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ABSTRACT: 5-Hydroxymethylcytosine (5hmC) plays a key role
in the DNA demethylation process and serves as a stable epigenetic
marker in the human genome which is closely associated with
disease progression, particularly in diabetes, colorectal cancer, and
liver cancer. However, convenient and sensitive methods for
detecting and quantifying 5hmC in the genome are scarce,
especially in complex biological environments. Herein, a novel
attempt at hypersensitive quantitative detection of 5hmC was
presented. A multifunctional photosensitive probe was therefore
introduced for specific labeling, enrichment, and elution of 5hmC-
DNA. Combining with isothermal assay leveraging rolling circle
amplification and Cas12a for accurate recognition, we achieved
quantitative detection of 5hmC DNA in trace amounts at a level of
11 fM. Global 5hmC was measured in various biological samples using as little as 10 ng of input DNA by a real-time PCR
instrument. The reported approach imposed no sequence restrictions, demonstrating promising potential for detecting modified
bases in trace amounts of nucleic acids within complex environments, such as blood, urine, and saliva samples.
KEYWORDS: DNA hydroxymethylation, Cas12a, isothermal amplification, chemical modification, detection

5-Hydroxymethylcytosine (5hmC) represents a vital epigenetic
modification that exerts a profound impact on a vast array of
biological processes, encompassing development and patho-
genesis.1,2 More significantly, 5hmC has also been demon-
strated to affect the initiation and progression of diseases.3,4 It
shows a decreasing trend in both hematologic tumors and solid
tumors compared to corresponding normal tissues,5 such as
melanoma,6 colorectal cancer,7,8 and hepatocellular carcino-
ma.9 Therefore, 5hmC is a promising biomarker, which has
great clinical utility value in the screening, diagnosis, and
monitoring of diseases and tumors.10

Although 5hmC is abundantly present in human body as
well as in plants and animals, exhibiting a tissue-specific
distribution,11 its content is 10−100 times less than 5-
methylcytosine in the human genome.12 Due to subtle
differences among normal cytosine, 5-formylcytosine, 5-
carboxylcytosine, and 5-methylcytosine and severe nontarget
interference in diverse biofluids and cell types, there is an
urgent need for robust, specific sensors and bioassays in order
to facilitate the progression of clinically feasible modified
nucleic acid biomarkers.

A number of techniques have been devised to detect and
quantify 5hmC within the genomic landscape. Liquid
chromatography−mass spectrometry is a traditional assay for
precise quantification of 5hmC from various biological
samples.13,14 However, this method relies on large instruments
and usually requires input DNA at the microgram scale.

Enzyme-based techniques, such as employing radiolabeled
glucose or endonucleases can also achieve the quantification of
5hmC in cells and tissues with sequence restrictions or
radiation damage.15,16 The 5hmC antibody detection assay is
one kind of common methods, while sensitivity and specificity
deeply depend on the purity and type of antibody.17,18 Next-
generation sequencing (NGS) techniques coupled with
bisulfite conversion or TET enzyme oxidation can achieve
quantitative detection of 5hmC, effectively.19,20 Expensive
instruments as well as professional bioinformation analysis are
required in NGS. All in all, existing methods are general labor-
intensive, expensive, high demanding amount input DNA, and
fraught with potential errors, which hindered further clinical
application.

RNA-guided CRISPR (clustered regularly interspaced short
palindromic repeats) technologies are highly versatile tools for
sequence-specific detection of DNA and RNA due to their
high sensitivity and specificity.21−23 The incredible system of
CRISPR−Cas12a confers remarkable target recognition
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accuracy and precision by binding with the Cas enzyme−
crRNA complex. The enzymatic signal amplification is caused
by collateral cleavage of the reporter by Cas12a protein, which
is activated by target binding.24,25 By fully leveraging this
characteristic, assays that integrate CRISPR technologies with
isothermal amplification have been developed for biomarker
detection to achieve desirable sensitivity.21,26−30 Precision,
elevated sensitivity, ease of operation, cost-effectiveness, and
the absence of precision instruments make these methods
potential for clinical applications.

The current study demonstrates a novel strategy, the
Chemically Assisted one-pot Isothermal CRISPR−Cas12a
(CAICas12a) assay, to realize cost-effective and robust
quantitation of 5hmC global level in low input with a handy
instrument without sequence and site restrictions (Scheme 1).

CAICas12a assay employs a multifunctional chemical small
molecule, PC-DBCO-PEG3-biotin, for specific labeling and
enrichment of 5hmC-N3 sites, which are from 5hmC
conversion by T4 β-glucosyltransferase (T4-β-GT). Addition-
ally, the photolysis group (PC) in PC-DBCO-biotin facilitates
specific elution following the 5hmC enrichment with biotin−
streptavidin magnetic beads. Subsequently, the labeled and
enriched 5hmC DNA is ligated with hairpin adaptors to enable
cyclization. The resulting circular products were then utilized
for rolling-circle amplification (RCA) in conjunction with
Cas12a technology. By leveraging small-molecule labeling and
enrichment for the first signal amplification, RCA for the
second signal amplification and the collateral cleavage (trans-

cleavage activity) of the reporter by the Cas12a protein
activated once a target is bound for the third signal
amplification, genomic 5hmC-DNA in cells and blood can be
quantitatively detected with nanogram input.

■ RESULTS AND DISCUSSION
To develop an ultrasensitive chemical strategy combined with
an isothermal amplification CRISPR-Cas12a assay to facilitate
the 5hmC quantitative detection in genomic DNA, we used a
commercial biotin molecule (PC-DBCO-PEG3-biotin, Figure
S1), which bears three essential moieties. The DBCO moiety
served as the labeling group targeting for 5hmC, which was
treated with glycosyltransferase. The biotin moiety acted as a
high-affinity-binding motif for streptavidin, while the PC
moiety acted as a photolysis group for elution following
streptavidin enrichment. Shown as Figure 1A, we employed an
enzyme-catalyzed coupling chemical click reaction for 5hmC
labeling and enrichment.31 An 80-mer duplex DNA, with one
5-hmC modification in each single strand, was prepared by
polymerase chain reaction (PCR) as a model (Table S1). The
use of UDP-6-N3-Glu as a cofactor enables T4-β-GT to
catalyze the transfer of a glucose moiety from UDP-6-N3-Glu
to the hydroxyl group of 5-hmC, yielding β-glucosyl-5-
hydroxymethyl-cytosine (5hmC-N3) in duplex DNA.31 This
product could then undergo a copper-free catalytic chemical
click reaction with the DBCO group occurring in PC-DBCO-
PEG3-biotin, thus ultimately yielding biotin-PC-5hmC-DNA.
The biotin-PC-5hmC-DNA produced contained a biotin
moiety, allowing for specific enrichment through SA magnetic
beads and achieving specific elution by UV light, conveniently.
We validated this process by 18% denatured polyacrylamide
gel with 20 bp 5hmC-DNA (Figure 1B) and confirmed the
accuracy of the product through mass spectrometry (Figures
S2 and S3). Besides, we also analyzed the chemical labeling
efficiency of 5hmC-DNA with one or multiple 5hmC sites
(Figure S4). It was observed that UDP-6-N3-Glu and PC
DBCO-PEG3-biotin effectively and specifically labeled 5hmC-
DNA, with only 30 s required for complete photolysis of
5hmC-DNA. The enrichment efficiency of 5hmC-DNA by this
method was verified by qPCR. As illustrated in Figure 1C, the
method demonstrated an ability to enrich 5hmC-DNA by up
to 1289.1-fold. Overall, Figures 1, S2, and S3 confirmed that
our improved method was quite efficient for labeling and
enrichment of 5hmC.

Encouraged by the above results, we set out to examine
whether labeling and enrichment could also be achieved after
adding hairpin adapters to obtain 5hmC-based circular DNA
for the CAICas12a assay (Figure 2A). As illustrated in Figure
2B, phosphorylated DNA possessing an A tail could be
connected to two phosphorylated adapters with T tails, which
exhibit a hairpin structure. This configuration facilitated the
formation of a template for subsequent rolling ring expansion,
thereby addressing the limitations associated with DNA
sequences and enabling further application to the genome.
We first confirmed that the circular template of DNA
containing 5hmC or NH2-5hmC (Figure 2A) could be well
amplified by RCA to exclude the steric effect of modifications
resulting in no signal generation (Figure S5). The connection
efficiency between DNA and adaptors was a key consideration.
We optimized several factors that influenced the connection
efficiency, including the PEG concentration and the ratio of
adaptors to DNA. PEG could act as a macromolecular
crowding agent, ultimately increasing the effective concen-

Scheme 1. CAICas12a 5hmC Detection Assaya

aThe workflow and key elements of the CAICas12a assay. First,
extracted and fragmented 5hmC-DNA is labeled with probe PC-
DBCO-PEG3-biotin and enriched by streptavidin magnetic beads,
further eluted by short-duration 365 nm illumination. Then, the
elution products are ligated to adaptors with hairpin structure to form
ring templates for RCA. Finally, within the presence of primers, phi29
DNA polymerase, crRNA, Cas12a protein, and fluorescence reporter,
the RCA products based on 5hmC-DNA can activate the cis-cleavage
activity of Cas12a, as well as the trans-cleavage activity, digesting
fluorescence reporter to release fluorescence signal.
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tration of ligase and DNA substrate.32,33 Taking into account
the availability of artificial DNA samples, a 20 bp short double-
stranded DNA was used as a DNA model. We screened a series
of PEG4000 concentrations, 0%, 2.5%, 5%, 10%, and 20%, and
verified the ligation efficiency by polyacrylamide gel electro-
phoresis (PAGE) (see Figure S6A). The gray values of the
bands observed in PAGE at different PEG concentrations were
quantitatively analyzed using both bar chart and line chart
(refer to Figure S6B). It was found that a 10% PEG4000
concentration yielded the highest ligation product efficiency,
achieving approximately 54%, while only 6.7% DNA remained
unligated at this concentration. Therefore, we selected 10%
PEG4000 for subsequent experiments. Additionally, the ratio

of DNA to adapters emerged as a critical factor influencing the
ligation efficiency. We tested various ratios ranging from 5:1 to
100:1 and validated the results of these ligation reactions by
native gel electrophoresis (Figure S7A). The results of the gray
value calculations for the bar chart and line chart presented in
the PAGE results (Figure S7B) indicate that under 30:1,
approximately 60.85% of the circular products were obtained,
with only 1.88% of the free DNA remaining. Therefore, the
ratio of adapters to DNA was established as 30:1. Furthermore,
we evaluated different adaptors, specifically the SL Adapter and
the NEB Next Adapter, to assess their connection yields
(Figure S8A,B). The findings revealed that the NEB Next

Figure 1. Specific labeling and enrichment of 5hmC-DNA. (A) Scheme of 5hmC-DNA chemical labeling. (B) Denaturing PAGE analysis of
chemical labeling of 5hmC-DNA, C-DNA, and UV photolytic results. (C) Enrichment analysis of labeled 5hmC-DNA by SA magnetic beads and
UV elution. Error bars represented the standard deviation of the mean of three independent experiments (n = 3). A two-tailed t-test was performed
to calculate the P values (**P < 0.01 and *P < 0.05).
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Adaptor demonstrated greater efficiency, resulting in a higher
yield of circular products.

Considered that the actual length of the fragmented DNA
sample is longer than 20 bp. We synthesized an 80 bp double-
stranded DNA containing 5hmC through PCR and sub-
sequently analyzed the ligation interactions between the 80 bp
5hmC DNA and hairpin adaptors using 12% native PAGE. As
illustrated in Figure 2C, the results demonstrated the efficient
connection between the 80 bp DNA and the adapters, with
minimal free DNA observed in lane 3 of the native PAGE. We
further investigated the potential for specific enrichment of
cyclized 5hmC-DNA for subsequent Cas12a-coupled iso-
thermal amplification. A comparison of the enrichment
efficiency revealed that 5hmC-DNA exhibited significantly
improved enrichment compared with C-DNA, as shown in
Figure 2D, following adaptor ligation and quantification via
qPCR. Additionally, we achieved a robust linear correlation in
the fitting of curves using varying proportions of 5hmC-DNA
to C-DNA (Figure 2E), with an R2 value of 0.9925. These
promising results provide a solid foundation for the subsequent
accurate quantification of 5hmC.

We optimized the conditions influencing roll-ring amplifi-
cation to demonstrate the efficiency of CAICas12a assays, as
well as those related to Cas12a recognition and trans-cleavage
activity. We examined the impact of phi29 DNA polymerase,
primer concentration, fluorescence reporter, and Cas12a
ribonucleoprotein (RNP) concentration on the overall
fluorescence signal (see Figures S9−S12). Optimal concen-
trations for the final CAICas12a assays were identified. To
balance fluorescent signal intensity with the cost-effectiveness

of the entire system, phi29 DNA polymerase was selected at a
concentration of 0.3 U/μL (Figure S9). The Cas12a RNP was
chosen at a concentration of 1 nM (Figure S10), while the
reporter probe was set at 500 nM (Figure S11). The primer
concentration was established at 0.25 μM (Figure S12).

Under the relatively optimal conditions, we compared our
method with that of the exponential RCA method. For
comparison, various concentrations of 5hmC-DNA were used.
Figure 3 displays the excellent sensitivity of CAICas12a assays.
Even in the case of exponential amplification of double
primers, the RCA method produced an effective signal above
10 pM at most (Figure 3A), while our assay could overcome
this challenge and provide sensitive detection of as low as 100
fM using the protocol yet to be optimized (Figure 3B). The
excellent detection sensitivity of the CAICas12a assay might be
due to the excellent amplification performance of RCA as well
as the highly sensitive targeting recognition ability of CRISPR-
Cas12a.

Having demonstrated the excellent sensitivity of our CAICas
12a assay for 5hmC-DNA, the analytical capability of the
CAICas 12a assay was systematically calibrated by different
dilutions of synthetic 80 bp 5hmC-DNA according to the
optimized protocol. Figure 4A shows the typical curves of real-
time detection for 1.5 h and demonstrated a good fluorescence
signal gradient with the 5hmC-DNA concentration varied from
6.38 pM to 50 fM. By calculating the fluorescence change rate
at 90 min (ΔRFU), the lowest detectable dose (LOD) was
found to be 11 fM, with a linear range from 6.38 to 50 fM. (Y =
21.05X + 4.467. R2 = 0.9959, Figure 4B) at 90 minutes could
be reached. The reliability of the CAICas12a assay was

Figure 2. Enrichment of 5hmC-DNA after adaptor ligation. (A) Scheme of the design. (B) Schematic illustration of adaptor ligation. (C) Native
PAGE analysis of adaptor ligation of 5hmC-DNA. (D) Enrichment analysis of cycled 5hmC-DNA compared with C-DNA. Error bars indicated the
mean standard deviation of three independent experiments (n = 3). A two-tailed t test was performed to calculate the P values (**P < 0.01). (E)
Linear analysis with diverse proportions of 5hmC-DNA/C-DNA from labeling to adaptor ligation. Error bars represented the mean standard
deviation of three independent experiments (n = 3).
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evaluated through the implementation of recovery experi-
ments. Three DNA samples with varying degrees of 5hmC-
DNA content, ranging from 0.75 to 2.25 nM, were analyzed in
three times. And the results showed 92.5−108.3% recovery
with small relative standard deviations of 2.6−5.8% (Table S2).
The detection deviation might cause the recovery over 100%.
However, in comparison to previously reported works,34,35 the
Cas12a assay exhibits superior assay accuracy.

The CAICas12a assay feasibility to analyze the biological
sample was subjected to further investigation (Figure 5A).
First, different types of colorectal cancer cells, specifically
HCT116 and SW480, along with NCM460 were tested. To
evaluate the quantitative accuracy of our methodology, we
employed a commercial ELISA kit (ZYMO RESEARCH,
USA) to quantify 5hmC levels in advance. The global 5hmC

Figure 3. RCA, CAICas12a assay kinetics, and detection sensitivity
comparison. (A) RCA-only method involved two sequential reactions
of ligation and index RCA and could only detect higher than 10 pM
5hmC-DNA. (B) CAICas12a assays improved the sensitivity as low as
100 fM 5hmC-DNA without full optimization.

Figure 4. (A) Real-time curves for calibrating the assay with different
synthetic 5hmC-DNA standard dilutions by an optimized method.
Inset: the curves of averaged signal for 0 (NC), 50 and 100, 200, and
400 fM with 1 s.d. (n = 4). (B) Optimal assay time of 90 min yielded a
linear calibration with a limit of detection (LOD) of 11 fM 5hmC-
DNA, calculated from three times the standard deviation (s.d.) of the
background level and a linear range from 6.38 pM to 50 fM. The
standard deviation of the error bars is 1 s.d. (n = 4).

Figure 5. Biological sample analysis. (A) CAICas12a assay of the
dsDNA fragments from biological samples. (B) Real-time curves for
calibrating the CAICas12a assay with different dilutions of 5hmC-
DNA from cell SW480. Error bars, 1 s.d. (n = 4). (C) Quantitative
calibration plots for 5hmC in cell SW480. Error bars represent 1 s.d.
(n = 4). (D) Global 5hmC levels in cell NCM 460 and HCT116.
Error bars represent 1 s.d. (n = 4, **P < 0.01).
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quantified by ELISA for SW480 was 0.024%. The ΔRFU
exhibited a linear increase in correlation with the 5hmC
content within the range of 0.0048−0.024% (Figure 5B), with
a linear correlation of ΔRFU = 7.328 × 103 h5hmC − 0.7864, R2

= 0.9696 (Figure 5C). The quantitative calibration plot, with
linear range encompassing the 5hmC content typically
observed in most biological samples, was formulated based
on the entire genomic sequence. Consequently, this plot was
appropriate to quantify 5hmC levels in different genomic DNA
samples derived from biological sources.

The levels of 5hmC were 0.025% per dN in DNA for
HCT116 and 0.037% for NCM460, respectively (Figure 5D).
The results obtained from CAICas12a are well consistent with
the standard ELISA-based method (Table S3), The 5-hmC
amount obtained by this assay in cell HCT116 was 0.025% of
total DNA, which is similar to that analyzed by immunoassay
(0.01−0.03% of total DNA).8 Thus, this result provides
supporting evidence for the high detection accuracy of the
CAICas12a assay.

■ CONCLUSIONS
The current study develops a novel CAICas12a strategy for
sensitively quantifying the global levels of 5hmC with
nanogram-scale sample input. This quantification is particularly
challenging with existing methodologies when the input DNA
content was minimal, as is often the case with biological fluids
such as blood, cerebrospinal fluid, and urine. The CAICas12a
assay is reliable, cost-effective, and convenient. Multiple
samples can be analyzed simultaneously on one plate with
standard laboratory equipment. Furthermore, this strategy also
represents a promising avenue for analysis of a multitude of
samples containing 5hmC and other nucleoside modifications.
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