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A B S T R A C T

Evasion of programmed cell death (PCD) is a hallmark of cancer, yet the mechanisms underlying resistance to 
ferroptosis – an iron-dependent form of PCD triggered by excessive lipid peroxidation – remain incompletely 
understood. Here, we identify a previously unrecognized nucleolar-mitochondrial signaling axis that promotes 
ferroptosis resistance in pleural mesothelioma (PM) and potentially other cancers. This pathway involves RNA 
polymerase I (PolI) catalytic subunit A (POLR1A) and mitochondrial transcription factor A (TFAM), which 
together regulate mitophagy and intracellular iron metabolism to suppress ferroptosis. Mechanistically, POLR1A 
controls TFAM expression via the transcription factor ATF4, and this POLR1A-ATF4-TFAM axis inhibits 
mitophagy and limit mitophagy-dependent labile Fe2+ release, thereby preventing Fe2+-driven lipid peroxida-
tion. Disruption of this pathway through POLR1A or TFAM inhibition leads to Fe2+ accumulation and increased 
sensitivity to ferroptosis inducers (FINs). Notably, CX-5461, a first-in-class RNA PolI inhibitor currently in clinical 
trials, synergizes with GPX4 blockade to induce ferroptotic cell death both in vitro and in vivo. This therapeutic 
synergy extends beyond PM, suggesting broader relevance in ferroptosis-resistant cancers. Together, our findings 
reveal a novel mechanism of ferroptosis evasion and establish a promising combinatorial strategy to overcome 
therapy resistance in cancer.

1. Introduction

Pleural mesothelioma (PM) is a highly aggressive malignancy arising 
from the mesothelial lining of the thoracic cavity and lungs [1]. Its long 
latency – often exceeding 40 years – contributes to a growing global 
disease burden. Early-stage PM is typically asymptomatic, resulting in 
delayed diagnoses and poor clinical outcomes, with a median survival of 
approximately 15 months following chemotherapy. Unlike many other 

cancers, PM rarely habors common oncogenic mutations, limiting the 
efficacy of targeted therapies [2,3] and underscoring the urgent need for 
novel treatment strategies [4,5].

Ferroptosis, an iron-dependent form of programmed cell death 
characterized by the accumulation of lipid peroxides [6], has emerged as 
a potential therapeutic vulnerability in various cancers [7]. Initiated by 
ferrous iron (Fe2+)-driven Fenton chemistry, this process leads to 
oxidative membrane damage and cell death. Ferroptosis susceptibility is 
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governed by the balance between iron metabolism and antioxidant de-
fenses [8]. Two key regulators, SLC7A11 and glutathione peroxidase 4 
(GPX4), form the core of the ferroptosis resistance machinery. SLC7A11 
supports glutathione (GSH) synthesis by importing cystine, while GPX4 
uses GSH to detoxify lipid hydroperoxides. Inhibitors such as erastin 
(SLC7A11), RSL3 and ML162 (GPX4) disrupt this protective axis, 
thereby triggering ferroptosis [6,8]. Dysregulation of iron homeostasis 
and redox metabolism, common features in cancer, can significantly 
alter ferroptosis sensitivity and are now recognized as actionable ther-
apeutic targets [7].

Mitochondria play a central role in ferroptosis regulation through 
their functions in energy production, redox homeostasis, and iron 
metabolism [9]. One key mechanism in mitochondrial quality control is 
mitophagy, a selective autophagic process that removes damaged 
mitochondria to prevent excessive reactive oxygen species (ROS) pro-
duction [10]. Under physiological conditions, mitophagy is protective, 
but when overactivated, it can release mitochondrial Fe2+ into the 
cytoplasm, fueling ROS accumulation and lipid peroxidation, thereby 
sensitizing cells to ferroptosis [11,12]. These findings highlight 
mitophagy as a context-dependent modulator of ferroptosis, bridging 
mitochondrial dynamics and iron metabolism.

Mitochondrial transcription factor A (TFAM) is critical for main-
taining mitochondrial DNA (mtDNA) integrity and supporting oxidative 
phosphorylation (OXPHOS) [13]. Loss of TFAM disrupts mitochondrial 
function and activates mitophagy, linking mitochondrial fitness directly 
to ferroptosis sensitivity. The expression of TFAM and other mitochon-
drial homeostasis genes is regulated by the transcription factor ATF4, a 
central mediator of cellular stress responses [14]. Activated by nutrient 
deprivation, oxidative stress, and ER stress, ATF4 coordinates adaptive 
programs encompassing both the mitochondrial and ER stress responses. 
Through these pathways, ATF4 promotes mitochondrial biogenesis, 
maintains redox balance, and modulates mitophagy [14].

ATF4 also regulates biosynthetic activity during cellular stress. For 
example, under ER stress, cells suppress global protein synthesis to 
relieve the folding workload and conserve energy. As part of this 
response, ATF4 downregulates ribosome biogenesis (RiBi), an energet-
ically demanding process required for cell growth and proliferation 
[15]. RiBi begins in the nucleolus, where RNA Polymerase I (PolI) 
transcribes the 47S precursor ribosomal RNA (rRNA). Its catalytic sub-
unit, POLR1A, is often overexpressed in cancer cells to support increased 
ribosome production [16–18]. These observations link ATF4 to nucle-
olar activity and downstream mitochondrial functions, although the 
underlying mechanisms remain largely undefined.

Given its central role in RiBi, POLR1A is an attractive therapeutic 
target in cancer [18]. CX-5461, a selective PolI inhibitor now in clinical 
trials, blocks rRNA transcription, disrupts nucleolar integrity, and in-
duces cancer cell death— especially in tumors with DNA repair defects 
[19–21]. Although CX-5461’s effects on ribosome biogenesis is well 
established, its effects on mitochondrial regulation, mitophagy, and 
ferroptosis remain unexplored.

In this study, we uncover a previously unrecognized regulatory axis 
linking POLR1A, ATF4, and TFAM to mitophagy and ferroptosis in 
pleural mesothelioma. We show that POLR1A promotes TFAM expres-
sion through ATF4 and that inhibition of POLR1A activates mitophagy, 
increases cytosolic Fe2+ levels, and sensitizes PM cells to ferroptosis 
inducers. Furthermore, pharmacological inhibition of POLR1A with CX- 
5461 synergizes with GPX4 blockade to promote ferroptotic cell death 
and suppress tumor growth in vitro and in vivo. These findings reveal a 
novel mechanistic link between ribosome biogenesis and ferroptosis 
resistance and provide a promising therapeutic approach for targeting 
ferroptosis-evading cancers.

2. Methods and materials

2.1. Cell culture

Cancer cell lines (MESO-1, H2452, BE1143T, H1080T, DLD1) were 
previously described [22–24]. BE1143T is derived from a PM patient. 
All cells were authenticated by short tandem repeat (STR) profiling and 
regularly tested to ensure they were free of mycoplasma (Microsynth). 
RSL3 (CS-5650), ML162 (CS-0017910), doxycycline (Dox; CS-0009105), 
ferrostatin-1 (CS-0019733), deferoxamine (CS-0013559), liproxstatin-1 
(CS-3994), CX-5461 (CS-0045136) and Quarfloxin (CS-0003553) were 
obtained from ChemScene.

2.2. Antibodies and beads

The following antibodies were used: POLR1A (Proteintech, #20595- 
1-AP); β-actin (Cell Signaling Technology/CST, #3700S); TFAM (Pro-
teintech, #22586-1-AP); PERK (CST, #3192S); p-PERK (CST, #3179S); 
ATF4 (CST, #11815S); eIF2α (CST, #9722S); p-eIF2α (CST, #3398S); 
PARK2 (Proteintech, #14060-1-AP); GPX4 (abcam, Cat# ab125066); 
TP53(CST, Cat#9282S); SLC7A11(Proteintech, #26864-1-AP); CYTB 
(Proteintech, #55090-1-AP); ATP6(Proteintech, #55313-1-AP); 
TOMM20(CST, #42406S); Phospho-Histone H2A.X (Ser139) (CST, 
Cat#9718S); FTL(proteintech,10727-1-AP); NCOA4(NBP3-18136); 
LC3A/B(CST, #4108S), IRDye 680RD-conjugated donkey anti-mouse 
IgG (Lot #D20503-05) and IRDye 800CW-conjugated donkey anti- 
rabbit IgG (Lot #D01216-10) from Li-COR Biosciences. Signals from 
membrane-bound secondary antibodies were visualized using the Od-
yssey Infrared Imaging System (Li-COR Biosciences).

2.3. siRNA, shRNA and sgRNA

The siRNAs for PARK2 and ATF4 (SR321228; SR319410; Origene) 
were transfected using DMH13 (gift from Chem Bern). The shRNA se-
quences are as follows: POLR1A: 5′-GACGAGATGAATGCCCATTTC-3′ 
(#1); 5′-TACATCAACACCAACGAAATT-3′ (#2). TFAM: 5′-CGTGAGTA-
TATTGATCCAGAA-3′ (#1); 5′-GTAAGTTCTTACCTTCGATTT-3′ (#2). 
GPX4: 5′-GTGGATGAAGATCCAACCCAA-3′ (#1); 5′-GCA-
CATGGTTAACCTGGACAA-3(#2). The DNA oligos were annealed and 
ligated into the plko.1-tet-on plasmids (Addgene #21915). Retroviruses 
carrying the shRNA constructs were produced in 293T cells and used to 
infect target cells.

2.4. Overexpression plasmids

Human overexpression plasmids for ATF4 (Addgene #115969) and 
TFAM (pLV [Exp]-Bsd-CMV > hTFAM [NM_003201.3]) were obtained 
from Addgene and VectorBuilder, separately. The control empty vector 
(Addgene #125238) was got from Addgene. Lentiviruses carrying these 
overexpression plasmids were produced in 293T cells and used to infect 
target cells.

2.5. Cell death assay

Cells were seeded into 6-well plates at a density of 50 % confluence. 
The following day, the cells were treated with various drugs for the 
appropriate amount of time. To measure cell death, cells were digested, 
collected, and then assessed using trypan blue dye (Thermo Scientific, 
15250061) in conjunction with cell counting.

2.6. Cell viability assay and clonogenic survival assay

Cell viability was measured using the acid phosphatase (APH) assay 
as previously described [22]. Each data point represents the average of 
triplicate measurements from three independent experiments (n = 3). 
Bliss scores and their contour heatmaps were generated using the 

T. Zhang et al.                                                                                                                                                                                                                                   Redox Biology 85 (2025) 103758 

2 



(caption on next page)

T. Zhang et al.                                                                                                                                                                                                                                   Redox Biology 85 (2025) 103758 

3 



SynergyFinder online tool (https://synergyfinder.org). Briefly, cells 
were seeded into 6-well plates (1000–2000 cells/well), treated for 96 h, 
and then cultured in drug-free conditions for 10–12 days, depending on 
the growth rate. The resulting colonies were stained with crystal violet 
(0.5 % in 25 % methanol).

2.7. Analysis of mitophagy with the mtKeima system

Cells transiently transfected with mKeima-Red-mito-7 (Addgene 
#56018) were subjected to flow cytometry using a BD FACSAria Fusion. 
Dual excitation of mtKeima was conducted at 408 nm (for neutral pH 
Keima) and 561 nm (for acidic pH Keima), corresponding to the BV605 
and PE-Texas Red channels, respectively.

2.8. Mitotracker red CMX ROS assay

2 × 105 cells were seeded into 6-well dishes on day 0. On day 1, 
various treatments were added, and the plates were incubated at 37 ◦C 
for 48 h. Following treatment, 0.5 × 106 cells were stained in culture 
medium with 200 nM MitoTracker Red CMX ROS (Thermo Fisher, 
M46752) for 30 min at 37 ◦C. Cells were then washed once with PBS, 
suspended in PBS with 2 % FBS, and analyzed using a FACS LSR2 flow 
cytometer with the PE-Texas Red channel.

2.9. Seahorse assay

Cells were treated with 500 nmol/L Dox or 300 nM CX-5461 dis-
solved in Dimethyl Sulfoxide (DMSO) for 72 h before Seahorse assay 
(Aligent Seahorse XFe96/XF Pro FluxPak; 103792-100). In brief, 
XFE96/XF Pro Sensor Cartridge was pre-hydrated using 200 mL/well 
Agilent Seahorse XF Calibrant (100840-000) and XF Hydrobooster and 
incubated overnight at 37 ◦C without CO2. For an even distribution of 
cells, cells were detached 24 h before the assay using Trypsin-EDTA PBS 
1:250 (BioConcept, 5–51F00–H) and seeded at 1 × 104 cells/well for 
MESO1, and 1.5 × 104 cells/well for H2452 cells in 100 ml/well of 
RPMI Medium 1640 (1X) with 10 % FBS and 1 % Penicillin- 
Streptomycin, and again 500 nmol/L Dox in an Agilent Seahorse 
XFe96/XF Pro Cell Culture Microplate (103794-100). 1 h prior to the 
Seahorse assay, media was removed and wells were washed with 
100mL/well PBS, then filled with 175 ml/well of Agilent Seahorse XF 
RPMI Medium (103576-100) with 25 mM D-(+)-Glucose (Sigma- 
Aldrich, G7021) and 2 mM Stable Glutamine 100x (L-Ala-L-Gln, 200 
mM) (BioConcept, 5–10K50–H), and incubated at 37 ◦C without CO2 for 
1 h 25 mL of Oligomycin A (Tocris, 4110), Carbonyl Cyanide m-Chlor-
ophenylhydrazone (Sigma-Aldrich, C2759), and Antimycin A (Sigma- 
Aldrich, A8674) were loaded into pores A, B, and C of the sensor car-
tridge at final concentrations of 2 mM, 1.5 mM, and 1.6 mM, respec-
tively. Pore D was left empty. Then, the sensor cartridge was loaded on 
an Agilent Seahorse XFe96 Analyzer for calibration before XF Cell 

Culture Microplate was loaded into the XFe96 Analyzer, with Mito Stress 
Test conducted and analyzed using Wave 2.6.3.5 software (Agilent 
Technologies).

2.10. Public databases (TCGA, CTRP, DepMap, ChEA3) and 
Graphsynergy analysis for combination effects prediction

Public dataset was interrogated as we described [25]. The RNA-seq 
data of GSE204749 [26] and GSE145603 [27] were got from the GEO 
data set. Specifically, transcriptome profiling data of mesothelioma 
patients were obtained from the Cancer Genome Atlas (TCGA-MESO) 
and European Genome-phenome Archive (EGAD00001001915), and 
drug sensitivity data of different mesothelioma cell lines were obtained 
from CTRP [28,29]. The catalog of gene essentiality across PM cell lines 
is obtained from the Cancer Dependency Map Project (DepMap Public 
24Q2) [30]. The GSEA, ssGSEA were performed by R software as pre-
viously described [31]. The Kaplan-Meier plots and Log-Rank tests were 
performed on the UCSC Xena according to the introduction of this 
website(https://xena.ucsc.edu/). The ChIP-Seq data for ATF4 in the 
cancer cell lines HepG2 (GSM2534290, GSM2534291) were retrieved 
from the Cistrome Data Browser (CistromeDB) [32]. The ATF4 motif 
sequence was obtained from previously published research findings 
[33]. The bed format files were visualized with IGV [34]. The Graph-
synergy were performed according to this referred paper [35]. ChIP-X 
Enrichment Analysis 3 (ChEA3) is used for analyzing and ranking the 
TFs associated with submitted gene sets [36]. The detailed Python codes 
are uploaded to the github (https://github.com/Student-vector/Graphs 
ynergy-ZT).

2.11. Single cell RNA, RNA velocity and PAGA analysis

The methods and kits used to treat the patient the samples and collect 
their scRNA data has been depicted in another our paper which is under 
the review. The raw scRNA data were uploaded to this website: https 
://shiny.bioinformatics.unibe.ch/apps/shiny_app_p682/. The account 
and password could be gotten by contacting us. The raw FASTQ reads 
were processed into count tables using Cell Ranger (version 6.0.1). Gene 
and cell filtering, dimensionality reduction and clustering were per-
formed with Seurat (v4) [37]. Genes were kept if expressed in at least 3 
cells. Cells were kept if expressed more than 500 features and less than 
8000. Cells with more than 30 % of their UMI assigned to a mitochon-
drial gene were also removed. Principal component analysis (PCA) was 
performed with 2000 most variable genes. To identify tumor cells, we 
used inferCNV [38]. As input, we used a raw count matrix consisting of 
mesothelial cells, cycling mesothelial cells, endothelial cells, and fibro-
blasts, where the latter two cell types were used as in-sample control 
without copy number variation associated with cancer. The four normal 
samples were used as reference for inferCNV. Mesothelial cells from 
tumor samples that clustered together with endothelial cells or 

Fig. 1. POLR1A is a key genetic dependency and a potential therapeutic target in PM. A, B. Enrichment scores of the 13 pathways significantly over-represented 
across the PM dependent genes (A) and gene set enrichment analysis (GSEA) of the 4 highlighted pathways (B). The analysis was based on the CRISPR dropout 
dataset from the DepMap (https://depmap.org/portal/). C. mRNA expression and dependency scores of ribosome biogenesis genes (GO RIBOSOME BIOGENESIS 
gene set) across the indicated PM cell lines (n = 16). The analysis was based on the dependency and expression scores from the DepMap. D. mRNA expression values 
and dependency scores of the genes encoding RNA polymerase I subunits across the indicated PM cell lines (n = 16). The mRNA expression values and dependency 
scores are from Depmap. E. The dependency score of PolI subunit genes (POLR1A, POLR1G) and the previously reported genes as therapeutic targets in PM. The 
analysis was based on the dependency score across 16 PM cell lines from the DepMap. F. The expression of the PolI subunits POLR1A is significantly correlated with 
PM patient survival. Kaplan-Meier univariate survival analysis of the TCGA cohort of PM patients (n = 87) was conducted using the R ‘survival’ and ‘survminer’ 
packages. Patients are dichotomized by upper 50 % (POLR1Ahigh) and lower 50 % (POLR1Alow) of POLR1A mRNA expression. The p-value was calculated using the 
log-rank test. G. Correlation analysis of mRNA expression between POLR1A, POLR1F and POLR1G and the RiBi gene set. ssGSEA analysis was based on the TCGA- 
MESO dataset. Spearman correlation test is used to calculate the coefficients (Cor) and the p value. H. mmunoblot analysis of POLR1A knockdown in MESO1 and 
H2452 cells. MESO1 and H2452 cells expressing doxycycline (Dox)-inducible scramble control (shCTRL) or POLR1A-targeted shRNAs (shPOLR1A#1, shPOLR1A#2) 
were treated with 500 nM Dox for 48 h. I. Dual-luciferase reporter assay in which Firefly luciferase expression was driven by a ribosomal DNA (rDNA) promoter. 
After induction of shRNA targeting POLR1A (500 nM Dox for 48 h), Firefly and Renilla luciferase activities were measured, and the ratio of Firefly to Renilla 
luminescence was calculated to normalize for transfection efficiency. Data were presented as mean ± SD (n = 5), with ns (p ≥ 0.05), *p < 0.05, **p < 0.01, **p <
0.001, ****p < 0.0001 by unpaired t-test.
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fibroblasts based on the CNV profile were annotated as non-tumor, 
whereas all other mesothelial cells were considered tumor cells. For 
visualization, data was integrated using a reciprocal PCA (RPCA) 
dimensionality reduction and a Uniform Manifold Approximation and 
Projection (UMAP) was then generated based on the first 50 principal 
components from a PCA on the integrated data. UMAP visualization and 
cluster annotation were performed using the R packages dittoSeq and 
Seurat [37,39]. The RNA velocity and PAGA analysis is performed as the 
previous published paper instructed [40].

2.12. Lipid peroxidation measurement

Cells were seeded in 6-well plates and pre-treated with various drugs 
for 12 h, followed by co-treatment with RSL3 for 2 h. Subsequently, cells 
were incubated with 5 μM BODIPY 581/591C11 (Invitrogen) for 30 min, 
then washed twice with PBS, and harvested by trypsinization and 
centrifugation. Lipid peroxidation was assessed using a BD FACS Calibur 
flow cytometer (BD Biosciences) with a 488 nm laser and an FL1 de-
tector for the oxidized probe. Oxidation of the polyunsaturated buta-
dienyl portion of C11-BODIPY causes a shift in fluorescence emission 
from ~590 nm to ~510 nm, which is proportional to lipid ROS gener-
ation. A minimum of 10,000 single cells were analyzed per well, and 
three independent biological replicates were performed for each 
condition.

2.13. Intracellular Fe2+ measurement by flow cytometry

RhoNox-1, a fluorescent probe specific for Fe2+, were used to 
determine intracellular Fe2+ levels. Following cell washing with PBS, 5 
μM RhoNox-1 (MKbio, MX4558) was added to the cell suspension, and 
the cells were incubated at 37 ◦C for 1 h in the dark. The FeRhoNox-1 
probe reacts with Fe2+ inside the cells, producing an irreversible 
orange-red fluorescent substance (absorption maximum, 540 nm; 
emission maximum, 575 nm). After a subsequent wash with PBS, fluo-
rescence was analyzed using a Fortessa flow cytometer (BD Biosciences). 
The fluorescence intensity was proportional to the concentration of Fe2+

within the cells.

2.14. Mitochondrial Fe2+ measurement by flow cytometry

Mito-FerroGreen (M489-10, Dojindo) were used to determine mito-
chondrial Fe2+ levels. Cells were washed three times with HBSS, incu-
bated with 5 μM Mito-FerroGreen for 30 min at 37 ◦C, 5 % CO2 in an 
incubator, and then washed three times with HBSS for flow cytometry.

2.15. Immunoblotting assay and immunochemistry assay

Immunoblots were performed as described [22]. In brief, protein 
lysates were resolved by SDS-PAGE (Cat. #4561033; Bio-Rad Labora-
tories) and transferred onto nitrocellulose membranes (Cat. #170–4158; 
Bio-Rad). After incubation with blocking buffer (Cat. #927–4000; 
Li-COR Biosciences) for 1 h at room temperature, membranes were 
incubated with primary antibodies at 4 ◦C overnight followed by sec-
ondary antibodies (1:10000 dilutions) and signal visualization.

Immunohistochemical study was performed as we described previ-
ously [25]. In brief, surgically removed xenograft tumors were 
formalin-fixed and paraffinembedded (FFPE). FFPE tumors were 
sectioned at 4 μm, deparaffinized, rehydrated and subsequently stained 
with and appropriate antibodies using the automated system BOND RX 
(Leica Biosystems, Newcastle, UK). Visualization was performed using 
the Bond Polymer Refine Detection kit (Leica Biosystems) as instructed 
by the manufacturer. Images were acquired using PANNORAMIC® 
whole slide scanners, processed using Case Viewer (3DHISTECH Ltd.). 
The staining intensities of the whole slide (two tumors/group) were 
quantified by ImageJ. The expression level of different groups are 
quantified according to the data calculated by ImageJ (integrated 
density/area).

2.16. In vivo mouse study

Mouse experiments were conducted in accordance with the Institu-
tional Animal Care and Use Committee (IACUC) approved guidelines 
and protocols. Experiments were performed using 8-week-old male NSG 
(NOD-scid IL2Rγnull) mice. The sample size was determined based on 
preliminary experiments rather than statistical methods. Group alloca-
tion was randomized but not blinded. Suspensions of MESO-1/H2452 
cells, mixed 1:1 with Matrigel (Cat. #356231; Corning), were subcuta-
neously inoculated into the flanks of the mice at a density of 5 × 106 cells 
per injection. Ten days after injection, mice were randomized to four 
groups (n ≥ 3 per group): (1) shCTRL; (2) shGPX4; (3) CX-5461; (4) 
combination of CX-5461 and shGPX4.

For MESO1 sgCTRL/sgGPX4 cells, ten days after injection, mice were 
randomized to six groups (n ≥ 7 per group): (1) sgCTRL; (2) sgGPX4; (3) 
sgCTRL + CX-5461; (4) sgGPX4 + CX-5461; (5) sgGPX4 + Liproxstatin- 
1; (4) sgGPX4 + CX-5461+ Liproxstatin-1. Tumor size was measured 
using a digital caliper every 2–3 days, with tumor volume calculated as 
follows: length × width × (length + width)/2. CX-5461 (40 mg/kg) was 
administrated orally every two days. Liproxstatin-1 (5 mg/kg) was 
administrated by intraperitoneal injection every day.

Fig. 2. POLR1A controls TFAM expression through ATF4 A. Venn diagram of common differentially expressed genes (DEGs) in POLR1Ahigh samples and POLR1A 
inhibitor-treated cell lines. DEGs were defined as those with a fold change (FC) > 1.5 and p < 0.05, determined using the limma package in R. The analysis 
incorporated four publicly available transcriptomic datasets: TCGA-MESO, EGAD00001001915, GSE145603, and GSE204749. Ten overlapping DEGs were identified 
across all datasets. B. Immunoblot analysis of MESO1 and H2452 cells expressing Dox-inducible shCTRL or shPOLR1A after 48h treatment with 500 nM Dox. 
Densitometric quantification of TFAM normalized to β-actin is shown beneath each band. C. Quantitative RT-PCR of MESO1 and H2452 cells expressing Dox- 
inducible shCTRL or shPOLR1A after 48h treatment with 500 nM Dox. Data are shown as mean ± SD (n = 4), with ns (p ≥ 0.05), *p < 0.05, **p < 0.01, **p 
< 0.001, ****p < 0.0001 by unpaired t-test. D, E, Genetic co-dependency analysis identifies POLR1A- and TFAM-relevant gene sets (PRGs; TRGs). Co-dependency 
analysis was performed using RNAi datasets from DepMap (Achilles + DRIVE + Marcotte, DEMETER2). The X-axis represents gene rank based on correlation with 
POLR1A (D) or TFAM (E), while the Y-axis shows Pearson correlation coefficients of gene effect scores. Genes above the dashed line exhibit significant positive 
correlations (p < 0.05). The top 100 positively correlated genes (rank <100) are highlighted in red (PRGs) and orange (TRGs) and were subjected to transcription 
factor (TF) enrichment analysis using ChEA3. F, G, TF enrichment analysis of PRGs and TRGs identifies ATF4 a key mediator linking POLR1A and TFAM. Venn 
diagram showing 11 TFs commonly enriched in both PRGs and TRGs, based on ChEA3 analysis (F). Odds ratio (OR)-based enrichment analysis identifies ATF4 as the 
top-ranked shared TF, suggesting it may function as a key upstream regulator of both gene sets (G). H. UMAP visualization of coordinated RiBi and ATF4 activity in 
single PM cells. UMAP projections of scRNA-seq data from treatment-naïve PM samples (n = 3), with each cell scored by ssGSEA for RiBi (red gradient; GO_R-
ibosome_Biogenesis) and ATF4 transcriptional activity (blue gradient; ATF4_Q2 gene set, https://www.gsea-msigdb.org/gsea/msigdb/cards/ATF4_Q2). The merged 
overlay (bright pink) highlights cells with high scores in both pathways. I. UMAP visualization of TFAM expression mirrors RiBi and ATF4 activity in PM single cells. 
Using the same scRNA-seq dataset as in (H), cells are colored by ssGSEA scores for TFAM mRNA levels, revealing a spatial distribution that parallels high RiBi and 
ATF4 activity. J, K. qRT-PCR analysis of MESO1 and H2452 cells after transiently transfected with control (siCTRL) or ATF4-targeted siRNA (siATF4) for 48 h (J), 
with empty vector (vector) or ATF4 overexpression plasmid (oe-ATF4) for 48 h (K). Data are shown as mean ± SD (n = 4), with ns (p ≥ 0.05), *p < 0.05, **p < 0.01, 
**p < 0.001, ****p < 0.0001 by unpaired t-test. L, M. Immunoblot analysis of POLR1A–ATF4–TFAM axis perturbations. MESO1 and H2452 cells were transiently 
transfected with siCTRL or siATF4 for 48 h (L), with or without ATF4 overexpression (oe-ATF4) (M). N, O. MESO1 and H2452 cells expressing Dox-inducible shCTRL 
or shPOLR1A after 48h treatment with 500 nM Dox.
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2.17. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated and purified using RNeasy Mini Kit (Qiagen, 
Hilden, Germany). Complementary DNA was synthesized by the High 
capacity cDNA reverse transcription kit (Applied Biosystems, Foster 
City, CA, USA) according to manufacturer’s instructions. Real time PCR 
was performed in triplicate on a 7500 Fast RealTime PCR System 
(Applied Biosystems) using TaqMan primer/probes (Applied Bio-
systems): TFAM (Hs00273372_s1)

and ACTB (Hs01060665_g1) used as endogenous normalization 
controls.

2.18. Dual-luciferase reporter assay for pre-rRNA transcription

Following 48 h of shRNA induction by Dox, 1 × 106 MESO1/H2452 
cells were cotransfected with 5 μg pHrD-IRES-Luc [41] and 1 ng of a 
Renilla control plasmid using DMH13. Twenty-four h after plasmid 
transfection, cells were harvested and luminescence was measured using 
the Dual-luciferase Reporter Assay System (Promega E1910) following 
the manufacturer’s instructions with a Varioskan microplate reader 
(Thermofischer). The ratio of pHrD-IRES-luciferase/Renilla activity was 
calculated in each group.

2.19. Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.01 
(GraphPad Software Inc., San Diego, CA, USA), unless otherwise indi-
cated. Data are presented as mean ± standard deviation (SD) or mean ±
standard error of the mean (SEM) from biological replicates (n > 3). 
Flow cytometry results are reported as mean fluorescence intensity 
(MFI) with 95 % confidence intervals (CI). Comparisons between groups 
were made using unpaired two-tailed Student’s t-tests, one-way or two- 
way ANOVA, as appropriate. A p-value ≤0.05 was considered statisti-
cally significant. Kaplan–Meier survival analyses were conducted using 
the “survminer” and “survival” R packages, and statistical differences 
were assessed using the log-rank test.

3. Results

3.1. POLR1A is a critical genetic dependency and a potential therapeutic 
target in PM

To identify candidate therapeutic targets in PM, we examined Dep-
Map CRISPR/Cas9 screening data across 16 PM cell lines (17,386 genes). 
After calculating each gene’s average dependency score, we applied 
Gene Set Enrichment Analysis (GSEA). Of 13 significantly enriched 

pathways (adjusted p < 0.05), RiBi was most tightly associated with PM 
cell dependency, followed by canonical cancer hallmarks including the 
unfolded protein response (UPR) and two mitochondrial pathways – 
OXPHOS and mitophagy (Fig. 1A and B). Strikingly, over half of the 
genes in the RiBi gene set showed high dependency scores across these 
PM lines (Fig. 1C), highlighting RiBi as indispensable for PM cell 
survival.

RiBi is driven by PolI, a 14-subunit enzyme that transcribes the 47S 
precursor rRNA from ribosomal DNA (rDNA), which is then processed 
into 18S, 5.8S, and 28S rRNAs [16,42]. Among the PolI subunits 
(POLR1A, POLR1B, POLR1E, POLR1F, POLR1G, and POLR1H), POLR1A 
had the highest average dependency score—not only among PolI com-
ponents but also when compared with established PM targets (e.g., 
Hippo, mTORC1, RAS, EGFR, and BCL2 pathway genes) (Fig. 1D, E, 
Fig. S1A). Moreover, POLR1A mRNA was significantly upregulated in 
pan-cancer tumors versus normal controls (Fig. S1B) and positively 
correlated (p < 0.05) with worse overall survival in the TCGA-MESO 
cohort (n = 87) (Fig. 1F; Fig. S1C), highlighting its functional impor-
tance in PM pathogenesis.

As expected, POLR1A expression tracked with RiBi activity, as 
determined by single-sample GSEA (ssGSEA) (Fig. 1G). To further vali-
date POLR1A’s role in rRNA transcription, we used a luciferase reporter 
driven by the rDNA promoter [41]. Dox-inducible knockdown of 
POLR1A in H2452 cells significantly reduced Firefly/Renilla luciferase 
activity (Fig. 1H and I), confirming that POLR1A is essential for 
PolI–mediated transcription.

Together, these data establish a critical role for POLR1A in PM and 
nominate it as a promising therapeutic target in this treatment-resistant 
malignancy.

3.2. POLR1A regulates TFAM expression through ATF4

To identify downstream effectors of POLR1A, we compared tran-
scriptomes between POLR1Ahigh versus POLR1Alow PM tumors, and 
between PM cells ± POLR1A inhibitors, using four public datasets 
(TCGA-MESO, EGAD00001001915, GSE145603 and GSE204749). This 
analysis revealed ten genes, including TFAM, that were consistently 
upregulated in POLR1Ahigh tumors and downregulated upon POLR1A 
inhibition (Fig. 2A, Fig. S2A–C).

Supporting a link between nucleolar POLR1A and mitochondrial 
TFAM, POLR1A and TFAM mRNA levels showed a significant positive 
correlation (p < 0.05) across TCGA pan-cancer samples (Fig. S2D). 
Furthermore, TFAM dependency scores strongly correlated with those of 
RiBi genes (Fig. S2E), consistent with the principle that functionally 
related genes often share dependency profiles [43]. Experimentally, 
POLR1A KD in PM cells significantly reduced TFAM mRNA and protein 

Fig. 3. The POLR1A/TFAM axis regulates mitophagy-dependent iron metabolism in PM cells. A. Immunoblot analysis of MESO1 and H2452 cells expressing Dox- 
inducible shCTRL or shPOLR1A after treated with 500 nM Dox for 48 h. B. The POLR1A–TFAM axis regulates mitochondrial membrane potential (Δψm). MESO1 and 
H2452 cells expressing Dox-inducible shCTRL, shPOLR1A, or shTFAM, with or without TFAM co-expression, were treated with 500 nM Dox for 48 h and stained with 
MitoTracker Red CMXRos to measure Δψm (left). Mean fluorescence intensity (MFI) was quantified as mean ± 95 % confidence interval (CI) from three independent 
experiments (right), with **p < 0.01, ***p < 0.001 by unpaired two-tailed t-test. C. CX-5461 reduces oxygen consumption rate (OCR) in MESO1 and H2452 cells. 
Cells were treated with vehicle or 100 nM CX-5461 for 72 h. OCR was measured using a Seahorse analyzer. Data are shown as mean ± SD from at least three 
independent experiments (n > 3). D. Schematic of mt-Keima–based mitophagy reporter. The mt-Keima construct targets the pH-sensitive Keima fluorescent protein to 
the mitochondrial matrix. Upon delivery to acidic lysosomes, Keima’s excitation shifts from 440 nm to 586 nm. The mitophagy index (%) is calculated as follows: 
(number of cells in the enhanced mitophagy gate/total cell number)*100. E. Quantification of mitophagy using the mt-Keima reporter. MESO1 and H2452 cells 
expressing Dox–inducible constructs, with or without TFAM co-expression, were treated with 500 nM Dox for 48 h. Mitophagy index was determined by flow 
cytometry using the mt-Keima reporter. Data are shown as mean ± 95 % confidence interval (CI) from three independent experiments (n = 3), with **p < 0.01, ***p 
< 0.001 by unpaired two-tailed t-test. F. Chemical structure and detection mechanism of RhoNox-1, a fluorescent probe that selectively reacts with labile Fe2+ to 
generate an irreversible red-orange fluorescent product (Ex/Em: 540/575 nm). Upon binding Fe2+, the probe undergoes a chemical transformation that shifts its 
fluorescence emission, enabling sensitive and specific detection of intracellular ferrous iron levels. G, H. KD of POLR1A/TFAM axis increases labile Fe2+ levels in PM 
cells. MESO1 (G) and H2452 (H) cells expressing shCTRL, shPOLR1A, or shTFAM, with or without TFAM co-expression, were treated with 500 nM Dox for 48 h, 
stained with RhoNox-1, and analyzed by flow cytometry. Mean fluorescence intensity (MFI) is presented as mean ± 95 % CI (n = 3), with ns (p ≥ 0.05), ***p <
0.001, ****p < 0.0001 by unpaired t-test. I, J. PARK2 silencing suppresses POLR1A- and TFAM deficiency-induced mitophagy and labile Fe2+ accumulation. MESO1 
and H2452 cells with Dox-inducible shPOLR1A or shTFAM were transfected with siCTRL or siPARK2#3 and cotreated with 500 nM Dox for 48 h. Mitophagy index 
was measured using the mt-Keima reporter by flow cytometry and labile Fe2+ levels were quantified with RhoNox-1 staining. Data are shown as MFI ±95 % CI (n =
3), with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired t-test.
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levels (Fig. 2B and C), indicating that POLR1A controls TFAM 
transcription.

To uncover intermediates linking POLR1A to TFAM, we used co- 
dependency mapping, an approach to identify functionally connected 
genes based on shared genetic dependencies [44]. From DepMap RNAi 
screens, we identified the top 100 genes whose KD phenotypes most 
closely mirrored POLR1A, defining a POLR1A-relevant gene set (PRGs; 
Fig. 2D). A similar analysis for TFAM generated a TFAM-relevant gene 
set (TRGs; Fig. 2E). Transcription factor enrichment analysis via ChIP-X 
Enrichment Analysis 3 (ChEA3) [36] revealed 52 candidate TFs regu-
lating PRGs and 16 regulating TRGs (FET p < 0.01 for both). Eleven TFs 
overlapped between these lists, with ATF4 standing out given its 
established role in stress responses and prior reports of TFAM regulation 
[14] (Fig. 2F and G).

To validate a POLR1A-ATF4-TFAM axis in primary tumors, we 
analyzed single-cell RNA sequencing (scRNA-seq) data from treatment- 
naïve PM samples (n = 3; 7335 total cells; Fig. S2F). Because POLR1A 
and ATF4 transcripts were low in most cells, we used ssGSEA to infer 
pathway activity: RiBi (GO_Ribosome Biogenesis) and ATF4 transcrip-
tional activity (ATF4_Q2 gene signature). RiBi and ATF4 scores were 
significantly correlated (p < 0.05), and cells high in both pathways also 
displayed elevated TFAM (Fig. 2H and I; Fig. S2G and H), reinforcing 
functional linkage. Interestingly, clustering based on these scores iden-
tified two cell groups - Groups A (RiBihigh/ATF4high) and B (RiBilow/ 
ATF4low) (Fig. S2G). RNA velocity and partition-based graph abstraction 
(PAGA) analyses showed Group A cells exhibit progenitor-like, tumor- 
initiating features (Fig. S2I and J), suggesting that POLR1A-ATF4-TFAM 
activity underlies PM progression and cellular heterogeneity.

Finally, ChIP-seq data (GSM2534290, GSM2534291) analysis 
revealed ATF4 binding peaks at the TFAM promoter (Fig. S2K). 
Consistent with this, ATF4 KD decreased and ATF4 overexpression 
increased TFAM mRNA (Fig. 2J and K) and protein levels (Fig. 2L and 
M). Moreover, POLR1A KD reduced both ATF4 and TFAM protein 
(Fig. 2N and O), confirming that POLR1A regulates TFAM via ATF4.

Collectively, these results establish TFAM as a direct downstream 
target of POLR1A through ATF4 and unveil a previously unrecognized 
POLR1A/TFAM axis in PM.

3.3. Inhibition of the POLR1A/TFAM axis triggers mitophagy

Given TFAM’s essential role in mitochondrial function [13,45], we 
asked whether disrupting the POLR1A/TFAM axis impairs mitochon-
drial integrity. POLR1A KD reduced CYTB and ATP6 — 
mitochondrial-encoded OXPHOS components directly regulated by 
TFAM — as well as TOMM20, a nuclear-encoded component of the 
translocase of the outer mitochondrial membrane (Fig. 3A). Consis-
tently, POLR1A KD lowered mitochondrial membrane potential (Δψm), 
as measured by MitoTracker – a defect that mirrored TFAM KD (Fig. 3B; 
Fig. S3A). Importantly, TFAM overexpression fully restored Δψm in 
POLR1A-deficient cells (Fig. 3B; Fig. S3B), confirming that TFAM me-
diates POLR1A’s effect on mitochondrial homeostasis.

In line with these observations, both POLR1A KD and 

pharmacological inhibition with CX-5461 significantly decreased oxy-
gen consumption rate (OCR) and TFAM protein levels in MESO1 and 
H2452 cells (Fig. 3C; Fig. S3C–E). Together, these data demonstrate that 
POLR1A sustains mitochondrial function through TFAM.

Because mitochondrial dysfunction often activates mitophagy [46,
47], we next investigated whether POLR1A inhibition triggers this 
pathway. Pan-cancer TCGA analysis revealed a negative correlation 
between POLR1A and MAP1LC3A (a mitophagy marker), and between 
TFAM and PINK1 (a key mitophagy effector) (Fig. S3F). Supporting this 
link, POLR1A KD increased LC3A/B I and II levels, indicating enhanced 
autophagic flux (Fig. S3G).

To measure mitophagy directly, we utilized the mtKeima reporter 
system, which quantifies mitophagic flux based on Keima’s pH-sensitive 
excitation shift: it fluoresces at 440 nm in mitochondria (pH > 6) and at 
586 nm in acidic lysosomes (pH < 4) [48](Fig. 3D). Both TFAM KD and 
POLR1A KD significantly increased mitophagy in PM cells, and this ef-
fect was reversed by TFAM overexpression (Fig. 3E; Fig. S3H and I). 
These results indicate that the POLR1A-TFAM axis suppresses mitoph-
agy under steady-state conditions to maintain mitochondrial stability.

3.4. The POLR1A/TFAM axis regulates mitophagy-dependent iron 
metabolism

Since mitophagy can release labile Fe2+ from mitochondria into the 
cytosol [49], we evaluated whether disrupting the POLR1A–TFAM axis 
alters iron homeostasis. TCGA pan-cancer analysis revealed a negative 
correlation between TFAM and ferritin light chain (FTL) expression 
(Fig. S3J), implying that low TFAM may coincide with increased ferritin 
turnover. Consistent with this, immunoblotting showed that KD of either 
POLR1A or TFAM elevated FTL and NCOA4 levels —NCOA4 being the 
cargo receptor for ferritinophagy, the selective degradation of ferritin to 
release iron (Fig. S3K–M).

To quantify intracellular Fe2+ directly, we employed the fluorescent 
probe RhoNox-1, which produces an irreversible red-orange signal (Ex/ 
Em: 540/575 nm) upon reacting with Fe2+ (Fig. 3F). Both POLR1A KD 
and TFAM KD significantly increased labile Fe2+ in MESO1 and H2452 
cells, and TFAM overexpression restored Fe2+ to baseline levels (Fig. 3G 
and H). Furthermore, silencing PARK2 — an E3 ubiquitin ligase essen-
tial for mitophagy — rescued the elevated mitophagy and Fe2+ accu-
mulation induced by POLR1A or TFAM KD (Fig. 3I and J; Fig. S3N and 
O). Notably, mitochondrial Fe2+ levels, measured using MitoFerro-
Green, were also elevated in POLR1A-deficient cells and were similarly 
reduced by PARK2 KD (Fig. S3P).

Collectively, these findings reveal that the POLR1A–TFAM axis 
preserves both mitochondrial and iron homeostasis by limiting excessive 
mitophagy and preventing the release of mitochondrial Fe2+, thereby 
protecting PM cells from oxidative stress.

3.5. The POLR1A/TFAM axis promotes ferroptosis resistance

Having shown that the POLR1A/TFAM axis limits mitophagy and 
labile Fe2+—a redox-active ion that drives lipid peroxidation via Fenton 

Fig. 4. The POLR1A/TFAM promotes ferroptosis resistance in PM cells A, B. Cell viability assay of MESO1 and H2452 cells expressing Dox–inducible shCTRL, 
shPOLR1A, or shTFAM, with or without TFAM overexpression (oeTFAM), after treated with 500 nM Dox and increasing concentrations of RSL3 for 48h, in the 
presence or absence of Fer-1 (5 μM). Data are presented as mean ± SD (n = 6). C. Cell death assay of MESO1 and H2452 cells expressing Dox–inducible shCTRL, 
shPOLR1A, or shTFAM, with or without TFAM overexpression (oeTFAM), after treated with 500 nM Dox and 200 nM RSL3 for 48h, in the presence or absence of Fer- 
1 (5 μM). Data are presented as mean ± SD (n = 5), with ns (p ≥ 0.05), *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by unpaired t-test. D. Clonogenic assay of 
MESO1 and H2452 cells with Dox-inducible shCTRL, shPOLR1A, or shTFAM, with or without TFAM overexpression (oeTFAM), after treated with Dox (500 nM) and 
increasing concentrations of RSL3 for 48h, in the presence or absence of 5 μM Fer-1. E. MESO1 and H2452 cells expressing Dox–inducible shCTRL, shPOLR1A, or 
shTFAM were treated with Dox (500 nM) and RSL3 (100 nM) for 48 h, with or without TFAM overexpression (oeTFAM) and in the presence or absence of defer-
oxamine (DFO; 5 μM) and Fer-1 (5 μM). Lipid peroxidation was quantified by C11-BODIPY staining and flow cytometry. Data are presented as MFI ±95 % CI (n = 3), 
with ns (p ≥ 0.05), *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by unpaired t-test. F, PARK2 silencing suppresses POLR1A- and TFAM deficiency-induced 
lipid peroxidation. MESO1 and H2452 cells with Dox-inducible shPOLR1A or shTFAM were treated with 500 nM Dox for 48 h, in the presence or absence of siPARK2. 
Lipid peroxidation was quantified by C11-BODIPY staining and flow cytometry. Data are shown as MFI ±95 % CI (n = 3), with ***p < 0.001; ****p < 0.0001 by 
unpaired t-test.
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chemistry [50–52] —we next asked whether this pathway governs fer-
roptosis sensitivity in PM.

When treated with RSL3 (a GPX4 inhibitor), it produced stronger 
anti-tumor effects—greater loss of cell viability, impaired colony for-
mation, and increased cell death—in POLR1A KD and TFAM KD cells 
compared to controls. Ferrostatin-1 (Fer-1) or TFAM overexpression 
rescued these effects (Fig. 4A–D, Fig. S4A–D), confirming that disrupting 
the POLR1A-TFAM axis sensitizes PM cells to ferroptosis.

Similarly, when treated with RSL3, POLR1A- or TFAM-depleted 
MESO1 and H2452 cells exhibited significantly higher lipid perox-
idation—measured by C11-BODIPY fluorescence—than control cells. 
This lipid ROS increase was abolished by Fer-1, the iron chelator 
deferoxamine (DFO), or TFAM overexpression (Fig. 4E). Importantly, 
PARK2 KD significantly reduced RSL3-induced lipid peroxidation in 
POLR1A- and TFAM-deficient cells (Fig. 4F), demonstrating that the 
POLR1A–TFAM axis prevents ferroptosis by limiting mitophagy-driven 
Fe2+ release and subsequent lipid peroxidation (Fig. 3).

In support of these findings, Cancer Therapeutics Response Portal 
(CTRP) data showed that the GPX4 inhibitors RSL3 and ML162 ranked 
among the top 35 most cytotoxic compounds to PM cell lines, based on 
area under the curve (AUC) values across 16 models (Fig. S4E), high-
lighting GPX4 as a critical vulnerability. Computational modeling with 
GraphSynergy predicted strong synergy between POLR1A inhibition and 
GPX4 blockade in MESO1 and H2452 cells—two lines that also exhibi-
ted greater sensitivity to multiple GPX4 inhibitors (RSL3, ML162) rela-
tive to other PM models (Fig. S4F and G).

Interestingly, POLR1A KD upregulated SLC7A11 in MESO1 and 
H2452 cells yet did not sensitize them to erastin—a ferroptosis inducer 
targeting SLC7A11 and activating voltage-dependent anion channels 
(VDACs) (Fig. S4H and I). Whether POLR1A confers ferroptosis resis-
tance via an SLC7A11-independent mechanism warrants further 
investigation.

Together, these data establish the POLR1A–TFAM axis as a key 
regulator of ferroptosis resistance in PM. By suppressing mitophagy and 
preventing labile Fe2+ release, this pathway shields cells from iron- 
dependent lipid peroxidation and ferroptotic death. Disrupting the 
axis sensitizes PM cells to ferroptosis inducers, offering a promising 
strategy to overcome resistance and improve therapeutic outcomes in 
mesothelioma.

3.6. POL I inhibition synergizes with GPX4 blockade to induce ferroptosis 
in vitro and in vivo

To translate our mechanistic insights into a therapeutic strategy, we 
tested several PolI inhibitors—actinomycin D, BMH-21, quarfloxin, and 
CX-5461 — for their ability to enhance ferroptosis. All four compounds 
demonstrated synergistic cytotoxicity when combined with RSL3 or 
ML162 in MESO1 and H2452 cell lines, reducing viability more effec-
tively than either agent alone (Fig. 5A–E; Fig. S5A–C). The combinato-
rial effect was similarly observed in clonogenic assay, lipid peroxidation 
and cell death assays and this synergy was abolished by co-treatment 
with Fer-1 (Fig. 5F–I), confirming ferroptosis dependence.

Importantly, the same combinatorial effect occurred in BE1143T 
(primary PM cells), H1080 (sarcoma), and DLD1 (colon cancer) cell lines 
(Fig. 5J, K, Fig. S5D and E), indicating broad anti-tumor potential that 
extended beyond PM.

For in vivo validation, we selected CX-5461 (Pidnarulex), a first-in- 
class PolI inhibitor with demonstrated activity and tolerability in clin-
ical trials [19–21], and combined it with GPX4 KD and knockout (KO) 
(Fig. S6A–C). While either GPX4 KD or CX-5461 alone modestly slowed 
tumor growth, their combination produced a significantly enhanced 
anti-tumor effect without observable toxicity or weight loss (Fig. S6D 
and E). Likewise, MESO1 tumors harboring GPX4 KO plus CX-5461 
showed pronounced growth inhibition that was reversed by Lip-1 
(Fig. 6A–C), confirming ferroptosis as the primary mechanism.

Immunohistochemical analysis demonstrated that combining CX- 
5461 with GPX4 knockdown markedly decreased Ki67 staining rela-
tive to either treatment alone (Fig. 6D–F), consistent with reduced tumor 
cell proliferation. Although CX-5461 is known to induce DNA damage 
[20,21], γ-H2AX levels did not increase further when CX-5461 was 
paired with GPX4 inhibition (Fig. 6F). This finding was corroborated by 
in vitro immunoblots showing that co-treatment with CX-5461 and RSL3 
minimally affected γ-H2AX and p53 levels compared to single-agent 
treatments (Fig. 6G). Together, these data confirm that the synergistic 
antitumor activity of PolI inhibition and GPX4 blockade operates inde-
pendently of DNA damage and is instead mediated by ferroptotic cell 
death.

In summary, our in vitro and in vivo studies establish that combining 
GPX4 inhibition with POLR1A targeting via CX-5461 creates a potent 
ferroptosis-based therapy for pleural mesothelioma. This approach 
heightens ferroptotic sensitivity, suppresses tumor growth, and may 
overcome therapy resistance in mesothelioma and other ferroptosis- 
refractory cancers.

4. Discussion

Ferroptosis has emerged as a promising therapeutic vulnerability in 
cancer, yet the molecular mechanisms underlying ferroptosis sensitivity 
and resistance remain incompletely understood. In this study, we un-
cover a previously unrecognized POLR1A/TFAM axis that regulates 
mitophagy, maintains iron homeostasis, and suppresses ferroptosis in 
PM and other cancers. Importantly, we show that pharmacological in-
hibition of POLR1A using the RNA PolI inhibitor CX-5461 synergizes 
with GPX4 blockade to enhance ferroptotic cell death in vitro and in 
vivo, suggesting a new therapeutic strategy for overcoming ferroptosis 
resistance (Fig. 7).

POLR1A is traditionally recognized for its essential role in ribosomal 
RNA transcription and RiBi [16,18]. Our findings extend this role by 
identifying POLR1A as a key upstream regulator of mitochondrial ho-
meostasis and ferroptosis susceptibility. We demonstrate that POLR1A 
drives ATF4-dependent transcription of TFAM, the master regulator of 
mitochondrial DNA maintenance and oxidative phosphorylation [13]. 
By sustaining TFAM expression, POLR1A restrains excessive mitophagy, 
thereby limiting the liberation of mitochondrial Fe2+ and downstream 

Fig. 5. RNA PolI suppression sensitizes PM and diverse cancer cells to GPX4 inhibition–induced ferroptosis A-D. Cell viability assay of MESO1 and H2452 cells 
treated for 48 h with increasing concentrations of RNA PolI inhibitors (CX-5461, quarfloxin, BMH-21, actinomycin D) and RSL3, either alone or in combination, in the 
presence or absence of Fer-1 (5 μM). Data are presented as mean ± SD (n = 6). E. Combination index (CI) analysis for RNA PolI and GPX4 inhibitor pairs in MESO1 
cells. CI values were derived from cell viability data shown in Fig. 5A–D and Fig. S5A–B, using the Loewe additivity model. In this analysis, CI < 1 indicates synergy, 
CI = 1 indicates additivity, and CI > 1 indicates antagonism between a given RNA PolI inhibitor (e.g., CX-5461, quarfloxin, BMH-21, actinomycin D) and a GPX4 
inhibitor (RSL3 or ML162). F, G. Clonogenic assay of MESO1 and H2452 cells treated for 48h with increasing RNA PolI inhibitors (CX-5461, quarfloxin) and RSL3, 
either alone or in combination, in the presence or absence of Fer-1 (5 μM). H, I. Lipid peroxidation (H) and cell death assay (I) of MESO1 and H2452 cells treated with 
CX-5461 (100 nM) and RSL3 (200 nM) for 48 h, in the presence or absence of Fer-1 (5 μM) and DFO (0.5 μM). Lipid peroxidation was quantified by C11-BODIPY 
staining and flow cytometry. Data are presented as MFI ±95 % CI (n = 3), with ns (p ≥ 0.05), *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001 by unpaired t-test. 
J. Broad-spectrum synergy between CX-5461 and RSL3 across multiple cancer types. Primary PM cells (BE1143T), sarcoma (H1080), and colon cancer (DLD1) lines 
were treated with CX-5461 and RSL3 for 48 h. Combined treatment significantly reduced cell viability compared with single agents. Fer-1 (5 μM) reversed these 
effects. Data represent mean ± SD (n = 6). K. CI values for CX-5461 plus RSL3 in BE1143T, DLD1, and H1080T cells. The analysis was based on the results shown 
in Fig. 5J.
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lipid peroxidation. These findings extend the concept of a nucleo-
lar–mitochondrial crosstalk, linking ribosome biogenesis directly to 
redox homeostasis and cellular stress defenses [53,54].

Mitochondria serve as hubs for both metabolic and iron-handling 
processes. As sites for Fe–S cluster formation, heme biosynthesis, and 
mitochondrial ferritin (FTMT) storage, they are also major sources of 
ROS under stress. Mitophagy, the selective removal of damaged mito-
chondria, normally preserves redox balance and cellular health [55], but 
when dysregulated it paradoxically fuels ferroptosis by releasing mito-
chondrial Fe2+ into the cytosol [11,49]. Our data reveal that the POL-
R1A/TFAM axis acts as a critical checkpoint in this balance: by 
sustaining TFAM expression, POLR1A restrains excessive mitophagy and 
thus limits labile iron release and downstream lipid peroxidation. This 

context-dependent duality of mitophagy—protective at basal levels yet 
pro-ferroptotic when overactivated—mirrors previous reports showing 
that iron depletion triggers mitophagy via FTMT and NCOA4, whereas 
unchecked mitophagy drives Fe2+ accumulation and ferroptotic cell 
death [47,55]. Through this mechanism, POLR1A/TFAM safeguards PM 
cells from ferroptotic stress.

We further uncover ATF4 as a pivotal nexus between nucleolar and 
mitochondrial stress. Although best known for orchestrating the ER 
unfolded protein response [56], ATF4 also drives TFAM transcription to 
coordinate mitochondrial biogenesis and keep mitophagy in check [14]. 
Downstream of POLR1A, ATF4 thereby integrates ribosome biogenesis 
with mitochondrial quality control, forging a unified adaptive network 
that underpins ferroptosis resistance.

Fig. 6. CX-5461 suppresses in vivo growth of GPX4-deficient PM tumors A, Tumor growth curves of MESO1 xenografts in NSG mice (7–9 mice per group) expressing 
control sgRNA or sgGPX4, treated with CX-5461 (40 mg/kg, oral gavage every other day), Liproxstatin-1 (5 mg/kg, intraperitoneal injection daily), or the com-
bination for 54 days. B, C. Final tumor volumes (B) and weights (C) measured on day 54. Data are presented as mean ± SD. Statistical comparisons between groups 
were performed by unpaired two-tailed t-test: *p < 0.05; **p < 0.01; **p < 0.001. D. Immunohistochemical (IHC) analysis of MESO1 xenograft tumors. Repre-
sentative IHC staining for GPX4, the proliferation marker Ki67, and the DNA damage marker γH2AX in tumor sections collected on day 54. Scale bars, 100 μm. E, F. 
Quantification of Ki67 and γH2AX staining in MESO1 xenografts. IHC images from panel D were quantified for Ki67 (E) and γH2AX (F) using integrated density 
normalized to tissue area. Data represent mean ± SD from five independent tumor sections per group. Statistical comparisons to vehicle-treated controls were made 
by unpaired two-tailed t-test: ns (p ≥ 0.05), *p < 0.05; **p < 0.01; **p < 0.001. G. Immunoblot analysis of MESO1 and H2452 cells treated for 48 h with vehicle, CX- 
5461 (100 nM), and RSL3 (100 nM), either alone or in combination, in the presence or absence of Fer-1 (5 μM).

Fig. 7. Working model of the POLR1A–ATF4–TFAM axis in ferroptosis defense. 
Under homeostatic conditions, POLR1A promotes ATF4–mediated transcription of TFAM, ensuring proper mitochondrial gene expression and function. TFAM 
supports mitochondrial integrity, limiting mitophagy and the consequent release of labile Fe2+, thereby preventing iron-driven lipid peroxidation and ferroptotic cell 
death. Inhibition of POLR1A or disruption of ATF4–TFAM signaling triggers excessive mitophagy, elevates cytosolic Fe2+, and sensitizes cancer cells to GPX4 in-
hibitors (e.g., RSL3), leading to hyperactivation of ferroptosis.
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Therapeutically, these insights provide a compelling rationale for 
dual targeting of POLR1A and GPX4. CX-5461 disrupts POLR1A activity, 
leading to increased mitophagy and cytosolic Fe2+ accumulation, which 
sensitizes cells to ferroptosis. In this iron-rich context, cells become more 
dependent on GPX4 for survival. Co-inhibition of POLR1A and GPX4 
therefore represents a synergistic strategy that dismantles two layers of 
ferroptosis resistance—iron homeostasis and antioxidant defense. 
Importantly, although our study focuses on PM, the POLR1A-
–ATF4–TFAM regulatory axis may be relevant in other cancers with 
elevated ribosome biogenesis activity. Targeting this axis could offer 
broader therapeutic opportunities across tumor types characterized by 
ferroptosis evasion.

In summary, we identify a novel POLR1A–TFAM signaling axis that 
connects nucleolar function to mitochondrial dynamics, iron regulation, 
and ferroptosis resistance. By showing that POLR1A inhibition sensitizes 
cancer cells to ferroptosis through mitophagy-dependent iron accumu-
lation, we establish a mechanistic rationale for combining PolI inhibition 
with ferroptosis inducers. This integrated therapeutic approach opens 
new avenues for targeting therapy-resistant cancers through ferroptosis 
activation.
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