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Abstract

Ovarian cancer (OC) is a highly lethal gynaecological malignancy, with a five-year survival rate of less
than 30%. Although most patients initially respond to platinum-based chemotherapy, disease relapse
occurs in approximately 70-80% of cases, largely due to persistence of cancer stem cells (CSCs). In this
study, we investigated the expression of a literature-supported set of six stemness-associated genes
previously implicated in OC recurrence: ALDH1A1, ALDH1A2, ALDH1A3, NANOG, PROM1 (CD133), and
SO0X2, in primary OC (POC) (n=421) and recurrent OC (ROC) (n=62). RNA-seq datasets were obtained
from “The Cancer Genome Atlas Program (TCGA)". An ovarian cancer stem cell (OCSC) dataset obtained
from the “Gene Expression Omnibus (GEO)” was used as a reference for comparing tumor profiles with
the POC and ROC groups. Differential expression between POC and ROC was assessed using statistical
tests, and the findings were experimentally validated by qRT-PCR (POC (n = 8); ROC (n = 8)). In the TCGA
dataset, SOX2 and PROM1 were upregulated in ROC compared with POC, while ALDH1A1 showed
decreased expression. qRT-PCR validation confirmed significant upregulation of SOX2 and PROM1 in
recurrent tumors, supporting their association with CSC-related transcriptional programs in recurrent
disease. In contrast, ALDH1A1 showed a statistically significant increase in the gRT-PCR cohort, a trend
opposite to the TCGA dataset, while ALDHTA3 showed a slight but consistent elevation, and ALDH1A2
remained unchanged. These findings suggest that OC recurrence is associated with expression
alterations in transcriptional and metabolic stem cell-related regulators, consistent with the enrichment
of OCSC-like features observed in recurrent tumors.

Introduction

OC is a gynecological malignancy with high mortality worldwide, with a five-year survival rate of
approximately 30% in advanced-stage cases. This high mortality rate is largely due to its asymptomatic
progression in the early stages (International Federation of Gynecology and Obstetrics (FIGO) stages |-
I1), leading to diagnosis only after the disease has progressed (FIGO llI-1V). While initial responses to
platinum-based chemotherapy are favorable, up to 80% of patients experience tumor recurrence, which
is typically more aggressive and resistant to chemotherapy [1]. This highlights the increasing need to
identify the molecular basis of recurrence and CSCs in OC.

A widely accepted hypothesis proposes that CSCs are key contributors of both recurrence and
chemotherapy resistance. CSCs are a small tumor cell subpopulation capable of self-renewal,
multipotency, and resistance to chemotherapy-induced apoptosis [2]. They have been identified in
various cancer types, including OC [3]. In epithelial ovarian carcinoma, OCSCs originate from various
anatomical and cellular sources, including resident progenitor-like stem populations in the ovarian
surface epithelium and fallopian tube fimbriae, ascites-derived spheroid-forming cells enriched for
CD44+/CD24- phenotypes exhibiting enhanced self-renewal, invasion, and chemoresistance, as well as
circulating tumor cells and therapy-induced dedifferentiation of non-stem tumor cells, which are
associated with tumor relapse, chemotherapeutic failure, and reduced progression-free survival [4,5].
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Recent studies indicate that ascites-induced ALDH*CD44+* ovarian tumor cell subsets exhibit significantly
enhanced CSC-like properties, such as increased sphere formation, self-renewal, metabolic
reprogramming, and chemotherapy resistance, compared to primary tumor cells. 0SCs share
transcriptomic and phenotypic characteristics with embryonic stem cells, implicating them in tumor
initiation, relapse, and treatment resistance. Transcription factors are crucial regulators in maintaining
the OCSC phenotype by coordinating essential stemness programs and adaptive transcriptional
reprogramming in response to therapy. Specifically, core pluripotency factors such as NANOG, OCT4,
S0X2, and along with EMT-associated regulators like SNAI1/2 and ZEB1/2, regulate self-renewal,
metastatic capability, and chemoresistance in ovarian cancer stem cell populations [5].

Transcriptional factors such as NANOG, PROM1, and SOX2 regulate stem cell-like properties in OC [7].
NANOG and SOX2 maintain pluripotency by repressing differentiation-related programs and reactivating
embryonic pathways, and their overexpression has been associated with epithelial-mesenchymal
transition and platinum resistance [8,9,10]. PROM1 marks tumor-initiating cells with self-renewal
capacity and is associated with metastasis and recurrence [11]. Members of the ALDH1A family
regulate stem cell metabolism through aldehyde detoxification and retinoic acid biosynthesis,
contributing to redox balance and chemotherapy resistance [4,12]. In OCSC, coordinated activation of
these genes supports survival under cytotoxic stress and promotes tumor regrowth after treatment [6].

In this study, we aimed to identify consistent gene expression patterns that could be used as biomarkers
or therapeutic targets in relation to recurrence in ovarian cancer. To this end, we performed comparative
gene expression analysis of RNA-seq data from primary (POC) and recurrent ovarian cancer (ROC)
samples from a GEO-derived ovarian cancer stem cell (OCSC) dataset and TCGA-derived primary (POC)
and recurrent ovarian cancer (ROC) samples, focusing on six stem cell-associated genes. In addition to
in silico analyses, we assessed the expression profiles of these genes using gRT-PCR in primary and
recurrent ovarian cancer patient samples. By integrating large-scale transcriptomic data with
experimental validation, this study examines both transcriptional and metabolic stem cell factors to
characterize the stem cell-associated features underlying ovarian cancer recurrence and their
association with aggressive, drug-resistant tumor phenotypes.

Materials and Methods

In this study, we integrated large-scale RNA-seq datasets from TCGA with an experimentally validated
OCSC dataset and qRT-PCR measurements from primary and recurrent OC tissues to evaluate targeted
stem cell-associated transcriptional patterns (Fig. 1). This workflow encompasses dataset acquisition,
computational preprocessing, differential and correlation analyses, survival modelling, and experimental
validation.

Dataset Collection

To investigate the expression patterns of important stem cell-related genes in OC, RNA-seq datasets
were obtained from two major public resources: TCGA and GEO. Transcriptomic profiles were quantified
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as fragments per kilobase of transcript per million mapped reads (FPKM) from the TCGA cohort,
including 421 POC and 62 ROC samples. FPKM was used for consistency with publicly available
processed TCGA data. The GEO dataset (accession number GSM4684836) represents a unique RNA-seq
profile derived from experimentally validated OCSCs isolated from high-grade serous ovarian cancer
(HGSOC) primary tumor cells.

The study focused on a panel of stem cell-associated genes ALDH1A1, ALDH1A2, ALDH1A3, NANOG,
PROM1, and SOX2, which are previously reported to be associated with tumor initiation, self-renewal,
differentiation blockade, and resistance to chemotherapy in ovarian and other solid malignancies.

Data Preprocessing and Normalization

We preprocessed the RNA-sequencing data to ensure consistency and comparability across POC and
ROC groups. The FPKM data for gene expression underwent a structured multi-step workflow before
statistical evaluation and biological interpretation.

Genes with particularly low or inconsistent expression (FPKM < 10 in over 80% of samples) were filtered
to improve statistical power. This ensured that only transcripts that were biologically expressed in some
way were truncated in the known gene panel. After filtering, FPKM values were subjected to log, displays
[log,(FPKM+1)] to minimize variance linkages and high expression genes. Differential expression
between primary and recurrent tumor groups was assessed using parametric statistical tests on log,
transformed expression values selected according to data distribution characteristics and unequal
sample sizes, followed by false discovery rate (FDR) correction. Genes were considered significantly
differentially expressed when |log, fold change| > 1 and the corrected p-value < 0.05. The same log,
transformed expression matrix was used for subsequent analyses, including visualization and
exploratory assessments. In addition to this analysis, pairwise correlation analyses were performed
among the six target genes to examine shared expression patterns and investigate transcriptional
coordination.

Correlation Analysis

Sample-wise correlation analyses were performed to assess the similarity of tumor transcriptomes to
the OCSC expression profile. Log, transformed expression levels of the genes of interest were used to
calculate Pearson correlation coefficients between each tumor sample (primary or recurrent) and the
OCSC stem cell signature. This approach quantified how similar each sample was to the OCSC
expression profile of the selected genes. Group-level comparisons of correlation coefficients between
primary and recurrent tumors were visualized using box plots, and differences were assessed with two-
sided t-tests. All analyses and visualizations were performed in Python. Statistical significance was set
atp<0.05.

Overall Survival (OS) Analysis
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Overall survival was defined as the time from initial diagnosis to death or last follow-up. Clinical and
expression data for OC patients were obtained from the TCGA dataset. Cases without OS duration or
vital status information were excluded from the analysis.

To assess the prognostic significance of relevant genes, a composite expression score was calculated
by averaging the z-score expression values of all six genes for each patient. Kaplan-Meier survival
analysis was performed by stratifying patients according to the median of this composite score, and
differences in OS were assessed using the log-rank test. Given the exploratory nature of the survival
analysis, multivariate relationships between stem cell score and OS were assessed more thoroughly
using Cox proportional hazards regression, adjusted for available clinical covariates. Hazard ratios and
95% confidence intervals were reported. All analyses were performed in Python. The statistical
significance level was defined as p < 0.05.

RNA Isolation and Validation of Gene Expression by qRT-PCR

Clinical samples were collected from patients diagnosed with primary and recurrent epithelial ovarian
cancer who were being treated at the Department of Obstetrics and Gynecology Oncology, Istanbul
University Faculty of Medicine. POC samples were collected at the time of initial diagnosis, before first-
line platinum-based chemotherapy, while ROC samples were collected after documented disease
recurrence following standard chemotherapy. All samples were processed under cold chain conditions
and stored at -80 °C until analysis. Ethical approval was obtained from the Istanbul University Clinical
Research Ethics Committee (Approval No: 2019/242, Date: 22/02/2019) and written informed consent
was obtained from all patients.

Total RNA was isolated using the Aurum™ Total RNA Mini Kit (Bio-Rad, USA) according to the
manufacturer's protocol. RNA concentration and purity were evaluated using a NanoDrop One
spectrophotometer (Thermo Scientific, USA). Complementary DNA (cDNA) was synthesized from a
standardized RNA input (100 ng/pL) using the PrimeScript™ RT Reagent Kit (Takara Bio, Japan).
Quantitative real-time PCR (qRT-PCR) was performed using SsoAdvanced™ Universal SYBR® Green
Supermix on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). Primer concentrations
and reaction conditions were applied identically, and GAPDH was used as the internal reference gene.
Amplification specificity was confirmed by melting curve analysis.

Results

Differential Gene Expression

Differential expression analysis was performed on a pre-defined panel of six stem cell-related genes to
compare POC and ROC samples. Expression differences were assessed using log,-transformed RNA-seq
data from the TCGA cohort. This analysis was designed to evaluate directional and magnitude changes
within this targeted stem cell-related gene cluster, rather than a transcriptome-wide scan.
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Expression Comparison Across Groups

To compare ROC and POC populations and identify distinctive expression patterns, gene expression
analysis was performed, focusing on genes previously associated with CSC biology and treatment
resistance. Log,-transformed expression values were visualized using box plots and bar graphs to
assess group differences, variability, and overall trends, and correlation analyses were performed to
evaluate common expression patterns among stem cell-associated genes. Box plot analysis revealed
that SOX2 and PROM1 were significantly upregulated in ROC samples, showing higher median
expression levels and wider distributions compared to POC (adjusted p < 0.01) (Fig. 2A). These findings
were further corroborated by bar graph analysis showing significantly increased PROM1 and SOX2
expression in ROC samples (Fig. 2B).

PROM1 was significantly enriched in the recurrent group (p < 0.001), whereas ALDH1A1 expression was
significantly decreased in ROC compared to POC (p < 0.01). No significant difference was observed for
ALDH1A2, ALDH1A3, or NANOG. Overall, these results demonstrate selective upregulation of stem cell-

related key regulators in recurrent tumors.

Correlation Analysis of Stemness-Associated Genes

To investigate transcriptional similarity of stem cell-associated expression patterns among OC cohorts,
correlation analyses were conducted between the OCSC, POC, and ROC datasets. The overall stem cell
signature obtained from OCSC cells exhibited a negative trend with primary tumors (r = -0.59), while its
correlation with recurrent tumors was almost neutral (r = -0.04) (Fig. 3).

These results indicate that primary ovarian tumors exhibit an opposite expression pattern compared to
OCSC, with decreased stem cell-associated activity in early-stage disease. In contrast, recurrent tumors
show a partial relative similarity toward an OCSC-like gene expression profile, suggesting that recurrence
may be more strongly associated with stem cell programs.

Association of Gene Expression with Overall Survival

Overall survival (OS) analysis was performed using a composite score derived from six stem cell-related
genes. Kaplan-Meier analysis showed a trend towards worse overall survival in patients with higher
composite expression scores; however, this difference was not statistically significant (log-rank p = 0.11)

(Fig. 4).
Gene Expression Results in Patient Samples

gPCR was used to measure gene expression levels using the AACq method in the POC and ROC groups.
Relative expression levels were compared among the groups (Fig. 5).

Among the analyzed genes, ALDHTA1 expression was markedly higher in the recurrent group compared
to primary samples (p < 0.05). For ALDH1A2, expression showed a mild, non-significant increase in the
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recurrent group relative to the primary group (p > 0.05). ALDH1A3 levels were significantly higher in the
recurrent samples compared to the primary group (p < 0.05). Stem cell-associated genes showed
variable expression patterns. SOX2 expression was significantly higher in the recurrent group compared
to the POC group (p < 0.01). NANOG expression showed a moderate but nonsignificant increase in
recurrent tumors. Another well-known stem cell marker, PROM1, showed a significant increase in the
ROC group compared to POC tumors.

A correlation analysis between fold-change values obtained from gPCR and RNA-seq was performed to
assess the concordance between the two analytical platforms (Fig. 6). Overall, a weak to moderate
positive trend was observed (Spearman r = 0.42), indicating partial concordance in gene expression
patterns despite biological and technical variability between the datasets.

Discussion

In the present study, integrated analysis of RNA-seq datasets together with gRT-PCR validation
demonstrated that ovarian tumors undergo transcriptional reprogramming characterized by activation of
stem cell-associated genes. The most reproducible pattern across datasets was the upregulation of
S0OX2 and PROMT1 in ROC compared to POC samples in the TCGA cohort. This observation suggests that
recurrence and disease progression in OC may be associated with the reactivation of a limited subset of
pluripotential regulators, rather than the combined effect of all stem cell markers.

Members of the ALDH family exhibited heterogeneous trends, suggesting complexity among subgroups
of tumor samples. Although ALDH1A1/ALDH-positive cells have been reported to be associated with a
stem-like phenotype and chemoresistance [4,13]. In the TCGA RNA-seq dataset, ALDH1TA1 was
moderately downregulated in recurrent tumors compared to primary samples. In contrast, in the qRT-PCR
cohort, it exhibited a statistically significant increasing trend in recurrent tissues compared to the
primary groups. This discrepancy suggests that ALDHTAT expression is influenced by chemotherapy
exposure, tumor subtype, and microenvironmental factors; this is consistent with the heterogeneous
ALDH biology reported in the literature [14,15].

Low ALDH1A2 levels in OC tumors have been reported to be associated with poor prognosis [16]. In our
study, ALDH1A2 showed a slight but non-significant increase in the recurrent group in both RNA-seq and
gRT-PCR analyses, suggesting relatively stable expression during tumor progression. In contrast,
ALDH1A3, which has been reported to increase tumor aggressiveness [17], exhibited high levels in
relapsed tumors in both data sets. The increase reached statistical significance in qRT-PCR analysis (p <
0.05) but remained non-significant in the RNA-seq cohort, potentially reflecting sample heterogeneity or
limited statistical power. These findings suggest that SOX2 and PROMT1 transcriptionally significantly
define stem cell-like tumor cell programs, while ALDH isoforms show heterogeneous regulation rather
than uniform activation across tumor states. This suggests that chemotherapy, sample type, and tumor
microenvironment, as described in the literature, influence ALDH functions. Furthermore, we suggest that
stem cell-like programs are primarily mediated by the SOX2-PROM1 axis.
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S0OX2 exhibited a consistently strong effect across multiple analyses. RNA-seq data revealed a
significant increase in SOX2 expression in recurrent tumors compared to primary tumors. At the same
time, gRT-PCR analysis of patient samples confirmed significant overexpression in the recurrent group
compared to primary OC tissues. SOX2 reactivation is likely associated with EMT, spheroid formation,
and treatment tolerance, key processes that facilitate survival after chemotherapy [17,18,19]. These
findings are consistent with previous reports identifying SOX2 as a key factor in EMT, stem cell
characteristic, and chemotherapy resistance in ROC. The concordance between our RNA-seq and qRT-
PCR data supports SOX2 as a key regulator of ovarian cancer persistence and recurrence.

Both RNA-seq and qRT-PCR analyses showed a statistically significant increase in PROM1 expression in
recurrent tumors (p < 0.01), consistent with the enrichment of the CD733+ cancer stem cell-like cell
population in the recurrent tumor microenvironment. The concordant elevation of PROM1 levels in both
data sets supports the robustness of this finding. At the transcriptomic level, parallel upregulation of
SOX2 and PROMT1 strongly suggests that a transcriptionally coupled SOX2*/CD133* population
contributes to tumor persistence and recurrence potential. These findings are in line with previous
studies demonstrating that CD133* subsets play a role during ovarian cancer recurrence and are an
important population in both chemotherapy resistance and long-term tumor regeneration [6,20].

Correlation analysis further supported these results. Primary tumors exhibited a negative correlation
with the OCSC-derived stem cell profile, while recurrent tumors showed that this negative relationship
disappeared, approaching a neutral or weakly positive correlation. This shift implies a gradual molecular
convergence toward stem cell-like transcriptional states during disease progression. These results
suggest that relapse does not originate from a distinct cellular lineage, but rather from tumor cell
subsets that gradually regain OCSC-like transcriptional properties [6,21]. Consistent with previous
reports, stem cell-associated genes such as SOX2, NANOG, and PROM1 are primarily linked to
developmental and self-renewal programs, while members of the ALDH family are involved in retinol and
aldehyde metabolism. The coexistence of transcriptional stem cell regulators and metabolic enzymes
suggests that ovarian cancer recurrence may involve coordinated transcriptional and metabolic
adaptation supporting tumor plasticity and chemotherapy resistance [17,22].

Clinically, Kaplan—Meier analysis based on TCGA data showed that patients with higher composite
expression of the six-gene stem cell signature tended to have shorter overall survival. However, the
difference did not reach statistical significance. Also, this trend suggests that even moderate activation
of the combined transcriptional-metabolic program is associated with a more aggressive tumor
phenotype. The consistent overexpression of SOX2 in both RNA-seq and qRT-PCR datasets positions it
as a reliable biomarker candidate for relapse-associated stem cell activation [23]. Together, these
findings indicate that ovarian cancer progression and relapse are driven by coordinated transcriptional
and metabolic reprogramming centred on SOX2-PROMT1 activation and ALDH modulation. Thus, the
relapse phenotype results from the selective enrichment of preexisting OCSC populations that evade
chemotherapy and trigger tumor regrowth. Therefore, targeting this transcriptional stem cell signature

Page 8/16



may be an effective therapeutic approach that could eliminate these resistant cell populations and
improve long-term treatment outcomes.

Despite the significant results obtained with this integrated approach, some limitations must be
considered. The ROC sample size in the TCGA dataset is smaller than that of the primary tumor cohort,
which may reduce the ability to detect subtle transcriptional differences. Furthermore, gqRT-PCR
validation was performed on a limited number of clinical samples, which may somewhat affect the
generalizability of the results. Finally, while the six-gene panel provides a focused perspective on stem
cell-related alterations, larger multi-omics or functional studies will be needed to fully elucidate the
mechanistic links between SOX2-PROMT1 activation, ALDH modulation, and chemotherapy resistance in
OcC.

In conclusion, our findings support a model in which recurrent ovarian tumors are driven by a SOX2-
PROMT1 centered stem cell program, accompanied by ALDH gene activity that remains heterogeneous
across tumor samples. By integrating publicly available RNA-seq datasets with patient-derived qRT-PCR
validation, we demonstrated that ROC converges towards a partially OCSC-like transcriptional state, and
the activation of this stemness gene set corresponds to a more aggressive phenotype. These
observations highlight SOX2 and PROM1 as potent markers of recurrence-associated stem cell
characteristics and may help guide more precise treatment strategies to prevent chemotherapy-resistant
tumor recurrence in OC.
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Figure 2

A. Gene expression distribution of stemness-associated genes between POC and ROC samples
B.Differential expression of stemness-related genes between POC and ROC samples. Recurrent tumors
showed significant upregulation of SOX2 and PROM1, while ALDH1A1 was downregulated. Other genes
showed no significant change
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Sample-wise correlation with OCSC stemness profile
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Figure 3
Sample-wise correlation of OCSC stemness profile with primary and recurrent tumors. Recurrent

samples showed higher correlation with the OCSC stemness signature, while primary tumors exhibited
mostly negative correlations
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Survival Probabiiity
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Figure 4

Kaplan—Meier survival curves comparing OS between high and low stemness gene expression groups in
OC patients
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Figure 5
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gRT-PCR validation of stemness-associated genes in primary and recurrent OC tissues
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gPCR vs RNA-seq
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Figure 6

Correlation of the ROC/POC ratio of the genes of interest between qRT-PCR and RNA-seq results
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