
Biosensors and Bioelectronics 194 (2021) 113624

Available online 11 September 2021
0956-5663/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A CRISPR/Cas12a-assisted in vitro diagnostic tool for identification and 
quantification of single CpG methylation sites 

Jeanne E. van Dongen *, Johanna T.W. Berendsen, Jan C.T. Eijkel, Loes I. Segerink 
BIOS Lab on a Chip Group, MESA+ Institute for Nanotechnology, Technical Medical Centre, Max Planck Institute for Complex Fluid Dynamics, University of Twente, P. 
O. box 217 7500 AE Enschede, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
CRISPR/Cas 
Cas12a 
Epigenetics 
Methylation sensitive restriction enzymes 
DNA sensing 
Genomic diagnostic tools 

A B S T R A C T   

The excellent specificity and selectivity of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/ 
associated nuclease (Cas) is determined by CRISPR RNA’s (crRNA’s) interchangeable spacer sequence, as well as 
the position and number of mismatches between target sequence and the crRNA sequence. Some diseases are 
characterized by epigenetic alterations rather than nucleotide changes, and are therefore unsuitable for CRISPR- 
assisted sensing methods. Here we demonstrate an in vitro diagnostic tool to discriminate single CpG site 
methylation in DNA by the use of methylation-sensitive restriction enzymes (MSREs) followed by Cas12a-assisted 
sensing. Non-methylated sequences are digested by MSREs, resulting in fragmentation of the target sequence that 
influences the R-loop formation between crRNA and target DNA. We show that fragment size, fragmentation 
position and number of fragments influence the subsequent collateral trans-cleavage activity towards single 
stranded DNA (ssDNA), enabling deducting the methylation position from the cleavage activity. Utilizing MSREs 
in combination with Cas12a, single CpG site methylation levels of a cancer gene are determined. The modularity 
of both Cas12a and MSREs provides a high level of versatility to the Cas12a–MSRE combined sensing method, 
which opens the possibility to easily and rapidly study single CpG methylation sites for disease detection.   

1. Introduction 

CRISPR/Cas systems have revolutionized biotechnology and syn-
thetic biology (Adli, 2018; Manghwar et al., 2019; Terns, 2018; Zhang 
et al., 2020). While CRISPR/Cas effector proteins were initially used as 
gene editing tools, several Cas proteins are now also known to be 
excellent molecular diagnostic tool and act as (bio)sensing elements 
(Aman et al., 2020; Chen et al., 2018; Y. Li et al., 2019). Of special in-
terest for the sensor field are the type V and VI effector proteins, two 
subclasses of the class 2 Cas proteins. These proteins showcase, besides 
targeted cis-cleavage, untargeted trans-cleavage activity. This trans--
cleavage activity has multiple turnovers, enabling a signal amplification 
of up to 10,000 (Gootenberg et al., 2017), which can be deployed in 
sensor applications to lower the limit of detection. 

For double stranded DNA (dsDNA) sensing, type V effector protein 
Cas12a is mostly used. Critical for both trans- and cis-cleavage activities 
of Cas12a is the R-loop formation step, where the crRNA and target 
strand of the dsDNA hybridize and the catalytic site is revealed (Fig. 1). 
Due to the late transition state for R-loop formation, Cas12a is generally 
able to discriminate against mismatches across the R-loop, determining 

its low mismatch tolerance (Strohkendl et al., 2018). However, the de-
gree of mismatch tolerance greatly depends on the origin of the effector 
protein and the position of the mismatch (Chen et al., 2018). The nu-
cleotides in the so-called ‘seed’ region hybridize with the target proto-
spacer adjacent motif (PAM) proximal nucleotides and are considered 
critical in target affinity (Jinek et al., 2012), and mismatches in this 
region are known to be more deleterious for Cas12a′s (trans-)cleavage 
activity compared to other effector proteins, like for example Cas9 (Hsu 
et al., 2013; Jeon et al., 2018; Sternberg et al., 2014; Swarts et al., 2017). 
PAM-distal mismatches show a much lower effect on Cas12a′s (trans-) 
cleavage activity, and only 15 out of 23 PAM-proximal matching nu-
cleotides are needed for (temporary) binding of (enzymatically deacti-
vated) Cas12a (Jeon et al., 2018). 

While many diseases could be related to single changes in the DNA 
nucleotides, not all genetic modifications related to diseases include 
changes in nucleotide sequences. In the last decade, cancer biomarker 
research has focused on biomarkers representing epigenetic alterations 
associated with the development of cancer (Calzone, 2012). One of these 
epigenetic events includes DNA (hyper)methylation. Methylated cyto-
sines in CpG dinucleotides are an epigenetic alteration to the DNA, that 
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is involved in both healthy processes like embryogenic development and 
transcriptional regulation, as well as in less benign processes such as 
autoimmune diseases and several cancer types (Bosschieter et al., 2018; 
Robertson, 2005; Steenbergen et al., 2004). These alterations can 
generally not be differentiated by Cas12 as a mismatch and are there-
fore, in principle, unsuitable for CRISPR sensing methods. Li et al. 
bypassed this issue by combining their improvement of the HOLMES 
method (Li et al., 2018), called HOLMESV2 (L. Li et al., 2019) with 
bisulfite conversion. However, bisulfite-based techniques are time 
consuming and labor-intensive chemical treatments that damage DNA, 
induce (unwanted) DNA fragmentation, have limited throughput, and 
dramatically reduce the genome complexity, making specific targeting 
of sequences more difficult (Warnecke et al., 2002). An alternative 
method to bisulfite conversion is the use of MSREs. Conventionally, 
MSREs are combined with quantitative polymerase chain reaction 
(qPCR) amplification for quantification purposes. However, this comes 
with several drawbacks: qPCR requires relatively long amplicon lengths 
(70–200 bp), and these amplicons should contain at least two MSRE 
restriction sites to reliably inhibit amplification for non-methylated 
samples (Šestáková et al., 2019). Therefore, it is not possible to inves-
tigate the methylation levels of single CpG dinucleotides, which has 
been shown to be strongly associated with the development of gastric, 
liver and colon cancers (Sohn et al., 2010; Zou et al., 2006). An overview 
of the most used current methods and their mechanism can be found in 
supplementary data table 1. 

A method to bypass both the long amplicon length and the need of 
multiple restriction sites to visualize the methylation level could be 
MSRE-based CRISPR/Cas sensing. In this case of restriction by MSREs 
prior to addition of the Cas effector protein, the fragmentation would 

affect the R-loop formation, thereby slowing down the trans-cleavage 
activity. 

2. Experimental 

2.1. Oligonucleotides 

All DNA oligonucleotides were synthesized by Eurofins Genomics 
and the sequences are available in the Supplementary Table 2. All crRNA 
fragments were Alt-R® A.s. Cas12a crRNAs, synthesized by Integrated 
DNA Technologies (IDT, Coralville IA). All sequences can be found in the 
supplementary information. The PAM sequence is underlined and the 
sequence that complements to the crRNA is in bold. 

2.2. Cas12a ribonucleoprotein complex formation 

ALT-R CRISPR-Cas12a (Cpf1) Ultra (Integrated DNA technologies) 
and custom crRNA were mixed in a ratio 1:2 for 30 min at room tem-
perature to form ribonucleotide protein (RNP) complexes. The assem-
bled complex was then 100 times diluted in RNAse free water 
(MACHEREY-NAGEL) and stored in the freezer at − 20 ◦C until further 
use. 

2.3. Cas12a collateral cleavage assay 

In a total volume of 70 μl, 1x NEBuffer 2.1 (New England Biolabs), 
20 nM of RNP complex, 1000 nM of fluorophore-Quencher “reporter” 
DNA (Eurofins Genomics) were mixed with different concentrations of 
target dsDNA. Mass screening experiments were performed in a black 

Fig. 1. Schematic overview of the mechanism behind Cas12a′s targeted cis- and non-targeted trans-cleavage. a) Cas12a and its crRNA are able to recognize dsDNA 
targets, which can be described by the association constant KPAM, this binding is reversible and therefore the dissociation constant KD is included. b) Target 
recognition by Cas12a starts with PAM sequence recognition, promoting the unwinding of dsDNA. c) If part of the unwound dsDNA is complementary to the crRNA, 
R-loop formation takes place simultaneously with the unwinding of the dsDNA. This crRNA: DNA duplex formation starts from the PAM-distal nucleotides and 
promotes rearrangement of the Cas12a protein, revealing the RuvC catalytic site needed for both cis- and trans-cleavage. d) Cis-cleavage takes place for targeting 
DNA strand and its complementary strand, from this moment the binding reaction is in reversible. e) the PAM-distal sequence is released, while the PAM-proximal 
sequence remains bound to the Cas12a protein. The RuvC catalytic site remains blocked until the fragment diffused away from the catalytic site (determined by the 
diffusion coefficient Dcleavage). f) Cas12a remains catalytically active, allowing the trans-cleavage of non-targeted ssDNA strands, which can be followed by ssDNA- 
fluorophore quencher pairs, defined by the interacting constant of ssDNA to the Cas12a. 
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polypropylene 384 well plate (Corning®), where each well was filled 
with 20 μl of reaction mixture, allowing triplicates of the total reaction 
volume. In these mass screening experiments, a MasterMix was prepared 
containing the RNP, NEB2.1 and reporter DNA. Both the MasterMix and 
reaction mixture were pipetted on ice and the reaction mixture trans-
ferred to a frozen, black 384-well plate to inhibit reactions until the plate 
was transferred to the plate reader. 

2.4. Trans-cleavage activity determination of short dsDNA fragments 

To study the effect of different fragment sizes on the trans-cleavage 
activity of Cas12a, two synthetic 31 base pair fragments (Eurofins Ge-
nomics) were selected with different methylation levels. Besides the full- 
length sequence, different dsDNA sequence lengths were tested (10, 14, 
18, 22, 27 bp) that span from 3 nucleotides before the PAM sequence 
until the length of interest (Eurofins Genomics). RNPs were formed as 
described in a previous section and included both 24 and 21 nt spacer 
length containing crRNAs (Integrated DNA technologies). The increase 
in fluorescence was followed in a mass-screening experiment, as 
described in the previous section. Trans-cleavage was determined by 
taking the first derivative of the fluorescence increase curves and aver-
aging the trans-cleavage over 5 measurement points (25 min) in the 
linear range of the fluorescence-increase curve. 

2.5. Trans-cleavage activity determination of short dsDNA fragments 
combined 

To study the effect of different fragment sizes present in the same 
molar ratios on the trans-cleavage activity of Cas12a, two synthetic base 
pair fragments (Eurofins Genomics) of a total length of 10 and 21 bp 
were selected. Experiments as described in the previous section were 
performed (with the one exception that both fragments were added at 
the same concentration) and experiments were the fragments were 
incubated with the RNP for ½ hour or 1 h without the reporter ssDNA. 
For the 10 and 21 bp fragments, four different experimental conditions 
were tested, where either 10 or 21 bp fragments were incubated for ½ 
hour prior addition of the 21 or 10 bp fragment followed by ½ hour of 
incubation, as well as immediately addition of both fragments and in-
cubation of either ½ hour or 1 h. After the total incubation time (max 1 
h) the RNP mixtures were placed on ice and the reporter ssDNA was 
added, before the plate was transferred to a multi-mode plate reader 
(BioTek) at room temperature, taking fluorescence measurements every 
5 min (λex: 495; λem: 520). Trans-cleavage was determined by taking 
the first derivative of the fluorescence increase curves and averaging the 
trans-cleavage over 5 measurement points (25 min) in the linear range of 
the fluorescence-increase curve. 

2.6. Methylation sensitive restriction-enzyme for methylation 
“sequencing” 

In vitro methylation sequencing of 31 bp synthetic oligonucleotides 
was achieved by using a cocktail of different enzymes (each 5 U), con-
sisting of HpaII, HhaI, SnaBI and/or BstUI (New England Biolabs). Mock 
digestions were performed under the same conditions, but without 
enzyme addition. DNA and enzymes were incubated in CutSmart Buffer 
(New England Biolabs), and reactions were performed overnight at 
37 ◦C or 60 ◦C (depending on the enzyme), followed by an inactivation 
step at 85 ◦C for 20 min in a T100 thermal cycler (BioRad). The digested 
DNA samples were analyzed for digestion by automated gel electro-
phoresis (ExperionTM, BioRad), and used as a target sequence in mass 
screening experiments to follow the corresponding Cas12a trans- 
cleavage activity. Trans-cleavage was determined by taking the first 
derivative of the fluorescence increase curves and averaging the trans- 
cleavage over 5 measurement points (25 min) in the linear range of 
the fluorescence-increase curve. 

2.7. Methylation sensitive restriction-enzyme digestion for methylation % 
determination 

In vitro methylation of synthetic oligonucleotides was achieved in 
house, utilizing MSssI CpG-methyltransferase (New England Biolabs) 
according to manufacturer’s protocol. For methylation-sensitive re-
striction enzyme experiments, both methylated and non-methylated 
DNA was mixed in different ratios as in input for digestion reactions 
with AciI (5 U: New England Biolabs R0551S). Mock digestion was 
performed under the same conditions, but with no added enzyme. DNA 
and enzymes were incubated in CutSmart Buffer (New England Biolabs), 
and reactions were performed overnight at 37 ◦C in a T100 thermal 
cycler (BioRad), followed by an inactivation step at 65 ◦C for 20 min. 
The digested DNA samples were analyzed for digestion by automated gel 
electrophoresis (ExperionTM, BioRad), and used as a target sequence in 
mass screening experiments to follow the corresponding Cas12a trans- 
cleavage activity as described in the previous sections. Trans-cleavage 
was determined by taking the first derivative of the fluorescence in-
crease curves and averaging the trans-cleavage over 5 measurement 
points (25 min) in the linear range of the fluorescence-increase curve. 

2.8. Data analysis and statistics 

Data analysis and processing was carried out in OriginPro (2019). 
For statistical analysis two-sample t-test was performed to define sig-
nificant differences between the trans-cleavage activity for different 
conditions. 

3. Results and discussion 

3.1. Cas12a R-loop formation determines trans-cleavage activity 

Fig. 1 shows a schematic overview of the mechanism behind 
Cas12a′s targeted cis- and non-targeted trans-cleavage. R-loop formation 
induces conformation activation of Cas12a, which is needed to reveal 
the RuvC catalytic site of the Cas12a effector protein (Fig. 1c). This 
catalytic site is involved in the cis-cleavage of the non-target strand (light 
grey), the target strand (black) and the untargeted trans-cleavage of 
ssDNA. The R-loop formation, needed to induce this transition state, 
results in the formation of a (cr)RNA: DNA duplex. This duplex forma-
tion cannot be compared to the formation of RNA:DNA duplexes free in 
solution. In the presence of Cas12a more base pairs are formed than in 
regular RNA:DNA duplex formation where only a few base pairs 
contribute to the kd (binding affinity) and specificity. This late transition 
state results in a high specificity of Cas12a towards mismatches 
(Strohkendl et al., 2018; Sugimoto et al., 1995). However, as discussed 
in the introduction, not all base pairs of the crRNA need to complement 
in order to achieve permanent binding of Cas12a. 15 out of 23 
PAM-distal crRNA nucleotides complementing to the target sequence 
have shown to result in temporary binding and 17 out of 23 to perma-
nent binding (Jeon et al., 2018). 

In a study performed by Swarts and Jinek, it was shown that cis- 
cleavage of the target DNA was needed, before trans-cleavage of the 
ssDNA could be initiated. By modifying the backbone of the dsDNA 
targets, the binding to Cas12a was still efficient, but due to the incom-
plete cis-cleavage, Cas12a′s trans-cleavage activity was impaired (Swarts 
et al., 2017). From these results, the authors concluded that cis-cleavage 
is needed prior to trans-cleavage. On contrary, Chen et al. (2018) showed 
that target strand cleavage by Cas12a is not required to trigger the 
trans-cleavage activity towards ssDNA. Short PAM containing target 
sequences, complementary to the crRNA of 10–25 bp in length, were 
incubated with Cas12a, and activity of the Cas12a was observed, while 
no cis-cleavage took place. From this we hypothesize that the most 
important prerequisite for trans-cleavage, after structural 
re-arrangement of Cas12a to reveal the RuvC catalytic site, is a clear 
RuvC site. This RuvC catalytic sited could be cleared either by 
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cis-cleavage of target strands, resulting in diffusion of the PAM distal 
fragment or by short(er) target strands that do not interfere with this 
catalytic site (Fig. 1d). This clearance can result either from cis-cleavage 
of target strands followed by diffusion of the PAM-distal fragment, or is 
not needed, due to the binding of short(er) target strands that do not 
interfere with the RuvC catalytic site. Therefore, we expect a tradeoff 
between R-loop formation length and clearance of the RuvC catalytic 
site regarding the trans-cleavage activity. 

3.2. Fragment size matters for trans-cleavage activity of Cas12a 

To experimentally quantify the effect of different target sequence 
lengths on Cas12a trans-cleavage, we tested the ability of synthetic oli-
gonucleotides of different lengths to activate the trans-cleavage activity 
of Cas12a. Different target sequences were added to Cas12a and trans- 
cleavage was followed resulting in an increase in fluorescence by addi-
tion of a reporter DNA, which contained a fluorophore-quencher pair. To 
see whether the GC-content of the target sequences influenced the ac-
tivity, we selected the MAL gene with a high GC-content, for which it is 
known that its methylation is related to several cancer types (Bosschieter 
et al., 2019; Buffart et al., 2008; Choi et al., 2017; Lind et al., 2008; 
Overmeer et al., 2009), and a randomly designed sequence with a low 
GC-content (Fig. S1). Besides the GC-content, the spacer length of the 
crRNA was varied as well, as it is known from literature that this length 
could strongly affect the cleavage efficiency of Cas12a(Fuchs et al., 
2019; Nguyen et al., 2020). Fig. 2a and Fig. 2b show the results of 
different target fragment lengths of the high GC-content MAL gene at 
different concentrations (for 0.1 nM see Fig. S2). Independent of the 
GC-content or crRNA length, the highest trans-cleavage activity could be 
observed for fragments from 15 bp match to the crRNA and onwards, 
which is in agreement with the length of PAM-distal mismatches that are 
accepted for enzymatically deactivated Cas12a binding(Jeon et al., 
2018). Remarkably, the highest trans-cleavage activity of Cas12a is not 

observed for a DNA fragment that spans the total crRNA length, but for 
shorter fragments. This could be explained by a conserved aromatic 
residue (W382) of Cas12a that stacks on position 20 of the crRNA, 
preventing further R-loop propagation of the RNA:DNA duplex (Gao 
et al., 2016; Strohkendl et al., 2018; Swarts et al., 2017; Yamano et al., 
2016) and causing bases on position 20 and onwards to not further 
contribute to revealing RuvC for ssDNA access for trans-cleavage activ-
ity. Since we observe a slower trans-cleavage rate for longer fragments, 
we propose that steric hindrance by the staggered cut-end of the target 
DNA strand could induce a slower trans-cleavage activity. Shorter target 
lengths do not interfere with the RuvC catalytic site, and therefore 
enable direct trans-cleavage of ssDNA, without dependence on diffusive 
clearance or steric hindrance of the (remaining) cis-cleavage product. 
This also supports the observation that a decreased spacer length of the 
crRNA increases the trans-cleavage for both low GC containing and high 
GC containing sequences, which originates probably also from steric 
hindrance of the longer spacer sequence. 

3.3. Increased trans-cleavage in the presence of two fragments both 
complementing the crRNA spacer 

Whereas experiments with different fragment lengths gave us some 
insight in the effect of shorter fragment lengths on the Cas12a trans- 
cleavage activity, utilizing MSREs will result in all fragments being 
present in the mixture in equimolar concentrations. In theory, this al-
lows all fragments to bind either individually or collectively to the 
crRNA. To mimic this situation, we caried out experiments with two 
fragments (21 bp and 10 bp) that together span the total 31 bp target 
sequence under the same experimental conditions as the fragmented 
targets (Fig. 2c). Fig. 2d shows the trans-cleavage activity of the different 
fragment lengths and the equimolar combination of the 10 and 21 bp 
fragments normalized to the trans-cleavage activity of 31 bp fragments 
at the same concentration. Remarkably, the activity resulting from 10 +

Fig. 2. Quantification of trans-cleavage activity 
using different dsDNA target fragments. High GC- 
content MAL sequence with a 3, 7, 11, 15, 20 and 
24 bp target sequence that matches with a 
Cas12a ribonucleotide complex with a) a 24 nt 
crRNA spacer length and b) a 21 nt crRNA spacer 
length. The total length of all target sequences is 
6 bp longer, including the 3 bp PAM sequence, as 
can be seen in the inset. c) Cartoon representa-
tion of Cas12a ribonucleotide complex with a 24 
nt crRNA complex that binds to 10, 21, 10 + 21 
and 31 bp fragments. d) Relative trans-cleavage 
rates of these different target lengths with the 
24 and 21 nt spacer-crRNA. ** indicates p<0.001 
and * indicates p<0.05 (Two-sample T-test).   
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21 bp is in most conditions significantly higher than the sum of the 
activities for the individual 10 and 21 bp fragments (p<0.05), suggest-
ing that both fragments can bind simultaneously to the crRNA, inducing 
a larger R-loop formation, resulting in higher trans-cleavage activity. 
The same trend was observed for low GC-content target sequences 
(Fig. S3), although the contribution of both fragments being present at 
equimolar concentrations was percentual less compared to high GC 
containing sequences. Additional experiments with high GC-content 
MAL sequences confirm that both fragments bind to the crRNA simul-
taneously (Fig. S4). However, the simultaneous binding of both frag-
ments decreases significantly at lower target DNA concentrations 
(p<0.001 for both crRNA lengths), which is observed as a relatively 
lower contribution of both fragments to the trans-cleavage activity for 
both high GC as low GC containing sequences. 

3.4. Trans-cleavage activity: cleavage position and fragment number 
matters 

We next tested whether the cleavage position on the target-DNA 
relatively to the PAM would affect the trans-cleavage activity. We 
designed a 31 bp dsDNA sequence with three MSRE recognition sites, 
which allowed us to selectively induce cleavage at different positions 
(Fig. 3a). In the eventual assay these MSRE recognition sites are crucial, 
since these determine which CpG will be targeted for methylation level 
detection. Only methylated CpG sites covered by the MSRE recognition 
could block MSRE cleavage. After overnight digestion with one single 
type or cocktails of MSREs, an aliquot was taken to check for full 
digestion by gel electrophorese (data not shown), while the other part of 
the solution was added to Cas12a with associated crRNA Trans-cleavage 
was followed by a plate reader. Fig. 3b shows the results of the trans- 
cleavage activity. PAM-proximal cleavage sites show the largest effect 
on the trans-cleavage activity, while PAM-distal cleavage at position 19 
has no significant influence, which is in accordance with results dis-
cussed in previous work (Gao et al., 2016; Strohkendl et al., 2018; 
Swarts et al., 2017; Yamano et al., 2016). Combining cleavage sites 
decreases the relative trans-cleavage activity, but makes identification of 
the individual methylation sites relatively difficult, losing the single CpG 
site resolution. This experiment gives crucial information for the crRNA 
design in single site CpG detection experiments, since the highest 
sensitivity is achieved for PAM-proximal non-methylated cytosines that 
are targeted by MSREs. 

3.5. Single CpG site methylation level quantification by combining MSREs 
and Cas12a sensing 

With the previous experiments we have confirmed that target DNA 
fragments without a PAM-proximal sequence result in a significantly 
lower trans-cleavage activity of Cas12a compared to sequences that 
match the entire crRNA sequence, or miss PAM-distal fragments even 
when both fragments are still present in the same solution. This opens 
the door for single CpG site methylation analysis, utilizing MSREs for 
fragmentation purposes. For these experiments, longer MAL gene DNA 
fragments of 120 bp were used to mimic a more realistic DNA fragment, 
as can typically be found in liquid biopsies like urine and blood (Alcaide 
et al., 2020; Liu et al., 2020; Underhill et al., 2016). We selected a crRNA 
that targets a single, PAM-proximal CpG site to achieve the highest 
sensitivity, as discussed in the previous section. 

Fig. 4a shows a schematic of the experimental outline for the 
detection of the methylation percentage of a single CpG site in the MAL 
gene. Since synthetic oligonucleotides are used in these experiments, 
methylation was performed with the M.SssI enzyme that, in principle, 
should methylate all CpGs of the oligonucleotide. Mock digestions were 
performed so that methylated and non-methylated DNA could be mixed 
in different ratios, to mimic different methylation percentages. 
Discrimination between methylated and non-methylated DNA is per-
formed by AciI, which is a MSRE, with a recognition site that is PAM- 
proximal to the crRNA selected and results in two fragments that can 
be compared to the 10 + 21 bp fragments tested in the previous section. 
Using gel electrophoresis for fragmentation monitoring (Fig. 4b), we 
observed some cleavage for the M.SssI-treated sample in the presence of 
AciI which suggests that either the M.SssI methylation was not complete, 
or AciI poses some non-specific activity resulting in underestimation of 
the methylation percentage. However, since we performed a calibration 
step this is not an issue for these experiments. Depending on the appli-
cation and clinical setting of the assay one could optimize the MSRE 
digestion, resulting in either more false positives or false negatives. 

After MSRE treatment, the different ratios methylated: non- 
methylated DNA were diluted to total DNA concentrations of 10, 5, 1 
and 0.1 nM and added to Cas12a with a crRNA spacer length of either 21 
or 24 nt. Fig. 4c shows the increase in fluorescence for the different 
ratios at a total DNA concentration of 10 nM with a crRNA length of 21 
nt. The average slope of the linear section of these curves between 40 
and 60 min was used to determine the average trans-cleavage activity. 
The effect of methylation on the trans-cleavage activity of Cas12a could 
be neglected, as this did not result in significant differences in average 
trans-cleavage activity (Fig. S5). Fig. 4d shows a linear fit with a R2 =

0.999 when plotting this trans-cleavage activity against the fraction of 

Fig. 3. a) Schematic representation of the cleavage position of the MSREs on a 31 bp target sequence related to the crRNA. b) Trans-cleavage activity of a 31 bp total 
dsDNA target sequence, after treatment with a single type or a mixture of different MSREs. In all figures error bars represent the mean ± s.d., where n = 9 (three 
replicates for three independent targets). 
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methylated DNA (for all other concentrations see Fig. S6 for 21 nt 
crRNA-spacer). The slopes of the curves corresponding to all different 
total DNA concentrations were plotted against the total DNA concen-
tration in Fig. 4e, additionally showing the excellent sensitivity of 
Cas12a towards different DNA concentrations. Utilizing 24 nt crRNA 
containing Cas12a resulted in similar linearity over both the fraction 
methylated DNA and the total DNA concentration (Fig. S7). 

4. Conclusion 

We presented an in vitro diagnostic tool for methylation quantifica-
tion and identification in synthetic DNA by combiningCas12a and 
MSREs. First, we studied the effect of target DNA fragment size on the 
trans-cleavage activity of Cas12a. Something that was, according to our 
knowledge, not studied before. We could conclude that a full R-loop 
formation is not necessary to activate Cas12a′s trans-cleave activity, but 
the activity clearly increases up until a maximum of 20 crRNA nucleo-
tides are involved in the R-loop formation, which is according to liter-
ature the maximum number of nucleotides available for base-paring 
with target DNA (Swarts and Jinek, 2019). Longer crRNAs and/or tar-
gets slow down trans-cleavage, probably due to steric hindrance. Besides 
fragment length we also studied the effect of target DNA fragmentation 
on the trans-cleavage activity. It was shown that, just like in the case of 
mismatches, fragmentation near the PAM sequence has a large effect on 
activity, while PAM-distal fragmentation showed negligible decrease in 
the cleavage activity. We also showed that at high target sequence 

concentrations, fragmented sequences could reunite while com-
plementing to the crRNA, which restored the trans-cleavage activity to a 
level comparable to intact target DNA. The lower the target sequence 
concentration, the lower the chance of multiple fragments binding to the 
same crRNA, lowering the relative trans-cleavage activity. 

The MSRE determines the cleavage site, and therefore also which 
CpG site is targeted for the methylation analysis. The clever selection of 
MSREs in combination with a customized Cas12a crRNA sequence, 
opens the possibility to identify individual CpG methylation sites in the 
genome, and quantify the methylation of this CpG sites after calibration 
with a synthetic oligonucleotide with varying, but known methylation 
percentage. Which part of the genome, and therefore which CpG sites 
could be targeted by this method, strongly depends on the spacer 
sequence, which is the section of the crRNA that hybridizes with the 
target DNA strand, as well as the PAM sequence. The typical length of 
the spacer sequence,20–24 nucleotides, offers the possibility of targeting 
unique sequences in most living species. For example, in the human 
genome, 60% can be targeted as a unique sequence by customizing the 
crRNA sequence (Misawa, 2015). Target sequence are also limited by 
the need of an adjacent PAM sequence. However, the world of 
biotechnology is making fast progress in the design of a PAM-free Cas 
nuclease, which will increase the possibilities to target sequences 
tremendously (Collias and Beisel, 2021). Without the need of a PAM 
recognition sequence and the information given in this paper the best 
possible crRNA-spacer sequences could be designed that offers the 
highest sensitivity for targeting single CpG sites in the entire genome. 

Fig. 4. a) Schematic of time line for detec-
tion of methylation percentage of a single 
CpG site with MSREs and Cas12a. b) gel 
electrohoresis of methylated DNA without 
enzyme treatment and different fractions of 
methylated: non-methylated DNA after 
enzyme treatment. c) Increase in fluores-
cence over time for different fractions of 
methylated: non-methylated DNA after 
enzyme treatment at a total DNA concen-
tration of 10 nM, in grey the time slot used 
for determination of the trans-cleavage ac-
tivity. d) Trans-¬cleavage activity of 
different methylated DNA: non methylated 
DNA fraction at a total DNA concentration of 
10 nM. Error bars represent the mean ± s.d., 
where n = 9 (three replicates for three in-
dependent targets). e) slope of the linear fit 
for the relation between fractions of meth-
ylated: non-methylated DNA against the 
trans-cleavage for different total DNA con-
centrations (0.1, 1, 5 and 10 nM). Error bars 
represent the mean ± s.d. of the linear fit 
through the 5 data points per concentration.   
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While the major advantage of our new Cas12a-method compared to 
the existing methods (Supplementary information, table 1) is the direct 
detection without the need of bisulfite conversion or amplification steps 
as well as the relatively simple setup needed that is present in almost all 
labs over the world, our –method has one major limitation: its relatively 
high limit of detection.” In clinical samples the typical concentration of 
methylated DNA will be too low (ranging from aM to fM depending on 
the bodily fluid (Skrypkina et al., 2016)) to perform Cas12a–MSRE 
assisted methylation quantification directly in bulk solution. A common 
way to overcome this gap in the CRISPR diagnostics field is introduction 
of a pre-amplification method to amplify the number of target DNA 
molecules in the detection volume (van Dongen et al., 2020). However, 
all commonly available amplification methods result in loss of epige-
netic modifications during amplification. While some progress has been 
made on introducing enzymes, like DNMT1, that copy the methylation 
pattern of the target DNA during amplification (Goyal et al., 2006) by for 
example the iGEM team of Heidelberg in 2014, as of yet no robust 
amplification method exist that could serve as a pre-amplification step in 
combination with the presented method. Alternatively, Cas12a-MSRE 
could be combined with (methylated) DNA enrichment methods. It 
would, for example, be interesting to couple Cas12a–MSRE sensing to a 
MBD2 protein based enrichment step (Lee et al., 2014; Wee et al., 2015a, 
2015b) where methylated DNA can be enriched specifically, after which 
our method can be used to elucidate specific methylation patterns. 

So, while patient sample concentrations were not yet achieved in this 
work, multiple possibilities to combine this successful protocol with 
existing options to lower the limit of detection and measure methylation 
patterns directly in patient samples. In patient samples, our Cas12a- 
MSRE approach to epigenetic sequencing will allow extracting methyl-
ation patterns, providing yet unknown patient data with the potential to 
revolutionize disease diagnostics. Furthermore, restriction enzymes can 
be exploited that can discriminate 5-methylcytosine (5-mC) from 5- 
hydroxymethylcytosine (5-hmC), which is one of the hot-topics in the 
epigenetics field (Branco et al., 2012). The revolution in biotechnology 
also resulted in many manufactures providing ultra-fast enzymes that 
offer qualified digestion in 5–15 min. With recent advances in point of 
care DNA extraction (Paul et al., 2020), ultra-fast enzymes, and the 
relatively fast CRISPR/Cas12a based fluorescence detection (about 15 
min - 1 h depending on the input concentration), we believe this method 
could potentially be adapted to function in a point-of-care protocol (van 
Dongen et al., 2020). 
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