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Abstract

Nanopore sequencing has enormous potential in epigenetic applications; unlike traditional
sequencing-by-synthesis technologies, it can distinguish covalently modified nucleotides directly through their
modulation of the electrolytic current. We can take advantage of the long read lengths (>10kb) generated by
nanopore sequencing to precisely call methylation patterns, and to obtain phased methylation information
across the genome. We have already demonstrated the accuracy and some of the promise of nanopore
sequencing in calling 5-methylcytosine in a CG context using a hidden Markov model(Simpson et. al Nature
Methods 2017). We have now trained our model on other modified (non-canonical) nucleotides, and in other

contexts, including N6-methyladenosine (N6-mA), 4-methylcytosine, and 5-methylcytosine in a non-CG context.

Modifications have applications in bacterial and mammalian epigenetics, but we may be able to leverage
unnatural modifications to label different aspects of the epigenome. A good example of this is the NOMe-seq
(Kelly, Genome Res. 2012) method, which uses GpC methylation to label accessible, open chromatin. We have
demonstrated this application, simultaneously detecting GpC and CpG methylation on the same molecule,
providing two distinct epigenetic signatures along ~10kb single DNA molecules.

Methods

Tralnlng 4mC and 6mA - native methylation
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Transfect a plasmid bearing a single MTase, controlling methylatlon motif.
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Extract gDNA and plasmids to sequence.

Through our collaborators at NEB, we have obtained gDNA and plasmids encoding for different
methyltransferase proteins - including proteins which generate 4-methylcytosine, 5-methylcytosine and
N6-methyladenosine. These methyltransferases are transformed into a methylation transferase
negative bacteria (ER2796), where the expressed methyltransferase acts to label the gDNA and
plasmid DNA. The gDNA and plasmids are then extracted and we subsequently generated nanopore
libraries via shearing, end-polishing and sequencing adapter ligation prep. These libraries were then
sequenced on minlONs with v9.4 flowcells.

Training Gp°>™C - Enzymatic methylation
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GpC Methylated Control

Alternatively, when a purified enzyme cocktail is available, we use that to perform an in vitro
modification reaction. First, we generate a completely unmethylated control sample by shearing E. Coli
gDNA, ligating universal adapters and amplifying. We then treat a portion of this with M. CviPI to
convert GC to GCm. We previously (Simpson et al.) generated such a training set using M. Sssi (CpG
methyltransferase) - shown here is a schematic of our new training set using M. CviPl (GpC
methyltransferase)

Use the HMM in nanopolish

Current Level (pA)

Calculate current TTGMG e, e, e, Apply new model
models TGMGC e, e, parameters
GMGCT e,
MGCTG e, e,
ACMGT e . S
CMGTA

To perform methylation calling, we first align the basecalled data to a reference, then use eventalign to
determine the electrical data which corresponds to each k-mer. From there, we can train our hidden
markov model using the methylated and unmethylated samples to determine new model parameters,
then realign our data. We typically perform 4 iterations of this training to determine the emission states
for k-mers containing methylated bases.

Epigenetic Exploration with Nanopore Sequencing
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Results
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Adapting the NOMe-seq protocol(Kelly, Genome Res. 2012) , we applied it to MDA-MB-231 cells to explore chromatin and methylation state
Em simultaneously using long-read nanopore sequencing. Specifically, we subjected cell nuclei to M. CviPl GpC methyltransferase treatment,
NN°"CNNN which methylates GpC dinucleotides in accessible chromatin, while leaving inaccessible chromatin unmodified. The genomic frequency of
GpC dinucleotides is high, providing sufficient resolution to resolve individual nucleosome positioning - but coupling it to nanopore
NE"CNNNN : sequencing provides this data along a single long (~10kb) molecule. We are already exploring using some of the other methyltransferases
: to multiplex this type of exogenous DNA labeling.
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chromatin may also be due to TF binding
or polymerase, so further work is still
needed.




