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Abstract

Ferroptosis represents a recently identified form of programmed cell death that depends on iron and is triggered by lipid
peroxidation. Nevertheless, its precise mechanisms and therapeutic relevance in cancer, particularly at the level of post-
transcriptional regulation, remain largely unclear. In this study, we demonstrated that AKT inhibition markedly triggered GPX4-
dependent ferroptosis and effectively restrained colorectal cancer progression both in vitro and in vivo. This process was
accompanied by suppression of the demethylase FTO, leading to elevated m6A modification of GPX4 mRNA, which was then
recognized by YTHDF2 and subsequently degraded. Bioinformatic prediction identified three putative methylation sites
(193/647/766), among which site 193 was confirmed as the functional locus, being demethylated by FTO and recognized by
YTHDF2. Meanwhile, inhibition of AKT promoted reactive oxygen species (ROS) accumulation, which exerted negative
feedback regulation on GPX4 expression. Furthermore, MK2206 treatment initiated a protective autophagy response, whereas
autophagy blockade further intensified ferroptosis and significantly potentiated the antitumor efficacy of MK2206. Overall,
AKT suppression activated ferroptosis via the FTO/YTHDF2/GPX4 axis to inhibit colon cancer development, highlighting

FTO and GPX4 as promising biomarkers and therapeutic targets in colorectal cancer management.
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Introduction

Colorectal cancer (CRC) ranks as the third most
prevalent malignancy worldwide in terms of both
incidence and mortality [1]. Each year, more than 1.8
million new CRC cases are diagnosed globally, with
approximately 850,000 deaths attributed to this disease
[2]. Surgical resection remains the primary treatment
approach; however, a substantial proportion of patients
still experience postoperative recurrence after surgery
[3]. Therefore, there is an urgent need to identify novel
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therapeutic strategies to limit tumor progression and
improve clinical outcomes in CRC patients.

The PI3K-AKT signaling cascade plays a central role in
multiple biological processes, including cellular growth,
proliferation, and metabolism [4]. AKT activation
enhances tumor cell proliferation across various cancer
types and contributes to resistance against anticancer
therapies and cell death. In contrast, AKT inhibition
diminishes cell viability and is considered a promising
therapeutic strategy to augment antitumor efficacy,
particularly in drug-resistant settings [S]. Current
evidence links AKT closely to several forms of regulated
cell death, including pyroptosis, apoptosis, autophagy,
parthanatos, and ferroptosis [6]. However, the detailed
mechanisms by which AKT modulates ferroptosis
remain to be fully elucidated.

Ferroptosis is an iron-dependent form of regulated cell
death driven by lipid peroxidation and was identified
only recently [7]. Its morphological features, molecular
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pathways, and execution mechanisms are fundamentally
distinct from other programmed cell death types [8], such
as apoptosis, necroptosis, pyroptosis, and cuprotosis [9-
11]. Hallmarks of ferroptosis include iron-dependent
lipid oxidative damage, degradation of glutathione
peroxidase 4 (GPX4), and increased mitochondrial
membrane density [12]. Emerging studies indicate that
ferroptosis regulation is closely associated with
autophagy [13, 14], although the exact relationship
remains insufficiently defined.

N6-methyladenosine (m6A) modification is the most
prevalent post-transcriptional modification on mRNA

[15] and is dynamically regulated by “writers”
(methyltransferases), “erasers” (demethylases), and
“readers” (m6A-binding proteins) [16]. Writers,

including METTL3, METTL14, METTL16, WTAP, and
KIAA1429, catalyze m6A deposition [17, 18]. Erasers
such as FTO and ALKBHS5 remove m6A marks, enabling
reversible regulation [19]. Readers, including members
of the YTH domain family and IGF2BP family [20, 21],
such as YTHDF1-3 and YTHDCI1-2, interpret m6A
signals to modulate mRNA fate.

In our earlier work, we showed that ERK inhibition could
trigger protective autophagy in colorectal cancer cells
[22]. However, whether a similar protective autophagy
mechanism operates during ferroptosis has not been fully
clarified. Moreover, the involvement of post-
transcriptional mechanisms, particularly m6A RNA
modification, in ferroptosis remains largely unexplored.
In the present study, we identified a previously
unrecognized post-transcriptional regulatory pathway in
which AKT inhibition reduced FTO expression, thereby
decreasing GPX4 levels in a YTHDF2-dependent
manner, and confirmed site 193 as a bona fide
methylation site on GPX4 mRNA. Additionally, we
demonstrated the existence of protective autophagy
during ferroptosis.

Materials and Methods

Cell culture

HCT-116 and SW480 cell lines were obtained from the
American Type Culture Collection. HCT-116 cells were
maintained in DMEM (Gibco, Carlsbad, USA), while
SW480 cells were cultured in L-15 medium (KeyGEN
BioTECH, China), both supplemented with 10% fetal
bovine serum (FBS; Gibco, USA) and 1% penicillin—
streptomycin  (NCM  Biotech, China). Cells were
incubated at 37 °C in an atmosphere containing 5% COs.

All cell lines were routinely tested and confirmed to be
free of mycoplasma contamination.

Reagents and antibodies

Chloroquine (CQ) was purchased from Solarbio (Beijing,
China). RSL3, Fer-1, FB23-2, DC661, Z-VAD, and NAC
were obtained from Selleck Chemicals (Houston, TX,
USA). MK2206 was acquired from Topscience
(Shanghai, China). Primary antibodies against mo6A,
LC3, Ki67, AKT, p-AKT, FTO, YTHDF1, YTHDF2,
YTHDF3, FNI1, and p-actin were sourced from
Proteintech (Wuhan, China), whereas antibodies against
GPX4, SIRT6, and p-SIRT6 were obtained from Abcam
(Cambridge, UK).

Western blotting

Total protein was extracted using lysis buffer for Western
blotting and immunoprecipitation (Beyotime, China),
followed by separation on SDS—PAGE gels. Proteins
were transferred onto PVDF membranes (Millipore,
USA), which were blocked with 5% BSA for 1 hat 25 °C.
Membranes were incubated with the appropriate primary
antibodies at 4°C overnight, then with secondary
antibodies for 1h at 25°C. Protein signals were
visualized using a chemiluminescence imaging system,
and relative expression levels were quantified. All
western blot data are provided in the Supplementary
Material.

RT-gPCR

Total RNA was isolated using TRIzol reagent and
reverse-transcribed into cDNA with the HiScript Q RT
SuperMix for qPCR Kit (Vazyme, Nanjing, China).
Quantitative PCR was performed using the ChamQ
Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China), and relative mRNA levels were calculated using
the 2°—AACt method, normalized to B-actin.

MeRIP—qPCR

An MeRIP Kit (Epigentek, USA) was employed to enrich
mRNA fragments containing m6A modifications from
total RNA. GPX4 m6A methylation levels were then
quantified by qPCR using site-specific primers.

Immunohistochemistry staining

Tumor specimens were fixed in 4% paraformaldehyde
for 24h and subsequently dehydrated through graded
alcohols and xylene before paraffin embedding. Sections
(5 pm) were prepared, and antigen retrieval was blocked
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using 1% hydrogen peroxide. Slides were incubated with
primary antibodies at 4°C overnight, followed by
secondary antibody incubation at room temperature for
30 min. After DAB chromogenic development, tissues
were dehydrated and mounted with neutral resin. Images
were evaluated under a light microscope by three
experienced investigators [23].

mo6A dot blot assay

Total RNA extracted from cells or tissues was denatured
at 70 °C for 10 min, rapidly chilled on ice for at least
2 min, and aliquoted into 200 ng, 400 ng, and 800 ng
samples. Equal volumes were spotted onto nylon
membranes (Beyotime, Shanghai, China) and baked at
80 °C for 2 h to immobilize RNA. Membrane blocking
and antibody incubation followed the same protocol as
western blotting, and signal detection was performed
similarly.

Cell viability assays and colony formation

CRC cells (5% 10* per well) were seeded into 96-well
plates. After 24 h, the culture medium was replaced with
treatment-specific media, and absorbance at 450 nm was
measured at the indicated time points using a microplate
reader. Cell viability was assessed with the Cell Counting
Kit-8 (CCK-8; APExBIO, Houston, USA). For colony
formation assays, 1x 10° cells were plated in 6-well
plates and cultured for 2weeks with appropriate
treatments, followed by fixation with paraformaldehyde,
crystal violet staining, and imaging.

ROS detection and measurement

Intracellular ROS levels were determined using a ROS
Assay Kit (Beyotime, Shanghai, China). After 24 h of
treatment, cells were incubated with 10 uM/mL DCFH-
DA for 30 min, washed three times with PBS, and imaged
under a fluorescence microscope. Quantification of ROS-
positive cells was performed using ImageJ software.

Cell transfection and RNA interference

shRNA plasmids targeting AKT were obtained from
Hansheng Technology, and all siRNAs were purchased
from GenePharma (Shanghai, China). Stable shAKT cell
lines were generated using 293T cells. Plasmids were
transfected into 293T cells with Lipofectamine 2000
(Invitrogen, USA), and viral supernatants were collected
and used to infect HCT-116 cells at 24 h, 48 h, and 72 h.
siRNAs were transfected into target cells using
Lipofectamine 2000. After 24h, the medium was

replaced, and cells were incubated for an additional 24 h
prior to further treatments.

EDU assay

Cell proliferation was assessed using an EdU
incorporation assay. CRC cells (5 x 10* per well) were
seeded in 24-well plates and treated for 24 h, followed by
incubation with 10 uM EdU for 2 h at 37 °C. Cells were
fixed with 4% formaldehyde for 15 min, washed with
PBS, permeabilized with 0.1% Triton X-100 for 10 min,
and stained with EdU solution and Hoechst for nuclear
labeling. Images were captured using a fluorescence
microscope.

Animal models

Female BALB/c nude mice (6-8 weeks old) were
randomly assigned to four groups (Control, MK2206,
CQ, MK2206 + CQ; n=4 per group). CRC cells (1 x 10°)
suspended in 100 uL PBS were injected subcutaneously
into the left axilla under sterile conditions. When tumors
reached approximately 50 mm?, mice were treated with
MK2206 (90mg/kg, oral gavage) [24] and/or CQ
(25 mg/kg, intraperitoneal injection) [22]. Control mice
received equal volumes of 0.9% NaCl and sodium
carboxymethyl cellulose solution by gavage. Tumor size
and body weight were recorded every 2 days, and mice
were euthanized after 14 days of treatment. Tumor
volume was calculated using the formula:

1/2 x (length x width?). 1)

Statistical analysis

All experiments were performed at least three times
independently. Data were analyzed using GraphPad
Prism 7.0 and are presented as mean + SEM. Statistical
significance was determined using Student’s paired ¢-
test.

Results and Discussion

AKT inhibition suppressed colorectal cancer cell
proliferation

To assess the critical involvement of the AKT pathway
in CRC initiation and progression, the AKT inhibitor
MK2206 was applied, and the appropriate treatment dose
and duration were first determined. HCT-116 and SW480
cells were exposed to increasing concentrations of
MK2206 (1, 2, 5, and 10 uM), and cell viability was
measured using the CCK-8 assay at 0, 12, 24, 36, and
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48 h. A progressive decline in proliferative capacity was
observed in CRC cells with increasing drug
concentration and prolonged exposure (Figures land
1b). Consistently, colony formation ability was markedly
reduced following 3 days of treatment with 10 uM
MK2206 (Figure 1c). EDU incorporation assays further
confirmed these inhibitory effects on cell proliferation
(Figures 1d-1f). Subsequently, phosphorylated AKT (P-
AKT) levels were examined and found to be substantially
decreased after MK2206 treatment (Figures 1g—1i). As a
direct downstream effector of AKT, the phosphorylation
status of 4EBP1 (P-4EBP1) was analyzed alongside P-
AKT following exposure to MK2206 (1, 2, 5, and
10 uM). The data indicated that lower concentrations (1
or 2 uM) were sufficient to inactivate 4EBP1, whereas
higher concentrations (5 or 10 uM) were required for
robust AKT inhibition. Collectively, these findings
demonstrated that AKT targeting effectively restrained
CRC cell growth, prompting further exploration of the
underlying mechanisms.
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Figure 1. MK2206 suppressed proliferation in CRC
cells.

a, b) HCT-116 and SW480 cells were treated with
various concentrations of MK2206 for 12, 24, 36, and
48 h, followed by assessment of cell viability using the

CCK-8 assay. ’ MKz:':mm 0
¢) Colony formation assays of HCT-116 and SW480 b)
cells treated with 10 uM MK2206 for 2 weeks.
d—f) Cell proliferation was evaluated by EDU staining
after exposure to 5 uM and 10 pM MK2206 [scale bar,
100 pm].
g—1) HCT-116 and SW480 cells were treated with 0, 5,
and 10 uM MK2206 for 24 h, after which P-AKT, total
AKT, and B-Actin protein levels were examined by

western blotting. o 5 10
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AKT targeting triggered ferroptosis c)
Following treatment with 5 and 10 uM MK2206, GPX4
protein expression was examined and found to be
markedly reduced (Figures 2a-2c¢). Similarly, AKT
knockdown produced comparable decreases in GPX4 -

levels (Figures 2d and 2e). Because GPX4 _lA_
downregulation is accompanied by enhanced reactive o | D —
oxygen species (ROS) accumulation, a hallmark of
ferroptosis, intracellular ROS levels were measured, with Actin - -
RSL3 (a ferroptosis inducer) included as a positive
control. ROS production was significantly elevated after
MK2206 exposure, comparable to that induced by RSL3
(Figures 2f-2h), further supporting ferroptosis
activation. Notably, this increase in ROS was strongly
attenuated by Fer-1 (a ferroptosis inhibitor) or NAC (a
ROS scavenger), consistent with expectations.
Altogether, AKT inhibition reduced GPX4 protein
abundance and enhanced ROS accumulation, indicating
that suppression of AKT promoted ferroptosis through
GPX4 downregulation. e)
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Figure 2. MK2206 induced ferroptosis in CRC cells.
a—c) HCT-116 and SW480 cells were treated with 0, 5,
and 10 uM MK2206 for 24 h, followed by western blot

analysis of GPX4 and B-Actin.

d, e) Protein expression of AKT, GPX4, and -Actin

after AKT knockdown.
f~h) ROS-positive cells detected by DCFH-DA
fluorescence in HCT-116 and SW480 cells treated with
MK2206 (10 uM), RSL3 (2 uM), MK2206 + Fer-1
(4 uM), or MK2206 + NAC (20 uM); representative

images were captured using a fluorescence microscope
[scale bar, 100 um].

GPX4/ROS-dependent  ferroptosis  predominantly
mediated the inhibition of colon cancer cell proliferation
To further validate the contribution of ferroptosis to
growth inhibition, NAC was applied in combination with
MK2206. EDU assays showed that the proliferation
suppression induced by MK2206 was partially reversed
upon NAC co-treatment (Figure 3a), a result
corroborated by CCK-8 analysis (Figures 3g and 3j).
The link between proliferation arrest and ferroptosis was
then examined in more detail. As shown in Fig. 3B-E,
the reduction in GPX4 expression caused by MK2206
was clearly restored by NAC treatment. Moreover,
combined administration of MK2206 and RSL3 exerted
a synergistic inhibitory effect on colon cancer cell growth
(Figures 3f and 3i). In contrast, blocking apoptosis with
Z-VAD failed to significantly rescue MK2206-induced
growth inhibition (Figures 3h and 3k), suggesting that
although MK2206 activated both ferroptosis and
apoptosis, apoptosis contributed only minimally. Taken
together, these results demonstrated that AKT inhibition
primarily suppressed colon cancer cell proliferation
through GPX4/ROS-dependent ferroptosis.
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Figure 3. MK2206-induced cell death was attenuated by

NAC.

a) EDU assays were performed to evaluate proliferative
capacity in HCT-116 and SW480 cells treated with
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MK2206, NAC, or MK2206 + NAC [scale bar,
100 um].

b—e) GPX4 protein levels were analyzed in HCT-116
and SW480 cells following exposure to MK2206, NAC,
or MK2206 + NAC.

f—k) Cell proliferation was assessed by CCK-8 assays
after combined treatment of MK2206 with RSL3, NAC,
or Z-VAD.

AKT inhibition led to FTO downregulation and
subsequent reduction of GPX4 expression

We observed that FTO expression was markedly
decreased upon AKT suppression (Figure 4a), a finding
further validated after AKT knockdown (Figure 4b). To
determine whether elevated m6A methylation resulting
from FTO loss contributed to ferroptosis regulation, the
FTO inhibitor FB23-2 was applied, which significantly
reduced GPX4 protein levels as detected by western
blotting (Figure 4c). Moreover, CRC cells transfected

HCT-116 Swaso

MK2206 (uM) 0 5 10 0 5 10
o | G D - . -
A | gl e @D S S —r

a)

HCT-116 SW480

FB23-2 - + . +

GPX4

Actin

with FTO siRNA exhibited decreased GPX4 expression,
confirming that FTO positively regulates GPX4
expression (Figure 4d). To investigate methylation-
related alterations in clinical samples,
immunohistochemical staining of tumor tissues revealed
higher FTO expression in cancer tissues compared with
adjacent non-tumor tissues, whereas METTL3 levels
showed no significant difference between the two groups
(Figure 4e). In addition, AKT, FTO, and GPX4 were all
expressed at higher levels in tumor tissues than in
adjacent tissues, suggesting that FTO and GPX4 may
serve as potential biomarkers for colorectal cancer.
Functionally, inhibition of FTO suppressed cell
proliferation; however, this inhibitory effect was largely
reversed upon co-treatment with NAC (Figure 4f).
Collectively, these findings that m6A
methylation plays a critical role in AKT inhibition—
induced ferroptosis.
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Figure 4. AKT suppression results in reduced FTO expression.
a, b) FTO and B-Actin protein levels were examined in HCT-116 and SW480 cells after MK2206 treatment or
shAKT transfection.
¢) GPX4 and B-Actin expression were analyzed following treatment with the FTO inhibitor FB23-2.
d) Protein levels of GPX4, FTO, and B-Actin were assessed after FTO knockdown.
e) FTO expression was evaluated in clinical colorectal cancer specimens.
f) EDU assays were used to compare proliferation in HCT-116 and SW480 cells treated with FB23-2 alone or
FB23-2 + NAC [scale bar, 100 pm].

FTO inhibition elevated GPX4 m6A methylation, which
was recognized by YTHDF2 and promoted mRNA
degradation

To verify the involvement of m6A modification in AKT
inhibition—induced ferroptosis, potential methylation
sites at positions 193, 647, and 766 on GPX4 mRNA
were predicted using SRAMP, and increased global m6A
levels were detected by dot blot analysis (Figures Sa and
5b). Site-specific primers were subsequently designed,
and Me-RIP assays confirmed that site 193 on GPX4
mRNA represents the authentic m6A modification site
(Figures 5¢ and 5d). To eclucidate the regulatory
mechanism governing GPX4 mo6A modification,
YTHDF1, YTHDF2, and YTHDF3 were individually
silenced, yielding effective knockdown results (Figures
5e—5g). CCK-8 assays demonstrated that the MK2206-
induced reduction in cell proliferation was partially
reversed following YTHDEF2 interference (Figures Sh—
5j). As YTHDEF2 is known to recognize m6A-modified
mRNA and facilitate its degradation [24], its knockdown
led to increased GPX4 mRNA abundance (Figure Sk).
Furthermore, RIP assays revealed enhanced binding
between YTHDF2 and GPX4 mRNA upon FTO

silencing (Figures 51 and Sm). Consistently, western
blot analyses showed that MK2206-mediated GPX4
downregulation was alleviated by YTHDF2 inhibition,
indicating that YTHDF2 reduces GPX4 protein
expression by promoting degradation of its mRNA
(Figures 5n and 50). In summary, FTO directly
controlled m6A modification of GPX4 mRNA at site
193, while YTHDF2 mediated AKT inhibition—induced
ferroptosis by recognizing and degrading m6A-modified
GPX4 transcripts.
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Figure 5. YTHDF2 modulated GPX4 expression.
a, b) Dot blot analyses were performed in the NC and
siFTO groups.
¢, d) MeRIP—gPCR assays were conducted following
FTO silencing.

e—g) Knockdown efficiencies of YTHDF1, YTHDF2,
and YTHDEF3 were validated by western blotting.
h—j) Cell proliferative capacity was evaluated using the
CCK-8 assay after YTHDF1, YTHDF2, and YTHDF3
knockdowns.

k—m) RIP assays using YTHDF2 were carried out after
FTO knockdown.

n, 0) Protein levels of GPX4, YTHDEF2, and B-Actin
were examined following YTHDF?2 silencing and
MK2206 treatment.

Autophagy inhibition potentiated MK2206-induced cell
death

To determine whether MK2206 simultaneously induced
autophagy during ferroptosis activation, CRC cells were
exposed to increasing concentrations of MK2206, and
LC3 expression was assessed. The LC3-II/LC3-I ratio
increased in a dose-dependent manner (Figures 6a—6c¢),
indicating autophagy induction. This phenomenon was
further confirmed by immunofluorescence analysis after
MK2206 treatment. In subsequent experiments, GPX4
expression was markedly lower in cells treated with
MK2206 combined with chloroquine (CQ) compared
with MK2206 alone (Figures 6d-5g). Proliferation of
HCT-116 and SW480 cells was examined by EDU assays
following treatment with MK2206, MK2206 + CQ,
RSL3, and RSL3 + CQ (Fig. S6A, B). Moreover, CCK-8
assays showed that cell proliferation was further
suppressed by combined treatment with MK2206 + CQ,
RSL3 +CQ, or RSL3+DC661 (Figures 6h—6m). These
findings indicate that autophagy serves a protective
function against AKT inhibition—induced ferroptosis in
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colorectal cancer, and that blocking autophagy enhances
MK2206-triggered ferroptotic cell death.
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Figure 6. Association between MK2206 treatment and
autophagy.
a—c) LC3 and B-Actin protein levels were analyzed
following MK2206 exposure.
d—g) GPX4 and B-Actin expression were assessed after
treatment with MK2206 and CQ.

h—m) Cell proliferation was measured using the CCK-8

assay after treatment with MK2206, CQ, RSL3, and
DCo661.

Combined MK2206 and CQ therapy enhanced antitumor
efficacy in vivo

To validate these findings in vivo, a CRC xenograft
model was established in nude mice to evaluate whether
combined administration of MK2206 and CQ produced
superior antitumor effects. Tumor volume and weight
were reduced in the MK2206-treated group compared
with controls, while further reductions were observed in
the MK2206 + CQ group relative to MK2206 alone, with

no significant changes in body weight among mice
(Figures 7a-7d). These results demonstrated that
combination therapy exerted enhanced antitumor
activity. Additionally, immunohistochemical staining of
GPX4 and Ki-67 in tumor tissues revealed expression
patterns consistent with the in vitro findings (Figure 7e).
Collectively, these data indicate that MK2206 suppresses
CRC progression by inducing ferroptosis both in vitro
and in vivo, and that autophagy inhibition amplifies this
effect. Finally, a schematic illustration summarizing the
mo6A- and autophagy-related ferroptosis regulatory
mechanism is presented (Figure 8).
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Figure 7. In vivo antitumor effects of MK2206 and CQ.

a) Representative image of xenograft tumors.
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C Mean tumor weights were calculated.
d) Tumor volumes were measured twice weekly after
Otreatment.
e Immunohistochemical staining of GPX4 and Ki-67.
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Figure 8. Schematic overview of the study mechanism.

AKT targeting induces ferroptosis through methylation-
dependent regulation.

The PI3K-AKT signaling cascade is critically involved
in the initiation and progression of numerous
malignancies [5]. Aberrant activation of this pathway
promotes tumor cell proliferation and growth, with
phosphorylated AKT (P-AKT) representing the
predominant active form [25]. Previous work by Yi et al.
demonstrated that the PI3K-AKT-mTOR axis
suppresses  ferroptosis ~ through ~ SREBP-driven
lipogenesis, and that pathway inhibition enhances
ferroptosis induction and improves antitumor efficacy
[26]. Cai et al. reported that blocking AKT-mTOR
signaling reduced GPX4 expression in glioblastoma,
while Zhang et al. showed that mTORCI1 partially
regulates GPX4 protein synthesis via the mTORCI1—
4EBP pathway [27, 28]. To clarify the relationship
between 4EBP1 and GPX4 following MK2206 exposure,
we examined P-4EBP1 and total 4EBP1 together with P-
AKT, AKT, and GPX4. In HCT-116 cells, P-4EBP1
levels were markedly reduced after treatment with 1 or 2
uM MK2206, whereas GPX4 expression remained
largely unchanged under these conditions. Conversely,
GPX4 levels were clearly decreased after exposure to 5
or 10 pM MK2206, without a corresponding reduction in
P-4EBP1. In SW480 cells, P-4EBP1 exhibited no
obvious decline across 1, 2, 5, or 10 uM MK2206
treatments. Notably, P-AKT and GPX4 displayed similar
expression patterns, suggesting that GPX4 functions
downstream of AKT rather than 4EBP1. These findings
indicate the existence of a regulatory route distinct from
previously described pathways in colorectal cancer cells.
In this study, inhibition of AKT phosphorylation
significantly suppressed tumor growth both in vivo and
in vitro, accompanied by reduced FTO and GPX4
expression (Figures 1 and 7). Since GPX4
downregulation is closely associated with ferroptosis
induction [29] and FTO serves as a key m6A
demethylase [30], the concurrent reduction of FTO and
GPX4 following AKT inhibition prompted us to
investigate the interplay between RNA methylation and
ferroptosis in CRC.

Ferroptosis is characterized by iron accumulation and
lipid peroxidation and differs fundamentally from other
forms of regulated cell death, playing essential roles in
diverse biological processes [31]. It is also increasingly
recognized as a critical modulator of tumorigenesis. For
instance, ELOVLS5 and FADS1 were shown to enhance
ferroptosis sensitivity and antitumor effects in gastric
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cancer [32], while inhibition of SLC7A11 induced
ferroptosis in breast cancer [33]. A deeper understanding
of ferroptosis in CRC may therefore provide novel
therapeutic opportunities. In 2014, Wan et al. identified
GPX4 as a central regulator of ferroptosis [12], capable
of protecting tumor cells from ferroptotic death and
thereby influencing therapeutic outcomes [34, 35].
Consequently, elucidating mechanisms governing GPX4
regulation is crucial for ferroptosis-based cancer
therapies. Although AKT has been reported to interact
with ferroptosis pathways [26, 36], the precise
relationship between AKT and GPX4 has remained
elusive. In our study, treatment of CRC cells with the
AKT inhibitor MK2206 triggered ferroptosis, markedly
suppressed GPX4 expression, and increased ROS
accumulation. Importantly, expression of FTO, an m6A
demethylase, was also reduced during this process,
prompting further investigation into the molecular link
between methylation dynamics and AKT inhibition—
induced ferroptosis.

As the most prevalent internal RNA modification in
eukaryotic cells, m6A methylation exerts diverse
regulatory effects in both physiological and pathological
contexts. In many cancers, m6A modifications are
implicated in tumor initiation and progression [36-39]. In
CRC, m6A methylation represents a key regulatory layer:
Li et al. demonstrated that METTL3 promotes CRC
progression via IGFBP2 [40], whereas Chen et al.
reported that METTL14 suppresses tumor growth
through the miR-375/YAP1 [41]. Increasing
evidence has also linked m6A regulation to ferroptosis.
Fan et al. showed that METTL14 inhibits ferroptosis in
hepatocellular carcinoma by activating SLC7A1l
through YTHDEF2 [42], and YTHDC?2 was identified as
an endogenous ferroptosis inducer via targeting SLC3A2
in lung adenocarcinoma [43]. Nevertheless, the specific
connection between m6A modification and GPX4
regulation has remained unclear. In the present study, we
provide initial evidence that m6A methylation modulates
ferroptosis by increasing GPX4 m6A levels through FTO
inhibition, thereby promoting Y THDF2-mediated GPX4
mRNA degradation. Using SRAMP prediction [44], we
identified candidate m6A sites on GPX4 mRNA and
experimentally confirmed site 193 as an FTO-regulated
methylation locus. During this regulatory process, m6A
readers play decisive roles by recognizing modified
transcripts and determining their fate [45]. YTHDF2, in
particular, is known to bind m6A-modified mRNAs and
facilitate their degradation, thereby influencing cell

axis

progression [23]. Our findings establish YTHDEF?2 as the
principal m6A reader governing GPX4 methylation and
degradation.

Beyond methylation control, multiple
mechanisms contribute to ferroptosis regulation [46].
Autophagy, for example, has been shown to play a
crucial role in ferroptosis modulation [47-48], and
nanoparticle-induced  ferritinophagy can promote
ferroptotic cell death [49]. Autophagy may function as
either a protective or destructive process in cancer,
depending on context [50]. Our previous studies
demonstrated a cytoprotective role of autophagy in CRC
[22, 51]. Consistent with these findings, the current study
revealed that combined treatment with MK2206 and
chloroquine (CQ) significantly reduced GPX4
expression and enhanced ferroptosis. Both cellular and
animal experiments confirmed that autophagy inhibition
potentiated the antitumor efficacy of MK2206 (Figures 6
and 7), indicating that autophagy exerts a cell death—
protective effect following AKT suppression in CRC.
These observations highlight autophagy as a potential
therapeutic target to overcome resistance and support
novel combination strategies for CRC treatment.

additional

Conclusion

In summary, this study uncovers a previously
unrecognized regulatory mechanism of ferroptosis in
colorectal cancer. AKT inhibition promotes ferroptosis
by modulating FTO-dependent demethylation, leading to
YTHDF2-mediated GPX4 degradation, with m6A site
193 identified as the critical modification locus.
Concurrently, we demonstrate that autophagy functions
as a protective mechanism during AKT inhibition—
induced ferroptosis. Together, these findings provide
new insights that may inform future therapeutic strategies
for CRC.
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