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KRAS-mutant lung adenocarcinoma (LUAD), due to its evolution of more complex antioxidant metabolic mechanisms, exhibits
poorer sensitivity to conventional platinum-based drugs compared to other types of LUAD. Ferroptosis, as a means of inducing
cell death in cancer therapy, shows unique features and potential therapeutic effects compared to the conventional form of
apoptosis, which is frequently obstructed by drug resistance. In human KRAS-mutant LUAD cell lines and mouse models, we
found that the deubiquitinase OTU deubiquitinase 7A (OTUD7A) precisely regulates the lysine demethylase 5B (KDM5B).
Inhibition of KDM5B expression increases the H4K20me3 level, which in turn downregulates the expression of transcription
factor GABPA associated with mitochondrial function, ultimately promoting the production of more Reactive Oxygen Species
(ROS) by mitochondria and inducing ferroptosis. Additionally, in in vivo organoid models, cisplatin (CDDP) induced ferroptosis
combined with GABPA inhibition demonstrated superior anticancer effects compared to conventional platinum-based drugs.
This research identifies new targets and regulatory networks that hold promise for developing ferroptosis-based therapies for

KRAS-mutant LUAD.
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INTRODUCTION

Lung cancer ranks first globally in terms of both incidence and
mortality rates [1]. The KRAS target has instilled hope in past
researchers to overcome this challenge [2]; however, the shallow
active pocket of KRAS has resulted in weak drug binding affinity
[3-6]. Therefore, it is crucial to investigate effective treatments for
KRAS-mutated LUAD. Histone methylation is an essential mechan-
ism of epigenetic regulation, with the loss of methylation at
particular sites profoundly affecting tumor progression and
therapeutic responses [7, 8]. For instance, in triple-negative breast
cancer, the demethylation of H3K27me3 enhances chemotherapy
resistance and promotes peritoneal metastasis, whereas the
inhibition of H3K27me3 can prevent drug resistance and delay
tumor recurrence [9, 10]. Similarly, in liver cancer, reports indicate
that suppressing H3K9me3 methylation reduces the expression of
the oncogene S100 Calcium Binding Protein A11 (S100A11),
thereby inhibiting the progression of hepatocellular carcinoma
[11]. KDM5B, also known as PLU-1 or JARID1B, has received
attention after Zhang SM and colleagues confirmed its role in
promoting cancer progression and immune evasion by tumor cells
[12]. However, the exact mechanism of its oncogenic role has
mainly remained unknown [12-17].

Deubiquitination is crucial for stabilizing proteins and regulat-
ing their levels, and plays a significant role in KDM5B expression
[14]. An imbalance in the ubiquitination system in tumor cells
enhances malignant behaviors, including resistance to growth
inhibition, metabolic reprogramming, and increased phenotypic
plasticity [18-22].

This study reports for the first time that in KRAS-mutant LUAD,
OTUD7A deubiquitinates KDM5B, leading to decreased H4K20me3
and subsequent increase of GABPA expression, leading to reduced
ROS and inhibition of ferroptosis. This finding reveals that
ferroptosis regulation in LUAD is closely linked to ubiquitination
imbalance and epigenetic dysregulation. Finally, we found
increased cisplatin-induced ferroptosis when combined with
GABPA suppression in KRAS-mutant LUAD organoids. These
findings provide new insights for overcoming the challenge of
platinum-based chemotherapy resistance in KRAS-mutant
LUAD [3, 22].

MATERIALS AND METHODS

Cell lines and cell culture

Human KRAS-mutant LUAD cell lines A549 and SW1573 with KRAS driver
mutations were obtained from the Shanghai Institute of Cell Biology,
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Chinese Academy of Sciences. All cell lines were cultured in RPMI-1640
medium (SB-C003, Share-bio, Shanghai) supplemented with 10% heat-
inactivated fetal bovine serum (Ozfan, FBSKM0504), and the culture dishes
(abs7005, absin) were placed in a humidified incubator at 37 °C with 5%
CO,. All cell lines were authenticated and routinely tested for mycoplasma
contamination using a mycoplasma detection kit (K0103, HUABIO).

Patient specimen

Human KRAS-mutant LUAD tissues were collected from the sample library
of the Affiliated Cancer Hospital of Nanjing Medical University. The samples
were frozen and stored in liquid nitrogen. The diagnosis of KRAS-mutant
LUAD was confirmed based on clinical manifestation and pathological
examination. Informed consent was obtained from all subjects.

Cell counting Kit-8 cell proliferation assay

Cells were evenly seeded into 96-well plates (abs7243, absin), and different
concentrations of drugs were added to the respective wells according to
the experimental design, with at least three replicates per group. After
incubation for 24 or 48h, 10 ul of Cell Counting Kit-8 (CCK-8) reagent
(SB-CCK8, Share-bio, Shanghai) was added to each well, followed by
incubation in a dark environment at 37°C for 1h. Finally, each well’s
absorbance (OD value) was measured at 450 nm using a microplate reader.

Cytotoxicity assay

The cytotoxicity under different treatments was assessed using a lactate
dehydrogenase (LDH) release kit (Beijing Boxbio Science & Technology Co.,
Ltd., China). The studies were carried out according to the instructions
provided by the supplier.

2.5 5-ethynyl-2’-deoxyuridine assay

Cells were seeded into culture dishes and, upon reaching appropriate
confluency, 5-ethynyl-2’-deoxyuridine (EdU) solution was added and
incubated for an additional 4h. Cells were washed with PBS, fixed,
permeabilized, and incubated with an EdU fluorescent probe. Finally, cell
proliferation was analyzed by flow cytometry.

Western blot

After washing the collected cells with PBS, they were resuspended in RIPA
lysis buffer containing protease inhibitors and lysed on ice for 30 min. The
lysate was centrifuged at 12,000xg for 15 min at 4 °C, and the supernatant
was collected to obtain the total protein sample. Protein concentration was
determined using a BCA protein assay kit, and equal amounts of protein
were loaded into each lane of a SurePAGETM precast gel (M00657,
GenScript) after calculation. After separation by SDS-PAGE electrophoresis,
proteins were transferred from the gel to a PVDF membrane. The
membrane was then blocked with TBST containing 5% bovine serum
albumin (BSA) at room temperature for 1 h. After blocking, the membrane
was incubated with appropriately diluted primary antibody at 4°C
overnight. The next day, the membrane was washed three times with
TBST for 10 min each, followed by incubation with the corresponding HRP-
conjugated secondary antibody at room temperature for 1h. After
thorough washing again, the membrane was covered with ECL chemilu-
minescent substrate, and signals were captured using a chemilumines-
cence imaging system.

The protein extraction kit (EX1100) was purchased from Beijing Solarbio
Science & Technology Co., Ltd. MOPS Running Buffer (SLB0091) was
purchased from Smart-lifesciences, ChangZhou, China. SDS-PAGE Sample
Loading Buffer (SB-PR0O37F), WB transfer buffer (SB-PR010), and BAS
(SB-PRd069) were purchased from Share-bio, Shanghai, China. Anti-CASP1
(342947), anti-MLKL (R380559), anti-Bcl2 (R23309), anti-BAX (R380709)
antibodies were purchased from Zen-Bioscience, China. Anti-RIPK3 (bsm-
51714m) antibody was purchased from Bioss, USA. Anti-H3K9me3 (YP-Ab-
01122), anti-H3K36me3 (YP-Ab-00812), anti-H3K27AC (YP-Ab-17840), anti-
H3K4me3 (YP-Ab-01120) and anti-H3K79me3 (YP-Ab-00810) antibodies
were purchased from UpingBio Technology Co., Ltd.; HangZhou, China.
Anti-GAPDH (LF205) and anti-GPX4 (R011716) antibodies were acquired
from Epizyme, Shanghai, China. Anti-SLC7A11, anti-FTH-1, anti-NRF2
(29650), anti-H3 (4499), and anti-H4 (13919) antibodies were acquired
from Cell Signaling Technology, USA. Anti-GABPA (PA5-88319) and anti-
OTUD7A (PA5-90565) antibodies were purchased from Thermo, USA. HRP-
Goat Anti-Mouse (ZYID001-0050) and HRP-Goat Anti-Rabbit (ZYID002-
0050) were purchased from ZUNYAN, Nanjing, China. Target proteins were
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visualized using the EZ ECL pico luminescence regent (AP34L025, Life-iLab,
China).

Real time-quantitative polymerase chain reaction

Total cellular RNA was extracted using an RNA extraction kit, and its
concentration and purity were measured. Then, 1pg of total RNA was
taken to synthesize the first strand of cDNA using a reverse transcription
kit. The cDNA template, specific primers, and SYBR Green qPCR master mix
were combined, and nuclease-free water was added to a final volume of
20 pL. The program was run on a real-time quantitative PCR instrument,
and a melting curve was finally plotted to verify amplification specificity.
Using GAPDH as the internal reference, the relative expression of the target
gene was calculated using the 2A(-AACt) method.

Half-life experiment

Cells were inoculated into a 12-well plate, and once adhered, gradient
plasmid transfection was performed. After 24 h of transfection, cells were
treated with cycloheximide. Cells were harvested at various time intervals
for subsequent WB analysis.

In vivo ubiquitination experiment

Cells were transfected with His-KDM5B and Flag-OTUD7A plasmids, and
treated with MG132 for 8 h before harvesting. Subsequently, after cell lysis,
sonication, and centrifugation, one-tenth of the supernatant was taken to
detect intracellular protein expression. The remaining supernatant was
incubated with 1ug of specific antibody under rotation at 4°C for 3 h,
followed by the addition of 40pul Protein A/G magnetic beads and
continued rotation at 4 °C for 8 h. The samples were placed on a magnetic
stand to adsorb the beads, and the supernatant was discarded. The
precipitate was washed three times with pre-cooled wash buffer, and
finally resuspended in SDS-PAGE loading buffer and denatured by heating
in a boiling water bath for subsequent WB analysis.

Immunofluorescence experiment

Cells were seeded in plates containing cover slips. After full adhesion,
they were gently washed twice with PBS, fixed with 4% paraformalde-
hyde at room temperature for 15 min, permeabilized with 0.2% Triton
X-100 for 10 min, and blocked with 10% goat serum at room temperature
for 1h. After discarding the blocking solution, the diluted primary
antibody was added directly and incubated at 4 °C overnight. The next
day, cells were washed three times with PBST for 5min each, then
incubated with species-appropriate fluorescently labeled secondary
antibody (SB-AB0142, SB-AB0151, Share-bio, Shanghai) at room tempera-
ture protected from light for 1h. After thorough washing with PBST,
nuclei were counterstained with diluted DAPI (SB-D4080, Share-bio,
Shanghai) solution for 1 min at room temperature, protected from light.
The cover slips were carefully removed, excess liquid was absorbed, and
they were mounted upside down on glass slides containing anti-fade
mounting medium. Finally, images were observed and captured using a
laser scanning confocal microscope.

BODIPY C11 staining

Cells were placed in the culture medium and treated with a 10 uM BODIPY
C11working solution (diluted in HBSS). After incubation at 37 °C for 30 min,
the cells were washed three times with PBS. Finally, detection was
performed using a flow cytometer.

JC-1 staining

Cells were collected by trypsinization, PBS washing, and centrifugation,
and then resuspended in a working solution consisting of culture medium
mixed with JC-1 (Beijing Solarbio Science & Technology Co., Ltd., M8650)
staining solution at a 1:1 ratio. After incubation at 37 °C for 20 min, the cells
were washed three times with ice-cold staining buffer. Finally, detection
was performed using a flow cytometer.

MitoSOX staining

After collecting the cells, the cell pellet was washed once with HBSS
balanced salt solution. Subsequently, cells were resuspended using a 5%
MitoSox diluted with HBSS. After incubating at 37 °C protected from light
for 10 min, the cell pellet was washed three times with pre-warmed HBSS.
Finally, detection was carried out using a flow cytometer.

Cell Death and Disease (2026)17:112
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Construction of KDM5B, OTUD7A, and GABPA knockdown and stable cell lines. WB analysis was subsequently performed to confirm
overexpression stable cell lines in LUAD knockdown or overexpression efficiency.

A549 and SW1573 cells were transfected with lentiviruses (Shanghai
Morzan Biotechnology Co., Ltd, MN-LTPK0O1, MN-LTPK003) for shRNA
knockdown or overexpression of indicated genes. After transduction, cells
were selected in medium containing 2 ug/mL puromycin to establish

ChIP-Seq experiment
ChIP Kit (26157) was purchased from Thermo, USA. Healthy growing cells
were cross-linked with 1% formaldehyde at room temperature for 10 min,
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Fig. 1 KDM5B demethylates the H4K20me3 site, upregulating GABPA expression and promoting the proliferation of KRAS-mutant LUAD
cell lines. A Expression of KDM5B in TCGA-LUAD tumor and adjacent normal tissues. B Expression of various demethylases in KRAS-mutant
versus wild-type LUAD. C Expression of KDM5B in KRAS-mutant versus wild-type LUAD. D, E The viability and mortality of cells were assessed
at 24, 48, and 72 h following stable knockdown and overexpression of KDM5B in A549 cells using CCK-8 and LDH assays. F The proliferation
rate of A549 cells was measured using the EdU assay following stable knockdown and overexpression of KDM5B. G ChIP-Seq was used to
compare the whole-genome sequences of A549 cells with the DNA sequences retrieved through KDM5B protein binding pull-down assays.
H In control and KDM5B-overexpressing A549 cells, GABPA expression plasmids were transfected, and changes in GABPA promoter
transcriptional activity were detected using a dual-luciferase reporter system. I, J The viability and mortality of A549 cells were assessed at 24,
48, and 72 h following stable knockdown and overexpression of GABPA using CCK-8 and LDH assays. K, L The proliferation rate of A549 cells
was measured using the EdU assay following stable knockdown and overexpression of GABPA. M, N In A549 cells, gradient transfection of
KDM5B plasmids was conducted, and subsequent alterations in histone modifications were observed via WB. O In NC and KDM5B-knockdown
A549 cells, ChIP-seq analysis was performed using an H4K20me3 antibody to compare the changes in H4K20me3 enrichment levels at the
GABPA gene locus between the two groups. P WB was used to detect the KDM5B signal in H4K20me3 antibody IP and Input controls from NC
and sh-KDM5B cells. All experimental procedures, except for ChIP-Seq, were independently repeated three times, showing consistent results.

Error bars represent the mean = S.D. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

followed by the addition of glycine to terminate the reaction. After
discarding the medium, cells were washed twice with ice-cold PBS,
scraped off, and collected by centrifugation at 4°C. Cells were
resuspended in cell lysis buffer containing protease inhibitors and
incubated on ice for 15min. The nuclear pellet was resuspended in
200 pL of 1x ChIP buffer containing protease inhibitors and incubated on
ice for 10 min. Chromatin was then sonicated using an ultrasonicator
(power set to 85%) with the following parameters: three cycles of 10-s
sonication with 30-s intervals, fragmenting DNA to 200-500 bp. The
supernatant was collected 1% of the lysate was set aside as an input
control. The remaining sample was equally divided into two parts, to
which specific antibody and IgG isotype control antibody were added,
respectively, followed by rotational incubation at 4 °C overnight. The next
day, pretreated Protein A/G magnetic beads were added and incubated
at 4 °C for 2 h. Bead-antibody complexes were captured using a magnetic
stand, and the beads were washed sequentially with low-salt immuno-
precipitation wash buffer and high-salt immunoprecipitation wash buffer.
In total, 200 MM NaCl and Proteinase K were added to both the beads
and input samples, and reverse cross-linking was performed at 65 °C for
1.5 h. Finally, DNA was purified using DNA purification columns, stored at
—80 °C, and submitted for sequencing analysis. Anti-KDM5B (15327) and
anti-H4K20me3 (5737) antibodies were acquired from Cell Signaling
Technology, USA.

The ChIP-seq data analysis pipeline is as follows: raw data quality control
was performed using fastp (v0.23.1), sequence alignment was conducted
with Bowtie2 (v2.4.5) against the reference genome GRCh38, peak calling
was performed using MACS2 (v2.2.7.1, g-value < 0.05), and peak annota-
tion along with genomic region analysis was completed using ChiPseeker.

Dual-luciferase reporter assay

Inoculate the successfully constructed overexpression vector bacterial
suspension into 5mL LB medium and incubate overnight at 37°C with
shaking. Seed cells in 24-well plates, and when cell confluence reaches
approximately 70%, perform transfection experiments, replacing the
medium with fresh medium 2 h before transfection. Take two EP tubes,
add 25 pL opti-MEM to each, add 0.5 pg reporter plasmid and 0.05 pg pRL-
TK reference plasmid to one tube, and add 1.5 uL GMTrans transfection
reagent to the other tube, mix, and let stand at room temperature for
15min to form complexes, then add dropwise to cells and continue
culturing for 48 h. Discard the medium, wash with PBS, add lysis buffer to
lyse for 15min, centrifuge, and collect the supernatant. Take 50 pL
supernatant, sequentially add 50 uL LAR Il to measure firefly luciferase
activity (Firefly RLU), then add 50 uL Stop & Glo® reagent to measure
Renilla luciferase activity (Renilla RLU), using the ratio of the two as the
relative reporter gene activity.

Quantification and statistical analysis

All experiments were independently performed at least three times. Data
are presented as mean = standard deviation (SD). Statistical analyses
were conducted using GraphPad Prism (USA). Statistical significance was
determined using two-way ANOVA, and a P value < 0.05 was considered
statistically significant. The sample size in this study was determined
based on the results of previous related studies and experimental
feasibility. Additionally, we conducted a post hoc power analysis using
the obtained experimental data; the results showed that for the detected
main effect (tumor volume change), the statistical power of the current
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sample size was greater than 0.8, indicating that the analysis possesses
sufficient sensitivity.

Subcutaneous tumor implantation mode

Four-week-old female BALB/c nude mice with an initial body weight of
~15¢g (Jiangsu lJifa Pharmaceutical Co., Ltd., Jiangsu) were selected and
randomly divided into six experimental groups. Subcutaneous tumor
models were established on both sides of the nude mice using A549
and SW1573 cell lines (Vector/OE-OTUD7A/OE-KDM5B/OE-GABPA/OE-
OTUD7A + OE-KDM5B+si-GABPA/si-GABPA, n =5 per group). After wash-
ing the prepared cells with PBS, resuspend them in a mixture of PBS and
Matrigel (KGL5101-5, Keygen BioTECH) solution at a 2:1 ratio, which was
subsequently injected subcutaneously into the skin of 5-week-old nude
mice. Another group of nude mice was randomly divided into four groups
(Vector/Cisplatin/si-GABPA/Cisplatin+si-GABPA, n=5 per group), and
received subcutaneous injections of human KRAS-mutant LUAD organoid
tumors. Cisplatin was administered via tail vein injection, and GABPA
in vivo small interfering RNA was injected intratumorally (5 mg/kg every
5 days for a total of four doses). The recommended dose of GABPA in vivo
siRNA was given simultaneously with Cisplatin, while the controls received
an equal volume of PBS. All nude mice were weighed, and tumor
dimensions were measured every 5 days. Finally, mice were euthanized
using carbon dioxide, and the subcutaneous tumors were excised for size
measurement. The tumor volume was calculated using the following
formula: V = (length x width?)/2.

RESULTS

KDM5B demethylates the H4K20me3 site to upregulate
GABPA expression, promoting the proliferation of KRAS-
mutant LUAD cell lines

In the TCGA-LUAD dataset, the expression of KDMS5B was
significantly higher in tumor tissues than in adjacent normal
tissues. Furthermore, in KRAS-mutant LUAD, KDM5B expression
was also substantially higher than in the KRAS wild-type group,
and its basal expression level was higher than that of HDACY,
showing more pronounced statistical differences compared to
KDM4B. Additionally, its expression is greater in KRAS-mutant
LUAD samples compared to wild-type samples (Fig. 1A-C).
Therefore, we constructed stable knockdown and overexpression
cell lines of KDM5B in KRAS-mutant LUAD cell lines A549 and
SW1573 (Fig. S1A, B). CCK-8 and EdU proliferation assay results
indicated that overexpression of KDM5B significantly enhanced
the cell proliferation, whereas KDM5B knockdown reduced the
proliferation of both cell lines (Figs. 1D, F and S1C, E). The results
of the LDH assay showed that the cell death rate in the sh-KDM5B
group was significantly higher than that in the negative control
(shNC) group, whereas the cell death rate in the OE-KDM5B
group was significantly lower than that in the vector group
(Figs. 1E and S1,D). To further explore the potential mechanism by
which KDM5B promotes proliferation in KRAS-mutant LUAD cells,
we conducted a KDM5B pulldown ChIP-Seq experiment in A549
cells and the expression of the top ten upregulated genes

Cell Death and Disease (2026)17:112



R. Si et al.

C [=* +CDDP
) pee) > pee) <
A RS B & i Vector OE-KDM5B
S PO L S Lo L g
S SO H ot @ | ot @
kDa ¥ O’ § § kDa ¥ o’ § & 220 856 0010 96.1 0
w
40 SLC7AM 40{5' steratr & ¢ - e
sh-KDM5B
o B w{Ql Q2 W4Q1 Q2 w4 Q1 Q2
99.7 S 0 87.4 . 0 68.3 e 0.032
Q4 03 Q4 13 Q4
A549 SW1573 ©'10.32 o ||<'1126 o | 317
A549-JC-1
D A549 A549 F A549 A549
25000
Control ; 20000 o Control L
g 15000 5
e | @ e shNC+CDDP /
£ 10000
4 sh-KDM5B+CDDP /
8 5000
Vector+CDDP - | Vector+CDDP
OE-KDMSB+CDA OE-KPMSB'+ .
10 1t 102 10d w0t a0® 1 1o 10?10 10*
MitoSOX-PE Fe?-PE
E |A549 G [A549 As49
900
Control = Control e :
hNC+CDDP £ L *° ol
= . g ShNC+CDDP 3
h-KDM5B+C g &
Sh-KDMSE : sh-KDM5B+CD 700
Vector+CDDP 2
- N Vector+CDDP o
OE-KDM5B+C
T g T4 OE-KDM5B+CD,
10 10 10 10 = i "2 '3
BODIPY-FITC GERLEITE
H Control shNC sh-KDM5B Vector OE-KDM5B
PRI > LS 3 ; 2 o

A549

SW1573

compared to the input in KDM5B knockdown and control cell
lines, ultimately identifying GABPA as the most significantly
regulated mRNA by KDM5B (Figs. 1G and S1,F). Using RT-PCR,
we confirmed that overexpression of KDM5B enhanced the
expression levels of GABPA (Fig. S1G). The dual-luciferase reporter
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assay results showed that KDM5B overexpression significantly
enhanced the transcriptional activity of the GABPA promoter
(Fig. TH). Following this, we constructed stable knockdown and
overexpression cell lines of GABPA in the A549 and SW1573 cell
lines, and evaluated the efficiency of gene knockdown and
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Fig.2 Inhibiting KDM5B promotes increased ROS production from mitochondria, thereby inducing ferroptosis and enhancing sensitivity
to cisplatin. A, B Key markers of ferroptosis were detected in A549 and SW1573 LUAD cell lines using WB analysis. C The changes in the
mitochondrial membrane potential of A549 cells are illustrated using the JC-1 probe after stable knockdown and overexpression of KDM5B.
(All groups except the Control were pretreated with 20 pM cisplatin for 10 h, and D-H figures underwent identical treatment). D, E ROS and
lipid ROS generation in A549 cells were detected using MitoSOX and BODIPY C11 probes after stable knockdown and overexpression of
KDMS5B. F In A549 cells, changes in intracellular Fe2* levels were detected using an iron ion fluorescent probe. G Flow cytometry was employed
to detect alterations in GPX4 expression levels in A549 cells following stable knockdown and overexpression of KDM5B. H Transmission
electron microscopy imaging revealed alterations in mitochondrial morphology in A549 and SW1573 cells following KDM5B knockdown and
overexpression. All experimental procedures were independently replicated three times, demonstrating consistent outcomes. Error bars

represent the mean +S.D. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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overexpression by western blotting (WB) (Fig. S1,H). Subsequently,
cell proliferation assays revealed that overexpression of GABPA
significantly enhanced the proliferation capacity of KRAS-mutant
LUAD cell lines, consistent with the oncogenic role of KDM5B
(Figs. 11-L and S1I-K).

According to previous reports, KDM5B primarily exerts its
biological functions by removing methylation modifications from
histone H3 [13, 23-25]. To precisely identify the specific
demethylation sites of KDM5B in KRAS-mutant LUAD cell lines,
we conducted WB detection of histone methylation at all common
sites, revealing the most significant changes in H4K20me3. We
conducted gradient transfection experiments in A549 cells, which
showed that gradient overexpression of KDM5B led to a decrease
in the expression gradient of histone H4K20me3, while gradient
knockdown of KDM5B resulted in an increased expression
gradient of H4K20me3 (Fig. 1M, N). We further compared the
genome-wide distribution of H4K20me3 in shNC A549 cells and
KDM5B-knockdown cells through ChIP-Seq using an H4K20me3
antibody. The results showed that after KDM5B knockdown, the
H4K20me3 signal was significantly enhanced genome-wide and
showed obvious enrichment in the GABPA promoter region
(Fig. 10). We performed WB analysis on the immunoprecipitated
fractions from the ChIP assay. The results showed that KDM5B was
specifically detected in the H4K20me3 antibody immunoprecipi-
tated fraction, and this signal was significantly reduced in the sh-
KDM5B group, confirming the functional association between
KDM5B and H4K20me3 modification on chromatin (Fig. 1P). These
findings indicated that KDM5B may elevate GABPA expression by
demethylating H4K20me3.

Inhibition of the KDM5B-GABPA axis promotes an increase in
mitochondrial ROS in KRAS mutant LUAD cells and organoids,
inducing ferroptosis and enhancing sensitivity to cisplatin
According to NCBI and related literature, GABPA plays an
important regulatory role in cellular energy metabolism by
activating cytochrome oxidase expression and regulating
mitochondria-related nuclear genes [26]. The abnormal accumula-
tion of ROS triggered by mitochondrial dysfunction exacerbates
lipid peroxidation, constituting the core driving mechanism of
ferroptosis. We speculate that GABPA may regulate cellular
sensitivity to ferroptosis through the mitochondrial-oxidative
stress axis [27]. To systematically investigate the regulatory role
of the KDM5B-GABPA axis on cell death modalities, we analyzed
the expression changes of key molecular markers of ferroptosis,
apoptosis, necroptosis, and pyroptosis in A549 and SW1573 cells
by WB. The results showed that among various cell death-related
factors, the expression changes of key ferroptosis regulators
SLC7A11, GPX4, FTH1, and NRF2 were the most significant,
suggesting that KDM5B knockdown may inhibit the ferroptosis
process in KRAS-mutant LUAD cells by downregulating GABPA
(Figs. 2A, B and S1L, M).

To further investigate the process and mechanism by which the
KDM5B-GABPA axis regulates ferroptosis. We used the class Il
ferroptosis inducer cisplatin to induce ferroptosis in KRAS mutant
LUAD cells [28-30]. Using flow cytometry with JC-1, BODIPY C11,
divalent iron ion (Fe®*), and MitoSOX probes for analysis, we found
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that the knockdown of KDM5B and GABPA significantly decreased
the mitochondrial membrane potential, along with a significant
increase in intracellular ROS, Fe**, and lipid peroxidation levels; in
contrast, overexpression of KDM5B and GABPA significantly
inhibited the generation of ROS, Fe?*, and lipid ROS, stabilized
the mitochondrial membrane potential, and alleviated mitochon-
drial damage (Figs. 2C-F, 3A-D, S1N, O, and S2A-F). Further flow
cytometry assessments revealed that the expression levels of
GPX4 significantly decreased in the sh-KDM5B and sh-GABPA
groups, whereas they significantly increased in the OE-KDM5B and
OE-GABPA groups (Figs. 2G, 3E, and S2G, H). GPX4 is a key
intracellular antioxidant enzyme that effectively inhibits ferropto-
sis by catalyzing the glutathione-dependent reduction of lipid
peroxides. Transmission electron microscopy results showed that
in the KDM5B knockdown group, the mitochondrial morphology
was abnormal compared to the negative control group (shNC),
with cristae membranes disappearing, suggesting possible fer-
roptosis [31-34] (Fig. 2H).

KRAS-mutant LUAD generates substantial ROS during tumor-
igenesis, which drives cancer cells to evolve a sophisticated and
complex antioxidant response mechanism, resulting in their
tolerance to targeted interventions against the antioxidant
defense system [34-39]. This particular metabolic pathway and
its reliance on antioxidant mechanisms render KRAS-mutant LUAD
cells particularly vulnerable to interventions aimed at the ROS
defense system, exhibiting selective cytotoxicity towards KRAS-
mutant LUAD [40, 41]. We speculate that in KRAS-mutant LUAD,
the combined application of cisplatin and ferroptosis inducers
may disrupt the powerful redox balance system of tumor cells,
leading to massive accumulation of ROS and lipid peroxides,
which in turn causes severe mitochondrial damage and exten-
sively induces tumor cell ferroptosis, ultimately enhancing the
sensitivity of KRAS-mutant LUAD to cisplatin. To validate this
hypothesis, we established a patient-derived KRAS-mutant LUAD
organoid in vivo model based on nude mice. We identified that
this model possesses LUAD pathological characteristics through
HE staining and immunohistochemistry (Fig. 3F, G). Compared
with cisplatin or si-GABPA alone, the combination of the two
significantly improved the final tumor treatment outcome. The
tumor volume and growth rate in the combination treatment
group were significantly lower than those in the single-agent
group (Figs. 3H-J and S3A, B).

OTUD?7A regulates ferroptosis in KRAS-mutant LUAD by
interacting with KDM5B

We designed siRNAs targeting the entire DUB family for transient
transfection in A549 cells to search for critical DUBs that regulate
KDM5B. Following the validation of knockdown efficiency via RT-
gPCR (Fig. S3C), we evaluated the expression levels of KDM5B after
the knockdown of various deubiquitinases using flow cytometry.
The results showed that the expression level of KDM5B was lowest
in the transient knockout of OTU domain protein 7A (OTUD7A)
(Fig. 4A, B). We then studied the mechanism by which OTUD7A
regulates KDM5B, constructed stable knockdown and overexpres-
sion cell lines of OTUD7A in A549 and SW1573 cells, and
confirmed the knockdown efficiency (Fig. S3I, J).
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Co-IP experiments performed in SW1573, A549, and 293T cell
lines, as well as immunofluorescence co-localization experiments in
SW1573 and A549 cell lines, demonstrated a significant interaction
between OTUD7A and KDMS5B (Figs. 4C-E and S3D-H). To
accurately elucidate the interaction mechanism and interaction
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domains between OTUD7A and KDM5B, we constructed truncated
mutant plasmids of KDM5B and OTUD7A based on the conserved
domain predictions from NCBI. The L233F mutation in OTUD7A is
considered a loss-of-function variant [42]. The experimental
results showed specific binding between the Jmjc domain of
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Fig. 3 In KRAS-mutant LUAD cell lines and vivo organoid models, inhibiting GABPA promotes mitochondrial ROS production, thereby
inducing ferroptosis and enhancing sensitivity to cisplatin. A The changes in the mitochondrial membrane potential of A549 cells are
illustrated using the JC-1 probe after stable knockdown and overexpression of GABPA. (All groups except the Control were pretreated with
20 pM cisplatin for 10 h, and B-E underwent identical treatment). B, C The levels of ROS and lipid ROS generated within A549 cells were
detected using BODIPY C11 and MitoSOX probes following stable knockdown and overexpression of GABPA. D In A549 cells, changes in
intracellular Fe2* levels were detected using an iron ion fluorescent probe. E Flow cytometry was employed to detect alterations in GPX4
expression levels in A549 cells following stable knockdown and overexpression of GABPA. F, G In vivo imaging of human lung-derived
organoids, supplemented by HE and immunohistochemical staining for identification. H-J Growth assessments of xenograft tumors from
human lung-derived organoids under normal conditions and after treatment with cisplatin and si-GABPA, with l illustrating the tumor volume
changes and J providing a statistical overview of the final tumor weights. All experimental procedures were independently replicated three
times, demonstrating consistent outcomes. Error bars represent the mean +S.D. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4 OTUD7A interacts with KDM5B. A, B Flow cytometric screening across the entire DUB family, with images displaying variations in
KDM5B expression levels in A549 cells following DUB knockdown. € Immunofluorescence co-localization assays demonstrated co-localization
of KDM5B and OTUD7A in A549 cells. D, E Co-immunoprecipitation experiments confirmed the interaction between KDM5B and OTUD7A in
293T cells. F-H Using the NCBI database, the domains of KDM5B and OTUD7A were identified, and corresponding truncated mutant plasmids
were constructed; Co-IP experiments in 293T cells were performed to explore the interaction domains between these two molecules. All His-
tags in this article are for the KDM5B protein, and Flag-tags are for OTUD7A. Error bars represent the mean +S.D. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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KDM5B and the OTU domain of OTUD7A (Fig. 4F-H). Using CCK-8, cytometry analysis of JC-1, BODIPY C11, Fe?*, and MitoSOX
LDH, and EdU assays, we observed that the OTUD7A over- indicated that the overexpression of OTUD7A significantly
expression group showed significantly faster cell proliferation and reduced mitochondria-derived ROS, intracellular Fe** levels, and
a substantial decrease in the cell death rate compared to the decreased the accumulation of lipid peroxidation products, and
negative control group (Vector) (Figs. 5A-D and S3K-M). Flow alleviated mitochondrial damage (Figs. 5E-H, S30 and S4A-C).
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Fig. 5

In KRAS mutant LUAD cell lines and mouse models, OTUD7A participates in the KDM5B-GABPA axis, affecting ferroptosis and

sensitivity to cisplatin. A, B The viability and mortality of A549 cells were assessed at 24, 48, and 72 h following the stable knockdown and
overexpression of OTUD7A using CCK-8 and LDH assays. C, D The proliferation rate of A549 cells was measured using the EdU assay following
stable knockdown and overexpression of OTUD7A. E The changes in mitochondrial membrane potential of A549 cells were evaluated using
the JC-1 probe following stable knockdown and overexpression of OTUD7A. (All groups except the Control were pretreated with 20 pM
cisplatin for 10 h, and F-I figures underwent identical treatment). F, G The production of ROS and lipid ROS in A549 cells was detected using
MitoSOX and BODIPY C11 probes after stable knockdown and overexpression of OTUD7A. H In A549 cells, changes in intracellular Fe2* levels
were detected using an iron ion fluorescent probe. | Flow cytometry was employed to investigate changes in GPX4 expression following
stable knockdown and overexpression of OTUD7A in A549 cells. J-L A subcutaneous bilateral tumor model was established using A549 and
SW1573 cell lines, with K, L presenting the final weight statistics of the tumors generated from A549 and SW1573 cells, respectively.
M Immunohistochemical staining for KDM5B and GPX4 was performed on tissues from KRAS-mutant LUAD patients. All experimental
procedures were independently replicated three times, demonstrating consistent outcomes. Error bars represent the mean + S.D. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.

Moreover, the expression level of GPX4 was elevated in response
to OTUD7A overexpression (Figs. 51 and S3N). The above
conclusions were further validated through WB experiments,
which revealed that overexpression of OTUD7A enhanced the
steady-state levels of KDM5B and strengthened its demethylation
capability towards H4K20me3 (Figs. 6L and S5J), leading to the
upregulation of GABPA expression and a subsequent significant
increase in the expression of GPX4, SLC7A11, FTH-1, and NRF2, a
process that is mediated by KDM5B (Figs. 6K and S5L). Conse-
quently, we concluded that OTUD7A regulates the GABPA axis
mediated by KDM5B, thereby inhibiting ferroptosis in KRAS-
mutant LUAD cell lines.

Results from in vivo experiments indicated that the tumor
proliferation rate in the groups overexpressing OTUD7A, KDM5B,
and GABPA was significantly greater than that of the negative
control group (Vector), and tumor volume was significantly
increased. The tumor proliferation rate and volume in the OE-
OTUD7A + OE-KDM5B + si-GABPA group showed no significant
differences compared to the Vector group, suggesting that
the effects of OTUD7A and KDM5B on KRAS-mutant LUAD are
mediated by GABPA. Furthermore, the tumor proliferation rate in
the si-GABPA group was significantly slowed, and tumor volume
was markedly reduced (Figs. 5J-L and S4D-G). Meanwhile, we
further analyzed the clinical samples. In KRAS-mutant LUAD
patient tissues, immunohistochemical staining results confirmed
the significantly high expression of KDM5B, accompanied by a
synchronous increase in GPX4 expression levels.

OTUD7A specifically removes ubiquitin from the K48 position,
facilitating the deubiquitination of KDM5B, thereby
stabilizing the expression level of the KDM5B protein

To further explore the mechanism by which OTUD7A stabilizes the
KDMS5B protein, we performed gradient transfection experiments,
and based on reports by Uddin [43]. We gradient-transfected wild-
type and L233F mutant OTUD7A and found that wild-type
OTUD7A could stabilize the KDM5B protein, while the loss-of-
function OTUD7A did not possess this function (Figs. 6A and S5A).
Follow-up rescue experiments, specifically transfecting wild-type
and mutant OTUD7A plasmids into OTUD7A knockdown cells,
further validated the corresponding results (Figs. 6B and S5G).
Half-life experiments showed that in the control group (shNC), the
degradation of KDM5B protein increased over time, while in the
sh-OTUD7A group, the degradation of KDM5B was exacerbated
and the half-life was significantly shortened, indicating that
OTUD7A can effectively stabilize the expression of KDM5B
(Figs. 6D, E and S5B, C). Further comparison of wild-type and
loss-of-function OTUD7A transfections revealed that KDM5B
degradation in the non-functional OTUD7A group did not change.
In contrast, degradation in the wild-type OTUD7A group was
significantly reduced (Figs. 6F, G and S5, D, E). These results
collectively indicate that OTUD7A maintains stable expression of
KDM5B in KRAS-mutant LUAD cells, whereas non-functional
OTUDY7A lacks this ability.
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OTUD7A has been identified as a deubiquitinase [44, 45]. We
found that knocking down OTUD7A while simultaneously adding
a proteasome inhibitor resulted in a decrease in KDM5B
expression levels in the sh-OTUD7A group compared to the
negative control group (shNC). Conversely, in the group where
MG132 was added under the same conditions, KDM5B levels
increased, which suggests that OTUD7A relies on the proteasome
to exert its function and regulates KDM5B through the ubiquitin-
proteasome pathway (Figs. 6C and S5F). Next, we performed an
in vivo ubiquitination assay. In the in vivo ubiquitination assays
using A549 and 293T cells, the results indicated that the
overexpression of OTUD7A significantly decreased the ubiquitina-
tion levels of KDM5B. In contrast, overexpression of the loss-of-
function OTUD7A did not demonstrate significant changes.
Additionally, the ubiquitination level of KDM5B in the sh-
OTUD7A group was elevated, and transfection of the wild-type
Rescue OTUD7A plasmid into this group restored KDM5B
ubiquitination levels to normal (Figs. 6H, | and S5H, I). These
results confirm that OTUD7A deubiquitinates KDM5B via the
ubiquitin-proteasome pathway, thereby stabilizing its expression.
Finally, to investigate the type of ubiquitin chain targeted by
OTUD7A for KDM5B deubiquitination, we conducted in vivo
ubiquitination assays. The results showed that K48-linked
ubiquitin chains exhibited the most significant changes
(Figs. 6J and S5K). In summary, our study demonstrates that
OTUD7A specifically removes K48-linked ubiquitin chains from the
KDM5B protein, thereby reducing its ubiquitination level and
enhancing its protein stability.

DISCUSSION

This study reveals for the first time the critical role of the OTUD7A-
KDM5B-GABPA signaling axis in regulating ferroptosis in KRAS-
mutant lung adenocarcinoma. We found that the deubiquitinase
OTUD7A stabilizes KDM5B by removing its K48-linked ubiquitin
chains, thereby inhibiting proteasomal degradation. The stabilized
KDM5B then binds to and demethylates the repressive histone
mark H4K20me3 at the GABPA promoter, thereby relieving its
transcriptional repression. This epigenetic reprogramming ulti-
mately enhances the expression of GABPA target genes involved
in mitochondrial function and antioxidant defense, suppressing
ferroptosis and promoting tumor survival.

Our findings indicate that epigenetic regulatory mechanisms
play a central role in ferroptosis within KRAS-driven lung
adenocarcinoma. It is known that KRAS mutations can lead to
patient resistance to conventional chemotherapeutic agents like
cisplatin by remodeling cellular metabolic pathways and enhan-
cing the antioxidant defense system [2, 34-37]. In contrast to
previous studies that primarily focused on mechanisms of
metabolic adaptation, this study is the first to uncover a novel
epigenetic regulatory mechanism: the dynamic changes in
H4K20me3 modification mediated by KDM5B are crucial for
maintaining redox homeostasis. This discovery aligns with recent
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studies on the involvement of epigenetic regulators in ferroptosis
[31, 46-50], but innovatively defines the OTUD7A-KDM5B axis as a
direct bridge linking the regulation of protein stability to histone
modification, thereby precisely controlling the ferroptosis process.
It is noteworthy that ferroptosis inducers can synergize with
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A549

cisplatin to produce a combined cytotoxic effect by promoting the
massive generation of mitochondrial ROS [34, 37]. This discovery
emphasizes the complexity of tumor cell survival mechanisms,
and reveals a therapeutic vulnerability in KRAS-mutant tumor cells
under specific targeted interventions, indicating that clinical
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Fig. 6 OTUD7A deubiquitinates KDM5B, stabilizing protein expression levels. A Following gradient transfection of normal and mutated
OTUD7A in A549 cells, changes in KDM5B expression levels were analyzed via WB. B The impact on KDM5B expression levels in A549 cells was
examined after OTUD7A knockdown alongside the transfection of wild-type or mutated OTUD7A plasmids, using WB analysis. C The variation
in KDM5B expression levels was assessed after OTUD7A knockdown in A549 cells, with simultaneous administration of MG132. D-G In A549
cells, a half-life experiment was conducted, with WB used to verify how the expression levels of KDM5B change over time following the
addition of actinomycin D, after OTUD7A knockdown or overexpression, and in cells overexpressing mutated OTUD7A. H, | In vivo
ubiquitination experiments conducted in A549 cells investigated changes in KDM5B protein levels under conditions of OTUD7A
overexpression, impaired OTUD7A overexpression, or OTUD7A knockdown with transfection of the wild-type OTUD7A plasmid. J In vivo
ubiquitination experiments in A549 cells revealed the changes in ubiquitination sites during the interaction between OTUD7A and KDM5B.
K The expression changes of GPX4, SLC7A11, FTH-1, and NRF2 resulting from the OTUD7A-KDM5B-GABPA axis were detected in A549 cells via
WB. L The influence of the OTUD7A-KDM5B-GABPA axis on histone modification at H4K20me3 was assessed by WB analysis. Error bars

represent the mean = S.D. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
<

approaches should incorporate a multidisciplinary strategy for
more pronounced tumor regression effects [22, 51-54]. Our study
elucidates the molecular mechanism underlying this synergy:
disrupting the OTUD7A-KDM5B-GABPA signaling axis effectively
dismantles the unique antioxidant defense system of KRAS-
mutant cells, significantly weakening their antioxidant capacity
and consequently enhancing their susceptibility to oxidative
stress-induced death. Additionally, the OTUD7A-KDM5B-GABPA
axis further emphasizes the interactions between epigenetics and
protein stability within the tumor microenvironment [55-57].
Future research on tumors with similar genetic backgrounds
should investigate the generalizability of this mechanism in
greater detail.

While this research has clearly defined the regulatory relation-
ship among OTUD7A, KDM5B, and GABPA in cell and animal
models, additional clinical samples and prolonged observations
are required to evaluate the roles and regulatory mechanisms of
KDM5B and its downstream molecules in the ferroptosis process
of KRAS-mutant LUAD. Conversely, although we investigated the
influence of OTUD7A on KDM5B stability and GABPA expression, it
merits further exploration whether the functions of KDM5B,
GABPA, and OTUD7A vary under different microenvironmental
conditions (such as hypoxia and inflammation) [58-61], as well as
the potential presence of other feedback mechanisms or
regulatory factors.

Finally, we revealed the mechanism by which KRAS-mutant LUAD
develops resistance to ferroptosis due to epigenetic dysregulation.
At the same time, we investigated the therapeutic strategy of co-
administering cisplatin with ferroptosis inducers through human
organoid tumor models, providing mechanistic support for the
combined application of ferroptosis induction and cisplatin in
treating KRAS-mutant LUAD. This work not only deepens our
understanding of the intricate connections between protein
stability, epigenetics, and metabolic cell death but also paves the
way for novel combination therapies designed to overcome
treatment resistance in this challenging subset of lung cancer.
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