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� YTHDF2 served as an oncogene and
prognostic predictor in DLBCL.

� YTHDF2 bound to m6A sites of the
ACER2 mRNA 30-UTR to maintain its
stability and expression.

� YTHDF2 contributes to endogenous
ceramide hydrolysis by regulating
ACER2.

� YTHDF2 regulates ACER2 to trigger
ceramide catabolism to activate PI3K/
AKT and ERK pathways.
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Introduction: Epigenetic alterations play crucial roles in diffuse large B-cell lymphoma (DLBCL).
Disturbances in lipid metabolism contribute to tumor progression. However, studies in epigenetics, espe-
cially its critical regulator YTH N6-methyladenosine RNA binding protein 2 (YTHDF2), on lipid metabo-
lism regulation in DLBCL are unidentified.
Objectives: Elucidate the prognostic value and biological functions of YTHDF2 in DLBCL and illuminate
the underlying epigenetic regulation mechanism of lipid metabolism by YTHDF2 in DLBCL development.
Methods: The expression and clinical value of YTHDF2 in DLBCL were performed in public databases and
clinical specimens. The biological functions of YTHDF2 in DLBCL were determined in vivo and in vitro
through overexpression and CRISPR/Cas9-mediated knockout of YTHDF2. RNA sequencing, lipidomics,
methylated RNA immunoprecipitation sequencing, RNA immunoprecipitation-qPCR, luciferase activity
assay, and RNA stability experiments were used to explore the potential mechanism by which YTHDF2
contributed to DLBCL progression.
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Results: YTHDF2 was highly expressed in DLBCL, and related to poor prognosis. YTHDF2 overexpression
exerted a tumor-promoting effect in DLBCL, and knockdown of YTHDF2 restricted DLBCL cell prolifera-
tion, arrested cell cycle in the G2/M phase, facilitated apoptosis, and enhanced drug sensitivity to ibruti-
nib and venetoclax. In addition, YTHDF2 knockout drastically suppressed tumor growth in xenograft
DLBCL models. Furthermore, a regulatory role of YTHDF2 in ceramide metabolism was identified in
DLBCL cells. Exogenous ceramide effectively inhibited the malignant phenotype of DLBCL cells in vitro.
The binding of YTHDF2 to m6A sites on alkaline ceramidase 2 (ACER2) mRNA promoted its stability
and expression. Enhanced ACER2 expression hydrolyzed ceramides, disrupting the balance between cer-
amide and sphingosine-1-phosphate (S1P), activating the ERK and PI3K/AKT pathways, and leading to
DLBCL tumorigenesis.
Conclusion: This study demonstrated that YTHDF2 contributed to the progression of DLBCL by regulating
ACER2-mediated ceramide metabolism in an m6A-dependent manner, providing novel insights into tar-
geted therapies.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common
subtype of non-Hodgkin lymphoma (NHL) in adults, exhibiting a
pronounced level of aggressiveness and heterogeneity [1]. Approx-
imately two-thirds of individuals diagnosed with DLBCL achieve
complete remission with standard first-line therapy [2], while
30–50% of patients exhibit non-responsiveness or experience
recurrence [3]. Due to the extensive genetic and epigenetic hetero-
geneity of DLBCL, the lack of specificity in conventional treatment
is even more concerning [4]. Recent studies have demonstrated
that epigenetic compounds could reprogram cellular phenotypes,
resulting in a novel therapeutic approach that exploits epigenome
plasticity to modulate cell response to anti-tumor drugs [5]. There-
fore, exploring epigenetic alterations in DLBCL may provide novel
insights into the treatment of this disease.

N6-methyladenosine (m6A) methylation, a crucial epigenetic
modification, controls a variety of basic bioprocesses [6]. m6A
modification is dynamically modulated by methyltransferases,
demethylases, and binding proteins, thereby dictating the fate of
mRNA by regulating the processes of mRNA stability, transport,
translation, and degradation [7–8]. YTH N6-methyladenosine
RNA binding protein 2 (YTHDF2), functions as an important
m6A-binding protein, and specifically recognizes and binds to
m6A sites, resulting in m6A-modified mRNA degradation or trans-
lation [9–10]. Growing evidence has shown that YTHDF2 is closely
related to tumor growth, proliferation, and survival [11–12]. Our
previous studies have revealed that KIAA1429 regulated DLBCL
progression through an m6A-YTHDF2-dependent manner [13],
indicating the participation of m6A modification in the progression
of DLBCL. However, the involvement of YTHDF2 in DLBCL tumori-
genesis and the underlying molecular mechanism remain unclear.

Recent studies have demonstrated that aberrant lipid metabo-
lism regulated by a crucial epigenetic modification, m6A methyla-
tion, is involved in tumor progression [6,14]. Our previous study
has indicated significant associations between aberrant serum
lipid metabolism and the survival of lymphoma patients [15].
Lipids are also reported to play a vital role in DLBCL cell prolifera-
tion [16]. Sphingolipids, the lipid subclass, are structural molecules
of cell membranes with the role of regulating multiple biological
processes such as cell proliferation, survival, and apoptosis by
mediating various cellular signal transduction [17]. As the common
backbone of most sphingolipids, ceramide can be synthesized from
membrane sphingomyelin breakdown by sphingomyelinases, and
hydrolyzed by ceramidase to produce sphingosine [18]. In turn,
phosphorylation of sphingosine by sphingosine kinase (SphK)
could generate sphingosine 1 phosphate (S1P) [19]. Ceramide has
been demonstrated to inhibit proliferation and cause apoptosis,
18
while S1P has been positively linked to survival in cells [20]. The
balance between S1P and ceramide, known as the S1P/ceramide
axis, is recognized as a crucial signaling initiator to regulate cell
survival, death, and proliferation [21]. The expression levels of cer-
amide synthesis and metabolism genes, which are critical for
maintaining ceramide levels and subsequent production of S1P
levels, are regulated by several factors, including transcription fac-
tors, epigenetic modifications, and signaling pathways [22]. Alka-
line ceramidase 2 (ACER2/ASAH3L) has been demonstrated to
control both intracellular and extracellular sphingomyelin produc-
tion by hydrolyzing ceramide [23]. At present, efforts to rescue the
apoptotic phenotype by restoring ceramide accumulation or
restricting S1P signaling have received extensive attention [24–
25]. However, the contact between epigenetic regulation, espe-
cially its crucial regulator YTHDF2, and the S1P/ceramide axis in
the development of DLBCL remains unclear.

This study focused on the biological functions of YTHDF2 in
DLBCL and interrogated the molecular mechanism by which
YTHDF2 is involved in the development of DLBCL through epige-
netic regulation of ceramide metabolism and S1P/ceramide axis.
These findings might provide citations for forthcoming drug
advancements and treatment strategies.
Material & methods

Clinical samples

A total of 104 de novo DLBCL patients and 20 patients with reac-
tive hyperplasias of lymph nodes (RHL) were enrolled in this study
with informed consent, and the lymph node samples were col-
lected. Isolation of peripheral blood mononuclear cells (PBMCs)
from three healthy samples was conducted. Normal B cells were
purified from the isolated PBMCs with a CD19+ magnetic microbe-
ads kit (Miltenyi Biotec, Bergisch Gladbach, Germany). All samples
were collected with informed consent and approved by the Medi-
cal Ethical Committee of Shandong Provincial Hospital.
Cell lines and reagents

Cultures of human DLBCL cell lines OCI-LY1, OCI-LY3, OCI-LY8,
and U2932 were conducted at 37 �C with 5% CO2 in Iscove’s Mod-
ified Dulbecco’s Medium (IMDM) (Gibco, CA, USA) containing 10%
fetal bovine serum (HyClone, UT, USA) and 1% penicillin–strepto-
mycin as described previously [26]. Ceramide 16:0, a sphingolipid,
was purchased from Avanti (AL, USA). D-erythro-MAPP (DeM), an
inhibitor of ceramidases, and N, N-Dimethylsphingosine (DMS), a
specific inhibitor of SphK were acquired from MedChemExpress
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(NJ, USA). Ibrutinib and venetoclax were obtained from Selleck (TX,
USA).

Establishment of stable knockdown and overexpression of YTHDF2 cell
lines

Lentivirus vectors encoding either short hairpin (sh) YTHDF2,
YTHDF2 overexpression, or their empty lentiviral vector (control)
were established from GeneChem (Shanghai, China). The RNAi
sequences are shown in Supplementary Table S2. According to
the instructions of the manufacturer, lentivirus transfection was
executed in OCI-LY1 and OCI-LY3 cell lines [27]. The selection of
stably transfected cells was performed with 5 lg/ml puromycin
(AMRESCO, HY-B1743S) 72 h (h) later.

CRISPR/Cas9-mediated accomplishment of YTHDF2-knockout cells

The CRISPR/Cas9 genomic editing system was employed to cre-
ate YTHDF2 knockout OCI-LY1 cells, utilizing three distinct single-
guide RNAs (sgRNAs) that targeted the deletion of YTHDF2
(sgYTHDF2). A non-targeting sgRNA (sgCon) was the control. Len-
tiviral vectors with stably expressing Cas9-gRNA were obtained
from OBiO (Shanghai, China) as described before [28]. The con-
structed vector was pLenti-U6-spgRNA (YTHDF2)-CMV-Puro-P2A-
3Flag-spCas9. Stably transfected cells were filtered by 5 lg/ml pur-
omycin (HY-B1743S, AMRESCO) after 72 h, and then monoclonal
cells were selected through limiting dilution and continued to
expand.

Knockdown of ACER2 in DLBCL cells

The establishment of ACER2 knockdown plasmids using the
vector pLent-U6-GFP-Puro was performed by Boshang Biotechnol-
ogy (Jinan, China). With Lipofectamine 2000 (Invitrogen,
11668019), the ACER2 shRNA plasmids and an empty vector were
transfected with OCI-LY1 and OCI-LY3 cells, YTHDF2-deficient
cells, and the corresponding control cells, following the manufac-
turer’s instructions [27]. The sequences are shown in Supplemen-
tary Table S2.

Cell proliferation assay

Assaying cell proliferation was performed by the Cell Counting
Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan), as described pre-
viously [29]. 1� 104 pretreated DLBCL cells were seeded in 96-well
plates for 24-72 h, and then incubated with 10 ll of CCK-8 per well
for 3 h at 37 �C. Absorbance at 450 nm was measured through a
Multiskan GO Microplate Reader (Thermo Scientific, USA).

Flow cytometric analysis

Both cell cycle and apoptosis were detected by flow cytometry
(Navios, Beckman Coulter, CA, USA). For cell cycle analysis, after
collection and washing twice with PBS, the DLBCL cells were fixed
with 70% ethanol at -20 �C overnight, followed by resuspending in
PI/RNase staining solution (BD Biosciences, MA, USA). ModFit LT
version 3.2 calculated the proportion of cells in distinct cell cycle
phases. Cell apoptosis was analyzed using Annexin V-PE/7AAD
assay staining (BD Biosciences), following the manufacturer’s
instructions [30].

m6A methylation assay

According to the manufacturer’s instructions [13], the m6A RNA
methylation quantification kit (Epigentek, NY, USA) was used to
measure the m6A content in 200 ng of total RNA from DLBCL cells.
19
A standard curve was prepared with a concentration from 0.01 to
0.5 ng/ll. The 96-well plate was paved evenly with RNA samples.
Subsequently, the diluted capture antibody, diluted detection anti-
body, and diluted enhancer solution were introduced into each
well. The absorbance at 450 nm was measured with a microplate
reader to determine the m6A levels. The amount of m6A was com-
puted as m6A (ng) = (sample OD – NC OD)/slope.

Enzyme-linked immunosorbent assay (ELISA)

Ceramide and S1P levels in cell extracts were determined by
ELISA kits (mlbio, Shanghai, China), respectively. Cellular ceramide
or S1P was captured by solid-phase antibody and then combined
with horseradish peroxidase (HRP)-labeled detection antibody to
form an antibody-antigen-enzyme-antibody complex as described
previously [31]. For color development, the substrate TMB was
added after thorough washing. A standard curve was generated
by measuring the absorbance at 450 nm through a Multiskan GO
Microplate Reader (Thermo Scientific, USA) to calculate the
amount of ceramide or S1P in the samples.

Dual-luciferase reporter assay

An amplification of 30-UTR of ACER2 containing the binding site
of YTHDF2 and mutant sequences were cloned respectively into
the GV272 vector (GeneChem). Cells were plated in 96-well plates
and co-transfected with GV272-ACER2 30-UTR-WT or GV272-
ACER2 30-UTR-MUT and Renilla luciferase plasmids. Renilla lucifer-
ase was normalized to firefly luciferase activity after collecting the
cells at 48 h. Dual-Luciferase Reporter Assay Systems (Promega,
Madison, US) was used for Luciferase reporter assays as described
before [32].

Bioinformatic analysis

The gene expression profiles and clinicopathological informa-
tion were obtained from The Cancer Genome Atlas (TCGA) data-
base, the Genotype-Tissue Expression project (GETx), and the
Gene Expression Omnibus (GEO, GSE117556, and GSE32918). Dif-
ferential expression analysis was executed using the ‘‘Limma”
package as described before [33]. Kaplan-Meier method was used
to generate overall survival (OS) curves. Univariate and multivari-
ate Cox regression analyses were utilized to verify whether
YTHDF2 and relevant clinicopathologic characteristics were inde-
pendent prognostic parameters for DLBCL patients. Visualization
of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways were conducted by the ‘‘ggplot2”
R package.

Hematoxylin-eosin (H&E) and immunohistochemistry (IHC) staining

The tumors were immobilized in a 4% paraformaldehyde solu-
tion, subsequently encased in paraffin, sliced into sections, and
subjected to staining with hematoxylin and eosin (H&E) and IHC,
as described in the previous study [13]. IHC was conducted on
slides from tumor tissues of DLBCL patients and mice. After dewax-
ing and rehydration, tissue sections were treated with the EDTA
antigen retrieval solution (pH 8.0). Then, 3% H2O2 was used to
intercept endogenous peroxidase, and normal goat serum blocked
nonspecific binding. Incubation with primary antibodies anti-
YTHDF2 (24744–1-AP, Proteintech, Wuhan, China) or anti-Ki67
(27309–1-AP, Proteintech) was performed on tissue slides. A sec-
ondary antibody conjugated to HRP (SP9001, Zhongshan Golden-
bridge, Beijing, China) was then applied to tissue sections, and a
3,3-diaminobenzidine (DAB) Kit (Zhongshan Goldenbridge) was
used for IHC staining. Hematoxylin counterstained sections were
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evaluated with ImageJ software. Two researchers respectively
scored the immunoreactivity intensity as 3 (strong), 2 (medium),
1 (weak), and 0 (no staining), and the percentage of positively
stained cells was scored as 0 (<5%), 1 (5–25%), 2 (25–50%), 3 (50–
75%), and 4 (more than 75%).

Western blotting

Cell lysates were extracted using RIPA buffer (Pierce) together
with inhibitors for proteases and phosphatases (PhosSTOP, Roche,
Basel, Switzerland). Protein abundance was analyzed by SDS-
PAGE and then transferred onto polyvinylidene fluoride mem-
branes to perform immunoblotting. Following the previous
description, western blotting analysis was conducted [26]. The pri-
mary antibodies used were as follows: anti-YTHDF2 (24744–1-AP,
Proteintech), anti-ACER2 (ABP57426, Abbkine), anti-caspase3
(14220, Cell Signaling Technology (CST)), anti-Cleaved-caspase3
(9664, CST), anti-caspase9 (9508, CST), anti-Cleaved-caspase9
(92873, CST), anti-Bcl-2 (ab32124, Abcam), anti-p21 (2947, CST),
anti-Cyclin B1 (4138, CST), anti-GAPDH (TA-08, Zhongshan Gold-
enbridge), anti-b-tubulin (86298, CST), and anti-b-actin (TA-09,
Zhongshan Goldenbridge). Following overnight incubation with
primary antibodies at 4 �C, membranes were washed with TBS-T
and then treated with HRP-conjugated secondary antibody
(Zhongshan Goldenbridge). Images were captured with the Amer-
sham Imager 600 imaging system (General Electric, USA).

Quantitative real-time PCR (RT-qPCR)

According to the manufacturer’s instructions [34], total RNA
was isolated by Trizol reagent (TaKaRa, Shiga, Japan), and the cDNA
library was constructed by an Evo M-MLV RT Kit (AG11706, Accu-
rate Biology, China). RT-qPCR amplification reaction was per-
formed on a LightCycler 480II system (Roche) using SYBR Green
Premix Pro Taq HS qPCR Kit (AG11701, Accurate Biology). The pri-
mers are shown in Supplementary Table S1. The 44CT method
was used to calculate relative quantification.

RNA immunoprecipitation (RIP) assay

RIP analysis was conducted utilizing an RNA Immunoprecipita-
tion Kit (BersinBio, Guangzhou, China), as described before [13]. In
brief, DNA was removed after cell lysis, 1.7 ml of lysate was
obtained, including 0.1 ml as input, and the remainder was divided
into two parts. Equilibrated magnetic Protein A/G beads coated
with 4 lg of anti-YTHDF2 (24744–1-AP, Proteintech) or IgG control
antibodies were incubated at 4 �C overnight with the indicated cell
lysates. An ND-1000 was used to analyze the purity and concentra-
tion of immune-precipitated RNA after purification with phenol:
chloroform: isoamyl alcohol (25:24:1). Gene enrichment was cal-
culated from qPCR detection of YTHDF2-bound RNA, normalized
to input.

RNA stability assay

OCI-LY1 cells with or without YTHDF2 deletion were exposed to
actinomycin D (A9415, Sigma), a transcriptional inhibitor, at a con-
centration of 5 lg/ml to suppress mRNA transcription [13]. Cells
were harvested after 0, 50, 100, and 150 mins of incubation, and
then total RNA was isolated for qPCR.

RNA sequencing (RNA-seq)

Extraction of total RNA from 3 stable YTHDF2 knockout OCI-LY1
cells and their relevant non-target controls was performed using
RNAiso Plus (TaKaRa), followed by the construction of a sequencing
20
library [28]. 150-bp paired-end reads were generated using an Illu-
mina NovaSeq platform for sequencing the library preparations
(Novogene, China). Paired-end clean reads were aligned to the ref-
erence genome index built using Hisat2 v2.0.5. With the ‘‘DESeq200

R package, differential expression analysis was conducted.
Methylated RNA immunoprecipitation sequencing (MeRIP-seq)

MeRIP and library preparation were performed at Novogene as
described before [13]. In brief, 300 lg of RNAs were separately col-
lected from the OCI-LY1 cells with or without YTHDF2 deletion.
Sequencing was performed using three independent biological
replicates. The Agilent 2100 bioanalyzer (Agilent) and the sim-
pliNano spectrophotometer (GE Healthcare) were employed for
the evaluation of RNA integrity and concentration. In immunopre-
cipitation experiments, fragmented mRNA (�100 nt) was incu-
bated with an anti-m6A polyclonal antibody (Synaptic Systems).
The immunoprecipitated mRNA or input was utilized for the con-
struction of the library, which was prepared using the NEBNext
Ultra RNA Library Prepare Kit for Illumina (New England Biolabs).
Lipidomics analysis

OCI-LY1 cells with or without YTHDF2 knockout were collected,
and 800 ll of precooling buffer solution dichloromethane/metha-
nol (3:1) was used to extract lipids. Lipidomics analysis was per-
formed by BGI (Shenzhen, China) as described before [35]. The
SPLASHTM Lipidomix Mass Spec Standard (Avanti Polar Lipids,
USA) was used as an internal standard. Lipids were separated
and detected by an LC-MS system consisting of Waters 2D UPLC
(Waters, USA) and Q Exactive high-resolution mass spectrometer
(Thermo Fisher Scientific, USA). The screening criteria for differen-
tial lipid molecules were as follows: fold change � 1.2 or � 0.83, p-
value < 0.05.
In vivo subcutaneous xenograft model

All animal experiments were conducted according to the guide-
lines set forth by the Animal Care and Research Advisory Commit-
tee of Shandong Provincial Hospital. Female severe combined
immunodeficiency (SCID) beige mice (n = 28) aged 5 weeks were
purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China) and bred in pathogen-free conditions
(n = 7 per group). 1 � 107 YTHDF2 stable knockout OCI-LY1 cells
or YTHDF2 overexpression OCI-LY1 cells mixed with 100 ll Matri-
gel (356234, BD Biosciences) were injected subcutaneously into
the right armpit of mice. The tumor size was measured with a
digital caliper every other day, and tumor volume was calculated
as V = (a � b2)/2, among which a is the largest dimension and b
is the vertical diameter. Mice were culled once the tumor volume
reached 2000 mm3, and all remaining mice were sacrificed after
4 weeks.
Ethics statement

All samples were collected from patients with informed consent
and approved by the Medical Ethical Committee of Shandong
Provincial Hospital (Approval no.2021–217, date: 1 March 2021).
All experiments involving animals were conducted according to
the ethical policies and procedures approved by Animal Care and
Research Advisory Committee of Shandong Provincial Hospital
(Approval no.2021–217, date: 1 March 2021).
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Statistical analysis

Log-rank test was used to compare differences between the
groups based on OS estimates generated by Kaplan-Meier. Univari-
ate and multivariate Cox regression analyses were used to verify
whether YTHDF2 and relevant clinicopathologic characteristics
were independent prognostic parameters for DLBCL patients. Cor-
relation analysis was subjected to a Pearson correlation test. A
minimum of three replicates were conducted in all experimental
trial, and the results were reported as mean ± standard deviation
(SD). The statistical methods employed were Student’s t-tests
and one-way analysis of variance (ANOVA) were applied to evalu-
ate the disparities between groups. A statistically significant differ-
ence was defined as p < 0.05. Statistical analyses were performed
utilizing R version 3.6.0, SPSS Statistics version 20.0, and GraphPad
Prism 8.0.
Results

YTHDF2 was upregulated in DLBCL and correlated with poor prognosis

The data from the GEO database (GSE32018) was first investi-
gated the expression patterns of YTHDF2. Compared to normal
samples, expression of YTHDF2 was significantly higher in DLBCL
patients (Fig. 1A). Similarly, YTHDF2 displayed a higher expression
in DLBCL through integrating data of 337 whole blood samples
from the GETx database and 48 DLBCL samples from TCGA data-
base (Fig. 1B). In addition, the univariate analysis indicated that
YTHDF2 (p = 0.007, HR = 2.182), age (p = 0.015, HR = 1.031), stage
(p = 0.004, HR = 1.559), Eastern Cooperative oncology Group
(ECOG) score (p = 0.001, HR = 1.654), lactate dehydrogenase
(LDH) (p < 0.001, HR = 1.001), and International Prognostic Index
(IPI) score (p < 0.001, HR = 1.810) were remarkably associated with
OS (Fig. 1C). Combining all these parameters into multivariate Cox
regression analysis, YTHDF2 (p = 0.049, HR = 1.812), LDH
(p = 0.007, HR = 1.000), and IPI score (p = 0.003, HR = 1.672) were
still identified as independent poor prognostic factors for OS of
DLBCL patients (Fig. 1D).

Consistent with the observation above, YTHDF2 expression was
increased in DLBCL cell lines, both at the mRNA and protein levels,
compared to normal CD19+ B cells (Fig. 1E-F). Furthermore, the
expression of YTHDF2 was shown to be higher in DLBCL tissues
compared to RHL tissues, as determined by IHC staining (Fig. 1G).
Based on the cut-off value determined from ROC curve, the positive
rate of YTHDF2 in DLBCL tissues was identified as 83% (86of104)
and 10% (2of20) in RHL tissues, respectively (Supplementary
Fig. S1A-B). The relevance between YTHDF2 expression and clinico-
pathological parameters of DLBCL patients with complete prognos-
tic information was subsequently evaluated. Elevated levels of
YTHDF2 expression were found to be correlated with advanced
Ann Arbor stage (p < 0.0001) and high IPI score (p = 0.007) in DLBCL
patients (Table 1). Additionally, the survival analysis revealed a
significant correlation between positive YTHDF2 expression and
poorer OS in DLBCL patients (p = 0.013, Fig. 1H). Collectively, these
findings provide evidence that YTHDF2 exerts a significant influ-
ence on the prognosis of DLBCL.
Knockdown of YTHDF2 reduced cell proliferation, cell cycle arrest, and
increased apoptosis in DLBCL

The potential function of YTHDF2 in DLBCL was investigated
through functional enrichment analysis of the gene profiles con-
taining YTHDF2 and its related genes. GO analysis revealed that
YTHDF2 appeared to be closely related to cell cycle checkpoint
and intrinsic apoptotic signaling pathway (Supplementary
21
Fig. S2A). KEGG analysis found YTHDF2 to be enriched in pathways
associated with cancer progression including the chemokine sig-
naling pathway and NOD-like receptor signaling pathway (Supple-
mentary Fig. S2B). Subsequently, YTHDF2 knockdown models in
both OCI-LY1 and OCI-LY3 cells were established, and shYTHDF2#3
was validated to be remarkably silenced at the protein level in both
OCI-LY1 and OCI-LY3 cells (Fig. 2A). As measured by CCK-8, knock-
down of YTHDF2 significantly inhibited the cell proliferation of
DLBCL cells (Fig. 2B). Moreover, YTHDF2 knockdown increased
the G2/M phase ratios in DLBCL cells (Fig. 2C). Decreased expres-
sion of Cyclin B1, a marker of G2/M phase, and increased p21
expression, a cell-cycle inhibitor, were observed in cells with
YTHDF2 knockdown (Supplementary Fig. S2C). Similarly, in con-
trast to the control group, deletion of YTHDF2 facilitated cell apop-
tosis in DLBCL (Fig. 2D). Knockdown of YTHDF2 in DLBCL cells
displayed reduced expression of anti-apoptotic protein B-cell
lymphoma-2 (Bcl-2) and enhanced the expression of pro-
apoptotic markers, including Cleaved-caspase3 and Cleaved-
caspase9, indicating the pro-apoptotic feature of YTHDF2 inhibi-
tion (Supplementary Fig. S2D). These findings indicated that sup-
pression of YTHDF2 inhibited DLBCL cell survival by repressing cell
proliferation, arresting the cell cycle, and facilitating apoptosis.

CRISPR/Cas9-targeted knockout of YTHDF2 inhibited cell growth both
in vitro and in vivo

The knockout of YTHDF2 in OCI-LY1 cells using a CRISPR/Cas9
genome editing system was constructed to address the mechanism
of YTHDF2. Deletion of YTHDF2 in monoclonal cells was substanti-
ated at protein levels (Supplementary Fig. S2E). The deletion of
YTHDF2 in DLBCL led to the inhibition of cellular proliferative
capacity (Supplementary Fig. S2F) and accumulation in the G2/M
phase of the cell cycle (Supplementary Fig. S2G). A low level of
Cyclin B1 and a high level of p21 were observed in DLBCL cells with
YTHDF2 knockout (Supplementary Fig. S2H). Concurrently,
YTHDF2 knockout resulted in a higher rate of apoptosis in DLBCL
cells compared to the control group (Supplementary Fig. S2I).
Meanwhile, a dramatic decrease of Bcl-2 and elevated cleaved
structures of caspase3 and caspase9 were detected in YTHDF2
knockout cells (Supplementary Fig. S2J).

Furthermore, subcutaneous injection of YTHDF2 knockout cells
was performed on SCID beige mice to explore its biological func-
tion in vivo (n = 6 per group) (Fig. 2E). Compared to the control
group, tumors with YTHDF2 depletion demonstrated a significant
decrease in growth rate and tumor volume (Fig. 2F-G), with
reduced expression of cell proliferation-related protein Ki67 (Sup-
plementary Fig. S2K). Collectively, these data suggested that
knockout of YTHDF2 suppressed DLBCL progression both in vitro
and in vivo.

YTHDF2 overexpression exerted tumor-promoting effects in DLBCL

OCI-LY1 and OCI-LY3 cells were transfected with YTHDF2 over-
expression lentivirus to further validate the biological function of
YTHDF2 in DLBCL. Overexpression of YTHDF2 protein was con-
firmed in DLBCL cells (Fig. 2H). YTHDF2 overexpression signifi-
cantly enhanced cell proliferation (Fig. 2I) and decreased the
proportion of cells in the G2/M phase (Fig. 2J). Moreover, increased
Cyclin B1 expression and decreased p21 expression were shown in
DLBCL cells with YTHDF2 overexpression (Fig. 2K). Overexpression
of YTHDF2 also inhibited apoptosis of DLBCL cells through Annexin
V-PE/7AAD apoptotic assays (Fig. 2L). Besides, expression of Bcl-2
was elevated and the cleaved forms of caspase3 and caspase9 were
notably declined in YTHDF2-overexpressing cells (Fig. 2M).

Additionally, xenograft DLBCL models were constructed with
YTHDF2-overexpressing cells in SCID beige mice to evaluate the



Fig. 1. YTHDF2 expression was elevated in DLBCL and indicated a poor prognosis. (A) The expression level of YTHDF2 in non-Hodgkin’s lymphoma (NHL) was analyzed from
GSE32018 cohort. (CLL: chronic lymphocytic leukemia, FL: follicular lymphoma, MCL: mantle cell lymphoma, MZL: marginal zone lymphoma). (B) A higher expression of YTHDF2
was observed in DLBCL samples from the TCGA dataset. (C-D) Univariate andmultivariate Cox analyses of the relevance between clinicopathological signatures (containing YTHDF2)
and OS of patients with DLBCL in the GSE117556 dataset. (ECOG: Eastern Cooperative Oncology Group, LDH: Lactate dehydrogenase, IPI: International Prognostic Index, ENI: Extra
nodal involvement). (E) YTHDF2 mRNA level was higher in DLBCL cells (n = 4) compared to CD19+ B cells (n = 3), as detected by RT-qPCR. Statistical data are presented as the
mean ± SD of three independent experiments. (F) Elevated protein expression of YTHDF2 was found by western blotting analysis in DLBCL cells in contrast to CD19+ B cells (N1, N2,
N3). (G) Higher expression of YTHDF2 was further verified by immunohistochemistry (IHC) staining in 104 patients with DLBCL compared to patients with reactive hyperplasias of
lymph nodes (RHL) (n = 20). Scale bars = 50 lm. Top: representative results; Bottom: statistical analysis of YTHDF2-positive staining in patients with DLBCL and RHL. (H) Kaplan–
Meier survival analysis exhibited a positive association of YTHDF2 with poor prognosis in patients with DLBCL from IHC data. ****, p < 0.0001 (Student’s t-test).
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Table 1
Relevance between YTHDF2 expression and clinicopathologic characteristics of DLBCL patients.

Clinical variables No. of patients YTHDF2 expression p value

Positive Negative

Subtype
GCB 38 28 (73.7%) 10(26.3%) 0.09
Non-GCB 62 54 (87.1%) 8 (12.9%)
Age (years)
<60 29 23 (79.3%) 6 (20.7%) 0.655
�60 71 59 (83.1%) 12 (16.9%)
Gender
Male 56 48 (85.7%) 8 (14.3%) 0.275
Female 44 34 (77.3%) 10 (22.7%)
Ann Arbor stage
I or II 37 22 (59.5%) 15 (40.5%) <0.001***
III or IV 63 60 (95.2%) 3 (48.6%)
B symptoms
Present 17 16 (94.1%) 1 (5.9%) 0.153
Absent 83 66 (79.5%) 17 (20.5%)
Serum LDH
Normal 46 34 (73.9%) 12 (26.1%) 0.052
Elevated 54 48 (88.9%) 6 (11.1%)
Extranodal involvement
Absent 91 73 (80.2%) 18 (19.8%) 0.527
Present 9 8 (88.9%) 1 (11.1%)
IPI score
0–2 49 35 (71.4%) 14 (28.6%) 0.007**
3–5 51 47 (92.2%) 4 (7.8%)

GCB: germinal center B cell-like, LDH: lactate dehydrogenase, IPI: International Prognostic Index. **p < 0.01, *** p < 0.001. The bold values mean statistically significant.
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biological role of YTHDF2 in DLBCL progression in vivo (n = 5 per
group) (Fig. 2N). Comparatively, overexpression of YTHDF2 dra-
matically accelerated DLBCL growth in SCID beige mice, as evi-
denced by increased tumor size and volume (Fig. 2O-P).
Moreover, the expression of cell proliferation marker Ki67 was
enhanced upon YTHDF2 overexpression (Fig. 2Q). The collective
findings of the knockdown, knockout, and overexpression models
indicated that YTHDF2 may control apoptosis, cell cycle, and prolif-
eration, thereby potentially contributing to the progression of
DLBCL.
Inhibition of YTHDF2 sensitized DLBCL cells to chemotherapeutic drugs

Given the observed resistance to chemotherapy among multi-
ple patients diagnosed with DLBCL, the potential involvement of
YTHDF2 in the development of drug resistance was determined
[36]. A phase I/II clinical trial revealed a valuable application
prospect with single-agent ibrutinib therapy, a selective inhibi-
tor of Bruton’s tyrosine kinase (BTK), in DLBCL [37]. Venetoclax,
an oral inhibitor of Bcl-2, has exhibited a massive response to
multitudinous hematologic malignancies [38–39]. Consequently,
an investigation was conducted to ascertain the potential
involvement of YTHDF2 in the regulation of DLBCL cell response
to ibrutinib and venetoclax. A 48-hour treatment with veneto-
clax or ibrutinib was administered to YTHDF2 downregulated
cells and control cells, respectively, and cell proliferation was
then evaluated. Conspicuously, the proliferation of DLBCL cell
lines with YTHDF2 knockdown was inhibited after ibrutinib or
venetoclax treatment (Fig. 3A-B). Likewise, knockout of YTHDF2
significantly inhibited cell proliferation, regardless of treatment
with ibrutinib or venetoclax (Supplementary Fig. S2L-M). The
response of DLBCL cells overexpressing YTHDF2 to ibrutinib or
venetoclax was also examined, and overexpression of YTHDF2
was found to facilitate cell proliferation after treatment with
ibrutinib or venetoclax (Fig. 3C-D). These findings suggested that
repression of YTHDF2 elevated the sensitivity of DLBCL cells to
ibrutinib or venetoclax.
23
YTHDF2 deletion elevated endogenous ceramide levels of DLBCL cells

RNA-seq in YTHDF2 stable knockout DLBCL cells was conducted
to dissect the underlying mechanism of YTHDF2. 5235 upregulated
and 4890 downregulated differentially expressed genes (DEGs)
were identified upon knockout of YTHDF2 in OCI-LY1 cells (Supple-
mentary Fig. S3A). Subsequently, relevance was found between
YTHDF2 and expression of 488 genes, and the top 40 genes with
significant correlation were visualized by heatmap (Supplemen-
tary Fig. S3B). The RNA-seq analysis was followed by GO and KEGG
enrichment analyses of the associated genes to investigate the
function of YTHDF2 in DLBCL. The related genes were significantly
enriched in the sphingolipid signaling pathway, sphingolipid meta-
bolic process, and ceramide metabolic process (Fig. 4A-B). Since
previous studies have confirmed the central role of ceramide in
the sphingolipid pathway [40], a lipidomic analysis was performed
to investigate whether the sphingolipid pathway, especially the
ceramide metabolic process, exerted a crucial role in DLBCL cells
with YTHDF2 deletion. Based on the partial least squares
method-discriminant analysis (PLS-DA) model, lipid metabolite
expression was significantly different between the YTHDF2 knock-
out and control group (Fig. 4C). Among the differentially expressed
lipid molecules, 38 were overexpressed and 45 were downregu-
lated (Supplementary Fig. S3C). Interestingly, the sphingolipids,
including Ceramide (d18:1/16:0) and Ceramide (d18:2/16:0) were
detected at elevated levels upon YTHDF2 deletion (Fig. 4D). Simi-
larly, an enhanced level of total endogenous ceramide was
observed in YTHDF2-deficient DLBCL cells after expanding the
sample size (Fig. 4E-F).

DLBCL cells were exposed to varying concentrations of C16:0
ceramide for 24 h to conduct a more comprehensive investigation
into the potential association between the dysregulation of cera-
mides and the progression of DLBCL. The results indicated that cell
proliferation was inhibited in a concentration-dependent manner
(Fig. 4G). The G2/M phase cell counts and apoptosis rates were
observed to be significantly elevated upon gradually increasing
ceramide concentrations as determined by flow cytometric analy-



Fig. 2. YTHDF2 exerted tumor-promoting effects in DLBCL (A) The knockdown effect of YTHDF2 in OCI-LY1 and OCI-LY3 cells was assessed through protein expression of western
blotting analysis. (B) YTHDF2knockdowndecreased theproliferative levels ofOCI-LY1andOCI-LY3 cells as detected byCell CountingKit-8 (CCK-8) assay. Results are themean± SDof three
independent experiments. (C) Knockdown of YTHDF2-induced cell cycle arrest in the G2/M phase of OCI-LY1 and OCI-LY3 cells. Left: representative results; Right: the graph shows the
mean ± SD from three independent experiments. (D) Annexin V-PE and 7AAD staining assays were utilized to measure cell apoptosis and flow cytometric analysis showed that YTHDF2
knockdownpromotedapoptosis inOCI-LY1andOCI-LY3cells. Left: representative results;Right: themean±SDof three independentexperiments isdisplayed. (E) Schematic representation
of xenograft tumor model transplanted with YTHDF2 knockout or control DLBCL cells. (F-G) YTHDF2 knockout cells were utilized to establish a DLBCL mouse model (n = 6 per group).
Measurementof tumor size and calculationof tumorvolumeevery2days. (H) Theoverexpressed level of YTHDF2 inOCI-LY1andOCI-LY3 cellswas validated. (I) OverexpressionofYTHDF2
increased the proliferative levels of OCI-LY1 and OCI-LY3 cells. Three independent experiments are presented as the mean ± SD. (J) The percentage of cell cycle distribution in YTHDF2-
overexpressingOCI-LY1andOCI-LY3cellswasdetermined throughflowcytometry. Left: representative results;Right: three independentexperiments are representedas themean±SD. (K)
Theexpressionofcell cycleproteinswasdetermined. (L)Thepercentageofapoptoticcellswasdecreased inYTHDF2-upregulatedcells, Left: representative results;Right: themean±SDfrom
three independent experiments. (M) The expression of apoptotic proteins was detected upon YTHDF2 overexpression. (N) An illustration of xenograft tumor models transplanted with
control orYTHDF2-overexpressingDLBCLcells. (O-P)The tumorvolumewithYTHDF2overexpression inSCIDmicewasnotablyhigher than that inmice injectedwithanemptyvector (n=5
per group). (Q) HE and IHC staining with Ki-67 and YTHDF2 in tissue sections of xenograft tumors. Scale bars = 50 lm. *, p < 0.05, **, p < 0.01, ***, p < 0.001 (Student’s t-test).
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Fig. 3. YTHDF2 inhibited the sensitivity of DLBCL cells to chemotherapeutic drugs. (A-B) The proliferative levels of shYTHDF2 and shCon cells were determined after 48 h
of treatment with ibrutinib or venetoclax through CCK8 assay. The data represent the mean ± SD of three independent experiments. (C-D) Administration of ibrutinib or
venetoclax for 48 h in OCI-LY1 and OCI-LY3 cells with control or YTHDF2 overexpression, followed by CCK8 assay to monitor cell proliferation. The graphs show the
mean ± SD from three independent experiments. *, p < 0.05, **, p < 0.01, ***, p < 0.001 (Student’s t-test).

X. Chen, T. Lu, M. Ding et al. Journal of Advanced Research 63 (2024) 17–33
sis (Fig. 4H-I). The results suggested that ceramide possessed anti-
tumor properties in DLBCL.
YTHDF2 targeted ACER2 to regulate ceramide catabolism

A correlation analysis between YTHDF2 and genes involved in
ceramide metabolism from RNA-seq was performed to elucidate
the precise mechanism through which YTHDF2 elicited a reduction
in ceramide production. Since ceramide is modulated by its syn-
thases and metabolic enzymes, YTHDF2 should be negatively asso-
ciated with synthase and positively correlated with metabolic
enzymes. Therefore, only alkaline ceramidase 2 (ACER2), which
can hydrolyze ceramide to sphingosine [41], was filtered as a target
gene of YTHDF2, as it was positively associated with YTHDF2
expression (Fig. 5A-B). Additionally, RT-qPCR was performed to
determine mRNA levels involved in ceramide metabolism, and
ACER2 still contributed the most to YTHDF2 (Fig. 5C and Supple-
mentary Fig. S4A). A positive association was found between
ACER2 expression and YTHDF2 expression in the TCGA dataset
(Fig. 5D). Consistently, knockdown of YTHDF2 suppressed, while
overexpression of YTHDF2 elevated the protein expression of
ACER2 (Fig. 5E). More importantly, YTHDF2 and ACER2 mRNAs
were shown to interact directly as demonstrated by RIP with an
antibody against YTHDF2 followed by RT-qPCR (Fig. 5F).

Subsequently, liposomes were extracted from DLBCL cells with
YTHDF2 overexpression and ACER2 knockdown to explore the
potential regulatory effect of YTHDF2 on endogenous ceramide
levels. The ELISA results indicated that overexpression of YTHDF2
reduced total ceramide level, while knockdown of ACER2 resulted
in an increase. As anticipated, knockdown of ACER2 reversed the
decrease in endogenous ceramide caused by overexpression of
YTHDF2 in DLBCL cells (Fig. 5G). These results revealed that
YTHDF2 promoted ACER2 expression, resulting in an imbalance
of endogenous ceramide levels in DLBCL cells, and ACER2 could
be a feasible downstream target of YTHDF2.
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YTHDF2 facilitated ACER2 expression in an m6A-dependent manner

Given that YTHDF2 acts as an m6A binding protein, the poten-
tial regulatory role of YTHDF2 on the global m6A levels in DLBCL
was investigated [42–43]. A reduced level of m6A was shown in
YTHDF2-deficient DLBCL cells (Fig. 5H-I), while was elevated upon
YTHDF2 overexpression (Fig. 5J). Subsequently, MeRIP-seq was
performed to detect the distribution of transcriptome-wide m6A
in control and YTHDF2 knockout cells. A total of 877 and 120
m6A peaks were statistically reduced and elevated, respectively,
compared with control cells (Supplementary Fig. S4B). As
expected, the m6A consensus sequence ’RRACH’ was identified as
highly distributed in m6A immunoprecipitated transcripts
(Fig. 5K). m6A peaks were verified to be primarily enriched near
the stop codons and the 30-UTR through the analysis of m6A signal
distribution (Fig. 5L). Interestingly, GO and KEGG enrichment anal-
yses presented notable enrichment of DEGs in cellular metabolic
processes and metabolic pathways, which further provided evi-
dence that YTHDF2 promoted DLBCL progression by regulating
metabolic pathways (Supplementary Fig. S4C-D). By comparing
the accumulation of m6A peaks, a reduced peak was found in
ACER2 mRNA on the 30-UTR in YTHDF2 knockout cells relative to
the control (Fig. 5M). Furthermore, the effects of YTHDF2 on ACER2
mRNA stability were investigated by blocking transcription with
actinomycin D in control or YTHDF2-knockout OCI-LY1 cells. The
decreased stability of ACER2 mRNA was observed after YTHDF2
deletion, indicating the facilitation of YTHDF2 for ACER2 mRNA
stability (Fig. 5N).

Upon conducting an examination of the ACER2 mRNA sequence,
it was observed that 10 sequences within the 30-UTR exhibited
concurrence with the m6A consensus sequence. The wild-type
and mutant ACER2 reporter mini-genes were generated to explore
the potential regulatory role of YTHDF2 on ACER2 expression
through its binding to the m6A site in the 30-UTR of ACER2 mRNA.
The mutant form of ACER2 was constructed by substituting thy-



Fig. 4. YTHDF2 deletion elevated endogenous ceramide levels in DLBCL cells. (A-B) GO and KEGG enrichment analyses of the DEGs associated with YTHDF2 expression in
DLBCL cells based on RNA-seq data. (C) PLS-DA analysis of lipid metabolite expression in YTHDF2 knockout and control cells. (D) Ceramide (d18:1/16:0) and Ceramide (d18:2/
16:0) were increased in YTHDF2 knockout cells according to lipidomics analysis with LC-MS system. (E-F) ELISA assay showed an enhancement of global endogenous
ceramide in DLBCL cells with YTHDF2 depletion. The bars show the mean ± SD of three independent experiments. (G) OCI-LY1 and OCI-LY3 cells were treated with exogenous
ceramide at different concentrations for 24 h, and a CCK-8 assay was utilized to detect cell proliferation. Results represent the mean ± SD of three independent experiments.
(H-I) Cell cycle and apoptosis were determined after treatment with exogenous ceramide at different concentrations for 24 h by flow cytometry. Left: representative results;
Right: quantification of the cell cycle and apoptosis results are shown as the mean ± SD from three independent experiments. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****,
p < 0.0001 (Student’s t-test).
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Fig. 5. YTHDF2 targeted ACER2 in an m6A-dependent manner to regulate ceramide catabolism. (A-B) The expression levels and the relevance of genes involved in ceramide
metabolism and YTHDF2 in RNA-seq, verified by RT-qPCR (C) The results represent the mean ± SD of three independent experiments. (D) A positive correlation between YTHDF2
expression and ACER2 expression was determined in the TCGA dataset. (E) The positive relevance of YTHDF2 expression and ACER2 expression was further verified by western
blotting analysis. (F) The enrichment of ACER2 mRNA with YTHDF2 compared to IgG in DLBCL cells was performed by RIP-qPCR analysis. Results from three independent
experiments with the mean ± SD. (G) Relative ceramide concentrations of OCI-LY1 and OCI-LY3 cells in different groups were determined. Data represent the mean ± SD from three
independent experiments. (H-I) Reduced m6A levels were observed in YTHDF2 knockout and knockdown DLBCL cells by a m6A RNA methylation quantification kit (mean ± SD of
three independent experiments). (J) A high level of m6A was assessed in YTHDF2-overexpressing cells. Three independent experiments are shown as the mean ± SD. (K) ‘‘RRACH”
was identified as them6A consensusmotif fromMeRIP-seq peaks in YTHDF2 knockout and control cells. (L) Distribution of total m6A peaks across all mRNAs resulting from YTHDF2
deletion. (M) The m6A levels in the 30-UTR of ACER2 mRNA were reduced in YTHDF2 knockout cells. (N) The mRNA level of ACER2 was detected with actinomycin-D treatment at
different time points in YTHDF2 knockout and control cells. The graph represents the mean ± SD of three independent experiments. (O) Detection of luciferase activity in YTHDF2
knockout cells co-transfected with luciferase reporter GV272-ACER2 30-UTR-WT or GV272-ACER2 30-UTR-MUT and Renilla luciferase plasmids. The ratio of firefly luciferase to renilla
luciferase represents the relative luciferase (RLU) activity. Three independent experiments are shown with the mean ± SD. (P) Luciferase activity was increased in YTHDF2-
overexpressing cells transfected with luciferase reporter GV272-ACER2 30-UTR-WT containing m6A sequences, but was diminished in YTHDF2 knockdown cells. An analysis of three
independent experiments is presented with the mean ± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001 (Student’s t-test).
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mine for the adenosine bases within the m6A consensus motif,
effectively disrupting m6A modification. The reporter plasmids
were transfected into OCI-LY1 and OCI-LY3 cells with YTHDF2
depletion or overexpression, and luciferase activity was detected
upon incubation for 24 h. The luciferase activity of wild-type
ACER2-fused reporter was significantly decreased in DLBCL cells
with YTHDF2 deletion and enhanced in YTHDF2-overexpressing
cells, whereas this inhibitory or facilitative effect was eliminated
in cells with the mutant ACER2-fused reporter (Fig. 5O-P). These
results indicated that YTHDF2 bound to ACER2 depended on m6A
modification, thereby elevating its stability and expression in
DLBCL cells.
ACER2 knockdown, inhibition of ceramide degradation, and S1P
generation exerted anti-tumor effects

Given the regulatory effect exerted by YTHDF2 on ACER2
expression level, the functional role of ACER2 in DLBCL was
explored. The elevated expression of ACER2 was validated in DLBCL
tissues derived from TCGA (Fig. 6A). Subsequently, three ACER2
knockdown plasmids were constructed to transfect OCI-LY1 and
OCI-LY3 cells. The transfection efficiency was verified at the pro-
tein level after 72 h, with shACER2#3 showing higher efficacy
(Fig. 6B). Knockdown of ACER2 in DLBCL cells contributed to
inhibiting cell proliferation (Fig. 6C), enhancing G2/M phase arrest
(Fig. 6D), and promoting apoptosis (Fig. 6E). The upregulation of
ACER2 expression by YTHDF2 prompted further investigation into
the potential involvement of this regulation in the tumor-
promoting function of YTHDF2 in DLBCL. As expected, the suppres-
sion of cell cycle arrest and apoptosis induced by YTHDF2 overex-
pression in these cells was rescued upon ACER2 knockdown
(Fig. 6F-G).

As shown previously, ACER2 hydrolyzes ceramide to sphin-
gosine, which is then catalyzed by SphK to produce S1P, thereby
exerting critical roles in tumor progression [44–46]. Therefore,
DLBCL cells were treated with DeM, which specifically inhibits
the degradation of intracellular ceramides, and DMS, a specific
inhibitor of SphK that inhibits S1P levels. After treatment with
DeM or DMS for 24 h, DLBCL cell proliferation was inhibited (Fig. 7-
A-B), the cell cycle was arrested in G2/M phase (Fig. 7C-D), apopto-
sis was facilitated (Fig. 7E-F), and it could reverse the increased cell
proliferation, accelerated cycle progression, and apoptosis inhibi-
tion caused by overexpression of YTHDF2 (Fig. 7A-F). Overall, these
results suggested that YTHDF2 exerted tumor-promoting effects by
positively regulating ACER2 expression and S1P levels, and nega-
tively modulating ceramide levels.
YTHDF2 activated ERK and PI3K/AKT pathways by ACER2-mediated
ceramide catabolism

The above study has found that YTHDF2 inhibited intracellular
ceramide levels by elevating ACER2 expression. ELISA experiments
were conducted to examine the potential of YTHDF2 in increasing
intracellular S1P levels via ACER2. Consistently, the results sug-
gested that YTHDF2 overexpression enhanced the levels of endoge-
nous S1P, while ACER2 knockdown inhibited the enhancement of
endogenous S1P levels caused by YTHDF2 overexpression in DLBCL
cells (Fig. 8A). Previous studies have shown that decreased levels of
ceramide and increased levels of S1P would activate extracellular
regulated protein kinase (ERK) and phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathways, thereby acceler-
ating cell proliferation and tumor growth. Therefore, these signal-
ing pathway core proteins were examined in DLBCL cells treated
with exogenous ceramide at different concentrations. Decreased
phosphorylation levels of PI3K p110a, AKT (Ser473), and ERK were
28
found with increased concentrations of exogenous ceramide, while
total protein levels did not differ significantly (Fig. 8B).

The phosphorylation levels of core proteins in these pathways
were detected to investigate whether YTHDF2 regulates the ERK
and PI3K/AKT pathways. As expected, YTHDF2 deletion suppressed
the phosphorylation of ERK, PI3K p110a, and AKT (Ser473), sug-
gesting inhibition of the ERK and PI3K/AKT pathways activation
(Fig. 8C). Conversely, overexpression of YTHDF2 in DLBCL cells
enhanced phosphorylation of ERK, PI3K p110a, and AKT (Ser473)
(Fig. 8C). These findings have instigated subsequent investigations
into the potential activation of the ERK and PI3K/AKT pathways by
YTHDF2 through the promotion of ACER2 expression in DLBCL
cells. A shACER2 plasmid or a control plasmid was injected into
DLBCL cells. Consistent with the increased concentrations of cera-
mide, ERK, PI3K p110a, and AKT (Ser473) phosphorylation levels
were decreased in DLBCL cells with ACER2 knockdown (Fig. 8D).
Moreover, knockdown of ACER2 reversed the elevated phosphory-
lation levels of ERK, PI3K p110a, and AKT (Ser473) caused by
YTHDF2 overexpression (Fig. 8D). Collectively, these findings
revealed that YTHDF2 facilitated ACER2 expression to inhibit
endogenous ceramide levels, thereby activating the ERK and
PI3K/AKT pathways in DLBCL cells.
Discussion

m6A is the most abundant chemical modification among the
over 100 different RNA modifications in eukaryotes [47]. However,
RNA modifications are still largely unidentified from the biological
perspective and their mechanisms. There is existing evidence sup-
porting that YTHDF2 played an important role in leukemia, but few
studies have been conducted on other hematological malignancies,
including DLBCL [48]. This study presents novel findings indicating
a significant association between elevated YTHDF2 expression in
DLBCL and worse prognosis. YTHDF2 bound to m6A sites in the
ACER2 mRNA 30-UTR to maintain its stability and expression,
thereby contributing to endogenous ceramide hydrolysis. Repres-
sion of YTHDF2 executed its anti-tumor effect of restricting cell
proliferation, facilitating cell cycle arrest and apoptosis through
suppressing ACER2-mediated ceramide catabolism, thereby pro-
moting ceramide accumulation and reducing S1P levels, which in
turn inhibited the activation of the ERK and PI3K/AKT pathways.
Treatment with exogenous ceramide or depletion of ACER2 signif-
icantly inhibited DLBCL progression. Therefore, these findings shed
light on a novel epigenetic variation story that contributed to the
investigation of DLBCL progression.

Previous studies have revealed that YTHDF2 accelerates the
progression of lung adenocarcinoma [9], pancreatic cancer [49],
acute myeloid leukemia [50], and liver cancer [51]. There is a lack
of research investigating the roles and potential mechanisms asso-
ciated with YTHDF2 in DLBCL. This study revealed that YTHDF2
overexpression was correlated with a poorer prognosis of DLBCL
patients and exerted an independent prognostic role. This study
functionally validated that YTHDF2 played a tumor-promoting role
in DLBCL through lentiviral-mediated gene knockdown, CRISPR/
Cas9 gene knockout, and lentiviral-based gene overexpression.
Suppression of YTHDF2 demonstrated its anti-tumor effects by
repressing cell proliferation, arresting cell cycle in the G2/M phase,
facilitating apoptosis and chemo-sensitivity in DLBCL cells in vitro,
and suppressing DLBCL tumor growth in vivo. Collectively, these
results provided evidence that YTHDF2 contributed to DLBCL
progression.

Previous studies have indicated the core role of ceramide in the
sphingolipid pathway for it functions as a cornerstone for synthe-
sizing complex sphingolipids [52–53]. The RNA-seq analysis
demonstrated that YTHDF2 mediated sphingolipid metabolism



Fig. 6. ACER2 knockdown suppressed DLBCL tumorigenesis. (A) ACER2 was upregulated in DLBCL through the analysis of the TCGA dataset. (B) The transfected effect of
ACER2 shRNA plasmid on YTHDF2-depleted cells was detected. (C) Knockdown of ACER2 inhibited DLBCL cell proliferation. The bars show the mean ± SD of three
independent experiments. (D-E) ACER2 knockdown induced cell cycle arrest in the G2/M phase and promoted apoptosis in DLBCL. Left: Representative results for the
distributions of cell cycle and apoptosis of DLBCL cells. Right: Quantification of the results is shown as the mean ± SD from three independent experiments. (F-G) Left:
Representative results for the distributions of cell cycle and apoptosis of DLBCL cells with ACER2 knockdown or both ACER2 knockdown and YTHDF2 overexpression. Right:
Quantification of the results is shown as the mean ± SD from three independent experiments. *, p < 0.05, **, p < 0.01, ***, p < 0.001 (Student’s t-test).
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Fig. 7. Inhibition of ceramide degradation and S1P generation exerted anti-tumor effects. (A-B) The proliferation of DLBCL cells was assessed by CCK-8 assay after 24 h of
treatment with ceramidase inhibitor DeM (A) or sphingosine kinase inhibitor DMS (B). The mean ± SD is shown for three independent experiments. (C-F) Treatment with DeM
or DMS for 24 h inhibited DLBCL cells arrested the cell cycle in the G2/M phase, facilitated apoptosis, and reversed the accelerated cycle progression and apoptosis
suppression elicited by YTHDF2 overexpression. Left: representative pictures; Right: quantitative data from three independent experiments with the mean ± SD. *, p < 0.05, **,
p < 0.01, ***, p < 0.001, ****, p < 0.0001 (Student’s t-test).
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Fig. 8. YTHDF2 activated the ERK and PI3K/AKT pathways through ceramide catabolism regulated by ACER2. (A) Relative S1P concentrations were detected by ELISA in
DLBCL cells with ACER2 knockdown and YTHDF2 overexpression. The graphs present the mean ± SD from three independent experiments. (B) OCI-LY1 and OCI-LY3 cells were
harvested upon treatment with different concentrations of ceramide and the phosphorylated and total protein levels of PI3K, AKT, and ERK were detected by western blotting.
(C) Suppressed activation of the ERK and PI3K/AKT pathways was found in YTHDF2 knockout DLBCL cells and a contrary result was shown in DLBCL cells overexpressing
YTHDF2. (D) Knockdown of ACER2 further inhibited the activation of the ERK and PI3K/AKT pathways in DLBCL cells with YTHDF2 overexpression. *, p < 0.05, **, p < 0.01, ***,
p < 0.001, ****, p < 0.0001 (Student’s t-test).
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and ceramide metabolic process. Known as a ‘‘tumor suppressor
lipid”, ceramide energetically enhances signaling events such as
cell cycle arrest, apoptosis, and autophagic response [54]. In addi-
tion, stimulating de novo-synthesized ceramide resulted in the ini-
tiation of autophagy in DLBCL cells [55]. This study demonstrated
that YTHDF2 reduced endogenous ceramide levels in DLBCL cells.
Additionally, introduction of exogenous ceramide inhibited the
malignant phenotype of DLBCL cells in vitro. These findings indi-
cated the potential of ceramide in the therapeutic intervention of
DLBCL through regulation of YTHDF2.

Ceramide levels in cells were reported to be controlled by the
balance of anabolism and catabolism [56]. This study observed that
ACER2, an enzyme that hydrolyzes ceramides to sphingosines, con-
tributed the most to ceramide levels in cells with YTHDF2 deletion.
ACER2 repression enhanced endogenous ceramide levels and
inhibited the decrease in ceramide levels elicited by YTHDF2 over-
expression, providing evidence for ACER2 as a crucial factor in the
regulatory mechanism of YTHDF2 on endogenous ceramides. Accu-
mulating studies have indicated that numerous cancer cells
express ACER2, which participates in proliferation, autophagy,
apoptosis, and DNA damage response [23,57]. This study showed
that ACER2 functioned as a tumor-promoting factor in DLBCL and
the tumor suppressive effect exerted by YTHDF2 deletion was
dependent on the regulation of ACER2.

Despite being the most prevalent epigenetic signature on
eukaryotic mRNAs, the biological functions and regulatory mecha-
nisms of m6A modification could exhibit divergence in response to
varying situations or in relation to distinct genes [58]. Growing evi-
31
dence has revealed that the m6A modification recognized by
YTHDF2 is most frequently situated in the 30-UTR of mRNA, result-
ing in transcript degradation [59–60]. Nevertheless, it remains to
be fully investigated whether YTHDF2-recognized m6A modifica-
tion facilitates gene expression. It was revealed that m6Amodifica-
tion of 6-phosphogluconate dehydrogenase (6PGD) in the 30-UTR
accelerated protein translation, which was determined by YTHDF2
[9]. The high m6A level might result from the delay in mRNA
degradation, leading to the retention of transcripts modified by
m6A to YTHDF2-deficient cells, thereby increasing its deposition.
However, the mechanism of the decline in m6A levels mediated
by YTHDF2 depletion remains unclear. YTHDF2 was proven to be
bound to the m6A site on the 50-UTR of OCT4 mRNA to promote
its translation [51]. The above evidence demonstrated that YTHDF2
regulated m6A modification through divergent mechanisms. The
current study revealed that YTHDF2 increased global m6A levels
in DLBCL cells and bound to the m6A sites on ACER2 mRNA 30-
UTR, thereby enhancing ACER2 stability and expression. Further
studies should be specific to the initiation and extension of trans-
lation to dissect the mechanism by which YTHDF2-recognized
m6A modifications facilitate protein expression.

ACER2 functions to catalyze ceramides into sphingosines, which
in turn are phosphorylated to yield S1P, a biologically active lipid
that promotes survival and proliferation [23]. Decreased ceramide
and increased S1P accelerate cell proliferation and tumor growth
by activating the AKT and ERK pathways [19,61]. This study illus-
trated that the levels of S1P in DLBCL cells were positively regu-
lated by YTHDF2 overexpression and negatively regulated by
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ACER2 inhibition. Moreover, inhibition of intracellular ceramide
degradation and S1P generation exerted tumor suppressive effects
in DLBCL by inhibiting cell proliferation, promoting cell cycle
arrest, and inducing apoptosis. This study also found that YTHDF2
promoted the phosphorylation of ERK and PI3K p110a and its
downstream targets AKT to activate the ERK and PI3K/AKT path-
ways, while treatment with exogenous ceramide and ACER2 inhi-
bition suppressed the ERK and PI3K/AKT pathways activation
induced by YTHDF2 overexpression. Previous studies indicated
that insensitivity to BTK inhibition leads to poor clinical outcomes
correlated with the ERK pathway activation [62]. BTK activation in
cancer cells contributes to downstream PI3K activation [63]. Bcl-2
family proteins are effectors of the ERK and PI3K/AKT signaling cas-
cades [64]. This study demonstrated that YTHDF2 repression could
sensitize DLBCL cells to ibrutinib or venetoclax, which may be
achieved by reprogramming target gene expression through
repressing activation of ERK and PI3K-Akt signaling cascades, pro-
viding further evidence for previous findings. These findings
demonstrated that the YTHDF2-ACER2-S1P/ceramide axis could
be a crucial cornerstone in DLBCL tumorigenesis by regulating
the ERK and PI3K/AKT pathways.

Conclusions

The current study demonstrated that YTHDF2 contributed to
DLBCL progression and poor prognosis, and bound to m6A sites
on 30-UTR of ACER2 mRNA to enhance ACER2 stability and expres-
sion. The accumulations of ACER2 triggered endogenous ceramide
catabolism and increased the S1P levels to activate PI3K/AKT and
ERK pathways. These findings revealed a novel mechanism for epi-
genetic regulation of ceramide catabolism by YTHDF2 in DLBCL
progression and highlighted the potential of YTHDF2 as a thera-
peutic target and predictor for DLBCL.
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