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ABSTRACT

The methylation index of the LINE-1 promoter is one of the most commonly used markers for assessing the
global level of genome methylation in various human cells and tissues. We developed an NGS-based protocol
for DNA methylation analysis of the LINE-1 retrotransposon promoter. This approach allows assessment of the
DNA methylation index of 19 CpG sites in the LINE-1 promoter that have the highest tissue- or tumor-specific
variability. The method provides a DNA methylation profile for analyzing either the methylation index of each
CpG site independently or the mean DNA methylation index across the LINE-1 promoter. The results obtained
using the developed method corresponded well to the level of methylation assessed using a commercially
available kit for DNA pyrosequencing. In addition, our method provides much more information: 1) the DNA
methylation profile of a significant part of the LINE-1 promoter and 2) the level of DNA methylation at individual
LINE-1 loci in the genome. The method of targeted bisulfite massive parallel sequencing of the human LINE-1
retrotransposon promoter can be used in large-scale studies of the global level of genome methylation in normal
human cells or tumors.

To accomplish this, we modified the targeted massive parallel sequencing method based on 16S Metagenomic
Sequencing Library Preparation protocol (Illumina, USA) by:

¢ Introduction of the stage of bisulfite conversion of DNA.
e Development of specific primers for the LINE-1 sequence.
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Specifications table

Subject area: Biochemistry, Genetics and Molecular Biology
More specific subject area: Epigenetics
Method name: NGS-based LINE-1 retrotransposon methylation analysis
Name and reference of original 16S Metagenomic Sequencing Library Preparation: Preparing 16S Ribosomal RNA Gene
method: Amplicons for the Illumina MiSeq System (Official [llumina Protocol)
Resource availability: Reagents:
e EZ DNA Methylation-Direct Kit (Zymo Research, USA)
e 2x BioMaster HS-Taq PCR mix (Biolabmix, Russia)
e 2x Phusion high-fidelity DNA polymerase mix (NEB, USA)
e Nextera XT index kit (Illumina, USA)
e AMPure XP beads (Beckman Coulter, USA)
L]

Reagent Micro Kit v2 for MiSeq (300 cycles) (Illumina, USA)

Equipment:

e Qubit fluorometer (Thermo Fisher, USA)

e Bioanalyzer 2100 instrument (Agilent Technologies, USA)
e MiSeq (Illumina, USA)

Method details
Overview

The methylation index of the long interspersed nuclear element 1 (LINE-1) retrotransposon, which
occupies approximately 17% of the human genome, is often used as a marker of the level of
whole-genome methylation. Most often, LINE-1 methylation index analysis is performed by real-time
quantitative methylation-specific PCR [6,11], methylation-sensitive high resolution melting analysis [9],
or pyrosequencing 3-4 CpG sites in its promoter region [1,3,4,16]. We developed a targeted method
for determining the index of methylation in the LINE-1 retrotransposon promoter using targeted
bisulfite massive parallel sequencing. In our method, LINE-1 methylation is assessed based on the
DNA methylation index of 19 CpG sites in the consensus sequence of the LINE-1 promoter that have
the highest tissue- or tumor-specific variability [14]. Our method can potentially have a wide range of
applications, from evaluating epigenetic abnormalities in various tissues and tumors to analyzing the
epigenetic effects of mutagens and monitoring studies.

Targeted bisulfite massive parallel sequencing

Considering the bisulfite converted consensus sequence of the LINE-1 promoter
(GenBank Accession: X58075.1), we designed primers to cover 19 CpG sites: forward 5’-
TATTAGGGAGTGTTAGATAGTGGG-3' and reverse 5'-CCTCTAAACCAAATATAAAATATAATCTC-3’ (Fig. 1a).
These 19 CpG sites included the 3 CpG sites covered by the PyroMark LINE-1 kit (Qiagen, Hilden,
Germany). Primers with attached Illumina adapters were synthesized, and the DNA product was
amplified by PCR using a modified Illumina 16S rRNA protocol.

First, sodium bisulfite conversion of 1000 ng of total genomic DNA was performed using an EZ
DNA Methylation-Direct Kit (Zymo Research, USA). First PCR amplifications were performed in 20 pl
reaction mixtures. A master mix for each reaction was made using the 2x BioMaster HS-Taq PCR mix
(Biolabmix, Russia), primers with attached Illumina adapters, and 60 ng of bisulfite-converted DNA.
The cycling conditions were as follows: 95 °C for 5 min, followed by 40 cycles of 95 °C for 30 s, 57 °C
for 1 min and 72 °C for 1 min. A final 7 min elongation step was performed at 72 °C.
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Fig. 1. Method of targeted bisulfite massive parallel sequencing of the human LINE-1 retrotransposon promoter. a. Schematic
representation of the targeted bisulfite massive parallel sequencing of 19 CpG sites in the LINE-1 promoter. The red frame
indicates the analyzed CpG sites in this study, and the blue frame indicates the most frequently analyzed CpG sites as
determined using the Qiagen pyrosequencing LINE-1 kit (explanations are in the text). The schematic profile of the plot was
obtained from the LINE-1 methylation index across the 5-UTR region in analyzed samples. b. Gel image of the results of the
amplified LINE-1 sequences for five samples after the first PCR with attached adapters and the same samples with attached
indices after the second PCR. M represents Sky-High DNA marker (Biolabmix, Russia) with size in bp indicated.

A second PCR amplification, used to incorporate barcodes and sequencing adapters into the final
PCR product, was performed in 25-microliter reaction mixtures using the 2x Phusion high-fidelity DNA
polymerase mix (NEB, USA). As a matrix for the reaction, 2 ul (1/10 of the volume) of the unpurified
product of the first PCR was used. A separate primer pair containing a unique 6-base barcode from the
Nextera XT index kit was added to each well. The cycling conditions were as follows: 95 °C for 3 min,
followed by 8 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. A final 5 min elongation step
was performed at 72 °C. Products from both PCRs were verified by gel electrophoresis (Fig. 1b) with
careful examination of the fragment sizes (PCR1 - 311 bp, PCR2 - 380 bp).

The quality and quantity of the amplified libraries were assessed by a Qubit fluorometer (Thermo
Fisher, USA) and pooled together in equimolar quantities. Pooled library purified by AMPure XP beads
(Beckman Coulter, USA), the size of fragments was assessed using a Bioanalyzer 2100 instrument
(Agilent Technologies, USA), and the library was sequenced by MiSeq (Illumina, USA) using a Reagent
Micro Kit v2 (300 cycles) in paired-end mode, with 30% PhiX added for clear cluster separation.

The short length of the LINE-1 amplified region (224 bp) made it possible to analyze more than
300 samples in a single MiSeq run, which was significantly more cost-effective than pyrosequencing.

NGS data processing

Sequenced reads were demultiplexed by standard Illumina i7 and i5 barcodes using the Genome
Analysis Toolkit (GATK, v4.1.3.0) [10]. Read quality was assessed using FastQC v0.11.8, and residual
adapter sequences and low-quality reads were removed with Trimmomatic v0.39 [2]. Read alignment
was performed using bwa-meth v0.2.2 (https://github.com/brentp/bwa-meth) with default parameters.
To avoid contamination in the library preparation step, we first mapped reads to the human genome
assembly (February 2009 release, hg19/GRCh37) with masked repeat sequences, and then, unmapped
reads (SAM flag “4”) were extracted using SAMtools v1.12 [8] and aligned to the consensus sequence
of CpG-rich region of the LINE-1 element (GenBank Accession: X58075.1) [5] using bwa-meth. Human
genome repeats were masked using BEDTools v2.26.0 [12] and RepeatMasker sequences [7], as
described previously [15]. DNA methylation data in the CpG context were extracted from obtained
BAM files using MethylDackel (https://github.com/dpryan79/MethylDackel). The results are presented
as the methylation index, which is the ratio of the number of cytosines to the sum of cytosine
and thymine in a given CpG site. The resulting methylation index characterizes the average level of
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methylation of a part of the LINE-1 sequences in the genome that are amplified using the primers
used and have specific CpG sites. Statistical analysis was carried out with Statistica v8.0 (StatSoft) and
R statistical software (v. 3.6.1) using Pearson tests for the correlation analysis.

Method validation

The method was tested on DNA samples obtained from various human tissues: chorionic villous
trophoblast cells from 42 induced and 193 spontaneous human abortions; tumor (n = 2) and normal
tissues (n = 2) of the mammary gland; peripheral blood leukocytes (n = 36); tissues of the carotid
artery (n = 38) and great saphenous vein (n = 10); and alpha-actin-2 positive (ACTA2+) cells (n = 8)
and macrosialin-positive (CD68+) cells (n = 6) from carotid atherosclerotic lesions.

Commercially available control samples (in 3 replicates) from the Human Methylated &
Nonmethylated DNA Set (Zymo Research, Irvine, CA, USA) were used to verify the validity of the assay.

Chorionic villous trophoblast cells were obtained by maceration of chorionic villi in 70% acetic
acid. The isolated cells were washed in phosphate buffer. Genomic DNA was isolated from chorionic
villous trophoblasts using the phenol-chloroform method. Artery wall tissue and whole blood samples
were harvested from patients with atherosclerosis during carotid endarterectomy. ACTA2+ cells were
derived from fresh frozen and immunostained samples of atherosclerotic lesions by laser-capture
microdissection on a PALM MicroBeam (Carl Zeiss, Germany). DNA extraction and sodium bisulfite
conversion were performed using an EZ DNA Methylation-Direct kit (Zymo Research, Irvine, CA,
USA). Converted DNA from ACTA+ and CD68+ cells was further amplified using an EpiTect whole
bisulfitome kit (Qiagen, Germany).

We were able to assess up to 346 samples in one sequencing run. The average output was 3333
(maximum 9076 and minimum 19) reads per demultiplexed library. Samples with more than 50% of
short reads mapped to the human genome (13 out of 346) and those showing less coverage than 1000
reads per sample (85 out of 346) were excluded. Only 70% of the samples (242 of 346) reached the
1000x base coverage threshold to be considered for CpG methylation analysis [13].

The results of the LINE-1 promoter methylation index in hypomethylated (DNMT1~/~ and
DNMT3b~/~ HCT cells) and methylated (Mspl-treated HCT cells) control samples showed average
LINE-1 methylation indices of 19 + 6% and 65 + 13%, respectively. One possible reason for the low
LINE-1 methylation index in a methylated control sample is the spontaneous transition of CpG to
TpG during evolution, which is one of the mechanisms for controlling the activity of retrotransposons.
When analyzing the methylation index, all CpG sites where such a transition occurred is interpreted as
having a zero methylation index. This may reduce the average observed methylation index. However,
this method can be used to compare the methylation index between different samples and groups of
samples, given similar initial evolutionary conditions for all individuals.

In addition to our method, the methylation index of the LINE-1 retrotransposon in 35 analyzed
samples was determined by pyrosequencing using the PyroMark Q24 CpG LINE-1 (Qiagen, Germany)
assay according to the manufacturer’s protocol. The mean LINE-1 methylation index at 19 CpG
sites assessed by targeted bisulfite massive parallel sequencing had a strong correlation with the
mean LINE-1 methylation index at 3 CpG sites obtained using bisulfite pyrosequencing (Fig. 2a). The
correlation between average methylation indices across identical CpG sites measured by different
techniques was also high (Fig. 2b). However, the methylation index estimated by pyrosequencing
did not correlate well with the methylation index for all individual CpG sites after targeted bisulfite
massive parallel sequencing (Fig. 3). This finding indicates that our method provides not only the
same information on average values as pyrosequencing but also additional information on individual
CpG sites.

The developed method of targeted bisulfite massive parallel sequencing makes it possible to
estimate the methylation index of the LINE-1 retrotransposon quickly and cost-effectively (Table 1).
A possible scenario for using our method is to analyze large groups of heterogeneous samples (e.g.,
the analysis of the LINE-1 methylation index in tumors of different locations in a large number
of patients). Our results indicate that despite the relatively good correlation between the LINE-1
methylation indices estimated by targeted bisulfite NGS and pyrosequencing, the correlations for a
portion of the CpG sites are quite weak. This indicates that the methylation index of the three
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Fig. 2. Relationship between the average LINE-1 methylation index (%) measured by the introduced method (NGS) and bisulfite
DNA pyrosequencing.
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Table 1
Cost-effectiveness of the analysis of LINE-1 methylation index by targeted bisulfite NGS compared with pyrosequencing (steps
after bisulfite conversion of DNA are compared only).

Pyrosequencing Supplier Price per 1 sample, $ (96 samples)
PyroMark Q24 CpG LINE-1 Qiagen 85
PyroMark Binding Buffer Qiagen 0.01
PyroMark Denaturation Sol. Qiagen 0.25
PyroMark Wash Buffer Qiagen 0.25
PyroMark Annealing Buffer Qiagen 0.01
Streptavidin Sepharose® High Performance Sigma Aldrich 0.22
PyroMark Q24 Plate Qiagen 0.11
PyroMark Gold Q24 Reagents Qiagen 3.23
Total 12.58

Targeted bisulfite NGS 300 samples 200 samples 100 samples
PCR 1 Biolabmix 0.21 0.21 0.21
PCR 2 NEB 2.04 2.04 2.04
AMPure XP Beckman 0.01 0.01 0.02
Adapters [llumina 0.35 0.35 0.35
Indexes [llumina 0.46 0.46 0.46
Reagent Micro Kit v2 (300 cycles) [llumina 3.23 4.85 9.69

Total 6.30 7.92 12.78

CpG sites evaluated by pyrosequencing is insufficient to obtain complete information about the
methylation profile of the LINE-1 promoter.

Thus, the results of our method correspond well to the methylation index assessed using the
commercially available kit for pyrosequencing and provide much more information, allowing for the
evaluation of the methylation profile in a large part of the LINE-1 promoter. In addition to estimating
the average LINE-1 methylation index in the genome, this method potentially allows the estimation of
the level of methylation in individual LINE-1 promoters at individual genome loci containing specific
genetic variants. The introduced method of targeted bisulfite massive parallel sequencing of the
human LINE-1 retrotransposon promoter can be used in large-scale studies of genome methylation.
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