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ABSTRACT
Mouse has been extensively used as a model organism in many studies to characterize biological 
pathways and drug effects and to mimic human diseases. Similar DNA sequences between both 
species facilitate these types of experiments. However, much less is known about the mouse 
epigenome, particularly for DNA methylation. Progress in delivering mouse DNA methylomes has 
been slow due to the currently available time-consuming and expensive methodologies. 
Following the great acceptance of the human DNA methylation microarrays, we have herein 
validated a newly developed DNA methylation microarray (Infinium Mouse Methylation BeadChip) 
that interrogates 280,754 unique CpG sites within the mouse genome. The CpGs included in the 
platform cover CpG Islands, shores, shelves and open sea sequences, and loci surrounding 
transcription start sites and gene bodies. From a functional standpoint, mouse ENCODE repre-
sentative DNase hypersensitivity sites (rDHSs) and candidate cis-Regulatory Elements (cCREs) are 
also included. Herein, we show that the profiled mouse DNA methylation microarray provides 
reliable values among technical replicates; matched results from fresh frozen versus formalin-fixed 
samples; detects hemimethylated X-chromosome and imprinted CpG sites; and is able to deter-
mine CpG methylation changes in mouse cell lines treated with a DNA demethylating agent or 
upon genetic disruption of a DNA methyltransferase. Most important, using unsupervised hier-
archical clustering and t-SNE approaches, the platform is able to classify all types of normal mouse 
tissues and organs. These data underscore the great features of the assessed microarray to obtain 
comprehensive DNA methylation profiles of the mouse genome.
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Background

Mice (Mus musculus) have been widely used as 
animal models in the biomedical field to interro-
gate different physiological pathways and to reca-
pitulate human pathologies [1–3]. Many motives 
can be claimed for their utilization in the afore-
mentioned studies, among them the overall low 
cost, efficient reproduction in a short time, easy 
manipulation, actionability to genetic engineering 
interventions, and the biological and structural 
commonalities to the Homo sapiens. In this regard, 
the less problematic generation of embryonic stem 
cells from mice, the controlled experimental envir-
onment, and the close similarity between the 
human and the rodent genome have further 

fostered the extensive application of mice models 
in many fields of life sciences, particularly in the 
translation to potential clinical applications [1–3]. 
Related to this last issue, most human clinical trials 
for new drugs have been preceded by comprehen-
sive preclinical mouse studies to enlighten us 
about efficacy and toxicity of the new pharmaco-
logical compound [1–3]. Thus, despite the need to 
support and promote the use of non-animal 
approaches to validate mechanisms of actions in 
humans, mouse models continue to play a central 
role in many stages of biomedical research, includ-
ing the understanding and development of new 
drugs for such devastating conditions, such as 
cancer or neurodegenerative diseases.
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Importantly, even though the mouse genome 
has been studied in large detail, we know little 
about the DNA methylation landscape of the 
mouse in comparison to humans. One apparent 
reason for the scarcity of mouse cancer epigenetic 
data is the unavailability of a reliable, versatile, and 
exchangeable tool between researchers around the 
world that allows the study of hundreds of samples 
in an objective precise manner and is comparable 
to the human DNA methylation microarrays 
genomic platform, The Cancer Genome Atlas 
(TCGA) Program, which has molecularly dissected 
most human tumour types (https://portal.gdc.can 
cer.gov/) [4,5]. Herein, we introduce 
a comprehensive mouse DNA methylation micro-
array, the Infinium Mouse Methylation BeadChip 
(Illumina Inc., CA, USA), that we have experimen-
tally validated at both technical and biological 
levels and used to interrogate the epigenetic profile 
of normal murine tissues. Our work provides the 
first necessary demonstration of the great value of 
this platform to obtain an extensive view of the 
mouse DNA methylome that will open its general 
use to study mouse models of a diverse range of 
human diseases.

Results and Discussion

Genomic and functional classification of the over 
285,000 probes in the mouse DNA methylation 
microarray

Bisulphite genomic sequencing provides a digital 
read of the CpG methylation status of a DNA 
sequence. This approach, associated with deep- 
sequencing chemistry, has made possible the obten-
tion of a set of whole-genome bisulphite sequences 
for the human and mouse genomes [6–10]. 
However, delivering a full organism DNA methy-
lome needs to take into account the import budget-
ary cost, time-consumption, and the need for 
complex bioinformatic analyses [11]. User- 
friendly DNA methylation microarrays have been 
developed following the example of the carefully 
annotated DNA microarrays with great genomic 
coverage used to detect SNPs in genome-wide asso-
ciation studies (GWAS). Those more commonly 
used were the Illumina Infinium 
HumanMethylation450 BeadChip 450,000 CpG 

site platform (450 K; Illumina Inc., CA, USA) [4] 
and its current updated version, the Methylation 
EPIC BeadChip (Infinium) microarray, which cov-
ers over 850,000 CpG methylation sites (850 K) [5]. 
These DNA methylation microarrays are the plat-
forms selected for The Cancer Genome Atlas 
(TCGA) studies (https://portal.gdc.cancer.gov/) 
and the International Cancer Genome 
Consortium (ICGC) (https://dcc.icgc.org/) but 
also for hundreds of other studies wondering 
about the DNA methylation profiles of human 
cells in distinct physiological and pathological con-
ditions. The versatility of the described platforms 
has also been demonstrated by its use to obtain 
5-methylcytosine DNA profiles from formalin- 
fixed paraffin-embedded samples [12]. These useful 
tools to study human DNA methylation, which in 
addition allow the easy exchange of data from 
scientists around the world and post-publication 
further data mining, did not exist until now for 
the mouse DNA methylome. Herein, we have vali-
dated from a biological and technical standpoint 
a comprehensive mouse DNA methylation micro-
array, termed Infinium Mouse Methylation 
BeadChip (Illumina Inc., CA, USA), as a new robust 
genomic platform that is available for the epige-
netics community to characterize the mouse DNA 
methylome.

The recently developed Infinium Mouse 
Methylation BeadChip microarray interrogates 
the DNA methylation status of 280,754 unique 
CpG sites covering all chromosomes of the 
mouse genome (Figure 1a). In addition, it contains 
642 control probes for quality control, 1352 geno-
typing probes for mouse strain, and 938 CpH 
probes (‘H’ meaning any nucleotide, except gua-
nine). Most of the probes (78.3%) are Infinium II 
Probe Design that use only one probe per locus 
(one bead type for both alleles), whereas 21.7% of 
the probes were Infinium I Probe Design that 
utilizes two probes per SNP to assess the relative 
intensity ratio of the two possible target alleles for 
that locus (two bead types, one for each allele) 
(Figure 1a). According to the CpG content of the 
DNA region, 10.7% CpG sites were located in CpG 
Islands, 11.3% in CpG shores, 5% in CpG shelves, 
and 73% were placed in mouse genome sequences 
with very low CpG density (open sea) (Figure 1a). 
From a functional standpoint, 70.4% of the CpG 
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sites were located on gene bodies and 16.9% in 
intergenic regions, whereas those located in more 
classical 5-end regulatory regions such as 
Transcription Start Site 200 bp and Transcription 
Start Site 1,500 bp were 4.7% and 8%, respectively 
(Figure 1a). According to the mouse the 
Encyclopaedia of DNA Elements (ENCODE) 

project (http://www.mouseencode.org/), 56.5% of 
CpGs were located outside of representative 
DNase hypersensitivity sites (rDHSs), whereas 
43.5% were in rDHSs regions (Figure 1a). 
Importantly, among the above-described CpG 
probes, there are annotated sites according to the 
ENCODE Registry of candidate cis-Regulatory 

Figure 1. Description and technical and biological validation of the 285,000 CpG sites mouse DNA methylation microarray. (a) 
Genomic and functional context of the 280,754 CpG sites contained in the Infinium Mouse Methylation BeadChip microarray: 
Chromosome location; Infinium design chemistry (Infinium I or II) of the probes; CpG content and neighbourhood context classified 
in CpG Island, shore, shelf, and other (open sea); functional genomic distribution of the CpG sites classified in gene body, TSS200, 
TSS1500, and intergenic; distribution among ENCODE candidate cis-Regulatory Elements (cCREs) with promoter-like signature (PLS), 
with enhancer-like signature (ELS), with distal enhancer location (dELS), with high H3K4me3 and low H3K27ac signal (DNase- 
H3K4me3), and with CTCF-only elements; and association with an ENCODE representative DNase hypersensitive site (rDHS). (b) 
Correlation plot of the CpG methylation values to show assay reproducibility of the measurements when using technical replicates 
on the mouse cell lines C2C12 and HAFTL. (c) Spearman’s correlation plot of the CpG methylation values obtained from two spleen 
fresh frozen (FF) samples when compared with their consecutive sections that were preserved as formalin-fixed paraffin-embedded 
(FFPE). (d) Correlation plot of the CpG methylation values to show DNA hypomethylation events in the mouse cell lines C2C12, 
HAFTL, and P19 upon the use of the demethylating agent 5-aza-2’-deoxycytidine (dAZA). (e) Correlation plot of the CpG methylation 
values to show DNA hypomethylation events in the mouse embryonic stem cells upon genetic knock-out of the maintenance DNA 
methyltransferase Dnmt1.
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Elements (cCREs) corresponding to distal enhan-
cer-like signature (dELS, 9.5%), promoter-like sig-
nature (PLS, 9.1%), proximal enhancer-like 
signature (pELS, 7.2%), CTCF-only elements 
(1.5%), and DNase-H3K4me3 elements (0.7%) 
that are those with promoter-like biochemical sig-
nature that are not within 200 bp of an annotated 
TSS (Figure 1a). Seventy-two per cent of the CpG 
sites were placed outside cCREs (Figure 1a). The 
genomic location along with structural and func-
tional context for each CpG dinucleotide among 
the 280,754 CpG sites can be found at the manifest 
of the Infinium Mouse Methylation BeadChip 
(https://support.illumina.com/downloads/infi 
nium-mouse-methylation-manifest-file.html).

Technical and biological validation of the mouse 
methylation BeadChip

Although the reproducibility of the Infinium 
Mouse Methylation BeadChip is mentioned on 
the manufacturer site (https://www.illumina.com/ 
products/by-type/microarray-kits/infinium-mouse 
-methylation.html), we have herein confirmed its 
robustness and reliability using a comprehensive 
set of different technical, experimental, and biolo-
gical models.

To demonstrate the capability of the Mouse 
Methylation BeadChip for the analysis of DNA 
methylation, we have developed several distinct 
methodological approaches. First, we obtained 
a technical validation of the mouse DNA methyla-
tion microarray data by performing replication 
experiments, where we hybridized the same sam-
ples twice, the mouse cell lines C2C12 (immorta-
lized myoblasts) and HAFTL (pre-B cells), to the 
Mouse Methylation BeadChip. We observed that 
the methylation levels detected at CpG sites 
derived from each experiment were highly corre-
lated and interchangeable (Figure 1b). Second, 
given the optimal performance of the human 
Infinium HumanMethylation450 BeadChip and 
MethylationEPIC BeadChip microarrays for for-
malin-fixed paraffin-embedded (FFPE) samples 
[12], we wondered about the robustness of the 
mouse microarray to determine the DNA methy-
lation in this type of archival material. To address 
this point, we hybridized to the platform the same 
DNA samples from two normal mouse spleen 

samples obtained from consecutive fresh or FFPE 
sections from the same specimen. We found that 
the methylation levels assessed at each CpG site 
from each sample source were highly correlated 
(Figure 1c).

We then analysed the reliability of the Mouse 
Methylation BeadChip to detect CpG methylation 
changes using both drug and genetic approaches. 
For the pharmacological strategy, we treated the 
mouse cell lines C2C12 and HAFTL (both 
described above) and P19 (derived from an embry-
onal carcinoma induced in a C3H/He strain 
mouse) with the well-known inhibitor of DNA 
methylation 5-aza-2′-deoxycytidine. We observed 
that the use of the demethylating agent provoked 
widespread hypomethylation events in the 
described mouse cell lines (Figure 1d). Finally, 
we took advantage of the existence of mouse cells 
with deletion of the maintenance DNA methyl-
transferase Dnmt1 [13] to further assess the capa-
city of the new mouse microarray to detect CpG 
methylation changes. We observed a profound 
hypomethylation landscape in the Dnmt1 deficient 
cells in comparison to the wild-type (Figure 1e), as 
it has been previously reported [13]. All the above- 
described data demonstrate the idoneity of the 
studied DNA methylation microarray as 
a reliable epigenomic tool for biological and 
pathological studies that use mouse models.

A DNA methylation draft of mouse normal 
tissues

First, we interrogated the DNA methylation pro-
files for 56 samples corresponding to 11 normal 
mouse tissues or organs: lung, brain, prostate, 
breast, bone marrow, spleen, skin, colon, thymus, 
liver, and pancreas. Significantly distinct DNA 
methylation profiles were discovered between the 
different normal samples for all 226,000 CpG 
dinucleotides (after removal of erratic probe sig-
nals, X-chromosome sites, and genotyping probes) 
using multiscale bootstrap resampling (approxi-
mately unbiased p-value and bootstrap probability 
of 100% for all tissue type-specific clusters), which 
enabled their distinction on the basis of tissue type 
by the use of an unsupervised hierarchical cluster-
ing approach (Figure 2a). The above-described 
tissue type-specific DNA methylation classification 
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also matched the developmental layers from which 
the tissues are derived (ectoderm, mesoderm, or 
endoderm) (Figure 2a), related to the presence of 
germ-layer-specific DNA methylation [14]. 
Dimensionality reduction analysis by t-SNE again 
yielded identical results clustering each mouse 
normal tissue and organ according to its DNA 
methylation profile (Figure 2b). Overall, the repre-
sentation of the methylation content according to 
Beta value of the 226,000 CpG sites mostly shows 
a bimodal distribution with dinucleotides heavily 
methylated or largely hypomethylated (Figure 2c).

Significantly distinct DNA methylation profiles 
were discovered between male and female samples 
for all the CpG dinucleotides located at the 
X-chromosome (after removal of erratic probe 
signals) using multiscale bootstrap resampling 

(approximately unbiased p-value and bootstrap 
probability of 100% for all biological sex-specific 
clusters), which enabled their distinction on the 
basis of biological sex by the use of an unsuper-
vised hierarchical clustering approach (Figure 3a). 
Dimensionality reduction analysis by t-SNE again 
produced similar results clustering each mouse's 
gender according to its DNA methylation profile 
(Figure 3b). As expected, the CpG sites of the 
microarray located in the X-chromosome exhib-
ited around a 50% methylation content in the 
females (Figure 3c) due to well-known DNA 
methylation-dependent X-chromosome inactiva-
tion in that biological sex [15]. Importantly, the 
other CpG sites that displayed a 50% methylation 
content in normal tissues were those located in the 
differentially methylated regions (DMRs) of 
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Figure 2. DNA methylation atlas for mouse normal tissues. (a) Unsupervised hierarchical clustering and heatmap for 56 normal 
primary samples from 11 distinct source types. Tissue type and development layers are shown in the distinct colours as described in 
the figure legends. Methylation values are displayed from 0 (green) to 1 (red). (b) DNA methylation variances between mouse 
normal tissues and organs are displayed as t-distributed stochastic neighbour embedding (t-SNE) of Beta values. (c) Density plot of 
methylation Beta values showing their distribution from 56 normal tissue samples for all 226,000 CpG dinucleotides that remain after 
removal of erratic probe signals, XY chromosomes probes, and genotyping probes.
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mouse imprinted genes (Figure 3d), related to 
parentally determined monoallelic expression 
[16,17].

We also validated that the mouse genotyping 
probes (n = 1352) included in the microarray for 
different Mus musculus strains were indeed speci-
fic and informative. In this regard, significant dis-
tinct SNP profiles were discovered between the 
C57BL/6J, C57BL/6 × 129/Sv, FVB, and C57BL/6 
× FVB strains using multiscale bootstrap resam-
pling (approximately unbiased p-value and boot-
strap probability of 100% for all strain-specific 
clusters), which allowed their classification on the 
basis of mouse strain by the use of an unsuper-
vised hierarchical clustering approach (Figure 4a). 
Dimensionality reduction analysis by t-SNE 

revealed identical results clustering each mouse 
strain according to its SNP profile (Figure 4b).

Finally, and most importantly, we have depos-
ited all the obtained mouse DNA methylation data 
in the open Gene Expression Omnibus (GEO) 
repository (accession GSE196902) to help fellow 
scientists in their ongoing and future studies to 
characterize the mouse DNA methylome in health 
and disease.

Conclusions

Herein, we have technically and biologically vali-
dated a comprehensive mouse DNA methylation 
microarray that we have used to interrogate the 
methylation status of 280,754 CpG sites in murine 
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samples from primary samples and cell lines cor-
responding to eleven tissues and organs. This 
study represents one of the most extensive inves-
tigations into DNA methylation profiles within the 
mouse setting. The analysed platform has demon-
strated its robustness and reliability in assessing 
DNA methylation patterns among replicates and 
in paraffin-embedded (FFPE), also being able to 
detect hypomethylation events caused by pharma-
cological and genetic interventions such as the use 
of the DNA demethylating agent 5-aza-2′- 
deoxycytidine and the analysis of Dnmt1 deficient 
cells, respectively. Finally, the obtained DNA 
methylation patterns in the normal samples enable 
their clustering according to tissue type, organ, 
and germ layer.

Individual laboratory initiatives and the colossal 
effort of the ENCODE project have produced 
detailed mouse DNA methylomes for selected 
samples, particularly in the context of embryonic 
stem cells, foetal development, and adult normal 
tissues [9,10,18–22]. These landmark discoveries 
have provided reference mouse DNA methylomes 
by using Whole-Genome Bisulphite Sequencing 
(WGBS) that yields single-nucleotide resolution. 

WGBS is a very informative approach, but it is 
expensive, time-consuming, and requires 
a sophisticated bioinformatic pipeline. Thus, it is 
difficult to apply to the study of many samples in 
a user-friendly manner. In the human scenario, 
this has been solved by the introduction of DNA 
methylation microarrays where in its last incep-
tion, more than 850,000 functionally well defined 
and annotated CpG sites are included [5]. This 
methodology has been immensely popular due to 
its affordability and the easiness of the associated 
bioinformatic tools, making possible the study of 
the DNA methylation fingerprints of all types of 
tissues among different stages of differentiation, 
pathological samples from the cancer arena to 
the neurodegenerative field, ultimately opening 
the door to Epigenome Wide Association Studies 
(EWAS) that can include hundreds or thousands 
of samples for many human disorders, including 
COVID-19 [23]. This versatile tool to address all 
the above-described biological and disease- 
oriented projects was missing for the mouse spe-
cies. The herein characterized DNA methylation 
microarray fills this void and most probably would 
be a ‘trampoline’ for many studies in biology and 
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medical sciences focused on the mouse epigenome 
and its translation to the human context.

Methods

DNA isolation and DNA methylation profiling 
from mouse samples using universal bead arrays

DNA was isolated with the DNAeasy blood and 
tissue kit (Qiagen GmbH, Hilden, Germany) and 
ReliaPrep™ FFPE gDNA Miniprep System 
(Promega, Wisconsin, USA) for fresh frozen and 
formalin-fixed paraffin-embedded samples, 
respectively. C2C12, HAFTL, and P19 cell lines 
were cultured in 10 mL RPMI-1640 GlutaMAX, 
10% FBS, and 1X Penicillin/Streptomycin and 
treated with 5-aza-2′-deoxycytidine (1 µM). Cells 
were plated in 25 cm2 flasks, incubated at 5% CO2 
at 37°C, and harvested after 72 hours of culture. 
DNA from frozen pellets was purified using 
DNeasy Blood and Tissue Kit (Qiagen GmbH, 
Hilden, Germany). Purified genomic DNA was 
quantified with Qubit (Invitrogen, Carlsbad, CA, 
USA) according to manufacturer’s instructions. 
Infinium Mouse Methylation BeadChip (Illumina, 
Inc., San Diego, CA, USA) arrays were used to 
analyse DNA methylation. This platform allows 
over 285,000 methylation sites per sample to be 
interrogated at single-nucleotide resolution. The 
samples were bisulphite converted using EZ DNA 
Methylation-Gold™ Kit (Zymo Research, CA, 
USA) and were hybridized in the array following 
the manufacturer’s instructions.

DNA methylation data and computational 
analyses

The DNA methylation status of the studied sam-
ples was obtained using the Infinium Mouse 
Methylation BeadChip Array (~285,000 methyla-
tion sites). Raw signal intensities were assessed and 
analysed with GenomeStudio Software 2011.1 
(Illumina). DNA methylation beta values were 
obtained from raw IDAT files with 
GenomeStudio default normalization using con-
trol probes and background subtraction. 
A number of quality control steps were applied 
to minimize errors and remove erratic probe 

signals. This involved removal of failed probes 
(probes with detection P value > 0.01) and manu-
facturing flagged (MFG) probes. XY chromosomes 
probes and genotyping probes were also removed 
for the DNA methylation analyses where the beta 
values of these probes were not required. The 
genomic analysis presented in the study was per-
formed using the mm10 mouse genome reference 
build, as described in the Illumina manifest file 
associated with the Infinium Mouse Methylation 
BeadChip.

Unsupervised hierarchical clustering with 100 
bootstrap replications was performed with 
R function package pvclust (v2.2-0). The 
Canberra distance scores and Ward’s minimum 
variance method were applied to attain hierarchi-
cal clustering represented as a heatmap using the 
gplots (v3.1.1) package in R. t-Distributed stochas-
tic neighbour embedding (t-SNE) was performed 
using R package M3C (v1.12.0). Density plots were 
performed with minfi (v1.36.0) package in 
R. Correlation plots and pie charts were performed 
using ggplot2 (v3.3.3) R package Quality control, 
and downstream analyses were performed within 
the R statistical environment (v4.0.3).
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