnot establish functional
dependency, regulatory hierarchy, or tumor-specific
activity. The observed connectivity of THOC3 and
THOC? therefore reflects their participation in
conserved RNA-processing pathways rather than
direct evidence of oncogenic function. These DNA
methylation and PPI analyses provide contextual
support for the transcriptional upregulation of
THOC3 and THOC? in LUAD and place these genes
within established RNA-processing and export
networks. However, all findings presented here are
associative and should be interpreted as
hypothesis-generating. Functional validation will be
required to determine whether altered methylation or

network positioning contributes causally to LUAD
pathogenesis.

Functional and Pathway Characterization of
THOC3 and THOC7 in LUAD

To characterize the biological programs
associated with THOC3 and THOC7 expression in
LUAD, we performed integrative functional
enrichment analyses using Gene Ontology (GO),
KEGG, gene set enrichment analysis (GSEA), and
MetaCore-based pathway annotation. Consistent with
their established roles as components of the
THO/TREX complex, genes co-expressed with
THOC3 were significantly enriched in RNA
metabolism-related  processes, including RNA
splicing, mRNA surveillance, ribonucleoprotein
complex assembly, and nucleocytoplasmic transport
(Figure 7A-C), while THOC7-associated genes
showed similar enrichment patterns across
corresponding GO categories (Figure 8A-C). These
results indicate that variation in THOC3 and THOC?
expression is associated with broader transcriptional
states characterized by elevated RNA processing
capacity. Beyond RNA metabolism, enrichment
analyses revealed associations with cell cycle- and
genome maintenance-related programs. Specifically,
biological process terms linked to DNA replication,
mismatch repair, base excision repair, and
chromosome organization were enriched among
THOC3-associated genes (Figure 7A), whereas
THOC7-associated genes showed enrichment in
mitotic regulation and chromosome condensation-
related processes (Figure 8A). At the molecular
function level, enriched categories included nucleic
acid binding, ATP-dependent helicase activity, and
splicing factor interactions for both THOC3 (Figure
7B) and THOC? (Figure 8B). Cellular component
analysis localized associated genes to spliceosomal
complexes, exon junction complexes, and
ribonucleoprotein particles (Figures 7C and 8C),
reinforcing their association with RNA maturation
and quality control machinery.

To further examine cancer-relevant
transcriptional patterns, we performed GSEA using
Hallmark gene sets. High THOC3 expression was
associated with enrichment of PI3K-AKT-mTOR
signaling, apoptosis, epithelial-mesenchymal
transition (EMT), DNA repair, TNFa signaling via
NF-xB, and G2M checkpoint pathways (Figure 9A-G).
Similarly, elevated THOC7 expression was associated
with enrichment of PI3K-AKT-mTOR signaling,
apoptosis, inflammatory response, EMT, G2M
checkpoint, and NF-xB signaling pathways (Figure
10A-G). These enrichments reflect coordinated
transcriptional programs commonly observed in
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aggressive or highly proliferative tumors and
represent correlated expression states rather than
direct evidence of pathway activation or regulatory
control by THOC3 or THOC?. MetaCore KEGG-based
pathway analysis provided additional contextual
refinement of these associations. For
THOC3-associated gene sets, the top enriched
pathways included DNA replication elongation and
termination, mismatch repair, base excision repair,
and intra-S phase checkpoint regulation (Figure 11A-
B; Supplementary Tables 1). In contrast,
THOC7-associated gene sets showed stronger
enrichment in chromosome condensation during
prometaphase, mitotic spindle organization, and
ATM/ATR-mediated checkpoint signaling (Figure
12A-B; Supplementary Tables 2). These patterns
suggest that although THOC3 and THOC? participate
in overlapping RNA processing networks, their
expression  aligns ~ with  partially  distinct
transcriptional programs related to replication
dynamics and mitotic control. Detailed pathway maps
illustrating these programs are provided in
Supplementary Figures S4-S21. These functional and
pathway analyses indicate that elevated THOC3 and
THOC7? expression in LUAD is associated with
transcriptional programs integrating RNA processing,
cell cycle regulation, and genome maintenance
(Figures 7-12). However, all enrichment and pathway
results presented here are associative and
hypothesis-generating. Rather than demonstrating
direct regulatory or oncogenic roles, these findings
support the interpretation that THOC3 and THOC?7
mark transcriptional states linked to high proliferative
demand and cellular stress adaptation in LUAD.
Further experimental studies will be required to
determine whether these associations reflect direct
functional involvement or indirect consequences of
broader transcriptional reprogramming.

Immune infiltration and single-cell
correlations of THOC3 and THOC7?
expression in LUAD

To further contextualize the clinical relevance of
THOC3 and THOC? beyond bulk transcriptomic
associations, we investigated their relationships with
tumor immune infiltration and cellular heterogeneity
using independent computational and single-cell
approaches. Immune infiltration analysis was
performed using the TIMER framework, which
adjusts for tumor purity and estimates the abundance
of major immune cell populations in TCGA-LUAD
samples. As shown in Supplementary Figure 22A-B,
elevated THOC3 expression was modestly but
significantly negatively correlated with B-cell
infiltration (partial cor = —0.113, p = 1.33 x 1072), CD8"*

T cells (partial cor = —0.156, p = 8.34 x 107*), and CD4*
T cells (partial cor = —0.124, p = 6.11 x 107%). Similarly,
THOC?7 expression exhibited inverse correlations
with B cells (partial cor = -0.176, p = 9.66 x 107%),
CD8" T cells (partial cor = -0.107, p = 1.82 x 1072), and
CD4* T cells (partial cor = -0.211, p = 2.92 x 107°).
Although the effect sizes were moderate, these
consistent inverse associations suggest that high
THOC3/THOC? expression is linked to a relatively
immune-excluded tumor microenvironment. From a
biological standpoint, reduced lymphocyte infiltration
is frequently associated with impaired anti-tumor
immune surveillance and poorer clinical outcomes in
LUAD, aligning with the adverse prognostic
associations observed for THOC3 and THOC? in both
TCGA and independent GEO cohorts. To validate and
refine these findings at single-cell resolution, we
analyzed scRNA-seq datasets from LUAD tumors,
comprising 82,991 cells across malignant, stromal, and
immune compartments (Figure 13A). Major cell
populations were resolved, including epithelial tumor
cells, fibroblasts, endothelial cells, T cells, B cells,
myeloid cells, neutrophils, and lymphatic endothelial
cells. Projection of THOC3 and THOC7? expression
onto the t-SNE space (Figure 13B-C) revealed
heterogeneous but preferential enrichment within
malignant epithelial clusters, with additional
expression observed in myeloid and neutrophil
populations. Quantitative violin plots (Figure 13D-E)
confirmed that epithelial and myeloid lineages
exhibited the highest expression levels, whereas
lymphoid populations showed comparatively low

expression.
We  next examined  context-dependent
expression patterns across clinically relevant

subgroups using stratified single-cell analyses (Figure
14). Both THOC3 and THOC7 were consistently
enriched in malignant epithelial cells relative to

normal epithelial counterparts (Figure 14A-D),
supporting a  tumor-intrinsic  transcriptional
upregulation. Stratification by smoking status

revealed higher expression in smoking-associated
LUAD clusters (Figure 14E-H), suggesting that
carcinogen-induced replication and transcriptional
stress may select for enhanced RNA export capacity.
Notably, both genes were further upregulated in
TP53-mutant tumors (Figure 14I-]), a context
characterized by compromised checkpoint control
and increased reliance on alternative
stress-adaptation mechanisms. Importantly,
expression of THOC3 and THOC?7 persisted in
recurrent tumors (Figure 14K-P), with THOC7
showing  particularly  strong  enrichment in
proliferative epithelial subsets, indicating that
THOC-mediated RNA processing is maintained
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during disease progression and relapse rather than
being restricted to early tumorigenesis. Integrated
tissue- and lineage-level analyses further supported
these observations. Heatmap-based profiling across
LUAD subtypes and pathological stages (Figure 15A-
E) demonstrated progressive upregulation of both
THOC3 and THOC? from early-stage to advanced
and recurrent tumors. Co-expression with stromal
and extracellular matrix-associated genes, including
ACTA2, COL3A1, CNN1, and FBN1, suggests that
THOC-driven RNA export may also contribute
indirectly to stromal remodeling and mechanical
adaptation within the tumor microenvironment.
Spatial analyses indicated preferential enrichment in
upper and middle lung lobes, anatomical regions
frequently affected by LUAD, potentially reflecting
adaptation to hypoxic and high-stress niches.
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Collectively, immune deconvolution and single-cell
analyses provide orthogonal validation that
complements bulk transcriptomic findings from
TCGA and GEO cohorts. While THOC3 and THOC?
are most prominently expressed in malignant
epithelial cells, their detectable presence in myeloid
and neutrophil populations suggests broader
involvement in shaping tumor-microenvironment
interactions. Importantly, these analyses remain
descriptive and associative; they do not imply direct
immunomodulatory or causal functions. Rather, the
data supports a model in which elevated THOC3 and
THOC?7 expression reflects transcriptional states
associated with high proliferative demand, replication
stress tolerance, and immune exclusion, features that
collectively ~ characterize  aggressive =~ LUAD
phenotypes.
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Figure 6. Protein—protein interaction (PPIl) network analysis of THOC3 and THOCT7. (A) STRING-based interaction network of THOC3 and THOC?7 with other
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connections reflecting stronger confidence scores. Both THOC3 and THOCT7 (red boxes) display high connectivity with TREX components, including THOC1/2/5/6, ALYREF,
DDX39B, MAGOH, NCBP3, and CHTOP, indicating their central roles in RNA splicing and export. (B—C) Tabulated interaction scores of THOC3 (B) and THOC7 (C) with
their top partner proteins. For THOC3, the strongest interactions were observed with DDX39B, THOCI, THOC2, THOCS5, THOCS, and ALYREF (score = 0.999). For
THOCY7, high-confidence interactions included DDX39B, THOC1/2/3/5/6, ALYREF, and SARNP (score = 0.999). Colors: Nodes = proteins; red box highlights = THOC3 and
THOCT7.Interaction scores: Based on STRING confidence (0-1.0), with values approaching 1.0 representing strongest predicted associations.
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Figure 7. Functional enrichment and interaction network of THOC3 in LUAD. (A-C) Gene Ontology (GO) enrichment analysis of THOC3-associated genes in
LUAD.(A) Biological process terms revealed enrichment in RNA splicing, RNA transesterification reactions, DNA replication, ribonucleoprotein complex assembly, and
metabolic processes.(B) Molecular function analysis highlighted catalytic activity on RNA/DNA, helicase activity, histone binding, and ATP-dependent enzymatic activities.(C)
Cellular component analysis demonstrated strong associations with spliceosomal complex, ribonucleoprotein complexes, chromosomal regions, mitochondrial compartments,
and precatalytic spliceosomes. (D) Functional interaction network of THOC3 with enriched pathways and associated proteins. The chord diagram shows multiple pathway-level
connections including chromatin remodeling, cell cycle regulation, DNA replication, homologous recombination, nucleotide excision repair, and spliccosome assembly. Node size
reflects gene degree (interaction frequency), while edge color represents functional categories (ATP-dependent chromatin remodeling, base excision repair, cell cycle, DNA
replication, mismatch repair, mRNA surveillance, nucleotide transport, nucleotide excision repair, spliccosome).
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Figure 8. Gene Ontology (GO) enrichment analysis of THOC7-associated genes. (A-C) (A) Biological process terms showed strong enrichment in
ribonucleoprotein complex biogenesis, ncRNA processing, RNA splicing, ribosome biogenesis, RNA metabolic processes, and transesterification reactions.(B) Molecular
function analysis highlighted RNA/DNA catalytic activity, helicase activity, ATP hydrolysis, transcription regulator activity, and RNA methyltransferase activity.(C) Cellular
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Functional interaction network of THOC?7 with enriched pathways and partner genes. The chord diagram illustrates pathway-level associations, including chromatin remodeling,
base excision repair, cell cycle regulation, DNA replication, mismatch repair, mMRNA surveillance, nucleotide transport, spliceosome function, and ubiquitin-mediated proteolysis.
Node size represents interaction frequency (degree), edge colors indicate functional categories, and color intensity of nodes (log2fc) reflects expression levels.
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Figure 10. Gene Set Enrichment Analysis (GSEA) showed that high THOCT7 expression in LUAD is associated with several important cancer-related
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Together, these results suggest that THOC7 promotes cell proliferation, survival, and inflammatory signaling, supporting its role in LUAD progression and immune modulation.
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Figure 13. Single-cell transcriptomic profiling of THOC3 and THOC?7 expression in LUAD. (A) t-SNE plot showing clustering of 82,991 single cells from LUAD into
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myeloid subsets, suggesting both tumor-intrinsic activity and microenvironmental regulation. (D-E) Violin plots depicting the expression levels of THOC3 (D) and THOC?7 (E)
across annotated cell lineages. THOC3 expression was relatively moderate across lineages, whereas THOC7 exhibited higher expression in epithelial cells, fibroblasts, and
myeloid cells, consistent with its role in LUAD tumor biology.
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Figure 14. Single-cell transcriptomic distribution of THOC3 and THOC7 in LUAD across clinical subgroups. (A-B) Expression of THOC3 across LUAD
single-cell populations stratified by primary tumors and lymph node metastasis (N stage). (C-D) Expression of THOC7 in the same subgroups, showing stronger enrichment in
malignant epithelial and myeloid subsets. (E=G) Expression of THOC3 in LUAD patients stratified by clinical stage (C), primary tumor site (F), and nodal metastasis (G). (H-))
Expression of THOC7 in LUAD across clinical stage (H), primary tumor site (1), and nodal metastasis (J). (K—M) Expression of THOC3 in LUAD samples grouped by metastasis
(K), primary lesions (L), and recurrence (M). (N-P) Expression of THOC7 across the same categories (metastasis, primary lesions, and recurrence). Heatmap scale (blue to red)
indicates low-to-high gene expression levels (log2 TPM).
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Figure 15. Stratified single-cell and tissue-level profiling of THOC3 and THOC7 across LUAD subtypes and clinical contexts. (A) Heatmap displaying
normalized expression (Z-score) of THOC3, THOC?7, and representative lineage or stromal markers across major cell lineages, tissue types (primary, metastatic, recurrent),
anatomical locations, and pathological stages of LUAD. Both THOC3 and THOC7 show enrichment in malignant epithelial clusters and recurrence-associated tissues, aligning
with proliferative and repair-linked profiles. (B) Cluster-wise co-expression heatmap summarizing top marker genes for primary, metastatic, and recurrent LUAD subsets of
THOC3/THOCT. Elevated THOC7 expression is particularly evident in recurrence clusters, suggesting a link to proliferative resilience and post-therapy adaptation. (C)
Lineage-resolved Z-score distribution of THOC3/THOC7 across immune, stromal, and epithelial cell populations, highlighting preferential enrichment within epithelial and
fibroblast compartments. (D) Spatial distribution of THOC3/THOC?7 across lung lobes and anatomical sites, showing conserved activation in upper and middle lobes, typical of
LUAD lesion distribution. (E) Stage-wise analysis (I-IV) demonstrating progressive upregulation of THOC3 and THOC?7 with advancing tumor stage, supporting their role in
disease progression and recurrence.
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Figure 16. THOC3/THOC7-mediated TREX activation integrates mRNA export, oncogenic signaling, stress adaptation, and immune evasion in LUAD.
Schematic summary presenting a hypothesis generating framework in which elevated THOC3 and THOC?7, identified as reproducibly upregulated and associated with adverse

clinical outcomes across multiple LUAD cohorts, co vary with transcriptomic program

s related to RNA processing and nuclear export, cell cycle progression, genome

maintenance, and stress or inflammatory signaling. The model integrates established roles of the THO/TREX complex in mRNP maturation and nucleocytoplasmic export from

prior literature with association-based signals from bulk transcriptomics, epigenetic profilin,
mapping in this study.

g, co expression network analyses, immune estimation results, and single cell context

Discussion

Despite substantial advances in early detection,
molecular  stratification, and  targeted and
immune-based therapies, lung adenocarcinoma
(LUAD) continues to exhibit high rates of relapse and
treatment resistance, resulting in poor long-term
survival for many patients [80, 81]. Increasing
evidence indicates that post-transcriptional gene
regulation, particularly RNA processing and nuclear
export, is actively remodeled in cancer to sustain
oncogenic signaling and preserve genome stability
under stress. However, the contribution of individual

components of the transcription-export (TREX)
machinery to LUAD pathogenesis has remained
incompletely characterized [19]. While select THOC
family members, such as THOC1 and THOCS, have
been implicated in other malignancies, the biological
and clinical relevance of THOC3 and THOC7? in
LUAD has not been systematically explored.

In this study, we address this gap through an
integrative, multi-layered analysis and identify
THOC3 and THOC? as consistently dysregulated
TREX  components associated with LUAD
progression.  Pan-cancer = and  LUAD-specific
transcriptomic analyses demonstrated that THOC3
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and THOC? are preferentially upregulated in LUAD
compared with normal lung tissues, whereas other
THOC subunits showed weaker or inconsistent
alterations. Importantly, these observations were not
restricted to TCGA data alone. Independent
validation wusing multiple GEO LUAD cohorts,
including GSE13213 and GSE31210, confirmed
significantly elevated expression of THOC3 and
THOC? in tumor tissues relative to normal lung
samples and reproduced their adverse survival
associations. The consistency of these findings across
distinct patient populations, profiling platforms, and
normalization strategies strengthens the robustness of
our conclusions and reduces the likelihood that the
observed associations are dataset-specific or driven by
cohort bias. At the protein level,
immunohistochemical data from the Human Protein
Atlas confirmed increased expression of THOC3 and
THOC? in LUAD tumors, with distinct subcellular
distributions. THOC3 predominantly localized to
cytoplasmic and membranous compartments,
whereas THOC7? showed strong nuclear enrichment
[82]. The observed compartmentalization of THOC3
and THOCY? is consistent with a functional division
within the TREX complex. THOC3 may preferentially
support cytoplasmic engagement of exported
transcripts, facilitating efficient translation of
proliferation-associated mRNAs, whereas THOC7
likely contributes to nuclear RNA surveillance and
export checkpoint regulation. The presence of these
patterns in an EGFR-active epithelial context supports
a model in which growth factor signaling enhances

RNA export throughput to meet increased
transcriptional demand, a common feature of
aggressive LUAD.

Meanwhile, our analysis suggests that LUAD
cells may exploit THOC3 and THOC? through
complementary regulatory layers. DNA methylation
profiling revealed tumor-specific hypomethylation at
CpG sites associated with both genes, providing a
plausible epigenetic basis for their transcriptional
activation. In parallel, protein-protein interaction
network analysis positioned THOC3 and THOC? as
central hubs within the TREX machinery, interacting
with canonical RNA-processing factors such as
DDX39B, ALYREF, CHTOP, and MAGOH, as well as
nuclear pore-associated proteins including RAE1 and
NUP88. These interaction patterns indicate that
THOC3 and THOC? participate in coordinated RNA
maturation, surveillance, and export rather than
acting as passive structural components [83].
Functional enrichment analyses further supports this
interpretation. Gene Ontology and KEGG analyses
linked both genes to RNA splicing, mRNA
surveillance, nucleocytoplasmic transport, and DNA

replication and repair pathways. Gene set enrichment
analysis associated high THOC3 and THOC7
expression with hallmark oncogenic programs,
including PI3K-AKT-mTOR signaling, epithelial-
mesenchymal transition, apoptosis-related pathways,
and inflammatory response. MetaCore pathway
analysis refined these observations, indicating
preferential associations of THOC3 with DNA
replication elongation and repair pathways, while
THOC?7 showed stronger links to chromosomal
condensation, mitotic regulation, and checkpoint
signaling. Together, these results suggest that THOC3
and THOC?7 may support LUAD cell survival by
stabilizing transcriptional programs required for
replication stress tolerance and genome maintenance.
Importantly, immune deconvolution and single-cell
transcriptomic analyses extended these findings
beyond tumor-intrinsic effects. Bulk tumor immune
profiling revealed modest but consistent inverse
correlations between THOC3/7 expression and
lymphocyte infiltration, suggesting an association
with immune-excluded tumor states. Single-cell RNA
sequencing refined this view, demonstrating that
THOC3 and THOC? are most prominently expressed
in malignant epithelial clusters, with additional
expression in myeloid and neutrophil populations.
Stratified analyses further showed enrichment in
smoking-associated, TP53-mutant, and recurrent
LUAD subsets, contexts characterized by elevated
genomic instability and therapeutic stress [84]. While
these observations remain associative, they indicate
that THOC3 and THOC?7 expression reflects
transcriptional states linked to aggressive disease
behavior and adaptive resilience.

Conclusion

These integrative analyses identify THOC3 and
THOC?7 as consistently upregulated RNA-export-
associated genes in lung adenocarcinoma across
TCGA and independent GEO cohorts, with
reproducible associations with poor overall and
disease-free survival. Epigenetic profiling and protein
interaction analyses place both genes as central
components of the TREX complex, linking RNA
processing and nuclear export with DNA replication,

repair, and checkpoint-related transcriptional
programes. Functional  enrichment, immune
deconvolution, and single-cell  transcriptomic

analyses further indicate that elevated THOC3 and
THOC? expression marks LUAD states characterized
by high transcriptional demand, replication stress
adaptation, and altered tumor-microenvironment
interactions. These convergent multi-omics findings
support THOC3 and THOC? as robust biomarkers of
LUAD aggressiveness and provide a rationale for
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future functional studies to evaluate RNA export
dependency as a potential therapeutic vulnerability
(Figure 16).
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