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Abstract 

This invention relates to the identification of modified cytosine 

residues, such as 5-methylcytosine (5mC), 5-hydroxymethylcytosine 

5 (5hmC) and 5-formylcytosine (5fC) to be distinguished from cytosine 

(C) in a sample nucleotide sequence. Methods may comprise oxidising 

or reducing a first portion of polynucleotides which comprise the 

sample nucleotide sequence; treating the oxidised or reduced first 

portion and a second portion of polynucleotides with bisulfite; 

0 sequencing the polynucleotides in the first and second portions of 

the population following steps ii) and iii) to produce first and 

second nucleotide sequences, respectively and; identifying the 

residue in the first and second nucleotide sequences which 

corresponds to a cytosine residue in the sample nucleotide sequence.  

5 These methods may be useful, for example in the analysis of genomic 

DNA and/or of RNA.  
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Methods for Detection of Nucleotide Modification 

This invention relates to the detection of modified cytosine 

residues and, in particular, to the sequencing of nucleic acids that 

5 contain modified cytosine residues.  

5-methylcytosine (5mC) is a well-studied epigenetic DNA mark that 

plays important roles in gene silencing and genome stability, and is 

found enriched at CpG dinucleotides (1). In metazoa, 5mC can be 

0 oxidised to 5-hydroxymethylcytosine (5hmC) by the ten-eleven 

translocation (TET) family of enzymes (2, 3). The overall levels of 

5hmC are roughly 10-fold lower than those of 5mC and vary between 

tissues (4). Relatively high quantities of 5hmC (~0.4% of all 

cytosines) are present in embryonic stem (ES) cells, where 5hmC has 

5 been suggested to have a role in the establishment and/or 

maintenance of pluripotency (2,3, 5-9). 5hmC has been proposed as an 

intermediate in active DNA demethylation, for example by deamination 

or via further oxidation of 5hmC to 5-formylcytosine (5fC) and 5

carboxycytosine (5cC) by the TET enzymes, followed by base excision 

0 repair involving thymine-DNA glycosylase (TDG) or failure to 

maintain the mark during replication (10). However, 5hmC may also 

constitute an epigenetic mark per se.  

It is possible to detect and quantify the level of 5hmC present in 

5 total genomic DNA by analytical methods that include thin layer 

chromatography and tandem liquid chromatography-mass spectrometry 

(2, 11, 12). Mapping the genomic locations of 5hmC has thus far been 

achieved by enrichment methods that have employed chemistry or 

antibodies for 5hmC-specific precipitation of DNA fragments that are 

30 then sequenced (6-8, 13-15). These pull-down approaches have 

relatively poor resolution (10s to 100s of nucleotides) and give 

only relative quantitative information that is likely to be subject 

to distributional biasing during the enrichment. Quantifiable single 

nucleotide sequencing of 5mC has been performed using bisulfite 

35 sequencing (BS-Seq), which exploits the bisulfite-mediated 

deamination of cytosine to uracil for which the corresponding 

transformation of 5mC is much slower (16). However, it has been 
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recognized that both 5mC and 5hmC are very slow to deaminate in the 

bisulfite reaction and so these two bases cannot be discriminated 

(17, 18). Two relatively new and elegant single molecule methods 

have shown promise in detecting 5mC and 5hmC at single nucleotide 

5 resolution. Single molecule real-time sequencing (SMRT) has been 

shown to detect derivatised 5hmC in genomic DNA (19). However, 

enrichment of DNA fragments containing 5hmC is required, which leads 

to loss of quantitative information (19). 5mC can be detected, 

albeit with lower accuracy, by SMRT (19). Furthermore, SMRT has a 

0 relatively high rate of sequencing errors (20), the peak calling of 

modifications is imprecise (19) and the platform has not yet 

sequenced a whole genome. Protein and solid-state nanopores can 

resolve 5mC from 5hmC and have the potential to sequence unamplified 

DNA molecules with further development (21, 22).  

5 

The present inventors have devised methods that allow modified 

cytosine residues, such as 5-methylcytosine (5mC), 5

hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) to be 

distinguished from cytosine (C) at single nucleotide resolution.  

O These methods are applicable to all sequencing platforms and may be 

useful, for example in the analysis of genomic DNA and/or of RNA.  

An aspect of the invention provides a method of identifying a 

modified cytosine residue in a sample nucleotide sequence, 

z5 comprising; 

(i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) oxidising or reducing a first portion of said population, 

(iii) treating the oxidised or reduced first portion of said 

30 population and a second portion of said population with bisulfite, 

(iv) sequencing the polynucleotides in the first and second 

portions of the population following steps ii) and iii) to produce 

first and second nucleotide sequences, respectively, and; 

(v) identifying residues in the first and second nucleotide 

35 sequences which correspond to a cytosine residue in the sample 

nucleotide sequence.  
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The residues identified in the first and second nucleotide sequences 

which correspond to a cytosine residue in the sample nucleotide 

sequence are indicative of the modification of the cytosine residue.  

5 For example, cytosine residues may be present at one or more 

positions in the sample nucleic acid sequence. The residues at these 

one or more positions in the first and second nucleotide sequences 

may be identified. A modified cytosine at a position in the sample 

nucleotide sequence may be identified from combination of residues 

0 identified in the first and second nucleotide sequences respectively 

(i.e. C and C, U and U, C and U, or U and C) at that position. The 

cytosine modifications which are indicated by different combinations 

are shown in table 1.  

5 A modified cytosine residue may contain a modification at the 5 

position. Suitable modified cytosines include 5-substituted 

cytosines.  

Groups which may be substituted at the 5-position of cytosine 

0 include methyl (m); hydroxymethyl (hm) or formyl (f) groups.  

The methods described herein may be useful in identifying and/or 

distinguishing cytosine (C), 5-methylcytosine (5mC), 5

hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) in a sample 

z5 nucleotide sequence. For example, methods described herein may be 

useful in distinguishing one residue from the group consisting of 

cytosine (C), 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) 

and 5-formylcytosine (5fC) from the other residues in the group.  

30 Preferably, modified cytosine residues, such as 5

hydroxymethylcytosine, in the first portion of said population are 

not labelled, for example with substituent groups, such as glucose, 

before the oxidisation or reduction of step ii).  

35 In some embodiments of the invention, the first portion of 

polynucleotides from the population may be oxidised. For example, 5

hydroxymethylcytosine residues in the first portion of 
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polynucleotides may be converted into 5-formylcytosine (5fC) by 

oxidation and the first portion of polynucleotides then treated with 

bisulfite.  

5 A method of identifying a modified cytosine residue in a sample 

nucleotide sequence may comprise; 

(i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) oxidising a first portion of said population, 

0 (iii) treating the oxidised first portion of said population 

and a second portion of said population with bisulfite, 

(iv) sequencing the polynucleotides in the first and second 

portions of the population following steps ii) and iii) to produce 

first and second nucleotide sequences, respectively and; 

5 (v) identifying the residue in the first and second nucleotide 

sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence.  

The identification of a residue at a position in one or both of the 

0 first and second nucleotide sequences as cytosine in one or both of 

first and second nucleotide sequences is indicative that the 

cytosine residue in the sample nucleotide sequence is 5

methylcytosine or 5-hydroxymethylcytosine.  

z5 5-hydroxymethylcytosine (5hmC) may be identified in the sample 

nucleotide sequence. A uracil residue at a position in the first 

nucleotide sequence which corresponds to a cytosine in the sample 

nucleotide sequence and a cytosine at the same position in the 

second nucleotide sequence are indicative that the cytosine residue 

30 in the sample nucleotide sequence is 5-hydroxylmethylcytosine 

(5hmC).  

For example, a method of identifying a 5-hydroxymethylcytosine 

(5hmC) residue in a sample nucleotide sequence or distinguishing 5

35 hydroxymethylcytosine from cytosine (C), 5-methylcytosine, and 5

formylcytosine (5fC) in a sample nucleotide sequence may comprise; 

2633967vl



5 

(i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) oxidising a first portion of said population, 

(iii) treating the oxidised first portion of said population 

5 and a second portion of said population with bisulfite, 

(iv) sequencing the polynucleotides in the first and second 

portions of the population following steps ii) and iii) to produce 

first and second nucleotide sequences, respectively and; 

(v) identifying the residue in the first and second nucleotide 

0 sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence, 

wherein the presence of a uracil residue in the first 

nucleotide sequence and a cytosine in the second nucleotide sequence 

is indicative that the cytosine residue in the sample nucleotide 

5 sequence is 5-hydroxylmethylcytosine.  

5-methylcytosine (5mC) may be identified in a sample nucleotide 

sequence. Cytosine at a position in both the first and second 

nucleotide sequences that correspond to a cytosine residue in the 

0 sample nucleotide sequence are indicative that the cytosine residue 

in the sample nucleotide sequence is 5-methylcytosine (5mC).  

For example, a method of identifying 5-methylcytosine in a sample 

nucleotide sequence or distinguishing 5-methylcytosine from cytosine 

z5 (C), 5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) in a 

sample nucleotide sequence may comprise; 

(i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) oxidising a first portion of said population, 

30 (iii) treating the oxidised first portion of said population 

and a second portion of said population with bisulfite, 

(iv) sequencing the polynucleotides in the first and second 

portions of the population following steps ii) and iii) to produce 

first and second nucleotide sequences, respectively and; 

35 (v) identifying the residue in the first and second nucleotide 

sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence 
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wherein the presence of a cytosine in both the first and 

second nucleotide sequences is indicative that the cytosine residue 

in the sample nucleotide sequence is 5-methylcytosine (5mC).  

5 Uracil residues at a position in both the first and second 

nucleotide sequences which correspond to a cytosine in the sample 

nucleotide sequence are indicative that the cytosine residue in the 

sample nucleotide sequence is not 5-methylcytosine or 5

hydroxymethylcytosine i.e. the cytosine residue is unmodified 

0 cytosine or 5-formylcytosine.  

A summary of the cytosine modifications at a position in the sample 

nucleotide sequence which are indicated by specific combinations of 

cytosine and uracil at the position in the first and second 

5 nucleotide sequences is shown in Table 1.  

The first and second portions of the polynucleotide population may 

be treated with bisulfite and/or sequenced simultaneously or 

sequentially.  

o In some embodiments in which the first portion is oxidised in step 

ii), treatment of the second portion may not be required to identity 

or distinguish a modified cytosine residue in the sample nucleotide 

sequence. For example, Table 1 shows that oxidation and bisulfite 

treatment of the first portion of the polynucleotide population is 

z5 sufficient to identify 5-methylcytosine in the sample nucleotide 

sequence. A method of identifying 5-methylcytosine in a sample 

nucleotide sequence or distinguishing 5-methylcytosine from cytosine 

(C), 5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) in a 

sample nucleotide sequence may comprise; 

30 (i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) oxidising said population, 

(iii) treating the oxidised population with bisulfite, 

(iv) sequencing the polynucleotides in the population 

35 following steps ii) and iii) to produce a treated nucleotide 

sequence, and; 
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(v) identifying the residue in the treated nucleotide sequence 

which corresponds to a cytosine residue in the sample nucleotide 

sequence, wherein the presence of a cytosine in the treated 

nucleotide sequence is indicative that the cytosine residue in the 

5 sample nucleotide sequence is 5-methylcytosine (5mC).  

In some embodiments of the invention, the first portion of 

polynucleotides from the population may be reduced in step ii). A 

method of identifying a modified cytosine residue in a sample 

nucleotide sequence may comprise; 

0 (i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) reducing a first portion of said population, 

(iii) treating the reduced first portion of said population 

and a second portion of said population with bisulfite, 

5 (iv) sequencing the polynucleotides in the first and second 

portions of the population following steps ii) and ii) to produce 

first and second nucleotide sequences, respectively and; 

(v) identifying the residue in the first and second nucleotide 

sequences which corresponds to a cytosine residue in the sample 

0 nucleotide sequence.  

This may be useful in identifying and/or distinguishing 5

formylcytosine (5fC) in a sample nucleotide sequence.  

z5 In embodiments in which the first portion is reduced, cytosine at a 

position in the first nucleotide sequence which corresponds to a 

cytosine in the sample nucleotide sequence and a uracil residue at 

this position in the second nucleotide sequence is indicative that 

the cytosine residue in the sample nucleotide sequence is 5

30 formylcytosine; uracil at a position in the first and second 

nucleotide sequences which corresponds to a cytosine residue in the 

sample nucleotide sequence is indicative that the cytosine residue 

in the sample nucleotide sequence is unmodified cytosine; and 

cytosine at a position in both the first and second nucleotide 

35 sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence is indicative that the cytosine residue in the 
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sample nucleotide sequence is 5-methylcytosine (5mC) or 5

hydroxymethylcytosine (5hmC).  

A summary of the cytosine modifications at a position in the sample 

5 nucleotide sequence which are indicated by specific combinations of 

cytosine and uracil at the position in the first and second 

nucleotide sequences is shown in Table 1.  

In some embodiments, methods of the invention may comprise 

0 sequencing a first portion of polynucleotides which has been 

oxidised and bisulfite treated; a second portion of polynucleotides 

which has been bisulfite treated; and a third portion of 

polynucleotides from the population which has been reduced and 

bisulfite treated. For example, a method may comprise; 

5 (i) providing a population of polynucleotides which comprise 

the sample nucleotide sequence, 

(ii) providing first, second and third portions of the 

population, 

(iii) oxidising the first portion of said population, 

0 (iv) reducing the third portion of said population, 

(v) treating the first, second and third portions of said 

population with bisulfite, 

(vi) sequencing the polynucleotides in the first, second and 

third portions of the population following steps iii), iv) and v) to 

z5 produce first, second and third nucleotide sequences, respectively 

and; 

(vii) identifying the residue in the first, second and third 

nucleotide sequences which corresponds to a cytosine residue in the 

sample nucleotide sequence.  

30 

This may be useful, for example, in identifying and/or 

distinguishing 5-formylcytosine (5fC) in a sample nucleotide 

sequence from cytosine and/or other modified cytosines.  

35 Uracil at a position in the first and second nucleotide sequences 

which corresponds to a cytosine residue in the sample nucleotide 

sequence and a cytosine at this position in the third nucleotide 
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sequence is indicative that the cytosine residue in the sample 

nucleotide sequence is 5-formylcytosine.  

Cytosine at a position in the first, second and third nucleotide 

5 sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence is indicative that the cytosine residue in the 

sample nucleotide sequence is 5-methylcytosine (5mC).  

Cytosine at a position in the second and third nucleotide sequences 

0 which corresponds to a cytosine in the sample nucleotide sequence 

and a uracil residue at this position in the first nucleotide 

sequence is indicative that the cytosine residue in the sample 

nucleotide sequence is 5-hydroxymethylcytosine.  

5 Uracil at a position in the first, second and third nucleotide 

sequences which corresponds to a cytosine residue in the sample 

nucleotide sequence is indicative that the cytosine residue in the 

sample nucleotide sequence is unmodified cytosine.  

o A summary of the cytosine modifications at a position in the sample 

nucleotide sequence which are indicated by specific combinations of 

cytosine and uracil at the position in the first, second and third 

nucleotide sequences is shown in Table 1.  

z5 The sample nucleotide sequence may be already known or it may be 

determined. The sample nucleotide sequence is the sequence of 

untreated polynucleotides in the population i.e. polynucleotides 

which have not been oxidised, reduced or bisulfite treated. In the 

sample nucleotide sequence, modified cytosines are not distinguished 

30 from cytosine. 5-Methylcytosine, 5-formylcytosine and 5

hydroxymethylcytosine are all indicated to be or identified as 

cytosine residues in the sample nucleotide sequence. For example, 

any of the methods described herein may further comprise; 

providing a fourth portion of the population of 

35 polynucleotides comprising sample nucleotide sequence; and, 

sequencing the polynucleotides in the fourth portion to 

produce the sample nucleotide sequence.  
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The sequence of the polynucleotides in the fourth portion may be 

determined by any appropriate sequencing technique.  

5 The positions of one or more cytosine residues in the sample 

nucleotide sequence may be determined. This may be done by standard 

sequence analysis. Since modified cytosines are not distinguished 

from cytosine, cytosine residues in the sample nucleotide sequence 

may be cytosine, 5-methylcytosine, 5-formylcytosine or 5

0 hydroxymethylcytosine.  

The first and second nucleotide sequences and, optionally the third 

nucleotide sequence, may be compared to the sample nucleotide 

sequence. For example, the residues at positions in the first and 

5 second sequences and, optionally the third nucleotide sequence, 

corresponding to the one or more cytosine residues in the sample 

nucleotide sequence may be identified.  

The modification of a cytosine residue in the sample nucleotide 

0 sequence may be determined from the identity of the nucleotides at 

the corresponding positions in the first and second nucleotide 

sequences and, optionally the third nucleotide sequence.  

The polynucleotides in the population all contain the same sample 

z5 nucleotide sequence i.e. the sample nucleotide sequence is identical 

in all of the polynucleotides in the population.  

The effect of different treatments on cytosine residues within the 

sample nucleotide sequence can then be determined, as described 

30 herein.  

The sample nucleotide sequence may be a genomic sequence. For 

example, the sequence may comprise all or part of the sequence of a 

gene, including exons, introns or upstream or downstream regulatory 

35 elements, or the sequence may comprise genomic sequence that is not 

associated with a gene. In some embodiments, the sample nucleotide 

sequence may comprise one or more CpG islands.  
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Suitable polynucleotides include DNA, preferably genomic DNA, and/or 

RNA, such as genomic RNA (e.g. mammalian, plant or viral genomic 

RNA), mRNA, tRNA, rRNA and non-coding RNA.  

5 

The polynucleotides comprising the sample nucleotide sequence may be 

obtained or isolated from a sample of cells, for example, mammalian 

cells, preferably human cells.  

0 Suitable samples include isolated cells and tissue samples, such as 

biopsies.  

Modified cytosine residues including 5hmC and 5fC have been detected 

in a range of cell types including embryonic stem cells (ESCS) and 

5 neural cells (2, 3, 11, 37, 38).  

Suitable cells include somatic and germ-line cells.  

Suitable cells may be at any stage of development, including fully 

0 or partially differentiated cells or non-differentiated or 

pluripotent cells, including stem cells, such as adult or somatic 

stem cells, foetal stem cells or embryonic stem cells.  

Suitable cells also include induced pluripotent stem cells (iPSCs), 

z5 which may be derived from any type of somatic cell in accordance 

with standard techniques.  

For example, polynucleotides comprising the sample nucleotide 

sequence may be obtained or isolated from neural cells, including 

30 neurons and glial cells, contractile muscle cells, smooth muscle 

cells, liver cells, hormone synthesising cells, sebaceous cells, 

pancreatic islet cells, adrenal cortex cells, fibroblasts, 

keratinocytes, endothelial and urothelial cells, osteocytes, and 

chondrocytes.  

35 
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Suitable cells include disease-associated cells, for example cancer 

cells, such as carcinoma, sarcoma, lymphoma, blastoma or germ line 

tumour cells.  

5 Suitable cells include cells with the genotype of a genetic disorder 

such as Huntington's disease, cystic fibrosis, sickle cell disease, 

phenylketonuria, Down syndrome or Marfan syndrome.  

Methods of extracting and isolating genomic DNA and RNA from samples 

0 of cells are well-known in the art. For example, genomic DNA or RNA 

may be isolated using any convenient isolation technique, such as 

phenol/chloroform extraction and alcohol precipitation, caesium 

chloride density gradient centrifugation, solid-phase anion-exchange 

chromatography and silica gel-based techniques.  

5 

In some embodiments, whole genomic DNA and/or RNA isolated from 

cells may be used directly as a population of polynucleotides as 

described herein after isolation. In other embodiments, the isolated 

genomic DNA and/or RNA may be subjected to further preparation 

0 steps.  

The genomic DNA and/or RNA may be fragmented, for example by 

sonication, shearing or endonuclease digestion, to produce genomic 

DNA fragments. A fraction of the genomic DNA and/or RNA may be used 

z5 as described herein. Suitable fractions of genomic DNA and/or RNA 

may be based on size or other criteria. In some embodiments, a 

fraction of genomic DNA and/or RNA fragments which is enriched for 

CpG islands (CGIs) may be used as described herein.  

30 The genomic DNA and/or RNA may be denatured, for example by heating 

or treatment with a denaturing agent. Suitable methods for the 

denaturation of genomic DNA and RNA are well known in the art.  

In some embodiments, the genomic DNA and/or RNA may be adapted for 

35 sequencing before oxidation or reduction and bisulfite treatment, or 

bisulfite treatment alone. The nature of the adaptations depends on 

the sequencing method that is to be employed. For example, for some 
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sequencing methods, primers may be ligated to the free ends of the 

genomic DNA and/or RNA fragments following fragmentation. Suitable 

primers may contain 5mC to prevent the primer sequences from 

altering during oxidation or reduction and bisulfite treatment, or 

5 bisulfite treatment alone, as described herein. In other 

embodiments, the genomic DNA and/or RNA may be adapted for 

sequencing after oxidation, reduction and/or bisulfite treatment, as 

described herein.  

0 Following fractionation, denaturation, adaptation and/or other 

preparation steps, the genomic DNA and/or RNA may be purified by any 

convenient technique.  

Following preparation, the population of polynucleotides may be 

5 provided in a suitable form for further treatment as described 

herein. For example, the population of polynucleotides may be in 

aqueous solution in the absence of buffers before treatment as 

described herein.  

o Polynucleotides for use as described herein may be single or double

stranded.  

The population of polynucleotides may be divided into two, three, 

four or more separate portions, each of which contains 

z5 polynucleotides comprising the sample nucleotide sequence. These 

portions may be independently treated and sequenced as described 

herein.  

Preferably, the portions of polynucleotides are not treated to add 

30 labels or substituent groups, such as glucose, to 5

hydroxymethylcytosine residues in the sample nucleotide sequence 

before oxidation and/or reduction.  

The first portion of the population of polynucleotides comprising 

35 the sample nucleotide sequence may be oxidised. Oxidation converts 

any 5-hydroxymethylcytosine in the sample nucleotide sequence to 5

formylcytosine. Oxidation may be non-enzyme mediated oxidation, for 
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example using an organic or inorganic chemical oxidising agent, 

preferably under denaturing conditions.  

The first portion may be oxidised by treatment with an oxidising 

5 agent. The oxidising agent is any agent suitable for generating an 

aldehyde from an alcohol. The oxidising agent or the conditions 

employed in the oxidation step may be selected so that any 5

hydroxymethylcytosine is selectively oxidised. Thus, substantially 

no other functionality in the polynucleotide is oxidised in the 

0 oxidation step. The oxidising step therefore does not result in the 

reaction of any thymine or 5-methylcytosine residues, where such are 

present. The agent or conditions are selected to minimise or 

prevent any degradation of the polynucleotide.  

5 The use of an oxidising agent may result in the formation of some 

corresponding 5-carboxycytosine product. The formation of this 

product does not negatively impact on the methods of identification 

described herein. Under the bisulfite reaction conditions that are 

used to convert 5-formylcytosine to uracil, 5-carboxycytosine is 

0 observed to convert to uracil also. It is understood that a 

reference to 5-formylcytosine that is obtained by oxidation of 

5-hydroxymethylcytosine may be a reference to a product also 

comprising 5-carboxycytosine that is also obtained by that 

oxidization.  

z5 

The oxidising agent may be a non-enzymatic oxidising agent, for 

example, an organic or inorganic chemical compound.  

Suitable oxidising agents are well known in the art and include 

30 metal oxides, such as KRuO 4 , MnO2 and KMnO4. Particularly useful 

oxidising agents are those that may be used in aqueous conditions, 

as such are most convenient for the handling of the polynucleotide.  

However, oxidising agents that are suitable for use in organic 

solvents may also be employed where practicable.  

35 

In some embodiments, the oxidising agent may comprise a 
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perruthenate anion (RuO4 ). Suitable perruthenate oxidising agents 

include organic and inorganic perruthenate salts, such as potassium 

perruthenate (KRuO4) and other metal perruthenates; 

tetraakylamonium perrutlIhenates, such as tetrapropylammonium 

5 perruthenate (TPAP) and tetrabutylammonium perruthenate (TBAP); 

polymer-supported perruthenate (PSP) and tetraphenylphosphonium 

ruthenate.  

Advantageously, the oxidising agent or the oxidising conditions may 

0 also preserve the polynucleotide in a denatured state.  

Following treatment with the oxidising agent, the polynucleotides in 

the first portion may be purified.  

5 Purification may be performed using any convenient nucleic acid 

purification technique. Suitable nucleic acid purification 

techniques include spin-column chromatography.  

The polynucleotide may be subjected to further, repeat oxidising 

0 steps. Such steps are undertaken to maximise the conversion of 

5-hydroxycytosine to 5-formylcytosine. This may be necessary where 

a polynucleotide has sufficient secondary structure that is capable 

of re-annealing. Any annealed portions of the polynucleotide may 

limit or prevent access of the oxidising agent to that portion of 

z5 the structure, which has the effect of protecting 5-hydroxycytosine 

from oxidation.  

In some embodiments, the first portion of the population of 

polynucleotides may for example be subjected to multiple cycles of 

30 treatment with the oxidising agent followed by purification. For 

example, one, two, three or more than three cycles may be performed.  

In some embodiments, the first portion of the population of 

polynucleotides comprising the sample nucleotide sequence may be 

35 reduced. In other embodiments, the third portion of the population 

of polynucleotides comprising the sample nucleotide sequence may be 

reduced. Reduction of the first or third portion of polynucleotides 
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converts 5-formylcytosine residues in the sample nucleotide sequence 

into 5-hydroxymethylcytosine 

The first or third portions of polynucleotides may be reduced by 

5 treatment with a reducing agent. The reducing agent is any agent 

suitable for generating an alcohol from an aldehyde. The reducing 

agent or the conditions employed in the reduction step may be 

selected so that any 5-formylcytosine is selectively reduced (i.e.  

the reducing agent or reduction conditions are selective for 5

0 formylcytosine). Thus, substantially no other functionality in the 

polynucleotide is reduced in the reduction step. The reducing agent 

or conditions are selected to minimise or prevent any degradation of 

the polynucleotide.  

5 Suitable reducing agents are well-known in the art and include 

NaBH4 , NaCNBH 4 and LiBH4. Particularly useful reducing agents are 

those that may be used in aqueous conditions, as such are most 

convenient for the handling of the polynucleotide. However, 

reducing agents that are suitable for use in organic solvents may 

0 also be employed where practicable.  

Following oxidation and reduction respectively, the first portion of 

the population, and optionally the third portion, are treated with 

bisulfite. A second portion of the population which has not been 

z5 oxidised or reduced is also treated with bisulfite.  

Bisulfite treatment converts both cytosine and 5-formylcytosine 

residues in a polynucleotide into uracil. As noted above, where any 

5-carboxycytosine is present (as a product of the oxidation step), 

30 this 5-carboxycytosine is converted into uracil in the bisulfite 

treatment. Without wishing to be bound by theory, it is believed 

that the reaction of the 5-formylcytosine proceeds via loss of the 

formyl group to yield cytosine, followed by a subsequent deamination 

to give uracil. The 5-carboxycytosine is believed to yield the 

35 uracil through a sequence of decarboxylation and deamination steps.  

Bisulfite treatment may be performed under conditions that convert 
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both cytosine and 5-formylcytosine or 5-carboxycytosine residues in 

a polynucleotide as described herein into uracil.  

A portion of the population may be treated with bisulfite by 

5 incubation with bisulfite ions (HS032

The use of bisulfite ions (HSO3 ) to convert unmethylated cytosines 

in nucleic acids into uracil is standard in the art and suitable 

reagents and conditions are well known to the skilled person (39

0 42). Numerous suitable protocols and reagents are also commercially 

available (for example, EpiTectTM , Qiagen NL; EZ DNA MethylationTM 

Zymo Research Corp CA; CpGenome Turbo Bisulfite Modification Kit; 

Millipore).  

5 A feature of the methods described herein is the conversion of 

unmethylated cytosine (which may be generated in situ from 

5-formylcytosine or 5-carboxycytosine) to uracil. This reaction is 

typically achieved through the use of bisulfite. However, in 

general aspects of the invention, any reagent or reaction conditions 

0 may be used to effect the conversion of cytosine to uracil. Such 

reagents and conditions are selected such that little or no 5

methylcytosine reacts, and more specifically such that little or no 

5-methylcytosine reacts to form uracil. The reagent, or optionally 

a further reagent, may also effect the conversion of 

25 5-formylcytosine or 5-carboxycytosine to cytosine or uracil.  

Following the incubation, the portions of polynucleotides may be 

immobilised, washed, desulfonated, eluted and/or otherwise treated 

as required.  

30 

In some embodiments, the first, second and third portions of 

polynucleotides from the population may be amplified following 

treatment as described above. This may facilitate further 

manipulation and/or sequencing. Sequence alterations in the first, 

35 second and third portions of polynucleotides are preserved following 

the amplification. Suitable polynucleotide amplification techniques 

are well known in the art and include PCR. The presence of a uracil 

2633967vl



18 

(U) residue at a position in the first, second and/or third portions 

of polynucleotide may be indicated or identified by the presence of 

a thymine (T) residue at that position in the corresponding 

amplified polynucleotide.  

5 

As described above, polynucleotides may be adapted after oxidation, 

reduction and/or bisulfite treatment to be compatible with a 

sequencing technique or platform. The nature of the adaptation will 

depend on the sequencing technique or platform. For example, for 

0 Solexa-Illumina sequencing, the treated polynucleotides may be 

fragmented, for example by sonication or restriction endonuclease 

treatment, the free ends of the polynucleotides repaired as 

required, and primers ligated onto the ends.  

Polynucleotides may be sequenced using any convenient low or high 

5 throughput sequencing technique or platform, including Sanger 

sequencing (43), Solexa-Illumina sequencing (44), Ligation-based 

sequencing (SOLiD7) (45), pyrosequencing (46); strobe sequencing 

(SMRTTM) (47, 48); and semiconductor array sequencing (Ion TorrentTM ) 

(49).  

0 

Suitable protocols, reagents and apparatus for polynucleotide 

sequencing are well known in the art and are available commercially.  

The residues at positions in the first, second and/or third 

25 nucleotide sequences which correspond to cytosine in the sample 

nucleotide sequence may be identified.  

The modification of a cytosine residue at a position in the sample 

nucleotide sequence may be determined from the identity of the 

30 residues at the corresponding positions in the first, second and, 

optionally, third nucleotide sequences, as described above.  

The extent or amount of cytosine modification in the sample 

nucleotide sequence may be determined. For example, the proportion 

35 or amount of 5-hydroxymethylcytosine and/or 5-methylcytosine in the 
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sample nucleotide sequence compared to unmodified cytosine may be 

determined.  

Polynucleotides as described herein, for example the population of 

5 polynucleotides or 1, 2, 3, or all 4 of the first, second, third and 

fourth portions of the population, may be immobilised on a solid 

support.  

A solid support is an insoluble, non-gelatinous body which presents 

0 a surface on which the polynucleotides can be immobilised.  

Examples of suitable supports include glass slides, microwells, 

membranes, or microbeads. The support may be in particulate or 

solid form, including for example a plate, a test tube, bead, a 

ball, filter, fabric, polymer or a membrane. Polynucleotides may, 

5 for example, be fixed to an inert polymer, a 96-well plate, other 

device, apparatus or material which is used in a nucleic acid 

sequencing or other investigative context. The immobilisation of 

polynucleotides to the surface of solid supports is well-known in 

the art. In some embodiments, the solid support itself may be 

0 immobilised. For example, microbeads may be immobilised on a second 

solid surface.  

In some embodiments, the first, second, third and/or fourth portions 

of the population of polynucleotides may be amplified before 

z5 sequencing. Preferably, the portions of polynucleotide are amplified 

following the treatment with bisulfite.  

Suitable methods for the amplification of polynucleotides are well 

known in the art.  

30 

Following amplification, the amplified portions of he population of 

polynucleotides may be sequenced.  

Nucleotide sequences may be compared and the residues at positions 

35 in the first, second and/or third nucleotide sequences which 

correspond to cytosine in the sample nucleotide sequence may be 

identified, using computer-based sequence analysis.  
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Nucleotide sequences, such as CpG islands, with cytosine 

modification greater than a threshold value may be identified. For 

example, one or more nucleotide sequences in which greater than 1%, 

5 greater than 2%, greater than 3%, greater than 4% or greater than 5% 

of cytosines are hydroxymethylated may be identified.  

Computer-based sequence analysis may be performed using any 

convenient computer system and software. A typical computer system 

0 comprises a central processing unit (CPU), input means, output means 

and data storage means (such as RAM). A monitor or other image 

display is preferably provided. The computer system may be operably 

linked to a DNA and/or RNA sequencer.  

5 For example, a computer system may comprise a processor adapted to 

identify modified cytosines in a sample nucleotide sequence by 

comparison with first, second and/or third nucleotide sequences as 

described herein. For example the processor may be adapted; 

(a) identify the positions of cytosine residues in the sample 

0 nucleotide sequence, 

(b) identify the residues in the first, second and/or third 

nucleotide sequences at the positions of cytosine residues in the 

sample nucleotide sequence, 

(c) determine from the identities of said residues the 

z5 presence or absence of modification of the cytosine residue at the 

positions in the sample nucleotide sequence.  

The sample nucleotide sequence and the first second and third 

nucleotide sequences may be entered into the processor automatically 

30 from the DNA and/or RNA sequencer. The sequences may be displayed, 

for example on a monitor.  

The computer system may further comprise a memory device for storing 

data. Nucleotide sequences such as genomic sequences, and the 

35 positions of 5fC, 5hmC and other modified cytosine residues may be 

stored on another or the same memory device, and/or may be sent to 

2633967vl



21 

an output device or displayed on a monitor. This may facilitate the 

mapping of modified cytosines, such as 5hmC and 5fC, in genomic DNA.  

The identification and mapping of cytosine modifications, such as 

5 5fC and 5hmC, in the genome may be useful in the study of neural 

development and function, and cell differentiation, division and 

proliferation, as well as the prognosis and diagnosis of diseases, 

such as cancer.  

0 The identification and/or mapping of modified cytosines such as 5fC 

and 5hmC, using the methods described herein may therefore be useful 

in disease 

Another aspect of the invention provides a kit for use in a method 

5 of identifying a modified cytosine residue in a sample nucleotide 

sequence as described above, comprising; 

a oxidising agent and/or a reducing agent; and, 

a bisulfite reagent.  

O Suitable oxidising agents, reducing agents and bisulfite reagents 

are described above.  

A kit may further comprise a population of control polynucleotides 

comprising one or more modified cytosine residues, for example 

z5 cytosine (C), 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC) 

or 5-formylcytosine (5fC). In some embodiments, the population of 

control polynucleotides may be divided into one or more portions, 

each portion comprising a different modified cytosine residue.  

30 The kit may include instructions for use in a method of identifying 

a modified cytosine residue as described above.  

A kit may include one or more other reagents required for the 

method, such as buffer solutions, sequencing and other reagents. A 

35 kit for use in identifying modified cytosines may include one or 

more articles and/or reagents for performance of the method, such as 

means for providing the test sample itself, including DNA and/or RNA 
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isolation and purification reagents, and sample handling containers 

(such components generally being sterile).  

Various further aspects and embodiments of the present invention 

5 will be apparent to those skilled in the art in view of the present 

disclosure.  

All documents mentioned in this specification are incorporated 

herein by reference in their entirety for all purposes.  

0 

"and/or" where used herein is to be taken as specific disclosure of 

each of the two specified features or components with or without the 

other. For example "A and/or B" is to be taken as specific 

disclosure of each of (i) A, (ii) B and (iii) A and B, just as if 

5 each is set out individually herein.  

Unless context dictates otherwise, the descriptions and definitions 

of the features set out above are not limited to any particular 

aspect or embodiment of the invention and apply equally to all 

0 aspects and embodiments that are described.  

Certain aspects and embodiments of the invention will now be 

illustrated by way of example and with reference to the figures 

described below.  

z5 

Figure 1 shows the method for single-base resolution sequencing of 

5hmC. Fig 1A shows the reaction of 2'-deoxy-5-formylcytidine (d5fC) 

with NaHSO 3 (bisulfite) quenched by NaOH at different time points 

then analyzed by high performance liquid chromatography (HPLC).  

30 Error bars are the standard deviation of 3 replicates. Fig 1B shows 

the oxidative bisulfite reaction scheme: oxidation of 5hmC to 5fC 

followed by bisulfite treatment and NaOH to convert 5fC to U. The R 

group is DNA. Fig 1C shows a diagram and table outlining the BS-Seq 

and oxBS-Seq techniques. BS-Seq consists of bisulfite treatment of 

35 the input DNA and then amplification followed by sequencing. oxBS

Seq consists of oxidation of the input DNA, followed by bisulfite 

treatment and amplification then sequencing. By comparing the input, 
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BS-Seq and oxBS-Seq outputs C, 5mC and 5hmC can be discriminated, 

mapped and quantified.  

Figure 2A shows the bisulfite profiles of 2'deoxy-5-formylcytosine 

5 indicating an overall decarbonylation plus deamination to uracil.  

Figure 2B shows the bisulfite profile of 2'deoxy-5-carboxycytosine 

indicating a decarboxylation to cytosine then a deamination to 

uracil.  

0 Figure 3 shows quantification of oxidation by mass spectrometry 

(Figs 3A, 3B, 3D) and oxidative bisulfite treatment by Illumina 

sequencing (Fig 3C). Fig 3A shows levels of 5hmC and 5fC (peak areas 

normalised to T) in a 15mer ssDNA oligonucleotide before and after 

KRuO 4 oxidation. Fig 3B shows levels of 5hmC and 5fC (concentration 

5 normalised to 5mC in primer sequence) in a 135mer dsDNA fragment 

before and after two sequential KRuO 4 oxidations. Fig 3C shows C to T 

conversion levels as determined by Illumina sequencing of two dsDNA 

fragments containing either a single 5hmCpG (122mer) or multiple 

5hmCpGs (135 mer) following oxidative bisulfite treatment (at least 

0 950,000 reads were obtained per base). 5mC was also present in these 

strands for comparison of conversion rates. Fig 3D shows levels of 

5hmC and 5fC (concentration normalised to 5mC in primer sequence) in 

ES cell DNA (J1) measured before and after KRuO 4 oxidation. All error 

bars are standard deviations.  

25 

Figure 4 shows the extent of cytosine degradation after oxidation as 

determined by measuring the change of nucleoside ratios following 

oxidation with KRuO4 on synthetic 15mer single stranded (ss) DNA 

containing C (three replicates) (Fig 4A), synthetic 15mer ssDNA 

30 containing 5mC (three replicates) (Fig 4B) and genomic ES cell J1 

DNA (2 replicates of sonicated and 2 of non-sonicated) (Fig 4C).  

Percent change measured by HPLC analysis of nucleoside peak area 

after oxidation divided by nucleoside peak area before oxidation.  

Error bars are standard deviations.  

35 
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Figure 5 shows an HPLC trace of the nucleosides obtained by 

digestion of a 140 bp DNA molecule containing 5hmC before (Fig 5A) 

and after (Fig 5B) oxidation.  

5 Figure 6 shows an HPLC trace of the nucleosides obtained by 

digestion of a 15 bp DNA strand containing 5fC before (Fig 6A) and 

after (Fig 6B) bisulfite treatment.  

Figure 7 shows an HPLC trace of the nucleosides obtained by 

0 digestion of a 140 bp DNA molecule containing 5fC before (Fig 7A) 

and after (Fig 7B) reduction.  

Figure 8 shows Sanger sequencing of the 122mer DNA strand with a 

ClaI site (ATCGAT) containing either C, 5mC or 5hmC after oxBS 

5 treatment. The chromatogram shows the opposite sequence to the 

template strand. In the C DNA the C in the opposite strand is fully 

converted to a U, shown as an A in the chromatogram instead of a G.  

The 5mC DNA is not converted, showing a G in the chromatogram. The 

5hmC DNA is mostly converted, showing an A in the chromatogram, with 

0 a small trace of unconverted G in this run.  

Figure 9 shows quantification of 5mC and 5hmC levels at CGIs by 

oxRRBS. Fig 9A shows that a comparison of the fraction of 

unconverted cytosines per CGI between the RRBS and oxRRBS datasets; 

z5 CGIs with statistically significant lower fractions in the oxRRBS 

dataset (red) are hydroxymethylated CGIs; a false discovery rate of 

3.7% was estimated using the number of CGIs with the opposite 

pattern (black). Figure 9B shows the distribution of 5mC and 5hmC 

levels within CGIs with significant levels of the respective 

30 modification. Figure 9C shows examples of genomic RRBS and oxRRBS 

profiles overlapped with (h)MeDIP-Seq profiles (6). CGIs are 

indicated by the green bars; for the purposes of clarity data 

outside CGIs was masked (grey areas). Each bar in the oxRRBS tracks 

represents a single CpG (in either DNA strand). Zoomed in areas in 

35 the lower part of the panel highlight the single nucleotide 

resolution of the method. Figure 9D shows 5mC and 5hmC levels at 

selected CGIs were validated using glucMS-qPCR. Values from oxRRBS 
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at individual MspI sites are displayed, with error bars representing 

95% confidence intervals. GlucMS-qPCR was performed in duplicate, 

with the bar representing the mean value and the black dots the 

individual replicates. The two techniques show a good correlation.  

5 

Figure 10 shows an HPLC chromatogram of a RNA strand (SEQ ID NO: 7) 

digested to nucleosides before (Fig 10A) and after (Fig 10B) 

oxidation with KRuO4 . The same conditions were used as for DNA 

oxidation. The retention times of the nucleosides were as follows: 

0 C - 1.2 min, U - 1.7 min, G - 3.5 min, A - 6.5 min.  

Figure 11 shows a Sanger sequencing trace for a synthetic 100mer DNA 

strand containing a 5-formylcytosine (5fC) (partial sequence shown 

ACGGA5fCGTA) following reduction with NaBH4 and bisulfite 

5 treatment (redBS-Seq). The chromatogram shows the reverse complement 

of the partial sequence (TACGTCCAT - where the bold positions come 

from 5fC or C). The positions of the 5fC and C (in brackets) are 

shown on the template strand in figure 11. Both 5fC and C deaminate 

under bisulfite conditions. However, 5fC is converted to 5hmC by the 

0 reduction step and not deaminated whereas deamination of C is 

unaffected. This allows the discrimination of 5fC and C at single

base resolution.  

Table 1 shows sequencing outcomes for cytosine and modified 

z5 cytosines subjected to various treatments.  

Table 2 shows the structures of cytosine (la), 5-methylcytosine 

(5mC; lb), 5-hydroxymethylcytosine (5hmC; 1c) and 5-formylcytosine 

(5fC; ld) 

30 

Table 3 shows a summary of the efficiencies of oxidation of 5hmC in 

DNA for some examples of water-soluble oxidants.  

Tables 4 and 5 show the retention times for the peaks in the HLPC 

35 traces of DNA (Figures 4, 5 and 6) and RNA (Figure 10) respectively.  
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Experiments 

1. Methods 

1.1 d5hmCTP oxidation to d5fCTP and d5cCTP with MnO2 

2.5 pL d5hmCTP (100 mM, Bioline) in 497.5 pL H2 0 with 51.6 mg MnO2 

5 (for d5fCTP) or 500 mg MnO2 (for d5cCTP) (Alpha Aeser) was shaken at 

50 degrees for 2 h and 30 min. Then MnO 2 was removed by filtration 

using Amicon Ultra 0.5 mL 10 kDa columns (Millipore) and the sample 

was lyophilized. The nucleotide triphosphate was resuspended (5 mM) 

and dephosphorylated with alkaline phosphatase (New England Biolabs) 

0 overnight at 37 0 C.  

1.2 Bisulfite timecourse with d5fC and d5cC nucleoside 

9 pL d5fC or d5cC (5 mM), 0.5 pL dA (0.1 M, Roche) and 2.5 pL H 20 

were mixed and then 33 pL 4 M NaHSO 3 (MP Biochemicals) was added.  

5 This was split into three 15 uL reactions and held at 500 C in the 

dark. 0.5 pL fractions were taken out at various time points and 

worked up in 2.5 pL H2 0 and 2 pL NaOH (1 M) . After being held for at 

least 30 min at room temperature they were injected into the HPLC.  

Peak areas were measured, correlated to a calibration curve of d5fC, 

0 d5cC, dC or dU, and standardised to the level of dA in the 

chromatogram.  

1.3 DNA digestion for HPLC analysis 

DNA was digested as by a literature protocol (30), purified with 

z5 Amicon Ultra 0.5 mL 10 kDa columns and analysed by HPLC using an 

Agilent 1100 HPLC with a flow of 1 mL/min over an Eclipse XDB-C18 

3.5 pm, 3.Oxl5Omm column. The column temperature was maintained at 

45 degrees. Eluting buffers were buffer A (500 mM Ammonium Acetate 

(Fisher) pH 5), Buffer B (Acetonitrile) and Buffer C (H 2 0) . Buffer A 

30 was held at 1% throughout the whole run and the gradient for the 

remaining buffers was 0 min - 0.5% B, 2 min - 1% B, 8 min - 4% B, 10 

min - 95% B.  

The retention times of 2'-deoxynucleosides are as follows: 2'-deoxy

35 5-carboxycytidine (1.0 min), 2'-deoxycytidine (1.8 min), 2'-deoxy-5

hydroxymethylcytidine (2.1 min), 2'-deoxyuridine (2.7 min), 2'

deoxy-5-methylcytidine (4.0 min), 2'-deoxyguanosine (4.5 min), 2'
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deoxy-5-formylcytidine (5.4 min), 2'-deoxythymidine (5.7 min), 2'

deoxyadeosine (7.4 min).  

The same protocol was used to digest RNA for HPLC analysis.  

5 

1.4 Single and double stranded DNA sequences 

15mer oligos were purchased from IBA containing either cytosine, 5

methylcytosine, or 5-hydroxymethylcytosine. 122mer and 135mer dsDNA 

template and primers were purchased from Biomers. All C's in primers 

0 are 5-methylcytosine. 5-hydroxymethylcytosine was added to the 

strand at all other cytosine positions by PCR, using d5hmCTP and 

Fermentas DreamTaq Polymerase.  

1.5 General Reduction 

5 DNA (approx 1 pig - 10 piL) was incubated on ice for 5 minutes with 40 

piL of NaBH 4 (10,000 equivalents per piL) . This reaction was then 

shaken at 25 degrees with an open lid in the dark for 1 hour. The 

reaction was purified with quick spin oligo columns (Roche).  

0 1.6 Oxidations 

General oxidation 

DNA was made up to 24 pL with NaOH (0.05 M final concentration) on 

ice, then 1 pL of a KRuO 4 (Alpha Aeser) solution (15 mM in 0.05 M 

NaOH) was added and the reaction was held on ice for 1 hour, with 

25 occasional vortexing. The reaction was purified with a mini quick 

spin oligo column (Roche) (after four 600 pL H2 0 washes).  

These conditions were also used for the oxidation of RNA.  

30 Single stranded DNA oxidation 

1 pg 15mer synthetic ssDNA oxidised according to the general 

oxidation.  

Synthetic double stranded DNA double oxidation 

35 The dsDNA was precipitated with ethanol and then filtered through a 

mini quick spin oligo column (after four 600 uL H2 0 washes) . A 

double oxidation was required for synthetic dsDNA as NaOH 
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denaturation is not 100% efficient with a solution of a single 

homologous DNA fragment (unlike genomic DNA).  

1 pg DNA was denatured in 0.05 M NaOH (total volume 19 pL) for 30 

5 min at 37 0 C. The reaction was then snap cooled on ice and left for 5 

min. The reaction was then oxidised according to the general 

oxidation but with a total volume of 20 pL. This DNA was re

denatured in 0.05 M NaOH (total volume 24 pL) for 30 min at 37 0 C.  

The reaction was again snap cooled on ice and left for 5 min and 

0 oxidised according to the general oxidation.  

General oxidation for genomic DNA 

DNA (1 pg or less) was precipitated with ethanol prior to oxidation 

then filtered through a mini quick spin oligo column (after four 600 

5 pL H2 0 washes) . DNA was denatured in 0.05 M NaOH (24 pL or 40 pL 

total volume) for 30 min at 37 0 C. This was then snap cooled on ice 

and left for 5 min and oxidised according to the general oxidation.  

1.7 Sanger and Illumina sequencing of oxidative bisulfite treated 

0 dsDNA 

For Sanger sequencing, 1 pg of 122mer DNA containing C, 5mC and 5hmC 

was oxidised according to the dsDNA double oxidation and bisulfite

treated using the Qiagen Epitect kit, according to the 

manufacturer's instructions for FFPE samples, except that the 

25 thermal cycle was run twice over. These samples were then submitted 

for Sanger sequencing (Source BioScience).  

For Illumina sequencing, 1 pg of 122mer and 135mer DNA containing 

5hmC was digested overnight with DraI (2 pL, New England Biolabs) 

30 and SspI (1 pL, New England Biolabs). The digested bands were gel 

purified with the Fermentas GeneJET gel extraction kit and 

methylated adaptors (Illumina) were ligated using the NEBNext DNA 

sample prep master mix set 1. After oxidation and bisulfite 

treatment as above, ligated fragments were amplified (18 cycles) 

35 using Pfu Turbo Cx (Agilent) and adaptor-specific primers 

(Illumina), followed by purification using AMPure XP beads 

(Agencourt).  
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1.8 Mass Spectrometry 

Nucleosides were derived from DNA by digestion with DNA Degradase 

Plus (Zymo Research) according to the manufacturer's instructions 

5 and were analysed by LC-MS/MS on a LTQ Orbitrap Velos mass 

spectrometer (Thermo Scientific) fitted with a nanoelectrospray ion

source (Proxeon). Mass spectral data for 5hmC, 5fC, and where 

relevant 5mC and T, were acquired in high resolution full scan mode 

(R >40,000 for the protonated pseudomolecular ions and >50,000 for 

0 the accompanying protonated base fragment ions), and also in 

selected reaction monitoring (SRM) mode, monitoring the transitions 

258 -> 142.0611 (5hmC), 256 -> 140.0455 (5fC), 242 -> 126.0662 (5mC) 

and 243 -> 127.0502 (T). Parent ions were selected for SRM with a 4 

mass unit isolation window and fragmented by HCD with a relative 

5 collision energy of 20%, with R >14,000 for the fragment ions.  

Peak areas from extracted ion chromatograms of the relevant ions for 

5hmC and 5fC were normalised to those from either 5mC (where 

present) or T, and quantified by external calibration relative to 

0 standards obtained by digestion of nucleotide triphosphates or 

oligonucleotides.  

1.9 ES cell culture and DNA extraction 

J1 ES cells (129S4/SvJae) were purchased from ATCC (Cat. SCRC-1010) 

25 and cultured on a y-irradiated pMEF feeder layer at 37'C and 5% CO 2 

in complete ES medium (DMEM 4500 mg/L glucose, 4 mM L-glutamine and 

110 mg/L sodium pyruvate, 15% fetal bovine serum, 100 U of 

penicillin/100 pg of streptomycin in 100 mL medium, 0.1mM non

essential amino acids, 50 iM -mercaptoethanol, 103U LIF ESGRO@).  

30 Genomic DNA was prepared from ES cells at passage 14 or 20 using the 

Qiagen Allprep DNA/RNA mini kit.  

1.10 oxRRBS 

RRBS libraries from oxidised and non-oxidised DNA were prepared 

35 based on a previously published protocol (31). Briefly, 2 pg of 

genomic DNA were digested with MspI (Fermentas) followed by end 

repair and A-tailing with Klenow (Fermentas) and ligation of 
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methylated adaptors (Illumina) with T4 DNA ligase (NEB). Adaptor

ligated MspI-digested DNA was run on a 3% agarose gel and size 

selected (110-380 bp), followed by purification with the Qiagen 

QIAquick gel purification quick and ethanol precipitation.  

5 

Prior to oxidation, size-selected DNA was filtered through a mini 

quick spin oligo column (after four 600 pL H2 0 washes) to remove any 

last remaining buffers/salts and adjusted to a final volume of 25 

pL. 5 pL of this solution were kept for generation of the non

0 oxidised library. The remaining was oxidised according to the 

general oxidation for genomic DNA.  

Both oxidised and non-oxidised DNA samples were bisulfite-treated 

using the Qiagen Epitect kit, according to the manufacturer's 

5 instructions for FFPE samples, except that the thermal cycle was run 

twice over. Final library amplification (18 cycles) was done using 

Pfu Turbo Cx (Agilent) and adaptor-specific primers (Illumina), 

after which the libraries were purified using AMPure XP beads 

(Agencourt).  

0 

1.11 Sequencing and read alignment 

Sequencing (single-end, 40 bp reads) was performed on the Illumina 

GAIIx platform. Bases were called by reprocessing raw images using 

OLB version 1.8 after applying bareback-processing to the first 

z5 three base pairs (32). Bisulfite read alignments to the mouse genome 

(build NCBIM37) were carried out using Bismark v0.6.4 (33), using 

options -n 1 -l 40 -- phred64-quals -- vanilla. Bismark alignments to 

individual LINE1 5' monomer sequences were performed slightly more 

stringently (-n 0); published consensus sequences were used for 

30 alignment of reads to L1A (34), L1Tf and L1Gf (35) monomer subtypes.  

Bisulfite conversion rates were estimated from the number of 

unconverted cytosines at Klenow-filled in 3' MspI sites of 

sequencing reads that were short enough to read through these sites.  

35 Read phred quality remained high at 3' ends. Estimated bisulfite 

conversion rates varied between 99.8% and 99.9%.  
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1.12 oxRRBS data processing 

The numbers of converted and unconverted cytosines within CGIs (25) 

were extracted from each BS and oxBS dataset. For each CpG position, 

the amount of 5mC was taken as the percentage of unconverted 

5 cytosines in each oxBS dataset, and the amount of 5hmC was taken by 

subtracting this value from the percentage of unconverted cytosines 

in the corresponding BS dataset. An overall value per CGI was 

calculated by pooling data from all the CpGs covered within each 

CGI. CpGs with fewer than 10 reads were excluded, as were CpGs for 

0 which the 5mC estimation deviated from the overall CGI 5mC value by 

more than 20% or the 5hmC estimation deviated from the overall value 

by more than 10%. After this outlier filtration step, only CGIs with 

5 representative CpGs or more were analyzed.  

5 To test for CGIs that contained 5mC levels significantly above the 

bisulfite conversion error of the oxBS dataset, a binomial test was 

applied using a Benjamini-Hochberg corrected p-value cutoff of 0.01.  

Similarly, a binomial test was used to select CGIs with significant 

amounts of unconverted cytosines in the BS dataset; within these, 

0 differences between the BS and oxBS datasets were tested by applying 

a Fisher's test and using a corrected p-value cutoff of 0.05. CGIs 

with a significantly lower fraction of unconverted cytosines in the 

oxBS dataset were taken as hydroxymethylated CGIs. CGIs with the 

opposite pattern are assumed to be artefacts and were used to 

z5 estimate a false discovery rate.  

1.13 GlucMS-qPCR 

Quantification of 5mC and 5hmC levels at MspI sites by glucMS-qPCR 

was performed as previously described (6).  

30 

2. Results 

We pursued a strategy that would discriminate 5mC from 5hmC in DNA 

by exploiting chemical reactivity that is selective for 5hmC, in 

particular, by chemically removing the hydroxymethyl group and thus 

35 transforming 5hmC to C, which could then be readily transformed to U 

by bisulfite-mediated deamination. During our chemical reactivity 

studies on 5-formylcytosine (5fC), we observed the decarbonylation 
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and deamination of 5fC to uracil (U) under bisulfite conditions that 

would leave 5mC unchanged (Fig. 1A). This previously unreported 

transformation indicated that 5hmC sequencing could be performed by 

selectively oxidising 5hmC to 5fC and then converting 5fC to U in a 

5 two-step procedure (Fig. 1B). Whilst conventional BS-Seq leads to 

both 5mC and 5hmC being detected as Cs, this 'oxidative bisulfite' 

sequencing (oxBS-Seq) approach yielded Cs only at 5mC sites and 

therefore allowed us to determine the amount of 5hmC at a particular 

nucleotide position by comparison of the readouts from BS-Seq and 

0 oxBS-Seq (Fig. 1C).  

Bisulfite profiles of 2'deoxy-5-formylcytosine and 2'deoxy-5

carboxycytosine were determined (Figs 2A and 2B). 2'deoxy-5

formylcytosine and 2'deoxy-5-carboxycytosine were incubated with 2.9 

5 M NaHSO4. Small samples of the reaction were taken at different time 

points and worked up in 0.3 M NaOH. These were injected directly 

into a HPLC for analysis. The HPLC profiles are consistent with 

overall decarbonylation or decarboxylation, respectively, to 

cytosine followed by a fast deamination to uracil.  

0 

Therefore, we required specific oxidation of 5hmC to 5fC using an 

oxidant that was mild, compatible with aqueous media and selective 

over other bases and the DNA backbone. A range of potentially 

suitable water-soluble oxidants were tested (Table 3) and we found 

z5 potassium perruthenate (KRuO 4 ) to possess the properties and 

conversion efficiency we sought. KRuO4 can, in principle, oxidize 

both alcohols and carbon-carbon double bonds (23). However, in our 

reactivity studies on a synthetic 15mer single stranded DNA (ssDNA) 

containing 5hmC, we established conditions under which KRuO 4 

30 reactivity was highly specific for the primary alcohol of 5hmC 

(quantitative conversion of 5hmC to 5fC by mass spectrometry, Fig.  

3A). 15mer ssDNA that contained C or 5mC, rather than 5hmC, did not 

show any base-specific reactions with KRuO4 (fig. 4A, B) . We were 

also aware that KRuO 4 oxidations could proceed to the carboxylic 

35 acid (23), however in the context of 5hmC in DNA, we only observed 

the aldehyde (5fC), even with a moderate excess of oxidant. The 

KRuO 4 oxidation is also capable of oxidizing 5hmC in samples 
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presented as double stranded DNA (dsDNA), with an initial denaturing 

step before the addition of the oxidant; this results in a 

quantitative yield of 5hmC to 5fC, as judged by mass spectrometry 

(Fig. 3B).  

5 

A 140 bp DNA molecule (SEQ ID NO: 1) was prepared which contained 45 

5hmC nucleosides incorporated through PCR using 5-methylcytosine 

primers and hmCTP. The DNA was oxidised using KRuO4. Before and 

after oxidation, the DNA was digested to nucleosides with Benzonase, 

0 Phosphodiesterase I and Alkaline Phosphatase. This mixture was then 

injected into the HPLC, to give the traces shown in Figures 5A 

(before oxidation) and 5B (after oxidation). Almost complete 

conversion of 5hmC to 5fC was observed with no activity on other 

nucleosides.  

5 

A single stranded 15 bp DNA molecule (SEQ ID NO: 2) containing 3 5fC 

residues was treated with bisulfite as described above. Before and 

after bisulfite treatment, the DNA was digested to nucleosides with 

Benzonase, Phosphodiesterase I and Alkaline Phosphatase. This 

0 mixture was then injected into the HPLC, to give the traces shown in 

Figures 6A and 6B.  

Following bisulfite treatment, only a very small peak for 5fC 

remains, and negligible cytosine is present. The uracil peak in Fig 

z5 6B is derived from the 5fC, as well as from deamination of 

unmodified C.  

A 140 bp DNA molecule (SEQ ID NO: 1) was prepared which contained 45 

5fC nucleosides incorporated through PCR. The DNA was reduced using 

30 NaBH4 as described above. Before and after reduction, samples of the 

DNA were digested to nucleosides with Benzonase, Phosphodiesterase I 

and Alkaline Phosphatase. This mixture of nucleosides was then 

injected into the HPLC, to give the traces shown in Figures 7A 

(before reduction) and 7B (after reduction). Complete conversion of 

35 5fC to 5hmC was observed.  
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Oxidised bisulfite conversion of a ClaI site (ATCGAT) in a 122 base 

pair double stranded DNA (SEQ ID NO: 3) was investigated to test the 

efficiency and selectivity of the oxidative bisulfite method. A 

double stranded 122 base pair DNA fragment with a single CpG in the 

5 centre (in the context of a ClaI ATCGAT restriction site; SEQ ID NO: 

3) was amplified by PCR using 5-methylcytosine primers and either 

CTP, 5mCTP or 5hmCTP. The amplified product contained 5

methylcytosine in the primer regions and CpG, 5mCpG, or 5hmCpG in 

the centre CpG.  

0 

As described above, the three synthetic 122mer dsDNAs containing 

either C, 5mC or 5hmC were each oxidised with KRuO4 and then 

subjected to a conventional bisulfite conversion protocol. Sanger 

sequencing was carried out on each of the three strands (Fig.8).  

5 

The C-containing strand completely converted to U (Figure 8 LH 

panel), the 5mC-containing strand did not convert (Figure 8 Middle 

panel) and the 5hmC containing strand converted almost 

quantitatively to U, with a trace of unconverted C (Figure 8 RH 

0 panel). This shows up as a major adenine peak from the converted 

material, and the residual guanine peak arises from a minority of 

unconverted material.  

To gain an accurate measure of the efficiency of conversion of 5hmC 

z5 to U, Illumina sequencing was carried out on the synthetic strand 

containing 5hmC after oxidative bisulfite treatment. An overall 5hmC 

to U conversion level of 94.5% was observed (Fig. 3C). The oxidative 

bisulfite protocol was also applied to a second strand that 

contained multiple 5hmC residues in a range of different contexts 

30 and also showed similarly high conversion efficiency (94.7%) of 5hmC 

to U (Fig. 3C) . Finally, the KRuO 4 oxidation was carried out on 

genomic DNA and showed a quantitative yield of 5hmC to 5fC 

conversion by mass spectrometry (Fig. 3D) with no significant 

degradation of C (fig. 4C). These proof of principle experiments 

35 demonstrate that the oxidative bisulfite protocol will specifically 

convert 5hmC to U in DNA, leaving C and 5mC unchanged, allowing 
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quantitative, single nucleotide resolution sequencing on widely 

available platforms (oxBS-Seq).  

We then used the oxidative bisulfite principle to quantitatively map 

5 5hmC at high resolution in the genomic DNA of mouse ES cells. We 

chose to combine oxidative bisulfite with reduced representation 

bisulfite sequencing (RRBS) (24), which allows for selective 

sequencing of a portion of the genome that is highly enriched for 

CpG islands (CGIs), thus ensuring adequate sequencing depth to 

0 detect this less abundant mark. We therefore generated RRBS and 

oxRRBS datasets, achieving an average sequencing depth of ~120 reads 

per CpG, which when pooled yielded an average of ~3,300 methylation 

calls per CGI. After applying depth and breadth cutoffs (see 

Materials and Methods), 55% (12,660) of all CGIs (25) were covered 

5 in our datasets. Our RRBS (i.e., non-oxidised) data correlates well 

with published RRBS and BS-Seq datasets (24, 26).  

To identify 5hmC-containing CGIs, we tested for differences between 

the RRBS and oxRRBS datasets using stringent criteria (see Materials 

0 and Methods). It was expected that most significant differences 

would stem from CGIs that had a lower proportion of unconverted 

cytosines in the oxRRBS set when compared with the RRBS set. CGIs 

that had the reverse trend were used to estimate a false discovery 

rate, which was 3.7% (Fig. 9A). We identified 800 5hmC-containing 

z5 CGIs, which had an average of 3.3% (range 0.2-18.5%) CpG 

hydroxymethylation (Figs. 9A and B). We also identified 4,577 5mC

containing CGIs averaging 8.1% CpG methylation (Fig. 9B). We carried 

out sequencing on an independent biological duplicate sample of the 

same ES cell line but at a different passage number, which by mass 

30 spectrometry had reduced levels of 5hmC (0.10% versus 0.16% of all 

Cs) and consistently we found fewer 5hmC-containing CGIs.  

Importantly, 5hmC-containing CGIs present in both samples showed 

good quantitative reproducibility.  

35 To validate our method, we selected 21 CGIs containing MspI 

restriction sites and quantified 5hmC and 5mC levels at these CpGs 

by glucMS-qPCR (28) (Fig. 9D). We found a good correlation between 
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the quantification by oxRRBS and glucMS-qPCR (r=0.86, p=5E-7 and 

r=0.52, p=0.01 for 5mC and 5hmC, respectively), 

Reduced bisulfite conversion (reBS-Seq) of DNA strand containing a 

5 5-formylcytosine (5fC) was investigated.  

A synthetic 100mer DNA strand (SEQ ID NO: 8) containing the sequence 

ACGGA5fCGTA was put through a reduction with NaBH4, and then 

subjected to a conventional bisulfite conversion protocol. Sanger 

0 sequencing was then carried out on the strand (Figure 11).  

Figure 11 shows the sequencing trace that represents part of the 

reverse complement sequence (TACGTCCAT). The positions of the 5fC 

and C are in bold and shown in brackets on the template strand in 

5 figure 11. As previously shown, both 5fC and C deaminate under 

bisulfite conditions to form U, which shows as A in the reverse 

complement sequence of Figure 11. However, reduction with NaBH4 

converts 5fC to 5hmC, which is not deaminated into U, and shows as G 

in the reverse complement sequence of Figure 11. Reduced Bisulfite 

0 Sequencing (redBS-Seq) therefore allows the discrimination of 5fC 

and C at single-base resolution.  

In summary, we have shown that the oxBS-Seq method reliably maps and 

quantifies both 5mC and 5hmC at single nucleotide level. Oxidative 

z5 bisulfite is also compatible with non-sequencing downstream 

approaches such as Sequenom, as demonstrated here. Therefore, by 

comparing the sequence of bisulfite treated and oxidised and 

bisulfite treated genomic DNA, it is possible to determine the 

presence of 5-methylcytosine and 5-hydroxymethylcytosine, along with 

30 the non-modified cytosine.  

For example, uracil residues at the same position in the sequences 

of both bisulfite treated and oxidised and bisulfite treated genomic 

DNA indicate the presence of non-modified cytosine. Cytosine 

35 residues at the same position in the sequences of both bisulfite 

treated and oxidised and bisulfite treated genomic DNA indicate the 

presence of 5-methylcytosine. A cytosine residue in the sequence of 
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the oxidised and bisulfite treated genomic DNA also indicates the 

presence of 5-methylcytosine. A cytosine residue in the sequence of 

the bisulfite treated genomic DNA and a uracil residue at the same 

position in the sequence of the oxidised and bisulfite treated 

5 genomic DNA indicates the presence of 5-hydroxymethylcytosine.  

5-formylcytosine may also be sequenced to single nucleotide 

resolution. 5fC may be quantitatively reduced to hmC in genomic DNA 

using NaBH4 (as shown by HPLC). By comparing the sequence of 

0 untreated, bisulfite treated, oxidised and bisulfite treated and 

reduced and bisulfite treated genomic DNA, the presence of all three 

known cytosine mammalian modifications, 5-methylcytosine, 5

hydroxymethylcytosine and 5-formylcytosine, may be determined along 

with the non-modified cytosine. For example, uracil residues at the 

5 same position in the sequences of i) bisulfite treated, ii) oxidised 

and bisulfite treated and iii) reduced and bisulfite treated genomic 

DNA (UUU) indicate the presence of non-modified cytosine.  

Cytosine residues at the same position in the sequences of i) 

0 bisulfite treated, ii) oxidised and bisulfite treated and iii) 

reduced and bisulfite treated genomic DNA (CCC) indicate the 

presence of 5-methylcytosine.  

A cytosine residue in the sequence of the bisulfite treated genomic 

z5 DNA; a uracil residue at the same position in the sequence of the 

oxidised and bisulfite treated genomic DNA and, optionally, a 

cytosine residue at the same position in the sequence of the reduced 

and bisulfite treated genomic DNA (CUC) indicates the presence of 5

hydroxymethylcytosine.  

30 

A uracil residue in the sequence of the bisulfite treated genomic 

DNA; a cytosine residue at the same position in the sequence of the 

reduced and bisulfite treated genomic DNA; and optionally, a uracil 

residue at the same position in the sequence of the oxidised and 

35 bisulfite treated genomic DNA (UCU) and indicates the presence of 5

formylcytosine.  
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Both modified and unmodified cytosines are read as cytosine when 

untreated genomic DNA is sequenced.  

The HPLC chromatograms shown in Figure 10 confirm that no 

5 significant degradation of RNA is observed following oxidation of a 

28 nucleotide RNA strand (SEQ ID NO: 7). This result means that the 

oxidation approach is also compatible for sequencing modified 

cytosine residues, such as 5hmC, as described herein in RNA.  

0 This application claims the benefit of and incorporates by reference 

in its entirety Australian Patent Application 2012291873 filed 27 

July 2012.  
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Model. Sequences 

Modified nucleotides are in bold italics 

140 base pair double stranded DNA model (SEQ ID NO:1): 

5 CACATCCCACAC TATACAC TCATACATACCTGCTCACGACGACGCTG TACACCTACGTACTCGTGCACGCTCGTC 
ACGTCATCGACCATGAC TCTGACGCAXCTGAGGTATGGGAAGTAGTGAG AGATTGTAGTAAGGAG 

15 nucleotide long single stranded DNA model(SEQ ID NO:2): 

GAGACGACGTACAGG 

10 

122 base pair double stranded DNA model(SEQ ID N0:3): 

CACATCCCACACTATACACTCATACATACCATTTTAAATATAATAAATATTAATATATCGATTAATAATAAAT 
FATATTAATTAATATTGGGAAGTAGTGAGTAGATTGTAGTAAGGAG 

15 135 base pair double stranded DNA model (SEQ T D NO:4): 

CACATCCCACACTATACACTCATACATACCATTTACGATAAATTACAATAACGTATCTAATCATATCGATTAAC 
TAATCGAAATAATAATTACGCATTAATA'TT1GGGAAGTAGTGAGTAGATTGTAGTAAGGAG 

dsDNA ffwd primer (SEQ ID NO:5): 

CACATCCCACACTATACACTCATACATACC 

dsDNA rev primer(SEQ ID NO:6): 

CTCCTTACTACAATCTACTCACTACTTCCC 
20 

28 nucleotide RNA model sequence (SEQ 1D NO: 7): 

UGUGGGGAGGGCGGGGCGGGGUCUGGGG 

25 100 nucleotide SIC containing sequence (SEQ ID NO: 8) 
[5C position indicated by bold, italics] 

GACGGACGTACGATCGAGCGAGGTCT TGGGTAGCAGGTGGCGACTGTTAGCTCAGATGGC TAGCAAGTGGGTAT 
GTATGAGTGTATAGTGTGGGATGTG 

30



42.  

Base Regular Bisulfite Oxidation Reduction 

SequencinSeqequencing then then 

Bisulfite Bisulfite 

Scecuenc.ng Seqiuenc.ng 

5mC C C C C 

ShmC C C U C 

C C 

Table 1
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a) b) 

IN" 
'4 1 4 

10Y 

C) d) 

0 N 0 

20 

Table 2 

Oxidant Comment 

Comrp-lete conversion to 
uO: aldehyde 

Cr0 No oxidation ocervad 

PDC No oxidation observed 

FCC No oxidation observed 

MnO2 Small amount of aldehyde 

30 observed but substantial 

degradation with excess 

oxidant 

Table 3 

35
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Base Retention Time/min 

in 

ShmC 2.  

U2.  

G C 4.5 
1 7 

777! 
T 5.7 

I A 7.3 

Table 4 

Retention Times for HPLC Peaks (DNA) 

Base Retention Time / min 

C1.3 

U 1.8 

G 3.~ 

A 6.7 

Table 5 

Retention Times for :4PLC Peakse 

(RNA)



Claims: 

1. A method of modifying a 5-hydroxymethylcytosine residues in a sample nucleotide 

sequence comprising the step of selectively oxidising the 5-hydroxymethylcytosine 

residue to 5-formylcytosine residues, wherein the oxidising is carried out using a 

5 metal oxide, wherein the metal oxide comprises a perruthenate oxidising agent, 

MnO 2 or KMnO4.  

2. The method according to claim 1 comprising multiple steps of oxidation of the 

sample nucleotide sequence.  

3. The method according to claim 1 wherein the metal oxide is the perruthenate 

10 oxidising agent.  

4. The method according to claim 3 wherein the metal oxide is KRuO 4 .  

5. The method according to claim 1 wherein the sample nucleotide sequence is 

genomic DNA.  

6. The method according to claim 5 wherein the genomic DNA is mammalian genomic 

15 DNA.  

7. The method according to claim 1 wherein the sample nucleotide sequence is RNA.  

8. The method according to claim 7 wherein the RNA is genomic RNA, mRNA, 

tRNA, rRNA or non-coding RNA.  

9. The method according to claim 8 wherein the genomic RNA is mammalian, plant or 

20 viral genomic RNA.  

10. The method according to claim 1 wherein the sample nucleotide sequence is 

inunobilised.  

11. The method according to claim I wherein a location of the 5-hydroxymethylcytosine 

residues is identified.  

25 12. The method according to claim 11 wherein the location is identified by sequencing 

the sample nucleotide sequence.  

13. The method according to claim 12 wherein the sample nucleotide sequence is 

amplified before sequencing.  

14. A kit of parts, when used to modify a 5-hydroxymethylcytosine residue in a 

30 nucleotide sequence comprises: a metal oxide that selectively oxidises the 5

hydroxymethylcytosine residue to a 5-formylcytosine, wherein the metal oxide 

comprises a perruthenate oxidising agent, MnO2 or KMnO4.  

15. The kit of parts according to claim 14 wherein the metal oxide comprises the 

perruthenate oxidising agent.  

3650443v1



16. The kit of parts according to claim 15, wherein the perruthenate oxidising agent is 

selected from potassium perruthenate (KRuO4), tetraalkylammonium perruthenates, 

polymer-supported perruthenate (PSP), and tetraphenylphosphonium ruthenate.  

17. The kit of parts according to claim 16 wherein the metal oxide is potassium 

5 perruthenate (KRuO4).  

18. The kit of parts according to claim 14 comprising instructions for use in-a method of 

identifying a hydroxymethylcytosine residue.  

19. The method according to claim 1, wherein the metal oxide comprises said MnO2 .  

20. The method according to claim 1, wherein the metal oxide comprises said KMnO4.  

10 
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