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DNA methylation plays a pivotal role in regulating gene
expression, and is closely related to numerous physiological
and pathological processes.' 5hmC is an oxidation derivative
of 5-methylcystein (5mC) catalysed by ten-eleven translocation
(TET) family proteins and can be further oxidized to 5-for-
mylcytosine and 5-carboxylcytosine during demethylation.*®
The majority of 5hmC are stable DNA modification and possess
tissue specificity, which are enriched in embryonic stem cells
and brain tissue.®® 5hmC not only plays an important role in
neurodevelopment and disease but also involves in the regula-
tion of chromatin structure and gene expression.’® Notably, the
level of 5hmC is markedly depleted in tumors compared with
normal tissues." Therefore, 5hmC has been considered as an
epigenetic biomarker."

In view of the significance of 5hmC in the epigenetic regu-
lation and the early diagnosis of diseases, a collection of
genome-wide 5hm detection strategies have been well devel-
oped. For example, high-performance liquid chromatography
(HPLC) and mass spectrometry (MS) are widely used in deter-
mining the genomic-wide content of 5hmC in all cytosine
residues.”™'* Nevertheless, sequence information and the posi-
tion of 5hmC could not be obtained. In comparison, the posi-
tion of 5hmC in genomic DNA can be approximately mapped by
affinity enrichment or chemical conversion-assisted sequencing
strategies.'” " Specifically, oxidative bisulfite sequencing (oxBS-
seq) has shown advantage of discriminating 5hmcC at single-
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oxidization with the mismatched probe-assisted ligation to guarantee the specificity. Moreover, the high-
efficiency LAMP also makes the proposed method suitable for the detection of low-content samples.

base resolution.?* Based on oxidative bisulfite conversion,
Hpall-mediated ligation PCR is reported which can detect site-
specific 5hmC with high sensitivity and specificity.”> But they
involve bisulfite treatment, which can lead to DNA sequence
degradation and require high-input sample. Therefore, it is
highly desirable to develop a bisulfite-free, rapid and specific
method for accurate quantification of site-specific 5hmC in
routine laboratory and clinical applications. The single-
molecule immunofluorescent imaging can sensitively detect
5hmC in genomic DNA and provide rapid readout.”® Moreover,
the peroxotungstate oxidation-mediated two-phase amplifica-
tion systems is bisulfite-free and could facilitate the acquisition
of 5hmC level.>* Whereas, they require multiple purification
procedures to reduce background interference, thus leading to
a large loss of DNA information.

Generally, there are three obstacles to rapid, simple, and
high specific quantification of 5hmC at specific sites. They are
interference of C and 5mC, DNA degradation, and loss of DNA
information, respectively. Consequently, we develop a label-free
and bisulfite-free method for the quantification of site-specific
5hmC at single-base resolution in low-input samples. Due to
the advantages of high efficiency and mildness, peroxotungstate
is used as a conversion reagent that can selectively oxidate
5hmC to trihydroxylatedthymine (""T) in one step while leaving
C and 5mC unchanged.”?” To selectively distinguish T from C
and 5mC, ligation-based loop-mediated isothermal amplifica-
tion (LAMP) is applied,*?® since it is prior to primer extension
reaction with respect to discern differ of single base.***
Nevertheless, in ligation-based LAMP, it is difficult to
completely eliminate non-specific ligation by relying only on
ligase to recognize the difference of a single base.*>* In this
consideration, we designed a mismatched ligation strategy in
which a mismatched base with target sequence is introduced at
the third position from the 3’-end of probe B. The mismatched
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base cooperates with ligase to endow the mismatch ligation
strategy with high specificity. There are several distinct merits of
the proposed method. In the first place, the one-step oxidation
greatly saves time for sample treatment and reduces the DNA
loss of the sample. Secondly, mismatch ligation-based LAMP is
characterized by high sensitivity and specificity. It is extremely
suitable for clinical detection. Furthermore, the performance of
this method in analysing low-input samples is highlighted by
comparing with ligation-based LAMP and gap ligation-based
LAMP.

The principle of the mismatch ligation-based LAMP assay for
detection site-specific 5hmC is shown in Fig. 1. We synthesized
three double-stranded DNA (dsDNA) target sequences and the
detection site is C, 5mC and 5hmC, respectively. Therefore, the
three targets are named target C, target 5mC and target 5hmC,
respectively. The targets are oxidized with peroxotungstate, and
target 5hmC is oxidized to form T which is prefer to pair with
adenine (A), but C and 5mC unchanged. So that target 5hmC
can be distinguished from target C, and 5mC by ligation reac-
tion. In the ligating reaction, probe A and probe B are designed
to specifically recognize the target T sequence and then
initiate ligation reaction. The high specificity probe B is intro-
duced to the mismatch ligation platform. Base A is designed at
the 3’-end of probe B to distinguish the converted C, 5mC and
5hmC. A mismatched base guanine (G) is introduced at the
third position from the 3’-end of probe B which cooperates with
the terminal base to prevent the ligation of C, and 5mC. Ulti-
mately, probe B can form a pair of mismatched bases (G-G) with
the target ™T, and two pairs of mismatched bases (A-C, G-G
and A-5mC, G-G) with target C and 5mC, respectively. The
green part of probe A is complementary to the target sequence
and modified with a phosphate group at its 5-terminus. The
dark blue stem loop structures of probe A and probe B are the
universal sequences which can be used to initiate the LAMP
amplification with a pair of universal primers (shown in
Fig. S1t). The probe A and probe B can bind to the target
sequence and be adjacent to each other. Only target T is
capable of effectively driving the ligation of probes A and B by
Ampligase to form a double stem-loop structure, which is the
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Fig. 1 Schematic representation of the mismatch ligation-based
LAMP strategy.
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initiate substance of LAMP. During the ligation process, the
mismatched probe B can effectively reduce non-specific ligation
and improve the specificity of the method.

The analytical performance of the mismatch ligation-based
LAMP strategy is evaluated by tracking the fluorescence in
response to different concentrations of target 5hmC. As shown
in Fig. 2, the point of inflection (POI) value is the times corre-
sponding to the maximum slope in real-time fluorescence
curve, which is linearly dependent on the logarithm (Ig) of
concentration of target 5hmC from 2 fM to 200 pM. The
correlation equation is POI = —5.83 lg Cshmc-27.7 and the cor-
responding correlation coefficient R is 0.999. To evaluate the
specificity of the mismatch ligation-based LAMP strategy, 200
fM of targets C, 5mC, and 5hmC are tested in the same condi-
tions. According to the correlation equation (Fig. 2b), the
interference signals produced by target C and target 5mC are
estimated to be 0.8, and 1.2% compared with 200 fM target
5hmC, respectively. Compared with the ligation-based LAMP
(Fig. S27), this method improved specificity by 3.7% and 8.6% in
the detection of target C and 5mC, respectively.

To further verify the advantage of mismatch ligation-based
LAMP in detecting site-specific 5hmC in low-input sample, we
designed gap ligation-based LAMP. In gap ligation-based LAMP
(Fig. 3), the probe A is same as mismatch ligation-based LAMP.
However, probe B is loss of A at the 3’-end, so it is named probe
B2. Probes A and B2 are hybridized to target flanking the
detection site and left a single-base gap opposite the detection
site. When dATP is added to the reaction solution, jumpStart™
Taq DNA polymerase selectively catalyze the base A extension at
3" end of probe B2 relying on target ""T. The base-incorporated
probe B2 could then be covalently joined with probe A by
Ampligase. Subsequently, the amplification reaction is
advanced. But probe B2 is unable to perform a single-base
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Fig. 2 Dynamic range and sensitivity of LAMP based on mismatched
ligation assay. (a) Real time amplification curve produced by synthetic
target 5hmC from right to left, the concentration of target 5hmC
successively is blank, 2 fM, 20 fM, 200 fM, 2 pM, 20 pM, 200 pM. (b) The
relationship between POl and lg of target 5hmC concentration (M). (c)
Real time amplification curve produced by 20 fM synthetic target C,
target 5mC, and target 5hmC. (d) Relative responses of C and 5mC
compared with that of 5ShmC.
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Fig. 3 Schematic representation of gap ligation-based LAMP assay.

extension at the 3’ end depending on target C and 5mC due to
the mismatch of targets with the extension base.

We investigate the sensitivity and specificity of the gap
ligation-based LAMP. As shown in Fig. 4, the POI values are
linearly dependent on the lg of concentrations of target 5ShmC
in the range from 20 fM to 200 pM. The correlation equation is
POI = —6.47 Ig Cshmc-33.5 and the corresponding correlation
coefficient R is 0.985. To evaluate the specificity of the gap
ligation-based LAMP assay, targets C, 5mC and 5hmC at 2 pM
are tested under the same conditions. According to the corre-
lation equation (Fig. 4b), the signal interference generated by
target C and target 5mC is estimated to be 1.4% and 6.9%,
respectively. Compared with mismatch ligation-based LAMP,
the specificity and sensitivity of gap ligation-based LAMP are
not improved. This may be due to the lower efficiency of probe
extension and ligation at low levels of target DNA.

Considering the sensitivity and specificity, mismatch
ligation-based LAMP is more suitable for detecting low-content
5hmC. In order to prove the usability of method, the method is
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Fig. 4 The dynamic range and sensitivity of LAMP based on gap-
ligation assay. (a) Real time amplification curve produced by synthetic
target 5hmC from right to left, the concentration of target 5hmC
successively is blank, 20 fM, 200 fM, 2 pM, 20 pM, 200 pM. (b) The
relationship between POl and g of target 5hmC concentration (M). (c)
Real time amplification curve produced by 20 fM synthetic target C,
target 5mC and target 5hmC. (d) Relative responses of C, and 5mC
compared with that of 5ShmC.
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Fig.5 (a) Real time amplification curve produced by of target 5hmC at

different ratio in the mixture of target 5hmC, and target C with the
concentration of 200 fM. (b) Real time amplification curve produced
by target 5hmC at different ratio in the mixture of target 5hmC, and
target 5mC with the concentration of 100 fM.

applied to detect 5hmC in the mixture which contained a large
excess of target C or target 5mC. Target 5hmC and target C are
mixed for a total concentration of 200 fM. Target 5hmC and
target 5mC are mixed for a total concentration of 100 fM as the
tested samples, in which the ratio of target 5ShmC varied from
1% to 100%. The results are shown in Fig. 5. One can see from
Fig. 5a, the target 5hmC can be detected as low as 1% with
a real-time fluorescent signal in mixtures containing 99-fold
higher target C. Accordingly, the POI value of the fluorescence
curve of target 5ShmC is calculated by the correlation equation of
Fig. 2b. They are 200 fM, 20 fM, 2 fM, and SD are 1.5%, 2.8%,
and 3.34%, respectively, indicating that the target C does not
interfere with the detection of 5hmC. Detection of mixtures
containing target 5mC and 5hmC as described above. The POI
of target 5hmC is calculated by the correlation equation of
Fig. 2b. They are 100 fM, 10 fM, 1 fM, and SD are 1.52%, 1.2%,
and 2.5%, respectively, indicating that the target 5mC does not
interfere with the detection of 5hmC. Therefore, detection of
small amount of target 5hmC in the presence of large excess of
target C or target 5mC is feasible with the proposed assay.
Further studies have been performed to test the practical
capability of this assay in genomic DNA. As shown in Fig. 6, we
have detected the amount of 5hmC which is located in low
density lipoprotein receptor-related protein gene (Lrpabl) in
mouse brain genomic DNA. It can be concluded from the
correlation equation in Fig. 2b that 10 fM of site-specific 5hmC
is contained in 300 ng of genomic DNA. The standard deviation
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Fig. 6 Analysis of 5hmC in mouse brain genomic DNA. Real time
amplification curve produced by target 5hmC and 300 ng mouse brain
genomic DNA. Except blank, from left to right, the concentrate on of
target 5hmC successively is 200 pM, 20 pM, 2 pM, 200 fM, 20 fM, 300
ng mouse brain genomic DNA, 2 fM, blank.
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(SD) and coefficient of variation (RSD) are 1.52, and 3.03%,
respectively. To further confirm the results, 300 ng of mouse
genomic DNA is spiked with 50 fM synthetic 5hmC and
measured in three replicates, resulting in an average recovery of
109%. Therefore, the proposed assay can accurately quantify
5hmC down to fM levels in genomic DNA samples.

Conclusions

In summary, we have developed a highly specific method for the
rapid detection of site-specific 5hmc at single-base resolution by
combining the peroxotungstate oxidation and mismatched
ligation-LAMP. In this design, 5ShmC can be converted to T by
only one-step oxidation, and has a single-base difference from C
and 5mC. Accordingly, a probe (probe B) with a mismatched
base relative to the target sequence at the third base of 3’ end is
designed to greatly reduce the generation of non-specific liga-
tion, allowing discriminate as low as 1% target 5ShmC in the
mixture. In this method, DNA degradation and DNA loss are
reduced as bisulfite and multiple purification treatments are
not required. Hence, this method can detect target 5hmC down
to 2 fM with efficient DNA amplification and obtain detection
results within 5 hours, which is of great significance for 5hmcC-
related clinical studies. Furthermore, this method is applicable
to different sequences by changing the complementary
sequence of the probe to the target sequence, which avoids the
delicate design of the LAMP primers, and significantly improves
practicability. In conclusion, the one-step oxidation mediated
mismatch ligation-based LAMP method may act as a powerful
tool to speed up our understanding of the occurrence of disease
at the molecular level.
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