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PRMT5 K240lac confers ferroptosis resistance via ALKBH5/
SLC7A11 axis in colorectal cancer
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Ferroptosis is a newly discovered type of regulated cell death, characterized by the iron-dependent accumulation of lipid reactive
oxygen species, which has been implicated in a number of human diseases. However, the regulatory mechanisms underlying
ferroptosis in colorectal cancer (CRC) remain unclear. In this study, we unravel the pivotal role of PRMT5 in the progression of CRC
by promoting ferroptosis resistance. Mechanistically, PRMT5 directly inhibits the transcription of m6A demethylase ALKBH5 via
histone modifications (H4R3me2s and H3R8me2s), bolstering SLC7A11 mRNA stability and expression, thereby aggravating CRC
progression through attenuating ferroptosis. Particularly, our work identifies PRMT5 as a novel lactylation substrate at lysine 240
(PRMT5 K240lac), crucial for sustaining CRC ferroptosis resistance by shaping the ALKBH5/SLC7A11 axis, while mutation disrupting
these effects. Overall, our work underscores the significance of PRMT5 K240lac in conferring ferroptosis resistance in CRC, proposing
targeted intervention along the PRMT5 K240lac/ALKBH5/SLC7A11 axis as an innovative therapeutic approach in CRC treatment.
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Graphical Abstract

INTRODUCTION
Ferroptosis is a newly discovered programmed cell death
characterized by iron-dependent accumulation of lethal lipid
peroxidation and reactive oxygen species (ROS), which differs

morphologically and mechanistically from other forms of pro-
grammed cell death, including apoptosis, necroptosis, pyroptosis
and autophagic cell death [1]. A number of cellular variables have
been implicated in the control of ferroptosis, such as iron content,
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amino acid uptake, dysregulation of mitochondrial metabolism,
decrease of cellular antioxidant capacity, accumulation of lipid
ROS and glutathione biosynthesis [2]. Emerging evidence shows
that ferroptosis is closely associated with the regulation of a
diverse array of pathophysiological processes, including metabolic
diseases [3], nervous system disorders [4], cardiovascular disease
[5], injury of different tissues and organs [6, 7], inflammation [8],
atherogenesis [9], diabetes and cancer [10, 11]. In recent years,
ferroptosis has sparked an explosion of research in the field of
oncology, as targeting ferroptosis might hold great promise and
potential for treating cancers that are refractory or intolerant to
conventional therapies [12, 13].
Post-translational modifications (PTMs), which refer to the

covalent additions of functional groups (e.g., methyl, acetyl,
phosphate, ubiquitin, and glycan) to amino acid residues,
significantly affect the physical, chemical, and biological proper-
ties of proteins in eukaryotic cells [14, 15]. PTMs are particularly
important and govern a broad array of biological processes, such
as gene transcription [16], DNA replication [17], DNA damage
repair [18], modulation of protein activity and stability [19],
heterochromatin formation and maintenance [20], mRNA splicing
[21], and mitosis [22]. As a prevalent PTM, protein arginine
methylation is catalyzed by a family of enzymes called protein
arginine methyltransferases (PRMTs), which catalyze the transfer
of the methyl group from S-adenosyl-l-methionine (AdoMet) to
the guanidino nitrogen atoms of arginine residues of protein
substrates [23]. As a predominant type II protein arginine
methyltranferase, PRMT5 can catalyze the formation of symmetric
di-methylation of arginine residues on histone H4 (H4R3me2s), H3
(H3R8me2s) and H2A (H2AR3me2s), which are closely associated
with transcriptional inactivation [24].
PRMT5-mediated methylation of protein substrates is involved

in regulation of a broad range of biological processes under
normal and pathological conditions, including pre-mRNA splicing,
transcription initiation and elongation, translation, and ribosome
biogenesis [25]. Emerging evidence reveals that PRMT5 is
aberrantly expressed in a wide spectrum of cancers, such as
acute leukemia, lymphoma and breast cancer, and exerts
important functions involved in tumorigenesis, progression, and
metastasis by facilitating cell proliferation, invasion and migration
[26]. Thus, targeting PRMT5 is becoming a promising and valuable
therapeutic strategy in the treatment of cancers, especially in CRC
[27]. However, the functional impact and potential mechanisms of
PRMT5 in ferroptosis are still unclear and need to be further
explored.
Lactate has long been misunderstood as a “dead-end” waste by-

product of anaerobic glycolysis. In 2019, Professor Yingming
Zhao’s research group proposed for the first time that lactate can
drive the formation of lactylated lysine residues (Kla) on histone
H3, H4, H2A and H2B in human and mouse cells, which function as
epigenetic marks that directly control gene transcription [28].
Inspired by this discovery, a growing number of studies on protein
lactylation have emerged in recent years [29]. Many other histone
and non-histone Kla sites have been identified in a wide range of
physiological and pathological conditions, including cell fate
determination, inflammation, fibrosis, embryonic development,
and gene transcription [30]. Protein lactylation thus provides an
opportunity to greatly expand our understanding of its biological
effects and potential mechanisms in diverse pathophysiological
conditions, especially in cancer.
Here, we found that PRMT5 promotes ferroptosis resistance of

CRC cells via the ALKBH5/SLC7A11 axis. PRMT5 directly inhibits the
expression of ALKBH5 at the transcriptional level via repressive
histone modifications H4R3me2s and H3R8me2s, which contri-
butes the stability of SLC7A11 mRNA and further facilitates the
expression of SLC7A11, thereby driving CRC progression through
promoting ferroptosis resistance. More importantly, PRMT5 was
identified as a lactylation substrate, and lactylation of PRMT5 at

K240 (PRMT5 K240lac) is essential for PRMT5 to modulate ALKBH5/
SLC7A11 axis and promote ferroptosis resistance of CRC cells.
Collectively, this study emphasizes the importance of PRMT5
K240lac/ALKBH5/SLC7A11 axis in conferring ferroptosis resistance
of CRC cells.

MATERIALS AND METHODS
Specimen
A total of 80 patients with CRC were recruited for this study with an
average age of 65.8. Surgical specimen from diagnosis and surgery were
reviewed and confirmed by two independent pathologists. The study
protocol was approved by the local Ethics Committee of the Jiangsu
Province Geriatric Hospital, and written informed consent was obtained
from all participants. To conduct Kaplan-Meier survival analysis, a tissue
microarray containing 90 pairs of CRC and matched adjacent normal
samples was purchased from Shanghai Outdo Biotech company (HCo-
lA180Su18; Shanghai, China), which includes a survival update at a follow-
up of >5 years for patients with CRC.

Cell lines, culture conditions and transfection
Human CRC cell lines HCT116, CoCa-2, SW620, SW480, HCT-15 and LoVo, as
well as human fetal colonic epithelial cell line FHC and embryonic kidney
cell line HEK-293T, were obtained from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Shanghai, China) or American
Type Culture Collection (ATCC). HCT116 cells were cultured in McCoy’s 5A
(16600082; Gibco). HCT-15 and FHC cells were cultured in RPMI 1640
(11875093; Gibco). SW620 and SW480 cells were cultured in L-15
(11415064; Gibco). LoVo cells were cultured in F-12K (21127022; Gibco).
FHC and HEK-293T cells were cultured in Dulbecco’s modified Eagle’s
medium (10566016; Gibco). All cultures were supplemented with 10% (v/v)
fetal bovine serum (FBS; ExCell Bio) and 1% (v/v) penicillin-streptomycin
(C0222; Beyotime) at 37 °C in a humidified atmosphere containing 5% CO2.
Chemically synthesized siRNAs or plasmids were transfected into cells by
LipofectamineTM 3000 transfection reagent (L3000150; Invitrogen) accord-
ing to the manufacturer’s instructions. The sequences of siRNAs or shRNA
were shown in Table S2.

Establishment of stable cell lines
Lentivirus particles were generated using pLKO and pLVX vectors to stably
silence or overexpress the indicated genes. pLKO, psPAX2 and pMD2.G
three-packaging system was used for obtaining silencing-expression
viruses, and pLVX, psPAX2 and pMD2.G three-packaging system was used
for generating high-expression viruses. The constructed lentivirus plasmid
backbone and packaging plasmids psPAX2 and pMD2.G were co-
transfected into HEK-293T cells. The lentivirus-containing supernatants
were collected and filtered through cellulose acetate membranes (pore
size: 0.22 μm; Millipore) at 48 h after transfection. CRC cells were infected
by the lentivirus and screened with puromycin (540222; Sigma-Aldrich) at a
concentration of 1–2 μg/mL for 4–7 days. The expression levels of the
indicated genes in the lentivirus-infected cells were confirmed by qRT-PCR
and Western blotting.

RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from CRC cells or tissues by using RNA isolater
Total RNA Extraction Reagent (R401-01; Vazyme) according to the protocol
provided by the manufacturer. RNA quality, purity and integrity were
assessed with the NanoDrop ND-1000 spectrophotometer (Thermo
Scientific) and BioAnalyzer 2100 (Agilent Technologies), respectively. Equal
amounts of RNA (1 μg) were reversely transcribed into cDNA using the
HiScript II Reverse Transcriptase (R212-01; Vazyme). Subsequently, qRT-PCR
analyses were performed for duplicated samples on a CFX96 Real-Time
PCR detection system (BioRad) by using the AceQ qPCR SYBR Green Master
Mix (Q121-02; Vazyme). Quantification was standardized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and relative mRNA
abundance was calculated by the 2−ΔΔCt method. Specific primers
designed for qRT-PCR were provided in Table S3.

Protein extraction and Western blotting
Cells were washed twice with ice-cold PBS and lysed with Cell Lysis Buffer
(P0013; Beyotime) supplemented with protease and phosphatase inhibitor
cocktail (P1048; Beyotime) for 30min on ice. The lysates were centrifuged
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at 14,000 × g for 10 min at 4 °C, and then the protein concentration was
measured by a BCA Protein Assay Kit (P0012S; Beyotime). After boiling at
100°C for 5 min in sample loading buffer (P0015; Beyotime), the protein
extracts were electrophoresed in 8–15% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to
polyvinylidene difluoride (3010040001; Roche) membranes using a semi-
dry transfer apparatus (Bio-Rad). The membranes were incubated with 5%
(w/v) non-fat milk for 1–2 h at room temperature, and then incubated with
primary antibodies overnight at 4 °C. After incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1–2 h, immuno-
reactive proteins were visualized using a Tanon™ Femto-sig ECL kit
(180–506; Tanon).

Co-Immunoprecipitation (Co-IP)
Cells were washed and lysed with Cell Lysis Buffer (P0013; Beyotime)
supplemented with protease and phosphatase inhibitor cocktail (P1048;
Beyotime) for 30min on ice. After centrifugation for 10min at 14,000 × g,
the clear supernatant (100 μL) containing the soluble proteins was
incubated with 2.5 μg of primary or control IgG antibodies and Protein
A/G Magnetic beads (PB101; Vazyme) overnight at 4 °C with continual
rotation. After washing with lysis buffer, the precipitate was boiled with
sample loading buffer (P0015; Beyotime) for 5 min and subjected to
Western blotting analysis using appropriate antibodies.

LC-MS/MS analysis and database search
Highly sensitive mass spectrometry analysis (LC-MS/MS) of lactylated
proteins was performed by Jingjie PTM Biolabs (Hangzhou, China)
according to a previous report [31]. Briefly, the sample was digested
overnight by trypsin and the resulting tryptic peptides were incubated
with pre-washed Anti-L-lactyllysine antibody conjugated agarose beads
(PTM-1404; PTM Bio) at 4 °C overnight with continual rotation. After
washing with NETN buffer (100mM NaCl, 1 mM EDTA, 50mM Tris-HCl,
0.5% NP-40, pH 8.0), the tryptic peptides were eluted from the agarose
beads with 0.1% trifluoroacetic acid and concentrated with C18 ZipTips
(ZTC18M; Millipore). The peptides were separated using a nanoElute ultra-
high performance liquid chromatography (UHPLC) system and subjected
to MS analysis using a timsTOF Pro instrument (Bruker Daltonics). The
acquired raw data were analyzed using the MaxQuant program (v.1.6.15.0).
Quantitative analysis of the relative values of lactylated peptides were
performed by centralizing the signal intensity levels across samples. All
resulting ratios of lactylated peptides were normalized to their corre-
sponding protein expression levels.

Cleavage Under Target & Tagmentation (CUT&Tag)
CUT&Tag was conducted by using the Hyperactive Universal CUT&Tag
Assay Kit for Illumina (TD903-01; Vazyme) following the manufacturer’s
instructions. Briefly, HCT116 cells were collected, bound to Concanavalin A
covalently linked magnetic beads (N515-01; Vazyme), digitonin-permeabi-
lized, and incubated with H4R3me2s (61988; Active Motif) or H3R8me2s
(PTM-672; PTM Bio) antibodies. After incubation with hyperactive pAG-Tn5
Transposase (S604-01; Vazyme), the DNA was extracted, PCR-amplified and
purified. The prepared DNA library was sequenced using the NovaSeq
150PE platform (Illumina, San Diego, CA, USA).

Cell viability assay
Cell viability was assessed using a Cell Counting Kit-8 (CCK-8; A311-01;
Vazyme) assay. Cells were seeded in 96-well plates at a density of 3 × 103

cells per well and cultured in complete medium for 24 h at 37 °C in a
humidified 5% CO2 atmosphere. At the indicated times (0, 24, 48, 72 and
96 h), 10 μL of the CCK-8 reagent was added to each well. 2 h later, the
absorbance of each well was measured at a wavelength of 450 nm
(OD450) using a microplate reader (Bio-Rad).

Colony-formation assay
Cells were implanted into 12-well plates and cultured in medium
containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin at 37 °C in
a humidified 5% CO2 incubator. Two weeks later, colonies were fixed with
4% Paraformaldehyde Fix Solution (P0099; Beyotime) for 30min, and then
stained with Crystal Violet Staining Solution (C0121; Beyotime) for 30min
at room temperature. After washing, the colonies (≥50 cells) were counted
to assess colony forming efficiency under a microscope (Olympus
Corporation).

RNA stability assay
Cells were seeded in the 6-well plates and exposed to 5 μg/mL
Actinomycin D (SBR00013; Sigma-Aldrich) for 0, 2, 4 and 6 h at 37 °C in a
humidified 5% CO2 incubator. RNA was isolated at the indicated times,
reverse-transcribed and analyzed by qRT-PCR assays.

RNA immunoprecipitation (RIP) assay
Cells were washed, harvested and re-suspended in RIPA lysis buffer
containing a protease inhibitor cocktail and RNase inhibitor (P0013;
Beyotime). After centrifuging at 13,000 rpm for 10min at 4 °C, the
supernatant was incubated with 40–50 μL precleared protein A/G beads
(B23202; Bimake) and 2.5 μg anti-ALKBH5 (16837-1-AP; ProteinTech) or
anti-IgG (30000-0-AP; ProteinTech) antibodies for 4 h at 4 °C with gentle
rotation. After washing with RIPA lysis buffer, the beads were incubated
with Proteinase K (ST535; Beyotime) using Trizol reagent (15596018CN;
Invitrogen). Subsequently, the mRNA expression level of SLC7A11 was
analyzed by qRT-PCR and normalized to the input samples.

Measurement of lipid ROS levels
The lipid ROS level was measured by C11-BODIPY 581/591 (RM02821;
ABclonal) according to the manufacturer’s instructions. Briefly, C11-BODIPY
581/591 was dissolved in dimethyl sulfoxide and diluted with 10mM
HEPES buffer (pH 7.2; Sigma-Aldrich). Cells were incubated with 5 μM C11-
BODIPY 581/591 for 30min at 37 °C. After washing with PBS, cells were
digested and re-suspended in PBS supplemented with 5% FBS, then
analyzed on a flow cytometer (BD Biosciences). To determine the lipid ROS
levels in tissues, single-cell tissue suspensions were prepared using
collagenase IV (C4-BIOC; Sigma-Aldrich) and hyaluronidase (ST1384;
Beyotime), and then proceeded as described above. All acquired data
were analyzed using FlowJo software v10.0 (TreeStar Inc., Ashland,
OR, USA).

Malondialdehyde (MDA) assay
The MDA levels in cells and tissues were determined using an MDA
detection kit (S0131; Beyotime) according to the manufacturer’s
instructions.

Iron measurement
For flow cytometric analysis of cellular iron, cells were seeded in six-well
plates at a density of 5 × 105 cells per well. 24 h later, cells were washed
with PBS, suspended in a serum-free medium, and incubated with 0.5 µM
of fluorescent probe Mito-FerroGreen (M489; Dojindo) for 30min at 37 °C.
Cellular Fe2+ was analyzed using a flow cytometer (BD Biosciences) under
PE channel, and data were analyzed using FlowJo software v10.0.

Fluorescence staining of cellular iron
Cells were seeded on microscope cover glass in six-well plates for 24 h,
stained with Mito-FerroGreen (1 μM) for 30min at 37 °C in a 5% CO2

incubator, and imaged using an inverted confocal laser scanning
microscope equipped with a 60 × oil immersion optic (Leica, TCS SP8).

Transmission electron microscope (TEM)
Cells were washed with 1 × PBS, fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH7.4), and then treated with 1% OsO4 for 2 h. After
dehydration with a graded alcohol series, the cells were embedded in
epoxy resin (Epon 812), cut into ultra-thin sections, and subsequently
stained with uranyl acetate and lead citrate. The morphology of
mitochondria was imaged with an HT7700-SS transmission electron
microscope (Hitachi, Tokyo, Japan).

Chromatin immunoprecipitation (ChIP)
ChIP assay was performed essentially as described previously by using a
ChIP Assay Kit (P2078; Beyotime). 5 × 106 cells were cross-linked with 1%
formaldehyde for 5 min at 37 °C and quenched with 0.125M glycine
solution for 5 min at room temperature. Cells were washed twice with ice-
cold PBS containing phenylmethanesulfonyl fluoride (PMSF; ST506;
Beyotime), suspended in SDS lysis buffer and sonicated by a BIORUP-
TOR@Plus (Diagenode; 20 times, 30 s on/90 s off) to yield chromatin
fragments (200–500 bp). The lysates were then incubated with Protein A/G
Agarose/Salmon Sperm DNA suspension and antibodies (anti-H4R3me2s,
anti-H3R8me2s or control IgG) overnight at 4 °C. The immunoprecipitated
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complexes were gently salt-washed with Low Salt Immune Complex Wash
Buffer, High Salt Immune Complex Wash Buffer, LiCl Immune Complex
Wash Buffer and TE Buffer for 5 min at 4 °C, respectively. The washed
immunoprecipitated protein-DNA complexes were eluted with Elution
Buffer, de-crosslinked by 0.2 M NaCl overnight at 65 °C, and digested with
Proteinase K (1073930010; Sigma-Aldrich) for 1 h at 45 °C. Finally, the DNA
was purified by a DNA Purification Kit (D0033; Beyotime). The primer
sequences for ChIP-qPCR were listed in Table S4.

Hematoxylin and eosin (H&E) staining
Sections were dewaxed with xylene and rehydrated through a graded
alcohol series (70–100%). After washing with ddH2O, the sections were
stained with H&E stain (Beyotime; C0105S) for 5–10min at room
temperature. Then, sections were rinsed with ddH2O, dehydrated through
alcohol and xylene, and cover-slipped with a permanent mounting
medium.

Immunohistochemistry (IHC) staining
Tissue samples were fixed in 10% neutral buffered formalin (BL539A;
Shanghai Universal Biotech), embedded in paraffin and sectioned into
4-µm-thick sections with a microtome (Leitz, Germany). Tissue sections
were deparaffinized in xylene, hydrated in a descending ethanol gradient
and rinsed three times with PBS. Antigen retrieval was performed by
boiling the slides in citrate antigen retrieval solution (pH 6.0; P0081;
Beyotime) at 100 °C for 15min. Nonspecific binding sites were blocked
with 10% goat serum (C0265; Beyotime) for 30min at room temperature.
The slides were then incubated with primary antibodies for 1 h at room
temperature, including anti-PRMT5 (1:200; 18436-1-AP; ProteinTech), anti-
H4R3me2s (1:200; 61988; Active Motif), anti-H3R8me2s (1:200; PTM-672;
PTM Bio), anti-ALKBH5 (1:200; 16837-1-AP; ProteinTech), anti-SLC7A11
(1:100; 26864-1-AP; ProteinTech) and anti-Ki-67 (1:1000; 27309-1-AP;
ProteinTech). After washing, the slides were incubated with HRP-labeled
Goat Anti-Rabbit IgG (1:50; A0208; Beyotime) for 60min, immunostained
by 3,3’-diaminobenzidine tetra-hydrochloride (P0202; Beyotime), and
counterstained by 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochlor-
ide (C1002; Beyotime) to visualize nuclei. The positive signals of the
immunostained slides were observed under a microscope (Olympus
Corporation). Semi-quantitative histologic score (H score: range 0–300) was
calculated for each patient according to the original formula: H score= Σpi
(i + 1), where “i” is the intensity score (0–3) and “pi” is the percentage of
immunostained cells for each given intensity.

Animal experiments
Immunodeficient BALB/c nude mice (Male, 6 weeks old) were used to
establish xenograft models. The mice were allowed free access to food and
water, and housed in cages at a controlled temperature (22 ± 2 °C) and
relative humidity (55 ± 5%) in a standardized 12-h light/dark cycle. HCT116
cells were harvested by centrifugation, washed with PBS and suspended in
ice-cold 10% Matrigel (354234; Corning) at a density of 2 × 107 cells/mL.
2 × 106 cells (100 μL) were injected subcutaneously into the right flank of
each mouse for tumor formation. When tumors reached a volume of
~50mm3, mice were daily injected intraperitoneally with Erastin (25mg/
kg; HY-15763; MCE) or Fer-1 (2 mg/kg; HY-100579; MCE). Tumor dimensions
were measured and recorded every 5 days using a digital caliper, and
tumor volume (V) was calculated using the formula:
V= 0.5 × length × width2. At the end of the experiment, all mice were
sacrificed, and the tumor tissues were immediately excised and weighed.
Azoxymethane/dextran sodium sulfate (AOM/DSS)-induced CRC mouse

model was proposed to investigate the role of PRMT5 in controlling CRC
development. One week before experiments, adenoviruses expressing
murine PRMT5 shRNA (sh_PRMT5) or control (NC) were administered by
enema. C57BL/6J-ApcMin/+ mice were intraperitoneally injected with
12mg/kg of AOM (A5486; Sigma). After 4 days, mice were fed with
drinking water containing 2% (w/v) DSS (9011-18-1; MP Biomedicals) for 5
consecutive days (repeated thrice). On day 60, mice were sacrificed, and
their colonic tissues were collected for further analysis. All animal
experiments were reviewed and approved by the Animal Experiment
Ethics Committee of Jiangsu Province Geriatric Hospital.

Data acquisition and processing
ChIP-seq datasets in HCT116 cells were downloaded from NCBI GEO
database, including H3K4me1 (GSM2711385), H3K4me2 (GSM2711391),
H3K4me3 (GSM2916031) and H3K27ac (GSM2916001), and RNA

polymerase II (RNA Pol II; GSM2916013), H3K9me2 (GSM2916019) and
H3K27me3 (GSM2916037). The RNA sequencing results of primary CRC
samples were downloaded from GSE17538 (19914252; n= 238) and
GSE39582 (23700391; n= 585). Genes used to calculate the ferroptosis
related scores via AddModuleScore command were accessed from the
FerrDb website (36305834). We utilized GSVA command in R package
GSVA (23323831) to calculate the signature score, with calculating method
set to ssGSEA. The CRISPR score (DepMap Public 24Q2 + Score, Chronos)
were obtained from the DepMap portal website. A lower CRISPR score
represented higher essentiality of a specific gene in a given cell line. The
well annotated single-cell RNA-seq data were obtained from a previous
study, which contained 25 Korean and 6 Belgian treatment-naive patients
diagnosed with CRC (32451460). To elucidate the correlation of PRMT5
with ferroptosis with higher accuracy, cells with similar K-nn graph
partitions were divided into small (~20–200 typically) homogeneous
groups called metacells for comparison (31604482). The metacells were
generated by Scimplify command. The gene expression data was
calculated by supercell_GE command, reflecting the average value of a
specific gene within one metacell.

Statistical analysis
All statistical analyses were performed using SPSS 18.0 (IBM, Armonk, NY) and
GraphPad Prism 8.0 (GraphPad, CA, USA). All results are expressed as mean
values ± standard deviation (SD) from three independent experiments.
Differences between the two groups were analyzed using Student’s t-test.
Spearman correlation analysis was performed to evaluate the relationships
between variables. P value less than 0.05 was considered statistically
significant. The statistical significance was set at *P < 0.05 and **P < 0.01.

RESULTS
PRMT5 is required for the proliferation of CRC cells and
negatively associated with ferroptosis in CRC
PRMT5 is a type II protein arginine methyltransferase that has been
implicated in the development and progression of various types of
human cancers, including CRC [26, 32]. We raised the question
whether PRMT5 influences the proliferation capacity of CRC cells.
PRMT5-silenced HCT116 and LoVo cells were established by using
siRNAs, and CCK-8 and colony-formation assays showed that
PRMT5 inhibition significantly decreased the proliferative activities
of HCT116 and LoVo cells (Fig. 1A, B). Subsequently, we
investigated whether PRMT5 is involved in CRC pathogenesis
using AOM/DSS-induced CRC model mice. We observed that
PRMT5-deficient ApcMin/+ mice (sh_PRMT5) developed significantly
fewer and smaller tumors than that in control ApcMin/+ mice
(Fig. 1C, D). The tumors were histologically examined by H&E
staining, and decreased levels of PRMT5 and Ki-67 were observed
in sh_PRMT5 colon tissues by IHC staining (Fig. 1E, F). In conclusion,
these data therefore suggest that PRMT5 functions as an oncogene
in CRC through promoting cell proliferation in vitro and in vivo.
Previous reports have uncovered that the inhibition of

ferroptosis is closely related to CRC progression [33]. To
investigate whether the proliferation-promoting effect of PRMT5
on CRC cells is due to inhibition of ferroptosis, we collected 24
pairs of fresh CRC and adjacent non-cancerous tissues. We
confirmed the upregulation of PRMT5 in these CRC tissues by
IHC staining and qRT-PCR assays (Fig. 1G–I). The degree of
ferroptosis was measured by detecting the level of ferroptosis-
related indicator-lipid ROS. The result showed that lipid ROS level
was significantly decreased in CRC tissues, suggesting that
ferroptosis was inhibited in CRC (Fig. 1J). The protein or mRNA
levels of PRMT5 were analyzed in CRC tissues from high and low
lipid ROS groups, and the results showed that PRMT5 expression
decreased as lipid ROS level increased (Fig. 1K, L). To further verify
the relationship between PRMT5 and ferroptosis, CCK-8 assay was
performed to evaluate the effect of PRMT5 knockdown on the cell
viability of HCT116 and LoVo cells treated with different
concentrations of ferroptosis inducers (Erastin or RSL3). We
observed that siRNAs-mediated knockdown of PRMT5 significantly
aggravated Erastin- and RSL3-induced ferroptotic cell death
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Fig. 1 PRMT5 is required for the proliferation of CRC cells and negatively associated with ferroptosis in CRC. A, B CCK-8 and colony-
formation assays were performed to evaluate the effect of PRMT5 knockdown on the proliferation of HCT116 and LoVo cells.
C Representative images of the colon tumors in sh_PRMT5 and control mice. D The tumor number in sh_PRMT5 and control mice was
analyzed. E, F H&E and IHC staining of PRMT5 and Ki-67 in tumor sections of sh_PRMT5 and control mice. Scale bars, 200 μm or 50 μm.
G, H IHC staining and H score of PRMT5 in 24 pairs of CRC and adjacent normal tissues. Scale bar, 50 μm. I Relative mRNA levels of
PRMT5 in 24 pairs of CRC and adjacent normal tissues. J Relative lipid ROS levels in CRC and adjacent normal tissues (n = 24). K H
scores of PRMT5 in CRC tissues with low (n= 12) and high (n= 12) levels of lipid ROS. L Relative mRNA levels of PRMT5 in CRC tissues
with low (n= 12) and high (n= 12) levels of lipid ROS. M, N Cell viability was measured by CCK-8 assay in NC and PRMT5-depleted
HCT116 and LoVo cells treated with the indicated doses of Erastin and RSL3. The data shown represent the mean ± SD. *P < 0.05,
**P < 0.01.
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(Fig. 1M, N). Collectively, these data suggested that PRMT5 is
negatively associated with ferroptosis in CRC.
Consistently, we evaluated the correlation between 9 protein

arginine methylation related genes and ferroptosis related
signatures based on the single-cell RNA-seq results from two

large CRC cohorts (Fig. S1A). Judging from the common results
from the two cohorts, CARM1, PRMT1, PRMT2 and PRMT5 were
positively correlated with ferroptosis suppressor signatures, while
PRMT5 also showed negative correlation with ferroptosis marker
in the GSE17538 cohort. Further analysis of CRISPR score indicated
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that PRMT5 had the second lowest CRISPR score, indicating that
PRMT5 was also essential for survival of CRC cell lines (Fig. S1B).
Three independent single-cell RNA-seq, which were well anno-
tated into 6 major cell types, were applied to further validate the
correlation of PRMT5 with ferroptosis related signatures. (Fig. S1C).
We observed that PRMT5 was expressed in annotated epithelial
cells from the tumor or border area (Fig. S1D). Subsequently, these
tumor cells were simplified into meta-cells (Fig. S1E), and the
spearman correlation results revealed that PRMT5 expression was
positively correlated with ferroptosis suppressor marker score (Fig.
S1F), and was negatively correlated with ferroptosis marker score
(Fig. S1G), indicating the ferroptosis-prohibiting role of PRMT5
in CRC.

Knockdown of PRMT5 accelerates ferroptosis of CRC cells
in vitro and in vivo
CCK-8 and colony-formation assays were performed to confirm
the role of PRMT5 in Erastin- or RSL3-induced ferroptosis of
HCT116 and LoVo cells. We observed that siRNAs-mediated
knockdown of PRMT5 significantly facilitated the ferroptosis of
HCT116 and LoVo cells (Fig. S2A–C). Subsequently, we determined
the MDA and lipid ROS levels in HCT116 and LoVo cells with
PRMT5 knockdown by siRNAs. As anticipated, we found that
PRMT5 knockdown significantly increased the MDA and lipid ROS
levels in CRC cells treated with Erastin or RSL3 (Fig. 2A–C). In
addition, the concentration of Fe2+ in PRMT5-depleted HCT116
and LoVo cells was significantly increased as compared to
negative controls (Fig. 2D). Consistently, fluorescence staining of
mitochondria with Mito-FerroGreen dye apparently showed
reinforced brightness of green fluorescence in PRMT5-deficient
HCT116 cells (Fig. 2E). Because ferroptosis has morphological
features of mitochondria that are distinct from other forms of cell
death, transmission electron microscope (TEM) was used to
observe the morphologic changes of mitochondria in HCT116
cells. We observed that the cells exhibited shrunken mitochondria
with enhanced membrane density after PRMT5 knockdown, a
typical morphologic feature of ferroptosis (Fig. 2F). Ferrostatin-1
(Fer-1), a ferroptosis inhibitor, was used to check whether PRMT5
can inhibit ferroptosis. Interestingly, we observed that PRMT5
knockdown significantly aggravated cell death by Erastin or RSL3,
and cell death could be rescued by Fer-1 (Fig. 2G, H and Fig. S2D).
To further verify the role of PRMT5 in ferroptosis in vivo, a

mouse xenograft model was established by using stable NC and
PRMT5-depleted (sh_PRMT5) HCT116 cells, and tumors were
treated with Erastin or Fer-1. As can be seen in Fig. 2I, J, the
tumor growth curve of sh_PRMT5 group grew more slowly than
that in the control group, whereas Fer-1 treatment significantly
increased the growth rate of these xenografts. The xenografts
formed by sh_PRMT5 cells were smaller and lighter, and these
effects were reversed by Fer-1 (Fig. 2K); the same results were
observed with IHC staining for Ki-67 (Fig. 2L). Moreover, xenografts
formed by sh_PRMT5 cells showed higher MDA and lipid ROS
levels than those formed by control cells; however, these effects
were partially reversed by Fer-1 (Fig. 2M, N). Collectively, these
findings demonstrated that PRMT5 exerts ferroptosis-suppressive
effects in CRC.

PRMT5 facilitates the expression of SLC7A11 in CRC cells
To explore the molecular mechanisms underlying the
ferroptosis-suppressive roles of PRMT5, we conducted RNA-seq
analysis using high throughput Illumina sequencing to char-
acterize the transcriptomic alterations in PRMT5-depleted
HCT116 cells (Fig. 3A). Compared with the control, a total of
393 differentially expressed genes (DEGs) were identified (FDR
value ≤ 0.001 and |log2 (Fold change)| ≥ 1), including 126
upregulated and 267 downregulated genes (Fig. 3B). KEGG
analysis revealed that DEGs were significantly enriched in
several key cellular processes, such as lipid metabolism, signal
transduction, transport and catabolism, cell growth and death
(Fig. 3C). Among these DEGs, we focused on SLC7A11, which has
been well-established as a critical ferroptosis regulator. Through
qRT-PCR analysis, we found that SLC7A11 was significantly
downregulated in PRMT5-depleted HCT116 and LoVo cells,
whereas other ferroptosis-related genes, such as ACSL4, FSP1
and GPX4, were not markedly affected (Fig. 3D). Moreover,
Western blotting analysis showed that siRNA-mediated knock-
down of PRMT5 obviously reduced the protein levels of SLC7A11
in HCT116 and LoVo cells (Fig. 3E).
To probe whether PRMT5 directly regulates SLC7A11 transcrip-

tion, we performed CUT&Tag analysis using anti-H4R3me2s and
anti-H3R8me2s antibodies in HCT116 cells. Genome-wide CUT&-
Tag analysis uncovered the genome-wide binding profile of
PRMT5-dependent H4R3me2s and H3R8me2s. Notably, we
observed that H4R3me2s and H3R8me2s were mainly enriched
around the transcription start sites (TSS) of genes, indicating that
these two marks are tightly linked to transcriptional modulation
(Fig. 3F, G). Interestingly, these two histone modifications
exhibited exceedingly similar genome-wide binding patterns
(Fig. 3H and Fig. S3A), as well as known enriched DNA binding
sites by HOMER known motif analysis (Fig. 3I). KEGG analysis
revealed that these two histone marks were associated with
multiple biological processes, including cAMP, PI3K-Akt, Wnt, Rap1
signaling pathways (Fig. S3B).
Previous studies reported that SLC7A11 was transcriptionally

activated in CRC cells. According to ChIP-seq datasets publicly
available at NCBI GEO database, we found that active histone
marks, such as H3K4me1, H3K4me2, H3K4me3 and H3K27ac, and
RNA polymerase II (RNA Pol II) were located around the TSS of
SLC7A11 gene in HCT116 cells, whereas repressive histone marks
were not, such as H3K9me2 and H3K27me3 (Fig. 3J), implicating
that SLC7A11 was activated at the transcriptional level in CRC cells.
Surprisingly, CUT&Tag analysis revealed that there were no clear
H4R3me2s and H3R8me2s peaks around the TSS of SLC7A11 gene,
suggesting that PRMT5 is not a direct transcription modulator of
SLC7A11. To further validate whether PRMT5-mediated H4R3me2s
and H3R8me2s marks participate in the regulation of SLC7A11,
ChIP-qPCR assays were performed using H4R3me2s and
H3R8me2s antibodies in HCT116 and LoVo cells. Indeed, ChIP-
qPCR results confirmed that PRMT5-mediated H4R3me2s and
H3R8me2s were not significantly enriched around the TSS of
SLC7A11 gene in HCT116 and LoVo cells (Fig. 3K). Taken together,
PRMT5 facilitates the expression of SLC7A11 in CRC cells, but not
at the transcription level.

Fig. 2 Knockdown of PRMT5 promotes ferroptosis in vitro and in vivo. A, B MDA levels were measured in NC or PRMT5 siRNAs-transfected
HCT116 and LoVo cells treated with 2.5 μM Erastin or 5 μM RSL3. C Lipid ROS and D Fe2+ levels were analyzed by flow cytometry in NC or
PRMT5 siRNAs-transfected HCT116 and LoVo cells treated with 2.5 μM Erastin. E Fluorescence staining of ferrous ion was detected with Mito-
FerroGreen dye in NC or PRMT5 siRNAs-transfected HCT116 cells treated with 2.5 μM Erastin. Scale bar, 25 μm. F TEM images of NC or PRMT5
siRNAs-transfected HCT116 cells treated with 2.5 μM Erastin. Red arrows indicate mitochondria in cells. Scale bar, 1 μm. G, H Cell viability was
measured by CCK-8 assay in control and PRMT5-depleted (sh_PRMT5) HCT116 and LoVo cells treated with 2.5 μM Erastin or 5 μM RSL3 and
1 μM Fer-1. I Image of subcutaneous xenografts derived from control and sh_PRMT5 nude mice treated with Erastin or Fer-1. J, K Tumor
volumes and weights of different groups were measured. L Representative IHC images of PRMT5 and Ki-67 in different groups. Scale bar,
50 μm. M, N MDA and Lipid ROS levels in different groups were measured. The data shown represent the mean ± SD. **P < 0.01.
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Data derived from GEPIA database confirmed that the expres-
sion of SLC7A11 was upregulated in most of human cancers,
including COAD (Fig. S3C, D). Moreover, survival analysis of
SLC7A11 in CRC was conducted with the online Kaplan-Meier
Plotter database. As shown in Fig. S3E, high expression of

SLC7A11 statistically correlated with shorter overall survival of
CRC patients.
To uncover whether PRMT5 knockdown exerts ferroptosis-

promoting role through downregulating the expression of
SLC7A11, we restored the expression of SLC7A11 through
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transfecting the recombinant eukaryotic expression vector
pcDNA3.1-SLC7A11 into PRMT5-depleted HCT116 and LoVo cells.
The re-expression of SLC7A11 at the mRNA and protein levels in
PRMT5-depleted HCT116 and LoVo cells was verified by qRT-PCR
and Western blotting (Fig. S4A, B). Re-expression of
SLC7A11 significantly reversed the ferroptotic death of PRMT5-
deficient HCT116 and LoVo cells induced by Erastin or RSL3 (Fig.
S4C, D). Compared to sh_PRMT5 cells (Fig. S4E-I), MDA, lipid ROS
and Fe2+ levels were significantly decreased in HCT116 and LoVo
cells with combined treatment (sh_PRMT5 + SLC7A11 OE).
Mouse xenograft model was established by subcutaneously

injecting stable NC, sh_PRMT5 or sh_PRMT5 + SLC7A11 OE
HCT116 cells into nude mice, and tumors were treated with
Erastin. As can be seen in Fig. S4J, K, the tumor growth curve of
sh_PRMT5 group grew more slowly than that in the control group
(NC), whereas SLC7A11 restoration significantly increased the
growth rate of these xenografts. The xenografts formed by
sh_PRMT5 cells were smaller and lighter, and these effects were
reversed by the re-expression of SLC7A11 (Fig. S4L). The IHC
images showed that SLC7A11 restoration accelerated the growth
of sh_PRMT5 xenografts, as evidenced by increased Ki-67
expression (Fig. S4M). Furthermore, xenografts formed by
sh_PRMT5 + SLC7A11 OE HCT116 cells showed lower MDA and
lipid ROS levels than those formed by sh_PRMT5 cells (Fig. S4N, O).
Collectively, we concluded that PRMT5 inhibits ferroptosis of CRC
cells through upregulating the expression of SLC7A11.

PRMT5 upregulates the expression of SLC7A11 through
transcriptionally inhibiting the expression of ALKBH5
Given that PRMT5-mediated SLC7A11 activation in CRC cells is not
at the transcription level, we speculate with the possibility that
PRMT5 may contribute to the mRNA stability of SLC7A11. N6-
methyladenosine (m6A) is the most predominant mRNA modifica-
tion in eukaryotes, which modulates mRNA stability, thereby fine-
tuning gene regulation at the post-transcriptional level [34]. To
examine whether PRMT5 participates in regulating potential
m6A-related genes, qRT-PCR was performed to determine the
expression levels of known m6A “writers” (METTL3, METTL14 and
WTAP), “readers” (IGF2BP1, YTHDF1, YTHDF2, YTHDF3, YTHDC1
and YTHDC2) and “erasers” (ALKBH5 and FTO) in PRMT5-deficient
HCT116 and LoVo cells. Interestingly, qRT-PCR results revealed that
ALKBH5 was significantly higher in PRMT5-depleted HCT116 and
LoVo cells than that in control cells (Fig. 4A). Upregulation of
ALKBH5 was further validated at the protein level in PRMT5-
silenced HCT116 and LoVo cells by Western blotting (Fig. 4B).
CUT&Tag analysis showed that PRMT5-mediated H4R3me2s and
H3R8me2s directly bound to ALKBH5 gene in HCT116 cells
(Fig. 4C). ChIP-qPCR assays demonstrated that both H4R3me2s
and H3R8me2s marks were significantly enriched around the TSS
of ALKBH5 gene in HCT116 and LoVo cells (Fig. 4D). The
occupancies of H4R3me2s and H3R8me2s were dramatically
reduced in HCT116 and LoVo cells upon PRMT5 knockdown.
These findings elicited that ALKBH5 is a transcriptional target of
PRMT5 in CRC cells.
ALKBH5 is a well-described m6A “eraser” that impacts the fate of

mRNA in a m6A-dependent manner [35]. To explore the potential

m6A modification in CRC, we determined m6A modification levels
in six CRC cell lines (CoCa-2, SW620, SW480, HCT116, HCT-15 and
LoVo) and colonic mucosal epithelial cell line (FHC) by m6A RNA
methylation quantification assay kit. The relative m6A modification
levels were upregulated in CRC cells relative to the FHC cell line
(Fig. 4E). To determine whether ALKBH5 modulates the expression
of SLC7A11, qRT-PCR and Western blotting were performed in
HCT116 and LoVo cells. Compared to those in control cells, the
mRNA and protein levels of SLC7A11 were dramatically increased
in ALKBH5-deficient HCT116 and LoVo cells (Fig. 4F, G), whereas it
was downregulated when ALKBH5 was overexpressed (Fig. 4H, I),
suggesting that ALKBH5 negatively regulates the expression of
SLC7A11. Since ALKBH5 is a key “eraser” in the m6A modification
process, we propose that ALKBH5 regulates the expression of
SLC7A11 in the m6A-dependent manner. Through RIP-qPCR assay,
we found that SLC7A11 mRNA was precipitated by anti-ALKBH5
antibody, and ALKBH5 overexpression could significantly decrease
the SLC7A11 mRNA enrichment (Fig. 4J). Moreover, the relative
m6A modification levels in HCT116 and LoVo cells were
dramatically increased in ALKBH5-deficient HCT116 and LoVo
cells, whereas it was downregulated when ALKBH5 was over-
expressed (Fig. 4K, L). RNA stability assays revealed that ALKBH5
knockdown significantly enhanced the mRNA stability of SLC7A11
in HCT116 and LoVo cells, whereas ALKBH5 overexpression
remarkably reduced the mRNA stability of SLC7A11 (Fig. 4M, N).
The expression levels of ALKBH5 and SLC7A11 in CRC tissues

(n= 80) were detected by IHC staining. Immunoreactive signal of
ALKBH5 was distributed in both the nucleus and cytoplasm of
tumor cells, whereas SLC7A11 was preferentially expressed in the
membrane of tumor cells (Fig. 4O). H score analysis revealed that
the expression of ALKBH5 in CRC tissues was significantly lower
than that in the matched adjacent normal tissues (Fig. 4P). On the
contrary, SLC7A11 was found to be remarkably upregulated in
CRC tissues (Fig. 4Q). Spearman correlation analysis, as shown in
Fig. 4R, revealed that H score of PRMT5 was positively correlated
with SLC7A11 in CRC samples (R= 0.3845; P= 0.0004). H score of
ALKBH5 was negatively correlated with H scores of PRMT5
(R=−0.3362; P= 0.0023) and SLC7A11 (R=−0.3779; P= 0.0005).
Encouraged by the above results, we want to know whether

ALKBH5 modulates ferroptosis of CRC cells through inhibiting the
expression of SLC7A11. We recovered the expression of SLC7A11
in ALKBH5-overexpressed HCT116 and LoVo cells, verified by qRT-
PCR and Western blotting (Fig. S5A, B). We observed that
overexpression of SLC7A11 (ALKBH5 OE + SLC7A11 OE) dramati-
cally attenuated the Erastin or RSL3-induced ferroptotic death of
ALKBH5-overexpressed HCT116 and LoVo cells (Fig. S5C-E).
Compared to control cells, ALKBH5 overexpression (Fig. S5F-J)
significantly increased the contents of MDA, lipid ROS and Fe2+ in
HCT116 and LoVo cells, suggesting that ALKBH5 overexpression
promotes the ferroptosis of CRC cells. However, restoration of
SLC7A11 expression (ALKBH5 OE + SLC7A11 OE) effectively
reversed the promotive role of ALKBH5 overexpression (ALKBH5
OE) in ferroptosis, as evidenced by the decreased levels of MDA,
lipid ROS and Fe2+ levels. Thus, these data demonstrate that
ALKBH5 overexpression accelerates ferroptosis of CRC cells
through inhibiting the expression of SLC7A11.

Fig. 3 PRMT5 facilitates the expression of SLC7A11 in CRC cells. A Hierarchical clustering map shows the significantly differentially
expressed genes in NC or PRMT5 siRNAs-transfected (KD) HCT116 cells by RNA-seq. B Volcano plot of differentially expressed genes. The red
(n= 126) and blue (n= 267) dots represent upregulated and downregulated genes, respectively. C KEGG enrichment analysis of differentially
expressed genes. D The relative expression levels of mRNAs were detected by qRT-PCR in NC or PRMT5 siRNAs-transfected HCT116 and LoVo
cells. E The protein levels of SLC7A11 were examined by Western blotting in NC or PRMT5 siRNAs-transfected HCT116 and LoVo cells.
F–H Heatmaps and metagene plots show the genome-wide enrichment of H4R3me2s and H3R8me2s signals around the TSS or gene body in
HCT116 cells by CUT&Tag analysis. I HOMER was used to identify known motifs of H4R3me2s and H3R8me2s-binding sites. J Representative
CUT&Tag tracks for H4R3me2s, H3R8me2s, H3K4me1, H3K4me2, H3K4me3, H3K9me2, H3K27me3, H3K27ac and RNA Pol II at the TSS of
SLC7A11 gene. K ChIP-qPCR assays were performed to evaluate the deposition of H4R3me2s and H3R8me2s at the TSS of SLC7A11 gene in
HCT116 and LoVo cells. The data shown represent the mean ± SD. **P < 0.01.
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PRMT5 is lactylated at K240 in CRC
Lactylation is a novel lactate-derived posttranslational modifica-
tion that plays important roles in multiple cellular processes [36].
First, to confirm whether lactylation is involved in the progression
of CRC, we examined the pan lysine lactylation (pan-Kla) level in

CRC tissues by IHC staining. As shown in Fig. S6A, B, pan-Kla level
was significantly upregulated in the CRC tissues compared with
the normal tissues. To characterize the landscape of lactylation in
CRC, we collected 10 pairs of CRC and adjacent normal tissues,
and then applied lactylome analysis by the 4D label-free
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quantification mass spectrometry to screen differentially lactylated
proteins in CRC samples. For the details of the lactylome data, a
total of 179 sites of 119 proteins with increased lactylation and
7 sites of 6 proteins with decreased lactylation (Fig. 5A, B). The
most of these differentially lactylated proteins were distributed in
the nucleus (44.72%) and cytoplasm (39.02%) of CRC cells (Fig. 5C).
GO enrichment analysis revealed that differentially lactylated
proteins were mainly involved in regulation of protein metabolic
process, programmed cell death and apoptotic process, etc.
(Fig. 5D). KEGG analysis showed that differentially lactylated
proteins were mainly involved in cell growth and death, cellular
community, cell motility, transport and catabolism, etc. (Fig. 5E).
Notably, mass spectrometry analysis uncovered that PRMT5 is

lactylated at lysine 240 (PRMT5 K240lac; Fig. 5F). The lysine residue
at position 240 (K240) is located in the triosephosphate isomerase
barrel (TIM-barrel) domain of PRMT5, which is highly conserved
among different species (Fig. 5G). To further confirm PRMT5 K240
lactylation, a PRMT5 K240lac antibody was produced and affinity-
purified in Jingjie PTM Biolabs. By using the antibody, we carried
out Co-IP experiments using anti-pan-Kla or anti-PRMT5 K240lac
antibodies to precipitate PRMT5 in HCT116 and LoVo cells.
Associated proteins from cellular extracts of HCT116 and LoVo
cells were detected by Western blotting. As shown in Fig. 5H, I, we
observed that endogenous PRMT5 was successfully co-
precipitated with anti-pan-Kla or anti-PRMT5 K240lac antibodies,
suggesting that PRMT5 was lactylated in CRC cells.

K240lac is essential for PRMT5 to modulate ALKBH5/
SLC7A11 axis
To investigate the functional significance of K240 lactylation in
PRMT5, we employed a site-directed mutagenesis strategy by
substituting lysine 240 with arginine (K240R) - a charge-
conservative mutation that preserves the cationic properties of
this residue. This approach specifically eliminates the post-
translational lactylation while maintaining the structural integrity
of PRMT5 protein. Cells with PRMT5 K240R mutation were
obtained by transfecting PRMT5-depleted HCT116 and LoVo cells
with lentivirus containing cDNA of the PRMT5 K240R mutant.
Through qRT-PCR and Western blotting assays (Fig. 6A, B), we
observed that PRMT5 WT overexpression increased the level of
PRMT5 K240lac, accompanied with the downregulation of ALKBH5
and upregulation of SLC7A11. However, this effect was almost
eliminated when PRMT5 K240R mutant was overexpressed in
PRMT5-depleted HCT116 and LoVo cells. Following these findings,
we investigated whether PRMT5 K240R mutation influences the
depositions of H4R3me2s and H3R8me2s at the TSS of ALKBH5
gene by ChIP-qPCR experiment. Intriguingly, as shown in Fig. 6C,
we observed striking loss of H4R3me2s and H3R8me2s enrich-
ment at the TSS of ALKBH5 gene in PRMT5 K240R-overexpressed
HCT116 and LoVo cells. Since PRMT5 K240R upregulates the
expression of ALKBH5, we propose that PRMT5 K240lac affects

ALKBH5-mediated m6A modification. We performed RIP-qPCR
assays when PRMT5 WT or K240R mutant was overexpressed in
PRMT5-depleted HCT116 and LoVo cells. As shown in Fig. S7A, we
found that SLC7A11 mRNA was precipitated by anti-ALKBH5
antibody, and PRMT5 K240R significantly decreased the SLC7A11
mRNA enrichment, indicating that PRMT5 K240lac affects ALKBH5-
mediated m6A modification.
IHC staining showed that high expression levels of PRMT5,

PRMT5 K240lac, H4R3me2s and H3R8me2s were detected in CRC
cases (Fig. 6D, E and Fig. S7B, C). Correlation analysis based on IHC
staining revealed that the level of PRMT5 was positively correlated
with PRMT5 K240lac (R= 0.5904; P < 0.0001), H4R3me2s
(R= 0.6041; P < 0.0001) and H3R8me2s (R= 0.7408; P < 0.0001)
levels in CRC tissues (Fig. 6F). Moreover, upregulated expression of
PRMT5 K240lac was significantly associated with higher histolo-
gical tumor grade of patients with CRC; however, it was not
correlated with age, gender, tumor stage, lymph node and distant
metastasis. (Table S1). Further correlation analysis uncovered that
the expression of PRMT5 K240lac was positively correlated with
H4R3me2s (R= 0.6979; P < 0.0001), H3R8me2s (R= 0.4751;
P < 0.0001) and SLC7A11 (R= 0.5685; P < 0.0001) levels, and was
negatively correlated with ALKBH5 (R=−0.3433; P= 0.0018) in
CRC samples (Fig. 6G, H). Furthermore, as shown in Fig. S7D,
Kaplan-Meier survival analysis revealed that CRC patients with
high PRMT5 K240lac expression suffered from worse survival
outcomes than patients with a low PRMT5 K240lac expression
(Log-rank; P < 0.001).

PRMT5 K240R sensitizes CRC cells to ferroptosis
The above findings prompted us to investigate whether PRMT5
K240lac can in fact drive CRC progression through modulating the
ferroptosis of CRC cells. PRMT5 WT or K240R mutant were
introduced into PRMT5-depleted HCT116 and LoVo cells. To
overexpress PRMT5 WT or K240R mutant in PRMT5-depleted
HCT116 and LoVo cells, shRNA-resistant PRMT5 WT or K240R
constructs were stably expressed in HCT116 and LoVo cells
referring to our previous study [37]. By using the CCK-8 assay kit,
the results demonstrated that PRMT5 WT overexpression inhibited
the Erastin- and RSL3-triggered ferroptosis of HCT116 and LoVo
cells compared with the vector control group (Fig. 7A–D and Fig.
S8A, B), whereas the inhibition effect of PRMT5 on ferroptosis was
diminished when PRMT5 K240R was re-expressed. To further
investigate the impact of PRMT5 K240R on ferroptosis in CRC cells,
we determined the contents of MDA, lipid ROS and Fe2+ in PRMT5
WT or K240R-overexpressed HCT116 and LoVo cells. Compared to
PRMT5 WT cells (Fig. 7E–I), PRMT5 K240R significantly increased
the contents of MDA, lipid ROS and Fe2+, suggesting that PRMT5
K240R overexpression promotes Erastin- and RSL3-induced
ferroptosis of HCT116 and LoVo cells.
PRMT5 WT or K240R HCT116 cells xenografted in nude mouse

model was used to verify the role of PRMT5 K240lac in vivo. As can

Fig. 4 PRMT5 upregulates the expression of SLC7A11 through transcriptionally inhibiting the expression of ALKBH5. A The relative
expression levels of mRNAs were detected by qRT-PCR in NC or ALKBH5 siRNAs-transfected HCT116 and LoVo cells. B The protein level of
ALKBH5 was verified by Western blotting in NC or PRMT5 siRNAs-transfected HCT116 and LoVo cells. C Representative CUT&Tag tracks for
H4R3me2s and H3R8me2s at the ALKBH5 gene in HCT116 cells. D ChIP-qPCR assays were performed to evaluate the depositions of H4R3me2s
and H3R8me2s at the TSS of ALKBH5 gene in HCT116 and LoVo cells. E The total m6A modification levels in CRC cells were determined by m6A
RNA methylation quantification assay kit. F, G The relative expression levels of SLC7A11 mRNA and protein were detected in NC and ALKBH5
siRNAs-transfected HCT116 and LoVo cells by qRT-PCR and Western blotting, respectively. H, I The relative expression levels of SLC7A11 mRNA
and protein were examined in vector, ALKBH5 OE1 (1 μg) or ALKBH5 OE2 (2 μg)-transfected HCT116 and LoVo cells by qRT-PCR and Western
blotting, respectively. J RIP assay demonstrated the SLC7A11 mRNA enrichment precipitated by anti-IgG or anti-ALKBH5 antibodies in vector,
ALKBH5 OE1 (1 μg) or ALKBH5 OE2 (2 μg)-transfected HCT116 and LoVo cells. K The total m6A modification levels were determined in NC or
ALKBH5 siRNAs-transfected HCT116 and LoVo cells. L The total m6A modification levels were determined in vector, ALKBH5 OE1 (1 μg) or
ALKBH5 OE2 (2 μg)-transfected HCT116 and LoVo cells. M, N Stability of SLC7A11 mRNA was assessed by qRT-PCR in ALKBH5 depleted or
overexpressed HCT116 and LoVo cells after treatment with Actinomycin D. O–Q IHC staining and H scores for ALKBH5 and SLC7A11 in CRC
(n= 80) and matched adjacent normal tissues (n= 80). Scale bar, 50 μm. R Scatter plot of PRMT5, ALKBH5 and SLC7A11 levels in CRC tissues
(n= 80). All P values and R values were calculated with Spearman’s r test. The data shown represent the mean ± SD. *P < 0.05, **P < 0.01.
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be seen in Fig. 7J, K, the tumor growth curve of PRMT5 K240R
group grew more slowly than that in the control group, whereas
Fer-1 treatment significantly promoted the growth of these
tumors. The xenografts formed by PRMT5 K240R HCT116 cells
were much smaller than that of control group, accompanied by

increased ALKBH5 and decreased PRMT5 K240lac, SLC7A11, Ki-67
levels (Fig. S8C). Moreover, PRMT5 K240R resulted in higher MDA
levels than those formed by control cells (Fig. 7L). In conclusion,
we demonstrated that PRMT5 K240R sensitizes CRC cells to
ferroptosis in vitro and in vivo.
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DISCUSSION
Emerging evidence highlights the potential roles of PRMT5 in
modulating ferroptosis across different cancer types, especially in
triple-negative breast cancer (TNBC). For example, PRMT5 drives
ferroptosis resistance by selectively methylating KEAP1, a negative
regulator of the antioxidant transcription factor NRF2. This
methylation stabilizes KEAP1, leading to NRF2 degradation and
subsequent suppression of the NRF2/HMOX1 axis, which reduces
intracellular iron accumulation and lipid peroxidation [38].
Furthermore, PRMT5 catalyzes the symmetric dimethylation of
GPX4 at arginine 152 (R152), preventing its ubiquitination and
degradation by the Cullin1-FBW7 E3 ligase complex, thereby
enhancing GPX4 stability and conferring resistance to ferroptosis
inducers [39]. However, the role of PRMT5 in the ferroptosis of CRC
cells remains less defined. In the present study, we identified the
PRMT5/ALKBH5/SLC7A11 axis as part of an important mechanism
underlying ferroptosis resistance. As illustrated in Fig. 7M,
lactylated PRMT5 repressed the expression of ALKBH5 via
H4R3me2s and H3R8me2s at the transcription level, which
enhances the stability of SLC7A11 mRNA and upregulates its
expression in an m6A-dependent manner, thus aggravating CRC
progression through attenuating ferroptosis.
Epigenetic modifier PRMT5 is the major type II arginine

methyltransferase that catalyzes the formation of symmetric
dimethylarginine residues in a number of nuclear and cytoplasmic
proteins [26]. The resultant symmetrically dimethylated arginine
on histone H3 or H4 (H3R8me2s and H4R3me2s) are critical
epigenetic modifications mediated by PRMT5 that are usually
associated with gene silencing. In this study, CUT&Tag in
combination with ChIP analyses revealed that PRMT5-dependent
H4R3me2s and H3R8me2s signals located in the vicinity of TSS of
ALKBH5 gene, thus resulting in transcriptional inactivation of
ALKBH5. CUT&Tag profiling using anti-PRMT5 antibodies is an
unbiased genome-wide approach to map the PRMT5 deposition in
CRC cells, as well as its histone substrates (H4R3me2s and
H3R8me2s). Unfortunately, our CUT&Tag experiments using
commercially available anti-PRMT5 antibodies were unsuccessful
despite that we repeated the experiment many times. A possible
explanation for this phenomenon is that PRMT5 is extremely
dynamic in the nucleus of CRC cells, which transiently interacts
with chromatin, and therefore might escape detection.
It is intriguing that PRMT5 inhibits doxorubicin-induced RNA

m6A methylation by enhancing the nuclear translocation of
ALKBH5 with the partner ALKBH7, underscoring the therapeutic
potential of targeting the PRMT5-ALKBH5 axis to overcome
chemoresistance [40]. A recent study reveals that PRMT5 directly
catalyzes the symmetric dimethylation of ALKBH5 at the R316
residue, which triggers TRIM28-mediated ALKBH5 ubiquitination
degradation, thus promoting CRC immune evasion via increasing
CD276 expression [41]. Taken together, all these lines of evidence
indicate that PRMT5 regulates ALKBH5 expression and functions
through diverse mechanisms, including post-translational stabili-
zation, spatial regulation (nuclear trafficking), and potential
transcriptional or co-regulatory interactions, highlighting the
synergistic roles of PRMT5/ALKBH5 in cancer progression and
therapy resistance.

As a prominent m6A demethylase, ALKBH5 has been recognized
to affect the mRNA stability and determine the fate of mRNA in an
m6A-dependent manner. In such a manner, dysregulation of
ALKBH5 coordinates a variety of cellular processes and exerts
important regulatory roles in multiple malignancies, mostly via
post-transcriptional regulation of oncogenes or tumor suppressors
[42]. In CRC, ALKBH5 is tightly associated with tumorigenesis and
development, but its role and regulatory mechanism remain
controversial. For instance, Zhai et al. showed that high expression
of ALKBH5 predicts poor prognosis in patients with CRC. ALKBH5-
induced DKK1 recruits immune-suppressive myeloid-derived
suppressor cells and inhibits infiltration of antitumor CD8+ T and
natural killer cells, thereby driving tumorigenesis [43]. Shen et al.
reported that ALKBH5 was significantly elevated in CRC samples
and could increase the proliferative, migrative and invasive
capabilities of CRC cells, indicating that ALKBH5 may be an
attractive therapeutic target [44].
In contrast, Luo et al. revealed a tumor suppressive role of

ALKBH5 in CRC. They found that ALKBH5 was downregulated in
CRC, and restoration of ALKBH5 reduced the mRNA stability of
SLC7A11 by erasing m6A modification, thus triggering the
ferroptosis of CRC cells [45]. Huang et al. reported that ALKBH5
can downregulate SLC7A11 transcription by decreasing m6A
modification, thus promoting the ferroptosis of non-small cell
lung cancer (NSCLC) cells and suppressing NSCLC progression
[46]. Moreover, Yang et al. demonstrated that overexpressed
ALKBH5 significantly inhibited the invasion and metastasis of
CRC cells in vitro and in vivo, suggesting that ALKBH5 acts as a
tumor suppressor and may be a potential therapeutic target for
CRC [47]. In this study, we observed that ALKBH5 was
transcriptionally repressed by PRMT5 in CRC cells. ALKBH5
overexpression could induce the ferroptosis of CRC cells through
affecting the mRNA stability of SLC7A11 in an m6A-dependent
manner. Indeed, increasing evidence in the last years indicates
that ALKBH5 plays a crucial tumor-suppressive role in CRC
[48–50]. Given the fact that ALKBH5 post-transcriptionally
modulates various targets that have distinct functions, we
therefore speculate that the role of ALKBH5 in cancer is mainly
dependent on its functional targets in a specific cancer type or
cellular context.
Lactate accumulation during metabolic processes is used as a

precursor for lactylation of histone or non-histone proteins and
disrupts the balance of gene transcription, which causes diseases
including cancer. Previous studies suggest that histone lactylated
modification is involved in many physiological and pathological
processes. For instance, lactylation of H4 at K12 (H4K12lac)
activated the transcription of glycolytic genes in macroglia,
contributing to the pathogenesis of Alzheimer’s disease [51].
Lactylation of H3 at K18 (H3K18lac) can activate the transcription
of the m6A binding protein YTHDF2, leading to degradation of
PER1 and TP53, thus indicating the potential significance of
histone lactylation in tumorigenesis [52]. Through illustrating the
links between histone lactylation and cancer hallmarks, histone
lactylation is proposed as a promising novel epigenetic code
driving cells toward a malignant state, and offers the possibility of
developing alternative novel therapeutic strategies [53].

Fig. 6 K240lac is essential for PRMT5 to modulate ALKBH5/SLC7A11 axis. A The relative mRNA expression levels of PRMT5, ALKBH5 and
SLC7A11 were determined by qRT-PCR in vector, PRMT5 WT- and PRMT5 K240R-overexpressed HCT116 and LoVo cells. B Protein levels of
PRMT5, PRMT5 K240lac, ALKBH5, SLC7A11, H4R3me2s and H3R8me2s were detected in vector, PRMT5 WT- and PRMT5 K240R-overexpressed
HCT116 and LoVo cells by Western blotting. C ChIP-qPCR assays were performed to evaluate the depositions of H4R3me2s and H3R8me2s at
the TSS of ALKBH5 gene in vector, PRMT5 WT- and PRMT5 K240R-overexpressed HCT116 and LoVo cells. D IHC staining for PRMT5 K240lac,
H4R3me2s and H3R8me2s in CRC and adjacent normal tissues. Scale bars, 50 μm. E H scores of PRMT5 K240lac, H4R3me2s and H3R8me2s in
CRC (n= 80) and matched adjacent normal tissues (n= 80). F Spearman correlation analysis of PRMT5 and PRMT5 K240lac, PRMT5 and
H4R3me2s, and PRMT5 and H3R8me2s in CRC (n= 80) and matched adjacent normal tissues (n= 80). G Scatter plot of PRMT5 K240lac,
H4R3me2s and H3R8me2s levels in CRC tissues (n= 80). H Scatter plot of PRMT5 K240lac, ALKBH5 and SLC7A11 levels in CRC tissues (n= 80).
All P values and R values were calculated with Spearman’s r test. The data shown represent the mean ± SD. **P < 0.01.
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Nonetheless, it remains unclear whether lactate can directly
covalently modify non-histone proteins and thus exert potential
biological effects in tumorigenesis and cancer progression. In
recent years, lactylated non-histone proteins are also gradually
being discovered. For example, lactylation of methyltransferase

METTL16 at site K229 under copper stress plays important roles in
DLAT lipoylation via m6A-modification on FDX1 mRNA, and
ultimately leads to cuproptosis [54]. The expression of fibroblast
growth factor FGF2 is regulated by YY1 K183 lactylation. Besides,
elevation of YY1 lactylation increases the expression of FGF2 and
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promotes angiogenesis, while YY1 mutation at K183 eliminates
these effects [31]. Moreover, homologous recombination (HR)
protein MRE11 is lactylated at K673 by the CBP acetyltransferase,
which is linked to DNA double stranded break (DSB) repair [55].
Whether there are numerous lactylated modifications on non-
histone proteins in CRC and how these lactylated non-histone
proteins work are urgently needed to be elucidated.
Through the protein lactylome analysis of human CRC tissues and

cell lines, Xie et al. identified that translation initiation factor eEF1A2
is lactylated at K408, leading to boosted translation elongation and
enhanced protein synthesis, which contributes to tumorigenesis
[56]. Cheng et al. investigated proteome-wide lactylation in FHC and
SW480 cells through mass spectrometry. Intriguingly, they further
showed that the enzyme activity of phosphofructokinase-platelet
(PFKP) was attenuated by the lactylation of PFKP at K688, which
facilitates the aerobic glycolysis and consequently promotes the
progression of CRC [57]. In this study, we uncovered a novel
regulatory mechanism by which the lactylation of PRMT5 at K240
(PRMT5 K240lac) facilitates the expression of SLC7A11. PRMT5
K240lac is necessary for regulating the expression of SLC7A11 and
ferroptosis resistance of CRC cells, while mutation at the PRMT5
lactylation site (PRMT5 K240R) eliminated these effects. Although
the lactylation of PRMT5 (PRMT5 K240lac) has been demonstrated to
be important for ferroptosis resistance, it is still less understood
about the details of how the lactylation is regulated in CRC. Recent
progress in cancer metabolism research has identified lactate, a
byproduct of the Warburg effect, as a primary driver of lactylation
[58]. Elevated lactate levels-ranging from 10 to 30mM, as frequently
observed in cancer cells are required for lactylation formation. This
implies that any factor influencing glycolysis, particularly the activity
of lactate dehydrogenase A (LDHA), may modulate the lactylation
level of PRMT5 (PRMT5 K240lac) [59, 60].
In summary, we herein revealed a novel role of the PRMT5

K240lac/ALKBH5/SLC7A11 axis in the regulation of ferroptosis
resistance during the progression of CRC. This finding is of
paramount significance in deciphering the molecular mechanism
involved in ferroptosis resistance of CRC cells, thus providing a
potential target in preventing the development of CRC in clinical
practice.
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