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Abstract: Colorectal cancer (CRC) exhibits substantial intratumoral heterogeneity, yet the molecular mechanisms
that maintain aggressive epithelial cell states remain incompletely understood. Here, we combined single-cell RNA
sequencing, weighted gene co-expression network analysis (WGCNA), metabolic profiling, and experimental valida-
tion to investigate the functional diversity of malignant epithelial populations in CRC. We identified EPC3 as a highly
proliferative malignant epithelial population with pronounced metabolic activity and features associated with tumor
progression. Transcriptomic network analysis revealed a proliferation-associated gene module (M23), within which
DDX39A emerged as a key candidate associated with the EPC3 phenotype. Clinical analysis revealed that DDX39A
was significantly upregulated in CRC tissues and was associated with advanced tumor stage, metastasis, and poor
prognosis. Functional experiments demonstrated that DDX39A promotes CRC cell proliferation, migration, invasion,
and tumor growth in vivo, while modulating glycolytic activity and mitochondrial respiration, suggesting its involve-
ment in regulating metabolic adaptation in CRC cells. Mechanistically, DDX39A was found to promote glycolytic
reprogramming through regulation of HIF-1a expression, thereby influencing cell cycle progression and maintaining
the malignant epithelial phenotype to facilitate CRC progression. Collectively, these findings identify DDX39A as a
potential regulator linking metabolic remodeling with malignant cell-state maintenance and suggest its potential
value as a biomarker and therapeutic target for colorectal cancer.
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Introduction

Colorectal cancer (CRC) remains one of the
most frequently diagnosed and deadly malig-
nancies worldwide [1, 2]. Although advances in
surgery, chemotherapy, targeted therapy, and
immunotherapy have improved CRC manage-
ment, patients with metastatic or recurrent
CRC continue to have poor outcomes, with a
five-year survival rate of less than 15% [1-3].
High intratumoral heterogeneity and therapy
resistance are considered key determinants of
unfavorable outcomes [1, 2, 4]. Elucidating the
mechanisms driving CRC progression may facil-
itate the development of new therapeutic
strategies.

CRC progression involves substantial chan-
ges in the spatial architecture of the tumor
microenvironment, particularly at the invasive
margin [5, 6]. At the tumor-stroma interface,
normal epithelial structures are gradually
replaced by malignant epithelial cells and
stromal components, creating a dynamic re-
gion that supports tumor growth and invasion
[7-10]. This area also promotes microenviron-
mental remodeling and enables tumor cells
to adapt to changing conditions [4, 10, 11].
Recent single-cell studies have suggested
that this spatial niche is enriched for epithe-
lial subpopulations with distinct functional
states [12-14], however, how these populations
emerge and the molecular mechanisms that
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maintain their distinct states remain poorly
understood.

At the molecular level, dysregulated RNA
metabolism has emerged as a critical regula-
tory layer in tumorigenesis [15-17]. DEAD-box
RNA helicases (DDX family proteins) participate
in multiple aspects of RNA metabolism, includ-
ing RNA splicing, nuclear export, and post-tran-
scriptional regulation, thereby shaping gene
expression programs involved in cell prolifera-
tion, stress responses, and therapeutic resis-
tance [18-22]. DDX39A, a member of the DEAD-
box RNA helicase family and participates in
MRNA splicing and nuclear export, contributing
to the regulation of transcriptional homeostasis
[23-25]. Although dysregulated RNA processing
has been implicated in tumor proliferation and
metabolic reprogramming [26, 27], the role
of DDX39A in cancer biology remains poorly
characterized. Given the potential coupling
between RNA processing, cell cycle regulation,
and energy metabolism, DDX39A may play a
critical role in linking post-transcriptional regu-
lation to tumor functional state transitions.

In this study, we investigated epithelial hetero-
geneity in CRC at single-cell resolution and
identified a highly proliferative and metaboli-
cally active epithelial subpopulation. Further
analyses identified DDX39A as a candidate
regulator of cell state, with a potential role
in  maintaining malignant epithelial states
through HIF-1la-mediated glycolysis and cell
cycle regulation.

Materials and methods

Single-cell RNA sequencing data processing,
cell annotation, and malignant epithelial cell
identification

Publicly available scRNA-seq data were obtai-
ned from the Gene Expression Omnibus (GEO;
GSE144735). The dataset comprises 18 sam-
ples from six patients with colorectal cancer,
with tumor core, tumor border, and matched
normal mucosa collected from each patient. In
the original dataset, sequencing reads were
aligned to the GRCh38 reference genome and
UMI counts were quantified using Cell Ranger
(v2.1.0). Cells with > 1,000 UMIs, > 200 and <
6,000 detected genes, and < 20% mitochon-
drial UMI counts were retained. A total of
29,003 cells passed the initial quality-control
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filters. Cells with discordant annotations be-
tween the Seurat multi CCA and RCA pipelines
were subsequently removed, together with
potential doublets identified by abnormally high
gene counts, leaving 27,414 high-quality cells
for analysis.

The processed UMI count matrix was imported
into R (v4.3.1) and analyzed using Seurat
(v4.3.0). Expression values were normalized
with Normalize Data, followed by identification
of highly variable genes and data scaling.
Harmony was used to reduce sample-specific
batch effects. Principal component analysis
was performed before UMAP embedding, and
cell clusters were identified using the Louvain
algorithm. Cell identities were assigned accord-
ing to established marker genes and further
checked using SingleR (v1.4.1), CellMarker,
and the Azimuth reference atlas, followed by
manual curation. Copy-number variation (CNV)
profiles of epithelial cells were estimated using
inferCNV (v1.10.1), with normal epithelial and
stromal cells as reference populations. The
inferCNV expression cutoff was set to 0.1. A
CNV score was calculated from the inferred
chromosomal alterations for each epithelial
cell. Cells showing broad chromosomal gains
or losses and a CNV score greater than the
mean plus two standard deviations of the re-
ference-cell distribution were classified as
malignant epithelial cells; cells without these
alterations were considered non-malignant.
The relative enrichment of each cell population
across clinical groups was evaluated using the
ratio of observed to expected cell numbers
(Ro/e). The expected cell number was calculat-
ed as Eij = (Ni x Nj)/N, and the Ro/e index was
defined as Ro/e = Qij/Eij, where Oij represents
the observed cell number. Ro/e > 1 indicates
relative enrichment, whereas Ro/e < 1 indi-
cates relative depletion. Transcriptomic data
from The Cancer Genome Atlas (TCGA) and
the Genotype-Tissue Expression (GTEX) project
were obtained through UCSC Xena and GEPIA2
for independent validation and comparative
analyses.

Cell-cell communication analysis

Cell-cell communication was analyzed using
CellChat (v1.5.0). Normalized expression data
and annotated cell-type identities were used to
infer ligand-receptor interactions based on the
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CellChatDB human database. Communication
probabilities were calculated for each cell-cell
pair, and interactions with P < 0.05 were con-
sidered significant. The number and strength
of significant interactions were compared
across cell populations. Communication net-
works were visualized using the netVisual_cir-
cle and netAnalysis_signalingRole_network
functions.

Weighted gene co-expression network analysis
(WGCNA)

Because of the sparse nature of single-cell
expression data, epithelial cells were aggregat-
ed into pseudobulk profiles by patient and
epithelial subtype before network analysis.
WGCNA was then performed with the WGCNA
package (v1.72-1) after lowly expressed genes
were removed. A soft-thresholding power of B =
6 was used to obtain an approximately scale-
free network (R? > 0.9). Gene modules were
identified from the signed co-expression net-
work using dynamic tree cutting, with the mini-
mum module size set to 100 genes. Module
eigengenes were correlated with epithelial
subtypes to identify subtype-related modules.
Genes with module membership (MM) > 0.7
and gene significance (GS) > 0.5 were consid-
ered hub genes. GO and KEGG enrichment
analyses were carried out using cluster Pro-
filer (v4.4.0), and FDR < 0.05 was considered
significant.

Gene set enrichment and pathway analysis

GSEA was performed with the clusterProfiler
and fgsea packages using Hallmark and KEGG
gene sets from MSigDB (v7.5.1). Genes were
ranked according to log2 fold change, and
pathways with FDR < 0.05 were considered sig-
nificantly enriched. Gene-set activity at the
single-cell level was evaluated using module
scores derived from the corresponding path-
way genes. EPC3 marker genes were identified
using the FindAlIMarkers function in Seurat,
with an adjusted P < 0.05 and an average log,
fold change > 0.25. These genes were used to
define the EPC3 signature. In the GSE17538
cohort, an EPC3 score was calculated for each
patient by single-sample gene set enrichment
analysis (ssGSEA) using the GSVA package.
Higher scores indicated greater enrichment of
the EPC3 transcriptional program.
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Immune infiltration analysis

Immune cell composition was estimated using
CIBERSORT and TIMER2.0 based on TCGA
transcriptomic data. The association between
gene expression levels and immune infiltration
scores was assessed using Spearman’s corre-
lation analysis. Correlation matrices and heat-
maps were visualized using the ggcorrplot and
Complex Heatmap packages in R.

Pan-cancer expression and validation

To assess gene expression across multiple
cancer types, pan-cancer analyses were con-
ducted using The Cancer Genome Atlas (TCGA)
and Genotype-Tissue Expression (GTEX) datas-
ets accessed through the GEPIA2 and UCSC
Xena platforms. Normalized expression values
(log,[TPM+1]) were obtained and analyzed
across 33 cancer types. Differences between
tumor and corresponding normal tissues were
evaluated using the Wilcoxon signed-rank test.
Statistical significance was defined as an
adjusted p-value < 0.05. Data visualization was
performed using the ggplot2 package (v3.4.2)
in R.

Clinical cohort and ethical approval

Eighty paired CRC tissues and matched adja-
cent normal tissues were collected from pa-
tients undergoing surgical resection at Beian
Hospital of Beidahuang Group. The study proto-
col was approved by the Ethics Committee of
Beian Hospital of Beidahuang Group (Approval
No. 2026-049), and written informed consent
was obtained from all participants. None of the
patients received preoperative radiotherapy or
chemotherapy. Clinical and pathological infor-
mation, including tumor stage, histological
grade, metastasis, and recurrence status, was
collected and linked to corresponding tissue
samples for downstream analyses.

Cell culture

Human colorectal cancer cell lines (HCT116,
HCT15, RKO, HT29) and the normal colonic epi-
thelial cell line NCM460 were obtained from
the American Type Culture Collection (ATCC).
Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) or RPMI-1640 medium
supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin, and main-
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tained at 37°C in a humidified incubator with
5% CO,,

Lentiviral transduction and generation of
stable cell lines

DDX39A knockdown and overexpression cell
lines were generated by lentiviral transduction.
Three shRNAs targeting human DDX39A were
cloned into lentiviral vectors, with target se-
quences as follows: shDDX39A-1 (5’-GGACC-
GGTTTGAAGTTAATGT-3’), shDDX39A-2 (5-GC-
AGCAGTACTACGTCAAACT-3’), and shDDX39A-
3 (5-GGAGCTTCAGCCTAAAGAATG-3’). For DDX-
39A overexpression, the full-length human
DDX39A coding sequence (NM_005804.4) was
inserted into a lentiviral expression vector. For
HIF1A overexpression, the full-length human
HIF1A coding sequence (NM_001530.4) was
inserted into a lentiviral expression vector.
Lentiviral vectors were packaged in HEK293T
cells by co-transfection with packaging plas-
mids. The resulting viral supernatants were
collected and used to infect colorectal cancer
cells. Stable cell populations were obtained by
puromycin selection (2 ug/mL) for 7-10 days.
DDX39A expression levels were assessed by
Western blotting.

CCK-8 assay

Cell proliferation was assessed using the Cell
Counting Kit-8 (CCK-8, Dojindo, Japan). Cells
were seeded into 96-well plates at appropriate
densities and cultured for 24, 48, 72, and 96 h
under standard conditions. At each time point,
CCK-8 reagent was added according to the
manufacturer’s instructions, and cells were
incubated for 1-2 h. Absorbance was measur-
ed at 450 nm using a microplate reader. All
experiments were performed in triplicate.

Colony formation assay

Cells were seeded in 6-well plates at 1,000
cells per well and cultured for 14 days, with the
medium replaced every 3-4 days. Colonies
were then fixed with 4% paraformaldehyde for
15-20 min and stained with crystal violet. After
washing with PBS, colonies containing more
than 50 cells were counted under a light micro-
scope. Experiments were performed indepen-
dently three times.
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Wound healing assay

Cells were seeded into 6-well plates and cul-
tured to 90-100% confluence. A sterile 200-uL
pipette tip was used to create a linear scratch
wound. Detached cells were removed by wash-
ing with phosphate-buffered saline (PBS), and
images were captured at O h and 24-48 h un-
der a phase-contrast microscope. Cell migra-
tion was quantified by measuring wound clo-
sure using ImagelJ software, and migration rate
was calculated as: wound closure (%) = [(initial
wound area - remaining wound area)/initial
wound area] x 100%. All experiments were per-
formed in triplicate.

Transwell migration and invasion assay

Cell migration and invasion were assessed
using Transwell chambers with 8.0-um pore
polycarbonate membranes. For migration
assays, cells were seeded into uncoated upper
chambers in serum-free medium; for invasion
assays, the membranes were precoated with
Matrigel diluted 1:8 in serum-free medium. A
total of 2 x 10° cells were added to each upper
chamber, with medium containing 10% FBS in
the lower chamber as a chemoattractant. After
36 h, cells remaining on the upper surface
were removed with a cotton swab. Migrated or
invaded cells on the lower surface were fixed
with 4% paraformaldehyde, stained with cry-
stal violet, and counted in five randomly select-
ed microscopic fields. Experiments were per-
formed independently three times.

Western blotting (WB)

Protein was extracted using RIPA lysis buffer
supplemented with protease and phosphatase
inhibitors, and protein concentration was deter-
mined by BCA assay. Equal amounts of protein
were separated by SDS-PAGE and transferred
onto PVDF membranes. After blocking, mem-
branes were incubated overnight at 4°C with
primary antibodies against DDX39A (83083-
5-RR, 1:8000), HIF-1a (20960-1-AP, 1:2000),
GLUT1 (21829-1-AP, 1:1000), HK2 (22029-1-
AP, 1:1000), PGK1 (17811-1-AP, 1:5000), PKM2
(15822-1-AP, 1:2000), Cyclin D1 (26939-1-AP,
1:5000), MDM2 (19058-1-AP, 1:200), p53
(10442-1-AP, 1:5000), and GAPDH (60004-
1-1g, 1:50000). All primary antibodies were
purchased from Proteintech (Wuhan, China).
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Membranes were then incubated with HRP-
conjugated goat anti-rabbit 1gG (SAO0001-2,
1:5000) or goat anti-mouse 1gG (SAO0001-1,
1:5000), both from Proteintech. Protein bands
were visualized using enhanced chemilumines-
cence (ECL), and band intensities were quanti-
fied with ImageJ and normalized to GAPDH.

Subcutaneous (s.c.) tumor model

All animal experiments were approved by
the Animal Ethics Committee of the Fourth
Affiliated Hospital of Harbin Medical University
(2026-DWSYLLCZ-155) and conducted in acc-
ordance with the ARRIVE guidelines. Male
BALB/c nude mice (5-6 weeks old) were pur-
chased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Charles River,
Beijing, China) and maintained under specific
pathogen-free conditions with a 12-h light/dark
cycle and free access to food and water. CRC
cells with stable DDX39A overexpression,
DDX39A knockdown, or the corresponding con-
trols were resuspended in sterile PBS, and 5 x
108 cells in 0.1 mL were injected subcutane-
ously into the left shoulder of each mouse.
Mice were randomly assigned to groups (n =5
per group), and tumor measurements were
performed blinded to group allocation. Once
tumors reached approximately 200 mm?, tumor
length and width were measured every 3 days
using calipers, and tumor volume was calculat-
ed as V = length x width? x m/6. Body weight
and general condition were monitored during
the experiment. Humane endpoints included
a tumor volume > 1,500 mm?, body weight loss
> 15%, tumor ulceration, or severe distress.
Three weeks after inoculation, mice were euth-
anized by CO, inhalation followed by cervical
dislocation to ensure death, and tumors were
excised, photographed, weighed, and fixed in
10% neutral-buffered formalin for histological
and immunohistochemical analyses.

3D spheroid formation assay

Cells were seeded into honeycomb-patterned
low-attachment plates at 500 cells per well
and cultured for 14 days under standard condi-
tions. The medium was refreshed every 2-3
days. At the end of the culture period, spher-
oids were photographed under an inverted
microscope, and spheroid number and diame-
ter were quantified using ImagelJ. Experiments
were performed independently three times.
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Immunohistochemistry (IHC)

Paraffin-embedded sections were deparaf-
finized, rehydrated, and subjected to antigen
retrieval. After blocking endogenous peroxi-
dase activity and nonspecific binding, sections
were incubated overnight at 4°C with anti-
bodies against DDX39A (Proteintech, 83083-
5-RR, 1:500), TP53 (10442-1-AP, 1:500), HK2
(22029-1-AP, 1:1000), and GLUT1 (21829-1-
AP, 1:5000). All primary antibodies were pur-
chased from Proteintech (Wuhan, China). Stai-
ning was developed with DAB after incubation
with HRP-conjugated secondary antibodies,
followed by hematoxylin counterstaining. IHC
results were scored according to staining in-
tensity and the percentage of positive cells.
Staining intensity was graded as O (negative),
1 (weak), 2 (moderate), 3 (moderately strong),
or 4 (strong). The percentage of positive cells
was scored as 1 (0-25%), 2 (26-50%), 3 (51-
75%), or 4 (76-100%). The final IHC score was
obtained by multiplying the intensity score by
the proportion score, giving a range of 0-16.
The median score was used to divide cases
into high- and low-expression groups.

Cellular metabolic analysis (OCR and ECAR
assays)

Oxygen consumption rate (OCR) and extracel-
lular acidification rate (ECAR) were measured
using the Seahorse XF96 Analyzer (Agilent Te-
chnologies). Cells were seeded into Seahorse
XF96 cell culture microplates at 2 x 10* cells
per well and cultured overnight before analysis.
For the mitochondrial stress test, oligomycin
(1.5 uM), FCCP (1.0 uM), and rotenone/antimy-
cin A (0.5 uM) were sequentially injected. For
the glycolysis stress test, glucose (10 mM), oli-
gomycin (1.0 uM), and 2-deoxyglucose (2-DG;
50 mM) were sequentially added. Glycolysis
and glycolytic capacity were calculated from
the ECAR profiles. After each assay, nuclei were
stained with Hoechst 33342 and counted to
determine the cell number in each well. OCR
and ECAR values were normalized to cell num-
ber and expressed per 104 cells.

RNA extraction, nuclear-cytoplasmic fraction-
ation, and RT-gPCR

Total RNA was extracted from cells using TRIzol

reagent according to the manufacturer’s ins-
tructions. For nuclear-cytoplasmic RNA frac-
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tionation, nuclear and cytoplasmic RNA were
isolated using the PARIS™ Kit (Invitrogen,
Thermo Fisher Scientific, AM1921). Briefly, cells
were harvested, washed with ice-cold PBS, and
lysed in cell fractionation buffer. After centrifu-
gation at 4°C, the cytoplasmic supernatant and
nuclear pellet were collected separately, fol-
lowed by RNA purification from each fraction.
The purity of the nuclear and cytoplasmic frac-
tions was assessed using U6 snRNA and
GAPDH mRNA as nuclear and cytoplasmic
markers, respectively. cDNA was synthesized
by reverse transcription, and quantitative real-
time PCR was performed using SYBR Green
chemistry. GAPDH was used as the internal
control for total HIFLA mRNA analysis. The
primers for HIF1A were 5-TCCAAGAAGCCCT-
AACGTGT-3’ (forward) and 5-TGATCGTCTGGCT-
GCTGTAA-3’ (reverse). Relative expression was
calculated using the 222°t method. For nuclear-
cytoplasmic distribution analysis, HIFLIA mRNA
abundance was determined separately in the
nuclear and cytoplasmic fractions, and the
cytoplasmic-to-nuclear ratio was calculated to
assess its subcellular distribution.

Statistical analysis

Statistical analyses were performed using R
(v4.3.1) and GraphPad Prism. Data are present-
ed as mean + SD unless otherwise stated. Two-
group comparisons were performed using an
unpaired two-tailed Student’s t-test or Wilcox-
on rank-sum test, as appropriate. Comparisons
among multiple groups were analyzed by one-
way ANOVA followed by Tukey's post hoc
test. Repeated measurements over time were
analyzed using two-way repeated-measures
ANOVA with Tukey’s multiple-comparisons test.
Correlations were assessed by Spearman’s
correlation analysis. Survival curves were gen-
erated using the Kaplan-Meier method and
compared with the log-rank test. The median
DDX39A expression level was used to define
high- and low-expression groups. Multivariable
Cox proportional hazards regression was used
to evaluate prognostic associations, with haz-
ard ratios (HRs) and 95% confidence intervals
(Cls) reported. FDR correction was applied to
high-throughput analyses where appropriate.
All tests were two-sided, and P < 0.05 was con-
sidered statistically significant.
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Result

Comprehensive single-cell landscape reveals
dynamic cellular remodeling during tumor
progression

To characterize the cellular composition of CRC,
we performed single-cell RNA sequencing with
stringent quality control procedures to obtain
high-quality transcriptional profiles for sub-
sequent analysis (Supplementary Figure 1A).
Unsupervised clustering using UMAP identified
major cellular populations, including epithelial
cells, fibroblasts, immune cells (T cells, myeloid
cells, plasma cells), endothelial cells, smooth
muscle cells, and mast cells, confirming accu-
rate lineage annotation based on canonical
marker genes (Figure 1A, Supplementary
Figure 1B). Comparison of normal, paratumor
(border), and tumor tissues revealed substan-
tial changes in cellular composition during CRC
progression (Figure 1B). Tumor tissues showed
increased proportions of epithelial and fibro-
blast populations, accompanied by decreased
proportions of immune cell populations, partic-
ularly T cells and myeloid cells. Quantitative
analysis of cell proportions further demonstrat-
ed differences in cellular composition among
the three tissue types (Figure 1C) In addition to
changes in cell composition, Ro/e index analy-
sis was performed to evaluate differences in
cellular functional states. Epithelial and fibro-
blast populations exhibited increased prolifera-
tive and structural activity in tumor tissues,
whereas immune compartments showed glob-
ally reduced functional states (Figure 1D).
Together, these findings indicate that CRC pro-
gression is accompanied by extensive altera-
tions in cellular composition and functional
states, including expansion of epithelial popu-
lations, activation of stromal components, and
changes in immune cell distribution.

Malignant epithelial cell subsets exhibit dis-
tinct genomic and metabolic characteristics

To further characterize epithelial heterogeneity,
malignant epithelial cells were subjected to
subclustering analysis, which identified seven
distinct malignant epithelial subsets (Malig-
nant_EPC1-EPC7) withdifferent transcriptional
profiles (Figure 2A). Among these subpopula-
tions, Malignant_EPC3displayed the highest
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Figure 2. Malignant epithelial subsets exhibit distinct genomic and metabolic heterogeneity. A. UMAP visualization identifying seven malignant epithelial subclusters
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indicating elevated proliferative activity in EPC3 cells; D. Marker gene expression defining epithelial subsets and functional pathway enrichment across EPC1-EPC7,
revealing distinct biological programs; E. Metabolic activity heatmap showing heterogeneous metabolic reprogramming among epithelial subclusters; F. Kaplan-
Meier survival analysis in the GSE17538 cohort demonstrating worse overall survival in patients with a high EPC3 signature score. Patients were stratified into high
and low expression groups based on the median EPC3 signature score, and statistical significance was determined using the log-rank test; G. GSEA revealing activa-
tion of E2F targets, G2M checkpoint, MYC signaling, and DNA repair pathways in EPC3; H. Metabolic pathway scoring indicating enr ichment of glycolysis, oxidative
phosphorylation, and nucleotide biosynthesis in EPC3. Statistical comparisons among groups were performed using the Wilcoxon rank-sum test or Kruskal-Wallis
test where applicable. Abbreviations: UMAP, Uniform Manifold Approximation and Projection; CNV, copy number variation; GSEA, gene set enrichment analysis;
Ro/e, relative observed-to-expected index.
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CNV burden and Ro/e index, suggesting incre-
ased genomic alteration and cellular activity
compared with other epithelial subsets (Figure
2B, 2C). CNV analysis revealed increased
genomic alterations across epithelial popula-
tions from normal to tumor tissues (Supple-
mentary Figure 2). Functionally, EPC3 exhibited
a strong proliferative signature, with enrich-
ment of cell cycle- and DNA replication-related
genes, including canonical markers such as
UBE2C, STMN1, and PCNA (Figure 2D). In con-
trast, other malignant epithelial subsets exhib-
ited distinct transcriptional characteristics.
EPC1-EPC2 showed enrichment of differentia-
tion-associated genes (e.g., REG4, PIGR), while
EPC6-EPC7 showed stress-response-related
signatures. Metabolic profiling further revealed
strong functional specialization across malig-
nant epithelial subsets. EPC3 cells were sig-
nificantly enriched in glycolysis, oxidative phos-
phorylation, and nucleotide biosynthesis path-
ways, whereas other subclusters preferentially
activated fatty acid metabolism and xenobiotic
processing programs (Figure 2E). These results
indicate that EPC3 represents a metabolically
highly active and biosynthetically engaged
tumor cell state. Analysis of an independent
CRC cohort (GSE17538) further showed that a
higher EPC3 gene signature score was associ-
ated with poorer overall survival (Figure 2F).
Gene set enrichment analysis further confirm-
ed that EPC3 is characterized by activation of
E2F targets, G2M checkpoint, MYC targets,
and DNA repair pathways (Figure 2G, 2H), sug-
gesting enhanced proliferative capacity and
replication stress.

Malignant epithelial cells establish immuno-
suppressive communication networks with the
tumor microenvironment

To investigate potential interactions between
malignant epithelial subpopulations and other
cellular components, we performed CellChat
analysis to infer ligand-receptor interactions at
the single-cell level. The global communication
network revealed extensive inferred interac-
tions among malignant epithelial cells, fibro-
blasts, myeloid cells, endothelial cells, and
immune cell populations (Figure 3A). Among
epithelial subpopulations, Malignant_EPC3
exhibited the highest levels of both outgoing
and incoming signaling interaction scores
(Figure 3B, 3C), suggesting enhanced predict-
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ed communication activity with other cell popu-
lations. These results represent computation-
ally inferred interaction probabilities and do
not directly indicate functional regulation.
Pathway-level analysis identified several li-
gand-receptor interactions enriched in EPC3-
associated communication patterns, including
CD39-ADORA2A (ENTPD1-ADORA2A), CD96-
PVR/CD155, TIGIT-PVR, and MIF-CD74/CXCR4
signaling pathways (Figure 3D-F). Among the-
se pathways, the PVR-TIGIT axis showed rela-
tively higher interaction weight, consistent with
its known role in immune checkpoint regula-
tion. Networkanalysis indicated that malignant
epithelial cells and myeloid cells showed hig-
her outgoing signaling activity, whereas T cells
displayed predominantly incoming signaling
patterns within the PVR-CD96/TIGIT-related
network (Figure 3G, 3H). Collectively, these
inferred communication patterns suggest that
Malignant_EPC3 exhibits distinct communica-
tion characteristics and is associated with
specific ligand-receptor signaling interactions
within the tumor microenvironment. The com-
plete ligand-receptor interaction landscape ac-
ross epithelial and stromal compartments is
shown in Supplementary Figure 3, demonstrat-
ing heterogeneous communication patterns
among different cellular populations.

WGCNA identifies a proliferation-associated
M23 module linked to Malignant_EPC3

To identify key molecular programs underlying
malignant epithelial heterogeneity, weighted
gene co-expression network analysis (WGCNA)
was performed on malignant epithelial cells,
resulting in 24 co-expression modules with
distinct correlation patterns across epithelial
subpopulations (Figure 4A, 4B). Among these
modules, the M23 module showed the stron-
gest positive correlation with the Malignant_
EPC3 subpopulation, suggesting its close as-
sociation with the highly proliferative epithelial
state identified in previous analyses (Figure
4C). Consistently, genes within the M23 mod-
ule showed higher expression levels in EPC3
cells (Figure 4D), further supporting its associ-
ation with the EPC3 phenotype. Functional
annotation revealed that M23 genes were pre-
dominantly associated with cell cycle progres-
sion and DNA replication, including processes
such as chromosome segregation and mitotic
spindle organization, as well as key cancer-
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Figure 3. Malignant epithelial cells establish an immunosuppressive communication network with the tumor microenvironment. A. CellChat-inferred global cell-cell
communication network showing dense interactions among malignant epithelial cells, fibroblasts, myeloid cells, and endothelial cells; B, C. Analysis of incoming
and outgoing signaling strength across cell populations, indicating that Malignant_EPC3 exhibits the highest communication activity; D-F. Identification of key im-
munoregulatory ligand-receptor pathways enriched in EPC3-mediated interactions, including CD39 (ENTPD1-ADORA2A), MIF-CD74/CXCR4, and CD96-PVR/TIGIT
signaling axes; G. Network topology of the PVR-CD96/TIGIT signaling pathway showing EPC3 and tumor-associated myeloid cells as major signal senders and media-
tors, while T cells predominantly act as receivers; H. Interaction strength heatmap of the PVR-TIGIT axis, highlighting it as the dominant immune checkpoint-related
communication pathway. The statistical significance of the inferred cell-cell communication probabilities was evaluated using a permutation test implemented

within the CellChat workflow.
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Figure 4. WGCNA identifies a proliferation-associated M23 module linked to Malignant_EPC3. A. WGCNA soft-thresholding analysis determined = 6 as the op-
timal power to achieve scale-free network topology; B. Hierarchical clustering identified 24 gene co-expression modules with distinct expression patterns across
malignant epithelial subclusters; C. Module-trait correlation analysis showing that the M23 module is most strongly positively associated with Malignant_EPC3;
D. Average expression of the M23 module across cell subclusters, with significantly higher levels in EPC3; E. GO enrichment analysis showing that M23 genes are
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mainly involved in cell cycle, chromosome segregation, and mitotic spindle organization; F. KEGG pathway analysis
indicating enrichment in cell cycle, p53 signaling, and ubiquitin-mediated proteolysis pathways; G, H. Hub gene
network analysis of the M23 module identifying key genes including CCNB1, CDK1, BIRC5, UBE2C, CENPW, and
DDX39A; |, J. GSEA comparing DDX39A-high and DDX39A-low tumors, showing enrichment of DNA replication and
glycolysis pathways in the high-expression group, and ECM-receptor interaction and focal adhesion pathways in the
low-expression group. Statistical significance for module-trait correlations and functional enrichments was deter-
mined using Pearson’s correlation and hypergeometric tests, respectively.

related pathways including cell cycle regulation,
p53 signaling, ubiquitin-mediated proteolysis,
and apoptosis (Figure 4E, 4F). These findings
suggest that the M23 module is closely associ-
ated with proliferative characteristics of malig-
nant epithelial cells. To further identify central
regulators within this module, hub gene analy-
sis was performed, revealing 25 highly connect-
ed genes. Among these hub genes, DDX39A
was identified as one of the highly connected
genes within the M23 network, together with
canonical cell cycle-related genes such as
CCNB1, CDK1, and UBE2C (Figure 4G, 4H).
These findings suggest that DDX39A is as-
sociated with the proliferative transcriptional
characteristics of EPC3 cells. GSEA revealed
that DDX39A-high tumors were significantly
enriched in DNA replication, glycolysis/gluco-
neogenesis, and pyruvate metabolism path-
ways, whereas DDX39A-low tumors showed
enrichment in extracellular matrix (ECM)-
receptor interaction and focal adhesion signal-
ing (Figure 41, 4)). Together, these results indi-
cate that DDX39A expression is associated
with proliferative and metabolic pathway activ-
ity in malignant epithelial cells, consistent with
the transcriptional characteristics of EPC3.

DDX39A is overexpressed in tumors and as-
sociated with malignant progression and poor
prognosis

Pan-cancer analysis showed that DDX39A was
significantly upregulated in several epithelial
malignancies, including colorectal, liver, lung,
breast, and gastric cancers (all P < 0.001;
Supplementary Figure 4A). In CRC, DDX39A
expression was also correlated with several
immune cell populations (Supplementary Fig-
ure _4B), although these associations do not
indicate direct immune regulation.

We next examined the clinical relevance of
DDX39A in CRC. IHC showed stronger DDX39A
staining in tumor tissues than in matched adja-
cent normal tissues, which was confirmed by
quantitative scoring (Figure 5A, 5B). Western

4567

blotting further showed increased DDX39A
protein levels in tumor tissues (Figure 5C).
DDX39A and TP53 protein levels showed an
inverse pattern by IHC, with a significant nega-
tive correlation between their expression leve-
Is (Figure 5D). Clinicopathological analysis fur-
ther indicated that DDX39A expression in-
creased with advanced tumor stage and high-
er histological grade (Figure 5E). Moreover,
patients with metastasis or tumor recurrence
exhibited significantly higher DDX39A levels
than those without these events (Figure 5F),
indicating its association with aggressive tu-
mor behavior. Finally, Kaplan-Meier survival
analysis revealed that high DDX39A expression
was significantly associated with poorer overall
survival and shorter progression-free survival
(Figure 5G). Multivariable Cox regression fur-
ther showed that high DDX39A expression
remained significantly associated with shorter
PFS (HR = 32.601, 95% Cl: 3.407-311.992, P =
0.002) and 0OS (HR = 4.145, 95% CI: 1.158-
14.838, P = 0.029) after adjustment for clini-
copathological variables (Supplementary Table
1). These findings support the prognostic rele-
vance of DDX39A in CRC.

DDX39A promotes proliferation, migration,
and invasion in colorectal cancer cells

To examine the role of DDX39A in CRC cells, we
first compared its basal expression across
different cell lines. DDX39A expression was
higher in HCT15 cells and lower in HCT116 cells
(Figure 6A). Based on basal DDX39A expres-
sion, HCT15 cells were selected for DDX39A
knockdown (sh-DDX39A), whereas HCT116
cells were selected for DDX39A overexpres-
sion (OE-DDX39A) (Figure 6B). CCK-8 assays
showed that Sh-DDX39A reduced cell viabi-
lity in HCT15 cells, while OE-DDX39A increa-
sed cell viability in HCT116 cells (Figure 6C).
Consistently, colony formation assays con-
firmed reduced clonogenic capacity following
Sh-DDX39A and increased colony formation
upon OE-DDX39A (Figure 6D). In addition, wo-
und healing assays revealed that Sh-DDX39A
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Figure 5. DDX39A is overexpressed in tumor tissue and associated with poor prognosis and malignant progression. A. Representative IHC images showing higher
DDX39A expression in tumor tissues compared with matched normal tissues in two representative patients (Scale bars: 5 mm (x0.63) for gross tissue images and
100 pm (x200) for IHC images). B. Quantification of DDX39A IHC scores in paired normal and tumor tissues; Each dot represents an individual patient sample. C.
Western blot analysis of DDX39A protein expression in tumor and matched normal tissues. GAPDH was used as the loading control, and the relative protein expres-
sion levels were quantified by densitometric analysis. D. Representative IHC staining of DDX39A and TP53 expression in tumor tissues from three representative
patients. The correlation between DDX39A and TP53 expression levels was evaluated by Pearson’s analysis (x200; Scale bar = 100 ym). E. Violin plots showing
elevated DDX39A IHC scores across higher tumor stages and histological grades. F. Association between DDX39A expression and tumor metastasis and recurrence.
G. Kaplan-Meier survival analysis showing the association between DDX39A expression levels and overall survival (OS) and progression-free survival (PFS). Patients
were classified into high- and low-DDX39A expression groups based on the median DDX39A expression level. Statistical significance was determined using the
indicated statistical tests. Data are presented as mean + SD unless otherwise specified. “P < 0.05, **P < 0.01, *P < 0.001, and """P < 0.0001.
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Figure 6. DDX39A promotes proliferation, migration, and invasion in colorectal cancer cells. A. Relative DDX39A protein expression in normal colonic epithelial
cells and colorectal cancer cell lines, quantified by densitometry with GAPDH as loading control. B. Construction and validation of HCT15 DDX39A knockdown and
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HCT116 overexpression cell models. The efficiency of DDX39A knockdown and overexpression was confirmed by
Western blot analysis. C. CCK-8 assay showing that DDX39A knockdown inhibits cell proliferation, whereas overex-
pression promotes proliferation in HCT15 and HCT116 cells. D. Colony formation assays showing reduced prolifera-
tive capacity after DDX39A knockdown and increased proliferation upon overexpression. E. Wound healing assays
demonstrating that DDX39A enhances cell migration (x100; Scale bar = 200 um). F, G. Transwell assays showing
that DDX39A promotes cell migration and invasion in HCT15 and HCT116 cells (x200; Scale bar = 100 um). All
experiments were independently performed at least three times (n > 3), and representative images are shown. De-
tailed experimental procedures are described in the Materials and Methods section. Data are presented as mean +
SD. Statistical significance was determined using the indicated statistical tests. "P < 0.05, “*P < 0.01, *"*P < 0.001,

and P < 0.0001.

significantly impaired migration in HCT15 cells,
whereas OE-DDX39A enhanced migration in
HCT116 cells (Figure 6E). Transwell assays
further demonstrated that DDX39A promot-
es both migration and invasion in CRC cells
(Figure 6F, 6G). Collectively, these results indi-
cate that DDX39A acts as an oncogenic regula-
tor of CRC progression by enhancing prolifera-
tion, migration, and invasion.

DDX39A regulates HIF1A mRNA distribution
and HIF-1a-associated glycolytic activity

GeneMANIA analysis placed HIF1A within the
DDX39A-associated interaction network (Fig-
ure 7A). Sh-DDX39A markedly reduced HIF-1a
protein expression in HCT15 cells, whereas
OE-DDX39A increased HIF-1a protein levels in
HCT116 cells (Figure 7B, 7C). In contrast, total
HIFLA mRNA levels were not significantly affe-
cted by either Sh-DDX39A or OE-DDX39A (Fig-
ure 7D). Nuclear-cytoplasmic RNA fractiona-
tion further showed that Sh-DDX39A decreas-
ed the cytoplasmic-to-nuclear ratio of HIF1A
MRNA, whereas OE-DDX39A increased this
ratio (Figure 7E), suggesting that DDX39A
may facilitate the cytoplasmic distribution of
HIFLA mRNA. Consistent with the changes in
HIF-1a, Sh-DDX39A reduced the expression of
GLUTZ1, HK2, PGK1, PKM2, and CyclinD1 in
HCT15 cells, whereas OE-DDX39A increased
their expression in HCT116 cells (Figure 7F,
7G). To further examine the role of HIF-1q,
HIF1A was overexpressed in sh-DDX39A HCT-
15 cells (Figure 7H). HIF1A overexpression
increased colony formation and restored the
expression of GLUT1, HK2, PGK1, PKM2, and
Cyclin D1 (Figure 71, 7J). In addition, inhibition
of glycolysis with 2-DG reduced Cyclin D1
expression in both HCT116 cells and HIF1A-
overexpressing sh-DDX39A HCT15 cells (Fig-
ure 7K) and suppressed 3D spheroid forma-
tion (Figure 7L). These findings suggest that
DDX39A may enhance HIF-1a expression by
promoting the cytoplasmic distribution of HIF1A
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MRNA, thereby supporting glycolytic activity
and CRC cell growth.

Seahorse analysis showed that DDX39A knock-
down reduced OCR and basal respiration in
HCT15 cells, whereas DDX39A overexpression
increased basal respiration in HCT116 cells
(Figure 8A, 8B). Similarly, ECAR analysis
showed that DDX39A knockdown decreased
basal glycolysis, while DDX39A overexpression
increased glycolytic activity (Figure 8C, 8D).
IHC analysis of CRC tissues further showed
that DDX39A expression was positively corre-
lated with HK2 and GLUT1 expression (Figure
8E). Representative staining also showed an
inverse expression pattern between DDX39A
and TP53 in tumor tissues. These findings fur-
ther support an association between DDX39A
expression and increased glycolytic activity in
CRC.

DDX39A promotes tumor growth in vivo

To further determine the oncogenic role of
DDX39A in vivo, xenograft tumor models were
established using HCT15 and HCT116 cells. In
the HCT15 model, Sh-DDX39A reduced tumor
growth, as shown by smaller tumors, lower
tumor volumes, and reduced tumor weights
compared with the sh-NC group (Figure 9A-C).
IHC staining further revealed a decreased pro-
liferation index in Sh-DDX39A tumors (Figure
9D). In contrast, in the HCT116 model, OE-
DDX39A produced the opposite effect, with
increased tumor volume and weight compared
with vector controls (Figure 9E-G). A higher
proliferation index was also observed in
OE-DDX39A tumors (Figure 9H). Collectively,
these results demonstrate that DDX39A pro-
motes CRC tumor growth in vivo, consistent
with its oncogenic functions observed in vitro.

Discussion

Colorectal cancer (CRC) is a highly heteroge-
neous malignancy characterized by diverse cel-
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Figure 7. DDX39A regulates HIF-1a expression and glycolysis-related phenotypes in CRC cells. A. Protein-protein interaction network centered on DDX39A. B, C.
Western blotting and quantification of HIF-1a in HCT15 cells following DDX39A knockdown and in HCT116 cells following DDX39A overexpression. D. Total HIF1A
mRNA levels measured by RT-qPCR after DDX39A knockdown or overexpression. E. Cytoplasmic-to-nuclear ratios of HIF1A mRNA determined by nuclear-cytoplasmic
RNA fractionation and RT-qPCR. F, G. Western blotting and quantification of GLUT1, HK2, PGK1, PKM2, and Cyclin D1 following DDX39A knockdown or overexpres-
sion. H. Western blot validation of HIF-1a overexpression in sh-DDX39A HCT15 cells. I. Colony formation of sh-DDX39A HCT15 cells following HIF1A overexpression.
Cells were seeded at 1,000 cells per well and cultured for 14 days before staining and colony counting. J. Western blotting and quantification of GLUT1, HK2, PGK1,
PKM2, and Cyclin D1 following HIF1A overexpression in sh-DDX39A HCT15 cells. K. Cyclin D1 expression in HCT116 and HIF1A-overexpressing sh-DDX39A HCT15
cells treated with vehicle or 5 mM 2-DG for 48 h. L. Representative 3D spheroid images after vehicle or 5 mM 2-DG treatment for 48 h (x400; Scale bar = 50 uym).
All experiments were independently performed at least three times (n > 3), and representative images are shown. Detailed experimental procedures are described
in the Materials and Methods section. Data are presented as mean + SD. Statistical significance was determined using the indicated statistical tests. P < 0.05, ""P

<0.01, "P < 0.001, and ***P < 0.0001.
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Figure 8. DDX39A is associated with metabolic reprogramming and glycolytic activation in colorectal cancer. A. Seahorse analysis showing reduced OCR in Sh-
DDX39A cells; B. OCR measurement showing increased mitochondrial respiration in DDX39A overexpression cells; C. ECAR assay showing decreased glycolytic
activity after DDX39A knockdown; D. ECAR assay showing enhanced glycolytic flux upon DDX39A overexpression; E. IHC staining of DDX39A, TP53, HK2, and GLUT1
in clinical samples, and correlation analysis showing positive association between DDX39A and glycolysis-related markers (HK2 and GLUT1) (patient#1: x200;
Scale bar = 100 um); (patient#2: x100; Scale bar = 200 um). All cellular experiments were independently repeated at least three times (n > 3), representative
results are displayed. Detailed experimental procedures are provided in the Materials and Methods section. Data are presented as mean + SD. Group differences

were assessed using unpaired two-tailed Student’s t-test. "P < 0.05, ""P < 0.01, "P < 0.001, ""P < 0.0001. Abbreviations: OCR, oxygen consumption rate, ECAR,
extracellular acidification rate.
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Figure 9. DDX39A promotes tumor growth in vivo. A. Representative images of xenograft tumors derived from HCT15
cells with Sh-DDX39A or Sh-NC; B. Tumor growth curves showing reduced tumor volume in the Sh-DDX39A group;
C. Tumor weight comparison between Sh-NC and Sh-DDX39A groups; D. Proliferation index showing decreased
tumor cell proliferation after DDX39A depletion (x200; Scale bar = 100 pm); E. Representative xenograft images
from HCT116 vector and DDX39A overexpression groups; F. Tumor growth curves showing enhanced tumor growth
upon DDX39A overexpression; G. Tumor weight comparison between vector and OE-DDX39A groups; H. Proliferation
index showing increased tumor cell proliferation in DDX39A overexpression tumors. Each group contained 5 nude
mice (n = 5) (x200; Scale bar = 100 um). Representative images are shown. Detailed experimental procedures
are described in the Materials and Methods section. Data are presented as mean + SD. Tumor growth curves were
analyzed by two-way repeated-measures ANOVA; other inter-group comparisons were performed using unpaired two-

tailed Student’s t-test. “P < 0.05, *"P < 0.01, ""*P < 0.001, *""P < 0.0001.

lular states that contribute to tumor progres-
sion and therapeutic resistance [1-3, 12, 28].
Despite advances in surgery, chemotherapy,
targeted therapy, and immunotherapy, clinical
outcomes for patients with advanced CRC
remain unsatisfactory, highlighting the need to
better understand the cellular and molecular
programs associated with disease progression
[2, 9, 12]. In this study, integrated single-cell
transcriptomic analysis revealed a distinct
malignant epithelial subpopulation, Malignant_
EPC3, characterized by enhanced proliferative
activity and metabolic features. WGCNA furth-
er identified a proliferation-associated module
(M23) closely linked to the EPC3 phenotype,
within which DDX39A was recognized as a high-
ly connected hub gene. Clinical and functional
analyses demonstrated that DDX39A expres-
sion was elevated in CRC tissues and associat-
ed with unfavorable clinical characteristics,
while DDX39A alteration influenced CRC cell
proliferation, migration, invasion, and tumor
growth. Mechanistically, our findings suggest
that DDX39A may regulate metabolic adapta-
tion through modulation of HIF-1a expression.
DDX39A alteration affected HIF-1a protein
abundance without markedly changing total
HIFLA mRNA levels, and nuclear-cytoplasmic
fractionation suggested that DDX39A may influ-
ence HIFLA mRNA cytoplasmic distribution.
Restoration of HIF1A expression partially res-
cued the proliferative and glycolytic defects
induced by DDX39A depletion, supporting the
involvement of the DDX39A/HIF-1a axis in
maintaining metabolic activity of CRC cells.

Recent studies have highlighted the important
roles of DEAD-box RNA helicases in cancer ini-
tiation and progression, owing to their diverse
functions in RNA metabolism, including RNA
splicing, nuclear export, and post-transcription-
al regulation [4, 17, 19, 20, 24]. Dysregulation
of these RNA regulatory processes can influ-
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ence tumor cell proliferation, stress responses,
and cellular adaptation. As an essential compo-
nent of the RNA metabolic network, DDX39A
has gradually emerged as a key molecular node
linking post-transcriptional regulation to malig-
nant phenotypes; however, its functional roles
and underlying mechanisms remain context-
dependent across different cancer types [24].
In this study, DDX39A was identified through
WGCNA as a highly connected gene within the
EPC3-associated M23 module and was found
to be upregulated in CRC tissues. Its expres-
sion was associated with advanced tumor char-
acteristics, metastasis, and unfavorable prog-
nosis. Functional assays further demonstrated
that DDX39A promotes CRC cell proliferation,
migration, invasion, and in vivo tumor growth.
Moreover, DDX39A expression was associated
with glycolytic activity and mitochondrial respi-
ration, suggesting a potential involvement of
DDX39A in the metabolic adaptation of malig-
nant epithelial cells. These findings suggest
that DDX39A not only participates in prolifera-
tive programs in CRC but may also drive malig-
nant phenotypes through integration of meta-
bolic and cell cycle regulatory networks. Pre-
vious studies have also suggested a broad
involvement of DDX39A in tumor-associated
RNA regulatory networks [29-32]. In ovarian
cancer, large-scale transcriptomic analyses
revealed that DDX39A is significantly upregu-
lated and associated with reduced overall sur-
vival [31]. Mechanistically, DDX39A promotes
tumor progression by regulating alternative
splicing of ITGAG, generating the oncogenic
ITGABA isoform, thereby enhancing prolifera-
tion and metastasis [31]. In glioblastoma,
DDX39A is also highly expressed and predomi-
nantly localized in tumor cells, where it regu-
lates alternative splicing of WISP1 pre-mRNA,
stabilizing its expression and activating the
AKT signaling pathway [32]. Moreover, tumor-
derived WISP1 acts as a paracrine factor that
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promotes the polarization of immunosuppres-
sive tumor-associated macrophages, suggest-
ing that DDX39A may indirectly shape the tumor
immune microenvironment through RNA splic-
ing-mediated regulation of secreted factors
[32]. In hepatocellular carcinoma, DDX39A has
been reported to sense oncogenic MYC signal-
ing and form a positive feedback loop via PD2-
mediated splicing regulation, which can be
pharmacologically targeted by digoxin, further
supporting its therapeutic relevance [30]. This
study further revealed a potential mechanism
by which DDX39A regulates metabolic pheno-
types through modulation of HIF-1la expres-
sion. Notably, alteration of DDX39A expression
affected HIF-1a protein abundance without
substantially changing total HIF1IA mRNA lev-
els, suggesting that DDX39A may regulate
HIF-1a expression through post-transcriptio-
nal mechanisms. Nuclear-cytoplasmic fraction-
ation further indicated that DDX39A influenced
the cytoplasmic distribution of HIFLIA mRNA,
providing a possible explanation for the dis-
crepancy between HIF1A transcript and protein
levels. Moreover, restoration of HIF1A expres-
sion partially rescued the impaired prolifera-
tion and glycolytic activity caused by DDX39A
depletion, supporting the involvement of the
DDX39A/HIF-1a axis in regulating CRC meta-
bolic adaptation. Collectively, our findings
extend previous knowledge of DDX39A by dem-
onstrating that, in CRC, DDX39A is not only
associated with malignant epithelial cell states
but may also regulate metabolic adaptation
through HIF-1a-related post-transcriptional reg-
ulation. This provides a potential molecular link
between RNA regulatory machinery and tumor
metabolic phenotypes.

Increasing evidence indicates that metabolic
adaptation is a critical feature of cancer pro-
gression and therapeutic resistance, with gly-
colysis and mitochondrial oxidative phosphory-
lation (OXPHOS) serving as complementary
metabolic pathways that support tumor cell
survival and biosynthetic demands [15, 28,
33-37]. For example, novel mitochondria-tar-
geted metal complexes, such as a-tocopherol
succinate (a-TOS)-functionalized Ir(Ill) complex
Ir2, simultaneously inhibit OXPHOS and glycoly-
sis, thereby inducing reactive oxygen species
(ROS) accumulation, mitochondrial depolariza-
tion, and DNA oxidative damage, ultimately
activating apoptosis and autophagy pathways
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to suppress tumor proliferation [38]. In addi-
tion, nanoparticle-based NOX1/4 inhibition
strategies (HANP/GKT831) also coordinately
suppress glycolysis and OXPHOS, enhance
radiosensitivity through metabolic and redox
stress, and remodel the tumor immune micro-
environment by increasing antitumor immune
cell infiltration [39, 40]. In this context, RNA
regulatory factors, including DEAD-box RNA
helicases, have emerged as important modu-
lators of tumor metabolic states by controlling
post-transcriptional gene regulation and cellu-
lar adaptation [16, 18]. Their dysregulation can
reshape tumor cell phenotypes through altera-
tions in RNA splicing and gene expression net-
works [15, 16]. HIF-1lx is a well-established
regulator of tumor metabolic adaptation, par-
ticularly through the transcriptional activation
of glycolytic programs [41, 42]. However, the
upstream mechanisms controlling HIF-1a ex-
pression beyond transcriptional regulation
remain incompletely understood. In this study,
we found that DDX39A may regulate HIF-1x
expression at the post-transcriptional level in
CRC cells. Alteration of DDX39A expression
affected HIF-1a protein abundance without
markedly changing total HIFLA mRNA levels,
while nuclear-cytoplasmic fractionation sug-
gested that DDX39A influenced the cytoplas-
mic distribution of HIFLA mRNA. Moreover, res-
toration of HIF1A expression partially rescued
the glycolytic and proliferative defects induced
by DDX39A depletion, supporting a role for the
DDX39A/HIF-1a axis in regulating metabolic
adaptation of CRC cells.

The development and progression of CRC are
closely associated with long-term self-renewal
of the intestinal epithelium and persistent
genotoxic stress, which together increase the
susceptibility of intestinal stem cells to malig-
nant transformation under conditions of accu-
mulated DNA damage and impaired repair [2-4,
43, 44]. TP53, a canonical tumor suppressor,
plays an essential role in maintaining genomic
stability and coordinating cellular responses to
DNA damage and stress conditions [44]. In this
study, immunohistochemical analysis revealed
an inverse correlation between DDX39A ex-
pression and TP53 protein levels in CRC tis-
sues. However, TP53 immunoreactivity reflects
p53 protein expression patterns rather than
directly indicating intact p53 signaling activity,
as increased TP53 staining may also result
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from the accumulation of mutant p53 proteins.
Since TP53 mutation status was not evaluated
in the present study, this association should be
interpreted cautiously and limited to the corre-
lation between DDX39A expression and TP53
protein levels. These findings suggest that
DDX39A-associated malignant epithelial char-
acteristics are accompanied by alterations in
TP53-related molecular features, although the
underlying biological relationship between
DDX39A and TP53 requires further inves-
tigation.

This study has several limitations. First,
although our findings identify a potential asso-
ciation between DDX39A and HIF-1a-mediated
metabolic adaptation, the detailed RNA regula-
tory mechanisms of DDX39A remain to be fur-
ther elucidated. Future studies incorporating
transcriptomic and RNA-processing analyses
are required to identify its direct RNA targets
and downstream regulatory networks. Second,
CellChat-based communication analysis pro-
vides computational predictions rather than
direct evidence of immune regulation, and the
immunodeficient xenograft model limits the
evaluation of DDX39A-mediated immune micro-
environmental effects. Third, the relationship
between DDX39A and TP53 should be inter-
preted cautiously, as TP53 immunostaining
reflects protein expression patterns rather than
functional activity, and TP53 mutation status
was not assessed in this study. Finally, larger
independent cohorts and multivariable clinical
analyses are needed to further validate the
prognostic significance of DDX39A in CRC.

Conclusion

This study provides a single-cell resolution
landscape of malignant epithelial heterogene-
ity in colorectal cancer and identifies EPC3 as
a distinct epithelial state characterized by
enhanced proliferative activity and metabolic
features. Integrated transcriptomic analysis
and functional validation revealed DDX39A as
a candidate molecular node associated with
the EPC3 phenotype. Mechanistically, our find-
ings suggest that DDX39A contributes to
CRC metabolic adaptation through regulation
of HIF-1a expression, potentially involving post-
transcriptional modulation of HIFLA mRNA dis-
tribution. These findings expand the under-
standing of how RNA regulatory mechanisms
are linked to malignant epithelial states and
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highlight DDX39A as a potential biomarker and
therapeutic candidate for colorectal cancer.
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Supplementary Figure 1. A. Quality control metrics of single-cell RNA-seq data in Normal, Border, and Tumor samples, including nFeature_RNA, nCount_RNA,
percent.mt, and percent.rb. Violin plots show the distribution of each metric across sample groups. B. Heatmap of cell type annotation based on canonical marker
genes, showing distinct expression patterns across major cell populations. Z-scores indicate normalized expression levels.
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Supplementary Figure 2. Distribution of inferred copy number variation (CNV) scores across normal and different
tumor stages (Stage I-1V).
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Supplementary Figure 3. Heatmap of gene expression across epithelial and stromal/immune cell clusters. Color
indicates relative expression level (blue-red).
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Supplementary Figure 4. Pan-cancer DDX39A expression and its correlation with immune infiltration. A. Pan-cancer DDX39A expression in normal and tumor tis-
sues. B. Correlation between DDX39A expression and immune-cell infiltration. Line color indicates correlation direction, and line thickness indicates correlation
strength. Spearman correlation analysis was applied. "P < 0.05, "*P < 0.01, "P < 0.001. Detailed procedures are described in the Materials and Methods section.
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Supplementary Table 1. Multivariate Cox hazard ratio regression analysis of COAD

) Progression-free Survival Overall Survival
Variables
HR 95% Cl P HR 95% CI P

Age (Year) <55 2.286 0.691-7.564 0.176 0.974 0.506-1.876 0.9377
>55

Sex Male 0.551 0.173-1.749 0.311 0.782 0.383-1.597 0.499
Female

Clinical Grade -1 0.046 0.007-0.307 0.001" 1.412 0.483-4.132 0.499
-Iv

Clinical Stage -1 2.316 0.469-11.438 0.303 2.427 1.031-5.716 0.042*
-1V

Recurrence No - - - 1.264 0.671-2.382 0.469
Yes

DDX39A Low 32.601 3.407-311.992 0.002" 4.145 1.158-14.838 0.029"
High

“P < 0.05 was considered statistically significant.



