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Introduction
Hepatocellular Carcinoma (HCC) accounts for 90% of primary 
liver cancers, with oxidative stress emerging as a central driver of 
carcinogenesis [1]. Reactive Oxygen Species (ROS) accumulation 
causes DNA damage, epigenetic alterations, and oncogenic 
signaling [2]. RNA Adenosine Deaminases (ADARs) catalyze 
A-to-I editing, a post-transcriptional modification that modulates 
gene expression [3]. Recent studies highlight ADARs as tumor 
suppressors in HCC, but their interplay with oxidative stress 
remains undefined [4-6]. Here, we investigate the mechanistic 
role of ADARs in oxidative stress-mediated HCC cell injury.

Materials and Methods
Cell Culture and Treatments
Human HCC cell lines (HepG2, Huh7) and normal hepatocytes 
(THLE-2) were cultured in DMEM (Gibco) with 10% FBS. 
Oxidative stress was induced by treating cells with H₂O₂ (0–500 
μM, Sigma) for 24 h.

RNA Sequencing and Editing Analysis
Total RNA was extracted using TRIzol (Invitrogen). Libraries 
were prepared with NEBNext Ultra II RNA Library Prep Kit 
and sequenced on an Illumina NovaSeq 6000 platform. A-to-I 
editing sites were identified using REDIportal and validated by 
Sanger sequencing.

Oxidative Stress Assays
ROS levels were measured by DCFH-DA staining (Invitrogen). 
MDA content and SOD activity were quantified using commercial 
kits (Abcam).

Cell Viability and Apoptosis
MTT assay (Sigma) and flow cytometry (BD Biosciences) were 
used to assess cell survival and apoptosis.

Western Blotting
Antibodies against ADAR1 (Abcam, ab188797), ADAR2 (Cell 
Signaling, #86106), Bax (BD Biosciences, 556467), Bcl-2 (Santa 
Cruz, sc-7382), Nrf2 (Cell Signaling, #12721), and β-actin (Sigma, 
A5441) were used.

Statistical Analysis
Data are presented as mean ± SD. Student’s t-test and one-way 
ANOVA with Tukey’s post-hoc test were used for comparisons 
(GraphPad Prism 9).

Results
ADAR1/2 Downregulation Correlates with Oxidative Stress 
in HCC Cells
Western blot analysis revealed dose-dependent decreases in 
ADAR1/2 protein levels in HepG2 and Huh7 cells treated with 
H₂O₂ (Table 1). Normal hepatocytes showed minimal ADAR 
downregulation, indicating HCC-specific vulnerability.

Table 1: ADAR1/2 Expression in HCC Cells after H₂O₂ 
Treatment
Treatment HepG2 

ADAR1
HepG2 
ADAR2

Huh7 
ADAR1

Huh7 
ADAR2

Control 1.00 ± 0.12 1.00 ± 0.08 1.00 ± 0.10 1.00 ± 0.09
H₂O₂ (200 
μM)

0.58 ± 0.06 0.62 ± 0.05 0.65 ± 0.07 0.68 ± 0.06

H₂O₂ (500 
μM)

0.32 ± 0.04 0.35 ± 0.03 0.38 ± 0.05 0.40 ± 0.04

p < 0.05 vs. control (n=3).
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Oxidative Stress Impairs RNA Editing Landscape
RNA-seq identified 1,245 A-to-I editing sites in control HCC 
cells, with 40% fewer edited sites after H₂O₂ treatment (Table 
2). Functional annotation highlighted enrichment in oxidative 
phosphorylation (p=0.002) and apoptosis (p=0.008) pathways.

Table 2: Global A-to-I Editing Sites in HCC Cells
Treatment Total Editing Sites Editing Efficiency (%)
Control 1,245 28.6 ± 3.2
H₂O₂ 748 16.5 ± 2.1*

p < 0.01 vs. control (n=2 biological replicates).

ADAR Loss Exacerbates Oxidative Damage
ADAR1/2 knockdown increased ROS levels by 1.8-fold (Table 3) 
and apoptosis by 25% (Table 4). Conversely, ADAR overexpression 
rescued cell viability under stress (Table 5).

Table 3: Oxidative Stress Biomarkers in HCC Cells
Treatment Apoptosis (%)
Control 5.2 ± 1.1
H₂O₂ (200 μM) 18.7 ± 2.3*
H₂O₂ + ADAR1 KD 32.1 ± 3.5*
H₂O₂ + ADAR2 KD 29.8 ± 3.0*
H₂O₂ + ADAR OE 12.5 ± 1.8*

p < 0.05 vs. H₂O₂ control (n=4).

ADARs Regulate Nrf2/KEAP1 Axis
ADAR knockdown reduced nuclear Nrf2 and HO-1 expression 
(Table 4). Luciferase assays confirmed ADAR2-dependent editing 
of KEAP1 3’UTR (Table 5).

Table 4: Nrf2 Pathway Components
Protein Control H₂O₂ (200 μM) ADAR1 KD +H₂O₂
Nuclear Nrf2 1.00 0.68 ± 0.07 0.42 ± 0.05
HO-1 1.00 0.75 ± 0.06 0.50 ± 0.04

p < 0.05 vs. control (n=3).

Table 5: KEAP1 Editing Efficiency
Treatment Editing Efficiency (%)
Control 35.2 ± 4.1
H₂O₂ (200 μM) 18.5 ± 2.3*
ADAR2 KD + H₂O₂ 12.1 ± 1.8*

p < 0.05 vs. control (n=3).

Discussion
Our study uncovers a novel ADAR1/2-ROS regulatory loop in 
HCC. Oxidative stress downregulates ADARs, impairing RNA 
editing of antioxidant genes like SOD2 and KEAP1 (Table 2-3). 
This leads to redox imbalance and apoptotic cell death (Table 
4). These findings align with recent reports showing ADAR2-
mediated KEAP1 editing in HCC, suggesting a conserved 
protective mechanism [5].

Notably, ADAR overexpression rescued cell viability under stress 
(Table 4), highlighting their cytoprotective role [7-9]. This contrasts 
with ADAR1’s oncogenic function in breast cancer, underscoring 

context-dependent roles. Mechanistically, ROS-induced ADAR 
downregulation may result from both transcriptional repression 
and protein oxidation [10-12].

Clinically, ADAR expression could serve as a biomarker for HCC 
sensitivity to oxidative therapies. Restoring ADAR activity may 
enhance treatment efficacy, while targeting ADARs could sensitize 
tumors with high ROS levels. Future studies should validate these 
findings in patient-derived xenografts and explore ADAR editing 
of non-coding RNAs.

Conclusion
ADAR1/2 maintain redox homeostasis in HCC by editing critical 
antioxidant genes. Targeting this pathway may offer a precision 
medicine approach for HCC treatment.
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