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Abstract
Ovarian cancer (OV) is a leading cause of cancer-related mortality among women worldwide. Despite the 
success of platinum-based chemotherapy in treating OV, the emergence of cisplatin resistance has significantly 
compromised its therapeutic efficacy. Therefore, understanding the mechanisms underlying cisplatin resistance 
and its molecular regulation is crucial for improving patient outcomes. This study, MEOX2 was identified as a key 
gene significantly associated with prognosis and cisplatin resistance in OV through bioinformatics analysis. Its 
expression level and biological functions were validated using online databases, tissue microarrays, and cellular 
experiments. The results demonstrated that high MEOX2 expression was closely associated with poor survival 
outcomes in OV patients, while its expression was significantly reduced in cisplatin-resistant cells. Further gene 
silencing experiments revealed that silencing MEOX2 markedly enhanced cisplatin resistance in resistant cells 
and significantly reduced cisplatin-induced early apoptosis, although it had no notable effect on cell proliferation. 
Moreover, the study showed that MEOX2 was not associated with immune cell infiltration in OV but was positively 
correlated with angiogenesis-related genes. In cisplatin-resistant cells, gene set enrichment analysis of MEOX2 
co-expressed genes highlighted the activation of the E2F target and DNA repair pathway. Additionally, MEOX2 
exhibited a significant negative correlation with the MCM protein family. In summary, MEOX2 is highly expressed 
in OV and is associated with poor patient prognosis. It may confer cisplatin resistance to OV cells by activating the 
E2F target and DNA repair pathway to mitigate cisplatin-induced early apoptosis. Despite certain limitations, these 
findings provide novel insights into the potential role of MEOX2 as a prognostic biomarker and therapeutic target 
in OV.
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Introduction
Ovarian cancer (OV) is the most lethal gynecological 
malignancy, posing a significant global threat to women’s 
health [1]. In 2019, millions of new cases were reported 
worldwide, resulting in hundreds of thousands of deaths 
due to disease progression [2]. Clinically, most OV cases 
are diagnosed at an advanced stage [3], with cancer cells 
exhibiting a high propensity for metastasis to organs such 
as the fallopian tubes, uterus, and intestines, complicat-
ing prognosis and treatment outcomes [4]. Standard 
treatment involves cytoreductive surgery followed by a 
dual chemotherapy regimen comprising platinum and 
taxane agents, which induce remission in over 50% of 
advanced-stage cases [5]. However, the high recurrence 
rate—affecting approximately 70% of advanced-stage 
patients within 18 months—presents a critical challenge, 
with nearly 50% succumbing to the disease within five 
years of initial diagnosis [6]. This highlights an urgent 
need for innovative therapeutic approaches to prolong 
remission and improve survival rates.

Cisplatin, a platinum-based chemotherapeutic agent 
that disrupts DNA replication and transcription, remains 
a cornerstone in cancer treatment [7, 8]. Despite its effi-
cacy, the emergence of cisplatin resistance represents 
a formidable obstacle, prompting the development of 
strategies such as combining cisplatin with adjunctive 
agents (e.g., paclitaxel, berberine, resveratrol) [9–11] 
and utilizing advanced drug delivery systems to enhance 
therapeutic efficacy and minimize toxicity [12]. Another 
promising strategy involves targeting resistance-related 
genes to combat cisplatin resistance.

Mesenchyme Homeobox 2 (MEOX2), a nuclear tran-
scription factor initially identified for its role in inhibiting 
the growth of vascular smooth muscle and endothelial 
cells, has been implicated as a tumor-initiating factor in 
glioma [13]. Studies have shown that MEOX2 contributes 
to tumor growth, metastasis, drug resistance, and poor 
prognosis in various cancers, including hepatocellular 
carcinoma, cervical cancer, and breast cancer [14–16]. 
However, its role in OV remains largely unexplored. This 
study addresses the pressing issues of OV diagnosis and 
cisplatin resistance by leveraging bioinformatics analyses 
to identify key targets associated with OV onset, progno-
sis, and drug resistance. The identified targets are further 
investigated through mechanistic predictions and rigor-
ous biological validation.

Results
Identification and pathway enrichment analysis of dual 
differentially expressed genes (DEGs) associated with 
tumorigenesis and cisplatin resistance
To identify key genes involved in OV prognosis and drug 
resistance, we integrated data from The Cancer Genome 
Atlas (TCGA) and Genotype-Tissue Expression (GTEx) 

databases to analyze transcriptomic profiles of OV tis-
sues and corresponding normal adjacent tissues. Fol-
lowing data standardization and integration, principal 
component analysis (PCA) revealed significant spatial 
separation between tumor and normal tissues (Fig. 1A). 
Differential expression analysis identified 3,187 upregu-
lated and 4,944 downregulated DEGs in OV tissues 
compared to normal tissues (|Log2FC| ≥ 1 & FDR < 0.05) 
(Fig. 1B). Previous studies have demonstrated that aber-
rant gene expression in cancer cells can exacerbate 
resistance to platinum-based chemotherapeutics, com-
plicating treatment outcomes. To further investigate 
cisplatin resistance, we analyzed the GSE15372 dataset, 
which revealed substantial differences between cisplatin-
resistant and sensitive strains. Differential expression 
analysis identified 945 DEGs associated with cisplatin 
resistance, comprising 426 upregulated and 519 down-
regulated genes (Fig. 1C-D). Integrating these DEGs with 
those identified from OV tissues resulted in 461 overlap-
ping DEGs (Fig. 1E), suggesting a potential collaborative 
role in both tumorigenesis and cisplatin resistance.

The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis revealed that these 
461 DEGs are predominantly involved in cancer-related 
pathways (e.g., pathways in cancer, prostate cancer), cell 
proliferation (e.g., PI3K-Akt signaling pathway, MAPK 
signaling pathway, cell cycle), cell adhesion (e.g., cell 
adhesion molecules), and inflammation-related pathways 
(e.g., cytokine-cytokine receptor interaction, IL-17 sig-
naling pathway) (Fig. 1F).

Screening for DEGs significantly associated with OV 
survival
In continuation of our efforts to identify key genes asso-
ciated with prognosis and drug resistance in OV, we con-
ducted Cox univariate analysis was conducted to identify 
DEGs significantly associated with OV survival. Cox uni-
variate analysis was performed to identify DEGs signifi-
cantly correlated with OV survival, identifying 30 DEGs 
with prognostic significance (Fig.  2A). Random forest 
analysis further prioritized four key genes (MEOX2, 
GBP1, PSMB8, and ANXA10) as potential prognostic 
markers (Fig. 2B-C).

MEOX2 correlation with prognosis and increased 
expression with disease stage
We evaluated the prognostic significance of MEOX2 
using clinical data from the TCGA database. Kaplan-
Meier analysis showed that MEOX2 expression was 
positively correlated with overall survival in OV patients 
(HR = 1.664; P = 0.0004), while GBP1 demonstrated an 
inverse correlation (HR = 0.6910; P = 0.0096) Fig.  3A). 
Expression analysis across OV stages revealed sig-
nificantly higher MEOX2 levels in stages III and IV 
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compared to stage II (P < 0.05) (Fig.  3B). These findings 
suggest that MEOX2 expression is stage-dependent and 
prognostically relevant, prompting further validation of 
its role as a key survival-associated gene.

Tissue microarray analysis validates high MEOX2 
expression and its clinical relevance
Immunohistochemical (IHC) analysis of OV tissue 
microarrays confirmed high MEOX2 expression in tumor 
samples (Fig.  4A-B). Survival analysis revealed that 
higher MEOX2 expression correlated with shorter over-
all and disease-free survival (Fig. 4C). Furthermore, Cox 
analysis demonstrated a positive correlation between 
MEOX2 expression and tumor size and staging (Fig. 4D, 
Table 1). Collectively, these results underscore the clinical 
relevance of MEOX2 as a key driver in OV progression.

MEOX2 expression in cisplatin-resistant cells and its 
functional role
To validate MEOX2 expression in cisplatin-resistant 
cells, we assessed its levels in various cell lines using The 
Human Protein Atlas (HPA; ​h​t​t​p​​s​:​/​​/​w​w​w​​.​p​​r​o​t​e​i​n​a​t​l​a​s​.​o​r​
g​/) database. Among eight cell lines expressing MEOX2, 
A2780 exhibited the highest expression, prompting its 
selection for further experiments (Fig. 5A). Cisplatin sen-
sitivity assays showed that A2780-DDP cells exhibited 
higher resistance (IC50 = 66.55 μM) compared to paren-
tal A2780 cells (Fig. 5B). qPCR and Western blot analy-
ses revealed significantly higher MEOX2 expression in 

A2780 cells compared to normal ovarian epithelial cells 
(IOSE-80) Fig. 5C-D). However, upon acquiring cisplatin 
resistance, MEOX2 levels decreased in A2780-DDP cells, 
although they remained higher than in IOSE-80 cells 
(Fig. 5C-D).

To further investigate the role of MEOX2 in cisplatin 
resistance in OV, we silenced MEOX2 in cisplatin-resis-
tant cells. As shown in Fig. 5E, qPCR results revealed that 
siRNA-1013 achieved the highest knockdown efficiency 
for MEOX2 and was subsequently selected for further 
experiments. Knockdown of MEOX2 using siRNA fur-
ther enhanced cisplatin resistance in A2780-DDP cells 
(IC50 = 96.44 μM) (Fig.  5F-G). Additionally, cell pro-
liferation was significantly inhibited in resistant cells, 
both with and without cisplatin treatment, after MEOX2 
knockdown. To better assess the impact of MEOX2 
knockdown on cisplatin resistance, we calculated the 
proliferation ratio between cisplatin-treated (DDP) and 
untreated (NC) groups to evaluate the relative inhibi-
tory effect of cisplatin on cell proliferation or viability. 
The results showed that cisplatin treatment significantly 
suppressed proliferation in A2780 cells, while its inhibi-
tory effect was markedly attenuated in A2780-DDP 
cells. However, no significant changes were observed 
upon MEOX2 knockdown in the resistant cells (Fig. 5H). 
Apoptosis assays revealed that, in the absence of cisplatin 
treatment, all groups exhibited low apoptosis rates with 
no significant differences. Under cisplatin treatment, the 
total apoptosis rate of A2780-DDP cells was significantly 

Fig. 1  Screening of dual genes for OV occurrence and drug resistance. (A) PCA of the expression profiles of tumor and normal tissues. (B) DEGs be-
tween tumor and normal tissues. (C) PCA of cisplatin-sensitive and cisplatin-resistant cells in GSE15372 dataset. (D) DEGs between cisplatin-sensitive and 
cisplatin-resistant cells. (E) The Venn diagram of DEGs. (F) KEGG pathway analysis of intersecting genes
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lower than that of A2780 cells, and this reduction became 
even more pronounced following MEOX2 knockdown 
(Fig.  5I). Further analysis indicated that both early and 
late apoptosis ratios were significantly reduced in resis-
tant cells after MEOX2 silencing. However, only the 
reduction in early apoptosis showed statistical signifi-
cance when relative apoptosis rates (DDP/NC) were cal-
culated. Finally, wound healing assays demonstrated that 
the migratory ability of resistant cells was significantly 
impaired following MEOX2 knockdown (Fig.  5J). These 
findings collectively highlight the critical role of MEOX2 
in cisplatin-resistant cells. Its silencing further enhances 
the resistance of these cells to cisplatin, primarily by 
increasing their ability to evade cisplatin-induced early 
apoptosis.

MEOX2 is associated with angiogenesis-related genes but 
not immune cell infiltration
The tumor microenvironment, particularly the degree 
of immune cell infiltration, has been shown to influ-
ence tumor growth and response to treatment by mod-
ulating immune responses. Analysis of the OV tumor 
microenvironment revealed no significant correlation 
between MEOX2 expression and immune cell infiltra-
tion (Fig.  6A). In addition to immune cell infiltration, 
angiogenesis is another crucial factor in the microenvi-
ronment. However, MEOX2 showed a significant positive 
correlation with angiogenesis-related genes, including 
POSTN, LUM, COL3A1, COL5A2, and VCAN (P < 0.05 
&|R| > 0.5) (Fig.  6B-C). These findings suggest that 
MEOX2 may influence OV progression through angio-
genic mechanisms.

Fig. 2  Screening for key genes for OV survival. (A) Cox univariate analysis of DEGs. (B) Random forest model prediction of DEGs significantly associated 
with survival. (C) Venn diagram for the selection of core genes associated with survival in OV
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Gene set enrichment analysis (GSEA) analysis of MEOX2 
co-expressed genes in drug-resistant OV cells
To explore potential pathways regulated by MEOX2, 
GSEA was performed on its co-expressed genes in drug-
resistant cells. Using the GSE15372 dataset, we calculated 
Spearman correlation coefficients between MEOX2 and 
other genes, obtaining a total of 2909 co-expressed genes 
(1777 positively correlated and 1132 negatively corre-
lated; P < 0.05 &|R| ≥ 0.75). Analysis identified significant 
enrichment of 22 pathways, primarily involving energy 
metabolism (e.g., oxidative phosphorylation, glycolysis), 
DNA replication (e.g., G2M checkpoint, DNA repair), 
and signaling pathways (e.g., E2F targets) (Fig.  7A-
B). Within the E2F pathway (ES = 0.615, FDR < 0.0001; 
Fig.  7B), the majority of enriched genes were upregu-
lated, including highly interactive nodes such as MCM4, 
MCM6, MCM7, MCM5, RRM2, MCM2, and SMC4 
(Fig. 7C-D). These pathways may underpin MEOX2’s role 
in drug resistance.

Discussion
remains one of the most significant threats to women’s 
health, ranking as one of the leading causes of malig-
nancy-related mortality worldwide. While platinum-
based chemotherapy has achieved notable success in 
treating OV, the emergence of cisplatin resistance has 
severely compromised its therapeutic efficacy [17]. 
Therefore, elucidating the molecular mechanisms under-
lying cisplatin resistance is critical for improving patient 
outcomes. Advances in bioinformatics analysis have 
provided powerful tools for identifying novel biomark-
ers and therapeutic targets, offering fresh perspectives 

on OV pathogenesis and therapeutic resistance [18, 19]. 
However, due to the complexity and heterogeneity of OV, 
there remains an urgent need to identify more effective 
therapeutic targets to enhance survival rates and improve 
treatment outcomes. In this study, we utilized bioinfor-
matics tools, tissue microarrays, and cellular experiments 
to identify and validate MEOX2 as a gene associated with 
both prognosis and cisplatin resistance in OV. Our find-
ings revealed that MEOX2 plays a pivotal role in OV pro-
gression and drug resistance. High expression of MEOX2 
was strongly correlated with poor survival outcomes in 
OV patients, underscoring its potential as a prognostic 
biomarker. Intriguingly, although MEOX2 expression was 
significantly reduced in cisplatin-resistant cells, its func-
tional silencing further enhanced cisplatin resistance. 
This paradoxical result suggests that MEOX2 may have 
distinct roles in regulating cisplatin sensitivity depending 
on its expression context.

We found that silencing MEOX2 in resistant cells sig-
nificantly increased the IC50 value of cisplatin, indicat-
ing heightened resistance to the drug. However, contrary 
to expectations, MEOX2 knockdown did not enhance 
cell proliferation in resistant cells, regardless of cispla-
tin treatment. Instead, cisplatin-induced early apoptosis 
was significantly reduced following MEOX2 silencing, 
suggesting that MEOX2 contributes to cisplatin sensi-
tivity primarily by modulating apoptosis pathways. Col-
lectively, these findings indicate that MEOX2 enhances 
cisplatin sensitivity in resistant cells by promoting early 
apoptosis rather than by directly affecting cell prolif-
eration. In addition, wound-healing assays revealed that 
the migratory ability of resistant cells was significantly 

Fig. 3  The expression of key genes is associated with both the survival and staging of OV. (A) Survival prognosis analysis. (B) Gene expression levels across 
different stages of OV
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Table 1  Correlation analysis between MEOX2 expression and clinical data in tissue chips
variable MEOX2 expression total P-value r-value

low high
Age (year) ≤ 51 36 32 68 0.863 0.029

> 51 33 33 66
Grade I/II 22 12 34 0.014 0.242

III 29 46 75
Tumor size ≤ 12.2 cm 42 27 69 0.025 0.2

> 12.2 cm 27 39 66
T stage T1/T2 25 16 41 0.138 0.132

T3 43 49 92
N stage N0 56 43 99 0.046 0.186

N1 12 22 34
M stage M0 60 45 105 0.01 0.233

M1 8 20 28
TNM stage I/II 25 16 41 0.138 0.132

III/IV 43 49 92

Fig. 4  The expression of MEOX2 in OV tissue microarrays and its correlation with clinical data. (A) Representative images of positive staining and cor-
responding scoring (scale bar = 200 μm). (B) Positive staining score and cell proportion. (C) Survival curves of overall survival and disease-free survival for 
patients with MEOX2. (D) Cox analysis of MEOX2 with clinical data
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Fig. 5 (See legend on next page.)
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impaired after MEOX2 silencing. This result highlights 
the complex and multifaceted role of MEOX2 in OV pro-
gression and drug resistance.

Using public datasets, we initially identified 461 DEGs 
potentially associated with OV prognosis and cisplatin 
resistance. Pathway enrichment analysis revealed that 
these DEGs were involved in inflammatory signaling 
pathways, such as the IL-17 signaling pathway. IL-17 is 
an inflammatory cytokine involved in OV pathogenesis 
by regulating inflammatory responses, enhancing the 
inflammatory state of the tumor microenvironment, and 
promoting tumor cell proliferation and metastasis [20–
23]. Recent studies have shown that IL-17 accelerates 
OV cell growth and infiltration by promoting the polar-
ization and activation of tumor-associated macrophages 
[24]. Additionally, IL-17 induces the expression of matrix 
metalloproteinases in tumor cells, facilitating tumor cell 
invasion and metastasis [25]. We also investigated the 
correlation between MEOX2 and immune cell infiltration 
in OV, finding a low correlation, suggesting that inflam-
matory infiltration in OV might be regulated by other 
DEGs, warranting further study.

Some studies suggest that MEOX2 can inhibit endothe-
lial cell proliferation and angiogenesis in vitro and in vivo 
models [26–28]. It is widely accepted that hypoxia within 
tumors can activate hypoxia-inducible factor-mediated 
angiogenesis [29]. Increased neovascularization within 
tumors facilitates tumor proliferation, invasion, and 
migration, making the condition difficult to control [30]. 
We analyzed the correlation between MEOX2 and angio-
genesis-related gene sets in OV, identifying a significant 
positive correlation between MEOX2 expression and five 
angiogenesis-related genes: POSTN, LUM, COL3A1, 
COL5A2, and VCAN. POSTN (Periostin) is a compo-
nent of the extracellular matrix, shown to promote new 
blood vessel formation via the Erk/VEGF pathway, and is 
involved in tumor cell proliferation, progression, migra-
tion, and epithelial-mesenchymal transition [31]. Feng 
et al. indicated that LUM serves as a marker for cancer-
associated fibroblast infiltration and is linked to poor 
prognosis in high-risk OV patients [32]. COL5A2, part of 
the collagen family, is overexpressed in various epithelial 

cancers, and its inhibition reduces cell proliferation and 
invasion [33]. VCAN (Versican) overexpression corre-
lates with increased vascular density and invasive poten-
tial in OV tumors [34]. We hypothesize that MEOX2 may 
promote OV progression by influencing angiogenesis.

Further, we used GSEA to explore the potential mecha-
nisms by which MEOX2 mediates cisplatin resistance in 
OV. Our analysis revealed activation of pathways related 
to energy metabolism and DNA replication in resis-
tant cells. Additionally, the E2F targets was significantly 
enriched in MEOX2-expressing cells. Cisplatin exerts its 
effects by binding to DNA and forming DNA adducts, 
leading to DNA damage, including interstrand cross-
links, which obstruct DNA replication and transcrip-
tion, thereby inducing apoptosis [35]. Enhanced DNA 
repair capacity can increase genomic stability, enabling 
cells to better cope with cisplatin-induced DNA damage 
[36]. Consistently, we found that genes co-expressed with 
MEOX2 in cisplatin-resistant cells activated DNA repair 
pathways. The E2F targets pathway involves E2F family 
members and a series of genes regulated by them, play-
ing crucial roles in DNA replication, cell cycle progres-
sion, DNA repair, apoptosis, and cell metabolism [37, 
38]. Moreover, seven genes, including MCM4, MCM6, 
MCM7, MCM5, RRM2, MCM2, and SMC4, were iden-
tified as hub genes, significantly negatively correlated 
with MEOX2 and upregulated in cisplatin-resistant 
cells. The Minichromosome Maintenance (MCM) fam-
ily proteins are crucial for the initiation of DNA repli-
cation and maintaining genomic stability. Studies have 
shown that abnormal expression of MCM proteins in 
OV is closely related to chemotherapy resistance. The 
MCM2-7 protein complex plays a key role in initiating 
DNA replication. Overexpression of MCM proteins can 
protect cancer cells from chemotherapy-induced replica-
tion stress, leading to drug resistance [39]. Altered phos-
phorylation states of MCM2 and MCM4 can affect their 
functions during replication initiation and elongation, 
potentially enabling OV cells to escape chemotherapy-
induced cell cycle arrest, leading to resistance [40]. Thus, 
while MEOX2 expression is downregulated in resistant 
cells, it may facilitate cisplatin resistance by activating 

(See figure on previous page.)
Fig. 5  In vitro validation of MEOX2 expression levels and function. (A) MEOX2 expression levels in different cell lines based on the HPA database. (B) The 
sensitivity of IOSE-80, A2780, and A2780-DDP cells to cisplatin was evaluated using the CCK-8 assay, and IC50 values were calculated for comparison. (C) 
MEOX2 protein expression in IOSE-80, A2780, and A2780-DDP cells was evaluated by Western blot analysis. (D) The relative mRNA expression levels of 
MEOX2 in A2780 and A2780-DDP cells were determined by qPCR, normalized to the expression levels in IOSE-80 cells. (E-F) The knockdown efficiency of 
MEOX2 in A2780-DDP cells was validated by qPCR (E) and Western blot (F), showing changes in mRNA and protein expression. (G) The impact of MEOX2 
knockdown on cisplatin sensitivity in A2780-DDP cells was evaluated, as reflected by changes in IC50 values. (H) Cell viability was measured in different 
groups treated with 5 μM cisplatin (DDP) or untreated (NC), normalized to the viability of IOSE-80 cells. The inset graph illustrates the effects of cisplatin 
treatment on cell viability, excluding interference from initial viability differences among groups. (I) Apoptosis rates in different cell groups were analyzed 
using flow cytometry after cisplatin treatment, including total apoptosis (All apoptosis), early apoptosis (Early apoptosis), and late apoptosis (Late apop-
tosis). (J) The effect of MEOX2 knockdown on the migratory ability of A2780-DDP cells was assessed using a wound healing assay, comparing migration 
distances at 0 h and 24 h (scale bar = 100 μm; labelled as a red line). All experiments were performed in triplicate, and data are presented as mean ± stan-
dard deviation (Mean ± SD). For statistical annotations in Figures H and I, Greek letters (α, β, γ, δ) of the same color represent the groups being compared, 
with different letters indicating statistically significant differences between groups
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DNA repair and E2F target pathways, enabling cells to 
evade cisplatin-induced DNA damage and apoptosis.

While our study provides valuable insights into the role 
of MEOX2 in OV progression and cisplatin resistance, 
several limitations must be acknowledged. (1) While we 
demonstrated the role of MEOX2 using siRNA-mediated 
knockdown experiments, complementary overexpression 
studies would further validate its functional mechanisms. 
(2) Although in vitro experiments provided strong evi-
dence, in vivo studies using animal models would be ben-
eficial to better capture the tumor microenvironment and 
systemic interactions. (3) The study cohorts used in our 
analysis may not fully represent the global OV patient 
population. Validation in larger and more diverse cohorts 
would enhance the generalizability of our findings. 
Despite these considerations, the findings of this study 
establish MEOX2 as a promising prognostic biomarker 
and therapeutic target in OV. Future research will aim to 
build on these results and further explore the therapeu-
tic potential of targeting MEOX2 to overcome cisplatin 
resistance and improve patient outcomes.

In summary, our study highlights MEOX2 as a criti-
cal regulator of cisplatin resistance and progression in 
OV. High MEOX2 expression is associated with poor 
patient prognosis, while its silencing enhances cisplatin 
resistance by reducing cisplatin-induced early apoptosis. 
Mechanically, MEOX2 contributes to resistance through 
activation of the E2F target and DNA repair pathways 
and may also promote OV progression by influencing 

angiogenesis-related pathways. These findings under-
score the potential of MEOX2 as both a prognostic 
biomarker and a therapeutic target in OV, providing a 
foundation for future studies aimed at improving out-
comes for OV patients.

Materials and methods
Data collection and standardization
To identify potential pathogenic genes in OV, mRNA 
expression profile data for TCGA-OV (379 OV samples) 
and GTEx (88 control samples) were downloaded from 
the UCSC XENA (https://xena.ucsc.edu/) database. The 
two datasets were merged, and data preprocessing was 
performed using the R packages “DESeq2” and “sva”, 
which included log transformation to counts and removal 
of batch effects. The standardized dataset was utilized for 
subsequent analyses.

Analysis of potential pathogenic genes in OV
Differential analysis between OV samples and control 
samples was performed using the R package ‘edgeR’ 
with a threshold for selecting DEGs set at|Log2FC| ≥ 1 
& FDR < 0.05. Additionally, PCA was conducted on the 
merged data using the ‘prcomp’ function, and visualiza-
tion was carried out using the R package ‘ggplot2’ to dis-
tinguish between cancer and normal samples.

Fig. 6  MEOX2 and its relationship with the tumor microenvironment. (A) Correlation analysis between MEOX2 and immune cell infiltration in OV. (B) 
Correlation analysis between MEOX2 and angiogenesis-related genes. (C) Correlation analysis plot of genes significantly correlated with MEOX2
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Screening of genes associated with OV cisplatin resistance
The Gene Expression Omnibus (GEO; ​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​
b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​e​o​/), an open database, was utilized to 
acquire cisplatin resistance datasets for OV. We selected 
the GSE15372 dataset for screening genes associated with 
cisplatin resistance in OV. PCA was employed to distin-
guish between groups of samples, and potential genes for 
cisplatin resistance (adjusted P-value < 0.05,|Log2FC| ≥ 1) 
were identified using the R package “limma”. The obtained 
results were visualized using the R package “ggplot2”.

Selection of dual genes associated with prognosis and 
cisplatin resistance
We selected the intersection of the identified poten-
tial pathogenic genes in OV and the genes associated 
with cisplatin resistance for further analysis. Using can-
cer sample data, along with survival status (OS.status) 

and survival time (OS.time) data, we conducted batch 
Cox univariate survival analysis on the common DEGs 
using the R packages ‘survival’ and ‘survminer’. Subse-
quently, GAPtools (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​a​p​t​​o​o​l​​s​.​c​n​​/​#​​/​t​o​o​l) were 
employed for random forest screening of genes that sig-
nificantly influenced survival analysis. The parameters 
used were mtry = 2 and ntree = 1000. Genes were then 
selected based on a threshold of MeanDecreaseGini > 25, 
resulting in key genes. Expression difference heatmaps 
and corresponding survival curves for these key genes 
were separately generated for groups with long and short 
survival times.

Tissue microarray detection
In this study, we utilized an OV tissue microarray (HOv-
aC151Su01) obtained from Shanghai Outdo Biotech Co., 

Fig. 7  GSEA analysis involved in co-expressed genes with MEOX2 in cisplatin-resistant cells. (A) GSEA enrichment analysis of MEOX2 co-expressed genes. 
(B) GSEA analysis showing activation of the E2F targets pathway in resistant cells. (C-D) Differential distribution of enriched genes in the E2F targets path-
way between resistant and sensitive OV cells (C) and their PPI network analysis (D). Targets up-regulated in resistant cells are indicated as red nodes and 
down-regulated targets are indicated as blue nodes
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Ltd., which contains 150 well-characterized OV sam-
ples, each accompanied by detailed clinical information, 
including patient age, gender, cancer staging, and prog-
nosis. The primary aim of this study is to investigate the 
expression of MEOX2 in OV and its clinical significance. 
To achieve this, IHC staining was performed on the tis-
sue samples. The selected tissue sections containing OV 
were first subjected to standard fixation and embedding 
procedures. Subsequently, a standard IHC protocol was 
applied to assess the expression of MEOX2 in the tissue 
samples. The interpretation of staining results followed 
this procedure: at low magnification, the overall stain-
ing intensity of each tissue point was evaluated and cat-
egorized as weakly positive (1), moderately positive (2), 
or strongly positive (3). In cases where different staining 
intensities were observed within the same tissue point, 
a mixed score (e.g., 2–3) was used. High magnification 
was then applied to select three areas with varying stain-
ing intensities. In each of these areas, 100 cells were ran-
domly selected, and the percentage of positive cells was 
calculated to determine the positivity rate for each field. 
Finally, the staining intensity score was multiplied by the 
positivity rate score to obtain a total score (0-300%) for 
each tissue point. Based on the total MEOX2 expression 
score, samples were classified into low-expression group 
(total score ≤ 142.5%) and high-expression group (total 
score > 142.5%), with 142.5% representing the median 
total score of all samples. Using this analytical approach, 
we further investigated the relationship between MEOX2 
expression and clinical parameters (such as cancer stag-
ing and prognosis), including survival analysis, univariate 
and multivariate Cox regression analyses, and correlation 
analysis based on Fisher’s test.

Cell culture and treatment
The ovarian epithelial control cell lines (IOS-80), OV 
cell line A2780 and its cisplatin-resistant counterpart 
A2780-DDP were provided by the Department of Gyne-
cology, Shaanxi Provincial People’s Hospital. A2780 cells 
were cultured in DMEM/F-12 medium (Procell, Wuhan, 
China) supplemented with 10% fetal bovine serum (FBS), 
while other cells were cultured in RPMI 1640 medium 
(Procell, Wuhan, China) supplemented with 10% FBS. All 
media were supplemented with 1% penicillin-streptomy-
cin solution (Procell, Wuhan, China). Cells were main-
tained at 37 °C in a humidified atmosphere containing 5% 
CO2 and subcultured when reaching 80% confluence.

Cells in logarithmic growth phase and good condi-
tion were seeded at a density of 5 × 105 cells per well in 
6-well culture plates and incubated overnight at 37  °C 
with 5% CO2. Subsequently, siRNA was diluted in serum-
free OPTI-MEM (GIBCO, Thermo Fisher Scientific, 
Waltham, MA, USA) and incubated, followed by dilution 
of LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, 

USA) and incubation. After mixing the two solutions, 
they were added to the culture plates. After 6 h of trans-
fection, the medium was replaced with fresh complete 
medium, and cells were continued to be cultured at 37 °C 
with 5% CO2. After transfection, the silencing efficiency 
of siRNA targeting MEOX2 was evaluated using qPCR 
and Western blot.

Cell proliferation rate detection
The IC50 of cisplatin for all cells was determined as fol-
lows: Cells in logarithmic growth phase were seeded at 
a density of 3 × 103 cells per well in a 96-well cell culture 
plate and incubated overnight at 37  °C with 5% CO2. 
Subsequently, cisplatin at concentrations of 1, 2, 4, 8, 16, 
32, 64, and 100 μM was added to the wells. After fur-
ther incubation, cell proliferation was assessed using the 
CCK8 assay kit (APExBIO, Houston, TX, USA). IC50 val-
ues were calculated based on the concentration-response 
curves generated from the assay data, representing the 
cisplatin concentration required for 50% inhibition of 
cell viability. We also assessed cell proliferation. The cell 
proliferation rate was measured 24 h post-transfection to 
evaluate the impact of siRNA on cell growth.

Cell apoptosis detection
Cell apoptosis was analyzed using an Annexin V-FITC/
PI apoptosis detection kit (Qisai Biotechnology Co., Ltd., 
Wuhan, China) according to the manufacturer’s proto-
col. Cells in the logarithmic growth phase were seeded 
in 6-well plates at a density of 3 × 10⁵ cells per well. After 
treatment with 5 μM cisplatin after 24 h, cells were col-
lected, washed with cold PBS, and resuspended in 1× 
binding buffer. Annexin V-FITC and PI were added to 
the suspension, and samples were incubated in the dark 
at room temperature for 15  min. Apoptotic cells were 
quantified using a flow cytometer (FACSCalibur, BD 
Biosciences), and data were analyzed using FlowJo soft-
ware (TreeStar Inc., Ashland, OR, USA). Early apoptosis 
(Annexin V+/PI-) and late apoptosis (Annexin V+/PI+) 
populations were recorded and compared across groups.

Cell migration detection
Cell migration ability of IOS-80, A2780, A2780-DDP, as 
well as MEOX2-silenced A2780-DDP cells, was assessed 
using the scratch assay. Cells in logarithmic growth phase 
and good condition were seeded at a density of 5 × 105 
cells per well in 6-well cell culture plates. After reaching 
confluence, scratches were made using a sterile pipette 
tip. The plates were then incubated for 24 h. Cell migra-
tion into the scratch area was recorded using microscopy.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA) and was retro-transcribed 
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to complementary DNA using Superscript IV reverse 
transcriptase (Takara Bio Inc., Shiga, Japan), followed 
by Real-time PCR analysis using the GoTaq qPCR Mas-
ter Mix (Promega, Madison, WI, USA) on an ABI 7500 
sequence detection system (Applied Biosystems, CA, 
USA). The procedures were set at 95  °C and denatur-
ation for 5 min, then followed by 40 cycles of 95  °C for 
15 s (denaturation) and 60 °C for 1 min (annealing). The 
mRNA expression level of target genes was determined 
using the 2−ΔΔCt method and normalized by GAPDH (an 
internal control). Primer sequences are listed in Table 2.

Immunoblotting assays
After being lysed by RIPA lysate (Beyotime, Shanghai, 
China), the total cell proteins were obtained and quan-
tified by BCA assay (Thermo Scientific, Waltham, MA, 
USA). Then, protein samples were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, 10% acrylamide gels) and transferred to poly-
vinylidene difluoride membrane (0.22 μM, Millipore, 
Bedford, MA, USA), followed by blocking in 5% skimmed 
milk (1  h, room temperature). The membrane was then 
incubated with the primary antibodies: rabbit polyclonal 
anti-GAPDH (37  kDa, Hangzhou Xianzhi Biological 
Technology Co., Ltd., Hangzhou, China, AB-P-R 001) at 
a dilution of 1:1000 and rabbit polyclonal anti-MEOX2 
(33 kDa, Proteintech Group, Inc, Wuhan, China, 12449-
1-AP) at a dilution of 1:500. Subsequently, the membrane 
was incubated with HRP-conjugated secondary antibody 
(sheep anti-rabbit, BlotCycler™ HRP-conjugated Goat 
anti-Rabbit IgG, Beyotime, Shanghai, China, A0208) at a 
dilution of 1:10000. The targeted blottings were detected 
under the effect of enhanced chemiluminescence plus 
reagents and imaged using the FluorChem E imager 
(Protein Simple, San Jose, CA, USA). Protein bands were 
semi-quantified based on grayscale values scanned by 
Quantity One software.

Analysis of the tumour immune microenvironment
This study focused on immune cell infiltration and angio-
genesis in the tumor immune microenvironment. The 
correlation between MEOX2 and multiple immune cell 
infiltration was analyzed online using Tumor Immune 
Estimation Resource (TIMER; ​h​t​t​p​​s​:​/​​/​c​i​s​​t​r​​o​m​e​​.​s​h​​i​n​y​a​​p​p​​s​
.​i​o​/​t​i​m​e​r​/). Angiogenesis-related gene sets were obtained 
in the MsigDB database and correlation analyses were 

performed based on the GEPIA 2 ​(​h​t​t​p​:​/​/​g​e​p​i​a​2​.​c​a​n​c​e​r​-​p​
k​u​.​c​n​/​) database.|R| ≥ 0.5 & P < 0.05 were considered sig-
nificantly correlated.

MEOX2 co-expression gene screening and GSEA 
enrichment analysis
To explore the potential mechanism by which MEOX2 
affects cisplatin resistance, screening of MEOX2 co-
expressed genes was executed using the GSE15372 data-
set. We counted the Spearman correlation coefficients 
between MEOX2 and the rest of the genes,|R| ≥ 0.75 
& P < 0.05 were included as co-expressed genes. GSEA 
annotation was performed using software downloaded 
from the website ​h​t​t​p​​:​/​/​​s​o​f​t​​w​a​​r​e​.​​b​r​o​​a​d​i​n​​s​t​​i​t​u​​t​e​.​​o​r​g​/​​g​s​​
e​a​/​i​n​d​e​x​.​j​s​p. The annotated gene setlist was selected at 
P < 0.05 & FDR < 0.25.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 8.0 software. Data were presented as mean ± stan-
dard deviation (SD). Two-tailed Student’s t test was per-
formed to indicate the statistical difference between two 
groups and one‐way analysis of variance (ANOVA) or 
Two-way ANOVA were used to compare the significant 
difference of multiple experimental groups. P < 0.05 was 
classified as statistically significant.
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