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amplification of the bisulfite-treated DNA, which reads uracil as thymine, the modification 

information of each cytosine can be inferred at a single base resolution (where the transition 

of C to T provides the location of the unmethylated cytosine).  There are, however, at least 

two main drawbacks to bisulfite sequencing.  First, bisulfite treatment is a harsh chemical 

reaction, which degrades more than 90% of the DNA due to depurination under the required 

acidic and thermal conditions.  This degradation severely limits its application to low-input 

samples, such as clinical samples including circulating cell-free DNA and single-cell 

sequencing.  Second, bisulfite sequencing relies on the complete conversion of unmodified 

cytosine to thymine.  Unmodified cytosine accounts for approximately 95% of the total 

cytosine in the human genome.  Converting all these positions to thymine severely reduces 

sequence complexity, leading to poor sequencing quality, low mapping rates, uneven genome 

coverage and increased sequencing cost.  Bisulfite sequencing methods are also susceptible to 

false detection of 5mC and 5hmC due to incomplete conversion of unmodified cytosine to 

thymine.   

[0005] Whole genome base-resolution methylome sequencing allows for the most 

comprehensive analysis of DNA methylation, however, the considerable sequencing cost 

often limits its applications.  To reduce sequencing cost, Reduced Representation Bisulfite 

Sequencing (RRBS) may be used.  However, it covers only a small proportion of CpG sites in 

specific sequence contexts and therefore does not yield a comprehensive methylation picture. 

Therefore, there is a need for approaches which achieve better coverage of mCpGs for lower 

cost.  

SUMMARY  

[0006] The present disclosure describes methods for whole genome base-resolution methylome 

analysis.  In some examples, the methods identify the location of one or more of 5-methylcytosine, 5- 

hydroxymethylcytosine, 5-carboxylcytosine and/or 5-formylcytosine in a DNA sample.  In some 

examples, the DNA sample comprises a whole genome.  The methods described herein provide for 

DNA methylation and hydroxymethylation analysis involving mild reactions that detect the modified 

cytosine with base-resolution without affecting the unmodified cytosine.  Disclosed herein is an 

improved method for identifying 5mC and/or 5hmC by combining TET oxidation and reduction by 

borane derivatives (e.g., pyridine borane and 2-picoline borane (pic-BH3)), referred to herein as TAPS 

(TET Assisted Pyridine borane Sequencing) (Table 1).  TAPS detects modifications directly with 

high sensitivity and specificity, without affecting unmodified cytosines, and can be adopted to detect 

other
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cytosine modifications, as described herein.  It is non-destructive, preserving DNA up to 10 kbs long.  

Compared with bisulfite sequencing, TAPS results in higher mapping rates, more even coverage and 

lower sequencing costs, enabling higher quality, more comprehensive and cheaper methylome 

analyses.  Variations of this method that do not employ the oxidation step are used to identify 5fC 

and/or 5caC as described herein.  

[0007] Compared to whole-genome bisulfite sequencing (WGBS), whole-genome TAPS 

(wgTAPS) reduces the sequencing cost by half.  However, the cost of whole-genome sequencing is 

still prohibitive for many projects, especially considering 5mC and 5hmC accounts for only ~4% of 

all cytosine residues the mammalian genome, and thus around 65%-80% of reads generated by short 

read whole-genome sequencing do not contain any methylated CpG sites (mCpGs).   To reduce 

sequencing cost, Reduced Representation Bisulfite Sequencing (RRBS) is a widely used method 

where CpG-rich regions are enriched by restriction endonucleases prior to bisulfite treatment.  

However, it covers only a small proportion of CpG sites in specific sequence contexts and therefore 

does not yield a comprehensive methylation picture. Therefore, there is a need for approaches which 

achieve better coverage of mCpGs for lower cost. In one aspect, the present disclosure refers to a 

method for cleaving a modified target DNA, the method comprising:  converting 5-carboxylcytosine 

(5caC) and/or 5-formylcytosine (5fC) in a target DNA to dihydrouracil (DHU) with a borane reducing 

agent to provide a modified target DNA; and contacting the modified target DNA comprising one or 

more DHU with one or more DHU-sensitive endonucleases that cleave the modified target DNA at, or 

adjacent to, the one or more DHU. In one example, the present disclosure describes a modification of 

the TAPS method—referred to herein as endonuclease enrichment TAPS (eeTAPS)—that provides a 

new strategy for cost-effective genome-wide methylation analysis at single-CpG resolution.  In other 

examples, the disclosure describes modifications of variants of the TAPS method (e.g., TAPSβ and 

CAPS) that can be used to detect 5mC, 5hmC, 5fC, and/or 5caC. 

[0008] Thus, the present disclosure describes low cost methods for whole genome identification 

of one or more of 5-methylcytosine, 5- hydroxymethylcytosine, 5-carboxylcytosine and/or 5-

formylcytosine.  The methods described herein are based on the conversion of modified cytosine 

(5mC, 5hmC, 5fC, 5caC) to dihydrouracil (DHU), for example by TET-assisted pyridine borane 

treatment, followed by endonuclease cleavage of the DHU site to generate DNA fragments, which are 

then made into a sequencing library.  Unfragmented genomic DNA cannot be sequenced directly—

only when there is a modified cytosine, which is converted to DHU—will the DNA be cleaved into 

DNA fragments, which can then be sequenced with each end of the fragments indicating the position 

of the modified cytosine.  By sequencing the cleaved fragments, methylated cytosine in the original 

DNA sample can be identified at base-resolution.  Furthermore, since highly methylated cytosine 

tends to be cleaved more often than lowly methylated sites, this method can be used to semi-quantify 

DNA methylation.
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[0009] In one example, the present disclosure describes a method for identifying 5mC or 

5hmC in a DNA sample comprising the steps of: 

a. providing a DNA sample comprising target DNA having 5mC and/or 5hmC; 

b. modifying the DNA comprising the steps of: 

i. converting the 5mC and 5hmC in the DNA sample to 5-carboxylcytosine 

(5caC) and/or 5fC; and 

ii. converting the 5caC and/or 5fC to DHU to provide a modified DNA sample 

comprising modified target DNA; and 

c. cleaving the modified target DNA; 

d. adding adapter DNA molecules to the cleaved modified target DNA; and 

e. detecting the sequence of the modified target DNA; 

wherein the presence of a cleavage site provides the location of either a 5mC or 5hmC in 

the target DNA. 

[0010] In another example, the present disclosure describes a method for identifying 5-

methylcytosine (5mC) in a DNA sample comprising the steps of: 

a. providing a DNA sample comprising target DNA; 

b. modifying the DNA sample comprising the steps of: 

i. adding a blocking group to the 5-hydroxymethylcytosine (5hmC) in the DNA 

sample; 

ii. converting the 5mC in the DNA sample to 5-carboxylcytosine (5caC) and/or 5-

formylcytosine (5fC); and 

iii. converting the 5caC and/or 5fC to dihydrouracil (DHU) to provide a modified 

DNA sample comprising modified target DNA; 

c. cleaving the modified target DNA; 

d. adding adapter DNA molecules to the cleaved modified target DNA; and 

e. detecting the sequence of the modified target DNA; 

wherein the presence of a cleavage site provides the location of a 5mC in the target DNA. 

[0011] In another example, the present disclosure describes a method for identifying 5mC or 

5hmC in a DNA sample comprising the steps of: 

a. providing a DNA sample comprising target DNA having 5mC and/or 5hmC; 

b. modifying the DNA comprising the steps of: 

i. converting the 5mC and 5hmC in the DNA sample to 5-carboxylcytosine 

(5caC) and/or 5fC; and



5 

ii. converting the 5caC and/or 5fC to DHU to provide a modified DNA sample 

comprising modified target DNA; and 

c. cleaving the modified target DNA; 

d. adding adapter DNA molecules to the cleaved modified target DNA; and 

e. detecting the sequence of the modified target DNA; 

wherein the presence of a cleavage site provides the location of either a 5mC or 5hmC 

in the target DNA. 

[0012] In another example, the disclosure describes a method for identifying 5mC and 

identifying 5hmC in a DNA sample comprising: 

a. identifying 5mC in the DNA sample comprising the steps of: 

i. providing a first DNA sample comprising target DNA having 5mC and/or 

5hmC; 

ii. modifying the DNA in the first sample comprising the steps of: 

1. adding a blocking group to the 5-hydroxymethylcytosine (5hmC) in 

the first DNA sample; 

2. converting the 5mC in the first DNA sample to 5caC and/or 5fC; and 

3. converting the 5caC and/or 5fC to DHU to provide a modified first 

DNA sample comprising modified target DNA; 

iii. cleaving the modified target DNA; 

iv. adding adapter DNA molecules to the cleaved modified target DNA; and 

v. detecting the sequence of the modified target DNA; wherein the presence of 

a cleavage site provides the location of a 5mC in the target DNA. 

b. identifying 5mC or 5hmC in the DNA sample comprising the steps of: 

i. providing a second DNA sample comprising target DNA having 5mC and/or 

5hmC; 

ii. modifying the DNA in the second sample comprising the steps of: 

1. converting the 5mC and 5hmC in the second DNA sample to 5caC 

and/or 5fC; and  

2. converting the 5caC and/or 5fC to DHU to provide a modified second 

DNA sample comprising modified target DNA; 

iii. cleaving the modified target DNA; 

iv. adding adapter DNA molecules to the cleaved modified target DNA; and
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v. detecting the sequence of the modified target DNA from the second sample; 

wherein the presence of a cleavage site provides the location of either a 5mC or 

5hmC in the target DNA; and 

c. comparing the results of steps (a) and (b), wherein a cleavage site present in step (b) 

but not in step (a) provides the location of 5hmC in the target DNA. 

[0013] In some examples, the blocking group added to 5hmC in the DNA sample is a sugar.  

In some examples, the sugar is a naturally-occurring sugar or a modified sugar, for example 

glucose or a modified glucose.  In some examples, the blocking group is added to 5hmC by 

contacting the DNA sample with UDP linked to a sugar, for example UDP-glucose or UDP 

linked to a modified glucose in the presence of a glucosyltransferase enzyme, for example, T4 

bacteriophage β-glucosyltransferase (βGT) and T4 bacteriophage α-glucosyltransferase (αGT) 

and derivatives and analogs thereof.   

[0014] In some examples, the step of converting the 5mC in the DNA sample to 5caC and/or 

5fC and the step of converting the 5mC and 5hmC in the DNA sample to 5caC and/or 5fC each 

comprises contacting the DNA sample with a ten eleven translocation (TET) enzyme.  In further 

examples, the TET enzyme is one or more of human TET1, TET2, and TET3; murine Tet1, Tet2, 

and Tet3; Naegleria TET (NgTET); Coprinopsis cinerea (CcTET) and derivatives or analogues 

thereof.  In some examples, the TET enzyme is NgTET, or derivatives thereof.  In some 

examples, the TET enzyme is mouse mTet1 (mTet1CD) or derivatives thereof.  In other examples 

the TET enzyme is human TET2 (hTET2) or derivatives thereof. 

[0015] In another example, the disclosure describes a method for identifying 5caC or 5fC in a 

DNA sample comprising the steps of: 

a. providing a DNA sample comprising target DNA having 5caC and/or 5fC; 

b. converting the 5caC and 5fC to DHU to provide a modified DNA sample comprising 

modified target DNA; 

c. cleaving the modified target DNA; 

d. adding adapter DNA molecules to the cleaved modified target DNA; and 

e. detecting the sequence of the modified target DNA;  

wherein the presence of a cleavage site provides the location of either a 5caC or 5fC in 

the target DNA. 

[0016] In another example, the disclosure describes a method for identifying 5caC in a DNA 

sample comprising the steps of: 

a. providing a DNA sample comprising the target DNA having 5caC;
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b. adding a blocking group to the 5fC in the DNA sample; 

c. converting the 5caC to DHU to provide a modified DNA sample comprising modified 

target DNA; 

d. cleaving the modified target DNA; 

e. adding adapter DNA molecules to the cleaved modified target DNA; and 

f. detecting the sequence of the modified target DNA; 

wherein the presence of a cleavage site provides the location of a 5caC in the target DNA. 

[0017] In some examples, adding a blocking group to the 5fC in the DNA sample comprises 

contacting the DNA with an aldehyde reactive compound including, for example, hydroxylamine 

derivatives (such as O-ethylhydroxylamine), hydrazine derivatives, and hydrazide derivatives. 

[0018] In another example, the disclosure describes a method for identifying 5fC in a DNA 

sample comprising the steps of: 

a. providing a DNA sample comprising target DNA having 5fC; 

b. adding a blocking group to the 5caC in the DNA sample 

c. converting the 5fC to DHU to provide a modified DNA sample comprising modified 

target DNA; 

d. cleaving the modified target DNA; 

e. adding adapter DNA molecules to the cleaved modified target DNA; and 

f. detecting the sequence of the modified target DNA;  

wherein the presence of a cleavage site provides the location of a 5fC in the target DNA. 

[0019] In some examples, the step of adding a blocking group to the 5caC in the DNA sample 

comprises contacting the DNA sample with a carboxylic acid derivatization reagent, including, 

for example, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and (ii) an amine (such as 

ethylamine), hydrazine, or hydroxylamine compound. 

[0020] In another example, the disclosure describes a method for identifying 5hmC in a DNA 

sample comprising: 

a. providing a DNA sample comprising target DNA having 5hmC; 

b. modifying the DNA in the sample comprising the steps of: 

i. converting the 5hmC in the DNA sample to 5caC and/or 5fC; and 

ii. converting the 5caC and/or 5fC to dihydrouracil (DHU) to provide a modified 

DNA sample comprising modified target DNA;
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c. cleaving the modified target DNA; 

d. adding adapter DNA molecules to the cleaved modified target DNA; and 

e. detecting the sequence of the modified target DNA;  

wherein the presence of a cleavage site provides the location of 5hmC in the target DNA. 

[0021] In some examples, the step of converting the 5hmC to 5caC and/or 5fC comprises 

contacting the DNA sample with an oxidizing agent.  In further examples, the oxidizing agent is 

potassium perruthenate, Cu(II)/TEMPO, potassium ruthenate, or manganese oxide. 

[0022] In some examples, the DNA sample comprises genomic DNA.  In some examples, the 

DNA sample comprises picogram quantities of DNA.  In some examples, the DNA sample 

comprises about 1 pg to about 900 pg DNA, about 1 pg to about 500 pg DNA, about 1 pg to 

about 100 pg DNA, about 1 pg to about 50 pg DNA, about 1 to about 10 pg, DNA, less than 

about 200 pg, less than about 100 pg DNA, less than about 50 pg DNA, less than about 20 pg 

DNA, and less than about 5 pg DNA.  In other examples, the DNA sample comprises nanogram 

quantities of DNA.  In some examples, the DNA sample contains about 1 to about 500 ng of 

DNA, about 1 to about 200 ng of DNA, about 1 to about 100 ng of DNA, about 1 to about 50 ng 

of DNA, about 1 ng to about 10 ng of DNA, about 1 ng to about 5 ng of DNA, less than about 

100 ng of DNA, less than about 50 ng of DNA less than about 5 ng of DNA, or less that about 2 

ng of DNA.  In some examples, the DNA sample comprises circulating cell-free DNA (cfDNA).  

In some examples, the DNA sample comprises microgram quantities of DNA. 

[0023] In some examples, the step of converting the 5caC and/or 5fC to DHU comprises 

contacting the DNA sample with a reducing agent including, for example, pyridine borane, 2-

picoline borane (pic-BH3), tert-butylamine borane, borane, sodium borohydride, sodium 

cyanoborohydride, and sodium triacetoxyborohydride.  In a preferred example, the reducing 

agent is pic-BH3 and/or pyridine borane. 

[0024] In some examples, the step of cleaving the modified target DNA comprises 

specifically cleaving the modified target DNA containing DHU by contacting the modified DNA 

sample comprising the modified target DNA with one or more endonucleases that specifically 

cleave the modified target DNA due to the presence of DHU.  In some examplesthe endonuclease 

is a bifunctional DNA endonuclease with DNA N-glycosylase and AP lyase activity, including 

for example, Tma Endonuclease III, Endonuclease VIII, Formamidopyrimidine DNA 

Glycosylase (Fpg) and/or hNEIL1.  In some examples, the modified target DNA is cleaved using 

Uracil-Specific Excision Reagent (USER).  The USER 
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enzyme comprises a combination of Uracil DNA glycosylase (UDG) and Endonuclease VIII.  

Other enzymes that can be used, alone or in combination, to cleave the modified target DNA are 

Apurinic/apyrimidinic Endonuclease 1 (APE 1), UDG, Endonuclease III, Tma Endonuclease III, 

Tth Endonuclease IV, Endonuclease V, Endonuclease VIII, Fpg, and/or hNEIL1. 

[0025] In some examples, the methods above further comprise the step of size selecting the 

cleaved modified target DNA.  In some examples, the methods above further comprise the step of 

amplifying the copy number of the modified target DNA.  In some examples, this amplification 

step is performed prior to the step of detecting the sequence of the modified target DNA.  The 

step of amplifying the copy number of the modified target DNA may be accomplished by 

performing the polymerase chain reaction (PCR), primer extension, and/or cloning.   

[0026] In some examples, the step of determining the sequence of the modified target DNA 

comprises chain termination sequencing, microarray, high-throughput sequencing, and restriction 

enzyme analysis.  In some examples, the step of detecting the sequence of the modified target 

DNA comprises a next generation sequencing method. 

[0027] In one example the disclosure describes a method for cleaving a modified target DNA, 

the method comprising:  contacting the modified target DNA comprising one or more DHU (i.e., 

DHU residues) with one or more endonucleases that cleave the modified target DNA at, or 

adjacent to, the one or more DHU.  The one or more endonucleases may be, for example, any of 

the types of endonucleases, or combinations thereof, described herein.  In some examples, the one 

or more DHU in the modified target DNA are derived from 5mC and/or 5hmC, for example by 

the methods described herein.  In some examples, the one or more DHU in the modified target 

DNA are derived from 5caC and/or 5fC, for example, by the methods described herein.  

[0028] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5mC and/or 5hmC comprising the steps of:  (i) converting 

the 5mC and 5hmC in the target DNA to 5-carboxylcytosine (5caC) and/or 5-formylcytosine 

(5fC), for example by the methods described herein; and (ii) converting the 5caC and/or 5fC to 

dihydrouracil (DHU), for example by the methods described herein, to provide the modified 

target DNA. 

[0029] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5mC and 5hmC comprising the steps of:  (i) adding a 

blocking group to the 5hmC in the target DNA for example by the methods described herein; 
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(ii) converting the 5mC in the target DNA to 5-carboxylcytosine (5caC) and/or 5-formylcytosine 

(5fC), for example by the methods described herein; and (iii) converting the 5caC and/or 5fC to 

dihydrouracil (DHU), for example by the methods described herein, to provide the modified 

target DNA.   

[0030] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5caC and/or 5fC comprising the step of converting the 5caC 

and/or 5fC to dihydrouracil (DHU), for example by the methods described herein, to provide the 

modified target DNA.  

[0031] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5caC and/or 5fC comprising the steps of:  (i) adding a 

blocking group to the 5fC in the target DNA, for example by the methods described herein; and 

(ii) converting the 5caC to dihydrouracil (DHU), for example by the methods described herein, to 

provide the modified target DNA.   

[0032] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5caC and/or 5fC comprising the steps of:  (i) adding a 

blocking group to the 5caC in the target DNA, for example by the methods described herein; and 

(ii) converting the 5fC to dihydrouracil (DHU), for example by the methods described herein, to 

provide the modified target DNA.   

[0033] In some examples, the method further comprises, prior to the contacting step, 

modifying a target DNA comprising 5mC and/or 5hmC comprising the steps of:  (i) converting 

the 5mC in the target DNA to 5-carboxylcytosine (5caC) and/or 5-formylcytosine (5fC), for 

example by the methods described herein; and (ii) converting the 5caC and/or 5fC to 

dihydrouracil (DHU), for example by the methods described herein, to provide the modified 

target DNA. 

BRIEF DESCRIPTION OF THE FIGURES 

[0034] Fig. 1.  Borane-containing compounds screening.  Borane-containing compounds 

were screened for conversion of 5caC to DHU in an 11mer oligonucleotide (“oligo”), with 

conversion rate estimated by MALDI.  2-picoline borane (pic-borane), borane pyridine, and tert-

butylamine borane could completely convert 5caC to DHU while ethylenediamine borane and 

dimethylamine borane gave around 30% conversion rate.  No detectable products measured (n.d.) 

with dicyclohexylamine borane, morpholine borane, 4-methylmorpholine borane, and 

trimethylamine borane.  Other reducing agents such as sodium borohydride and sodium 

tri(acetoxy)borohydride decomposed rapidly in acidic media and
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Claims:  

1. A method for cleaving a modified target DNA, the method comprising:  

converting 5-carboxylcytosine (5caC) and/or 5-formylcytosine (5fC) in a target DNA 

to dihydrouracil (DHU) with a borane reducing agent to provide a modified target 

DNA; and  

contacting the modified target DNA comprising one or more DHU with one or more 

DHU-sensitive endonucleases that cleave the modified target DNA at, or adjacent to, 

the one or more DHU. 

2. The method of claim 1, wherein the method further comprises, prior to the converting 

step, modifying a target DNA comprising 5-methylcytosine (5mC) and/or 5-

hydroxymethylcytosine (5hmC) comprising the steps of converting the 5mC and/or 

5hmC in the target DNA to 5caC and/or 5fC. 

3. The method of claim 2, wherein the method further comprises, prior to the converting 

the 5mC and/or 5hmC step, modifying the target DNA comprising 5mC and 5hmC 

comprising the step of adding a blocking group to the 5hmC in the target DNA. 

4. The method of claim 3, wherein the blocking group added to the 5hmC is a sugar. 

5. The method according to any one of claims 2 to 4, wherein the step of converting the 

5mC and/or 5hmC in the target DNA to 5caC and/or 5fC comprises contacting the 

target DNA with a ten eleven translocation (TET) enzyme.  

6. The method of claim 5, wherein the TET enzyme is selected from the group 

consisting of human TET1, TET2, and TET3; murine TET1, TET2, and TET3; 

Naegleria TET (NgTET); and Coprinopsis cinerea TET (CcTET).  

7. The method of claim 6, wherein the TET enzyme is NgTET, murine TET2, or human 

TET1. 

8. The method according to any one of claims 2 to 4, wherein the step of converting the 

5hmC to 5caC and/or 5fC comprises contacting the target DNA with an oxidizing 

agent. 

9. The method of claim 8, wherein the oxidizing agent is potassium perruthenate, 

Cu(II)/TEMPO, potassium ruthenate, or manganese oxide. 
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10. The method according to any one of claims 1 to 9, wherein the borane reducing agent 

is selected from the group consisting of pyridine borane, 2-picoline borane (pic-BH3), 

borane, sodium borohydride, sodium cyanoborohydride, and sodium 

triacetoxyborohydride. 

11. The method according to any one of claims 1 to 10, wherein the one or more 

endonucleases are selected from one or more of the group consisting of 

Apurinic/apyrimidinic Endonuclease 1 (APE 1), Uracil DNA glycosylase (UDG), 

Endonuclease III, Tma Endonuclease III, Tth Endonuclease IV, Endonuclease V, 

Endonuclease VIII, Formamidopyrimidine DNA Glycosylase (Fpg), and hNEIL1. 

12. The method of claim 11, wherein the one or more endonucleases comprise a mixture 

of a combination of Uracil DNA glycosylase (UDG) and DNA glycosylase-lyase 

Endonuclease VIII. 

13. The method according to any one of claims 1 to 12, further comprising the step of 

adding adapter DNA molecules to the cleaved modified target DNA. 

14. The method according to any one of claims 1 to 13, further comprising detecting the 

sequence of the cleaved modified target DNA, wherein the presence of a cleavage site 

provides the location of either a 5caC or 5fC in the target DNA. 


