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Aim: To develop a reliable method for whole genome analysis of DNA methylation. 
Materials & methods: Genome-scale analysis of DNA methylation includes affinity-
based approaches such as enrichment using methyl-CpG-binding proteins. One of 
these methods, the methylated-CpG island recovery assay (MIRA), is based on the high 
affinity of the MBD2b-MBD3L1 complex for CpG-methylated DNA. Here we provide 
a detailed description of MIRA and combine it with next generation sequencing 
platforms (MIRA-seq). Results: We assessed the performance of MIRA-seq and 
compared the data with whole genome bisulfite sequencing. Conclusion: MIRA-seq 
is a reliable, genome-scale DNA methylation analysis platform for scoring DNA 
methylation differences at CpG-rich genomic regions. The method is not limited by 
primer or probe design and is cost effective.

Keywords:  CpG islands • DNA methylation • high-throughput sequencing  
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Many approaches are available for genome-
wide analysis of DNA methylation pat-
terns [1–6]. The most comprehensive ones 
are based on single base resolution analysis 
using sodium bisulfite-induced deamination 
of cytosine, which leaves 5-methylcytosine 
unconverted. This approach provides the 
most detailed level of analysis. However, it 
is still resource-intensive and expensive and, 
depending on the purpose of the experi-
ment, quite often this level of detail is not 
required. For example, when identifying 
differentially methylated regions between 
cancer genomes and normal control cells or 
tissues of a patient, many of the most rel-
evant DNA methylation differences occur 
at CpG-rich, so-called CpG island regions, 
and the changes will encompass most CpGs 
within an island. In cancer, hundreds or 
even thousands of CpG islands can become 
hypermethylated [7], which sometimes goes 
along with gene silencing. In comparison, 
a much smaller number of CpG islands 
may undergo hypomethylation in tumors, 
including, for example, a class of germ line-

specific genes, the so-called cancer-testis 
antigen genes [8].

For the purpose of identifying and char-
acterizing tissue-specific DNA methyla-
tion patterns, we have previously developed 
the methylated-CpG island recovery assay 
(MIRA) [9–11]. Mammalian genomes con-
tain a small set of evolutionary conserved 
proteins that are characterized by a methyl-
ated-CpG-binding domain (MBD), a pro-
tein domain that recognizes methylated 
CpG dinucleotides [12,13]. MIRA is based on 
the high affinity of a complex of two related 
proteins, the methyl-CpG-binding protein 
MBD2b and its homologue, MBD3L1, a 
protein that has no MBD but forms het-
erodimers with MBD2b [14,15]. These two 
proteins form a complex that tightly binds 
to CpG-methylated DNA in a methylated 
CpG density-dependent manner [9]. The 
bound DNA fragments are strongly enriched 
in CpG-methylated sequences as confirmed 
by bisulfite sequence analysis [16]. The 
MBD2b/MBD3L1 complex does not inter-
act with 5-hydroxymethylcytosine [17]. We 
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previously used the MIRA approach in conjunction 
with different microarray systems [18–20]. We have now 
optimized the MIRA technique and show here that 
MIRA is well suited for the analysis of DNA meth-
ylation patterns on high-throughput genome sequenc-
ing platforms. This technology, which we refer to as 
MIRA-seq, is now beginning to be used [21,22]. The 
approach is described in detail in this article.

Materials & methods
Cell & DNA sources
Normal melanocytes were obtained from Lonza (MD, 
USA). IMR90 cells were from the ATCC. DNA was 
isolated from cells using DNA purification kits (Qia-
gen, CA, USA). Melanoma tumor DNA was obtained 
from Origene (MD, USA).

Expression & purification of GST-tagged 
MBD2b protein
The following protocol was used for a 100-ml bac-
terial culture. BL21 (DE3; Invitrogen, CA, USA) 
competent cells were transformed with GST-MBD2b 
expression plasmid (available on request via standard 
material transfer agreement), plated on ampicillin-
containing LB agar plates and incubated overnight 
at 37°C. One colony of the transformed bacteria was 
inoculated into 5 ml of LB-ampicillin media and incu-
bated at 37°C with shaking overnight. Then, 100 ml 
of LB-ampicillin medium was inoculated with a 1:100 
dilution of the overnight culture and incubated with 
shaking at 37°C until the culture reached an OD of 
0.6 at 600 nm.

The expression of GST-tagged MBD2b protein 
was induced by adding 100 μl of 0.5 M IPTG (iso-
propyl β-D-thiogalactopyranoside) per 100 ml cul-
ture and cells were allowed to grow for an additional 
4–6 h. The induced bacterial culture was transferred 
into a 50 ml conical tube, centrifuged at 3500 × g for 
10 min at 4°C and the supernatant was discarded. 
The pelleted bacterial cells can be stored at -80°C. 
Alternatively, protein purification can be done 
immediately.

In the cold-room or working on ice, the pellet was 
resuspended in 10 ml of ice-cold STE buffer (10 mM 
Tris-HCl, pH 7.8, 150 mM NaCl, 1 mM EDTA). 
After adding 100 μl of 100 mM PMSF and 40 μl of 
freshly prepared 25 mg/ml lysozyme, the suspension 
was mixed well and incubated on ice for 10 min. Lysis 
of bacterial cells was induced by addition of 1.5 ml 
of 10% N-lauroylsarcosine (Sarkosyl) in STE buffer 
and mixing. The bacterial lysate was sonicated until it 
cleared up. For example, using an Epishear™ sonica-
tor (Active Motif, CA, USA), the samples were sheared 
in a 50 ml tube with 4 pulses at 40% amplitude, con-

sisting of a 15-s sonication followed by a 1 min rest 
on ice. After sonication, we added 2 ml of 10% Tri-
ton X-100 to the lysate and mixed well by vortexing 
for 20 s, then incubated the lysate for 30 min on ice. 
The lysate was cleared by centrifugation for 15 min at 
3500 × g at 4°C.

We transferred the supernatant into a new 15 ml 
tube, added 100 μl of a 50% slurry of Glutathione 
Sepharose® 4B beads (GE Healthcare, WI, USA) and 
mixed gently on a rocking or rotating platform at 4°C 
for 45 min. The beads were pelleted by centrifugation 
at 1000 × g for 1 min at 4°C. The supernatant was dis-
carded. The beads were washed three times with 10 ml 
of ice cold 1× PBST (1× PBS including 0.1% Triton 
X-100). For each wash, we inverted the tube several 
times then placed the tube on a rocking platform for 
5 min at 4°C. The beads were pelleted by centrifuging 
at 1000 × g for 1 min at 4°C. The supernatant was 
discarded.

The GST-tagged MBD2b protein was eluted from 
the beads with 2 ml elution buffer (50 mM Tris-HCl, 
pH 8.5, 150 mM NaCI, 20 mM reduced glutathione, 
and 0.1% Triton X-100) for 4 h at 4°C on a rocking 
or rotating platform. The beads were spun down by 
centrifugation at 1000 × g for 1 min. The supernatant 
was carefully collected and retained on ice.

The eluted GST-tagged MBD2b protein was dia-
lyzed against 1× PBS in the cold-room for 5 h and then 
overnight against protein dialysis and storage buf-
fer (50 mM HEPES, pH 7.4, 150 mM NaCI, 5 mM 
β-mercaptoethanol and 50% glycerol). The purified 
MBD2b protein can be kept at -20°C for 6 months. 
The quantity and purity of purified GST-tagged 
MBD2b protein was checked on a 10% SDS-PAGE 
gel using BSA as a control for protein amount.

Expression & purification of His-tagged 
MBD3L1 protein
We transformed BL21 (DE3) competent cells with 
His-MBD3L1 expression plasmid (available on 
request), plated them on kanamycin-containing LB-
agar plates and incubated overnight at 37°C. We added 
100 μl kanamycin stock (50 mg/ml) to 100 ml LB-
agar solution or LB media. We inoculated one colony 
of the transformed bacteria into 5 ml of LB-kanamycin 
media and incubated at 37°C with shaking overnight. 
Then, 100 ml of LB-kanamycin media was inocu-
lated with a 1:100 dilution of the overnight culture 
and incubated at 37°C while shaking until the culture 
reached an OD of 0.6 at 600 nm.

The expression of His-tagged MBD3L1 protein 
was induced by addition of 100 μl of 0.5 M IPTG 
per 100 ml culture, and we allowed cells to grow for 
an additional 5 h. The induced bacterial culture was 
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transferred into a 50 ml conical tube and centrifuged 
at 3500 × g for 10 min at 4°C. The supernatant was 
removed and cells were frozen at -80°C. Alternatively, 
we proceeded immediately to protein purification.

Working in a cold-room or on ice, the pellet was 
resuspended in 10 ml of ice-cold STE buffer. We 
added 100 μl of 100 mM PMSF, 20 μl of 50× complete 
protease inhibitor cocktail (Roche Applied Science, 
WI USA) and 40 μl of freshly prepared 25 mg/ml 
lysozyme (Sigma), then mixed well and incubated 
on ice for 10 min. We induced lysis of bacterial cells 
by addition of 1.5 ml of 10% N-lauroylsarcosine and 
mixed well. The bacterial lysate was sonicated until it 
cleared up. We added 2 ml 10% Triton X-100 to the 
sonicated lysate and mixed well by vortexing for 20 s, 
then incubated the lysate for 30 min on ice. The lysate 
was cleared by centrifugation for 15 min at 3500 × g 
at 4°C.

The supernatant was transferred into a new 15 ml 
tube and 100 μl of a 50% slurry of Ni-NTA agarose 
beads (GE Healthcare) was added. The suspension 
was mixed gently on a rocking platform at 4°C for 
45 min. The beads were collected by centrifugation at 
1000 × g for 1 min at 4°C and the supernatant dis-
carded. The pellet was washed three times with wash 
buffer 1 (50 mM NaH

2
PO

4
, pH 8.0, 300 mM NaCl, 

10 mM imidazole). The beads were pelleted by cen-
trifugation at 1000 × g for 1 min at 4°C and the super-
natant discarded. Then, 5 ml wash buffer 2 (50 mM 
NaH

2
PO

4
, pH 8.0, 300 mM NaCl, 20 mM imidazole, 

0.1% Triton X-100, 5 mM β-mercaptoethanol) was 
added, the tube inverted several times, and then placed 
on a rocking platform for 5 min at 4°C. The beads 
were collected by centrifugation at 1000 × g for 1 min 
at 4°C and the supernatant discarded. After addition 
of 5 ml wash buffer 3 (50 mM NaH

2
PO

4
, pH 8.0, 

300 mM NaCl, 40 mM imidazole, 0.1% Triton X-100, 
5 mM β-mercaptoethanol), the tube was inverted sev-
eral times and then placed on a rocking platform for 
5 min at 4°C. The beads were pelleted by centrifuga-
tion at 1000 × g for 1 min at 4°C and the supernatant 
discarded.

The His-tagged MBD3L1 protein was eluted from 
the beads by addition of 1 ml His-tagged protein elu-
tion buffer (50 mM NaH

2
PO

4
, pH 8.0, 300 mM 

NaCl, 250 mM imidazole). The tube was put on a 
rocking or rotating platform with shaking for 10 min 
at 4°C. The beads were collected by centrifugation 
at 1000 × g for 1 min. The supernatant was col-
lected into a new tube on ice. The eluted His-tagged 
MBD3L1 protein was dialyzed against 1× PBS in the 
cold-room for 5 h and then overnight against protein 
dialysis and storage buffer (50 mM HEPES, pH 7.4, 
150 mM NaCI, 5 mM β-mercaptoethanol and 50% 

glycerol). The purified MBD3L1 protein can be kept 
at -20°C for approximately 6 months. The quan-
tity and purity of the purified His-tagged MBD3L1 
protein was checked on a 10% SDS-PAGE gel using 
BSA as a control for protein amount. A kit contain-
ing recombinant MBD2b and MBD3L1 proteins for 
enrichment of methylated DNA is currently avail-
able as ‘MethylCollector™ Ultra’ from Active Motif 
(CA, USA).

Sonication of genomic DNA
Genomic DNA was sonicated to an average fragment 
size of 100–300 bp using a sonicator.

Ligation of Illumina deep sequencing linkers
For DNA end repair, we incubated 0.5–2 μg sonicated 
genomic DNA in 1× NEB end repair reaction buffer 
by adding 5 μl of NEB End Repair Enzyme mix (New 
England Biolabs, MA, USA) in a volume of 100 μl. The 
reaction mixture was incubated at 20°C for 30 min. 
The DNA was purified using QIAquick PCR purifica-
tion kit (Qiagen) and eluted with 50 μl of water. To 
achieve dA-tailing, we incubated the end-repaired DNA 
in a 50 μl volume in 1× NEBNext dA-Tailing Reaction 
buffer (New England Biolabs) by adding 3 μl of NEB 
Klenow exo- and incubating at 37°C for 30 min. The 
DNA was purified using MinElute PCR Purification 
kit (Qiagen) and eluted twice in 10 μl of Qiagen elution 
buffer. The final volume was approximately 20 μl.

Subsequently, we performed linker ligation in a 
volume of 40 μl by incubating the dA-tailed DNA 
in 1× NEB T4 DNA ligase reaction buffer with 6 μl 
of a 20 μM stock solution of Illumina Tru-seq link-
ers in the presence of 1 μl of NEB T4 DNA ligase 
(400 U/μl). The reaction was carried out at 16°C over-
night. The ligated DNA was purified using MinElute 
PCR Purification kit (Qiagen) and eluted in 10 μl of 
Qiagen elution buffer (twice), then combined into one 
tube. We saved 2 μl of linker-ligated DNA as control 
DNA (input).

MIRA reaction
Preparation of magnetic beads
In a 1.5 ml Eppendorf tube, 5 μl of MagneGST™ 
magnetic beads (MB; Promega, WI, USA) were dis-
pensed for each reaction. The MB were washed three 
times with 1 ml cold 1× PBS by inverting the tube 
several times. Using a magnetic stand to capture MB, 
we carefully removed the supernatant with a pipette. 
To preblock MB, we added 400 μl blocking solu-
tion (1× NEBuffer 2 buffer, 0.025% Triton X-100, 
and 1.25 ng/μl of sonicated JM110 DNA) and incu-
bated for 20 min at 4°C on a rotating platform. The 
MB were captured by magnetic stand and the super-
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natant was carefully removed, but approximately 
20 μl was left in the tube.

Preblocking of MBD proteins
For each reaction, in a total volume of 382 μl, we mixed 
on ice 40 μl of 10× NEBuffer 2 (10 mM Tris-HCl, pH 
7.9, 50 mM NaCl, 10 mM MgCl

2
 and 1 mM DTT) 

containing 0.05% Triton X-100, 500 ng of sonicated 
E. coli JM110 genomic DNA, 1 μg of purified GST-
MBD2b protein and 1 μg of purified His-MBD3L1 
protein. The mixture was incubated for 20 min at 4°C 
on a rotating platform.

MIRA binding reaction
We added 18 μl of the linker-ligated sonicated genomic 
DNA to the 382 μl of preblocked MBD proteins. The 
binding reaction was incubated overnight at 4°C on a 
rotating platform.

Purification of methylated DNA using GST 
magnetic beads
We added MB in blocking solution (10–20 μl) to the 
MIRA reactions and incubated for 1 h at 4°C on a 
rotating platform. This step was followed by capture of 
the MB (methyl-CpG-rich fraction) by magnetic stand 
separation and by carefully removing the supernatant. 
Then, 900 μl cold MIRA wash buffer (10 mM Tris-
HCl, pH 7.5, 600 mM NaCl, 0.1% (v/v) Triton X-100) 
was added and the tube was inverted for 5 min on an 
overhead rotator. The MB were captured by magnetic 
stand and the supernatant was carefully removed. The 
washing steps were repeated three to four times, the 
last time trying to remove all solution from the MB. 
Then, we added 500 μl PB buffer (from QIAquick 
PCR Purification kit, Qiagen) directly to the MB and 
vortexed the tube for 20 s at room temperature. The 
MB were collected by magnetic stand and the super-
natant was transferred into a QIAquick column. We 
followed the instructions in the QIAquick PCR purifi-
cation kit to purify the DNA on the column and eluted 
the enriched methylated DNA from the column with 
40 μl of Qiagen EB buffer (10 mM Tris-Cl, pH 8.5).

Illumina sequencing
The MIRA-enriched methylated DNA and input 
DNA were PCR-amplified by adding Phusion® High-
Fidelity PCR Master Mix (NEB). The reaction volume 
was 100 μl, which included 50 μl of the Phusion High-
Fidelity PCR Master Mix, the purified sample or input 
DNA, 2 μl of 25 μM of Illumina’s primer PE 1.0, 2 μl 
of 25 μM index primer, and 1 M betaine, using the fol-
lowing conditions in a thermal cycler: 30 s at 98°C, 12 
cycles of: 10 s at 98°C, 30 s at 65°C, and 30 s at 72°C, 
followed by 5 min at 72°C. The PCR products were 

purified by adding 130 μl Ampure® XP beads (Beck-
man Coulter, CA, USA) to 100 μl PCR solution, eluted 
in 25 μl of 10 mM Tris-Cl, pH 8.5, and size-selected 
by gel electrophoresis on a 6% TBE gel. The targeted 
range of DNA fragment sizes (250–500 bp) was cut out 
from the gel. The smashed gel slices were eluted with 
200 μl of 10 mM Tris-Cl, pH 8.5 at room temperature 
for at least 2 h and concentrated with an Amicon Ultra 
50 K column (Millipore, MA, USA). Alternatively, one 
can purify the DNA sample by adding 100 μl Ampure 
XP beads (1.0×) to 100 μl PCR solution to remove 
fragments smaller than 200 bp, and use double beads 
selection (0.65×) to remove the fragments larger than 
500 bp. To validate and quantify the purified library 
we used Bioanalyzer (Agilent, CA, USA). The sequenc-
ing library is then processed by Illumina sequencing. 
Here, an Illumina Hi-seq 2000 instrument and paired-
end sequencing were used, but single-end sequencing 
and other platforms should work as well.

Bioinformatics analysis
Quality control
The first step in MIRA-seq analysis is to test the qual-
ity of the resulting Fastq formatted files. The quality, 
or more precisely the confidence for each base pair is 
encoded in the Phred scores, which are logarithmi-
cally linked to error probabilities. One software pack-
age, which can plot the Phred scores for each cycle, is 
Fastq [23]. Per base sequence quality should be above 
20 for the majority of the reads. As read quality com-
monly drops toward the 3′ end of reads, clipping might 
be applied if necessary.

Furthermore, the per base sequence content should 
not indicate any bias toward a certain region-specific 
GC content within the read. The per sequence GC con-
tent should be normally distributed for input samples 
and show a shift of about 6–10% higher for MIRA-seq 
reads (e.g., from 45% GC to 51% GC). This is a first 
indicator that the MBD proteins were binding methyl-
ated DNA fragments. Next, there should be no over-
represented sequences in the higher single percentages, 
which could indicate adapter contamination. To test 
against a set of different sources of possible contamina-
tion, the files can be aligned against different species 
using Fastq Screen [24].

Alignment to the genome
After quality assessment, the fastq files were aligned 
against the genome. A common and robust solution is 
to use the bowtie algorithm [25]. A typical example for 
paired end reads and bowtie2 is:

bowtie2 -p SLOTS -q –very-sensitive-local -S 
filename.sam -x hg19 -1 ForwardReads.fastq -2 
ReverseReads.fastq
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Figure 1. Schematic outline of the MIRA-seq approach. 
For color figures, please see online at www.futuremedicine.com/doi/full/10.2217/epi.15.33
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SLOTS is the number of threads assigned per align-
ment. Recommended are 8 or more. The resulting sam 
formatted files can be converted to the more compact 
binary bam format with samtools [26]. In this way 
only aligned reads can be converted, including the 
header information. Duplicated reads are collapsed 
to one read. Only uniquely mapped reads are used for 
downstream analysis.

The next step is to test if the genomic coverage is high 
enough to compare different samples with each other. 
One way to do this is by a so-called saturation analy-
sis, which plots the Pearson correlation rates against 
increasing subsets of the library. The estimated correla-
tion for the total size of the library should be 90% or 
more. One solution is to use the function MEDIPS.
saturation of the MEDIPS bioconductor package, 
developed by Lukas Chavez and colleagues [27].

For getting an estimate of the fragment enrich-
ment by the MBD proteins, the relative enrichment 
of CpGs in read-covered sequences in comparison 
to the genome can be calculated with the MEDIPS.
CpGenrich function. Different batches can be com-
pared as well. The observed/expected ratio of CpGs 
within the regions divided by the observed/expected 
ratio of CpGs within the reference genome normally 
ranges between 1.6 and 2.0 for enriched samples and 
0.8 to 1.0 for input samples, indicating the quality of 
the enrichment.

Binning approach for peak calling
Several algorithms have been developed for identifying 
peaks from ChIP-seq data. However, algorithms like 
MACS were developed for identifying smaller regions, 
defined by a specific read distribution around the bind-
ing site, commonly found with many transcription 
factors. Methylated regions in contrast can stretch for 
several hundred to thousands of base pairs. In this par-
ticular case, a binning approach is sufficient. Again, a 
solution has been worked out in the MEDIPS package 
and reads can be conveniently binned against different 
genome builds. The binning length is dependent on the 
fragment size and is typically between 200 and 500 bp.

Differentially methylated regions between differ-
ent samples can be calculated by edgeR [28], which has 
been developed with the particular case of few repli-
cates per group as commonly found in deep sequence 
experiments. For this purpose the count data can be 
selected, or the function MEDIPS.meth from the 
MEDIPS package can be utilized. A rule of thumb 
is to use a minimum of ten reads coverage for peaks 
and at least a twofold change to identify differentially 
methylated regions.

Data display in the Integrative Genomics 
Viewer
In order to select regions for validation, a visualiza-
tion of the RPKM normalized read densities is recom-

www.futuremedicine.com/doi/full/10.2217/EPI.15.33
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Figure 2. Example of the reliability of MIRA-seq profiles. Data are for two samples of normal melanocytes from different individuals 
(N, green, at the top) and four melanoma tumors (T, blue, at the bottom). The data are displayed in the Integrative Genomics Viewer. 
An area of the short arm of chromosome 11 near the end of the chromosome is shown.
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mended. The MEDIPS package offers a solution to cre-
ate MEDIPS set objects with the function MEDIPS.
createSet and then to export wig formatted files with 
the function MEDIPS.exportWIG.

The wig files can then be easily imported to genome 
browsers such as the Integrative Genomics Viewer 
(IGV) [29] or the genome browser at the University of 
California Santa Cruz (UCSC), CA, USA [30].

Results & discussion
MIRA-seq produces reliable DNA methylation 
profiles
MIRA-seq is based on enrichment of the methyl-
ated fraction of genomes by the MBD2b/MBD3L1 
complex. An outline of the approach is depicted in 
Figure 1. We used the protocol described in ‘Materi-
als & methods’ to profile DNA methylation patterns 
in several human cell or tissue samples. We typi-
cally aim at obtaining approximately 30–50 million 
uniquely aligned reads (postfiltering to remove dupli-
cate reads) for each human or mouse DNA sample. 
Overall, this approach is comparable to mapping his-
tone modifications (ChIP-seq) and can easily be used 
directly alongside of such mapping experiments. The 
advantage of MIRA over antibody-based approaches 
is that MIRA works with double-stranded DNA and 
denaturation of the DNA, which is necessary for most 
anti-5mC antibody-based immunoprecipitation, is 
not required. This difference can help avoid poten-

tial biases associated with incomplete denaturation 
of very GC-rich DNA sequences. Since the MBD2b/
MBD3L1 complex has a strong affinity to methylated 
DNA [9], the sensitivity of MIRA is high. Although 
we have not systematically explored the lower limits 
of DNA amounts that can be used in MIRA-seq, we 
have previously carried out the MIRA procedure in 
combination with microarray platforms with as little 
as 100 ng of mammalian DNA used as input.

Figure 2 shows examples of MIRA profiles. We 
have compared methylation patterns of DNA 
obtained from two nontransformed melanocyte cell 
lines (green) with DNA from four metastatic mela-
noma tumors (blue). As this typical example shows, 
the profiles are generally highly similar throughout 
the genome attesting to the reliability and repro-
ducibility of the MIRA-seq method. Cancer-spe-
cific DNA hypermethylation is easily apparent in 
genomic regions where it does occur in the tumors. 
As an example, Figure 3 shows the profile of the gene 
CCDC8, which shows hypermethylation of two 
CpG islands in the gene body and at the promoter 
in melanoma tumors when compared with normal 
melanocytes.

Validation & comparison with whole genome 
sodium bisulfite sequencing
In order to validate the MIRA-seq method, we con-
ducted standard sodium bisulfite sequencing on sev-
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Figure 3. Example of MIRA-seq profiles used to identify cancer-associated DNA hypermethylation. Data are for two samples of 
normal melanocytes (N, green) and four melanoma tumors (T, blue). The data are displayed in the Integrative Genomics Viewer and 
an area of chromosome 19 is shown. The vertical arrow points to the gene CCDC8, which becomes methylated in the gene body in 
melanoma.
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eral genomic targets. Figure 4A shows tumor-associated 
MIRA peaks in the HOXA9 gene locus. Verification 
by bisulfite sequencing shows that the percent of 
methylated CpG dinucleotides in the sequence region 
analyzed increases from 26.5% in normal melano-
cytes (Figure 4B) to over 90% in three melanoma 
tumors (Figure 4C–E).

We also conducted MIRA-seq with DNA from 
IMR90 fibroblasts. In order to allow a genome-wide 
comparison between bisulfite sequencing (BS-seq) 
and MIRA-seq, we downloaded the BS-seq data 
from Lister et al. [5] for IMR90 cells and smoothed, 
by using the BSmooth algorithm [31], the individual 
CpG percentages to a window of 500 bp, the same 
window size we used for our binning approach with 
the MIRA-seq data from the same cell type. Com-
pared to whole genome sodium bisulfite sequenc-
ing, the advantage of MIRA-seq is a higher sensi-
tivity toward CpG-richer regions and BS-methylated 
regions of around 0.7 and above, as can be seen in 
Figure 5A. The two methods provide similar DNA 
methylation profiles when signals are plotted along 
genes genome-wide (Figure 5B). Both approaches 
show a pronounced dip of methylation levels near 
transcription start sites and higher methylation lev-
els in gene bodies. Figure 6 shows a snapshot from 
the UCSC genome browser including the HOXB 
and HOXC gene cluster regions. The data illustrate 
that the results obtained by whole genome bisulfite 
sequencing and by MIRA-seq are generally very 

comparable. As expected, genomic regions with 
lower GC content and with few CpG islands (such as 
those at the left side of the HOXB cluster, Figure 6A) 
have a lower MIRA-seq signal. However, the meth-
ylation status of CpG islands (methylated, unmeth-
ylated or weakly methylated) is well represented by 
MIRA-seq and reflects the one obtained by whole 
genome bisulfite sequencing.

Both bisulfite sequencing and MIRA-seq have 
their own inherent biases. Whereas MIRA preferen-
tially detects methylation in CpG-rich DNA, bisulfite 
may have the opposite bias in that highly methylated 
GC-rich sequences may be underrepresented due to 
less efficient PCR amplification of the target regions 
when they are methylated compared with when they 
are unmethylated and more cytosines get converted 
to uracils. Therefore, MIRA and BS can complement 
each other for accessing regions of different sequence 
composition.

We propose that MIRA-seq is an efficient and 
cost-effective alternative to whole genome bisulfite 
sequencing when it is not necessary to know the 
methylation state of every single CpG dinucleotide. 
The procedure gives reliable information on the 
methylation status of the approximately 28,000 CpG 
islands in the human genome. It can easily be used to 
score if methylation of any of these regions and many 
other CpG-rich sequences is different between speci-
mens. This is particularly useful when samples are 
compared between normal and disease states, such 
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Figure 4. Validation of MIRA-seq peaks by sodium bisulfite sequencing. (A) MIRA-seq was performed on 
DNA from normal melanocytes (N, green) and three melanoma samples (T1, T2, T3, blue). The vertical arrow 
indicates the region of the HOXA9 gene analyzed by bisulfite sequencing. (B) Bisulfite sequence data for 
normal melanocytes. (C–E) Bisulfite sequence data for three melanoma tumors. Open circles: unmethylated CpG 
sequences; black circles: methylated CpG sequences. The percentages indicate percentage of methylated CpGs.

q11.21 q11.23 q21.11 q21.13 q22.1 q31.1

27,200 kb 27,210 kb
63 kb

HOXA9 NR_037940

N

T1

T2

T3

Tumor 3 (91.1%)

Tumor 1 (97.4%) Tumor 2 (99.1%)

Normal (26.5%)
7

A B

C D

E

future science group

Methodology    Jung, Kadam, Xiong, Rauch, Jin & Pfeifer

as normal tissue versus cancer tissue. Currently, one 
sequencing lane on the Illumina Hiseq system pro-
duces approximately 150,000,000 sequencing reads, 
which is sufficient to analyze three to four tissue sam-
ples by MIRA-seq at a cost of a little over US$300 
per sample. The cost is similar to that of Illumina’s 
Infinium arrays. These arrays are dependent on the 
locations of predesigned probes that cover specific 
genes. MIRA-seq provides a broad coverage of the 
genome and is not dependent on specific probes.

Conclusion & future perspective
We provide a detailed protocol for analyzing genomic 
DNA methylation patterns using the technology plat-
form of MIRA-seq. The examples shown and compar-
ison to bisulfite sequencing demonstrate the utility of 
this technology. We propose that MIRA-seq is a use-
ful and reliable method for comparing genome-wide 
methylation patterns between normal and diseased 
tissues including studies on cancer-associated DNA 
methylation changes. The limitations of MIRA-seq 
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Figure 5. Whole genome comparison between bisulfite sequencing and MIRA-seq for IMR90 cells. (A) The 
percentages of MIRA-seq read fractions were plotted against the smoothed BS methylation degree for 500-bp 
windows and compared with the fraction of methylated bins calculated from Lister et al. [5] and the fraction of 
CpG density. (B) Using MIRA-seq and bisulfite sequencing, methylation levels were compared along genes. 
BS: Bisulfite; MIRA: Methylated-CpG island recovery assay; TSS: Transcription start site.
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are that it has moderate resolution, does not analyze 
every CpG site and that it is best suited for analyzing 
genomic sequences with medium to high CpG con-
tent. Bisulfite sequencing does not have these limita-
tions and can assess methylation at low-density CpG 
sequence regions. MIRA-seq also does not detect 
methylation at non-CpG sequences, which exists in a 
few mammalian cell or tissue types but has unknown 
function. On the other hand, it is rarely necessary to 

have information on every single genomic CpG site; 
in fact the data obtained from whole genome bisul-
fite sequencing are often binned and smoothed, which 
leads to a loss of that information. Specifically analyz-
ing all CpG-rich DNA regions by MIRA-seq clearly 
has a cost advantage over whole genome bisulfite 
sequencing (∼US$300 vs ∼US$6000). The bioinfor-
matics processing is also much more straightforward. 
In addition, MIRA-seq is specific for 5-methylcytosine 
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Figure 6. Snaphots from the University of California Santa Cruz genome browser showing data for MIRA-seq in comparison to 
bisulfite sequencing. We obtained the MIRA-seq data from IMR90 cells; the bisulfite sequencing data were downloaded from [5]. The 
window size for both approaches was 500 bp. (A) HOXB cluster region. Note the lower signal intensity of MIRA-seq compared with 
bisulfite sequencing for regions with low GC content (left side of sequence region). (B) HOXC cluster region. 
BS: Bisulfite; MIRA: Methylated-CpG island recovery assay.
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and, unlike standard bisulfite sequencing, does not 
score 5-hydroxymethylcytosine at CpG sequences [17]. 
This feature can be useful when tissues with a high 

content of 5-hydroxymethylcytosine are analyzed, 
for example, different brain regions. The prospect 
for the technique is that the cost for this technology 

Executive summary

Aim
•	 To develop a genome-scale DNA methylation mapping technique that is reliable, sensitive and cost effective.
Materials & methods
•	 We optimized the methylated CpG island recovery assay (MIRA) and combined it with next-generation 

sequencing (MIRA-seq).
•	 We developed specific bioinformatics approaches to analyze the MIRA-seq data.
Results
•	 We show that the MIRA-seq technology produces highly similar and reliable DNA methylation profiles when 

samples from different individuals are compared.
•	 We demonstrate that MIRA-seq has excellent ability to identify cancer-associated DNA hypermethylation 

events.
•	 MIRA-seq is particularly informative for sequences of medium-to-high CpG content, including CpG islands.
Conclusion
•	 MIRA-seq is an attractive and cost-effective approach for complete methylome analysis when single-base 

resolution is not required.
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will be reduced further in the future due to increasing 
capacity of the sequencing platforms.
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