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Abstract

Bisulfite sequencing has long been considered the gold standard for measurement of
DNA methylation at single CpG resolution. In the meantime, several new approaches
have been developed, which are regarded as less error-prone. Since these errors
were shown to be sequence-specific, we aimed to verify the methylation data of a
particular region of the TRPA1 promoter obtained from our previous studies. For this
purpose, we compared methylation rates obtained via direct bisulfite sequencing and
nanopore sequencing. Thus, we were able to confirm our previous findings to a large

extent.

Keywords
TRPAL; epigenetic; methylation; bisulfite sequencing; nanopore sequencing


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460763; this version posted September 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1. Introduction

Bisulfite sequencing, developed by Frommer and colleagues [1], is a method based
on the sodium bisulfite-mediated conversion of cytosine to uracil in single-stranded
DNA, and has long been considered the gold standard for methylation analysis.
However, this method is susceptible for errors due to the bisulfite conversion as well
as the subsequent amplification of DNA strands, which can lead to misinterpretation
of the results. The harsh chemical treatment of DNA leads to significant degradation,
thereby causing bisulfite conversion errors [2, 3]. Therefore, a balanced control
between the desired conversion of unmethylated cytosines to uracils and the
undesired DNA degradation and inappropriate conversion of methylated cytosines to
thymines is indispensable. Otherwise, the unpredictable level of false positive and
false negative results may be elevated due to the differing conversion efficiencies of
cytosines depending on the sequence context [2]. However, when using modern kits
for bisulfite treatment, conversion errors are relatively low [4, 5], whereas recovery
rates are between 18 and 50 % [5]. The amplification of the target regions in bisulfite
sequencing imposes the risk to intensify biases, especially due to the elevated error
rates in high- and low-GC regions [6]. The amplification of artefacts from sequence-
specific bisulfite-induced degradation and conversion errors leads to a higher overall
bias in protocols involving amplification [7]. Since some regions are more susceptible
to biases than others [7], the error-proneness of a sequence of interest is
unpredictable. The choice of bisulfite conversion protocol or polymerase significantly
reduces these artefacts but cannot completely abolish them [7]. The novel method of
nanopore sequencing does not involve such error-prone procedures like bisulfite
treatment or amplification of target regions. Nanopore sequencing was shown to
discriminate between the four standard bases by measuring the change in current as
the DNA /RNA molecule translocates through a protein nanopore. Methylated
cytosine also differs to the unmethylated cytosine in the occurring change in current,
thus allowing a real time methylation sequencing without any prior labelling or
modification [8-12].

To evaluate the reliability of our previous TRPA1 promoter methylation studies [13,
14], we compared the methylation rates obtained via bisulfite and nanopore
sequencing. For this purpose, we used the Cas-mediated PCR-free enrichment to
target the TRPAL1 promoter region for subsequent MinlON nanopore sequencing.

This targeted sequencing approach allows to enrich for loci of interest, yielding in
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high coverage of the desired genomic regions [15], which is necessary to allow a
reliable evaluation of methylation rates. The absolute minimum number of reads

required might depend on the target region and the methylation level.

2. Results and Discussion

2.1. Comparison of the bisulfite and nanopore sequencing methods for methylation

calling by repeated measurements in one DNA sample

The comparison between the bisulfite and nanopore sequencing methods revealed
similar methylation rates for the seven CpGs of the TRPA1 promoter region analyzed
in repeated measurements of DNA extracted from buffy coat of a healthy volunteer.
As shown in figure 1, the mean methylation rates, as well as the methylation rates of
the individual replicates (10 for Sanger bisulfite sequencing, 12 for nanopore
sequencing) were congruent between bisulfite and nanopore sequencing, although
the number of reads varied. The latter is discussed in the last section “Accuracy of

methylation data determined via nanopore sequencing in relation to the number of

calls per site”.
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Figure 1. Comparison of methylation rates obtained via direct bisulfite and nanopore sequencing of
the TRPAL promoter. Sanger bisulfite sequencing was performed in 10-plicates, nanopore sequencing
in 12-plicates. a) Mean methylation rates and standard deviation per CpG position, b) Methylation
rates per CpG position of single measurements.

Thus, we were able to validate our previous Sanger bisulfite sequencing results of
this particular region of the TRPAL1 promoter. Although a variety of new methods for
methylation analysis is available, bisulfite sequencing remains a satisfactory and

reliable method with single CpG resolution. A study, which compared the


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460763; this version posted September 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

performance of widely used methods for DNA methylation analysis that are
compatible with routine clinical use in 18 laboratories in seven different countries,
found clonal bisulfite sequencing to perform reasonably well, although it did not reach
the accuracy and reproducibility of the top-ranking assays analyzed [18]. These
assays involved bisulfite conversion, PCR amplification, mass spectrometric
quantification, microarray analysis, g°PCR with a methylation specific probe, high
resolution melting analysis, high-performance liquid chromatography, enzyme-linked
immunosorbent assay, and cloning. The authors mention that until recently the
method of clonal bisulfite sequencing was considered the gold standard for locus-
specific DNA methylation mapping, but suggest using one of the novel, less labor-
intensive assays for biomarker development. Amplicon bisulfite sequencing and
bisulfite pyrosequencing showed the best all-round performance in this study [18].
Direct bisulfite sequencing is much less labor-intensive than involving plasmid
cloning, but unfortunately is accompanied by a decrease of accuracy. The extent of
decrease mainly depends on the tools used to calculate the proportion of peak
heights between cytosine and thymine. In general, in our study lower levels were
measured with bisulfite sequencing in comparison to nanopore sequencing.
Differences are most obvious at CpG positions -628, -480 and -429, but are also
visible at CpG -720 and -412 (Fig. 1). The only CpG site with higher levels for Sanger
bisulfite sequencing compared to nanopore sequencing is CpG -734, which might be
due to the inaccurate reading at the beginning of the sequence. The calculated
standard deviation of our measurements is below 10 except at CpG -452 (Table 1),
which mainly resulted from one outlier of the bisulfite sequencing 10-plicates at this
CpG position (Fig. 1). At CpG position -628 the standard deviation is low for both
methods. The observation that cytosine modifications seem to have a protective
effect against bisulfite treatment-induced DNA degradation, and that bisulfite
treatment leads to a depletion of genomic regions enriched for unmethylated
cytosines [7], did therefore not concur with our results. A possible explanation for our
observation could be a biased amplification of the bisulfite-treated DNA, which is
sequence-dependent and often strand-specific [19]. Since the GC-content of
methylated DNA after bisulfite treatment is higher than that of unmethylated DNA, an
inaccurate estimate of methylation is possible. The higher melting temperature of the
DNA with higher GC-content may result in an increased likelihood for secondary

structure formation for some sequences, and therefore decrease the PCR efficiency
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compared to unmethylated sequences [19]. An additional explanation for the lower
methylation rates observed with bisulfite sequencing compared to nanopore
sequencing could be an inappropriate bisulfite conversion. False negative data occur
with longer incubation times leading to higher degradation and accumulation of
inappropriate conversion, without necessarily contributing to overall conversion

efficiencies [2, 4].

CpG position Methylation rate (%)
Bisulfite sequencing Nanopore sequencing
(10-plicates) (12-plicates)

Mean SD Mean SD

-734 100.0 0.0 90.0 3.8
-720 85.2 9.9 91.3 4.2
-628 27.1 5.4 41.4 4.5
-480 1.6 2.7 10.0 4.6
-452 25.9 14.3 26.6 6.4
-429 52.4 4.5 60.6 6.7
-412 20.1 4.0 26.9 8.3

Table 1. Mean methylation rates and standard deviation of Sanger bisulfite and nanopore sequencing.

2.2. Comparison of methylation data obtained via nanopore sequencing with

previously published bisulfite sequencing results

In order to verify our previously published Sanger bisulfite sequencing data of the
TRPA1 promoter [13, 14], we measured the methylation rates via nanopore
sequencing in some samples of the same cohorts used before. Whereas it was
possible to re-extract DNA from healthy control whole blood samples [13], only DNA
from Crohn patients extracted previously [14] was available. Only five of the Crohn
patient DNA samples possessed a sufficient DNA concentration for nanopore
sequencing, but the quality was lower than of the DNA extracted from buffy coat or
extracted freshly from whole blood. The lower DNA-integrity of the Crohn patient
group (n = 5) gave rise to a relatively low number of calls per site of the seven CpGs
analyzed between 16 and 37, whereat the number of calls per site at CpG -628 was
between 20 and 30. DNA of the healthy control group (n = 10) gave rise to the
number of calls per site for the seven CpGs between 60 and 223, and for CpG -628
between 70 and 199. Although the experimental conditions were therefore not ideal,
the methylation rates measured with the two different methods are congruent (Fig. 2).
Again, lower methylation levels were obtained with Sanger bisulfite sequencing

compared to nanopore sequencing. As discussed above, the reason for this
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observation might be a biased amplification of bisulfite-treated DNA (compare Fig. 1).
According to the findings obtained from the test DNA (Fig. 1, section 2.1), the only
CpG site with higher levels for bisulfite sequencing compared to nanopore
sequencing is CpG -734, which might be due to the inaccurate reading at the
beginning of the sequence. During the quality control of methylation data carried out
in our previous studies, CpG sites with less than 5 % inter-individual variability, which
applied to CpGs -734 [13] and -480 [13, 14], were rejected. However, the methylation
rates of all subjects for CpG -734 were measured around 100 %, and those for CpG -
480 around 0 % (data not shown). Our direct Sanger bisulfite sequencing approach
was not applied for diagnostic purposes of individuals but to gain an overview about
the methylation rates of single CpG sites in relation to the subjects’ pain sensitivities
within a large cohort [13, 14]. Since a possible bias would apply to all samples
independent of the subjects’ pain sensitivity, minor discrepancies are acceptable.

Methylation rates
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Figure 2. Comparison of methylation data of the TRPA1 promoter obtained via bisulfite and nanopore
sequencing in two cohorts. Sanger bisulfite sequencing results were published previously [13, 14],
nanopore sequencing was conducted in the present study.

Figure 3 shows the correlation between CpG -628 methylation and pressure pain
threshold, measured previously by an algometer over the thenar muscles [13, 14].
For Sanger bisulfite sequencing data obtained from our previous studies [13, 14], the
correlation is more pronounced than for nanopore sequencing. For both methods, it

did not reach significance level, which is in contrast to the results from our previous
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studies [13, 14]. This could be due to the very small cohort size resulting from the
limited availability of samples with a sufficient quality for Nanopore sequencing (10
healthy subjects, 5 Crohn patients). However, a trend for low pressure pain
thresholds (high pain sensitivities) with high methylation rates at CpG -628 is still
visible.
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Figure 3. Correlation between CpG -628 methylation rate, determined via bisulfite and nanopore
sequencing, and pressure pain threshold. Sanger bisulfite sequencing results and pressure pain
thresholds were published previously [13, 14], nanopore sequencing was conducted in the present
study. Bisulfite sequencing: R* = 0.049, p = 0.426; nanopore sequencing: R* = 0.048, p = 0.435.

2.3. Accuracy of methylation data determined via nanopore sequencing in relation to

the number of calls per site

Whereas for DNA sequencing irrespective of base modification calling, obtaining a
high number of calls per site is of less importance, a sufficient number is necessary
to assess the accurate percentage values of methylation in a mixture of DNA strands.
Although the usage of several guide RNAs upstream and downstream of the target
region is recommended [15], surprisingly, a single pair of guide RNAs (# 4 and # 9)
was shown to result in the highest number of calls per site obtained. An overview of
the relative positions of tested guide RNAs to the target region within the TRPA1
promoter is shown in figure 6a. In addition to the guide RNA strategy, the number of
calls per site highly depends on the concentration and the quality of the DNA used for
nanopore sequencing. Therefore, as mentioned before, the number of calls per site
obtained when measuring the remaining DNA from Crohn patients extracted for our

previous study [14], was relatively low. However, during establishment of the most
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suitable sgRNA strategy for our region of interest, we first combined all of the guide
RNAs designed (Fig. 4a and table 2), thereby generating a lower number of reads as
compared to the sole application of guide RNAs # 4 and # 9, using the same DNA
control sample extracted from buffy coat. Usage of guide RNAs # 1, # 3 and # 8
probably hampers adapter binding, and thereby decreases the efficacy of the
following sequencing reaction due to persisting Cas9 molecules within the region to
be read. Despite a thermal Cas9-deactivating step in the protocol, the Cas9 enzyme,
being known to hardly dissociate from the DNA after cutting [20], remains bound to
the DNA strand [15]. Since persistent Cas9 binding was shown to block DNA repair
proteins from accessing Cas9-generated breaks [21], this observation might be valid
also for the experimental conditions in Cas9-mediated PCR-free enrichment
protocols. In fact, it has already been described that adapters bind preferentially on
the 3’-side of a Cas9 cut, as the enzyme remains stably bound to the 5’-side of the
sgRNA [15]. It is conceivable that the first subsequent step after cutting, namely dA-
tailing, is hindered due to persisting Cas9 molecules, since the polymerase requires
at least 4 bp to bind to a DNA strand. Moreover, the DNA is single-stranded within
the Cas9 molecule, and one of the strands is even hybridised with the guide RNA.
Therefore, the prerequisites for polymerase-binding are not fulfilled. Since y-
“Sequencing adapters are ligated primarily to Cas9 cut sides, which are both 3’ dA-
tailed and 5 phosphorylated” (manual “Cas9 targeted native barcoding”, Oxford
Nanopore Technologies) [22], adapter ligation to DNA strands with bound Cas9 will
be less effective. In addition, the phosphate group is also most likely inaccessible
with persisting Cas9. All these factors make a reduced sequencing capability
comprehensible for persistent Cas9 molecules. Since Cas9 binding occurs at the 5'-
side of the guide RNA, and cutting close to the PAM region at the 3'-side, the
blocking of adapter binding due to persisting Cas9 molecules after cutting is locatable
in relation to the target (compare Fig. 4b and c). This should be considered when
choosing sgRNAs for using the Oxford Nanopore Technologies “Cas-mediated PCR-
free enrichment”-protocol. As depicted in figure 4b, the usage of SgRNAs # 4 and # 9
results in accessibility of both ends for adapter ligation after cutting, which is in
contrast to the situation depicted in figure 4c. Therefore, the addition of SgRNAs # 1,
# 3 and # 8 leads to a reduced number of reads, since according to statistical
probability some DNA molecules will be blocked (at least unilaterally) for adapter

ligation.
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Figure 4. Positions of guide RNAs designed for the target TRPA1l promoter. Guide RNAs are

numbered (compare table 3) and are depicted as boxes, PAM motifs are indicated by black squares,
PAM motifs of “interfering” guide RNAs are indicated by grey squares. The guide RNAs yielding the
highest number of calls per site (# 4 and # 9) are printed in bold. a) Position of guide RNAs relative to
the target region on chromosome 8. GRCh38 positions are marked by arrows. b) Correct position of
guide RNAs enabling adapter ligation after cutting. c) Blocking of adapter binding by suboptimal
positioned guide RNAs resulting in residual Cas9 molecules within the target region.
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Despite the lower numbers of calls per site obtained by utilization of the “interfering”
guide RNAs # 1, # 3 and # 8, methylation rates were measured within the same
range for both guide RNA strategies (Table 2). Thus, nanopore data of the Crohn

patient DNA with poor integrity can be assumed to be reliable, despite lower read

numbers.
Guide RNAs #4 and #9
. . Methylation rate
CpG position Calls per site %)

bp relative to exon 1 GRCh38 position Min Max Mean SD Mean SD
-734 72076349 78 343 195 110 91 0
-720 72076335 83 328 182 105 92 2
-628 72076243 78 273 164 81 39 3
-480 72076095 72 313 176 101 09 1
-452 72076067 58 243 139 77 32 3
-429 72076044 69 252 140 79 60 5
-412 72076027 55 281 154 94 25 4

All guide RNAs (#1-#9)
CpG position Calls per site Methylation rate
(%)

bp relative to exon 1 GRCh38 position Min Max Mean SD Mean SD
-734 72076349 26 51 39 10 88 5
-720 72076335 23 47 35 10 90 7
-628 72076243 18 46 32 11 40 4
-480 72076095 20 47 34 10 13 5
-452 72076067 18 40 29 7 23 5
-429 72076044 19 38 30 9 65 5
-412 72076027 17 41 32 12 28 13

Table 2. Calls per site and methylation rates obtained applying two different guide RNA strategies.
Data with guide RNAs # 4 and # 9 are based on four experiments (number of calls per site 55-343),
with all guide RNAs on five experiments (number of calls per site 17-51). The same DNA sample
extracted from buffy coat was used for all sequencing experiments.

Nevertheless, the representation of data points in figure 5 reveals that the
measurement of methylation rates is not completely stable before reaching a number
of calls per site of 100 (or a bit less) for all of the CpGs analyzed. However,
deviations are not high, even in the case of low read numbers. According to Oxford
Nanopore Technologies a read depth of around 30 x is advised for phasing
methylation calls. Apart from the influence of DNA concentration and integrity, as well
as the chosen guide RNAs, also the condition of the flow cell and the corresponding

number of active pores has an impact on read numbers. Thus, variations in the
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number of calls per site may occur regularly. Since one flow cell with a maximum
load of five DNA samples can be used per nanopore run, it is not possible to

circumvent the resulting divergence.
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Figure 5. Methylation rates of the TRPAL promoter determined via nanopore sequencing in relation to
the number of calls per site. Data based on 12 measurements of the same DNA sample. The red line
marks the methylation rate measured with the highest number of calls per site per CpG, which is
presumably the most accurate value. Different flow cells and different guide RNA strategies for Cas-

mediated PCR-free enrichment were used leading to varying numbers of calls per site.

To conclude, according to the nanopore sequencing results, we obtained reliable
results with the chosen method of direct Sanger bisulfite sequencing in our previous
studies [13, 14]. The method of direct bisulfite sequencing is suitable to gain an
overview of the underlying regulatory interrelation when analyzing large cohorts,
although for diagnostic purposes other methods should be used to allow valid
statements for an individual. The advantages and disadvantages of the method of
choice should be evaluated carefully before starting the analyses. Whereas direct
Sanger bisulfite sequencing enables a high throughput of samples (2 x 96) when
analyzing a single promoter region, MinlON nanopore sequencing is labor- and time-
intensive due to the maximum load of five samples per flow cell. However, utilization
of sequencing devices, which are able to run several flow cells at once, is possible.
Methylation data obtained via nanopore sequencing are more accurate compared to
those obtained via direct Sanger bisulfite sequencing (at least when reaching
sufficient numbers of reads), due to the absence of bisulfite conversion and PCR
amplification. Nanopore sequencing is more suitable when analyzing the promoters
of a panel of several genes within each sample, rather than analyzing one single
promoter region. However, methylation data obtained via direct Sanger bisulfite

sequencing are adequate to draw conclusions in large cohort studies.

3. Materials and Methods

3.1. Samples
Blood for comparison of methylation rates obtained via Sanger bisulfite and nanopore

sequencing in 10-plicates and 12-plicates, respectively, was drawn from a healthy
volunteer recruited in Hannover prior to DNA extraction from buffy coat by the
Hannover Unified Biobank. Approval for analysis of the healthy control was obtained
at the Ethics Committee of the Hannover Medical School (Permit Number 2842-
2015).
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For comparison with Sanger bisulfite sequencing results of healthy subjects from a
previous study [13], DNA extraction from whole blood was performed as stated below
(n =10) in order to obtain DNA of high quality and yield for nanopore sequencing.

For comparison with Sanger bisulfite sequencing results of Crohn patients from
another previous study [14], the DNA that was already extracted from whole blood as
stated in the published manuscript was used (n = 5), due to the unavailability of blood
samples.

3.2. DNA extraction

800 pl of whole blood were incubated with 80 pl Proteinase K (Macherey-Nagel,
Duren, Germany) for 15 min at room temperature and centrifuged at 21 000 xg and
4°C for 5 min. The resulting 200 pl-fractions were separated, and the Nucleo-Mag
Blood 200 pl DNA Kit (Macherey-Nagel, Diren, Germany) was used for extraction
and clean-up of genomic DNA. For pipetting and transferring steps, as well as for
purification of DNA a Biomek N x P (Beckman Coulter, Brea, CA) was used. DNA
concentration was determined on a DeNovix DS-11 Spectrophotometer (DeNovix,
Wilmington, USA), and the fraction with the highest DNA concentration of each

sample was used for nanopore sequencing.

3.3. Sanger bisulfite sequencing

DNA samples were bisulfite converted and purified using the EpiTect 96 Bisulfite Kit
(QIAGEN, Hilden, Germany). Amplification of the TRPA1 promoter target sequence
using the forward primer 5-GTTTGTATTAGATAGTTTTTTTGTTTG-3' and the
reverse primer 5-TCCTACAAACCTATATTTCCCAC-3', purification of the amplified

target sequence and sequencing on a 3500xL Genetic Analyzer (ABI Life

Technologies, Carlsbad, USA) was performed as described previously [13]. All
samples showed a quality value above 20 for trace score in the Sequence Scanner
Software (ABI Life Technologies, Carlsbad, USA). Methylation rates for each CpG
site were determined via the Epigenetic Sequencing Methylation Analysis Software
[16].

3.4. Nanopore sequencing

Guide RNAs (Table 3) were designed using the target prediction program chopchop
(http://chopchop.cbu.uib.no) and ordered from IDT (Integrated DNA Technologies,
Coralville, USA).
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Guide RNA # Sequence PAM GRCh38 genomic position
1 TTGCCACAAAGAGATCAAGT AGG chr.8: 72070598 to 72070579
2 GAGTATGGTACACCTTCTTG AGG chr.8: 72071344 to 72071363
3 GCACACAACAGAAATGTAGA AGG chr.8: 72070845 to 72070826
4 AGCAATTTTGTGATCCCCTA AGG chr.8: 72070732 to 72070751
5 GAACAAAGACACTCGCTCAA TGG chr.8: 72081680 to 72081661
6 TGGCATGTTAAGACAATTGT TGG chr.8: 72082102 to 72082083
7 GAGCTTCTAATCAGTGACTG AGG chr.8: 72080169 to 72080150
8 ACTTATGCTTACCATTCAGA TGG chr.8: 72080463 to 72080444
9 CCAGTAACATATGAAAAGGT TGG chr.8: 72080463 to 72080444

Table 3. Guide RNAs used for establishing the Cas-mediated PCR-free enrichment of the TRPAL
promoter sequence analyzed via nanopore sequencing. Different combinations were tested, with a
combination of guide RNA # 4 and # 9 giving the highest number of calls per site. Guide RNAs # 1, # 3
and # 8 were used as “interfering” guide RNAs as a control. PAM: Protospacer Adjacent Motif.

For the selection of guide RNAs the following quality criteria were applied: efficiency
2 0.5, self-complementarity max. 2, GC content 40-70 %, mismatches between off-
targets and guide RNA: MMO (no mismatch) = 0, MM1 (1 mismatch) = 0, MM2 (2
mismatches) as low as possible, MM3 (3 mismatches) as low as possible. Several
guide RNAs per cutting site were identified and subsequently the quality was
assessed using the online tool Off-spotter (https://cm.jefferson.edu/Off-Spotter).
Guide RNAs with off-target mismatches close to the PAM (protospacer adjacent
motif) were preferred over those with off-target mismatches far from the PAM due to
a reduced binding and cutting probability of the Cas9 enzyme. The DNA quality was
assessed via pulsed-field gel analysis using a Pippin Pulse electrophoresis power
supply (Sage Science, Beverly, USA). 5 pg of high-molecular weight DNA of each
sample were used for the Cas-mediated PCR-free enrichment using the Ligation
Sequencing (SQK-LSK109) Kit (Oxford Nanopore Technologies, Oxford, UK) and the
Native Barcoding Expansion 1-12 (PCR-free) (EXP-NBD104) Kit (Oxford Nanopore
Technologies, Oxford, UK) in the following order: Dephosphorylating genomic DNA,
Preparing the Cas9 ribonucleoprotein complexes (RNPs), Cleaving and dA-tailing
target DNA, Native barcode ligation, Adapter ligation (during this step buffer AMII
instead of buffer AMX and no nuclease-free water was added to the ligation mixture
due to prior barcoding), AMPure XP bead purification (TE buffer and AMPure XP
beads were scaled up due to the higher final volume after barcoding; the pellet was
resuspended in 14 ul of preheated elution buffer at 37°C for 20 minutes with flicking
the tube every 5 minutes), Priming and loading the SpotON flow cell FLO-MIN106D
(Oxford Nanopore Technologies, Oxford, UK), and starting the sequencing run on the

MinlON (Oxford Nanopore Technologies, Oxford, UK). Raw sequencing data was
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basecalled using guppy v. 2.7 (Oxford Nanopore Technologies, Oxford, UK) with
standard settings and config file ‘dna_r9.4.1_450bps_hac’. Basecalled reads were
aligned to GRCh38 using minimap2 [17]. Methylation calling and determination of

methylation frequency was performed using nanopolish v 0.12.4 [11].

3.5. Statistical analyses

For statistical calculations and data illustration Prism 5 (GraphPad) was used. For
correlation analysis of methylation data between bisulfite and nanopore sequencing,
as well as between CpG -628 methylation and pressure pain threshold, a p value of <

0.05 was considered significant.

Author Contributions
Conceptualization, H.F. and A.L.; methodology, K.J., H.P., A.B., S.G, G.S., LW., B.B.
and F.J.M.; software, M.D., G.S. and C.D.; validation, S.G., K.J., H.P. and A.B.;

formal analysis, S.G., K.J. and M.D.; investigation, K.J. and S.G.; resources, H.F.,

L.W. and F.J.M.; writing — original draft preparation, S.G. and K.J.; writing — review
and editing, A.B., H.P., H.F.,, M.D.,, G.S., LW., C.D.,, B.B.,, F.JM. and AL,
visualization, S.G. and K.J.; supervision, H.F. All authors have read and agreed to

the published version of the manuscript.

Funding
This research received no external funding.

Institutional Review Board Statement

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Ethics Committee of the Hannover Medical School (Permit
Number 2842-2015).

Informed Consent Statement

Informed consent was obtained from all subjects involved in the study.

Acknowledgments

We would like to acknowledge the assistance of the Hannover Unified Biobank for

DNA extraction from buffy coat, and thank Roland Meister (Institute of Experimental


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460763; this version posted September 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ophthalmology, University Eye Hospital, Hannover Medical School, Hannover,
Germany) for technical support. We would like to thank Tino Minster (Department of
Anesthesiology, Friedrich-Alexander University Erlangen-Nuremberg, Erlangen,
Germany; Clinic for Anesthesiology and Critical Care, Hospital of the Order of
St.John of God Regensburg, Regensburg, Germany) and Andreas Winterpacht
(Institute of Human Genetics, Friedrich-Alexander University Erlangen-Nuremberg,
Erlangen, Germany) for providing blood samples of healthy individuals and DNA

samples of Crohn patients for reanalysis via nanopore sequencing.

Conflicts of Interest

The authors declare no conflict of interest. The presented results were used as part
of a PhD thesis.

References

1. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, Molloy
PL, Paul CL. A genomic sequencing protocol that yields a positive display of 5-
methylcytosine residues in individual DNA strands. Proc Natl Acad Sci U S A 1992;
89(5):1827-31.

2. Genereux DP, Johnson WC, Burden AF, Stoger R, Laird CD. Errors in the
bisulfite conversion of DNA: modulating inappropriate- and failed-conversion
frequencies. Nucleic Acids Res 2008; 36(22):e150.

3. Warnecke PM, Stirzaker C, Song J, Grunau C, Melki JR, Clark SJ.
Identification and resolution of artifacts in bisulfite sequencing. Methods 2002;
27(2):101-7.

4. Holmes EE, Jung M, Meller S, Leisse A, Sailer V, Zech J, Mengdehl M, Garbe
LA, Uhl B, Kristiansen G, Dietrich D. Performance evaluation of kits for bisulfite-
conversion of DNA from tissues, cell lines, FFPE tissues, aspirates, lavages,
effusions, plasma, serum, and urine. PLoS One 2014; 9(4):€93933.

5. Hong SR, Shin KJ. Bisulfite-Converted DNA Quantity Evaluation: A Multiplex
Quantitative Real-Time PCR System for Evaluation of Bisulfite Conversion. Front
Genet 2021; 12:618955.

6. Ross MG, Russ C, Costello M, Hollinger A, Lennon NJ, Hegarty R, Nusbaum
C, Jaffe DB. Characterizing and measuring bias in sequence data. Genome Biol
2013; 14(5):R51.


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460763; this version posted September 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

7. Olova N, Krueger F, Andrews S, Oxley D, Berrens RV, Branco MR, Reik W.
Comparison of whole-genome bisulfite sequencing library preparation strategies
identifies sources of biases affecting DNA methylation data. Genome Biol 2018;
19(1):33.

8. Clarke J, Wu HC, Jayasinghe L, Patel A, Reid S, Bayley H. Continuous base
identification for single-molecule nanopore DNA sequencing. Nat Nanotechnol 2009;
4(4):265-70.

9. Laszlo AH, Derrington IM, Brinkerhoff H, Langford KW, Nova IC, Samson JM,
Bartlett JJ, Pavlenok M, Gundlach JH. Detection and mapping of 5-methylcytosine
and 5-hydroxymethylcytosine with nanopore MspA. Proc Natl Acad Sci U S A 2013;
110(47):18904-9.

10. Rand AC, Jain M, Eizenga JM, Musselman-Brown A, Olsen HE, Akeson M,
Paten B. Mapping DNA methylation with high-throughput nanopore sequencing. Nat
Methods 2017; 14(4):411-413.

11. Simpson JT, Workman RE, Zuzarte PC, David M, Dursi LJ, Timp W. Detecting
DNA cytosine methylation using nanopore sequencing. Nat Methods 2017;
14(4):407-410.

12. Euskirchen P, Bielle F, Labreche K, Kloosterman WP, Rosenberg S, Daniau
M, Schmitt C, Masliah-Planchon J, Bourdeaut F, Dehais C, Marie Y, Delattre JY,
Idbaih A. Same-day genomic and epigenomic diagnosis of brain tumors using real-
time nanopore sequencing. Acta Neuropathol 2017; 134(5):691-703.

13. Gombert S, Rhein M, Eberhardt M, Munster T, Bleich S, Leffler A, Frieling H.
Epigenetic divergence in the TRPA1l promoter correlates with pressure pain
thresholds in healthy individuals. Pain 2017; 158(4):698-704.

14. Gombert S, Rhein M, Winterpacht A, Munster T, Hillemacher T, Leffler A,
Frieling H. Transient receptor potential ankyrin 1 promoter methylation and peripheral
pain sensitivity in Crohn's disease. Clin Epigenetics 2019; 12(1):1.

15. Gilpatrick T, Lee |, Graham JE, Raimondeau E, Bowen R, Heron A, Downs B,
Sukumar S, Sedlazeck FJ, Timp W. Targeted nanopore sequencing with Cas9-
guided adapter ligation. Nat Biotechnol 2020; 38(4):433-438.

16. Lewin J, Schmitt AO, Adorjan P, Hildmann T, Piepenbrock C. Quantitative
DNA methylation analysis based on four-dye trace data from direct sequencing of
PCR amplificates. Bioinformatics 2004; 20(17):3005-12.


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460763; this version posted September 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17. Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics
2018; 34(18):3094-3100.

18. Bock C, Halbritter F, Carmona FJ, Tierling S, Datlinger P, Assenov Y,
Berdasco M, Bergmann AK, Booher K, Busato F, Campan M, Dahl C, Dahmcke CM,
Diep D, Fernandez AF, Gerhauser C, Haake A, Heilmann K, Holcomb T, Hussmann
D, Ito M, Klaver R, Kreutz M, Kulis M, Lopez V, Nair SS, Paul DS, Plongthongkum N,
Qu W, Queirés AC, Reinicke F, Sauter G, Schlomm T, Statham A, Stirzaker C,
Strogantsev R, Urdinguio RG, Walter K, Weichenhan D, Weisenberger DJ, Beck S,
Clark SJ, Esteller M, Ferguson-Smith AC, Fraga MF, Guldberg P, Hansen LL, Laird
PW, Martin-Subero JI, Nygren AOH, Peist R, Plass C, Shames DS, Siebert R, Sun X,
Tost J, Walter J, Zhang K, The Bc. Quantitative comparison of DNA methylation
assays for biomarker development and clinical applications. Nat Biotechnol 2016;
34(7):726-737.

19. Warnecke PM, Stirzaker C, Melki JR, Millar DS, Paul CL, Clark SJ. Detection
and measurement of PCR bias in quantitative methylation analysis of bisulphite-
treated DNA. Nucleic Acids Res 1997; 25(21):4422-6.

20. Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. Enhancing
homology-directed genome editing by catalytically active and inactive CRISPR-Cas9
using asymmetric donor DNA. Nat Biotechnol 2016; 34(3):339-44.

21. Clarke R, Heler R, MacDougall MS, Yeo NC, Chavez A, Regan M, Hanakahi
L, Church GM, Marraffini LA, Merrill BJ. Enhanced Bacterial Immunity and
Mammalian Genome Editing via RNA-Polymerase-Mediated Dislodging of Cas9 from
Double-Strand DNA Breaks. Mol Cell 2018; 71(1):42-55 e8.

22. Lépez-Girona E, Davy MW, Albert NW, Hilario E, Smart MEM, Kirk C,
Thomson SJ, Chagné D. CRISPR-Cas9 enrichment and long read sequencing for
fine mapping in plants. Plant Methods 2020;16:121.


https://doi.org/10.1101/2021.09.17.460763
http://creativecommons.org/licenses/by-nc-nd/4.0/

