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JMJD6 K375 acetylation restrains lung cancer @
progression by enhancing METTL14/m6A/
SLC3A2 axis mediated cell ferroptosis
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Abstract

Background The Jumonji domain-containing protein 6 (JMJD6), a histone arginine demethylase, is known to have a
multifaceted and significant role on cancer progression. However, the specific function and mechanism of JMJD6 in
non-small cell lung cancer (NSCLC) have yet to be fully elucidated.

Methods The elevated expression of JMJD6 in lung cancer tissues was confirmed through a combination of
bioinformatics and immunohistochemical analysis. Utilizing lung cancer cell lines H460, H157, A549, and H1299, we
further investigated the impact of JMJD6 on various cellular processes such as ferroptosis, proliferation, migration,
and invasion both in vivo and in vitro. The acetylation of JMJD6 was characterized using immunoprecipitation,
co-immunoprecipitation, GST pull down, and immunofluorescence techniques. The regulatory role of JMJD6
acetylation in ferroptosis was assessed by measuring levels of ROS, MDA, and JC-1. WB, gRT-PCR, ChIP and MeRIP
techniques were employed to investigate the relationship between the JMJD6 acetylation/METTL14/m6A/SLC3A2
axis.

Results This study revealed elevated levels of JIMJD6 in tumor tissue, with high expression correlating strongly with
advanced clinical stage in lung cancer patients, and identified JMJD6 as a significantly poor prognostic factor for
lung cancer. Functional experiments verified that ectopic overexpression of JMJD6 enhanced the proliferation and
migratory capacities of lung cancer cells, while JMJD6 knockdown showed opposite effects. We further find that
JMJD6 functions as a negative modulator in regulating ferroptosis process. Mechanistically, JIMJD6 affects METTL14
expression in an arginine demethylase dependent manner, and mediates m6A modification of SLC3A2 to regulate its
expression level, thereby affecting the sensitivity of lung cancer cells to ferroptosis. Besides, our findings indicate that
acetyltransferase p300/CBP associated factor (PCAF) interacts with and acetylates JMJD6 at lysine 375. Acetylation
weakens the activity of JMJD6 demethylase, thereby enhancing METTL14 expression and affecting its mediated m6A
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modification to regulate SLC3A2. Acetylation at lysine 375 also augment the modulation of ferroptosis in lung cancer
cells by JMJD6, consequently impeding the lung cancer progression.

Conclusion Taken together, we elucidated the JMJD6 acetylation/METTL14/m6A/SLC3A2 axis as a key mediator
of lung cancer progression, indicating that JMJD6 may serve as a potentially prognostic biomarker and therapeutic

target for NSCLC.

Keywords JMJD6, Lung cancer, m6A, Ferroptosis, Acetylation

Introduction

Lung cancer is a prevalent malignancy and the leading
cause of cancer death worldwide. Approximately 2.2 mil-
lion new patients are diagnosed with lung cancer every
year [1, 2]. According to the histological type of cancer
cells, lung cancer is mainly divided into small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC).
NSCLC is the most prevalent form of lung cancer, rep-
resenting 85-90% of all cases [3]. Treatment options for
NSCLC include surgery, radiotherapy, chemotherapy,
immunotherapy, and molecular targeted therapy [4—6].
However, a significant number of patients undergoing
surgical intervention may experience distant metastasis
or local recurrence, resulting in suboptimal treatment
outcomes [7-9]. In addition, the majority of individu-
als diagnosed with cancer are already in advanced stages
upon symptom manifestation, leading to poorer treat-
ment responses and shortened survival periods. There-
fore, there is a pressing need to delve deeper into
alternative molecular pathways involved in the progres-
sion of NSCLC and pinpoint novel therapeutic targets to
enhance clinical management of lung cancer.

Jumonji domain-containing 6 (JMJD6), a member of
the jumonji (JMJC) domain family of histone demethyl-
ases, catalyzes the demethylation of H3R2me2 and/or
H4R3me2 [10]. The demethylation modification of JIMJD6
has been implicated in the regulation of transcription,
epigenetics, and various biological processes [10-12].
Numerous studies have demonstrated that dysregulated
expression of JMJD6 is associated with the pathogen-
esis and progression of multiple types of tumors. JMJD6
shaped the pro-tumor microenvironment in breast can-
cer through ANXA1 dependent macrophage polarization
[13]. IMJD6 also exhibits elevated expression levels in
clear cell renal cell carcinoma by acting on DGAT1 pro-
moter region, thereby upregulating its expression, which
in turn facilitates lipid droplet formation and tumori-
genesis [14]. Besides, JMJD6 overexpression has been
shown to increase the radiation resistance of hepatocel-
lular carcinoma by activating the ERK pathway through
the upregulation of interleukin (IL)-4 transcription. The
heightened expression of JMJD6 in lung cancer has been
implicated in the regulation of M2-type polarization of
tumor-associated macrophages (TAM) via the STAT3/
IL-10 signaling pathway [15]. However, the molecular

regulatory mechanism for JMJD6 regulation in lung can-
cer remains largely unclear.

Recent studies have shown that besides necrosis and
apoptosis, there are other novel ways of programmed
death with unique biological processes and pathophysi-
ological features. One of them is ferroptosis. Ferroptosis
is an iron-dependent process distinct from conventional
programmed cell death. The regulation of ferroptosis has
focused on the regulation of systemic X.--system (cyste-
ine/glutamate antiporter system) and GSH metabolism,
glutathione (GSH) peroxidase 4 (GPX4) activity, and ROS
production [16]. Among them, the Xc-system is located
on the cell membrane and mediates the transport of cys-
teine and glutamate [17-19]. Through system X.-, glu-
tamate is transported outside the cell, and the imported
cystine participates in GSH production, thereby inhib-
iting ferroptosis of cancer cells [20]. The X- system
belongs to the heterodimeric amino acid transporter
(HAT) family and consists of two subunits: the light chain
subunit SLC7A11 (xCT) and the heavy chain subunit
SLC3A2 (CD98, 4F2hc) [21, 22]. In recent years, many
studies have shown that ferroptosis plays an important
regulatory role in the occurrence and development of
lung cancer progression. For example, m5C methyltrans-
ferase NSUN2 can increase the sensitivity of lung cancer
cells to ferroptosis activator by reducing the expression of
NREF2, thereby inhibiting the progression of lung cancer
cells [23]. However, inhibition of RBMS1 in lung cancer
cells can inhibit the translation of SLC7A11, reduce the
cystine uptake mediated by SLC7A11, and promote fer-
roptosis in lung cancer cells [24]. In addition, C1q/tumor
necrosis factor-related protein-6 (CTRP6) interacts with
suppressor of cytokine signaling 2 (SOCS2) in lung can-
cer cells, leading to the ubiquitination and degradation of
SOCS2, which further enhances the downstream xCT/
GPX4 signaling pathway [25]. Consequently, there is a
growing recognition of the potential efficacy of inducing
ferroptosis as a therapeutic approach for tumors. Nev-
ertheless, the association between JMJD6 and ferropto-
sis in lung cancer cells, as well as the precise underlying
molecular mechanisms, remain unexplored and warrant
further investigation.

In this study, we verified that JMJD6 is highly expressed
in NSCLC and its high expression is closely related to
poor prognosis of NSCLC. In addition, we also found that



Chen et al. Journal of Translational Medicine (2025) 23:233

JMJD6 regulate the demethylation of H4R3me2 in the
promoter region of m6A methyltransferase METTL14,
thereby affecting its expression. In addition, we found
that acetylation weakens the activity of JMJD6 demethyl-
ase, thereby regulating METTL14 expression and affect-
ing its mediated m6A modification to regulate SLC3A2,
affecting ferroptosis in lung cancer cells. Overall, in this
study, we validated the effect of JMJD6 regulation of
METTL14 on SLC3A2 m6A levels, which in turn affects
SLC3A2 expression and ultimately ferroptosis in NSCLC.
The discovery of this regulatory process further improves
the research on the molecular mechanism of lung can-
cer progression, and brings new targets and therapeutic
strategies for the treatment of lung cancer.

Materials and methods

Cell culture, reagents and antibodies

Human NSCLC cell lines H460 (RRID: CVCL_0459),
H157 (RRID: CVCL_0463), A549 (RRID: CVCL_0023),
H1299 (RRID: CVCL_0060) and human normal lung
epithelial cell line BEAS-2B (RRID: CVCL_0168) were
purchased from the Wuhan Pricella Biotechnology Co.,
Ltd. All cell lines were cultured in 5% CO, at 37 °C in a
humidified incubator. RRID: CVCL_0168 and RRID:
CVCL_0023 were cultured in DMEM medium. RRID:
CVCL_0463, RRID: CVCL_0060, and RRID: CVCL_0459
were cultured in RPMI-1640. Both DMED and RPMI-
1640 were supplemented with 10% (vol/vol) fetal bovine
serum (FBS) and 1% penicillin/streptomycin. The anti-
bodies used in this study were listed as follows: JMJD6
antibody (Santa Cruz Biotechnology, Cat# sc-28348,
1:1000), METTL14 antibody (CST, Cat# 48699, 1:1000),
SLC3A2 antibody (Abways, Cat# CY8416, 1:1000),
GAPDH antibody (Abways, Cat# AB2000, 1:6000),
Flag-tag antibody (Abways, Cat# AB0030, 1:1000), HA-
tag antibody (proteintech, Cat# 51064-2-AP, 1:3000),
Acetylated-Lysine Antibody (CST, Cat# 9441, 1:1000),
JMJD6-acK375 antibody (Jiaxuan Biotech Cat#JXR7611,
1:1000), Rabbit Anti-Goat IgG (H+L) HRP (Abways,
Cat# AB0101, 1:8000).

Clinical samples

The specimens were obtained with the written informed
consent of all patients. And has won The First Affiliated
Hospital of Zhengzhou University Scientific Research
and Clinical Trials Ethical Committee approval, project
number is 2020 - KY -301.

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from cultured cells using the
total RNA extraction re-agent Beyozol (Beyotime R0011)
according to the manufacturer’s instructions. RNA
purity and content were determined using a NanoDrop
2000c spectrophotometer (ThermoFisher Scientific). 1
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ug of total RNA was reverse transcribed a-ccording to
Hifair°III 1st Strand cDNA Synthesis SuperMix for qPCR
(YEASEN 11141ES60). Real-time quantitative PCR reac-
tions were then performed usingSYBR Green Master
Mix (YEASEN 11202ES08) on a QuantStudio 3 detec-
tion system (ThermoFisher Scientific). JMJD6 specific
primers for: forward primer 5- AAACTTTTGGAAGA
CTACAAGGTGC-3’; reverse primer 5-CCCAGAGAG
GGTCGATGTGAATC-3! SLC3A2 specific primers for:
forward primer 5-CTGGTGCCGTGGTCATAATC-3’;
reverse primer 5- GCTCAGGTAATCGAGACGCC-3.
METTL14 specific primers for: forward primer 5- GAG
ATTGCAGCACCTCGATC-3’; reverse primer 5- TGCT
ACGCTTCACAGTTCCT-3.

Cell proliferation, migration and invasion assays

Cell proliferation was detected by colony formation
assay, CCK8 and EdU assay. Colony formation assay: 700
cells were added to each well of a 6-well plate and cul-
tured for about 2 weeks until obvious colony formation
appeared. The cells were gently washed with PBS, fixed
with 4% paraformaldehyde, stained with crystal violet
(Beyotime), and the number of colonies was counted. For
CCKS8 assays, the results were performed according to
the CCK-8 Cell Proliferation Kit (US EVERBRIGHT); at
each time point, 10 pl of CCK-8 was added to each well
of a 96-well plate and the cells were stained at 37 °C. The
absorbance was then measured at 450 nm. EAU experi-
ments, EQU experiments were performed using the Beyo-
Click EdU cell proliferation kit (Beyotime) containing
Alexa Fluor 488 and were performed according to the
manufacturer’s instructions.

Cell migration and invasion assay: For wound healing
assay, the cells were spread into a 3.5 cm culture dish
in advanced stage. When the cell confluence reached
more than 90%, 3 wounds were scratched with 10ul ster-
ile tips, the floating cells were washed off with PBS, and
then the cells were cultured in serum-free medium for
12 h. For the transwell assay, lung cancer cells of differ-
ent transfection groups were suspended in 200ul serum-
free medium at a concentration of 1x10° cells /ml and
placed in the upper chamber of the transwell chamber.
For invasion assays, inserts were precoated with 100ul of
diluted Matrigel for 30 min, and 600ul of medium con-
taining 20% FBS was added to the lower chamber of the
transwell apparatus. The cells were incubated for 6 to 8 h
for migration assay and 24—48 h for invasion assay. After
incubation, inserts were washed with PBS, fixed in 4%
formaldehyde for 20 min, and stained with crystal violet
for 30 min.

Cell viability and MDA
Cells were first seeded in 96-well plates and treated with
Erastin (MedChemExpress, #HY-15763) or Ferrostatin-1
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(MedChemExpress, # HY-100579). The cells were then
incubated with 10 puL of CCK8 (US EVERBRIGHT)
at 37 °C for 30-40 min, and finally the absorbance at
450 nm was measured by enzyme labeling. Malondial-
dehyde (MDA) detection kit (Beyotime, #S0131S) was
used to analyze the production of MDA in lung cancer
cells of different transfection groups. In this experiment,
erastin was used at a concentration of 25 pum for 48 h. fer-
rostatin-1 was used at a concentration of 20 um for 48 h.

ROS and JC-1 assays

JC-1 was detected using a mitochondrial mem-
brane potential detection kit (Beijing Solarbio
Science&Technology Co.,Ltd, #M8650). The cells were
pre-seeded in glass-bottom cell culture dishes. After
the cells were completely attached to the wall, the laser
confocal detection (Carl Zeiss AG, ZEISS LSM 880) was
performed according to the instructions. Under normal
conditions, the mitochondria were in the multimolecular
state and emitted red fluorescence (excitation wavelength
585 nm, emission wavelength 590 nm). When apoptosis
occurred, JC-1 was in a monomeric state and produced
green fluorescence (excitation wavelength 514 nm, emis-
sion wavelength 529 nm).

ROS levels were measured using the Reactive oxygen
Species Detection kit (Beyotime, #S0033S). After the
fluorescent probe DCFH-DA enters the cells, intracellu-
lar reactive oxygen species can oxidize non-fluorescent
DCFH to produce fluorescent DCF, and the intracellu-
lar ROS content can be reflected by detecting the fluo-
rescence of DCF. Assays were performed using a flow
cytometer (BD ACCURI C6 PLUS) and data were ana-
lyzed using FlowJo (RRID: SCR_008520). In both experi-
ments, erastin was used at a concentration of 25 um for
48 h. ferrostatin-1 was used at a concentration of 20 um
for 48 h.

Immunoprecipitation (IP) and Co-IP

For IP and Co-IP, cells were first lysed in RIPA contain-
ing deacetylase inhibitors and protease inhibitors, Anti-
Flag affinity purified gel beads were added and incubated
overnight at 4 ‘C with shaking. After centrifugation, the
precipitate was collected and washed three times with
lysis buffer. 2Xloading buffer was added and boiled for
8 min. The boiled compounds were centrifuged again,
and the supernatant was used for subsequent Western
blotting. For the pan acetylation analysis, the acetylated
lysine antibody (CST, Cat# 9441, 1:100) was added to the
cleavage product along with protein A beads, and the bed
was shaken overnight at 4 C.

GST pull-down assays
The GST-PCAF fragment protein was induced in BL21
strain and extracted by ultrasound. Then, GST Sep
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Glutathione Agarose Resin (YEASEN, #20507ES10) was
added and purified by shaking overnight at 4 °C. GST-
empty or GST-PCAF fragment proteins were added to
8 ug Flag-JMJD6 transfected cell lysates, shaken for 6 h at
4 °C, centrifuged, and beads eluted with 2Xloading buffer.
The protein expression was detected by SDS-polyacryl-
amide gel electrophoresis and Western blotting.

Chromatin immunoprecipitation (ChIP) assay

H1299 was cross-linked with 1% formaldehyde for
10 min, the reaction was terminated using glycine buf-
fer, and cells were lysed by sonication for 5 min at 4 °C.
The obtained DNA fragments were confirmed by agarose
gel electrophoresis. After confirmation, immunopre-
cipitation was performed with the use of the ChIP Assay
Kit (Beyotime, P2078) according to the manufacturer’s
instructions. Samples were finally treated with RNase A
and proteinase K before RT-qPCR analysis.

MeRIP assays

Total RNA was extracted with Beyozol (Beyotime R0011)
and DNA was removed with DNAse. m6A RNA enrich-
ment kits (Epigentek, USA) were used for the MeRIP
assay according to the manufacturer’s instructions. The
m6A-containing target fragment is pulled down using
beads conjugated to the m6A capture antibody, and the
RNA sequences at the ends of the m6A-containing region
are cleaved using a lysase mixture. The enriched RNA is
then released, purified and eluted, and RT-qPCR is per-
formed after MeRIP to quantify changes in m6A meth-
ylation of the target gene.

Immunofluorescence and immunohistochemistry staining

Tissue sections were fixed in formaldehyde, dehy-
drated in xylene, antigen repaired in sodium citrate,
and removed in hydrogen peroxide. Sections were incu-
bated with primary antibodies against JMJD6(1:200),
GPX4(1:200), SLC3A2(1:200), xCT(1:200), and JMJD6-
acK375 (1:200) overnight at 4 °C. Sections were treated
with secondary antibodies for 1 h at room temperature
and examined by the streptavidin-biotin-peroxidase
method. The IHC results were analyzed and scored by
pathologists. For immunofluorescence, cells were fixed
with 4% formaldehyde, permeabilized and blocked,
and then stained with anti-Flag-tag (1:500), JMJD6-
acK375(1:500) primary and fluorescent secondary anti-
bodies (Alexa Fluor 594-labeled goat anti-rabbit IgG) and
DAPI as indicated. Finally, the images were taken with a
laser confocal microscope.

In vivo xenograft tumor growth experiments

Balb/c nude mice were subcutaneously injected with
1% 10° stable H1299 cells in the lateral abdomen. Tumor
size was measured at the indicated times. Eighteen days
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Fig. 1 JMJD6 expression is upregulated and associated with poor prognosis in Lung cancer patients. (A) TIMER 2.0 database was used for pan-cancer
analysis of JMJD6. (B) The relative expression levels of JMJD6 in lung cancer tissues and adjacent normal tissues in TCGA database. (C) Accuracy of assign-
ment with paired tumor and normal samples from TCGA lung cancer cohort. (D, E) CPTAC data analysis showed that the expression level of JMJD6 in lung
cancer tissues was significantly higher than that in normal tissues (D). Moreover, elevated JMJD6 expression level was significantly correlated with higher
tumor grade of lung cancer (E). (F) Kaplan-Meier analysis of the TCGA dataset showed that high JMJD6 expression predicted poor overall survival. log-rank
test, P=0.0021. (G) The Kaplan-Meier survival analysis was used to analyze the prognosis of JMJD6 in lung cancer from TCGA and GEO database. P values
were determined by log-rank test (P=1.2e-05). (H, I, J) Kaplan-Meier survival analysis of stage |, Il and Il lung cancer patients using TCGA database. (K)
The expression of JMJD6 in paired normal lung tissues and lung cancer tissues was analyzed by immunohistochemistry, and the quantitative results of
immunohistochemical scores are on the right. (L) RT-gPCR was used to analyze the expression levels of JIMID6 in four different lung cancer cell lines and
normal lung epithelial cell BEAS-2B, and statistical analysis was performed. (M) Cell annotated t-SNE plot, with different coloured dots representing the
different cell type information annotated. (N) Tumour cell clustering t-SNE plot, 0-4 represent 5 different cell clusters, respectively. (O) Heatmap showing
expression of significantly upregulated top5 marker genes in 5 different clusters of tumour cells. (P) Violin plots showing JMJD6 gene expression in various

tumour cell subpopulations. Data are expressed as mean+SD.*p < 0.05; **p<0.01; ***p <0.001

after implantation of lung cancer cells, 30 mg/kg of Eras-
tin was injected in situ as directed, once every three days.
Tumor diameters were recorded at 5-day intervals start-
ing when the tumor was visible and detectable. When the
tumor diameter reached about 1 cm, the tumor was dis-
sected and the tumor weight was measured.

Statistical analysis

All experiments were made in triplicate, and GraphPad
Prism (RRID: SCR_002798) software was used for sta-
tistical analysis. Data are presented as mean +standard
deviation (SD). The T test was used for comparison
between groups. Overall survival with Kaplan Meier -
method to evaluate, the log - rank test to determine the
difference was statistically significant. * Indicates p < 0.05;
** indicates p <0.01; *** indicates p <0.001.

Results
JMJDG6 expression is upregulated and associated with poor
prognosis in lung cancer patients
JMJD6 has been identified as exhibiting high levels of
expression in a range of tumor types [14, 15, 26, 27], yet
its expression in lung cancer and the specific mechanism
are still not very clear. In order to further explore the role
of JMJD6 in the occurrence and development of lung
cancer, we conducted a systematic bioinformatics analy-
sis using multiple authoritative databases. Firstly, based
on the Cancer Genome Atlas (TCGA) database, the
expression situation of JMJD6 at the pan-cancer level was
preliminarily analyzed (Fig. 1A). The results show that
JMJD6 is significantly highly expressed in multiple cancer
types, including lung cancer, which provides important
clues for subsequent studies focusing on lung cancer.
Then, based on the TCGA database, a more refined dif-
ferential expression analysis was performed to accurately
compare the expression levels of J]MJD6 in lung cancer
tissues and normal tissue samples (Fig. 1B and C). The
results showed that the expression level of J]MJD6 was
significantly increased in lung cancer tissues compared
with normal tissues. In order to further enhance the reli-
ability of the results, the Clinical Proteomics in Cancer
Analysis Consortium (CPTAC) database was introduced

to further explore the expression of J]MJD6 in lung can-
cer and its corresponding normal tissues (Fig. 1D). The
results of CPTAC database analysis were in high agree-
ment with the previous TCGA database finding that
JMJD6 was stably overexpressed in lung cancer tissues.
Moreover, using the rich resources of CPTAC database,
we further explored the intrinsic association between
JMJD6 expression and tumor stage (Fig. 1E), and found
a significant positive correlation between elevated J]MJD6
expression and higher tumor grade.

Considering that the prognosis of patients is the focus
of clinical attention, this study also comprehensively
evaluated the survival information of JMJD6 in lung can-
cer by integrating TCGA and GEO databases (Fig. 1F
and G). The comprehensive analysis results showed that
high expression of J]MJD6 often predicted poor progno-
sis of lung cancer patients, and provided a potential new
indicator for clinical prognosis judgment. In order to fur-
ther analyze the correlation between the poor prognosis
caused by JMJD6 high expression and the Stage of lung
cancer patients, we performed a more detailed survival
analysis for stage I-III lung cancer patients. After rig-
orous statistical processing, it was found that the high
expression of JMJD6 was significantly correlated with the
prognosis of patients in the Stage I patient population,
and the prognosis of patients with high expression of
JMJD6 was significantly worse (Fig. 1H), suggesting that
this gene may play a key role in the progression of early
lung cancer. Similarly, high expression of JMJD6 may still
be an important risk factor for poor prognosis in Stage
II patients (Fig. 1I), further confirming its negative prog-
nostic effect in the course of lung cancer. However, in
patients with Stage III, the effect of JMJD6 high expres-
sion on the prognosis of patients is relatively insignificant
(Fig. 1J), which may be related to the complex biological
characteristics of tumors in this stage, the superposition
effect of multiple therapeutic interventions, and the het-
erogeneity of samples. Further research is needed to clar-
ify the underlying mechanism.

To further investigate the expression of JMJD6 in lung
cancer, we performed immunohistochemical stain-
ing (IHC) on 25 cancerous tissues and 25 normal lung
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Fig. 2 JMJD6 overexpression stimulates NSCLC progression in vitro. (A) Western blot and (B) RT-gPCR were used to verify the overexpression of JMJD6 in
H460 and H1299 cells at the mRNA and protein levels, respectively. (C) CCK-8 was used to detect the effect of JMJD6 overexpression on cell proliferation
in H460 and H1299 cell lines. (D) Colony formation assay and (E) EJU were also used to detect the effect of JIMID6 overexpression on cell proliferation
in H460 and H1299 cell lines. Representative images are shown on the left and statistical data analysis on the right. (F) The migration ability of H460 and
H1299 cells after overexpression of JMJD6 was determined by wound healing assay. Representative images are shown on the left and statistical data
analysis on the right. (G, H) Transwell assay was used to detect the effect of JIMJD6 overexpression on the migration and invasion of H460 and H1299
cells. Representative images are shown on the left and statistical data analysis on the right. Data are expressed as mean £ SD. Scale bars represent 100 pm.

*£<0.05; *p<0.01; **p< 0,001

tissues. The expression of JMJD6 was assessed using a
scoring system ranging from 0 to 12 points based on the
intensity of staining and the percentage of cells present-
ing a significant positive reaction. The results of the study
also showed that the expression level of JMJD6 was sig-
nificantly elevated in lung cancer tissues compared to
normal lung tissues (Fig. 1K). In addition, the expression
of JMJD6 was relatively higher in lung cancer cell lines
H1299 and H460 compared with normal lung epithelial
cells BEAS-2B, while the expression was higher in cell
lines A549 and H157 (Fig. 1L).

Single-cell resolution helps us to better understand the
diversity of tumor cell sugroups. Therefore, we sought
to determine whether it is possible to distinguish differ-
ences in JMJD6 expression in different lung cancer cell
sugroups at the single-cell level. We selected the GEO:
GSE117570 dataset for analysis. The data were first fil-
tered, standardized and normalized. Then, high variant
genes in single-cell data were subjected to principal com-
ponent downscaling (Fig. S5A) and available dimension
filtering (Fig. S5B). Subsequently. Cells were analyzed for
overall clustering using the FindClusters function (Fig.
S5C). Each cell cluster was manually annotated based
on classical marker genes (Fig. 1M). A total of six major
cell types were annotated, namely epithelial cells, T cells,
NK cells, myeloid cells, B cells and other cell types. Heat-
maps were calculated and plotted using the FindAllIMark-
ers function, showing the relative expression levels of
the top five (Top5) marker genes for each annotated cell
(Fig. S5D). To further explore the heterogeneity of non-
small cell carcinoma tumor cells and the distribution of
JMJD6 genes in different tumor cell subgroups. All epi-
thelial cells were extracted from the overall cells using
the subset function and the analysis process from data
normalization to dimensionality reduction clustering
was repeated. The results showed that 1320 tumor cells
could be classified into 5 clusters (Fig. 1N). Significantly
highly expressed genes in each subgroup were annotated
immediately afterward with a threshold of logfFC=0.25
(Fig. 10 and S5E). We further focused on the expression
of JMJD6 genes in each tumor cell subgroup and plot-
ted violin plots (Fig. 1P) and bubble plots (Fig. S5F) for
demonstration. The results showed that the expression of
JMJD6 varied in different tumor cell subgroups. JMJD6
was significantly highly expressed in the CO and C1 sub-
groups, while it was significantly less expressed in the C2

and C3 subgroupos. These results suggest that JMJD6 is
upregulated in lung cancer and that there is a potential
link between high expression levels of J]MJD6 and poor
prognosis. And there is heterogeneity in the expression of
JMJD6 in lung cancer cells.

JMJD6 overexpression stimulates NSCLC progression in
vitro

To evaluate the biological significance of JMJD6 in lung
cancer progression, we initially established stable lung
cancer cell lines overexpressing JMJD6 in H1299 and
H460 cells with relatively low expression levels of JMJD6.
The upregulation of JMJD6 expression in H1299 and
H460 cell lines at both the mRNA and protein levels was
confirmed using real-time quantitative PCR (RT-qPCR)
and Western blot (Fig. 2A and B). The impact of JMJD6
on lung cancer cell proliferation, migration, and inva-
sion was examined through in vitro functional assays.
The results of the CCK-8 cell proliferation assay indi-
cated a significant increase in proliferation rate in the
H1299 and H460 cell lines following JMJD6 overexpres-
sion (Fig. 2C). Furthermore, the colony formation assay
demonstrated a marked increase in the number of cell
colonies in the JMJD6 overexpression group compared
to the control group (Fig. 2D). Since the cell propor-
tion of EdU is an important measure of cell proliferation
rate, we also performed EdU experiments (Fig. 2E). The
results showed that overexpression of JMJD6 resulted in
a higher proportion of cells incorporated with EAU, indi-
cating an enhanced rate of cell proliferation. Subsequent
investigation using a wound healing assay confirmed that
JMJD6 overexpression promoted the migration of lung
cancer cells, as evidenced by accelerated wound closure
compared to control cells (Fig. 2F). Transwell assay was
employed to assess the migration of lung cancer cells, and
Matrigel treatment in the chamber was utilized to evalu-
ate their invasive potential (Fig. 2G and H). The conclu-
sive findings indicated a notable increase in the invasion
and migration capabilities of lung cancer cells within the
JMJD6 overexpression cohort. These results imply that
elevated JMJD6 expression facilitates tumorigenesis in
lung cancer by augmenting cellular proliferation, migra-
tion, and invasion, thus indicating a potential oncogenic
function for JMJD6.
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Fig. 3 JMJD6 deficiency significantly represses NSCLC progression in vitro. (A) Western blot and (B) RT-gPCR were used to detect the knockdown effi-
ciency of JMJD6 in A549 and H157 cell lines at protein and mRNA levels, respectively. (C) CCK-8 assay was used to detect the effect of JIMJD6 knockdown
on the proliferation of H157 and A549 cells. (D) Colony formation assay and (E) EdU were also used to detect the effect of JMJD6 knockdown on the
proliferation of H157 and A549 cells. Representative images are shown on the left and statistical data analysis is shown on the right. (F) The effect of
JMJD6 knockdown on the migration ability of A549 and H157 cells was detected by wound healing assay. Representative pictures are shown on the left
and statistical data analysis on the right. (G, H) The effect of JMJD6 knockdown on the migration and invasion ability of A549 (G) and H157 (H) cells was
detected by transwell. Representative pictures are shown on the left and statistical data analysis on the right. (I) The effect of JMJD6 inhibitor SKLB325 on
the proliferation of A549 cells was detected by CCK-8 cell proliferation assay. (J) Transwell assay was used to detect the effect of JMJD6 inhibitor SKLB325

on the migration and invasion of A549 cells. Data are expressed as mean + SD. Scale bars represent 100 um. *p <0.05; **p < 0.01; ***p <0.001

JMJD6 deficiency significantly represses NSCLC
progression in vitro

To further confirm the regulatory function of JMJD6
in lung cancer progression, A549 and H157 cells with
relatively high expression of JMJD6 were transfected
with lentivirus to knockdown JMJD6, and stable knock-
down cell lines were established. The efficacy of JMJD6
knockdown was confirmed at both the mRNA and pro-
tein levels using RT-qPCR and Western blot analysis,
respectively (Fig. 3A and B). Subsequently, the CCK-8
cell proliferation assay was conducted, and the results
showed that suppression of JMJD6 expression in these
cell lines led to a decreased proliferation rate compared
to their respective controls (Fig. 3C). Colony formation
assay (Fig. 3D) and EdU assay (Fig. 3E) were used to fur-
ther investigate the effect of J]MJD6 on the proliferation
of NSCLC cells. The findings revealed a decrease in the
number of EdU-labelled proliferating cells and a signifi-
cant reduction in cell colonies upon inhibition of JMJD6
expression, suggesting a notable attenuation in the pro-
liferation capacity of lung cancer cells in the absence of
JMJD6. Furthermore, the study also assessed the influ-
ence of JMJD6 on the migration and invasion of NSCLC
cells. The results from both wound healing (Fig. 3F) and
transwell (Fig. 3G and H) assays demonstrated a signifi-
cant reduction in the migratory capacity of A549 and
H157 cells following JMJD6 inhibition compared to the
control group. Additionally, the invasive potential of lung
cancer cells was evaluated using Matrigel treatment in
the transwell assay, revealing a decrease in the number
of invasive cells upon JMJD6 knockdown. In conclusion,
these results indicate that J]MJD6 knockdown effectively
impedes the progression of NSCLC in vitro.

To further validate our results and enhance the clinical
translation of our findings. We also selected SKLB325,
a small molecule inhibitor of JMJD6, based on previous
studies of JMJD6-related inhibitors [28, 29], and pur-
chased the finished drug from MCE. The anti-tumor
effect of JMJD6 deficiency was further confirmed by par-
tial in vitro functional experiments using SKLB325 in
A549 and H1299 cell lines. CCK-8 cell proliferation assay
(Fig. 3I and S1C) was performed in A549 and H1299
cell lines, and the results showed that the proliferation
rate of both cell lines decreased significantly after treat-
ment with SKLB325 inhibitor. In addition, transwell cell

migration (Fig. 3] and S1D) and invasion assays (Fig. 3]
and S1D) were performed, and the results proved that
the migration and invasion abilities of both cell lines were
significantly decreased after treatment with SKLB325.
The above results again demonstrated that inhibition of
JMJD6 expression has a significant inhibitory effect on
lung cancer cell progression in vitro. It also suggests the
further development of small molecule inhibitors tar-
geting JMJD6 and its role in the progression of different
cancers.

JMJD6 functions as a negative modulator in regulating
lung cancer cell ferroptosis
To explore the role of JMJD6 in lung cancer progres-
sion and its effect on downstream target genes, we per-
formed RNA-seq analysis in H1299 cells transfected with
JMJD6 overexpression. The sequencing data were ana-
lyzed by principal component analysis (PCA) (Fig. 4A)
and unsupervised hierarchical clustering analysis (unsu-
pervised hierarchical clustering) (Fig. 4B), respectively.
Subsequently, significantly differentially expressed genes
(DEGs) were divided into up-regulated genes and down-
regulated genes for Gene ontology (GO) (Fig. 4C) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Fig. 4D) analyses. The results show that JMJD6 is
involved in a variety of signal transduction and cell adhe-
sion related signaling pathways, which is closely related
to the occurrence, development and metastasis of
tumors. Notably, some of the DEGs that were negatively
correlated with ferroptosis, such as SLC3A2, were up-
regulated when JMJD6 expression was changed, so it was
enriched in the up-regulated pathway. This situation also
intrigued us, and therefore, our studies turned to eluci-
date the role of JMJD6 in the regulation of ferroptosis.
Ferroptosis, a form of iron-dependent and regulated
necrosis driven by lipid peroxidation, has demonstrated
therapeutic potential in diverse cancer types [30-32].
Thus, to elucidate the role of JMJD6 in ferroptosis, we
subjected lung cancer cells with altered JMJD6 expres-
sion levels to the ferroptosis inducer erastin, followed by
monitoring of specific ferroptosis markers. The results
from Reactive oxygen species (ROS) (Fig. 4E) and lipid
peroxidation assays (Fig. 4F) indicated that overexpres-
sion of JMJD6 led to a reduction in ROS content and
malondialdehyde (MDA) levels to a certain degree.
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Fig. 4 JMJD6 functions as a negative modulator in regulating lung cancer cell ferroptosis. (A) Volcano plot of different gene expression profiles in H1299
cells overexpressing JMJD6. The genes marked in gray were not significantly different, while the genes marked in red and blue showed significant
changes in expression levels. (B) Heatmap shows the expression ratio of significantly differentially expressed genes (fold change > 1, P<0.05) in RNA-seq
analysis. (C) Gene Ontology (GO) was used for functional annotation and enrichment analysis of up-regulated and down-regulated genes. Among the up-
regulated genes, the top three in BP, CC and MF were selected for enrichment analysis. Among down-regulated genes, the top three enrichment in BP, CC
were selected for analysis, while the top two enrichment in MF were selected for analysis. (D) The up-regulated and down-regulated Genes were analyzed
by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. (E) Flow cytometry analysis of ROS in JMJD6 overexpression H460 cells. Representative
images are shown on the left and statistical data analysis on the right. (F) The changes of lipid peroxidation level in JMJD6 over-expressed H1299 cells
were detected by MDA method. (G) JC-1 fluorescent probe was used to detect the degree of mitochondrial membrane potential depolarization in H1299
cells with JMJD6 overexpression. Representative images are shown on the left and statistical data analysis on the right. The scale bars represent 50 um. (H)
ROS content in JMJD6 knockdown H157 cells was detected by flow cytometry. Representative images are shown on the left and statistical data analysis
on the right. (I) MDA assay was used to detect the changes of lipid peroxidation in JMJD6 knockdown A549 cells. (J) JC-1 fluorescent probe was used to
detect the changes of mitochondrial membrane potential in JMJD6 knockdown A549 cells. Representative images are shown on the left and statistical
data analysis on the right. The scale bars represent 50 um. (K) The JMJD6 knockdown A549 cells were treated with erastin and fer-1, respectively, and the
cell viability was detected. (L, M, N) Tumor images of nude mice in control group, overexpressed JMJD6 group and overexpressed JMJD6 with injected
30 mg/kg erastin group (L). Tumor weight (M) and growth curve (N) were measured. Data are presented as mean + standard deviation. Data are presented
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Fig. 5 JMJD6 inhibits SLC3A2 expression by METTL14 mediated m6A manner. (A) The TCGA database was used to analyze the ferroptosis-related genes
significantly related to JMJD6 in lung cancer cells. (B) TCGA database was used to analyze the expression level of SLC3A2 in lung cancer tissues and normal
tissues. (C) TCGA data set was used to analyze the Kaplan-Meier survival of lung cancer patients with high SLC3A2 expression. (D) Heat map analysis of
m6A modication-related enzyme genes was performed. (E) Protein-protein interaction network (PPI) was used to analyze the interaction of JMJD6 with
METTL14 and SLC3A2. (F, G) The expression levels of METTL14 and SLC3A2 in H1299 cells after IMJD6 knockdown were verified by Western blot and RT-
gPCR at the protein (F) and mRNA (G) levels, respectively. (H, I) The expression levels of METTL14 and SLC3A2 after JMJD6 overexpression were verified by
Western blot and RT-gPCR at the protein level (H) and mRNA level (1), respectively. (J) CUT&Tag detection, representative trace plots showing the region
of JMJD6 binding METTL14 and peak plots regulating changes in its H4R3m2a modification levels. The arrow marks the promoter region. (K) ChIP-gPCR
was used to verify the binding of JMJD6 and H4R3me2a to the promoter region of METTL14 (500-1000). (L) Western blot was used to verify the expression
levels of JMJD6 and SLC3A2 after knockdown of METTL14. (M) Western blot was used to verify the expression levels of JMJD6 and METTL14 after SLC3A2
knockdown. (N, O) METTL14 was knocked down in H1299 cells, and the effect of METTL14 on SLC3A2 expression was verified by detecting the m6A level
(N) and mRNA expression (0) of SLC3A2, respectively. (P) The effects of JIMJD6 and METTL14 on SLC3A2 expression were verified by detecting the mRNA
stability of si-JMJD6 group, METTL14 overexpression group and si-JIMJD6/si-METTL14 group. (Q) The effects of JMJD6 and METTL14 on SLC3A2 expression
were verified by detecting the stability of SLC3A2 mRNA in JMJD6 overexpression group, si-METTL14 group and Flag-JIMJD6/Flag-METTL14 group. (R)
SLC3A2 3'UTR containing either wild-type or mutant (A-to-C mutation) m6A sites was cloned into luciferase reporter vector. (S) Relative luciferase activ-
ity of the wild-type and mutant form of SLC3A2 3'UTR reporter vectors in A549 cells transfected with si-control or si-METTL14, respectively. (T, U, V) The
correlation between JMJD6, METTL14 and SLC3A2 was analyzed by TCGA database. Data are presented as mean£SD. *p <0.05; **p <0.01; ***p <0.001

However, following erastin induction, the levels of ROS
and MDA in the JMJD6 overexpression group were sig-
nificantly decreased compared to those in the control
group. To further investigate the potential relationship
between JMJD6 and ferroptosis, alterations in mito-
chondrial structure and function were assessed using
a JC-1 fluorescent probe to measure the extent of mito-
chondrial depolarization based on the red to green fluo-
rescence intensity ratio (Fig. 4G and S1A). The findings
indicated that upregulation of JMJD6 led to a decrease in
mitochondrial depolarization, accompanied an increase
in the polymorphism/monomer ratio. Furthermore,
the disparity between the control group and the JMJD6
overexpression group was more pronounced following
erastin treatment. To validate these results, we silenced
JMJD6 expression in lung cancer cells. Treatment with
the inducer erastin was then continued, and ROS and
MDA content were measured. It was found that JMJD6
knockdown resulted in a certain increase in ROS level
(Fig. 4H) and MDA level (Fig. 41), and attenuated mito-
chondrial depolarization (Fig. 4] and S1B) compared with
the control group, and these differences were exacerbated
by the addition of erastin. Cell viability assay showed that
the cell viability of A549 cells was significantly decreased
after IMJD6 knockdown and erastin addition (Fig. 4K). In
order to delve deeper into the impact of JMJD6 on lung
cancer progression, in vivo experiments were conducted
using a xenograft model. According to (Fig. 4L-N), the
tumor volume and weight were notably larger in the
group overexpressing JMJD6 compared to the NC group.
However, the increase in tumor volume and weight
caused by JMJD6 overexpression was significantly attenu-
ated after erastin treatment. Collectively, these results
indicate that JMJD6 plays a negative role in regulating
lung cancer cell ferroptosis process.

JMJD6 inhibits SLC3A2 expression by METTL14 mediated
m6A manner

In order to investigate the precise mechanism by which
JMJD6 influences ferroptosis in lung cancer, we exam-
ined the relationship between JMJD6 and ferropto-
sis-related genes by utilizing the TCGA lung cancer
database. The results of this analysis showed an asso-
ciation between JMJD6 expression and multiple ferrop-
tosis genes (Fig. 5A). By intersecting these genes with
sequencing altered genes, we identified that SLC3A2
is not only correlated with JMJD6 expression, but also
undergoes alteration with JMJD6 overexpression. There-
fore, we focused on SLC3A2 to investigate its potential
role in mediating JMJD6 regulation of ferroptosis in lung
cancer cells. Then, we analyzed the association between
SLC3A2 and lung cancer, and found elevated expression
of SLC3A2 in cancerous tumor tissues compared to nor-
mal tissues (Fig. 5B). Additionally, lower overall survival
rates were observed in cases with higher SLC3A2 expres-
sion (Fig. 5C). Previous studies have indicated that RNA
m6A modification can impact the regulation of ferrop-
tosis genes [33, 34]. To clarify whether JMJD6 can also
regulate the expression of SLC3A2 by affecting m6A
modification, we reanalyzed the changes in m6A modi-
fied regulatory genes in the sequencing data. Multiple
m6A modified regulatory genes exhibited alterations,
with METTL14 demonstrating the highest frequency
of changes (Fig. 5D). And we again verified the interac-
tion between JMJD6 and METTL14 by protein interac-
tion analysis (PPI) (Fig. 5E). Subsequently, RT-qPCR and
Western blot experiments confirmed that METTL14
was significantly up-regulated after JMJD6 knockdown,
while SLC3A2 was significantly down-regulated at both
mRNA and protein levels (Fig. 5F and G). After J]MJD6
overexpression, METTL14 expression was significantly
down-regulated at both mRNA and protein levels, while
SLC3A2 expression was significantly up-regulated at
both mRNA and protein levels (Fig. 5H and I).
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To elucidate the precise interaction mechanism among
JMJD6, METTL14, and SLC3A2, we undertook a com-
prehensive investigation. JMJD6 is known to have his-
tone arginine demethylase activity, removing methyl
groups from either symmetric (H4R3me2s) or asym-
metric (H4R3me2a) methylated arginine, and H4R3me2a
is an important marker for transcriptically active chro-
matin [35, 36]. Therefore, to investigate whether JMJD6
regulates METTL14 expression through its arginine
demethylase activity, we first examined the enrichment
of JMJD6 on the METTL14 genome and the modifica-
tion of METTL14 using CUT&Tag technology in the
control and JMJD6 overexpression groups (Fig. 5J). The
results showed that JMJD6 overexpression significantly
increased its enrichment level in the promoter region
of METTL14 gene compared with the control group.
H4R3me2a modification was also mainly distributed in
the promoter region of METTLI14, and the overexpres-
sion of JMJD6 significantly reduced the abundance of
H4R3me2a in the promoter region. Subsequently, to
determine the exact binding site of JMJD6 regulating
METTL14 H4R3me2a demethylation, we performed
ChIP-qPCR and found that both JMJD6 and H4R3me2a
bind to the METTL14 promoter (500-1000). This pro-
moter is located upstream of the METTL14 transcrip-
tion start site (TSS) (Fig. 5K). Furthermore, we found that
the upregulation of SLC3A2 was observed following the
depletion of METTL14, whereas the expression of JMJD6
remained relatively unchanged (Fig. 5L). Conversely, the
knockdown of SLC3A2 did not result in significant alter-
ations in the expression levels of JMJD6 and METTL14
(Fig. 5M), indicating that SLC3A2 does not play a sig-
nificant role in regulating the expression of J]MJD6 and
METTL14.

METTL14, a member of the m6A methylation modify-
ing enzyme family, is involved in the regulation of RNA
m6A modification. Therefore, we hypothesized that
METTL14 may influence SLC3A2 expression by altering
the m6A modification level of SLC3A2 mRNA. Interest-
ingly, MeRIP assay showed that the m6A level of SLC3A2
mRNA was significantly reduced after knockdown of
METTL14 (Fig. 5N), while RT-qPCR results indicated
a significant increase in the expression level of SLC3A2
mRNA following METTL14 knockdown (Fig. 50). Then,
we also examined the changes in SLC3A2 mRNA stability
under different treatment conditions using the transcrip-
tion inhibitor Actinomycin D. The findings indicated that
JMJD6 knockdown had the same inhibitory effect on
SLC3A2 mRNA stability as METTL14 overexpression,
but the inhibitory effect caused by JMJD6 knockdown
was significantly relieved after METTL14 knockdown
(Fig. 5P and S4A). On the contrary, overexpression of
JMJD6 had the same effect as knockdown of METTL14,
both of which promoted the stability of SLC3A2 mRNA,
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and the promotion effect brought by overexpression of
JMJD6 was significantly relieved after overexpression
of METTL14 (Fig. 5Q and S4B). In addition, to further
verify the effect of m6A modification of SLC3A2 on its
mRNA stability. We also performed a dual luciferase
reporter assay. SRAMP software was used to predict the
m6A modification sites of SLC3A2 mRNA. Based on the
predicted results, two of the putative m6A sites were
mutated (A to C) to construct wild-type SLC3A2 (3’'UTR
-WT) and mutant SLC3A2 (3’UTR-Mutl and 3'UTR-
Mut2) luciferase reporter plasmids (Fig. 5R), and the
luciferase activity of the wild-type or mutant SLC3A2-
fused reporter was measured in control and METTL14-
knockdown H1299 and A549 cells. The results showed
that METTL14 knockdown improved mRNA stabil-
ity (firefly luciferase activity as a proxy for mRNA sta-
bility) in both the SLC3A2-WT and SLC3A2-Mut2
groups, whereas this increase was not observed when
the SLC3A2-Mutl reporter was introduced (Fig. 5S and
S4C). Again, this indicates that SLC3A2 downregulation
is mediated by METTL14-mediated m6A modification,
which reduces SLC3A2 mRNA stability. Subsequently,
we performed correlation analysis of the expression lev-
els of JMJD6, METTL14 and SLC3A2 in TCGA lung
cancer database, and found that JMJD6 was negatively
correlated with METTL14 (Fig. 5T), positively correlated
with SLC3A2 (Fig. 5U), and METTL14 was negatively
correlated with SLC3A2 (Fig. 5V). These results suggest
that JMJD6 affects METTL14 expression in an arginine
demethylase dependent manner, thereby mediating m6A
modification of SLC3A2 to regulate its expression level.

JMJD6 is acetylated at lysine 375 by PCAF

There are few reports about how JMJD6 was regulated,
and there was no report about the protein post-transla-
tional modifications (PTM) in JMJD6. In an attempt to
identify JMJD6 PTM, we found that JMJD6 is an acety-
lated protein in living cells. Specifically, we utilized
anti-acetylated lysine antibody immunoprecipitation in
lung cancer cells and checked whether JMJD6 protein
can be detected in the pull-down samples. Intriguingly,
JMJD6 was identified as an acetylated protein within the
co-immunoprecipitation complex (Fig. 6A). The pos-
sible acetylation sites of JMJD6 were identified by liquid
chromatography-mass spectrometry and Lysins 375 and
376 were found to be acetylated and conserved in mul-
tiple species (Fig. 6B and C). Therefore, we used pan-
acetylation antibody to verify the acetylation of JMJD6
with K375 and K376 gene mutations, and the results
showed that only the deletion mutation of lysine 375
(K375R) could reduce the acetylation level, confirming
that lysine 375 is a major acetylation modification site
of IMJD6 (Fig. 6D). So, we synthesized a K375 site spe-
cific acetylation antibody based on this, and verified its
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Fig.6 JMJDG6 is acetylated at lysine 375 by PCAF. (A) Flag tagged JMJD6 expression vector was introduced into H1299 cells and cell lysates were then im-
munoprecipitated with anti-acetylated lysine (AcK) antibody or normal IgG followed by immunoblotting with anti-Flag antibody. (B) Liquid chromatogra-
phy-mass spectrometry (LC/MS) was used to detect the lysine site of IMJD6, and the spectrum displayed the acetylation sites of JMJD6 (C) The sequences
adjacent to human JMJD6-K375 from different JMJD6 homologues species were aligned. (D) Flag-tagged JMJD6-WT, JMJD6-K375R and JMJD6-K376R
mutants were co-transfected with PCAF into H1299, respectively. Cell lysates were co-precipitated with anti-Flag antibody and immunoblotted with
pan-acetylated antibody. (E, F) Western blot and dot blot hybridization assays were used to detect the efficiency of JMJD6-acK375-specific acetylation
antibody. (G) Flag-JMJD6 expression vector and multiple acetyltransferase expression vectors were co-transfected into H1299 cells, and Western blot
analysis was performed with JMJD6-acK375 antibody to explore the acetylase of JMJD6. (H) site-specific acetylation of K375 by JMJD6 was detected by
immunofluorescence in PCAF overexpressing A549 cells. Scale bars represent 20 um. (I) site-specific acetylation of K375 by JMJD6 was detected by im-
munofluorescence in PCAF knockdown H1299 cells. Scale bars represent 50 um. (J) Flag-PCAF expression vector was transfected into H1299 cells, and the
interaction between JMJD6 and PCAF was detected by Western blot. (K) HA-PCAF and Flag-JMJD6 expression vectors were introduced into H1299 cells
and co-immunoprecipitated with Flag gel beads followed by detection with the labeled antibodies. (L) The lysates of Flag-JMJD6 transfected H1299 cells
were used for GST pull-down assay. Western blot was performed with anti-Flag and the purified GST-PCAF fusion protein was detected by Coomassie
brilliant blue staining. Arrows indicate the correct molecular weight of the corresponding protein. (M) Laser confocal microscopy was used to detect
the co-localization of PCAF (red) and JMJD6 (green). Nuclei were stained with DAPI (blue). Scale bars represent 20 um. Data are expressed as mean +SD.

*p.<0.05; *p<0.01; **p<0.001

specificity by Western blot (Fig. 6E) and dot blot (Fig. 6F).
Additionally, acetylation of JMJD6 was observed upon
ectopic expression of acetyltransferase PCAF, while other
acetyltransferases such as CBP, p300, and KAT2A did
not exhibit this effect (Fig. 6G). Subsequently, the acety-
lation of PCAF on the JMJD6 K375 site was confirmed
through immunofluorescence staining. A549 and H1299
cells were subjected to overexpression and knockdown of
PCAEF, followed by incubation with the antibody specific
to the JMJD6-acK375 site. Knockdown of PCAF resulted
in a reduction of JMJD6 acetylation at K375 (Fig. 61 and
S2A), while overexpression of PCAF led to an increase in
the acetylation level of JMJD6 (Fig. 6H and S2B). Thus,
we pinpointed for the first time that JMJD6 is able to be
acetylated by PCAF, representing a paradigm that JMJD6
can be post-translationally modified.

Given that PCAF acetylated JMJD6, we speculate that
there may be a direct interaction between them. Endog-
enous JMJD6 was immunoprecipitated by Flag tagged
PCAF in H1299 cells (Fig. 6]). In addition, exogenously
expressed JMJD6 and PCAF could be immunopre-
cipitated using different tag antibodies (Fig. 6K). These
findings unequivocally establish the presence of both
endogenous and exogenous interactions between JMJD6
and PCAF in living cells. In order to ascertain the spe-
cific binding region of JMJD6 to PCAF, three GST fusion
proteins encompassing the N-terminal, HAT, and Bromo
domains of PCAF were initially generated and produced
from E. coli BL21. Subsequent GST pull-down analysis
revealed that JMJD6 predominantly associates with the
Bromo domain of PCAF (Fig. 6L). Furthermore, immu-
nofluorescence staining demonstrated the co-localization
of IMJD6 and PCAF within the nucleus (Fig. 6M and
S2C). Consequently, these findings indicate that JMJD6
has the capacity to interact with PCAF in both in vitro
and in vivo.

JMJD6 acetylation inhibits NSCLC progression and
xenograft growth by promoting ferroptosis

In order to investigate the impact of J]MJD6 K375 acet-
ylation on the proliferation, migration, and invasion
capabilities of lung cancer cells, we established stable
overexpression of JMJD6 WT, K375R and JMJD6 K375Q
cell line (Fig. 7A). It needs to be explained that in gen-
eral, mutation of lysine (K) to arginine (R) is equivalent
to simulated deacetylation, and mutation of lysine to
glutamine (Q) is equivalent to simulated acetylation.
Through the utilization of CCK-8 (Fig. 7B), EdU (Fig. 7C
and S3A), and colony formation assays (Fig. 7D) to assess
cell proliferation, it was observed that the JMJD6 K375R
mutant exhibited a significantly heightened cell prolif-
eration capacity compared to wild-type cells, whereas
the acetylated mutant JMJD6 K375Q demonstrated a
notable decrease in cell proliferation ability. Next, tran-
swell assays indicated that cells expressing JMJD6-K375R
exhibited a notable enhancement in migration and inva-
sion capabilities compared to JMJD6-WT, whereas
JMJD6-K375Q group demonstrated a significant reduc-
tion (Fig. 7E). Besides, as shown in Fig. 7F, xenograft
tumors in mice expressing JMJD6-K375R exhibited
notably accelerated tumor growth and increased tumor
volume in comparison to those expressing JMJD6-WT.
Conversely, IMJD6-K375Q displayed a decelerated tumor
growth rate and reduced tumor volume compared to
tumor expressing JMJD6-WT (Fig. 7F-H). These find-
ings collectively support the conclusion that acetylation
of IMJD6 K375 acetylation suppresses the proliferation,
migration, and invasion of lung cancer cells, as well as
inhibiting xenograft tumor growth in mice.

Considering JMJD6 regulates ferroptosis in lung can-
cer cells, we are interested in testing whether acetylation
will affect its regulation of ferroptosis, thereby influenc-
ing lung cancer development. Interestingly, there were
no significant differences in ROS levels (Fig. 7I), and cell
viability (Fig. 7J) among H1299 cells expressing JMJD6-
WT, IMJD6-K375R, and JMJD6-K375Q. However, after
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erastin treatment, the ROS level of JMJD6-K375R group
(Fig. 7I) was significantly lower than that of JMJD6-W'T
group, while the cell viability of JMJD6-K375R group
(Fig. 7]) was significantly higher than that of JMJD6-
WT group. The opposite was observed in J]MJD6-K375Q
group. Treatment with the ferroptosis inhibitor Fer-
rostatin-1 (Fer-1) markedly attenuated this difference.
Additionally, following erastin treatment, the degree of
mitochondrial depolarization was significantly lower in
the JMJD6-K375R group compared to the JMJD6-WT
group, whereas the JMJD6-K375Q group exhibited a sig-
nificant increase in mitochondrial depolarization (Fig. 7K
and S3B). In addition, immunohistochemical results
showed that the expressions of SLC3A2, GPX4, XCT and
Ki67, which were negatively correlated with ferroptosis,
were significantly increased in the JMJD6-K375R group
compared with the wild type control group, while the
expressions of these indexes were significantly decreased
in the JIMJD6-K375Q group compared with the wild type
control group (Fig. 7L). These results suggest that acety-
lation of JJMJD6 K375 may hinder the progression of
lung cancer by enhancing the regulation of ferroptosis in
lung cancer cells.

Acetylation weakens the activity of JMJD6 in regulating
METTL14 expression and affecting its mediated m6A
modification to regulate SLC3A2

To investigate the molecular mechanism by which JMJD6
acetylation affects the regulation of ferroptosis, we first
investigated the effect of acetylation modification on the
JMJD6/METTL14/SLC3A2 signaling axis. The effect of
acetylation at K375 of JMJD6 on METTL14 expression
was examined by western blot and RT-qPCR, respec-
tively. Interestingly, we observed a significant reduc-
tion in METTL14 expression in the acetylation deficient
mutant group and a significant increase in the expres-
sion of METTL14 in JMJD6-K375Q compared to JMJD6-
WT (Fig. 8A and B). Notably, JMJD6 had no effect on its
expression before and after acetylation modification at
K375, so we hypothesized that JMJD6 acetylation may
affect the downstream expression of METTL14 by regu-
lating its demethylase activity. Subsequently, we used
H4R3me2a antibody to perform METTL14 enrichment
analysis in cells with different JMJD6 acetylation modi-
fication states to explore whether acetylation of JMJD6
K375 would alter the H4R3me2a level of METTL14. Our
findings showed that the enrichment level of H4R3me2a
in METTL14 was significantly lower in the JMJD6-K375R
group and significantly higher in the JMJD6-K375Q
group compared with the JMJD6-WT group (Fig. 8C).
These results suggest that acetylation of JMJD6 K375
attenuated demethylation of the METTL14 promoter
region, resulting in increased H4R3me2a levels and ulti-
mately increased METTL14 expression.
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Besides, there was a notable increase in the expres-
sion of SLC3A2 in JMJD6-K375R, whereas a significant
decrease was observed in the expression of SLC3A2 in
JMJD6-K375Q compared to JMJD6-WT (Fig. 8D and E).
And it’s worth noting, the m6A level of SLC3A2 was also
impacted, with the m6A level in the JMJD6-K375Q group
showing a significant increase and a decrease in the
JMJD6-K375R group relative to the JMJD6-WT group
(Fig. 8F). To verify that the regulation of m6A modifica-
tion level on SLC3A2 mRNA by acetylated J]MJD6 was
still dependent on METTL14, the change of m6A level
in SLC3A2 after knockdown of METTL14 was verified
in JMJD6-WT and JMJD6-K375R groups. The results
showed that there was no significant difference in the
m6A level of SLC3A2 between JMJD6-WT and JMJD6-
K375R in the METTL14 knockdown group (Fig. 8G).
Similarly, we repeated the experimental manipulations
in the JMJD6-W'T and JMJD6-K375Q groups and also
obtained consistent experimental results (Fig. S4D).
These results suggest that acetylated J]MJD6 modulates
the m6A levels of SLC3A2 by regulating METTL14.
Subsequently, it influences the regulation of SLC3A2
expression. To verify that the regulation of ferroptosis
by acetylated JMJD6 at K375 is dependent on SLC3A2
expression, several reversion assays were designed. The
first is the cell proliferation assay (Fig. 8H). In line with
prior findings, cell proliferation was notably elevated in
the JMJD6-K375R group compared to the WT group.
Nevertheless, no significant disparity in cell proliferation
was observed between the JMJD6-K375R group and the
WT group following SLC3A2 knockdown. We also veri-
fied the differences in cell viability (Fig. 8I) and ROS levels
(Fig. 8]), and found that there was no significant differ-
ence between the two groups before erastin treatment.
Subsequent to treatment, the cell viability of the JMJD6-
K375R group exhibited a notable increase compared to
the WT group, while the ROS content was significantly
lower. Notably, SLC3A2 knockdown in both the JMJD6-
K375R and WT groups did not result in significant
alterations in cell viability or ROS content. These find-
ings further confirm that acetylation of the JMJD6 K375
site attenuates the demethylase activity of its H4R3me2a,
which enhances the expression of METTL14, affects its
mediated m6A modification of SLC3A2, and ultimately
promotes the iron death response in lung cancer cells.

Elevated JMJD6 acetylation predicts a favorable survival in
NSCLC patients

Given that the acetylated defective JMJD6-K375R mutant
promotes lung cancer cell migration and tumor growth
in mice, it will be interesting to know whether JMJD6-
K375 acetylation is present to varying degrees in lung
cancer patients. To this end, we used anti-JMJD6-acK375
antibody to detect the acetylation level of JMJD6 in 68
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Fig. 7 JMJD6 acetylation inhibits NSCLC progression and xenograft growth by promoting ferroptosis. (A) H1299 cells stably expressing JMJD6-WT,
JMJD6-K375R and JMIDE-K375Q were established, and the expression of target proteins was confirmed by Western blot analysis with JMJD6 antibody.
(B) CCK-8 was used to detect the effect of JMJD6-K375 acetylation on the proliferation of H1299 cells. (C) EAU was used to detect the effect of JIMJD6-
K375 acetylation on the proliferation of H1299 cells. Representative images are shown on the left and statistical data analysis on the right. The scale bars
represent 100 pm. (D) Colony formation assay was used to detect the effect of IMJD6-K375 acetylation on the proliferation of H1299 cells. Representative
pictures are shown on the left and statistical data analysis on the right. (E) Transwell assay was used to detect the effect of JIMJD6-K375 acetylation on
the migration and invasion of H1299 cells. Representative pictures are shown on the left and statistical data analysis on the right. (F, G, H) Mice were
injected with H1299 cells expressing JMJD6-WT, JIMJD6-K375R and JMID6-K375Q. (H) The growth curve of transplanted tumor in nude mice was drawn.
(F, G) On the 30th day, the images of transplanted tumors were dissected and taken, and the average tumor weight was measured. (I) The effect of JIMJD6
acetylation on ROS level in NSCLC cells. (J) JMJD6 acetylated NSCLC cells were treated with erastin and ferrostain-1, and cell viability was detected. (K)
JC-1 fluorescent probe was used to detect the change of mitochondrial membrane potential in H1299 cells after acetylation of JMJD6. Representative
pictures are shown on the left and statistical data analysis on the right. The scale bars represent 50 um. (L) Expression of JMJD6, GPX4, SLC3A2, xCT and
Ki67 in serial sections of subcutaneous xenograft tumors. Representative images are shown at the top and statistical data analysis is shown at the bottom.

The scale bars represent 100 um. Data are expressed as mean +SD. *p < 0.05; **p <0.01; ***p < 0.001

lung cancer patients by immunohistochemical method,
and found that JMJD6 acetylation level was higher in
the adjacent tissues (Fig. 9A). Next, the relationship
between JMJD6 acetylation expression and the clinical
pathological characteristics of lung cancer patients were
investigated. The results indicated a positive correlation
between elevated levels of JMJD6 acetylation and smaller
tumor size as well as lower clinical stage in lung cancer
cases (Fig. 9B). Statistical analysis further demonstrated
that the expression of JMJD6-acK375 was significantly
higher in stage I-II compared to stages III-IV (Fig. 9C),
and its expression was also higher in tumor tissues<5 cm
than 25 cm (Fig. 9D). Moreover, we also found that
JMJD6 acetylation level was significantly associated with
the prognosis of lung cancer patients, and patients with
elevated JMJD6-K375 acetylation level had better overall
survival than those with low acetylation level (Fig. 9E).
Therefore, these results suggest that elevated J]MJD6 acet-
ylation predicts a favorable survival in NSCLC patients.

Discussion

Lung cancer is one of the most common malignant
tumors in the world, with high morbidity and mortal-
ity [37]. Despite a decline in both incidence and mortal-
ity rates in recent years, lung cancer remains the second
most frequently diagnosed cancer globally. Lung cancer
can be classified into two main pathological subtypes:
non-small cell lung cancer (NSCLC) and small cell lung
cancer (SCLC). NSCLC, comprising 85-90% of all lung
cancer cases, is typically diagnosed at an advanced stage,
leading to a dismal prognosis. Currently, various treat-
ment modalities including surgery, radiotherapy, che-
motherapy, immunotherapy, and molecular targeted
therapy are utilized for the management of NSCLC. In
recent years, small molecule tyrosine kinase inhibitors
(TKIs) have emerged as a promising therapeutic option
for NSCLC, demonstrating efficacy in treatment [38].
Despite these advancements, challenges such as distant
metastasis, drug resistance, and local recurrence persist,
leading to suboptimal treatment outcomes for a sub-
set of patients [7, 8]. Hence, it is imperative to further

investigate additional molecular pathways underlying
the pathogenesis and progression of NSCLC and devise
appropriate therapeutic strategies. The present study
introduces a theoretical framework in which JMJD6 acet-
ylation modulates ferroptosis in lung cancer cells through
its influence on the expression of the ferroptosis-associ-
ated protein SLC3A2 in a METTL14-dependent fashion.
Jumonji domain-containing 6 (JMJD6), a member of
the Jumonji (JMJC) domain family of histone demethyl-
ases, relies on Fe2* and a-ketoglutarate for its enzymatic
function [39, 40]. The demethylation activity of J]MJD6
plays a role in transcriptional regulation, epigenetics,
and other biological processes [10]. JMJD6 has been
implicated in various tumor regulation as a demeth-
ylase. It has been demonstrated that JMJD6, which is
highly expressed in breast cancer, interacts with the
p19ARF promoter to inhibit Myc-induced apoptosis in
various stress conditions by demethylating H4R3me2a
[41]. Additionally, JMJD6 plays a role in regulating the
invasiveness of glioblastoma through its involvement
in epigenetic histone demethylation [42]. In castration-
resistant prostate cancer (CRPC), JMJD6 is implicated
in demethylating histone H3R or H4R at the androgen
receptor (AR) promoter, leading to increased AR mRNA
transcription via its demethylase activity and interaction
with U2AF65 [43]. However, the molecular regulatory
mechanism for JMJD6 regulation in lung cancer remains
largely unclear. This study observed elevated levels of
JMJD6 expression in tumor tissue compared to normal
tissue, with a positive correlation between high JMJD6
expression and advanced clinical stage in lung cancer.
Patients with high JMJD6 expression exhibited a poorer
prognosis compared to those with low expression levels.
The demethylation activity of JMJD6 was reconfirmed in
lung cancer cells, demonstrating its ability to modulate
histone demethylation of METTL14 and subsequently
regulate ferroptosis pathways. Thus, JMJD6 tends to act
as a tumor promoter in lung cancer progression by regu-
lating cancer cell proliferation and migration.
Ferroptosis, a recently discovered form of cell death,
is characterized by iron-dependent lipid peroxidation
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Fig. 8 Acetylation weakens the activity of JMJD6 in regulating METTL14 expression and affecting its mediated m6A modification to regulate SLC3A2. (A,
B) Western blot (A) and RT-gPCR (B) were used to detect the effect of JIMJD6 acetylation on METTL14 expression at the protein and mRNA levels, respec-
tively. (C) CHIP assay was used to verify the regulation of JMJD6 acetylation on the enrichment level of H4R3me2a in the promoter region of METTL14.
(D, E) Western blot (D) and RT-gPCR (E) were used to detect the effect of JMJD6 acetylation on SLC3A2 expression at the protein and mRNA levels, re-
spectively. (F) MeRIP was used to detect the m6A level of SLC3A2 in JMID6-WT, JIMJD6-K375R and JMJD6-K375Q groups, and to verify the effect of IMJD6
acetylation on the m6A modification level of SLC3A2 mRNA. (G) MeRIP was used to detect the effect of METTL14 knockdown and JMJD6 mimics K375
deacetylation on the m6A modification of SLC3A2 mRNA. (H) CCK-8 was used to detect the effect of SLC3A2 knockdown and JMJD6 acetylation deletion
on cell proliferation. (I, J) Cell viability (I) and ROS levels (J) were detected in H1299 cells to assess whether SLC3A2 knockdown would alter the sensitivity
to erastin. Data are expressed as mean+SD. *p < 0.05; **p < 0.01; ***p <0.001

and high levels of reactive oxygen species. An increas-
ing number of studies indicate that the ferroptosis pro-
cess of tumor cells is regulated by m6A modification. It
has been reported the m6A reader YT521-B homolog 2
(YTHDC?2) indirectly hinders the expression of Homeo-
box A13 (HOXA13) and SLC3A2 in lung cancer cells by
recognizing m6A modification, thereby promoting fer-
roptosis [44]. Moreover, another m6A reader, insulin-like
growth factor 2 mRNA binding protein 3 (IGF2BP3), has
been identified as highly expressed in lung cancer cells,
playing a role in maintaining the expression levels and
mRNA stability of various ferroptotic factors, including
SLC3A2, through recognition of m6A modification in
their target genes. This mechanism ultimately serves to
suppress ferroptosis in lung cancer cells [45]. This sug-
gests that SLC3A2 plays a crucial role in the progression
of cancer through ferroptosis, but the specific upstream
and downstream pathways and mechanisms involving
SLC3A2 are not well elucidated. Although research has
shown a correlation between METTL14 and SLC3A2
in colon cancer cells [34], the regulatory connection
between these two proteins in lung cancer cells remains
unexplored. In this study, we started from the discovery
of the new upstream target JMJD6 and refined the down-
stream regulation pathway and mechanism of ferropto-
sis. We found that JMJD6 could regulate the H4R3me2a
level in the METTL14 promoter region to affect the
expression of METTL14, and METTL14 could affect the
expression of SLC3A2 by regulating the mRNAm6A level
of SLC3A2, thereby affecting the ferroptosis process of
NSCLC.

Acetylation is catalyzed by acetyltransferase (KAT),
which transfers acetyl groups from acetyl-CoA to the
e-amino side chain of lysine [46]. It has been demon-
strated that acetylation plays a crucial role in various
physiological processes, such as transcriptional and
metabolic regulation. Dysregulation of lysine acetylation
in specific proteins has been implicated in the pathogen-
esis of numerous serious diseases, including cancer. The
activation of H3K27 acetylation in the STRIP2 promoter
region by P300/CBP leads to the transcription of STRIP2
in NSCLC. This transcriptional activation of STRIP2 then
influences the stability of TMBIM6 mRNA in an m6A-
dependent manner through its interaction with IGF2BP3,
ultimately contributing to the progression of NSCLC

[47]. Furthermore, the acetyltransferase GCN5 has been
shown to enhance the migration and invasion of NSCLC
by facilitating the acetylation of lysine 118 of the SOX4
gene and upregulating the expression of the MMP9 gene
[48]. our previous studies have demonstrated that PCAF
has the capability to interact with HOXB9 and acetylate
its lysine 27 in both in vivo and in vitro settings. This
acetylation of HOXB9 has been found to impede the pro-
gression of lung adenocarcinoma by directly suppress-
ing the transcription of its target gene JMJD6 through
activation of its promoter [49]. Inspired by these stud-
ies, our current study aims to explore the acetylation of
JMJD6, its potential interacting acetylase, and the mecha-
nisms underlying their interaction. Our study revealed
that JMJD6 protein undergoes acetylation by PCAF in
vivo, leading to an increase in H4R3me2a levels in the
METTL14 promoter region and subsequent upregulation
of METTL14 expression. Elevated METTL14 expres-
sion, in turn, results in increased m6A modification
of SLC3A2 mRNA and subsequent downregulation of
SLC3A2 expression.

In summary, we elucidated the mechanistic underpin-
nings of the JMJD6-induced ferroptosis phenotype in
lung cancer, identifying the PCAF-JMJD6-METTL14-
SLC3A2 axis as a key mediator of this cellular process.
Our findings unveil a novel signaling pathway by which
PCAF facilitates the acetylation of JMJD6 at K375, lead-
ing to the modulation of downstream METTL14 and
SLC3A2 expression and ultimately suppressing ferrop-
tosis. Nevertheless, further investigation is needed to
comprehensively elucidate the role of J]MJD6 acetylation
in the regulation of ferroptosis mediated by SLC3AZ2.
Therefore, this study has identified a potential therapeu-
tic approach for lung cancer, and J]MJD6 may serve as a
potentially prognostic biomarker and therapeutic target
in the treatment of lung cancer in the future.
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Fig.9 Elevated JMJD6 acetylation predicts a favorable survival in NSCLC patients. (A) The acetylation level of JMJD6 was detected by immunohistochem-
istry in 68 cases of lung cancer and precancerous lesions. Representative images are shown on the right and statistical data analysis on the left. The scale
bars represent 100 um. (B) Sixty-eight lung cancer patients were clinically selected and divided into two groups, low (0-7) and high (8-12), according to
the expression level of JIMJD6-acK375. Then the expression of JMJD6-acK375 in lung cancer was tested whether it was related to gender, age, differentia-
tion degree, tumour size and TNM stage, respectively. (C) The expression of JMJD6-acK375 was examined in 68 lung cancer tissues with TNM stage |-l
and stage llI-IV. (D) JMJD6-acK375 expression was detected in 68 cases of tumor tissues with tumor size greater than or equal to 5 cm and less than 5 cm.
(E) Kaplan-Meier analysis of JMJD6 hyperacetylation level, log-rank test, P=0.022. (F) The working model elucidates the molecular mechanism through
which JMJD6 influences the expression of its downstream target METTL14 both pre- and post-acetylation, consequently impacting the expression of the
ferroptosis-related protein SLC3A2. In this process, we demonstrated that acetylated JMJD6 enhances METTL14 expression by elevating H4R3me2a levels,

whereas METTL14 overexpression suppresses SLC3A2 expression and impedes the progression of lung cancer cells by facilitating ferroptosis
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