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Type 1 diabetes (T1D) is characterized by a prolonged autoimmune attack resulting 
in the massive loss of insulin-producing beta cells. The initiation and progression 
of T1D depends on a complex interaction between genetic, immunological and 
environmental factors. Epidemiological, experimental and clinical evidence suggest 
a link between viral infections, particularly Coxsackievirus type B (CVB), and T1D 
development. Specifically, infections by the CVB serotype 1 (CVB1) contribute to the 
triggering of autoimmunity against beta cells in genetically predisposed individuals, 
and prolonged and probably non-lytic infections by CVB are associated with the 
development of T1D. However, the molecular mechanisms underlying CVB1 replication 
and establishing persistent infections in human pancreatic beta cells remain poorly 
understood. Here we show that the N6-methyladenosine (m6A) RNA epigenetic 
modification machinery regulates CVB1 amplification in the human beta cells. Using 
small interfering RNA (siRNA) targeting m6A writers and erasers, we observed that 
downregulation of m6A writers increases CVB1 amplification, while the downregulation 
of m6A erasers decreases it. Notably, the inhibition of Fat Mass and Obesity-associated 
protein (FTO), a key m6A eraser, reduced by 95% the production of infectious CVB1 in 
both human insulin-producing EndoC-βH1 cells and in induced pluripotent stem cell 
(iPSC)-derived islets. The FTO inhibitor reduced CVB1 expression within 6 h post-
infection, suggesting a direct regulation of the CVB1 genome by m6A modification. 
Furthermore, in the absence of viral replication, FTO inhibition also decreased the 
translation of the incoming CVB1 genome, indicating that m6A plays a critical role in 
the initial stages of viral RNA translation. In addition, modulation of the m6A machinery 
affected the type I interferon response after poly-IC transfection, a mimic of RNA virus 
replication, but did not affect the cellular antiviral response in CVB1-infected cells. 
Altogether, these observations suggest that m6A directly affects CVB1 production. 
Our study provides the first evidence that the m6A epigenetic modification machinery 
controls CVB amplification in human pancreatic beta cells. This suggests that the 
m6A machinery is a potential target to control CVB infection in T1D and raises the 
possibility of an epigenetic control in the establishment of persistent CVB infections 
observed in the pancreas in individuals with type 1 diabetes.
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1 Introduction

Type 1 diabetes (T1D) results from an autoimmune attack and 
massive loss of functional insulin-producing beta cells in the pancreas. 
Predisposition to T1D is influenced by HLA class II and non-HLA genes, 
but genetic susceptibility does not explain the increasing annual 
incidence rate of T1D (Norris et al., 2020). Epidemiological, clinical and 
experimental studies strongly support the involvement of enteroviruses 
in the development of T1D (Patterson et al., 2019; Gregory et al., 2022). 
Among enterovirus infections, coxsackievirus B (CVB) are the prime 
suspect as a diabetogenic environmental triggers (Nekoua et al., 2022). 
CVBs have a tropism for beta cells and autopsy or biopsy samples of the 
pancreas of patients with newly diagnosed T1DM suggest the presence 
of persistent non lytic enterovirus infections (Richardson et al., 2009; 
Apaolaza et al., 2021). Prospective studies in children genetically at risk 
to develop T1D reveal that the persistence of enteroviruses, particularly 
CVB, is associated with the onset of islet autoimmunity (Honkanen et al., 
2017; Kim et al., 2019; Oikarinen et al., 2012; Vehik et al., 2019) and that 
the infection with the CVB serotype 1 (CVB1) is strongly associated with 
the initiation of insulin-driven autoimmunity (Laitinen et  al., 2014; 
Sioofy-Khojine et al., 2018). Despite this accumulating information, the 
molecular mechanisms of CVB1 replication in human pancreatic beta 
cells remain poorly understood.

As a single-stranded positive-sense RNA virus, the CVB genome 
can undergo various epigenetic modifications that affect its 
amplification. More than 150 types of epigenetic modifications on 
RNA have been identified so far (Boccaletto et al., 2018). The m6A 
modification is one of the most abundant and is found in the 
consensus motif RRm6ACH ([G/A/U][G/A]m6AC[U/A/C]) (Liu 
and Pan, 2015). This modification is detected on mRNA, rRNA, 
microRNA but also on viral RNA. The M6A modification affects 
mRNA stability, splicing, export from the nucleus and translation 
(Wang et al., 2014; Liu and Pan, 2015; Wang et al., 2015). When 
present in RNA viral genomes, m6A impacts the viral cycle (Brocard 
et  al., 2017; Horner and Reaves, 2024). M6A is added by a 
methyltransferase complex (writers) which includes METTL3, 
METTL14 and WTAP and is removed by the demethylases FTO and 
ALKBH5 (erasers). The YTH domain family of proteins and other 
“readers” recognize and bind to the m6A-modified sites and directly 
regulate the posttranscriptional functions of the modified mRNA 
(Jiang et al., 2021). Readers also bind to m6A-modified viral RNA 
and impact their viral cycle at different stages of the cycle (Zhong 
et  al., 2024; Ge et  al., 2023; Yang et  al., 2023). Against this 
background, the goal of the present study is to understand how m6A 
modification affects the amplification of CVB1 in human pancreatic 
beta cells.

We observed that the cellular machinery responsible for the m6A 
modification of RNA modulates the amplification of CVB1 in the human 
pancreatic beta cell line EndoC-βH1 and in human iPSC derived islets. 
These observations suggest that m6A directly affects CVB1 replication.

2 Materials and methods

2.1 Culture of EndoC-βH1 cells

The human pancreatic beta cell line, EndoC-βH1 (Ravassard et al., 
2011), was kindly provided by Dr. R. Scharfmann (Cochin Institute, 

Université Paris Descartes, Paris, France). These cells were cultured in 
DMEM containing 5.6 mmoL/L glucose (Gibco, Thermo Fisher 
Scientific, Waltham, MA, United States), supplemented with 2% fatty 
acid-free BSA (Roche, Basel, Switzerland), 50 μmoL/L 
2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, United States), 
10 mmoL/L nicotinamide (Calbiochem, Darmstadt, Germany), 
5.5 μg/mL transferrin, 6.7 ng/mL sodium selenite (both from Sigma-
Aldrich), and 100 U/mL penicillin +100 μg/mL streptomycin (Lonza, 
Leusden, Netherlands). The cells were plated on Matrigel–fibronectin-
coated plates, as described previously (Ravassard et  al., 2011). To 
ensure the cells were free from mycoplasma contamination, regular 
monthly testing was performed using the MycoAlert Mycoplasma 
Detection kit (Lonza, Basel, Switzerland). EndoC-βH1 cells were 
utilized up to passage 70, starting from frozen stocks at passage 45–55. 
Typically, two independent cultures from different batches and 
passages, maintained by different researchers, were available 
simultaneously in the lab. Experiments were conducted over several 
weeks using either culture independently or in parallel, to increase the 
number of independent replicates.

2.2 Culture and differentiation of induced 
pluripotent stem cells into islet-like cells

In this study the iPSC line 1023A, provided by DM Egli 
(Columbia University, United States), was used. Ethical approval for 
the differentiation of iPSCs into islet-like cells was granted by the 
Ethics Committee of Erasmus Hospital, Université Libre de 
Bruxelles (reference P2019/498). iPSCs were cultured on Matrigel-
coated plates (Corning, NY, United  States) using E8 medium 
(Invitrogen Life Technologies, Paisley, UK) and passaged twice 
weekly with 0.5 mmoL/L EDTA (Invitrogen Life Technologies). 
Regular assessment of iPSC quality and pluripotency was carried 
out via immunocytochemical staining of pluripotency markers, as 
previously described (Lytrivi et  al., 2021). The iPSCs were 
differentiated into beta cells using a seven-step protocol developed 
by our research group (Cosentino et al., 2018; Fantuzzi et al., 2022). 
After differentiation, the cell aggregates were dissociated, seeded 
onto Matrigel-coated plates, and maintained in HAM’s F-10 
medium (Thermo Fisher Scientific, Waltham, MA, United States) 
supplemented with 2% fatty acid-free BSA (Roche, Basel, 
Switzerland), 2 mmoL/L GlutaMAX (Thermo Fisher Scientific), and 
100 U/mL penicillin–streptomycin (Thermo Fisher Scientific) in 
preparation for CVB1 infection. By the end of stage 7, the resulting 
iPSC-derived beta-cell-like population included approximately 
49 ± 3% insulin-positive cells, 6 ± 2% glucagon-positive cells, 
2 ± 0.5% somatostatin-positive cells, 1.67 ± 0.2% insulin-glucagon 
double-positive cells, and 0.72 ± 0.2% insulin-somatostatin double-
positive cells (n = 4).

2.3 Viral infection and titration

The prototype strain of enterovirus, CVB1/Conn-5, was 
acquired from the American Type Culture Collection (ATCC, Old 
Town Manassas, VA, United States). This virus was propagated in 
green monkey kidney (GMK) cells. EndoC-βH1 cells and iPSC 
derived-islets were infected with CVB1 at indicated multiplicity of 
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infection (M.O.I.) in EndoC-βH1 or iPSC media without BSA and 
containing 2% FBS. After a 2-h adsorption period at 37°C, the 
inoculum was removed and complete culture medium was then 
added, allowing the virus to replicate for the specified durations. 
Viral production in the medium of infected cells was assessed by 
titration using endpoint dilutions in microwell cultures of GMK 
cells. After 6 days, cytopathic effects were observed via microscopy, 
and 50% tissue infection dose titers were calculated using the Kärber 
formula (Lennette and Schmidt, 1969). Relative viral titers were 
expressed as the ratio between viral titers in the treated and 
control conditions.

2.4 Cell treatment and small RNA 
interference

EndoC-βH1 cells and iPSC-derived islets were treated with 
Meclofenamic Acid (MA, M4531, Sigma-Aldrich) at 
concentrations of 50 μM and 25 μM, respectively, at the time of 
CVB1 infection, for the specified durations. In some experiments 
EndoC-βH1 cells were additionally treated with the nucleoside 
analog Gemcitabine hydrochloride (Gem, G6423, Sigma-Aldrich) 
at the indicated concentrations simultaneously with 
CVB1 infection.

For gene silencing, EndoC-βH1 cells were transfected with a 
combination of three siRNAs targeting METTL3 and one or two 
specific siRNAs targeting WTAP, FTO, and ALKBH5 for two 
consecutive days, with a final concentration of 30 nmol/L, following 
previously established protocols (Santin et al., 2016). Allstars Negative 
Control siRNA (Qiagen, Venlo, The Netherlands) was used as a 
negative control (siCTRL). The sequences of the siRNAs used in this 
study are provided in Supplementary Table S1.

Transfection of EndoC-βH1 cells with the synthetic double-
stranded RNA (dsRNA) analog polyinosinic-polycytidylic acid (PIC, 
P0913, Sigma-Aldrich) was performed for 8 h at a final concentration 
of 1 μg/mL using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
United States).

2.5 Assessment of cell viability and 
cytopathogenic effect

The percentage of viable, apoptotic, and cytopathogenic cells was 
further determined after staining with the DNA-binding dyes Hoechst 
33342 (10 μg/mL) (Sigma-Aldrich) and propidium iodide (10 μg/mL) 
(Sigma-Aldrich). A minimum of 500 cells per experimental condition 
were counted by two independent observers, one of whom was 
blinded to sample identity. The inter-observer agreement remained 
above 90% throughout the analysis. Results are expressed as the 
percentage of apoptosis, calculated using the formula: (number of 
apoptotic cells / total number of cells) × 100.

2.6 RNA extraction and quantitative reverse 
transcription PCR (RT-qPCR)

Polyadenylated mRNA was isolated from cells using the 
Dynabeads mRNA DIRECT Kit (Invitrogen, Carlsbad, CA, 

United States) according to the manufacturer’s instructions. Following 
isolation, the mRNA was reverse transcribed into cDNA using the 
Reverse Transcriptase Core Kit (Eurogentec, Liège, Belgium). 
Quantitative PCR (qPCR) was performed with SYBR Green Supermix 
(Bio-Rad, Hercules, CA, United States) and ran in the CFX Connect 
Real-Time PCR Detection System (Bio-Rad). The amplicon levels were 
quantified using the standard curve method (Overbergh et al., 1999). 
Gene expression levels were normalized using the geometric mean of 
ACTB and VAPA as described (Alvelos et al., 2021). Primer sequences 
used in these experiments are detailed in Supplementary Table S2.

2.7 Protein extraction and Western blot 
analysis

Cells were washed with cold PBS and lysed in Laemmli Buffer 
(60 mM Tris–HCl pH 6.8, 10% glycerol, 1.5% dithiothreitol, 1.5% 
2-mercaptoethanol, 2% SDS, and 0.005% bromophenol blue). For 
immunoblot analysis, membranes were incubated overnight with 
specific antibodies as detailed in Supplementary Table S3. After 
primary antibody incubation, membranes were exposed to secondary 
peroxidase-conjugated antibodies for 1 h at room temperature. 
Immunoreactive bands were visualized using the SuperSignal West 
Femto chemiluminescent substrate (Thermo Scientific) and detected 
with a ChemiDoc XRS+ system (Bio-Rad). The intensity of the bands 
was quantified using Image Lab software (Bio-Rad). The intensity of 
the bands was quantified using the Volume Tools in Bio-Rad’s Image 
Lab 6.1 software (Hercules, California, United States). Western blot 
bands were manually selected, and signal intensity was measured 
through volume integration with background subtraction.

2.8 Statistical analysis

Data are presented as the mean ± SEM, with individual data 
points shown for independent experiments. Normality was assessed 
using a normality test to determine Gaussian distribution. When data 
followed a normal distribution, group differences were analyzed using 
two-tailed unpaired Student t test or repeated measures one-way 
ANOVA, followed by Bonferroni post hoc tests. For non-normal 
distributions, the non-parametric Kruskal-Wallis test was applied as 
the equivalent to one-way ANOVA. Statistical significance was defined 
as p < 0.05 and the analyses were conducted using GraphPad Prism 
8.0.1 (Dotmatics, Boston, MA, United States).

3 Results

3.1 The m6A writers complex reduce CVB1 
amplification in EndoC-βH1 cells

The methyltransferase METTL3 is responsible for more than 95% 
of m6A in mRNA (Poh et al., 2022). To investigate the role of m6A 
machinery in the amplification of coxsackievirus in pancreatic human 
beta cells, we silenced METTL3 in the EndoC-βH1 cell line. Three 
different siRNA were tested leading to around 50% silencing efficacy 
(Supplementary Figures S1A,B) even after two rounds of successive 
silencing. METTL3 is challenging to silence since cells produce 
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alternatively spliced METTL3 transcript isoforms and altered 
METTL3 proteins in KO cell lines (Poh et  al., 2022). To improve 
METTL3 silencing efficiency, we pooled siRNAs targeting different 
METTL3 exons and achieved around 70% reduction in METTL3 
protein synthesis (Supplementary Figure S1B), without increasing cell 
death (Supplementary Figure S1C).

Our objective was to detect the potential impact of silencing 
METTL3 on CVB1 amplification, so we set up infection conditions to 
avoid superinfection and excessive cell death. While the multiplicity 
of infection (M.O.I.) 1 and 0.1 led to 100 and 80% of dead cells 
respectively, the M.O.I. 0.01 led to a 50% cytopathogenic effect (CPE) 
in EndoC-βH1 cells 24 h post infection (Supplementary Figure S2A), 
and to the production of mean viral titers of 6.00E+06 TCID50/ml 
(Supplementary Figure S2B). This viral concentration is not saturating 
and can be used to detect changes in viral production. The M.O.I. of 
0.01 was thus chosen for subsequent experiments.

After silencing METTL3 or transfection with control siRNA 
(Figures 1A,B), EndoC-βH1 cells were infected with CVB1 and 
collected 24 h post-infection. The analysis of viral titer in the 
cellular supernatant 24 h post infection indicated that reduction of 
METTL3 expression led to an increase in CVB1 production 
(Figure  1C). Consistently, the silencing of Wilms Tumor 
1-Associating Protein (WTAP), a key protein regulating the 
methyltransferase complex (Ping et al., 2014) also led to an increase 
in CVB1 viral titers when compared to the control condition 
(Figures 1D–F). These results suggest that decreasing the activity of 
the methyltransferase complex responsible for the writing of m6A 
favors CVB1 amplification in EndoC-βH1 cells.

3.2 The m6A erasers FTO and ALKBH5 
favor CVB1 amplification in EndoC-βH1 
cells

On the contrary the silencing of the demethylases responsible for 
the elimination of the m6A modification on RNA, namely the Fat 
Mass And Obesity-Associated Protein (FTO) (Figures 2A,B) and the 
AlkB Homolog 5, RNA Demethylase (ALKBH5) (Figures 2D,E), leads 
to a decrease in the production of CVB1 infectious virus 24 h post 
infection (Figures  2C,F). We  also observed a slight reduction in 
ALKBH5 protein expression after CVB1 infection (Figures 2D,E). 
Altogether these results indicate that the m6A machinery impacts the 
viral cycle of CVB1  in the pancreatic beta cell line EndoC-βH1, 
indicating that high m6A levels are deleterious to virus amplification.

3.3 Interferon response to CVB1 infection 
remains unchanged by METTL3 silencing

METTL3 has been described to affect the cellular antiviral response 
associated to the production of type 1 interferon (IFN) and to the 
response to type 1 IFN treatment (Karandashov et al., 2024; De Jesus 
et al., 2024; McFadden et al., 2021; Winkler et al., 2019). METTL3-
mediated m6A modification amplifies the type I IFN responses during 
infection by VSV or HSV-1 by increasing the translation of 
IFN-stimulated genes (Chen et al., 2022). We next investigated whether 
the silencing of METTL3 favors CVB1 amplification by decreasing the 
CVB1 induced-antiviral response. Cells treated with siRNAs specific 

FIGURE 1

The downregulation of m6A writers increases CVB1 amplification in human pancreatic beta cells. EndoC-βH1 cells were transfected with one control 
siRNA (siCTL) or by the combination of 3 different specific siRNAs targeting METTL3 (A–C) (n = 10) or one siRNA targeting WTAP (D–F) (n = 4) and 
infected with CVB1 at MOI 0.01. Protein expression was quantified by Western blot and normalized by GAPDH (A,B,D,E) and viral titers were measured 
by limit dilution assay (TCID50/ml) (C,E) 24 h post-infection. ***p < 0.0005, ****p < 0.0001 vs. siCTL mock; ##p < 0.005, ####p < 0.0001 vs. siCTL 
CVB1. One-way ANOVA (B,E), unpaired t-test (C,F). Results are expressed as mean ± SEM of 4–10 experiments.
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for METTL3 or control siRNA were transfected by polyIC (PIC), a 
mimic of double stranded RNA, or infected by CVB1. The type 
I interferon IFNβ gene was induced in PIC transfected cells 24 h after 
treatment, while no induction of IFNβ was detected in CVB1 infected 
cells as compared to the to mock-treated ones (Figure 3A). In line with 
this, the expression of the type 1 IFN-induced proteins OAS3, MX1 
and IFIT3 was increased after PIC transfection but not after CVB1 
infection (Figure 3B–E). As described by Chen and collaborators, the 
silencing of METTL3 reduces the PIC induced expression of IFNβ, and 
ISG encoded proteins OAS3 (Figures 3B,C), MX1 (Figures 3B,E), and 
IFIT3 (Figures 3B,D). In CVB1 infected cells, the silencing of METTL3 
did not modify the absence of CVB1-induced antiviral response. The 
lack of a type 1 IFN response in EndoC-βH1 cells following CVB1 
infection, regardless of METTL3 expression levels, suggests that the 
regulation of CVB1 replication by the m6A methylation machinery is 
independent of the cellular antiviral response and is not linked to 
interferon-mediated defense mechanisms.

3.4 The inhibition of FTO blocks CVB1 
amplification in EndoC-βH1 cells and in 
iPSC-derived islet-like cells

The gene silencing approach in β-cells based on siRNAs usually 
requires several days before a significant decrease of the targeted 
protein is observed (Moore et  al., 2012). In EndoC-βH1 cells the 
silencing of target genes was initiated 3 days before the infection, the 
impact of the silencing can be both due to a direct effect of the m6A 
machinery on the viral genome or an indirect effect on the expression 
of key cellular genes involved in the virus amplification. To determine 

if the m6A machinery directly affects CVB1 genome, we treated cells 
with the inhibitor of FTO meclofenamic acid (MA) simultaneously 
with CVB1 infection. Dose response experiments were performed at 
the concentrations of 25 μM and 50 μM to evaluate the impact of the 
treatment on cell viability and CVB1 amplification (Figures 4A,B). At 
the sublethal concentration of 50 μM (Figure 4A), MA reduced the 
production of infectious virus by 95% (Figure 4B), the viral capsid 
protein (VP1) expression (Figures 4C,D) and the replication of the 
viral genome by 50% (Figure  4E), at 24 h post infection. To test 
whether the inhibitory effect of MA on CVB1 can be detected in 
another human pancreatic islet cell model, dispersed induced 
pluripotent stem cell (iPSC)-derived islet-like were treated or not with 
MA during infection with CVB1 or mock infection. Since MA at 
50 μM impairs the viability of iPSC cells, the concentration of 25 μM 
was used in these cells (Supplementary Figure S3). In this model, the 
treatment with MA at sublethal concentration (Figure  4F) also 
reduced by 75% the production of CVB1 infectious virus in the 
supernatant of infected culture (Figure 4G) when compared to the 
non-treated condition. This observation indicates that MA impairs 
CVB1 production in both EndoC-βH1 human beta cells line and in 
human iPSC-derived islet-like cells.

3.5 The inhibition of FTO rapidly impairs 
CVB1 replication and translation

M6A has been described to impact the replication and translation 
of mRNA and of viral RNA genome. To study the importance of m6A 
in CVB1 translation and replication we  performed time course 
experiments at early time point post infection. At M.O.I. 1 the VP1 

FIGURE 2

The downregulation of m6A erasers reduces CVB1 amplification in human pancreatic beta cells. EndoC-βH1 cells were transfected with one control 
siRNA (siCTL) or by 2 different specific siRNAs targeting FTO (A–C) (n = 5–9) or ALKBH5 (D–F) (n = 4–9) and infected with CVB1 at M.O.I. 0.01 48 h 
post-transfection. Protein expression was quantified by Western blot and normalized by GAPDH (A,B,D,E) and viral titers were measured by limit 
dilution assay (TCID50/ml) (C,F) 24 h post-infection. *p ≤ 0.05; **p < 0.005, ***p < 0.0005, ****p < 0.0001 vs. siCTL mock; ##p < 0.005, 
###p < 0.0005, ####p < 0.0001 vs. siCTL CVB1. One-way ANOVA. Results are expressed as mean ± SEM of 4–9 experiments.
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protein is detected at 6 h post infection but not in the presence of MA 
(Figure 5A). Consistently, at 4 h and 6 h post infection, CVB1 genome 
quantification is lower in the presence of MA (Figure 5B). Altogether 
our data show that inhibiting FTO rapidly interferes with CVB1 
replication and expression. This observation suggests that FTO favors 
at least partly CVB1 amplification through a direct effect on the 
viral genome.

CVB1 is translated by a cap-independent mechanism driven by 
an internal ribosome entry site (IRES) at 5′ untranslated region 
(5’UTR) of the viral genome. Viral translation leads to the production 
of a long polyprotein which is processed in 11 mature proteins 
including the viral RNA polymerase 3D. Thus, CVB1 replication and 
translation are interdependent. To identify whether CVB1 translation 
is affected by m6A modifications, we investigated the impact of MA 
on protein expression in the absence of replication using the viral 
polymerase inhibitor Gemcitabine (Song et  al., 2017). The 
concentration of Gemcitabine to reach a complete inhibition of 
CVB1 replication was set up in dose response experiments to evaluate 
the toxicity and the efficacy of the drug (Supplementary Figure S4). 
The concentration of 2 μM of Gemcitabine allows a 4-log reduction 
of viral replication (Supplementary Figure S4B) with low toxicity 
(Supplementary Figure S4A) and complete inhibition of CVB1 
production (Supplementary Figure S4C). To analyze the impact of 
MA on CVB1 translation, we set up a condition of infection allowing 
the detection of viral protein expression in the absence of replication. 

The expression of VP1 was detected 6 h post-infection at M.O.I. 1, 
10, and 100, but only M.O.I. 10 and 100 allowed the detection of 
VP1 in the presence of 2 μM Gemcitabine (Supplementary Figure S4D). 
At 6 h post infection at M.O.I. 10, the amplification of CVB1 genome 
is reduced by 99% in the presence of 2 μM Gemcitabine 
(Supplementary Figure S4E; Figure 6A). In the absence of CVB1 
replication, MA reduces by 50% the expression of VP1  in CVB1 
infected EndoC-βH1 cells (Figures 6B,C). Noteworthy, the number 
of copies of the viral RNA 6 h post infection was similar when 
comparing the control condition against treatments with the viral 
polymerase inhibitor Gemcitabine or the FTO inhibitor MA 
(Figure 6A). This suggests that the stability of the RNA viral genome 
is not affected by the MA treatment. Altogether, these data indicate 
that FTO inhibition hampers CVB1 amplification by acting at the 
early steps of the viral cycle at least in part by blocking or delaying 
the translation of the viral genome.

4 Discussion

We presently show that the modulation of the expression or 
activity of the cellular enzymes responsible for the methylation of 
RNA adenosine (m6A) impacts the amplification of CVB1 in human 
pancreatic beta cells. The observation that the silencing of m6A writer 
increases CVB1 amplification while the silencing of erasers decreases 

FIGURE 3

CVB1 infection does not induce a type 1 IFN antiviral response in EndoC-βH1 cells and this is not affected by the silencing of METTL3. EndoC-βH1 cells 
were transfected with a control siRNA (siCTL) or by the combination of 3 different specific siRNAs targeting METTL3. After 96 h of recovery, cells were 
transfected with 1 μg/mL of Poly-IC (PIC) for 8 h or infected by CVB1 at M.O.I. 0.01. The cells were collected 24 h post-transfection or infection, the 
expression of IFNβ mRNA (A) was analyzed by RT-qPCR and the values were normalized by the geometric mean of β-actin and VAPA; the protein 
expression of the ISGs OAS3, MX1 and IFIT3 (B–E) were measured by Western blot and normalized by GAPDH. **p < 0.005, ****p < 0.0001 vs. siCTL 
mock, &p < 0.05 vs. siCTL PIC. One-way ANOVA. Results are expressed as mean ± SEM of 4–7 experiments.
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CVB1 amplification, suggests that the abundance of m6A is deleterious 
to CVB1 viral cycle. The ultimate mechanisms by which m6A 
modulates CVB1 amplification remains to be clarified. Time course 
experiments indicate that CVB1 translation and replication are 
delayed in the presence of FTO inhibitor within hours post infection, 
indicating a direct effect of FTO on the RNA viral genome.

The role of m6A in the modulation of single-stranded positive 
RNA viruses, whose viral cycle is strictly cytoplasmic, such as CVB, 
has been documented (Brocard et  al., 2017). However, the exact 
mechanisms behind the addition of m6A in cytoplasmic viruses 
remain incompletely understood. In this study, we demonstrate that 

both METTL3 and WTAP negatively regulate the production of 
CVB1 in pancreatic beta cells. This aligns with the findings of Sacco 
et al., who revealed that WTAP is essential for directing the METTL3/
METTL14 methyltransferase complex to HCV RNA. This recruitment 
plays a pivotal role in negatively regulating HCV replication and viral 
particle production (Sacco et al., 2022). Notably, the inhibitory effect 
of WTAP and METTL3 is reversed upon their knockdown, which 
leads to enhanced viral replication, similarly to what we observed in 
cells infected by CVB1.

We cannot exclude an off-target effect on CVB1 amplification 
when silencing METTL3 or WTAP using siRNAs, which is a potential 

FIGURE 5

The inhibition of FTO affects CVB1 translation and replication in early infection. EndoC-βH1 cells were treated with MA (50 μM) or mock treated (NT) at 
the time of infection by CVB1 M.O.I. 1 (n = 3). At 1 h, 4 h, 6 h, and 8 h post infection, the expression of VP1 viral protein was measured by Western blot 
(A) and the expression of VP1 mRNA was analyzed by RT-qPCR and the values were normalized by the geometric mean of β-actin and VAPA (B). 
(A) Shows a representative image of 3 independent experiments. *p < 0.05 vs. NT mock, unpaired t-test. Results are expressed as mean ± SEM of 3 
experiments.

FIGURE 4

The inhibition of FTO by meclofenamic acid (MA) strongly reduces CVB1 production and viral translation in human pancreatic beta cells. EndoC-βH1 
cells were treated with MA 25 μM (A,B) or 50 μM (A–E) and iPSC—derived islets were treated with MA (25 μM) (F,G) or mock treated (NT) at the time of 
infection by CVB1 at M.O.I. 0.01 (A–E) (n = 4–6) or M.O.I. 0.05 (F,G) (n = 3–4). At 24 h post infection, the cytopathogenic effect was quantified by direct 
cell counting after Hoechst 33342 + propidium iodide staining (A,F), viral titers was measured by end-point dilution assay (TCID50/ml) (B,G), the 
expression of VP1 viral protein was measured by Western blot (C,D) and the expression of VP1 mRNA was analyzed by RT-qPCR and the values were 
normalized by the geometric mean of β-actin and VAPA (E). **p < 0.005, ****p < 0.0001 vs. NT mock; #p < 0.05, ##p < 0.005, ####p < 0.0001 vs. NT 
CVB1. One-way ANOVA (A,B,F), unpaired t-test (D,E,G). Results are expressed as mean ± SEM of 3–6 experiments.
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limitation for the interpretation of our data. Nevertheless, independent 
silencing of two proteins of the methyltransferase complex, WTAP 
and METTL3, led to a similar increase of CVB1 amplification, 
suggesting that m6A methyltransferase activity is deleterious for 
CVB1 amplification. Moreover, the silencing, by 2 independent 
siRNAs of the m6A demethylases FTO or ALKBH5, and the inhibition 
of FTO by MA, all led to a decrease of CVB1 production. Altogether, 
these data suggest that the presence of m6A counteracts CVB1 viral 
cycle in EndoC-βH1 cells.

The presence of m6A modification leads to the recruitment of 
proteins called readers that directly bind to these modified residues. 
The consequence of this binding can be  pro-viral or anti-viral 
depending on the position of the modification. For instance, the 
binding of the m6A reader YTHDF2 to the viral genome of HCV in 
the region coding for E1 leads to a decreased packaging into newly 
produced virions in the cytoplasm of infected cells (Gokhale et al., 
2016) and is thus antiviral. On the contrary, the binding of the reader 
YTHDF2 to m6A modified motifs in 3’-UTR of HCV RNA inhibits 
the recognition of viral RNA by retinoic acid-inducible gene-I (RIG-I), 
leading to the immune evasion of HCV (Ge et al., 2023) and is thus 
pro-viral. Thus, the impact of m6A modifications in the viral genome 
depends on the site of the modification and on the readers involved. 
In enterovirus 71 (EV71), a member of the same enterovirus family as 
CVB, METTL3 interacts with the viral RNA-dependent RNA 
polymerase 3D, enhancing its SUMOylation and ubiquitination, 
which in turn promotes viral replication (Hao et  al., 2019) or 
translation (Yao et al., 2020). Consistently, silencing METTL3 reduces 
EV71 amplification. Similarly, the silencing of METTL3 or its cofactor 
METTL14 reduces the amplification of CVB3  in HeLa cells, and 
silencing of FTO and ALKBH5 increases virus amplification (Zhao 
H. et  al., 2024). In contrast, we  presently observed that METTL3 
silencing in EndoC-βH1 cells leads to increased production of CVB1, 
highlighting distinct regulatory mechanisms for these related viruses. 
This may result from differences in the m6A modification profiles of 
these enteroviruses or from cell-specific recruitment of m6A reader 
proteins. Indeed, during EV71 infection, depletion of m6A readers 
like YTHDF2 and YTHDF3 in Vero cells reduced viral replication; 
however, this same depletion in RD cells had a pro-viral effect, further 
illustrating variations in the role of m6A readers across different cell 
lines (Hao et al., 2019). Additionally, strain-specific variations in m6A 
profiles were observed in HIV-1, with mapping of m6A sites on the 

HIV-1BaL and HIV-1JR-CSF strains revealing additional YTHDF 
reader protein binding sites compared to the NL4-3 strain, suggesting 
that viral genomic differences influence m6A deposition and reader 
protein interactions (Phillips et  al., 2024). The end result of the 
inhibition or silencing of the m6A machinery players will reflects the 
combined pro- and anti-viral effects of these modifications, both in 
the viral genome and the cellular transcriptome. Our data suggest that 
a high level of m6A impairs CVB1 translation, but identification of the 
readers and sites involved need further study.

The m6A-regulation in IRES-dependent translation virus, such as 
CVB1, has been described for HCV (Kim and Siddiqui, 2021). HCV 
translation requires the recruitment of the YTHDF2 reader in the 
IRES and depends on the RNA helicase activity of YTHDF2. The 
translation of CVB1 is modulated by the inhibition of FTO, the 
potential role of the YTHDF2 helicase or the translational factor eIF3 
(Fukaya et al., 2016), another m6A reader, needs further investigation. 
Interestingly, the inhibition of FTO leads to a delayed expression and 
replication of the viral genome at early time points but drastically 
impairs the production of infectious virus at 24 h post infection. This 
observation supports the hypothesis that later steps of the viral cycle 
such as assembly, release or maturation of the virion, are also affected 
by m6A modification. The impact of the m6A machinery on these late 
steps of the viral cycle deserve further investigation. The clear 
identification of the methylated residues in CVB1 genome, the readers 
bound to these m6A modified positions, and the impact of this 
binding on each step of the viral cycle will help to further detail the 
interactions between CVB1 and the human pancreatic b-cells.

The role of m6A in the regulation of antiviral innate immunity has 
been extensively studied (Karandashov et al., 2024; Aufgebauer et al., 
2024). M6A regulates the expression of type 1 IFN genes and a series 
of IFN-stimulated genes, including also the Rig-Like Receptor (RLR) 
and Toll-Like Receptor sensing pathways, key sensors of virus infection. 
In particular, the m6A modification on viral RNA can prevent its 
recognition by the pattern recognition receptors RIG-1 and MDA5, 
and consequently interfere with the innate antiviral response leading 
to an increased viral amplification (Aufgebauer et al., 2024; Kim et al., 
2020; Lu et al., 2020; Qiu et al., 2021). In EndoC-βH1 cells, we observed 
that the silencing of METTL3 is associated with an increase in CVB1 
amplification, but no innate antiviral response is detected in CVB1 
infected cells, regardless of METTL3 expression level. This observation 
suggests that the m6A does not affect CVB1 amplification by 

FIGURE 6

The inhibition of FTO decreases the translation of the incoming CVB1 genome in human pancreatic beta cells. EndoC-βH1 cells were treated with MA 
(50 μM) in combination or not with Gemcitabine (2 μM) at the time of infection by CVB1 at M.O.I. 10. At 6 h post infection, the expression of VP1 mRNA 
was analyzed by RT-qPCR and the values were normalized by the geometric mean of β-actin and VAPA (A) and the expression of VP1 viral protein was 
measured by western and normalized by β-actin (B,C). *p < 0.05, unpaired t-test. Results are expressed as mean ± SEM of 3–5 experiments.
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modulating the detection of the viral genome by RLR in EndoC-βH1.
The absence of innate antiviral response in CVB infected rat pancreatic 
beta cells has already been described (Marroqui et al., 2015), while 
pancreatic alpha cells are capable to mount an efficient and virus-
controlling antiviral response (Marroqui et  al., 2015; Eizirik et  al., 
2023). The control of the innate antiviral response has been described 
previously for enterovirus and relies on the activity of 2 key viral 
proteases 2Apro and 3Cpro, on the non-structural protein 2C and on the 
RNA dependent RNA polymerase 3Dpol (Wei et al., 2024; Zhao X. et al., 
2024). According to our data, the cellular mechanisms at work in the 
control of the antiviral response in CVB1 infected EndoC-βH1 cells are 
not affected by the modulation of the m6A machinery. The CVB1 
ATCC strain Conn-5, described in the present paper, induces interferon 
response in PBMC cells and in pancreatic ductal cells PANC-1 
(Hamalainen et al., 2014; Buchacher et al., 2022). In these cells, the 
m6A machinery could impact the CVB1 amplification directly, by 
acting on the viral genome, and/or indirectly by modulating the CVB1-
induced antiviral response. In the context of T1D, where type I IFNα is 
detected in pancreatic islets (Huang et al., 1995; Richardson et al., 
2014), there is both METTL3 induction and hypermethylation of 
antiviral genes (De Jesus et al., 2024). On the other hand, the absence 
of a clear antiviral response in CVB1 infected EndoC-βH1cells (present 
data), allowed us to observe a direct effect of the m6A machinery on 
CVB1 amplification without the context of an antiviral response.

Enterovirus expression is detected in the pancreas of diabetic donors 
and newly diagnosed living patients (Richardson et al., 2009; Apaolaza 
et al., 2021; Krogvold et al., 2015). These enteroviruses, recovered from 
pancreatic biopsies, are infectious but poorly cytopathogenic and 
replicative (Oikarinen et al., 2021; Krogvold et al., 2022). The molecular 
mechanisms behind this persistence and reduced replication remain 
unclear. M6A methylation is dynamically regulated during T1D 
progression, with METTL3 levels peaking at disease onset and 
subsequently declining (De Jesus et  al., 2024). This regulation may 
impact the innate immune response by balancing the expression and 
stability of immune mediators, thus regulating enteroviral infections. 
Together, these findings raise the hypothesis that m6A dynamics could 
play a role in both antiviral responses and enterovirus persistence in 
pancreatic β-cells, contributing to the pathogenesis of T1D.
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