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ABSTRACT 

 

Methylation of CpG dinucleotides plays a crucial role in the regulation of gene 

expression and therefore in the development of different pathologies. Aberrant 

methylation has been associated tothe majority ofthe diseases, including cancer, 

neurodegenerative, cardiovascular and autoimmunedisorders. Analysis of DNA 

methylation patterns is crucial to understand the underlying molecular mechanism of 

these diseases. Moreover, DNA methylation patternscould be used as biomarker for 

clinical management, such as diagnosis, prognosis and treatment response. Nowadays, 

a variety of high throughput methods for DNA methylation have been developed to 

analyze the methylation status of a high number of CpGs at once or even the whole 

genome. However, identification of specific methylation patterns at specific loci is 

essential for validation and also as a tool for diagnosis.In this review, we describe the 

most commonly usedapproaches to evaluate specific DNA methylation. There are 

three main groups of techniques that allow the identification of specific regions that 

are differentially methylated:bisulfite conversion-based methods, restriction enzyme-

based approaches, and affinity enrichment-based assays. In the first group, specific 

restriction enzymes recognize and cleave unmethylated DNA, leaving methylated 

sequences intact. Bisulfite conversion methods are the most popular approach to 

distinguish methylated and unmethylated DNA. Unmethylated cytosines are 

deaminated to uracil by sodium bisulfite treatment, while the methyl cytosines remain 

unconverted. In the last group, proteins with methylation binding domains or 

antibodies against methyl cytosines are used to recognize methylated DNA. In this 

review, we provide the theoretical basis and the framework of eachtechnique as well 

as the analysis of their strength and the weaknesses. 

 

Keywords: epigenetics, DNA Methylation;target region; locus 

specificanalyses;Bisulfiteconversion; digital PCR; CpG islands. 
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INTRODUCTION 

DNA methylation has been shown to play animportant role in the regulation of many 

essentialbiological processes such as gene expression, embryonic development, 

cellular differentiation and gene imprinting. In mammals, DNA methylation is 

characterized by the addiction of a methyl group to the C5 position of the cytosine 

base in a covalent manner[1]. This process is catalysed by DNA methyl transferases 

(DNMTs) and targetsmainly CpG nucleotides. Moreover, a family of cytosine oxygenase 

enzymes (TET) have been shown to catalyze the conversion of 5 methyl cytosine (5mC) 

to 5-hydroximethyl cytosine (5hmC) as well as into 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC)[1].Non-CpG methylation has also been reported in the 

literature, mainly in plants, bacteria, yeast and embryonic cells [2]. Regions with high 

frequency of CpG sites are called CpG islands; these regions are found frequently in 

gene promoters [3]. The presence of methyl groups in the promoter of a gene modifies 

the binding of RNA polymerases, transcriptional factors, enzymes and other molecules 

to the genome.Thus, the biological consequences of DNA methylation are determined 

not only by its presence in the genome but mainly by its location[1]. In healthy 

individuals, DNA methylation patterns are stablished during development and 

maintained during differentiation with slight modulation in tissue specific promoters 

[4]. However, aberrant DNA methylation in promoter and non-promoter regions 

hasbeen associated with different pathologies as cancer, diabetes, and neurologic 

disorder [5]. On one hand, in the last decadeshigh-throughput methods have rapidly 

expanded for DNA methylation evaluation with single-base resolution. Despite the 

advantages of these approaches,DNA methylation differences identified in high 

throughput experiments require validation by locus-specific methods. On other hand, 

these techniques have been examined in clinics as diagnostic, prognostic or predictive 

tools for different disorders. Here, we provide an overview of the most common 

techniques available nowadaysto study the methylation status of specific genes. 

 

EXPERIMENTAL APPROACHES FOR THE ANALYSIS OF LOCUS SPECIFIC DNA 

METHYLATION 



5 
 

There are three main groups of techniques that involve the identification of specific 

regions that are differentially methylated: 1) bisulfite conversion-based methods, 2) 

restriction enzyme-based approaches, and 3) affinity enrichment-based assays. 

Bisulfite conversion-based methods are arguably the most frequentlyused approach 

nowadays to study methylation status of the genome. However,the choice will be 

performed according to the specific biological problem being investigated, the 

resolution required for the study, the technology available and the possibility of 

affording the cost of the experiment (for a global scheme see table 1). 

 

1. Methods based on Bisulfite converted DNA  

A variety ofapproaches available forquantification of the methylation status are based 

on sodium bisulfite treatment. This treatment involves the deamination of non-

methylatedcytosine into uracil after sodium bisulfite treatment while methylated 

cytosines remain unchanged in CpG dinucleotides, allowing thediscrimination between 

methylated and unmethylated DNA.It is very important to ensure the complete 

conversion of cytosines, since the reliability of the methylation analysis depends on it. 

 

There areseveral requirements to ensure the fully conversion of the DNA. If the 

conversion is incomplete, unconverted cytosines will be incorrectly interpreted as 

methylated cytosines and the result will be inaccurate. DNA must be fully denatured 

(single stranded)to ease the exposition of the cytosine residues to the sodium bisulfite. 

The removal of associated proteins and the control of different parameters (salt 

concentration, temperature and timeincubation) are necessary to ensure the complete 

denaturation of the DNA. Furthermore, during the process,single stranded DNA may 

re-anneal avoiding complete cytosine conversion. To prevent the re-annealing 

conversion different reagents, as urea, could be added to the reaction mix.The quality 

of the DNA and its concentration can also affect the yield of the bisulfite reaction. The 

presence of residual amounts of proteins or RNA in the DNA samples is detrimental to 

obtain complete bisulfite conversion.The treatment with different agents (as 

proteinase K and RNase) that allows the elimination of these molecules is 
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recommended[7]. Degradation is also a limitation of the bisulfite conversion, since this 

treatment induces breaks in the single strand DNA. Harsh conditions as bisulfite 

concentrations, incubation time and temperature could accelerate DNA degradation. 

In the past, periods of time between 4 and 18 hours at 55°C were recommended for 

complete conversion [8], however nowadays an optimized protocol using 16 cycles of 

1 hour at 50°C is preferred. In addition, repeated freeze-thaw cycles should be avoided 

after conversion.Carrying out the bisulfite reaction with high amount of DNA (>10 

μg/ml) can result in a decrease of conversion due to a depletion of available bisulfite in 

the reaction mixture and an increase in pH through the formation of NH4+ as a 

reaction byproduct. 

The main limitation of the bisulfite conversion is the inability to distinguish between 

5mC and 5hmC modifications[9]. Specific oxidation of 5hmC to 5fCand subsequent 

conversion to uracil (under bisulfite conditions) allows its discrimination from 5mC.  

In the case of formalin fixed paraffin embedded (FFPE) samples where the amount of 

DNA is low, and the degree of degradation is high, modifications in the bisulfite 

conversion protocols should be performed to avoid further degradation[10].When the 

amount of DNA is very low (<200 ng), the use of carriers, as tRNA or glycogen, is 

recommended. Nowadays, there are several kits commercially available, as EZ DNA 

Methylation-lightning kit (Zymo Research), which allow a fast and more efficient 

conversion of small amounts of DNA using a column system[11]. To check whether the 

bisulfitetreatment has been performed properly, the incorporation of controls for the 

conversion is required.Moreover, the presence of cytosines after sequencing in non-

CpG sites needs to be checked as an indicator of non-complete conversion of the 

cytosines[12].  

 

Bisulfitetreatment converts a difference of methylation status into a difference of DNA 

sequence which can be detected by several PCR-based methods. The removal of 

residual sodium bisulfite after the treatment is crucial to ensure optimal results since 

its presence affects the activity of certain DNA polymerases, avoiding the replication of 

the DNA. 
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As an epigenomics core facility, although there are conversion kits from other 

companies, we always use the EZ DNA methylation kit from Zymo Research 

Corporation for its versatility since it is valid for PCR amplification for downstream 

analyses including endonuclease digestion, sequencing, microarrays, etc. It is worth to 

mention that this conversion kit from Zymo is the only one validated and 

recommended for Genome-wide DNA methylation procedures using the Infinium EPIC 

beadchip microarrays by Illumina Inc. A review of the most commonly used PCR-based 

methods applied after bisulfite conversion to evaluate locus-specific DNA methylation 

are described below. 

 

1.1 Methylation specific PCR 

Methylation specific PCR (MSP) is a classical method that uses two set of primers, one 

set that favours amplification of unmethylated DNA and another one that is specific for 

methylated DNA (reviewed by [13]). Two PCR reactions are performed for each 

sample, and the fragments are analysed by gel electrophoresis[14]. 

The design of the primers is the most criticalstep of this method;the following criteria 

are recommended to be used for the design: 1) methylated and unmethylated primers 

should anneal to the same CpG containing region, 2) primers should be around 30 bp 

in length, to ensure specificity, 3) primers sequence should contain at least 4-5 

thymines derived from non CpG cytosines to assure specificity for converted DNA, 4) 

each primer should contain from one to three CpGs located at its 3´end,5) the 

annealing temperature of both primers should be similar (difference should be less 

than 2°C); it should range from60°Cto 65°C, ) nested or semi-nested primer sets can 

aid to improve the specificity or/and sensitivity of the PCR reaction. 

 

Severalfree 

software(http://www.appliedbiosystems.com/methylprimerexpress/,http://bisearch.e

nzim.hu/, http://mspprimer.org, http://perlprimer.sorceforge.net, and 

http://www.urogene.org/methprimer)are available for the design of methylation 

specific PCR primer sets. 

http://www.appliedbiosystems.com/methylprimerexpress/
http://bisearch.enzim.hu/
http://bisearch.enzim.hu/
http://www.urogene.org/methprimer
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The quality of the DNA is a crucial factor for reliable methylation analysis, poor 

reproducibility has been associated with low quality of the DNA [15]. Also, the PCR 

conditions are very important to assure the good yield of the method, thus the use of 

optimal number of PCR cycles and temperature annealing as well as the use of controls 

are necessary to avoid false results. The number of amplification cycles should not 

exceed 35 and the annealing temperature should be optimized using fully methylated 

and fully unmethylated DNA controls. Appropriate controls as PCR with methylated 

and unmethylated standards, no template control and PCR with non-converted DNA 

should be performed. The PCR products length should be between 80 and 175 bp [16]. 

Several real time PCR adaptations of the MSP have also been developed, making this 

method quantitative and allowing the calculation of the relative methylation through 

the difference of their Ct values. PCR products can be detected by TaqMan probes 

(Methylight) or by an intercalating dye as SYBR green (MethylQuant). In the Methylight 

assay, the bisufite converted DNA is amplified by quantitative PCR using a pair of 

specific probes, either for methylated or unmethylated DNA, flanking an 

oligonucleotide probe with a 5´fluorescent reporter dye and a 3´quencher dye 

(TaqMan probe). The Taq polymerase cleaves the probe and releases the reporter. The 

fluorescent signal can be detected in a nucleotide sequencer device. It will be 

proportional to the amount of the PCR product generated. The quantification is 

possible due to the inclusion of a methylated reference DNA[17]. The TaqMan probe 

binds only to a specific region (methylated or unmethylated sequence). The assay is 

very specificthough very costly. The use of an intercalating dye (as SYBR green) instead 

of the TaqMan probe is a more economical option but less specific. This method allows 

amplification and quantification of the methylated DNA regions using real time PCR 

and primers whose 3´ end discriminates between the methylation states of a specific 

cytosine[18]. The best conditions for both methods should be determined by the 

amplification curve and the melting curve using fully methylated and unmethylated 

DNA controls. 

Among the advantages of the MSP we could underline the accuracy (low rates of false 

negatives), the flexibility in selecting region for analysis and the time- and cost-

effectivity. Moreover, the real time MSP allowsincreased sensibility as well as 
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quantitative assessment of DNA methylation levels.Two obvious drawbacks are the 

assessment of limited CpG sites at a time and the standardization in the results output 

is not as high as other techniques.  

 

1.2 Bisulfite sequencing PCR 

Genomic sequencing of bisulfite converted DNA is one of the most popular techniques 

for DNA methylation studies.DNA sequencing technique is unable to distinguish 

cytosines frommethylcytosines but the performance of bisulfite treatment prior to the 

sequencing will allow the discrimination of unmethylated cytosines being deaminated 

to uracil and sequenced as thymines and methylated cytosines remaining unconverted 

and sequenced as cytosines.After bisulfite treatment,DNA samples are amplified by 

single or semi nested PCR reaction using specific primers not overlapping CpG sites, to 

amplify both methylated and unmethylated alleles. The resulting PCR productsare 

visualized by agarose gel electrophoresis and sequenced directly using the Sanger 

method.Comparison of the untreated DNA sample with the bisulfite converted DNA 

sample will allow the detection of methylation patterns for a specific region at the 

resolution of a single nucleotide.Although it is a simple method that can be used for 

quick validation,it presents several challenges such as noisy sequencing results and low 

sensitivity due to the mixture of alleles and heterogeneous methylation patterns[19]. 

An alternative to the direct sequencing is the cloning of the PCR products into plasmid 

vectors and transfection to competent cells. Antibiotic resistant colonies are selected 

and expanded. The plasmid DNA is isolated, and the interest region sequenced. This 

method is time consuming, tedious and costly, but it provides information on the ratio 

of methylated and unmethylated cytosines when enough number of clones is 

analysed. Moreover, this assay provides methylation information of single DNA 

molecules in given regions of the genome, instead of the methylation average values 

provided by direct sequencing of the PCR products. However, some pitfalls have also 

been reported as differences in the cloning efficiency amongamplicons with and 

without cytosines[8]. 

In the bisulfite sequencing PCR, the use of quality DNA, the design of appropriate 

primers and the use of controls to monitor conversion and amplification are necessary 
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to ensure reliable results.Specific primers that allow the amplification of the DNA 

regardless of its methylation status need to be designed. These primers should not 

bind regions containing CpG dinucleotides and should flank a sequence of converted 

DNA containing several thymines coming from the conversion of non-CpG 

cytosines.Inclusion of the entire CpG island within the amplicon is recommended, 

when possible [20]. To reduce nonspecific amplification during the direct sequencing, a 

variant of this technique which uses two rounds of nested PCR with a set of modified 

primers (primers with a GC-rich tag at 5´end) for the second round has been 

developed[7,21]. PCR conditions that assure the equal amplification of methylated and 

unmethylated DNAare required, these conditions should be stablished by selecting an 

optimal primer set and the appropriate annealing temperature in a control DNA from a 

mixture containing equal number of fully methylated and unmethylated DNA 

molecules[22]. To avoid amplification of chimeric products or even PCR products 

present in the template DNA, PCR cycles should be minimized as possible to obtain 

sufficient amount of PCR products for cloning. 

 

1.3 Droplet Digital PCR 

Droplet digital PCR (ddPCR) is a digital single molecule sequencing, based on water-oil 

emulsion droplet technology. This method consists of sample fractionation (20,000 

droplets) of previously bisulfite converted DNA. PCR amplification occurs in each 

individual droplet, and subsequently every droplet is analysed to determine the 

fraction of PCR-positive droplets in the original sample. The key point of this technique 

is the massive sample partitioning [22]. 

This method is a quick assay in which individual DNA molecules can be amplified, 

screened, purified and sequenced in the same day [23] from a low volume of sample 

(from 8 µL of sample could be considered as a valid volume). A drawback of this 

technique is the laborious design of the primers. The design of methylation 

independent primersis the most critical step of this method due to the high density of 

gene’s CGs.  
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The benefits of the ddPCR include an absolute quantification (provides a total count of 

target DNA copies per input sample), an excellent precision (sample fractionation 

enables the measurement of small fold differences), an increased signal-to-noise ratio 

(allows sensitive detection of rare targets and a ±10% precision in quantification), a 

simplified quantification (target molecules of interest can then be counted as positive 

or negative droplets and their concentration in the sample computed does not rely on 

a standard curve) and more number of copies per sample. Sample fractionations 

enable 20,000 droplets per 20 uL of mix that contains DNA obtained from different 

types of sample such as blood, tissue, liquid biopsies, FFPE. In the case of FFPE and 

liquid biopsies, triplicates per sample are required due to the low concentration of 

these type of samples. 

The ddPCR is an exceptional ultrasensitive and quantitative method that can be a very 

useful tool for searching and validating biomarkers for clinical application in low-

quantity samples, such as non-invasive human samples (cfDNA obtained from liquid 

biopsy) [24]. 

 

1.4 Bisulfite Pyrosequencing 

Pyrosequencing is considered the gold standard for DNA methylation studies. Bisulfite 

pyrosequencing is a quantitative technique that is based on the amplification of 

bisulfite converted DNA by PCR and subsequent pyrosequencing.Difference between 

pyrosequencing and Sanger sequencing relies on the detection of pyrophosphate (PPi) 

released from nucleotide incorporation during primer extension reaction, rather than 

chain termination with dideoxynucleotides. PCR amplification of bisulfited DNA is 

performed using biotinylated primers, which allows the purification (streptavidin-

coated beads) and the retention of the single-stranded template containing the biotin. 

In the next step, the pyrosequencing primer is annealed to perform the sequencing-by-

synthesis. In each round of reaction, only one type of deoxynucleotide triphosphate 

(dNTP) is dispensed at a time. If this dNTP matches with the next base of DNA 

template, it will be added to the sequencing primer and pyrophosphate(PPi) will be 

released in a quantity equimolar to the amount of incorporated nucleotide. ATP 
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sulfurylase will catalyze the bound of adenosine phosphosulfate (APS) to PPi to 

generate ATP, which is utilized by luciferase to convert luciferin to oxyluciferin and 

produce visible light. The light produced in the luciferase-catalyzed reaction is 

captured by a charge-couple device (CCD) camera and seen as a peak in the raw data 

output (Pyrogram).The height of each peak is proportional to the number of 

nucleotides incorporated. If the dNTP doesnot match with the next base of DNA 

template, the reaction will not happen, and light will not be detected. Another 

enzyme, an apyrase, degrades unincorporated dNTP as well as residual ATP. After the 

completion of the round, another type of dNTP will be added, and the process will be 

repeated. Thus, DNA methylation analysis by pyrosequencing permits simultaneous 

analysis and quantification of the methylation status of each CpG site. The methylation 

percentage will be calculated from the ratio of heights of a cytosine peak (methylated 

signal) and the sum of cytosine and thymine peak (unmethylated and methylated 

signal)[26]. 

High quality primer design is crucial for the reliability of the technique. Thus, for the 

design of the amplification primers the following recommendations should be 

considered: 1) primers should be around 30 bp, 2) presence of at least four non-CpG 

cytosines to assure that only completely bisulfite converted DNA will be amplified 3) 

presence of a maximum of one CpG in the primer sequence, 4) presence of 

palindromes within primers, complementary sequences between primers, 

degenerated bases or inosine should be avoided. In the case of the design of the 

pyrosequencing primers it is important to point out that one of the primers must be 

biotinylated on its 5´end. In some cases, a combination of biotinylated primer and a 

tailed reverse primer could be used.Moreover, primers should be checked for primer 

dimers or possible hairpin structures[27]. The last four or five bases on the 3´end 

should be unique in the amplicon and the sequence should differ from the 

amplification primer in at least one additional nucleotide on the 3´end (reviewed in 

[28]).As it was described above, free software for primer design is available. Moreover, 

several companies offer predesigned primer sets or even full assay design for desired 

regions. 
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The procedure is simple, highly reproducible, excellent ratio quality/price and very 

accurate quantifying multiple CpG methylation sites in the same 

reaction.Resultoutputs highly standardized. Moreover, it allows the study of 

heterogeneous samples, where only a fraction of cells presents a differentially 

methylated gene of interest. The only significant drawback is the low number of base 

pairs that isevaluated per amplicon(around 50-60 base pairs), which limits the amount 

of CpG sites that can be assessed.The use of several sequencing primers or even a 

variant called serial pyrosequencing can help to overcome this disadvantage[29,30].As 

an epigenomics core facility, we have employed this technique for DNA methylation 

analyses in human samples, identifying several epigenetic signatures with clinical 

relevance for early diagnosis and prognosis in lung cancer[31–33]. 

 

1.5 Epityper 

Epityper DNA methylation analysis, provided by Agena Bioscience (formerly Sequenom 

Inc) is a quantitative assay that combines base-specific enzymatic cleavage and matrix-

assisted laser desorption ionization time-of-fight mass spectrometry (MALDI-TOF MS) 

to quantify individual CpG-site methylation [34,35]. In this method, bisulfite converted 

DNA is amplified by PCR, using a T7 promoter tagged reverse primer, transcribed in 

vitro into a single-stranded RNA molecule and, subsequently, cleaved by RNase A. 

Base-specific cleavage products are measured by mass spectrometry. The conversion 

of unmethylated cytosine to uracil during bisulfite treatment will provoke the 

incorporation of T bases during amplification and the subsequent cleavage of the U 

bases in the translated RNA.The cleavage products resulting from methylated and non-

methylated DNA will have the same length but different nucleotide composition and 

mass. Thus, the DNA sequences containing methylated CpG dinucleotides were 

protected from bisulfite conversion, therefore the corresponding RNA fragments will 

be heavier in mass than the ones that have not been protected from the conversion. 

This shift is measured by mass spectrometry and the DNA methylation percentage of a 

given CpG is calculated and displayed as a graphical representation, called epigram. 

Sequenom provided a user-friendly data analysis option.  
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As in other PCR-based techniques applied to bisulfite converted DNA, primer design is 

crucial for successful amplification. Specifically, primers should bind to both 

methylated and unmethylated templates and should be designed to generate a 200-

600 bp product. Also, the software described above as Methprimer, 

Methylprimerexpressor evena specific software called 

Epidesigner(http://www.epidesigner.com)could be used to design the primers. The 

latter one detects which CpG sites can be measured with this assay and designs 

primers for both strands(forward and reverse) simultaneously. 

The Epityper technology allows an accurate, fast and reproducible quantification of 

DNA methylation status of single or multiple CpG positions in a large number of 

samples.Due to the short amplicon lengths needed, DNA from different types of 

samples (liquid biopsies, fresh frozen tissue, formalin fixed paraffin embedded tissue, 

microdissected cells, buccal cells and hair follicles) can be analyzed using this 

technique.A limitation of the Epityper assay is the presence of polymorphisms in the 

sequence of interest. This polymorphism can cause a change in the mass or even a 

different fragmentation pattern and thus an incorrect interpretation of the 

methylation status of the sequence. Another limitation is the presence of contaminant 

peaks due to different factors such as conjugation of analytes with salts, depurination 

of G or abortive amplification cycles during PCR. 

 

1.6 Methylation-sensitive high-resolution melting(MS-HRM) 

Methylation sensitive high-resolution technologyis based on the comparison of the 

melting profiles of sequences that differ in base composition. Cytosine and guanine of 

complementary strands of the DNA are bound by a triple hydrogen bond while a 

thymine and an adenine are linked by a double hydrogen bond. After bisulfite 

conversion, the DNA templates are amplified by PCR and the products will be analyzed 

by high resolution melting, a method that subjects the DNA to an increasing 

temperature gradient in the presence of a DNA intercalating fluorescent dye. At the 

melting temperature, the PCR products dissociate into two single strands, provoking 

the release of the dye and a sharp drop in the emitted fluorescence. The PCR products 

http://www.epidesigner.com/
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originated from the methylated allele will have different composition and thus melting 

temperature compared to unmethylated variant from the same locus. The assessment 

of the percentage of a particular methylated allele will be performed through 

comparison with profiles of methylated and unmethylated controls[36]. 

The primer design follows some recommendations described previously for other 

methylation techniques as the length of the primers (15-30bp), similar melting 

temperatures of the primers (65°C),the inclusion of one to three CpG located as far as 

possible from the 5´end of the primer and 4-5 thymines derived from non CpG 

cytosines to assure specificity for converted DNA. The amplicon should be around 100 

bp to reduce complexity of its melting profile [20,36]. 

Several programs as Melt (http://web.mit.edu/osp/www/melt.html),OligoCalc 

(http://www.basic.northwestern.edu/biotools/oligocalc.html)or 

Poland(www.biophys.uni-duesseldorf.de/local/POLAND//poland.html)are available for 

the prediction of the melting temperature of the PCR products. 

This assay is highly sensitive, labour- and cost-efficient for single locus methylation, 

allowing the detection of small differences (5-10%) in DNA methylation or even the 

contribution of methylated DNA from heterogeneous population of cells within a 

sample. However, the accuracy of the technique can be affected by different factors as 

the location and the length of the amplicon , the quality of the DNA or even the DNA 

preparation technique[37]. 

 

2. Methylation specific Restriction Enzyme-based approaches 

These methods are based on a selective digestion of the DNA by certain methylation 

specific restriction endonucleases (MSRE) as MspI, HpaII, NotI or SmaI. The most 

commonly used is HpaII, an endonuclease that can recognize and cleave the CCGG 

sequence when it is unmethylated but will not cut the restriction site when a methyl 

group is added to the CpG dinucleotide (CmCGG). Also, a pair of endonucleases with 

different sensitivity for a particular restriction site can be used. HpaII and MspI is one 

of these pairs, where HpaII as previously mentioned, is a methylation-sensitive 

endonuclease while MspI cuts the restriction site regardless of its methylation status. 

http://web.mit.edu/osp/www/melt.html
http://www.basic.northwestern.edu/biotools/oligocalc.html
http://www.biophys.uni-duesseldorf.de/local/POLAND/poland.html
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An important limitation of the enzyme MspI is that the cleavage of the sequence is 

inhibited if the C next to CpG is methylated[38]. Another limitation of some restriction 

enzymes is that they are not able to distinguish between cytosines methylated at 

different positions in the pyrimidine ring [39]. A critical step to ensure the success of 

the method is the complete digestion of the DNA, thus strict controls need to be 

performed to avoid false results. 

Different methods could be combined with the digestion by MSRE to assess the 

methylation status of the DNA. A review of the most commonly used are described 

below. 

 

2.1 MSRE-Southern blot 

In this assay, DNA is digested by a pair of methylation-sensitive and -

insensitive restriction enzymes and the products are separated by electrophoresis, 

transferred to a nitrocellulose filter and hybridized with a radiolabelled probe. DNA 

fragments unaffected by digestion are obtained when the restriction site is 

methylated. 

 

2.2 MSRE-PCR 

After digestion with the MSRE,DNA fragments are amplified by PCR using primers that 

surround the sequence of restriction sites. PCR products are separated by 

electrophoresis. Absence of band in the gel means presence of methylation in the 

restriction site.  

New protocols employ quantitative PCR instead of traditional PCR. This approach 

allows the calculation of the methylation percentage from threshold cycles (Ct) 

measured for digested and undigested control DNA. Nowadays, different companies 

provide easy-to-use kits that allow simple and rapid locus-specific DNA methylation 

assessment using real-time PCR amplification of a methylated region after digestion 

with restriction enzymes. Among the most popular kits is OneStepqMethyl Kit from 

Zymo Research that contains mixes of MSREs to target more sites[40]. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/restriction-enzymes
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scGEM workflow from Fluidigm can assess DNA methylation at a single-cell level, 

allowing to dissect heterogeneous methylation patterns in complex tissues. This assay 

uses qPCR to evaluate digestion of target loci by the methylation sensitive restriction 

endonuclease HpaII. A single reverse primer and two forward primers (short and long) 

located on either side of the methylation sensitive endonuclease site are required. 

Meantime the short forward primer will amplify regardless of the methylation status of 

the locus, the long forward primer will exclusively amplify if the site is methylated and 

therefore protected from the endonuclease digestion. The short amplification product 

will always be present and is used as a positive control while the presence or absence 

of the long product indicates the locus is methylated or unmethylated, respectively. 

Good quality of the primers is essential for the success of the single cell DNA 

methylation assay[41]. 

Methylation specific MSRE primers can be designed using the following free software 

http://www.bioinformatics.nl.cgi-bin/primer3plus/primer3plus/cgi 

andhttp://ncbi.nlm.nih.gov/tools/primer-blast/. 

 

2.3 COBRA 

The COBRA assay combines the bisulfite conversion and the digestion with restriction 

enzymesto detect methylation. In the COBRA assay, the DNA is modified with bisulfite 

and amplified by PCR. Amplification products are digested with endonucleases that 

distinguish methylated and unmethylated sequences. The percentage of DNA 

methylation is calculated by quantifying the ratio of digested and undigested PCR 

products[42]. 

Despite the fact that MSRE-based approaches are simple, rapid and specific,theiruses 

are limited due to the reduced availability of informative restriction sites, and the high 

number of false positive results after incomplete digestion. 

3. Affinity enrichment-based approaches 

Antibodies against 5-methylcytidineor methyl-CpG binding domain (MBD) proteins are 

used to isolate methylated DNA from the rest of the DNA. 

http://www.bioinformatics.nl.cgi-bin/primer3plus/primer3plus/cgi
http://ncbi.nlm.nih.gov/tools/primer-blast/
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In the Methylated DNA Immunoprecipitation(MeDIP) assay, an antibody that 

specifically recognizes and immunoprecipitates DNA containing methylated cytosines 

is used[43].This assay requires single stranded DNA for the binding of the antibody. 

The methylated DNA is recovered by means of protein G magnetic beads. This method 

allows a highly enrichment of the eluted DNA for 5-methylcytosine DNA fragments. 

The MBD affinity purification (MAP) approaches use MBD proteins to selectively 

capture and separate 5-methylcytosine DNA from the rest of the genomic DNA. Two 

interesting advantages of this technique are: 1) the protein recognizes methylated 

DNA in its native double-strand form and 2) the MBD protein binds only to DNA 

methylated in a CpG context to ensure the enrichment of methylated DNA. The 

methylated DNA is recovered by means of nickel-coated magnetic beads that bind to 

the complex protein-DNA, which are then separated using a magnet. Alternatively, 

methylated DNA can be fractioned according to the degree of CpG methylation using 

an MBD column and elution series with increasing salt concentration, as it was 

described originally [44]. 

After isolation of methylated DNA using any of these approaches, the DNA 

fragmentsare eluted from the beads and analyzed by bisulfite conversion followed by 

any of the methods described above (methylation specific PCR, cloning and 

sequencing, pyrosequencing, epityper…).  

Affinity enrichment-based approaches are easy, specific and sensitive. However, one of 

the limitations of these assays is that enrichment of sequences with high number of 

CpG is more frequent than CpG poor fragments, such regions can be underrepresented 

or interpreted as unmethylated [45]. Normalization of the CpG content must be 

performed using computational analysis and is not as standardized as other methods. 

 

CONCLUDING REMARKS 

Rapid development of new approaches has allowed a deep knowledge of the 

involvement of DNA methylation in developmental mechanisms and human diseases. 

Many methylation changes have been demonstrated to be specific of certain 

disorders. Moreover, the presence of differentially methylated sequences in DNA are 
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potentially diagnostic, prognostic and predictive markers in cancer, autoimmune 

diseases, metabolic and neurological disordersin human diseases[5]. This review 

highlights several considerations for specific DNA methylation analysis.Understanding 

the type of information provided by and based onthe advantages and limitations of 

each method, researchersmay choose the most appropriate approach for their 

analysis. 
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on state 

of a 
specific 
cytosine 

MIP 
primers 
preferab

ly not 
overlapp
ing CpG 

sites 

MIP(2) 
primers 
prefera
bly not 
overlap

ping 
CpG 
sites 

MIP 
primers 

preferably 
not 

overlappin
g CpG 
sites 

MIP primers 

preferably not 

overlapping 

CpG sites (One 

of the primers 

biotylinated on 

its 5’ end) 

MIP 

primers not 

overlapping 

CpG sites 

(one of the 

primers 

tagged with   

a T7 

promoter 

MIP 
primers 

overlappi
ng a 

limited 
number 
of CpG 
sites. 

(Length 
and 

temperat
ure of 

primers is 
crucial to 

primer 
design) 

Primers 
surrounding the 
restriction sites 

(MSRE-PCR) 

MIP 
primers 

not 
overlapp
ing CpG 

sites 

(1) 
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g CpGs) 
sequence) 

Resoluti
on (3) + ++ +++ +++ +++ +++ +++ ++ + ++ ++ 

Specifici
ty (3) +++18 ++48 +++ +++ +++ +++ +++ ++36 +++ +++ ++65,66 

Quantita
tive (3) +++46 +++18 +50 ++49,50 +++56 +++51,52 +++34 ++36,62 + +++41 (1) 

Sensitivi
ty (3) +++17 ++18 +50 ++19,50 +++24 ++53,59 ++34 +++36 

++64(MSRE-PCR) 
+(MSRE-

Southern Blot) 
+++41 ++65,66 

Accurac
y (3) +++17,46 ++48 ++58 +58 +++56 ++52 ++34 +++36 ++ +++41 (1) 

Reprodu
cibility 

(3) 
++17 ++18 ++60 ++54 +++ ++52 +61 +++36 ++ ++ (1) 

Major 
advanta

ges 

Closed 
tube 
assay 

Economic
al Rapid 

Single-

molecul

e DNA 

methyla

tion 

analysis 

Rapid, 

single-

molecule 

DNA 

methylatio

n analysis, 

not 

reliance 

on a 

standard 

curve 

Rapid, easy of 
use, high 
reliability 

Rapid, 
applicable 
in a large 

number of 
samples 

Rapid, 
easy of 

use, 
in-tube 
assay, 

overcom
es PCR 

bias 
frequentl
y found 
in MIP 

amplificat
ions, 

detects 
heteroge

neous 
methylati

on 
 
 
 

Easy of use, 
rapid, avoids 
some of the 

problems 
inherent in 

bisulfite 
conversion, 

detects 
heterogeneous 

methylation 

Easy of 
use, 

time-
efficient, 

avoids 
false 

positive 
results 

Can be 
combined with 

other 
convenient 

assays. MeDIP 
enriches 5-

methylcitosine 
in a dose-

dependent 
and sequence-
independent 
manner, MAP 
distinguishes 
fractions of 

DNA according 
to the degree 

of CpG 
methylation 

Major 
limitatio

ns 

Costly, 
cannot 
detect 
hetero- 
geneou

s 
methyla

tion 

Not 
appropria
te for the 
analysis 

of 
heterogen

eous 
pathologi

cal 
samples 

Noisy 
sequenci

ng 
results 

Time-
consum

ing, 
costly, 
cloning 

bias 
Cloning 
proced

ure 
(time 
and 

money 
consum

ing)  
 

Requires 
dPCR 

instrumen
tation, 

laboriousd
esign of 

the 
primers 

Requires 
pyrosequencing 
instrumentatio
n, short read 

length 

Requires 
mass-

spectromet
ry 

knowledge, 
misinterpre

tations 
occurs in 

the 
presence of 

SNPs, 
(*more 

cost-
effective 
for high- 

throughput 
analysis) 

Cannot 
provide 

informati
on on the 
methylati
on status 

of 
individual 
CpG sites 

Prone to false 
positive results, 
not applicable 

to locus without 
defined CpG 

islands, limited 
number of CpGs 
located within 

appropriate 
restriction sites, 

costly 

Limited 
number 
of CpGs 
located 
within 

appropri
ate 

restrictio
n sites, 
limited 
to the 

analysis 
of 1 CpG 
(althoug
h it can 
predict 

the 
methylat

ion 
status of 
the CpGs 

Only 
identificates 

the 
methylated 

status. MeDIP 
requires 

methylated 
cytosines in 

high density & 
MAP requires 
methylated 
CpGs in high 

density 
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in the 
same 
DNA 

region) 

 
 
 
Table 1. Comparison of experimental approaches for the analysis of locus specific DNA 
methylation. (1) These features of the MeDIP& MAP assays vary significantly depending on the 
subsequent method applied to analyze the enriched methylated DNA. (2) Methylation Specific PCR 
(MSP) primers are designed to amplify only methylated or unmethylated DNA, whereas 
Methylation Independent PCR (MIP) primers are designed to amplify both methylated and 
unmethylated DNA. (3) Note that the resolution, specificity, quantitative, sensitivity, accuracy and 
reproducibility levels of the assays are displayed ranging from “+”, meaning: not high resolution, 
low specificity, not reliable for quantification, low sensitivity, low accuracy, and low reproducibility 
(respectively); to “+++”, meaning single base resolution, high specificity, accurate quantification, 
high sensitivity, high accuracy, and high reproducibility (respectively).  
 
RESOLUTION:  
+: not high resolution 
++: moderate-high resolution  
+++: single base resolution  
 
QUANTITATIVE 
+: not reliable for quantification   
++: quantitative technique 
+++: accurate quantification  
 
REPRODUCIBLE 
+: low reproducibility  
++: reproducible  
+++: high reproducibility  
 
ACCURACY 
+: low accuracy 
++: accurate 
+++: high accuracy   
 
SPECIFICITY 
+: low specificity 
++: specific 
+++: high specificity 
 
SENSITIVITY 
+: low sensitivity  
++: sensitive  
+++: high sensitivity  
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*Methylation haplotypes = methylation status of each CpG within an individual DNA molecule 
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