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Abstract 6 

Methylation of cytosine at the 5-position is a common epigenetic marker in mammalian DNA, and plays 7 

an important role in regulating gene expression. Oxidised derivatives of 5-methylcytosine have recently 8 

been discovered. As well as being intermediates in an active demethylation pathway, some of these 9 

oxidised derivatives may function as epigenetic markers in their own right. Oxidised derivatives of 10 

thymine are also known as products of DNA damage. There is evidence however that one such 11 

derivative, 5-hydroxymethyluracil, may play an epigenetic role. There is a pressing need to learn more 12 

about these modifications, due to the role epigenetic markers play in development, and diseases such 13 

as cancer. This emerging area of research requires methods for detecting cytosine and thymine 14 

modifications in DNA with a high degree of accuracy and sequence specificity. This review will introduce 15 

the biochemistry of cytosine and thymine modifications, and discuss new and established detection 16 

methods which have been developed to overcome the high degree of difficulty associated with studying 17 

these modifications in DNA. 18 

Introduction: Cytosine and Thymine Modifications 19 

DNA codes for all the proteins necessary for life, but the DNA sequence is not the sole determinant of 20 

all the phenotypic traits of cells and organisms. Transcription of DNA is tightly regulated by epigenetic 21 

modifications, which play an important role in controlling when and where specific genes are 22 

expressed.1,2 Epigenetic modifications regulate important processes such as cellular differentiation, and 23 

are also implicated in various diseases including cancer, autism spectrum disorder, and other 24 

developmental diseases such as Rett syndrome.3–5 Epigenetic control of gene expression is often 25 

mediated through covalent modification of DNA itself, or of the histone proteins which pack DNA in the 26 

nucleus. These modifications do not result in changes to the DNA sequence, but can affect the binding 27 

of certain proteins to the DNA, including transcription factors and proteins which regulate chromatin 28 

structure.6–8  29 

In mammals and many other eukaryotes, the most common epigenetic covalent modification of DNA is 30 

methylation of cytosine (C) at the 5-position. Such modifications can be inherited, but can also be 31 

enzymatically introduced and removed in response to stimuli.9 5-Methylcytosine (mC) is introduced by 32 

the methylation of cytosine residues by DNA-methyltransferases (DNMTs) with an 33 

S-adenosylmethionine cofactor. 5-Methylcytosine is most often found in the context of 5'-cytosine-34 

phosphate-guanine-3' (CpG) dinucleotides. Regions containing a high density of CpG sequences are 35 

found in about 72% of promoters in the human genome.10 Methylation of these regions causes 36 
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transcriptional inactivation of the associated gene.9 One of the roles which epigenetics plays in cancer 37 

is the silencing of tumour suppressor genes by the methylation of CpG sites in their promoters.11 DNMT 38 

inhibitors are thus used as anti-cancer drugs.12 Cytosine methylation may also play a role in regulating 39 

chromatin folding.13 40 

It was previously assumed that demethylation of mC occurred only by passive dilution, the replication 41 

of cells without maintenance of methylation patterns. However the recent discovery of oxidised forms 42 

of mC has revealed a new active demethylation pathway, summarised in Figure 1. 5-Methylcytosine 43 

can be converted to 5-hydroxymethycytosine (hmC) by the ten-eleven translocation dioxygenase (TET) 44 

family of enzymes, which includes TET1, TET2, and TET3. A dioxygen molecule is transferred to α-45 

ketoglutarate and mC via reactive Fe(III)/Fe(IV) intermediates to give succinate and hmC.14 46 

5-Hydroxymethylcytosine can be further oxidised by TET enzymes to 5-formylcytosine (fC) and 47 

5-carboxylcytosine (caC).15 both of which can be excised by thymine-DNA-glycosylase (TDG) to give 48 

an abasic site.16 Unmodified cytosine can then be restored by base excision repair (BER). It has also 49 

recently been shown by Carell and co-workers that fC and potentially also caC can be directly converted 50 

to C through deformylation or decarboxylation.17,18 The AID/APOBEC family of enzymes can deaminate 51 

mC to T, resulting in mismatched T:G base pairs which are then repaired by BER.19 There is also 52 

evidence for AID/APOBEC induced deamination of hmC in vivo,20,21 although a study using purified 53 

AID/APOBECs found that they show low activity on mC compared to C, and caused no detectable 54 

deamination of hmC in vitro.19  55 

There is evidence that oxidised mC derivatives serve not just as intermediates in this demethylation 56 

pathway, but also as epigenetic markers in their own right.22 Modifications at the cytosine 5-position 57 

protrude into the major groove of DNA and are thus available for interaction with DNA-binding 58 

molecules.2 Differences in their hydrogen-bonding properties, as well as steric differences, allow 59 

differentiation between them. NMR studies have shown that the formyl group in fC and the carboxyl 60 

group in caC are held rigidly in the plane of the cytosine ring due to an intramolecular hydrogen bond 61 

with the amino group at the 4-position.23 On the other hand the hydroxy group in hmC has been found 62 

in two different conformations in crystal structures23 and thus appears to rotate freely. This exaggerates 63 

what would otherwise be a subtle difference in the steric properties of hmC and fC, allowing for easier 64 

discrimination between these modifications by DNA-binding proteins. 65 

Some hmC modifications, particularly those at promoters and at poised and active enhancers, appear 66 

to be stable and not subject to further oxidation by TET enzymes.24 5-Hydroxymethylcytosine is also 67 

enriched in exons and near transcriptional start sites.25 5-Hydroxmethylcytosine has been found to be 68 

especially abundant in the brain, particularly in Purkinje neurons.26 Embryonic stem cells also exhibit 69 

elevated hmC levels. Certain cancer cell types on the other hand have lower than normal genomic hmC 70 

content.26 All this suggests that hmC plays a role in gene regulation and that cell-type specific regulation 71 

of TET dioxygenases may be an important mediator of epigenetic control.22  72 

5-Formylcytosine appears to be a semi-permanent marker in some cases as well. For example it was 73 

observed in one study that TDG removed only 50% of fC at specific genomic sites.27 5-Formylcytosine 74 
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is known to preferentially occur at poised enhancers in mouse embryonic stem cells,28 and several 75 

proteins have been identified, including transcription factors and chromatin regulators, which show a 76 

preference for binding to regions containing fC.29 Lysine residues in histone proteins have been shown 77 

to form imine crosslinkages with fC,residues in DNA, which may play a role in nucleosome 78 

positioning.30,31 The activity of RNA polymerase II has been shown to be significantly affected by the 79 

presence of fC or caC in template DNA.32 5-Formylcytosine is also found in mitochondrial tRNA 80 

molecules, where it modulates codon-anticodon interactions.33  81 

WT1, a zinc-finger transcription factor protein, binds most strongly to caC, due to electrostatic and 82 

hydrogen bonding interactions of the negatively charged carboxylate of caC.34 MAX, another 83 

transcription factor involved in multiple myeloma, has a greater affinity to its binding site when C or caC 84 

is present compared to mC, hmC, or fC35 This suggests an epigenetic role for caC. 85 

TET enzymes have also been shown to convert mC to hmC, fC, and caC in RNA,36–40 suggesting a role 86 

for these modifications in regulating translation. The presence of hmC in RNA has indeed been shown 87 

to facilitate translation.40 88 

5-Hydroxymethyluracil (hmU) and 5-formyluracil (fU) are oxidised derivatives of thymine that occur in 89 

DNA. These thymine modifications are known to result from DNA damage by reactive oxygen species 90 

(ROS), and both are associated with mutagenesis.41,42 Furthermore, it was discovered by Carell and 91 

co-workers in 2014 that TET enzymes oxidise thymine to produce hmU (Figure 2) in mouse embryonic 92 

stem cells, and that the hmU bases influence the binding of some chromatin remodelling proteins and 93 

transcription factors.43 This suggests that hmU also functions as an epigenetic marker.  94 

Cytosine and thymine derivatives play an important biological role, not only in demethylation pathways, 95 

but are not yet fully understood. There is therefore a pressing need for further study of these 96 

modifications. Such research requires the development of robust methods which can detect pyrimidine 97 

modifications in genomic DNA with a high degree of accuracy and sensitivity. Levels of cytosine 98 

modifications in DNA depend on a number of factors, such as age, tissue type, and disease state.26,44,45 99 

As a representative example of the relative abundances of these modifications, in mouse embryonic 100 

stem cells levels of hmC, fC, and caC were found to be 0.13%, 0.002%, and 0.0003% of all cytosines 101 

respectively.15 5-Methylcytosine is more abundant, present at a level of >4% of all cytosines in most 102 

healthy human tissues.46 Levels of hmU and fU in mouse embryonic stem cells were found to be 5% 103 

and 22% relative to fC levels respectively.43 104 

Chemical Detection Methods 105 

A large number of detection methods for cytosine modifications in DNA have been developed. Genome 106 

wide levels of all cytosine modifications can be determined using mass spectrometry based 107 

methods.18,44,45,47–49 Chemical labelling of cytosine modifications to introduce easily ionisable groups 108 

has been used to improve the sensitivity of their detection by mass spectrometry.41-46 Methods 109 

employing high performance liquid chromatography (HPLC),56 or high performance capillary 110 

electrophoresis57 have also been used to determine genome wide levels of cytosine modifications. A 111 
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method based on thin-layer chromatography was used to detect fC and caC in DNA for the first time in 112 

2011.15 113 

In addition to studying genome wide levels of cytosine modifications, it is also desirable to develop 114 

methods to study these modifications at specific loci. Some early chemical methods for the sequence 115 

specific detection of mC were based on the Maxam-Gilbert sequencing method, and have previously 116 

been reviewed by Balasubramanian and coworkers.58  Ongoing developments include two different N-117 

halogeno-N-sodiobenzenesulfonamide reagents have been used for the detection of mC in Maxam-118 

Gilbert sequencing (Figure 3).59 Treatment of DNA with N-sodio-N-chloro-p-nitrobenzenesulfonamide 119 

(1) in conjunction with I2 causes selective iodination of C residues, while treatment of DNA with N-sodio-120 

N-bromo-m-nitrobenzenesulfonamide (2) causes bromination of both C and mC bases. Treatment of 121 

the DNA samples with hot piperidine then causes strand cleavage at the halogenated sites. After gel 122 

electrophoresis, comparison of the results obtained after treatment with N-sodio-N-chloro-p-123 

nitrobenzenesulfonamide (1) and I2 with the results obtained after treatment with N-sodio-N-bromo-m-124 

nitrobenzenesulfonamide (2) allows mC loci to be identified. N-sodio-N-bromo-m-125 

nitrobenzenesulfonamide (2) can also react with hmC. Enzymatic glucosylation of hmC prevents this 126 

reaction, allowing hmC residues to be distinguished using this method. These reagents can also be 127 

used in conjunction with bisulfite treatment of DNA, which converts C residues to U but does not affect 128 

mC. During PCR amplification C is replicated as U and mC is replicated as C. N-sodio-N-bromo-m-129 

nitrobenzenesulfonamide (2) can then selectively react with mC.60 In another procedure taking 130 

advantage of the fact that after bisulfite treatment and PCR, G will be incorporated opposite mC sites, 131 

while A is incorporated opposite C sites, treatment with K2WO4/H2O2 can be used to induce selective 132 

strand cleavage at G for the identification of mC loci.60 Strand cleavage at fC can be induced by treating 133 

DNA with hot piperidine. This can also be used to detect hmC by first oxidising hmC to fC.61 While 134 

Maxam-Gilbert sequencing methods require gel electrophoresis which is time consuming and labour 135 

intensive, they provide robust sequence specific detection of mC and hmC. 136 

The most widely used strategy for the sequence specific detection of mC is the chemical derivatisation 137 

of DNA using sodium bisulfite in a process known as bisulfite sequencing (BS-seq), first reported in a 138 

seminal work by Frommer et al. in 1992.62,63 Treatment of DNA with sodium bisulfite leads to 139 

deamination of C to U but not of mC to T. Treatment with bisulfite therefore translates epigenetic 140 

information into a change in the sequence of canonical nucleobases, which can be detected using PCR 141 

followed by DNA sequencing, in which C will be read as U and mC will be read as C. While BS-seq is 142 

a robust method for the detection of mC, it cannot distinguish oxidised mC derivatives. 143 

Cytosine-5-methylsulfonate (CMS) is formed on treatment of hmC with bisulfite, and since CMS shows 144 

the same base-pairing selectivity for guanine, it reads as C.64 Bisulfite converts fC and caC to U, after 145 

deformylation or decarboxylation, and therefore neither of these are distinguishable from unmodified C 146 

by this method (Table 1, Entry 1).22 147 

This limitation can be overcome by the use of additional chemical derivatisation steps before bisulfite 148 

treatment. Oxidation of hmC to fC with potassium perruthenate (oxBS-seq) (Table 1, Entry 2), or 149 

reduction of fC to hmC with sodium borohydride (redBS-seq) (Table 1, Entry 3), followed by bisulfite 150 
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sequencing, allows fC and hmC levels to be determined by comparing oxidised/reduced samples with 151 

untreated ones.65 Bis(acetoxy)iodobenzene enclosed in sodium dodecyl sulfate micelles, and 152 

2-hydroxy-2-azaadamantane have been used as alternative reagents for the oxidation of hmC to fC to 153 

avoid the problem of DNA degradation by potassium perruthenate.66 Cu(II) perchlorate, TEMPO and 154 

bipyridine also selectively oxidise hmC to fC.61 155 

Another derivatisation step that has been employed to detect hmC is the glucosylation of this residue 156 

using β-glucosyltransferase. Subsequent treatment of the DNA with TET1 oxidises all 5-modified 157 

cytosine residues to caC, except hmC which is now protected. In bisulfite sequencing hmC is then the 158 

only base that reads as C (Table 1, Entry 4). This is known as TET-assisted bisulfite sequencing (TAB-159 

seq).67,68 5-Formylcytosine can also be detected using a chemically assisted bisulfite sequencing 160 

method (fCAB-seq), in which fC is first protected from deamination by the formation of an oxime with 161 

ethylhydroxylamine. In bisulfite sequencing fC then reads as C, as do mC and hmC (Table 1, Entry 5). 162 

The location of mC/hmC bases can be determined using conventional bisulfite sequencing, and the 163 

location of fC bases can then be inferred by comparison.28 Another variation of chemically assisted 164 

bisulfite sequencing is caCAB-seq, which can detect caC using an amide bond forming reaction with a 165 

xylene-based primary amine. Inclusion of an azide group in the primary amine allows for attachment of 166 

a biotin tag for affinity enrichment of DNA fragments containing caC. The biotin tag can subsequently 167 

be removed by cleavage of a disulfide bond present in the linker. Formation of the amide bond protects 168 

caC from decarboxylation and deamination upon treatment with bisulfite, meaning that it reads as C in 169 

bisulfite sequencing (Table 1, Entry 6).69,70 Methylase-assisted bisulfite sequencing (MAB-seq) is a 170 

method in which an enzyme is employed to convert all unmodified C residues to mC. Upon treatment 171 

with sodium bisulfite, fC and caC are then the only bases that are converted to U, and can thus be 172 

identified, although they cannot be distinguished from each other (Table 1, Entry 7).71,72 By treating the 173 

methylated DNA with NaBH4 to convert fC residues to hmC prior to bisulfite sequencing, caC can be 174 

selectively detected as it is then the only base that reads as U (Table 1, Entry 8). This is known as 175 

caMAB-seq.72  176 

 Readout for: 

Entry No. Method C mC hmC fC caC 

1 BS-seq T C C T T 

2 oxBS-seq T C T T T 

3 redBS-seq T C C C T 

4 TAB-seq T T C T T 

5 fCAB-seq T C C C T 

6 caCAB-seq T C C T C 

7 MAB-seq C C C T T 

8 caMAB-seq C C C C T 

 177 

Table 1 - Bisulfite sequencing and its modifications 178 
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Bisulfite sequencing is currently considered the gold standard for detecting epigenetic cytosine 179 

modifications. Through additional chemical modification steps robust sequence specific detection of 180 

mC, hmC, fC, and caC can be achieved. There are number of drawbacks however. About 95% of the 181 

DNA is destroyed on treatment with bisulfite, so a large sample of DNA is often needed,73 although 182 

there have been several reports of bisulfite sequencing analysis of DNA from single cells.74–77 183 

Incomplete conversion of C to U can lead to errors,78 and the use of several chemical manipulations of 184 

the sample increases the chances for bias or contamination.79 PCR amplification can also be 185 

problematic due to the reduction in sequence complexity on conversion of C to U.80 Bisulfite sequencing 186 

is also labour intensive, since several steps are required. A number of modified procedures combining 187 

bisulfite treatment with, for example, restriction enzymes, modified PCR assays, embedding the DNA 188 

sample in agarose beads, or adaptation of the GoldenGate genotyping assay have been reported.81–86 189 

The development of bisulfite-free detection methods for cytosine modifications is still of significant 190 

interest however. 191 

Chemical Methods Beyond Bisulfite Sequencing 192 

Detection of mC 193 

Beyond bisulfite sequencing, a number of novel chemical derivatisation strategies based on selective 194 

oxidation have been developed to detect mC. Treatment of DNA containing mC with osmium tetroxide 195 

causes oxidation of mC to give an osmate complex, while unmodified C does not react.87 A bipyridine 196 

ligand modified with a linker attached to a fluorescent or electrochemically active group can coordinate 197 

to the osmate and allow detection of mC.88 The exact loci of mC residues can be determined by 198 

treatment with hot piperidine, which causes strand cleavage at oxidised mC bases but not at C, followed 199 

by polyacrylamide gel electrophoresis.  200 

Detection of mC by selective oxidation has also been achieved using V2O5, or NaIO4 with LiBr.89 201 

Enzymatic oxidation of mC to hmC by TET, and labelling with an azide containing glucose derivative 202 

followed by biotin, has also been used. Existing hmC residues must be blocked by enzymatic 203 

glucosylation prior to TET oxidation of mC.90 Direct electrochemical oxidation of mC is also a useful 204 

detection method.91,92 A number of other methods based on electrochemical detection,93–96 and FRET 205 

based methods for the detection of mC have also been reported.97–99 206 

Derivatisation of DNA with O-allylhydroxylamine has been used by Carell and co-workers to detect 207 

mC.100 O-allylhydroxylamine forms an adduct with both C and mC, but the adducts have different 208 

conformations due to steric clash between the allyl group of O-allylhydroxylamine and the methyl group 209 

of mC. The two adducts therefore show different base pairing selectivities, as the adduct formed from 210 

mC base pairs with G, but the adduct formed from C can base pair with either G or A. Cytosine and mC 211 

can thus be distinguished using a pyrosequencing method. 212 

Detection of hmC 213 
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β-Glucosyltransferase has been used outside the context of bisulfite sequencing for detection of hmC. 214 

Glucosylation has been used in combination with restriction enzymes in several assays.101–103 Genome 215 

wide levels of hmC can be determined by labelling with radiolabelled glucose.104 Alternatively, after 216 

glucosylation of hmC, the DNA may be treated with sodium periodate to oxidise the glucose, and the 217 

resulting aldehydes then allow for attachment of biotin tags via the formation of oxime linkages. Biotin 218 

tags allow for detection of DNA fragments containing hmC using streptavidin in a pull-down assay.25 219 

This method is known as GLIB (glucosylation, periodate oxidation, biotinylation). Alternatively a glucose 220 

moiety containing an azide group can be enzymatically attached to hmC, allowing for the introduction 221 

of selective reaction with an alkyne-bearing biotin group. This method, known as hMe-Seal 222 

(hmC-selective chemical labelling) was developed by Song et al.105,106 Nano-hmC-Seal is an optimised 223 

version of this procedure in which DNA is first fragmented and ligated with sequencing adaptors in a 224 

single step. 5-Hydroxymethylcytosine residues are then enzymatically labelled with an azide containing 225 

glucose derivative, followed by biotin. Enrichment and sequencing of the fragments allows detection of 226 

hmC-containing regions in scant samples of DNA.107 Non-enzymatic biotinylation of hmC has been 227 

achieved using an alkyl sulfinate reagent in a reaction similar to the production of cytosine 5-228 

methylsulfonate from hmC upon treatment with bisulfite.108 229 

Glucosylated hmC has been detected both at a genomic level and sequence specifically using boronic 230 

acid moieties. Microspheres functionalised with phenylboronic acid, upon reaction with glucosylated 231 

hmC, form boronate esters. This reaction causes an increase in fluorescence intensity which can be 232 

used to quantify hmC levels in DNA.109 Enzymatic glucosylation of hmC followed by derivatisation of 233 

the glucose moieties by reaction with a boronic acid has also been shown to inhibit DNA replication by 234 

Taq DNA polymerase. This has led to the development of a PCR assay for sequence specific detection 235 

of hmC by Jiang and co-workers.110 236 

Glucosylation of hmC in conjunction with a boronic acid has been used to develop a sensitive 237 

electrochemical biosensor for the detection of this cytosine modification in target sequences. Probe 238 

oligonucleotides were first immobilised on the surface of an electrode and complementary strands of 239 

the DNA sample under analysis hybridise to the probes. β-Glucosyltransferase is then used to 240 

glucosylate any hmC residues present. The electrode is incubated with a solution containing 241 

1,4-phenyldiboronic acid, which binds to the glucose moieties. The 1,4-phenyldiboronic acid then 242 

immobilises alkaline phosphatase, which catalyses the hydrolysis of p-nitrophenyl phospate to 243 

p-nitrophenol. The production of p-nitrophenol can be detected as it is electrochemically active.111 244 

Another biosensor for hmC that also utilises alkaline phosphatase has also been developed. In this 245 

method DNA strands were first immobilised on a magnetic bead. M.HhaI DNA-methyltransferase was 246 

then used to derivatise hmC with cysteamine. This allowed for the attachment of biotin, which was 247 

recognised by avidin-conjugated alkaline phosphatase. The bound alkaline phosphatase catalysed the 248 

production of ascorbic acid from 2-phosphoascorbic acid trisodium salt, and the ascorbic acid was 249 

detected photoelectrochemically.112 Labelling of hmC with cysteamine by M.HhaI DNA-250 

methyltransferase has also been employed in the development of a biosensor for hmC utilising 251 

horseradish peroxidase.113 252 
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Glucosylated hmC has been derivatised with ferroceneboronic acid via formation of a boronic ester by 253 

Wang and co-workers.114 The ferrocene-labelled DNA acts as a quencher of the electrogenerated 254 

chemiluminescence produced by Ru(bpy)3
2+ immobilised on the surface of an electrode. This allowed 255 

hmC levels in DNA to be quantified through measurement of the decrease in intensity of the 256 

luminescence. A similar method reported by Zhou and co-workers allows quantification of hmC in DNA 257 

through the switching on of electrogenerated chemiluminescence.115 Ru(phen)3
2+ complexes were 258 

immobilised on graphene oxide, and the carboxyl groups in the Ru(phen)3
2+/graphene oxide composites 259 

were reacted with 3-aminophenylboronic acid, forming amide bonds. DNA fragments under analysis 260 

were hybridised with complementary strands immobilised on the surface of an electrode. Upon 261 

enzymatic glucosylation of any hmC residues present, and subsequent formation of a boronic ester 262 

linkage to the Ru(phen)3
2+/graphene oxide composites, electrogenerated chemiluminescence resulted. 263 

Electrogenerated chemiluminescence has also been used in an immunosensor for hmC.116 264 

 [Ru(NH3)6]3+ has also been used for the detection of mC and hmC. DNA strands are first immobilised 265 

on the surface of an electrode. MspJI endonuclease is used to cleave strands containing mC and hmC. 266 

[Ru(NH3)6]3+ binds to the anionic phosphate groups in the DNA strands and is detected 267 

electrochemically. The amount of [Ru(NH3)6]3+ present depends on the length of the DNA strands, which 268 

indicates whether or not they have been cleaved by the MspJI endonuclease. Glucosylation of hmC 269 

residues protects them from recognition by the endonuclease, making the assay specific for mC.117 270 

Okamoto and co-workers have developed a chemical method for the detection of hmC in which 271 

peroxotungstate, is used to selectively oxidise and deaminate hmC to trihydroxylated thymine (thT).118 272 

In a primer extension assay, A rather than G is then incorporated opposite thT, allowing the position of 273 

hmC residues to be determined. 274 

Fluorescence resonance energy transfer (FRET) can be used to detect hmC and fC. 275 

5-Hydroxymethylcytosine is oxidised to fC using KRuO4, followed by labelling with hydroxylamine-276 

BODIPY. The labelled DNA is then captured on cationic conjugated polymers (CCPs) via an 277 

electrostatic interaction with the negatively charged phosphodiester backbone. The CCPs have 278 

excellent light harvesting properties and can transfer energy to the BODIPY group via FRET. The use 279 

of FRET improves the signal to noise ratio compared to simple direct excitation of the BODIPY 280 

fluorophore, allowing for more sensitive detection.119 CCPs have also been used in conjunction with 281 

bisulfite treatment in a FRET based detection method for mC.99 Information about the distance between 282 

mC and hmC residues can be obtained using a technique based on FRET. Enzymatic labelling of hmC 283 

with an azide-containing glucose derivative allows for attachment of an alkyne-bearing Cy3 fluorophore 284 

to hmC residues. Subsequent treatment of the DNA sample in one pot with TET1, 285 

β-glucosyltransferase, and an azide-containing glucose derivative, then allows for labelling of mC 286 

residues with an alkyne-bearing Cy5 fluorophore. The presence of a FRET signal then indicates that 287 

an mC and a hmC residue are close together in the DNA sample. Denaturing of the DNA causes 288 

disappearance of the FRET signal if the mC and hmC residues are on complementary strands, but not 289 

if they are close together on the same strand.120  290 



9 
 

Detection of fC 291 

The hMe-Seal method reported by Song et al.105 for enrichment of DNA fragments containing hmC has 292 

been extended to the detection of fC. After protection of hmC by β-glucosyltransferase, fC can be 293 

selectively reduced to hmC by sodium borohydride, and the newly created hmC residues then 294 

enzymatically labelled with an azide containing glucose moiety, and alkyne-bearing biotin tags attached. 295 

This method for the detection of fC is known as 5-formylcytosine selective chemical labelling, or fC-296 

Seal.28 Direct labelling of fC with biotin via an oxime or hydrazone linkage has also been used.61,121 297 

Selective labelling of fC has been achieved using a Friedlander type reaction with an azide containing 298 

derivative of 1,3-indandione (3) (FIgure 4).122 An alkyne-bearing biotin group is then attached, allowing 299 

for affinity enrichment of fragments of DNA containing fC using streptavidin-coated beads. Fragments 300 

of DNA containing fC are subsequently released from the beads by cleavage of the linkers attaching 301 

the biotin groups. In PCR followed by DNA sequencing of these fragments, labelled fC residues read 302 

as T, allowing them to be identified by comparison with unlabelled samples. This method does not 303 

require the use of sodium bisulfite and thus avoids the problem of degradation of the DNA sample, and 304 

is useful for the analysis of bulk samples of DNA. The poor solubility of 1,3-indandione derivatives in 305 

water, and the need for purification steps to remove excess 1,3-indandione derivatives before PCR, 306 

make analysis of the genome of a single cell unfeasible using this method however. These issues have 307 

recently been overcome by the use of malonitrile (4) in place of 1,3-indandione derivatives for labelling 308 

of fC in a method known as CLEVER-seq (Figure 4).123 309 

Wang et al. have recently reported a novel method for fC detection in which 2-(adamantyl)ethoxyamine 310 

(5) is used to label fC with an adamantane moiety via formation of an oxime linkage (Figure 4).124 The 311 

adamantane can then be recognised by a macrocycle known as CB7 through a host-guest binding 312 

interaction. The bulky CB7-adamantane complex acts as a roadblock to enzymes that read DNA, such 313 

as a restriction endonuclease or DNA polymerase. This allows fC loci to be determined using a primer 314 

extension assay. The potential for adapting this intriguing method to quickly measure global levels of 315 

fC by covalently linking a fluorophore to the CB7 macrocycle has yet to be explored. 316 

Another promising chemical derivatisation strategy for the detection of fC both at the genomic level and 317 

sequence specifically is the labelling of DNA with a trimethylindole derivative (6). These react with fC 318 

to produce hemicyanine-like chromophores (Figure 4).125 Quantitative measurement of fC levels can 319 

then be achieved by measurement of the intensity of the fluorescence emission of the sample. Site 320 

specific detection of fC can also be achieved using a primer extension assay, since the hemicyanine-321 

modified nucleobases act as a roadblock to Klenow DNA polymerase, which can usually bypass fC. 322 

2-(5-Chlorobenzo[d]thiazol-2-yl) acetonitrile (CBAN) (7) can be used to label fC, (Figure 4). Importantly, 323 

this allows for detection that is selective for fC over the structurally similar fU modification. CBAN can 324 

also react with fU, but does not form a cyclised fluorescent product as is the case upon reaction with 325 

fC.  The fluorescence of the CBAN-labelled fC residues allows for quantification of fC levels in DNA. 326 

Also, since labelling with CBAN removes the hydrogen bond donating exocyclic amino group of fC, the 327 
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base pairing properties are altered. Therefore, after labelling of a DNA sample with CBAN, followed by 328 

PCR amplification and DNA sequencing, fC residues read as T. Comparison of labelled and unlabelled 329 

samples therefore allows sequence-specific detection of fC.126 In a further development of this strategy, 330 

a reagent named azi-BP (8) was used to label fC (Figure 4). The azide group in azi-BP allowed for 331 

installation of a biotin moiety for enrichment of fC-containing DNA fragements. The large azi-BP-biotin 332 

label acts as a roadblock to a DNA polymerase, allowing fC to be detected with sequence specificity 333 

using a qPCR assay. Additionally, labelled fC residues base pair with A rather than G, allowing them to 334 

be identified using Sanger sequencing.127 335 

Xu et al. demonstrated that fC can be labelled with a 2-hydrazinyl-N-(pyren-1-yl)acetamide fluorophore 336 

(9) via formation of a hydrazone linkage (Figure 4). This allows for the determination of fC levels in a 337 

DNA sample through measurement of fluorescence intensity. Furthermore, the authors showed that 338 

when two fC residues are present in a symmetric CpG site in dsDNA, the two adjacent pyrene groups 339 

form an excimer, which leads to a shift in the emission wavelength and increased intensity of the 340 

fluorescence. This allows the levels of isolated fC residues, and fC in symmetric CpG sites to be 341 

determined.128 342 

Detection of caC 343 

While methods such caMAB-seq, the use of antibodies, or nanopore sequencing have been developed 344 

for the detection of caC, to the best of our knowledge there has thus far been no report of a bisulfite-345 

free chemical detection method for this modification. Exploiting Protein-DNA Interactions 346 

The main alternative to these chemical derivatisation strategies is to use DNA-binding proteins that can 347 

recognise epigenetic cytosine bases. An early method for detecting mC was based on the use of 348 

restriction endonucleases that include CpG dinucleotides in their recognition sequences, and do not 349 

cleave DNA that is methylated at cleavage/recognition sites.129 Recent advances have involved the 350 

combination of restriction enzymes with enzymatic glucosylation of hmC for the detection of this 351 

modification.130–132 A limitation of restriction enzymes is that they only cleave DNA in specific sequence 352 

contexts. This specificity is useful however in applications however when only the methylation status of 353 

particular loci is of interest. 354 

Another fruitful strategy for the detection of mC is the use of antibodies in a methylated DNA 355 

immunoprecipitation assay (MeDIP). DNA is first fragmented, typically by sonication, and then 356 

denatured. The resulting single strand fragments which contain mC are bound by monoclonal mC 357 

antibodies. The bound fragments can then be separated using immunoprecipitation protocols and 358 

analysed. Antibodies specific for each modified form of cytosine have been used in this kind of assay,22 359 

as have antibodies specific for cytosine 5-methylsulfonate.25 Immunoprecipitation assays provide a 360 

straightforward method for analysis of cytosine modifications, but they are not quantitative, and the 361 

resolution is dependent on the size of the DNA fragments, as any number of mC residues in the 362 

fragment will lead to a positive signal. Antibodies have also been used in electrochemical 363 

immunosensors to detect mC 133 and hmC.134 364 
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Methyl-CpG-binding domains (MBDs) of MeCP2 proteins can also be used to bind mC in the context of 365 

CpG dinucleotides, and can be tethered to green fluorescent protein to allow for detection. Furthermore, 366 

the tethering of a zinc finger to the green fluorescent protein can allow targeting of a specific DNA 367 

sequence by the MBD.135 A zinc finger fused with luciferase has also been used in combination with an 368 

MBD for sensitive detection of mC.136 Alternatively, MBDs can be used to precipitate densely 369 

methylated DNA fragments which can then be sequenced.137 J-binding protein 1, found in 370 

trypanosomes, can recognise glucosylated hmC.138 In an interesting development, an artificial, 371 

fluorophore-labelled, phosphopeptide has been created by rational design to bind selectively to mC.139 372 

Transcription activator-like effectors (TALEs), a type of protein found in Xanthomonas bacteria, have 373 

been used to recognise cytosine derivatives with programmable sequence specificity.140 Both the C-374 

terminal and the N-terminal regions are involved in binding to DNA, but the sequence specificity of 375 

TALEs is derived from the DNA-binding domain, which consists of repeat units 33-35 amino acids in 376 

length. The 12th and 13th amino acids in each repeat unit are found in a loop between two α-helices 377 

and constitute the repeat variable diresidue (RVD). The four naturally occurring RVDs recognise the 378 

four canonical nucleobases through hydrogen-bonding interactions. TALEs have been engineered 379 

which contain additional mutant RVDs that recognise modified cytosine nucleobases. So far mC and 380 

hmC have been selectively detected in this way.141–144 Also, a mutant TALE which recognises all 381 

cytosine nucleobases except caC has been developed.145 382 

The Klimašauskas and Weinhold laboratories have developed a strategy for the analysis of the 383 

methylation status of CpG sites in which a DNA-methyltransferase is used to covalently label DNA.146–384 
148 Cytosine-5 methyltransferase SssI is an enzyme that has been engineered to work with synthetic 385 

S-adenosylmethionine analogues for the labelling of C with functional groups other than a methyl group. 386 

This has been used to install amine or azide modifications at the 5-position of cytosine. The DNA sample 387 

is first fragmented by sonication. Unmethylated and hemimethylated CpG sites are then enzymatically 388 

labelled, while methylated CpG sites are unaffected. The azide or amino groups on the labelled cytosine 389 

residues allow for the attachment of biotin tags. The biotin groups were attached via linkers that 390 

contained a cleavable S-S bond to allow for detachment of DNA fragments after enrichment using 391 

streptavidin beads. DNA fragments were then amplified by PCR and sequenced or analysed on a 392 

microarray. This allowed for the identification of unmethylated CpG sites.149 Tethered oligonucleotide 393 

primed sequencing (TOP-seq) is a further development of this strategy.150 Unmethylated and 394 

hemimethylated CpG sites are labelled with an azide functional group using Cytosine-5 395 

methyltransferase SssI. A double stranded DNA oligonucleotide containing an alkyne group is then 396 

attached using a copper catalysed alkyne-azide cycloaddition. This tethered oligonucleotide can then 397 

act as a primer for a DNA polymerase, via a mechanism which is not fully understood, to produce DNA 398 

strands that include unmethylated and hemimethylated CpG sites and their adjacent regions. 399 

Another DNA-methyltransferase which specifically methylates hemimethylated CpG sites, but not 400 

unmodified or hydroxymethylated CpG sites, has been used to distinguish between C, mC, and hmC. 401 

DNA is first fragmented by digestion with restriction enzymes. The fragments are ligated with hairpin-402 

shaped adaptors and then treated with a DNA polymerase which extends the DNA from the adaptor, 403 
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resulting in self-complementary hairpin-shaped DNA fragments. DNMT1 is then used to methylate all 404 

hemimethylated CpG sites in the hairpin-duplexes, but does not affect unmethylated or 405 

hydroxymethylatd CpG sites. The sample is then treated with bisulfite and denatured, resulting in a long 406 

DNA strand. PCR and sequencing then allows C, mC, and hmC residues in CpG sites to be identified 407 

by comparison of the two ends of the self complementary sequence. C residues will read as U at both 408 

ends, while mC residues read as C at both ends, and hmC residues read as C at one end and U at the 409 

other end.151 A similar method for the detection of hmC without the use of hairpin-shaped adaptors has 410 

also been reported.152 411 

DNA polymerase enzymes can be used in single-molecule real time (SMRT) sequencing of DNA to 412 

detect cytosine modifications. The DNA polymerase is immobilised in a zero-mode waveguide (ZMW), 413 

which is a zeptolitre-volume cylindrical cavity.153 The ZMW allows optical observation to be limited to a 414 

very small volume, so that the incorporation of a single nucleotide by the DNA polymerase can be 415 

observed. The DNA strand under analysis is used as a template for the synthesis of a complementary 416 

strand using nucleosides labelled with fluorophores attached to their terminal phosphate. Incorporation 417 

of each nucleotide can be observed as a fluorescent pulse which ends when the fluorophore is cleaved 418 

by the DNA polymerase and diffuses out of the ZMW. The wavelength of the fluorescence serves to 419 

identify the nucleobase. The duration of the fluorescent pulse (pulse width) and the time interval 420 

between successive pulses (interpulse duration) can be used to characterise the kinetics of the 421 

nucleotide incorporation by the DNA polymerase, which varies when cytosine modifications are 422 

present.154 5-Formylcytosine and caC show strong kinetic effects, while mC and hmC have more subtle 423 

effects. Detection of mC can be improved by first oxidising mC residues to caC using TET1.155 Naegleria 424 

TET-like oxygenase has also been used for this purpose.156 SMRT sequencing has also been used in 425 

combination with bisulfite treatment for detection of mC.157 Labelling of hmC using the hMe-Seal method 426 

enhances the effect on the interpulse duration, improving detection of hmC.158 Enzymatic 427 

diglucosylation of hmC has also been used.159 The addition of such labelling steps, whilst increasing 428 

detection sensitivity, also introduces a small extra source of error however, as for example the oxidation 429 

of mC with TET1 proceeds with only 97% conversion.68 Circular consensus sequencing, whereby the 430 

same DNA template is read multiple times by the polymerase, can be used to increase the accuracy of 431 

SMRT methods.160 It is speculated that further improvements could be made by mutating the DNA 432 

polymerase. Also, since the kinetic effect of the cytosine modifications is spread over several 433 

nucleotides, and depends on the sequence context154 improved algorithms for deconvoluting the data, 434 

particularly when there are two mC residues close together, could improve the accuracy of the 435 

technique. 436 

Another method which shows excellent promise for detecting cytosine modifications is nanopore 437 

sequencing. Proteins form nanopores in a barrier separating two compartments filled with electrolyte. 438 

The nanopores allow ions to flow through them when an electric potential is applied. DNA can also 439 

migrate through the nanopores, and in doing so modulates the ionic current in a way that depends on 440 

the structure of the nucleotides present in the nanopore. Monitoring of the ionic current over time 441 

therefore allows sequencing of the DNA strand as it moves through the pore. Controlling the kinetics of 442 
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the DNA translocation through the pore improves the accuracy of the sequencing. This has been 443 

achieved by the use of phi29 DNA polymerase, which acts as a cap on the pore and slowly threads 444 

DNA through.161 A nanopore sequencing method using a mutant form of the MspA porin protein found 445 

in Mycobacterium smegmatis has been shown to allow discrimination between C, mC, hmC, fC, and 446 

caC.162 Pores formed from α-hemolysin have also been used to detect cytosine modifications.163 447 

Chemical labelling of mC and hmC has been used to improve the detectability of these modifications 448 

using α-hemolysin pores.164,165 Aerolysin pores have also been used, and have the advantage that they 449 

are stable under harsh conditions and can be used in serum, which is desirable for diagnostic 450 

applications.166 Also, since aerolysin pores are narrower than MspA and α-hemolysin pores, and they 451 

contain positively charged amino acids in their lumen which interact with DNA, capping with a DNA 452 

polymerase is not required to slow down translocation. Thus far C and mC have been distinguished 453 

using aerolysin pores. Commercially available nanopore sequencing instruments have been shown to 454 

be capable of detecting mC with 95% accuracy.167,168 Improvements in the accuracy of nanopore 455 

sequencing methods may lead to their broad application in the field of epigenetics research. Such 456 

progress may result from engineering of the pore forming proteins, and improvements in the statistical 457 

models used to analyse the data. Beyond the use of protein-based nanopores, pores consisting of 458 

carbon nanotubes embedded in a lipid bilayer have been used to detect hmC, although this first required 459 

chemical modification of hmC.169 Solid state nanopores have also been used.170,171 460 

Oligonucleotide Probes 461 

Recently oligonucleotide probes have begun to be explored as a strategy for the detection of cytosine 462 

modifications. They offer an advantage over protein based probes such as TALEs since they are more 463 

cost-effective, as they can be readily prepared using solid-phase synthesis. A large number of modified 464 

phosphoramidites have been developed to extend this method to the synthesis of oligonucleotides 465 

containing non-native functional groups.172–175 Oligonucleotide probes also offer easily tuneable 466 

selectivity using probe sequences which are complementary to target sites. 467 

DNA templated photoligations have been used to detect 5-methylcytosine. A probe strand containing a 468 

terminal 5-vinyl-2'-deoxyuridine with a hydrophobic group, undergoes a [2+2] cycloaddition with the 469 

carbon-carbon double bond of mC upon irradiation. Measurement of the fluorescence emission of the 470 

product allows easy detection. Reaction with mC is much more efficient than reaction with unmodified 471 

C due to a favourable hydrophobic interaction, illustrated by the arrow in Figure 5, between the methyl 472 

group of mC and the various hydrophobic moieties which have been tested in the 473 

5-vinyl-2'-deoxyuridine residue.176–178 Yamayoshi et al. have reported oligonucleotide probes containing 474 

a psoralen group which undergo a photocrosslinking with mC in preference to C in complementary 475 

strands, which can be observed by denaturing PAGE. Interestingly, this method was also successfully 476 

used to detect mC in dsDNA. The psoralen group can also undergo photoreaction with thymine residues 477 

adjacent to the target site, leading to off-target crosslinking. Further research is underway to improve 478 

the sequence specificity of this assay.179 Oligonucleotides modified with a 3-cyanovinylcarbazole 479 

nucleoside also selectively photocrosslink to mC.180 480 
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A DNA templated light-activated reaction that can detect mC through selective oxidation has been 481 

developed by Nishimoto and co-workers.181,182 An oligonucleotide probe tethered to a sensitizing 482 

2-methyl-1,4-naphthoquinone chromophore causes one-electron oxidation of mC in a complementary 483 

strand upon irradiation. Treatment with piperidine leads to selective oxidative strand cleavage at mC. 484 

Oligonucleotides in which mC is replaced with one of the four canonical nucleobases are much less 485 

susceptible to strand cleavage. 486 

A number of oligonucleotide probes based on fluorescent detection have been developed for the 487 

detection of cytosine modifications. Notably, Tucker and co-workers reported DNA probes containing 488 

an anthracene fluorophore which can discriminate between all four canonical nucleobases as well as 489 

mC through changes in the intensity of the fluorescence upon formation of a duplex with the strand 490 

under analysis.183 This method was subsequently extended to the detection of hmC.184 The efficiency 491 

of the detection was found to be dependent on the length of the alkyl linker attaching the anthracene to 492 

the probe oligonucleotide, raising the possibility that the probes could be further optimised for the 493 

detection of fC and caC, which has yet to be investigated. Recently oligonucleotide probes labelled with 494 

a 6-carboxyfluorescein or 6-carboxy-4',5'-dichloro-2',7'-dimethoxyfluorescein fluorophore have also 495 

been used to detect mC.185 In this case an increase in fluorescence intensity is observed when the 496 

probes are hybridised to a complementary strand containing mC rather than C. The authors propose 497 

that this is due to the positioning of the fluorophores in a more hydrophobic environment when mC is 498 

present. The use of hybrid locked nucleic acid (LNA)/DNA probes seems to enhance this effect, as they 499 

form more compact, less hydrated duplexes with the complementary strand. Another oligonucleotide 500 

probe containing a fluorescein moiety at the 5'-end and a dabsyl quencher group at the 3'-end has been 501 

used to distinguish between C and mC. Two peptide nucleic acid oligomers are first used to displace 502 

one DNA strand from each end, allowing the oligonucleotide probe to anneal to the region under 503 

analysis. A restriction enzyme is then used, leading to strong fluorescence when C is present as the 504 

probe is cleaved, separating the fluorescein from the quencher. When mC is present however the 505 

restriction enzyme cannot digest the sample and only weak fluorescence is observed.186 In a related 506 

strategy, fluorescently labelled oligonucleotides can be used to detect mC in dsDNA by means of a 507 

strand exchange reaction, which does not occur in the absence of mC. The products of the strand 508 

exchange reaction can visualised using gel electrophoresis.187 509 

Beyond the use of fluorescence detection, an electrochemically active ferrocene acetic acid group has 510 

been conjugated to the 3'-end of a probe oligonucleotide and used in combination with a restriction 511 

enzyme to detect mC.188 A quartz crystal microbalance has also been used to observe the hybridisation 512 

of DNA to probe oligonucleotides immobilised on a surface. The DNA sample is first treated with a 513 

restriction endonuclease that cleaves all unmethylated recognition sites. Subsequently during PCR, 514 

only DNA fragments containing mC are amplified, and then hybridise to the probe oligonucleotides.189 515 

Modified nucleotides have been used to discriminate between C and mC in primer extension assays. 516 

Cytosine modifications do not interfere with normal Watson-Crick base pairing, but O6-modified 517 

2'-deoxyguanosine derivatives are incorporated opposite C or mC with different efficiencies.190 Modified 518 

nucleotides have also been incorporated into triplex forming oligonucleotides to detect modified 519 
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cytosines. It has been observed by Brown and co-workers that triplex  forming oligonucleotides 520 

containing a synthetic N-methylpyrrolocytosine base show significantly lower triplex melting 521 

temperatures when bound to strands which have mC rather than C in a CpA sequence.191 When hmC, 522 

fC or caC is present the melting temperature is also slightly different from that observed with mC. 523 

Okamoto and co-workers have developed oligonucleotide probes that take advantage of the selective 524 

oxidation of mC by osmium tetroxide. A modified adenine residue linked to a bipyridine ligand can be 525 

incorporated into an oligonucleotide probe. After hybridisation of the probe to the DNA strand under 526 

analysis, the melting temperature of the duplex is much greater if the bipyridine ligand is coordinated to 527 

an osmate complex. These are known as interstrand crosslink formed by osmium and nucleic acid 528 

(ICON) probes, and allow mC to be detected in a sequence specific manner.192 The formation of a 529 

mismatched base pair between the modified adenine residue and mC disrupts the pi-stacking of the 530 

duplex, and facilitates oxidation by osmium tetroxide. The formation of the interstrand crosslink upon 531 

coordination of the bipyridine ligand to the osmate complex blocks PCR, and so can also be detected 532 

using PCR based methods.193 It has been shown that ICON probes also undergo crosslinking when 533 

hmC is present in place of mC.194 The ICON probes used in these methods have also been immobilised 534 

on a microarray.195 As an alternative to crosslinking bipyridine ligands, a nucleoside modified with a 6-535 

dimethylamino-2-acylnaphthalene fluorophore shows significantly reduced fluorescence upon 536 

complexation of osmium to an mC residue base-paired to it.196 Fluorimetric detection has also been 537 

used in combination with crosslinking by bipyridine ligands.197 Methylation-specific fluorescence in situ 538 

hybridisation (MeFISH) uses ICON probes for in vivo visualisation of cytosine modifications. 539 

Fluorescence in situ hybridisation (FISH) is first performed using ICON probes labelled with a 540 

fluorophore. The sample is then treated with osmium tetroxide, and probes that don't crosslink are 541 

removed by denaturing. Comparison of the FISH and MeFISH images allows methylation status to be 542 

deduced.198  543 

The utility of crosslinking oligonucleotide probes for the detection of fC has been demonstrated for the 544 

first time by Carell and co-workers.27 An oligonucleotide probe modified with a hydroxylamine moiety 545 

forms an oxime linkage with fC in a complementary strand. A reporter strand hybridises to a 546 

complementary region in the DNA adjacent to the crosslinked probe. The probe and reporter strand are 547 

ligated using Ampligase. Two different primers, one specific for the ligated probe-reporter strand, and 548 

one specific for the genomic DNA are added, and droplet digital PCR is performed, allowing fC levels 549 

at a specific locus to be quantified with a high degree of sensitivity. 550 

Detection of Thymine Modifications 551 

The development of detection methods for hmU and fU in DNA is of significant importance to 552 

understand the biological effects of these modifications. In particular there is a need to develop 553 

detection methods that are selective for hmU vs hmC, and especially fU vs fC, as these modifications 554 

are present at similar levels in mammalian DNA.43 Indeed, a potential shortcoming in many reports of 555 

detection methods for hmC and fC is that the specificity of the detection is demonstrated using 556 
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oligonucleotides containing other C modifications as negative controls, but negative controls consisting 557 

of oligonucleotides containing hmU and fU are not used. 558 

There have been several reports in recent years of detection methods for hmU and fU. 559 

O-phenylenediamine derivatives can be used to label fU via formation of a benzimidazole linkage. This 560 

shows selectivity for fU over fC. Balasubramanian and co-workers employed a biotinylated 561 

o-phenylenediamine to tag fU residues in DNA.199 DNA fragments containing fU can then be enriched 562 

using streptavidin coated magnetic beads, and amplified by PCR. This method has been extended to 563 

the detection of hmU by first oxidising hmU to fU with KRuO4. In a further development of this strategy, 564 

detection of fU has been achieved using an o-phenylenediamine derivative (10) covalently linked to a 565 

naphthalimide fluorophore and a biotin tag (Figure 6). Fluorescence of the naphthalimide moiety is 566 

quenched by photoinduced electron transfer from the o-phenylenediamine group. This quenching no 567 

longer occurs upon formation of a benzimidazole linkage with fU. The biotin tag allows for enrichment 568 

of DNA fragments containing fU. This labelling strategy also allowed for detection of fU using a primer-569 

extension assay, and could be used for in vivo imaging of fU in HeLa cells.200 In manner similar to the 570 

benzimidazole labelling of fU with o-phenylenediamine derivatives, Hirose et al. have shown that 2-571 

amino-4,5-dimethoxythiophenol (11) can be used for labelling of fU in DNA via formation of a fluorescent 572 

benzothiazol-2-yl group (Figure 6).201,202 573 

Another naphthalimide derivative (12) has also been used to selectively fluorogenically label fU through 574 

formation of a hydrazone linkage (Figure 6). An azide moiety incorporated into the naphthalimide 575 

reagent allows for an alkyne-bearing biotin tag to be introduced for enrichment of DNA fragments 576 

containing fU. The naphthalimide group also acts as a roadblock to a DNA polymerase in a primer 577 

extension assay.203 Furthermore, by first blocking fU by reaction with 4-nitro-o-phenylenediamine to 578 

form a non-fluorescent product, and altering the reaction conditions, this method has been adapted for 579 

the detection of fC.204  580 

 581 

5-Formyluracil can be labelled with high selectivity using 4-hydrazinyl-7-nitrobenz-[2,1,3-d]-oxadiazole 582 

(13) (NBDH) (Figure 6), also via  formation of a hydrazone linkage.205 The resulting adducts are easily 583 

detectable due to their fluorescence. 5-Formyluracil has also been detected with sequence specificity 584 

using a primer extension assay after labelling with NBDH. 585 

The labelling of fC with trimethylindole derivatives to produce hemicyanine-like chromophores is also 586 

effective for the detection of fU. 5-Formyluracil residues can be distinguished from fC residues by the 587 

difference in emission wavelength of the chromophores that result upon labelling.125 588 

The use of β-glucosyltransferase to label hmU residues with an azide-containing glucose moiety has 589 

been demonstrated by Yu et al.206 A biotin tag can then be attached using click chemistry. Labelling of 590 

hmC is avoided by first treating samples with recombinant TET1, which oxidises hmC (as well as mC 591 

and fC) to caC, but does not oxidise hmU. Labelling by β-glucosyltransferase is selective for hmU 592 

residues in mismatched hmU:G sites, which are formed by deamination of hmC and are removed in 593 
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vivo by base excision repair. 5-Hydroxymethyluracil residues formed by oxidation of thymine on the 594 

other hand exist in hmU:A sites. The use of this technique in conjunction with other methods therefore 595 

indicates the origin of hmU modifications. 596 

Very recently, a method for the detection of hmU at single-base resolution has been reported. First, 597 

hmU is oxidised to fU using KRuO4. Under mildly basic conditions, fU ionises, due to the presence of 598 

the electron withdrawing formyl group. Ionised fU residues can then base pair with G rather than A, 599 

allowing them to be detected by a polymerase-dependent single extension followed by PCR.207 600 

Conclusion 601 

The study of cytosine modifications is a rapidly expanding area, in which current detection methods for 602 

these modifications, such as bisulfite sequencing, have found broad applicability in the analysis of 603 

genomic DNA, while the potential of other detection methods has been demonstrated only in synthetic 604 

oligonucleotide models, as summarised in Table 2. The development of bisulfite-free chemical detection 605 

methods for cytosine modifications promises greater progress in the future. In particular the emergence 606 

of strategies based on chemical labelling which blocks the action of a DNA polymerase and allows for 607 

the determination of the exact loci of epigenetic modifications is an exciting development. Other novel 608 

technologies such as nanopore sequencing and SMRT sequencing show significant promise, as 609 

improvements in their accuracy are ongoing. Procedures in which cytosine modifications are detected 610 

by fluorescent labelling also show promise as convenient detection methods, although they do not have 611 

the single-base resolution associated with, for example, bisulfite sequencing and nanopore sequencing. 612 

The use of oligonucleotide probes for detecting cytosine modifications is an emerging area which offers 613 

potential for the development of probes to detect epigenetic modifications at specific sites without the 614 

need for DNA sequencing. Oligonucleotide probes can potentially be immobilised on a microarray for 615 

the convenient high throughput screening of DNA samples. Indeed, DNA microarrays designed to 616 

detect C to U conversion in bisulfite treated DNA samples have already been commercialised.208 617 

Oligonucleotide probes could also be used in vivo in a manner similar to established fluorescent in situ 618 

hybridisation (FISH) techniques as has already been demonstrated with ICON probes.198 619 

Oxidised thymine derivatives are now also detectable and distinguishable from their cytosine analogues 620 

using current methods, and an improved understanding of these modifications is likely to follow. 621 

Further advances in the detection of cytosine and thymine modifications will facilitate research on their 622 

role in development and disease, potentially leading to new therapies. Analysis of DNA is also important 623 

in diagnostics and forensics, and sequence specific probes for epigenetic markers may find applications 624 

in these areas as well. 625 
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 629 

 630 

 631 

 Reagents/techniques demonstrated in 
oligonucleotide models. 

Single base resolution techniques shown in 
bold 

Reagents/techniques successfully applied in 
genomic DNA 

Single base resolution techniques shown in bold 

Chemical 

Detection 

Methods 

Maxam Gilbert type sequencing using N-
halogeno-N-sodiobenzenesulfonamide 
reagents59 (mC, hmC) 
Cleavage of DNA at fC sites by piperidine61 

Use of N-sodio-N-bromo-m 
nitrobenzenesulfonamide in conjunction with 
bisulfite treatment60 (mC) 
K2WO4/H2O2

60 (mC) 
BS-seq62,63 
oxBS-seq65 
redBS-seq65 
TAB-seq67,68 
fCAB-seq28 
caCAB-seq (in conjunction with enrichment of 
DNA fragments containing caC by 
immunoprecipitation methods)69,70 
MAB-seq71,72 
caMAB-seq72 

Chemical 

Methods 

Beyond Bisulfite 

Sequencing: 

Detection of mC 

O-Allylhydroxylamine100 
Oxidation with OsO4

87,88
 

Oxidation with V2O5 or NaIO4  with LiBr89 

Oxidation to hmC by TET followed by labelling with 
an azide-bearing gluocse moeity90 

Chemical 

Methods 

Beyond Bisulfite 

Sequencing: 

Detection of 

hmC 

Biotinylation using an alkyl sulfinate 
reagent108 
Electrochemical biosensing methods111–116 
[Ru(NH3)6]3+ in electrochemical sensing117 

Labelling with radiolabelled glucose104 
GLIB25  
hMe-Seal105,106 
Nano-hmC-Seal107 
Glucosylation followed by reaction with 
phenylboronic acid microspheres109 
Glucosylation, reaction with boronic acid, and 
PCR assay110 
Peroxotungstate118 
Cationic conjugated polymers in FRET based 
detection119 
Labelling of mC and hmC for FRET assay120 

Chemical 

Methods 

Beyond Bisulfite 

Sequencing: 

Detection of fC 

Biotinylation via a hydrazone linkage61 
2-(Adamantyl)ethoxyamine124 
Trimethylindole derivative125 
2-Hydrazinyl-N-(pyren-1-yl)acetamide128 

fC-Seal28 
Biotinylation via an oxime linkage121 
1,3-Indandione derivative122 
CLEVER-seq123 
CBAN (single-base resolution detection 
demonstrated only in oligonucleotide models)126 
azi-BP127 
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Exploiting DNA-

Protein 

Interactions 

MBDs tethered to green fluorescent protein 
and zinc finger135 (mC) 
Detection of caC using TALEs145 
Nanopore sequencing methods162–166,169–171 

Zinc finger fused with luciferase in combination 
with an MBD136 (mC) 
Precipitation of DNA fragments using an MBD137 
(mC) 
J-binding protein 1138 (hmC) 
Artificial phosphopeptide139 (mC) 
Detection of mC and hmC using TALEs141–144 
Use of DNMT to install a cleavable biotin149 
(unmodified C) 
TOP-seq150 (unmodified C) 
Simultaneous detection of mC and hmC using 
DNMT1151 
Detection of hmC using DNMT1152  
Oxidation of mC to caC followed by SMRT 
sequencing155,156 
SMRT bisulfite sequencing157 (mC) 
hMe-Seal followed by SMRT sequencing158 (hmC) 
Diglucosylation of hmC followed by SMRT 
sequencing159 

Oligonucleotide 

Probes 

5-Vinyl-2'-deoxyuridine with a hydrophobic 
group176–178 (mC) 
Psoralen179 (mC) 
3-Cyanovinylcarbazole180 (mC) 
2-Methyl-1,4-naphthoquinone181,182 (mC) 
Anthracene183,184 (mC, hmC) 
Fluorescein and a dabsyl quencher186 (mC) 
Strand exchange reactions187 (mC) 
Ferrocene acetic acid group188 (mC) 
Triplex forming oligonucleotides191 (mC) 

Fluorescein derivatives185 (mC) 
Quartz crystal microbalance189 (mC) 
O6-modified 2'-deoxyguanosine derivatives190 
(mC) 
ICON probes192 (mC/hmC, only demonstrated in 
oligonucleotides for detection of hmC) 
Crosslinking oligonucleotides for detection of 
fC27 

Detection of 

Thymine 

Modifications 

Biotinylated o-phenylenediamine199 (fU, or 
hmU after oxidation) 
o-Phenylenediamine derivative covalently 
linked to a naphthalimide fluorophore and 
a biotin tag (Used for in vivo imaging of fU in 
HeLa cells)200 
Labelling with an azide-bearing 
naphthalimide group through a hydrazone 
linkage203 (fU) 
Trimethylindole derivative125 (fU) 
Labelling of hmU with an azide-containing 
glucose moeity206 

2-Amino-4,5-dimethoxythiophenol201,202 (fU) 
NBDH205 (fU) (single-base resolution detection 
demonstrated only in oligonucleotide models) 
Oxidation of hmU to fU followed by single 
extension and PCR207 

 632 

Table 2 - Summary of detection methods for cytosine and thymine modifications. 633 
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 1132 

 1133 

Figure Captions 1134 

Figure 1 - Active demethylation of cytosine. Cytosine (C) residues in DNA can be methylated by DNA-1135 

methyltransferases (DNMTs). The resulting 5-methylcytosine (mC) residues are susceptible to 1136 

oxidation by the ten-eleven translocation dioxygenase (TET) family of enzymes to produce 1137 
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5-hydroxymethylcytosine (hmC), and subsequently 5-formylcytosine (fC) and 5-carboxylcytosine 1138 

(caC). The epigenetic role of mC is well established. There is strong evidence that hmC functions as an 1139 

epigenetic marker as well, and fC and caC also appear to influence the binding of certain transcription 1140 

factors and chromatin regulators, and the activity of RNA polymerase II. The oxidised derivatives of 1141 

mC are also intermediates in an active demethylation pathway, as fC and caC can be excised by 1142 

thymine-DNA-glycosylase (TDG) to produce an abasic site, where unmodified C residues can be 1143 

restored. A recent study also found evidence that unmodified C also results from deformylation of fC, 1144 

and potentially also decarboxylation of caC, as shown by the dotted arrows. 1145 

Figure 2 - Oxidation of thymine. Oxidation of thymine (T) residues in DNA produces 1146 

5-hydroxymethyluracil (hmU), which can be further oxidised to 5-formyluracil (fU). These oxidised 1147 

thymine derivatives result from the action of reactive oxygen species (ROS). More recently it has also 1148 

been shown that hmU is produced by ten-eleven translocation dioxygenase (TET) enzymes, and there 1149 

is evidence that hmU may play an epigenetic role. The structural similarity between hmU and 5-1150 

hydroxymethylcytosine (hmC), and between fU and 5-formylcytosine (fC), presents a challenge in the 1151 

development of detection methods capable of discriminating between these modifications. 1152 

Figure 3 - N-halogeno-N-sodiobenzenesulfonamide reagents. Maxam-Gilbert sequencing is a method 1153 

of DNA sequencing which employs chemically induced strand cleavage at particular nucleobase sites 1154 

followed by gel electrophoretic analysis. This strategy has been extended to the detection of 5-1155 

methylcytosine (mC), an epigenetic modification of cytosine (C) found in DNA. Treatment of a DNA 1156 

sample with N-sodio-N-chloro-p-nitrobenzenesulfonamide (1) and I2 followed by piperidine causes 1157 

strand cleavage at C loci. Treatment with N-sodio-N-bromo-m-nitrobenzenesulfonamide (2) followed 1158 

by piperidine causes strand cleavage at both C and mC loci. After gel electrophoresis, comparison of 1159 

the results obtained after treatment with 1 with those obtained after treatment with 2 allows mC loci 1160 

to be identified. 1161 

Figure 4- Selective chemical labelling methods for detection of 5-formylcytosine (fC) in DNA. 1162 

Labelling of fC with a pyrene fluorophore (9) through formation of a hydrazone linkage allows for 1163 

determination of fC levels. An excimer is formed when two labelled fC residues are adjacent to each 1164 

other, allowing the relative position of two fC residues to be deduced. Reaction of fC with a 1165 

trimethylindole derivative (6), the reagent azi-BP (8), or 2-(adamantyl)ethoxyamine (5) followed by 1166 

complexation by a CB7 macrocycle, results in adducts which act as a roadblock to DNA-polymerases, 1167 

allowing for sequence specific detection of fC in primer extension assays. Reaction with azi-BP (8), 1168 

CBAN (7), malonitrile (4), or a 1,3-indandione derivative (3) alters the base pairing properties of fC, 1169 

since the hydrogen bond donating exocyclic amino group is converted to a hydrogen bond acceptor. 1170 

This allows for the determination of fC loci through DNA sequencing. The inclusion of an azide moiety 1171 

in 3 and 8 enables the introduction of an alkyne-bearing biotin tag for the enrichment of DNA 1172 

fragments containing fC. 1173 

Figure 5 - Oligonucleotide probes for detection of epigenetic markers. (Adapted from reference 176 1174 

with permission from the Royal Society of Chemistry.) Epigenetic modifications can be detected in 1175 

DNA using oligonucleotide probes, which have the advantage of easily tuneable sequence specificity. 1176 

A representative example of such a method, illustrated above, employs an oligonucleotide containing 1177 

a 5-vinyl-2'-deoxyuridine residue bearing a hydrophobic moiety, which undergoes a favourable 1178 

hydrophobic interaction with the methyl group of mC, as shown by the arrow. This facilitates a [2+2] 1179 
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cycloaddition upon irradiation to form an interstrand crosslink. Since the interstrand crosslink is not 1180 

formed when unmodified cytosine is present in place of mC this allows mC residues to be detected 1181 

using probe oligonucleotides immobilised on a microarray. 1182 

Figure 6 - Chemical labelling methods for detection of 5-formyluracil (fU). Detection of fU in DNA can 1183 

be achieved through labelling with o-phenylenediamine derivatives such as 10, which react with fU to 1184 

form benzimidazole moieties. Importantly, this reaction is selective for fU over the structurally similar 1185 

modification 5-formylcytosine (fC), which is present at similar levels in DNA. The o-phenylenediamine 1186 

group in 10 acts as a quencher of the naphthalimide fluorophore. Fluorescence is enhanced when the 1187 

benzimidazole linkage is formed. 5-Formyluracil residues labelled with 10 block the action of DNA-1188 

polymerases, enabling sequence specific detection of fU in a primer extension assay. Similarly, 1189 

reaction of fU with 2-amino-4,5-dimethoxythiophenol (11) leads to formation of a fluorescent 1190 

benzothiazol-2-yl group, allowing fU levels in a DNA sample to be determined through measurement 1191 

of the fluorescence intensity. 5-Formyluracil can also be selectively labelled by naphthalimide 1192 

derivative 12, or 4-hydrazinyl-7-nitrobenz-[2,1,3-d]-oxadiazole (NBDH) (13) through formation of 1193 

hydrazone linkages. The resulting adducts are fluorescent, allowing fU levels in a DNA sample to be 1194 

quantified. 5-Formyluracil residues labelled with either 12 or 13 also act as roadblocks to DNA-1195 

polymerases. The azide moiety in 12 enables enrichment of DNA fragments containing fU via reaction 1196 

with an alkyne-bearing biotin derivative. 1197 

Table 1 - Bisulfite sequencing and its modifications. Bisulfite sequencing (BS-seq) allows for the 1198 

detection of 5-methylcytosine (mC) in DNA. After treatment with sodium bisulfite cytosine (C) residues 1199 

are converted to uracil (U), while mC is unaffected, and can therefore be distinguished in DNA 1200 

sequencing. 5-Hydroxymethylcytosine (hmC) reads as C in BS-seq, while 5-formylcytosine (fC) and 5-1201 

carboxylcytosine (caC) read as U. Oxidative bisulfite sequencing (oxBS-seq) and reductive bisulfite 1202 

sequencing (redBS-seq) are modified procedures in which hmC is first converted to fC or vice versa. 1203 

TET-assisted bisulfite sequencing (TAB-seq) involves protection of hmC, followed by enzymatic 1204 

oxidation of all other modified cytosine derivatives to caC prior to bisulfite treatment. In chemically 1205 

assisted bisulfite sequencing (fCAB-seq) fC is protected from bisulfite-induced deamination with 1206 

ethylhydroxylamine. Formation of an amide is used to protect caC prior to bisulfite treatment in a 1207 

modification of chemically assisted bisulfite sequencing (caCAB-seq). In methylase assisted bisulfite 1208 

sequencing (MAB-seq) all unmodified C residues are enzymatically converted to mC prior to bisulfite 1209 

treatment. A variant of this method known as caMAB-seq involves enzymatic methylation followed by 1210 

reduction of fC to hmC prior to bisulfite treatment, allowing caC to be selectively detected. 1211 

Table 2 - Summary of detection methods for cytosine and thymine modifications. A large number of 1212 

detection methods for cytosine and thymine modifications have been developed. Many of these 1213 

detection methods have been utilised in the study of genomic DNA, while the applicability of others 1214 

has been demonstrated only in synthetic oligonucleotide models. While some detection methods can 1215 

detect modified nucleobases with single base resolution, methods for quantifying the levels of 1216 

modifications in whole genomes or genome fragments have also proven valuable. These aspects of 1217 

the detection methods discussed in this review are summarised in Table 2. Detection methods which 1218 

offer single base resolution are highlighted in bold. 1219 


