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ABSTRACT 

Although multiple sclerosis (MS) 

typically manifests between the ages of 20 and 

40, premature aging has emerged as a 

significant contributor to disease progression. 

Despite previous research indicating the 

significant impact of aging on oligodendrocyte 

precursor cell (OPC) differentiation, 

underlying mechanisms remain poorly 

understood. In this study, we examined 

differences in DNA methylation patterns 

between neonatal and aged mouse OPCs, 

juxtaposing our findings with differentially 

methylated genes between chronic inactive 

lesions and normal-appearing white matter 

(NAWM). Our analysis revealed 12,353 

differentially methylated genes between 

neonatal and aged mouse OPCs. Upon 

comparison with MS brain samples, we 

identified 469 overlapping genes, including 18 

genes known to be associated with aging. 

Notably, SIRT2, a deacetylase, exhibited a 

strong correlation between methylation and 

gene expression levels, being downregulated in 

MS lesions relative to NAWM. Additionally, 

global methylation analysis of control versus 

MS brain samples showed a trend towards 

accelerated epigenetic aging in lesions. While 

markers of cellular senescence, P16 and P21 

were differentially methylated in aged mice 

but not in MS brain samples, our investigation 

revealed increased P16 levels in OPCs within 

remyelinated lesions, and an increasing trend 

in chronic lesions. Lastly, we established an in 

vitro model to induce cellular aging in OPCs. 

Collectively, our findings demonstrate that 

aged OPCs and MS lesions exhibit hallmarks 

of aging at both epigenetic and gene expression 

levels. Furthermore, OPCs derived from MS 

lesions display elevated P16 levels compared to 

NAWM. 

 

INTRODUCTION 

With 2.9 million cases reported globally in 

2023, multiple sclerosis (MS) stands out as the 

most prevalent demyelinating neurodegenerative 
disorder impacting the central nervous system 

(CNS) (1, 2). The myelin sheath is a protective 

layer surrounding our nerve fibers that ensures 
rapid transmission of nerve signals and provides 

metabolic support to the neurons (1, 3). In MS the 

myelin sheath is compromised by an autoimmune 

reaction against myelin proteins, rendering nerves 
vulnerable to damage and impairing nerve 

conduction. Relapsing-remitting MS, constitutes 

87% of MS diagnoses. Relapses involving the 
breakdown of myelin, a process termed 

demyelination, alternate with periods of 

remission. During remission neural repair occurs 

and new myelin is produced to replace the 
damaged myelin sheath, a process called 

remyelination. Symptoms vary widely and may 

include blurred vision, muscle weakness, lack of 
coordination, sensory issues, fatigue, and 

numbness (4). As the disease progresses into 

secondary progressive MS (SPMS), 
demyelination and nerve damage persist without 

periods of repair, leading to a gradual worsening 

of neurological symptoms and disability 

accumulation (5, 6). A minority of patients 
experience a progressive disease course 



                          Senior internship- 2nd master BMW 

2 
 

immediately from its onset, termed primary 
progressive MS (PPMS)  (6).  

The process of remyelination is initiated by 

the recruitment of oligodendrocyte precursor 

cells (OPCs) to the lesion area. Within lesions, 
OPCs differentiate into a new pool of mature 

oligodendrocytes (OLs), the myelinating cells of 

the CNS. Newly formed OLs, along with pre-
existing OLs generate new myelin to replace 

damaged myelin sheaths. The contribution of pre-

existing OLs to remyelination is somewhat 
controversial and may vary depending on species 

(7, 8).  As the disease progresses towards PMS, 

remyelination fails due to impaired OPC 

differentiation, leaving demyelinated lesions 
unrepaired and susceptible to further 

degeneration (5, 9). Existing MS treatments, 

known as disease-modifying therapies (DMTs), 
mainly focus on suppressing the abnormal 

immune response in order to prevent further 

damage to the myelin sheath and nerves, yet are 
unable to halt disease progression. Driving 

remyelination is therefore considered as the 

anchor point for new therapeutic strategies in MS 

(10). Despite great efforts and promising 
preclinical studies, so far, drugs targeting 

remyelination prove ineffective in clinical 

settings, often due to translational challenges and 
disease heterogeneity. While it is recognized that 

impaired OPC differentiation is the primary cause 

for remyelination failure, the exact underlying 

mechanisms remain poorly understood. 
Consequently, effectively targeting OPC 

differentiation to promote remyelination induces 

challenges (11, 12).  
Recently, Both cell-intrinsic and 

environment-driven age-related changes have 

been pointed out as major contributors to reduced 
OPC differentiation capacity and remyelination 

failure in PMS (13, 14). Compromised 

remyelination is evident in aged rodents and 

zebrafish, and can be attributed to diminished and 
delayed repopulation of lesions with mature OLs, 

resulting in the formation of thinner and less 

myelin sheaths (15-17). Interestingly, 
senescence, induced by P16 and P21 has been 

recognized as an underlying cause for OPC 

differentiation failure in both mice and humans 
(14, 18). Changes in the aged cellular 

microenvironment were previously linked to the 

development of a senescent phenotype. 

Rejuvenating the micro-environment of aged 
OPCs with fasting mimetic metformin has been 

shown to enhance OPC differentiation by 

reducing age-related markers in aged rodent 

models (14). Changes in the micro-environment 
include stiffening of the extracellular matrix 

(ECM), accumulation of myelin debris, 

heightened oxidative stress, and elevated levels of 

pro-inflammatory cytokines, which collectively 
contribute to the failure of OPC differentiation 

(19-21). Environmental changes impact gene 

expression regulation on the epigenetic level (14, 
22-24). Given the crucial role of DNA 

methylation in OPC differentiation and 

remyelination, age-related alterations in 
methylation patterns are likely to contribute to 

OPC differentiation failure (25, 26). While 

demyelination normally triggers increased 

activity of DNA-methylating enzymes DNA 
methyltransferase 1 (DNMT1) and DNMT3a, 

aged rodent-derived OPCs exhibit a global 

hypomethylation phenotype characterized by the 
downregulation of Dnmt1 (27, 28). The depletion 

of Dnmt1/3a has been demonstrated to hinder 

OPC differentiation in adult mice, underscoring 
the role of DNA methylation in this process (29). 

Dysregulated Dnmt expression impacts glial cells 

residing in MS lesions, which display differential 

methylation at over 1200 CpG positions 
compared to the surrounding normal-appearing 

white matter (NAWM) (30). Additionally, recent 

evidence suggests that stem cells in PPMS lesions 
do also show signs of senescence, thereby 

influencing the epigenetic signature of OPCs. 

High mobility group box 1 (HMGB1), a highly 

conserved and ubiquitous protein, is released by 
neural precursor cells (NPCs) in human PPMS 

lesions. Upon uptake by OPCs, HMGB1 induces 

several epigenetic regulators (4). Rouillard et al. 
demonstrated in rats that HMGB1 directly 

inhibits OPC differentiation, thereby impairing 

remyelination (31).  
Even though the transcriptome and proteome 

of aged OPCs have already been largely 

unraveled, and global methylation changes have 

been indicated, the aged OPC methylome remains 
undisclosed, hiding the underlying mechanism 

responsible for downstream transcriptional, 

translational and cellular changes in PMS OPCs 
and their inability to differentiate towards mature 

and functional OLs (13, 27). This study aims to 

unravel changes in the DNA methylation 
signature of aged OPCs and compare these with 

DNA methylation patterns of MS brain samples. 

Understanding  the role of epigenetic aging in MS 

may reveal new epigenetic targets for 
rejuvenating aged OPCs and promoting OPC 

differentiation in MS. Our hypothesis suggests 

that both aged OPCs and OPCs in PMS are 
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subject to accelerated epigenetic ageing and that 
their specific age-related DNA methylation 

signature prevents their differentiation and 

remyelination capacity. Hence, identifying new 

targets to rejuvenate the epigenetic signature of 
aged OPCs could be a crucial first step in 

restoring the normal functionality of aged OPCs. 

A deeper understanding of the epigenetic aging 
process will present new opportunities for 

targeting and enhancing remyelination strategies 

for MS. 
 

EXPERIMENTAL PROCEDURES 

OPC isolation - Ethical approval for all in 

vitro mouse experiments was obtained from the 
Hasselt University Ethics Committee for Animal 

Experiments (matrix number: 202301K). All 

experiments used male C57BL/6 mice. Primary 
mouse OPCs were isolated from mixed glial 

cultures, obtained from cerebral cortices (one 

brain per sample) using the standard shake-off 
method. For details refer to the supplementary 

information. 

 

Immunocytochemistry –  Primary OPCs were 
seeded onto poly-D-lysine coverslips and fixed in 

homemade 4% paraformaldehyde (PFA) for 30 

minutes. Non-specific antigens were blocked 
with 1% Bovine Serum Albumin (BSA) in 0.1% 

PBS for 30 minutes at room temperature (RT). 

Next, cells were incubated with primary PDGFRα 

and KI67/ 5mC antibodies (Table S1) diluted in 
blocking buffer at RT. After a four-hour 

incubation period, the primary antibodies were 

detected using Alexa 488 and 555-conjugated 
secondary antibodies (Table S1) for one hour at 

RT. Nuclei were counterstained with 4,6′ -

diamidino-2-phenylindole (DAPI) (Table S1) for 
10 minutes at RT. Cells were mounted using 

Fluoromount-G (Thermo Fisher Scientific, MA, 

USA) and imaged utilizing a DM2000 LED 

microscope equipped with a Leica MC170 HD 
Camera (Leica Microsystems, Diegem, 

Belgium). Three random images per coverslip 

were captured and averaged. Image analysis was 
performed using ImageJ-win64 software. 

 

DNA methylation profiling (mice) – Primary 
OPCs were isolated from whole brains of  

newborn (postnatal day 0 (P0)) (nOPCs) and aged 

(22 months) (aOPCs) mice (1 brain per sample) 

using magnetic-activated cell sorting (MACS). 
Briefly mouse brains were mechanical and 

enzymatic digested using surgical equipment and 

papain solution (30 minutes, 37°C) (3U/ml, 

diluted in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 1 mM L-cysteine; 

Sigma-Aldrich, Bornem, Belgium). 

Subsequently, the cell suspension was filtered 

through a 75 µm strainer, followed by 
resuspension of the resulting pellet in a solution 

comprising 30% SIP  (9:1 ratio of percoll (Sigma-

Aldrich, Belgium) and 10x phosphate-buffered 
saline (PBS) (Thermo Fisher Scientific, MA, 

USA) in DMEM. Following underlaying with 

70% SIP in 1x Hanks' Balanced Salt Solution 
(HBSS) (With Mg2+ and Ca2+, Gibco, NY, 

USA) and subsequent centrifugation, the 

interface enriched with mononuclear cells was 

collected. Isolation of OPCs from the mixed 
mononuclear cell population was performed 

using MACS with anti-A2B5+ microbeads 

(Miltenyi Biotec, Leiden, The Netherlands), 
following the manufacturer's instructions. 

Briefly, cells were incubated with an Fc receptor 

(FcR) blocking agent (Purified anti-mouse 
CD16/32, Biolegend, CA, USA) and anti-A2B5+ 

microbeads (15 minutes, 4°C). After incubation, 

cells were washed 3 times with homemade 

MACS buffer prior to elution of A2B5+ cells in 
DMEM. Finally, cells were centrifuged at 300 g 

for 5 minutes, resuspended in 0.1% PBS, and 

stored at -20°C until further use for DNA 
isolation and EWAS, as described in the relevant 

sections. Genomic DNA (gDNA) was extracted 

using the DNeasy Blood & Tissue Kit (Qiagen, 

The Netherlands). Bisulfite conversion of gDNA 
was performed using the Zymo Research EZ 

DNA Methylation-Direct Kit (BaseClear Lab 

Products, Leiden, The Netherlands). 
Concentration and purity of the DNA samples 

were determined using the Qubit dsDNA HS 

Assay kit (Invitrogen) on the Qubit Flex 
Fluorometer (Thermo Fisher Scientific, USA). 

The Epigenomic Services from Diagenode  

(Liège, Belgium) performed  epigenetic analysis 

on the bisulfite converted DNA using the 
Infinium™ Mouse Methylation BeadChip 

(285K). Differential methylation analysis was 

performed using RStudio (version 2023.12.0). 
Quality control procedures were implemented 

using the Sensible Step-wise Analysis of DNA 

Methylation (SeSAMe) Beadchips package (32) 
along with a customized R workflow developed 

by Dr. Joe Burrage at the University of Exeter, 

UK. All 16 samples met the following criteria: 

median signal intensity >2000, bisulfite 
conversion percentage >80%, correct prediction 

of sex and mouse strain, Single nucleotide 

polymorphism (SNP) allele frequencies <0.9, 
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probe detection p-values >0.05 and were retained 
for further analysis. Methylation values were 

computed as beta values ([methylation intensity / 

(methylated intensity + unmethylated intensity + 

100)]) and normalized using the Beta MIxture 
Quantile dilation (BMIQ) strategy. Beta values 

were converted to M values for differential 

methylation analysis. Principal component 
analysis (PCA) was utilized to assess the total 

variation in M-values attributed to age, chip 

number, and chip position. Differential 
methylation analysis was conducted on the M-

values using the Limma package in R (33). A 

linear model was formulated to compare samples 

from aged and newborn mice, with chip number 
incorporated as a covariate. Adjusted p-values 

were computed employing FDR/BH correction to 

account for multiple comparisons. Annotation of 
differential methylation was based on the 

MouseMethylation-12v1-0_A2 manifest, and the 

assessment for p-value distribution was carried 
out via a QQ plot. Gene annotation of the  

MouseMethylation-12v1-0_A2 manifest was 

improved as described by Petkovich et al. (34). 

Briefly, CpG island locations were obtained from 
UCSC (https://hgdownload.soe.ucsc.edu). Shores 

and shelves were defined as regions 2 and 4 kb 

respectively upstream and downstream of the 
CpG islands. Ensembl annotated features (release 

82, ftp.ensembl.org) were employed to identify 

promoters. Gene ontology (GO) analysis was 

performed on the significantly differentially 
methylated CpGs utilizing the R gprofiler2 

package. Selection of GO terms related to aging 

was performed using https://geneontology.org/. 
 

DNA methylation and transcriptome 

profiling (humans) – Data on chronic inactive 
demyelinated MS lesions and NAWM were 

sourced from our previous research, refer to Tiane 

et al., 2023 for detailed methodology (35). For 

details on demographics of the cohort refer to the 
supplementary information (Table S2) 

 

Quantitative PCR –  Total RNA, was 
isolated using the RNeasy Micro Kit (Qiagen, 

Venlo, The Netherlands) following lysis with 

Qiazol lysis reagent (Qiagen, The Netherlands). 
RNA concentration was assessed using a 

Nanodrop ND-2000 spectrophotometer (Isogen 

Life Science, De Meern, The Netherlands). Total 

RNA (>5 ng/µl) was reverse transcribed using the 
qScript cDNA SuperMix (Quanta Biosciences, 

Leuven, Belgium). qPCR was performed using 

the Applied Biosystems QuantStudio 3 Real-

Time PCR System (Life Technologies, Gent, 
Belgium). Expression levels were normalized 

relative to two highly stable endogenous 

housekeeping genes (Table S3). The qPCR 

reaction was performed in a total volume of 10 µl, 
containing SYBR green master mix, 10 µM 

forward and reverse primers (Table S3), nuclease-

free water, and 12.5 ng of template cDNA. 
 

Immunohistochemistry (IHC)  –  Human 

post-mortem brain MS brain tissues were 
acquired from the Netherlands Brain Bank 

(http://www.brainbank.nl) (matrix number: 

MSMETH). Brain sections of 10 μm thickness, 

containing active/ remyelinated/ chronic inactive 
demyelinated lesions were prepared using a 

CM3050 S cryostat (Leica). Subsequently, 

samples were incubated with citrate buffer (0.1M 
in 0,1%PBS, pH 6.0) for antigen retrieval, starting 

at boiling temperature and allowing the buffer to 

cool to RT for 30 minutes. Next, sections were 
blocked in 10% donkey serum in PBS-T for 30 

minutes at RT. Sections were incubated overnight 

at 4°C with OLIG2 and P16/ P21 primary 

antibodies (Table S1). The following day, slides 
were thoroughly washed and incubated with 

secondary Alexa 488 and 555-conjugated 

secondary antibodies for 1 hour at RT (Table S1). 
After nuclear staining with DAPI for 10 minutes, 

sections were mounted and visualized using a 

Leica DM2000 LED Microscope equipped with a 

Leica MC170 HD Camera (Leica Microsystems). 
Three random images were captured and 

averaged for lesions and NAWM of each tissue 

section. Image analysis was conducted using 
ImageJ-win64 software. 

 

Glucose oxidase (GOx) treatment  – Primary 
mouse OPCs were isolated from mixed glial 

cultures using the standard shake-off method. 

Isolated OPCs were maintained in culture and 

treated with different concentrations GOx (0, 30, 
100, 300 mU) every 2 days over a 10-day period. 

For a detailed description, refer to the supporting 

information. 
 

Statistical analysis – Statistical analysis and 

graph creation of experiments related to 
methylome and transcriptome profiling were 

performed using RStudio (version 2023.12.0), as 

described in the relevant sections. All other 

experiments were analyzed and graphed using 
GraphPad Prism 10.0.0 (GraphPad Software Inc., 

CA, USA). Normal distribution was verified with 

a Shapiro-Wilk test. Comparisons between two 

https://geneontology.org/
http://www.brainbank.nl/
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group means were performed using a paired t-test 
for NAWM and lesions from the same patients; 

otherwise, an unpaired t-test was used. 

Continuous data are reported as means ± standard 

error of the mean (SEM). *p ≤ 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. 

 

RESULTS 

Aging trends to reduce OPC proliferation 

capacity –  Given the conflicting findings in 

previous research, we aimed to investigate how 
age affects the proliferation capacity of OPCs 

(36-38). To this end, we isolated nOPCs and 

aOPCs, and used PDGFRα and KI67 double 

immunolabeling to estimate the degree 
proliferation. Although not significant, there was 

a decreased trend (p = 0.0614) in the number of 

proliferating PDGFRα+ cells in aged mice (Fig. 
1A-C). 

 

Dynamics of global DNA methylation 
patterns in aOPCs – Given that DNA methylation 

is a key element of aging, we analyzed differences 

in DNA methylation patterns between nOPCs and 

aOPCs (27, 39). PCA revealed that the separation 
of nOPCs and aOPCs was highly attributed to age 

(Fig. 2A). nOPCs clustered closely together while 

aOPCs formed a distinct, well-separated cluster. 
Staining for 5mC+PDGFRα+ cells showed no 

significant difference in the number of double 

positive cells (Fig 2B-D). However, by  

comparing average beta values aOPCs displayed 
global hypermethylation compared to nOPCs 

(Fig. 2E). Volcano plot analysis identified 
differential methylation in 35,796 out of 235,259 

investigated CpG sites across the genome (LogFC 

<-1.5 or >1.5), representing nearly 15% of the 

sites (Fig. 2F-G). These differentially methylated 
CpG sites corresponded to 12,353 different genes, 

with approximately 74% of these CpGs located 

within a CpG island or its shores/shelves. 
Recognizing that the number of differentially 

methylated CpGs alone does not provide insight 

into their distribution, we performed a density 
analysis of the beta values. nOPCs showed a 

higher number of hypomethylated probes, while 

aOPCs were marked by hypermethylation  (Fig. 

2H). 
 

DNA methylation sequencing reveals 

potential age-related epigenetic targets –  Our 
gene set containing 12,353 differentially 

methylated genes was used for GO analysis, with 

a focus on ‘Biological Processes’ (Fig. 3A). Many 
differentially methylated patterns were 

attributable to developmental processes, 

including regulation of membrane potential, 

regulation of neurogenesis, and positive 
regulation of cell projection organization. As we 

are interested in aging, we narrowed down our 

focus to several GO terms that have been 
previously implicated in OPC aging (14, 18, 40, 

41). Our ‘aging  analysis’ included the following 

GO terms: cellular senescence (GO:0090398), 

oxidative stress (GO:0006979), telomeres 
(GO:0032204), and myelination (GO:0042552). 

 

Fig. 1 – Decreasing trend in the proliferation capacity of aged OPCs. A-C Primary nOPCs and 

aOPCs were stained for PDGFRα, an early OPC marker, in combination with KI-67, a proliferation 

marker (n=4). OPCs, oligodendrocyte precursor cells;  nOPCs, neonatal OPCs; aOPCs, aged OPCs ; 
PDGFRα, platelet-derived growth factor α; KI-67, antigen Kiel 67.  Data are presented as mean + 

SEM. 3 random images per sample. ns = non-significant,  *p ≤ 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001;  unpaired t-test. 
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Clustering based on the selected GO terms 
separated our samples based on age (Fig. 2B-E). 

We observed differential methylation in 302 

different genes (Fig. 2F). Among these, for 

instance Sirt2, P16, P21, Mbp, and Srf, were 
previously described as hallmarks of aging in 

OPCs (14, 38, 42). 

 

 Sirtuin2 (SIRT2) as a target to 
epigenetically rejuvenate MS lesions – We aimed 

to investigate whether inflammation associated 

with MS is linked to accelerated epigenetic aging 

and how this impacts gene expression. While 
there were no global differences in DNA 

methylation patterns between lesions and 

NAWM (Fig. 4a), we observed an upregulation of 
DNMT3a when comparing MS brain samples to 

 

Fig. 2 – OPCs show age-related shift in global DNA methylation patterns. A Principal component 

analysis separates nOPCs and aOPCs based on age. B-D Primary mouse OPCs were stained for  

PDGFRα, an early OPC marker, in combination with 5mC, for global methylation (n = 4). E 
Differential methylation based on average beta values (n=8). F Volcano plot showing differentially 

methylated genes. Dashed lines represent Padj=0.05 and LFC = (-)1.5 G  The ten most significantly 

differentially methylated (hypermethylated and hypomethylated) CpGs located within CpG islands are 

listed. H Density plot showing age-associated differences in the distribution of DNA methylation 
patterns. OPC, oligodendrocyte precursor cell; nOPCs, neonatal OPCs; aOPCs, aged OPCs; PDGFRα, 

platelet-derived growth factor α; 5mC, 5-methylcytosine. LFC, log2 fold change. Data are presented as 

mean + SEM. 3 random images per sample. ns = non-significant,  *p ≤ 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001;  unpaired t-test. 
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Fig. 3 – Age related changes in DNA methylation patterns of OPCs. A Gene ontology enrichment 

analysis shows the top 11 most significant gene ontologies. B-E Heatmaps for senescence (B), 

myelination (C), oxidative stress (D) and Telomeres (E) showing clustering of the samples based on 

age. F Volcano plot showing differentially methylated genes per gene ontology. Dashed lines 
represent Padj=0.05 and LFC = (-)1.5. P0, postnatal day 0; 22m, 22 months; OPCs, oligodendrocyte 

precursor cells; LFC, log2 fold change. 
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non-neurologic control brain samples (Fig. S2A). 
Next, we performed GO analysis on the 

differentially methylated genes, revealing a 

significant enrichment of genes related to glial 

cells and myelination (Fig. 4B). To estimate 
epigenetic age acceleration, we compared the 

epigenetic age and chronological age of non-

neurological controls to MS brain samples using 
the epigenetic clock developed by Shireby et al. 

The clock, specifically trained on cortical brain 

tissue, showed a trend towards increased 
epigenetic age acceleration (p=0.0966) in MS 

brain samples, indicating a greater difference 

between epigenetic and chronological age 

compared to control brain samples (Fig. 4C). 
Next, we examined the overlap between 

differentially methylated genes in mouse OPCs 

and MS samples to study the role of aging in MS 
disease progression. We only included genes that 

showed differential expression between lesions 

and NAWM. Interestingly, there was an overlap 
of 469 genes, 18 of which were associated with 

aging. Among these, methylation levels of the 

genes encoding for MBP and SIRT2 showed a 

particularly strong negative correlation with their 
corresponding expression levels (Fig. 5A-B). 

Given our previous work on MBP methylation in 

MS progression (26), we focused on SIRT2 in 
further analyses. SIRT2, also displayed 

differential methylation in aged mouse OPCs, and 

has previously been linked to OPC aging (38, 43). 

Seeking potential epigenetic targets to reverse 
epigenetic aging, we found a significant decrease 

in SIRT2 expression in lesions compared to 

NAWM (Fig 5C), although qPCR validation 
between control and MS brain samples showed 

increased expression in MS samples (Fig. S2B). 

With a high correlation between methylation 
patterns and gene expression, we identified 

SIRT2 as a promising epigenetic target. Notably, 

SIRT2 showed significant differential 

methylation between NAWM and lesions at nine 
CpG sites (Fig. 5D-E, S3). One CpG site in the 

TSS1500 region exhibited a very strong 

correlation with SIRT2 expression, highlighting 
its potential effect on gene expression (Fig 5F). 

 

Increased number of senescent OPCs in 
lesions compared to NAWM – Previous research 

has identified P16 and P21 as key triggers of 

cellular senescence (14, 18, 24). Differential 

methylation analysis in mouse OPCs revealed 
hypermethylation in P16 and P21 genes in aOPCs 

However, between NAWM and lesions no 

significant differences in P16/ P21 methylation 

and gene expression were found (data not shown). 
Since our differential methylation analysis is 

focused on bulk MS samples, we aimed to 

investigate P16 and P21 protein expression at the 

cellular level. Oligodendroglial lineage cells were 
identified using OLIG2 staining, and senescence 

was assessed with P16/P21 antibodies. Active 

lesions showed an increasing trend in the number 
of P21+ senescent OPCs compared to the 

surrounding NAWM (Fig. 6A-F). While there 

was no significant difference in the number of 
P16+ OPCs in active lesions, OPCs in 

remyelinated lesions displayed significantly 

higher P16 protein expression, and chronic 

inactive demyelinated lesions showed an 
increasing trend in P16 levels, supported by 

qPCR comparison with control samples (Fig. 6G-

L, S2C). P21 levels did not significantly differ in 
chronic lesions compared to NAWM (Fig. 6M-

O). 

 
Oxidative stress-induced aging in OPCs – 

Interestingly it is known that cellular stress 

induced by reactive oxygen species (ROS) serves 

as a significant initiator of cellular senescence 
(44). Hence, nOPCs were subjected to GOx, an 

oxidizing enzyme that generates hydrogen 

peroxide through glucose oxidation (45). 
Following the culturing of nOPCs with four 

different GOx concentrations (0, 30, 100, 300 

mU), increasing concentrations induced a dose-

dependent increase in the expression of P16 and 
P21 (Fig. 7A-B). Moreover, considering that the 

aging process entails altered epigenetic 

mechanisms of gene regulation, we further 
examined the impact of GOx treatment on Dnmt1 

and Dnmt3a expression (Fig. 7C-D) (46). Again 

in a dose-dependent manner, GOx elevated the 
expression levels of the maintenance DNA 

methylation enzyme Dnmt1 and the de novo 

methyltransferase Dnmt3a. 

 
DISCUSSION 

Aging has been pointed out as a major 

factor driving MS disease progression; however 
cellular and molecular mechanisms underlying 

the aging process are only poorly understood and 

therefore remain to be largely elucidated.  Our 
epigenome-wide analysis revealed an age-related 

shift in DNA methylation patterns in aOPCs. 

Comparing differential methylation in aOPCs 

with MS brain samples, we found an association 
between aging and chronic MS lesions, 

manifested by alterations at both epigenetic and 

gene expression levels compared to NAWM. 
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Fig. 4 –  Differential methylation and expression of aging related genes in MS lesions. A  No 

difference was indicated in global DNA methylation between NAWM and chronic inactive lesions 
(n=8). B  Gene ontology enrichment analysis shows the top 10 most significant gene ontologies. C 

DNAm Age acceleration, based on the Cortical clock by shireby et al. DNAm age acceleration is 

calculated as the difference of chronological age and biological age (n=8-9). D-E  Volcano plot 
showing differentially methylated (D) and expressed (E) genes. Dashed lines represent Padj=0.05 and 

LFC = (-) 0.1 (D) or (-) 0.5 (E). F-G Venn diagram (F) and volcano plot (G) showing genes that were 

differentially methylated in aOPCs and MS lesions. MS, multiple sclerosis; NAWM, normal-

appearing white matter; LFC, log2 fold change.  Data are presented as mean + SEM. 3 random images 
per sample. ns = non-significant, *p ≤ 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;  paired t-test. 
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We compared 12,353 differentially methylated 
genes between nOPCs and aOPCs with MS 

brains, and identified 469 of these genes showing 

differential methylation and expression between 

lesions and NAWM. A targeted approach focused 
on age-related GO terms revealed an overlap 

between 18 genes associated with senescence, 

myelination, oxidative stress, and telomeres. 
Remarkably, SIRT2 demonstrated 

hypermethylation in lesions, correlating with 

downregulated gene expression compared to 
NAWM, suggesting SIRT2 may serve as a 

promising target for epigenetic rejuvenation. In 

line with previous findings, both remyelinated 

and chronically demyelinated lesions exhibited 
heightened P16 levels compared to NAWM. 

Finally, we developed an in vitro model that 

partially mimics accelerated aging in mouse 
OPCs. 

Given the ongoing discussion, we 

investigated whether the proliferation capacity of 

OPCs is affected by aging. Our findings indicate 
that aOPCs tend to lose proliferative capacity 

compared to nOPCs. This aligns with several 

murine studies showing a decline in OPC 
numbers during natural aging (36, 47, 48). 

Conversely a human post-mortem study reported 

a 12% decrease in OPC numbers during the initial 
5 years of development, followed by stability 

throughout the entire lifespan, up to 90 years of 

age (37, 49). Research on monkey brains also 

revealed unchanged proliferative activity of 
OPCs with aging (38). The disparity in OPC 

numbers and proliferation capacity reported in 

different studies implies that the proliferative 
changes in aged OPCs may be contingent on the 

species and brain region assessed. 

The CNS contains a substantial 
population of OPCs that generate OLs and repair 

myelin after demyelination. Studies on aged 

subjects show OPC differentiation capacity 

decreases with aging while demyelination 
increases (38). Aging leads to OPC dysfunction 

due to intrinsic and extrinsic factors such as DNA 

damage, reduced metabolic function, cellular 
senescence, and a differentiation-inhibiting 

environment, collectively contributing to OPC 

differentiation failure (40). Alterations in the 

epigenetic signature of cells, as a result of 
environmental changes are a major contributor to 

cellular aging. Starting from a zygote, a single 

cell gives rise to numerous different cell types, all 
containing the same DNA but exhibiting 

remarkable diversity due to the epigenetic 

regulation of gene expression. Next to alterations 
at the genomic and cellular level, the loss of 

epigenetic information is increasingly recognized 

as the primary driver of aging in mammals (50, 

51). As first evidence by Horvath, and later on 
many others, DNA methylation is considered as a 

prediction model for biological age (52-54). 

Previous work has shown that DNA methylation 
is necessary for OPC differentiation and efficient 

remyelination after focal demyelination in murine 

(25, 28, 55, 56). During OPC differentiation 

Dnmt3a is upregulated, and its ablation was 
shown to impair OPC differentiation and 

remyelination (55). Zhou et al. demonstrated 

DNA methylation levels and the activity of 
DNMTs, particularly DNMT1 in OPCs derived 

from rat spinal cords decreased gradually with a 

age. Immunofluorescence revealed the number of 
5mC+PDGFα+-positive OPCs between neonatal 

and aged mice did not differ. However, when 

comparing mean methylation values from our 

epigenomic analysis, we found increased 
myelination levels in aOPCs. Specifically, 12,353 

genes were differentially methylated between 

nOPCs and aOPCs, nOPCs showing higher levels 
of hypomethylated probes, and aOPCs more 

hypermethylated probes. However, our results 

conflicted with previous findings that mouse-
derived OPCs exhibit decreased 5mC 

methylation as they progress to adulthood (2 – 4 

months) and age (22 months) (27, 28). The 

discrepancies may be due to the method of 
quantification; we only counted the number of 

high 5mC+ cells, whereas other studies measured  

Fig. 5 –  Identifying SIRT2 as an epigenetic target in MS lesions. A-B Pearson’s correlation 
shows a significant correlation between SIRT (A) and MBP (B) methylation and gene expression in 

NAWM and  chronic inactive lesions. C Difference in SIRT2 gene expression between NAWM and 

MS lesions. D-E VisualizeGene function (D) of the sesame package shows the distribution of 
differentially methylated CpGs of the SIRT2 gene (E). F Potential epigenetic target in the TSS1500 

of the SIRT2 gene to epigenetically rejuvenate chronic inactive MS lesions. LogCPM, Log counts 

per million; SIRT2, Sirtuin 2; MS, multiple sclerosis; MBP, myelin basic protein; NAWM, normal-

appearing white matter; TSS, transcription start site. Data are presented as mean + SEM. *p ≤ 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001;  paired t-test. 
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the staining intensity. Also, animals of different 

ages may account for the differences in results. 

Considering the high demand for myelination 
after birth, numerous changes to the methylome 

likely occur in early life (28, 57). The latter 

observation was also reflected in our GO 
enrichment analysis, showing high enrichment 

for genes related to development, such as the 

regulation of neurogenesis. Moreover, we 

confirmed that A2B5-specific MACS isolation 
achieves a high purity OPC isolate; however, the 

possibility of contamination with other cell types 

cannot be completely ruled out.  
Focusing on aging we initiated our 

targetted analysis with genes previously 

associated with senescence, oxidative stress, 
telomeres, and myelination, which we showed 

clear clustering based on age. Among the 266 

differentially methylated genes between nOPCs 

and aOPCs, senescence-associated genes P16 and 
P21, both representing tumor suppressor and cell 

cycle regulators, have been designated to be 

important in the induction of cellular senescence 
in OPCs (24, 58). A study performed on the 

hippocampus of aged INK-ATTAC transgenic 

mice (aged 25-29 months), an inducible model to 

clear P16-positive senescent cells revealed that 
the OPC population exhibited the highest  

 

 

proportion of P16-positive cells. This was 

accompanied by elevated expression of the 

senescence marker P21 (24). Additionally, OPCs 
isolated from aged Sprague-Dawley rats (aged 

20-24 months) demonstrated heightened P16 

expression (14). Genes related to myelination, 
such as Srf, Mbp, Mag, and Olig2, were also 

differentially methylated. Iram et al. found that 

Srf expression decreases in aged mouse-derived 

hippocampal OPCs (25 months), and that young 
cerebrospinal fluid (CSF) can restore normal 

levels and improve myelination, thereby 

enhancing long-term memory (42). Furthermore 
it was shown that Mbp expression was reduced in 

aged monkey brain-derived OLs (23 years) (38).  

We did not directly link our findings 
regarding epigenetic alterations to gene 

expression levels in mice. Nevertheless, one of 

the strengths of this research is the cross-species 

analysis, as we compared our mouse data with 
human brain MS samples. In our MS brain 

analysis, we compared DNA methylation changes 

between lesions and NAWM of the same patients, 
which is a notable strength as it increased the 

power of our analysis. MS is known to be a highly 

heterogeneous disease, which complicates the 

analysis of its pathological features. By 
comparing lesions and NAWM from the same  

 

Fig. 6 - Lesion-derived OPCs are affected by senescence. Lesions and NAWM were stained for 
oligodendroglial marker OLIG2 and senescence markers P16/ P21. A-F Active lesions and NAWM 

were stained for senescence markers P16 (A-C) and P21 (D-F). G-I Remyelinated lesions and 

NAWM were stained for P16. J-N Chronic inactive demyelinated lesions and NAWM were stained 

for P16 (J-L) and P21 (M-O.) OLIG2,  oligodendrocyte transcription factor 2; P16, protein 16: P21, 
protein 21; OPCs, oligodendrocyte precursor cells; NAWM, normal-appearing white matter. Data are 

presented as mean + SEM (n=3-5). 3 random images per sample. *p ≤ 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001;  paired t-test. 
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patient we were able to investigate the differences 
between the lesions and their surrounding 

environment more accurately. Previous research 

has underscored the significant involvement of 
epigenetic aging in the progression of MS. 

Studies have demonstrated a marked increase in 

age acceleration within the glial cell population of 

MS patients compared to healthy controls (59).  In 
our study, we aimed to compare the age-related 

changes in DNA methylation of aOPCs with 

those observed in MS. Although we did not 
observe differences in the global methylation 

values between lesions and NAWM, GO analysis 

revealed a notable enrichment in processes 

related to glial cells and remyelination. This 
finding aligns with the crucial roles played by 

microglia, astrocytes, and oligodendrocytes in the 

inflammatory response, myelin clearance, and 
myelin regeneration in MS (60, 61). An 

Epigenetic clock, predicting biological age based 

on DNA methylation at specific CpG sites, was 
employed to assess biological aging control- and 

MS brains. Our analysis hinted at accelerated 

epigenetic aging in lesions, suggesting a faster 

rate of biological aging within these regions. 
Nonetheless, this analysis has its limitations; it 

would have been preferable to differentiate 

between lesions and NAWM and even different 
types of lesions. Our investigations focused 

solely on chronic lesions to ensure clearer 

conclusions, however, exploring differences 
among various lesion types, which correspond to 

different disease stages, could have provided 

additional insights (59).  

To further elucidate the role of aging in 
MS, we investigated similarities between 

differentially methylated genes in aOPCs and MS 

brain samples. We found an overlap in 469 genes, 
with 18 genes belonging to previously defined 

gene sets associated with aging processes. 

Notably, MBP and SIRT2 exhibited a substantial 
number of differentially methylated probes, and 

demonstrated a strong negative correlation with 

their gene expression levels. Given our prior 

investigation into the role of MBP methylation 
(35), we focused on SIRT2, which displayed 

significantly lower expression in lesions 

compared to NAWM. Sirtuins comprise a family 
of  Nicotinamide adenine dinucleotide (NAD+)-

dependent deacetylases, consisting of seven 

members expressed in the brain, with Sirt2 being 

the most prevalent (62). Sirtuins are known for 
their role as a histone deacetylase, pivotal in 

maintaining genomic stability. Moreover, Sirt2 

has been implicated in neurodegenerative 
diseases, with dysregulation contributing to the 

progression of Alzheimer's and Parkinson's 

diseases, often associated with aging (63, 64). 
While Sirt2 levels typically decline with age, 

studies on aged murine brains have yielded varied 

findings. Kireev et al. reported a decrease in Sirt2 

expression in the dentate gyrus of rats, whereas 
Braidy et al. found an increase in the occipital 

lobe, suggesting region-specific expression 

patterns (62, 65, 66). Sirt2 exhibits particularly 
high proteolipid protein (PLP)-dependent 

expression in the oligodendrocyte lineage and is 

recognized for its crucial role in OPC 
differentiation and myelination (67). SIRT2 

induces OPC differentiation by silencing Pdgfrα 

expression through the deacetylation of 

promoter-bound proteins, facilitating DNA 
methylation and gene silencing (68). The 

potential of SIRT2 in remyelination was 

confirmed in mouse OPCs, where restoring 

 

Fig. 7  -  GOx as model to induce aging in 

OPCs. nOPCs were isolated and treated with 
different concentrations of GOx every 2 days, 

for a 10-day period A-D Gene expression of 

senescence markers P21 (A) and P16 (B) and 

DNA methylating enzymes Dnmt1 (C) and 
Dnmt3a (D) after treatment of escalating 

concentrations GOx. Data are corrected for the 

most stable housekeeping genes (Rpl13a and 
Cyca). Data are presented as mean + SEM.  

n=3/ group. GOx, glucose oxidase; OPC, 

oligodendrocyte precursor cell; nOPCs, 
neonatal OPCs; P21, protein 21; P16, protein 

16; Dnmt, DNA methyl transferase. 
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nuclear entry of SIRT2 by supplementing an 
NAD+ precursor rescued OPC differentiation and 

remyelination in aged animals (43). We identified 

nine SIRT2 CpGs that were hypermethylated in 

lesions compared to NAWM, with Cg27442349 
located within the TSS1500, showing a high 

correlation with gene expression levels. Hence, 

we propose that targeting SIRT2 could hold 
promise as a way to epigenetically rejuvenate 

aging OPCs, thereby stimulating OPC 

differentiation and enhancing remyelination. A 
limitation of our study is that our investigation 

was restricted to MS bulk tissue, leaving 

unanswered questions regarding the applicability 

of these findings at the OPC level. 
Previous research has highlighted 

elevated P16 levels in aged OPCs and precursor 

cells within MS lesions (4, 14). Our investigation 
uncovered distinct methylation patterns of P16 

and P21 in aOPCs, while no disparities were 

detected in MS brain samples. Still, we sought to 
investigate differences at the protein level. In both 

remyelinated and chronic lesions, the number of 

P16+ OPCs was notably higher compared to the 

NAWM of the same patients. We observed a 
significant increase only in P16 levels within 

remyelinated lesions. This observation is likely 

attributable to the small sample size, which holds 
true for most of the stainings conducted in this 

study. The limited sample size may have 

compromised the statistical power of our 

analysis. 
Finally, in order to investigate OPC aging 

in vitro, we established a model by subjecting 

neonatal OPCs to GOx treatment, a known 
inducer of oxidative stress. It is widely 

recognized that oxidative stress can trigger 

cellular senescence, as demonstrated in other glial 
cell types (69). We demonstrated that higher GOx 

concentrations resulted in increased expression of 

P16 and P21. Contrarily higher GOx 

concentrations also elevated expression levels of 
DNA methylating enzymes DNMT1 and 

DNMT3a, which are typically reduced in aged 

cells (27). Therefore, while this model proves 
valuable for studying senescence in OPCs, it does 

not fully represent all aspects of the aging 

process, such as alterations in global methylation.  
Building upon our findings regarding the 

aberrant methylation patterns of SIRT2 observed 

in MS lesions, our next research phase aims to 

investigate SIRT2 methylation and expression at 
the level of OPCs. We are currently optimizing 

NG2 staining as a preliminary step for laser 

capture microdissection-based (Fig. S1) OPC 

isolation from MS brain samples.  Our primary 
goal is to employ CRISPR/dCas9 together with 

(de)methylating enzymes targeting SIRT2, to 

epigenetically rejuvenate aged OPCs within MS 

lesions. Additionally, we intend to investigate the 
downstream effects of SIRT2 deacetylating 

activity. With this knowledge we ultimately aim 

to stimulate OPC differentiation and promote 
remyelination, paving the way for novel 

therapeutic strategies to enhance remyelination in 

MS. 
 

CONCLUSION 

In summary, our study reveals significant 

changes in DNA methylation and gene expression 
associated with aging in MS lesions. We 

identified hypermethylation and downregulation 

of SIRT2 in MS lesions, suggesting its potential 
as a therapeutic target. Additionally, elevated 

levels of P16 in MS lesions compared to NAWM 

were observed. Our findings pave the way for 
future research aiming to rejuvenate aged OPCs 

and enhance remyelination in MS
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SUPPLEMENTAL INFORMATION 

 

METHODS 

Shake-off - Mouse cortices were mechanical and enzymatic digested using surgical equipment and 

papain solution (30 minutes, 37°C) (3U/ml, diluted in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 1 mM L-cysteine; Sigma-Aldrich, Bornem, Belgium). Mixed glial cells were 

maintained in DMEM (SigmaAldrich), supplemented with 50U/ml penicillin and 50 mg/ml 

streptomycin (P/S; Invitrogen, Merelbeke, Belgium) and 10% heat-inactivated fetal calf serum (FCS; 
Hyclone, Erebodegem, Belgium) on poly-l-lysine-coated (5 µg/ml, Sigma-Aldrich) culture flasks 

(37°C, 8,5% CO2). From the seventh day, culture medium was supplemented with insulin (5 µg/ml; 

Sigma-Aldrich) to stimulate OPC formation. On day 14, the cells were shaken using an orbital shaker 
(75 rpm, 37 °C, 45 min) to detach the microglial layer. After a second shake-off (16 hours, 250 rpm), 

the supernatant containing the OPCs was incubated for 20 minutes on a petri-dish and centrifuged 

(300xg, 5 minutes. Isolated OPCs were then further maintained in culture, and treated with varying GO 

concentrations (0, 30, 100, 300 mU) every 2 days. On day 10, OPCs were used for RNA isolation and 
cDNA synthesis as described in the relevant sections. 

 

Laser capture microdissection (LCM) test stainings – Ten-micrometer acetone-fixed cryosections 
were fixed in ice-cold acetone for 10 minutes and then dip-washed in TBS, TBS-T, and TBS. After 

blocking for 20 minutes with 10% donkey serum in 0.1% PBS, the slices were incubated with primary 

antibodies against NG2 and p16 (Table S1) for 20 minutes at RT. The primary antibodies were detected 
using donkey anti-goat Alexa 566 and donkey anti-rabbit Alexa 488 secondary antibodies (Table S1) 

for 6 minutes at RT, with DAPI used for nuclear staining. For details on the long staining protocol, refer 

to the IHC section. 

 

RESULTS 

LCM test staining identified NG2 as the most promising marker for OPC isolation – While our 

current study focused on analyzing methylation differences in bulk brain tissue, our future direction 
involves OPC-level analyses. To support this, we stained control and chronically demyelinated brain 

tissue using two well-known OPC markers, NG2 and PE-conjugated A2B5 (Table S…). Initially, we 

stained healthy control brain tissue for NG2 and A2B5, comparing a shortened staining protocol to the 

standard procedure. NG2 emerged as the most promising marker, exhibiting minimal background 
staining. Subsequently, we tested different concentrations of donkey serum as a blocking agent for NG2 

staining in chronically demyelinated MS lesions. Optimal staining was achieved with 10% donkey 

serum. Therefore, we will continue with NG2 staining using 10% donkey serum. Further optimization 
is still required, as the signal intensity was insufficient for isolating NG2+ cells using LCM. 
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Fig. S1 - LCM test staining. Healthy brain control tissue were stained for NG2 (A-B) or A2B5 (C-
D) to determine the optimal marker for OPC labeling. Since LCM requires a short staining protocol 

to preserve the integrity of genomic material, we compared a short staining protocol (A,C) with a 

standard long protocol (B,D). E-H Comparison of 10% (E-F) vs. 20% (G-H) donkey serum blocking 

agent in NAWM (E,G) vs. Chronic inactive demyelinated MS lesions (F,H).  NG2, neural/glial 
antigen 2; A2B5, A2B5 antigen;  LCM, laser capture microdissection; MS, multiple sclerosis; OPC, 

oligodendrocyte precursor cell; NAWM, normal-appearing white matter. 

 

 

 

 

 

Fig. S2 – qPCR analysis of differential gene expression between control brain samples and bulk 

MS tissue containing chronic inactive demyelinated lesions. A-C Difference in gene expression of 

DNMT3A (A), SIRT2 (B) and P16 (C) between control and MS samples. MS, Multiple sclerosis; 

DNMT3A, DNA methyl transferase 3a; P16, protein 16. 
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Table S1 – List of antibodies used for immunofluorescence 

Primary antibodies 

Reagent 

 

Source 

 

Identifier 

Goat anti-olig2 RnD systems, MN, USA Cat #AF2418 

Rabbit anti- p16 Proteintech, IL, USA Cat #10883-AP 

Rabbit anti-p21 Proteintech Cat #28248-1-AP 

Rabbit anti-Ki67 Abcam, Cambridge, UK Cat #ab15580 

Mouse anti-5mC  Abcam Cat #ab10805  

Rabbit anti-NG2 Abcam Cat #ab83178 

PE-conjugated A2B5 Miltenyi Biotec, Leiden, The 
Netherlands 

Cat #130-123-715 

Secondary antibodies 

Reagent 

 

Source 

 

Identifier 

Goat anti-rabbit, Alexa 488 Invitrogen, MS, USA Cat #A21206 

Donkey anti-goat, Alexa 555 Invitrogen Cat #A21432 

Nuclear staining 

Reagent 

 

Source 

 

Identifier 

 

Fig. S3 -  Identifying SIRT2 as an epigenetic target in MS lesions. A-H Pearson’s correlation shows 
the significant correlation between SIRT2 methylation and gene expression at several CpGs in NAWM 

and chronic inactive lesions. LogCPM, log count per million; SIRT2, Sirtuin2; MS, multiple sclerosis; 

NAWM, normal-appearing white matter. 
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4,6′ -diamidino-2-phenylindole Sigma-Aldrich, Hoeilaart, Belgium Cat #D9542 

 
 

Table S2 – demographics of the human cohort 

Characteristics Non-neurological controls MS patients 

Gender (male/ female) 4/6 4/6 

Age, mean (SD) 65.7 (8.90) 64.7 (9.64) 

Disease diagnosis (PPMS/ 

PRMS/ SPMS/ unspecified) 

N.a. 3/1/4/2 

PMI, mean (SD) 9.12 (1.87) 9.72 (4.09) 

SD, standard deviation; PPMS, primary progressive multiple sclerosis (MS); PRMS, progressive 

relapsing MS; SPMS, secondary progressive MS; PMI, postmortem interval. 

 
 

Table S3 – list of primers used for qPCR 

Human 

primers 
Gene 

 

 
Forward primer 

 

 
Reverse primer 

SIRT2 ACGGCACCTTCTACACATCACA AGATCTTCTCTTTCATCCAGCTTAGC 

DNMT1 CCCCTGAGCCCTACCGAAT CTCGCTGGAGTGGACTTGTG 

DNMT3a TATTGATGAGCGCACAAGAGAGC GGGTGTTCCAGGGTAACATTGAG 

P16 GAAGGTCCCTCAGACATCCCC CCCTGTAGGACCTTCGGTGAC 

RPL13A (HK) AAGTTGAAGTACCTGGCTTTCC GCCGTCAAACACCTTGAGAC 

YWAZ (HK) CTTGACATTGTGGACATCGG TATTTGTGGGACAGCATGGA 

Mouse  

primers 
Gene 

 

 

Forward primer 

 

 

Reverse primer 

Dnmt1 GACAGTGACACCCTTTCAGTTG GAAGTGAGCCGTGATGGTG 

Dnmt3a CTGGCTCTTTGAGAATGTGG TGCAGCAGACACTTCTTTGG 

P16 GTGATGTCCGACCTGTTCCG CCACGGGACCGAAGAGACAA 

P21 TCGTACCCCGATTCAGGTGAT TAGTGGGGTCCTCGCAGTT 

Rpl13a (HK) GGATCCCTCCACCCTATGACA CTGGTACTTCCACCCGACCTC 

Cyca (HK) ACGTCTCCTTCGAGCTGTT AAGTCACCACCCTGGCA 

 HK, housekeeping. 

 


