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Abstract

Background Ferroptosis, characterized by iron-dependent lipid peroxidation, emerges as a promising avenue
for hepatocellular carcinoma (HCC) intervention due to its tumor susceptibility. RNA N6-methyladenosine

(m6A) modification has been involved in several types of requlated cell death. However, the roles and molecular
mechanisms of m6A-related regulators in HCC cell ferroptosis remain unclear.

Methods By examining a series of m6A modification enzymes upon ferroptosis induction or inhibition, we identified
METTL16 as a novel ferroptotic repressor in HCC cells. The roles of METTL16 on ferroptosis and HCC development
were investigated in multiple cell lines, human HCC organoids, subcutaneous xenografts and MYC/Trp53~~ HCC
model in hepatocyte-specific Mettl16 knockout and overexpression mice. The underlying mechanism was elucidated
with MeRIP/RIP-gPCR, luciferase assay, Co-IP assay and Mass Spectrometry. The clinical significance and relevance
were evaluated in human samples.

Results High METTL16 expression confers ferroptosis resistance in HCC cells and mouse models, and promotes

cell viability and tumor progression. Mechanistically, METTL16 collaborates with IGF2BP2 to modulate SENP3 mRNA
stability in an m6A-dependent manner, and the latter impedes the proteasome-mediated ubiquitination degradation
of Lactotransferrin (LTF) via de-SUMOylation. Elevated LTF expression facilitates the chelation of free iron and reduces
liable iron pool level. SENP3 and LTF are implicated in METTL16-mediated HCC progression and anti-ferroptotic effects
both in vivo and in vitro. Clinically, METTL16 and SENP3 expression were positively correlated, and high METTL16 and
SENP3 expression predicts poor prognosis in human HCC samples.

Conclusions Our study reveals a new METTL16-SENP3-LTF signaling axis regulating ferroptosis and driving HCC
development. Targeting this axis is a promising strategy for sensitizing ferroptosis and against HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a globally prevalent
malignancy known for its significant incidence and mor-
tality [1]. Systemic therapies utilizing Tyrosine Kinase
Inhibitors (TKIs) have become fundamental in the man-
agement of advanced HCC for decades [2]. Sorafenib,
the first pioneering TKI approved by the Food and Drug
Administration (FDA) for treating malignant HCC, has
been found to induce ferroptosis by inhibiting system
X, and elevating intracellular iron levels, partly explain-
ing its anti-cancer effects [3-5]. Studies have shown
that it is the distinctive augmented metabolic activity of
cancer cells observed within the hepatic tumor micro-
environment, characterized by elevated oxidative stress,
high reactive oxygen species (ROS) burden and increased
reliance on iron, that enhances the efficacy of ferroptosis
inducers such as sorafenib in eradicating tumor cells [6,
7].
The regulated cell death triggered by extensive iron-
dependent lipid peroxidation, known as ferroptosis, has
garnered significant attention as an intrinsic tumor sup-
pressor with crucial roles in malignancies. Intriguingly,
mesenchymal and dedifferentiated cancer cells, typi-
cally resistant to apoptosis and conventional treatments,
exhibit a remarkable susceptibility to ferroptosis, indicat-
ing their promise as a therapeutic strategy for refractory
cancers [8]. Recent research has unveiled the regulatory
mechanisms and cancer implications of ferroptosis in
HCC [9]. In terms of ferroptosis-associated oxidative-
reductive system regulation, ATF4 and USP8 have been
shown to upregulate the transcriptional expression of
SLC7A11 and reduce SLC7A11 GlcNAcylation, thereby
modulating the oxidative-reductive balance through
the X -GSH-GPX4 axis to regulate ferroptosis [10, 11].
Regarding lipid metabolism modulation, unconven-
tional prefoldin RPB5 interactor (URI) ameliorates TKI-
induced ferroptosis by reprogramming lipid metabolism
associated with stearoyl-CoA desaturase 1 (SCD1) [12].
However, research on the modulation of ferroptosis
through iron metabolism, another crucial regulator,
remains relatively limited.

N6-methyladenosine (m6A) methylation represents
the predominant post-transcriptional modification
in eukaryotic mRNA and is governed by m6A meth-
yltransferases catalyzing m6A deposition (“Writer”),
demethylases facilitating m6A removal (“Eraser”) and
RNA-binding proteins recognizing and binding m6A
motifs (“Reader”), playing significant roles in the regula-
tion of mRNA splicing, decay, stability, translation and
nuclear export. Aberrant expression of mo6A-related
regulators in cancer has been linked to tumor develop-
ment and has recently attracted considerable attention.
Interventions targeting RNA modifications have dem-
onstrated efficacy in disrupting tumor cell survival, thus
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offering novel avenues for cancer treatment. Following
the classical METTL3/14 methyltransferase, METTL16
was recently identified as the second m6A writer, dem-
onstrating oncogenic or tumor-suppressive effects in
various cancers by modifying specific RNA substrates
[13]. Notably, in HCC, METTL16 has been implicated in
oncogenesis through m6A modification of long non-cod-
ing RNAs (IncRNAs) [14, 15], influencing their transcrip-
tional stability and degradation. Furthermore, METTL16
exhibited m6A-independent functions as a translation
initiation factor, contributing to its pro-carcinogenic
effects [16]. However, data remains scarce regarding the
downstream mRNA targets regulated by METTL16 in an
m6A-dependent manner in HCC.

In this study, we explored the involvement of m6A
demethylases and methyltransferases in the regulation of
ferroptosis and HCC development. METTL16 was then
screened and identified as the key candidate. We also
reported that METTL16 plays a critical role in ferroptosis
and tumorigenesis through catalyzing mRNA m6A mod-
ification of SENP3, a redox-sensitive SUMO2/3-specific
protease, and the latter modulates the stabilization of
Lactotransferrin (LTF) within HCC cells, thereby inhib-
iting ferroptosis, contributing to disease progression and
adverse clinical outcomes. These findings provide a new
METTL16-SENP3-LTF regulatory axis that suppresses
ferroptosis and facilitates HCC development, highlight-
ing the importance of targeting this axis as a potential
therapeutic strategy for this disease.

Materials and methods

Plasmids and reagents

The plasmid pLenti-CMV-METTL16-FLAG-GFP-Puro,
p3*FLAG-CMV-SENP3 and pWPXLd-FLAG-SENP3
were sourced from the Public Protein/Plasmid Library
(Nanjing, China). The pENTER-LTF was purchased from
Vigene Biosciences (Shandong, China). LTF-GFP con-
struction involved the insertion of the open reading frame
(ORF) of LTF from the pENTER-LTF plasmid into the
linearized pEX-1 vector (GenePharma, Shanghai, China).
Mutated plasmids (METTL16-PPF185/186/187AAG,
SENP3-C532A, LTF K57R, LTF K405R, LTF K118R and
LTF 2KR) were generated via high-fidelity PCR-based
site-directed mutagenesis using pLenti-CMV-METTL16-
FLAG-GFP-Puro, p3*FLAG-CMV-SENP3 and LTF-GFP
as templates (Vazyme, Nanjing, China), and mutations
were confirmed via Sanger sequencing. pT3-EF1la-MYC
(Addgene plasmid # 92046;http://n2t.net/addgene:920
46;RRID:Addgene_92046) [17] and px330-sgp53 (Add-
gene plasmid # 59910;http://n2t.net/addgene:59910;RR
ID:Addgene_59910) [18] were acquired from Addgene.
pLentiCRISPR-sgMettl16, px459-sgSenp3 and px459-
sgLtf harboring two targets linked by gRNA scaffold
were purchased from Tsingke Biotech Co., Ltd (Beijing,
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China). The MYC-SUMO3 and UBC9 were constructed
by inserting the ORF of SUMO3 and UBC9 into the lin-
earized pEX-3 vector (GenePharma). All of the cloning
PCR primers and sgRNA sequences are provided in Sup-
plementary Table S1. The plasmids were extracted using
a NucleoBond Xtra Midi kit (MACHEREY-NAGEL,
Germany).

RSL3 ((1 S,3R)-RSL3, HY-100218A, MedChemExpress,
USA); Fer-1 (Ferrostatin-1, S7243, Selleck, TX, USA);
DFO (Deferoxamine, D9533,Sigma-Aldrich, Merck
KGaA, Germany), FAC (Ammonium iron(Ill) citrate,
F5879, Sigma); MG132 (HY-13259, MedChemExpress);
ActD (Actinomycin D, HY17559, MedChemExpress);
CHX (Cycloheximide, S7418, Selleck); Leupeptin (HY-
18234, MedChemExpress); NEM (N-Ethylmaleimide,
HY-D0843, MedChemExpress); Sorafenib (S7397, Sell-
eck); Geneticin (G418 Sulfate, 108321-42-2, Selleck).

Antibodies

Primary antibodies against the following proteins were
obtained from Cell Signaling Technology (MA, USA):
METTL16 (87538 S); SENP3 (5591 S); anti-rabbit IgG,
HRP-linked Antibody (7074); anti-mouse IgG, HRP-
linked Antibody (7076); Mouse (G3A1) mAb IgG1 Iso-
type Control (5415); Rabbit (DA1E) mAb IgG XP*° Isotype
Control (3900); from Sigma: MYC-Tag(SAB1305535);
Anti-FLAG°M2 (F1804); from Abcam (Cambridge,
UK): METTL16 (ab252420); IGF2BP2 (ab128175); LTF
(ab109216); 4-HNE (ab46545); MDA (ab43066); GPX4
(ab125066); NRF2 (ab62352); from Proteintech (Wuhan,
China): B-actin (66009-1-1g); GFP-Tag (66002-1-Ig); HA-
Tag (66006-2-Ig); METTL3 (15073-1-AP); METTL14
(26158-1-AP); ACSL4 (22401-1-AP); from ABclonal
(Wuhan, China): LTF (A12902); ETH1 (A19544).

Cell lines

Huh7, PLC/PREF/5, Hepal-6, Hep3B, HepG2, HCCLM3,
MHCC97-H, SK-HEP-1 (used exclusively for METTL16
protein analysis due to its endothelial origin), and
HEK293T cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Grand Island, NY, USA)
and SNU387 cell lines were maintained in RPMI-1640
(Corning, USA). Both media were supplemented with
10% fetal bovine serum (FBS, Sigma) and 1% penicillin/
streptomycin (Gibco). Cells were incubated at 37 °C with
5% CO,. All cell lines were sourced from the Cell Bank,
Chinese Academy of Sciences (Shanghai, https://www.
cellbank.org.cn), and tested negative for mycoplasma
contamination.

Cell transfection

Plasmids or siRNAs were transfected using Lipo-
fectamine 3000 Reagents (Invitrogen, USA) following the
manufacturer’s protocols. The small interference RNAs
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(siRNAs) and non-specific control (NC), provided by
GenePharma, are listed in Supplementary Table S2. For
stable HCC cell lines, lentiviruses designed for overex-
pressing METTL16 and SENP3, and for RNA interference
against METTL16 and SENP3 (based on siMETTL16
and siSENP3 sequences) were prepared by GenePharma.
HCC cells were infected with these lentiviruses in the
presence of 4 ug/mL polybrene and selected with 2.5 pg/
mL puromycin. To establish stable cell lines expressing
LTF/LTF 2KR, cells were transfected with GFP-LTF/LTF
2KR plasmids and selected with 700 pg/mL G418 (Gene-
ticin) to isolate single-cell-derived clones with successful
LTF/LTF 2KR integration and overexpression.

Cell proliferation assays

Cell viability was measured using the Cell Counting Kit-8
reagent (CCK-8, Dojindo, Japan) according to the manu-
facturer’s instructions. Triplicate wells containing 3x 103
cells each were plated in 96-well plates, followed by the
addition of 10pL. CCK-8 reagent per well and a 75-minute
incubation at 37 °C. Absorbance was measured at 450 nm
using a spectrophotometer. For colony formation assays,
1x10° cells per well were seeded in 6-well plates, with
media changed every 4 days. Colonies, typically formed
in approximately 10-17 days, were fixed with 4% parafor-
maldehyde, stained with 0.5% crystal violet, and subse-
quently photographed and counted.

Iron, MDA, and GSH level measurement

Following treatment, 2x10° HCC cells, mouse liver tis-
sues, or subcutaneous xenografts were harvested and
resuspended in PBS or saline for further analysis. Iron
levels were determined using the Iron Assay Kit (A039-
2-1, Jiancheng Bioengineering Institute, China), while
MDA levels were assessed with the MDA Assay Kit
(A003-4-1, Jiancheng Bioengineering Institute, China),
and GSH levels were measured using the GSH Assay Kit
(A006-2-1, Jiancheng Bioengineering Institute, China).
Assays were conducted according to the manufacturer’s
protocols.

ROS and lipid peroxidation measurement

Lipid peroxidation was assessed using BODIPY™ 581/591
C11 (D3861, Invitrogen). The intracellular ROS lev-
els were measured using the ROS Assay Kit with the
DCFH-DA probe (S0033M, Beyotime, China). BODIPY™
581/591 C11 (10 mM) and DCFH-DA (10 mM) probes
were diluted at ratios of 1:2000 and 1:1000, respectively,
in a serum-free medium. Cells were incubated with the
probes at 37 °C in the dark for 20-30 min. Following
incubation, cells were washed with PBS, and fluorescent
images were captured with an inverted microscope. HCC
cells were subsequently resuspended and quantified with
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a CytoFLEX flow cytometer and reanalyzed using FlowJo
software.

Labile iron pool and total iron assays

The labile iron pool within HCC cells was assessed uti-
lizing Calcein-AM (HY-D0041, MedChemExpress). After
collection, cells were washed twice with PBS and then
incubated with 0.125uM Calcein-AM in either a serum-
free medium or PBS for 15 min at 37 °C. Fluorescence
measurements were performed using a fluorescence
microscope and a CytoFLEX flow cytometer. The fluores-
cence intensity of Calcein-AM increases inversely with
free iron content. Moreover, the presence of free Fe** in
HCC cells was determined by employing FerroOrange
(F374, Dojindo). Following three washes with Hank’s Bal-
anced Salt Solution (HBSS), cells were exposed to 1 uM
FerroOrange for 30 min at 37 °C. Fluorescence intensity
was subsequently measured using both a fluorescence
microscope and a CytoFLEX flow cytometer.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Cells and tissues were lysed for RNA extraction using
Trizol (Invitrogen). 1 ug RNA was reverse transcribed
into cDNA with the PrimeScript™ RT reagent kit (Takara
Bio, Japan). qRT-PCR was carried out with the TB Green®
Premix Ex Taq™ (Tli RNaseH Plus) kit (Takara Bio, Japan)
on an ABI Q6 PCR system. Gene expression was quan-
tified using the 27T method with the human B-actin
gene as the endogenous control. Primer sequences are
provided in the Supplementary Table S3.

Dual-luciferase reporter assay

Dual-luciferase reporters, including SENP3-CDS WT-
Luc, SENP3-CDS MUT-Luc, SENP3-3’'UTR WT-Luc and
SENP3-3'UTR MUT-Luc, were generated using the pGL3
vector by Sangon Biotech Co., Ltd (Shanghai, China).
HCC cells, at 70-80% confluence in 24-well plates, were
co-transfected with 500 ng of each plasmid and 10 ng
of pRL-SV40 Renilla luciferase reporter plasmid. After
24-48 h, cells were harvested, and luciferase activity was
measured using the dual-luciferase assay kit (Promega,
Wisconsin, USA) and the Glomax-multi Luminometer.

MeRIP/RIP assay

The methylated RNA immunoprecipitation (MeRIP)
assay was conducted using the Magna MeRIP m6A Kit
(Millipore, USA) to quantify m6A modification in RNA.
Initially, genomic DNA was eliminated using DNase,
followed by RNA fragmentation. Magnetic beads were
incubated with either 10 pg of anti-m6A antibody or
IgG, then immunoprecipitated with RNA samples. Sub-
sequently, m6A-enriched RNA fragments were eluted,
reverse transcribed, and quantified via RT-qPCR using
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primers designed for m6A sites (see Supplementary Table
S4). For the RNA immunoprecipitation (RIP) assay, the
Magna RIP™ Kit (Millipore, USA) was utilized following
the manufacturer’s instructions. Cell lysates from 4x10°
cells were sonicated and subjected to immunoprecipita-
tion at 4 °C overnight with primary antibodies against
METTL16 or IGF2BP2, with a homologous IgG serving
as the isotype control. The relative enrichment of m6A
or SENP3 in each sample was determined by normaliz-
ing the Ct values obtained from samples immunoprecipi-
tated with m6A/METTL16/IGF2BP2 antibodies against
the Ct values from the corresponding input fractions.
As described in the prior studies [19], the formulas used
for analysis are presented as follows: ACTy;p = CTgyp
= CTppus ACT g = CT g — CTyppp AACT=ACTyp -
ACT g fold enrichment=2"22¢T, The resultant relative
fold enrichment values were normalized to those of the
corresponding control group.

Western blot assay

Cells and tissues were cracked by RIPA lysis buffer (20—
188, Merck Millipore, USA) supplemented with protease
inhibitor cocktail (4693159001, Roche, Swiss), followed
by centrifugation at 12,000 X rpm at 4 °C for 15 min. The
resulting mixtures were then separated using SDS-PAGE
and electro-transferred onto a nitrocellulose filter (NC)
membrane. To block nonspecific binding, the membrane
was incubated in a solution of 5% non-fat milk with 0.1%
Tween-20 in PBS (PBST) for 1 h. After incubating with
specific primary and corresponding secondary antibod-
ies, the protein bands were visualized with the Odyssey
Infrared imaging system (LI-COR Biosciences, Lincoln,
NE, USA) or Tanon 5200 chemiluminescent imaging sys-
tem (Tanon, Shanghai, China).

mRNA and protein stability assays

Cells were treated by ActD and CHX for 0, 4, and 8 h. The
total RNA and protein were extracted from the treated
cells. The obtained results were normalized to the values
measured at 0 h, serving as the baseline for comparison
across various time points.

Co-immunoprecipitation (Co-IP)

The total proteins were lysed using IP lysis buffer (20
mM Tris, pH 8.0; 150 mM NaCl; 1.0% NP-40; 1 mM
ethylenediaminetetraacetic acid (EDTA)) supplemented
with protease inhibitor (4693159001, Roche) and phos-
phatase inhibitor (4906837001, Roche). The lysates were
then centrifuged at 12,000 rpm at 4 °C for 15 min. After
centrifugation, the supernatants were mixed with GFP-
Nanoab-Agarose (LABLEAD Biotech, Beijing, China)
overnight at 4 °C or incubated with IP antibody at 4 °C
for 2 h, followed by mixed with Dynabeads™ Protein G
beads (10003D, Thermo Fisher Scientific, Waltham, MA,
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USA) overnight at 4 °C. The beads were washed three
times using pre-cooled IP buffer and then resuspended in
2 x SDS loading buffer (Beyotime). The analysis of pro-
tein-protein interactions was performed using western
blot assay.

IP coupled with mass spectrometry

Total proteins were extracted from the cells, followed by
immunoprecipitation (IP) using SENP3 antibodies and
Dynabeads™ Protein G beads as previously described.
The SENP3-associated proteins were separated by gel
electrophoresis, and the gels were stained using a Fast
Silver Stain kit (PO017S, Beyotime Biotech, Beijing,
China) according to the manufacturer’s instructions.
Subsequently, the silver-stained bands of interest were
excised and processed for mass spectrometric analysis
using an Ultimate 3000 nano ultra-performance liquid
chromatography-tandem Q Exactive plus mass spec-
trometry system (LuMing Biotech, Shanghai, China). The
information on SENP3-associated proteins was listed in
Supplementary Table S5.

SUMOylation and ubiquitination assays

To assess SUMOylation, HCC cells were cultured in
10 cm plates, transfected with the indicated plasmids,
and lysed using SUMO lysis buffer (20 mM Tris, pH 8.0;
150 mM NaCl; 1.0% NP-40; 1 mM EDTA; 1.0% SDS; 20
uM NEM) with protease inhibitors and PMSE. Following
a 30-minute incubation on a 4 °C shaker and subsequent
sonication until the lysate became fluid, the protein sam-
ples were centrifuged. The supernatant was then incu-
bated with GFP-Nanoab-Agarose beads overnight at
4 °C. Afterward, the beads were washed five times with
SUMO lysis buffer without SDS and boiled for 10 min in
SDS loading buffer. The eluted proteins were subjected
to Western blot analysis. For ubiquitination, transfected
HCC cells were treated with MG132 (40 uM for 4 h)
before lysis to inhibit proteasomal degradation. Whole-
cell lysates were extracted using UB lysis buffer (20 mM
Tris, pH 8.0; 150 mM NaCl; 1.0% NP-40; 1 mM EDTA)
and processed as described for the SUMOylation assay.

Mouse models
The mice were housed in a controlled environment with
air filtration, temperature maintained at 22-24 °C, light-
ing controlled, and humidity between 40% and 70%. They
were provided with unlimited access to a standard diet.
Male athymic nude mice (5—6 weeks old) were obtained
from GemPharmatech Laboratories (Shanghai, China)
for establishing a xenograft model of HCC. The mice
were randomly divided into different groups before injec-
tion. 1.0x10° stable HCCLM3 shNC, shMETTL16-1
or shMETTL16-2 cells per mouse were subcutane-
ously injected into nude mice (12 mice per group).
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All mice in each group received intraperitoneal injec-
tions of either DMSO or RSL3 (5 mg/kg) every 2 days.
Additionally, 2.0x10° Hep3B stable LV-VEC+shNC,
LV-METTL16+shNC, LV-VEC+shSENP3 or LV-
METTL16+shSENP3 cells per mouse were subcutane-
ously injected into nude mice (5 mice per group). Male
C57BL/6 mice (5—6 weeks old) obtained from GemPhar-
matech Laboratories received injections of 6.0x10° sta-
ble Hepal-6 cells sgNC or sgMettl16 (10 mice per group).
Similarly, all mice in each group were administered intra-
peritoneal injections of either DMSO or RSL3 (10 mg/
kg) every 2 days. Furthermore, 1.0x 10° stable HCCLM3
shNC+LV-VEC, shMETTL16+LV-VEC, shNC+LV-
SENP3 or ssMETTL16+LV-SENP3 per mouse were sub-
cutaneously injected into nude mice (6 mice per group).
Tumor volume was monitored every two days using the
formula: Tumor volume = (Length x Width?)/2. The
tumors were resected for weighting and photographing
after the mice were euthanized.

Hepatocyte-specific Mettll6 conditional knockout
mice (designated Mettl16"%, Alb-Cre mice) were gener-
ated using CRISPR/Cas9 technology by mating Mettl16-
floxed (Mettl167f) mice (loxP sequences inserted at the
ends of exons 2 and 5, GemPharmatech Co., Ltd) with
Alb-Cre transgenic mice (Model Organisms Center, Inc,
Shanghai, China). Additionally, Mettl16”' mice were
injected with 100 uL AAV suspension in saline (AAVS-
TBG-Cre/Ctrl virus titer>1.5x10'? vg/mL, Vigene Bio-
sciences Co., Ltd) in 4 weeks via the tail vein to generate
the Mettl16”, AAV8-TBG-Cre and Mettll6", AAVS-
TBG-Ctrl mice.

For detecting Mettl16 function in de novo mice HCC
model, a sterile solution containing 12 pg of pT'3-EFla-
MYC (MYC), 10 pg of px330-sgp53 (sgp53) and 3 pg of
transposon SB13 transposase-encoding plasmid was pre-
pared in 2 mL 0.9% NaCl solution. For assessing Mettl16/
Senp3/Ltf axis function, the solution included 12 ug of
pT3-EF1a-MYC-IRES-Mettl16 (or 12 pg of the control
vector pIT'3-EF1a-MYC), 10 pg of sgp53, 3 pg of trans-
poson SB13 transposase-encoding plasmid and 10 pg of
px459-sgSenp3(sgSenp3) or 10 pg of px459-sgLtf (sgLtf)
(or 10 pg of the control vector px459) in 2 mL 0.9% NaClL
Each mouse was injected with a volume equivalent to
10% of its body weight, administered within 5-7 s.

The serum biochemistry assay

At the end of the experiment, all mice were eutha-
nized. Blood samples were collected and centrifuged
at 2500 rpm for 15 min. The serum was then separated
and stored at -80 °C until analysis. Serum levels of ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), triglycerides (TG), cholesterol (CHO), cholin-
esterase (CHE), and y-glutamyltransferase (y-GGT)
were quantified using commercial assay kits (Jiancheng
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Bioengineering Institute, China), following the manufac-
turer’s protocols.

Immunohistochemistry (IHC), Hematoxylin and Eosin

(H&E)

Tissues from mouse models were fixed in 4% parafor-
maldehyde (Beyotime) and embedded in paraffin. For
the IHC staining assay, sections were deparaffinized,
rehydrated, and boiled for antigen retrieval. Blocking
was done with 5% BSA, followed by overnight incuba-
tion with primary antibodies at 4 °C, and a 1-hour room
temperature incubation with horseradish peroxidase-
conjugated secondary antibodies. Antigen detection was
enhanced using a diaminobenzidine (DAB)-based chro-
mogenic system. H&E staining was performed according
to the standard procedures.

Human HCC tissue specimens and human tissue
microarray (TMA)

The study utilized tumors and matched adjacent normal
control samples from 37 patients with HCC, sourced
from Shanghai East Hospital, Tongji University School
of Medicine, China, with approval from the Ethics Com-
mittee of Shanghai East Hospital, and all participating
patients provided informed consent. Upon collection, the
tissues were promptly preserved in liquid nitrogen and
stored at -80 °C until required for analysis.

A human HCC microarray (TMA, #HLivH180Su09)
containing 90 paired HCC tissues and their correspond-
ing matched normal control samples, was obtained from
Shanghai Outdo Biotech (Shanghai, China). Two inde-
pendent pathologists, blinded to the clinical data, evalu-
ated the immunostaining of the samples. They assessed
each cancer specimen based on staining intensity
(0=no staining, 1=weak staining, 2=moderate staining,
3=strong staining) and the percentage of stained cells
(0, positive cells<10%; 1, 11-25%; 2, 26—50%; 3, 51-75%;
and 4, >75%). Expression scores, calculated by multiply-
ing intensity and percentage scores, were classified into
low (negative (expression scores<2) and weak positive
(2<expression scores<4)) and high expression levels
(moderate positive (4<expression scores<6) and strong
positive (expression scores>6)).

Isolation and culture of tumor organoids

The noncancerous portion of hepatic carcinoma tissue
was excised, and hepatic carcinoma cells were isolated
utilizing a combination of mechanical disruption and
enzymatic digestion. Briefly, the HCC tissue of appropri-
ate dimensions underwent mincing, washing, and subse-
quent incubation at 37 °C with Tumor Tissue Digestion
Solution (K601003, BioGenous Technologies, Suzhou,
China) on an orbital shaker for 1-2 h. The resultant sus-
pension was filtered through a 100 um nylon cell strainer
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to remove tissue fragments. After centrifugation and
resuspension, cells were seeded onto Matrigel Organ-
oid Culture ECM (M315066, BioGenous Technologies)
within 24-well plates and overlaid with the Hepatocel-
lular Carcinoma Organoid Kit (K2105-HCC, BioGenous
Technologies). The culture medium was replenished
every 4 days, and organoids were passaged every 1-4
weeks. Following treatment with RSL3 (2.5uM) or
Sorafenib (10uM) for 10 days, organoids were exam-
ined, photographed and quantified. Organoid formation
capacity was assessed based on the number of viable
organoids with diameters exceeding 50 um and quanti-
fied utilizing Image]J software.

Bioinformatics analysis

Expression levels of METTL16, SENP3, and LTF, along
with survival analysis in cancer, were conducted utiliz-
ing gene expression and clinical information from The
Cancer Genome Atlas (TCGA) project (https://portal.
gdc.cancer.gov) and the supplementary information pro-
vided by Gao, Q., et al [20]. The public datasets of ICGC
(https://dcc.icgc.org/projects/LIRI-]P), GSE104462,
GSE109211, GSE104580, GSE45436, GSE182607,
GSE181515, GSE182593, GSE248769 and GSE262114
were employed. Similar genes to METTL16 were
analyzed using GEPIA2 (http://gepia2.cancer-pku.
cn/#similar) and are listed in the Supplementary table
S6. METTL16 and SENP3 expression in the TCGA-LIHC
cohort from different cancer stages was analyzed using
UALCAN  (https://ualcan.path.uab.edu/). scRNA-seq
data from GSE181515 were analyzed through scLiverDB
(https://guolab.wchscu.cn/liverdb). Drug activity data
and mRNA expression levels of METTL16 were assessed
via CTRP (https://portals.broadinstitute.org/ctrp/). Fer-
roptosis genes were obtained from FerrDb V1(http://
www.zhounan.org/ferrdb) and Ferroptosis signature
genes were provided by Wu, A., et al. (Supplementary
table S6) [21]. To predict potential SUMOylated residues
in LTFE, bioinformatic platforms including GPS-SUMO
(http://sumosp.biocuckoo.org), SUMOplot™ (https://
www.abcepta.com/sumoplot), and JASSA (http://www.
jassa.fr/index.php?m=jassa) were used. Raw data for
determining the genetic dependence of METTL family
members in cancers were obtained from https://depmap.
org/portal/ and https://score.depmap.sanger.ac.uk/.

Statistical analysis

Data are expressed as mean*SD. Statistical significance
was determined using the Student t-test or Mann-Whit-
ney test. The x> test was employed for categorical data
comparisons. ANOVA or Kruskal-Wallis test was used
for comparisons among multiple groups. Statistical sig-
nificance for survival was calculated using the Log-rank
test. Spearman and Pearson’s correlation analyses were
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performed for correlation analysis. GraphPad Prism 9
software was used to create the graphs and for the sta-
tistical analysis (GraphPad Software, Inc.). Significance
values were set at *, P<0.05; **, P<0.01; ***, P<0.001, n.s.,
not significant.

Result

METTL16 is a critical repressor of ferroptosis in HCC cells

To investigate the potential involvement of m6A regu-
latory factors in ferroptosis, we performed qRT-PCR to
evaluate changes in the expression of a series of m6A
demethylases and methyltransferases in HCC cell lines
in the presence of RSL3 (ferroptosis inducer), Fer-1 (fer-
roptosis inhibitor), or a combination of the two reagents.
Among these factors, only METTL16 demonstrated con-
cordant alterations during ferroptosis, with increased
expression upon inhibition and decreased expression
upon induction (Fig. 1A). Furthermore, we found that
METTL16 expression was decreased in a dose-depen-
dent manner following RSL3 treatment at both mRNA
and protein levels (Fig. 1B).

Next, we evaluated the effect of METTL16 on typi-
cal ferroptosis-associated phenotypes, including ROS,
lipid peroxidation, glutathione (GSH), malondialdehyde
(MDA) and iron levels. Based on the endogenous expres-
sion level of METTL16 in each HCC cell line (Fig. S1A),
Huh?7 cells were used to observe overexpression effects
and HCCLM3 cells were employed for knockdown
effects. The final results indicated that METTL16 signifi-
cantly decreased ROS generation and lipid peroxidation
(Fig. 1C-F). As well, METTL16 reduced GSH depletion,
intracellular iron overload and MDA (an intracellular
product of lipid peroxidation) induced by RSL3 (Fig. 1G-
H). Functionally, METTL16 overexpression attenuated
RSL3-induced growth and clonogenicity inhibition,
whereas METTL16 knockdown showed the opposite
effects (Fig. S1B, I-]). To avoid the off-target effect of
RNA interference, ferroptotic functional assays were
also conducted in cells stably expressing sSAcIMETTL16-2
(ShMETTL16 referred to cells expressing shMETTL16-1)
(Fig. S1C-D). Notably, these effects were effectively
reversed by Fer-1, confirming that the observed changes
after METTL16 alteration were primarily driven by
the induction of ferroptosis. In addition, multiple key
ferroptosis-related markers were also analyzed. Upon
treatment with RSL3, the expression levels of ferropto-
sis-suppressors, namely NRF2, GPX4 and FTHI1, were
increased in METTL16 overexpression cells compared
to control cells, while the decreased expression levels of
these factors were exhibited in METTL16 knockdown
cells. Conversely, the ferroptosis-promoting markers
ACSL4 and PTGS2 displayed inverse expression patterns
(Fig. S1E-F).
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Additionally, data from GSE104462 revealed that out
of 24 m6A regulatory factors, including readers, only
METTL16 displayed a significant negative correla-
tion with ferroptosis, while others exhibited variable
responses (Fig. S2A). The analysis of Ferroptosis-correla-
tion ratios utilizing the Ferroptosis Signature [21] identi-
fied that METTL16 emerged as the top m6A regulatory
factor displaying a negative correlation with ferroptosis
(Fig. 2B). Gene Set Enrichment Analysis (GSEA_KEGG_
FERROPTOSIS) further revealed enrichment of ferrop-
tosis-related genes in HCC samples with low METTL16
expression (Fig. S2C). Subsequent analysis employing
the Cancer Therapeutics Response Portal (CTRP) data-
base suggested a positive correlation between METTL16
expression and resistance to several ferroptosis induc-
ers, including ML162, RSL3 and ML210 (Fig. S2D).
Interestingly, elevated METTL16 expression was also
observed across different ferroptosis-resistant cell clones
(Fig. S2E). Notedly, even in ferroptosis-resistant samples,
METTL16 showed strong positive associations with fer-
roptosis suppressors, such as GPX4 and SLC40A1, while
displaying a negative correlation with ferroptosis drivers,
like NCOA4 (Fig. S2F). Taken together, these results sug-
gested that METTL16 might serve as a critical negative
regulator of ferroptosis in HCC.

METTL16 deletion facilitates ferroptosis and attenuates
the hepatic tumorigenesis

To further elucidate the role of METTL16 in ferroptosis
and liver cancer, we constructed xenograft tumor mod-
els by subcutaneously injecting HCCLM3 and Hepal-6
cells with lentivirus-mediated METTL16 downregula-
tion, assisted by an intraperitoneal injection of RSL3
or DMSO (Figs. 2A and S3A). The final data demon-
strated that METTL16 downregulation hindered tumor
growth (Figs. 2B-D and S3B-D) and enhanced the
inhibitory effect of RSL3 on HCC xenograft tumors.
Moreover, METTL16 downregulation exacerbated the
RSL3-induced escalation in MDA levels in subcutane-
ous xenograft tumors (Fig. S3E). Immunohistochemis-
try (IHC) staining demonstrated that the RSL3-induced
expression of 4-hydroxynonenal (4-HNE), a lipid peroxi-
dation product of ferroptosis, was further amplified by
METTL16 knockdown (Fig. 2E), revealing enhanced fer-
roptotic activity.

Additionally, we established liver-specific condi-
tional Mettl16 knockout mice (Mettll6f/f, Alb-Cre, Met-
t116°%) by crossing Mettl16-floxed (Mettl16f) mice
with Alb-Cre mice (Fig. 2F). A substantial reduction in
Mettl16 expression in the liver was confirmed (Fig. S3F).
The Mettl16““° mice exhibited normal liver func-
tion and morphology (Fig. S3G), with no disruption of
liver homeostasis compared to Mettl167f (Mettll6W ")
mice. This was evidenced by comparable body and liver
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Fig. 1 METTL16 has been screened out and identified as the crucial repressor of ferroptosis in HCC. (A) The heatmap of relative mRNA fold change of
m6A regulatory factors after ferroptotic stimulation (RSL3:1uM, Fer-1:10uM). (B) The levels of METTL16 following different doses of RSL3. (C-D) Intracellular
ROS content of (€) Huh7 (RSL3:1uM, Fer-1:10uM) and (D) HCCLM3 (RSL3:2uM, Fer-1:10uM) were observed by fluorescence microscope (left) and quanti-
fied by flow cytometry (right). (E-F) Intracellular lipid peroxidation content of (E) Huh7 (RSL3:1uM, Fer-1:10uM) and (F) HCCLM3 (RSL3:2uM, Fer-1:10uM)
were analyzed by fluorescence microscope (left) and quantified by flow cytometry (right). (G-H) Intracellular GSH levels, Iron content, and MDA levels of
Huh7 (G) and HCCLM3 (H) were measured by corresponding assay kits. (I-J) Cell growth capacities of Huh7 () (RSL3:0.1uM, Fer-1:1uM) and HCCLM3 (J)
(RSL3:0.5uM, Fer-1:1uM) were measured by the colony formation assay. Scale bar: 100 um. Statistical significance was analyzed using one-way ANOVA
with Tukey’s test (B, C, D, E and F, n=3) and two-way ANOVA with Tukey’s test (G, H, land J, n=3)
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Fig.2 METTL16 deletion facilitates ferroptosis and attenuates hepatic tumorigenesis. (A) Schematic diagram of HCCLM3 subcutaneous xenograft tumor
model establishment. (B-D) Representative images (B) and statistical data of weights (C) and volumes (D) of xenografts from HCCLM3 with or without
the treatment of RSL3 (n =6 mice per group). (E) Representative images of HE staining and METTL16, 4-HNE IHC staining of xenografts. Scale bar, 100 um.
(F) Schematic diagram of hepatocyte-specific Mettl16 knockout (Mettl167 Alb-Cre) mouse construction. (G) Representative images of livers (n=9 mice
per group) from the murine MYC/TrpSB’/’ HCC model. Scale bar, 1 cm. (H) The liver weight (Mann-Whitney test), liver weight/body weight ratio, tumor
number per liver and max tumor diameter (Mann-Whitney test) in the indicated mice. (I) AST (Mann-Whitney test) and ALT levels in mice serum. (J) The
MDA concentration in mice livers. (K) Representative images of HE staining and Mettl16, 4-HNE IHC staining from mice livers. Scale bar, 2.5 mm (left) and
100 um (right). Statistical significance was analyzed using one-way ANOVA with Tukey’s test (C), two-way ANOVA with Tukey’s test (D) and two-tailed

Student's t test (H, | and J)

weights, along with no significant differences in serum
levels of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), triglycerides (TG), cholesterol
(CHO), cholinesterase (CHE), and y-glutamyltransferase

(y-GGT) (Fig. S3H-I). Using a murine HCC model fea-
turing MYC overexpression and Trp53 knockout (MYC/
Trp537") via hydrodynamic tail vein injection (HDTVi)
[22], we explored the effects of METTL16 deletion on
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HCC progression within a context highly relevant to
human hepatocellular carcinoma [23]. Compared with
Mettl16%° mice, Mettl16™T mice displayed increased
liver size and higher liver weight/body weight ratios,
along with increased tumor lesion numbers and tumor
diameters (Fig. 2G-H). Furthermore, Mettl16“%C mice
showed milder liver damage (Fig. 2I) and enhanced fer-
roptotic activity in hepatic tumors, as characterized by
increased levels of MDA concentration (Fig. 2J) and
4-HNE staining (Fig. 2K). In addition, we also introduced
liver-specific conditional Mettl16 knockout (Mett116f/f,
AAV8-Cre) and control mice (Mettll67, AAVS-Ctrl)
utilizing AAV8-TBG-Cre/Ctrl virus in the MYC/Trp53™-
HCC model and conducted comparative evaluations,
yielding consistent outcomes (Fig. S3J-N). Collectively,
our findings revealed that METTL16 deficiency attenu-
ates hepatic tumorigenesis and promotes ferroptosis, and
its inhibitory effect on ferroptosis partially elucidates the
oncogenic role of METTLI16.

METTL16/IGF2BP2 facilitates the mRNA stability of SENP3
in an m6A-dependent manner
To explore the molecular mechanism by which METTL16
regulates ferroptosis and HCC, we initially predicted
METTL16 co-expressed genes in the TCGA database
through the GEPIA platform, with SENP3 emerging as
a top candidate due to its high correlation coefficient
and known responsiveness to ROS stimulation (Fig. 3A).
Further analysis using two other public HCC databases
consistently revealed a significant positive correlation
between METTL16 and SENP3 expression (Fig. 3B).
Importantly, the scRNA-seq dataset (GSE181515) fur-
ther confirmed a concordant distribution pattern of
Senp3 and Mettl16 at the single-cell level, particularly
within HCC regions (Fig. S4A-B). Subsequent cell bio-
logical investigations indicated coherent alterations in
the SENP3 and METTL16 expression profiles in HCC
cells (Figs. 3C-D and S4C-D). MeRIP-seq data from
GSE182607 demonstrated that METTL16 mediated the
deposition of m6A within SENP3 mRNA (Fig. S4E). On
the other hand, knocking down METTL3/14 expression
had negligible effects on SENP3 expression, implicating
the independent regulatory role of METTL16 (Fig. S4F).
Furthermore, a dose-dependent decrease in SENP3 and
METTLI16 expression was observed following ferroptosis
induction (Fig. S4G-H). Consistent trends were observed
in the ferroptosis-related dataset GSE104462 (Fig. S4I)
and ferroptosis-resistant dataset GSE262114 (Fig. S2F),
hinting that METTL16 might regulate SENP3 mRNA
stability in an m6A-dependent manner even under fer-
roptotic condition.

We conducted SENP3-CDS (coding sequence) and
3UTR (untranslated region) luciferase reporter assays
and the results showed increased luciferase activity in
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the wild-type METTL16 overexpression group (LV-
METTLI16) but not in the catalytically inactive mutant
overexpression group (PP185/186AA and F187G [16],
LV-METTL16 Mut) (Fig. 3E). Three potential m6A
sites were found in both the CDS and 3’ UTR regions of
SENP3 transcripts according to published literature [16,
24, 25] (Fig. 3F). As expected, relative luciferase activity
increased in the wild-type group (SENP3 CDS/3'UTR
WT) after METTL16 overexpression, but not in the
mutant group (SENP3 CDS/3’'UTR MUT) (Fig. 3QG).
Meanwhile, MeRIP-qPCR assays demonstrated increased
m6A modification near potential sites (regions between
forward primer and reverse primer of Primer 2% and
Primer 3%) with METTL16 overexpression, confirmed
by RIP-qPCR showing strong binding of METTL16 to
m6A-modified regions of SENP3 transcripts (Figs. 3H-I
and S5A). MAT2A, the well-established METTLI16
mRNA target, was utilized as a positive control [24]. We
further found that METTL16 overexpression increased
SENP3 mRNA stability (Fig. 3J) using actinomycin D
(ActD), while METTL16 knockdown reduced this stabil-
ity (Fig. S5B), revealing that METTL16-mediated m6A
modification enhances SENP3 mRNA stability, leading to
its upregulation.

Next, we examined the effects of seven known sta-
bility-related m6A readers on SENP3 mRNA expres-
sion. Interestingly, only IGF2BP2 affected SENP3
expression in both cell lines (PLC/PRF/5 and Hep3B),
whereas YTHDF1 and YTHDC2 showed inconsistency
in the two cell lines (Figs. 3K and S5C). Meanwhile, we
also observed that knockdown of IGF2BP2, but not of
YTHDF1 or YTHDC2, attenuated SENP3’s upregulation
induced by METTL16 overexpression (Figs. 3L and S5D).
These data implied that IGF2BP2 might be the main m6A
reader mediating METTL16’s effect on SENP3 expres-
sion. Furthermore, RIP-qPCR confirmed a direct interac-
tion between IGF2BP2 and SENP3 mRNA (Figs. 3M and
S5E) and IGF2BP2 knockdown decreased SENP3 mRNA
stability even in METTL16 overexpression cells (Figs. 3N
and S5F). In summary, our data uncovered that IGF2BP2
could bind to METTL16-methylated SENP3 mRNA and
stabilize it in an m6A-dependent manner.

METTL16 promotes survival from ferroptosis by SENP3

Our investigations further focused on the role of SENP3
in METTL16-mediated anti-ferroptotic activity. Func-
tional experiments revealed that SENP3 downregulation
amplified the lipid peroxidation induced by RSL3-medi-
ated ferroptosis and attenuated the inhibitory effects of
METTL16 overexpression on ferroptosis (Fig. 4A). Simi-
larly, SENP3 knockdown alleviated the inhibitory effects
of METTL16 overexpression on the decreased levels of
ROS, GSH depletion, iron and MDA (Fig. 4B-D). Con-
versely, SENP3 overexpression decreased ferroptotic
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Fig. 3 METTL16/IGF2BP2 facilitates the mRNA stability of SENP3 in an m6A-dependent manner. (A) The top 5 genes with the highest correlation coef-
ficients linked to METTL16. (B) Correlation between METTL16 and SENP3 expression in public HCC databases. (C-D) The levels of METTL16 and SENP3 in
the indicated cells. (E) Luciferase activities of the pGL3.0 plasmids containing SENP3 CDS and 3'UTR. (F) Schematic representation of the potential m6A
sites and the mutation of m6A sites (T-A), as well as the primers used for MeRIP/RIP gPCR on SENP3 mRNA. (G) Luciferase activities of the pGL3.0 plasmids
containing WT or MUT SENP3 CDS/3'UTR. (H) The relative m6A enrichment levels at the indicated site within the SENP3 mRNA via MeRIP-gPCR analysis. (I)
RIP-gPCR was used to detect the binding of METTL16 and SENP3 at the indicated site. (J) The decay rate of SENP3 mRNA upon ActD (5 ug/mL) treatment
at the indicated time points in PLC/PRF/5. (K-L) The SENP3 level was detected after multiply silencing different meéA readers in the indicated cells. (M)
RIP-gPCR was used to detect the binding of IGF2BP2 and SENP3 at the indicated site upon METTL16 overexpression. (N) The decay rate of SENP3 mRNA
in PLC/PRF/5. Statistical significance was analyzed using two-tailed Student’s t test (C, G, |, Kand M, n=3), one-way ANOVA with Tukey’s test (C, E and H,
n=3), two-way ANOVA with Tukey's test (L, n=3) and Pearson correlation analysis (B)
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Fig. 4 METTL16 exerts its anti-ferroptotic effect mediated by SENP3. (A-B) Intracellular lipid peroxidation (A) and ROS (B) content of Hep3B were ob-
served (RSL3:1uM). (C) Intracellular lipid peroxidation and ROS content of Hep3B were quantified (RSL3:1uM). (D) Intracellular GSH levels, Iron content,
and MDA levels of Hep3B (RSL3:1uM). (E) Representative images and statistical data of weights and volumes of xenografts from Hep3B (n=5 mice per
group). (F) Representative images of HE staining and METTL16, SENP3, MDA, 4-HNE IHC staining of xenografts from Hep3B. Scale bar, 100 pm. Statistical
significance was analyzed using one-way ANOVA with Tukey’s test (C, D and E, n=3 or 5), and two-way ANOVA with Tukey’s test (E, n=5)

activity and partially restricted the increase caused by
METTL16 knockdown (Fig. S6A-D).

In vivo studies using murine xenograft tumor mod-
els demonstrated that METTL16 overexpression pro-
moted tumor growth, which was suppressed by SENP3
knockdown (Fig. 4E). Converselyy, METTL16 knock-
down inhibited tumor growth, which was reversed by
SENP3 overexpression (Fig. S6E). These results high-
lighted SENP3 as a downstream effector of METTL16

in HCC development. Consistent with the in vitro find-
ings, SENP3 knockdown alleviated the decrease in MDA
levels induced by METTL16 upregulation, whereas
SENP3 overexpression reversed these effects in subcu-
taneous xenografts (Fig. S6F-G). IHC staining results for
4-HNE and MDA illustrated reduced lipid peroxidation
products in xenografts overexpressing METTL16, and
SENP3 knockdown reversed this effect (Fig. 4F). Taken
together, SENP3 serves an essential role in enhancing the
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anti-ferroptotic activity of METTL16, consequently pro-
moting tumorigenicity.

SENP3 de-SUMOylates lactotransferrin (LTF) and blocks its
proteasome-dependent degradation

To explore the potential regulatory mechanism of SENP3
in ferroptosis, we performed immunoprecipitation (IP)
coupled with Mass Spectrometry analysis in search of
SENP3 interacting proteins. Among the candidates iden-
tified, Lactotransferrin (LTF) was selected for further
investigation due to its reported roles in iron homeosta-
sis regulation (Figs. 5A and S7A). Co-IP assays confirmed
the interaction between SENP3 and LTF, both in ectopi-
cally expressed HEK293T cells and in endogenous HCC
cell lysates (Fig. 5B-D). Moreover, we observed that LTF
expression was changed with SENP3 overexpression or
knockdown (Fig. 5E-F), implicating that SENP3 had a
positive impact on LTF expression. Remarkably, SENP3-
C532A, the catalytically inactive mutant form of SENP3
[26], failed to regulate LTF level (Fig. 5G), suggesting that
the deSUMOylation of LTF protein by SENP3 might be
involved in this regulation.

It is well known that protein SUMOylation is involved
in the ubiquitin-proteasome system (UPS) through
SUMO-targeted ubiquitin ligases (STUbLs) [27, 28].
To exclude the involvement of the lysosomal degrada-
tion pathway, we examined LTF expression following
the addition of MG132 or leupeptin into HCC cells.
The results indicated that LTF degradation was primar-
ily mediated through the ubiquitin-proteasome system
(Fig. S7B). In the meantime, we found that SENP3 pro-
moted LTF protein stability (Figs. 5H and S7C-D). Since
SENP3 is a SUMO2/3-specific protease [26, 29-31], we
then assessed whether SUMO3 had an impact on LTF
expression. The western blot assay results indicated a
dose-dependent decrease in LTF level upon SUMO3
overexpression, and this result could be blocked by
MG132 (Fig. 5I). Interestingly, SENP3 overexpression
attenuated the decrease in LTF levels induced by SUMO3
(Fig. 5]J). More importantly, the Co-IP assay indicated
an interaction between SUMO3 and LTF as shown in
Fig. 5D. These results suggested that SUMOylation is
involved in the regulation of SENP3 mediated LTF pro-
tein stability. Subsequently, the SUMOylation assay
revealed that the SUMOylation level of LTF in HCC cells
co-expressing LTF-GFP, MYC-SUMO3 and UBC9 was
increased when SENP3 was knocked down (Fig. 5K).
At the same time, SENP3 overexpression deconjugated
SUMO3 from LTF, whereas the SENP3-C532A mutant
did not affect the overall SUMOylation status of LTF
(Fig. 5L). Additionally, we attempted to pinpoint potential
SUMOylation sites within LTF by applying SUMOylation
prediction tools (GPS-SUMO, SUMOplot™ and JASSA).
As a result, three putative residues with the highest
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scores (K57, K405 and K118) were found (Fig. S7E). How-
ever, only mutations at K57 (K57R) or K405 (K405R) dis-
played a modest increase in LTF expression compared to
the wild-type LTF, with SENP3 overexpression failing to
elevate the levels of these mutants (Fig. 5M). As antici-
pated, the mutants K57R and K405R exhibited a conspic-
uous reduction in SUMOylation, with the double mutant
variant (K57R/405R, 2KR) showing the same low level
(Fig. 5N). Importantly, SENP3 overexpression did not
affect the deSUMOylation of LTF 2KR (Fig. 50).

SENP3 has been reported to stabilize specific proteins
such as -catenin by regulating SUMOylation and inhib-
iting proteasome-dependent degradation [26]. Through
the ubiquitination assays, we found that the ubiquitina-
tion level of LTF was decreased with SENP3 overexpres-
sion, or increased with SENP3 knockdown (Fig. S7F and
Fig. 5P). Intriguingly, overexpression of SENP3-C532A
failed to modulate the level of LTF ubiquitination, sug-
gesting that SENP3 indirectly influences LTF ubiquitina-
tion through its deSUMOylation activity (Fig. 5Q). These
observations suggested a regulatory role for SENP3-
mediated deSUMOylation at K57 and K405, countering
proteasome-dependent degradation and suggesting a
novel mechanism for modulating LTF protein stability.

METTL16/SENP3 inhibits ferroptosis via regulating the
iron-chelation function of LTF

Considering the recognized neuroprotective potential
of LTF as an iron chelator [32, 33], we conducted func-
tional analyses to assess its role in HCC cells by manipu-
lating Fe** concentrations using ferric ammonium citrate
(FAC) and deferoxamine (DFO) to induce or inhibit fer-
roptosis. We took a specific focus on monitoring changes
in the ferrous iron (Fe*, active iron) and free iron in the
labile iron pool (LIP) utilizing FerroOrange and Calcein-
AM (The fluorescence intensity of Calcein-AM increases
inversely with free iron content) probes. LTF overexpres-
sion decreased the FAC-induced intracellular accumula-
tion of LIP and Fe?* in PLC/PRF/5 cells, accompanied
by decreases in lipid peroxidation and ROS levels. DFO
reversed the effects of FAC and slightly enhanced this
reduction caused by LTF through further diminish-
ing intracellular iron levels (Figs. 6A and C and S8A-B).
These findings implicated that LTF might function as a
ferroptotic suppressor, potentially though reducing the
LIP via iron chelation.

Further investigations into the regulatory interac-
tion between LTF and METTL16/SENP3 have under-
scored that LTF effectively mitigated FAC-induced lipid
peroxidation, iron overload (LIP and Fe?"), and MDA
accumulation following SENP3 or METTL16 depletion.
Moreover, LTF also reversed FAC-induced GSH deple-
tion and growth inhibition in HCC cells with SENP3
knockdown. No significant alterations were observed
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Fig. 5 SENP3 de-SUMOylates LTF and blocks its proteasome-dependent degradation. (A) LTF was identified as an interacting protein of SENP3 through
IP coupled with mass spectrometry, and bands containing LTF were observed after silver staining. (B-D) Co-immunoprecipitation assay analyzes the
interaction of endogenous SENP3 and heterogenous expressed GFP-LTF in HEK293T cells (B), endogenous LTF and SENP3 in PLC/PRF/5 cells (C) and
heterogenous expressed GFP-LTF with FLAG-SENP3 and MYC-SUMO3 in HEK293T cells (D). (E-G) The LTF and SENP3 expression were detected following
GFP-LTF transfection. (H-I) The LTF expression was detected after simultaneous SENP3 knockdown (H) or SUMO3 overexpression (I) and MG132 treatment
following GFP-LTF transfection. (J) The LTF expression was detected after simultaneous SUMO3 and SENP3 overexpression following GFP-LTF transfection.
(K-L) The SUMOylation of GFP-LTF was determined in indicated cells using GFP-beads and western blotting using anti-MYC antibodies. (M) The LTF ex-
pression was detected after transfected with plasmids mutated with different predicted LTF SUMOylation modification sites (K-R). (N) The SUMOylation of
GFP-LTF was determined after transfected with LTF K57R, K118R, K405R and 2KR (two lysine residues in 57 and 405 sites were simultaneously replaced by
arginine) plasmids. (O) The SUMOylation of GFP-LTF was determined. (P-Q) The ubiquitination of GFP-LTF was determined using GFP-beads and western
blotting using antibody against HA
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Fig. 6 METTL16/SENP3 inhibits ferroptosis via regulating the iron-chelation function of LTF. (A, C) Intracellular lipid peroxidation content and LIP level of
PLC/PRF/5 (FAC: 100 pg/mL, DFO: 100uM) with C11-BODIPY and Calcein-AM staining were observed by fluorescence microscope and quantified by flow
cytometry. (B, D) Intracellular lipid peroxidation content and LIP level of PLC/PRF/5 (FAC: 100 pg/mL). (E) Schematic diagram of murine MYC/Trp53~~ HCC
establishment with additional hydrodynamic tail vein injections of Mettl16-overpression plasmid or sgRNA against Senp3 or Ltf. (F) Representative images
of livers (n=7 mice per group) from the indicated mice. Scale bar, 1 cm. (G) The liver weight (Kruskal-Wallis with Dunn’s test), liver weight/body weight
ratio (Kruskal-Wallis with Dunn'’s test), tumor number per liver and max tumor diameter in the indicated mice were measured. (H) AST (Kruskal-Wallis
with Dunn’s test) and ALT levels in mice serum. (I) The MDA concentration in mice livers. (J) Representative images of HE staining, Mettl16, Senp3, Ltf and
4-HNE IHC staining from mice livers. Scale bar, 2.5 mm (up) and 100 um (down). Statistical significance was analyzed using one-way ANOVA with Tukey's
test (C,D,G,Hand|,n=30r7)
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in the LTF 2KR group, regardless of SENP3 alteration
(Figs. 6B and D and S8C-K). These findings indicated that
METTL16/SENP3 exerts an anti-ferroptosis effect that is
intricately linked to the iron-chelating function of LTF in
HCC cells.

Additionally, we utilized the MYC/ Trp53'/ “HCC model
to investigate the in vivo effects of the METTL16-SENP3-
LTF regulatory axis. By employing HDT Vi, we delivered
sgRNAs targeting Senp3 or Ltf, along with Mettl16 over-
expression plasmids, to mouse livers (Fig. 6E). Mettl16
overexpression (Mettl16°F+sgNC) in the liver resulted
in more severe tumors, which was attenuated by Senp3
knockout (Mettl16°F+sgSenp3) or Ltf depletion (Met-
t1169F +sgLtf) (Fig. 6F-G), and liver damage was milder
after Senp3 or Ltf depletion (Fig. 6H). The absence of
Senp3 or Ltf (Mettl16°F+sgSenp3/sgLtf) slightly ele-
vated the hepatic MDA levels (Fig. 6I) and increased
the 4-HNE positive cells proportion as revealed by
IHC staining (Fig. 6]) compared to Mettll6OE+sgNC
group, supporting the hypothesis that METTL16/
SENP3 attenuates ferroptotic activity via LTF to promote
hepatocarcinogenesis.

The METTL16/SENP3 are significantly elevated in HCC
patients

By analyzing two extensive cell survival- and fitness-
associated  genome-wide = CRISPR-Cas9 knockout
screening datasets [34, 35], we revealed the essential
role of METTLI16 in cancer cell survival and prolifera-
tion, particularly in HCC, in the human METTL fam-
ily (Fig. S9A-B). In our HCC cohort (n=37), elevated
levels of METTL16 and SENP3 were observed in can-
cer tissues compared to paired normal tissues, with a
highly positive correlation between their expression
(Fig. 7A-B). Consistent results were also manifested in
the CHCC cohort from Zhongshan Hospital (Fig. S9C-
D). METTL16 and SENP3 were observed to be upregu-
lated in advanced-stage HCC, particularly in stage III,
compared to normal samples in the TCGA-LIHC cohort
(Fig. SOE). Furthermore, high expression of METTL16 or
SENP3 was correlated with lower overall survival rates
in both TCGA-LIHC and CHCC cohorts (Fig. S9F-G).
Interestingly, simultaneous high expression of METTL16
and SENP3 in the CHCC cohort was associated with the
poorest overall survival (Fig. SOH).

Subsequently, IHC analysis of Tissue Microarray
(TMA) confirmed higher METTL16 and SENP3 levels
in hepatic cancer tissues, with no significant difference
observed for LTF (Fig. 7C-D and S10A-B). A positive cor-
relation was discovered between SENP3 and METTL16
expression, as well as between SENP3 and LTF expres-
sion (Fig. 7E-F). Upregulation of METTL16 and SENP3
protein expression was displayed within the CHCC
cohort, and the positive correlations between SENP3
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with METTL16 and SENP3 with LTF in HCC tissues
were observed (Fig. SI0C-E). Furthermore, we discovered
a positive correlation between METTL16/SENP3 mRNA
levels and preoperative alpha-fetoprotein (AFP) levels in
HCC samples (Fig. S10F).

Given sorafenib’s dual roles as both a tumor suppres-
sor and ferroptosis inducer in HCC, we conducted
additional investigations into the impact of METTL16
with sorafenib treatment. As illustrated in Fig. S11A-
D, METTL16 overexpression attenuated sorafenib-
induced clonogenicity and growth inhibition, whereas
METTL16 knockdown exerted the opposite effects. Ele-
vated METTL16 expression levels were also observed in
sorafenib-resistant primary liver cancer organoids and
Hep3B cells, consistent with observations in samples
resistant to RSL3 or erastin (Figs. S11E-F, S2F). Addi-
tionally, analysis of data from GSE109211 revealed the
positive correlation between METTL16 expression lev-
els and sorafenib resistance (Fig. S11G), and patients
with high METTL16 expression were more likely to
exhibit sorafenib resistance (Fig. S11H). Conversely,
no significant variances were observed in response to
TACE (Transcatheter Arterial Chemoembolization)
(GSE104580), another classic therapeutic modality
for HCC (Fig. S11H). Interestingly, a highly consistent
expression pattern was also observed between SENP3
and METTL16 (Fig. S11E-F). Patients with high SENP3
expression were more prone to sorafenib resistance (Fig.
S11I).

Finally, we evaluated the impact of METTL16 on fer-
roptosis resistance utilizing the preclinical model.
Patients-derived organoids (PDOs) from primary liver
cancer patients were categorized into high- and low-
expression groups based on METTL16 levels in the can-
cerous tissue (Fig. S11J). Treatments with sorafenib and
RSL3 efficiently restricted the size of METTL16"°" HCC
organoids (Fig. 7G-H). Interestingly, PDOs from the
METTL16"#" group displayed resistance to the tumor-
suppressive function of ferroptosis inducers, indicat-
ing varying responses to antitumor interventions. In
summary, our investigations elucidated that heightened
METTL16 and SENP3 expression in HCC tissues corre-
lates with unfavorable prognostic outcomes and confers
HCC cell ferroptosis resistance.

Discussion

Primary liver cancer poses a major threat to global health.
It is projected that over three-quarters of patients will
succumb to this disease by 2022, positioning liver can-
cer as the third leading cause of cancer-related mortality
[1]. The efficacy of therapies against HCC varies due to
the multifaceted molecular abnormalities within tumors.
Emerging research suggests that ferroptosis holds prom-
ise for inhibiting tumor growth and overcoming drug
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Fig. 7 METTL16 expression is positively correlated with SENP3 in HCC patients and increased METTL16 level induces ferroptosis resistance in PDOs. (A)
The METTL16 (left) and SENP3 (right) mRNA expression in our cohort HCC samples. Data are presented as fold changes of METTL16 and SENP3 mRNA
expression in liver tissue (C: hepatocarcinoma tissues; N, paired adjacent normal tissues). Paired line scatter plot showing METTL16 and SENP3 mRNA
expression in cancer (orange dot) and adjacent normal tissues (green dot). (B) The relativity analysis of METTL16 and SENP3 in liver cancer tissues. (C)
Representative images of IHC staining of METTL16 and SENP3 expression in human normal liver tissues and HCC specimens (n =90 per group) from Tissue
Microarray. Scar bar: 50 um. (D) Quantification study of METTL16 and SENP3 expression levels in liver tissues from Tissue Microarray. (E) Representative
images of IHC staining of METTL16, SENP3 and LTF expression in HCC specimens. Scar bar: 50 um. (F) Correlational analysis of METTL16 and SENP3, SENP3
and LTF at protein levels obtained from IHC staining results. (G) Representative images of PDOs treated with Vehicle, RSL3 and Sorafenib. (H) Quantifica-
tion of numbers of PDOs. Scale bar, 100 um. Statistical significance was analyzed using paired two-tailed Student’s t test (A), Pearson correlation analysis
(B and F), Chi-square test (D) and one-way ANOVA with Tukey’s test (H, n=5)
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resistance. However, the clinical application of targeted
ferroptosis remains limited, highlighting the need for
more effective strategies to induce ferroptosis and inhibit
tumor development.

Current investigations into ferroptosis predominantly
center on the complex interplay between lipid metabo-
lism and oxidation-reduction reactions. For example,
CPT1A boosted cellular antioxidant capacity and inhib-
ited ferroptosis by reducing polyunsaturated fatty acids
(PUFA) [36]. LGR4/Wnt/TCF7 signaling upregulated
SLC7A11 to confer drug resistance [37]. However, stud-
ies on iron homeostatic regulation are still limited despite
the critical role of iron metabolism in ferroptosis. Free
iron in LIP triggers non-enzymatic Fenton reactions or
acts as a cofactor for lipoxygenase and cytochrome P450
oxidoreductase to catalyze PUFA phospholipid peroxida-
tion. Therefore, a comprehensive understanding of the
iron imbalance in ferroptosis is essential for elucidating
its underlying mechanisms. Our study elucidates a novel
mechanism whereby METTL16, which is screened and
identified experimentally, modulates the progression of
ferroptosis by regulating intracellular LIP concentration,
addressing the deficiency in research on ferroptosis-asso-
ciated iron metabolism.

Recent research has stressed the significant function of
m6A modification in different cellular processes, yet its
connection to tumor ferroptosis remains elusive. Specifi-
cally, PRMT3 inhibition exacerbated lipid peroxidation
by destabilizing GPX4 mRNA through a METTL14-
YTHDF2 dependent mechanism [38]. Moreover,
YTHDCI epigenetically suppressed ferroptosis via con-
trolling FSP1 [39]. METTL3/IGF2BP1 enhanced resis-
tance to ferroptosis by stabilizing SLC7A11 mRNA [40].
METTLI16, a methyltransferase, modulates mRNA stabil-
ity and splicing processes distinct from METTL3/14 [16,
24, 25], with mRNA targets like PRDM15 [41], BCAT1/2
[42], SOGAL [43] and FDX1 [44]. However, its impact
on regulating ferroptosis in HCC remains unclear. In our
study, elevated METTL16 expression in HCC tissues cor-
relates strongly with ferroptosis resistance and adverse
prognostic outcomes. Moreover, METTL16 potentiates
HCC progression and regulates ferroptosis in an m6A-
mediated manner.

SUMOylation, a crucial post-translational modifica-
tion process similar to ubiquitylation, regulates various
biological functions including protein stability, local-
ization and interactions. SENP3 has been implicated
in tumorigenesis and progression by deconjugating the
SUMO2/3 precursors. The inhibitory effect of ROS on
SENP3 degradation under basal conditions suggests
that SENP3 is an oxidative stress sensor [45]. Moreover,
evidence suggested the involvement of SENP3 in tumor
immune evasion [46] and vascular remodeling [26] under
the condition of oxidative stress. Nevertheless, its precise
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influence on HCC and ferroptosis remains unclear. In
this investigation, we identified SENP3 as a target gene
of m6A modification mediated by METTL16/IGF2BP2.
We also revealed a dose-dependent reduction in SENP3
expression levels under ferroptosis conditions. Crucially,
SENP3-C532A lost the ability to impede LTF degrada-
tion through deSUMOylation modification. Notably,
SENP3 expression correlated strongly with METTL16 in
both HCC and ferroptotic samples, along with significant
associations with sorafenib sensitivity and adverse patient
prognosis. These discoveries unveil the undisclosed roles
of SENP3 in attenuating ferroptosis and fostering HCC
progression.

LTE, an iron-binding glycoprotein belonging to the
transferrin family, plays a crucial part in modulating
iron metabolism [47]. LTF strengthened host immune
defenses by sequestering the iron essential for bacte-
rial growth [48]. Moreover, its iron-binding properties
were promising as a safe therapeutic agent for Parkin-
son’s disease [32]. Furthermore, its absence in neurons
exacerbated ferroptosis and neuronal dysfunction [33].
Remarkably, apo-LTF, unlike holo-LTF (another form
of LTF with iron-binding and transporting proper-
ties), diminished ROS generation by capturing free iron
and increasing SLC7A11 expression, thereby alleviat-
ing ferroptosis [49]. Consistently, we overexpressed
LTF utilizing a plasmid directly in HCC cells, mimick-
ing the functions of apo-LTF. Notably, LTF was effec-
tive in reducing hepatic iron accumulation and boosting
hepatic iron output through ferroportin (FPN), inhibiting
hepatocyte death [50]. Nevertheless, our study unveiled
an interesting phenomenon where “devious” liver can-
cer cells exploit “virtuous” LTF to evade ferroptosis by
sequestering free iron, similar to classic iron-chelator
DFO. Our investigation revealed that SENP3-mediated
deSUMOylation at specific sites effectively antagonized
ubiquitin-mediated degradation of LTFE. Mutation of
these sites results in LTF being able to function indepen-
dently of SENP3 regulation, enabling it to autonomously
execute its antioxidant function. Remarkably, intracel-
lular iron-regulatory protein 1 (IRP1) mRNA levels
exhibited a notable decrease following LTF overexpres-
sion (data not shown). And IRP1 is crucial for regulating
iron metabolism. Previous reports have indicated that
LTF interacted with specific DNA sequences, facilitating
transcriptional activation [51], but we did not find DNA
sequences in the IRP1 promoter region that fully meet
these requirements, and further investigations are neces-
sary to elucidate the regulatory mechanisms involved in
these processes.

This investigation employed a multifaceted approach
encompassing cancer cell lines, organoids, murine
de novo MYC/Trp53’"~ HCC and xenograft liver
tumor models, to corroborate the crucial role of the



Wang et al. Journal of Hematology & Oncology (2024) 17:78

Page 19 of 21

Fig. 8 METTL16-SENP3-LTF axis conferring ferroptosis resistance and facilitating tumorigenesis in liver cancer. Through enhancing SENP3 expression
in an m6A-dependent manner, METTL16 emerges as a linchpin in the regulatory cascade involving SENP3-mediated LTF de-SUMOylation, shaping the

dynamics of iron metabolism in HCC cells

METTL16-SENP3-LTF signaling axis in ferroptosis inhi-
bition and HCC development. Our study delineated a
regulatory cascade wherein METTL16 mediates SENP3
mRNA stability through precise m6A modifications, sub-
sequently influencing SENP3-mediated de-SUMOylation
modification of LTF, serving to fine-tune iron metabo-
lism within HCC cells, ultimately inhibiting ferropto-
sis. Notedly, the augmented abundance of LTF protein
enhances its capability to sequester free iron, thereby
conferring a survival benefit to HCC cells (Fig. 8). Even-
tually, by underscoring the intricate interplay between
RNA modification, deSUMOylation and ubiquitination,
our research not only expands our understanding of the
molecular basis of HCC but also presents promising ave-
nues for therapeutic intervention. Given the potent anti-
tumor effects of ferroptosis inducers, such as sorafenib,
in HCC primary organoids with low METTL16 expres-
sion, the discernment of METTL16 expression pro-
files in patients with HCC holds promise for stratifying
individuals based on their molecular signatures. This
facilitates the application of personalized therapeutics
aimed at impeding HCC progression. Consequently, our

identification of METTL16 as a potential therapeutic tar-
get opens new avenues for the development of precision
medicine approaches to optimize patient outcomes and
enhance the overall effectiveness of HCC treatment.

Conclusion

In summary, our investigations elucidated that height-
ened METTL16 and SENP3 expression in HCC tis-
sues correlated with unfavorable prognostic outcomes.
Through comprehensive assays, we uncovered novel
mechanisms where METTL16 increased SENP3 expres-
sion via m6A modification and SENP3 stabilized LTF
protein through de-SUMOylation. These findings illus-
trated the role of the METTL16-SENP3-LTF axis in
impacting ferroptosis and HCC progression, highlighting
therapeutic potential by targeting this axis to disrupt iron
homeostasis and ferroptosis susceptibility.
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