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Abstract: To examine hypoxia-induced alterations in ovarian cancer and elucidate the underlying molecular mechanisms
mediated by long non-coding RNAs (IncRNAs). Transwell and MTT assays were performed to assess the migration, invasion and
proliferative abilities of ovarian cancer cells. Western blot analysis was conducted to evaluate the expression of factors associated
with epithelial-mesenchymal transition (EMT). RNA sequencing was carried out to identify potential targets, and dual-luciferase
and biotin-labeled miRNA pull-down assays were performed to identify interactions between these targets. Gain- and
loss-of-function experiments were conducted to validate their effects. Hypoxia promoted the migration, invasion, proliferation,
and EMT of HO8910 and A2780 cells. Under hypoxic conditions, the expression of Lnc-DARS-AS1 was significantly increased,
and this upregulation exerted a proliferative effect on ovarian cancer cells. Furthermore, Lnc-DARS-AS1 promoted solute carrier
family 2 member 12 (SLC2A12) expression, accelerating ovarian cancer progression. Luciferase, biotin-labeled miRNA
pull-down, and cellular function assays confirmed that Lnc-DARS-AS1 binds to miR-378a-5p to enhance SLC2A12 levels. The
expression levels of SLC2A12 were determined in samples from patients with ovarian cancer, and they showed a positive
correlation with cancer progression. This research established that the Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis is involved
in ovarian cancer progression under hypoxic conditions, providing new perspectives on the treatment and management of ovarian
cancer.
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1 Introduction

The currently available treatments mainly include debulking surgery, chemotherapy, and the
administration of poly(ADP ribose)polymerase (PARP) inhibitor (Chandra et al., 2019).However,
chemotherapy resistance poses a critical challenge, as over 70% of patients experience relapse. The key
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resistance mechanisms include enhanced DNA repair, evasion of apoptosis, and enhanced drug expulsion
through ATP-binding cassette transporters (Colombo et al., 2023). Recent findings indicated that drug
resistance is strongly linked to the tumor microenvironment (TME), which promotes tumor survival and reduces
chemotherapeutic efficacy through mechanisms such as hypoxia, immune evasion, and metabolic
reprogramming (Jiang et al., 2020; Goncalves et al., 2021; Sulaiman et al., 2023). Therefore, it is crucial to
understand how the TME affects the development of ovarian cancer.

It is widely acknowledged that hypoxia is a key component of the TME. The rapid growth of tumor cells
leads to a hypoxic environment, which in turn promotes tumor growth through the release of multiple growth
factors and cytokines, the most common of which is hypoxia-inducible factor 1 (HIF-1). Notably, the growth
environment under hypoxic conditions can significantly affect the physiological characteristics and treatment
responses of ovarian cancer cells. Several studies have revealed that ovarian cancer cells often exhibit
significant changes in growth and metastasis under low oxygen conditions (Zhang et al., 2018). This hypoxic
state within tumor tissues causes tumor cells to adapt to the environment by regulating gene expression and
signaling pathways, thereby promoting tumor growth and invasion. Despite these findings, the precise
molecular mechanisms through which hypoxia influences ovarian cancer progression, particularly the function
of long non-coding RNAs (IncRNAs) in this process, remain poorly understood. Therefore, understanding the
impact of hypoxia on ovarian cancer can not only help explore its pathogenic mechanisms but also provides
important insights for developing more effective treatment strategies.

LncRNAs are a type of non-coding RNAs that exceed 200 nucleotides in length and serve a crucial
regulatory function within cells (Peng et al., 2017). In the recent decades, many studies have demonstrated that
IncRNAs are critical mediators in various cancers, regulating gene expression, signaling pathways, and cellular
functions, as well as in influencing tumor occurrence, development, and treatment response (Mccabe and
Rasmussen, 2021; Tan et al., 2021; Hashemi et al., 2022). Research indicates that IncRNAs affect ovarian
cancer cell proliferation, apoptosis, invasion, and metastasis, thereby impacting tumor malignancy and
prognosis (Braga et al., 2020; Yang et al., 2023). For example, the IncRNA LUCATT]1 affects the biological
activity of tumor cells in ovarian cancer by regulating miRNA or protein expression, thus affecting ovarian
cancer progression (Xing et al., 2021). Nonetheless, the specific function of Lnc-DARS-ASI1 in ovarian cancer
metastasis under hypoxic conditions has not been fully explored. Currently, a well-recognized finding is that
there is a competition between IncRNAs and protein-coding mRNAs for miRNA binding, known as competitive
endogenous RNA (ceRNA) activity. Salmena et al. (Salmena et al., 2011) hypothesized that miRNA response
elements form a complex interaction network involving miRNAs, IncRNA transcripts, protein-coding genes,
and pseudogenes. In addition, direct interactions between IncRNAs and proteins or mRNAs have been observed,
such as those between the IncRNA FAM225B and the mRNA of the DDX17 gene (Liu et al., 2020).
Furthermore, IncRNAs have demonstrated clinical value as both therapeutic targets and indicators for diagnosis
and prognosis in a range of cancers, including ovarian cancer (Abildgaard et al., 2019).

While long non-coding RNAs have been increasingly recognized as key regulators in cancer progression,
their specific roles in mediating hypoxia-induced metabolic reprogramming through glucose transporter
regulation remain poorly understood. This study newly identifies a hypoxia-responsive axis centered on
Lnc-DARS-AS1, which functions as a competing endogenous RNA that sequesters miR-378a-5p to regulate
solute carrier family 2 member 12 (SLC2A12) expression. Unlike the well-characterized hypoxia-inducible
factor l-alpha (HIF-la)-mediated regulation of SLC2A1 (Seeber et al., 2011), the
Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis represents a distinct post-transcriptional mechanism that
expands our understanding of metabolic adaptation in ovarian cancer. This study examined hypoxia-induced
alterations in ovarian cancer and elucidated the underlying molecular mechanisms mediated by IncRNAs, with
the aim of advancing the understanding of ovarian cancer, supporting precision therapy, and ultimately reducing
its profound impact on women'’s health.
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2 Materials and methods

2.1 Cell culture

HO8910 and A2780 cells (ATCC, China) were incubated at 37 °C in a 5% (v/v) CO2 incubator using
high-glucose DMEM medium (Gibco, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco)
and 1% (v/v) penicillin-streptomycin. For hypoxia experiments, cells were transferred to a tri-gas incubator
(Thermo Fisher Scientific, 4131, USA). According to the pre-experimental results, A2780 cells were grown in
normal or hypoxic (1% (v/v) oxygen) conditions for 2 h, whereas HO8910 cells were grown in either normal
oxygen levels or hypoxic (1% (v/v) oxygen) conditions for 24 h.

2.2 Cell transfection

For overexpression plasmid transfections, 2 pL of Lipofectamine 2000 (Invitrogen, USA) was mixed with
50 pL of Opti-MEM 1 Reduced Serum Medium (Gibco) and incubated for 5 min. Similarly, 2 puL of
miR-378a-5p mimics (Hippobio, Huzhou, China) or 6 pg of SLC2A12 or Lnc-DARS-AS1 plasmids (Guannan
Bio, China) were mixed with 50 pL of Opti-MEM I Reduced Serum Medium and incubated for 5 min. The two
solutions were then combined and incubated for an additional 20 min.

Small interfering RNAs (siRNAs) targeting SLC2A12 (siR-SLC2A12) and Lnc-DARS-ASI1
(siR-Lnc-DARS-AS1) (Hippobio, Huzhou, China) were transfected into HO8910 and A2780 cells at 70-80%
confluence in 6-well plates. The transfection complex was prepared by mixing 2 uL of siRNA (100 nmol/L final
concentration) with 2 pL of Lipofectamine 2000 in Opti-MEM 1 Reduced Serum Medium. The respective
sequences are provided in Table 1. Cells were then incubated with the mixture for 24 or 48 h before subsequent
experiments.

Table 1 siRNAs sequences

Name Sequence

sense: UUCUCCGAACGAGUCACGUTT
antisense: ACGUGACUCGUUCGGAGAATT
sense: GCCCAUAUAUUCUAUCUAGAU
antisense: AUCUAGAUAGAAUAUAUGGGC
sense: CGGCAUUCUUUCUGCCUAUAU
antisense: AUAUAGGCAGAAAGAAUGCCG
sense: CCUUGCUAAAUGCUGGAUUAA
antisense: UUAAUCCAGCAUUUAGCAAGG
sense: GGACUAUAUCUUAAGACUAUG
antisense: CAUAGUCUUAAGAUAUAGUCC
sense: GCAUAGAGUCAACGUUGAAGG
antisense: CCUUCAACGUUGACUCUAUGC

NC siRNA

siR-SLC2A12-1

siR-SLC2A12-2

siR-SLC2A12-3

siR-DARS-ASI1-1

siR-DARS-AS1-2

2.3 Cell proliferation assay

Cells treated as needed (3x104 cells/mL) were cultured for 0, 24, 48, 72, and 96 h in a 96-well plate. The
medium was removed, and 50 pL of methylthiazolyldiphenyl-tetrazolium bromide (MTT, M2128, Sigma, USA)
solution was added to each well for three hours of incubation. Then, 150 uL of DMSO was added to each well
and mixed thoroughly. The optical density at 570 nm was finally measured to assess the proliferation capability
of ovarian cancer cells.

2.4 Transwell assay
To evaluate the metastasis of HO8910 and A2780 cells, a Transwell assay was conducted. The Matrigel
(356234, Corning, USA) was first mixed with serum-free medium at a 1:40 ratio at 4 °C. For the invasion
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experiment, the upper layer of the Transwell chamber (8.0 pm, 3422, Corning, USA) was coated with Matrigel
and incubated at 37 °C for half an hour. Then, the cells were seeded in serum-free medium on the upper layer of
the culture chamber and incubated for 24 h. The invading cells were fixed with 500 uL of methanol for 20 min
and stained with 20 g/L crystal violet (C110703, Aladdin, China) for 40 min. Finally, more than three randomly
selected fields were photographed for counting and statistical analysis. For the migration test, the specified cells
were placed in the upper section of the chamber without the Matrigel. The remaining steps were identical to
those used in the invasion experiment.

2.5 Western blot (WB) assay

Cells were lysed with protein lysis buffer on ice for 10 min, followed by protein quantification using a
BCA kit (Sigma). After separation by SDS-PAGE gel, the protein samples were transferred to a PVDF
membrane and blocked with 50 g/L bovine serum albumin (BSA) for 2 h. The PVDF membrane was incubated
with the primary antibodies (Proteintech) at 4 °C overnight and with the secondary antibodies (Proteintech) at
22 °C for 2 h. Finally, an ECL kit (Bio-Rad, USA) was used to detect the protein bands, which were then
quantified using ImageJ software. Details of the antibodies used are listed in Table 2.

Table 2 Details of antibodies used in the study

Catalog

Name Brand number Dilution rate Applications
E-cadherin CST 31958 1:1000 WB
N-cadherin Proteintech 22018-1-AP 1:16000 WB
Vimentin CST 5741T 1:1000 WB

HIF-1a Proteintech 20960-1-AP 1:12000/1:500 WB/IHC
MMP9 Proteintech 10375-2-AP 1:3000 WB

MMP2 Proteintech 10373-2-AP 1:1000 WB
SLC2A12 Proteintech 26958-1-AP 1:1000/1:500 WB/IHC
Flag Proteintech 66008-4-1g 1:50000 WB

B-actin Proteintech 20536-1-AP 1:10000 WB

IHC, immunohistochemistry; WB, western blot

2.6 Quantitative real-time PCR

Total RNA was extracted from the cells using TRIzol reagent (Sigma). A NanoDrop reader (Thermo
Fisher Scientific, 2000/2000c) was used to measure RNA concentration and assess RNA quality using the
0D260/0D280 and OD230/0D260 ratios. A reverse transcription kit (Promega, USA) was employed to
transcribe RNA into ¢cDNA, followed by amplification with a 2XxSYBR Green qPCR MasterMix (Thermo
Fisher Scientific) by a quantitative real-time PCR (qQRT-PCR) instrument (Thermo Fisher Scientific 7300). The
results were calculated using the 2-24¢ method. The primers used are listed in Table 3.

Table 3 Primer sequence details

Name Forward (5°-3”) Rear (5°-3°)

p-actin AGCAGTTGTAGCTACCCGCCCA GGCGGGCACGTTGAAGGTCT
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U6

GPRC5D-AS1

TP53TG1-ASI

TTC28-4S1

NEATI

CYPIBI-ASI

TMEM147-AS1

FOXP4-A4S1

OGFR-AS1

DARS-AS1

ITGA6-AS1

OXTR

THEMIS?

TCF7L1

SLC2412

ATXN7

AMPD3

LETMDI1

EDEM]I

EDEM?2

EDEM3

miR-378a-5p

SLC2412

CTCGCTTCGGCAGCACA

CCTCCAGAGTTTACTGCCATGAC

ACACCCGATTCAAAGTGG

AGCGCTCGTAGAGGTACTCA

GGCAGGTCTAGTTTGGGCAT

ACACAAGAATCGGCACTGGT

CTGAAACAGCCAAGGTGTGC

AGCTTCTGGGTTCGACAGTG

GAGGTGGGTGCCTTGTGA

GGCTTCTCCTGACTCTTG

AGGTGGCAACATCCCTACAC

CTACCTGCTGCTGCTCATGT

GTGGTCTGTGAGAACCCGAA

GGACTATTTCGCCGAAGTGA

GCCCCTGAGAAATGATGTGG

TTCCCACTCACACACTCCTCT

CCCTGTCGTCCGAACCC

CCTGGTCTTCTTGCTAATG

CGGGGACCCTTCAAATCT

ACTACAGGGAGCGAGTCAA

TTCCAGATGGCAGGTGATGG

CGAGGTATTCGCACT

ACAGTGTCCAATTCTTCACA

AACGCTTCACGAATTTGCGT

GTAGGATCTCCGCCACTGATTC

GTTGGGAAATGTGAGCAA

TCGTGCTTGTGTCATCCAGG

CCTCATCCCTCCCAGTACCA

CCAGTACACCCCTCTCAGGT

TCTAGGAGGGTTCATGGCGA

AGGAGTCCGGAATGACCTGA

TGCGGCTGTGAGATGAGA

TCTTCCTGTACTGGTGGG

AGCTCCAGCCTTGTTTCCAA

ATGACCGGCACGATGTAGAC

CATCACCACAGCCTCAAGCA

ATGTGATGCGGGTGCTGA

GAGGAGATTGATGCCCCAGTT

CCTGTTCGTAAGCAAGGTGAG

GGGACTGGGACCGAATCATC

AAAGCCTGGAGTTGGTTC

TGGGCCATGTATAACAACTC

TCCTGGAGCACTTCAACC

CAACCAAATCAACCTCCTGAGA

TCCTGACTCCAGGTC

GTCCTGATGTCTGAATGTCA

2.7 Dual-luciferase reporter assay

The dual-luciferase reporter assay was conducted to validate the relationship among Lnc-DARS-ASI,

miR-378a-5p, and SLC2A12. Wild-type and mutant luciferase reporter plasmids for SLC2A12 and
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Lnc-DARS-AS1 were constructed as follows: fragments corresponding to the wild-type 3' UTR of SLC2A12
(nucleotide positions 821-1027, GenBank accession NM 145176) or the wild-type sequence of
Lnc-DARS-AS1 (positions 215-420, NR _110199) were inserted into the pmirGLO dual-luciferase vector
(Promega) using the EcoRI and BamHI restriction sites. Mutant versions were generated by introducing
nucleotide substitutions within the putative miR-378a-5p binding sites, as predicted by the miRDB database for
SLC2A12 and by an IncRNA-RNA interaction prediction tool for Lnc-DARS-AS1. All plasmid constructs
were commercially synthesized by Youbio Biological (Hunan, China).

For functional validation, HO8910 cells were co-transfected with the respective reporter plasmids along
with Lnc-DARS-AS1 overexpression plasmids, miR-378a-5p mimics, and negative controls for 24 h to
determine the relationship between SLC2A12, miR-378a-5p, and Lnc-DARS-ASI1. Luciferase activity was
measured using a dual-luciferase reporter system (Promega). HO8910 cells were lysed and centrifuged at
14,000 r/min for 20 min. The lysates were then analyzed using the Promega GloMax 96 Microplate
Chemiluminescence Detector. Then, 50 pL of Stop&Glo® Reagent (Promega) was added for analysis. Relative
fluorescence intensity was calculated based on these two values. The detailed sequences are provided in Table 4,
with mutation sites indicated in bold.

Table 4 Details of SLC2A12 reporter gene

Construct name Sequence
ATTAGGTTGAAGTTATTAAGTCAAGCCTAGAAAAGCTGCCTC
CTTGTAAGGCTTTCATGACAATGTATAGTAATCCACAGTGTCCAA
SLC2A12 3°UTR-WT TTCTTCACACTCCTCAGGAATATCACTACCTCAGGTTACGGTACA
CAGGCTATAATTGATGATGATGTTCAGATAACTGAAGACACAATA
AATGACATTCAGACATCAGGACAATTCCCT
ATTAGGTTGAAGTTATTAAGTCAAGCCTAGAAAAGCTGCCTC
CTTGTAAGGCTTTCATGACAATGTATAGTAATCCACAGTGTCCAA
SLC2A12 3’UTR-MUT TTCTTCACACTCCAGTCCTTTATCACTACCTCAGGTTACGGTACAC
AGGCTATAATTGATGATGATGTTCAGATAACTGAAGACACAATA
AATGACATTCAGACATCAGGACAATTCCCT
GGAGGAAACCCACTTCCGCCGCGTCCATGATCTCCCGCGGCT
TCTCCTGACTCTTGCGGCTGGCGCTGGCGCTGGGCATCGGGACAC
DARS-AS1 3°’UTR-WT GGAACTGGGCAGTGGACACCACCCTCCCTCGCAGGCTTCCAAAGT
AATTTGAAGGCCTTCCCTGACTTAAAGTGGATGCTGCTTTGGAAA
GCACTGGAAAAATGGATCCTGTCTTTCTT
GGAGGAAACCCACTTCCGCCGCGTCCATGATCTCCCGCGGCT
TCTCCTGACTCTTGCGGCTGGCGCTGGCGCTGGGCATCGGGACAC
DARS-AS1 3°UTR-MUT GGAACTGGGCAGTCCTGTGCACCCTCCCTCGCAGGCTTCCAAAGT
AATTTGAAGGCCTTCCCTGACTTAAAGTGGATGCTGCTTTGGAAA
GCACTGGAAAAATGGATCCTGTCTTTCTT

2.8 Biotin-labeled miRNA pull-down assay

HO8910 cells were transfected with biotin-labeled miR-378a-5p mimics or biotin-labeled negative control
RNA (hippoBio) using Lipofectamine 2000. After 24 h, cells were harvested and lysed. To capture the
biotin-labeled RNA complexes, the cell lysates were incubated with Dynabeads™ M-270 streptavidin beads
(Thermo Fisher Scientific, 65305) at 4 °C for 4 h. Subsequently, the beads were washed extensively with wash
buffer to remove non-specifically bound materials. Finally, RNA was extracted from the beads using TRIzol
reagent, and the enrichment of Lnc-DARS-AS1 and SLC2A12 was quantified by qRT-qPCR. The results were
normalized to input controls and compared to the negative control group to confirm specific binding
interactions.

2.9 RNA-sequencing analysis
RNAs were extracted from HO8910 cells cultured under normoxic or hypoxic conditions for 24 h. IncRNA
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sequencing was performed by Hangzhou Kaitai Biotechnology Co., Ltd. RNA from Lnc-DARS-ASI1
overexpressing HO8910 cells was collected, and mRNA sequencing was conducted by Beijing Novozymes
Biotechnology Co., Ltd.

2.10 Bioinformatics analysis

Heatmaps and volcano plots were used to present differentially expressed genes (DEGs), which were
enriched in signaling pathways using Gene Ontology (GO) and KEGG enrichment analyses. The binding site
between SLC2A12 and Lnc-DARS-AS1 was predicted using StarBase (https://rnasysu.com/encori/index.php).
R software was used to examine the relationship between SLC2A12 and ovarian cancer, with patient data
sourced from The Cancer Genome Atlas (TCGA) database.

To evaluate the clinical relevance of SLC2A12, 428 ovarian cancer samples from TCGA were divided into
high- and low-expression groups based on the median expression level (2.016885). Clinical features including
age (<65 vs. >65 years), race (white vs. non-white), and stage (grouped as Low Burden [Stage I/II/IIIA/IIIB],
Stage IIIC, and Stage IV) were compared using the CreateTableOne function from the R package “tableone” (v
0.13.2).

The correlation between SLC2A12 and HIF-1a expression was analyzed using the GSE218939 dataset,
which includes 22 primary and 29 metastatic ovarian cancer samples. The expression matrices were extracted
and analyzed using the “ggcorrplot” (v 0.1.4.1) and “corrplot” (v 0.94) packages, with scatter plots generated
via “ggplot2” (v 3.5.1).

For miRNA analysis, the GSE261800 dataset comprising 20 ovarian cancer and 20 adjacent normal
samples was analyzed using “DESeq2” (v 1.48.1) under thresholds of p<0.05 and |log:FC[>1. Meanwhile,
miRNAs targeting SLC2A12 were predicted via the miRDB database. A Venn diagram was subsequently
generated using the R package “ggvenn” (v 0.1.16) to visualize the overlap between these DEGs and the ER
stress-related gene set.

In ovarian cancer and adjacent tissue samples from the GSE261800 dataset, the expression of
hsa-miR-378a-5p was analyzed for intergroup differences using the Wilcoxon rank-sum test from the R
package“ggpubr” (v 0.6.1).

2.11 Clinical samples

Paraffin sections from 20 pairs of primary and metastatic foci were obtained from patients with ovarian
cancer at Zhejiang Provincial People’s Hospital between January and December 2022. Informed consent was
obtained from all patients. This study was approved by the Ethics Committee of Zhejiang Provincial People’s
Hospital and conducted following the guidelines of the Declaration of Helsinki.

2.12 Immunohistochemistry assay

The tissue sections were subjected to microwave antigen retrieval and blocked with 30 g/L BSA, then they
were then incubated with SLC2A12 and HIF-1a antibodies overnight. The slices were washed with PBS and
subsequently incubated with the secondary antibody for 2 h. Nuclei were stained with hematoxylin for 3 min.
After staining, coverslips were mounted on the sections, which were then observed under a microscope and
scanned.

2.13 Hematoxylin-eosin staining assay

Sections were sequentially deparaffinized using xylene and graded alcohol concentrations, followed by
staining with hematoxylin for 10 min and eosin for 3 min. After staining, the sections were treated with alcohol
for dehydration and with xylene for clearing, then mounted with coverslips, observed under a microscope, and
scanned.
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2.14 Statistical analysis

Each experiment was performed three times, with the results shown as mean + standard deviation. Data
analysis was carried out using SPSS Statistics 25, applying one-way ANOVA or the Kruskal-Wallis H test for
multiple group comparisons and Student’s t-test for two-group comparisons. Significance was set at p<(0.05.

3 Results

3.1 Malignant phenotypes of ovarian cancer cells promoted by hypoxia

The migration and invasion abilities of ovarian cancer cells were notably enhanced under hypoxic
conditions (Fig. 1a), and the cells showed a marked decrease in proliferative capacity when exposed to hypoxic
conditions (Fig. 1b). The protein level of HIF-1a (a hypoxic biomarker) was significantly elevated under
hypoxia. To further investigate the effects of hypoxia, we examined epithelial-mesenchymal transition
(EMT)-related factors that are closely associated with tumor aggressiveness. Hypoxia increased the EMT
potential of ovarian cancer cells, resulting in a higher expression of N-cadherin, matrix metallopeptidase 2
(MMP2), matrix metallopeptidase 9 (MMP9), and vimentin, and a lower expression of E-cadherin (Fig. 1c¢).
These results demonstrated that hypoxia triggered malignant progression in both HO8910 and A2780 cells.
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Fig. 1 Effect of hypoxia on the malignant progression of ovarian cancer cell lines. (a) Transwell assays were used to
evaluate the migration and invasion abilities of HO8910 and A2780 cells under normoxic or hypoxic conditions for 24 h. (b)
MTT assays were used to evaluate the proliferation ability of HO8910 and A2780 cells. (c) The expression levels of HIF-1a
and epithelial-mesenchymal transition (EMT)-related factors were detected by western blot assays. All experiments were
repeated three times. *p<0.05, **p<0.01. HIF-1a, hypoxia-inducible factor 1-alpha.

3.2 The malignant phenotypes of ovarian cancer cells enhanced by hypoxia-induced Lnc-DARS-AS1

To explore how hypoxia influences ovarian cancer progression, we performed IncRNA sequencing
analysis on HO8910 cells cultured under normoxic and hypoxic conditions (Fig. 2a). A total of 505 IncRNAs
were significantly upregulated and 535 IncRNAs were downregulated in HO8910 cells under hypoxic
conditions, suggesting that hypoxia may regulate ovarian cancer progression by deregulating IncRNA
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expression (Fig. 2b). Furthermore, Lnc-DARS-AS1 was the most significantly upregulated IncRNAs in ovarian
cancer cells under hypoxic conditions (Fig. 2¢). By constructing Lnc-DARS-AS1 overexpressing HO8910 and
A2780 cells, we explored the role of Lnc-DARS-ASI1 in ovarian cancer (Fig. 2d). It was observed that
Lnc-DARS-ASI levels were positively associated with the migration and invasion capabilities of HO8910 and
A2780 cells (Fig. 2e). Interestingly, ovarian cancer cell proliferation was enhanced by overexpressing
Lnc-DARS-AS1 in HO8910 and A2780 cells (Fig. 2f). Moreover, high Lnc-DARS-AS1 expression induced
EMT, notably enhancing the levels of N-cadherin and vimentin while reducing the level of E-cadherin (Fig. 2g).
These findings indicate that Lnc-DARS-AS1 may serve as an oncogene involved in hypoxia-induced ovarian
cancer progression.
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Fig. 2 Effect of Lnc-DARS-AS1 overexpression on the malignant phenotype of ovarian cancer cells. (a-b) LncRNA
sequencing analysis was performed on HO8910 cells under normoxic and hypoxic conditions. The results of differentially
expressed IncRNAs (DEIncRNAs) in HO8910 cells under hypoxia are presented as a heatmap (a) and a volcano plot (b). (¢)
The top 10 DEIncRNAs were examined by quantitative real-time PCR (qRT-PCR) assay in HO8910 and A2780 cells. (d)
qRT-PCR was used to evaluate the overexpression efficiency of Lnc-DARS-AS1. (e) The migration and invasion abilities of
HO8910 and A2780 cells overexpressing Lnc-DARS-AS1 were measured by transwell assay. (f) MTT assays were used to
detect the proliferation of HO8910 and A2780 cells overexpressing Lnc-DARS-AS1. (g) The expression levels of
epithelial-mesenchymal transition (EMT)-related proteins in HO8910 and A2780 cells overexpressing Lnc-DARS-AS1
were detected by western blot assay. All experiments were repeated three times. *p<0.05, **p<0.01.
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3.3 Malignant phenotypes of ovarian cancer cells upregulated by Lnc-DARS-AS1-upregulated SLC2A12

To investigate the target of Lnc-DARS-ASI1 in ovarian cancers, RNA sequencing analysis was performed
to screen downstream targets of Lnc-DARS-AS1. The mRNA levels in HO8910 cells transfected with the
Lnc-DARS-AS1 overexpression plasmid or the empty vector were analyzed. A total of 143 DEGs were
identified in these cells, with 57 downregulated and 86 upregulated genes (Figs. 3a—3c). These DEGs showed
enrichment in biological processes related to the regulation of multi-organism processes, as well as in the
Influenza A and Herpes simplex infection signaling pathways (Figs. 3d and 3e). Among these DEGs, the top 10
most significantly dysregulated genes were verified by qRT-PCR assay in HO8910 cells overexpressing
Lnc-DARS-AST1. Only SLC2A12 levels exhibited a dramatic alteration after overexpressing Lnc-DARS-AS1
(Fig. 3f), which was further supported by the results of the western blot (WB) assay (Fig. 4a). These findings
suggest that SLC2A12 may be related to Lnc-DARS-AS1. Furthermore, bioinformatics analysis revealed a
binding site between SLC2A12 and Lnc-DARS-AS1 (Fig. 4b). Analysis using R software revealed that
SLC2A12 expression was markedly elevated in ovarian cancer tissues compared to normal tissues (Fig. 4c).
Additionally, an inverse relationship was found between SLC2A12 levels and overall survival in patients with
ovarian cancer (Fig. 4d).

To investigate the function of SLC2A12 in ovarian cancer, we overexpressed SLC2A12 in HO8910 and
A2780 cells, and qRT-PCR and WB assays were used for the verification of expression (Fig.e 4e and 4f). In the
transwell assay, we observed that the migration and invasion capabilities of HO8910 and A2780 cells
overexpressing SLC2A12 were notably enhanced (Fig. 4g). Meanwhile, cell proliferation was also promoted by
SLC2A12 overexpression in both HO8910 and A2780 cells (Fig. 4h). Moreover, SLC2A12 overexpression
induced the expression of N-cadherin, vimentin, MMP2, and MMP9 in both HO8910 and A2780 cells (Fig. 41).
However, E-cadherin expression was decreased in both cell lines. Collectively, these results demonstrate that
SLC2A12 may function as a downstream target of Lnc-DARS-ASI to enhance the malignant phenotype of
ovarian cancer cells.
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Fig. 3 RNA sequencing analysis of HO8910 cells with Lnc-DARS-AS1 overexpression. The differentially expressed genes
(DEGs) in HO8910 cells transfected with Lnc-DARS-AS1 overexpression plasmids are presented as a heatmap (a), a
histogram (b), and a volcano plot (¢). (d) Gene Ontology (GO) and (e) Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis were performed on the DEGs. (f) The top 10 DEGs were confirmed by qRT-PCR assay. 'Vector'
indicates cells transfected with an empty plasmid (control), while 'DARS-AS1' represents cells transfected with a
Lnc-DARS-AS1 overexpression plasmid. The numbers indicate independent biological replicates. *p<0.05.
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Fig. 4 Role of Lnc-DARS-AS1-regulated SLC2A12 in the malignant phenotype of ovarian cancer cells. (a) The expression
of SLC2A12 in ovarian cancer cells overexpressing Lnc-DARS-AS1 was detected by western blot assay. (b) The binding
site between SLC2A12 and Lnc-DARS-AS1 was predicted using starBase analysis (https://rnasysu.com/encori/index.php).
(c) The expression of SLC2A12 in ovarian cancer tissues was analyzed using R software. (d) The Cancer Genome Atlas
(TCGA) database was used to analyze survival curves based on SLC2A12 expression in individuals with ovarian cancer. (e)
The expression of SLC2A12 in ovarian cancer cells overexpressing SLC2A12 was detected by quantitative real-time PCR
(qQRT-PCR). (f) The levels of expression in ovarian cancer cells overexpressing SLC2A12 was detected by western blot
assay. (g) The migration and invasion capabilities of HO8910 and A2780 cells overexpressing SLC2A12 were assessed. (h)
The proliferation abilities of HO8910 and A2780 cells overexpressing SLC2A12 were measured by MTT assay. (i) The
expression levels of epithelial-mesenchymal transition (EMT)-related factors in HO8910 and A2780 cells overexpressing
SLC2A12 were measured by western blot assays. All experiments were repeated three times. *p<0.05, **p<0.01.
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3.4 The expression of SLC2A12 enhanced by Lnc-DARS-AS1 via competitive binding to miR-378a-5p

Based on the above findings, we determined that Lnc-DARS-AS] increases the expression of SLC2A12.
To investigate the underlying regulatory mechanism, we performed a comprehensive bioinformatics analysis to
identify miRNAs potentially targeting both molecules. Differential expression analysis of the GSE261800
dataset identified 166 significantly dysregulated miRNAs in ovarian cancer and adjacent normal samples.
Intersection analysis between these differentially expressed miRNAs and 190 SLC2A12-targeting miRNAs
predicted by miRDB revealed 14 candidates, as shown in the Venn diagram (Fig. 5a). Subsequent validation in
the GSE261800 dataset confirmed that hsa-miR-378a-5p was significantly downregulated in ovarian cancer
samples compared to normal tissues (Fig. 5b), suggesting its potential role as a tumor suppressor. This miRNA
had not been previously reported to link Lnc-DARS-AS1 and SLC2A12 in ovarian cancer. Among these
candidates, hsa-miR-378a-5p was selected for further investigation based on this bioinformatics evidence. To
confirm the function of miR-378a-5p, we transfected HO8910 and A2780 cells with a miR-378a-5p mimic.
After transfecting HO8910 and A2780 cells with miR-378a-5p mimics and their negative controls for 24 and 48
h, the expression levels of miR-378a-5p, Lnc-DARS-AS1, and SLC2A12 were detected by qRT-PCR. The
results showed that miR-378a-5p mimics successfully increased miR-378a-5p expression while decreasing the
expression of Lnc-DARS-AS1 and SLC2A12 in HO8910 and A2780 cells (Fig. 5c). Further analysis confirmed
that cells overexpressing Lnc-DARS-AS1 showed the increased expression of SLC2A12. However,
miR-378a-5p mimics suppressed the Lnc-DARS-AS1-induced upregulation of SLC2A12 at the protein level
(Fig. 5d).

To verify the binding relationship among SLC2A12, Lnc-DARS-AS1, and miR-378a-5p, wild-type and
mutant SLC2A12 or Lnc-DARS-AS1 carried on luciferase reporter plasmids were transfected into HO8910
cells. The luciferase activity of the reporter plasmid containing the wild-type SLC2A12 3'-UTR was
significantly increased in HO8910 cells overexpressing Lnc-DARS-AS1 compared to that in cells transfected
with the corresponding control (Fig. 6a). Compared to the control, the luciferase activity of wild-type SLC2A12
was notably reduced in HO8910 cells transfected with the miR-378a-5p mimic, while that of mutant-type
SLC2A12 showed no change, suggesting that miR-378a-5p may bind to the 3’UTR region of SLC2A12 mRNA
(Fig. 6b). Moreover, after co-transfecting HO8910 cells with miR-378a-5p mimics or their negative control,
Lnc-DARS-ASI plasmid or their control, and wild-type SLC2A12 3’UTR luciferase reporter plasmid or their
control for 24 h, dual-luciferase reporter assay demonstrated that Lnc-DARS-AS1 promoted SLC2A12
expression, while miR-378a-5p counteracted this effect (Fig. 6¢). Similarly, the luciferase activity of wild-type
Lnc-DARS-AS1 was markedly decreased in HO8910 cells overexpressing miR-378a-5p compared to that in
control cells, while that of mutant-type Lnc-DARS-AS1 was not affected by miR-378a-5p mimics (Fig. 6d). In
summary, these observations provide evidence for direct binding among Lnc-DARS-AS1, miR-378a-5p and
SLC2A12. To further elucidate the regulatory mechanism, we found that the overexpression of Lnc-DARS-AS1
led to a significant upregulation of miR-378a-5p expression (Fig. 6¢). Subsequent biotin-labeled miRNA
pull-down assays confirmed the direct and substantial binding between Lnc-DARS-AS1 and miR-378a-5p, as
demonstrated by the significant enrichment of Lnc-DARS-AST1 (Fig. 6f). Notably, under the same experimental
conditions, no significant enrichment of SLC2A12 was observed (Fig. 6f), indicating that while both molecules
are targets of miR-378a-5p, their binding affinities may differ. This suggests that Lnc-DARS-AS1, acting as a
ceRNA, competitively binds to miR-378a-5p to increase the expression of SLC2A12.
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Fig. 5 Regulation of SLC2A12 by Lnc-DARS-AS1 and miR-378a-5p. (a) A Venn diagram was used to show the intersection
between dysregulated miRNAs in ovarian cancer and adjacent normal samples and SLC2A12-targeting miRNAs
predicted by miRDB. (b) The Wilcoxon test was used to determine the expression of hsa-miR-378a-5p in ovarian cancer
versus adjacent tissues from the GSE261800 dataset. (¢) The mRNA expression levels of miR-378a-5p, SLC2A12, and
Lnc-DARS-AS1 were examined in HO8910 and A2780 cells transfected with miR-378a-5p mimics. (d) The protein
expression level of SLC2A12 was measured in HO8910 and A2780 cells co-transfected with plasmids overexpressing
Lnc-DARS-AS1 and miR-378a-5p mimics. All experiments were repeated three times. *p<0.05, **p<0.01.
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3.5 The malignant phenotypes of ovarian cancer cells promoted by hypoxia-derived Lnc-DARS-ASI1 via
the Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis

To further determine whether hypoxia-derived Lnc-DARS-ASI is involved in ovarian cancer progression
via the Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis, two siRNAs targeting SLC2A12 were designed, and the
results showed that transfection with siR-SLC2A12-2 for 24 h achieved a higher knockdown efficiency in both
HO8910 and A2780 cells (Figs. 7a and S1a). Subsequently, HO8910 and A2780 cells were co-transfected with
siR-SLC2A12-2 or negative control (NC), cultured under hypoxic conditions for 24 h. Then, their migratory
and invasive abilities were assessed using a transwell assay (Figs. 7b and S1b). As expected, silencing
SLC2A12 expression significantly reversed the hypoxia-induced enhancement of cell migration and invasion.
Next, siR-Lnc-DARS-AS1 was employed to assess the impact of Lnc-DARS-AS1 on ovarian cancer cells under
hypoxic conditions. The silencing effect of Lnc-DARS-AS1 was assessed by qRT-PCR (Figs. 7c and S1c), and
siR-Lnc-DARS-AS1-2 was used in subsequent experiments. HO8910 and A2780 cells were transfected with
siR-Lnc-DARS-AS1 and cultured under hypoxic conditions for 24 h. The results showed that
siR-Lnc-DARS-AS1 suppressed hypoxia-induced SLC2A12 expression at the protein level (Figs. 7d and S1d).
The transwell assay results showed that the migratory and invasive abilities of cells under hypoxic conditions
were reduced following Lnc-DARS-ASI1 silencing (Figs. 7e and Sle).

Furthermore, HO8910 cells were co-transfected with an Lnc-DARS-AS1 overexpression plasmid and
SLC2A12 siRNA for 24 h (Fig 8a). The transwell assay results showed that SLC2A12 silencing significantly
reversed the enhancement of cell migration and invasion induced by Lnc-DARS-AS1 overexpression. Next,
HO8910 cells were co-transfected with an SLC2A 12 overexpression plasmid and miR-378a-5p mimics for 24 h
to perform gain- and loss-of-function experiments (Fig. 8b). As anticipated, cellular function experiments
demonstrated that high SLC2A12 expression significantly enhanced the metastatic ability of ovarian cancer
cells, whereas miR-378a-5p mimics reversed this effect (Figs. 8c and 8d). In addition, clinical tissue samples
from primary and metastatic lesions of 20 patients with ovarian cancer were analyzed. As shown in Fig. 8e, the
metastatic lesions displayed more necrotic regions compared to the primary lesions. There was a marked
increase in SLC2A12 and HIF-la expression in metastatic lesions, supporting the role of SLC2A12 in
facilitating the metastasis of ovarian cancer (Fig. 8f). To further validate these findings on a larger scale, we
analyzed data from the TCGA ovarian cancer cohort, which demonstrated a significant correlation between
elevated SLC2A12 expression and advanced FIGO disease stages (Table 5). Furthermore, the analysis of the
GSE218939 dataset demonstrated a significant positive correlation between SLC2A12 and HIF-1a expression
across 22 primary and 29 metastatic ovarian cancer samples (Fig. 8g), providing additional evidence that
SLC2A12 expression is associated with hypoxia response. Collectively, our findings indicate that
hypoxia-derived Lnc-DARS-ASI promotes ovarian cancer progression via the
Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis.
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Table 5 Clinical relevance analysis of the SLC2A12 gene

Characteristic Category High expression Low expression P
of SLC2A12 of SLC2A12
<
Age <65 102 (49.5) 127 (61.1)
65 0.024
104 (50.5) 81 (38.9)
Race non-White 31 (15.0) 16 (7.7)
0.028
White 175 (85.0) 192 (92.3)
Stage
Stage I/II/IITA/IIIB (Low Burden) 33 (16.0) 16 (7.7)
Stage IIIC 141 (68.4) 161 (77.4) 0.027
Stage IV 32 (15.5) 31 (14.9)

4 Discussion

Ovarian cancer has a high metastatic rate, posing a major threat to the health of affected women worldwide
(Yang et al., 2022). Patients with recurrent platinum-resistant ovarian cancer face a poor prognosis and limited
treatment options (Havasi et al., 2023). Interactions between tumor cells and the TME contribute to the complex
process of platinum treatment resistance. Gongalves et al. (Goncalves, et al., 2021) reported that tumor cells
undergo metabolic reprogramming, with high metabolic flexibility associated with the TME. Therefore, it is
essential to understand the molecular mechanisms underlying the TME-mediated intratumoral metabolic
heterogeneity. Furthermore, clarifying the progression of ovarian cancer and identifying new therapeutic targets
have become urgent priorities.

Hypoxia in the tumor microenvironment is a well-established characteristic of solid tumors, occurring in
approximately 90% of cases (Godet et al., 2019). Increasing evidence suggests that hypoxia leads to the
metabolic reprogramming of cancer cells, thereby accelerating metastasis (Paredes et al., 2021). More
significantly, cancer cells exhibit increased invasiveness and drug resistance after adaptation to hypoxia (Jing et
al., 2019). HIF-1a-induced glycolytic metabolism increases cisplatin resistance in ovarian cancer, involving the
production of reactive oxygen species (Ai et al., 2016). Therefore, further investigations into the relationship
between hypoxia and cancer are required. The increase in HIF-la expression under hypoxia is a
well-documented phenomenon. By regulating the expression of downstream target genes, HIF-la (a
transcription factor with a broad range of target genes) can affect intracellular protein levels (Huang et al., 2017,
Wicks and Semenza, 2022). Furthermore, alterations in the cancer and stromal cells within the TME promote
cancer invasiveness. The association between EMT and hypoxia has been investigated extensively (Saxena et
al., 2020). EMT is characterized by reduced intercellular adhesion and the increased expression of
mesenchymal markers. Previous studies have demonstrated that EMT is associated with cancer cell migration,
stemness and drug resistance (Jolly et al., 2015). Our data revealed that hypoxia leads to decreased levels of
E-cadherin in ovarian cancer cells but increased expression levels of N-cadherin, vimentin, MMP2, and MMP9.
This indicates that hypoxia promotes the mesenchymal phenotype of ovarian cancer cells, which is in agreement
with the results reported by Tsutomu et al. (Imai et al., 2003).

Our study systematically elucidated a novel molecular pathway through which hypoxia drives the
malignant progression of ovarian cancer. First, we confirmed that hypoxia itself is a potent driver of malignancy
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in ovarian cancer cells. Exposure to hypoxic conditions significantly enhanced the migratory and invasive
capabilities of HO8910 and A2780 cells, consistent with the established role of hypoxia in promoting metastasis.
Notably, we observed a concomitant decrease in cell proliferation. The molecular hallmarks of hypoxia were
confirmed by the robust upregulation of HIF-1a. Furthermore, hypoxia induced a clear EMT, as evidenced by
the characteristic shift in marker expression: the downregulation of E-cadherin and the upregulation of
N-cadherin, vimentin, and the matrix metalloproteinases MMP2 and MMP9.

Recent studies have indicated that IncRNAs and miRNAs are involved in hypoxia-mediated tumor EMT in
various cancers, including ovarian cancer (Xu et al., 2016; Ang et al., 2023). As described in the literature,
IncRNA transcription is closely related to mRNA expression via RNA polymerase II (Peng et al., 2021).
Interestingly, the function of IncRNAs depends on their specific location, with epigenetic regulation occurring
in the cell nucleus, and protein stabilization and miRNA sequestration taking place in the cytoplasm.
Furthermore, IncRNAs present in exosomes function as signaling molecules, therefore the identification of
appropriate IncRNAs may contribute to the discovery of new therapeutic targets for hypoxia-related cancers. In
this study, through IncRNA sequencing analysis, we found significant changes in Lnc-DARS-ASI.
Overexpression of DARS-AS1 has been detected in various cancers (Shu et al., 2024). For instance,
miR-330-3p is regulated by DARS-ASI, leading to increased NAT10 expression and gastric cancer cell
proliferation (Du et al., 2022). In addition, the inhibition of DARS-AS1 attenuates the progression of cervical
cancer (Zhu and Han, 2021). DARS-ASI1 regulates miR-194-5p and promotes oncogenic effects in ovarian
cancer by acting as an miRNA sponge, thereby regulating the expression of RBX1 to inhibit TP53
ubiquitination and degradation (Zhou et al., 2021). Notably, it has been reported that hypoxia induces
DARS-ASI expression in a HIF-1a-dependent manner, contributing to multiple myeloma progression through
the HIF-1/DARS-AS1/RBM39 axis (Tong et al., 2020). Similarly, under hypoxic conditions, DARS-AS1 was
shown to be upregulated in renal tubular cells, highlighting its role as a hypoxia-responsive IncRNA beyond
cancer contexts (Mimura et al., 2017). Based on this established regulatory background, we further investigated
the functional role and molecular mechanisms of DARS-AS1 in ovarian cancer, with particular focus on its
potential as a ceRNA under hypoxic conditions. Functional experiments established Lnc-DARS-AS1 as a key
oncogenic driver. Its overexpression was sufficient to recapitulate the hypoxic phenotype, enhancing cell
migration, invasion, proliferation, and EMT. This positions Lnc-DARS-AS1 as a critical downstream effector
of hypoxia-induced signaling. We next sought to identify the mechanism by which Lnc-DARS-AS1 exerts its
effects. RNA sequencing subsequent to Lnc-DARS-AS1 overexpression revealed SLC2A12 as its most
significantly upregulated target gene, and bioinformatics analysis predicted that this interaction is direct.
Clinically, SLC2A12 expression was not only elevated in ovarian cancer tissues but also correlated with
advanced disease stage and poorer patient survival, underscoring its pathological relevance. Mirroring the
effects of Lnc-DARS-ASI, the overexpression of SLC2A12 markedly enhanced cell migration, invasion,
proliferation, and EMT in vitro, confirming its role as a functional mediator of the oncogenic role of
Lnc-DARS-ASI.

SLC2A12 belongs to the SLC2 family. There is evidence that SLC2A12 contributes to cancer development
and is a potential therapeutic target for gastric cancer (Sexton et al., 2020). In prostate cancer, SLC2A12 has
been associated with androgen receptors and encodes GLUT12 (White et al., 2018). Li et al. (Li et al., 2023)
found that SLC2A12 is highly expressed in hypoxic ovarian cancer cells and is related to glutathione and lipid
metabolism, thereby inhibiting ferroptosis in ovarian cancer cells. In hypoxic ovarian cancer cells, SLC2A12
(GLUT12)—a hypoxia-upregulated glucose transporter (Burgos et al., 2025)—drives proliferation and EMT,
probably via affecting glucose metabolism. It enhances glucose uptake to fuel the Warburg effect (aerobic
glycolysis), a metabolic shift that prioritizes biomass synthesis (nucleotides, lipids) over efficient ATP
production and is critical for supporting cell division (Vander Heiden et al., 2009). This aligns with findings in
other types of cancer, where SLC2A12 overexpression boosts glycolysis and cell growth (Shi et al., 2020; Cao
et al., 2023). For EMT induction, SLC2A12-mediated glycolysis diverts intermediates to the hexosamine
biosynthetic pathway (HBP), generating uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). This
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metabolite drives the O-GlcNAcylation of EMT regulators (e.g., Snail, B-catenin), stabilizing these factors to
promote mesenchymal marker expression (Taparra et al., 2016). Though specific data on ovarian cancer is
limited, the role of SLC2A12 in the enhancement of cancer cell migration/invasion (Shi, et al., 2020) supports
its EMT-promoting function in hypoxia. Clinically, SLC2A12 overexpression correlates with poor prognosis in
solid tumors (Burgos, et al., 2025), underscoring its relevance as a metabolic node linking hypoxia to ovarian
cancer progression.

The regulatory mechanism connecting these molecules was revealed to be a ceRNA network.
Bioinformatics analysis and molecular validation identified miR-378a-5p as a shared target of both
Lnc-DARS-AS1 and SLC2A12. We confirmed that miR-378a-5p acts as a tumor suppressor: its expression is
downregulated in clinical samples, and its overexpression can suppress the expression of both Lnc-DARS-AS1
and SLC2A12. A series of luciferase reporter assays confirmed the direct binding relationships: miR-378a-5p
binds to the 3' untranslated regions (3'UTRs) of both SLC2A12 and Lnc-DARS-AS1, and Lnc-DARS-AS1 can
sequester miR-378a-5p, thereby relieving its repressive effect on SLC2A12. Crucially, a biotin-labeled miRNA
pull-down assay provided direct evidence for the physical binding between Lnc-DARS-AS1 and miR-378a-5p.

MiR-378a-5p, encoded by PPARGCIB, is recognized as an independent prognostic marker for tumors
(Qin et al., 2022). Target protein translation can be obstructed by miRNAs through cleavage or binding to the
3’UTR of the corresponding mRNA (He and Hannon, 2004). Although there are no previous reports on the role
of miR-378-5p in ovarian cancer, that of miR-378-3p (a member of the miR-378a family) in this type of cancer
has been established. The upregulation of GALNT3 expression by Lnc-PSMA3-AS1 through competitive
binding with miR-378-3p accelerates ovarian cancer growth (Xu et al., 2021). The function of miR-378a is still
a subject of controversy, given that high miR-378a expression was associated with unfavorable outcomes in
patients with cholangiocarcinoma (Zhou and Ma, 2019). Our study revealed that miR-378a-5p exerts
anti-oncogenic effects in ovarian cancer, offering fresh perspectives on the function of miR-378a in cancer.

Finally, rescue experiments confirmed the physiological relevance of this entire axis within the context of
hypoxia: the knockdown of either Lnc-DARS-AS1 or SLC2A12 effectively attenuated the pro-migratory and
pro-invasive effects of hypoxia. Importantly, the oncogenic effects of Lnc-DARS-AS1 overexpression were
suppressed by the co-knockdown of SLC2A12. Similarly, the effects of SLC2A12 overexpression were
reversed by miR-378a-5p mimics, confirming the linear dependency of this pathway. The clinical correlation
between SLC2A 12, HIF-10, and metastasis provides compelling translational evidence that this hypoxia-driven
Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis is operational in human ovarian cancer progression.

Our findings revealed that the Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis represents a mechanistically
distinct pathway from previously established hypoxia-induced mechanisms in ovarian cancer. While canonical
HIF-1a signaling primarily regulates the transcriptional activation of genes involved in angiogenesis (Zhang et
al., 2024), glycolysis (Sun et al., 2019), and glucose transport-related genes (Seeber, et al., 2011), the axis
identified in the present study operates through the post-transcriptional regulation of a different glucose
transporter isoform. This pathway is particularly significant given the unique kinetic properties and insulin
sensitivity of SLC2A12 (Rogers et al., 2002; Xiong and Lei, 2021), suggesting a previously unrecognized layer
of metabolic regulation in the tumor microenvironment. Furthermore, unlike other IncRNAs that regulate the
hypoxia response through angiogenesis or the regulation of apoptosis (Shu et al., 2020; Gao et al., 2022),
Lnc-DARS-AS1 specifically fine-tunes metabolic adaptation through ceRNA mechanisms. This discovery
expands the repertoire of hypoxia response strategies available to ovarian cancer cells and highlights the
complexity of metabolic reprogramming in the TME.

This study has several limitations that should be acknowledged. First, although the use of public datasets
such as TCGA and GEO strengthens the statistical support for our conclusions, the retrospective nature of these
databases introduces inherent selection biases that must be considered. Second, we recognize the limitation
regarding the use of the HO8910 cell line, which has been identified in the Cellosaurus database as a potentially
misidentified cell line due to HeLa cell contamination. However, all key experiments and conclusions presented
in this study were consistently validated for the A2780 ovarian cancer cell line, which is a well-characterized
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and authenticated ovarian cancer model without any known contamination issues. This parallel verification
across multiple cell models improves the reliability of our findings despite this limitation. Furthermore, as this
work explored novel biomarkers in ovarian cancer, including Lnc-DARS-AS1 and miR-378a-5p, further
validation in relevant animal models is essential before advancing to larger clinical studies. Future research
should focus on expanding prospective clinical cohorts across diverse populations to validate the prognostic
value of this axis, establishing physiologically relevant animal models to investigate its functional mechanisms
in vivo and exploring potential clinical applications through targeted therapeutic strategies.

5 Conclusions

Our study revealed for the first time that hypoxia-induced Lnc-DARS-AS1 promotes the progression of
ovarian cancer through the Lnc-DARS-AS1/miR-378a-5p/SLC2A12 axis. Considering its role in the
modulation of cancer cell migration and invasiveness, targeting this axis may offer a novel approach to
treatment, particularly in cases characterized by resistance to conventional therapies. To assess the broader
applicability of our results, future studies should aim to validate these findings in diverse patient populations
and explore similar pathways in other types of cancer.
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Fig. S1 Lnc-DARS-AS1 promotes the malignant phenotype of A2780 cells through SLC2A12. (S1a) The knockdown
efficiency of SLC2A12 was examined by WB assay. (S1b) The migration and invasion abilities of SLC2A12-silenced A2780
cells were examined under normoxic or hypoxic conditions. (S1c) qRT-PCR was used to examine the knockdown efficiency
of Lnc-DARS-ASI1. (S1d) WB assay was used to detect the expression of SLC2A12. (Sle) The migration and invasion
abilities of Lnc-DARS-AS1-silenced A2780 cells were examined under normoxic or hypoxic conditions. All experiments

were repeated three times. *p<0.05, **p<0.01.
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