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a b s t r a c t

5-Methylcytosine (5mC) is the most important epigenetic modification in mammals. The active DNA

demethylation could be achieved through the ten-eleven translocation (TET) protein-mediated oxidiza-

tion of 5mC with the generation of 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC). It has been known that 5mC, 5hmC and 5fC play critical roles in modulating

gene expression. However, unlike the 5mC, 5hmC, and 5fC, the functions of 5caC are still underexplored.

Investigation of the functions of 5caC relies on the accurate quantification and localization analysis of

5caC in DNA. In the current study, we developed a method by chemical conversion in conjugation with

ligation-based real-time quantitative PCR (qPCR) for the site-specific quantification of 5caC in DNA. This

method depends on the selective conversion of 5caC to form dihydrouracil (DHU) by pyridine borane

treatment. DHU behaves like thymine and pairs with adenine (DHU-A). Thus, the chemical conversion

by pyridine borane leads to the transformation of base paring from 5caC-G to DHU-A, which is utilized

to achieve the site-specific detection and quantification of 5caC in DNA. As a proof-of-concept, the de-

veloped method was successfully applied in the site-specific quantification of 5caC in synthesized DNA

spiked in complex biological samples. The method is rapid, straightforward and cost-effective, and shows

promising in promoting the investigation of the functional roles of 5caC in future study.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

5-Methylcytosine (5mC) is the most important epigenetic modi-

fication in mammals [1,2]. It has been widely recognized that 5mC

is a reversible modification in mammalian genomic DNA [3,4]. Pre-

vious studies established that the active DNA demethylation could

be achieved through the ten-eleven translocation (TET) protein-

mediated oxidization of 5mC with the generation of intermediates

of 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-

carboxylcytosine (5caC) [5]. The 5fC and 5caC can be recognized

and cleaved by thymine-DNA glycosylase (TDG) to restore unmod-

ified cytosines at original 5mC sites through base excision repair

(BER) pathway [5,6].

It has been known that 5mC and 5hmC play critical roles in

modulating gene expression [7,8]. The identification of distinct

reader proteins specific for 5hmC, 5fC and 5caC indicated they

should have individual functions besides serving as the interme-

diates in the active DNA demethylation pathway [9,10]. However,

unlike the 5mC and 5hmC, the functions of 5caC are still under-
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explored. Profiling of 5caC in mouse embryonic stem cells (mESCs)

demonstrated that 5caC was preferentially occurred at active en-

hancers [11]. In addition, it has been reported that 5caC-dependent

transcriptional regulation was involved in malignant transforma-

tion [12,13]. These studies suggested that 5caC also participated in

the regulation of biological processing.

The quantitative analysis of low abundant modifications from

nucleic acids mainly relies on mass spectrometry-based detection

[14-21]. Mass spectrometry-based methods are straightforward and

sensitive, but they only provide quantification data of 5caC [22,23].

As for the localization analysis of 5caC in genomic DNA, chemi-

cal modification-assisted bisulfite sequencing (CAB-Seq) was devel-

oped for the base-resolution mapping of 5caC, which was success-

fully applied in the synthesized 5caC-containing DNA [24]. In addi-

tion, the pre-enrichment of 5caC combined with bisulfite sequenc-

ing strategy, DNA immunoprecipitation-coupled CAB-seq (DIP-CAB-

seq), was also developed to map 5caC in the genomic DNA of

mESCs [11]. Although the high-throughput sequencing strategy

could localize 5caC in genomic DNA, they are complicated, costly

and time-consuming. Meanwhile, the harsh reaction condition of
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Fig. 1. The general outline for site-specific quantification of 5caC in DNA by chemical conversion coupled with ligation-based real-time qPCR. (A) 5caC, but not dC, is

reduced to DHU by pyridine borane. (B) 5caC pairs with guanine (5caC-G); DHU pairs with adenine (DHU-A); dC pairs with guanine (C-G). (C) 5caC in DNA strand is

chemically converted to DHU that pairs with adenine (DHU-A). This chemical conversion favors the ligation reaction with DHU-A base paring. The unconverted dC in DNA

doesn’t pair with adenine, which hinders the ligation reaction. Subsequent PCR analyses were used to quantitatively detect the level of 5caC modification.

bisulfite treatment will lead to the significant degradation of DNA

[25].

The existence of modifications in DNA or RNA may affect

the formation of hydrogen bond between the modified nucle-

obases with complementary nucleobases [26-28]. For example,

the methyl group in N6-methyladenosine affects the base paring

with thymine or uracil base [29,30]; the methyl group in N1-

methyladenosine significantly compromises the hydrogen bond be-

tween N1-methyladenosine and uridine [31]. The idea that modifi-

cations in nucleobases may compromise base paring provides us

the chance to differentiate 5caC from dC in DNA. However, the

5-carboxylation of cytosine will not affect the hydrogen bond be-

tween 5caC and guanine. In this respect, we started with the se-

lective chemical conversion of 5caC to form new base that might

affect the canonical Watson-Crick base pairing with guanine.

In the current study, we proposed a chemical conversion in

conjugation with ligation-based real-time quantitative PCR (qPCR)

method for the site-specific quantification of 5caC in DNA. In this

method, 5caC is first reduced to dihydrouracil (DHU) by pyridine

borane (Fig. 1A). DHU behaves like thymine and will therefore pair

with adenine (DHU-A) (Fig. 1B). However, the normal cytosine will

not react with pyridine borane and still pairs with guanine (C-G)

(Figs. 1A and B). By utilizing the induced differential base paring,

we designed two DNA probes (DNA1 and DNA2) that are com-

plementary to 5caC-DNA downstream and upstream of the 5caC

site, respectively. DNA ligase can ligate DNA1 and DNA2 using the

5caC-DNA as template. An adenine that can form the base paring

with DHU is put at the 3′-end of DNA1. The specificity for detect-

ing 5caC site is achieved by hybridizing specific oligonucleotides to

the flanking regions of 5caC in DNA template. The ligation prod-

ucts were evaluated by real-time qPCR. 5caC in DNA template will

be converted to DHU upon pyridine borane treatment, which fa-

vors the base paring with the adenine in DNA1 and the nick liga-

tion reaction between DNA1 and DNA2. Thus, the chemical conver-

sion of 5caC to DHU will lead to the generation of a larger amount

of ligation products compared to the DNA template without 5caC

modification (Fig. 1C). The level of 5caC modification then can be

quantitatively characterized by the efficiency of the ligation reac-

tion through subsequent real-time qPCR. The sequences of these

DNA are listed in Table S1 (Supporting information).

It was reported that pyridine borane could reduce 5fC and 5caC

to DHU [32]. We first evaluated the reaction of pyridine borane

with the nucleosides of cytidine and modified cytidines, includ-

ing dC, 5mC, 5hmC, 5fC and 5caC by LC-MS/MS analysis. The mass

spectrometric parameters are listed in Tables S2 and S3 (Support-

ing Information). The reaction was carried out at 37 °C for 16 h

with 1 mol/L pyridine borane. The results showed that both the

substrates of 5fC and 5caC disappeared after the reaction, accom-

panying with the production of DHU (Figs. S1 and S2 in Supporting

information). However, neither 5mC nor 5hmC reacted with pyri-

dine borane since the signal intensities of 5mC and 5hmC kept

the similar levels before and after the reaction, and no DHU was

observed (Figs. S3 and S4 in Supporting information). But we ob-

served a slight decrease (~20%) of dC after the reaction, indicating
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Fig. 2. Examination of the pyridine borane reduction reaction and 5fC blocking reaction using 5caC-DNA and 5fC-DNA strands. Extracted-ion chromatograms of 5caC without

(A) and after (B) pyridine borane reduction, and the product of DHU (C). Extracted-ion chromatograms of 5fC without (D) and after (E) blocking reaction by NaBH4, and the

product of 5hmC (F).

that dC might partially react with pyridine borane under 16 h in-

cubation (Fig. S5 in Supporting information).

To avoid the reduction of dC to DHU by pyridine borane, we

further optimized the reaction time (0 h, 2 h, 4 h, 6 h and 8 h)

using the synthesized 5caC-DNA. The resulting 5caC-DNA was en-

zymatically digested to nucleosides followed by LC-MS/MS analy-

sis. The results showed that 5caC completely disappeared and the

expected DHU occurred at 2 h (Figs. 2A-C). As for dC, the signal in-

tensities were almost the same ranging from 0 to 8 h, and no DHU

was observed (Figs. S6 and S7 in Supporting information). The re-

sults demonstrated that shorter reaction time (< 8 h) will avoid

the conversion of dC to DHU. Therefore, the optimized chemical

reaction conditions were conducted at 37 °C for 6 h with using

1 mol/L of pyridine borane. Under the optimized reaction condi-

tions, 5caC in DNA can be completely reduced to DHU, while dC

was not affected (Figs. 2A-C and Fig. S7).

Since 5fC could also be reduced by pyridine borane to generate

DHU, which could potentially lead to the interference on the site-

specific quantification of 5caC in real sample. Thus, it is essential

to block the reaction between 5fC and pyridine borane. Previous

report demonstrated that NaBH4 could convert 5fC to 5hmC [33].

In this respect, we utilized NaBH4 to convert 5fC to 5hmC that

could not be reduced by pyridine borane as we confirmed. The

results showed that 5fC was completely converted to 5hmC; but

5caC didn’t react with NaBH4 (Fig. S8 in Supporting information).

In addition to the nucleosides, we also examined the reaction us-

ing 5fC-DNA. The similar result was observed that 5fC in DNA also

could be completely converted to 5hmC (Figs. 2D-F). Collectively,

the results demonstrated that the reduction of 5fC to 5hmC using

NaBH4 could prevent 5fC from being converted to DHU by pyridine

borane.

The selectivity of the ligases for distinguishing DHU (originated

from 5caC upon pyridine borane reduction) and dC is critical to

the ligation-based qPCR assay for site-specific detection of 5caC in

DNA. To screen the ligases that can effectively distinguish DHU and

dC in DNA, we evaluated the performance of six kinds of commer-

cial ligases, including T3 DNA ligase, T7 DNA ligase, T4 DNA ligase,

SplintR ligase, T4 RNA ligase 2 and Taq DNA ligase on DNA liga-

tion efficiencies toward DNA1 and DNA2 with 5caC-DNA or C-DNA

as the template (upon pyridine borane treatment). The selection of

these ligases is mainly based on their commercial availability and

Fig. 3. Screening of ligases to distinguish 5caC and dC in DNA. (A) Screening of T3

DNA ligase, T7 DNA ligase, and T4 DNA ligase to distinguish 5caC and dC in DNA.

(B) Screening of SplintR ligase, T4 RNA ligase 2 and Taq DNA ligase to distinguish

5caC and dC in DNA. M is DNA marker.

their capability on ligating oligo DNA. The ligation products were

amplified by PCR and examined by 10% native polyacrylamide gel

electrophoresis (PAGE).

The results showed that the bands had almost the same inten-

sities between 5caC-DNA and C-DNA using T3 DNA ligase (Fig. 3A,

lines 1 and 2), T7 DNA ligase (Fig. 3A, lines 3 and 4), and SplintR

ligase (Fig. 3B, lines 1 and 2), suggesting that these ligases could

not effectively differentiate the mismatch of C-A and the base pair

of DHU-A. Thus, these ligases cannot be utilized to distinguish

5caC from dC in DNA. We observed the slightly stronger intensity

of band using 5caC-DNA template produced by T4 DNA ligase com-

pared with that of C-DNA (Fig. 3A, lines 5 and 6). As for the T4

RNA ligase 2, no band was observed for either using 5caC-DNA or

C-DNA as the template (Fig. 3B, lines 3 and 4). However, the use of

Taq DNA ligase showed obvious difference towards 5caC-DNA and
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Fig. 4. Quantitative analysis of the level of 5caC in DNA. (A) Real-time fluorescence

amplification curves using the mixture of 5caC-DNA and C-DNA templates. Differ-

ent ratios of 5caC-DNA/C-DNA with the percentages of 5caC-DNA ranging from 0%

to 100% were used. (B) The relative ligation products were plotted against to the

theoretical percentages of 5caC-DNA in the mixture. (C) Real-time fluorescence am-

plification curves obtained using different concentrations of 5caC-DNA templates.

(D) The generated calibration curve according to (C).

C-DNA (Fig. 3B, lines 5 and 6). A much stronger intensity of band

was observed using 5caC-DNA than that of C-DNA by Taq DNA lig-

ase (Fig. 3B, lines 5 and 6), indicating that the mismatch of C-A

will jeopardize the ligation reaction by Taq DNA ligase. Taq DNA

ligase favors the ligation with DHU-A, but not the mismatch of C-A,

which offered the possibility for the site-specific quantification of

5caC in DNA by chemical conversion coupled with ligation-based

qPCR.

To achieve the best discrimination between 5caC and dC in

DNA, the ligation temperature, time, and the amount of Taq DNA

ligase were optimized. The results showed that the ligation con-

ducted under 45 °C had the largest difference of Ct values (aver-

age �Ct 5.0) between 5caC-DNA and C-DNA (Fig. S9A in Support-

ing information). Thus, 45 °C was chosen as the ligation temper-

ature. Similarly, the reaction time was optimized, and the ligation

for 15 min offered the largest difference of Ct values (average �Ct

3.9) between 5caC-DNA and C-DNA (Fig. S9B in Supporting infor-

mation). Thus, 15 min was utilized as the ligation time. Moreover,

we conducted the ligation reaction by using different amounts of

Taq DNA ligase. The �Ct reached its maximum when the ligase

amount was 0.5 unit (average �Ct 5.8) (Fig. S9C in Supporting in-

formation). Therefore, 0.5 unit Taq DNA ligase was chosen for the

ligation reaction. Collectively, the optimized ligation reaction was

performed under 45 °C for 15 min with 0.5 unit of Taq DNA lig-

ase in a 25-μL system, which provided the largest discrimination

between 5caC and dC in DNA.

To evaluate the quantitative performance of the ligation-based

qPCR strategy for site-specific detection of the 5caC level in DNA,

different ratios of 5caC-DNA and C-DNA were mixed with the per-

centage of 5caC-DNA ranging from 0% to 100% as the templates.

The results showed that the Ct values were decreased with the in-

creasing amount of 5caC-DNA (Fig. 4A and Table S4 in Support-

ing information). The relative ligation products using 5caC-DNA

and C-DNA mixture were calculated using the equations of 5caC-

DNAcalculated = 2Ct(100% 5caC) − Ct(each percentage of 5caC) × 100%. The re-

sults demonstrated that the relative ligation products exhibited a

linear correlation to the percentage of 5caC in the mixture of 5caC-

DNA and C-DNA with the coefficient of determination (R2) being

0.998 (Fig. 4B), indicating the proposed method is capable of quan-

titatively measuring 5caC at given site of DNA.

We next applied the developed method to quantify 5caC in DNA

from more complex system. To this end, we first generated the cal-

ibration curve using 5caC-DNA with different concentrations rang-

ing from 125 fmol/L to 1 nmol/L (Fig. 4C). The obtained Ct val-

ues were then plotted against the logarithm (lg) of the concentra-

tions of 5caC-DNA templates. The resulting equation of Ct = −3.5

lgC5caC-DNA − 17.3 showed good linearity with the R2 being 0.997

(Fig. 4D).

We then prepared the fragmented genomic DNA isolated from

HEK293T cells (Fig. S10 in Supporting information). Different

amounts of 5caC-DNA (500 pmol/L, 50 pmol/L and 5 pmol/L)

were added into 7.5 μg of fragmented genomic DNA. The sam-

ples were then processed with the whole analytical procedure, in-

cluding NaBH4 reduction, pyridine borane conversion, and ligation-

based qPCR analysis. The measured amounts of 5caC-DNA were

455.5 pmol/L, 44.8 pmol/L, and 4.4 pmol/L, respectively (Table S5

in Supporting information). The results showed the relative errors

were lower than 12.1%, indicating that the proposed method is of

good accuracy and could be used for site-specific quantification of

5caC in DNA from complex biological samples.

In summary, we developed a method for site-specific quantifi-

cation of 5caC modification in DNA by chemical conversion cou-

pled with ligation-based qPCR. 5caC was selectively converted to

DHU by pyridine borane. To avoid the potential interference from

5fC, 5fC was firstly blocked by NaBH4 reduction to form 5hmC.

The formed DHU from 5caC favors the base pairing with ade-

nine, which was then employed in the subsequent ligation-based

real-time qPCR. We screened six kinds of commercial ligases and

found Taq DNA ligase had the best performance to distinguish 5caC

from dC in DNA templates. Under optimized ligation conditions, we

were able to quantitatively detect 5caC in complex DNA mixture

with high accuracy. This developed method is relatively simple and

cost-effective. As the proof-of-concept, this developed method was

successfully applied in the site-specific quantification of 5caC in

synthesized 5caC-containg DNA spiked in complex biological sam-

ples. It should be noted that future endeavor should be taken to

detect 5caC site in real genomic DNA.
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