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Identification of MORC2 via bioinformatics and machine learning reveals its transcriptional activation by PAX2 in NSCLC malignancy
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exhibit oncogenic potential in NSCLC, but its transcriptional regulatory mechanisms and role in glycolytic
reprogramming remain unclear.

ieyword;: Results: As a key gene, MORC2 was found to be overexpressed in NSCLC and linked to poor prognosis.
pOPtOSl.S MORC2 silencing impaired cell proliferation, stemness, and invasion, diminished glycolysis, and
Glycolysis . . .. . R
Microrchidia family CW-type zinc finger 2 enhanced apoptosis. PAX2 was confirmed to directly transcriptionally activate MORC2; overexpression
MORC2 of MORC?2 reversed the defects in malignant phenotypes induced by PAX2 knockdown. In vivo, depletion
Non-small cell lung cancer of PAX2 suppressed tumor growth, which was partially rescued by MORC2 overexpression.
Paired box 2 Conclusions: The PAX2/MORC2 axis was demonstrated to drive NSCLC malignancy, supporting MORC2 as
PAX2 a potential prognostic marker and therapeutic target for NSCLC.
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1. Introduction

Lung cancer (LC) is the most commonly diagnosed malignancy
worldwide and remains the leading cause of cancer-related mor-
tality, with approximately 2.5 million new cases and 1.8 million
deaths reported globally in 2022 alone [1,2]. Based on histopatho-
logical classification, non-small cell lung cancer (NSCLC) accounts
for 85-90% of all LC cases, and approximately 70% patients present
with advanced-stage disease at the time of diagnosis [3,4,5]. The
poor clinical outcomes of NSCLC are primarily attributed to late-
stage diagnosis, high metastatic potential, and inevitable acquired
resistance to current therapeutic strategies, which often emerges
via target gene modification or alternative pathway activation
[6,7,8,9] While advances in molecular biology have unraveled key
oncogenic pathways driving NSCLC progression, the identification
of critical molecular drivers and their regulatory networks, partic-
ularly those governing core malignant phenotypes such as uncon-
trolled proliferation, cancer stemness, and metabolic
reprogramming, remains incomplete. This knowledge gap contin-
ues to hinder efforts to develop accurate diagnostic biomarkers
and effective targeted treatment approaches.

Transcriptomic profiling of tumor tissues and matched adjacent
normal tissues has become an indispensable tool for identifying
differentially expressed genes (DEGs) associated with tumor initi-
ation and progression, providing insights into molecular subtypes,
prognostic markers, and therapeutic response predictors [10,11].
Publicly available datasets such as GSE29249, which includes
paired NSCLC and adjacent normal tissues, have been widely uti-
lized for DEG mining in LC research, serving as valuable resources
for biomarker discovery [12]. However, the large volume of geno-
mic data generated by such profiling requires robust analytical
tools to prioritize biologically relevant candidates. Machine learn-
ing algorithms, including least absolute shrinkage and selection
operator (LASSO), logistic regression and random forest (RF), have
emerged as powerful approaches for feature selection from high-
dimensional data: LASSO effectively reduces dimensionality by
penalizing non-essential genes, while RF quantifies gene impor-
tance based on predictive model performance [13]. Yet their appli-
cation to systematically identify key oncogenes linked to both
phenotypic malignancy and metabolic alterations in NSCLC
remains underexplored.

Microrchidia family CW-type zinc finger 2 (MORC2), an emerg-
ing chromatin remodeler localized mainly in the nucleus of cancer
cells, has recently gained attention for its oncogenic roles [14,15].
Earlier investigations have shown that MORC2 was overexpressed
in LC tissues in contrast to adjacent non-tumor tissues, and this
expression pattern correlates positively with disease advancement.
The underlying mechanisms include the activation of the Wnt/p-
catenin signaling cascade, which serves to enhance angiogenesis
and recruit TAMs [16]. Additionally, MORC2 has been implicated
in glycolytic metabolism in cancer: It forms a complex with MYC-
associated factor X (MAX) in breast cancer to regulate the expres-
sion levels of glycolytic enzymes, hexokinase 1 (HK1) and lactate
dehydrogenase A (LDHA) included, and c-Myc has also been shown
to transcriptionally regulate MORC2 to modulate LDHA expression
and glucose metabolism, thereby enhancing cell proliferation and
migration [17,18]. Given that metabolic reprogramming (e.g., the

Warburg effect) is a core pathological feature of NSCLC that sustains
rapid tumor growth, MORC2 may fulfill a conserved role in mediat-
ing the regulation of glycolytic metabolism in this disease [19].
Despite these observations, the precise mechanisms underlying
MORC2 overexpression in NSCLC remain unclear; specifically, its
transcriptional regulators have not been identified, and its potential
role in mediating glycolytic reprogramming to drive NSCLC malig-
nancy has not been experimentally validated.

Paired box 2 (PAX2), classified as one member of the PAX family
of key regulatory transcriptional factors, is critical for embryonic
development and has been increasingly linked to tumorigenesis
through modulation of cell survival, proliferation, and invasion
[20]. In NSCLC, PAX2 has demonstrated diagnostic utility for distin-
guishing NSCLC from small cell lung cancer (SCLC) [21]. However,
its downstream transcriptional targets and molecular mechanisms
in NSCLC pathogenesis remain poorly understood. Specifically,
direct experimental evidence for a regulatory interaction between
PAX2 and MORC2 is lacking. Furthermore, the functional relevance
of a potential PAX2/MORC2 axis in driving key NSCLC malignant
phenotypes, such as proliferation, invasion, and glycolysis, remains
unexplored.

This study was designed to systematically identify and charac-
terize key genes contributing to NSCLC pathogenesis. It integrated
bioinformatic analysis of the GSE29249 dataset with machine
learning approaches to screen for critical candidate genes. The
research then focused on validating the expression and prognostic
significance of the prioritized gene MORC2 across multiple data-
sets and clinical specimens. Subsequently, the impact of MORC2
on the functional phenotypes of NSCLC cells, including prolifera-
tion, metastasis, and glycolysis, was investigated. Finally, the study
explored the hypothesis that PAX2 acted as an upstream transcrip-
tional regulator of MORC2 and assessed the functional contribution
of this PAX2/MORC2 axis to oncogenic processes both in vitro and
in vivo.

2. Materials and methods
2.1. Bioinformatic analysis of DEGs and heatmap construction

The GSE29249 dataset, which includes 6 paired NSCLC tissues
and adjacent normal tissues detected via microarray technology,
was retrieved from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/). Through the online platform
Sangerbox (https://www.sangerbox.com/login.html), DEGs
between NSCLC and normal tissues were identified by using the
“limma” package in R, with filtering criteria set as adjusted
p-value < 0.05 and absolute log, fold change (|log,FC|) > 1. The
“pheatmap” package in R was employed to conduct hierarchical
clustering analysis on the 10 prominently upregulated and 10
prominently downregulated protein-coding DEGs (with non-
coding RNAs omitted). For sample clustering (columns), the dis-
tance metric was set to “Euclidean” (via dist. method = “euclidean”)
and the clustering method to “ward.D2” (via cluster rows = TRUE,
cluster cols = TRUE, clustering method = “ward.D2”), which mini-
mized within-cluster variance. For gene clustering (rows), the
same distance metric and clustering method were applied.
Expression values were normalized via z-score transformation
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(row-wise) before plotting to ensure consistent scaling across
genes.

2.2. Machine learning-based screening of key candidate genes

To identify candidate genes, two complementary machine
learning-based analytical approaches were employed in the analy-
sis of the top 10 upregulated and top 10 downregulated protein-
coding DEGs. For LASSO logistic regression, the R package “glmnet
4.1.8” served to build a logistic regression model with L1 regular-
ization (alpha = 1, since alpha = 1 specifies the LASSO penalty). A
3-fold cross-validation (K = 3) was implemented using a penalized
logistic regression framework with L1 regularization (LASSO), with
the response variable set as “tissue type” (NSCLC vs. normal) and
predictors as the expression matrix of DEGs. A.min (the A value
achieving the lowest cross-validation error) was set as the optimal
penalty parameter, and genes displaying non-null coefficients at A.
min were identified as candidate features. For RF analysis, the R
package “randomForest 4.7.1.2” was applied. A 3-fold cross-
validation was performed to optimize the number of trees (ntree):
tree counts were tested in the range of 100-1000 with a step size
of 100 (i.e., 100, 200, ..., 1000 trees), and the average test-set error
rate was computed for each ntree. The optimal ntree was defined
as the smallest tree count where the test-set error rate stabilized
(no further significant decrease with increasing ntree). The “mean
decrease in Gini index”, a measure that gauges how greatly each
gene lowers node impurity, was used to evaluate variable impor-
tance; genes with a mean decrease in Gini index > 5 (a pre-
defined threshold based on model stability) were regarded as
high-importance candidates. Via the “VennDiagram” package in
R, genes overlapping between the two algorithms were designated
as key candidates. Further screening of the literature showed that
MORC2 can facilitate malignant progression in NSCLC, with further
investigations into MORC2 accordingly initiated [16,22].

2.3. Bioinformatic validation of MORC2 expression and prognostic
significance

Multiple public databases were utilized to confirm MORC2’s
expression and its prognostic significance in NSCLC. The Cancer
Genome Atlas (TCGA) Lung Adenocarcinoma (LUAD) dataset (515
tumor tissues vs. 59 adjacent normal tissues) and TNMPLOT data-
base were analyzed to compare MORC2 mRNA expression between
NSCLC and normal tissues. The Kaplan-Meier Plotter database
(https://kmplot.com/analysis/) was used to evaluate prognosis:
Patients were stratified into groups characterized by high versus
low MORC2 expression levels; overall survival curves were gener-
ated accordingly, and significance levels were evaluated through
the log-rank test. Additionally, the GSE29249 dataset was re-
examined by employing the “limma” package within R software
to confirm MORC2 expression differences.

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated from 43 paired clinical specimens of
NSCLC (tumor and corresponding adjacent normal tissues) and

Table 1
Primers sequences used for qPCR.

Name Primers for PCR (5'-3")
MORC2 Forward TTCCCACTCGTATTTGGGGC
Reverse AGAGAGAGCAGGATGGCAGA
PAX2 Forward CGGCAGTCCTGAAGTTGAGT
Reverse CTCGGAGCCCCTCTTTGTTT
B-actin Forward CTTCGCGGGCGACGAT
Reverse CCACATAGGAATCCTTCTGACC
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in vitro cultured cells with TRIzol reagent (Invitrogen, Carlsbad,
CA, USA), strictly adhering to the manufacturer’s protocol. Using
1 pg of total RNA, complementary DNA (cDNA) was produced by
means of the PrimeScript RT Reagent Kit with gDNA Eraser
(TaKaRa, Dalian, China). qRT-PCR was performed on a StepOnePlus
Real-Time PCR System using SYBR Premix Ex Taq II (TaKaRa), with
B-actin as the internal reference. Relative gene expression (MORC2
and PAX2) was calculated via the 222 method. Primers used are
listed in Table 1.

2.5. Western blot (WB)

From clinical tissues, cultured cells, or xenograft tumor tis-
sues, total protein was extracted with RIPA lysis buffer (Solarbio,
Beijing, China) to prevent proteolysis. Protein concentration was
assessed by means of the Bicinchoninic Acid (BCA) Protein Assay
Kit (Solarbio). Equal amounts of protein (30 pg per lane) were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Mem-
branes were blocked with 5% non-fat milk in Tris-buffered saline
with Tween 20 (TBST) for 1 h at room temperature and then
incubated overnight at 4°C with primary antibodies diluted in
the same blocking solution: anti-MORC2 (ab315903, 1:1000,
Abcam, Cambridge, UK), anti-PAX2 (PA5-118142, 1:1000, Invitro-
gen), and anti-B-actin (ab8227, 1:5000, Abcam). After TBST
washes, membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (goat anti-rabbit IgG
(ab205718, 1:5000, Abcam); goat anti-mouse IgG (ab205719,
1:5000, Abcam)) for 1 h at room temperature. Visualization of
protein bands was achieved using the Millipore Enhanced
Chemiluminescence (ECL) Detection Kit, and subsequent quan-
tification was conducted via Image].

2.6. Cell culture and transfection

Normal human bronchial epithelial (16HBE) cells, together
with the NSCLC cell lines Calu-6, A549, and H1299, were
acquired from Procell Life Science & Technology Co., Ltd. located
in Wuhan, China. All cells were cultured in RPMI-1640 medium
(Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; HyClone, Logan, UT, USA) and 1% peni-
cillin-streptomycin (Solarbio) at 37°C in a 5% CO, humidified
incubator. For gene manipulation: Small interfering RNAs (siR-
NAs) targeting MORC2 (si-MORC2), PAX2 (si-PAX2), and non-
targeting control (si-NC) were obtained from GenePharma Co.,
Ltd. (Shanghai, China); overexpression plasmids pcDNA3.1-
MORC2 (OE-MORC2) and empty vector (pcDNA3.1-NC) were
constructed by GenScript Biotech Corporation (Nanjing, China).
Lipofectamine 3000 reagent (Invitrogen) was utilized for trans-
fection procedures in accordance with the manufacturer’s speci-
fied guidelines. For single-gene silencing of MORC2 or PAX2,
cells were transfected with si-MORC2/si-PAX2 or si-NC, while
for rescue experiments, they were co-transfected with si-PAX2
plus OE-MORC2 (or pcDNA3.1-NC). All functional assays were
conducted 48 h post-transfection.

2.7. Cell counting kit-8 (CCK-8)

At a seeding density of 3 x 10° cells per well, cells were inocu-
lated into 96-well plates and cultured for 24, 48, or 72 h to allow
for proliferation. CCK-8 assay reagent (10 pL, Solarbio) was added
to experimental wells and blank wells (medium alone) at each
experimental time point, followed by 2 h incubation at 37°C. The
absorbance at 450 nm was assayed by means of a microplate
reader. Cell viability was calculated relative to the si-NC group.


https://kmplot.com/analysis/
move_t0005

J. Cao, F. Cai, J. Jia et al.

2.8. Annexin V-fluorescein isothiocyanate/propidium iodide (Annexin
V-FITC/PI) staining

After being harvested, cells were washed twice with cold
phosphate-buffered saline (PBS, Solarbio) and resuspended in 1x
binding buffer, resulting in a final concentration of 1 x 10° -
1 x 10° cells/mL (to ensure sufficient cell count for statistics and
avoid aggregation). Apoptosis was measured using the Annexin
V-FITC/PI Apoptosis Detection Kit (BD Biosciences, Franklin Lakes,
NJ, USA): Incorporation of 5 pL each of Annexin V-FITC conjugate
and PI into the cell suspension was performed, followed by a 15-
min incubation in darkness at room temperature to facilitate stain-
ing. Following incubation, 400 pL of 1x binding buffer was used to
dilute the sample (to match the flow cytometer’s sample volume
requirement), and the suspension was filtered through a 300-
mesh cell strainer (Solarbio) to remove cell clumps (preventing
flow cytometer nozzle blockage). The BD FACSCanto Il flow
cytometer was used to analyze stained cells. For accurate gating,
three controls were set: blank control (unstained cells, to adjust
forward/side scatter (FSC/SSC) gates), Annexin V-FITC single-
stained control (to adjust FITC channel compensation), PI single-
stained control (to adjust PI channel compensation). Data were
processed with Flow]o. The percentage of apoptotic cells (Annexin
V*/PI” and Annexin V*/PI") was computed.

2.9. Sphere formation assay

Cells were plated at a density of 5 x 10% cells/well and subse-
quently cultured in serum-free RPMI-1640 medium, and 2% B27
supplement (Gibco) at 37°C with 5% CO,. After 7 d,
spheres > 50 pm in diameter were counted under an inverted
microscope. The efficiency of sphere formation was defined as
the ratio of the number of spheres generated to the total number
of seeded cells, multiplied by 100% to obtain a percentage value.

2.10. Transwell invasion assay

Transwell chambers (8 pm pore size, Corning) were coated in
advance with 50 pL of Matrigel, diluted 1:8 in serum-free RPMI-
1640 medium (Corning), followed by incubation at 37°C for
30 min to facilitate polymerization. Cells were resuspended using
serum-free RPMI-1640 medium and inoculated into the upper
chamber at 5 x 10* cells per well. 10% FBS-supplemented RPMI-
1640 medium (600 pL) was dispensed into the lower chamber,
serving as the chemoattractant to trigger cell migration. Cells that
failed to invade the lower chamber were eliminated from the
upper surface with a sterile cotton swab after 24 h of incubation
at 37°C under a humidified 5% CO, environment. Cells invading
the lower surface underwent fixation with 4% paraformaldehyde
(Solarbio) for 15 min, followed by staining with 0.1% crystal violet
(Solarbio) for 20 min and gentle rinsing with sterile PBS. Invaded
cells were counted manually with Image], subsequent to capturing
five randomly chosen fields per Transwell insert through an
inverted microscope.

2.11. Glycolysis-related parameter detection

Cell suspensions were dispensed into 6-well plates (2 x 10°
cells/well). For glucose consumption and lactate production, cul-
ture medium was collected; glucose concentration was measured
via Glucose Assay Kit (BioVision, Milpitas, CA, USA), and lactate
concentration via Lactate Assay Kit (BioVision) per manufacturers’
protocols. Values were normalized to cell number. For the ATP/ADP
ratio, cells were lysed, and ATP/ADP levels were detected using the
ATP/ADP Ratio Assay Kit (BioVision). The ratio was calculated as
ATP concentration/ADP concentration.
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2.12. Prediction of transcription factor PAX2 binding to MORC2
promoter

Potential transcription factors regulating the human MORC2
gene are identified via the GeneCards database (https://www.ge-
necards.org/), which lists candidate binding sites for the MORC2
promoter, including PAX2. Among these predicted factors, only
PAX2 is associated with the promotion of NSCLC progression, thus
being selected as the target transcription factor for subsequent
binding site prediction.

Potential binding sites of PAX2 on the MORC2 promoter are
identified through TFBS prediction utilizing the JASPAR database
(https://jaspar.genereg.net/analysis). JASPAR is chosen for its pro-
vision of a free, open-access collection of experimentally validated
vertebrate TFBS motifs, which offers comprehensive annotation of
human transcription factors and quantitative assessment of bind-
ing affinity via relative scores, thereby supporting precise selection
of high-confidence binding sites for functional experiments.

The step-by-step workflow for JASPAR analysis is as follows: the
1000 bp DNA sequence upstream of the MORC2 transcription start
site (TSS) is input into the JASPAR online analysis tool. The JASPAR
CORE (Vertebrates) database is selected, and the human PAX2 tran-
scription factor motif (MA0067.2) is specified as the target. Poten-
tial PAX2 binding sites are generated, and the site with the highest
relative score (0.8311, corresponding to the sequence
CCCCCGGAGCGGGGCGQ) is chosen as the core binding region for
subsequent mutagenesis assays. Based on these predictive results,
it is hypothesized that PAX2 can induce transcriptional regulation
of MORC2 by binding to its promoter region.

2.13. Luciferase reporter assay

Wild-type (WT) MORC2 promoter (containing the predicted
PAX2 binding site) and mutant (MUT) MORC2 promoter (binding
site mutated) were synthesized and cloned into the pGL3-Basic
vector (Promega, Madison, WI, USA) by GenScript. 24-well cell cul-
ture plates were inoculated with A549 and H1299 cells (1 x 10°
cells/well), followed by overnight incubation. A549 and H1299
cells were inoculated into 24-well plates at 1 x 10° cells per well
and cultured overnight. Cells were co-transfected with 500 ng
pGL3-WT/MUT-MORC2, 50 ng pRL-TK (Renilla luciferase control,
Promega), and 50 nM si-PAX2/si-NC using Lipofectamine 3000.
Luciferase activity was assayed using the Promega Dual-
Luciferase Reporter Assay System and a GloMax 20/20 Luminome-
ter (Promega). Relative luciferase activity was derived from the
ratio of firefly luciferase activity to Renilla luciferase activity,
ensuring data standardization. The MORC2 promoter was ampli-
fied by PCR from human genomic DNA. Primers were designed
using Primer5 software. The wild-type (WT) MORC2 promoter
fragment was cloned into the pGL3-basic vector. Site-directed
mutagenesis was performed to mutate the PAX2 binding site in
the MORC2 promoter, using the following primers: sense: 5'-AGAG
CATGCGTCTTGAGC-3"; anti-sense: 5’-GGGTGTTGGTTGGTAG
GAGG-3'.

2.14. Chromatin immunoprecipitation (ChIP) assay

The ChIP Assay Kit (Abcam) was used to perform the ChIP assay
following the manufacturer’s instructions. H1299 cells were sub-
jected to cross-linking with 1% formaldehyde for 10 min at room
temperature, followed by termination of the reaction using
0.125 M glycine (Solarbio). After lysis of the cells, chromatin was
disrupted into 200-500 bp fragments through the use of an ultra-
sonic disruptor. Overnight incubation of sheared chromatin was
performed at 4°C with 5 pg anti-PAX2 antibody (PA5-118142,
1:100, Invitrogen) or normal rabbit IgG (negative control,
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ab171870, 1:100, Abcam). Protein A/G agarose beads (Abcam)
were used to capture the antibody-chromatin complex, which
was washed, eluted, and de-cross-linked. DNA was purified via
phenol-chloroform extraction, and qRT-PCR was performed to
detect MORC2 promoter enrichment. Enrichment was calculated
relative to IgG control. The primers of the si-PAX2 were: sense:
5’-GACTCGCCTAAGGTCACTCC-3'; anti-sense: 5’-GGAGC
CATCTTGTCTCGTCGC-3'.

2.15. In vivo nude mouse xenograft model establishment and staining

Female 6-week-old BALB/c nude mice (Beijing Vital River Labo-
ratory Animal Technology Co., Ltd., Beijing, China) were reared in a
controlled specific pathogen-free (SPF) environmental setting. Ran-
dom allocation of mice to individual experimental cohorts was per-
formed before conducting the study. By an investigator masked to
group assignment, tumor volume assessment was executed with
strict adherence to experimental blinding guidelines, maintaining
measurement impartiality. H1299 cells were stably transduced
with sh-NC (negative control), sh-PAX2 (PAX2 knockdown), or
sh-PAX2 + OE-MORC2 (PAX2 knockdown + MORC2 overexpres-
sion) to generate three cell lines: sh-NC, sh-PAX2, and sh-
PAX2 + OE-MORC2. For tumor xenograft establishment, 5 x 10°
cells suspended in 100 pL of a 1:1 PBS/Matrigel mixture (Corning)
were subcutaneously injected into each mouse’s right flank (n = 6
per group). Using a vernier caliper, tumor volume was measured at
5-d intervals, with the calculation based on [Equation 1]:

_ Length x Width2

Volume — === === (1)

The mice were humanely euthanized 28 d after injection, and the
resulting tumors were excised, weighed, and imaged immediately
thereafter to preserve experimental samples. Tumor tissue protein
was extracted for WB analysis to confirm PAX2 and MORC2
expression.

Tissue morphology was examined via Hematoxylin-eosin (HE)
staining. Briefly, formalin-fixed paraffin-embedded (FFPE) tissue
slices underwent deparaffinization with xylene (Solarbio) and sub-
sequent rehydration via a graded ethanol series, culminating in
distilled water. The sections were then stained with hematoxylin
(Solarbio) for 8 min, followed by differentiation in 1% acid alcohol
and bluing in 0.5% ammonia water. Thereafter, eosin (Solarbio) was
used for counterstaining the tissue sections for 3 min. After the
staining process, the sections were processed for dehydration
through a graded ethanol series, cleared with xylene, and affixed
in neutral balsam (Solarbio). For immunohistochemistry (IHC), sec-
tions were deparaffinized, rehydrated, and antigen-retrieved in
citrate buffer (pH 6.0). After blocking endogenous peroxidase (3%
H,0,), sections were incubated overnight at 4°C in a solution con-
taining the respective primary antibodies: anti-MORC2 (ab315903,
1:200, Abcam), anti-Ki67 (ab15580, 1:300, Abcam), and anti-PAX2
(PA5-118142, 1:200, Abcam). Sections were then incubated with
HRP-conjugated secondary antibody (goat anti-rabbit IgG (H+L),
ab205718, 1:500, Abcam) for 1 h, developed with DAB (Solarbio),
and counterstained with hematoxylin. Images of the stained sec-
tions were obtained through the use of a light microscope, and pos-
itive cells were quantified using Image]. Taiyuan Central Hospital,
The Ninth Clinical Medical College of Shanxi Medical University’s
Animal Ethics Committee reviewed and approved all animal study
protocols, which were executed in compliance with the Guide for
the Care and Use of Laboratory Animals.

2.16. Statistical analysis

Experimental data, collected from no fewer than three indepen-
dent biological replicates, were reported as mean + standard devi-
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ation (SD) and statistically analyzed via GraphPad Prism and R
software. Two-group comparisons used unpaired Student’s t-test;
For comparisons among more than two groups, one-way ANOVA
was performed followed by Tukey’s post-hoc test for pairwise
comparisons between all groups, or by Dunnett’s post-hoc test
when comparing multiple treatment groups to a single control
group; survival analysis (Kaplan-Meier plots) used log-rank test;
PAX2-MORC2 expression correlation used Pearson correlation
coefficient; DEG screening (GSE29249) used adjusted p < 0.05
and |log,FC|>1. Two-tailed p < 0.05 was significant.

3. Results

3.1. Bioinformatics screening identifies transcriptional alterations in
NSCLC

To uncover genes with potential roles in NSCLC pathogenesis,
an initial transcriptomic analysis was conducted using the publicly
available GSE29249 dataset. Differential expression profiling
between NSCLC and matched adjacent normal tissues revealed
widespread gene dysregulation. A substantial proportion of genes
met the significance thresholds (p < 0.05 and |log,FC| > 1), leading
to the identification of 2464 DEGs: 1018 upregulated and 1446
downregulated transcripts, which were visualized via the volcano
plot (Fig. 1A). The plot displayed a marked asymmetry, with a
prominent cluster of significantly upregulated genes distributed
on the right side, indicating a strong signature of transcriptional
activation in tumor tissues.

For further prioritization of biologically relevant candidates, a
hierarchical clustering heatmap (Fig. 1B) was constructed, display-
ing the top 10 upregulated and top 10 downregulated protein-
coding DEGs. The resulting heatmap demonstrated a clear segrega-
tion of samples into two major clusters corresponding perfectly to
their histological classification: NSCLC and normal. The color gradi-
ent, representing expression levels from low (light orange) to high
(dark brown), further illustrated distinct gene expression profiles
between the two conditions, with one large gene cluster showing
uniformly higher expression in tumor samples. This integrated
bioinformatic approach successfully delineated the global tran-
scriptional landscape of NSCLC, establishing a reliable foundation
for subsequent focused investigation.

3.2. Machine learning integration identifies MORC2 as a key candidate
in NSCLC

Following the identification of a broad set of differentially
expressed genes, a refined analysis was necessary to pinpoint the
most promising candidates driving NSCLC pathogenesis. To this
end, two distinct machine learning algorithms—LASSO logistic
regression and RF—were employed for robust feature selection.
For the LASSO analysis (Fig. 2A), the coefficient path plot illustrated
how gene coefficients shrink with increasing log (1), while the par-
tial likelihood deviance plot identified the optimal A values: A.min
(=5.3921) and A.1se (—4.8339). At A.min, five genes (MORC2,
FAM115B, PTGER1, MS4A14, and CCDC88A) retained non-zero
coefficients, indicating their potential discriminatory power.

To complement this approach and assess feature importance
based on an alternative algorithm, an RF analysis was conducted
(Fig. 2B). The model’s error rate stabilized at a low level as the
number of trees increased, confirming its predictive stability. The
analysis of variable importance, measured by the mean decrease
in Gini index, identified MORC2 and PTGERT1 as the two genes con-
tributing most significantly to the model’s accuracy. Refinement of
the candidate set via Venn diagram analysis of LASSO and RF out-
puts confirmed MORC2 and PTGERT as overlapping key candidates,
consistent with the variable importance results from RF (Fig. 2C).
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By integrating LASSO and RF algorithms, MORC2 and PTGER1 were
efficiently prioritized as key candidate genes. Guided by prior
reports on MORC2's role in NSCLC progression [16,22], the research
focused on dissecting MORC2's functional and mechanistic contri-
butions to the disease.

3.3. Elevated expression of MORC2 in NSCLC correlates with poor
prognosis

After identifying MORC2 as a candidate via machine learning
and previous studies, its expression patterns and clinical relevance
were systematically validated across datasets, clinical specimens,
and cell models. To evaluate MORC2 expression in large-scale
cohorts, the TCGA-LUAD dataset was analyzed first. In contrast to
59 adjacent normal tissue counterparts, the expression of MORC2
transcripts was markedly increased in primary tumors (n = 515)
(***p < 0.001, Fig. 3A). This observation was corroborated in an
independent cohort, where scatter plots showed significantly
higher MORC2 gene expression in tumor samples relative to nor-
mal counterparts (p = 7.48e-31, Fig. 3B). Kaplan-Meier survival
analysis was conducted to explore the clinical implications of
MORC2 expression. The results showed that elevated MORC2
expression correlated with significantly shorter overall survival
in NSCLC patients (hazard ratio = 1.59, log-rank P = 0.0053, Fig. 3C).

Next, upon re-analyzing the GSE29249 dataset, it was observed
that MORC2 mRNA levels were robustly elevated in tumor tissues
compared to normal tissue controls (***p < 0.001, Fig. 3D). These

findings were further validated using qRT-PCR on 43 paired clinical
specimens, where tumor tissues exhibited marked MORC2 mRNA
upregulation relative to adjacent non-tumor tissues (***p < 0.001,
Fig. 3E). Integrating molecular and clinical data presented a sur-
vival curve stratified by MORC2 expression (low vs. high,
p = 0.0384), which exhibited a significant elevation in tumor tis-
sues relative to normal tissues (***p < 0.001, Fig. 3F). WB analysis
of MORC2 across a panel of NSCLC tumor specimens (N1-T7) con-
sistently indicated upregulation in malignant tissues (Fig. 3G).

Finally, MORC2 expression was investigated in cell models. The
levels of mRNA (Fig. 3H) and protein (Fig. 31) were quantified in
normal bronchial epithelial cells (16HBE) in contrast to NSCLC cell
lines (Calu-6, A549, and H1299). Both analyses revealed signifi-
cantly higher MORC2 expression in tumor cell lines compared to
16HBE, reinforcing its oncogenic association. Across public data-
bases, clinical specimens, and cell models, these cross-modal vali-
dations consistently demonstrated that MORC2 was robustly
upregulated in NSCLC and correlated with adverse prognosis, pro-
viding a mechanistic foundation for subsequent functional
investigations.

3.4. Knockdown of MORC2 impairs malignant phenotypes and alters
glycolytic metabolism in NSCLC cells

Having established the clinical and prognostic relevance of ele-
vated MORC2 expression, this study next aimed to elucidate its
functional role in NSCLC pathogenesis. To investigate the conse-
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quences of MORC2 loss-of-function, its expression was stably
silenced in A549 and H1299 NSCLC cell lines using specific si-
MORC2, with a si-NC serving as controls. Protein-level validation
of knockdown efficiency was performed initially; WB-based analy-
sis confirmed a notable downregulation of MORC2 expression in
both si-MORC2-transfected cell lines as opposed to the respective
si-NC-transfected control groups (***p < 0.001, Fig. 4A).

Following the confirmation of efficient MORC2 knockdown, a
series of functional assays was pursued. For the purpose of evalu-
ating the effect on cellular proliferation, CCK-8 assays were con-
ducted over 72 h. Silencing MORC2 led to a significant decrease
in the viability of both A549 and H1299 cells compared to the si-
NC groups (***p < 0.001, Fig. 4B). Given the observed suppression
of proliferation, the effect of MORC2 knockdown on cell death
was thereafter investigated. Flow cytometric analysis of Annexin
V/PI staining revealed that the depletion of MORC2 significantly
increased the percentage of apoptotic cells in both cell lines

(***p < 0.001, Fig. 4C), indicating that MORC2 contributes to cell
survival. Beyond core survival mechanisms, the role of MORC2 in
cancer stemness and metastatic potential was further explored,
which are critical for tumor progression and recurrence. Using a
sphere-formation assay, it was found that cells with reduced
MORC2 expression formed significantly fewer and smaller tumor-
spheres compared to si-NC groups, suggesting a compromised self-
renewal capacity (**p < 0.01, ***p < 0.001, Fig. 4D). Moreover, inva-
sion, a hallmark of metastatic potential, was analyzed using Tran-
swell assays. A substantial decrease in the number of invasive cells
in si-MORC2 groups relative to si-NC (**p < 0.01, ***p < 0.001,
Fig. 4E), highlighting diminished invasiveness.

Since metabolic reprogramming, particularly enhanced glycoly-
sis, was a hallmark of aggressive cancers, whether MORC2 influ-
ences this pathway was then investigated. Analysis of glycolytic
parameters showed that silencing MORC2 significantly reduced
glucose consumption (Fig. 4F) and lactate production (Fig. 4G) in
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the culture medium. Concomitantly, the cellular ATP/ADP ratio, an
indicator of energy status, was also decreased upon MORC2 knock-
down (Fig. 4H), linking its function to the maintenance of gly-
colytic flux and energy homeostasis in NSCLC cells. In summary,
functional interrogation through genetic silencing demonstrated
that MORC2 was essential for maintaining the proliferative, anti-
apoptotic, stem-like, invasive, and glycolytic phenotypes of NSCLC
cells, positioning it as a multifaceted promoter of tumor
malignancy.

3.5. Transcriptional regulation of MORC2 by PAX2 in NSCLC

To dissect the upstream mechanisms driving MORC2 overex-
pression in NSCLC, the transcriptional regulation of MORC2 by
PAX2 was probed. A bioinformatic pipeline, informed by Genecards
and JASPAR analyses, first flagged PAX2 as a putative transcription
factor for MORC2 (Fig. 5A). The PAX2 binding site within the
MORC2 promoter was predicted and subsequently corroborated
by consensus sequence alignment and motif visualization
(Fig. 5B). Leveraging clinical datasets, PAX2 expression was
assessed next. In TCGA NSCLC samples, PAX2 mRNA levels were
notably higher relative to their adjacent normal tissue counter-
parts (***p < 0.001, Fig. 5C), aligning with its predicted regulatory
function. A robust positive correlation between PAX2 and MORC2
mRNA expression was observed in NSCLC specimens (r = 0.8407,
***p < 0.001, Fig. 5D), implying a potential regulatory interplay.

siRNA-mediated silencing of PAX2 in A549 and H1299 cells was
performed to validate this interaction. WB confirmed efficient
PAX2 protein depletion in si-PAX2-transfected cells (***p < 0.001,
Fig. 5E). Luciferase reporter assays were conducted using con-
structs containing either the WT or MUT MORC2 promoter. In both
A549 (**p < 0.01, Fig. 5F) and H1299 (***p < 0.001, Fig. 5G) cells, si-

PAX2 transfection attenuated the luciferase activity of the WT
reporter while it had no such effect on the MUT variant, confirming
specific PAX2-mediated transactivation. ChIP assays further
revealed PAX2 binding to the MORC2 promoter in H1299 cells,
with enrichment significantly higher than IgG controls
(***p < 0.001, Fig. 5H). Subsequent qRT-PCR and WB showed that
PAX2 knockdown substantially reduced MORC2 mRNA
(***p < 0.001, Fig. 5I) and protein levels (**p < 0.01, ***p < 0.001,
Fig. 5]) in both cell lines, cementing PAX2 as a transcriptional acti-
vator of MORC2. The integration of bioinformatic prediction and
experimental validation enabled the identification of PAX2 as a
direct transcriptional activator of MORC2 in NSCLC, revealing a
critical regulatory axis underlying its overexpression.

3.6. Rescue experiments elucidate MORC2-mediated oncogenic
functions of PAX2 in NSCLC

Building on the identification of PAX2 as a transcriptional acti-
vator of MORC2, the study next performed rescue experiments to
dissect whether PAX2 exerts its oncogenic functions through
MORC2. WB analysis confirmed that PAX2 knockdown significantly
reduced MORC2 protein levels, and this reduction was effectively
rescued by the concurrent overexpression of MORC2 (Fig. 6A),
establishing the experimental model for functional interrogation.

Taking into account PAX2’s documented role in enhancing cel-
lular proliferation, its impact on cell viability was first assessed.
CCK-8 assays demonstrated that silencing PAX2 markedly inhib-
ited the growth of both A549 and H1299 cells over 72 h. Notably,
the impaired cell viability induced by PAX2 deficiency was sub-
stantially, though not completely, restored by re-expressing
MORC2 (Fig. 6B). This finding prompted an examination of cell sur-
vival. Annexin V-FITC/PI staining and flow cytometry showed that


move_f0025
move_f0030

J. Cao, F. Cai, J. Jia et al.

o & OO
S S ‘}.*
R
A MORC2 8 = S e B
B-actin = ™ s -
15 T15, A5 £20, HI1299
o2 o o
x [ aen *Ex o o .
S €10 §10 ;310
=c = L
x -~ =~
o 1.0
ge 0.5 Sos E]
38 s S05 /
x s fa] fa]
0.0 0.0 Oo.0
> $» \ A
s gﬁ P AV Q> AV
si-NC - si-NC - si-NC
[ si-MORC2 - si-MORC2 - si-MORC2
D si-NC si-MORC2 ‘_>,-
815
2 ; &
E ® % 5} = -
510
g
2 5os
S I e
T 80 i, £00
— %) ‘;‘Q Q‘b
Ay Q{&
si-NC
F _ G _ [J si-MORC2 H
5% 4 5 25
g8 §8° =
E23{ u g2
€3, 8515
2 S 2 810
[=]
g SE0s
28 5 0
GEo - Eoo -
K s A
si-NC si-NC >
[ si-MORC2 [ si-MORC2

Electronic Journal of Biotechnology 82 (2026) 100718

si-NC si-MORC2
C o TAI015%) | A2551%)| =, JAN008%) | A2(13.83%)
2y EF
3o ) s =40 aax
3 34 e g g §- >k
a Zn 3 *
< Ty 3 ?‘ "ﬁ @ 30| =
2 E A30042%) | A4(3.92%) o 4 A370.10%) | A4(15.89%) g
X e A e 2 90
o 10 10* 10° 10° o 10° 10* 10° 10° 8
Annexin FITC-A Annexin FITC-A S
g10
o JAI022%) | A2036%)| . JAN006%) |A2(16.45%)
2y 2y <
2 171 521 o 0
& gy iy ** (:’9 '199
- &a- -
T % ) S ¥ N
gll?:’u‘n A4(2 54% !AJGZ*‘I :’705] SI-NC
o a3 ) % ° 3 5 %
e et ] SI-MORC2
0107 10° 10* 10° 10° 0107 10 10* 10° 10°
Annexin FITC-A Annexin FITC-A
E si-MORC2 -
®
3 150
o
>
£100{ 2= ==
©
>
E
k]
S 50
3
2
5 o
=2
O >
')
SR
si-NC
[J si-MORC2

*kk

w

Cellular ATP/ADP ratios
— N

o

O >
%)
\,?? Q‘O
si-NC
[] si-MORC2

Fig. 4. Functional effects of MORC2 knockdown in NSCLC cells. A549 and H1299 cells were transfected with control siRNA (si-NC) or MORC2-targeting siRNA (si-MORC2).
(A) WB analysis of MORC2 protein levels in A549 and H1299 cells transfected with si-NC or si-MORC2 (B-actin as a loading control). (B) CCK-8 assay measuring proliferation of
si-NC-transfected or si-MORC2-transfected A549 and H1299 cells at 24, 48, and 72 h. (C) Flow cytometry analysis of apoptosis via Annexin V-FITC/PI staining in transfected
cells. X-axis (Annexin V-FITC): phosphatidylserine externalization (early apoptosis); Y-axis (PI): membrane integrity (PI labels damaged membranes, late apoptosis/necrosis).
Quadrants: Q3 (Annexin V~/PI-, viable); Q4 (Annexin V*/PI, early apoptosis); Q2 (Annexin V*/PI", late apoptosis); Q1 (Annexin V~/PI*, necrosis). Bar graphs present total
apoptosis (Q2 + Q4). (D) Sphere formation assay evaluating cancer stem cell properties in transfected cells (scale bar = 50 pm). (E) Transwell invasion assay assessing the
invasive capacity of transfected cells (scale bar = 50 um). (F-H) Glycolytic activity analysis: glucose consumption, lactate production, and ATP/ADP ratios in transfected cells.
Data are presented as mean * SD (n = 3 independent experiments). Statistical analyses: Student’s t-test (**p < 0.01, ***p < 0.001).

the increased apoptosis induced by si-PAX2 was attenuated in the
si-PAX2 + OE-MORC2 group (Fig. 6C), suggesting MORC2 mediates
PAX2’s anti-apoptotic effects.

Whether the PAX2/MORC2 axis influences more aggressive can-
cer cell properties was examined through an evaluation of its
effects on stemness and invasive capacity. Tumorsphere formation
assays showed that PAX2 silencing severely compromised the self-
renewal capability of NSCLC cells, an effect that was again partially
reversed by MORC2 overexpression (Fig. 6D). Similarly, Transwell
invasion assays indicated that the invasive potential suppressed
by PAX2 knockdown was significantly rescued by the reconstitu-
tion of MORC2 expression (Fig. 6E).

Therefore, to further characterize the underlying metabolic
alterations, key parameters of glycolysis were measured. Silencing
PAX2 induced a substantial decline in glucose consumption
(Fig. 6F) and lactate production (Fig. 6G), alongside a reduced cel-
lular ATP/ADP ratio (Fig. 6H). Crucially, the forced expression of
MORC2 in PAX2-deficient cells effectively restored glycolytic flux
and energy homeostasis. Taken together, these comprehensive res-

cue experiments demonstrated that MORC2 was a critical down-
stream executor of PAX2, mediating its oncogenic functions in
promoting proliferation, survival, stemness, invasion, and gly-
colytic metabolism in NSCLC cells.

3.7. PAX2 depletion inhibits tumor growth in vivo, partially rescued by
MORC2 overexpression

To translate in vitro observations of PAX2’s oncogenic potential
into an in vivo context, a Xenograft tumor model was established.
WB was first performed to confirm PAX2 silencing in xenograft
tumors (Fig. 7A). Relative to the sh-NC group, PAX2 protein expres-
sion was dramatically reduced in the sh-PAX2 group, verifying suc-
cessful knockdown at the protein level.

Following tumor inoculation, tumor growth patterns were lon-
gitudinally followed over a 28-day interval (Fig. 7B). Tumor growth
in the sh-PAX2 group was significantly inhibited compared to the
sh-NC group. Notably, forced MORC2 expression in the sh-
PAX2 + OE-MORC2 group partially reversed this inhibition: the res-
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cue group displayed a faster tumor growth rate than the sh-PAX2
group, which indicated a partial rescue effect. At the study end-
point, tumor weights were measured to corroborate growth differ-
ences (Fig. 7C). The sh-PAX2 group displayed markedly lower
tumor weights than the sh-NC group. Importantly, MORC2 overex-
pression in the sh-PAX2 background significantly increased tumor
weight relative to the sh-PAX2 group alone, further supporting
MORC2’s role in reversing PAX2 depletion-induced growth
inhibition.

Successful MORC2 re-expression in the rescue group was con-
firmed by WB analysis (Fig. 7D). Versus the non-targeting sh-NC
group, MORC2 protein expression was decreased in the sh-PAX2
group, while forced MORC2 overexpression ameliorated this issue
in the sh-PAX2 + OE-MORC2 group, verifying the effectiveness of
the rescue strategy. Notably, MORC2 protein expression in xeno-
graft tumor tissues was specifically detected (Fig. 7D). To explicitly
demonstrate the in vivo knockdown efficiency of PAX2-shRNA,
PAX2 protein expression in the same set of tumor tissues was ana-
lyzed. Relative to the sh-NC group, PAX2 protein expression was
significantly reduced in the sh-PAX2 group, confirming successful
PAX2 silencing at the protein level; no significant difference in
PAX2 expression was observed between the sh-PAX2 group and
the sh-PAX2 + OE-MORC2 group, which indicated that MORC2
overexpression did not affect PAX2 protein levels (Fig. S1).

Histological and immunohistochemical staining were con-
ducted to assess tumor morphology, proliferation, and MORC2
expression (Fig. 7E). HE staining revealed a more disorganized
and less dense tumor architecture in the sh-PAX2 group, which

10

was partially normalized by MORC2 overexpression. Ki67
immunostaining (a proliferation marker) showed fewer positive
cells in the sh-PAX2 group, with numbers increasing in the sh-
PAX2 + OE-MORC2 group. Consistent with WB, MORC2 IHC
demonstrated reduced staining in the sh-PAX2 group and recovery
in the rescue group. These in vivo data demonstrated that PAX2
depletion suppressed tumor growth, and this effect was partially
mediated by MORC2, as reintroducing MORC2 alleviated the
growth inhibition, suggesting a functional relationship between
PAX2 and MORC2 in tumor progression.

4. Discussion

NSCLC remains a leading cause of cancer-related mortality glob-
ally, largely due to late-stage diagnosis, high metastatic potential,
and the limited efficacy of existing targeted therapies [7,8]. Identi-
fying key molecular targets and their regulatory mechanisms is
critical for developing precise diagnostics and therapies. This study
integrated bioinformatics, machine learning, and in vitro/in vivo
experiments to explore MORC2’s role in NSCLC, revealing that
MORC2 was upregulated in NSCLC, correlated with poor prognosis,
promoted malignant phenotypes and glycolysis, and was transcrip-
tionally activated by PAX2—forming a PAX2/MORC2 axis driving
NSCLC progression. These experimental observations deliver per-
spectives concerning the pathogenesis of NSCLC and prospective
therapeutic targets for clinical application.

Transcriptomic analysis of GSE29249 identified 2464 DEGs
(1018 upregulated, 1446 downregulated) between NSCLC and nor-



J. Cao, F. Cdi, J. Jia et al.

Electronic Journal of Biotechnology 82 (2026) 100718

Y
& &
& &
K
'\3‘
© P T
D i-PAX2+
Si-|
MORC2 ::: e : B si-PAX2 OE-MORC2
-actin -
=15 15, A4 T207 H1299 30
88 € = s
T 9 8 : 815 ry
g g0 J1.0 || 3 & 20
3 < <10 @
Se ® o ‘@
=<05 205 =2 .8-4 10
=9 o T 0.5 =%
Q > >
o g_ a a §-
0.0 .0 S 0.0 2 0
A et T o ,&g
si-NC - SiNC ~ sie o, | .
O siene < sewa - sieRa Sl
si-PAX2+OE-MORC2 ~ si-PAX2+OE-MORC2  — si-PAX2+OE-MORC2 A bl si-PAX2+OE-MORC2
D E
>
2
215 ) )
(7] si-PAX2+ si-PAX2+
5 si-NC si-PAX2 OE-MORC2 si-NC si PAX2 OE-MORC2
§1.0 - q* - .- s* .r&"f’
3 2 2 Tanl e YRS
fos 1 él‘fg
-2 o e e N
§ O b Pl '.."6. vy
.E'0.0
w
N
si-NC ¥
[ si-PAX2
si-PAX2+OE-MORC2 si-PAX2+OE-MORC2
F G H
= =
§T4 .25 84
29 S P i
o =
E23 g a20 a3
5 = S w [=]
oS L <
c3 3 s 1.5 g
8 =2 Q.% & 2
2 §, 2510 <
w
§s $5o0s 5
GEo “Eoo 30 -
£ 4o £
?‘Q & V‘Q Q.’:l?
si-NC si-NC si-NC
[ si-PAX2 [ si-PAX2 [ si-PAX2

si-PAX2+OE-MORC2 si-PAX2+OE-MORC2

si-PAX2+OE-MORC2

Fig. 6. MORC2 restoration rescues the oncogenic phenotypes impaired by PAX2 knockdown in NSCLC cells. A549 and H1299 cells were subjected to three treatments:
control siRNA (si-NC), PAX2-targeting siRNA (si-PAX2), or si-PAX2 combined with MORC2 overexpression (si-PAX2 + OE-MORC2). (A) WB analysis of MORC2 protein
expression in A549 and H1299 cells. f-Actin served as a loading control. (B) Cell viability assessed by the CCK-8 assay in A549 and H1299 cells under the indicated treatment
conditions at 24, 48, and 72 h post-transfection. (C) Annexin V-FITC/PI double staining analyzed apoptosis in A549 and H1299 cells by flow cytometry. (D) Quantitative
analysis of tumorsphere formation assays performed with A549 and H1299 cells under the specified treatment conditions. (E) Representative images and quantification of
Matrigel invasion assays for A549 and H1299 cells under the indicated treatments. The scale bar represents 50 pm. The bar graph shows the number of invaded cells per field.
(F-H) Measurement of glycolytic parameters in treated A549 and H1299 cells: Glucose consumption in the culture medium over 24 h, Lactate production in the culture
medium over 24 h, and (H) Intracellular ATP/ADP ratio. Data are shown as mean * SD (n = 3 independent experiments). Statistical significance was analyzed by one-way

ANOVA with Tukey’s post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).

mal tissues. This pattern of widespread transcriptional dysregula-
tion is consistent with previous observations in NSCLC, where
malignant transformation is accompanied by extensive changes
in gene expression [23]. Hierarchical clustering confirmed distinct
tumor-normal expression profiles, validating DEG reliability. To fil-
ter candidates, two complementary machine learning tools, includ-
ing LASSO logistic regression and RF, were used. This strategy is
widely recognized in cancer biomarker research for its ability to
reduce data dimensionality and improve the robustness of candi-
date selection [24]. LASSO identified five genes (MORC2, FAM115B,
PTGER1, MS4A14, and CCDC88A) at optimal A.min, while RF (via
mean decrease in Gini index) highlighted MORC2 and PTGERI1.
Their intersection confirmed MORC2/PTGER1 as core candidates,
consistent with an NSCLC exosome-related gene study that also
applied LASSO and RF for key gene screening [25]. MORC2 was pri-
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oritized for further study due to prior evidence: It promotes LC
angiogenesis via Wnt/B-catenin [16] and regulates ovarian cancer
glycolysis [22], supporting its oncogenic role in NSCLC.
Multi-dimensional validation confirmed MORC2 upregulation
in NSCLC. TCGA-LUAD analysis showed higher MORC2 in 515
tumors vs. 59 normal tissues, corroborated by GSE29249 re-
analysis [12]. qRT-PCR/WB of 43 paired specimens confirmed
MORC2 overexpression at mRNA/protein levels, extending previ-
ous reports of MORC2 upregulation in NSCLC [16]. Kaplan-Meier
analysis linked high MORC2 to shorter overall survival
(HR = 1.59, log-rank P = 0.0053), consistent with Liu et al. [26],
who associated MORC2 with lymph node metastasis and poor
prognosis. Liao et al. [27] also validated MORC2 as a prognostic
marker, noting its potential to complement traditional biomarkers.
Additionally, MORC2 was overexpressed in NSCLC cell lines (Calu-
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Fig. 7. PAX2 depletion suppresses tumor growth in vivo, partially reversed by MORC2 overexpression. Tumor xenografts were established by inoculating nude mice with
cancer cells stably transduced with sh-NC (negative control), sh-PAX2 (PAX2 knockdown), or sh-PAX2 + OE-MORC2 (PAX2 knockdown + MORC2 overexpression). (A) WB
analyzed PAX2 protein levels in tumor tissues. (B) Tumor volumes were measured every 5 days for 28 days. (C) Final tumor weights were recorded at study termination. (D)
WB assessed MORC2 protein expression in tumor tissues. (E) Histological analysis via HE staining and IHC staining for Ki67 (proliferation marker) and MORC2, with scale
bar = 50 um. Data are presented as mean * SD from at least three independent experiments. Statistical significance was determined by Student’s t-test or one-way ANOVA

with Tukey’s post-hoc test (**p < 0.01, ***p < 0.001).

6, A549, and H1299) vs. normal 16HBE cells, supporting its onco-
genic function and providing a cellular model for mechanistic
studies.

siRNA-mediated MORC2 knockdown inhibited NSCLC cell pro-
liferation (CCK-8) and induced apoptosis (Annexin V/PI), consistent
with MORC2’s pro-survival role in other cancers [28,29]. MORC2
depletion also reduced tumorsphere formation (stemness) and
invasion (Transwell), aligning with Liu et al., who linked stemness
regulators to NSCLC metastasis [30], and extended prior observa-
tions of MORC2-mediated lung cancer growth [16] by linking
MORC2 to stemness and invasion. Notably, this study identified
MORC2’s novel role in glycolysis, a key cancer metabolic hallmark
[31]. MORC2 knockdown reduced glucose consumption, lactate
production, and ATP/ADP ratio, mirroring Dong et al. [22], who
reported MORC2-mediated glycolysis in ovarian cancer, and Gud-
deti et al. [18], who demonstrated that MORC2 modulates LDHA
expression and glucose metabolism to drive breast cancer progres-
sion. This cross-cancer conservation suggests MORC2 may univer-
sally regulate glycolysis (e.g., via glycolytic enzymes [17],
expanding its oncogenic functions to metabolic reprogramming.
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Bioinformatics (Genecards/JASPAR) identified PAX2 as a puta-
tive MORC2 transcription factor, with a conserved binding site in
the MORC2 promoter. PAX2, a known NSCLC oncogene [21,32],
was upregulated in TCGA NSCLC tumors, and its mRNA strongly
correlated with MORC2 (r = 0.8407). Experimental validation con-
firmed PAX2's direct regulation: siRNA-mediated PAX2 knock-
down reduced MORC2 mRNA/protein; luciferase assays showed
PAX2 depletion inhibited wild-type (but not mutated) MORC2 pro-
moter activity; ChIP demonstrated PAX2 binding to the MORC2
promoter. These findings extend PAX2's regulatory network, while
PAX2 regulates VEGF in renal cancer [33], this study identifies
MORC2 as a lung cancer target, highlighting tissue-specific
programs.

H1299 xenograft experiments validated the PAX2/MORC2 axis.
PAX2 knockdown inhibited tumor growth (reduced volume/
weight) and altered architecture, consistent with in vitro results.
Critically, MORC2 overexpression partially rescued PAX2 deple-
tion’s effects, restoring tumor growth and proliferation (Ki67 stain-
ing), establishing causality. This rescue experiment is critical as it
establishes causality, confirming that PAX2 exerts its oncogenic
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effects at least in part through MORC2. Wu et al. [34] used a similar
in vivo rescue strategy to validate the miR-486-3p/CRABP2 axis in
NSCLC, and the current study’s consistent approach strengthens
the translational relevance of the PAX2/MORC2 axis. Additionally,
immunohistochemical staining confirmed reduced MORC2 expres-
sion in PAX2-knockdown tumors and recovery in the rescue group,
further supporting the regulatory relationship between PAX2 and
MORC2. These in vivo data complement in vitro findings, providing
a comprehensive view of the PAX2/MORC2 axis in NSCLC progres-
sion. Inevitably, the clinical cohort size (43 paired specimens) is
relatively small, which may limit the generalizability of the prog-
nostic findings; incomplete exploration of MORC2’s downstream
pathways, and no testing of PAX2/MORC2-targeted therapies.

This study demonstrates the PAX2/MORC2 axis’s critical role in
NSCLC: PAX2 transcriptionally activates MORC2, whose overex-
pression promotes proliferation, survival, stemness, invasion, and
glycolysis, and correlates with poor prognosis. These findings
expand NSCLC molecular understanding and identify MORC2 as a
potential prognostic biomarker/therapeutic target. Future studies
should validate the axis in larger cohorts, explore MORC2's down-
stream pathways, and develop targeted therapies to improve
NSCLC outcomes.
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