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S-hydroxymethylcytosine (ShmC) plays a pivotal
role in the DNA demethylation pathway and transcriptional
regulation. While sequencing-based methods such as TET-assisted
bisulfite sequencing offer single-base resolution, they are not ideal
for dynamic, time-sensitive quantification. Here, we present a novel
enzymatic biosensing strategy leveraging T7 endonuclease I for
rapid and locus-specific ShmC detection with a single-base
resolution. This electrochemical platform captures double-tagged
dsDNA and detects ShmC by monitoring the signal reduction upon
T7 endonuclease cleavage of A-C mismatches. The method
achieved high sensitivity, detecting as little as 10 pg of
hydroxymethylated DNA amid a 100,000-fold excess of methylated
or unmethylated DNA. Furthermore, we demonstrated its ability to quantify real-time ShmC variation during umbilical cord
mesenchymal stem cell differentiation. This approach offers a powerful tool for ShmC analysis in dynamic biological processes.
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S-Hydroxymethylcytosine (ShmC) is oxidized from S-methyl-
cytosine (SmC) in a Fe*- and 2-oxoglutarate-dependent
manner by 10-11 translocation (TET) family protein.”” ShmC
has been proposed as an intermediate in the demethylation
pathway,”* and its uneven distribution across different tissues
suggests that it plays a role in gene regulation.”~” Moreover,
reserach on ShmC and TET protein demonstrated that ShmC
was closely related to brain development,”™"" zygote develop-
ment,” and embryonic stem cells maintenance.'”~"* Especially,
the enrichment of TET and ShmC at gene promoters indicates
that TET-mediated hydroxymethylation may be involved in
transcriptional regulation.'”'” The depletion of TET results in
a reduced expression of a set of genes, including pluripotency-
related factors like Nanog, Esrrb, and Tcll, providing further
evidence that TeT and ShmC directly contribute to the
transcription of specific pluripotency genes.'®~**

Methods for detecting ShmC can generally be categorized
based on their genomic resolution. Techniques to quantify the
global levels of ShmC include thin layer chromatography,”
high-performance liquid chromatography,”* and liquid chro-
matography—mass spectrometry.25’26 However, only providing
average ShmC levels across the entire genome is limited to
detecting large-scale changes. Methods based on DNA
immunoprecipitation were developed to measure the enrich-
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ment of ShmC content on locus-specific levels by ShmC-
specific antibody or the antibody specifically against the
modified ShmC.*”*® While, these regional measures allow for
locus-specific analysis, they do not quantify ShmC at individual
CpG sites, limiting their ability to study the impact of
environmental factors on specific CpG sites. Methods for base-
pair-resolution detection can quantify ShmC at individual CpG
sites in the genome, which can be linked to genes for
downstream pathway analysis and mechanistic studies.
Currently, widely used methods to measure base-pair level
ShmC are bisulfite sequencing and its derived methods
including TET-assisted bisulfite sequencing (TAB-seq)*” and
oxidative bisulfite sequencing(oxBS).30 Although these se-
quencing-based strategies can achieve good performance, they
are also labor-intensive and time-consuming (at least 2 weeks
totally). Here, we developed a simple and rapid locus-specific
ShmC strategy (within 24 h), which can identify ShmC at a
single-base resolution. In this strategy, we used T7
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Endonuclease I, which could sensitively distinguish and cleave
A-C mismatch generated by the hybridization of oxidative
bisulfite (Oxbis)-treated DNA and bisulfite (Bis)-treated DNA.
Notably, this strategy could test 10 pg of hydroxymethylated
DNA, even in the presence of a 100,000-fold excess of
methylated or unmethylated DNA. Then, we achieved real-
time quantification of ShmC variation in the context of
umbilical cord mesenchymal stem cells (UC-MSCs) differ-
entiation, which sequencing-based methods were not suitable
for. Several lines of evidence suggested that ShmC plays a
crucial role in the establishment and/or maintenance of a
pluripotency during early embryonic development. We
anticipate that the proposed quantification method will help
further uncover the roles of ShmC in early development and
cellular homeostasis.

In 50 uL of PCR reaction, 1 ug of pBR322 (0.5 ug/uL), S uL of 10X
PCR Buffer, 4 uL of ANTP(2.5 nM), 0.5 pLTakaRaTaq, 2 uL of
primerl-Fw (10 yM), 2 uL of primerl-Rv (10 uM), and Milli-Q
water were mixed. The reaction was first heated to 95 °C for 3 min,
followed by 35 cycles of 30 s at 95 °C, 30 s at 56 °C, and 30 s at 72
°C, with a final extension cycle of 72 °C for 5 min. Then, we took 30
uL of PCR product mixed with 10 L of MilliQ water, S uL of
Lambda buffer, and § uL of Lambda exonuclease in 37 °C for 2 h
following 75 °C incubation for 10 min. After this, the samples were
purified and concentrated to 20 uL of MilliQ with a TakaRa Mini
BEST DNA Fragment Purification Kit Ver.4.0. Then, the extension
process went as follows: 20 uL of purified PCR product, 10 yL of
extension primer(10 uM), S uL of 10X Buffer, 1.2 uL of VentR DNA
enzyme, 1 uL of dCTP/dGTP mix, and 13.8 uL of Milli-Q water were
mixed together under the condition of 95 °C for S min, followed by 8
cycles of § s at 80 °C, 1 min at 55 °C, and 30 s at 72 °C, with a final
extension cycle of 72 °C for 1 min. The 50 uL extension product was
purified with the same kit and concentrated into 20 uL of MilliQ.
Then, the 20 L purified sample, 4 uL of ANTP (2.5 mM), 5 uL of
10X Buffer, 1.2 uL of VentR DNA enzyme, and 19.8 uL of MilliQ
were mixed together under the condition of 55 °C for 2 min, followed
by 72 °C for 40 min. The supplemental reaction was concentrated to
16 uL of MilliQ with the purification kit. Finally, 16 uL of purified
sample, 2 uL of Hhal endonuclease, and 2 uL of 10 X Buffer were
mixed together under 37 °C for 30 min and loaded onto 2% agrose
gel.

We annealed two single strand DNA that including different kinds of
mismatch types (A-C, G-T, AA-CC, GG-TT, ANA-CNC, GNG-
TNT) with hybridization buffer (1.2 M NaCl, 12 mM Tris-HCl, 14
mM MgCl,) followed by annealing from 95 to 25 °C in 2 h in the
Applied Biosystems. Then, S00 mg of annealed dsDNA was incubated
with S5 uL T7 endonuclease I and 5 uL T7 reaction buffer in 50 uL
reaction under 37 °C for 16 h.

We referred to Michael J. Booth’s protocol for the oxidation. 1 ug
DNA was denatured in 0.05 M NaOH (totally volume 19 L) for 30
min at 37 °C and then snap-cooled on ice for 5 min. After that, 1 yL
of KRuO4 solution (15 mM KRuO4 in 0.05 M NaOH) was added,
and the reaction was maintained on ice for 1 h with occasional
vortexing. Then the second round 1 uL KRuO4 solution was added
and held on ice for 1 h with occasional vortex. Finally, we used MilliQ_
water to supplement to S0 yL and purified with the mini quick spin
oligo columns following the protocol. The sodium-bisulfite
modification was done as follows. 1 yg DNA was dissolved in 50
uL of distilled water denatured for 20 min at 95 °C and further
denatured in 0.3 M NaOH for 15 min at 45 °C. Subsequently, 520 uL
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of a 3.6 M sodium bisulfite solution (pH 5.0) containing 10 mM
hydroquinone was added, and the reaction was incubated at 55 °C for
16 h in the dark to avoid oxidation. The modified DNA was then
desalted with Wizard Plus Minipreps DNA Purification System
(Promega) and then was dissolved in 50 yL of 1 mmol/L Tris-HCl
(pH 8.0). Then desulfonation was done by adding 0.3 mol/L NaOH
with 40 °C for 15 min, followed by neutralization with 50 L of 3 M
ammonium acetate and the addition of 1 L of glycogen (20 mg/L).
After precipitation with 70% ethanol overnight, the DNA was
resuspended in 30 uL of 1 mM Tris-HCl (pH 8.0). For oxidation
bisulfite treatment, we did oxidation first, and then we did sodium-
bisulfite modification.

The UCMS cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibo), supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin. Cells were grown at 37 °C in a humidified
atmosphere with 5% (v/v) CO,. Cells were plated in a 60 mm dish
and cultured until 80% confluence was reached in complete culture
medium. Then, the medium was replaced with adipogenic medium
(complete culture medium supplemented with SO M in domethacin,
0.5 mM isobutylmethylxanthine, and 0.5 uM dexamethasone), kept
culturing for 14 days with adipogenic medium, and changed the
medium every 2 days. Differentiated stem cells were fixed in 10%
formalin for 10 min, washed with 60% isopropanol 20—30 s, and
stained with Oil Red-O staining solution for 10—1S5 min. After
washing twice with 60% isopropanol for 20s each, the cells were
washed with distilled water and air-dried at room temperature.

Genomic DNA were prepared using a Cultured Cell DNA Extraction
Kit. Then we mixed 1 yig DNA sample, 1 uL SAM, S uL NEB buffer,
and 1 uL CpG transmethylaseM. SssI enzyme under the condition of
37 °C for 3 h.

The electrochemical performance of the MEB was assessed by cyclic
voltammetry (CV) and amperometric methods using a custom-built
16-channel electrochemical detector. CV measurements were
performed over 2 segments, with a potential window of —0.3—0.6
V, and amperometric measurements were taken at —0.05 V for 100 s.
Prior to assembling the antidigoxin antibody, the screen-printed
carbon electrode (SPCE) was electrochemically activated to generate
carboxylate groups. The CV scan of SPCE in 0.01 M phosphate buffer
(pH 7.2) was run for 30 cycles, with a potential range of —0.3 to 0.6 V
at a scan rate of S00 mV/s. The electrodes were then coated with a 10
uL mixture of 76.65 mg/mL ethylhydroxyethylcellulose (EH) and
11.05 mg/mL N-hydroxysuccinimide (NHS) for 15 min to activate
the carboxylate groups. Then, 8 yL of antidigoxin antibody (3 ug/
mL) was incubated on the carbon electrode. The electrodes were
washed with 0.01 M PBS and blocked with 1% Casein. After this, only
digoxin-modified DNA samples were captured, following 1 h of
incubation on the electrode. After washing 3 times, 10 uL of
streptavidin-horseradish peroxidase (SA-HRP) (1:1000 dilution in 1%
Casein) was added and incubated at 37 °C for 40 min, followed by
five washes with 0.01 M PBS. Finally, only the both biotin-modified
and digoxin-modified DNA samples stayed on the electrode. TMB
substrate (SO uL) was then added, and the reaction was
simultaneously detected across all 16 channels using CV measurement
at a scan rate of 0.1 V/s with the potential range of —0.3 to 0.6 V. The
amperometric measurement was performed at —0.05 V, and the
electrochemical reduction current was recorded 100 s after the SA-
HRP redox reaction reached steady state.
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Figure 1. Principle of quantitative analysis of S-hmC based on the T7 Endonuclease I-mediated single-base mismatch biosensing strategy. (a)
Methyltransferase converts cytosine (C) into S-methylcytosin (S-mC), pursued by simultaneous bisulfite and oxidative bisulfite treatments. Specific
primer are then applied, resulting in two types of double-tagged dsDNA. (b) Detection process on a biosensing electrode involves biotin-digoxin
labeling and SA-HRP-based signaling. T7 endonuclease I selectively cleaves the target DNA at mismatched S-hmC sites, allowing signal
quantification based on current changes. The curve represents the electrochemical signal associated with the presence of 5-hmC

The new strategy was based on two parallel processes for Bis/
Oxbis treatment, DNA amplification and T7 endonuclease I-
mediated single-base mismatch recognition biosensing (Figure
1). The first step was to use CpG methyltransferase to
methylate C/5mC/5hmC, where C was transferred to SmC
while SmC and ShmC remained unchanged. Then, the treated
DNAs were applied to Bis treatment and Oxbis treatment
separately. After Bis treatment and amplification (Bis-Fwl/
Rvl), both SmC and ShmC were read as C, and the C-
containing DNA strand was tagged with biotin. Meantime,
after Oxbis treatment, SmC was read as C, whereas ShmC was
first oxidized to SfC, then converted to U and read as T.
Afterward, DNA strands containing C or T were labeled with
digoxigenin after PCR amplification (Oxbis-Fwl/Rvl). Sub-
sequently, hybridization between two groups (the Bis and the
Oxbis treatment) resulted in six kinds of dsDNA: biotin C-G
digoxigenin, biotin C-A digoxigenin, biotin C-G, C-G
digoxigenin, C-G, and T-G. Among them, only two dual-
labeled dsDNA could be captured on the biosensing electrode
and showed current signals following the incubation of SA-
HRP. Then T7 Endonuclease I was introduced to recognize
and cleave mismatched DNA (A-C), contributing to the
current signal reduction. Because the A-C mismatch was
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originated from ShmC, its amount was positively correlated
with the current difference.

To investigate the sensitivity of this strategy, we first
established the ShmC-containing DNA strand (Figure S1)
and diluted it with different ratios in the context of SmC-
containing DNA strand and C-containing DNA strand
separately. Then, the lowest ratio we can detect was 1/
100,000 in both the SmC- containing DNA strand and the C-
containing DNA strand (Figure 2). We summarized this high
sensitivity for several factors. First, the semilabeled primer
amplication strategy ensures that only double-labeled dsDNA
can be captured on the biosensing electrode, excluding the
semilabeled or nonlabeled dsDNA, and improves the signal-to-
noise ratio. Second, the electrochemical platform, this signal
transducer, could directly quantify electrochemical reaction on
the electrode and provides a strong and sensitive signal. Third,
T7 Endonuclease I was very sensitive to recognize and cleave
the A-C mismatch and was compatible with the biosensing
platform. Fourth, the high Bis and Oxbis treatment efficiency
achieves a high base conversion rate, attributing the maximum
amount of mismatch DNA.

T7 Endonuclease I is a stable homodimer comprising two
catalytic domains connected by a bridge,”" which can realize

https://doi.org/10.1021/jacsau.4c01184
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Figure 2. Quantitative evaluation of ShmC in C-containing and SmC-containing DNA strands. (a) Response current to ShmC:C at a serious ratio.
(b) Response current to ShmC:5SmC at a serious ratio. (c) Sensitivity of the proposed ShmC detection strategy in the SmC-containing DNA strand.
The dashed lines represent the blank value plus three times the standard deviations. (d) Sensitivity of the proposed ShmC detection strategy in the
C-containing DNA strand. The dashed lines indicate the blank value plus three times standard deviations. Error bars represent standard deviations

of three independent measurements.

base-pair mismatch cleavage in dsDNA, especially the C-
containing mismatch. Hence, T7 Endonuclease I has been
widely used in mutation detection’” and single nucleotide
polymorphism.”> We compared T7 Endonuclease I with
different base-pair mismatch recognition enzymes such as
TDG enzyme, Endonuclease V, and Taq Muts. As we can see
in Figure S2, T7 Endonuclease I is the best at identifying AA-
CC and ACA-CGC mismatch types, which is more in line with
our strategy. Also, we tried to improve the enzyme’s catalytic
performance by optimizing its reaction condition including
temperature, incubation time, and Mg2+concentration. We
found that T7 Endonuclease I has better performance at 37 °C,
6—16 h, and 1 mM Mg** (Figure 3a). Interestingly, the Mg>*
concentration of the commercial reaction buffer for T7
endonuclease I is 1.0 mM, but we found that a lower Mg7~+
concentration has better cleavage efliciency, which we think
higher Mg?* concentration may increase the distance between
the two catalytic centers, thereby reducing the cleavage
efficiency. Finally, we investigated the compatibility of T7
Endonuclease I cleavage with our biosensing platform for six
different mismatch types. A-C mismatch could induce more
than 5000 nA current difference, which proved the feasibility of
this strategy (Figure 3b).

The efficiency of the Oxbis treatment was another key
parameter in our design. The oxidation bisulfite efficiency
evaluation was based on Hha I endonuclease to cleave the
symmetric sequence 5 -GCG |C-3' in dsDNA. Hha 1
endonuclease would not work when the “C” changed to “T”
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after Oxbis treatment (Figure 3c). We investigated the reaction
pH and the amount of KRuO, By selecting optimized
conditions (pH of 9 and 0.9 mM KRuO,), we found the
oxidative bisulfite efficiency was around 60% (Figure 3c).
However, we, when the Oxbis efficiency increased up to 90%
(Figure 3c), completely removed the ethanol by incubating the
reaction, demonstrating that ethanol was the key factor that
inhibits the solution for 30 min at room temperature before
Oxbis treatment, oxidative bisulfite efficiency.

UC-MSCs, derived from the extraembryonic mesoderm, have
been extensively studied for their ability to differentiate into
adipogenic, chondrogenic, and osteogenic lineages. Our
primary human mesenchymal stem cells were obtained from
the Medical College of Shandong University. UC-MSCs are a
versatile cell population found in various tissues, capable of
differentiating into multiple lineages.”* During its differ-
entiation into adipose cells, TET1 can directly bind to the
promoter of the insulin-like growth factor 2 mRNA binding
protein 1 (IGF2BP1) and affect its hydroxymethylation
status.'® By tracking the dynamic changes of ShmC during
differentiation, we gain valuable insights into the epigenetic
regulation of gene expression.

As shown in Figure 4a, cells were harvested on days 1, 2, 7,
and 14. Oil Red-O positive cells appeared on day 7, and the
number of adipocytes increased by day 14, confirming the
successful adipogenic induction. In parallel, cells were

https://doi.org/10.1021/jacsau.4c01184
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Figure 3. Optimization of T7 endonuclease I cleavage and Oxbis bisulfite treatment. (a) Agarose gel electrophoresis and electrochemical data
showing the effect of Mg>* concentration on the cleavage performance of T7 endonuclease I, with optimal activity observed at 1 mM Mg**. (b)
Agarose gel electrophoresis and electrochemical data showing the cleavage performance of T7 endonuclease I for two mismatch types (G-T and A-
C), with higher ACurrent values observed for A—C mismatches. (c) Factors influencing Oxbis treatment. Step 1: Optimization of reaction pH, with
pH 9 showed the best results. Step 2: Evaluation of KRuO, concentration on DNA cleavage indicated optimal efficiency at 0.9 mM. Step 3:
Assessment of ethanol treatment prior to bisulfite and oxidative bisulfite treatments.

harvested at corresponding time points to extract the genome
DNA and do PCR based on IGF2BP1 promoter. Then, the
PCR product was treated with CpG methyltransferase to
prepare for our strategy. We can see the current value
difference increased on the seventh day and then decreased on
the 14th day, which indicated the changing trend of the ShmC
amount (Figure 4b). For DNA sequencing, the amount of
framed T with Oxbis treatment could reflect the amount of
ShmC (Figure 4c). We barely saw ShmC on day 1, the highest
amount of ShmC on day 7, and the decreased amount of
ShmC on day 14 (Figure 4c). Obviously, compared to Sanger
DNA sequencing, which could only see ShmC qualitatively,
our biosensing strategy could dynamically quantify ShmC.
Overall, the state of stem cell differentiation process can be
shown by monitoring the hydroxymethylation level, and the
high and low hydroxymethylation level indicates that the UC-
MSC:s cell differentiation ability is reduced.
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In this study, we proposed a rapid and inexpensive ShmC
quantitative biosensing analysis strategy, combining Bis/Oxbis
treatment and the T7 Endonuclease I. It can detect ShmC at
single-base resolution with 10 pg of ShmC in the presence of a
100,000-fold excess of SmC or unmethylated C. We
demonstrated the utility of this method to track the dynamic
changes of ShmC in gene IGF2BP1 during the UC-MSCs
differentiation. This technique surpasses previous ShmC
identification methods by offering single-base resolution
without the need for specialized equipment, making it suitable
for various sequencing analysis. It represents a significant
advancement in the comprehensive site-point analysis of ShmC
in both normal and abnormal cell differentiation. Aberrant
DNA hyperventilation is linked to various diseases, including
cancer; this method holds great potential. However, this
method is currently limited by its inability to simultaneously
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Figure 4. Application in UC-MSCs cells. (a) Schematic workflow of the ShmC quantification during UC-MSCs cells differentiating toward the
adipose cells. The cells were stained with Oil Red-O, a neutral lipid dye, at various time points during adipogenic differentiation (left). On the right,
ShmC quantification was performed using T7 Endonuclease I-mediated single-base mismatch strategy. (b) T7 Endonuclease I-mediated single-base
mismatch biosensing strategy to quantify ShmC during the differentiation of UC-MSCs cells. (c) Sanger sequencing of the PCR product based on
genomic DNA with BS and OxBS treatment during the differentiation of UC-MSCs cells.

distinguish C, SmC, and ShmC, and its sensitivity is influenced
by the sequence context. These limitations highlight areas for
further exploration. Future research should prioritize improv-
ing the scalability of the biosensing method to enable high-
throughput applications, such as multisample parallel analysis
or seamless integration with automated systems. Additionally,
expanding the method’s capacity to detect other epigenetic
modifications, such as S-formylcytosine (SfC) and S-carbox-
ylcytosine (ScaC), would enhance its utility for comprehensive
epigenetic studies. Optimizing enzyme reaction conditions to
mitigate environmental influences and developing alternative
signal transduction mechanisms could further increase the
robustness and adaptability of the platform. These advance-
ments would not only address current limitations but also
broaden the method’s applicability in future epigenomic
research.
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