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ARTICLE INFO ABSTRACT

Keywords: Background & aims: Although ferroptosis holds promise as a new strategy for treating hepatocellular carcinoma
Autophagy (HCCQ), there are several obstacles that need to be overcome. One major challenge is the lack of understanding
Translation about the mechanisms underlying ferroptosis. Additionally, while the m®A modification has been shown to
g‘:;zggesl‘lsular carcinoma regulate various forms of cell death, its role in regulating ferroptosis in HCC has been largely overlooked.
moA Bridging this knowledge gap, our study aimed to elucidate the regulatory influence of m®A modification on HCC

ferroptosis.

Materials: Dot blot and EpiQuik m®A RNA Methylation Quantitative kit detected changes in overall m®A modi-
fication level during ferroptosis in HCC. MeRIP-qPCR and RIP-qPCR identified that the m®A modification of
ATG5 mRNA was significant changed. BALB/c nude mice were used to construct xenograft tumor models to
verify the phenotypes upon YTHDC2 silencing. In addition, patient-derived organoid models were used to
demonstrate that induction of ferroptosis was an effective strategy against HCC.

Results: Our study has shown that inducing ferroptosis is a promising strategy for combatting HCC. Specifically,
we have found a significant correlation between ferroptosis and high levels of m°A modification in HCC. Notably,
we discovered that the elevation of ATG5 mRNA m®A modification mediated by WTAP is dependent on the
reading protein YTHDC2. Importantly, inhibition of either WTAP or YTHDC2 effectively prevented ferroptosis
and suppressed HCC development in both in vitro and in vivo models.

Conclusion: Our study revealed that WTAP upregulates ATG5 expression post-transcriptionally in an m®A-
YTHDC2-dependent manner, thereby promoting the translation of ATG5 mRNA during ferroptosis in HCC. These
findings have significant implications for the development of innovative and effective therapeutic approaches for
HCC treatment.

1. Introduction

Hepatocellular carcinoma (HCC) is a prevalent and life-threatening
cancer worldwide. It is primarily attributed to factors such as exces-
sive alcohol consumption, viral infections, and drug abuse [1]. Despite
the availability of several therapeutic options, including surgical
resection, immunotherapy, chemotherapy, and targeted therapy, the

treatment outcomes for HCC remain unsatisfactory [2]. Therefore, in
addition to addressing the causative factors, it is imperative to focus on
the development of novel treatments to effectively reduce HCC-related
mortality. Although research has shown that inducing apoptosis [3],
pyroptosis [4], necrosis [5], and other forms of cell death can have a
partial anti-carcinogenic effect on HCC, none of these methods have
been found to be entirely effective in eradicating the disease. Our
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previous research revealed that dihydroartemisinin could induce fer-
roptosis in HCC, providing a promising avenue for treatment [6].
Furthermore, numerous studies have demonstrated the effectiveness of
ferroptosis as an anti-cancer approach [7-9]. Despite substantial
research efforts, the underlying epigenetic mechanisms driving the
development of ferroptosis in HCC remain unclear. Therefore, the
objective of the current study is to shed light on the epigenetic pathways
implicated in HCC ferroptosis.

Unlike other types of programmed cell death, ferroptosis is a form of
programmed cell death that is predominantly regulated by intracellular
iron concentration [10]. This distinct form of programmed cell death is
characterized by an imbalance in the intracellular redox system, leading
to lipid peroxidation in the cell membrane and ultimately culminating in
cell death [11]. The research found that multiple signaling pathways are
involved in ferroptosis, including the RAS signaling pathway, p53
signaling pathway, Hippo signaling pathway, HIF1-a signaling pathway,
etc. [12-14]. However, more and more studies have shown that the
autophagy signaling pathway plays an important role in the process of
ferroptosis [15]. Autophagy is a fundamental process for maintaining
proper intracellular iron cycling. When cells accumulate excessive
amounts of iron, an overactive autophagy process can trigger ferroptosis
[16]. Our research had identified the potential of autophagy-dependent
ferroptosis as a promising approach for treating HCC. While current
studies have mainly focused on the transcriptional regulation of auto-
phagic ferroptosis, there has been relatively little research on the
post-transcriptional regulation of ferroptosis that is dependent on
autophagy. Consequently, our investigation primarily focused on
unraveling the post-transcriptional control of autophagy-dependent
ferroptosis, aiming to enhance our understanding of its therapeutic po-
tential for HCC in a more comprehensive manner.

The m®A RNA modification is the predominant post-transcriptional
modification in eukaryotes. This intricate process involves the coordi-
nated activity of methylation enzymes (referred to as writers), deme-
thylases (referred to as erasers), and reader proteins, collectively
working together to accomplish RNA modification [17]. This modifi-
cation is crucial for various aspects of RNA function, including splicing,
maturation, translation, and stability, making it an essential process for
gene expression [18]. The writers of mPA modification including WT1
associated protein (WTAP), methyltransferase 3 (METTL3), METTLA4,
and METTL14, they form a complex to catalyze the m®A methylation
modification [19]. Fat mass and obesity-associated protein (FTO) and
alkB homolog 5 (ALKBHS5) are currently known erasers that remove mPA
modification from mRNA and thus keep the level of m®A modification in
dynamic equilibrium [20]. The YTH domain is a known domain that can
specifically recognize m®A site in mRNAs, mainly including the YTH
N6-methyladenosine RNA binding protein (YTHDF) and YTH domain
containing 1 (YTHDC) families [21]. They can recognize and bind
m®A-modified RRACH sequences on mRNAs, and then influence the fate
of mRNAs [22]. Conducting a comprehensive analysis of the alterations
in m®A modification levels and critical enzymes during ferroptosis in
hepatocellular carcinoma (HCC) can offer novel targets for the
advancement of anti-HCC medication.

In our present study, we have identified ATG5 as a downstream
target of WTAP-mediated m®A modification in ferroptotic HCC.
Furthermore, we have provided evidence that YTHDC2 recognized and
bound to the m®A site on ATG5 mRNA, leading to an enhancement in its
translation efficiency. These findings underscore the importance of RNA
epigenetic regulation as a distinct mechanism governing ATG5 expres-
sion during HCC ferroptosis. Consequently, our investigation has
contributed to the advancement of our molecular comprehension of
anti-HCC therapy.
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2. Results
2.1. mPA modification is up regulated during ferroptosis in HCC

Our previous studies showed that ferroptosis inducers including
erastin, sorafenib, and RSL3 can inhibit hepatic stellate cell (HSC)
activation though ferroptosis pathway [23]. Similar results were ob-
tained using HepG2 and Huh7. HCC cell lines were treated with fer-
roptosis inducers, and transwell assays were performed. Upon treatment
with ferroptosis inducers, the ability of HepG2 and Huh7 to invade was
markedly impaired (Fig. 1A and B). Wound healing experiments also
showed that ferroptosis inducers could impair the migration ability of
Huh?7 cells (Fig. 1C). Additionally, all three ferroptosis inducers could
inhibit the cells from multiplying (Fig. 1D). Next, we found that only
ferroptosis inhibitor (ferrostatin-1) but not apoptosis inhibitor
(ZVAD-FMK) and necrosis inhibitor (necrostatin-1) could restore the
viability of HepG2 and Huh?7 after treatment with erastin, sorafenib, and
RSL3 (Fig. 1E). Consistent with our expectation, varying degrees
elevation of ferroptosis markers MDA (Fig. 1F), iron (Fig. 1G), and ROS
(Fig. 1H) were obtained in HCC cells after treatment with erastin, sor-
afenib, and RSL3. And only ferrostatin-1 could destroy the
afore-mentioned classic ferroptosis event in HepG2 and Huh7
(Fig. 1F-H). Overall, these results confirmed that erastin, sorafenib, and
RSL3 could trigger HCC ferroptosis in vitro. It suggested that ferroptosis
induction was a feasible HCC prevention strategy.

An increasing amount of evidence has revealed that m®A may
regulate gene expression, thereby affecting various programmed cell
death processes [24]. Interestingly, we found that m®A modification
levels in Huh7 and HepG2 were significantly increased after ferroptosis
inducer treatment compared to the untreated group through dotblot
assay (Fig. 1I and Fig. S1A). At the same time, mPA kit detection also
obtained the same result (Fig. 1J). Consequently, we hypothesize a po-
tential link between HCC ferroptosis and alterations in m6A
modification.

2.2. WTAP-mediated m®A modification contributes to HCC ferroptosis

Next, we investigated the possible causes for the change of m°A
modification in ferroptotic HCC. We found that both mRNA (Fig. S1B)
and protein levels (Fig. 2A) of the writer WTAP were significantly
increased, whereas the mRNA (Fig. S1C) and protein (Fig. 2B) levels of
other writers and erasers did not show significant changes. We speculate
that the heightened levels of the writer WTAP were the primary cause of
increased m®A modification levels observed during HCC ferroptosis.
Subsequently, we devised and synthesized WTAP siRNAs, among which
we chose siRNA-2 to perform loss-of-function experiments (Fig. S2A).
Concurrently, WTAP plasmid was used to performed gain-of-function
experiments (Fig. S2B). As anticipated, the reduction of WTAP expres-
sion significantly decreased m®A modification levels in erastin-treated
HCC cells (Huh7: 77 %; HepG2: 74 %), while overexpression of WTAP
further increased m®A modification levels (Huh7: 125 %; HepG2: 126
%) (Fig. 2C). Furthermore, silencing WTAP mitigated the growth inhi-
bition induced by erastin, whereas overexpressing WTAP further
intensified the growth inhibition caused by erastin (Fig. S3A). Similar
results were observed in Huh7 and HepG2 treated with sorafenib
(Fig. S3B). Further research revealed that only ferrostatin-1 and
liproxstatin-1, the two kinds of ferroptosis inhibitors, could attenuate
the growth inhibition caused by over-expression of WTAP in erastin-
treated Huh7 and HepG2, but not apoptosis, necrosis and necroptosis
inhibitor (Fig. S3C).

Next, we sought to find out the effects of WTAP on classical
ferroptosis-related events in Huh7 and HepG2. First, we discovered that
silencing WTAP repaired mitochondrial damage brought on by erastin
(Fig. 2D). In addition, Silencing WTAP disrupted ROS accumulation
(Fig. 2E), intracellular iron overload (Fig. 2F), MDA content (Fig. 2G),
and GSH depletion (Fig. 2H) induced by erastin and sorafenib in Huh7
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Fig. 1. Levels of m®A modification is elevated in HCC ferroptosis. Ferroptosis inducers (10 pM Erastin, 10 pM Sorafenib, and 2.5 pM RSL3) were applied to Huh7 and
HepG2 cells for 24 h with or without the addition of Ferrostatin-1 (1 pM), Necrostatin-1 (10 pM), and ZVAD-FMK (10 pM). A-B Transwell assays were used to assess
the capacity for invasion. C Wound healing assay was performed to detect Huh7 cell migration. D Intracellular proliferation was detected using the Edu kit. E Overall
cellular proliferation tested by MTT assay. F-H The level of MDA, iron, and GSH were tested detected by kits. I m®A modification level was detected by dot blot. J
m®A modification level was detected by m®A RNA Methylation Quantitative kit. The mean + SD was used as the value of three or four independent experiments. *p
< 0.05; **p < 0.01; ***p < 0.001; ns, no significance.



Y. Lietal Redox Biology 69 (2024) 102971

HepG2 Huh7 KD D

WTAP ’ - — - - ‘ ‘ - —— }_47 tintControl siRNA  ErastintWTAP siRNA
METTL3’--“ ‘ ’----}—64 -
METTL4 ‘ - - — el ‘ ‘ = Q“,ﬁi__sé‘ =

“---}—52

— — — — }——42

METTL14 ‘ - — - —
practin | ---- |

Transmission electron microscopy

> "\ ‘?\) S\ ’,%(& @ée Qr?\} E 3 Control siRNA =1 Control Vector
&
¢s < %0&" c < %gﬁ" . [ WTAPsRNA B WTAP plasmid
=1 Control =1 Erastin =1 Sorafenib = RSL3 Hnh i L HepG2 il F“
P Huh? HepG2 200 '—‘ [ [ [}
Fededk ~~ =200
g & 150 X
i 39 rax & 100 &~
b 100-]
. Fkk 50
g 2 o H
:5)- 0 T T |v 0 T T é
21 S &S & &S
g § $ S N 5 S
= o A2 & & A3 &
& S B
U | | | | ] F )
\?. \hs 1 Control siRNA =3 Control Vector
A Y & &S
& & & & @@ £ WTAPSiRNA B9 WTAP plasmid
& & " [Hun? i k% k% - HepG2 Kk ok T
B HepG2 Huh? KD 200 ’—‘ 2007 F [
-~ -~
s | SR ESE e | WA W [« S -
2
FTO r.---‘ ’--‘—}—ss = 100 = 1007
50 50
ﬁ»aain'----‘ ’---_}—42
> > ‘ N > RN 0 T T T 0 T T T
& & @ Qg\e’ & & ¥ &> & S &> R4 >
& e}" & & E & o & & & &
< s < & ¢® ) %S&"
= Control = Erastin = Sorafenib =1 RSL3 <
1.5 Huh? HepG2 [ Control siRNA =3 Control Vector
* T G 1 WTAP siRNA 0 WTAP plasmid
a T 0 0.20 T 3 FFFF
1.0 = Huh7 K,k kk Kk ok

HepG2 ’_‘ N ,_‘

4
=
i

Relative protein expression
=
wn
1
g
<
MDA @mol/mg)
=l = =3
~ w -
1 1 1
— ]
.
-
—
.
MDA(umol/mg)
=3
i

=
<
s o
S
L
—)

0.00 "

T
< ' : ’ > & )
> > O o & & & &
C & < & ¢ < $
Huh7 HepG2 < o o
~ 05— *k
e ﬂ‘ 1 Control siRNA =1 Control Vector
- *% *k .
g T 126% 15l 7 WTAP siRNA £ WTAP plasmid
Z *ok - . .
£ 03 e Huh? HepG2
St
1=}
@ *k *k k% *k
& 0.2+ *k kK *k kK
o0 2 100 2o 100
£ g S [ 4
:0_' 0.1 % %
o) <] <]
=%} 0.0 504 504
i T T I T T
V" @ LA 4 é‘b &\3
.§ - f, % - .§ o )
< L N < * F ¥
&*B\ Ys .@‘Q Ys & &Vs ,@‘Q st N N © 3 ~ ©
& & S R P R . P
oo 4@" éﬂ Q“ $ & S &@5‘\ ‘;‘%Q C}Qeé Q)“P%o ‘,&g?‘
& $
+Erastin(10pM) ¢ ® o &

Fig. 2. WTAP-mediated m®A modification contributed to HCC ferroptosis. Ferroptosis inducers (10 pM Erastin, 10 pM Sorafenib, and 2.5 pM RSL3) were applied to
Huh7 and HepG2 cells for 24 h. A-B Expression of m®A writers and erasers in ferroptoic HCC cells detected by Western blot. C WTAP siRNA and plasmid were utilized
to transfect Huh7 and HepG2 cells respectively followed by 10 pM erastin. m®A RNA Methylation Quantitative kit was utilized to detect m®A modification level. D
Transmission electron microscopic observation of mitochondrial morphology in Huh7. Scale bars: 500 nm. E-H The level of MDA, iron, and GSH were tested detected

by kits. The mean + SD was used as the value of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance.
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and HepG2. In contrast, over-expression of WTAP could further enhance
the occurrence of ferroptosis-related events in Huh7 and HepG2 treated
with eastin (Fig. 2E-H). Taken together, these results suggest a potential
association between m®A modification and HCC ferroptosis. Elevated
WTAP levels may potentially contribute to ferroptosis in HCC induced
by ferroptosis inducers.

2.3. mPA modification mediated ferroptosis is associated with autophagy
activation

To gain a deeper understanding of the molecular mechanism by
which m®A modification promotes HCC ferroptosis, we conducted RNA
sequencing (RNA-seq) analysis. The heat map (Fig. 3A) and volcano plot
(Fig. 3B) indicated that when WTAP was lowered, 138 mRNAs exhibited
a significant rise (fold change >1.4), whereas 110 mRNAs showed a
significant drop (fold change <0.65) in Huh7 treated with erastin. Based
on the Kyoto Encyclopedia of Genes and Genomes (KEGG) statistics, the
data strongly support the potential regulatory role of autophagy
signaling during HCC ferroptosis (Fig. 3C). As expected, among these
genes, some ferroptosis-related genes, such as SLC7A11, GPX4, and
ACSL4, were identified (Fig. S4A). Wet lab experiments were then car-
ried out to investigate the involvement of autophagy in m®A modified-
mediated ferroptosis in HCC. The number of autophagosomes
(Fig. 3D) and the level of autophagic flow (Fig. 3E) decreased after
silencing WTAP in ferroptotic HCC. In erastin-treated Huh7 and HepG2,
the expression of LC3, a key marker of autophagy, was reduced after
weakening m®A modification and further increased after elevating m®A
modification (Figs. S4C and S4D), suggesting that autophagic activity
was regulated by WTAP-mediated m®A modifications. The conversion of
LC3-I to LC3-II were significantly reduced, while the expression of p62
was increased in ferroptoic HCC under the broken of WTAP expression,
while the above autophagy events were significantly enhanced under
the enhanced of WTAP expression (Fig. 3F and Fig. S4E). Notably,
NCOA4-mediated ferritin autophagy is a key event in autophagy-
induced ferroptosis [25]. We also observed a decrease in NCOA4 and
an increase in FTH during Huh7 and HepG2 ferroptosis after WTAP
silenced. This phenomenon was reversed by over-expression of WTAP
(Fig. 3G and Fig. S4F).

Remarkably, we found that the expression of ATGS5, a crucial gene in
autophagy signaling, decreased significantly upon WTAP decreased in
Huh?7 treated with erastin (Fold change = 0.18) (Fig. S4B). We further to
estimate whether ATG5 was the critical target of m®A modification in
ferroptoic HCC. Consistent with our sequencing results, after silencing
WTAP, the expression of ATG5 was decreased, while the expression of
ATG5 was increased after over-expression of WTAP in Huh7 and HepG2
after treated with erastin (Fig. 3H and Fig. S4G). We then performed
MeRIP-qPCR to further validate this result. The results showed that only
the m®A modification level of ATG5 mRNA was significantly increased
after treatment with erastin, sorafenib, and RSL3 (Fig. 31 and Fig. S4H).
Since ATG5 had been tentatively identified as a downstream target of
WTAP-mediated m®A modification. An ATG5 plasmid was used to per-
formed function-acquisition experiments to clarify this finding on this
basis (Fig. S5A). Under the destruction of WTAP expression, ATG5
plasmid could restore the expression of ATGS5, (Fig. S6A). In particular,
we discovered that increased LC3 expression and decreased p62, which
were autophagic hallmark events, that were recovered by over-
expressing ATG5 (Figs. S6A and S6B). The same result was obtained by
visualization of LC3 expression though immunofluorescence (Fig. S6C).
Next, we tested cell viability to clarify the effect of autophagy on fer-
roptotic HCC. The MTT results showed that in ferroptotic HCC induced
by erastin and sorafenib, activation of autophagy by overexpression of
ATGS could reversed the recovery of cell viability caused by silencing of
WTAP (Fig. S5B). Finally, our study revealed that overexpression of
ATGS, leading to the activation of autophagy, effectively reversed the
attenuation of key ferroptosis events induced by WTAP silencing alone
in Huh7 and HepG2 treated with erastin and sorafenib. Specifically, we
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observed the restoration of iron accumulation (Fig. S6E), MDA pro-
duction (Fig. S6F), ROS generation (Fig. S6G), and GSH depletion
(Fig. S6H). In summary, these results strongly suggested that elevated
WTAP-mediated m®A modification promoted ATG5-initiated autophagy
in ferroptotic HCC.

2.4. The m®A reader YTHDC2 initiated autophagic ferroptosis by
promoting ATG5 translation

Notably, reader proteins played a crucial role in enabling m°A
modification to exhibit a wide range of biological functions [18]. To
seek out which reader was involved in m®A modification-dependent
autophagy-related ferroptosis, we did an unbiased expression screen of
five of the most common reader proteins. To our surprise, the expression
of YTHDC2 was significantly increased after treatment of Erastin, Sor-
afenib and RSL3 (Fig. 4A and Fig. S7A). Next, we employed YTHDC2
siRNA-2 to conduct the loss-of-function experiments (Fig. S7B), and
YTHDC2 plasmid was utilized for the gain-of-function experiment
(Fig. S7C). As anticipated, the expression of ATG5 protein was reduced
after the decreased of YTHDC2; on the contrary, ATG5 expression was
restored after YTHDC2 re-expression (Fig. S7d). Furthermore, the results
showed that the key events in the onset of ferroptosis such as GSH
reduction (Fig. S7E), iron elevation (Fig. S7F), MDA increase (Fig. S7G),
and ROS elevation (Fig. S7H) were all disrupted to varying degrees after
the decreased of YTHDC2. Conversely, the introduction of exogenous
ATGS5 administration significantly restored the occurrence of ferroptosis
(Figs. S7E-H). These results suggested that YTHDC2 was involved in
m®A modification-mediated autophagy-related ferroptosis.

We have initially shown that ATG5 was a downstream target of
YTHDC2, thus highlighting the need for further investigation into the
YTHDC2-mediated regulation of ATG5 expression. We observed a
notable enhancement in the translational efficiency of ATG5 in ferrop-
totic HCC, as evidenced by an elevation in protein levels and a slight
decrease in mRNA level (Fig. 4B-C and Figs. S8A-D). Simultaneously,
we observed that YTHDC2 did not exert any influence on the degrada-
tion of ATG5 mRNA (Fig. 4D). Preliminary evidence from puromycin
labeling of nascent polypeptides revealed that the overexpression of
YTHDC2 had a pronounced effect on the overall mRNA translation at a
global scale (Fig. 4E). Simultaneously, we ruled out the influence of
YTHDC2 on ATG5 protein degradation, as the overexpression of
YTHDC2 did not impact the degradation rate of ATG5 protein following
inhibition of protein synthesis (Fig. SSE). The CDS section of ATG5
mRNA was cloned downstream of the portion of the pmirGLO plasmid
that encoded firefly luciferase in order to examine if YTHDC2 influenced
ATG5 translation (Fig. S8F). The ratio between firefly luciferase and
internal Renin luciferase was significantly higher following YTHDC2
overexpression, suggesting that translation of ATG5 was enhanced by
YTHDC2 (Fig. 4F). To confirm that the role of YTHDC2 was dependent
on its YTH domain, we constructed the YTHDC2AYTH plasmid
(Fig. S8G). This effect was significantly attenuated by deleted of the YTH
domain of YTHDC2 (Fig. 4G). Previous studies have shown that the mPA
reader is an RNA-binding protein [26]. Therefore, we examined the
interaction of YTHDC2 with ATG5 mRNA using RIP-PCR experiments.
The results indicated that ATG5 mRNA bound to YTHDC2, with a more
pronounced interaction observed in the presence of erastin treatment
(Fig. 4H). These results suggest that the function of YTHDC2 is to pro-
mote translation of ATG5 transcript in ferroptotic HCC.

Next, we delved into the m®A modification site on ATG5 mRNA.
Firstly, MeRIP qPCR analysis demonstrated a significant enrichment of
m®A modification in the CDS of ATG5 (Fig. 4I). Interestingly, a metic-
ulous primary sequence analysis unveiled the presence of a potential
m6A recognition site (GGACA) within the CDS region of the ATG5
mRNA (Fig. 4J). To confirm the functional significance of the mPA
binding site in the ATG5 CDS region, we generated an ATG5-mut
variant, as depicted in Fig. 5K. As anticipated, ATG5-mut disrupted
the binding between YTHDC2 and ATG5 mRNA (Fig. 4L), leading to a
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Fig. 3. m®A modification-mediated ferroptosis in HCC is autophagy-dependent. A Control siRNA and WTAP siRNA was transfected into Huh7 for12 h and then
treated with erastin (10 pM) for 24 h. Total RNA was isolated for RNA-Seq. Clustering of Huh7 cells were demonstrated by microarray heat map. The significantly
differentially expressed mRNAs were analysied by hierarchical cluster: white, no change; bright green, underexpression; bright orange, overexpression. B Enhanced
Volcano was plotted by https://www.bioinformatics.com.cn, an online platform for data analysis and visualization. C Differentially expressed mRNAs were enriched
by KEGG enrichment analysis in WTAP siRNA group (Erastin + Control siRNA, n = 3; Erastin + WTAP siRNA, n = 3). D The number of autophagosomes in Huh7 cells
were observed by Transmission electron microscopic. Scale bars: 2.0 pm. E Huh7 cells transfected with WTAP siRNA and plasmid along with mRFP-EGFP-hLC3B-
PKGX-Puro plasmid were treated with erastin (10 pM). Laser scanning confocal microscope was used to observe fluorescence intensity. Scale bars: 50 pm. F-H WTAP
siRNA and plasmid were utilized to transfect Huh7 and HepG2 cells respectively followed by 10 pM erastin. Expression of autophagy-related genes was detected by
Western blot. I Ferroptosis inducers (10 uM Erastin, 10 pM Sorafenib, and 2.5 pM RSL3) were applied to Huh7 for 24 h. MeRIP qPCR was used to detected the levels of
IPSA modification on autophagy-related genes. The mean + SD was used as the value of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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significant reduction in the translation of ATG5 (Fig. 4M). Taken
together, these findings indicate that YTHDC2 promoted the translation
of ATG5 mRNA by binding to the m®A binding site in the CDS region at
A921.

2.5. Autophagy activation is required for m°A modification to regulate
ferroptosis of xenograft tumor in vivo

To investigate the impact of m®A modification on the process of
ferroptosis in HCC, we established stable YTHDC2-knockdown Huh7 cell
lines (YTHDC2 KD). This is because YTHDC2, as a reader protein, serves
as a crucial bridge between m®A modifications and downstream target
genes. Additionally, to assess the regulatory effect of YTHDC2 on fer-
roptosis, Huh7 murine tumor model was constructed with nude mice
through subcutaneous tumors xenografts. We found that both sorafenib
and erastin could inhibit the growth of xenografts including tumor
volume and weight (Fig. 5A, B and G) without the significant effect on
the body weight of the mice (Fig. 5C), while YTHDC2 knockdown
significantly weakened the anticancer effects of both (Fig. 5A-C and G).
Then we found that sorafenib and erastin inhibited tumor proliferation,
mainly manifested by decreased expression of ki67 and pl6, while
knockdown of YTHDC2 significantly increased the expression of ki67
and pl6 (Fig. 5D). Consistent with previous experiments in vitro, the
expression of ATG5 as well as YTHDC2 was significantly elevated in
tumor tissues after induction of ferroptosis with erastin and sorafenib,
while the levels of both were significantly reduced after YTHDC2
knockdown (Fig. 5E). PTGS2 is the main marker of ferroptosis in vivo
[27]. Immunohistochemical staining showed that erastin and sorafenib
could significantly increase its expression, while YTHDC2 knockdown
significantly decreased its expression (Fig. 5F). Likewise, erastin and
sorafenib significantly induced key ferroptotic events in tumor tissues,
including GSH reduction (Fig. 5H), MDA accumulation (Fig. 5I), and
iron elevation (Fig. 5J). Knockdown of YTHDC2 could significantly
inhibit these processes. Based on the aforementioned findings, it has
been observed that erastin and sorafenib have the ability to modulate
autophagy-dependent ferroptosis through YTHDC2, thereby exerting
anti-HCC effects.

2.6. Induction of ferroptosis suppresses HCC PDO growth

PDOs have been recognized as a superior tool for simulating the
three-dimensional structure and functionality of HCC in an in vivo-like
environment [28]. Building upon this, we proceeded to investigate the
susceptibility of HCC PDOs to ferroptosis using this model. Initially, we
obtained freshly diagnosed HCC samples from individuals. Subse-
quently, we induced ferroptosis in HCC PDOs by treating with 10 pM
erastin. Specifically, the HCC PDOs were exposed to erastin for a dura-
tion of 5 days. Following this, we monitored the growth of the PDOs over
a period of five days within the same field of vision. Our observations
revealed that PDOs in the Erastin group exhibited slow or no growth,
while the control group demonstrated significant growth over the same
time period (Fig. 6A). We extracted RNA and protein on the fifth day in
order to detect related gene expression. First, we examined the overall
mP®A level in PDOs and found that it was significantly increased in the
group treated with erastin (Fig. 6B), especially on ATG5 mRNA (Fig. 6C),

which was consistent with our cell experiments. As anticipated, the
erastin group exhibited significantly higher levels of WTAP and YTHDC2
expression compared to the control group (Fig. 6D and E). In line with
what we expected, ferroptosis occurred in the HCC PDO as evidenced by
the dramatically increased expression of PTGS2 (Fig. 6F), a crucial gene
for the ferroptosis. Meanwhile, the changes in Iron, MDA, and GSH in
PDOs after erastin treatment were also consistent with classical ferrop-
tosis events (Fig. 6H and I). Furthermore, we conducted an examination
of the expression of genes associated with autophagy. Consistent with
the findings from cellular and animal studies, the expression of p62 was
significant decreased and LC3 was significant increase in the group
treated with erastin (Fig. 6 J and K). These results indicated that auto-
phagy is involved in erastin induced PDOs ferroptosis. Additionally, a
striking alteration in the expression of the ferritinophagy-related gene
FTH, providing further evidence of the association between autophagy
and ferroptosis in the erastin group (Fig. 6L). Finally. We found that the
expression of ATG5 protein was elevated in PDOs (Fig. 6M), and its
mRNA level was decreased (Fig. 6N), indicated that the translation level
of ATG5 was significantly enhanced after erastin treatment (Fig. 60),
which was consistent with our in vitro results. According to the afore-
mentioned findings, we preliminarily indicated that erastin could delay
the growth of PDOs, which may be related to the increase of m°A
modification level, activated autophagy and induced ferroptosis in
PDOs.

3. Discussion

In light of the urgent need to gain a fresh perspective on the un-
derlying mechanism of cell death in HCG, it is crucial to identify new
avenues for treatment. One promising approach is exploring ferroptosis,
an iron-dependent form of cell death characterized by lipid peroxidation
[29]. It has been established by the current investigation that this type of
cell death also depends on autophagy [30]. Previous research has indi-
cated a correlation between elevated levels of iron ions and the devel-
opment of HCC [31,32], potentially triggering the induction of
ferroptosis. Our investigation has demonstrated that HCC exhibit sus-
ceptibility to ferroptosis when exposed to any of the three known fer-
roptosis inducer, such as erastin, sorafenib and RSL3. While existing
research on ferroptosis has predominantly concentrated on the tran-
scriptional level, the intricate precision, prolonged time course, and
dynamic attributes of ferroptosis underscore the need for comprehensive
investigation into its post-transcriptional modification level. Notably,
the epigenetic modification termed m®A possesses the capacity to
modulate gene expression at the post-transcriptional level, making it a
compelling target for in-depth examination and scrutiny [33].

However, the role of m®A modification in HCC is controversial.
Several studies have found that the level of m°A modification in HCC
tissues was significantly higher than in normal liver tissues, owing to
increased expression of the methylation enzyme METTL3 [34]. How-
ever, it had been discovered that the level of m®A modification was
reduced during the development of HCC, owing primarily to a decrease
in the methylation enzyme METTL14 [35]. The conflicting outcome
could potentially be attributed to the influence of three reasons as fol-
lows: (1) Sample selection and heterogeneity: HCC exhibits a notable
degree of heterogeneity, encompassing various subtypes and molecular
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Fig. 4. YTHDC2 interacts with ATG5 mRNA to promote its translation. A Expression of m°®A readers in Huh7 detected by Western blot. B Expression of ATG5 protein
detected by Western blot. C Translation efficiency of ATG5 in Huh7, calculated as: translation efficiency = ATG5 protein level/ATG5 mRNA expression level. D ActD
was used to inhibit the transcription and RT-PCR was used to detected the mRNA of ATGS5. E Puromycin labeling assay showed the protein synthesis in Huh7. F-G
Huh?7 cells were transfected with pmiR-GLO plasmids containing ATG5 CDS region for 24 h, and the translation efficiency of ATG5 was illustrated as the relative
ratios between F-luc and R-luc. H RIP experiments to analyze the binding of ATG5 and YTHDC2. I The levels of m®A modification in ATG5 mRNA 3-UTR, CDS and 5
UTR were determined by MeRIP qPCR. J Diagram of the m®A site on ATG5 mRNA. K Schematic representation of the mutation in CDS on ATG5 mRNA. L RIP
experiments to analyze the binding of ATG5 and YTHDC2. M Puromycin labeling assay showed the protein synthesis in Huh7. The mean + SD was used as the value
of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5. YTHDC2 knockdown impairs HCC ferroptosis in vivo. A Images at the end points of Huh7 cell-derived subcutaneous xenograft tumors in BALB/c nude mice.
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Fig. 6. Erastin promotes HCC PDO ferroptosis in an m°A-dependent manner. A Representative bright-field images of HCC PDOs from three individuals that were
exposed to erastin at the indicated concentration at 0, 3, 5 days are shown. Scale bar, 0.1 mm. B mPA modification level in PDOs was detected by dot blot. C MeRIP-
PCR detected m®A level on ATG5 mRNA. D-F The mRNA expression of WTAP, YTHDC2, PTGS2 was detected by RT-PCR. G-I The level of GSH, MDA and iron in PDOs
was detected by kits. J-L. The mRNA expression of FTH, MAP1LC3, SQSTM1 was detected by RT-PCR. M The protein expression of ATG5 in PDOs was detected by
Western blot. N The mRNA expression of ATG5 was detected by RT-PCR. O Translation efficiency of ATG5 in PDOs. Calculated as: translation efficiency = ATG5
protein level/ATG5 mRNA expression level. The mean + SD was used as the value of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
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subgroups. The utilization of diverse liver cancer tissue samples in
research studies introduces the possibility of distinct molecular and
clinical characteristics, which could contribute to the observed varia-
tions in m®A modification levels. (2) Cancer development and progres-
sion stages: Liver cancer undergoes a dynamic and progressive process,
leading to alterations in cellular biological features and patterns of m°A
modification throughout different stages of development and progres-
sion. Therefore, the inclusion of liver cancer patients at various stages in
different studies may account for the inconsistencies observed. (3)
Interacting networks and regulatory mechanisms: The m®A modification
operates within a complex regulatory network, subject to the influence
of other genes, proteins, and signaling pathways in liver cancer. Dis-
parities in these interacting networks and regulatory mechanisms may
underlie the observed inconsistencies in m®A modification levels across
different studies. These factors can lead to complex alterations in the
expression of m®A modification levels and regulatory factors during the
development of HCC.

In this study, we concentrated on changes in m®A modification with
the emergence of ferroptosis in HCC. Our investigation unveiled a
remarkable increase in m®A modification levels within HCC following
treatment with ferroptosis inducers. The increase of m®A modification
level was also observed after erastin treatment in the PDO model. Sub-
sequent analyses elucidated that this elevation was linked to the upre-
gulation of WTAP, a methyltransferase enzyme. Intriguingly, contrary to
previous reports implicating METTL14 in elevated m®A modification
levels in HCC, our study identified WTAP as the primary driver of this
observed increase. This disparity can be attributed to the specific focus
of our research on the context of ferroptosis, in contrast to previous
studies that directly assessed the expression of relevant enzymes in both
tumor and adjacent tissues. Due to the specific cellular death mechanism
of ferroptosis, its inducers may have a direct impact on m®A modifica-
tion. Therefore, under the influence of ferroptosis inducers, the upre-
gulation of WTAP expression is likely to result in a significant increase in
mPA modification levels within HCC. Furthermore, this observation
underscores the intricate nature of m®A modification, as the predomi-
nant methyltransferases involved can exhibit variations across diverse
cellular contexts and pathological processes. In this study, we had pro-
vided compelling evidence supporting the crucial involvement of m®A
modification in the occurrence of ferroptosis in HCC. Notably, we
observed a significant increase in the level of m®A modification during
the induction of ferroptosis in HCC. These results collectively suggest
that there exists a dynamic balance of m®A modification levels in HCC,
which, when disrupted, could adversely impact HCC development. By
shedding light on the significance of m®A modification, our study
offered a novel avenue for therapeutic interventions though mSA
modification in the treatment of HCC.

The presence of m°A demethylases ensures the dynamic and
reversible nature of m®A modifications. They can remove m®A modifi-
cations that have already occurred on mRNAs, thereby deregulating the
m®A modifications on downstream target genes. There are only two
well-characterized m®A demethylases, FTO [36] and ALKBHS5 [37], and
several studies have shown that they are involved in the regulation of
HCC progression, but some of the conclusions are contradictory, and
these conflicting functions may be related to the heterogeneity of the
tumors or the small sample size used, which also suggests that mSA
modification plays a complex role in HCC. Unfortunately, we did not
find significant changes in m®A demethylase expression during HCC
ferroptosis in current study, which ensured that m®A modification can
be at a high-level during HCC ferroptosis. This leaded to the rapid
recognition of m®A-modified mRNA by the reading protein YTHDC2,
contributing to the regulation of the expression of downstream target
genes by m®A modification.

Interestingly, emerging research had revealed the regulatory role of
autophagy in the occurrence of ferroptosis. Autophagy, a cellular
degradation process, orchestrates the formation of autophagosomes to
sequester damaged or surplus cellular components, subsequently
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facilitating their degradation within lysosomes to uphold cellular ho-
meostasis [38]. Compelling evidence from various studies suggested
that autophagy induction can heighten cellular susceptibility to fer-
roptosis, thereby amplifying the overall efficacy of ferroptosis. Notably,
certain autophagy-related genes, including ATG5 and ATG7 [39], have
been found to exert regulatory control over iron metabolism and the
accumulation of lipid peroxides during the process of ferroptosis. In
current study, RNA-seq found that the autophagy pathway changed
most obviously after the change of m®A modification level. Further
detection by MeRIP-PCR showed that ATG5 was the most important
autophagy gene modified by m®A modification. Our study revealed that
ATG5-mediated autophagy was a crucial step in HCC ferroptosis, as it
facilitates the degradation of intracellular iron-storing proteins, leading
to the release of a substantial amount of iron ions and initiating HCC
ferroptosis. This crucial observation highlights the potential of pro-
moting ferroptosis, particularly through autophagy-dependent path-
ways, as a promising therapeutic strategy for combating HCC.

Our investigation had unequivocally established the association be-
tween the upregulation of methyltransferase WTAP and the observed
elevation in m®A modification levels during HCC ferroptosis. However,
regarding the crucial involvement of reader proteins in the regulation of
downstream target genes through m®A modification, one pertinent
question arises: which specific reader protein assumes a pivotal role? By
employing an unbiased screening approach, we have successfully
identified YTHDC2 as the key mediator responsible for the mC®A
modification-mediated regulation of the downstream target gene ATG5
during HCC ferroptosis. Moreover, we identified a significant interaction
between YTHDC2 and ATG5 mRNA, which was enhanced in the pres-
ence of ferroptosis inducers. Given that YTHDC2 has been shown to
enhance the translation of target mRNAs [40], this finding suggests that
it may promote the expression of target genes. Because of YTHDC2
structure contains DEAH/RNA helicase A family features, it can promote
the translation of mRNA by binding to the m°A site in the CDS region
and then resolving secondary structures [40]. Our research further
demonstrated that YTHDC2 could bind to the CDS region of the ATG5
mRNA, facilitating its translation. Interestingly, we noticed a slight
decrease in the expression of ATG5 mRNA, which may be related to its
ability to interact with the 5 — 3’ exonuclease [41]. Future research will
delve into the molecular mechanism underlying this phenomenon and
further illuminate the intricate role of YTHDC2, which we did not
examine in detail here.

In summary, our research has demonstrated the crucial importance
of WTAP-mediated m®A modification in the translation of ATG5 mRNA
through a YTHDC2-associated mechanism during HCC ferroptosis
induced by ferroptosis inducers (Fig. 7). These findings shed new light
on the regulatory mechanisms governing ATG5 expression through
epigenetic modifications, particularly emphasizing the significance of
m®A modification in the context of HCC treatment.

4. Materials and methods
4.1. Cell culture drug treatment

Human hepatoma cell lines Huh-7(Procell Cat#CL-0120) and HepG2
(Procell Cat#CL-0103) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, purchased from Servicebio, Wuhan, China) containing
10 % fetal bovine serum (FBS, purchased from biosharp, Chhina) and 1
% penicillin-streptomycin (purchased from Nanjing BioChannel
Biotechnology Co., Ltd). By administering erastin (10 pM), sorafenib
(10 pM), and RSL3 (2.5 pM) for 24 h, HCC ferroptosis was triggered. In
the meantime, cells were given an equivalent amount of DMSO without
any medicines as a control. Cells were authenticated by STR profiling
and tested negative for mycoplasma contamination.
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Fig. 7. WTAP-mediated m®A modification on ATG5 mRNA is dependent on YTHDC2 in autophagic iron death in HCC. Following the administration of HCC fer-
roptosis inducers, they triggered WTAP-mediated m6A modification on ATG5 mRNA, which was then recognized and bound by YTHDC2. This resulted in enhanced
translation and elevated expression of ATG5, which then started ferritinophagy, an increase in the unstable iron pool, and eventually led to the onset of ferroptosis

in HCC.

4.2. Construction of stable cell line

To construct a stable YTHDC2 knockdown cell line, lentiviral vectors
harboring shRNA for knockdown of YTHDC2 (YTHDC2 KD), and nega-
tive control underwent syncretization and the cloned into pLKO.1 vec-
tor. Transfection was then started by adding the plasmid and
Lipofectamine 3000 transfection reagent mixture (L3000015, Invi-
trogen) to the medium. In a nutshell, 10 pg/ml puromycin (Thermo
Fisher Scientific Cat#A1113803) was used to select stably transfected
cells for 3 weeks.

4.3. Plasmid construction

Lipofectamine 3000 (Invitrogen Cat#L3000015) was used for the
siRNA and plasmid transfections in accordance with the manufacturer’s
recommendations. WTAP siRNA, pcDNA3.1-WTAP plasmid, ATG5 mu-
tation plasmid (ATG5 mut), YTHDC2 plasmid, YTHDC2AYTH plasmid
were constructed by Yormbio Tech. YTHDC2 siRNA, pcDNA3.1-ATG5
plasmid and mRFP-EGFP-hLC3B-pKGX-Puro was obtained from Key-
GEN BioTECH.

4.4. Wound healing

For wound healing experiment, Huh7 and HepG2 cells were inocu-
lated into 6-well plates, incubate overnight, and then scratch with a
sterile 200 pl gun tip perpendicular to the cell plane. The dropped cells
were washed off with PBS, and the width of the scratch was observed on
the microscope and photographed. Then mitomycin C (MCE Cat#HY-
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13316) was added as well as the reagent, then continued inoculated in
the incubator and observed and photographed again after 24 h under the
same field of view.

4.5. Cell proliferation assay

Overall cell proliferation was measured by MTT-based cell viability
assay. Put simply, cells were cultured in 96-well plates, and corre-
sponding treatment was performed when the cell density reached about
50 %. After 24 h, 5 mg/ml of MTT (BioFroxx Cat #1334GR005) solution
was added and the incubation was continued for 4 h at 37 °C. Finally,
discard the supernatant fractions, add 200 pl DMSO to each well,
incubated for 10 min at room temperature on a shaker, and detect the
wavelength at 490 nm. For individual cell proliferation, Edu-488 cell
proliferation kit was used to detect (Beyotime Biotechnology Cat#
C0071S). HepG2 and Huh7 cells were inoculated into 96-well plates.
Then labeled by 37 °C pre-warmed EdU 2 h prior to sample collection.
After labeling, the cells were fixed with 4 % paraformaldehyde for 10
min and permeabilized with 0.3 % Triton X-100. Then assayed the
fluorescence intensity according to the steps in the instructions.

4.6. Transwell assay

For transwell invasion assay, Huh7 and HepG2 cells were seeded into
the upper chamber with Matrigel (Corning Cat#356234). Non-invaded
cells were removed using a cotton swab after a 24-h incubation
period, and cells on the chamber’s bottom were fixed with 4 % para-
formaldehyde for 10 min before being stained with Crystal Violet
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(KeyGEN Cat #KGA229). Next, 3 randomly chosen fields (200 magni-
fication) were taken using an inverted microscope.

4.7. GSH, MDA, ROS, and iron content determination

The GSH was detected by a glutathione kit (BestBio Cat # BB-4711).
The MDA was detected by a lipid oxidation detection kit (BestBio Cat #
BB4709). ROS was detected by a ROS kit based on DCFH-DA probe
(Beyotime Biotechnology Cat #S0033). Iron content was detected by an
intracellular iron colorimetric assay kit (Applygen Cat #E1042). Bio-
assays were replicated three times.

4.8. m°A dot blot

The total RNA was isolated using phenol/chloroform extraction.
Then the mRNA solution was mixed with the same volume of denaturant
(20 x SSC buffer:37 % formaldehyde = 3:2) and incubated at 95 °C for 5
min. Then, 100 ng, 200 ng or 400 ng poly (A) + RNAs were added on
nitrocellulose membrane (GE Healthcare). After drying at 37 °C for 30
min, the RNA was immobilized on the NC membrane by UV irradiation
for 30 min. The NC membranes were soaked in 5 % milk for 1 h and then
incubated with m®A antibody (ABclonal Cat#A19841) overnight. Then
incubate with secondary antibody and expose by ECL. The same amount
of RNA was spotted on NC membrane, stained with methylene blue and
photographed.

4.9. Quantification of RNA m°A

The total RNA was isolated using phenol/chloroform extraction.
Then used EpiQuik m®A RNA Methylation Quantitative kit (Epigentek,
Farmingdale, NY, USA) to detect the total m®A level of RNA. All pro-
cedures were carried out according to manufacturer instructions.
Briefly, 200 ng of RNA per sample was transferred to assay wells.
Following the manufacturer’s instructions, capture antibody solution
and detection antibody solution were then added to assay wells sepa-
rately in a suitable diluted concentration. The m®A levels were quanti-
fied colorimetrically by measuring the absorbance of each well at a
wavelength of 450 nm, and calculations were performed based on the
standard curve.

4.10. Western blot

Intracellular total protein extract by RIPA buffer (Beyotime,
Shanghai, China) containing 1 % protease inhibitors and PMSF. After
measuring the protein concentration, added 1/3 volume of 5 x protein
loading buffer and heated at 95 °C for 15min. Then used the SDS-PAGE
to separate protein, pageRuler prestained protein ladder was used for
protein molecular weight estimation. After separation, transferred the
protein to a 0.22 pm PVDF membrane. Block the membranes by incu-
bating in 5 % skim milk for 2 h at room temperature. Membranes were
then placed in primary antibody buffer and incubated overnight at 4 °C.
The membranes were then blocked with the corresponding secondary
antibody for 2 h at room temperature. Finally, the gel imaging system
was used for analysis (Bio-Rad, Hercules, CA). Each antibody used in this
study is listed in Table S1.

4.11. RNA extraction and real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen Cat
#15596018) according to the manufacturer’s instructions. Then used
Nanodrop to measure the purity and concentration of RNA. Hifair® II 1st
Strand CDNA Synthesis Super Mix (YEASEN Cat#11123ES60) was used
to synthesize the template complementary DNA from total RNA. The
QuantiTect SYBR Green PCR Kit Hieff qQPCR SYBR Green Master Mix
(YEASEN Cat#11202ES08) was used to analyze the cDNA by qRT-PCR
on ABI 7500 system (Applied Biosystems). Gene expression was
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normalized using housekeeping gene GAPDH and relative quantification
was calculated using 2722 Used primers are presented in Table S2.

4.12. RNA sequencing

Total RNA was isolated from Huh7 by TRIzol reagent (15596018,
Invitrogen). For each sample, TruSeq Stranded Total RNA with 1 pg RNA
was used for library preparation with Ribo-Zero Gold kit (MRZG12324,
[lumina). TopHat v1.4.1 was used to align the reads of each sample with
the human reference genome (GRCh38.p10). EdgeR version 3.08 was
performed for differential gene expression. The Benjamini-Hochburg
method was used to calculate the adjusted P values. We used fold
change <0.65 for downregulation and fold change >1.4 for upregula-
tion as cutoffs.

4.13. MeRIP qPCR

According to our previous reports [23], MeRIP qPCR was performed
to quantify the enrichment of m®A in target gene. In briefly, 5 pg rabbit
IgG and m®A antibody were conjugated to 50 pl Protein A/G Plus
Agarose (ABclonal Cat#RM09008) overnight at 4 °C, respectively. The
antibody-beads compound was then incubated with 100 pg RNA over-
night at 4 °C. The precipitated products were incubated with elution
buffer at 50 °C for 1.5 h. Finally, RNA was re-extracted by the phe-
nol/chloroform method and analyzed by qPCR.

4.14. Transmission electron microscopy

According to our previous reports [42], using transmission electron
microscopy to observe the morphology of mitochondrial and the number
of autophagosomes. In brief, discard the medium in the large dish,
directly added the electron microscope fixative solution, gently scrape
the cells with a cell scraper and collected them into a centrifuge tube.
Then centrifuged for 3 min at 1000 rpm, discarded the supernatant,
added new electron microscope fixative, and fixed at room temperature
for 2 h. Images were acquired by servicebio (Wuhan, China).

4.15. RIP-RT-PCR

RNA immunoprecipitation (RIP) was performed as previously
described [23]. Put simply, added 0.75 % formaldehyde to the culture
medium and rotate gently for 10 min at room temperature to cross-link
in vivo protein-RNA complexes. Then isolated nuclei and lysed the nu-
clear pellets. The chromatin was mechanically sheared using a dounce
homogenizer with 15-20 strokes. Add YTHDC2 antibody (Abcam
Cat#ab220160) (5 pg) to supernatant (10 mg) and incubate for 2 h at 4
°C with gentle rotation. Add protein A/G beads (40 pL) and incubate for
1 h at 4 °C with gentle rotation. Washing off unbound material. Even-
tually, purification of RNA and analyzed by RT-PCR. Normalization of

the relative enrichment was done to the input as: %Input = 1/10 x 2Ct
[IP] _ Ct [input].

4.16. Immunofluorescence

For immunofluorescence experiments [23], cells were seeded in
24-well plates and treated with compounds at indicated times. Then
cells were fixed with paraformaldehyde and incubated with LC3 (Abcam
Cat#ab48394) antibody overnight. Whereafter, cells incubated with
FITC anti-rabbit IgG. Following this, the nuclei were stained with DAPI
(KGA215-50, KeyGEN BioTECH). Finally, the images were taken by
confocal laser.

4.17. Animal experiments

The animal care Committee of Nanjing University of Chinese Medi-
cine approved all animal experiments. Four-week-old BALB/C-nu nude
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male mice were used for animal studies, and all animals were main-
tained in the specific pathogen-free (SPF) conditions at our institution.
Huh-7 and stable YTHDC2 knockdown Huh-7 cells (approximately 1 x
107) resuspended with 50 pl of PBS and 50 pl of stromal gel were injected
subcutaneously into the axilla of BALB/c nude mice to establish the
subcutaneous xenograft model. When the volume of xenograft tumors
up to 100 mm?, the mice were randomly divided into six groups, with
five mice in each group. Erastin and sorafenib were dissolved in 10 %
DMSO and 90 % corn oil and injected intraperitoneally into the mice
every other day. After 28 days, mice were deeply anesthetized by
intraperitoneal injection of sodium thiopental before decapitation, fol-
lowed by tumors extraction, and stored in a —80 °C refrigerator for
subsequent experiments. There were no occurrences of mouse mortality
throughout the entire experimental period.

4.18. PDO culture

The culture of PDO was carried out according to the method in a
previous report [43]. In brief, HCC samples were chopped, digested with
trypsin, filtered, and centrifuged at 300 g for 5 min. The supernatant was
removed, and the cells combined with Corning’s Matrigel Matrix which
contain Growth Factor Reduction (GFR) and seeded in 96-well plates
(Corning). PDOs were cultured in DMEM containing 10 % FBS, and the
corresponding growth factors were added to the supernatant to promote
its growth.

4.19. Calculations and statistics

All data subjected to analysis had no less than three samples and are
presented as means + SD. Using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA, USA) to statistically analyze all data. Statistical analysis
was performed using either one-way or Student’s t-test (two-group
comparison) analyses of variance followed by Student-Newman-Keuls
test (more than two groups). A p-value of 0.05 or lower was regarded
as statistically significant.
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Abbreviations

HCC hepatocellular carcinoma

m6A N6-methyladenosine

METTL3 Methyltransferase like 3

WTAP  Wilms tumor 1 associating protein

FTO fat mass and obesity associated protein

ALKBHS5 a-ketoglutarate-dependent dioxygenase alk B homolog 5

YTH YT521-B homology domain

YTHDF YTH N6-methyladenosine RNA binding protein

YTHDC YTH domain containing

ATG5 autophagy related 5

DMEM  Dulbecco’s Modified Eagle Medium

FBS fetal bovine serum

DMSO  dimethyl sulfoxide

PBS Phosphate Buffered Saline

MTT 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide

GSH glutathione

MDA Malondialdehyde

ROS Reactive oxygen species

PDO Patient-derived organoid

HSC Hepatic stellate cell

NCOA4 Nuclear receptor coactivator 4

LC3 Microtubule associated protein 1 light chain 3 alpha

pl6 biomineralization protein SpP16
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ki67 antigen identified by monoclonal antibody Ki 67
Ptgs2 prostaglandin-endoperoxide synthase 2

XRN1  5-3' exoribonuclease 1

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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