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Preface to the Series
Experimental life sciences have two basic foundations: concepts and tools. The Neuromethods series focuses on the tools and techniques unique to the investigation of the
nervous system and excitable cells. It will not, however, shortchange the concept side of
things as care has been taken to integrate these tools within the context of the concepts and
questions under investigation. In this way, the series is unique in that it not only collects
protocols but also includes theoretical background information and critiques which led to
the methods and their development. Thus, it gives the reader a better understanding of the
origin of the techniques and their potential future development. The Neuromethods
publishing program strikes a balance between recent and exciting developments like those
concerning new animal models of disease, imaging, in vivo methods, and more established
techniques, including, for example, immunocytochemistry and electrophysiological technologies. New trainees in neurosciences still need a sound footing in these older methods in
order to apply a critical approach to their results.
Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published through Humana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.
The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new disciplines in the biological and medical sciences. For example, physiology emerged out of
anatomy in the nineteenth century by harnessing new methods based on the newly discovered phenomenon of electricity. Nowadays, the relationships between disciplines and methods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design
of individual volumes and chapters in this series takes this new access technology into
account. Springer Protocols makes it possible to download single protocols separately. In
addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.
Saskatoon, SK, Canada

Wolfgang Walz
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Preface
Variation in the genome is increasingly recognized as causing, or contributing to, a very wide
range of disorders of the nervous system. As techniques have improved, so the appreciation
of several types of clinically relevant genomic variants has increased. This volume discusses
detection of structural variants (SVs), which requires fundamentally different strategies than
these used for single nucleotide variants (SNVs). The aim is to provide a combination of upto-date “wet lab” methods and computational pipelines, many of which can be used on
existing data, targeting all SV classes.
SVs are variably and loosely defined as any change that affects more than 50 nucleotides,
and encompass many classes of variants, each with its own detection challenges. They
include copy number variants (CNVs), where a genomic region gains or loses copies, but
also copy-neutral events such as inversions and translocations, which can be even more
difficult to detect, and insertions of additional sequence. When interpreted broadly as
variants significantly larger than SNVs, SVs include polymorphic tandem repeats of various
sizes, which are widely present throughout the genome. These are included here as they are
relevant to many neurological disorders, and methods for detection have substantially
improved recently. Furthermore, changes involving transposable elements (TEs), which
make up around half of the human genome, require dedicated lab and/or computational
methods.
The majority of whole genome sequencing (WGS) is still performed by short reads, and
methods focusing on such data are therefore presented first. A versatile pipeline for largescale SV detection opens the volume, and includes examples of integrating long read data,
and notes on similar pipelines, and incorporation of TE detection (Chapter 1). It is now also
possible to detect short tandem repeats relevant to many nervous system disorders in shortread data from genomes or exomes (Chapter 2). Detection of TEs from short read data is
addressed next, with protocols directed towards a particular TE type using Parkinson’s
disease (PD) as an example (Alu and SVA, Chapters 3 and 4, respectively).
Long read sequencing has several advantages for SV detection, and its use is expanding
rapidly. Methods which are based on long reads, with appropriate complimentary methods
where relevant, are presented next. Long read sequencing can be used for multiple variable
number tandem repeat analysis (Chapter 5) and detection of tandem repeats relevant to
spinocerebellar ataxias (Chapter 6), with PCR and CRISPR/Cas9 used for enrichment,
respectively. Long reads can also be combined with different methods in targeted protocols
to detect tandem repeats underlying neuronal intranuclear inclusion disease (Chapter 7) and
X-linked dystonia-parkinsonism (Chapter 8).
Genome-wide SV analysis methods do not necessarily have to rely on sequencing.
Optical genome mapping can detect a wide range of SVs, and it is already being applied to
several neurological disorders, alone or combined with sequencing (Chapter 9). An additional option for CNV detection specifically is from SNP microarray data, which are widely
available, and hence this could be useful to many, with PD used as an example (Chapter 10).
Finally, while this book is mostly focused on germline (inherited) SVs, SVs can also arise
somatically, leading to genomic mosaicism in the nervous system. Methods to investigate
mosaicism were the focus of a recent book in this series (Genomic Mosaicism in Neurons and
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Preface

Other Cell Types; editors: JM Frade and FH Gage, 2017), so the present volume includes
selected updates. L1 retrotransposons, the third class of retrotransposons in addition to Alu
and SVA mentioned earlier, can lead to insertional mutagenesis in a wide range of settings,
including neurons. Their transcription, which is a prerequisite for mobility, is controlled by
methylation, for which a method is provided (Chapter 11). Optical genome mapping
(Chapter 9) also has potential for genome-wide SV mosaicism detection. When rare somatic
CNVs of specific disease-relevant genes are sought, fluorescent in-situ hybridization can be
used, and combined with immunofluorescence, with SNCA in PD and related diseases
illustrated (Chapter 12). In addition to the SV classes discussed so far, a novel kind of
somatic genomic recombination in brain can lead to intron-less gene copies (Chapter 13).
Finally, the mitochondrial genome has long been known to be heteroplasmic, and detection
of deletions along with other mutations is possible (Chapter 14).
London, UK

Christos Proukakis
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Chapter 1
snakeSV: Flexible Framework for Large-Scale SV Discovery
Ricardo A. Vialle and Towfique Raj
Abstract
We present snakeSV, an open-source fast and scalable framework to analyze genomic structural variation
(SV) at scale. The framework is easily deployable using Bioconda and can leverage cluster environments to
speed up data processing via parallelization. Providing a set of preconfigured tools, all available at the
Bioconda channel for easy installation, snakeSV combines a set of auxiliary scripts that makes it easy to
integrate novel tools and features. Execution starts with one or many BAM files and produces a VCF file
with SVs detected and jointly genotyped across samples and a report with relevant annotations. We also
present two use cases to illustrate the pipeline features to improve SV discovery by using a panel of highquality SVs and incorporating custom annotations to help biological interpretation.
Key words Structural variation; Snakemake; Pipeline; NGS; Long-reads; Neurodegeneration

1

Introduction
Structural variants (SVs) are defined as genomic rearrangements of
50 bp or more, existing in various types and sizes [1, 2]. These
variants are a major driver of the organization and content of
individual genomes, causing gene copy variations [3], disruption
of coding and regulatory regions [4–7], and alteration of 3D DNA
structure [8] up to extreme chromoanagenesis events [9]. SVs can
also have an impact on diseases, including neurodevelopmental
disorders [10, 11], schizophrenia [12–14], autism spectrum disorder (ASD) [15–17], and cognition [18, 19].
In recent years, with the development of NGS technologies, a
more profound characterization of SVs has been made possible.
With decreasing costs, whole-genome sequencing (WGS) is
becoming the standard in clinical diagnosis and large-scale genomics projects, demanding ways to manage such massive amounts of
data. Large cohort studies, such as the 1000 Genomes Project [2],
GTEx [5], gnomAD [1], and NHGRI Centers for Common
Disease [20], are expanding the WGS data to the order of
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thousands of individuals. Additionally, novel sequencing technologies such as long-reads allow a better characterization of SVs,
allowing the development and improvement of SV discovery
methods [21].
Typically, SV callers try to explore different signatures from the
alignment of reads to a reference genome. For instance, information of read depth is used for CNV-based tools, such as
GenomeStrip [3] and CNVnator [22], while split reads and discordant read pairs are accessed by tools like DELLY [23] and LUMPY
[24] allowing detection of balanced variation (e.g., inversions).
Additionally, ensemble approaches have been developed aiming to
improve discovery accuracy by collecting evidence from multiple
tools (metaSV [25], FusorSV [26]). However, a major bottleneck
lies in running multiple SV callers efficiently and the lack of flexibility of adding new tools or datasets (as they become available). In
this sense, workflow systems present a viable approach to deal with
such issues. Snakemake is a solution inspired by the GNU Make
build automation tool that establishes a generic workflow system
that can be applied in virtually any computer environment with
emphasis on parallel processing in either HPC clusters or cloud
environments [27].
Here, we present snakeSV, a user-friendly, portable, and scalable
workflow based on Snakemake and Bioconda to discover and
process structural variants from sequencing data. The workflow
includes some state-of-the-art SV callers, which can be easily customized and extended. snakeSV can be configured to run on HPC
clusters or cloud computing with minimal effort. In this protocol,
we focus on how to configure and customize a basic run of the
workflow and provide examples as use cases highlighting available
features.

2

Materials

2.1

Requirements

snakeSV is an integrated pipeline in Snakemake for complete SV
analysis. The mandatory requirements are a Unix environment with
Python, Conda/Mamba, and Git. Conda environments are used to
centralize management of default tools, but the pipeline can be
easily customizable to include different tools and methods, not
necessarily distributed by Anaconda (and derivatives). The snakeSV
is available at https://github.com/RajLabMSSM/snakeSV.

2.2

Conda Support

Below we provide instructions to install the minimum requirements
to run an analysis with miniconda (this step can be ignored if
Anaconda is already installed in the system).

snakeSV

3

# Download miniconda installer
OS=Linux # for Mac change to MacOSX
wget https://repo.continuum.io/miniconda/Miniconda3-latest-${OS}-x86_64.sh
# Set permissions to execute
chmod +x Miniconda3-latest-${OS}-x86_64.sh
# Execute. Make sure to "yes" to add the conda to your
PATH
./Miniconda3-latest-${OS}-x86_64.sh

2.3 Computational
Requirements

Requirements are mostly dependent on the number of samples
being analyzed. A typical WGS human genome BAM file with
30 coverage requires, on average, 70 GB. In addition, expect to
have at least 15 GB available for tools and additional files such as
reference genomes and annotation files. To follow this protocol, we
will analyze three genomes, thus consider cloning the repository to
a directory with at least 250 GB available, 2 CPU cores (preferably
more, for parallel processing), and at least 16 GB RAM.

2.4 Use Case
Datasets

For the use cases presented in this protocol, we use the wholegenome data from the Ashkenazi Jewish trio (HG002-son,
HG003-father, and HG004-mother) from the Personal Genome
Project and broadly used in different studies [21, 28]. Sequencing
for this data was performed using the Illumina platform with
PCR-free and 150 bp pair-ended read lengths. Data were downsampled to ~30 to match the expected production from most
available studies (e.g., 1000 genome samples). Links for
downloading raw files for each sample are available via the Human
Pangenome Reference Consortium (https://github.com/humanpangenomics/HG002_Data_Freeze_v1.0) in the following links:
l

HG002: https://s3-us-west-2.amazonaws.com/humanpangenomics/index.html?prefix¼NHGRI_UCSC_panel/
HG002/hpp_HG002_NA24385_son_v1/ILMN/
downsampled/

l

HG003 and HG004: https://s3-us-west-2.amazonaws.com/
human-pangenomics/index.html?prefix¼NHGRI_UCSC_
panel/HG002/hpp_HG002_NA24385_son_v1/parents/
ILMN/downsampled/

For study case 1, we will use diploid assemblies for the HG002
sample generated from the Human Genome Structural Variation
Consortium (HGSVC) [21]. Links to each haplotype assembly are
as follows:
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l

H1: http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_col
lections/HGSVC2/release/v1.0/assemblies/20200628_
HHU_assembly-results_CCS_v12/assemblies/phased/v12_
NA24385_hpg_pbsq2-ccs_1000-pereg.h1-un.racon-p2.fasta

l

H2: http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_col
lections/HGSVC2/release/v1.0/assemblies/20200628_
HHU_assembly-results_CCS_v12/assemblies/phased/v12_
NA24385_hpg_pbsq2-ccs_1000-pereg.h2-un.racon-p2.fasta

For study case 2, we will use cell-specific brain epigenetic
annotations generated from ChIP-seq and ATAC-seq experiments
[29]. Data can be downloaded from the following GitHub
repository:
l

https://github.com/nottalexi/brain-cell-type-peak-files

We provide scripts in the snakeSV GitHub repository to download all the required data including the human reference genome
GRCh37 and also to perform alignments and to create the BAM
files required for the pipeline (more details at Subheading 3.6).

3

Methods

3.1 snakeSV
Workflow Overview

The pipeline includes pre- and post-processing steps to deal with
large-scale studies. The input data of the pipeline consists of BAM
files for each sample, a reference genome file (.FASTA), and a
configuration file in YAML format. Additionally, users can also
input custom annotation files in BED format for SV interpretation
and VCF files with structural variants to be genotyped in addition
to the discovery set. Figure 1 shows a schematic diagram of the
workflow, including input/output files.

3.2 Installing
snakeSV

snakeSV is available via Bioconda. It is recommended to install it on
a separated environment (named, e.g., “snakesv_env”) with the
command:
conda create -n snakesv_env -c bioconda snakeSV
conda activate snakesv_env # Command to activate the
environment. To deactivate use "conda deactivate"
# Other supporting tools and dependencies are installed
in their own environment automatically on the first run
(with ‘--use-conda‘ parameter active).
snakeSV --configfile config/config.yaml --use-conda –conda-create-envs-only --cores 1

snakeSV

Picard
Samtools
Bamtools

Summarize
MultiQC

Custom annotation
(.bed)

Config file
(.yaml)

Discovery tools
Delly
Manta
Smoove

Merge tools

Custom SV panel
(.vcf)

Merge samples

SURVIVOR

SURVIVOR

Genotype
GraphTyper

Merge samples

Customizable
Annotate

Collect Metrics

SV Discovery

Quality control

Reference genome
(.fasta)

Inputs

Genotyping

WGS samples (short reads)
(.bam/.cram)
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Gene body annotations
(Gencode)
TAD, CTCF, HiC,
Enhancers, Promoters
Brain related annotation

GraphTyper

Fig. 1 Pipeline overview. The pipeline consists of four major modules: (1) Sample QC, (2) SV discovery,
(3) genotyping, and (4) annotation. Required inputs are: sequencing data in BAM or CRAM format, a reference
genome in FASTA format, and a pipeline configuration file in YAML. Optionally, users can input custom
genomic annotation as BED files and custom SVs set in VCF files
3.3

Basic Usage

After installing, to check if everything is working as expected, users
can run a test with a small example dataset included.
# Run test
snakeSV -–test_run
# Check results folder
ls results_snakesv/*

3.4

Inputs

snakeSV works as a Snakemake pipeline. The input files can be
specified in a separate configuration file (Fig. 2). In this file, the
user needs to specify a parameter SAMPLE_KEY pointing to a file
with a unique identifier for each sample and the paths to their
respective BAM files. The SAMPLE_KEY file must be tabulated
containing two columns named “participant_id” and “bam”. Also,
the user must specify a list of SV discovery tools to be used
(TOOLS) and fields pointing to the reference genome FASTA file
(REFERENCE_FASTA), the reference build used (37 or
38, REF_BUILD). Other supplementary parameters can be specified to customize the execution. Fields ANNOTATION_BED and
SV_PANEL are optional and add customized features to the pipeline. A more detailed explanation of each will be described in the
use case sections.

3.5

Pipeline Modules

The quality control module is inspired by the first module from the
HOLMES pipeline [9], from which some scripts were adapted and
included as supporting scripts. This module will collect and report
QC metrics from BAM files. A rule for each metric is set in order to
run in parallel for each sample. The rules included are as follows:

3.5.1 Quality Control
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Fig. 2 Pipeline configuration file. Example of a configuration file for running the pipeline

1. Picard EstimateLibraryComplexity
2. Picard CollectMultipleMetrics
3. Picard CollectWgsMetrics
4. Samtools flagstat
5. Bamtools stats
6. Gender inference
QC metrics are merged into a table summarizing the results
using MultiQC and can be accessed via HTML report. As different
thresholds may be applied depending on the data, no action is taken
by default.
3.5.2 SV Discovery

snakeSV comes with a standard set of tools that should fit most of
the use cases, rules for three SV callers are included, namely, Manta
(v1.6.0) [30], DELLY (v0.8.7) [23], and smoove (v0.2.4) [31]. Any

snakeSV
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Fig. 3 Template for adding new tools to the snakeSV pipeline. Example of Snakemake rules and folder name
structures required for specifying a custom SV discovery tool. The file name must match the name specified in
the paths and result files (e.g., “newtool,” as in the example)

combination of tools can be executed by listing the names of each in
the field TOOL in the YAML configuration file. Since output
format can vary depending on the tool, we provide a script to
standardize the VCF to work downstream. The only requirement
is that the vcfR R package can interpret the original output VCF
file. An example of rules to run and standardize the output of a
generic SV tool is shown in Fig. 3. Basic SV information for the
next steps is extracted, and the original information is stored.
The VCF standardized results from different tools are then
merged per sample using SURVIVOR [32] with (customizable)
parameters set by default as
l

breakpoint_dist ¼ 500 # max distance between breakpoints.

l

min_num_calls ¼ 1 # Minimum number of supporting callers.

l

use_type ¼ 1 # Take the type into account (1 ¼¼ yes, else no).

l

use_strand ¼ 1 # Take the strands of SVs into account (1 ¼¼
yes, else no).
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l

l

dist_based ¼ 0 # Estimate distance based on the size of SV
(1 ¼¼ yes, else no).
min_sv_size ¼ 50 # Minimum size of SVs to be taken into
account.

3.5.3 Genotyping

The genotyping module takes the merged tool results for each
sample and merges them across all samples (creating a population
SV call set of merged tools) using SURVIVOR. Genotypes are
ignored, and only the variant types and positions are considered
for joint genotyping.
In addition to genotyping SVs discovered, customizable SV
panels can be included and merged into the discovery set. These
additional SVs can be generated from different samples and
sequencing technologies (e.g., long-reads) as long as the results
are in a VCF format. Such variants may not be discovered by the SV
callers but may be genotyped using graph-based approaches. We
include an example to generate the SVs from diploid assemblies
using SVIM [33] that can be included in the SV set for genotyping
(more details in the study case 1).
After merging the discovery and, optionally, the custom SVs,
into one unique set, the genotyping is performed separately for
each sample using GraphTyper genotype_sv [34]. This step forces
genotyping on all SVs for each sample by looking for evidence
support from its respective alignment BAM files. Later, each genotyped sample is merged again into a single populational call set
using GraphTyper merge.

3.5.4 Annotation

The final SV call set can then be annotated using svtk annotate [35],
using a customizable set of annotations in BED file format. By
default, only basic gene-level annotations are applied from a given
Gencode GTF file. SV consequences’ definitions such as Loss of
Function (LOF), Intragenic Exonic Duplication (DUP_LOF),
Whole-Gene Copy Gain (COPY_GAIN), and Whole-Gene
Inversion (INV_SPAN) are the same described at gnomAD-SV
consortium [1]. An example of brain-relevant annotations is
described in the study case 2.

3.6

This section proposes a study case to leverage SVs discovered using
long-read assemblies to help identify SVs using short-read data. For
this example, we will perform SV discovery in the Ashkenazi Jewish
trio (HG002-son, HG003-father, and HG004-mother) samples
from the Personal Genome Project. In addition, we will use the
diploid assembly for the HG002 son, generated from the Human
Genome Structural Variation Consortium (HGSVC) [21]. Detailed
data description is provided in Subheading 2. For proposes of this
example, the analysis will be restricted to chromosomes 22, X, and
Y. However, it can be easily expanded to the whole genome.

Study Cases

3.6.1 Study Case 1:
Improving SV Detection
with the Assistance of SV
Reference Panel

snakeSV
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A supporting script can be used to download and preprocess
files required for running this analysis (including reference
genomes):
# Make sure snakeSV is installed
conda activate snakesv_env
#

Clone

snakeSV

repogit

clone

https://github.com/Raj-

LabMSSM/snakeSV.git
# Download and process short read data from AJ trio
(results will be saved in a folder named "data")
sh example/aj_trio/01_prepare_short_read.sh
sh example/aj_trio/02_download_gtf_annotation.sh

Next, run the following script to download the long-read
diploid assemblies for HG002 and align them to the chromosomes
22, X, and Y of the human reference genome (GRCh37) using
minimap2. The script will also discover SVs using svim-asm [36].
# Download and process long-read assemblies from trio
son HG002
sh example/aj_trio/03_prepare_long_read.sh

The resulting VCF file can then be added to the snakeSV config.
yaml, as follows:
SV_PANEL:
- " data/sv_panel/hg002/variants.22XY.vcf.gz"

Then, the pipeline can be run as described below. A preconfigurated config.yaml file is given and can be used to run the analysis.
Results will be saved in a folder named “results_study_case_1”.
snakeSV --configfile example/aj_trio/study_case_1/config.
yaml -pr --cores 1 --use-conda

snakeSV will use SVs discovered from the assemblies and
merged with SV discovered with short-reads in a unique SV call
set. These SVs will then be genotyped using GrapthTyper in the
same way as the standard running. The performance of each sample
can then be compared to the GiaB v0.6 Tier 1 SV benchmark
(HG002) using truvari [37]. Results show that many SVs discovered using long-read assemblies can be genotyped using short-read
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Table 1
Benchmarking SVs identified in the chr22 + X + Y using different approaches and samples
#SVs

Precision

Recall

F1

462

92%

96%

94%

HG002

123

89%

25%

40%

HG003

120

65%

18%

28%

HG004

129

63%

19%

29%

HG002

332

93%

72%

82%

HG003

274

82%

52%

64%

HG004

295

82%

56%

67%

Assembly-derived SVs
HG002
Short-reads: discovery only

Short-reads: discovery + assembly-derived SVs

data, with no impact in precision. For the HG002 sample, for
example, was observed an increase in recall from 25% to 72%,
while for parental genomes increased from 18% to 52% for H003
and from 19% to 56% for HG004 (Table 1).
3.6.2 Study Case 2:
Interpreting Impact of SVs
in the Human Brain

Genetics of brain diseases and traits often have tissue-cell-specific
effects [29]. In this study case, we will show how to easily add celltype-specific enhancer information to improve interpretation of
SVs in a brain disease context. In snakeSV, users can input customizable annotations in BED file format. We will use the H3K27ac
peaks data to check for overlaps with SVs coordinates. The BED file
needs some manipulation, as svtk requires the following columns
(chr, start, end, element_name). For this example, we will use the
same files from study case 1, so the following chunk of code can be
ignored if already executed.
# Make sure snakeSV is installed
conda activate snakesv_env
# Download and process short read data from AJ trio
(results will be saved in a folder named "data")
sh example/aj_trio/01_prepare_short_read.sh
sh example/aj_trio/02_download_gtf_annotation.sh
sh example/aj_trio/03_prepare_long_read.sh

snakeSV
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In addition, we will obtain cell-specific ChIP-seq data from
Nott et al. [29]. Use the supporting script to download and process
data accordingly.
sh example/aj_trio/04_download_custom_annotation.sh

Next, add the paths to these files into our configuration file:
ANNOTATION_BED:
- "data/annotation/custom/astrocytes_H3K27ac.bed"
- "data/annotation/custom/microglia_H3K27ac.bed"
- "data/annotation/custom/neurons_H3K27ac.bed"
- "data/annotation/custom/oligodendrocytes_H3K27ac.bed"

A preconfigurated “config.yaml” file is given and can be used to
run the analysis. Then, the pipeline can be run as described below.
Results will be saved in a folder named “results_study_case_2”.
snakeSV --configfile example/aj_trio/study_case_2/config.
yaml -pr --cores 1 --use-conda

After running the pipeline, the annotated VCF file will include
in the INFO field the labels NONCODING_BREAKPOINT and
NONCODING_SPAN if the SV overlaps any of the H3K27ac
peaks. This information can be summarized in combination with
other basic annotations, as in Fig. 4. From our example dataset,
from 1095 SVs (QUAL>0) identified in chromosomes 22, X, and
Y of the sample HG002, we found 59 SVs overlapping at least one
brain cell peak.

H3K27ac

Neurons
Oligodendrocytes
Microglia
Astrocytes
CONSEQUENCE
REGION
SVLEN

X:200203
X:47093162
22:45636666
22:51135968
22:50714780
22:50714831
22:50585604
22:18394639
22:31045466
X:95962219
22:50836401
22:50835998
22:50836167
22:50713294
22:20255837
22:45321906
X:143410257
X:204901
22:49715778
22:49016536
22:48716117
22:47487201
22:47083172
22:47076483
22:47026746
22:47024372
22:44232033
22:43828701
22:44218538
22:17850265
22:43549020
22:45625201
22:46363334
22:51154437
22:18317916
22:39157884
X:2608685
X:128918879
X:117628859
X:40505174
X:30662411
X:2550050
X:1413774
X:1393469
X:1390106
X:1389795
22:50628119
22:43549325
22:43292348
22:42335844
22:37259655
22:39469286
X:152648024
X:951315
22:47017473
22:46570163
22:45057006
22:18047360
22:33210310

SVTYPE

CONSEQUENCE
SVLEN
DUP_PARTIAL
3000

SVTYPE REGION
INTERGENIC
DEL
INTRONIC
DUP
UTR
INS

2000
1000
0

SV position

Fig. 4 SVs overlapping H3K27ac peaks in specific cell types of the brain. 59 SVs identified in chr22 + X + Y of
the sample HG002 with overlapping coordinates with histone acetylation peaks. Information of SV type and
size and genomic annotations are also shown for each variant
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Notes
Mobile Element Insertions (MEI): Specific Mobile Element
Insertions (MEI) discovery tools, such as MELT [2, 38, 39], are
not included in snakeSV by default. However, tools like that can
also be easily integrated into the pipeline. A set of preconfigured
rules is distributed in the GitHub repository (at “workflow/rules/
tools/melt.smk”) for running MELT. The only requirement is for
the user to only download the tool and set up the folder structures
accordingly.
Similar tools: There are other methods and pipelines already
published to integrate SV discovery tools. We highlight here some
similarities and differences between them and snakeSV.
sv-callers [40] is a highly portable Snakemake workflow that
enables parallel execution of multiple SV detection tools and provides users with example analyses of detected SV call sets in a
Jupyter Notebook. The workflow is more flexible than snakeSV as
it also includes support for somatic variation detection. However,
sv-callers currently does not provide additional downstream steps
such as joint genotyping and SV annotation.
Parliament2 [41] runs a combination of tools in parallel to
generate structural variant calls on whole-genome sequencing data.
It can run the following callers: Breakdancer, Breakseq2, CNVnator,
DELLY, Manta, and Lumpy. Parliament2 will produce the outputs
of each of the tools for subsequent investigation. It also genotypes
candidates using SVTyper and merges these tools with SURVIVOR.
Although Parliament2 includes a higher number of tools, it does
not give support for custom SVs candidate sets for genotyping.
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Chapter 2
Detecting Tandem Repeat Expansions Using Short-Read
Sequencing for Clinical Use
Mark F. Bennett, Arianna Tucci, and Melanie Bahlo
Abstract
Repeat expansion disorders are a unique class of genetic diseases caused by expansions of short tandem
repeats. Until recently, these pathogenic variations were detected with locus-by-locus lab-based methods
leading to underascertainment and were thought to be undetectable by short-read sequencing. Repeat
expansion disorders present with a diverse set of phenotypes including overlap with several common
complex neurological disorders; hence, the importance of their detection is becoming increasingly
recognized.
Recently bioinformatic methods have been developed that can detect both known and novel repeat
expansions in standard short-read whole exome and whole genome sequencing data. In this chapter, we
review how these methods work, why they need to be incorporated into all whole genome sequencing
pipelines, and future directions in repeat expansion disorder genomic analysis.
Key words Short tandem repeats, Repeat expansion disorders, Whole genome sequencing, Whole
exome sequencing, Short-read sequencing, Bioinformatic analysis, Neurodegenerative disorders,
Muscular dystrophies, Genomic medicine
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Introduction

1.1 Repeat
Expansion Diseases

Repetitive DNA sequences cover nearly half of the human genome.
Short tandem repeats (STRs), also known as microsatellites, are one
of the most abundant types of variation in the human genome with
repetitive elements of 2–6 nucleotides in length, which in total
comprises 3% of the human genome [1]. Due to their repetitive
structure, STRs have elevated germline mutation and polymorphism rate [2], resulting in either an increase (expansion) or
decrease (contraction) in the number of motif repeats. Although
the majority of repeats appear to be nonfunctional, others play a
significant part in medical genetics [3].
Repeat expansion (RE) disorders are a large group of genetically and phenotypically heterogeneous disorders caused by
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Fig. 1 Timeline of discoveries for REs. Hatched bar proportions denote those discoveries due to REs that do not
appear as STRs in the human genome reference, which we call “insertional REs.” Different colors indicate
motif content of REs

expansions of STRs. The list of diseases associated with expansions
of STRs has grown over the years with a noticeably more rapid rate
of discovery in the last few years (Fig. 1). REs are now recognized as
a major cause of neurogenetic diseases such as Huntington’s disease, fragile-X syndrome, and c9-motor neuron disease/frontotemporal dementia. The genetics of RE disorders are complex and
heterogeneous. All are associated with an increase in the number of
repetitive short tandem DNA sequences, but the repeat motif
involved, the genomic location of the expansion, the thresholds
for pathogenicity, and the mode of inheritance for each disorder are
locus specific (Table 1). The expansions themselves are characterized by molecular instability that can result in substantial changes in
size both across generations (generally increasing in length) and
tissues [4].
RE diseases involve primarily the nervous system, causing a
range of disorders, which include the following:
(i) Neurodegenerative
(a) Spinocerebellar ataxias (SCA), a group of disorders characterized by slowly progressive balance and coordination
problems frequently associated with atrophy of the cerebellum. SCAs are caused by REs in at least 10 different
genes [5]. Friedreich ataxia (FRDA) is the most common
inherited ataxia, characterized by slowly progressive ataxia,
pyramidal weakness, and cardiomyopathy.

Phenotype
OMIM
number

229300

164400

183090

109150

183086

164500

603680

603516

604326

Disease

Friedreich ataxia

Spinocerebellar
ataxia 1

Spinocerebellar
ataxia 2

Spinocerebellar
ataxia 3

Spinocerebellar
ataxia 6

Spinocerebellar
ataxia 7

Spinocerebellar
ataxia 8

Spinocerebellar
ataxia 10

Spinocerebellar
ataxia 12

(A) Reference repeat expansions

Table 1
Known pathogenic REs

Cytogenetic
band
9q13

6p22.3

12q24.12

14q32.12

19p13.13
3p14.1
13q21
22q13.31
5q32

Gene

FXN

ATXN1

ATXN2

ATXN3

CACNA1A

ATXN7

ATXN8
ATXN8OS

ATXN10

PPP2R2B

ATTCT

CAG/CTG

CAG

CAG

CAG

CAG

CAG

GAA

Repeat
sequence

Promotor CAG/CTG

Intron

utRNA

Coding

Coding

Coding

Coding

Coding

Intron

Genomic
region

AD

AD

AD

AD

AD

AD

AD

AD

AR

7–22

Cerebellar ataxia, sensory or
sensorimotor neuropathy
(subclinical)

Cerebellar ataxia, seizures,
cognitive dysfunction

Cerebellar ataxia, pyramidal signs

Cerebellar ataxia, retinal
degeneration

Cerebellar ataxia

Cerebellar ataxia, pyramidal and
extrapyramidal signs,
nystagmus, slow saccadic eye
movements, amyotrophy

280–4500
>66

<66

~107–250

34–>300

21–30

55–84

34–59

10–29

6–37

4–35

4–16

13–36

Cerebellar ataxia, slow saccadic eye 15–29
movements, peripheral
neuropathy, cognitive decline

39–83

>66 >900

Symptomatic
Normal
repeat
repeat
number
number

Cerebellar ataxia, pyramidal signs, 6–39
peripheral neuropathy, cognitive
decline

Early-onset ataxia, muscle
weakness, spasticity, scoliosis,
bladder dysfunction, absent
lower-limb reflexes, loss of
position and vibration sense,
cardiomyopathy, diabetes

Mode of
Phenotypic
inheritance
spectrum

(continued)

E, PW, W

PW, W, D

E, PW, W, D

PW, W, D

E, PW, W, D

E, PW, W, D

E, PW, W, D

E, PW, W, D

PW, W, D

NGS
platform
feasibility

20p13

12p13.31

4p16.3

16q24.3

NOP56

ATN1

HTT

JPH3

NOTCH2NLC 1q21.2

614153

125370

143100

606438

603472

Dentatorubralpallidoluysian
atrophy

Huntington
disease

Huntington
disease-like 2

Neuronal intranuclear
inclusion disease
(NIID); hereditary
essential tremor
6 (HET6)

Spinocerebellar
ataxia 36

6q27

607136

Spinocerebellar
ataxia 17

TBP

Table 1
(continued)

CAG/CTG

CGG

50 UTR

CAG

CAG

GGCCTG

CAG

Exon

Coding

Coding

Intron

Coding

AD

AD

AD

AD

AD

AD

<55
NIID: pyramidal and
extrapyramidal symptoms,
cerebellar ataxia, cognitive
decline, dementia, peripheral
neuropathy, and autonomic
dysfunction. HET6: kinetic
and/or postural tremor of the
upper limbs. Possible
involvement of the head, trunk,
lower limbs, and/or voice

55–200

>50

<50
Chorea, movement disorder,
psychiatric disturbances
including changes in personality
and depression;
progressive dementia

49–88

1500–2500

45–66

36–180

7–25

3–8

25–44

6–34
Late-onset form: progressive
chorea, bradykinesia and rigidity
(later in disease course), ataxia,
dementia, depression,
personality change
Juvenile form: seizures, rigidity,
regression

Cerebellar ataxia, myoclonus,
choreoathetosis, seizures,
dementia

Cerebellar ataxia, muscle
fasciculations, tongue atrophy,
hyperreflexia

Cerebellar ataxia, dementia,
chorea, dystonia, myoclonus,
epilepsy. Less frequent:
psychiatric, pyramidal, rigidity

E, PW, W

E, PW, W

E, PW, W, D

E, PW, W, D

W, D

E, PW, W

9p21

Xq12

19q13.32

3q21.3

14q11.2

8q22.3

19p13.12

C9orf72

AR

DMPK

CNBP

PABPN1

LRP12

GIPC1

NUTM2B-AS1 10q22.3
LOC642361

105550

313200

160900

608768

164300

618637

618940

618637

Frontotemporal
dementia and/or
amyotrophic
lateral sclerosis

Spinal and bulbar
muscular atrophy
of Kennedy

Myotonic
dystrophy 1

Myotonic
dystrophy 2

Oculopharyngeal
muscular
dystrophy

Oculopharyngodistal
myopathy 1

Oculopharyngodistal
myopathy 2

Oculopharyngeal
myopathy with
leukoencephalopathy
1

utRNA

Coding

utRNA

Coding

CGG

GGC

CGG

GCG

CCTG

CTG

30 UTR

Intron

CAG

GGGGCC

Coding

Intron

AD

AD

AD

AD

AD

AD

XL

AD

75–11,000

<27

>90

>73

~500

<32
Distal muscle weakness,
ophthalmoplegia, dysphagia,
dysarthria, bulbar muscle
weakness, facial muscle weakness
<16
Ptosis, restricted eye movements,
dysphagia, and dysarthria

Ptosis, external ophthalmoplegia,
facial muscle weakness, muscle
weakness, dysphagia, dysarthria

>45

>12–17

>50–>2000

40–62

>500–~3000

5–37

11–24

<30

Ptosis, dysphagia, tongue atrophy <10
and weakness, chewing
difficulties, facial muscle
weakness, axial muscle weakness,
proximal limb girdle weakness
(lower limbs)

Myotonia, muscle weakness,
cardiac conduction
abnormalities, diabetes,
cataracts

Myotonia, muscle weakness and
wasting, cataract, cardiac
conduction abnormalities,
diabetes. Congenital form:
hypotonia, respiratory
insufficiency, and early death;
intellectual disability

Skeletal muscle atrophy and
weakness, bulbar signs,
gynecomastia. Affects males
only

Motor neuron disease,
frontotemporal dementia,
atypical Parkinson’s disease

(continued)

PW, W

E, PW, W

E, PW, W

E, PW, W

PW, W, D

E, PW, W, D

E, PW, W, D

W, D

18q21.2

TCF4

613267

615777

Fuchs endothelial
corneal dystrophy 3

Desbuquois dysplasia 2a

Phenotype
OMIM
number

Spinocerebellar ataxia 31 117210

Disease

(B) Insertional repeat expansions
Cytogenetic
band

16q21

Gene

BEAN

16p12.3

2q32.2

GLS

618412

Global developmental
delay, progressive
ataxia, and elevated
glutamine

XYLT1

12q13.12

DIP2B

136630

FRA12A mental
retardation

Xq28

AFF2

309548

FRAXE mental
retardation

Xq27.3

FMR1

309550

FMR1-related disorders

21q22.3

254800

Progressive myoclonic
epilepsy 1A

CSTB

Table 1
(continued)

CGG
CAG

50 UTR
50 UTR

Intron

Genomic
region

TAAAA

Repeat
in
reference
genome

Promotor GGC

CTG

CCG

50 UTR

Intron

CGG

(C)4G(C)
4GCG

50 UTR

Intron

TGGAA

Inserted
repeat

AR

AD

AR

AD

XL

XL

AR

10–40

>16

6–23

6–25

6–52

2–3

AD

Cerebellar ataxia,
brisk reflexes

Mode of
Phenotypic
inheritance
spectrum

W, D

>~100

NA

>500

PW, W

NGS
platform
feasibility

E, PW, W, D

E, PW, W, D

W

W

W, D

PW, W

50–1300

>~600

>350

>200

55–>2000

30–75

Symptomatic
Normal
repeat
repeat
numberb
number

Short stature, facial dysmorphisms, 9–20
developmental delay, skeletal
dysplasia

Endothelial corneal dystrophy

Global developmental delay,
progressive ataxia

Intellectual disability

Intellectual disability

Intellectual disability (>200
repeats); cerebellar ataxia,
intention tremor, cognitive
impairment (55–200 repeats)
hypergonadotropic
hypogonadism in women
(55–200 repeats)

Early-onset
myoclonus, ataxia,
seizures

4p14

8q24

2q11.2

5p15.2

3q27.1

16p12.1

4q32.1

RFC1

SAMD12

STARD7

MARCHF6

YEATS2

TNRC6A

RAPGEF2

614575

Familial adult myoclonic 601068
epilepsy 1

Familial adult myoclonic 607876
epilepsy 2

Familial adult myoclonic 613608
epilepsy 3

Familial adult myoclonic 615127
epilepsy 4

Familial adult myoclonic 618074
epilepsy 6

Familial adult myoclonic 618075
epilepsy 7

Intron

Intron

Intron

Intron

Intron

Intron

Intron

Intron

TTTTA

TTTTA

TTTTA

TTTTA

TTTTA

TTTTA

TTTTC

ATTTT

TTTCA

TTTCA

TTTCA

TTTCA

TTTCA

TTTCA

TTCCC

ATTTC

AD

AD

AD

AD

AD

AD

AR

AD

Cortical
myoclonus,
seizures

Cortical
myoclonus,
seizures

Cortical
myoclonus,
seizures

Cortical
myoclonus,
seizures

Cortical
myoclonus,
seizures

Cortical
myoclonus,
seizures

Cerebellar ataxia,
bilateral
vestibulopathy,
sensory
peripheral
neuropathy

Cerebellar ataxia,
brisk reflexes

NA

NA

NA

NA

NA

NA

NA

NA

(TTTTA)exp
(TTTCA)exp
(TTTTA)n

(TTTTA)22
(TTTCA)exp
(TTTTA)exp

(TTTTA)819
(TTTCA)221

(TTTTA)
~200
(TTTCA)
~600

(TTTTA)376
(TTTCA)274

PW, W

PW, W

PW, W

PW, W, D

PW, W, D

PW, W, D

PW, W, D

>400

(TTTTA)446
(TTTCA)149

PW, W

(ATTTT)>58
(ATTTC)exp
(ATTTT)>58

OMIM Online Mendelian Inheritance in Man database of human genes and genetic disorders (https://www.omim.org), AD autosomal dominant, AR autosomal recessive, XL X-linked.
Platform feasibility column indicates REs detectable using typical WES (E), PCR+ WGS (PW), PCR-free WGS (W), and those confirmed to be detectable with NGS (D)
a
Desbuquois dysplasia 2 was originally known as Baratela-Scott syndrome
b
The pathogenic repeat size for some complex insertional expansions is unknown or poorly characterized. We list the smallest reported pathogenic expansion size or “exp” when this size is
unknown

Cerebellar ataxia,
neuropathy, and
vestibular areflexia
syndrome

1p32.2

DAB1

Spinocerebellar ataxia 37 615945
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(b) Huntington disease (HD) and HD-like presenting with
chorea, personality changes, rigidity, and also ataxia and
parkinsonism.
(c) Dentatorubral-pallidoluysian atrophy (DRPLA), a progressive disorder of ataxia, myoclonus, epilepsy, and progressive intellectual deterioration.
(d) Frontotemporal dementia and amyotrophic lateral sclerosis (ALS) caused by a hexanucleotide expansion in intron
1 of C9orf72 [6].
(ii) Neuromuscular
(a) Myotonic dystrophies: multisystemic disorders presenting
with a clinical spectrum ranging from late-onset cataract
and myotonia to severe generalized weakness, hypotonia,
and respiratory compromise in the newborn [7, 8].
(b) Oculopharyngeal muscular dystrophy (OPMD), characterized by ptosis and dysphagia due to selective involvement of the muscles of the eyelids and pharynx.
(c) Kennedy disease, characterized by progressive degeneration of lower motor neurons resulting in muscle weakness
and wasting [9].
(d) Amyotrophic lateral sclerosis (caused by an expansion in
C9orf72, as above).
(iii) Myoclonic epilepsies
(a) Progressive myoclonic epilepsy 1A (Unverricht and Lundborg), caused by a dodecamer repeat expansion in CSTB
[10] which is included here for completeness but does not
actually fit the definition of an STR RE, since the motif is
>6 bp.
(b) Familial adult myoclonic epilepsies (FAME) clinically characterized by adult-onset cortical myoclonus and rare seizures, caused by intronic pentanucleotide TTTCA and
TTTTA REs in six different genes: SAMD12, STARD7,
MARCHF6, YEATS2, TNRC6A, and RAPGEF2 [11–
14].
(iv) Neurodevelopmental: one of the common causes of
non-syndromic intellectual disability is fragile X-syndrome,
caused by a RE in the FMR1 gene [15].
Clinically, each RE can present with widely variable phenotypes. REs in C9orf72 can present as either frontotemporal dementia or amyotrophic lateral sclerosis even within the same family
[16]. They have recently been found to also contribute to the
genetic burden of Parkinson’s disease [17]. Machado Joseph disease, caused by a RE in ATXN3, can manifest with a wide range of
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symptoms, including an early-onset dystonia, ataxia, and brainstem
signs in midlife with or without motor neuropathy and ataxia in
later life [18].
The diagnosis of a RE disease can be complicated by the fact
that expansions in different loci can present with overlapping features. For example, expansions in TBP causing spinocerebellar
ataxia type 17 (SCA17) can present as Huntington disease-like
syndromes [19], and expansions in AR, ATXN2 (also causes
SCA2), and C9orf72 can all present as motor neuron disease.
A RE has been described that causes an isolated eye phenotype,
Fuchs endothelial corneal dystrophy (FECD), characterized by
progressive visual loss. The RE involves an intronic CTG expansion
in the TCF4 gene [20]. This RE, while incompletely penetrant, is a
significant risk factor for this corneal disorder. It is a relatively
common RE (~5% frequency in the population, with a frequency
of 79% in Caucasian FECD patients [21]), and unlike most other
REs is tagged by SNPs and thus detectable as a genome-wide
association signal [22].
1.2 Current Gold
Standard Molecular
Methods to Identify
Repeat Expansions

Molecular diagnostic tests are usually performed for confirmation
(or sometimes, exclusion) of a clinical diagnosis of a RE disorder.
Single gene tests are performed based on distinct clinical features or
a family history of a specific RE disease or based on the ethnic
background as this may sometimes be highly suggestive of a specific
hereditary ataxia. For example, the SCA12 expansion in PPP2R2B
is exclusively observed in Asians, as is the FAME1 expansion in
SAMD12. When clinical features or family history is not suggestive
of a specific autosomal dominant ataxia, a multigene panel named
tethering PCR is performed, allowing identification and sizing of
REs in ATXN1, ATXN2, ATXN3, CACNA1A, and ATXN7
[23]. Because of clinical overlap among many forms of RE disorders, such as the spinocerebellar ataxias or the myoclonic epilepsies,
multiple tests are frequently performed for those patients put forward for the molecular diagnosis, representing a cost and time
burden with a need for greater efficiencies to ensure improved RE
diagnosis. Furthermore, the number of genes associated with REs
continues to increase (Fig. 1).
The current gold standard methods for molecular testing of RE
disorders are PCR-based assays and Southern blotting. The method
and workflows vary based on the suspected RE disease, the RE
mutation involved, and the size of the expansion.
The two PCR-based methods most commonly employed are
PCR using flanking primers and repeat-primed-PCR (RP-PCR).
PCR using flanking primers consists of amplification of the repeatcontaining region and subsequent analysis of the amplification
products by gel or capillary electrophoresis. This method can estimate the size of repeats up to about 300 nucleotides [24]. RP-PCR
uses a locus-specific flanking primer along with a paired repeat
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primer that amplifies from multiple sites within the repeat. These
primers bind randomly to the repeat, and, in combination with a
primer outside the repeat followed by PCR, result in a pool of DNA
fragments which are then analyzed by capillary electrophoresis.
RP-PCR enables the identification of large REs that cannot be
amplified using primers that flank the repeat region [25]. The
main disadvantage of RP-PCR method is that it does not permit
the exact repeat size to be determined.
Southern blot procedure involves initial DNA fragmentation
by restriction enzymes to generate DNA fragments. The fragments
are then separated according to length by agarose gel electrophoresis and transferred to a nylon or nitrocellulose membrane. The
immobilized DNA fragments are then detected by hybridization
with a specific probe targeting the repeat of interest that can be
labelled with radionucleotides or chromogens. An X-ray film is then
applied and exposed to radiation. Analysis of a RE by Southern blot
allows accurate size determination; however, the procedure is
labor-intensive and requires large amounts of DNA (5–10
micrograms).
Often, more than one method is used because no single
method can characterize all aspects of a RE mutation [26]. For
example, molecular diagnosis of fragile X syndrome can involve a
RP-PCR test to identify expanded alleles as well as a Southern blot
for expanded alleles. Further, for REs caused by an expansion of a
CAG sequence, if a sample appears homozygous for a normal allele
by standard PCR testing using flanking primers, additional testing
is recommended to exclude the possibility that an expanded allele
was not identified by PCR [27].

2

Methods

2.1 Next-Generation
Sequencing

Short-read next-generation sequencing is frequently performed for
genetic diagnosis due to its power to identify rare, disease-causing
variants and affordability (<$1000 USD). Whole exome sequencing (WES) targets the ~2% of the genome that contains protein
coding regions, which are enriched for disease-causing variants
relative to the rest of the genome [28]. However, as sequencing
costs continue to decrease, whole genome sequencing (WGS) is
becoming increasingly common. Recent large-scale projects have
analyzed sequencing data for tens of thousands of individuals [29–
32].
Currently, typical short-read DNA sequencing (WES or WGS)
generates 150 base pair (bp) paired-end reads. Before sequencing,
DNA is fragmented into pieces which are typically 400–500 bp in
length. These fragments are sequenced from both ends toward the
middle, generating a pair of sequencing reads from each DNA
fragment. WES requires additional library preparation steps to
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capture reads that originate from coding regions. The bioinformatic RE methods described in this chapter were all designed
primarily to be used with PCR-free WGS and perform best in this
context; however they have also been used to analyze WES or WGS
data that involved PCR during library preparation.
PCR amplification introduces a bias which depends on the GC
content across each region of the genome. Regions with extremely
high or low GC content will have poorer coverage. This is particularly relevant as the repeat motifs for a number of known RE
disorders are mainly composed of GC bases. For example, fragileX syndrome is one of a number of RE disorders with a CGG motif
and the hexanucleotide expansion in C9orf72 is another repeat with
100% GC content. Furthermore, WES has significantly variable
coverage exon to exon and close to zero coverage outside protein
coding regions. Depending on the design of the specific exome
capture kit, up to half of the known REs may have sufficient
coverage to detect REs. However, many disease-causing REs lie
outside of these regions and are not able to be assessed using WES
data. Table 1 provides details on which REs are detectable with
different types of NGS platform.
2.2 Detection of
Repeat Expansions
from Next-Generation
Sequencing Data

Several bioinformatic tools have now been developed that are
capable of identifying disease-causing REs in NGS data
[33]. These include ExpansionHunter [34, 35], exSTRa [36],
STRetch [37], TREDPARSE [38], and GangSTR [39]. These
methods vary in the strategies used to identify REs but all perform
a targeted search over a prespecified database of known STRs,
typically the STRs known to be associated with disease. ExpansionHunter Denovo [40] is a method that searches genome-wide for
novel REs with no prior knowledge. A forerunner of these methods, TRhist [41] searches for repeat motifs which are enriched for
expansions and was used to discover several novel REs
[11, 42]. However, in contrast to the other methods, TRhist
analyzes unaligned sequence data and requires additional manual
processing to identify the genomic regions harboring novel REs.

2.2.1 Detection of
Repeat Expansions from a
Target Set of Known
Disease-Causing STRs

The majority of methods developed to date to identify REs with
short-read NGS data target a set of known STRs. These methods
can be separated into two general classes: genotyping and outlier
(Table 2). Genotyping methods aim to determine, or estimate, the
repeat size (number of copies of the STR motif) on each allele.
Outlier methods identify expansions by comparing the distribution
of repeat content for an individual to a larger cohort and searching
for outliers. Both classes use similar approaches to target STRs of
interest by locating sequencing reads that align to flanking DNA in
a window surrounding the STR itself. These “anchor” reads are
used to identify paired mate reads which overlap the STR, for
example, as described by Dolzhenko et al. [34]. Directly identifying

Linear (~seconds
per locus)

Linear (<second
per locus)

Search genomewide(~CPU
hour)

Yes

Yes

Yes

Yes

exSTRa

STRetch

TREDPARSE

GangSTR

ExpansionHunter No
Denovo

No (estimate size of
largest expanded
allele only)

Outlier

Outlier (casecontrol or
outlier tests)

Genotyping
No (estimate size of
largest expanded
allele only)

Yes

Yes

No

Yes

No

Yes

Yes

No

Yes

Yes

Detect
expansions
Predict size of both below read
alleles
length

Outlier

Genotyping

Method class

Genotyping
Search built-in
catalogue (~CPU
minutes)

Realign and search
genome-wide
(~CPU days)

Linear (~seconds
per locus)

Computational
expense

ExpansionHunter Yes

Software

Requires
repeat
database

Table 2
Bioinformatic methods for RE detection

Targets expansions larger than the read
length

Maximum size threshold (300 repeats)

Detect expansions mapping to decoy
chromosome (limited for expansions
below read length)

Comments
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sequencing reads that originate from within a large STR expansion
can be challenging as they often map poorly to the reference
genome or are unaligned. Both genotyping and outlier detection
approaches have strengths and weaknesses and several studies
found that a consensus approach, combining predictions from
multiple tools, outperformed any single method alone [36, 43].
Genotyping Methods

There are several genotyping methods for estimating the size of
STR expansions, including ExpansionHunter [34, 35], TREDPARSE [38], and GangSTR [39]. These methods all use a similar
approach to predict the repeat size. Sequencing reads that overlap
the target STR are divided into several different classes. “Spanning”
reads, where the repeat lies entirely within read, enable the exact
size of the repeat to be determined. “Flanking” reads, that partially
overlap the repeat, and “in-repeat” reads, that lie entirely within the
repeat, are used to estimate the repeat size and confidence interval.
Genotyping methods estimate the repeat sizes of targeted STRs
for a single WGS sample, which can be compared to known
STR-specific pathogenic thresholds to predict individuals who
have a RE disorder (or intermediate-sized risk allele). However,
the precise pathogenic threshold is uncertain for recently identified
disease-causing expansions and unknown when searching for novel
STRs that may be associated with disease. Repeat sizes estimated by
ExpansionHunter have been shown to have high accuracy up to the
read length [31]. For some large expansions (e.g., DMPK or
C9orf72), genotyping methods predicted that a sample was
expanded (above the normal size range), however underestimated
the actual size of the repeat [31].

Outlier Methods

Two targeted outlier methods have been developed: exSTRa [36]
and STRetch [37]. In contrast to the genotyping methods
described above, these have less in common with each other and
employ different strategies to identify relevant reads, assess the
distribution of repeat content, and identify outliers. Outlier methods do not use existing knowledge of pathogenic thresholds and
thus are unable to distinguish between intermediate-sized and
pathogenic expansions, which are both called as outliers. However,
they are able to search for expansions at any STR, not just those
disease-causing STRs where the pathogenic threshold is known.
The results from the genotyping methods can also be reinterpreted
and used as input for outlier detection but this is not implemented
and requires additional, bespoke analyses.
Similar to the genotyping methods, exSTRa locates reads that
align to a region surrounding the target STR. exSTRa analyzes the
distribution of repeat content and tests for individuals who are
outliers compared to the remainder of the samples in a cohort or
a separate control cohort. exSTRa also generates empirical
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cumulative distribution functions, which can also be used to visually inspect results to identify outliers or possible false positives.
STRetch employs a different strategy, using a custom reference
genome which includes additional “decoy” chromosomes that
contain large 2000 bp sequences corresponding to all possible
STR motifs up to 6 bp in size. Larger motifs are possible; however,
the number of decoy chromosomes required to cover all permutations rapidly expands and becomes unfeasible. In contrast to the
other methods, which use previously aligned data, STRetch remaps
the sequencing data to its custom reference genome. This is a
significant computational burden; however, once this decoy alignment step has been performed, STRetch can search any STR
genome-wide for expansions and test multiple sets of STRs without
additional realignment. Reads consisting entirely of repeat
sequence are expected to preferentially map to the decoy chromosomes rather than the reference genome. As a result, expansions
where the pathogenic threshold is below the read length, such as
SCA6, may not be identified by STRetch. For each target STR, the
number of reads where the paired-read mate aligns to the decoy
chromosome with the corresponding motif is recorded, and outliers are identified using a likelihood ratio test.
2.2.2 Discovering Novel
Repeat Expansions

The targeted RE methods described above require a prespecified
database of known STRs, which are searched one at a time for
evidence of expansions (Table 2). Commonly, they use a database
of STRs known to be associated with disease; however larger databases, such as the catalogue of all STRs in the human genome, can
be used to search for novel REs. Many of the recently discovered
pathogenic REs are insertional expansions, where the pathogenic
repeat motif is not present in the reference genome or in unaffected
individuals (Table 3). ExpansionHunter Denovo [40] is a bioinformatic method developed to search genome-wide for novel REs
without the use of prior information and is the only method capable
of discovering this class of insertional REs. Since 2018, nine out of
14 novel RE discoveries are of this type, illustrating their emerging
importance (Fig. 1). Most of these are pentamer insertional REs
which cause FAME [11–14], but this group also includes the novel
recessive expansion that causes cerebellar ataxia with neuropathy
and vestibular areflexia syndrome (CANVAS) [44, 45].
In order to identify known REs as well as this new class of
insertional REs, ExpansionHunter Denovo performs a genomewide scan of WGS data to identify reads that contain (nearly)
100% repeat content; see Dolzhenko et al. [40] for details. Following this initial genome-wide search, two types of cohort level
analyses can be performed: case-control and outlier. Case-control
analysis is appropriate when case samples are expected to be somewhat homogenous with a predominant RE, for example, searching
for the C9orf72 expansion in a cohort of motor neuron disease

Candidate gene
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Linkage
Linkage
Linkage

DBQD2

GDPAG

CANVAS

NIID

NIID, OPML1, –
OPDM1

FAME2

van Kuilenburg
et al. (2019)
[61]

Cortese et al.
(2019) [44]

Rafehi et al. (2019) CANVAS
[45]

NIID

LaCroix et al.
(2019) [60]

Tian et al. (2019)
[62]

Sone et al. (2019)
[63]

Ishiura et al.
(2019) [42]

Corbett et al.
(2019) [12]

Linkage

Linkage

Validation Discovery

Validation Discovery

Validation –

Validation –

Validation Discovery

Validation Discovery

Validation Discovery

Discovery Discovery

Validation Discovery

FAME1

Cen et al. (2018)
[59]

Linkage

Validation Discovery

Linkage

FAME1,
FAME6,
FAME7

Ishiura et al.
(2018) [11]

Short-read
DNA-Seq

Discovery –

Directed search:
RP-PCR/
linkage/candidate gene southern
Linkage

OMIM disease
abbreviation

Seixas et al. (2017) SCA37
[58]

Publication

Table 3
Discovery methods used for recent novel RE discoveries
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–

–
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–

Long-read
DNA-Seq
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exSTRa, STRetch

TRhist

Tandem-genotypes

–

ExpansionHunter
Denovo

–

ExpansionHunter

STRetch

ExpansionHunter

TRhist

–

Bioinformatic RE
methods used

No

Yes

Yes

Yes

No

No

Yes

No

No

No

No
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FAME4

Yeetong et al.
(2019) [14]

Validation –

Validation Discovery

Short-read
DNA-Seq

Linkage (performed later Validation –
for confirmation)

Linkage

Linkage

Directed search:
RP-PCR/
linkage/candidate gene southern

Discovery

Discovery

Validation

Long-read
DNA-Seq

repeatHMM

Tandem Repeats
Finder

ExpansionHunter,
exSTRa, STRetch

Bioinformatic RE
methods used

Yes

No

No

Pathogenic repeat in
reference genome

Summary of approaches used for novel RE discoveries from 2017 to 2020, highlighting which methods were used to discover RE and which others were used to validate finding.
References for bioinformatic methods listed: TRhist [41], ExpansionHunter [34], STRetch [37], ExpansionHunter Denovo [40], tandem-genotypes [51], exSTRa [36], Tandem
Repeats Finder [56], and repeatHMM [57]

Deng et al. (2020) OPDM2
[64]

FAME3

OMIM disease
abbreviation

Florian et al.
(2019) [13]

Publication

Table 3
(continued)
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patients. Case-control analysis is also relevant for multiple families
with the same phenotype showing genetic linkage to a shared
region of the genome or even multiple affected individuals within
a large family. However, many disease sequencing cohorts are
expected to be heterogeneous. In this instance the putative RE is
only anticipated to be present in a small number of individuals, and
outlier analysis is the appropriate method to identify individuals
with large expansions.

3
3.1

Notes
Workflow

We present a workflow of a RE analysis for either a cohort of patient
samples or a single individual in Fig. 2. We have also made available

WGS or WES from
patient sample/cohort

Targeted RE detection

Novel RE discovery

Fig. 2 Workflow for RE detection. A practical workflow to discover known and novel REs in a cohort
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Fig. 3 Visualizing RE analysis results. Results for several STR loci, for the example workflow. Samples with
known expansions at the locus are displayed using larger points and thicker lines. (a) Spinocerebellar ataxia
3 (SCA3) displays expanded sample (orange) predicted to exceed pathogenic threshold (red dashed line) by
ExpansionHunter and appears as outlier shifted right by exSTRa. (b) SCA3 pile-up for expanded sample shown
in panel a. (c) Friedreich’s ataxia (FRDA) shows sample (green) with recessive expansion. (d) Huntington
disease (HD) locus with no expanded samples

an example cohort and scripts describing an analysis of the dataset
published in Dashnow et al. [37]. This permits familiarization with
RE detection for laboratories wishing to introduce RE detection
into their pipeline. Example output for several loci with REs present
(SCA3, FRDA) and a locus without REs (HD) is shown in Fig. 3.
This workflow is available at https://github.com/bahlolab/
STR_Expansions_Example_Workflow
3.2 Quality Control/
Post Hoc Curation to
Further Improve
Sensitivity and
Specificity

Visual inspection of WGS variants such as copy number variants
using tools like Integrative Genome Viewer (IGV) [46] is standard
practice in clinical-diagnostic laboratories. However, IGV is not
adequate for RE visualization given the significant amount of
inserted sequence relative to the reference genome. To address
this gap, Illumina developed a tool called GraphAlignmentViewer
that creates a visualization of the reads used by ExpansionHunter to
make a genotype call (pile-up graph, Fig. 3b). Using this tool,
Ibanez et al. show that both false positive and negative calls can
easily be identified. In this study, they assessed the performance of
ExpansionHunter for the 13 most common RE loci before and
after visual inspection of all alleles classified as expanded, including
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calls in FXN where only one allele was classified as expanded.
Following visual inspection, the specificity increased from 99.6%
to 100%, and the sensitivity from 97.3% to 99.1% [31]. We suggest
visual inspection of the pile-up graph of targeted STR calls for all
samples predicted to be expanded when using ExpansionHunter.
Examples of pile-up graphs and how to assess them are detailed in
the manuscript by Ibanez et al. [31].
3.3 Insertional REs
Not Present in STR
Catalogues Can and
Should Be Followed Up
with Catalogue-Based
Methods

ExpansionHunter Denovo is the only method capable of identifying novel, potentially disease-causing expansions without prior
knowledge. However, once the repeat motif and region of the
genome have been identified, we recommend following up the
candidate expansion by adding it to the catalogue of STRs. It
should then also be detectable using the targeted RE detection
methods described above. These targeted methods are more sensitive and permit greater post hoc analysis than that currently possible
with ExpansionHunter Denovo. Whether a non-expanded STR is
present or not in the genome makes little difference to the targeted
methods, as we have previously demonstrated [45, 47]. Hence, this
combination of catalogue-free and catalogue-dependent
approaches is recommended when performing discovery of
novel REs.

3.4

Validation with the current gold standard molecular methods of
repeat primed PCR and Southern blot using accredited laboratories
is still required to return results to patients. However, validation is
difficult for rare REs not routinely covered by clinical testing services, e.g., SCA36, relatively recently discovered REs, and very
large expansions (e.g., CANVAS and FAME).

4

Validation Issues

Case Studies
We illustrate the successful applications of the NGS-based RE
detection methods and their clinical impact by referencing the
following three examples in the literature:
A. Detection of a hexamer repeat expansion for SCA36 using WGS.
Rafehi et al. described a three-generation pedigree where the
rare SCA36 expansion was detected with ExpansionHunter
and exSTRa. The RE pipeline returned this result in 3 days
after receiving the WGS data, after decades of unsuccessful
genetic testing. Validation proved difficult due to inability to
find a clinically validated assay for SCA36, a problem often
encountered for the less common REs [48].
B. Analysis of a cohort of 11631 neurological patients from 100,000
Genomes Project Cohort. Ibanez et al. applied ExpansionHunter
to WGS data from patients with suspected genetic neurological
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disorders from four different cohorts: adult patients with a
neurodegenerative disorder (tested for AR, ATN1, ATXN1,
ATXN2, ATXN3, ATXN7, CACNA1A, C9orf72, FXN, and
TBP), pediatric patients with complex intellectual disability
(HTT, ATN1, ATXN2, ATXN3, CACNA1A, and ATXN7),
pediatric and adult patients presenting with intellectual disability and/or muscular dystrophy (tested for DMPK), and pediatric patients presenting with intellectual disability alone
(tested for FMR1). About 68 expansions were confirmed
across all STR loci tested in patients with a consistent phenotype, demonstrating that an STR-aware WGS pipeline can be
successfully deployed to diagnose REs in affected individuals
and that it can be used at scale with a low false positive
rate [31].
C. Detection of HD in a WES adult neurodegenerative diseases
cohort. Eratne et al. reanalyzed 160 patients who had undergone WES analysis using a standard SNV/indel pipeline. They
identified a complex ataxia patient harboring 39 repeats in the
HTT gene, changing the clinical diagnosis to Huntington
disease [49].
4.1 Comments on the
Likely Success of
Detecting REs in a
Patient

5

RE discovery in NGS data relies on adequate read coverage of the
pathogenic RE. This is affected in short-read sequencing by any
bias introduced by the sequencing as described above. This bias
varies in its impact when assayed across the ~20 REs that have so far
been detected with NGS data (not all REs have thus far been
observed). WGS PCR-free data is the gold standard data for
short-read based bioinformatic detection of REs. In Table 1 we
detail the performance (when known) of RE detection with WGS
(PCR and PCR-free) and WES for those REs that have been
observed thus far. As previously commented, size estimation accuracy is contingent upon the size of RE and is very accurate for REs
which are smaller than the read length with increasing reduction in
accuracy for larger REs.

Conclusion
Driven by the new suite of RE bioinformatic discovery tools which
have enabled large-scale, unbiased assessment of whole exome and
whole genome sequencing cohorts, there is now an increasing
appreciation of how pervasive REs are, particularly in neurological
disorders.
Novel REs are being discovered at an increasing pace and still
mainly in neurological disorders, although this may also be, to
some extent, an impression given by the previous, biased, ascertainment of classical, lab-based RE detection methods. The field of RE
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research has received a substantial boost through the development
of the bioinformatic RE methods and is experiencing a renaissance
period both in the pace of novel RE discovery (Fig. 1, Table 3) and
large-scale cohort analyses. Hence current and ongoing RE
research will impact our understanding of both Mendelian and
complex diseases. Detection of RE-driven cases and their removal
from disease cohorts will lead to a reduction in the heterogeneity of
complex disease cohorts and could increase the applicability of
polygenic risk score methods.
While the novel RE bioinformatic tools perform very well for
detection of almost all known REs, it is recognized that they still
have shortfalls, some of which are due to the data from which the
inference of the RE is derived. In particular, RE sizing is difficult.
Hence it is important to orthogonally validate REs with either
existing laboratory-based methods or, as will increasingly be the
case, with long-read sequencing, through platforms such as Oxford
Nanopore [50] and PacBio [51]. Both platforms have been
demonstrated to be able to capture REs and have several advantages
to lab-based methods such as (i) the more accurate sizing for large
REs; (ii) the ability to detect disruptions (impure REs), which can
have prognostic ramifications [52]; (iii) the ability to detect complex repeats where two or even three types of repeats can present
together, as is the case for some of the FAME and CANVAS repeat
expansion cases [11–13, 53]; and (iv) the ability to capture REs on
complex genetic backgrounds.
The impact of RE detection will also be appreciated in clinical
genetics. The phenotypic overlap between different RE disorders
and many common complex neurological disorders is such that
misdiagnosis (or differential diagnosis) is not uncommon. Clinical
genomic sequencing has a well-established role in identifying differential diagnoses, which can have substantial benefits for patients.
This will become even more important in the future as several
clinical trials are currently underway for CRISPR-Cas9 or antisense
oligonucleotide therapies for RE disorders such as HD [54] and
motor neuron disease [55]. For patients to enter these clinical trials
requires knowledge of which RE they have. Implementation of RE
detection in all clinical genomics pipelines, particularly for neurological disorders, is thus now a necessity.
Novel REs await discovery. Even with the latest bioinformatic
tools, discovery of novel REs is still difficult and requires wellpowered cohorts and/or families. Linkage analysis has proven to
be an invaluable tool to narrow the search regions for novel REs as
it is now recognized that there are also many nonpathogenic REs in
our genome, including rare ones [39]. This situation is reminiscent
to the one we were faced with about 10 years ago in the field of
clinical sequencing where it was difficult to distinguish between
rare, nonpathogenic, and pathogenic SNVs and indels, which was
substantially alleviated through the development of resources such
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as ClinVar (which already allows the deposition of RE variants), and
gnomAD, which leverages tens of thousands of genomes and
exomes across many populations to estimate allele frequencies of
SNVs and indels initially, and now also structural variants. Allele
frequency is an important indicator of pathogenicity for high penetrance or complete penetrance variation such as is the case for most
of the currently known REs. Hence filtering for REs is anticipated
to improve in the future and will simultaneously reveal the landscape of REs in the human genome.
In summary, RE discovery and diagnostics have made a substantial leap in the last few years and will benefit many patients in
diagnostics, prognostics, and for therapeutic options. REs, a small
and somewhat niche class of genetic variation that is often ignored,
is now rapidly gaining prominence again to the benefit of many
thousands of patients worldwide.

6

Availability of Methods/Data
Repeat expansion detection methods
E x p a n s i o n H u n t e r : h t t p s : // g i t h u b . c o m / I l l u m i n a /
ExpansionHunter
exSTRa: https://github.com/bahlolab/exSTRa
ExpansionHunter Denovo: https://github.com/Illumina/
ExpansionHunterDenovo
TREDPARSE: https://github.com/humanlongevity/
tredparse
STRetch: https://github.com/Oshlack/STRetch
GangSTR: https://github.com/gymreklab/GangSTR
GraphAlignmentViewer: https://github.com/Illumina/
GraphAlignmentViewer
Repeat database files for bioinformatic methods
https://github.com/bahlolab/RepeatExpansionDatabase
STR analysis example workflow
https://github.com/bahlolab/STR_Expansions_Example_
Workflow
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Chapter 3
Transposable Element Structural Variants in Parkinson’s
Disease: Focusing on Genotyping Alu Transposable Element
Insertions with TypeTE
Kimberley Billingsley, Jainy Thomas, and Clément Goubert
Abstract
Genetic variation contributes significantly to Parkinson’s disease (PD) risk, onset, and progression. However, most of the common genetic variation that contributes to PD is still unknown. This is in part since
many previous genetic studies have focused solely on the contribution of single nucleotide variants (SNVs).
Structural variants (SVs), such as transposable element (TE) insertion variants, represent a major source of
genetic variation in the human genome. Yet TE insertion variants have not been characterized in a largescale and genome-wide manner, and their contribution to the risk of PD remains unexplored due to a lack
of tooling to accurately detect and genotype TE insertion varia nts. In this chapter, we describe the
importance of including accurately called TE insertion variants in routine genetic analyses. We give a
brief overview of current TE detection methods, focusing on describing the analysis of TE insertion variants
in whole genome sequencing data. Specifically, we describe a detailed protocol for genotyping Alu TE
insertion variants with the TypeTE pipeline (https://github.com/clemgoub/TypeTE), an open-source
software. Finally, we outline future developments for the pipeline, including incorporating other TE classes
such as SVAs and LINE-1s.
Key words Transposable elements, Human reference genome, Deletion, Whole genome sequencing,
Alu, SVA, LINE1

1

Introduction
Parkinson’s disease (PD) is a common neurodegenerative disorder,
with a global prevalence that is expected to double by 2040
[1]. Disease risk and progression are influenced by age, environmental, and genetic factors. Here we focus on the latter and
describe the complexity of the genetic landscape of PD. There are
two forms of the disease: monogenic and non-monogenic (which is
often termed apparently sporadic or genetically complex PD). The
term “monogenic” is an oversimplified term used to describe forms
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of PD that are caused by rare and highly penetrant mutations. To
date, highly penetrant PD causing mutations have been described
in over 20 genes, including SNCA, Parkin, PINK 1, LRRK2, and
VPS35 [2].
Most PD cases are non-monogenic; hence, they cannot be
readily attributed to a single deleterious mutation and are instead
associated with many common low-risk alleles. These genetic risk
variants have most commonly been identified through large-scale
genome-wide association studies (GWAS). Consequently, the most
recent largest meta-analysis of PD GWAS, which included around
37,700 cases, 18,600 “proxy” cases, and 1.4 million controls,
identified 90 independent statistically significant risk signals. However, despite this huge collaborative international effort to identify
genetic risk variants, the true causal variant driving these risk signals
is yet to be identified. In addition, collectively the known risk loci
only account for 16–36% of the heritable risk of PD [3]. Therefore,
a considerable genetic component of this disease remains unidentified. This gap in our understanding of PD genetics is often referred
to as the “missing heritability.” Many factors contribute to this,
including genetic variation represented by rare variants, epigenetics, and structural variants (SVs), all of which are poorly captured with current DNA sequencing methods and genetic analyses
tools.
SVs are defined as DNA rearrangements that involve at least
50 nucleotides [4]. They can be divided into subclasses that consist
of unbalanced copy number variants (CNVs), which include duplications, deletions, and insertions of novel sequence, as well as
balanced rearrangements, such as intrachromosomal and interchromosomal inversions and translocations. SVs also include segmental
duplications, multi-allelic CNVs of highly variable copy number
and complex rearrangements that consist of multiple combinations
of these described events. This chapter focuses on another major
class of SVs, transposable element (TE) insertions.
TEs, also termed mobile elements or jumping genes, were first
described in maize through pioneering work by Barbara McClintock in 1948 [5]. TEs are DNA sequences that have, or once had,
the ability to mobilize within the genome, and this mobilization
can generate further structural variation through genome rearrangement. Based on their method of replication, i.e., via a DNA
or RNA intermediate, TEs can be broadly divided into two classes
named class I and class II, and each class can be further subdivided
based on many structural features. Taken together more than half
of the sequence of the human genome is derived from TE insertions [6, 7]. Active TE families are a major and continuous source
of new genetic variation (Fig. 1). The most recently active TEs
include members of the LINE1, Alu, and SINE-VNTR-Alu
(SVA) families. This chapter focuses on characterizing presence/
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repeats

Fig. 1 TE variation in the human genome. An overview of the genetic elements that comprise the human
genome. TE insertion variants are mainly composed of AluY, LINE 1 (L1), and SVA subfamilies. This chapter
focuses on characterizing presence/absence of Alu TE insertions

absence Alu TE insertion variants which are the most abundant
among those. TE insertion presence/absence variation can originate from TEs that are in the human reference genome (defined
here as reference TEs) and from TEs that are not in the reference
genome (defined here as non-reference TEs).
A TE insertion is causative of the movement disorder X-linked
dystonia parkinsonism (XDP), which is caused by a SVA TE insertion in the intron 32 of the gene TAF1 [8].1 XDP is a recessive
movement disorder endemic to the Island of Panay in the Philippines. Although the exact pathogenic mechanism of the
XDP-associated SVA insertion is yet to be established, the SVA
has been shown to cause intron retention, resulting in quick degradation and overall a lower steady-state TAF1 transcript levels
[9]. Further, the XDP-SVA insertion is not only variable in its
presence/absence in the human genome but is also variable in the
size of one of the SVAs repeat domains. Variation in the XDP SVAs
CT repeat is disease-modifying, as the size of the SVAs hexanucleotide CT repeat domain inversely correlates with XDP age at onset
[10]. This example highlights that a single TE insertion can contribute to a wide range of phenotypic variation in a population [11].
In regard to the role of TE insertion variation in PD specifically,
a recent study suggests TE insertion variation is associated with the
progression of PD. Savage et al. focused on characterizing reference
TE presence/absence insertions in the Parkinson’s Progression
Markers Initiative (PPMI) cohort in a total of 608 genomes [12].2

1
2

Editor’s note: this is addressed in detail in Chapter 8.
Editor’s note: this is addressed in detail in Chapter 10.
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Using the SV caller Delly2 [13], a genome-wide analysis identified
81 reference SVA present/absent insertions, seven of which were
reported to be associated with clinical features and markers of
progression of PD in the PPMI cohort. This study illustrates how
integrating TE insertion datasets into genetic analyses can identify
potential disease-relevant associations. It is important to note that
overall, the role of TE insertions in the genetics of PD has not been
comprehensively assessed. It is important to integrate new genetic
data into PD genetic analyses as there are currently two major gaps
in our understanding of the genetics of PD. First, despite the most
recent PD meta-analysis that utilized SNV data from over 1 million
individuals, most of the genetic component of the disease is still
unknown [3]. Second, even at the known risk loci, the true causal
variant driving the risk signal is yet to be identified. Since TE
insertions represent a missing form of genetic information that
has not been included in previous analysis, not only could TE
insertion variants represent new PD risk association signals, but
they could also contribute to the association signals at known PD
risk loci.
In order to identify association signals, it is essential to first
generate accurately genotyped TE datasets (Fig. 2). Regarding TE
insertions, many tools exist that specifically target this form of
presence/absence variation and output accurately genotyped files.
Examples of popular TE detection and genotyping tools that focus
on non-reference TE insertions include MELT [14], xTEA [15],
and TypeTE [16]. Here we focus on the application of TypeTE, a
tool that accurately genotypes both non-reference and reference
Alu TE insertions given a set of known genomic coordinates (typically a MELT output). To the best of our knowledge, no other TE
caller is designed specifically for accurately genotyping reference TE
insertions, which is an important and potentially PD relevant form
of genetic variation. In addition, TypeTE allows one to enhance TE
genotypes when using low-coverage sequencing (~5) and/or
re-genotype known loci with updated (mapped to a new assembly),
upgraded (resequencing at higher coverage), or new data.
In this chapter, we present a step-by-step protocol for running
TypeTE to genotype Alu insertions in a single genome. TypeTE
uses the genotyping algorithm of Wildschutte et al. [17] to calculate the genotype likelihood of Alu insertions. This method is
adapted to the genotyping of SVs like TEs, by remapping shortreads onto a small artificial genome made for each locus, of two
haplotypes containing or not the expected Alu sequence. In addition, we highlight further developments to the pipeline to include
all forms of TEs in the goal of creating one streamline pipeline that
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Fig. 2 Genotyping quality is important for identifying TE-driven associations. MAP3K13 expression according
to MELT 2 genotypes (left) or TypeTE genotypes (right) for a Reference Alu insertion within a MAP3K13 intron;
0 ¼ homozygous Alu presence (ref allele), 1 ¼ heterozygote, 2 ¼ homozygous Alu absence. P denotes
P-values for the linear regression y ¼ ax + b (colored lines) with y ¼ expression x ¼ Alu genotype. Genotype
from Goubert and Thomas et al. [16] (NAR) and Goubert et al. [18] (Phil Trans Roy Soc B)

can assess the genome-wide contribution of all TE insertion variation accessible from short-read sequencing technologies.

2

Materials

2.1 Hardware
Needed

This tutorial has been tested on a CentOS 7 Linux server 86_64
using 3 CPUs and a maximum of 5Gb of RAM per CPU.

2.2

For the tutorial we assume that TypeTE is installed in a user
directory, referred to here as ~/TypeTE. Instructions for a full
installation of TypeTE are available online https://github.com/

Software
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clemgoub/TypeTE, and support is provided through a dedicated
Github issues page https://github.com/clemgoub/TypeTE/
issues.
In this tutorial we assume that all dependencies, including
Samtools, are accessible for the user.

3

Methods
An overview of the workflow to genotype Alu TE insertions with
TypeTE is shown in (Fig. 3). In this section we provide a step-bystep tutorial to outline this protocol.

3.1

Data Preparation

It may take several hours to download and convert the files; therefore, we recommend preparing the input data ahead of time. The
files required by TypeTE for this tutorial are as follows:

Fig. 3 Overview of the TypeTE pipeline. TypeTE requires the genomic coordinates of the expected TE insertions
(either non-reference or reference insertions) in a vcf file, as produced by MELT2. In addition, it requires read
alignments in bam format and the associated reference genome. Paths to the inputs and user-defined options
are to be filled by the user in the dedicated parameter file “.init” of each pipeline. Then, the program is
executed by running a single script “run_TypeTE_Ref/NRef.sh.” TypeTE outputs a new vcf with updated
genotypes and, in case of non-reference insertions, the assembled Alu sequences

Genotyping Alu Transposable Element Insertions with TypeTE
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l

Human reference genome (hg38, fasta)

l

Short-read alignments (1000 Genomes 30 on GRCh38,. bam
& .bai)

l

Input table (list of samples to process)

l

MELT-discovery and MELT-deletion genotypes (Alu genotypes, .vcf)

l

Parameter file (Ref or NRef)

We will download the inputs and the results of this tutorial in a
directory ~/Project.
From your home directory (~), first create the project folder:
cd
mkdir Project

3.1.1 Download the
Reference Genome (hg38)

cd Project
wget ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/000/001/
405/GCA_000001405.15_GRCh38/seqs_for_alignment_pipelines.ucsc_ids/GCA_000001405.15_GRCh38_no_alt_analysis_set.fna.gz
gunzip

GCA_000001405.15_GRCh38_no_alt_analysis_set.fna.

gz

3.1.2 Download and
Prepare Short-Read
Alignments

(i) Download alignments from 1000GP
mkdir Project/bams
cd Project/bams
wget ftp://ftp.sra.ebi.ac.uk/vol1/run/ERR323/ERR3239475/
NA12348.final.cram
wget ftp://ftp.sra.ebi.ac.uk/vol1/run/ERR323/ERR3239479/
NA12413.final.cram
wget ftp://ftp.sra.ebi.ac.uk/vol1/run/ERR323/ERR3239316/
NA12716.final.cram

(ii) Convert cram to bam, sort, and index alignments
TypeTE requires the input alignment in the .bam format. Each
alignment downloaded can be converted using the following
command:
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nohup samtools view -b -T ../GCA_000001405.15_GRCh38_no_alt_analysis_set.fna

-o

NA12348.final.bam

NA12348.

final.cram &>> cram2bam.log &
nohup samtools view -b -T ../GCA_000001405.15_GRCh38_no_alt_analysis_set.fna

-o

NA12413.final.bam

NA12413.

final.cram &>> cram2bam.log &
nohup samtools view -b -T ../GCA_000001405.15_GRCh38_no_alt_analysis_set.fna

-o

NA12716.final.bam

NA12716.

final.cram &>> cram2bam.log &

Next, the bam files need to be sorted and indexed
nohup samtools sort NA12413.final.bam -o NA12413.final.
sorted.bam &
samtools index NA12348.final.bam
nohup

samtools

sort

NA12413.final.bam

-o

NA12413.final.

-o

NA12413.final.

sorted.bam &
samtools index NA12348.final.bam
nohup

samtools

sort

NA12413.final.bam

sorted.bam &
samtools index NA12348.final.bam

Note that these steps can take a few hours.
3.1.3 Create the
Input Table

The input table indicates to TypeTE which samples to process
among the alignments available (two columns, tab separated).
The first column indicates the sample name as to be written in the
final .vcf, and the second column provides the name of the associated alignment file. In this example, the table is called bamlist.txt
and is located in the directory hosting read alignments (~/Project/
bams/bamlist.txt) (Fig. 4).

3.1.4 Genotypes in MELT
vcf format

We have generated two dummy vcf files for this tutorial that are
available in the ./tutorial folder of the Github repository. Alternatively, they can be downloaded like so:
wget https://raw.githubusercontent.com/clemgoub/TypeTE/
TypeREF-dev/tutorial/Ref_tutorial.vcf
wget

https://raw.githubusercontent.com/clemgoub/TypeTE/

TypeREF-dev/tutorial/NRef_tutorial.vcf

Fig. 4 A screenshot of the input table
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TypeTE uses a parameter file named parameterfile_Ref.init or parameterfile_NRef.init according to the pipeline chosen.
cd ~/TypeTE
cp ./tutorial/parameterfile_*.init .

For this tutorial we have made prefilled parameter files available; however it is necessary to ensure that the paths to the files and
programs within are matching your local installation. In these
examples, the paths /workdir/cg629/bin/TypeTE and /workdir/cg629/Project/TypeTE_tutorial correspond to ~/TypeTE
and ~/Project, respectively, and should be replaced by the full
user path for the TypeTE installation folder and the Project folder
hosting input and output data.
3.2 Reference
(Deletion) Pipeline

The workflow of TypeTE-ref is shown in (Fig. 5) and results in
Table 1.

3.2.1 Objectives

TypeTE significantly improves reference MELT2 genotypes with
both low-(5) and high-(30) coverage data [18]. In addition,
TypeTE allows to directly genotype known loci on new data,
skipping the computation intensive search phase.

3.2.2 Input vcf (MELT
Deletion)

The input example vcf (~/TypeTE/tutorial/Ref_tutorial.vcf) is
derived from an original MELT 2 “deletion” output. However,
TypeTE-Reference could handle virtually any vcf as long as the first
two columns (coordinates) are present. In this tutorial, the TE
coordinates have been lifted over from hg19 to hg38 to use
newer data.

3.2.3 Execution

Assuming that the provided parameterfile_Ref.init file has been
completed to fit user’s configuration, TypeTE-Reference can be
started by typing (Figs. 6 and 7).
./run_TypeTE_Ref.sh

The next step is genotyping. This step is done in parallel by
running one individual per CPU (individual_nb¼"1" and
CPU¼"3" in parameterfile_Ref.init) (Fig. 8).
Once genotyping is completed, a new vcf is produced with the
updated genotypes. The following screen is typical of a nominal run
(Fig. 9).
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TypeTE reference

Breakpoint predictions
chromosome, position

INPUT

Individual
bam files

Reference
Genome

Reference
Mappability
Scores

PROCESSING
For each breakpoint

Compare

Extract

Chromosome
position, strand,
Alu subfamily

RepeatMasker Data

Mappability scores

Reference sequence

Identify target site duplication

Calculate mappability

Extract the flanking sequence

Sum up scores for each
subregion

Identify duplicated sequence (TSD)

Calculate mean score

Generate input table
Concatenate the info on Alu insertion
(TSD, strand)

Run Insertion genotyping
Use the reference allele
(with Alu insertion and TSD)

Generate the alternate allele
(without Alu insertion and TSD)

Align reads

Align reads

Calculate genotype likelihoods for all three possible genotypes (0/0,0/1,1/1)
Identify genotype with the highest probability
Genotype predictions for each individual (vcf)

OUTPUT

Combined genotype predictions for all loci and all individuals (vcf)

Fig. 5 Overview of TypeTE reference pipeline. The breakpoint predictions from a tool that detects polymorphic
reference TE (e.g., MELT), reference genome to which the reads are aligned in BAM files and the BAM files are
needed as the input data. The reference mappability scores is an optional requirement and is used if the
average mappability of the flanking region of the Alu insertions has to be determined. The predicted
breakpoints are compared with the RepeatMasker data to precisely identify coordinates of the Alu insertion,
the subfamily and strand of insertion. Flanking sequences are extracted from the Alu coordinates for each
locus to further identify target site duplications (TSDs). The gathered information for each locus is used to
generate the input table for generating reference and alternate alleles for insertion genotyping. The extracted
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As the deletion pipeline is very fast, it is not necessary to run
this tutorial in the background. However, we recommend saving
the standard output and errors to a log file for troubleshooting.
nohup ./run_TypeTE.sh &> Ref.log &

3.2.4 Outputs

(i) Genotypes
(ii) Updated REF Alu Coordinates
The updated Alu coordinates (compared to the original vcf)
and TSD predictions are given in the summary table (Fig. 10):
cat ~/Project/OUTPUTS_Ref/RM_insertions_TSD_strands

3.3 Non-reference
(NRef) Pipeline

The workflow of TypeTE-Nref (Fig. 11) and results in Table 2.

3.3.1 Objectives

TypeTE improves non-reference MELT2 genotypes if called from
low-coverage data [16]. At higher coverage, TypeTE rather complements MELT2 by providing population-level assembly of each
Alu insertion with their TSD and allowing to directly genotype
known loci in new data without a discovery phase.

3.3.2 Input vcf (MELT
Discovery)

For the genotyping of non-reference Alu insertions, TypeTE
requires more information about the loci to search including orientation and target site duplication (TSD). These are directly available
from a MELT2 discovery pipeline vcf as the one provided for this
example. To be fully compatible with TypeTE, the input vcf much
contains the following fields TSD¼ and MEINFO¼ in the INFO
column (column 8 of the vcf):
TSD¼null;ASSESS¼4;INTERNAL¼NM_003713,INTRONIC;
SVTYPE¼ALU;SVLEN¼271;MEINFO¼AluYb6_2,10,281,+;DIFF¼0.93:c57t,c64t,c98a,
t144c,g211a,t225c,c236t,a252g;LP¼9;RP¼8;RA¼0.17;
PRIOR¼false


Fig. 5 (continued) reads are aligned back to the two alleles, and genotype likelihoods for three possible
genotypes are calculated. The genotype with highest probability is selected for that individual and for that
locus. The TypeTE combines the genotype predictions for all loci for all individuals and outputs a vcf. The
program also calculates the mean mappability score for both flanking 250 bp regions if the reference
mappability scores are provided and are included in the output vcf

223481690

49494276

14348310

116488216

63743614

chr2

chr3

chr11

chr8

chr10

61983855

115475989

14326764

49456843

222616971

hg38

NA12716

1

1

1

1

2

0

1

2

2

2

1

1

1

2

2

1

1

2

2

2

0

1

2

2

2

NA12413

NA12348

NA12413

NA12348

NA12716
2
2
2
1
1

NA12716
2
2
2
1
1

PCR

0 homozygous reference (TE); 1 (heterozygote); 2 (homozygous for TE absence). MELT 2.1.4 (input) and PCR results from Goubert and Thomas et al. [16], TypeTE (results):
this tutorial

hg19

chr

TypeTE 30 hg38 (output)

MELT 2.1.4 5 hg19 (input)

Table 1
This table shows the result genotypes for the TypeTE-Reference pipeline
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Fig. 6 Startup of TypeTE-Ref. The program first looks for the coordinates of the loci to genotype

Fig. 7 Next, the bwa index command indicate that the genotyping module is building and indexing the two
allele for each locus

Fig. 8 This screenshot reports the bwa-alignments output occurring while each locus is evaluated. Here you
should verify that the number of reads mapped is not 0, as this could indicate an issue with the reads’ recovery

Fig. 9 Final lines of a nominal TypeTE-Ref run
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Fig. 10 Updated Alu and TSD info. Col 1 ¼ locus name (MELT 2 coordinates), Col 2 ¼ upstream TSD
coordinates, Col 3 ¼ downstream TSD coordinates, Col 4 ¼ TSD, Col 5 ¼ Alu orientation relative to consensus
(+ ¼ sense, C ¼ reverse)

3.3.3 Execution

Due to the read extraction and assembly steps, TypeTE-NRef takes
longer to run than TypeTE-Ref. In this example, nohup is used to
prevent the job from stopping in case of deconnection (Figs. 12,
13, and 14).
nohup ./run_TypeTE_NRef.sh &> ~/Project/NRef.log &
tail -f ~/Project/NRef.log

Genotyping and final parsing is made similarly to the Reference
pipeline.
3.3.4 Outputs

(i) Genotypes
(ii) Assembled Alu Insertions
Fully assembled Alu insertions are indicated with a “yes” in the
second column of the file genomeloc.strand.prediction.5.1.txt
present in the output folder (Fig. 15).
cat ~/Project/OUTPUTS_NRef/genomeloc.strand.prediction.5.1.txt

The assembled Alu (in + orientation) can be then found in the
file (Fig. 16) Assembled_TEsequences.5.1.txt.full_len.fasta
more ~/Project/OUTPUTS_NRef/Assembled_TEsequences.5.1.
txt.full_len.fasta

Note that partial assemblies are saved in the file Assembled_TEsequences.5.1.txt.partial.fasta

Genotyping Alu Transposable Element Insertions with TypeTE
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TypeTE non-reference
INPUT

PROCESSING

Extract

Breakpoint predictions
chromosome, position (strand,
target site duplication (TSD)

For each breakpoint

250 bp

Mapped/
Discordant and its mates/
softclipped reads

Reference
Mappability
Scores

Reference
Genome

Individual
bam files

250 bp

Mappability scores

Reference sequence

Identify the Alu subfamily

Reconstruct Alu sequence

Calculate mappability

Concatenate discordant mates

Concatenate reads from all individuals

Intersect RepeatMasker track

Local de novo assembly

Sum up scores for each
subregion

Use likely Alu to identify Alu assembled

Determine the likely Alu inserted

Calculate mean score

Extract the Alu

Extract the Alu from Repbase

Identify target site duplication
Extract the flanking sequence
Identify duplicated sequence

Identify strand of insertion

No

Yes

Compare with reference sequence

Generate input table
Input
strand,TSD,Repbase Alu

Concatenate the info on insertion
(Alu sequence,TSD,strand)

Run Insertion genotyping
Use the reference allele
(without Alu insertion and TSD)

Generate the alternate allele
(with Alu insertion and TSDs)

Align reads

Align reads

Calculate genotype likelihoods for all three possible genotypes (0/0,0/1,1/1)
Identify genotype with the highest probability
Genotype predictions for each individual (vcf)

OUTPUT

Genotype predictions all loci and
all individuals (vcf)

Assembled Alu sequence

Fig. 11 Overview of TypeTE non-reference pipeline. First, the pipeline extracts the breakpoint predictions, the
strand info and target site duplications (TSDs) from the provided output of the TE discovery tool (e.g., MELT).
The individual BAM files and the reference genome to which the reads are aligned in BAM files and are needed
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Notes
Troubleshooting

– TypeTE should always be run from its installation folder (~/
TypeTE).
– To run TypeTE, it is highly recommended to use the same reference
genome that was used for mapping. If a read pair has one mate
mapped to a contig or chromosome absent in the reference
genome used by TypeTE, an error can be returned from the
genotyper.
– Check for consistent “chr” (or not) naming of the chromosomes
between input vcf and reference genome. The presence or absence
of the “chr” string is a common source of error when using
genomic coordinates. TypeTE can handle either or, but not
both naming types at the same time.
– Non-Reference pipeline: turning on mappability calculation
(MAP ¼ “yes” in parameterfile_NRef.init) significantly increases
the processing time. However, this is only recommended for
testing.

4.2 Limitations and
Future Developments

l

PCR validation identified that some loci remain challenging to
genotype for TypeTE [16]. Low-complexity regions and other
repeated areas are inherently difficult to capture with short-read
sequencing. Due to this factor, we encourage external


Fig. 11 (continued) as the input files. The reference mappability scores are an optional requirement and are
used if the average mappability of the flanking region of the predicted breakpoints has to be determined. The
program starts processing the input data by extracting the reads from all individual BAM files from a window of
250 bp from each breakpoint provided. It also extracts the corresponding reference sequence for that
window. By intersecting the location of the mates of the discordant reads with the RepeatMasker track, it
determines the likely Alu subfamily inserted and obtains the corresponding Alu consensus sequence from
Repbase database. The program also performs a local de novo assembly of all the reads extracted from a
particular locus from all individuals. Homology-based searches are performed with the likely Alu consensus
sequence as a query to identify the assembled contig containing the Alu sequence inserted at that locus. The
flanking sequence of the Alu from the contig is extracted and searched for TSDs. The flanking sequence is also
compared with the reference sequence to identify the strand of insertion. The generated information on Alu
sequence, strand, and TSDs are used to generate the input table necessary for the subsequent insertion
genotyping step. The consensus Alu from the Repbase, TSDs, and strand information provided as the input
files are used whenever the pipeline fails to generate the corresponding information. The gathered information
for each locus is used to generate reference and alternate alleles for insertion genotyping. The extracted reads
from each individual and for each locus are aligned back to the two alleles, and genotype likelihoods for three
possible genotypes are calculated. The genotype with highest probability is selected for that locus in that
individual. The TypeTE outputs a “vcf” combining genotype predictions for all loci for all individuals and also
provides the consensus sequence of the Alu insertion. The program also calculates the mean mappability
score for the reference sequence for a window of 250 bp regions and is included in the output “vcf” if the
reference mappability scores are provided
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Table 2
This table shows the result genotypes for the TypeTE non-reference pipeline
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Fig. 12 After parsing the input files, the first computationally challenging step is reads extraction for each
locus. In the current example, using 1 CPU per sample and a total of 13 loci, it takes 35 min to complete

Fig. 13 Summary printed in the stdout of TypeTE as each locus is processed before genotyping. The blast
commands refer to the search for the TSD on the reference genome in order to reconstruct accurately
non-reference alleles (Alu insertions). “Yes” indicates that the locus has been assembled and the TSD
sequence (AAAAATTACATGTAT) is reported

Fig. 14 Final lines of a nominal TypeTE-NRef run

Fig. 15 Summary output for each non-reference locus processed by TypeTE. Col 1 ¼ locus window (based on
MELT 2 coordinates); Col 2 ¼ assembled: yes or no; Col 3 ¼ Alu orientation relative to consensus (+ ¼ sens,
C ¼ reverse, ? ¼ stand unknown); Col 4 ¼ assembled Alu header: coordinates, TSD, Alu subfamily; Col
5 ¼ assembled TSD (in the Alu orientation)
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Fig. 16 Assembled Alu sequence

validations, such as control PCR or long-read sequencing on a
subset of loci/individuals.
l

TypeTE currently only focuses on Alu TE insertions. However,
SVA and LINE1 elements also contribute to a significant portion of the genetic variation in the human genome, and this
variation can have a drastic phenotypic impact. Variable length
(50 truncation for LINE1, VNTR for SVA) and high GC content
make these TEs more difficult to genotype and validate than the
short (~300 bp) Alu. To ensure the accuracy of the TypeTE
algorithm for SVA and LINE1, development is underway to
allow the program to handle these TE subfamilies. The generation of large-scale DNA long-read sequencing datasets will facilitate comprehensive validation of SVA and LINE1 calls.

l

Finally, the list of dependencies used by TypeTE is expected to
evolve with time, causing potential functionality issues. To tackle
these forthcoming challenges, we are currently developing a
containerized version using Nextflow, Docker, and Singularity
to allow one to use the program without prior need for
installation.
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Chapter 4
Analysis of the Retrotransposon SINE-VNTR-Alu (SVA)
Polymorphisms in the Genetics and Pathophysiology
of Complex Diseases
Sulev Kõks, Lewis M. Singleton, John P. Quinn, Vivien J. Bubb,
and Abigail L. Pfaff
Abstract
Transposable elements (TEs) form a large proportion of many eukaryotic genomes and we are beginning to
develop an understanding of their function. TEs are a large and diverse family of elements forming part of
the repetitive genome or genomic dark matter that has not been addressed in detail in the majority of
genetic studies. These repetitive and large elements are impossible to call from SNP-based genotyping data,
and this is the main factor limiting research in this field thus far. However, the increasing availability of
whole genome sequencing data provides the necessary data structure and quality needed for correct calling
of TEs. Here we focus on the calling of variation of the composite element SINE-VNTR-Alu (SVA) which
is the youngest TE family present in the human genome. Utilizing high-coverage whole genome sequencing data, we address the presence/absence and size variation of these elements. These data can be combined
with whole transcriptome data to provide potential functional importance of SVAs in the regulation of the
transcriptome and the pathophysiology of diseases. We recently applied this technology to analyze the effect
of SVAs on the longitudinal course of Parkinson’s disease in the Parkinson’s Progression Markers Initiative
cohort. This chapter briefly describes the background of transposable elements with the emphasis on SVAs
and the available methods to study SVAs in genetic analysis of complex diseases.
Key words SINE-VNTR-Alu (SVA), Whole genome sequencing (WGS), Whole transcriptome (WT),
Transposable elements (TEs), Short interspersed nuclear element (SINE), Alu, Variable number
tandem repeat (VNTR)

1

Introduction
The majority of eukaryotic genomes contain transposable elements
(TEs) [1, 2]. The functional role of TEs is not fully understood due
to the difficulty in their study when genomic technologies were not
yet sufficiently advanced. TEs act as transcriptional regulators modifying gene expression at a single locus or on a larger genetic
network providing a more orchestrated response [3]. There are
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many different families of TEs with variable forms, and most importantly, the distribution of TEs in the genome is not random indicating the functional consequence of the insertion [1]. The insertion
of TEs is a source of mutations, genomic rearrangements, alternative splicing, and intron retention, which are all mechanisms
through which TEs have caused disease [4]. Indeed, the impact of
TEs on human health and their involvement in the pathogenesis of
disease is well-established [4–8]. In this chapter, we focus on the
hominid-specific family of SINE-VNTR-Alus (SVAs) of which a
complete element contains a hexamer repeat, an Alu-like sequence,
a variable number tandem repeat (VNTR), a short interspersed
nuclear element region (SINE-R), and poly-A tail (Fig. 3a)
[9]. The youngest SVAs belong to the subtypes SVA-E, SVA-F,
and SVA-F1, which are human-specific and are interesting elements
to study in the context of human pathologies [10]. Upon their
insertion into the genome, SVAs can cause alternative splicing with
exonization and, depending on the insertion locus, can cause
Fukuyama congenital muscular dystrophy, neutral lipid storage
disease with subclinical myopathy, or Lynch syndrome [11–
13]. SVA insertions can also reduce gene expression causing disease, for example, an insertion in the intron of the TAF1 gene leads
to X-linked dystonia-parkinsonism (XDP) [14], or can induce exon
skipping, for example, an insertion in the BTK gene causes X-linked
agammaglobulinemia [15]. In addition to the effect of the presence/absence variation of SVAs described above, variation within
specific domains of the SVAs can also influence function and disease, for example, the increasing length of the CCCTCT-domain of
the SVA causing XDP is associated with a younger age of disease
onset [16].1 These examples illustrate different mechanisms that
can be relevant for different diseases and help to explain their
molecular pathogenesis. Being largely ignored in the past, the
analysis of TEs and SVAs could also help to identify the source of
the missing heritability of disease.
This chapter describes the methods to call and analyze SVAs
using whole genome sequencing (WGS) and whole transcriptome
(WT) data. WGS data are mandatory for efficient and accurate SVA
calling. Transcriptome data can be used for the functional analysis
of the effects of SVAs, but it is not a mandatory part of the analysis
and depends on data availability. Identification of the presence or
absence variation of reference SVAs uses the software Delly [17]
and requires WGS BAM files as input. As the output files describe
different structural variants in the genome, the next step is filtering
these variants that are caused by SVAs. We also describe the use of a
short tandem repeat (STR) caller HipSTR [18] to genotype the
CCCTCT-domain of reference SVAs from short-read WGS.

1

Editor’s note: see Chapter 8
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Resulting SVA genotypes should be verified by PCR to determine
the accuracy of the detection tools for specific variants. SVA genotypes can be used in any subsequent analysis pipelines, for example,
their association with clinical traits using linear modeling or their
influence on gene expression. We demonstrate the use of SVA
presence/absence genotypes for eQTL detection.

2

Materials

2.1 In Silico Analysis
of Genetic Variation of
Reference SVAs

Whole genome sequencing data are required, and for the calling of
the presence/absence of reference SVAs, we used Delly, an
integrated structural variant (SV) calling software, and for the
length variation of the CCCTCT-domain, the short tandem repeat
(STR) caller HipSTR is used. While there is no formal requirement,
30 coverage is preferable to ensure the accurate calling of SVAs.
The WGS data used in this analysis were obtained from the Parkinson’s Progression Markers Initiative (PPMI) in BAM file format
that had been aligned to hg38 reference genome using BWA and
were of high coverage (see Note 1). A comprehensive description of
Delly is provided in the publication by the Rausch et al. [17] and
Willems et al. for HipSTR [18]. Both Delly and HipSTR are
available at the following github pages https://github.com/
dellytools/delly and https://github.com/tfwillems/HipSTR,
respectively, along with installation and usage guidelines. The
WGS analyses were performed using compute facilities provided
by the Pawsey Supercomputing Centre. Additional tools used in
the genomic analysis include VCFtools [19], BCFtools (http://
samtools.github.io/bcftools/bcftools.html), Galaxy (https://
usegalaxy.org.au/), and the UCSC genome browser (https://
genome.ucsc.edu/).

2.2 PCR
Amplification of Target
SVAs and CCCTCTDomains

PCR reagents used in the amplification of target SVAs and their
CCCTCT-domains were GoTaq G2 Hot Start Polymerase (Promega), KOD Hot Start DNA polymerase (Novagen), betaine 5 M
PCR reagent (Sigma-Aldrich), and primers obtained from IDT (see
Note 2). Visualization of PCR products was either performed
using agarose gel electrophoresis or the MultiNA (Microchip Electrophoresis System for DNA/RNA Analysis) depending on the size
of the PCR products and the differences in the allele size that
needed to be resolved. Several different kits are available for use
with the MultiNA depending on the size of the PCR products to be
analyzed.

2.3 Evaluating the
Effect of SVA Variation
on Gene Expression

Matrix eQTL is an ultrafast analytical tool for matrix calculations
that can operate with large datasets and is suitable for genome-wide
transcriptional profiling of quantitative trait loci [20]. This is an R
package and straightforward to install.
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Methods

3.1 Detection of the
Presence/Absence of
Reference SVAs

In our analysis we utilized the SV caller Delly and WGS from the
PPMI to identify those reference SVAs that are variable for their
presence/absence in the human genome. While SVAs are relatively
long, they can span up to 5000 bp with average length of 1500 bp,
short-read sequencing data performed very well here. Delly uses
paired-ends, split reads, and read depth to discover and genotype a
range of SVs that include inversions, deletions, and translocations.
In our recent publication, we compared the two tools Delly and
MELT-del demonstrating that Delly outperformed MELT-del in
the detection and calling accuracy of polymorphic reference
SVAs [21].
Our dataset from PPMI contained 608 genomes with at least
30 coverage in BAM file format, which were used as input for
Delly along with appropriate reference and index file, and the steps
in our analysis are outlined in Fig. 1. The initial Delly call step is
performed on each BAM file and then the BCF outputs are merged
into a unified sites list. If all sites are to be genotyped then this
merged file is utilized in the next step. However, as our focus was
on SVAs and to reduce compute time, we filtered the merged sites
file to contain only deletions and those that overlapped with
human-specific SVAs. This SVA-targeted site file was then used in
the next Delly call process for genotyping across all individuals. The
subsequent output BCF files from each individual were then
merged using BCFtools. Germline filtering as part of the Delly
software was performed on the BCF file containing all individuals.
Example Delly commands:
delly call -g referencegenome.fasta -o sampleA.bcf -x human.
hg38.excl.tsv sampleA.bam
delly merge -o mergedsite.bcf /pathtofolder/*.bcf
delly call -g referencegenome.fasta
-v SVAmergedsites.bcf
-o sampleA.geno.bcf
-x human.hg38.excl.tsv sampleA.bam
delly filter -f germline -o allsampleSVA.genofilter.bcf allsampleSVA.geno.bcf

The final output file was converted from BCF to VCF using
BCFtools. The location of each of the deletion variants was manually inspected on UCSC genome browser to determine if it corresponded to the insertion site of a SVA in the reference genome.
Using this approach we identified 83 SVAs as absent in at least one
of the genomes, 81 of which were polymorphic as 2 SVAs were
absent from all individuals. Figure 2 shows a screenshot from the
integrative genomics viewer of three individuals over a polymorphic
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Fig. 1 Flowchart outlining the steps involved in analyzing SVA variation and function in WGS and
RNA-sequencing data

SVA located on chromosome 3 representing the three genotypes of
the SVA. The top panel is from a homozygous absent individual,
demonstrated by the soft-clipped reads over the break point. The
bottom panel is a homozygous present individual as the reads map
over the break point and there are no soft-clipped reads. The
middle panel is from a heterozygous individual, which is demonstrated by both soft-clipped reads and reads mapping over the break
point.
WT data was available from the same individuals, and after
calling SVAs we used the data for the eQTL analysis to find potential functional impacts of SVAs on gene expression as described in
Subheading 3.4.
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Fig. 2 Traces from whole genome sequencing BAM files over a SVA located on chromosome 3. (a) Individual
with genotype AA and the break point is shown by the presence of soft-clipped reads (multicolored portion of
read) at the boundary of the SVA insertion site. (b) Individual with genotype PA which is shown by the presence
of soft-clipped read over the break point (absent allele) and those reads that map over the break point (present
allele). (c) Individual with genotype PP shown by the presence of reads mapping over the break point and
lacking soft-clipped reads that represent the absent allele. AA homozygous absent, PA heterozygous, PP
homozygous present

3.2 Analyzing Length
Variation of the
CCCTCT-Domain of
Reference SVAs

SVAs can vary in length at a specific locus between individuals as
well as being polymorphic for their presence or absence within the
genome. This type of variation resides within the 50 hexamer repeat
(CCCTCT-domain) and the central GC-rich VNTR (Fig. 3a). Several characteristics of the SVA VNTR such as its length which can be
up to 2000 bp and its central location within the SVA structure
make it unsuitable for analysis using short-read data. However, the
CCCTCT-domain of the SVA is more amenable to analysis in
short-read sequencing data due to its location at the 50 end of the
element resulting in reads that span from the unique genomic
sequence flanking the SVA insertion into the CCCTCT-domain
and it is smaller in size than the central VNTR, therefore more
likely to be encompassed within the read length. To identify variation of the CCCTCT-domain, HipSTR was used to call STRs in the
PPMI BAM files described above (Fig. 1 for summary of steps
involved). HipSTR utilizes a bed file (available at https://github.
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Fig. 3 SVA structure and variation at the CCCTCT-domain. (a) A complete SVA consists of a hexamer repeat
(CCCTCT) variable in length, an Alu-like sequence on the antisense strand, a VNTR, a SINE-R domain, and a
poly A-tail. SVAs are usually flanked by TSDs that are a hallmark of their mobilization process. (b) The length of
the reference allele of the CCCTCT-domain of polymorphic SVAs separated by SVA subtype. (c) The number of
alleles at each polymorphic CCCTCT-domain ranges from 2 to 11. (d) The predominant alternative alleles of
the polymorphic CCCTCT-domains are 6 bps and 12 bps from the reference allele. TSD target site
duplication, VNTR variable number tandem repeat, SINE-R short interspersed nuclear element region

com/HipSTR-Tool/HipSTR-references/) that consists of STR
loci (chromosome number and start and end coordinates), motif
length (number of bases in the repeat unit), and the number of
copies of the repeat unit in the reference genome to identify STRs
for genotyping. As the focus of this study was the CCCTCTdomain of the SVAs and to save compute time, a custom bed file
was generated to target these specific STRs. Firstly the bed file of
SVA coordinates from Savage et al. [22] was converted to hg38
genome build using the lift-over tool on the UCSC genome
browser after which 2664 of the 2676 reference SVAs remained.
This was used to generate a bed file of coordinates corresponding to
the 20 bp from the 50 end of the SVA. The two bed files (hg38.
hipstr_reference.bed from HipSTR and the 50 end of the SVAs)
were uploaded to Galaxy bioinformatics browser (https://
usegalaxy.org.au/), and using the “operate on genomic intervals,”
tool the two files were intersected generating a list of STRs that
overlapped with the 50 end of the reference SVAs. The sequences of
the resulting STRs were inspected to ensure they corresponded to
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the CCCTCT-domain identifying 1317 STRs. This number is
lower than the number of SVAs present in the reference genome
as SVAs do not always have a CCCTCT-domain due to
50 truncation upon insertion or its replacement with other
sequences. For example, the subtype SVA_F1 contains sequence
from the MAST2 gene at its 50 end instead of a CCCTCT repeat.
HipSTR has three modes in which the genotyping can be
performed depending on the number of samples and their coverage. This analysis was performed using de novo stutter estimation
and STR calling with de novo allele generation which require 20 or
more high-coverage (~30) samples or 100 or more low-coverage
(~5) samples. HipSTR was run on all BAM files to be analyzed
concurrently. The subsequent output VCF file was filtered using
the script provided in HipSTR with recommended parameters to
remove low-quality calls. Additional filtering was then performed
to remove STR loci in which more than 10% of individuals had
failed to be genotyped (see Note 3).
Example HipSTR commands:
./HipSTR --bams sample1.bam,sample2.bam,sample3.bam,. . .. . . .,sample608.bam
--fasta referencegenome.fasta
--regions SVACCCTCT.hipstr_reference.bed
--str-vcf SVACCCTCTcalls.vcf.gz
--output-filters
python fiter_vcf.py –vcf SVACCCTCTcalls.vcf.gz
--min-call-qual 0.9
--max-call-flank-indel 0.15
--max-call-stutter 0.15
--min-call-allele-bias -2
--min-call-strand-bias -2

Our analysis of the CCCTCT-domain of the SVAs identified
488 as polymorphic for their length with similar average reference
size across the six subtypes (Fig. 3b). The number of alleles for each
polymorphic CCCTCT-domain ranged from 2 to 11 with the most
frequent number of alleles being 2 (Fig. 3c). The size of the
alternative alleles ranged from 30 bp smaller than the reference to
30 bp larger than the reference with 6 bp alternative alleles being
most frequent (Fig. 3d).
This analysis demonstrates that it is common for the CCCTCTdomain of reference SVAs to vary in their length and that the STR
caller HipSTR is a suitable tool for addressing this type of variation.
Further analysis of the data generated could include association
analyses with disease risk or clinical traits and the functional consequences of this variation, for example, regulation of gene
expression [23].
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To validate the variants characterized in the in silico analysis, we
performed PCR to amplify the target and subsequent visualization
of the PCR products to identify the alleles present. The agreement
between the genotypes from the two methods can be determined.
The best strategy would be to choose elements randomly for validation, and preferably the PCR analysis should be performed
blinded to the identity of the DNA samples to the matched BAM
file analyzed in silico.
PCR assays to detect the presence/absence of SVAs can be
designed in two ways. Firstly, primers flanking the insertion site
can be used to amplify the filled site (present allele) and the empty
site (absent allele) in the same reaction. This approach also enables
the identification of multiple different alleles of the SVA itself if
there is a large-enough size difference between them, which is
usually due to the number of repeat units in the central VNTR.
Variation within the CCCTCT-domain is unlikely to be visualized
when amplifying the entire SVA. The second approach involves
placing a primer within the SVA sequence and two flanking the
SVA to amplify the empty site and either the 50 or 30 end of the SVA.
This approach can be useful when targeting particularly large SVAs
as the efficient amplification of the entire SVA and the absent allele
in the same reaction is difficult. Performing gradients for the
annealing temperature of each primer set is important for optimization of the reaction as the window for efficient amplification of
these elements can be narrow. Both approaches were utilized in
Pfaff et al. to validate SVA variants, and the primers and conditions
used for these particular SVAs are outlined in the publication
[21]. From this analysis the calls from Delly were in 98.4–99.4%
agreement with the PCR genotypes.
Two reference SVAs fixed in the population were chosen for
PCR validation of the variation identified in the CCCTCT-domain
using HipSTR. The PCR assays were designed using a primer
located in the Alu-like region and a primer in the flank adjacent
to the 50 end of the SVA to ensure small-enough PCR products for
resolution of the differences between the alleles (PCR products in
the following examples were <250 bp). STR_1140504 representing the CCCTCT-domain of a SVA_D (chr5:6043054260432120) was amplified using GoTaq G2 Hot Start Polymerase
under standard conditions (30 cycles) and the following primers
(5–30 ) for CAGCAGTACAGTCCAGCTTC and Rev GCATCATCCTGGCAAAGACA with an annealing temperature of
60  C. STR_444549 representing the CCCTCT-domain of an
SVA_F (chr14:92910753-92912744) was amplified using KOD
Hot Start Polymerase with the addition of 1 M betaine (32 cycles)
and the following primers (5–30 ) for CAGCAGTACAGTCCAGCTTC and Rev GTGTTGCAACCACCTCATCC with an
annealing temperature of 60  C. The sequence of the alleles of
STR_1140504 and STR_444549 and their allele frequencies
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Fig. 4 Validation of two polymorphic CCCTCT-domains. (a) Aligned sequence of the 5 alleles of STR_1140504
representing the CCCTCT-domain of a SVA_D on chromosome 5 in an intron of the PDE4D gene. (b) Allele
frequency of the 4 alleles based on repeat number of STR_1140504. (c) Example electropherogram traces
representing three genotypes of STR_1140504. (d) Aligned sequence of the six most common alleles of
STR_444549 representing the CCCTCT-domain of a SVA_F located on chromosome 14. (e) Example
electropherogram traces representing three genotypes of STR_444549

based on repeat number are show in Fig. 4. The 6 bp difference
between the alleles of STR_1140504 and STR_444549 was not
able to be resolved using agarose gel electrophoresis; therefore the
PCR products were analyzed using the MultiNA and the DNA-500
kit following manufacturer guidelines (see Note 4). Example electropherogram traces for the three predominant genotypes of
STR_1140504 are shown in Fig. 4c. The 83 samples analyzed in
this manner showed 96.4% concordance with the calls made by
HipSTR. Figure 4f shows electropherogram traces of three heterozygous genotypes consisting of the three most frequent alleles of
STR_444549. The PCR results of STR_444549 demonstrated a
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100% concordance with the HipSTR calls in the 82 samples
analyzed.
The PCR validation results for variants identified by Delly and
HipSTR demonstrate these are tools that produce robust results for
analyzing different types of variation at SVA loci.
3.4 RNA-Seq
Analysis

4

The analysis can start either with the BAM files or fastq files, the
latter variant requires alignment by researcher. Alignment can be
done with any tool that the user feels comfortable with; our group
has used STAR [24] and Rsubread [25] as aligners to produce BAM
files. Starting with fastq files gives an opportunity to use a different
version of reference genome and to gain extra information from the
analysis.
After calling SVA genotypes, we used the matrix eQTL tool
[20] to identify the variants regulating gene expression and alternative splicing (Fig. 1 for flowchart of steps involved). In order to
use the eQTL tool, we detected RNAseq counts from the BAM
files, normalized counts per each sample, and combined expression
values into a single file. Presence or absence of SVAs called by Delly
was encoded as 1, 2, and 3 for AA, AP, and PP, respectively.
Expression quantitative loci were detected by linear modeling of
the gene expression dependent on the genotypes. For the SVA
elements, we identified 457 statistically significant targets that
they are regulating, and, in many cases, SVAs regulated more than
one target gene. All SVAs and their QTLs for the expression of
genes are shown in Fig. 5. Several conclusions can be drawn from
these results. In addition to the local regulatory effect (cis), SVAs
had large number of trans effects targeting genes in different
chromosomes. SVAs usually have more than one target gene suggesting the possibility that SVAs regulate several genes at the same
time. And finally, the transcriptional effects of SVAs were very large
with the beta values from 3.000 to 20,000. All these findings
support the idea that SVAs (and other TEs) can explain very large
portion of the missing heritability and can define the mechanisms
for epistasis.

Notes
1. The WGS used in this analysis had already been aligned to the
reference genome; however if only fastq files are available, we
recommend the alignment using BWA-MEM [26], sorting and
indexing using SAMtools [27], and marking of duplicates (e.g.,
using Picard).
2. SVAs have a high GC content and the amplification of fulllength SVAs can prove difficult. We recommend using a suitable enzyme such as KOD Hot Start polymerase that can
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Fig. 5 Whole genome distribution of the expression quantitative trait loci (eQTL) for the reference SVA
elements. Abs (beta), absolute beta values; effect, locus (cis or trans) and direction of the effect (up or
down) of the SVA elements. Blue bars in the middle circle indicate the positions of the SVAs, the dot size shows
the effect (beta) size, and color (purple or green) shows the direction of gene expression

amplify large fragments that are GC-rich. The addition of
betaine (1 M final concentration) to the reaction also aids in
the PCR and ensures amplification of both alleles of the SVA if
multiple forms exist.
3. A number of those CCCTCT-domains filtered out due to
genotype calls in less than 90% of individuals are due to the
fact the SVAs are polymorphic for their presence/absence. Of
the 83 SVAs detected as absent by Delly, 24 had their
CCCTCT-domain present in the HipSTR panel, 18 of which
were found to have multiple alleles of their CCCTCT-domain.
4. The MultiNA was used to resolve small differences between
PCR products in this particular study; however, other similar
systems can be used, for example, the QIAcxel (Qiagen).
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Chapter 5
Long-Read Sequencing and Analysis of Variable Number
Tandem Repeats
Meredith M. Course, Kathryn Gudsnuk, and Paul N. Valdmanis
Abstract
Tandem repeats are among the most dynamic regions of the genome and a major source of human
biological variation; however, tandem repeats larger than 6 bp in repeat unit size, termed variable number
tandem repeats (VNTRs), have remained understudied. This lack of characterization is primarily because
many VNTRs are in noncoding or intergenic regions and because their size often exceeds the sequence
length of short-read sequencing technologies commonly used for whole genome sequencing. Fortunately,
new technologies like long-read sequencing now allow us to resolve these regions in detail and have already
revealed insights into the role of VNTRs in human evolution, disease, and gene expression. Here, we
outline methods for sequencing VNTRs using single-molecule, real-time long-read sequencing, and aligning, phasing, and analyzing them using a bioinformatics pipeline. Together, these methods describe a novel
and powerful framework for studying VNTR function and evolution.
Key words Variable number tandem repeats (VNTRs), Long-read sequencing, Human evolution,
Repeat evolution, Repeat instability, Tandem repeat polymorphisms, Repeat expansion, Tandem
repeat disorders, Genome structure, Single-molecule, Real-time (SMRT) sequencing

1

Introduction
The human genome contains over a million tandem repeats, which
are remarkably mutable and widely variable [1]. Most research to
date has focused on short tandem repeats (STRs), which have a
repeat unit 1–6 nucleotides long, such as the CAG repeat in HTT
associated with Huntington’s disease and the GGGGCC repeat in
C9orf72 associated with amyotrophic lateral sclerosis (ALS)
[2, 3]. Tandem repeats with a repeat unit seven nucleotides or
greater, termed variable number tandem repeats (VNTRs), are
also present in the human genome in the tens of thousands but
have remained largely uncharacterized due to sequencing limitations [4]. Recent advances in long-read sequencing technology,
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however, indicate that many VNTRs are much larger than the
reference human genome suggests and are strikingly polymorphic.
Almost 50 tandem repeat expansions in the human genome are
known to cause disease [1, 5–7], the majority of which – due to
their relative ease of sequencing – are STRs. Recently, however,
several VNTRs have also been associated with disease. For instance,
a 30-bp repeat in CACNA1C predisposes individuals to bipolar
disorder and schizophrenia [8], while a 25-bp VNTR in the intron
of ABCA7 has been identified as a risk factor for individuals with
Alzheimer’s disease [9]. In addition, 1–5 copies of a 33-bp VNTR
in the promoter of TRIB3 were associated with TRIB3 expression,
and copy number of the repeat was correlated with certain diseaseassociated SNPs [10]. We have also identified a 69-bp repeat in an
intron of WDR7 associated with ALS [11]. In this example, our
multiplexed long-read sequencing strategy revealed clustering of
repeat patterns by superpopulation, directionality of expansion
(from the 30 to 50 end of the repeat), and periodicity of expansion
(i.e., repeats expanded in groups of two rather than one repeat
unit). Therefore, in addition to revealing association with disease,
long-read sequencing analysis of VNTRs can reveal insight into
repeat replication and evolution, as well.
Several recent examples indicate that the internal sequence of a
tandem repeat – in addition to its length – can be a critical diseasecausing element, which builds on the initial finding that internal
nucleotide variability of a CGG repeat expansion can cause fragile-X
syndrome [12–14]. Examples have now been identified in benign
adult familial myoclonic epilepsy (BAFME) [15, 16], neuronal
intranuclear inclusion disease (NIID) [17, 18],1 Parkinsonism
[19], and Huntington disease [20]. Therefore, characterizing the
internal sequence of a tandem repeat can provide novel insight into
human diseases.
There are several strategies that can be used to characterize
tandem repeat expansions. Classically, Southern blot techniques
have been used to identify repeats with massive expansions, though
the internal sequence cannot be determined.2 Repeat-primed PCR
can provide estimates of expansion length and is more amenable to
high large-scale analysis of many DNA samples.3 For short repeats,
PCR amplification and Sanger sequencing can be employed,
though these methods are often not sufficient for repeats that
expand beyond the length that a Sanger sequencing read can capture (~1–2 kb). Bioinformatics programs like Expansion Hunter
[21, 22] have been established to identify repeats from short-read
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whole genome sequencing (WGS) reads.4 In each of these scenarios, the length is estimated, but long-read sequencing must be
utilized to confirm the exact length as well as the internal sequence.
Long-read sequencing of one or more candidate VNTRs can be
accomplished using several methods, the most common of which
are Pacific Biosciences (PacBio) single-molecule, real-time (SMRT)
sequencing, and Oxford Nanopore Technologies long-read
sequencing [23]. Here, we employ and analyze PacBio SMRT
sequencing. SMRT sequencing can be used for whole genome
sequencing, from which VNTRs can later be analyzed, or it can
be used to specifically target a VNTR of interest either though
initial PCR amplification steps (used here) or through a
CRISPR/Cas9 cutting strategy.5 In whole genome sequencing,
genomic DNA is initially fragmented into large genomic segments
ahead of library preparation, which can allow for the phasing of
individual alleles and identifying expansions at sites throughout the
genome. The disadvantage of this approach is the cost and processing time, especially for examining an individual locus. For a more
targeted sequencing approach, DNA can first be PCR-amplified
(the strategy used here), or for a PCR-free approach, CRISPR/
Cas9 can be used to cut the target VNTR sites [24]. This second
approach may be necessary if the repeat of interest is refractory to
PCR amplification, for example, if it is surrounded by repeat elements or if the product length is too large or GC-rich to amplify
effectively. Challenges with this approach include optimizing guide
RNAs for on-target cutting while avoiding off-target cuts. An
advantage is that several repeats can be interrogated simultaneously,
as is the case for a multiplexed panel covering C9orf72, HTT,
FMR1, and ATXN10 tandem repeats [25]. Regardless of the initial
approach, hairpin adaptors called SMRTbell adaptors are then
appended to the DNA fragments, which are then used as input
library for sequencing. Bioinformatics approaches like the one outlined here can subsequently be used to observe the VNTRs in
detail. In this approach, the VNTR of interest is initially amplified
and then barcoded using PCR, which provides the ability to multiplex dozens or even hundreds of samples into a single lane of
PacBio sequencing, to resolve the complete internal VNTR
sequence of each allele per individual. After samples are prepared
and then sequenced, they are demultiplexed and analyzed using a
bioinformatics pipeline.
The bioinformatics pipeline described here can also be applied
to existing long-read sequencing datasets. Currently, long-read
sequenced genomes are available through the Human Genome
Structural Variation Consortium (HGSVC), the Human

4
5
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Pangenome Reference Consortium (HPRC), and the Genome in a
Bottle (GIAB) Consortium, and the number of publicly available
long-read genomes is expected to increase significantly in the next
several years. If using this protocol to analyze VNTRs in an existing
long-read dataset, start at the section “Sequence alignment plot
generation.” Regardless of the origin of the data – in-house longread sequencing or public dataset – we then show how to align the
VNTR alleles in a plot and confirm the assignment of alleles.

2

Materials
To PCR amplify, barcode, and sequence the VNTR of interest, we
used LongAmp Taq DNA Polymerase and accompanying buffer
(New England Biosciences M0323), dNTPs (New England Biosciences N0447S), and a thermocycler. Primers were synthesized by
a standard oligonucleotide synthesis company, such as Integrated
DNA Technologies (primer design described in “PCR amplification
and PacBio SMRT sequencing” Step 1 and example barcodes
described in Tables 1 and 2). We also used standard reagents (i.e.,
agarose, DNA stain) and equipment (i.e., blue light or UV transilluminator) for running and imaging the PCR products on agarose
gels to check the results of the PCR. PCR products were then
cleaned with a MinElute PCR Purification kit (Qiagen 28,006)
and Ampure PB beads (Pacific Biosciences 100-265-900). Quality
of the barcoded DNA was assessed using a TapeStation (Agilent
4200) and genomic DNA ScreenTape (Agilent 5067-5365) and
Table 1
Forward barcodes
bc1F

CACATATCAGAGTGCG

bc2F

ACACACAGACTGTGAG

bc3F

ACACATCTCGTGAGAG

bc4F

CACGCACACACGCGCG

bc5F

CACTCGACTCTCGCGT

bc6F

CATATATATCAGCTGT

bc7F

TCTGTATCTCTATGTG

bc8F

ACAGTCGAGCGCTGCG

bc9F

ACACACGCGAGACAGA

bc10F

ACGCGCTATCTCAGAG

bc11F

CTATACGTATATCTAT

bc12F

ACACTAGATCGCGTGT
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Table 2
Reverse barcodes
bc13R

CTCTCGCATACGCGAG

bc14R

CTCACTACGCGCGCGT

bc15R

CGCATGACACGTGTGT

bc16R

CATAGAGAGATAGTAT

bc17R

CACACGCGCGCTATAT

bc18R

TCACGTGCTCACTGTG

bc19R

ACACACTCTATCAGAT

bc20R

CACGACACGACGATGT

bc21R

CTATACATAGTGATGT

bc22R

CACTCACGTGTGATAT

bc23R

CAGAGAGATATCTCTG

bc24R

CATGTAGAGCAGAGAG

reagents. Finally, a PacBio Sequel II machine was used with Sequel
v3.0 chemistry, though other PacBio machines and chemistries
would work, as well.

3

Methods

3.1 PCR
Amplification and
PacBio SMRT
Sequencing

1. We selected forward and reverse primers that aligned to a
unique (non-repetitive) genomic sequence ~100–150 bp
before and after the repeat, denoted here as Primer Set 1. A
series of barcoded primers (listed in Tables 1 and 2) were
generated that were composed of a hybrid of 12 nt of sequence
overlapping Primer Set 1, along with a unique 16 nt barcode
(see Note 1).
2. Before barcoding for PacBio, a pilot run was generated with
Primer Set 1 to ensure proper amplification of the repeat. We
performed PCR amplification using 100 ng of DNA per sample, 1.5 μl dNTPs, 10 μl of LongAmp buffer, 1.5 μl each of
forward and reverse primers from Primer Set 1, and 1 μl of
LongAmp Taq DNA Polymerase in a 50 μl reaction volume.
Reaction conditions included an initial denaturation at 94  C
for 30 seconds and then 10 touchdown cycles composed of a
30 second denaturation at 94  C, a 30 second annealing step
with a stepwise decrease in annealing temperature of 0.5  C per
cycle from 60  C to 55  C, and a 30 second/kb extension time
at 65  C. These touchdown steps were followed by 25 regular
PCR cycles where annealing temperature remained at 55  C
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and a final extension step of 65  C for 10 minutes. Finally, PCR
products were run on and cut out of an agarose gel and sent for
Sanger sequencing to confirm appropriate alignment of the
resulting sequence to the desired repeat (see Note 2).
3. Subsequently, we performed two successive PCR reactions to
amplify and barcode the samples for SMRT sequencing. We
first used Primer Set 1 for the first 10 touchdown cycles (same
touchdown cycling parameters as in Step 2) to amplify the
repeat, again using 100 ng of template DNA. 8 μl from this
product was then used as a DNA template for a second barcoded PCR, using the same 25 regular PCR cycling conditions
as outlined in Step 2, except that a unique combination of
barcoded forward and reverse primers were used. We used
combinations of 12 forward and 12 reverse primers to multiplex 144 DNA samples (Fig. 1).
4. To elute product, we worked in batches of 12 samples at a time.
First, 10 μl of PCR product was run on a 1% agarose gel to
confirm amplification and estimate allele size and therefore
repeat copy number. The remaining 40 μl of the PCR product
was pooled with 11 other samples and purified using a MinElute PCR Purification kit. Samples were then combined and

Fig. 1 Overall strategy for barcoded long-read sequencing. PCR primers are
selected to amplify a candidate VNTR. The first set of primers – denoted as
Primer Set 1 – aligns to the genomic sequence outside the repeat region. The
second set of barcoded primers contains a shorter overlap with Primer Set
1, along with sample-specific barcodes (different colored rectangles). Shown
here is a representation of how barcodes are added to a VNTR that has a variable
length, with two alleles shown per individual
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brought to a volume of 100 μl with Buffer EB. Free primers
were then removed with a 1x ratio of Ampure PB beads, which
removes DNA of 300 bp or less. We confirmed results on a
TapeStation instrument. Example TapeStation results here
show one individual (Fig. 2a), a pooled set of 12 individuals
(Fig. 2b), and the complete 144 sample library (Fig. 2c). The

Fig. 2 TapeStation profile of repeat PCR products. (a) A TapeStation trace of an
individual DNA sample with 22 and 33 copies of the WDR7 repeat, which
corresponds to two well-defined peaks at 1762 and 2511 bp. (b) A
representative TapeStation profile of repeat length results from 12 pooled and
purified samples. Depending on the range of length of the VNTR, the peaks may
be closer together or spread further apart. (c) Complete library profile of
144 barcoded and multiplexed samples demonstrating an even distribution of
PCR product lengths, which was subsequently submitted for long-read
sequencing
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sequencing library was then prepared and SMRT bell adaptors
were ligated by the University of Washington Genome Sciences
PacBio Sequencing Services. Samples were run on a PacBio
Sequel II System using v3.0 chemistry (see Note 3).
3.2 Sample
Demultiplexing and
Analysis

1. Samples were sorted by their combination of forward and
reverse barcodes using the FASTQ output file generated by
PacBio sequencing (see Note 4). First, 12 separate files were
generated with each of the forward barcodes using the following example command using the fastx_barcode_splitter.pl perl
script from the FASTX toolkit package (http://hannonlab.cshl.
edu/fastx_toolkit/) and a pacbio_barcodes_F.txt file listing
forward barcodes (Table 1):
cat ccs_Q10.fastq | fastx_barcode_splitter.pl --bcfile
pacbio_barcodes_F.txt --bol --mismatches 1 --prefix=For/
ForBC_ --suffix=.fq

2. For each file containing the same forward barcode, we then
generated a new directory with twelve additional files matching
the reverse barcode at the end of the sequence (Table 2) using
the following example command:
cat For/ForBC_bc1F.fq | fastx_barcode_splitter.pl -bcfile pacbio_barcodes_R.txt --eol --mismatches 1 --prefix=For/Rev/1F_ --suffix=.fq

3. The example command in Step 2 was repeated 11 more times
for each of the individual forward files (bc_2F, bc_3F, etc.).
These steps yielded 144 unique files. Since both sense and
antisense (Watson and Crick DNA) strands were part of the
output file, we also repeated Steps 1 and 2 with the reverse
complement of the barcodes against the original FASTQ output file to generate 144 additional files. This second set of files
was reverse complemented using FASTX toolkit commands:
for file in *.fq; do fastx_reverse_complement -Q 33 -i
“$file” -o “rc/rc_$file”; done.

4. After merging the sense and reverse-complement antisense files
for each of the 144 samples, we then searched for multiple
instances of the same identical sequence using the FASTXtoolkit collapsed command:
for file in *.fq; do fastx_collapser -Q 33 -i “$file” -o
“collapsed/collapsed_$file”; done
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5. In the event that we only identified singleton reads, we performed alignment of a subset of 8–10 of these reads per allele
(using Geneious Prime or a similar alignment tool). We took
the consensus sequence from each as the representative
sequence for this individual (see Notes 5 and 6).
3.3 Sequence
Alignment Plot
Generation

1. To align the two consensus alleles from each sample after
demultiplexing, we first trimmed all sequences before and
after the repeat. For example, we used the following command
to remove sequence after the repeat, where “GGCTATTTGACCT” is the sequence immediately following the repeat
(see Notes 7 and 8):
fastx_clipper -a -c -Q 33 GGCTATTTGACCT -v -i
collapsed_bc1F_bc13R -o 1F_13R_trim.txt

2. If using an existing dataset rather than performing sequencing,
begin analysis at this step. Regardless of the origin of data, reads
were divided into individual repeat units based on their nucleotide composition. The start and end of the repeat unit were
identified using the Simple Tandem Repeats by Tandem Repeat
Finder track [26] from the UCSC Genome Browser (https://
genome.ucsc.edu/). We identified repeat units using the
“Find” function in a simple text editor (Fig. 3a) and then
split the sequence into one row per repeat unit (Fig. 3b) and
extracted all unique combinations of internal sequence. We
then counted the abundance of each repeat unit across all
sequenced samples and ordered the individual repeat units
based on their relative frequency. Individual repeat units can
be tracked in a spreadsheet or other preferred software (see
Note 9).

Fig. 3 Example of converting a consensus sequence to a colored, single letter code. (a) Output sequence of an
individual read with the starting position of each copy of the WDR7 repeat highlighted in white. (b) Formatting
of the sequence read such that one copy of each individual repeat unit is present per line. Note the presence of
two copies of a 68 bp repeat instead of 69 bp and the last line is a 47 bp fragment of the repeat present in both
humans and nonhuman primates. (c) Each unique repeat unit is assigned its own single letter code
corresponding to an amino acid. (d) Repeat units are colored based on their single letter code
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3. We then assigned a single letter code corresponding to an
amino acid to each repeat unit. The purpose of assigning
amino acid codes was to facilitate co-opting an amino acid
alignment tool in the next step. We did not use the letters
“A,” “C,” “G,” or “T,” to avoid any ambiguity associated
with using DNA nucleotides, nor did we use letters like “Z,”
which do not have an amino acid code, meaning that at most
16 letters could be used for this purpose. A copy of the combined FASTA file containing two alleles per sequenced individual was converted to a set of letters by using a “Find and
Replace” function in a text editor (Fig. 3c). If a sequence did
not correspond to the 16 resulting letters/repeat units, it was
assigned an “X,” but the sequence information was preserved
in the original FASTA file (see Note 10).
4. The condensed FASTA file was used as input for the Clustal
Omega online alignment program (https://www.ebi.ac.uk/
Tools/msa/clustalo/) to align each allele. The output file
containing aligned alleles was then opened in a spreadsheet.
We used the “text to column” function to separate letters into
their own column.
5. For visualization of repeat unit patterns, letter codes could then
be converted into color codes, which is easily done in a spreadsheet with a “Conditional Formatting” or similar tool
(Fig. 3d). Specifically, we selected “Conditional Formatting”
> “Highlight Cells Rules” > “Text that Contains”. In the
“Specific Text” field, we would enter the letter to convert and
then select “Format With” > “Custom Format.” In the “Fill”
tab, we would change the background color to a unique fill
color and hit “OK.” Color coding all aligned letters/repeat
units allowed us to quickly visualize which regions of the repeat
(beginning, middle, or end) were most conserved across all
alleles. For example, the repeat units for WDR7 were highly
conserved at the end of the repeat but had little conservation at
the beginning, so we aligned all repeat units to the more similar
end (Fig. 4a) by right justifying the original input file prior to
the “text to column” step. Upon manual inspection of the
reads, we found several instances where manually swapping
the sequences by moving the cells in the spreadsheet improved
their alignment to most closely resemble their neighbors
(Fig. 4b).
3.4 Confirmation of
Assigned Alleles

The diversity of VNTR length and internal sequence allows for the
use of multiple methods to confirm that the final alleles assigned per
individual are correct. We employed several methods, any of which
can be used as validation of the alleles that are called:
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Fig. 4 Phased long-read sequencing data of the WDR7 VNTR from existing datasets. (a) Repeat units were
color-coded and then each individual’s alleles were plotted as a series of colors across the WDR7 VNTR. Here,
two repeats (when available) are shown per individual in numerical order. (b) Individual alleles from (a) were
then aligned based on their similarity

1. We sequenced a large multigenerational pedigree and included
replicate samples in two separate lanes of long-read sequencing.
When alleles were demultiplexed, we could detect complete
segregation of the transmitted sequence. We found no length
changes or variants between generations (despite specifically
looking for these) and found only four alleles spread across
multiple siblings in a pedigree [11].
2. We performed long-read sequencing on 1000 Genomes Project samples for which short-read WGS had already been performed. From the short-read set, we could measure read depth
at a VNTR and estimate the number of repeat copies. This
calculation roughly matched the average of two alleles obtained
from long-read sequencing.
3. Unique combinations of internal repeat units are present for
each individual. We could match the presence of repeat units
found within a short read with their presence in long-read
alleles and vice versa. Moreover, rare or private variants present
in long-read alleles could be also identified in short-read
datasets.
4. The same combination of repeat units could be detected in
RNA-seq datasets, especially those that use a ribosomal RNA
removal strategy, and this information could be used to identify
RNA-specific repeat units that most likely correspond to RNA
editing events.
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Notes
1. In cases where barcoded PCR amplification is unsuccessful, an
alternative strategy is to increase the amount of overlapping
sequence up to 18 nucleotides between Primer Set 1 and barcoded primers and/or reduce the amount of barcoded
sequence to 8–12 nucleotides.
2. With LongAmp Taq and these cycling parameters, we could
amplify at least one allele of the WDR7 VNTR per individual
95% or more of the time and two alleles the majority of the
time. With other VNTRs, we found we needed to slightly
modify the cycling parameters (e.g., to lower the touchdown
annealing range a few degrees) to obtain optimal amplification
conditions. These parameters are a recommended starting
point, but they may have to be modified based on each
VNTR (i.e., for high GC-content). Another consideration is
that while we recommend 100 ng of DNA as input, we have
had success with as low as 25 ng, depending on the quality of
the DNA.
3. One consideration is that PCR amplification of short products
is more efficient than long products. PacBio long-read
sequencing may also preferentially amplify shorter sequences.
We detected many more reads mapping to short repeats (1–10
copies) and fewer to long repeats (>30 copies). This bias to
shorter reads should be considered when a large size range of
products is being sequenced. Samples can be split into short
and large fractions using different concentrations of PB beads
and then sequenced on two separate PacBio lanes before merging the results.
4. We list commonly used commands for barcode sorting and
demultiplexing; however, PacBio has developed its own
SMRT command-line tool software, including steps for barcode sorting and demultiplexing.
5. We reasoned that the correct sequence would have multiple
identical sequence reads, while sequencing errors would appear
randomly across the 0.5–4 kb sequence and therefore appear as
singleton reads. Indeed, we found this largely to be the case:
samples had two reads with multiple (5–100+) exact matches.
We were able to assign two alleles per individual using this
information and generated a combined FASTA file with the
two alleles for each individual.
6. We found several instances of concatenated products and therefore removed any reads where internal primers and/or barcodes were present. Samples with only one allele were
denoted as homozygotes, though we note that in scenarios
where an extra-long allele is present, it is possible that the allele
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was not amplified, and we were only able to capture one of the
two alleles.
7. Sequences before and after the repeat can also be clipped prior
to concatenating the files. We chose to preserve the sequence
information until consensus alleles per individual were generated in case any SNPs were present in the non-repetitive segments of the intron that are captured, which could help in
resolving the two parental alleles.
8. In the case of the VNTR in WDR7, the final section of the
repeat is only 47 nt long (a region that originated in nonhuman
primates). As this 47 bp segment did not match a complete
repeat unit, we removed this portion from downstream
alignment.
9. Whether amplifying and sequencing a VNTR or using existing
datasets, there may be no or only one allele available per individual, depending on the sequence coverage of the repeat.
10. The approach of converting repeat units to single amino acid
letters works best for repeats where 95% or more of the reads
are distributed into 16 repeat units or fewer. Some VNTRs
have many more repeat units, like a 25 nt VNTR in ABCA7,
which likely results from a much earlier evolutionary origin of
the repeat.

5

Conclusion
This protocol provides a comprehensive workflow for long-read
sequencing VNTRs and analyzing them using free and basic bioinformatics tools, starting from multiplexed analysis across large
numbers of individuals to identifying unique repeat units in the
genome. Furthermore, the bioinformatics pipeline can be applied
to any long-read sequencing dataset, regardless of whether it was
generated in-house or obtained from a publicly available online
repository. Analyzing VNTRs in this way reveals the internal patterning of tandem repeats, which can in turn be used to interrogate
mechanisms of how the repeats expand. Finally, this analysis can
also be used to help determine how repeats differ among individuals, such as those with different disease states or belonging to
different superpopulations.
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Chapter 6
Multiplex CRISPR/Cas9-Guided No-Amp Targeted
Sequencing Panel for Spinocerebellar Ataxia Repeat
Expansions
Yu-Chih Tsai, Faria Zafar, Zachary T. McEachin, Ian McLaughlin,
Marka Van Blitterswijk, Janet Ziegle, and Birgitt Schüle
Abstract
Spinocerebellar ataxias (SCAs) are caused by nucleotide repeat expansions that are intronic or exonic, the
latter being translated as polyglutamine repeats. These translated exonic repeat expansion disorders are
SCA1, SCA2, SCA3, SCA6, SCA7, SCA17, and dentatorubral-pallidoluysian atrophy (DRPLA). Other
SCAs, i.e., SCA10, SCA31, SCA36, and SCA37, present with intronic repeat expansions and can be much
longer than the polyglutamine repeats. It is not uncommon that such intronic repeat expansions comprise
of several hundred or even thousand repeats; hence, the expansion can be between 2500 and 22,500 base
pairs in length.
Such long repeats present a challenge for standard sequencing and detection techniques in the research
and diagnostic setting. Most clinical diagnostics are PCR-based methods and Southern blotting; however,
such methods have their shortcomings, and it is known that repeat sizing can vary between labs. In
addition, next-generation sequencing technologies with short reads also have their limitations because of
the repetitive nature of the repeats resulting in alignment problems.
Clinically, it has also become clear that repeat compositions, repeat interruptions, and mosaic variability
can play a disease-modifying role and affect the symptoms, penetrance, and disease progression. Therefore,
it is very important in the research and clinical setting to establish methods that provide (1) accurate mutant
repeat size, (2) accurate mutant repeat composition at the nucleotide level, and (3) estimate of mosaicism of
repeat length as these repeat regions can be highly mutable due to replication errors.
In this chapter, we describe the use of long-read sequencing using single-molecule real-time sequencing
(SMRT) combined with clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 targeting of multiple loci, which allowed us to develop a 15-gene panel for repeat expansion disorders of
spinocerebellar ataxias. The advantage of SMRT sequencing are the long reads of over 10,000 base pairs
from amplification-free genomic DNA. CRISPR/Cas9 allows for targeting specific repeat loci and multiplexing them to develop a sequencing panel of repeat expansion SCAs relevant for both research applications and diagnostic development.
Key words Repeat expansion disorders, Spinocerebellar ataxia, SCA, Ataxin, ATXN, No-Amp targeted sequencing, CRISPR/Cas9, Single-molecule real-time sequencing, SMRT sequencing
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Introduction
Spinocerebellar ataxias (SCAs) are a heterogeneous group of progressive gait ataxias that present with complex and overlapping
clinical phenotypes; hence, accurate diagnostic and genetic characterization can be challenging (Table 1) [1, 2]. SCAs can be
genetically grouped into genes with different mutation types: translated and untranslated repeat expansions as well as point mutations
and deletions [1]. Translated CAG repeat expansion SCAs include
SCA1, 2, 3, 6, 7, 17, and dentatorubral-pallidoluysian atrophy
(DRPLA), which are also referred as polyglutamine SCAs.
Non-translated SCAs are caused by repeat expansions in introns
or untranslated regions, which are SCA8, 10, 12, 31, 36, and 37. In
general, non-translated SCA repeats can be much longer as compared to polyglutamine SCAs that usually present with fewer than
100 repeats [1]. It has also become clear that not only repeat length
but also repeat composition, repeat interruptions or insertions, and
somatic variability can affect disease phenotype and act as disease
modifiers [3–6].
Repeat expansions have been difficult to characterize genetically as PCR-based sequencing techniques have short-read lengths;
thus, accurate assembly and mapping are difficult and PCR amplification induces bias [7]. PCR-based sequencing and sizing
techniques cannot resolve the complete length of the repeat expansion and show reduced amplification efficiency, allele bias, or
dropout [8] and are prone to replication slippage effects
[9]. Other repeat expansion PCR-based detection methods include
repeat-primed PCR techniques, which are economical and can
determine repeat composition [10, 11], however, still cannot
resolve the complete length of large expansions and somatic
mosaicism.
Long-read sequencing can overcome these challenges as long
reads (several kilobases) originate from amplification-free
(No-Amp) single genomic DNA molecules and can produce
high-quality genome assemblies; resolve repeat expansions, structural variation, and phasing; and can discern pseudogenes [7]. Further, combining single-molecule real-time (SMRT) sequencing
with the clustered regularly interspaced short palindromic repeat
(CRISPR)/Cas9 system allows for specific targeting of different
loci regardless of GC content or length of repeat stretches [12].
Here we describe a long-read sequencing method of multiplex
CRISPR/Cas9-guided No-Amp Targeted Sequencing of 15 genes
implicated in SCA/ataxia syndromes (Fig. 1, Table 1), which is
suitable for research purposes and can be adapted for clinical diagnostics in the future.
In general, the No-Amp targeted sequencing library preparation for Pacific Biosciences (PacBio) long-read sequencing follows
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Table 1
Genomic and clinical description of the 15-ataxia syndromes of the No-Amp multiplex panel
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#614153

20p13

NOP56

Ribonuclear protein 56

SCA36

SCA2

3 to 14
650 to 2500

>110

GGCCTG

Intron

AD

Adult (6th)

N/A

TGGAA insertion

Intron

AD

Adult (6th)

Ataxia, dysarthria, Ataxia, eye movement
reduced muscle
abnormalities, tongue
tone, horizontal
fasciculation, upper
gaze nystagmus
motor neuron signs,
hearing loss

#117210

16q21

BEAN1

Brain-expressed,
associated with
NEDD4

SCA31

SCA1

#229300

9q21.11

FXN

Frataxin

Friedreich Ataxia

#606438

16q24.2

JPH3

Junctophilin-3

HDL2

SCA7

#125370

12p13.31

ATN1

Atrophin-1

DRPLA

SCA8

SCA10

31 to 75

ATTTC
insertion
into
ATTTT

Intron

AD

Adult

70 to >1000

5 to 30

GAA

Intron

AR

Juvenile

>41

6 to 28

CAG/CTG

Variant exon

AD

Adult

Point mutations in ATN1
present with congenital
hypotonia, epilepsy,
developmental delay,
digital anomalies

49 to 75

8 to 35

CAG

Exonic

AD

Adult

Gait
Gait, limb ataxia,
ChoreaAtaxia, chorea,
ataxia,
muscle weakness,
acanthocytosis
seizures, dementia
dysarthria
dysarthria,
decreased
proprioception

#615945

1p32.2p32.1

DAB1

DAB
adaptor
protein 1

SCA37

SCA6
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Fig. 1 Illustration of repeat expansion structure for all 15 genes of the No-Amp SCA panel illustrating exonic or
intronic locations of the repeats and disease/gene abbreviations

Fig. 2 No-Amp targeted sequencing workflow. (a) Dephosphorylation of genomic
DNA to prevent nonspecific adapter ligation. (b) CRISPR-Cas9 digestion to excise
target DNA fragments. (c) SMRTbell template adapter ligation. (d) Nuclease
treatment to remove non-SMRTbell DNA molecules. (e) PacBio SMRT
sequencing

four major steps (Fig. 2): (1) genomic DNA dephosphorylation,
(2) CRISPR/Cas9 nuclease digestion, (3) sequencing adapter ligation, and (4) nuclease digestion. Importantly, the DNA dephosphorylation step prevents undesired sequencing adapter ligation to
nontargeted DNA from occurring, lowering the number of
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background sequencing reads. A key advancement of this technology is that each target DNA fragment of the multiplex panel is
excised by the CRISPR/Cas9 nuclease complexed with a pair of
guide RNAs targeting genomic positions upstream and downstream of the target repeat region. We designed multiple pairs of
guide (g)RNAs, which consist of the target gene-specific CRISPR
(cr)RNA hybridized to the stem loop structure containing universal
trans-activating CRISPR (tracr)RNA. The gRNA pairs can be used
simultaneously in one CRISPR/Cas9 digestion to achieve target
multiplexing. The excised DNA fragments are then ligated with
hairpin sequencing adapters to form circular SMRTbell templates
[13]. Different DNA samples can be multiplexed in sequencing
when barcoded hairpin adapters are used for the SMRTbell template construction. The last nuclease digestion step utilizes a cocktail of nucleases to degrade noncircular DNA molecules and enrich
for the target SMRTbell templates for sequencing analysis.
This method allows for accurate determination of repeat size,
repeat composition, repeat interruptions, and somatic mosaicism,
which are not only critical for understanding disease mechanisms
but also clinical practice and genetic counseling as variation in the
repeat characteristics can affect disease penetrance, symptoms, and
consequently disease trajectory.

2

Materials
(a) Custom-synthesized CRISPR/Cas9 crRNA, Alt-R®
CRISPR-Cas9 crRNA, (IDT, Integrated DNA Technologies)
(Table 2).
(b) CRISPR/Cas9 tracrRNA, IDT, catalog# 1072532 (5 nmol),
1,072,533 (20 nmol), or 1,072,534 (100 nmol).
(c) Barcoded library adapters, custom DNA oligos with 50 phosphorylation modification and HPLC purification (IDT)
(Table 3).
(d) No-Amp accessory kit containing Sequencing Primer v4,
10 Primer buffer v2, and 10 Annealing buffer, PacBio,
catalog# 101-788-900.
(e) 1 kilobase (kb) DNA Ladder (carrier DNA), New England
Biolabs (NEB), catalog# N3232S or N3232L.
(f) 0.5 mL and 1.5 mL DNA LoBind tubes are used throughout
the entire protocol, Eppendorf, catalog# 0030108035 and
0030108051.
(g) Shrimp Alkaline Phosphatase (rSAP), NEB, catalog#
M0371S or M0371L.
(h) Nuclease-free water,
catalog#AM9937.

not

DPEC-treated,

Ambion,
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Table 2
CrRNA sequences for 15-gene SCA panel
Name guide RNA

Sequence (50 –30 )

Alt-R® CRISPR-Cas9 crRNA, SCA1/ATXN1 repeat element target,
“ATXN1.DC.1”

TTACGGTGTTC
TACACCTCT

Alt-R® CRISPR-Cas9 crRNA, SCA1/ATXN1 repeat element target,
“ATXN1.DC.2”

ATACCTACAGCTGC
TACCTG

Alt-R® CRISPR-Cas9 crRNA, SCA2/ATXN2 repeat element target,
“ATXN2.DC.1”

TTTGATCACTCAAAC
TACTC

Alt-R® CRISPR-Cas9 crRNA, SCA2/ATXN2 repeat element target,
“ATXN2.DC.2”

TTGACGACCTGCTCCA
TTGC

Alt-R® CRISPR-Cas9 crRNA, SCA3/ATXN3 repeat element target,
“ATXN3.DC.1”

TGTTTTGGCTGTAC
TTAAAC

Alt-R® CRISPR-Cas9 crRNA, SCA3/ATXN3 repeat element target,
“ATXN3.DC.2”

CTATAATATTGA
TGGCACAG

Alt-R® CRISPR-Cas9 crRNA, SCA6/CACNA1A repeat element target,
“CACNA1A.DC.1”

GGATGGCTGAAACAC
TTCGT

Alt-R® CRISPR-Cas9 crRNA, SCA6/CACNA1A repeat element target,
“CACNA1A.DC.2”

GCACAGCCCCG
TTAGCCGGG

Alt-R® CRISPR-Cas9 crRNA, SCA7/ATXN7 repeat element target,
“ATXN7.DC.1”

AAAAATTGAAAATC
TGCATA

Alt-R® CRISPR-Cas9 crRNA, SCA7/ATXN7 repeat element target,
“ATXN7.DC.2”

TTAATTTTTTAAGCC
CAGGC

Alt-R® CRISPR-Cas9 crRNA, SCA8/ATXN8OS repeat element target,
“ATXN8OS.DC.1”

CAATAATCATTAATAG
TCAC

Alt-R® CRISPR-Cas9 crRNA, SCA8/ATXN8OS repeat element target,
“ATXN8OS.DC.2”

ACACTGTGCAATATG
TAAGG

Alt-R® CRISPR-Cas9 crRNA, SCA10/ATXN10 repeat element
target,“ATXN10.DC.1”

TGTTCCACCAGCC
TTTGCCA

Alt-R® CRISPR-Cas9 crRNA, SCA10/ATXN10 repeat element
target,“ATXN10.DC.2”

TAAATTTCACCTGA
TCAAGG

Alt-R® CRISPR-Cas9 crRNA, SCA12/PPP2R2B repeat element target,
“PPP2R2B.DC.1”

TATGGTGCTCTGTA
TAGGGG

Alt-R® CRISPR-Cas9 crRNA, SCA12/PPP2R2B repeat element target,
“PPP2R2B.DC.2”

CTTGATTCAGAAAGA
TACAG

Alt-R® CRISPR-Cas9 crRNA, SCA17/TBP repeat element target, “TBP. AGGACTGGCTGAC
DC.1”
TAGTTAG
Alt-R® CRISPR-Cas9 crRNA, SCA17/TBP repeat element target, “TBP. CTTAACGAATAACTTA
DC.2”
TACA
Alt-R® CRISPR-Cas9 crRNA, SCA31/BEAN1 repeat element target,
“BEAN1.DC.1”

CGAAATCAGTCAC
TCCCCCA
(continued)
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Table 2
(continued)
Name guide RNA

Sequence (50 –30 )

Alt-R® CRISPR-Cas9 crRNA, SCA31/BEAN1 repeat element target,
“BEAN1.DC.2”

CCATGATCAGGGG
TACACTG

Alt-R® CRISPR-Cas9 crRNA, SCA36/NOP56 repeat element target,
“NOP56.DC.1”

GACAGCTCCTTTG
TAACCAG

Alt-R® CRISPR-Cas9 crRNA, SCA36/NOP56 repeat element target,
“NOP56.DC.2”

AAAGGCTCCAGTATTA
TGGG

Alt-R® CRISPR-Cas9 crRNA, SCA37/DAB1 repeat element target,
“DAB1.DC.1”

AAATATATACACTC
TTAGAA

Alt-R® CRISPR-Cas9 crRNA, SCA37/DAB1 repeat element target,
“DAB1.DC.2”

TAAGTTTACCCATA
TTCAGT

Alt-R® CRISPR-Cas9 crRNA, HDL2/JPH3 repeat element target,
“JPH3.DC.1”

CCTTTAAATCCCAC
TCCCGG

Alt-R® CRISPR-Cas9 crRNA, HDL2/JPH3 repeat element target,
“JPH3.DC.2”

TCAGGGAGTACCC
TAAGGGG

Alt-R® CRISPR-Cas9 crRNA, FA/FXN repeat element target, “FXN.
DC.1”

CTGCTGTAAACCCA
TACCGG

Alt-R® CRISPR-Cas9 crRNA, FA/FXN repeat element target, “FXN.
DC.2”

ACTAAATATGCTG
TCCCATG

Alt-R® CRISPR-Cas9 crRNA, DRPLA/ATN1 repeat element target,
“ATN1.DC.1”

ACAGGA
TGCCCAAGGCACTG

Alt-R® CRISPR-Cas9 crRNA, DRPLA/ATN1 repeat element target,
“ATN1.DC.2”

AAAGAGCCCAGTCA
TGATAG

(i) NEBuffer 3.1, 10, NEB, catalog# B7203S.
(j) Nuclease-Free Duplex Buffer, IDT, catalog# 11-01-03-01 or
11-05-01-12.
(k) Cas9 Nuclease, S. pyogenes, NEB, catalog# M0386T or
M0386M.
(l) Recombinant ribonuclease inhibitor, Takara Bio USA, catalog# 2313A or 2313B.
(m) AMPure® PB, PacBio, catalog# 100-265-900.
(n) Elution Buffer, PacBio, catalog# 101-633-500.
(o) T4 DNA Ligase Reaction Buffer, 10X, NEB, catalog#
B0202S.
(p) T4 DNA Ligase, HC, Thermo Fisher Scientific, catalog#
EL0013.
(q) CutSmart® Buffer, 10X, NEB, catalog# B7204S.
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Table 3
Barcoded library adapter sequences
Barcode
adapter

Sequence (50 – 30 )

bc1001

CGCACTCTGATATGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACATATCAGAGTGCG

bc1002

CTCACAGTCTGTGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACACAGACTGTGAG

bc1004

CGCGCGTGTGTGCGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACGCACACACGCGCG

bc1008

CGCAGCGCTCGACTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACAGTCGAGCGCTGCG

bc1009

TCTGTCTCGCGTGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACACGCGAGACAGA

bc1010

CTCTGAGATAGCGCGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACGCGCTATCTCAGAG

bc1012

ACACGCGATCTAGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACTAGATCGCGTGT

bc1014

ACGCGCGCGTAGTGAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTCACTACGCGCGCGT

bc1015

ACACACGTGTCATGCGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCGCATGACACGTGTGT

bc1016

ATACTATCTCTCTATGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCATAGAGAGATAGTAT

bc1017

ATATAGCGCGCGTGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACACGCGCGCTATAT

bc1018

CACAGTGAGCACGTGAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTCACGTGCTCACTGTG

bc1019

ATCTGATAGAGTGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACACTCTATCAGAT

bc1020

ACATCGTCGTGTCGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACGACACGACGATGT

bc1021

ACATCACTATGTATAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTATACATAGTGATGT

bc1022

ATATCACACGTGAGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACTCACGTGTGATAT

bc1023

CAGAGATATCTCTCTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCAGAGAGATATCTCTG

bc1024

CTCTCTGCTCTACATGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCATGTAGAGCAGAGAG
(continued)
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Table 3
(continued)
Barcode
adapter

Sequence (50 – 30 )

bc1025

GCGCGAGCGTGTCGCGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCGCGACACGCTCGCGC

bc1026

TGTGCGTGTCTCTGTGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCACAGAGACACGCACA

bc1027

TGTGAGAGAGTGTGAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTCACACTCTCTCACA

bc1028

GAGAGTCAGAGCAGAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTCTGCTCTGACTCTC

bc1029

TCTATAGACATATATAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTATATATGTCTATAGA

bc1030

GAGCGCGATAGAGAGAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTCTCTCTATCGCGCTC

bc1031

CACACACTCAGACATCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGATGTCTGAGTGTGTG

bc1032

CACTATCTCTAGTCTCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGAGACTAGAGATAGTG

bc1033

AGAGACTGCGACGAGAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTCTCGTCGCAGTCTCT

bc1034

ATATCTATATACACATATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATATGTGTATATAGATAT

bc1035

CAGAGAGTGCGCGCGCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGCGCGCGCACTCTCTG

bc1036

GTGTGCGACGTGTCTCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGAGACACGTCGCACAC

bc1037

GTAGTGCGATATGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACATATCGCACTAC

bc1038

GCGCATCGAGACACACATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGTGTGTCTCGATGCGC

bc1039

TGTATCTATGTGTGCGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCGCACACATAGATACA

bc1040

ACACTCTCATATGACAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTGTCATATGAGAGTGT

bc1041

GCGTGCACGCGCGAGAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTCTCGCGCGTGCACGC

bc1042

GCGCTCGTCGAGCGAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTCGCTCGACGAGCGC
(continued)
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Table 3
(continued)
Barcode
adapter

Sequence (50 – 30 )

bc1043

TATGTAGAGCTCTATAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTATAGAGCTCTACATA

bc1044

CGCGCGTCGTCTCAGCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGCTGAGACGACGCGCG

bc1045

AGAGAGTACGATATGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACATATCGTACTCTCT

bc1046

ATATACTCGATATATCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGATATATCGAGTATAT

bc1047

GTGTGTACACATGACAATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATTGTCATGTGTACACAC

bc1048

GAGTGTGAGTGCACACATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGTGTGCACTCACACTC

bc1049

GAGAGAGCACACGTGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATACACGTGTGCTCTCTC

bc1050

CTCTCTCGCGTATATCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGATATACGCGAGAGAG

bc1051

GCGCGCGCTAGACACGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCGTGTCTAGCGCGCGC

bc1052

GATATATATCTCACACATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGTGTGAGATATATATC

bc1053

GTGTGACGTACGTGAGATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATCTCACGTACGTCACAC

bc1054

TCTGTAGTGCGTGCGCATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTG
TTGAGAGAGATGCGCACGCACTACAGA

(r) Exonuclease III, NEB, catalog# M0206S or M0206L.
(s) SMRTbell® Enzyme Clean up Kit, PacBio, catalog#
101-746-400.
(t) SOLu-Trypsin, Sigma-Aldrich, catalog# EMS0004.
(u) Sequel Binding and Internal Control Kit 3.0, PacBio, catalog# 101-626-600.
(v) Sequel II Binding Kit 2.0 and Internal Control Kit 1.0,
PacBio, catalog# 101-842-900.
(w) 1 dsDNA HS assay kit, Thermo Fisher Scientific, catalog#
Q33238 and Q33230.
(x) Barrier pipet tips P20, P200, and P1000, various vendors.
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(y) 80% ethanol (v/v) prepared with molecular biology grade
ethanol.
(z) PCR tubes, USA Scientific, catalog# 1402-4708.
2.1

Equipment

(a) Mini centrifuge for quick spins of 1.5 mL, 0.5 mL, and PCR
tubes, Benchmark Scientific, catalog# C1008-C or equivalent.
(b) Microcentrifuge with 14,000 RCF capability.
(c) Vortex Mixer with 2000 rpm capability and holder for 1.5 mL
and 0.5 mL microcentrifuge tubes.
(d) Thermocycler.
(e) Dry bath incubator with active cooling and heated lid
equipped with 0.5 mL tube block (BenchTop Lab Systems
model, catalog# BT1106 or equivalent).
(f) Magnetic bead rack for 1.5 mL and 0.5 mL microcentrifuge
tubes (MagneSphere® Technology magnetic separation stand,
Promega, catalog# Z5341 with additional neodymium disc
magnet attached (1/400 diameter by 1/800 thickness, K & J
Magnetics, catalog# D42-N52) is recommended for 0.5 mL
tubes.
(g) Qubit 4 Fluorometer Qubit® Quantitation
(Thermo Fisher Scientific, catalog# Q33238).

Platform

(h) Molecular biology pipettes, standard set capable of pipetting
volumes 0.5 μL to 1 mL.
2.2

Best Practices

(a) Prepare genomic DNA samples by equilibrating to room temperature and mixing the samples thoroughly by gently inverting the tube several times prior to start of experiment.
(b) Maintain enzymes at 20  C in a benchtop cooler during
reaction setup and return to freezer once reaction setup is
complete.
(c) Use a thermocycler or dry bath incubator equipped with
heated lid for all incubation steps involving enzymatic reactions to minimize water evaporation and condensation. If the
instrument allows, set the lid temperature 10  C above the
incubation temperature.
(d) Use dedicated nuclease-free water and consumables when
working with RNA oligos. Keep RNA oligos and associated
reagents for CRISPR-Cas9 digestion on ice at all times.
(e) Mix reactions as instructed. Reaction preparation from the
genomic DNA treatment step to adapter ligation step contains
high-molecular-weight genomic DNA that can become fragmented from improper handling during reaction setup.
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(f) Allow sufficient time for AMPure PB beads and Elution Buffer
to reach room temperature before use.
(g) Do not overdry AMPure PB beads during purification steps.
2.3 Time Allocation
for 3-Day Experimental
Workflow

3

Day 1: Carry out the experiment steps from genomic DNA dephosphorylation to sequencing adapter ligation (Fig. 2a–c). These steps
take approximately 4 hours to complete. You can leave ligation
samples at 4  C overnight in the thermocycler or store at 4  C in
a refrigerator.
Day 2: Continue with nuclease treatment and sequencing sample preparation (Fig. 2d, e). The process takes approximately
1 working day. You can leave polymerase binding reactions in the
thermocycler at 4  C overnight or store at 4  C in a refrigerator.
Day 3: Final polymerase-SMRTbell template purification. This
step usually takes less than 1 hour.

Methods

3.1 Initial Reagent
Preparations

Before starting with the experiment, prepare the following
reagents.
1. CrRNA oligonucleotides (sequences of crRNA oligonucleotides listed in Table 2):
(a) Prepare 50 μM stocks of crRNA and tracrRNA oligos by
resuspending the oligos in molecular biology grade
nuclease-free water (see Note 1).
(b) Prepare 10 μL aliquots to individual tubes for a maximum
of 10 uses per tube to minimize freeze/thaw cycles. Every
1 μL of the 50 μM crRNA aliquot is enough for digesting
up to 10 μg of genomic DNA sample in a single-plex
targeting experiment.
(c) Store all 50 μM RNA oligo preparations at 80  C.
2. Guide RNA (gRNA) preparation: annealing of crRNA and
tracrRNA to assemble binding scaffold for the Cas9 nuclease.
(a) Prepare 5 μM crRNA and tracrRNA mixtures for each
crRNA by adding 1 μL of 50 μM crRNA and 1 μL of
50 μM tracrRNA to 8 μL of Nuclease-Free duplex buffer.
(b) Mix the reactions by pipetting or flicking the tubes.
(c) Spin the tubes briefly in a mini centrifuge to collect the
liquid.
(d) In a thermal cycler, incubate the samples at 95  C for
5 minutes followed by 25  C for 5 minutes. End the
incubation at 4  C.
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(e) Place the annealed gRNAs on ice.
(f) Combine the entire volume of every gRNA to form the
final 5 μM gRNA mixture (see Note 2).
3. SMRTbell library adapters (sequences of 48 barcoded adapter
oligos are listed in Table 3):
(a) Resuspend DNA oligos in molecular biology grade
nuclease-free water to 100 μM.
(b) Prepare 20 μM working stocks of each adapter in 1x
Annealing Buffer.
(c) Anneal each 20 μM adapter stock solution prepared in
step b as follows: incubate in a thermal cycler at 95  C
for 5 minutes, ramp down to 25  C at the maximum
cooling rate, and hold at 4  C.
(d) Store all adapter preparations at 20  C. Annealed working stocks can be prepared in advance and stored without
requiring additional reannealing.
4. Carrier DNA: the carrier DNA is added to the final sequencing
sample to improve efficiency of DNA-polymerase complex
immobilization onto the sequencing cell.
(a) Dilute the 1 kb DNA Ladder to a final concentration of
50 ng/μL with Elution Buffer.
(b) Store carrier DNA at 15 to 25  C.
3.2 Genomic DNA
Dephosphorylation
(Fig. 2a)

Using 0.5 mL LoBind microcentrifuge tubes with the dry bath
incubator is recommended for this step.
1. Begin the experiment with high-quality genomic DNA samples
(see Note 3). The recommended amount of genomic DNA
sample input is between 5 and 25 μg for each sequencing
experiment.
2. For every DNA sample up to 5 μg, prepare 80 μL of dephosphorylation reaction mixture containing 0.05 U/μL of shrimp
alkaline phosphatase and 1 NEBuffer 3.1 buffer. Minimum
DNA concentration is 75 ng/μL in order to achieve 5 μg total
input in an 80 μL digestion reaction.
3. Mix the reaction thoroughly by gently inverting the microcentrifuge tube at least 20 times.
4. Spin the tube briefly in a mini centrifuge to collect the liquid.
5. Incubate at 37  C for 1 hour.
6. Incubate at 65  C for 10 minutes to inactivate the phosphatase
and then place on ice.
7. Continue with the next step immediately.
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1. Prepare the gRNA and CRISPR/Cas9 nuclease complex: using
0.5 mL LoBind microcentrifuge tubes with the dry bath incubator is recommended for this step.
(a) For every 5 μg of DNA sample, prepare 19 μL of enzyme
mixture by adding the following reagents in the listed
order: nuclease-free water 7 μL, 10 NEBuffer 3.1
2 μL, Cas9 nuclease 2 μL, 5 μM gRNA mixture 8 μL.
(b) Mix the reaction well by pipetting.
(c) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(d) Incubate at 37
incubator.



C for 10 minutes in the dry bath

(e) Place on ice.
2. CRISPR/Cas9 digestion: using 0.5 mL LoBind microcentrifuge tubes with the dry bath incubator is recommended for
this step.
(a) Add the following reagents in the order listed. First, add
1 μL of RNase inhibitor to the tube containing the dephosphorylated genomic DNA sample. Add 19.0 μL of the
gRNA and CRISPR/Cas9 nuclease complex to the 81 μL
dephosphorylated genomic DNA and ribonuclease
inhibitor.
(b) Mix the reaction thoroughly by gently inverting the
microcentrifuge tube at least 20 times (see Note 4).
(c) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(d) Incubate at 37  C for 1 hour in the dry bath incubator.
(e) Place the tube on ice.
(f) Purify the DNA sample with 0.45 volume of AMPure
PB beads: use 1.5 mL LoBind microcentrifuge tubes for
this step.
(i) Spin the reaction tube briefly to collect the liquid.
(ii) Transfer the Cas9-digested DNA sample to a new
1.5 mL LoBind tube and add enough Elution Buffer
to bring the total sample volume to 500 μL.
(iii) Add 0.45 volume of AMPure PB beads to the
sample (see Note 5).
(iv) Mix the reaction thoroughly by gently inverting the
microcentrifuge tube at least 20 times.
(v) Spin the tube briefly to collect the liquid.
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(vi) Incubate for 15 minutes on the benchtop at room
temperature to bind the sample to the beads. Do not
vortex.
(vii) Spin the tube briefly to collect the liquid.
(viii) Collect the beads to the side of the tube on a magnetic bead rack. Allow beads to separate for at least
5 minutes or longer until the solution appears clear.
The actual time required to collect the beads to the
side depends on the volume of beads added.
(ix) With the tube still on the magnetic bead rack, slowly
remove the cleared supernatant. Avoid disturbing the
bead pellet.
(x) Wash beads with freshly prepared 80% ethanol. Do
not remove the tube from the magnetic rack. Slowly
dispense the 80% ethanol against the side of the tube
opposite the beads, taking care not to disturb the
bead pellet. Use a sufficient volume of 80% ethanol
to fill the tube (1 mL for 1.5 mL tube). After 30 seconds, slowly remove the 80% ethanol and discard.
(xi) Repeat the 80% ethanol wash step two more times.
(xii) Remove residual 80% ethanol by briefly spin the tube
with mini centrifuge, place the tube back on the
magnetic bead rack, and slowly remove any remaining 80% ethanol with a P20 pipette and discard.
(xiii) Elute DNA by adding 31 μL Elution Buffer to the
beads and gently inverting the tubes to thoroughly
resuspend the beads in Elution Buffer. Incubate for
10 min on benchtop. Do not vortex.
(xiv) Spin the tube briefly to collect beads and liquid. Let
the beads separate fully for at least 5 minutes on the
magnetic bead rack.
(xv) Slowly transfer the eluted DNA sample to a fresh
LoBind tube. Verify double-stranded DNA amount
and concentration using a Qubit fluorometer or
other DNA quantitation methods detecting doublestranded DNA.
3.4 Sequencing
Adapter Ligation (Fig.
2c)

PCR tubes with thermal cycler are recommended for this step.
1. Add the following reagents in the order listed to a PCR tube.
Cas9-digested genomic DNA 30 μL, annealed SMRTbell template adapter 1 μL, 10 T4 DNA ligase reaction buffer 5 μL,
nuclease-free water 12.5 μL (see Note 6 for multiplexing
experiment).
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2. Mix by gently inverting the tube several times and spin briefly
before proceeding.
3. Add T4 DNA ligase 1.5 μL and mix the reaction thoroughly by
gently inverting the microcentrifuge tube at least 20 times.
4. Spin the tube briefly in a mini centrifuge to collect the liquid.
5. In a thermal cycler, incubate 2 hours at 16  C followed by heat
inactivation at 65  C for 10 minutes and hold samples at 4  C at
the end of the reaction. Samples could be kept at 4  C overnight before the next step.
6. Spin the tube with ligation samples at 14,000 RCF for 5 minutes in a microcentrifuge. Note the tube orientation in the
centrifuge rotor as a translucent pellet may form at the bottom
wall of the tubes.
7. Transfer the supernatant to a new 1.5 mL LoBind tube taking
care not to touch the pipette tip to the outer-facing tube wall
where any pelleted material may be located. A pellet may be
visible on the sidewall of the tube after the supernatant is
removed (see Note 7 for multiplexing experiment).
8. Perform one round of DNA purification with 0.45 volume of
AMPure PB beads: use 1.5 mL LoBind microcentrifuge tubes
for this step.
(a) Add enough Elution Buffer to bring the total sample
volume to 500 μL. Adding additional Elution Buffer is
not necessary when total volume is above 500 μL.
(b) Add 0.45 volume of AMPure PB beads to the sample
(see Note 5). Mix the solution thoroughly by vortexing or
flicking the tube and then spin briefly to collect the liquid.
(c) Vortex the tube at room temperature for 10 minutes at
2000 rpm with vortex mixer to bind DNA to the beads.
After
vortexing, the solution should appear
homogeneous.
(d) Spin the tube briefly to collect the liquid.
(e) Collect the beads to the side of the tube on a magnetic
rack. Allow beads to separate for at least 5 minutes or until
the solution appears clear. The actual time required to
collect the beads to the side depends on the volume of
beads added.
(f) With the tube still on the magnetic bead rack, slowly
remove the cleared supernatant. Avoid disturbing the
bead pellet.
(g) Wash beads with freshly prepared 80% ethanol: do not
remove the tube from the magnetic rack. Slowly dispense
the 80% ethanol against the side of the tube opposite the
beads, taking care not to disturb the bead pellet. Use a
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sufficient volume of 80% ethanol to fill the tube (1 mL for
1.5 mL tube). After 30 seconds, slowly remove the 80%
ethanol and discard.
(h) Repeat the 80% ethanol wash step two more times.
(i) Remove residual 80% ethanol by briefly spin the tube with
mini centrifuge, place the tube back on the magnetic bead
rack, and slowly remove any remaining 80% ethanol with a
P20 pipette and discard.
(j) Elute DNA off the beads:
(i) Add 100 μL Elution Buffer for every 5 μg of input
genomic DNA and gently inverting the tube to resuspend the beads thoroughly.
(ii) Incubate for 5 minutes on benchtop at room temperature and vortex the tube for 1 minute at 2000 rpm.
(iii) Spin the tube briefly to collect the liquid and then
place the tube back on the magnetic rack.
(iv) Let the beads separate fully and then without disturbing the bead pellet, carefully transfer the supernatant
containing DNA to a new LoBind microcentrifuge
tube. Keep the purified DNA on ice. Discard the
beads.
(v) The purified DNA can be stored overnight at 4  C or
at 20  C for longer duration before proceeding to
the next step.
3.5 Exonuclease
Treatment (Fig. 2d)

Using 0.5 mL LoBind microcentrifuge tubes with the dry bath
incubator is recommended for this step.
1. Add the following reagents in the order listed to every 100 μL
of purified ligation product: nuclease-free water 67.2 μL, 10
CutSmart Buffer 20 μL, Exonuclease III 4.8 μL, Enzymes from
Enzyme Cleanup kit 8 μL (Enzyme A 4 μL, Enzyme B 1 μL,
Enzyme C 1 μL, and Enzyme D 2 μL).
2. Mix the reaction by inverting the microcentrifuge tube at least
20 times.
3. Spin the tube briefly in a mini centrifuge to collect the liquid.
4. Incubate at 37  C for 2 hours in the dry bath incubation. Keep
samples on ice and proceed to the next step immediately.
5. To every 200 μL of the nuclease digestion reaction, add 9 μL of
SOLu-Trypsin.
6. Mix the reaction well by inverting the microcentrifuge tube at
least 20 times.
7. Spin the tube briefly in a mini centrifuge to collect the liquid.
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8. Incubate at 37  C for 20 minutes. Keep samples on ice and
proceed to the next step immediately.
9. Follow Step 9 in the Adapter ligation section to perform one
rounds of DNA purification with 0.45 volume of AMPure PB
beads. Elute DNA sample with 200 μL of Elution Buffer.
10. Repeat the AMPure PB beads purification with 0.42 volume
of AMPure PB beads (84 μL). Elute final DNA library with
6.3 μL of Elution Buffer (see Note 8).
11. Immediately proceed to the next step to prepare samples for
sequencing.
3.6 Preparation for
PacBio SMRT
Sequencing (Fig. 2e)

1. Sequencing Primer v4 annealing:
(a) Prior to setting up the annealing reaction, dilute the
Sequencing Primer v4 stock 30-fold by adding 1 μL of
primer to 29 μL of Elution Buffer in PCR tube.
(b) To the PCR tube, add the following reagents to condition
the sequencing primer before annealing to SMRTbell
templates: 10 Primer Buffer v2 36 μL, Diluted Sequencing Primer v4 18 μL.
(c) Mix the reaction well by pipetting or flicking the tube.
(d) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(e) Incubate at 80  C for 2 minutes and cool down to 4  C in
a thermocycler.
(f) Transfer the conditioned sequencing primer to a new
LoBind microcentrifuge tube and keep on ice until ready
to use (see Note 9).
(g) To a new PCR tube, add the following reagents to anneal
the conditioned sequencing primer to the SMRTbell templates: conditioned sequencing primer v4 2.7 μL,
SMRTbell Library 6.3 μL.
(h) Mix the reaction well by pipetting or flicking the tube.
(i) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(j) In a thermocycler, incubate at 20  C for 1 hour and then
hold at 4  C or keep on ice.
2. Polymerase binding (follow Steps a and c to prepare sequencing samples for the Sequel system. Follow Steps b and d to
prepare sequencing samples for the Sequel II and IIe systems):
(a) Polymerase binding for Sequel system:
(i) Prepare diluted Sequel DNA Polymerase 3.0 just prior
to use by adding 1 μL of polymerase stock to 29 μL of
Sequel Binding Buffer and keep on ice. Diluted
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polymerase must be used immediately. Discard the
unused portion.
(ii) To the PCR tube containing 9 μL of primer-annealed
SMRTbell library, and add the following reagents in
the order listed: Sequel Binding Buffer 1.5 μL, Sequel
dNTP 1.5 μL, nuclease-free water 1.5 μL, diluted
Sequel DNA polymerase 3.0 1.5 μL.
(iii) Mix the reaction well by pipetting or flicking the tube.
(iv) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(v) In a thermocycler, incubate tubes at 30  C for 4 hours
and then hold at 4  C. Samples can be kept at 4  C in
the thermocycler for overnight.
(vi) Keep samples on ice until ready for sample complex
purification.
(b) Polymerase binding for Sequel II and IIe systems:
(i) Dilute the Sequel II DNA Polymerase 2.0 just prior to
use by adding 1 μL of polymerase stock to 29 μL of
Sequel Binding Buffer and keep on ice. Diluted polymerase must be used immediately. Discard the unused
portion.
(ii) To the PCR tube containing 9 μL of primer-annealed
SMRTbell library, add the following reagents in the
order listed: Sequel Binding Buffer 1.5 μL, Sequel
dNTP 1.5 μL, nuclease-free water 1.5 μL, diluted
Sequel II DNA polymerase 2.0 1.5 μL.
(iii) Mix the reaction well by pipetting or flicking the tube.
(iv) Spin the tube briefly in a mini centrifuge to collect the
liquid.
(v) In a thermocycler, incubate tubes at 30  C for 4 hours
and then hold at 4  C.
(vi) Keep samples on ice until ready for sample complex
purification.
(c) Purification of Polymerase-Bound SMRTbell Complexes
for Sequel system:
(i) To a 1.5 mL LoBind microcentrifuge tube, add 35 μL
Sequel Complex Dilution Buffer then add 15 μL of
sample complex.
(ii) Add 30 μL AMPure PB beads (0.6 volume) to the
tube containing 50 μL diluted sample complex.
(iii) Mix well by pipetting or flicking the tube, spin briefly,
and incubate for 5 minutes on the benchtop to bind
sample to the beads.
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(iv) Collect the beads to the side of the tube in a magnetic
rack. Allow the beads to separate for 2 minutes or
until the solution appears clear and then slowly
remove the supernatant and discard.
(v) Remove the tube from the magnetic rack and spin
briefly to pellet the beads. Place the tube back on the
magnetic rack. Slowly remove any remaining supernatant and discard.
(vi) Immediately resuspend the beads in 81.0 μL room
temperature Sequel Complex Dilution Buffer.
(vii) Mix well by pipetting or flicking the tube, spin briefly,
and incubate at room temperature for 15 minutes to
elute the sample from the beads.
(viii) Collect the beads to the side of the tube in a magnetic
rack. Allow the beads to separate for 1 minute or until
the solution appears clear and then transfer the supernatant to a new LoBind microcentrifuge tube. Keep
the tube with sample on ice.
(ix) Perform two 100-fold serial dilutions of Sequel DNA
Internal Control Complex 3.0 in Sequel Complex
Dilution Buffer for a final 10,000-fold dilution.
Keep all dilutions on ice.
(x) To the tube containing eluted sample, add 3.0 μL of
the 10,000-fold dilution of the DNA internal control
complex and 1.0 μL of carrier DNA.
(xi) Sample is ready for PacBio SMRT sequencing (see
Notes 10 and 11).
(d) Purification of Polymerase-Bound SMRTbell Complexes
for Sequel II and IIe systems:
(i) To a 1.5 mL LoBind microcentrifuge tube, add 35 μL
Sequel Complex Dilution Buffer then add 15 μL of
sample complex.
(ii) Add 30 μL AMPure PB beads (0.6 volume) to the
tube containing 50 μL diluted sample complex.
(iii) Mix well by pipetting or flicking the tube, spin briefly,
and incubate for 5 minutes on the benchtop to bind
sample to the beads.
(iv) Collect the beads to the side of the tube in a magnetic
rack. Allow the beads to separate for 2 minutes or
until the solution appears clear and then slowly
remove the supernatant and discard.
(v) Remove the tube from the magnetic rack and spin
briefly to pellet the beads. Place the tube back on the
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magnetic rack. Slowly remove any remaining supernatant and discard.
(vi) Immediately resuspend the beads in 109.6 μL room
temperature Sequel Complex Dilution Buffer.
(vii) Mix well by pipetting or flicking the tube, spin briefly,
and incubate at room temperature for 15 minutes to
elute the sample from the beads.
(viii) Collect the beads to the side of the tube in a magnetic
rack. Allow the beads to separate for 1 minute or until
the solution appears clear and then transfer the supernatant to a new LoBind microcentrifuge tube. Keep
the tube with sample on ice.
(ix) Perform two 100-fold serial dilutions of Sequel II
DNA Internal Control Complex 1.0 in Sequel Complex Dilution Buffer for a final 10,000-fold dilution.
Keep all dilutions on ice.
(x) To the tube containing eluted sample, add 4.0 μL of
the 10,000-fold dilution of DNA internal control
complex and 1.4 μL of carrier DNA.
(xi) Sample is ready for PacBio SMRT sequencing (see
Notes 10 and 11).

4

Notes
1. The accuracy of the final oligo stock concentration can be
improved by targeting a higher initial concentration (10–20%
higher) and adjusting down to the final concentration using the
measured concentration of the initial resuspension.
2. For multi-target CRISPR-Cas9 digestions on one sample,
combine equal volumes of target-specific gRNA mixtures in a
microcentrifuge tube. The gRNA mixture is stable for 2 weeks
if stored at 20  C. Large volume of freshly prepared gRNA
mixture can be stored at 80  C in small aliquots for future
use. The gRNA mixture is stable for 2 weeks when stored at
20  C after the aliquot is thawed and used for the first time.
3. High-quality genomic DNA samples are defined as having an
average size greater than 50 kb determined by appropriate
DNA sizing methods and with OD260/280 and OD260/230
ratios of 1.8–2.0 and 2.0–2.2. For DNA samples with average
size shorter than 50 kb, higher input amount may be required
to achieve desired sequencing yield. Here, we used a commercial DNA extraction kit from Circulomics, Nanobind Big DNA
kit (Cat. No. NB-900-701-01). We found that additional DNA
purification with a commercially available kit like the DNeasy
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PowerClean Pro Cleanup kit (Qiagen) before No-Amp
sequencing sample preparation can provide significant
improvement of the sequencing yield.
4. Do not vortex or flick the tube to minimize genomic DNA
shearing.
5. Mix the bead reagent well until the solution appears homogeneous before dispensing. Pipette the reagent slowly as the bead
mixture is viscous. Precise volumes are critical to the purification process.
6. Use different barcoded adapters on each DNA sample when
multiplexing.
7. For multiplexing experiments, DNA samples are pooled after
adapter ligation before the AMPure PB purification step.
8. Alternatively, the final sequencing sample can be eluted with
6.8 μL of Elution Buffer, and 0.5 μL of the eluted sample can
be analyzed with the Femto Pulse system (Agilent) to assess the
DNA size distribution in the final sequencing library.
9. Any remaining conditioned sequencing primer may be stored
at 20  C and used for up to 30 days.
10. Follow the SMRT® Link User Guide [14] to set up sequencing
runs. Sequence the sample using an immobilization time of
4 hours, no pre-extension, and a movie collection time of
30 hours on Sequel II and Sequel IIe systems (20 hours on a
Sequel system). To specify a custom 4-hour immobilization
time, go to the Advanced Options section in SMRT Link
Run Design and select 4 hours from the Immobilization
Time drop-list menu.
11. A custom sequencing data analysis procedure is available from
the PacBio website [15].
12. PacBio long-read sequencing includes an internal sequencing
control sample. If both the sequencing yield on the prepared
sample and the internal sequencing control are both significantly lower than expectation, the DNA samples may carry
contaminants not detected by the OD260/280 and OD260/230
measurements.

5

Results and Conclusions
The No-Amp targeted sequencing method described in this chapter is capable of capturing hundreds of reads for each targeted locus
from several micrograms of genomic DNA samples. We optimized
our 15-gene panel in HEK293 and HG002 cell lines and showed
that we were able to capture all 15 regions at high coverage (Fig. 3).
Target read enrichment of more than ten thousandfold is achieved
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Fig. 3 Sequencing results of 15-gene No-Amp SCA panel in DNA samples from HEK293 cell line (a) and HG002
cell line (b). All 15 repeat expansions are shown with respect to their chromosomal location on the x-axis. The
y-axis shows the coverage

with this method when comparing the ratio of on-target reads over
total sequencing reads to a whole genome sequencing (WGS)
experiment without any target enrichment. More specifically, one
on-target sequencing read is expected in every 750,000 reads in a
WGS experiment with reads having 4 kb average read length evenly
distributed across the 3 giga base pair human genome (i.e., fraction
of read on-target is 1/750,000). Sequencing data generated with
the No-Amp targeted sequencing method have on-average two to
three reads for each target region in every 100 reads (i.e., fraction of
read on-target is greater than 1/50).
We also tested this 15-gene SCA panel on patient-derived
samples from blood, saliva, fibroblasts, and fresh-frozen post-mortem brain tissue (Fig. 4). We can reliably distinguish the normal
allele from the expanded allele with several hundred sequence reads
for CAG repeat expansions in ATXN1, ATXN2, and ATXN3 that
have a total repeat length of 150 to 300 base pairs (bps) (Fig. 4a–f).
We also successfully targeted larger expansions like the ATXN10
repeat within intron 9 and were able to capture pentanucleotide
repeat expansions with repeat sizes of 6000 to 8000 bps (Fig. 4g–j).
Importantly, No-Amp targeted sequencing can not only accurately
size the expansions but also detect differences in the repeat composition and pattern with interspersed repeat interruptions or biphasic
patterns (Fig. 4a, c, e, i).
In summary, No-Amp targeted sequencing technology and our
15-gene SCA multiplex panel allow now for accurate sizing of the
repeat expansion and repeat composition and can resolve somatic
mosaicism. We believe that this assay will help greatly advance

No-Amp Targeted Sequencing for Spinocerebellar Ataxias

119

Fig. 4 Examples of repeat length and repeat sequence interruption observed in
sequencing data from patient blood and postmortem brain samples. (a, b) ATXN1
with CAG repeats and CAT interruption. (c, d) ATXN2 with CAG repeats and CAA
interruption. (e, f) ATXN3 with CAG repeats and CAA and AAG interruption. (g, h)
ATXN10 repeat expansion with pure ATTCT repeats. (i, j) ATXN10 repeat expansion with various repeat structures. (a, c, e, g, i) Waterfall plots showing repeat
structures in sequencing reads. Each horizontal line represents one sequencing
read in base pairs. (b, d, f, h, j) Distribution of repeat unit counts observed in
each circular consensus sequencing read
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clinical genetic research and could even be translated into clinical
diagnostics to support clinical practice and counseling in the near
future.
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Chapter 7
Detecting the NOTCH2NLC Repeat Expansion in Neuronal
Intranuclear Inclusion Disease
Satomi Mitsuhashi, Atsushi Fujita, and Naomichi Matsumoto
Abstract
Neuronal intranuclear inclusion disease (NIID, OMIM#:603472) is a neurodegenerative disease characterized by a variety of neurological symptoms, including cognitive impairment, ataxia, and neuropathy.
Histopathologically, NIID is characterized by ubiquitin-positive eosinophilic hyaline intranuclear inclusions found in neurons and glial cells, in addition to other cell types, such as skin fibroblasts. GGC triplet
repeat expansions in the 50 exons of NOTCH2NLC cause NIID in both familial and sporadic cases. In this
chapter, we describe two genetic diagnosis methods that we originally developed to identify the diseasecausing repeat expansions in NIID patients: repeat-primed PCR and long-read sequencing. Repeat-primed
PCR enables the testing of a large number of patients and is more cost-effective and suitable for the rapid
screening performed in clinical settings. The long-read sequencing approach can identify these repeat
expansions through focal and genome-wide analyses and characterize their precise repeat structures.
Key words Nanopore sequencing, Neuronal intranuclear inclusion disease, NOTCH2NLC, Longread sequencing, Repeat-primed PCR

1

Introduction
The pathogenic repeat expansion that causes NIID was identified in
2019, independently and simultaneously, by two Japanese groups,
including our group [1, 2]. Sone, Mitsuhashi, and Fujita et al.
identified a GGC repeat expansion in the 50 untranslated exon of
NOTCH2NLC in the 58.1 Mb linked region at 1p22.1-q21.3 of a
large NIID family. The same expansion was also identified in
8 unrelated families and 40 sporadic cases [1]. They first identified
this repeat expansion using long-read sequencing, using their originally developed analytic pipeline, “tandem-genotypes.” They then
identified many other patients harboring this repeat expansion by
using their original PCR method. Ishiura et al. independently
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identified the same repeat expansion in 12 probands from 12 unrelated Japanese families with NIID and 14 Japanese patients with
sporadic NIID [2]. To date, additional NIID patients with
NOTCH2NLC repeat expansion have been identified in Japan,
China, and Malaysia [3–6].
Conventional methods for detecting repeat expansion include
Southern blot, repeat-primed PCR (RP-PCR), and flanking PCR
(amplicon length analysis, AL-analysis). Among these methods, we
applied RP-PCR for qualitative repeat detection, followed by AL
analysis for the quantitative detection of repeat expansion screening
to identify the NOTCH2NLC repeat expansion. In our 496 normal
controls and 60 NIID patients, repeat number ranges by
AL-analysis were 7–43 and 84–196, respectively [1]. Together
with other cohorts, repeat numbers ranged from 4 to 43 in 1305
Chinese and 1496 Japanese normal controls [1, 2, 7].
Long-read sequencing technology was recently introduced to
the medical genetics field, and several studies have identified pathogenic mutations in known or novel mutated genes associated with
genetic diseases [8]. Long-read sequencing is capable of reading
DNA or RNA molecules greater than 10 kb in length. Therefore,
this method is considered to be robust for the detection of repetitive sequences, which comprise almost half of the human genome,
even if they are abnormally expanded. Two major long-read
sequencers are currently available [Pacific biosciences (hereafter,
PacBio) and Oxford Nanopore Technologies’ nanopore sequencers
(hereafter, nanopore)]. Sequence data obtained using these
sequencers have error prone features and require methodological
approaches for analyses that differ from those used by the prevailing
short-read sequencers (e.g., Illumina sequencers).
To solve NIID genetically, we used long-read sequencing and
PCR-based methods, which both have advantages and
disadvantages. A major difference between these two methods is
cost. Long-read sequencing remains expensive and, as of 2020,
remains unsuitable for routine diagnostic screening; however,
long-read sequencing has many advantages when used for
research-oriented purposes (e.g., identifying new disease loci/
genes). The long-read technology can read through the entire
repeat structure, even the GC-rich regions, which are refractory
to PCR-based short-read sequencing. Detailed analyses of the
repeat structure may be important for explaining the phenotypic
variability associated with NIID. In contrast, PCR approaches can
provide rapid analyses on a population scale, allowing for large
numbers (hundreds) of patients to be screened at low cost. We
believe that both approaches are necessary to better understand
NIID, both clinically and genetically.
Figure 1 shows our proposed workflow. If the patient is suspected to have NIID, repeat-primed PCR and AL analysis should
be performed to detect the presence of the NOTCH2NLC repeat
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Fig. 1 Schematic presentation showing the genetic diagnosis of NIID

expansion. If there is no repeat expansion, we should clinically
reevaluate the patient. If the diagnosis of NIID remains likely,
long-read whole genome sequencing should be performed to
search for other possible causal variants [9]. Another researchoriented test is a targeted long-read sequencing of expanded
repeats. There is a phenotypic variability in NIID whose pathomechanism has not been fully elucidated. If the patient shows atypical
presentation, it would be worth checking repeat configuration/
constitution by targeted long-read sequencing with Cas9-based
enrichment. Sone, Mitsuhashi, and Fujita et al. showed that
weakness-dominant patients have (GGA)n expansion in addition
to (GGC)n expansion, while pure (GGC)n expansions are mainly
found in dementia-dominant patients.

2
2.1

PCR Approach
Materials

2.1.1 PCR

1. 50 ng/μl genomic DNA as template.
2. Nuclease-free water.
3. 10 μM each Primer Mix for RP-PCR (Fig. 2, see Notes 1
and 2).
(A) NOTCH2NLC-RP-F; 50 -FAM-GGCATTTGCGCCTGT
GCTTCGGACCGT-30 .
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Fig. 2 Primer design for RP-PCR and AL-analysis in NOTCH2NLC. Blue arrows show primers for RP-PCR. Green
outlined arrows indicate primers for AL-analysis. The underlined sequences represent the (GGC)9(GGA)2(GGC)2
repeat region of NOTCH2NLC in hg38

(B) M13-(GGC)4(GGA)2-R;
50 - CAGGAAACAGCTAT
GACCTCCTCCGCCGCCGCCGCC-30 .
(C) M13-linker-R; 5’-CAGGAAACAGCTATGACC-30 .
4. 10 μM each Primer Mix for AL analysis (Fig. 2, see Notes 1
and 2).
(A) NOTCH2NLC-AL-F; 50 -VIC-CATTTGCGCCTGTGC
TTCGGAC-30 .
(B) NOTCH2NLC-AL-R; 50 -AGAGCGGCGCAGGGCGG
GCATCTT-30 .
5. 1.25 U/μl PrimeSTAR GXL DNA Polymerase (TaKaRa Bio,
Shiga, Japan).
6. 5 PrimeSTAR GXL Buffer supplied with PrimeSTAR GXL
DNA Polymerase (TaKaRa Bio).
7. 2.5 mM each dNTP Mix.
(A) 100 mM dATP (TaKaRa Bio).
(B) 100 mM dTTP (TaKaRa Bio).
(C) 100 mM dCTP (TaKaRa Bio).
(D) 10 mM 70 -Deaza-dGTP (Sigma-Aldrich, St. Louis, MO,
USA, see Note 3).
8. Dimethyl sulfoxide (DMSO, Sigma-Aldrich).
9. 4 M Betaine (Sigma-Aldrich).
10. T100 thermal cycler (Bio-Rad Laboratories, Hercules, CA).
2.1.2 Electrophoresis

1. Hi-Di Formamide (Thermo Fisher Scientific, Waltham,
MA, USA).
2. GeneScan 600 LIZ dye Size Standard v2.0 (Thermo Fisher
Scientific).
3. GeneScan 1200 LIZ dye Size Standard (Thermo Fisher
Scientific).
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4. 3500L Genetic Analyzer (Thermo Fisher Scientific).
5. GeneMapper software (Thermo Fisher Scientific).
2.2

Methods

2.2.1 Dilution of Primers
or dNTPs

1. 10 μM each Primer Mix for RP-PCR: combine and mix 50 μl of
nuclease-free water, 10 μl of 100 μM NOTCH2NLC-RP-F
primer, 20 μl of 50 μM M13-(GGC)4(GGA)2-R primer, and
20 μl of 50 μM M13-linker-R primer (see Note 4).
2. 10 μM each Primer Mixture for AL analysis: combine and mix
70 μl of nuclease-free water, 10 μl of 100 μM NOTCH2NLCAL-F primer, and 20 μl of 50 μM NOTCH2NLC-AL-R
primer.
3. 2.5 mM each dNTP Mix: combine and mix 67.5 μl of nucleasefree water, 2.5 μl each of 100 mM dATP, dTTP, and dCTP, and
25 μl of 10 mM 70 -Deaza-dGTP.

2.2.2 PCR

1. Thaw genomic DNA, PrimeSTAR GXL Buffer, dNTP mix,
4 M Betaine, and the primer mix at room temperature, mix
by vortex, spin down, and place on ice.
2. Spin down DMSO and place at room temperature (see Note 5).
3. Spin down the PrimeSTAR GXL DNA Polymerase and place
on ice.
4. (1) RP-PCR: in a 0.2 ml PCR tube, prepare the PCR mixture,
except for genomic DNA, according to Table 1 (see Note 6).
(2) AL-analysis: the preparation of the PCR mixture is almost
identical to that described for RP-PCR, shown in Table 1 (see
Note 6). For AL analysis, use 0.3 μl primer mix (final concentration 0.3 μM each) and add 2.7 μl nuclease-free water due to
the different volume of the template DNA.

Table 1
PCR mix for RP-PCR
Reagent

Volume (μl/ reaction)

Final concentration

Nuclease-free water

1.7

PrimeSTAR GXL buffer (5)

2

1

dNTP mix (2.5 mM each)

0.8

0.2 mM each

DMSO

0.5

5%

Betaine (4 M)

2.5

1M

Primer mix (10 μM each)

0.3

0.3 μM each

PrimeSTAR GXL DNA polymerase (1.25 U/μl)

0.2

0.25 U

Genomic DNA (50 ng/μl)

2

100 ng

Total

10
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Table 2
PCR conditions for RP-PCR
Temperature

Time

Cycle

98 C

10 min

1

98  C

30 sec

16

66 to 58  C (decrease 0.5  C/ cycle)

1 min





8 min



98 C

30 sec

58  C

1 min

68  C

8 min

68 C



68 C

10 min



15 C

29

1

Hold


Ramp-rate: 0.5 C/ sec for all steps

5. (1) RP-PCR: add 2 μl of 50 ng/μl genomic DNA (100 ng) to
the PCR mixture. (2) AL-analysis: add 1 μl of 50 ng/ μl
genomic DNA (50 ng) to the PCR mixture.
6. Close the cap of the PCR tube, then mix gently by tapping, and
spin down.
7. (1) RP-PCR: transfer the PCR tube to a thermal cycler and run
the program shown in Table 2. (2) AL-analysis: transfer the
PCR tube to a thermal cycler and run the program shown in
Table 3. Alternatively, AL analysis can also be performed using
the PCR conditions for RP-PCR (Table 2).
2.2.3 Capillary
Electrophoresis

1. Thaw Hi-Di Formamide at room temperature, mix by vortex,
spin down, and place on ice.
2. Spin down the GeneScan Size Standard 600LIZ or 1200LIZ
and place on ice.
3. After the PCR is complete, spin down the PCR tube and open
the cap carefully.
4. (1) RP-PCR: to prepare the sample for electrophoresis, add
0.5 μl of 600 LIZ dye Size Standard, 8.5 μl of Hi-Di Formamide, and 1 μl of the PCR product in a total volume of 10 μl per
well in 96-well plate for the sequencer (see Note 7).
(2) AL-analysis: to prepare the sample for electrophoresis, add
0.5 μl of 1200 LIZ dye Size Standard, 8.5 μl of Hi-Di Formamide, and 1 μl of the PCR product in a total volume of 10 μl
per well in 96-well plate for the sequencer (see Note 7).
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Table 3
PCR conditions for AL-analysis
Temperature

Time

Cycle

98 C

10 min

1

98  C

30 sec

16

66 to 58  C (decrease 0.5  C/cycle)

1 min





4 min



98 C

30 sec

58  C

1 min

68  C

4 min

68 C



68 C

10 min



15 C

24

1

Hold


Ramp-rate: 4 C/ sec (default setting in T100 thermal cycler) for all steps

5. Mix the sample by pipetting, seal the plate with septa, and
spin down.
6. Incubate the plate at 95  C for 5 min and then place on ice for
5 min.
7. Run the electrophoresis program of FragmentAnalysis50 for
RP-PCR or LongFragmentAnalysis50 for AL-analysis on a
3500L Genetic Analyzer.
2.2.4 Analysis for RPPCR

1. After the electrophoresis step is completed, analyze the data
using GeneMapper software.
2. Import the electrophoresis data to GeneMapper and select the
Size standard to 600 LIZ dye from the list of size standards.
3. Click the analysis button.
4. After the analysis is finished, open the Sample plot.
5. Show the electropherogram of only FAM dye (blue) or the dye
used in the primer.
6. Enlarge the electropherogram to approximately 500 in the
intensity of Y-axis.
7. Check the sawtooth tail pattern (Fig. 3).

2.2.5 AL-Analysis

1. After the electrophoresis step is completed, analyze the data
using GeneMapper software.
2. Import the electrophoresis data to GeneMapper and select the
appropriate Panel created beforehand and the Size standard to
1200 LIZ dye from the list of size standards (see Note 8).
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Fig. 3 Representative electropherogram of RP-PCR and AL-analysis. (a) RP-PCR. Positive control shows a
sawtooth pattern. (b) AL-analysis. The expanded allele shows a symmetric peak

3. Click the analysis button.
4. After the analysis is finished, open the Sample plot.
5. Show the electropherogram of only VIC (Green) or the dye used
in the primer.
6. Enlarge the electropherogram to several hundred or easy to see
in the intensity of Y-axis (Figs. 3b and 4).
7. Show the Sizing Table and select Peak Selection Mode (Fig. 4).
8. Select the highest of the expanded peaks. The peak data,
including the size (length), will be highlighted in the Sizing
Table (Fig. 4).
9. Calculate the repeat length of the expanded allele based on the
detected size, according to AL-analysis and PCR product size
(our PCR product size with 13 repeats was 185 bp in hg38
reference, see Notes 9 and 10).
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Fig. 4 The procedure used for AL-analysis. (a) A wild-type allele and two expanded alleles of the positive
control are shown in the Sample Plot. Signal intensities of expanded alleles are much lower than those for
wild-type alleles. (b) The enlarged view focused on expanded alleles. After choosing the Peak selection mode
and sizing table, select the peak and obtain the values for the length and height
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Long-Read Sequencing Approach

3.1 Materials and
Methods

For nanopore sequencing or PacBio sequencing, please refer to the
respective manufacturer’s protocols, as they update frequently.

3.1.1 Whole Genome
Sequencing
3.1.2 Targeted
Sequencing with Cas9Based Enrichment

Nanopore and PacBio both provide targeted sequencing
approaches. Please refer to the respective manufacturer’s protocols,
as they update frequently.
Here, we describe nanopore targeted sequencing protocol with
Cas9-based enrichment, which was used previously (Fig. 5)
[1]. Briefly, two different guide RNAs (Alt-R CRISPR-Cas9

Fig. 5 Cas9 enrichment of the target region using nanopore sequencing. The
dephosphorylation strategy provides target-specific adapter ligation; however, a
high off-target rate was observed (>90%)
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crRNAs) (Integrated DNA technologies, Coralville, IA, USA) were
mixed with Alt-R CRISPR-Cas9 tracrRNA (Integrated DNA technologies) to form secondary RNA structure. Then, Alt-R HiFi
Cas9 Nuclease V3 (Integrated DNA technologies) was added to
form ribonucleoprotein complexes (RNPs). Five micrograms of
genomic DNA were pretreated with calf intestinal phosphatase to
remove 50 -end phosphate, and then RNPs and sequencing adapters
were added. Newly cleaved DNA by Cas9 has a 50 phosphate
overhang, which is necessary for the ligation reaction. Samples
were then subjected to nanopore sequencing. Prepared libraries
can be either sequenced by MinION, flongle, or PromethION
sequencers (Oxford Nanopore Technologies), using a single flow
cell per sample. MinION is recommended to obtain sufficient
reads, in a cost-effective manner.
You must design two gRNAs (e.g., Alt-R™ CRISPR-Cas9
crRNA), downstream and upstream of the repeat. Note that downstream gRNA should target the minus strand. The gRNA
sequences we used for NOTCH2NLC repeats were as follows:
l

upstream
of
the
repeat
0
-UUCUUAGCCCACUUGUACCCAGG-30 .

is

5-

l

downstream
of
the
repeat
0
-GGAGCACUCAAAAGUUUAGAAGG-30 .

is

5-

We used 5 μg of DNA, extracted from peripheral blood, and
obtained reads varying from 100–1795 coverage. Currently,
Oxford Nanopore Technologies provides a Cas9 enrichment kit
(SQK-CS9109), which we have not yet tested in NIID patients.
3.1.3 Data Analysis

With this analysis pipeline, you can use either Nanopore or PacBio
sequencing data and either whole genome or targeted sequencing
using the same command. A schematic of the analysis pipeline is
shown in Fig. 6. Long-reads are aligned to the human reference
genome (hg38) using LAST (http://last.cbrc.jp). Note that LAST
accepts either fastq or fasta sequence files, as well as gzipped (.gz)
files.

3.2 Software
Installation

Tandem-genotypes can be installed from github (https://github.
com/mcfrith/tandem-genotypes). Tandem-genotypes requires
LAST-alignment files of long-read (in maf-like format), repeat
annotation files, and optionally gene annotation files. A known
disease-causing repeat file is also available in the tandem-genotypes
packages (in hg19 or hg38) (see Note 2). We recommend that you
test your data first with this known disease file because some repeat
diseases may present with different phenotypes, and you may identify a repeat expansion in a less-expected locus.
To obtain consensus sequences, tandem-genotypes-merge is
available in tandem-genotypes packages. This program requires
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Fig. 6 Analytic pipeline for the detection of repeat expansion using long-read
sequencing data

lamassemble [10], which can be installed using conda package
(https://docs.conda.io/projects/conda/en/latest/index.html)
conda install -c bioconda lamassemble.
This package also installs other software programs that lamassemble depends on (LAST and MAFFT) [11, 12]. This program
also requires a parameter file from last-train [13].
Alternatively, lamassemble can be obtained from the following
site (https://gitlab.com/mcfrith/lamassemble).
3.3

Software Usage

3.3.1 Aligning Long
Reads to the Reference
Genome
3.3.2 Prepare Tandem
Repeat Annotation Files

Detailed command lines are described at the following website
(https://github.com/mcfrith/last-rna/blob/master/last-longreads.md). We use repeat masked reference in practice because it is
much faster and usually harmless.
Choosing the repeat annotation file to use is important because
tandem-genotypes checks the repeats in this file. Several options are
available. If you are attempting to identify already known diseasecausing repeats, the list is available from the following site (https://
github.com/mcfrith/tandem-genotypes). Tandem repeat annotations were obtained from the UCSC genome database (http://
genome.ucsc.edu/). For example, the simpleRepeat.txt file contains much longer repeat units (approximately 2000), but rmsk.
txt contains only repeats with unit lengths <13.
Alternatively, you can make your own tandem repeat annotation files from a reference sequence using tantan [14].
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tantan -f4 -w2000 reference.fa > tantan-out

where the -w option is the repeat unit length. You can increase
this value for longer repeats (if present in the reference genome
sequence). Please be sure to use the same reference genome (e.g.,
hg38 versus hg19).
3.3.3 Inferring Tandem
Repeat Changes

Tandem repeat copy number changes from the reference can be
predicted using tandem-genotypes. Please refer to the details presented in the original paper to learn how it works [15]. Briefly, this
program detects the repeat copy number changes relative to the
reference genome from the long reads that encompass the whole
repeat. The usage is as follows:
tandem-genotypes -g refFlat.txt rmsk.txt alns.maf

in which -g refFlat.txt provides the gene annotation. This can
be omitted, but gene annotation is useful for prioritization.
Tandem-genotypes outputs repeats in descending order, based on
the repeat size change and the location of the repeat. Gene annotation files (e.g., refFlat.txt) are also available from the UCSC
genome database (http://genome.ucsc.edu/).
3.3.4 Prioritizing Repeat
Locus

Tandem-genotypes-join can prioritize repeats by considering the
repeat lengths in healthy individuals. Known disease-causing repeat
expansions were ranked in the top ten, even using only a few
controls [15]. Recessive biallelic repeat expansions (e.g., RFC1)
may be less prioritized because healthy controls and unaffected
family members may have also harbor expanded repeat alleles,
heterozygously [16].

3.3.5 Drawing
Histograms

To overview the tandem-genotypes output, you can obtain a histogram of the read distribution using tandem-genotypes-plot, using
the command:
tandem-genotypes-plot tg-out

The X-axis shows the copy number change and the Y-axis
shows the read number.
Nanopore or PacBio sequencers may have some read strandbias. This histogram shows the forward-strand reads in red and
reverse-strand reads in blue.
3.3.6 Drawing Dotplots

You may want to draw dotplot pictures to examine how the reads
aligned to the reference genome. Usually, expanded repeats do not
align with the reference genome, displaying a gap at the repeat, as
shown in Fig. 7.
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Fig. 7 Examples of dotplots at the NIID repeat. Note that in most of the patients,
the pathogenic expansion is mono-allelic. This patient has both a normal (left)
and an expanded (right) allele. Reads are not usually aligned to the reference.
You can observe the discontinuation of the reads at the repeat

LAST package contains dotplot software, last-dotplot. The
minimal command is as follows:
last-dotplot alignment.maf dotplot.png

This command produces the image file “dotplot.png” from the
LAST-alignment file (in maf-like format). You can add the following additional options:
last-dotplot –sort2 = 0 –strands2 = 1 –rot1 = v –rot2 = h –
labels1 = 3 –rmsk1 rmsk.txt –genePred1 refFla.txt alignment.
maf dotplot.png
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The --rmsk1 and –genePred1 commands add vertical stripes,
which represent the repeat annotation and gene annotation,
respectively.
3.3.7 Consensus
Sequence

Raw nanopore or PacBio reads contain many errors. Tandemgenotypes-merge builds a consensus sequence from the raw reads
(see next paragraph). We previously constructed consensus
sequences using the prototype version of lamassemble [1] and
compared the expanded repeat length counted from lamassembled
repeats and PCR fragment analysis. We confirmed a good correlation between the results of both methods (Fig. 8).

Fig. 8 (a) Left: an example of a nanopore raw read at the NIID repeat expansion. Right: lamassemble merges
the raw reads to generate a consensus sequence. eBioX 1.6b software (https://macdownload.informer.com/
ebiox/download/) was used to visualize the repeat sequences. (b) Correlation between the repeat length
predicted by PCR fragment analysis and the nanopore consensus repeat length. The longest predicted size
was used for PCR analysis. X-axis and Y-axis show copy number changes from the hg38 reference (13 copies)
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3.3.8 Allele Prediction

Tandem-genotypes can crudely predict alleles using -o2 option.
tandem-genotypes -o2 -g refGene.txt repeat.txt align.maf >
tg-out

This option would add two extra columns that predict two
alleles. Using this file, tandem-genotypes-merge can generate consensus sequences from respective alleles using lamassemble. You
need to run tandem-genotypes with -o2 (to predict allele) and -v
(to show read names).
tandem-genotypes -o2 -v repeat-locus alignnment.maf > tg-out
tandem-genotypes-merge reads.fa train-out tg-out > merged.fa

4

Notes
1. We used the tailed-reverse primer for AL-analysis, which was
purchased from Thermo Fisher Scientific, to reduce incomplete
30 Adenine nucleotide addition and to suppress the appearance
of ambiguous peaks.
2. The NOTCH2NLC repeat is not found on hg19 or GRCh37.
Please use hg38 or GRCh38 for NIID analysis. If you need to
design other primers for NOTCH2NLC, please note that this
gene is highly homologous with other NOTCH2NL genes.
3. To amplify GC-rich sequences, dGTP is replaced with
70 -Deaza-dGTP Deaza. The band on the agarose gel electrophoresis will not be revealed by ethidium bromide when using
dNTPs with 70 -Deaza-dGTP Deaza (and without dGTP) [17].
4. In RP-PCR, the concentration of the primer for a targeted
repeat with the M13 sequence (M13-(GGC)4(GGA)2-R) is
usually lower than that of the M13-primer (M13-linker-R).
This difference is meant to reduce priming at the repeat region
during PCR and amplify longer repeat sequences [18]. However,
RP-PCR
using
lower
concentrations
of
M13-(GGC)4(GGA)2-R primer did not work well in our
experiments. In our experience, equal concentrations of the
primers worked, as previously reported for RP-PCR performed
for other repeat expansion diseases [19].
5. DMSO is frozen on ice, please maintain it at room temperature
during use and store.
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6. We highly recommend using the positive (with repeat expansion), negative (with no expansion), and no template control
(nuclease-free water) for both RP-PCR and AL-analysis.
7. The GGC repeat of NOTCH2NLC is difficult to amplify on
PCR with low intensity in Fragment analysis. We do not dilute
the PCR products for RP-PCR and AL-analysis by capillary
electrophoresis [19], although we usually use tenfold to
20fold diluted PCR products for CA repeats (e.g., Linkage
Mapping Set v2.5).
8. We make different markers targeting wild-type and expansion
alleles in a Panel file to call the size of both alleles and to store
the analyzed data (you can also analyze the data without a Panel
if you do not need size-calls and do not wish to save the
analyzed data).
9. The longer repeat expansion becomes lower intensity or undetectable in AL-analysis. In our experience, (GGC)230 repeats
were unable to be detected by AL-analysis but could be
detected by long-read sequencing [1]. We highly recommend
conducting RP-PCR and AL-analysis simultaneously so that
you do not miss a repeat expansion.
10. In some cases, expanded repeat peaks might be shown more
than one. We require additional study to determine whether
they should be classified as repeat mosaicism or are merely
artifacts.
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Chapter 8
Analysis of the Hexanucleotide Repeat Domain in the TAF1
SVA Retrotransposon in X-Linked Dystonia-Parkinsonism
Charles Jourdan Reyes, Theresa Lüth, and Joanne Trinh
Abstract
X-linked dystonia-parkinsonism (XDP) is a neurodegenerative movement disorder endemic to the Philippines. The disease is caused by the antisense insertion of a SINE-VNTR-Alu (SVA)-type retrotransposon
within an intron of the TAF1 gene. Within the SVA, there is a polymorphic hexanucleotide repeat domain,
(CCCTCT)n, which varies between 30 and 55 repeats and correlates with age at disease onset. There has
been evidence to suggest that various hexanucleotide lengths influence the transcriptional activity of TAF1.
Here we describe the experimental methods used to investigate repeat expansions within the SVA of the
TAF1 gene. Specifically, we describe fragment analysis, Southern blotting, and nanopore single-molecule
sequencing. Our goal is to provide the reader with guidelines on how to perform the wet lab techniques and
bioinformatic pipelines to detect repeat expansions.
Key words SVA retrotransposon, TAF1, Repeat detection, Fragment analysis, Small-pool PCR,
Southern blotting, Long-read sequencing

1

Introduction

1.1 Structural
Variants and Repeat
Expansions in
Neurodegeneration

Originally, structural variants were defined as deletions, insertions,
and inversions greater than 1 kb [1]. Now, following recent
advances in sequencing technologies, the detection of smaller
events is possible, and the definition encompasses >50 bp in length
[2, 3]. Structural variants vary in size and are split into classes:
deletions, duplications, other multiplications, translocations, inversions, transposable elements, and insertions. Traditionally, methods
such as microarray-based comparative genomic hybridization
(aCGH) and multiplex ligation-dependent probe amplification
(MLPA) have been used for the detection of copy number variants
(CNVs). Detection of complex structural variants such as balanced
translocations or inversions was a challenge and not possible with
these methods. Many identified GWAS risk loci lie within poorly
annotated regions of the genome that contain repetitive sequences
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and transposable elements, and the majority of risk variants lie in
non-coding regions of the genome with no known functional
consequence. This highlights the importance of investigating
these regions.
Importantly, a SINE-VNTR-Alu (SVA) insertion in intron
32 of TAF1 is causative for X-linked dystonia-parkinsonism
(XDP) [4–6]. A hexanucleotide repeat expansion within this SVA
is also disease-modifying [7, 8]. The SVA insertion has been linked
to dysregulation of TAF1 mRNA expression [5, 6]. Another gene,
FMR1, with disease-associated repeat expansions on the
X-chromosome may cause different phenotypes. Men with
55–200 CGG repeats may develop fragile X tremor/ataxia syndrome (FXTAS) typically characterized by adult-onset tremor,
ataxia, neuropathy, autonomic dysfunction, cognitive decline,
behavioral changes with apathy, disinhibition or irritability, and
depression [9]. Parkinsonism may form part of FXTAS, and the
initial presentation may be L-dopa-responsive parkinsonism indistinguishable from Parkinson’s disease (PD) [10]. C9ORF72 repeat
expansions have been well-characterized in the frontotemporal
dementia/amyotrophic lateral sclerosis (FTD/ALS) spectrum
[11, 12]. In PD, C9ORF72 repeat expansions are relatively rare
but account for some cases: a Genetic Epidemiology of Parkinson’s
Disease (GeoPD) study reported a prevalence of 0.06% (n ¼ 4/
7232) using a cutoff of >60 repeat units as positives [13]. Another
gene with pathogenic repeat expansions, NOTCH2NLC, was
recently identified with long-read sequencing in Japanese patients
with sporadic neuronal intranuclear inclusion disease [14, 15]. Several Chinese families with PD carried heterozygous GGC expansions larger than 65 (range 66–102) with possible anticipation
[16]. Lastly, spinocerebellar ataxia (SCA) presents heterogeneously,
and parkinsonism is reported in diverse SCA subtypes [17]. Ldopa-responsive PD and atypical parkinsonism have been described
in SCA2, SCA3, and SCA17. In SCA2 with parkinsonian features,
ATXN2 CAG repeats can be interrupted with CGG, CAA, or CGC
triplets [18, 19].
1.2

XDP

XDP is a severe neurodegenerative disorder marked by rapidly
progressive dystonia and parkinsonism [20]. Found exclusively
in individuals of Filipino ancestry, XDP is caused by one founder
mutation: an SVA retrotransposon insertion in the TAF1 gene [4–
6]. The SVA insertion represses TAF1 expression [5, 6], likely
contributing to basal ganglia atrophy [21, 22]. For this reason,
XDP has been traditionally viewed as a model disorder to investigate how basal ganglia pathology causes dystonia and parkinsonism
[21]. However, the concept of exclusive striatal degeneration in this
movement disorder has been recently disputed by neuroimaging
studies proposing that other brain regions such as the cortex and
the cerebellum may be altered as well [23, 24]. Importantly,
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patients with XDP also display a variety of extra-motor features,
including cognitive impairment, anxiety, and depression [25].
Recent studies suggest that XDP shares genetic similarities with
microsatellite repeat expansion disorders such as Huntington’s
disease (HD), several forms of SCAs, and more than 20 other
human diseases [7, 8]. Namely, it has been reported that the length
of the polymorphic (CCCTCT)n domain within the TAF1 SVA
retrotransposon acts as a genetic modifier of disease expressivity in
XDP [7, 8]. The (CCCTCT)n repeat number (RN) exhibited significant positive and inverse correlations with disease severity and
age at onset (AAO), respectively [7, 8]. The hexanucleotide repeat
also displayed somatic repeat variability [8], with higher RNs in
specific affected brain tissues possibly contributing to disease manifestation and modification [26].
In this book chapter, we aim to provide detailed protocols of
existing and novel technologies for the detection of the SVA hexanucleotide repeat lengths.

2
2.1

Materials and Methods
Long-Range PCR

The TAF1 SVA retrotransposon insertion should be detected in all
subjects using a previously described long-range PCR procedure to
provide a genetic diagnosis of XDP [27]. For this procedure, the
KOD Xtreme™ HotStart DNA polymerase is used because of its
high fidelity and processivity, which enable this enzyme to amplify
up to 21 kb of GC-rich DNA templates (Sigma-Aldrich).
First, extraction of DNA should be performed using the
QIAamp DNA Mini Kit or the Blood and Cell Culture DNA
Midi Kit (Qiagen), following standard manufacturer’s procedures.
This extracted DNA will be used with the master mix in place of the
Template DNA in Table 1. Always run a standard negative control
template in each experiment by replacing template DNA with a
blank (i.e., water).
Then, a PCR master mix is prepared as provided in Table 1.
PCR reaction should be run on the following conditions: initial
denaturation at 94  C for 2 min, 5 cycles at [98  C for 10 s, 74  C
for 3 min 30 s], 5 cycles at [98  C for 10 s, 72  C for 3 min 30 s],
5 cycles of [98  C for 10 s, 70  C for 3 min 30 s], 20 cycles at [98  C
for 10 s, 68  C for 3 min 30 s], and a final extension step at 68  C
for 7 min.
After PCR, run the amplicon together with a 1 kb DNA ladder
in a 1.0% agarose gel for 20 mins. Following this procedure, the
mutant allele carrying the SVA insertion should appear as a 3226 kb
band while the wild-type allele should appear as a 599 bp band
(Fig. 1).

142

Charles Jourdan Reyes et al.

Table 1
Master mix composition and primers for amplifying the TAF1 SVA retrotransposon insertion
Reagent

1 Volume (μL)

HPLC H2O

2.26

2 Xtreme™ Buffer

5.00

2 mM dNTPs

1.00

KOD F Primer
(50 -GTTCCATTGTGTGGTTGTACCAGCGTTTGTTC-30 ) (10 pmol/μL)

0.30

KOD R Primer
(50 -CACATGAAAAGATGCCC AACATCATTAGCCATTAG-30 ) (10 pmol/μL)

0.30

KOD Xtreme™ Hot Start DNA Polymerase

0.14

Template DNA (10 ng)

1.00

Total

10.00

Fig. 1 Detection of the TAF1 SVA retrotransposon insertion in X-linked dystoniaparkinsonism using long-range polymerase chain reaction. Lane A: New England BioLabs® 1 kb DNA Ladder. Lanes B–C: Affected individuals carrying the
SVA retrotransposon insertion (3229 bp band) in the TAF1 gene. Lane D: A
control individual with the wild-type allele (599 bp band). Lane E: Blank lane.
Amplicons were run in a 1.0% agarose gel for 20 min
2.2 Fragment
Analysis

Fragment analysis is performed to determine the size of the progenitor allele predominant in a given tissue. To this end,
(CCCTCT)n repeat sizing is performed through a fluorescent
PCR-based method utilizing a FAM-tagged primer [7, 8]. Prepare
the master mix as provided in Table 2 and run the PCR following
the given conditions: initial denaturation at 94  C 2 min, 30 cycles
at (98  C for 10 s, 64  C for 35 s).
Following this reaction, mix 0.8 μL of FAM-tagged amplicon
with 9.5 μL of loading buffer, composed of 9.4 μL of Hi-Di
formamide and 0.1 μL GeneScan500 LIZ (Thermo Fisher Scientific) as an internal standard. Denature the products for 5 min at
95  C before performing capillary electrophoresis on an
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Table 2
Master mix composition and primers for TAF1 hexanucleotide repeat sizing
Reagent

1 Volume (μL)

HPLC H2O

30.00
®

5 PrimeSTAR GXL Buffer

10.00

2.5 mM dNTPs

4.00

XDP Hex F Primer
(50 -[FAM]AGCAGTACAGTCCAGCTTTGGC-30 ) (10 pmol/μL)

1.50

XDP Hex R Primer (50 -CTCAAGCCTTATTACAATGCCAGT-30 ) (10 pmol/μL)

1.50

®

Takara PrimeSTAR GXL DNA Polymerase

1.00

Template DNA (10 ng)

2.00

Total

50.00

Fig. 2 Sizing the (CCCTCT)n repeat domain of the TAF1 SVA retrotransposon
insertion in X-linked dystonia-parkinsonism via fragment analysis. Fragment
analysis of genomic DNA isolated from blood and postmortem brain from the
same proband exposed several extra peaks above the progenitor allele of
45 repeats (407 bp) found in blood

ABI3130XL Genetic Analyzer following the fragment analysis protocol. Process the raw data using the GeneMapper 4.0 software
(Applied Biosystems, Foster City, CA) (Fig. 2).
2.3 Small-Pool PCR
(SP-PCR) and Southern
Blotting

SP-PCR-based Southern blotting can be performed to detect rare
mutant alleles corresponding to somatic repeat expansions.
SP-PCR is an efficient and sensitive method for accurately measuring the heterogeneity of RNs in specific tissues in the absence of
artifacts [28].
Prepare all the buffers and solutions summarized in Table 3 in
advance unless otherwise stated.
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Table 3
Buffers and solutions for Southern blotting
Buffer

Composition

1 Tris-Borate-EDTA
(TBE) buffer

108 g Tris base, 55 g boric acid, 900 mL HPLC H2O, 40 mL 0.5 M
EDTA solution (pH 8.0)

Denaturation buffer

1.5 M NaCl, 0.5 M NaOH

Neutralization buffer

1.5 M NaCl, 1 M Tris–HCl, pH 7.4

10 SSC buffer

1.5 M NaCl, 0.3 M sodium citrate, pH 7.0

Prehybridization buffer

DIG Easy Hyb™ Buffer (Roche)

Hybridization buffer

20 μL of labelled probe in 50 mL of prehybridization buffer

2 wash buffer

2 SSC buffer, 0.1% (w/v) SDS

0.1 wash buffer

0.1 SSC, 0.1% (w/v) SDS

Maleic acid buffer

0.1 M maleic acid, 0.15 M NaCl, pH 7.5

2.0% blocking solution

2.% (w/v) milk in maleic acid buffer

Wash buffer with Tween 20 900 μL of Tween 20 in 300 mL of maleic acid buffer
Detection buffer

0.1 M NaCl, 0.1 M Tris–HCl pH 9.5

Visualization buffer (use
fresh buffer)

1 μL of CDP star in 100 μL detection buffer

To prepare (AGAGGG)6 probes labeled with digoxigenin at
the 30 end, mix 4 μL of 5X reaction buffer, 4 μL of CoCl2, 1 μL of
DIG ddNTP, and 1 μL of terminal transferase should be included in
one tube. Then, 1 μL of 100 pmol/μL of the probe should be
added to 9 μL of water. Mix the tube described. Incubate at 37  C
for 75 min and add 2 μL of 0.5 EDTA at pH 8.0. Store the labeled
probes at 30  C until use.
Fragments amplified carrying the hexanucleotide repeat
domain will be sized using custom-made markers containing
30, 35, 40, 45, 50, and 55 repeats. The marker bands will be
generated through long-range PCR using bulk genomic DNA
(10 ng) from previously genotyped patients as the template
(Table 1). Then, digest the PCR products with the restriction
enzymes BsaI, HindIII, HaeIII, and MseI at 37  C for 1 h using
the master mix in Table 4 to generate a 458 + (n  6)bp fragment
(n ¼ number of repeats) containing the hexanucleotide repeat
region and adjacent base pairs. To prepare the marker, add 1 μL
of digested SVA PCR product representing 1 repeat size to each
tube corresponding to a marker. Marker 1: 30, 35, 40, 45, 50, 55
repeat sizes (1 μL each) and 6 μL of HPLC water. Marker 2: 30, 40,
55 repeat sizes (1 μL each) and 3 μL of HPLC water.
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Table 4
Master mix for restriction endonuclease digestion
Reagent

1 Volume (μL)

Long-range PCR product

10.00

HPLC water

3.35

CutSmart buffer

1.75

BsaI – HF

0.50

HindIII – HF

0.50

MseI

0.50

HaeIII

0.50

Total

17.10

The use of such markers ensures that the hybridization probes
are specific to the repeat-bearing fragments and the observed bands
with different sizes were not a result of PCR artifacts or DNA
degradation.
For each brain region, use 75 pg of genomic DNA as a template
for a previously established long-range PCR reaction amplifying the
TAF1 SVA insertion (Table 1). Then, digest the PCR products with
the restriction enzymes provided in the master mix in Table 4 at
37  C for 1 h. Run the digestion mixture on a denaturing 7%
polyacrylamide gel (14.7 g urea, 3.5 mL 5 TBE buffer, 8.17 mL
30% Acrylamide/Bis Solution (19:1), and 8.63 mL HPLC H2O).
Then, transfer the DNA to a positively charged nylon membrane by
overnight capillary blotting. After prehybridization, (AGAGGG)6
probes, 30 labeled with digoxigenin (DIG) using the DIG Oligonucleotide 30 -End Labeling Kit (Roche Applied Science, Mannheim, Germany), were hybridized overnight at 42  C.
Perform all hybridization, washing, and detection procedures
following the DIG Application Manual (Roche Applied Science,
Mannheim, Germany). Use the ChemiDoc MP Imaging System
(Bio-Rad Laboratories, Hercules, CA) for visualizing the chemiluminescent signal. A representative Southern blot image showing
repeat instability in the basal ganglia of one patient is provided in
Fig. 3.
2.4 Oxford Nanopore
Sequencing

The development of long-read third-generation sequencing has led
to high-throughput discovery and detection of repeat expansions.
For even larger structural variants and repeat expansions, long reads
can be useful to capture these events. Oxford Nanopore long-read
sequencing technology, as a type of third-generation sequencing,
has offered an easier laboratory analysis and workflow [29, 30].
Each DNA or RNA molecule is guided through a protein nanopore. As the bases pass through the pore, the ionic current is

146

Charles Jourdan Reyes et al.

Fig. 3 Illustrative Southern blot image showing repeat number (RN) instability in
the basal ganglia (lanes 1–6) of a single XDP patient. Each lane represents one
small-pool PCR reaction using 75 pg of DNA from the corresponding sample
material as template. Custom-made size markers in lanes M1 and M2 display
the sizes of alleles in RNs. (Figure used with permission from Annals of
Neurology)

disrupted and the change in current is detected to distinguish each
base and base modification (Fig. 4). Long reads allow the detection
of repeat expansions and larger structural variants, as they are able
to span larger segments of the region of interest and can be mapped
more accurately to genomic regions with low complexity.
To enrich the target region (i.e., SVA insertion) and maintain
the epigenetic information, one possibility is using a Cas9-targeted
enrichment approach [31] (Fig. 5). CRISPR-Cas9 crRNAs are
designed with the ChopChop online tool (chopchop.cbu.uib.no)
[32]. The crRNA program the Cas9 ribonucleoprotein complex to
cleave the region of interest (ROI), resulting in blunt ends with 50
phosphates, which are used for specific sequencing adapter ligation
(Fig. 5). Four crRNAs, two upstream and two downstream from
SVA insertion in intron 32 of TAF1 are used to enhance the
efficiency of Cas9 DNA cleavage (Table 5). These designed crRNAs
result in the Cas9 excision of a 5.5 kb product, including the 2.6 kb
SVA insertion.
Commercially available ligation sequencing kit (LSK-109) and
nanopore MinION or GridION device and flow cell R9 or R10 are
used. The procedure requires library preparation first.
Another possibility of obtaining the SVA without Cas9 enrichment is with high coverage sequencing after whole genome amplification (see Notes Subheading 3.2.1).
2.4.1 Flow Cell Loading

The flow cell is primed following these instructions: add 30 μL
flushing tether (FLT) to the flush buffer (FLB) and mix well by
vortexing. Rotate the inlet port cover clockwise by 90 so that the
priming port is visible (Fig. 6). Using a P1000 pipette, hold the tip
perpendicularly to the plane of the flow cell well and remove any air
from the inlet port by turning the volume dial anticlockwise. Load
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b
Sensor chip with nanopores

Flow cell with sensing
chemistry, nanopores and
electronics

Native DNA

Sequencing adapter
(Motor protein)
Nanopore

Detected current

Sample injection

ATTTCCGA
ATTTCmCGA

Unmodified base
Modified base

Electrically resistant
membrane

MinlON connects to flow cell
USB power device &
connection to
MinIT/computer

Fig. 4 Oxford Nanpore Technologies (ONT) MinION and a nanopore with “squiggles.” (a) After preparing DNA or
RNA, the sample is added to the flow cell. The flow cell contains multiple nanopores and is connected to the
MinION. Figure adapted from Oxford Nanopore Technologies. (b) Schematic diagram of a nucleic acid
molecule passing through a nanopore embedded in an electrically resistant, polymer membrane. During the
passage of the molecule, the pore is blocked, and the ionic current decreases. The “squiggles” are the raw
nanopore data. Using the raw nanopore signal, modified and unmodified bases can be distinguished.
(Figures adapted from ONT)

Fig. 5 CRISPR-Cas9-based target enrichment strategy. Targeting gene regions for nanopore sequencing
without PCR amplification resulting in target enrichment and maintenance of epigenetic information.
(Figure adapted from Oxford Nanopore Technologies)
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Table 5
CRISPR-Cas9 crRNAs used for the enrichment of the SVA insertion at chrX:70,660,351
Target sequence

Genomic location

1.

AAACTTCCCCCGATCCTGCTTGG

chrX:70,657,572

2.

GTCCAGTCTACCAAGTAAACAGG

chrX:70,658,413

3.

GACGTAAGTGTGACGACATTGGG

chrX:70,660,444

4.

TGACGTAAGTGTGACGACATTGG

chrX:70,660,445

Fig. 6 MinION flow cell loading ports shown in the open and closed position. The priming mix is injected into
the priming port shown in the open position. The sample is added to the SpotON sample port, here shown in
the closed position

800 μL of FLT and FLB into the inlet port, without introducing
bubbles, and wait for 5 min. Open the SpotON cover to reveal the
SpotON sample port and load another 200 μL of FLB (including
FLT). After the library is mixed with sequencing buffer and loading
beads (sequencing buffer 37.5 μL, loading beads 25.5 μL, library
12 μL), all are loaded into the flow cell by adding the sample
dropwise to the SpotON sample port.
2.4.2 Data Acquisition

For a sequencing experiment, the MinION can be connected either
to the MinIT or a computer with similar specifications, controlling
the sequencing with the MinION and downstream analyses without requiring any other software. The preinstalled MinKnow software is used to start a sequencing, where the corresponding library
protocol was chosen. Real-time status of nanopores is displayed in
the MinKnow graphical user interface (GUI) and sequencing efficiency over time is observable by the duty time (Fig. 7).
Nanopore sequencers detect the specific change in current
when bases cross through the pore, resulting in “squiggles” stored
as FAST5 files. Translation of FAST5 files to single-molecule reads
in FASTQ format is called base-calling. For base-calling and demultiplexing (sorting reads by added barcodes), if required, the MinKnow software installed on the MinIT is used, which is identical to
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Fig. 7 Real-time status of nanopores during the sequencing experiment. In the channels panel, one flow cell is
displayed with different colors representing nanopores sequencing DNA in real-time. Sequencing efficiency is
displayed in the duty time diagram over the sequencing time. Green ¼ sequencing is processing, blue ¼ resting or resetting after sequencing

the Guppy software tool. Guppy base-calling is based on a recurrent
neural network (RNN) that keeps previously seen datasets so that a
new computation can use the saved “memory” of preceding analyses. The so-called flip-flop algorithm is an algorithm that utilizes
the raw nanopore signal to calculate single-base transition probabilities together with confidence levels for each called base as well
as for all alternative bases. In the flip-flop algorithm, two states are
assumed. Flip describes the transition from one base to the following one and flop describes staying on one base for two-time steps.
Viterbi decoding calculates the likelihood of the flip and flop state
for the base transitions.
2.4.3 Bioinformatic
Analysis

FASTQ files are mapped to the reference sequence FASTA file,
using Minimap2 [33]. The resulting alignment in a SAM format
is converted to a BAM file, which is sorted and indexed for downstream analyses with the SAMtools software package.
For the variable number of hexanucleotide repeats
(CCCTCT)5,17 and quantification of this repeat length, short tandem repeat identification, quantification, and evaluation (STRique)
(version 0.4.2) [34] and noise-canceling repeat finder (NCRF) are
used [35], which calculate the repeat length on a single-molecule
level (see Notes Subheading 3.2.2).
As there is evidence for sequence-based algorithms to be not
accurate for quantification of repeat length [34], STRique is based
on the raw signal trace. The software requires the sequence of the
repeat flanking regions (prefix and suffix) and the repeat motif, as
well as the start/end position of the repeats in the reference
sequence. Additionally, aligned reads are needed either in SAM or
BAM format. STRique simulates the nanopore signal for the given
prefix-, suffix-, and repeat- sequence. Prefix and suffix are mapped
to the raw nanopore signal, guided by the aligned reads (SAM or
BAM format).
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Hidden Markov Model (HMM) uses the FAST5 “squiggles”
(i.e., signal trace) as the observable event and computes the probability of the hidden state being either prefix, suffix, or repeat. A
Viterbi algorithm is used, which calculates the chain of “hidden”
states with the highest probability from a sequence of observed
events based on a given HMM. The output of STRique contains
the repeat count of each read mapped to ROI, containing at least
the prefix- or suffix-sequence with a corresponding prefix- and
suffix-score. These scores indicate the alignment quality of the
simulated prefix and suffix signal to the nanopore signal trace and
can be used to filter the output for more reliable results. Only reads
with an alignment length of at least 1 kb to the reference sequence
should be evaluated (https://github.com/nanopol/xdp_
bookchapter).
Another approach to detecting repeats is with NCRF [35]. To
analyze all sequence data, FASTQ files are aligned to the reference
(hg19 including the SVA insertion) FASTA file with minimap2
(version 2.17). To extract those reads that were on target, a BAM
file is generated that only contained reads with an alignment length
of more than 1 kb with SAMtools (version 1.3.1). Subsequently,
the BAM file will be converted to FASTQ format with SAMtools as
well. As NCRF requires the FASTA format as an input, the FASTQ
file will be converted. To optimize the NCRF analysis in the context
of the TAF1 SVA insertion, the maximum mismatch ratio is set to
20% and the minimum query length to 108 bp, which equals a
repeat count of 18 (https://github.com/nanopol/xdp_
bookchapter).

3

Notes

3.1 SP-PCR-Based
Southern Blotting

For our SP-PCR procedure, 75 pg of genomic DNA, the equivalent
of DNA from ~10 cells, was used to rapidly assess the diversity of
repeat sizes per tissue while still avoiding the drawbacks of bulk
PCR [35]. Otherwise, the empirical determination of the average
number of amplifiable molecules for each sample (i.e., calculation
of genome equivalents) is needed as previously described [35].

3.2 Oxford Nanopore
Sequencing

Another alternative of obtaining the SVA without Cas9 enrichment
is with high coverage whole genome sequencing. A library preparation workflow is required following an adjusted nanopore premium whole genome amplification (WGA) protocol. Similar to
Cas9 enrichment, this PCR amplification-free approach can be
used to conserve DNA methylation. Hence, amplification with
random primers provided by the WGA protocol is not performed
here; instead, the first step is the digestion of high-molecularweight whole-cell DNA with T7 endonuclease 1 to remove
branches in the DNA strand. Next, longer DNA fragments are

3.2.1 Alternative
Strategy to Cas9
Enrichment
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enriched with AMPure XP beads. After the end repair and the end
preparation of DNA fragments to adenine 50 -phosphates, sequencing adapters are ligated to the DNA fragments.
3.2.2 Comparison
Between STRique and
NCRF

STRique and NCRF are two software alternatives to estimate the
hexanucleotide repeat length from long-read sequencing data. On
the one hand, STRique is based on the raw Nanopore data (“squiggles”), guided by the base-called and aligned reads. Therefore,
FAST5 files have to be provided along with FASTQ files and the
alignment in a SAM/BAM format. On the other hand, NCRF
detects the alignment of repeated copies of the given repeat motif
from the base-called sequencing data. Thus, only FASTA files,
which are similar to FASTQ files, are needed as input. FAST5 files
are not required for NCRF. Hence, NCRF requires less time,
storage, and computational resources compared to STRique. STRique uses dense and large FAST5 files along with FASTQ and BAM
files.
Both STRique and NCRF require parameter adjustments. In
the case of STRique, the prefix and suffix sequence can be elongated to increase accuracy. For NCRF, the maximum noise level
and minimum repeat length can be increased to decrease unspecific
findings. For example, the maximum noise level of 20% and the
minimum repeat length of 108 bp are the optimized parameters in
our set up in estimating hexanucleotide repeat counts.

3.2.3 HG19 as Reference

Besides hg38, build hg19 is another option to use as a reference.
The importance is the SVA insertion within the TAF1 gene and the
integration of the sequence in the correct position for alignment
and downstream analysis purposes.

4

Conclusion
In this chapter, we aimed to provide a detailed review of new and
existing technologies for the detection of the TAF1 SVA hexanucleotide repeat expansion. We explain fragment analysis, SP-PCRbased Southern blotting methods, with an additional large focus on
long-read sequencing. It is now possible to sequence the complete
TAF1 SVA insertion, which has been challenging to accomplish
using other sequencing techniques in the past. Based on long reads,
hexanucleotide repeat length could be quantified on a single-molecule level. Still, the quantification of the SVA hexanucleotide repeat
length with these new sequencing methods shows high variability,
and optimization of the software tools is needed to further reduce
artificial variability and enhance repeat length determination accuracy. As of now, Southern blotting is still the gold standard in the
determination of repeat lengths, as long-read sequencing improves
over time.
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Neurogenetic Variant Analysis by Optical Genome Mapping
for Structural Variation Detection-Balanced Genomic
Rearrangements, Copy Number Variants, and Repeat
Expansions/Contractions
Hayk Barseghyan, Andy W. C. Pang, Yang Zhang, Nikhil S. Sahajpal,
Yannick Delpu, Chi-Yu Jill Lai, Joyce Lee, Chloe Tessereau,
Mark Oldakowski, Ravindra B. Kolhe, Henry Houlden, Peter L. Nagy,
Aaron D. Bossler, Alka Chaubey, and Alex R. Hastie
Abstract
Structural variants in the human genome have been associated with several neurological disorders. Syndromic neurodevelopmental delay has been reported to be caused by recurrent copy number variants
(CNVs) at specific genomic loci as a result of non-allelic homologous recombination and concomitant
inversions, translocations, deletions, or duplications accounting for some well-known developmental delay
syndromes. Also, tandem repeat contractions and expansions can alter the function of several genes and
result in a number of unique neuromuscular disorders, such as facioscapulohumeral muscular dystrophy
type 1 (FSHD), fragile-X syndrome, and amyotrophic lateral sclerosis (ALS). As a result, genome-wide
structural variation analysis is recommended for the accurate diagnosis of neurodevelopmental delay and
intellectual disabilities. In addition to pediatric developmental disorders, somatic mosaicism in the brain has
been reported in various genetic neurodegenerative disorders. In order to detect and study structural
variants related to neurologic disorders, many genomic technologies are applied in clinical and translational
research. Optical genome mapping (OGM) is a new method for the analysis of all classes of structural
variants including CNVs, balanced translocations, inversions, repeat expansions, and repeat contractions.
Furthermore, OGM allows the detection of mosaicism both for germ line and somatic variants. This single
technology can therefore be applied to a broad range of clinically relevant structural variants.
Key words Optical genome mapping, OGM, Structural variant, SV, Copy number variant, CNV,
Cytogenetics, Cytogenomics, Prenatal genetic testing, Postnatal genetic testing, Somatic mosaicism,
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Introduction
Neurogenetics aims to understand the link between genetic loci or
gene(s), and the development and functioning of the nervous
system, as well as the development of neurological disorders
[1]. During the past decades, significant advancements have been
made in molecular cytogenetics and sequencing technologies to
detect genomic variants that cause or alter the susceptibility to
neurological disorders. Rare genetic diseases that follow Mendelian
inheritance are monogenic events with either autosomal dominant
or recessive inheritance pattern and have a prevalence of 3.5–5.9%
worldwide [2]. However, most common neurological disorders
have unclear genetic etiology, and their study requires whole
genome analysis rather than a targeted approach. Herein, we briefly
describe how the field of neurogenetics has evolved from identification of pathogenic chromosome copy number changes to detection of complex structural variants (SVs) with the use of optical
genome mapping (OGM) in current clinical practice.
Following the 1959 discovery that the human genome is
organized into 23 pairs of chromosomes, chromosomal copy number changes were the first genomic abnormalities found to cause
intellectual disability. Discovery of trisomy 21 as the cause of Down
syndrome was followed by discoveries of trisomy 13 (Patau syndrome), and 18 (Edwards syndrome) in 1960 [3–5]. The improvement in G-banding techniques to a resolution of 5–10 Mbp
facilitated the detection of large deletions, duplications, and unbalanced rearrangements that explained ~8.4–15% of cases of intellectual disability [6, 7]. In the 1980s, with the introduction of
fluorescence in situ hybridization (FISH), it became possible to
detect microdeletions/duplications and smaller chromosome rearrangements within the same regions previously associated with
intellectual disability. This led to the identification of several microdeletion syndromes that included Williams–Beuren syndrome
(7q11.23), Prader–Willi and Angelman syndromes (15q11-q13),
and Smith–Magenis syndrome (17p12), allowing rapid diagnosis in
suspected cases [8]. The next leap in cytogenetic testing occurred
with the introduction of chromosome microarrays (CMAs) in the
early 2000s. The capability of CMAs to detect submicroscopic copy
number changes and an automated reporting software revolutionized the clinical practice for the genetic diagnosis of neurological
disorders [9]. CMA was found to have a 15–20% higher diagnostic
yield than karyotyping in individuals with intellectual disability,
multiple congenital abnormalities, and autism spectrum disorders
in a review of 21,698 patients (from 33 different studies) who were
tested with both techniques. In 2010, CMA was recommended as a
first-tier diagnostic test for individuals with intellectual disability,
multiple congenital abnormalities, and autism spectrum disorders
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(ASD) with additional testing recommended for monogenic disorders such as fragile-X syndrome [10]. Next-generation sequencing (NGS) has also seen increased adoption resulting in a further
10–15% increase in diagnostic yield for genetic diagnosis of intellectual disabilities with Mendelian inheritance [11].
Repeat expansions and contractions are a major cause of neurological disorders. More than 40 diseases are caused by expansion
of short tandem repeats (STRs). Most of these are trinucleotide
repeats, but di-, tetra-, penta-, hexa-, and dodeca-nucleotide repeat
expansions have also been identified. These disorders are known as
repeat expansion disorders and include Huntington disease, spinal
and bulbar muscular atrophy (CAG repeats), fragile-X (CGG
repeats), myotonic dystrophy type 1 (CTG repeats), Friedreich
ataxia (GAA repeats), FRAXE mental retardation (GCC repeats),
myotonic dystrophy type 2 (CCTG), amyotrophic lateral sclerosis
(GGGGCC), and many spinocerebellar ataxias (CAG, GAA,
TGGAA, TTCCA, ATTCT, GGCCTG, CTG). Genetic testing
for these disorders relies on specific PCR-based methods, but
even moderately sized repeat expansions are difficult to size accurately with PCR methods and require more complex techniques
and interpretation such as Southern blot hybridization. Moreover,
NGS-based methods used in clinical laboratories for diagnosis of
these repeat disorders struggle with correct sizing of long repeats
[12, 13].
Although not yet utilized in the clinical setting, research in the
role of genetic somatic mosaicism in brain diseases is rapidly gaining
interest. These investigations are enabling scientists to gain new
insights into both rare and common neurological disorders. Several
studies have associated mosaic aneuploidies in neuropsychiatric
diseases, including Alzheimer’s disease, ataxia-telangiectasia,
schizophrenia, and intellectual disability with ASD. Furthermore,
fragile-X, Huntington’s chorea, amyotrophic lateral sclerosis
(ALS), and frontotemporal dementia (FTD) have been associated
with polymorphic tandem repeats [14]. Although the burden of
SVs and CNVs in neurological disorders remains sparsely studied,
additional studies with OGM will potentially shed new light on
neurological disease mechanisms.
Clinical testing for neurological disorders caused by SVs mostly
relies on CMAs, with additional targeted PCR tests for repeat
expansions based on phenotype followed by NGS for undiagnosed
cases. Reaching a genetic diagnosis for neurological disorders is
often complex, cumbersome, and cost prohibitive. Furthermore,
even with extensive testing, a high percentage of cases remains
unexplained. The current diagnostic odyssey in neurological disorders calls for a next-generation cytogenetic technology that can
detect all classes of clinically relevant SVs and CNVs in a single assay
and has the potential to find the genetic underpinning of numerous
undiagnosed cases. (OGM) has been recognized as a key genomic
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technology for the detection of all classes of SVs in many disorders
[15–17]. For example, testing using OGM demonstrated result
concordance of 100% when compared to combined cytogenetic
analysis for the detection of 100 abnormalities in a cohort of
85 patients with constitutional disorders [15]. The study included
34 microdeletions or duplications, 7 aneuploidies, and 28 balanced
translocations, as well as ring chromosomes, inversions, and other
complex rearrangements. This study also included several different
sample types such as amniocytes, chorionic villus sampling (CVS),
and lymphoblastoid cells. In a study published by Shieh et al.,
OGM identified pathogenic or likely pathogenic variants in 12%
of intellectual disability cases, which previously remained unexplained using the current standard of care testing [16]. Multiple
studies have demonstrated the technical performance of OGM and
its unique ability to detect clinically significant genome-wide SVs
(aneuploidies, CNVs, balanced genomic rearrangements, repeat
contraction, and repeat expansion, uniparental disomy (UPD),
and mosaicism). Herein, we discuss the technological utility of
OGM in unraveling the genetic etiology of neurodevelopmental
disorders for best clinical care.

2

Methods

2.1 Ultra-High
Molecular Weight
gDNA Isolation from
Human Blood and
Brain Tissue

The Bionano DNA Isolation Protocol is optimized to yield ultrahigh molecular weight (UHMW) gDNA in approximately 4 hours
(Fig. 1). It utilizes a lyse, bind, wash, and elute procedure that is
common for silica-based gDNA extraction technologies in combination with a paramagnetic disk. Unlike magnetic beads and silica
spin columns, which shear large gDNA, the Nanobind Disk binds
and releases gDNA with significantly less fragmentation, resulting
in UHMW gDNA. High gDNA binding capacity is the result of
novel nanostructured silica on the outside of the thermoplastic
paramagnetic disk. The following are detailed protocols for
UHMW gDNA isolation from human blood and brain tissue.

2.1.1 Sample Input and
Preparation

Fresh human blood: pipette an aliquot of blood containing 1.5
million white blood cells (WBCs), based on HemoCue reading,
into a 1.5 ml Protein LoBind tube and add 3 volumes of RBC lysis
solution. Invert the tube 10 times and centrifuge for 2 minutes at
2200  g at room temperature (RT). Discard the supernatant to
leave ~40 μl residual volume and add 50 μl Cell Buffer directly
onto the WBC pellet.
Frozen human blood: thaw the blood at 37  C for 2 minutes in a
water bath and count WBCs using HemoCue. Pipette an aliquot of
blood containing 1.5 million WBCs, based on HemoCue reading,
into a 1.5 ml Protein LoBind tube and centrifuge for 2 minutes at
2200  g at RT. Discard the supernatant to leave ~40 μl residual
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Fig. 1 Experimental Workflows (A.) Bionano Prep SP Blood DNA Isolation. Fresh or frozen human blood UHMW
DNA isolation using the Bionano Prep SP Blood & Cell Culture DNA Isolation Kit. (B.) Bionano Brain Tissue DNA
Isolation. Non-tumorous brain tissue UHMW DNA isolation using the Bionano Prep SP Tissue and Tumor DNA
Isolation kit. (C.) The Bionano de novo assembly pipeline is designed to identify SVs >500 bp in size with the
utilization of contigs generated from single molecules (Step 1A). SV calling is achieved by alignment
differences between the assembled maps and the reference genome (Step 1B). The blue map represents
the sample contig carrying a deletion. The green map represents the in silico digested reference genome. The
highlighted red region between the two maps shows a region of DNA missing from the sample map. Identified
SVs undergo through (do you mean thorough?) variant annotation (Step 2) for calculation of population variant
frequencies and gene overlaps, as well as shared variants between case/control or family members. (D.)
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volume and add 40 μl stabilizing buffer (cell buffer+ DNA stabilizer
1:49) directly onto the WBC pellet.
Brain tissue: slice a ~15 mg section of frozen tissue and place
into a 15 ml conical tube containing 2 ml of pre-chilled Homogenization Buffer (HB). Disrupt the tissue using a TissueRuptor II
(QIAGEN) on full speed for 10 seconds, add 6 ml of pre-chilled
HB to the homogenate, and filter through a 40 μm cell strainer
resting on a 50 ml conical tube which has been placed on ice. Add
an additional 6 ml of pre-chilled HB to the conical tube to wash
remaining tissue pieces away and again pass through the strainer,
collecting the homogenate in the same 50 ml tube. Transfer the
filtered homogenate to a new 15 ml conical tube, cap, invert, and
centrifuge at 2000  g for 5 minutes at 4  C. Decant the supernatant, resuspend the pellet in 300 μl of Wash Buffer A (WBA) and
transfer to a new 1.5 ml Protein LoBind tube. Add an additional
700 μl WBA to rinse the 15 ml tube, transfer to the same 1.5 ml
tube, and follow with centrifugation at 2000  g for 5 minutes at
4  C. Discard the supernatant and leave ~40 μl residual volume to
resuspend the pellet.
2.1.2 Lyse and Digest
Cells

Fresh/frozen blood cells: add 50 μl Proteinase K, fully resuspend the
pellet, and incubate for 3 minutes at room temperature (RT). Lyse
the cells by adding 225 μl Lysis and Binding Buffer (LBB) and
rotating the tubes at 10 rpm for 15 minutes at RT using a HulaMixer. Pulse spin the tube to bring down the content, then add
10 μl of 100 mM Phenylmethylsulfonyl Fluoride Solution (PMSF)
and invert to mix. Inactivate Proteinase K by incubating at RT for
10 minutes.
Brain tissue homogenate: add 50 μl Protease and incubate for
3 minutes at RT. Lyse the cells by adding 225 μl LBB (pre-mixed
with detergent) and then rotating the tube at 10 rpm for 15 minutes
at RT using a HulaMixer. Pulse spin the tube and spike 50 μl
Proteinase K into the same 1.5 ml tube for an additional 15 minute
lysis on the HulaMixer. Pulse spin the tube to bring down the
content and add 20 μl of 100 mM PMSF. Invert to mix and to
inactivate the Protease and Proteinase K and incubate at RT for
10 minutes. Then add 85 μl of Salting Buffer, invert the tubes to
mix, and pulse spin.

2.1.3 gDNA Bind, Wash,
and Elute

Blood cell or brain tissue cell lysate: add a single 4 mm paramagnetic
Nanobind Disc followed by 340 μl (blood) or 460 μl (brain tissue)

ä
Fig. 1 (continued) The Bionano rare variant pipeline is designed to identify SVs >5 kbps in size and >5%
allele fraction with the utilization of direct molecule to reference alignment (Step 1A). SV calling is achieved by
identification of groups of molecules with reference alignment differences, local assembly of those molecules,
and subsequent confirmation of the SV by the map alignment (Steps 1B and C). Coloring scheme is identical to
the de novo pipeline. Variant annotation in Step 2 produces similar results as the de novo assembly pipeline
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100% isopropanol to precipitate the gDNA. Facilitate the binding
of UHMW gDNA to the disc by rotating the tube at 10 rpm for
15 or 30 minutes on a HulaMixer at RT for blood or brain tissue,
respectively. After precipitation of the UHMW gDNA onto the
Nanobind disk, place the tube into a Dynamag tube rack (Thermo
Fisher Scientific) to wash the gDNA. As the disc adheres to the
magnet, discard the supernatant and add 700 μl Wash Buffer 1 onto
the disc, followed by 180 inversions of the tube for washing (this
step is performed twice for brain tissue). Re-rack the tube in the
magnetic stand and discard the supernatant. Perform two additional washes with 500 μl Wash Buffer 2 for both blood and brain
tissue. After the final wash and removal of the supernatant, transfer
the disc to a new 1.5 ml Protein LoBind tube using the Magnetic
Retriever. Pulse spin the tube and use a P10 to remove any additional wash buffer that may have transferred with the disc. Add
65 μl Elution Buffer and incubate for 20 minutes at RT, ensuring
the Nanobind disc is immersed in the elution buffer. Transfer the
eluate to a new 2.0 ml microfuge tube. To recover the entire
gDNA, spin the tube on a benchtop microcentrifuge for 5 seconds
and transfer the remaining eluate containing viscous gDNA to the
same 2.0 ml tube. Gently pipette the gDNA 3 times using a
standard 200 μl tip and rotate the tube at 15 rpm for 1 hour
using a HulaMixer at RT. Pulse spin the sample and allow for equilibration at RT overnight for blood, and ~4 to 7 days for
non-tumorous human brain to facilitate DNA homogeneity before
determining gDNA concentration. Quantify gDNA using
the Broad Range dsDNA Qubit Assay (Thermo Fisher Scientific).
2.2 Direct Label and
Staining (DLS,
Bionano)

Aliquot 750 ng of gDNA and add nuclease-free water to constitute
a total volume of 21 μl in a 200 μl PCR tube. Add 9 μl of labeling
master mix (6 μl 5 DLE-1 buffer, 1.5 μl DL-green, and 1.5 μl
DLE-1 enzyme) provided in the Bionano Prep DNA Labeling Kit.
Gently mix 5 times using a P200 set at 28 μl and incubate for
2 hours at 37  C in a thermocycler for direct labeling. Add 5 μl of
Proteinase K solution to the reaction and incubate for 30 minutes
at 50  C to digest the DLE-1 enzyme. Following the labeling
reaction, the DL-green is cleaned from the labeled gDNA using a
DLS membrane. Place the DLS membrane on top of 25 μl of 1
DLE-1 Buffer in a well of a 24-well DLS-microplate. Transfer the
labeled gDNA onto this membrane, incubate for 1 hour at RT, and
then transfer onto another pre-wetted membrane and incubated for
an additional 30 minutes at RT. Transfer the cleaned gDNA into a
new 200 μl PCR tube and aliquot 20 μl into a 2.0 ml amber tube.
Add 40 μl staining master mix (6 μl DTT, 15 μl Flow Buffer, 3.5 μl
DNA Stain, and 15.5 μl nuclease free water) to 20 μl labeled gDNA
and rotate the tubes on the Hula Mixer at 5 rpm for 1 hour at
RT. Pulse spin the labeled and stained gDNA and incubate overnight at RT, protecting from direct light. Quantify the gDNA
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concentration of the labeled sample using the High Sensitivity
dsDNA Qubit Assay (Thermo Fisher Scientific).
2.3 Running
Samples on the Saphyr
Instrument

The UHMW DNA labeled with the DLS protocol should meet the
recommended concentrations between 5 and 15 ng/ul to be
loaded onto a Bionano Chip and run on the Saphyr System (Bionano Genomics). Both two and three flowcell chips can be imaged
by the Saphyr instrument depending on the sample quantity
requirements. Bionano chip flowcells are comprised of inlets and
outlets that allow DNA to move through nanochannel arrays.
Labeled DNA is loaded into both inlets and outlets (8.5ul and
11ul), respectively. Bionano Access is used to set up an experiment
run, specifying the project name, sample IDs and the throughput
targets (i.e., coverage). It is recommended to collect approximately
150 and 400 of data for germline or somatic variant calling,
respectively. Once the chip is loaded onto the instrument, the
Instrument Control System (ICS) recognizes the experiment
setup from Bionano Access and performs automated optimization
and imaging. Upon completion, the output BNX files are transferred to Bionano Access for further analysis.

2.4 Data Quality
Control, Structural
Variant Calling,
Annotation, and
Visualization

Following the end of the chip run, the data is automatically
imported into Bionano Access, a graphical user interface-based
data management software. A molecule quality report (MQR),
which lists key metrics for determination of data quality, can then
be generated. Long molecules (N50 > 220kbp) with the appropriate label density (14–17 per 100kbp) are a prerequisite for all
downstream assembly or alignment analyses. Moreover, a minimum map or alignment rate of 70% to the human reference assembly is critical. Finally, various effective coverages of the reference are
required depending on the application; identifying germline variants by the de novo assembly requires 80x effective (aligned)
coverage, whereas discovering somatic or mosaic variants by the
rare variant analysis needs 300 for 5% allele fraction level of
detection (LOD).
Following quality checks by the MQR, a user will run the
annotated de novo assembly or annotated rare variant analysis to
call SVs and CNVs. The de novo assembly uses an Overlap-LayoutConsensus paradigm to build contig maps representing both alleles
of a genome, and these maps can capture homozygous and heterozygous SVs 500 bp by alignment differences between the assembled maps and reference genome (Fig. 1c) [18, 19]. In contrast, the
rare variant pipeline aligns molecules directly to the reference
genome, and specifically searches for alignment mismatches to
capture SVs 5kbp (5% allele fraction) (Fig. 1d). Run in parallel
with both structural variant pipelines, the CNV algorithm identifies
gains and losses (500kbp) by detecting significant deviation in
coverage depth upon aligning molecules to the reference genome
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Table 1
Specification of the types of variants detectable by optical genome mapping
Bionano OGM
Variant

Variant types

Variant description

Germline

Aneuploidy

Monosomy
Trisomy
Triploidy

Chromosome loss
Chromosome gain
Whole genome
triploidy
CNV and fusion

✓
✓
✓

Interstitial
Terminal
Interstitial (unknown
sequence)
Balanced
Unbalanced
Pericentric
Paracentric

✓ (500 bp) ✓ (5 kbp)
✓ (~500 kbp)
✓ (500 bp) ✓ (5 kbp)

Regions of
Absence/loss of heterozygosity
homozygosity

ROH/AOH/LOH

✓

Macrosatellite/
microsatellite

Repeats

Contractions/
expansions

✓

Small variants

Single nucleotide variants
(SNVs)
Small insertions/deletions
(INDELs)

Transitions/
transversions
Insertions/
deletions <50 bp

–

Ring chromosome
Structural
variants

Copy number
variants

Deletions/
duplications
Insertions

Translocations
Inversions

Somatic

✓

✓
✓
✓
✓ (30 kbp) ✓ (50
kbp)
(25 Mbp)

Not
currently
✓ (5 kbp)

(500 bp)

assembly [20]. Table 1 details both pipelines’ capability in discovering assorted forms of variant.
As part of both pipelines, an annotation step provides information such as variant allele population frequency, gene-overlap, and
calls overlapping with the Database of Genomic Variants (DGV).
The variant allele population frequency is determined by comparing
each SV against a database of SVs (>600,000 entries) from >200
samples mapped by OGM and with no reported disease phenotypes. If a matched control sample (e.g., matched blood to a brain
tissue) is available, the variant annotation pipeline will annotate
whether each SV in the test sample is present in the matched
control. Furthermore, the Bionano Access software enables the
visualization of variants on a CIRCOS plot, a whole genome
CNV plot, and a genome browser (Fig. 2). The user interface
allows dynamic filtering of variants by type, location, size, and overlap with different genomic features, such as a list of disease relevant
genes, and the resulting variants can be exported in both Bionano
SV SMAP and VCF formats.
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Fig. 2 17q11.2 microdeletion syndrome identified by OGM. A 1.4 Mbp single-copy loss in 17q11.2 captured by
OGM. The chromosome 17 cytobands are shown in the top View; the red band outlines the centromere
location. In the top track, the copy number profile exhibits a 1 drop (heterozygous loss) in copy number. The
bottom track demonstrates that two assembled maps in blue align to the reference in green. The upper
assembled map represents the wild type allele, whereas the lower map captures the 1.4 Mb deletion.
Together the maps indicate that the deletion is heterozygous

3

Application of OGM in Nervous System Disorders

3.1 Pediatric
Neurodevelopmental
Disorders

Mendelian conditions in which pathogenic changes in a single gene
cause a specific phenotype are a major disease burden, significantly impacting the affected individuals and their families, as well
as the healthcare system. Despite the progress achieved over the
past decade, only 21% (4297/~20,000) of identified human protein coding genes have an established association with a phenotypecausing pathogenic variant [21]. Furthermore, 60–80% of individuals with a suspected Mendelian disorder remain undiagnosed
with current clinical strategies [22]. Developmental delay/intellectual disability (DD/ID) represent common clinical presentations
identified in primary care pediatrics. Taken together, these conditions are relatively frequent affecting ~3% of the population. The
American Academy of Pediatrics (AAP) guidelines suggest a comprehensive testing strategy for DD/ID, which includes chromosomal analysis, repeat expansion testing, and gene sequencing
[23, 24]. Targeted gene testing approaches are limited to a subset
of all the genes known to harbor pathogenic variants. CMA is the
most common chromosomal analysis method in many geographic
regions; however, it is restricted to predetermined hybridization
probe locations, is platform-based resolution dependent (~
20–50 kbps) and is unable to differentiate segmental duplications/repetitive regions or identify balanced genomic rearrangements. While these genetic testing approaches offer answers and
treatment guidance to some families with DD/ID, many cases
remain undiagnosed [25]. OGM has the potential to significantly
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increase the diagnostic yield compared to CMA through its ability
to detect balanced SVs such as inversions and translocations and its
higher sensitivity for smaller CNVs (500 bp and up), as well as its
ability to size large repeat expansions/contractions.
Many gene dosage alterations have been identified that can
cause developmental delay, intellectual disability, autism spectrum
disorders, multiple congenital anomalies, and other phenotypes
[26]. OGM provides an efficient and direct path to genetic analysis
for patients affected with these conditions because of its capability
of identifying SVs with high accuracy [27, 28]. For example, Fig. 2
demonstrates a chromosome 17q11.2 microdeletion syndrome
identified by OGM. The CNV track shows evidence of a heterozygous loss of DNA material in the chromosome 17q11.2 cytoband.
The assembled maps 1 (wild type) and 2 (mutant) represent the two
alleles present in the affected individual whereas the sample map
2 presents a measured 1.4 Mbp deletion. When both CNV and de
novo algorithms identify a deletion, the size and breakpoint estimate of the de novo assembly should be used as it is innately more
precise due to higher positional accuracy achieved by assembled
maps. In this case, the patient has a 1.4 Mbp deletion on chromosome 17q11.2 that is clinically characterized by facial dysmorphism,
developmental delay, intellectual disability, and neurofibromas due
to NF1 gene deletion [29]. This deletion is typically caused by
nonallelic homologous recombination of repeats flanking the NF1
gene [29, 30].
A hybrid approach consisting of OGM for SV, CNV, and repeat
expansion/contraction screening, in combination with short-read
sequencing for single nucleotide variants and indels, provides the
capability to identify most genomic aberrations and a higher likelihood of identification of the genetic cause of DD/ID. This will
impact the basic biological understanding of genetic disorders in
children, potentially improving long-term clinical management and
outcomes.
3.2 Facioscapulohumeral Muscular
Dystrophy Type 1

Facioscapulohumeral muscular dystrophy (FSHD) is the third most
common muscular dystrophy with an incidence of about 1:25,000
worldwide. It results from a complex mechanism involving the
mis-regulation of the subtelomeric DUX4 gene expression at chromosome 4q35. The coding sequence is located within the D4Z4
array of tandem 3.3-kbp repeat units, directly followed by a polymorphic region which determines the permissive or nonpermissive
expression haplotypes (A or B). The number of tandem repeat
copies that are greater than 10 occur in phenotypically normal
individuals and vary greatly within populations [31].
There are two distinct forms of FSHD, both associated to the
same specific spectrum of symptoms among affected individuals.
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– FSHD Type 1, an autosomal dominant disorder accounting for
95% of cases, has been described as associated with the D4Z4
repeat array on chromosome 4 with 10 or fewer repeats in the
presence of a permissive haplotype allele (4qA), resulting in the
inappropriate expression of DUX4.
– FSHD Type 2 represents 5% of cases and involves a slightly
different molecular mechanism, often due to mutations in the
SMCHD1 gene, resulting in the hypomethylation of the D4Z4
repeat array on chromosome 4 and inappropriate expression of
DUX4 [31].
The presence of a homologous D4Z4 array on chromosome
10 makes the identification of the pathogenic allele difficult, as
there is a combination of at least four possible haplotypes between
4q and 10q, type A or B, with a contracted repeat array below
10 units (i.e., ~33 kbp) on haplotype 4qA, representing the pathogenic allele [32].
Genetic testing of FSHD patients has historically been done by
Southern Blotting, a labor-intensive method that requires radioactive labeling. Hence, OGM represents a safe, rapid and automated
method for the characterization of the D4Z4 locus. The specific
labeling pattern of OGM allows the direct haplotyping and sizing
of D4Z4 arrays present on chromosomes 4 and 10 (Fig. 3a) observable on single molecules.
Several recent studies used OGM for the accurate sizing of
D4Z4 repeats [33–36]. Among them and of particular interest,
Zhang et. al., reported results of the application of OGM for the
characterization of a five-generation FSHD1 pedigree. OGM correctly diagnosed the pathogenic and normal haplotypes, identifying
the founder 4qA disease allele as having four D4Z4 repeat units.
Results were confirmed by Southern blot and molecular
combing [34].
The Bionano Access EnFocus™ FSHD tool is an analytical tool
that enables a fast, targeted sizing and haplotyping of the D4Z4
regions on chromosomes 4 and 10, along with the detection of SV
and CNV in the proximity of D4Z4 arrays and of SMCHD1 on
chromosome 18. The tool also provides a pass/fail criterion for
data quality by assessing molecule average size (N50 > 200 kbp),
map rate (>70%), and effective coverage (>75). When analyzing
a sample of interest, the EnFocus™ FSHD tool also assembles and
assesses 22 selected stable regions of the genome, which serve as
internal controls for data and assembly quality. Several laboratory
developed tests (LDTs) are being established based on EnFocus
FSHD, either as a replacement of conventional Southern blotting
or as a new routine practice for the genetic testing of FSHD1
patients (Depreeuw, personal communication, 2021) [36–39].
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Fig. 3 OGM detects repeat expansions/contractions (A.) Detection of D4Z4 repeat array contraction in FSHD1
samples. Two different alleles are visualized by OGM (left panel). Haplotyping is created from the specific
DLE-1 labelling pattern following the D4Z4 repeat array. Sizing is automatically calculated by measuring the
distance between the downstream and upstream DLE-1 label flanking the D4Z4 array. The EnFocus™ FSHD
tool automatically reports the different haplotyped alleles observed in a sample, their associated repeat count
and the coverage associated. (B.) Measurement of FMR1 trinucleotide repeat length in a sample without
fragile X syndrome (top) and with fragile X syndrome (below). The EnFocus Fragile X report calculates and
displays the number of repeats estimated, the probability that the number of repeats >200, the 99% credible
upper and lower bounds, and the molecule coverage of the region (C.) Visualization of optical mapping
molecules with those from the C9orf72 expansion allele boxed in red (D.) Repeat expansion sizes in molecules
depicted as violin plots. The mean of the non-expanded allele is 3.85 kbp with a standard deviation (SD) of
130 bp while the mean of the expanded allele is 20.86 kbp with an SD of 7.99 kbp. 62% of the 114 molecules
contribute to the non-expanded allele, and 38% of the molecules contribute to the expanded allele
3.3 Repeat
Expansion Disorders

In humans, tandem repeats make up about 3% of the genome, and
are copies of a DNA fragment that are next to each other, forming a
repetitive sequence [40]. These repeats are prone to recombination, replication slippage, gene conversion, and chromosomal
crossover [41], thus causing them to be polymorphic in the population and unstable within an individual. Importantly, expansions of
repeats at certain genetic loci can cause diseases such as fragile-X
syndrome (FXS), myotonic dystrophy (DM1), amyotrophic lateral
sclerosis (ALS), and Parkinson’s disease (PD) [42].
Pathogenic tandem repeat numbers can vary from a few base
pairs to kilobases, depending on the disease. In some disorders,
repeat number directly correlates with the severity of symptoms
[43]. For example, the size of repeat expansions at a noncoding
region of DMPK determines the severity and age of onset in DM1,
an autosomal dominant disorder [43], as well as disease
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progression. Repeat length might change from generation to generation causing earlier and more severe symptoms in successive
generations, a phenomenon called anticipation [44].
Currently, Southern blot is the gold standard for sizing longer
repeat expansions, but this technique is locus-specific, labor-intensive, expensive, and involves radioactivity. Polymerase chain reaction (PCR) can identify short repeat expansions but it cannot
reliably size long expansions because of its limitation in amplification of tandem repeat sequences [45]. OGM can measure repeat
expansions including those which are refractory to PCR, up to tens
of kilobase pairs. Although OGM is unable to provide precise
sizing, with a measurement standard deviation of ~50 bp, it can
be used to rule in or out the vast majority of cases of suspected
fragile-X syndrome, reducing the need to run separate fragile-X
testing. Figure 3b shows an example report for a normal repeat
length, which is estimated to be 110 triplet repeats with an upper
bound (99% confidence) of 187 units. The probability that the
upper bound is actually above 200 units is calculated to be
extremely low (0.17%), while the example of an extended repeat
reporting 534 units shows a probability of an expansion of 99.9%.
Based on this assay, only cases with repeat lengths around 200 units
would trigger a reflex to another measurement such as PCR.
3.4 Somatic Genomic
Variants in the Brain

Somatic genomic variants occur in the brain and result in various
pathologies or modified symptom severity. Neuronal somatic variants can be broadly classified into those that arise during development in dividing cells or later in post-mitotic neurons. Those that
occur during development are caused by errors in DNA replication
in mitosis [46]. Somatic variants that arise after fertilization and
early in the post-zygote, before gastrulation, can be detected in
most or all tissues. Those occurring after gastrulation but early in
progenitor divisions can be detected throughout the nervous system. However, if the genomic variants happen late in neurodevelopment, they can only be detected in specific lineages. Since only a
small fraction of neurons still divides postnatally [47], somatic
variants that arise after mitotic cell division are believed to have
arisen in a replication-independent way. As a person ages, somatic
mutations are accumulated in the brain, but they are specific to
individual neurons.
There are many classes of somatic genetic aberrations/abnormalities that occur in neurogenesis and aging, ranging from single
nucleotide variants, indels to large SVs, and chromosomal aneuploidies. Somatic CNVs occur with an average of ~3.4 CNVs per
neuron [48, 49]. Additionally, these variants can be associated with
neurodevelopmental and neurodegenerative diseases. For example,
unstable trinucleotide repeat expansions, such as the FMR1 repeat
related to fragile-X syndrome [50], can cause neurological diseases,
long interspersed nuclear element 1 (L1) insertions associated
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with Rett syndrome [51] and somatic copy number gains in alphasynuclein, and amyloid precursor protein (APP), which may be
involved in Parkinson’s disease [52] and Alzheimer’s disease [53].
Recent advances in OGM enable the detection of mosaicism in
brain tissues. First, it is performed on bulk tissue, thus making
DNA extraction relatively simple compared to isolation of single
cells, and it does not require amplification or target selection.
OGM’s accurate labeling and imaging can identify expansion of
tandem repeats. For example, it can detect trinucleotide repeat
expansion in FMR1 in fragile-X syndrome as discussed (Fig. 3a
above), as well as a mosaic expansion of a 6-mer repeat in the
C9orf72 gene (Fig. 3c above), associated with amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD) [54]. In
Fig. 3c, d, a distribution of the repeat lengths of OGM molecules
of an ALS sample with C9orf72 expansion is plotted, and the
average length of the expansion allele cluster is 11.4 kbp,
corresponding to 1270 copies of the hexanucleotide repeat. Since
the suggested pathogenic repeat cut-off for ALS is 30 copies, the
expansion size confirms the disease status of the sample. At the
same time, from the very wide length distribution, we see mosaic
expansions in the range of 5 kbp to 17 kbp, which corresponds to
about 200 to 2200 copies. Although the effect of mosaic expansions is not fully understood, somatic genomic variants have been
found to have a pathophysiological role in many clinical manifestations, such as neuronal migration disorders and brain overgrowth
disorders [44].

4

Conclusion
Bionano’s OGM sample preparation protocols can be used for brain
tissues from any anatomical location and blood, thus enabling the
extraction of UHMW DNA. A single flow cell run allows the
collection of 400 coverage of the human genome (>150kbp).
Using the rare variant pipeline, the molecules are aligned to the
reference to discover SVs using as few as three molecules. Based on
simulated data, this tool can detect variants 5kbp at 5% variant
allele frequency with >90% sensitivity [20]. In addition, by examining the coverage depth, the fractional copy number algorithm can
detect CNVs as small as 500 kbp at 10% variant allele frequency.
Furthermore, to identify even rarer variants, an even deeper coverage of 1600X can be collected on a single flow cell, and such
coverage can enable the discovery of low-frequency mosaic variants
at <5% allele frequency [55]. Finally, the variant annotation pipeline can compare calls across samples to identify any tissue-specific
variants, thus identifying mosaic SVs. In conclusion, OGM can
discover and annotate mosaic SVs in the brain, and it can be
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valuable in studying aging, brain cancers, neurodevelopmental, and
neurodegenerative diseases.
Globally, identification of the underlying genetic etiology in
neurological/neurodevelopmental disorders is of prime importance for physicians, and for the patients and their families. Literature evidence reveals that neurological disorders are genetically
caused by several distinct classes of structural and copy number
variants, which require several different technologies/platforms,
and analysis and interpretation expertise for genome-wide SV
detection. Multiple studies performed by clinical researchers and
investigators of OGM technology have demonstrated its utility to
identify SVs (including tandem or inverted duplications, insertions,
balanced translocations, repeat contractions, and repeat expansions) and CNVs (deletions and duplications) in a single assay.
Moreover, the OGM assay allows for automated processing of the
genomic data and enables expedited genome-wide or targeted
analysis for precise detection of these complex genomic aberrations,
leading to accurate diagnosis and genetic characterization. Given
these unique, high-resolution genomic mapping capabilities, OGM
continues to demonstrate itself as an important tool for the detection and diagnosis of neurological/neurodevelopmental disorders.
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Chapter 10
Copy Number Variation Analysis from SNP Genotyping
Microarrays in Large Cohorts of Neurological Disorders
Eduardo Pérez-Palma, Lisa-Marie Niestroj, Miguel Inca-Martı́nez,
Camilo Villaman, Elif Irem Sarihan, Dennis Lal, and Ignacio Mata
Abstract
Copy number variants (CNVs) are a major source of genetic variation in the human genome, and they are
highly heterogeneous in type, size, and frequency. CNVs represent the largest portion of genomic variation
between humans, and a subset of CNVs has been associated with multiple rare and common neurological
disorders. Although recent sequencing-based methods deliver increased resolution and greater power in
detecting CNVs, SNP genotyping microarrays still provide a scalable opportunity to analyze CNVs in large
cohorts of neurological disorders. In the past 15 years, case-control genome-wide association studies and
population-based biobanks have widely used SNP genotyping microarrays to understand the heritability of
common variants. As a result, massive amounts of SNP microarray data are available and provide a costefficient opportunity to repurpose the data and study large and rare CNVs. Here we describe a workflow to
detect and analyze CNVs from SNP genotyping microarrays. We describe established CNV quality control
procedures, CNV downstream analyses, case-control burden analysis, and validation protocols with particular focus on nervous system disorders and non-European datasets.
Key words Copy number variation, CNVs, Genotyping, Structural variation, Neurological disorders,
GWAS

1

Introduction

1.1 Copy Number
Variants

Structural variation is defined as any genetic rearrangement >50
nucleotides [1]. The term involves balanced chromosomal rearrangements such as translocations and inversions, as well as imbalanced
duplications and deletions, both of which can affect one to
hundreds of genes. Since the latter variant type leads to a change
in the number of copies of a given genomic segment, imbalanced
structural variation is commonly referred to as copy number variation (CNVs) [2]. Early cytogenetic research was able to identify
structural variants >3 Mb; however, their frequency in the general
population is scarce and mostly associated with the presentation of

Christos Proukakis (ed.), Genomic Structural Variants in Nervous System Disorders,
Neuromethods, vol. 182, https://doi.org/10.1007/978-1-0716-2357-2_10,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022

173

174
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severe Mendelian syndromes [3]. It was not until the development
of microarray-based genotyping methods that structural variants,
and CNVs in particular, were established as a common source of
variation in the human genome [4, 5]. Recent whole genome
sequencing scans have determined that on average a single genome
contains >7000 structural variants involving collectively >11 Mb of
DNA, which is more than twice the number of nucleotides
expected to be involved in single nucleotide variation
[1, 6]. Given their size, CNVs challenge the diploid paradigm of
the human genome. An apparently healthy individual can have a
heterozygous deletion with a single copy of all the genes involved,
and at the same time more than two copies of other genes involved
in duplications. Specifically, an average of 10.2 genes per individual
will be affected by heterozygous deletions or duplications [6]. The
functional and molecular effects of CNVs remain highly understudied [7]; however, gene loss of function due to deletions [8]
and higher gene expression due to duplications have been described
[9]. In fact, 25–29% of all loss of function variants are estimated to
be due to structural variation [6]. Naturally, CNVs are not randomly distributed along the human genome and hotspot regions
where CNVs accumulate have been identified [10].
At least two naturally occurring events can produce de novo
CNVs [7]: (1) Nonallelic Homologous Recombination (NAHR)
caused by the alignment of paralogous repetitive DNA elements
[11] and (2) Nonhomologous End-Joining (NHEJ) events caused by
unspecific breaks and repair of DNA segments [12]. Since both
NAHR and NHEJ can occur during mitosis and meiosis, CNVs can
be found as germline and somatic variants [7, 13]. While somatic
CNVs have been extensively studied in cancer, the prevalence of
somatic mosaicism and the extent to which it contributes to diseases outside of cancers requires further elucidation. Mosaicism is
prominent in the central nervous system, with implications not only
for brain evolution but also for the genomic background of human
neuropsychiatric disorders [14, 15]. Mosaic copy number variation
is abundant in human neurons with 13–41% of neurons having at
least one megabase-scale de novo CNV [16]. Recently, it has been
proposed that somatic CNVs in SNCA may contribute to the
etiology and pathogenesis of synucleinopathies [17] (e.g., Parkinson’s disease). In the past, the prevalence of brain somatic CNVs
has been difficult to assess given the limited ability of conventional
genome-wide methods to detect CNVs that are rare within a population of cells. To date, two major methods have been developed
to map large-scale CNVs in single cells: microarray analysis of
multiple displacement amplification (MDA) products [18] and
single cell sequencing [19].
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1.2 CNVs and
Neurological Disorders

CNVs are associated to multiple diseases and play a significant role
in the presentation of rare and common nervous system disorders.
Given the variable size and heterogeneity of CNVs, they tend to be
associated to complex and heterogeneous neurological syndromes
with overlapping comorbidities. Before formally described as
CNVs, multiple duplication and deletion syndromes were already
known, for example, duplications in the peripheral myelin protein
22 (PMP22) gene are established as a cause for Charcot–Marie–
Tooth syndrome [20], deletions overlapping the retinoic acid
induced 1 (RAI1) are involved in the Smith–Magenis syndrome
[21], and multiple and complex recurrent chromosomal deletion
syndromes such as 22q11.2 or 8p were already described
[22, 23]. Similarly, Mendelian forms of common nervous system
disorders were known to be caused by structural variation. Complete duplications and triplications of alpha synuclein (SNCA) [9]
and amyloid precursor protein (APP) [24] were established as
Mendelian causes for Parkinson and Alzheimer disease, respectively.
Here, the numbers of copies of a gene can be directly correlated
with the severity of disease presentation [25]. Rare chromosomal
rearrangements in chromosome 15q13.3 [26], 15q11.2 [27], and
16p11-13 [27, 28] were strongly associated with severe forms of
generalized epilepsy [29]. Furthermore, CNVs confer high risk to
Autism Spectrum Disorder [30], Schizophrenia [31], AttentionDeficit-Hyperactivity-Disorder [32], and Intellectual disability
[33] and are found in 4–8% of patients with developmental epileptic
encephalopathies [34].
Genome-wide association studies (GWAS) and similar methods
have revealed thousands of genetic loci associated with diseases and
traits [35]; however, most of the acquired knowledge comes from
European populations limiting our understanding of the genetic
architecture of diseases and hence clinical applications. Increasing
diversity among cases and controls is highly desired in modern
genetic studies [36]. CNVs are no exception and exhibit population structure and linkage disequilibrium with common single
nucleotide variants (SNVs) [37]. Already recent CNV studies in
nervous system disorders have expanded to non-European populations. So far novel genetic insights have been reported in Parkinson,
Autism Spectrum Disorder, and Schizophrenia with genome-wide
CNV analyses performed in Latin-American [38], Chinese [39],
and Indian populations [40], respectively.

1.3 CNV Detection
and Analyses

Current DNA sequencing technologies such as targeted gene
sequencing (gene panel), exome sequencing, and whole genome
sequencing provide highly sensitive methods to detect and analyze
CNVs [41, 42]. Whole genome sequencing provides by far the
highest resolution (at the highest cost) and our current understanding of the complete landscape of structural variation in humans has
been achieved by large-scale whole genome aggregation efforts
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[6]. However, CNV detection based on sequencing are beyond the
scope of this chapter as here we focus on the detection and analysis
of CNVs from large-scale microarray-based genotype data. None of
the sequencing platforms mentioned can currently reach the scale
and diversity of the cohorts generated in the past 15 years through
SNP microarray genotyping. Massive case-control genome-wide
associations studies (GWAS) and population-based biobanks provide a cost-efficiently opportunity to repurpose the data and study
large and rare CNVs. In addition, high standards for study design,
phenotyping, and well-established quality control procedures have
been generated to carry out a good quality GWAS [43, 44] and are
directly transferrable to CNV analyses [45].
Multiple methods exist for CNV detection using SNP microarray genotyping data [46]. At the core, most of these methods
follow essentially the same principle: In the presence of a deletion,
less probe hybridization intensity should be observed in comparison to a reference. On the contrary, in the presence of a duplication,
more probe hybridization intensity should be observed in comparison to a reference [47, 48]. Thus, the probe hybridization intensity
data are the main input for CNV detection with SNP genotyping
microarrays. However, upon detection, CNVs cannot be expected
to show genome-wide level associations in the same way common
SNVs do. First, given their length and strong effect sizes in the
disease direction, CNVs tend to be de novo and pathogenic instead
of common risk factors established in the general population. Thus,
a case-control analysis for a single common CNV is rarely successful. Second, since CNVs are indirectly detected through the analysis
of SNVs, the true boundaries of the variant cannot be determined
with confidence. CNV calls tend to be unique between samples
(i.e., singletons) and highly dependent on microarray density. To
overcome this, modern microarrays include non-polymorphic
probes to increase density and thus CNV boundary resolution.
Still, microarray-based CNV boundary resolution can sometimes
be of higher quality than the resolution achieved by partial sequencing methods such as targeted gene panel sequencing or exome
sequencing, where only exonic boundaries are sequenced.
Since significant CNV genome-wide association signals are
difficult to achieve, alternative methods to identify meaningful
CNV associations have been developed. Burden analyses have
proven successful in the search for meaningful associations in nervous system disorders [29, 38, 49, 50]. Instead of testing single
variant associations to a given trait or disease, burden analysis tests if
the number of cases carrying a CNV overlapping regions or genes
of interest is significantly higher than the number of controls with
CNVs at this specific region. Finally, when CNV associations are
found, direct orthogonal validation is highly recommended to
experimentally confirm the bioinformatic detection and increase
the resolution of the true genomic boundaries of the CNV.
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Fluorescence In Situ Hybridization (FISH), Taqman assays, and
lately, Multiplex Ligation-dependent Probe Amplification (MLPA)
are cost-effective options to validate candidate CNVs [51–53].
Here, we describe first how to integrate GWAS-derived quality
control procedures for a CNV study, second how to carry out
established CNV detection from microarray genotyping, third
how to implement downstream analyses including burden analysis
techniques, and last how to validate candidate CNVs with MLPA.
In association with this chapter, we provide a step-by-step set of
command lines at our GitHub repository https://github.com/
edoper/CNV-analysis-from-SNP-arrays
that
will
facilitate
implementation.

2
2.1

Materials
Main Input Files

• Genome-wide data in PLINK format (mygwas.ped and mygwas.
map). A PLINK .ped file is a space- or tab-delimited file in
which each line represents one sample. The first six columns
denote “Family ID,” “Sample ID,” “Paternal ID,” “Maternal
ID,” “Sex,” and “Phenotype.” The subsequent columns denote
all the genotypes for each allele represented. The mygwas.map
file denotes in each line the genomic annotations for all the
SNVs genotyped in the mygwas.ped. The mygwas.map file
includes chromosome, SNV name, genetic distance in Morgans, and base-pair position (bp units) [45]. The mygwas.ped
and mygwas.map files can be transformed and used in a
binary form: mygwas.bed, mygwas.fam, and mygwas.bim. Binary
files are faster to process and useful for downstream external
analysis (e.g., KING).
• Genotyping intensity files. Two files per sample are required: The
Log R Ratio (LRR) and the B Allele Frequency file (BAF). Both
files are directly produced by Illumina microarrays. For other
microarray companies (i.e., Affymetrix, Nimblegen), intensity
file can be adapted following published guidelines [47].

2.2

Key Software

• Unix environment. This workflow requires a computer workstation with access to a Unix terminal, Linux operating system,
or Windows Subsystem for Linux. A basic understanding of the
bash shell and python programming is strongly advised to carry
out one-line text mining operations (i.e., awk, grep, and cp) and
run custom scripts, respectively.
• PLINK 1.9 is an open-source whole genome association analysis toolset, designed to perform a range of basic, large-scale
computational analyses [45, 54].
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• KING. Kinship-based INference for GWAS is a toolset that
makes use of GWAS data. Applications of KING include family
relationship inference and pedigree error checking, quality control, population substructure identification [55].
• CNV detection software: In this chapter, we will use PennCNV
software, an integrated hidden Markov model designed for
high-resolution copy number variation detection in wholegenome SNP genotyping data [47]. Many other efficient programs for CNV detection are available such as NEXUS [56],
R-Gada [57], and many others [46].
• Bedtools. The most widely used tool for genome arithmetic. The
program allows one to intersect, merge, count, complement,
and shuffle genomic intervals from multiple files in widely used
genomic file formats [58]. Ideal for CNV custom annotations.
• R. R statistical software, a free software environment for statistical computing and graphics.

3

Methods
The following pipeline assumes the reader has complete access to
SNP genotyping microarray data (genotype files and intensity files)
from a case-control GWAS. Population-based genotyping data is
also plausible to use as long as the reader has access to phenotype
information with at least one binary trait, allowing a case-control
sample arrangement. If all the required files and all installed softwares are in the same directory in an UNIX environment, the
reader can proceed with: Step 1. Quality control procedures; Step
2. CNV detection; Step 3. Burden analyses; Step 4. CNV validation. A flow diagram of the complete workflow is provided in Fig. 1.
In association with this chapter, we provide a step-by-step set of
command lines at our GitHub repository https://github.com/
edoper/CNV-analysis-from-SNP-arrays that will facilitate implementation of Steps 1–3.

3.1 Step 1. Quality
Control Procedures

In general, CNV studies in large case-control genotype-based
cohorts follow the same quality control (QC) procedures that are
commonly applied in a GWAS. For an extensive description of
GWAS QC procedures, please refer to Anderson et al, 2010 [43]
and Clarke et al, 2011 [44]. Briefly, we distinguish three types
of QCs: Genotype-level QCs, Cohort-level QCs, and Intensitylevel QCs.

Genotype-level QCs Overall, the highest degree of homogeneity
between cases and controls is desired to allow true genetic
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Case-Control GWAS

vs

Step 1. Genotyping data

Step 1. Intensity data

PLINK

PLINK

• Get LRR and BAF

• Sample-level QCs

PennCNV

• Intensity-level QCs

• Cohort-level QCs

KING
SmartPCA

Final dataset

Step 2. CNV detection
PennCNV

• Post-detection QCs

VEP
• CNV annotation
bedtools

Final CNV calls

Step 3. Burden analysis

Step 4. Validation

bedtools

• Define gene-sets

• Candidate selection

R studio

• Logistic regression

• MLPA

Coffalyser

Fig. 1 Study workflow. Starting with raw SNP genotyping microarray data from a case-control genome-wide
association study (GWAS), data can be divided into two types: microarray intensity data and genotyping data.
We highlight four steps. Genotyping data is used to perform sample-level and cohort-level quality control (QCs)
procedures (Step 1). Microarray intensity data summarized in LRR and BAF values is generated to carry out
CNV detection (Step 2). CNV detection allows post-detection QCs and intensity-level QCs. Downstream
analyses including annotation procedures can be carried out with multiple softwares. The final CNV call set
generated is suitable for both, burden analyses to test for significant associations to pre-defined gene-sets
(Step 3) and orthogonal validation procedures such as MLPA or RT-PCR (Step 4). Software and bioinformatic
tools recommended to carry out each step are highlighted in yellow boxes

180
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associations to emerge. Samples with discordant sex between the
one reported and the one genotyped are assumed to be poorly
phenotyped or genotyped and should be removed. Similarly, samples with a low overall genotype call rate, usually <0.96, should be
excluded from the analysis. Common SNVs with an individual
genotyping rate below 0.98, a minor allele frequency less than
0.05, or with a significant deviation from Hardy–Weinberg equilibrium (P < 0.001), should be removed to ensure good-quality
genotypes. SNVs with outlying heterozygosity rate are commonly
removed in a GWAS setup; however, if the objective is to study
CNVs, this step can be ignored to increase CNV sensitivity as the
loss of heterozygosity is used to detect CNVs [47].
The presence of a true large deletion might make a sample look
like an outlier in a heterozygosity check [52]. To perform the
aforementioned QCs, we strongly recommend the use of the
PLINK software, version 1.9 [54]. A typical PLINK command
will state the following: >plink --file mygwas --flag --out output.
The command will call for mygwas.ped and mygwas.map input
files, performs the flag operation, and writes the results in the
output file. The “--missing” flag will produce an output file with
sample-based and variant-based missing data reports. The “--checksex” flag will compare sex assignments in the input dataset with
those imputed from X chromosome. The “--hardy” flag will write a
list of genotype counts and Hardy–Weinberg equilibrium exact test
statistics. In agreement with the filtering criteria and thresholds
described above, bad quality samples and SNVs can be identified
from the respective flag output files and filtered out using the “-extract” and “--filter” flags, respectively [54]. Detailed description
of PLINK software options and best practices are provided on the
website: https://www.cog-genomics.org/plink/.
Cohort-level QC Here, cryptic relatedness and ancestry should be
addressed. Duplicated samples and closely related samples (up to
second degree) must be removed from the entire cohort to avoid
bias. To achieve this, we recommend carrying out a family relationship inference with KING software. KING checks for cryptic relatedness by estimating kinship coefficients and inferring inbreeding
by descent (IBD) segments for all possible pair of samples
[55]. KING expects a PLINK-based binary input (mygwas.bed),
so its implementation comes naturally after genotype-level QCs.
A typical KING command will state: >king -b mygwas.bed --related –
degree 2. KING will identify all related samples up to second degree.
The KING output can be used on PLINK to update the main
mygwas files and remove related samples using the “--filter” flag.
Detailed description of KING software options and best practices
are provided on the website: https://people.virginia.edu/~wc9c/
KING/. Regarding ancestry ascertainment, a principal component
analysis (PCA) should be carried out to evaluate the presence of
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population stratification [59]. PCA analyses can summarize the
total genetic variability contained between the samples, by reducing
all genotypes to a vector of N dimensions per sample (i.e., components). Usually, the first top two components of each sample are
plotted against a worldwide reference to evaluate ancestry, casecontrol distribution, and identify outliers. Samples ethnically
related map closer together than ethnically separated ones. Clusters
for European, South Asian, East Asian, African, and Amerindian
ancestries can be easily identified using the 1000 genome population as a reference [60]. For admixed samples such as the Latin
American population, a scattered distribution between European,
Amerindian, and African clusters is expected [61]. PCA analyses can
be run directly with PLINK (“--pca” flag), although for larger
datasets, the SMARTPCA software from EIGENSTRAT is strongly
recommended [59]. Detailed protocol to carry out PCA analyses
from PLINK GWAS files can be found in Anderson et al. [43].
Intensity-level QCs CNVs are detected through the analysis of
probe intensities observed in the microarray upon sample DNA
hybridization. Overall, intensity-level QCs can be performed right
after CNV detection, as the summary statistics from LRR and BAF
per sample are calculated and displayed during detection in the
standard output. Intensity-level QCs are exclusively applied in
CNV analysis and are crucial to obtain a reliable set of CNV calls.
For intensity-level QCs and CNV detection, we recommend to use
the PennCNV software [47]. Initially developed in 2007, it has
established itself as one of the major contributors to CNV research
with more than 1600 citations. Two intensity metrics are used for
the detection by PennCNV: The Log R Ratio (LRR) and the B
Allele Frequency (BAF). The LRR metric accounts for the total
signal intensity observed in both alleles of a single SNV. The BAF
value is the normalized measure of the intensity observed in the
minor allele (B) and total intensity (A + B). Both intensities can be
adjusted. The thresholds are dataset specific and can be calculated
following PennCNVs protocol [47]. As a rule of thumb, samples
having more than three standard (SD) deviations units away from
the mean in LRR intensity, and BAF drift (deviation of BAF values
from expected values) should be removed from the study
[62]. Finally, CNV calling must be adjusted for guanine cytosine
(GC) genomics waves, a known artifact that can affect the measured
intensities [63]. To achieve this, a GC model can be created with
the “cal_gc_snp.pl” program included with PennCNV.
3.2 Step 2. CNV
Detection and
Downstream Analysis

CNV detection PennCNV is perl-based program that integrates a
hidden Markov model (HMM) designed for the detection of highresolution CNVs. At its core, it measures the intensity of every
microarray marker in a sample and compares it to a reference. The
HMM model assumes that in the presence of a deletion, the global
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Fig. 2 CNV call examples. Duplication (a) and deletion (b) CNV events called by PennCNV based on intensity
values (Log R Ratio) and B allele frequencies (BAF). LRR and BAF intensity values for every marker contained in
the window are plotted against their corresponding genomic position (gray dots). When intensity is higher than
expected and tri-allelic calls are observed (BAF values in 0.33 and 0.66), a duplication is called (blue horizontal
bar). When intensity is less than expected and a loss of heterozygosity is observed (BAF values mostly on 1 or
0), a deletion is called (red horizontal bar)

intensity values (LRR) will significantly decay, and the B allele
frequency will show values close to 1 (AA) or 0 (BB), showing a
loss of heterozygosity (BAF ¼ 0.5) for the deleted genomic segment due to the regional lack of signal. In the presence of a
duplication, the global LRR intensity will go up beyond normal
and BAF values will tend to cluster on 0, 0.33, 0.5, 0.66, and
1 mimicking the consecutive presence of tri-allelic genotype calls
(0.33 ¼ BBA and 0.66 ¼ AAB) due to the regional excess of signal.
We provide in Fig. 2 an example of two CNV calls based on LRR
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and BAF values. A typical PennCNV detection command will state
the following: >perl detect_cnv.pl -test -hmm myarray.hmm -pfb
myarray.pfb samples.txt -log sample.log -out output.rawcnv -gcmodel
myarray.gcmodel.”
Here, we recommend to use Macé et al. protocol [64] to call
CNVs. Macé provides a pipeline which integrates PennCNV to
detect CNVs and R scripts to filter the PennCNV output, to ensure
that only high-quality CNVs are considered for subsequent analysis, combining various CNV metrics to estimate the probability of a
called CNV to be a consensus call. Macé’s quality scores range from
0 (lowest) to 1 (highest) for duplications and similarly from 0 to 1
for deletions. CNVs with quality scores between 0.5 and 0.5 are
of lower quality and can be excluded from further analyses. Given
the nature of CNV detection, a strong variability is expected
between samples and datasets. As such, we recommend to visually
inspect representative CNV calls by plotting BAF and LRR values as
previously shown in Fig. 2 [29, 49, 50, 52]. Upon evaluation, all
post-detection QCs thresholds described here can be empirically
revised to systematically rescue good-quality CNVs or drop poor
CNV calls. The resulting CNV calls form Macé pipeline are written
to a “mygwas.good.cnv” file. For further details please visit our
GitHub repository https://github.com/edoper/CNV-analysisfrom-SNP-arrays.
CNV detection in non-European populations As noted by the
PennCNV main command above, the HMM model, PFB file, and
GC models are highly dependent on the array used for genotyping,
but also on the case-control cohort under study. PennCNV provides a library with several references for common arrays; however,
most of these files were created with European-ascending samples
and are not a proper reference for the study of underrepresented
populations. If you already have hundreds of signal files (with
LRR/BAF values) generated on non-European populations
and/or in different arrays, PennCNV provides extended repositories to select HMM models and guidelines to calculate GC models (“cal_gc_snp.pl”) and compile PFB references (“compile_pfb.pl”).
A detailed tutorial with example data is available at http://penncnv.
openbioinformatics.org/en/latest/.
Downstream analysis: Post-detection QCs After obtaining the raw
CNV calls, several post-detection QCs are recommended. Usually,
CNV detection is restricted to the autosomal chromosomes as the
intensity analysis of probes mapping within the X and Y chromosome is less reliable. Similarly, false positive CNVs calls tend to fall
within highly repetitive regions such as the centromere, telomer,
and immunoglobulins regions [47]. Calls overlapping the
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boundaries of repetitive regions should be removed. Larger CNVs
with high numbers of probes involved are less likely to be false
positives [47]. Therefore, CNV calls are usually hard filtered for
variants involving >20 markers, spanning a genomic length >20 kb
and with a marker density of at least 0.0001 [50, 52]. For larger
CNVs (i.e., >1 Mb), SNP density thresholds can be ignored as
CNVs above that size are less likely to be artifacts and likely to
contain probe gaps. In addition, samples with an excess of CNV
calls should be removed (in general >3SD). All QC-passing CNVs
from the mygwas.good.cnv file can be saved in an additional file
called mygwas.good.filtered.cnv. Detailed commands for filtering
can be found in https://github.com/edoper/CNV-analysis-fromSNP-arrays.
Downstream analysis: Annotation For CNV studies, the annotation of the biological features overlapping all QC-passing CNVs is
essential to extract significant biological knowledge from a casecontrol cohort. Genes, exons, functional non-coding elements,
known CNVs, phenotypes observed, pathogenicity predictions,
conserved regions, among many other biological features can be
automatically annotated with the genomic coordinates of any given
CNVs. One of the most basic strategies to annotate CNVs is to
create a BED file, which consists of just three mandatory
tab-delimited fields and describes the genomic location of the
CNV: Chromosome, Genomic coordinate of the start of the CNV,
Genomic coordinate of the end of the CNV, and an optional name
or ID (i.e., Sample ID). A mycnvs.final.bed BED file can be created
from the mygwas.good.filtered.cnv. The mycnvs.final.bed file can be
directly uploaded to the variant effect predictor (VEP) a highthroughput annotation tool that accepts BED files as input and
returns a comprehensive set of biological annotations [65]. A userfriendly web-based version of VEP is available online at https://
www.ensembl.org/Tools/VEP, for larger annotation procedures
local VEP installation is recommended. Other highly efficient
tools for automatic CNV annotation are available, including
ANNOVAR and PennCNV itself [47, 66]. In the presence of a
set of genomic intervals of interest, for example, a set of genes
associated to a specific trait, one can perform fast intersection
with bedtools software and determine how many CNVs overlap
the gene-set. A typical genomic arithmetic operation with bedtools
will state the following: >bedtools intersect -a mycnvs.final.bed -b
refseq.genes.bed > mycnvs.intersected. As a result, overlapping features will be written in mycnvs.intersected.
Downstream analysis: CNV variant interpretation In a clinical
setting, CNVs analysis has long been established as a first-tier
genetic test for intellectual disability, neurodevelopmental
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disorders, and autism spectrum disorders [67]. To reach a genetic
diagnosis, that is the identification of the true pathogenic CNV, the
clinical significance of all variants detected in an individual must be
ascertained. As not all CNVs found in cases will lead to disease, we
strongly recommend carrying out CNV variant interpretation following the guidelines of the American College of Medical Genetic
(ACMG) guidelines [68, 69]. The resulting pathogenic CNVs
identified may be used as an additional filter for burden analyses
or in the selection of candidate CNVs for validation. In silico tools
have been developed to perform rapid high-throughput implementation of the ACMG guidelines and classify large numbers of CNVs
[70, 71]; however, manual variant interpretation is always advised
on top of in silico classification.
Downstream analysis: Comparing platforms If available, comparing CNVs calls from different platforms, that is, Array-based CNVs
calls versus exome-based CNV calls, can reduce the number of false
positives. To perform a reasonable comparison between these platforms, we suggest to limit the array-based CNVs calls to have at
least one coding exon overlapped and exome-based CNVs calls to
have at least 10 SNP probes overlapped [72]. In cases where an
array-based CNVs call is not observed with exome sequencing, we
suggest to determine if the call was a false positive in the SNP array
or a false negative in the exome sequencing by visually inspecting
the BAF and LRR values using Perl scripts provided by PennCNV
[29, 49, 50, 52].
3.3 Step 3. Burden
Analysis

Concept CNV burden analyses are a common approach to assess
genetic differences between cases and controls and have been successfully implemented in multiple nervous system GWASs, including Parkinson [38], Epilepsy [29, 49, 50], and Tourette syndrome
[62]. In contrast to hypothesis-free GWAS where any SNV can
potentially be associated to a trait of interest, a CNV burden
analysis is a hypothesis-driven approach that requires the definition
of at least one region of interest. A region of interest can be any
genomic interval defined by the user and usually takes the form of a
gene set. Gene sets should be meaningful to the disease to extract
valuable conclusions. There is no restriction in the type or number
of regions that can be tested. Genes expressed in the brain, constrained genes, genes previously associated to the disease, known
CNV hotspots, a single molecular pathway, and functional networks are suitable candidates to test in a burden analysis. However,
it is important to keep in mind that the more gene-sets tested, more
power is needed to reach significance due to multiple testing correction. For all cases, the underlying hypothesis behind the
approach is: The number of cases with CNVs overlapping a
pre-defined region is significantly higher than the number of
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Fig. 3 CNV burden analysis. (a) A hypothetical case control GWAS dataset suitable for a CNV burden analysis is
shown. All samples and CNVs involved are considered after quality control procedures (QCs). In 12 cases
(orange), four samples show at least one CNV detected, while in 16 controls (green), three samples show at
least one CNV detected. No significant difference between cases and controls should be observed in the
overall CNV burden. (b) Sample-wise annotation of CNVs overlapping genes of interest (GOI). Genomic
annotation of CNVs, shows two samples (Case 1 and Case 2) with CNVs overlapping at least one GOI.
Among controls, only one sample had at least one CNV overlapping a GOI (Control 1). (c) Data frame
arrangement for logistic regression. Each of the 28 rows represent one sample (12 cases +16 controls),
with three mandatory fields: Sample ID, Sample Phenotype status (“Response”, Case ¼ 1, Control ¼0) and
the presence of at least one CNV overlapping a GOI (“Predictor”, YES ¼ 1, NO ¼ 0). Burden is calculated
considering all samples in the study, regardless if the sample has a CNV detected or not. Optionally covariates
such as sex, age, or principal components can be included. Significant association of the predictor to the
response is evaluated with a logistic regression. Samples positive for the predictor (at least one CNV
overlapping a GOI) are marked with a star in A, B and C for overview

controls with CNVs overlapping the same region. Figure 3 depicts
the CNVs burden analysis concept. We provide a practical example
of a CNV burden analysis at our GitHub repository (https://
github.com/edoper/CNV-analysis-from-SNP-arrays). We start
with a hypothetical GWAS of 1397 individuals (714 cases and
683 controls) described in a mysamples file, and the corresponding
CNV calls in a mygwas.good.cnv file. By defining a set of 279 genes
of interest, we show the commands required to create a sample wise
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input, a binary predictor, and carry out logistic regression to test for
CNV burden association.
Sample-wise input To test the hypothesis a tab-delimited sample.
wise.input data frame is required. All QC-passing samples should be
included (one per row), regardless of a QC-passing CNV was called
or not on the sample. Three fields are mandatory: a unique sample
identifier, a binary phenotype response (Case ¼ 1; Control ¼ 2),
and a binary CNV predictor (i.e., does sample have a CNV overlapping at least in one region of interest? Yes ¼ 1, NO ¼ 0). The
inclusion of additional fields in the data frame such as age, sex, and
principal components are highly recommended to allow adjustment for covariates.
Binary CNV predictor While sample identifier, binary phenotype
response, and covariates can be directly extracted from the final
PLINK files after QC (including PCAs), the binary CNV predictor
needs to be annotated. A simple strategy would be to create a
“regions.of.interest.bed” BED file with the boundaries of the regions
of interest (e.g., chromosome, start and end coordinates) and
intersect it with the mycnvs.final.bed file that contains all
QC-passing CNV. The result will identify all CNVs overlapping at
least one region within the regions of interest, and samples involved
in these calls can be traced back to the mysamples file. Here, the
binary CNV predictor can be constructed: A “1” can be assigned to
samples involved in the intersected CNV calls, and a “0” is assigned
to the rest of the cohort without CNVs overlapping the regions of
interest. To test specific CNV types such as duplications or deletion
only, a subset of mycnvs.final.bed should be created and mapped to
the entire mysamples file.
Logistic regression With a binary response and predictor in place, a
binomial logistic regression model can be fitted using the general
linear regression command in R statistical software [73]. For all
burden analyses, odds ratio (OR), 95% confidence interval (95%CI)
can be estimated from the log-likelihood function, whereas the
association p-values for the combined regression coefficients can
be calculated using a Wald’s test with one degree of freedom.
Finally, Bonferroni multiple testing corrections should be applied
considering the total amount of regressions performed. Any region
of interest showing an adjusted p-value <0.05 is considered significant, and thus burden analysis hypothesis can be accepted for that
region of interest.
CNV breakpoint analysis An alternative to burden analyses is
CNV Breakpoint Level Association analysis, a procedure that is
also able to find meaningful CNV associations from GWAS. Rather
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than evaluating regions of interest, a CNV breakpoint analysis will
examine if there is a difference in the amount and location of CNV
breakpoints between cases ad controls. The CNV breakpoint level
association is performed by quantifying the frequencies of case and
control CNV carriers at all unique CNV breakpoint locations (i.e.,
the SNP probe defining the start and end of the CNV segment) of
the final dataset after QC; the full set of CNV breakpoints represents the genome-wide space of CNV variation between cases and
controls [30]. To ensure the robustness of the analysis, we suggest
including potential confounding variables as covariates in a logistic
regression framework. Due to the number of tests run at
breakpoint-level association, we suggest a stepwise logistic regression approach to allow for the inclusion of covariates in a casecontrol association, which we term the residual phenotype. CNV
breakpoint-level association is run using this residual phenotype as a
quantitative variable, with significance determined through
1000,000 permutations of phenotype residual labels using
PLINK v1.07 [45]. An additional z-scoring correction is used to
efficiently estimate two-sided empirical p-values for highly significant loci. Association tests are conducted for deletions and duplications independently. A Bonferroni correction for the number of
tests needs to be performed to identify significance threshold.
Again, we here recommend to visually inspect loci that surpass
genome-wide multiple testing correction by plotting BAF and
LRR values using Perl scripts provided by PennCNV.

3.4 Step 4.
Orthogonal Validation
with MLPA Assay

Having selected candidate CNV events from the final set of CNV
calls, orthogonal validation is strongly recommended. Among the
different methodologies available for validating array-based CNV
calls, the Multiplex Ligation-dependent Probe Amplification
(MLPA) assay has become the most widely used. With hundreds
of probe mixes commercially available for a wide range of common
and rare genetic disorders, MLPA allows for the detection of small
CNVs with high accuracy, specificity, and efficiency, compared to
conventional methodologies such as Southern blotting, FISH, and
even CGH arrays. MLPA assays are available at a relatively lower
cost and complexity levels when working on the bench [74–77].
MLPA is based on a multiplex PCR that analyses many loci
simultaneously (involving one or more exons) to ultimately detect
small changes in the number of copies of a given genomic segment.
This multiplex PCR analyzes up to 60 different DNA sequences in
parallel, thus, there are probes for each sequence. Each probe is
composed of two 50 and 30 half probes (one left and one right
oligonucleotide probe), consisting of a specific target sequence
and a universal primer sequence that allows the simultaneous amplification of all the targets. In addition, one or two stuffer probes are
included to allow for the differentiation of sizes of the probe itself,
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as well as of the products of the PCR multiplex [74, 78,
79]. Pre-defined probe mixes are available for different diseases,
including probes in those genes that are most mutated in each
disease. For example, the MRC Holland company (https://www.
mrcholland.com/) offers two set of probe mixes for Parkinson’s
Disease (P051 and P052) and one for neurodegeneration with
brain iron accumulation (NBIA) (P120).
The MLPA protocol includes five main steps:

DNA denaturation and probe hybridization The purified DNA
sample is denatured using a conventional thermal cycler, thus
allowing the hybridization of the two half-probes in a hybridization
reaction that, depending on the complexity, can last between
16 and 20 hours.
Probe linkage The oligos hybridized in the overnight incubation
process must be specifically bound to the target sequence. The use
of a ligase enzyme in this step allows the two half-probes to fixate
on the target and resist the temperature changes they will be subjected to in the following steps.
PCR amplification The ligated probes are amplified in a PCR
multiplex reaction using a pair of universal primers. Only the ligated
probes are amplified in an exponential manner, so there is no need
for the subsequent removal of unbound probes.
Fragment separation Using capillary electrophoresis, PCR products are separated according to their length under denaturing
conditions. Each fragment corresponds to a specific MLPA probe.
The fragments are then compared to a reference DNA sample,
which will indicate the relative amount of the target DNA sequence
of interest in the analysis. The use of a reference DNA sample in this
step also allows us to evaluate the efficiency of the reaction and to
verify the correct amount of DNA used, which will be particularly
useful when discerning homozygous or heterozygous CNVs.
Data analysis The interpretation of the results can be tedious due
to the different efficiencies of the PCR reactions among the different probes used and even among the sample-to-sample variations.
To carry out MLPA data analysis, we recommend the use of the
open access Coffalyser software (https://www.mrcholland.com/
technology/software/coffalyser-net), which allows the easy normalization of all the data and the correction of overlapping signals.
The CNVs are determined by comparing the relative peak heights
of each individual probe peak to the relative probe peak heights of
some reference DNA samples. So, a comparatively smaller

190
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(decreased) peak height should be interpreted as a deletion of one
or more target sequences. An increased peak height should be
interpreted as a copy number increase. Therefore, the selection
and inclusion of reference samples in any given reaction is cardinal.
Reference samples can be (1) DNA samples obtained from healthy
individuals who are expected to have a copy number in the normal
range for the target sequences detected by both the target probes
and reference probes. (2) Positive control DNA samples with copy
numbers outside of the normal range. (3) DNA-free controls,
which is typically done by replacing DNA with TE 0.1. This allows
for the detection of possible contamination in the reagents used in
the MLPA protocol, as well as in the capillary electrophoresis. The
selection of DNA reference samples should be as close as possible to
the samples to be tested in regard to tissue origin and extraction
methodology. Also, at least one sample for each of the three types of
reference samples (listed above) should be included in each MLPA
experiment. If more than 21 samples are tested, it is recommended
to include one additional reference sample for every seven additional samples to be tested [74, 78, 80].
Until recently, MLPA and real-time quantitative PCR [81]
were the two main methods used to determine CNV. More
recently, a newer technology for CNV validation has emerged.
The Droplet digital PCR (ddPCR) is a method that can quantify
the copy number state of a given DNA segment with extreme
precision and sensitivity. It is based on two fluorescent assays, one
carried out for the CNV of interest and another detecting a control
reference with known copy number. The reagents for both reactions are partitioned into thousands of nanoliter-scale uniform
(in size and volume) droplets were the PCR takes place. Then,
the fluorescence of each droplet is digitally measured to assess if it
contains at least one copy of the target DNA region and/or the
control reference. The numbers of copies of our DNA segment of
interest is determined by direct comparison with the number of
observed Reference DNA droplets [82] and fitted to a Poisson
distribution algorithm. Since fluorescent measurements are carried
out after PCR reaction, one of the main advantages of the experiment is that it is not subjected to the noise derived from PCR
kinetics. ddPCR has been widely applied in basic research and
clinical settings to validate CNVs in multiple neurological disorders
such as familial Parkinson disease [83], Epilepsy [84], major
depressive, and anxiety disorders [85] among others. For further
details on applying ddPCR methods to detect CNVs please refer to
Bell et al, 2018 [82].
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Conclusion
CNVs are a major contributor to genetic variation in the human
genome, and despite their complexity, their association with neurological diseases has been increasingly shown during the recent
years. Consequently, CNV detection and analyses should not only
be considered in any comprehensive genetic study but also routinely applied in a clinical setting. Multiple bioinformatic tools are
available to carry out CNV detection and analyses, most of which
have relied on the experience gained in GWAS and in the construction of large-scale case-control datasets. However, given their heterogeneous nature in type, size, and frequency, CNVs typically do
not show direct genome-wide associations as common single nucleotide variants do. Stringent quality control procedures and CNV
suitable association tests, such as burden or breakpoint analyses, are
recommended to identify meaningful CNV associations in nervous
system disorders. Similarly, orthogonal validation of candidate
events is encouraged to strengthen bioinformatic observations.
The workflow provided here will help scientists and clinical geneticists to expand CNV research by applying long-established methods. Our workflow will accelerate research tackling current
challenges in the CNV field such as the ascertainment of brain
somatic CNVs, non-coding CNV events, the overall interaction of
CNV events with single nucleotide- and other types of variation in
the human genome, and more importantly, the expansion of CNV
analyses to non-European populations. In this regard, we provide
detailed guidelines to adapt CNV detection to non-European
populations solely using established detection methods. Our workflow summarizes >15 years of CNV research that, as we have
shown, is still in development, actively applied in neurological
research, and lately, in clinical diagnosis. Nevertheless, we acknowledge the methodological limitations of indirect CNV detection
through genotyping microarrays. Certainly, the sustained decrease
in price of whole genome sequencing methodologies will likely
solve major CNV study barriers. Until that day, genotyping-based
methods will continue to be a cost-effective option. We encourage
the reader to not only reproduce our presented workflow but also
continue to build up on the presented methods.
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(2015) Burden analysis of rare microdeletions
suggests a strong impact of neurodevelopmental genes in genetic generalised epilepsies. PLoS
Genet 11(5):e1005226
50. Niestroj L-M, Perez-Palma E, Howrigan DP,
Zhou Y, Cheng F, Saarentaus E et al (2020)
Epilepsy subtype-specific copy number burden
observed in a genome-wide study of 17 458
subjects. Brain 143(7):2106–2118
51. Mazaika E, Homsy J (2014) Digital
Droplet PCR: CNV analysis and other applications. Curr Protoc Hum Genet 82(1):
7.24.1–7.24.13
52. Sarihan EI, Perez-Palma E, Niestroj L-M,
Loesch D, Inca-Martinez M, Horimoto
ARVR et al (2020) Genome-wide analysis of
copy number variation in Latin American Parkinson’s disease patients. medRxiv 2:
2020.05.29.20100859
53. Ceulemans S, van der Ven K, Del-Favero J
(2012) Targeted screening and validation of
copy number variations. Methods Mol Biol
838:311–328
54. Chang CC, Chow CC, Tellier LC, Vattikuti S,
Purcell SM, Lee JJ (2015) Second-generation
PLINK: rising to the challenge of larger and
richer datasets. Gigascience 4:7
55. Manichaikul A, Mychaleckyj JC, Rich SS,
Daly K, Sale M, Chen W-M (2010) Robust
relationship inference in genome-wide association
studies.
Bioinformatics
26(22):
2867–2873
56. Darvishi K (2010) Application of Nexus copy
number software for CNV detection and analysis. Curr Protoc Hum Genet 65(1):
4.14.1–4.14.28
57. Pique-Regi R, Cáceres A, González JR (2010)
R-Gada: a fast and flexible pipeline for copy
number analysis in association studies. BMC
Bioinformatics 11:380
58. Quinlan AR, Hall IM (2010) BEDTools: a
flexible suite of utilities for comparing genomic
features. Bioinformatics 26(6):841–842
59. Price AL, Patterson NJ, Plenge RM, Weinblatt
ME, Shadick NA, Reich D (2006) Principal
components analysis corrects for stratification
in genome-wide association studies. Nat Genet
38(8):904–909

60. The 1000 Genomes Project Consortium
(2015) A global reference for human genetic
variation. Nature 526(7571):68–74
61. Vidal EA, Moyano TC, Bustos BI, PérezPalma E, Moraga C, Riveras E et al (2019)
Whole genome sequence, variant discovery
and annotation in Mapuche-Huilliche Native
South Americans. Sci Rep 9(1):1–11
62. Huang AY, Yu D, Davis LK, Sul JH, Tsetsos F,
Ramensky V et al (2017) Rare copy number
variants in NRXN1 and CNTN6 increase risk
for Tourette syndrome. Neuron 94(6):
1101–1111.e7
63. Diskin SJ, Li M, Hou C, Yang S, Glessner J,
Hakonarson H et al (2008) Adjustment of
genomic waves in signal intensities from
whole-genome SNP genotyping platforms.
Nucleic Acids Res 36(19):e126–e126
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Chapter 11
Locus-Specific DNA Methylation Profiling of Human LINE-1
Retrotransposons
Francisco J. Sanchez-Luque, Marie-Jeanne H. C. Kempen,
and Geoffrey J. Faulkner
Abstract
Long Interspersed Element 1 (LINE-1 or L1) retrotransposons are the only active and autonomous mobile
genetic elements present in the human genome. They are responsible for insertional mutagenesis traced to
the germline and early embryo, cancer cells and healthy somatic tissues, such as the brain. L1 insertions can
therefore impact both the heritable and somatic genome, with the potential to lead to pathogenesis in either
context. The mobility of any given L1 copy is highly dependent on its ability to escape epigenetic repression
and be transcribed to produce the intermediary RNA necessary for retrotransposition. L1 transcription is
typically driven by an internal promoter encoded within the L1 50 untranslated region, which contains a
CpG island that is in turn subject to epigenetic silencing mediated by DNA methylation. In each of us, there
are ~350 transcriptional units of the most recent (and potentially mobile) L1s, with many of these only
being found in small human populations. In certain cell types, such as neurons, somatic L1 insertions can
arise and incorporate new L1 transcriptional units. The technique presented here allows en masse DNA
methylation profiling of multiple L1s in a manner allowing locus-specific resolution of individual L1 copies
escaping repression in the brain, other healthy tissues, cancer biopsies, and cultured neural cells, among
others.
Key words LINE-1, Retrotransposon, DNA methylation, Bisulfite sequencing, Epigenetics

1

Introduction
Epigenetic silencing of L1 retrotransposons is a major mechanism
for controlling insertional mutagenesis in humans, safeguarding
genome integrity in the germline and early embryo, and being a
determining factor in the fate of pathological processes such as
cancer [1–12]. A retrotransposition-competent human L1 is ~6
kbp long and contains two non-overlapping open reading frames
(ORFs) encoding its mobilization machinery proteins, plus a
~1 kbp long 50 untranslated region (50 UTR) with internal promoter activity. The L1 machinery can also mobilize Alu and
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composite SINE-VNTR-Alu (SVA) non-autonomous retrotransposons, the only two other endogenous mobile DNAs in humans.
Therefore, epigenetic silencing of L1 promoters is instrumental in
preventing potentially deleterious insertional mutagenesis derived
from these elements in cis and in trans [13].
Numerous successive L1 lineages have colonized and spread
within the human genome during evolution, accumulating
~500,000 L1 copies that represent ~17% of our DNA [14–
16]. Common truncations and sequence inversions in new L1
insertions, together with the accumulation of mutations over
time, narrows the cohort of retrotransposition-competent L1s to
only a few of the most recently emerged L1 family [17, 18]. These
are full- or nearly full-length L1s with functional ORFs, and are
therefore able to be transcribed, and retrotranspose to a new location [19]. Although various epigenetic mechanisms have evolved to
restrict L1, the promoters of the youngest retrotranspositioncompetent L1s are silenced by DNA methylation [20, 21], which
is typically enforced via the CpG dinucleotide-rich sequence located
in the first 500 bp at the 50 end of the element [12, 22, 23]. Methylation of this CpG island is recognized by MeCP2 in differentiated
cells, which mediates recruitment of KAP1 (also known as
TRIM28), which then delivers histone modifiers to achieve heterochromatinization and silencing [24, 25].
The traditional approach to analyze DNA methylation at
single-nucleotide resolution involves bisulfite treatment and
PCR-based amplification. Bisulfite converts unmethylated cytosine
to uracil, which is then rendered as thymine by PCR, allowing
identification of unmethylated cytosines when replaced by thymine,
in comparison to the unconverted sequence. This assay involves
AT-cloning and Sanger sequencing of independent clones to obtain
reads of the target sequence coming from original DNA molecules
of the sample. As such, it is extremely laborious to obtain a deep
and complete survey of the methylation state of the target sequence
in a heterogeneous cell population or tissue. Additionally, initial
approaches used PCR primers amplifying an internal ~300 bp
region within the L1 CpG island, generating reads untraceable to
specific L1 copies [23]. This method was designed to analyze the
overall L1 DNA methylation status in different biological samples,
identifying specific niches of L1 activity like neuronal progenitor
cells, embryonic stem cells, or induced pluripotent stem cells
[23, 26–28]. Despite being a genome-wide approach, the lack of
locus-specific resolution meant that the DNA methylation of individual L1 copies could not be placed into the context of their local
regulatory landscape.
Locus-specific approaches to assay L1 DNA methylation,
whereby individual L1 insertions are surveyed by targeting PCR
amplification across their 50 junction sequence, resolve these issues
by allowing read-tracking to unique genomic locations. This design
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was successfully applied by Tubio et al. and Scott et al., although
with compromised coverage of the CpG island due to limitations in
the length of the amplicons obtained from bisulfite treated DNA
[7, 8]. The amplicons in Tubio et al. and Scott et al. included the
first ~220 and 404 bp of the L1 50 UTR, respectively, while the
original genome-wide but unspecific amplicons in Coufal et al.
reached position 570 inside the L1 50 UTR [23]. Additionally,
Tubio et al. employed a more powerful short-read sequencing
platform to analyze five individual elements in a number of samples
with paired-end 250 bp reads (250PE), although library preparation PCR may jeopardize the diversity and prevalence of sequencing reads yielded by the original bisulfite PCR. Whole genome
bisulfite sequencing strategies are similarly limited in the length of
reads they produce that are uniquely alignable within individual
L1s, an obstacle made worse in terms of mappability due to the
combination of a bisulfite converted genome (predominantly a
3-base genome) and the repeated nature of the targeted L1
sequences [4].
The method presented here completely resolves DNA methylation across the first 500 bp of specific L1 copies and can be
employed against reference, polymorphic, and de novo full-length
L1 insertions. To achieve this, an L1-specific PCR primer is placed
515 bp inside the L1 sequence and is combined with a locusspecific genomic primer upstream and within ~70 bp of the L1 50
junction. Using the EZ DNA Methylation-Lightning Kit, a
~580 bp target amplicon containing both the entire CpG island
and the junction of the L1 element is produced. Paired-end 300 bp
(300PE) Illumina sequencing fully resolves these amplicons,
facilitated by a ~20 bp overlap that allows read pair assembly. The
method also uses PCR-free library preparation to preserve diversity
among sequencing reads produced from the original bisulfite PCR,
meeting an objective of the conventional Sanger sequencing
approach. Additionally, Illumina barcoding of amplicons coming
from different samples permits analysis of any given L1 insertion in
multiple samples, in addition to the potential to combine many
distinct L1 amplicons in one Illumina sequencing run. To date, this
methodology has been successfully applied to analyze en masse
individual L1s across tissue samples and individuals, identifying
broadly and tissue-specific hypomethylated L1s, as well as the
methylation progression of individual L1s in pre-tumor and cancer
samples, and along in vitro differentiation of cell cultures [4, 10,
11, 29]. Notably, the high sensitivity of this method has proven it
successful in profiling the DNA methylation of a de novo L1
insertion present in a subset of in vitro cultured neurons directly
from bulk DNA [11].
A key aspect of our method is close attention to primer design,
for which we provide here a set of primers successfully used for
targeting a set of L1 insertions present in and absent from the
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human reference genome sequence [4, 10, 11, 29]. Due to the
antiparallel disposition of the CpG dinucleotides in the complementary DNA strands and the requirement for targeting bisulfite
converted DNA, the bisulfite PCR primers must be designed to
target specifically one of the two strands (Fig. 1a). Notably, we have
observed similar levels and patterns of DNA methylation on both
strands of the L1 promoter although, in general, the amplification
of the sense strand has proven to be more reliable [4]. Therefore,
we recommend using primers targeting the sense strand of the
internal promoter for each L1, combining a universal reverse
primer targeting positions 494–515 in the L1 sequence (see Subheading 2.3) with a primer for each specific L1 locus placed preferably within 50 bp of the L1 50 junction and orientated in sense to
the L1 (Fig. 1b). These primer sequences, and the use of known
barcodes, are used to demultiplex sequencing libraries containing
pools of amplicons from more than one sample.

2

Materials
Solutions should be prepared with molecular grade water, that is,
water purified by filtration and deionization to achieve a resistivity
of 18.2 MΩ cm at 25  C (such as Mili-Q water produced by
Millipore Corporation water filtration stations) or water distilled
and filtered by 0.1 μm membrane filters (such as Ultrapure Water
provided by Invitrogen, Life Technologies). All the other reagents
used in solutions must be Molecular Biology Grade certified by the
manufacturers. We recommend the use of 12–24 tubes, fixed-angle
rotor centrifuges reaching >12,000 g maximum speed and refrigerated when specified.

2.1

DNA Extraction

1. Bench-top refrigerated centrifuge for 1.5 mL tubes.
2. Two shaker thermoblocks.
3. Nanodrop spectrophotometer.
4. Scalpel blade, blade holder, forceps, and spatula.
5. Disposable Petri dishes.
6. 1.5 mL tubes.
7. Absorbent paper tissue.
8. Phenol (equilibrated with 10 mM Tris-HCl pH 8; store at 4  C
and use in fume hood).
9. Phenol:Chloroform:Isoamyl alcohol (12:12:1,
saturated; store at 4  C and use in fume hood).

Tris-HCl

10. Chloroform:Isoamyl alcohol (24:1, Tris-HCl saturated; store
at 4  C and use in fume hood).
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Fig. 1 (a) Strategy for designing bisulfite PCR primers targeting the top and the
bottom strand of bisulfite treated/converted DNA. Primer sequences are included
in a box, the 30 end is in the sharp end of the box. (b) Strategy for designing
bisulfite PCR primers against the top strand of a locus-specific L1 50 UTR. The
structure of a full-length L1 is shown with colored ORFs and flanked by green
triangles indicating the target site duplications (TSD). The 50 UTR is magnified,
and the bisulfite PCR primers are indicated by red arrows. CpG dinucleotides are
indicated by vertical brown strokes. The bisulfite PCR primers and TSD
sequences are indicated by red and green boxes in the bisulfite PCR amplicon
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11. Isopropanol (molecular grade; stable at room temperature,
flammable).
12. Absolute ethanol (molecular grade; stable at room temperature, flammable).
13. Tris-EDTA (TE) buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 8
(stable at room temperature).
14. Lysis Buffer: TE, 2% SDS, 100 μg/mL Proteinase K (see
Note 1).
15. DNase-free, protease-free RNase A (store at 20  C; see Note
1).
16. 3 M Sodium Acetate (store at room temperature).
17. Dry ice.
18. Molecular grade water.
2.2 DNA Bisulfite
Treatment

1. Bench-top centrifuge for 1.5 mL tubes.
2. Thermocycler.
3. 0.2 mL PCR-grade tubes and 1.5 mL tubes.
4. Absolute ethanol
temperature).

(molecular

grade;

stable

at

room

5. EZ DNA Methylation Lightning kit (Zymo Research; the
Lightning Conversion Reagent is light sensitive and must be
kept tightly capped in their original vials and with minimum
exposure to light).
6. Molecular grade water.
2.3 Bisulfite PCR of
the CpG Island of
Locus-Specific L1
Insertions

1. Refrigerated centrifuge for 1.5 mL tubes.
2. Thermocycler.
3. Safe Blue Light Imager (or UV trans-illuminator as an
alternative).
4. Gel electrophoresis system for DNA (tray, tank, combs, and
power pad).
5. Scale.
6. Qubit® Fluorometric Quantification technology (Life Technologies) or similar, for DNA. This includes Qubit® dsDNA
HS Assay kit, Qubit® Assay Tubes, and Qubit® Fluorometer.
7. Scalpel blades and pestle (for 1.5 mL tubes).
8. 0.2 mL PCR-grade tubes (or plates) and 1.5 mL tubes.
9. Absorbent paper tissue.
10. High pure Low EEO Agarose (BioGene).
11. SYBR Safe DNA Gel Stain (ThermoFisher Scientific).
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12. TAE Buffer: 40 mM Tris–HCl, 20 mM Acetic acid, 1 mM
EDTA (stable at room temperature).
13. 6 Gel Loading Buffer: 20% glycerol, 0.04% Orange G stain.
14. DNA ladder with several bands on the 300–700 bp range, like
DNA 1 kb Plus Ladder (Invitrogen).
15. MyTaq HS DNA polymerase (Bioline), which includes 5 U/μL
enzyme and 5 MyTaq Reaction Buffer (store at 20  C).
16. Phenol (equilibrated with 10 mM Tris–HCl pH 8; store at 4  C
and use in fume hood).
17. Chloroform:Isoamyl alcohol (24:1, Tris-HCl saturated; store
at 4  C and use in fume hood).
18. Absolute ethanol (molecular grade; stable at room temperature, flammable).
19. 3 M Sodium Acetate (stable at room temperature).
20. 5 mg/mL Glycogen (Ambion; store at 20  C, working aliquots are stable at 4  C).
21. Molecular grade water.
22. Universal L1 bisulfite PCR reverse primer ( ACTATAA
TAAACTCCACCCAAT).
23. Set of locus-specific L1 bisulfite PCR primers (see Note 2).
24. Dry ice (or a 80  C freezer, for sample incubation).
2.4 PCR Fragment
Pooling

1. Microsoft Excel® spreadsheet system or similar.
2. 0.2 mL PCR-grade strip tubes (or plates).
3. Molecular grade water.

2.5 PCR-Free
Illumina TruSeq
Library Preparation

1. Thermocycler.
2. Real-time Thermocycler (i.e., ViiA 7 Real-time PCR system
from Thermo Fisher Scientific).
3. Illumina® TruSeq® DNA PCR-free Low Throughput Library
Prep Kit (see Note 3) This kit provides End Repair Mix,
A-Tailing Mix, Ligation Mix, Stop Ligation Mix, Resuspension
Buffer, and Sample Purification Beads (SPB) (store at 20  C;
see Note 4).
4. KAPA Library Quantification Kit (Kapa Biosystems) with low
ROX, which includes KAPA SYBR® FAST qPCR Master Mix,
Primer Mix, and DNA Standards 1–6 (store at 20  C).
5. TruSeq DNA Single Indexes Set A, Set B, or both (store at
20  C; see Note 5).
6. DynaMag™-96 Side (Life Technologies) magnetic rack (see
Note 6).
7. 0.2 mL PCR-grade, 1.5 and 2 mL tubes.
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8. Real-time PCR-grade plates with optic seal.
9. Absolute Ethanol (molecular grade; stable at room temperature, flammable).
10. Molecular grade water.
2.6 High-Throughput
Sequencing

1. Illumina MiSeq® Instrument.
2. MiSeq Reagent Kit v3 (600-cycle), which includes Reagent
Cartridge, MiSeq Flow Cell, HT1 and Wash Buffer (store
Reagent Cartridge and HT1 Buffer at 20  C; store MiSeq
Flow Cell and Wash Buffer at 4  C).
3. Illumina PhiX Control.
4. 1 M, NaOH (stable at room temperature).
5. 1.5 mL tubes.
6. Absolute Ethanol (molecular grade; stable at room temperature, flammable).
7. Molecular grade water.

2.7 Bioinformatic
Deconvolution and
Assembly of
Sequencing Reads

1. Linux operating environment.
2. FLASH sequence assembly tool [30].
3. blastn sequence alignment tool (https://blast.ncbi.nlm.nih.
gov/Blast.cgi).
4. Python programming language.

2.8 Analysis of
Locus-Specific CpG
and CpH Methylation
Panels and Absolute
Values

3

1. Microsoft Windows NotePad++ or alternative for visualizing
comma-separated-value (.csv) files.
2. Access to QUantification tool for Methylation Analysis
(QUMA, http://quma.cdb.riken.jp/).
3. Access to CH-methylation tool (https://github.com/
MischaLundberg/ch-methylation).

Methods
The aim of this protocol is to obtain large sets of bisulfite sequencing reads covering the entire CpG island of individual L1 copies
present in the sample genome, with the diversity produced by
conventional methodologies based on AT-cloning coupled to Sanger sequencing, and with the possibility of multiplexing the same
set of L1 copies in different samples. This method implements
high-throughput sequencing to increase analysis depth and uses
an Illumina MiSeq platform as it allows 600-cycle sequencing,
divided in paired-end 300 mer reads from both ends, in order to
cover the entire CpG island (~550 bp) and generate enough flanking sequence to be uniquely aligned to the genome (Fig. 2).
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Fig. 2 General design of locus-specific L1 bisulfite analysis in two different
samples. Different locus-specific L1s are represented as located in different
chromosomes. Bisulfite PCR amplicons of their 50 UTRs are generated through
independent PCRs from bisulfite treated DNA of each sample

The protocol uses genomic DNA obtained from cultured cells
or tissue samples by conventional phenol-chloroform extraction
and treated with the EZ DNA Methylation Lightning Kit (Zymo
Research) for bisulfite conversion of unmethylated cytosine to
uracil nucleotides. Next, each individual element is PCR amplified
by using a pair of primers specifically to that L1 copy. Locus
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specificity is achieved via a primer placed in the 50 genomic region
immediate upstream of each L1 50 UTR, while a second primer is
placed at position 515 of the L1.3 reference sequence, ensuring the
entire CpG island is covered. For the 300PE sequencing, it is
intended that both reads overlap in the center of the sequenced
fragment for ~10–20 nt, which limits the location of the external
primer not further than 64–74 nt upstream of the 50 end of the L1
element, including both the primer sequence and any 50 transduction carried by the L1 insertion within this segment (a list of
primers already tested for specific insertions is shown in Note 2).
The primer design should fit the requirements for amplifying bisulfite converted DNA and target one specific strand: the positive
strand of the corresponding L1 in our method (see Note 7).
These PCR amplicons will be gel-purified individually by phenolchloroform extraction, followed by ethanol precipitation to
increase the yield and concentration of the final product (see Note
8).
The 50 genomic segment (including the genomic/forward
primer, TSD, and any 50 transduction) incorporated within each
amplicon allows bioinformatic sorting of reads corresponding to
more than one L1, and therefore the pooling of multiple L1
amplicons within the same Illumina sequencing library (Fig. 2).
Therefore, amplicons from different L1 copies can be pooled
together for library preparation until reaching the starting volume
(60 μL) indicated by the TruSeq LT DNA PCR-free library preparation kit (Illumina). In the case of analyzing the same set of L1
insertions in different samples, each set has to be grouped into
different pools that will be distinctly barcoded, in order to deconvolute the reads from each sample first, and then the reads from
each specific L1 copy (other pooling considerations are indicated in
Subheading 3.4). Finally, as indicated above, the library preparation
is performed using a PCR-free protocol, which ensures that the
original bisulfite PCR amplicons are not reamplified and diversity is
reduced by competition among the amplicons. This way, diversity
of the methylated sequences within the initial amplification reaction
will not be impinged by the high-throughput sequencing pipeline,
and each final Illumina read pair will be equivalent to a Sanger
sequenced AT-clone obtained by conventional protocols. Since
the library preparation protocol here avoids a PCR step for the
enrichment of DNA molecules successfully bound to library adapters in both ends, the quantification of DNA fragments fit for
sequencing in each differently barcoded library must be performed
by qPCR (using the KAPA Library Quantification Kit; Kapa Biosystems) before the equimolecular pooling of barcoded libraries
into the final library ready for sequencing.
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3.1.1 Preparation
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1. Prepare an aliquot of Lysis Buffer with the appropriate volume
for the extractions to perform (add Proteinase K to a final
concentration of 100 μg/mL (see Note 1)). Estimate a total
of 500 μL of Lysis Buffer per 50–100 μg cell pellets. For tissue
samples, estimate 100 μL of Lysis Buffer per 10 mg of tissue.
2. If extracting DNA from tissue, place forceps and spatula in dry
ice, as well as one scalpel blade, 1.5 mL tube and small Petri
dish per sample.
3. Set up a thermoblock at 37  C and another at 65  C.
4. Prepare 70–80% ethanol with molecular grade water (estimate
500 μL per sample).
5. Cell culture pellets (50–150 mg) can be prepared fresh or can
be stored snap-frozen (20  C) after aspirating supernatant
before DNA extraction. Tissue samples can be stored snapfrozen (80  C) before DNA extraction.

3.1.2 Procedure

1. When extracting DNA from tissue samples, shave ~50 mg of
tissue in a Petri dish over a dry ice bed using dry ice-cooled
dissection material. Transfer the tissue powder into 1.5 mL
tubes and keep on dry ice until all samples are pulverized,
before proceeding to the next step.
2. Add 100 μL of Lysis Buffer per 10 mg of tissue in each tube, or
500 μL of Lysis Buffer for each cell culture pellet. Resuspend
and incubate samples at 65  C in thermoblock, 700 rpm shaking, for minimum 30 min or until the tissue is completely
dissolved (see Note 9).
3. Allow the sample to reach room temperature and add RNase A
to a final concentration of 20 μg/mL (see Note 1). Incubate
samples at 37  C in thermoblock, 700 rpm shaking, for 30 min.
4. Add an equal volume of phenol saturated solution to the initial
Lysis Buffer used in each sample, mix by shaking until the
sample is homogeneous and centrifuge at maximum speed for
10 min.
5. Transfer the aqueous phase to a fresh tube. Use a pipette tip
with a wide opening (i.e., 1 mL tip) or make it wider by cutting
the tip if the aqueous phase is too dense/viscous. If the tissue
sample is rich in organic compounds (i.e., liver), see Note 10.
6. Add an equal volume of phenol:chloroform:isoamyl alcohol
(12:12:1), mix by shaking until the sample is homogeneous
and centrifuge at maximum speed for 10 min.
7. Transfer the aqueous phase to a fresh tube, add an equal
volume of chloroform:isoamyl alcohol (24:1), mix by shaking
to homogenize the sample and centrifuge at maximum speed
for 10 min.
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8. Transfer the aqueous phase to a fresh tube and add 0.1 volume
of 3 M Sodium Acetate and 2 volumes of isopropanol. Invert
several times to homogenize the mix and precipitate the DNA,
which should turn into a white fibric goo.
9. Centrifuge the sample at maximum speed in the refrigerated
centrifuge for 30 min at 4  C.
10. Discard supernatant by inversion and carefully add 500 μL of
70–80% ethanol without disturbing the DNA pellet.
11. Centrifuge the sample at maximum speed in the refrigerated
centrifuge for 15 min at 4  C.
12. Discard supernatant by inversion and air dry the inverted tube
on top of paper tissue. Do not overdry the samples, which can
lead to extremely difficult resuspension of the DNA pellet.
13. Resuspend DNA samples in 100–200 μL TE and incubate at
4  C overnight for complete resuspension.
14. Quantify DNA concentration by Nanodrop.
SAFE STOPPING POINT. Store the samples at 4  C for short
periods (under a week) or freeze at 20/80  C for longer
storage.
3.2 DNA Bisulfite
Treatment
3.2.1 Preparation

1. Verify if your EZ DNA Methylation Lightning kit (Zymo
Research) requires addition of ethanol to the M-Wash Buffer.
If necessary, confirm it has been added or, otherwise, add
24 mL of absolute ethanol to the provided bottle and tick the
check box in the label.
2. Set up the Lightning Conversion program in the thermocycler:
98  C, 8 min; 54  C, 60 min; 4  C hold. Lid at 105  C.

3.2.2 Procedure

1. Put 500 ng of gDNA of each sample in an independent 0.2 mL
tube and bring each one to 20 μL final volume with molecular
grade water.
2. Add 130 μL of Lightning Conversion Reagent to each sample
and mix by pipetting. Spin down the tubes, so no droplets
remain in the cap or the walls.
3. Place the samples in the thermocycler for the Lightning Conversion program and start the run.
4. After the run is completed, place one Zymo-Spin™ IC Column
into a Collection Tube (provided) and add 600 μL of
M-Binding Buffer to each column. Prepare one Column for
each sample.
5. Transfer each sample into a Zymo-Spin™ IC Column already
containing M-Binding Buffer, close the column lid and mix by
inverting several times.
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6. Centrifuge at maximum speed for 30 s and discard the flowthrough.
7. Add 100 μL of M-Wash Buffer to each column and centrifuge
at maximum speed for 30 s.
8. Add 200 μL of L-Desulphonation Buffer to the column and
incubate at room temperature for 20 min.
9. Centrifuge at maximum speed for 30 s and discard the flowthrough.
10. Add 200 μL of M-Wash Buffer to the column, centrifuge at
maximum speed for 30 s, and discard the flow-through.
11. Repeat step 10.
12. Place the column in a 1.5 mL tube, add 25 μL of M-Elution
Buffer and centrifuge at maximum speed for 30 s.
13. Discard the Zymo-Spin™ IC Column and keep the flowthrough in the 1.5 mL tube.
SAFE STOPPING POINT. Store the samples at 20  C or
proceed with the bisulfite PCR section.
3.3 Bisulfite PCR of
the CpG Island of
Locus-Specific L1
Insertions
3.3.1 Preparation

3.3.2 Procedure

1. Set up the bisulfite PCR program in the thermocycler: (95  C,
2 min)  1; (95  C, 30 s; 54  C, 30 s; 72  C, 30 s)  40;
(72  C, 5 min; 4  C hold)  1. Lid at 105  C.
2. Prepare a 2% agarose gel in 1 TAE with wells for 24 μL
volume samples and in sufficient number for all samples, ladder, and negative controls.
1. Prepare PCR tubes (or PCR plate) and add 2 μL of each 10 μM
locus-specific bisulfite PCR forward primer to independent
wells.
2. Prepare the following master mix:

Component

1 rxn (μL) 12 rxn (μL)

MyTaq 5 reaction buffer

4

48

Universal L1 bisulfite PCR reverse primer (10 μM) 2

24

Molecular grade water

9.8

117.6

Bisulfite treated DNA

2

24

MyTaq enzyme 5 U/μL

0.2

1.4

3. Mix the master mix well and add 18 μL to each PCR-tube/well
containing each of the locus-specific bisulfite PCR forward
primers.
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4. Prepare an additional negative control PCR-tube/well with a
similar mix for one reaction, replacing the bisulfite treated
DNA by 2 μL of molecular grade water and by adding one
forward primer random (see Note 11).
5. Place the tubes (or plate) in the thermocycler and run the
bisulfite PCR protocol.
6. Add 4 μL of 6 Gel Loading Buffer to each sample and load
the samples in the 2% agarose gel, in 1 TAE for
electrophoresis.
7. Run the samples at 120 mA until the ladder bands around the
500 bp size are properly resolved and visualize the gel using the
Safe Blue Light Imager.
8. Use a scalpel blade to cut 100–150 μg gel blocks containing the
~550 bp PCR band of each reaction and transfer it to a 1.5 mL
tube. Tare the scale with an empty 1.5 mL tube and weigh the
tubes containing the samples to obtain the weight to the
band cuts.
9. Squash each band by using a pestle caring to make sure all the
liquid and agarose stays in the tube.
10. Add 100 μL of Phenol solution per 100 μg of gel band to each
tube, flick several times to mix and incubate at 80  C (in dry
ice or freezer) for 1 min.
11. Centrifuge at maximum speed for 5 min.
12. Transfer the aqueous phase to a fresh 1.5 mL tube and add
1 volume of Phenol solution to each sample.
13. Mix by shaking and centrifuge at maximum speed for 5 min.
14. Transfer the aqueous phase to a fresh 1.5 mL tube and add
1 volume of Chloroform:Isoamyl alcohol (24:1) to each
sample.
15. Mix by shaking and centrifuge at maximum speed for 5 min.
16. Transfer the aqueous phase to a fresh 1.5 mL tube and add
3 volumes of absolute ethanol, 0.1 volume of 3 M Sodium
Acetate, and 5 ng of glycogen to each sample.
17. Incubate at 80  C in dry ice or freezer for 30 min.
18. Centrifuge samples at maximum speed in the refrigerated centrifuge for 30 min at 4  C.
19. Discard the supernatant by inversion and add 200 μL of
70–80% ethanol to each sample slowly and from the opposite
wall to the DNA pellet caring to not dislodge it.
20. Centrifuge samples at maximum speed in the refrigerated centrifuge for 10 min at 4  C.
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21. Discard the supernatant by inversion and air dry the samples
inverted on top of absorbent paper.
22. Resuspend the samples in 12 μL of molecular grade water.
SAFE STOPPING POINT: Store the samples at 20  C or
proceed to the Qubit quantification.
23. Use 2 μL of each sample and the Qubit® dsDNA HS Assay kit
to quantify amplicon concentrations using manufacturer’s
instructions (see Note 12).
24. Store the remaining 10 μL volume amplicons at 20  C until
completing the preparation of all the locus-specific L1 elements aimed in the study.
SAFE STOPPING POINT: Store the samples at 20  C or
proceed to the amplicon pooling.
3.4 PCR Fragment
Pooling

1. Prepare several units of the following table in a Microsoft
Excel® spreadsheet.

3.4.1 Preparation

A
1

B

C

D

Barcode/index

##

ng per amplicon ##

2
Pool no

##

5

Amplicon

Conc. (ng/μL) Volume (μL)

6

L1-001

##

¼$B$1/B6

¼B6*C6

7

L1-002

##

¼$B$1/B7

¼B7*C7

8

L1-003

##

¼$B$1/B8

¼B8*C8

9

L1-004

##

¼$B$1/B9

¼B9*C9

10 L1-005

##

¼$B$1/B10

¼B10*C10

... ...

...

...

...

m

##

¼$B$1/Bm

¼Bm*Cm

Total

¼SUM(C6:Cm) ¼SUM(D6:Cm)

3
4

n
o

L1-m

¼60–Cn

Final ng

Vol (μL) to 60 μL

2. Introduce the name and concentration of each amplicon in the
columns A and B, respectively.
3. Establish an aimed amount for each amplicon to contribute to
the pool in cell B1. Start with a value around 20 ng.
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4. Distribute the samples in different pool tables (number each
table in cell B3 or equivalent). Aim for a balanced amount of
high-concentrated and low-concentrated amplicons in each
pool, so each pool will end in a similar final volume and total
DNA amount (ng). In case of analyzing the same set or a subset
of locus-specific L1s in different samples, NEVER include the
amplicons of the same locus-specific L1 from different samples
in the same pool.
5. Create pools by combining as many amplicons together as will
allow a final volume under 60 μL and a final DNA amount
between 0.5 and 1 μg.
6. Modify the value in cell B1 to satisfy the requirements in step 5
and aim for a majority of amplicons contributing with 5 μL in
order to save enough amplicon for a second try (see Note 13).
7. Specify the sequencing barcode/index that will be used for
each pool in cell D3 or equivalent in successive tables. The
same barcode can be used in different pools provided they do
not contain amplicons of the same locus-specific L1s from
different samples (see Note 14).
3.4.2 Procedure

1. Designate a PCR tube or well for each pool that is going to be
generated and add the corresponding molecular grade water
necessary for completing it to a final volume of 60 μL (cell Co
in the table above). For convenience during library preparation
(see Subheading 3.5), use 8 PCR-tubes strips.
2. Proceed to add the volume of each amplicon to each pool tube
according to Column C in the table above.
SAFE STOPPING POINT. Store the combined amplicon samples 20/80  C or proceed with the library preparation section.

3.5 PCR-Free
Illumina TruSeq
Library Preparation

1. Take an aliquot of Sample Purification Beads (SPB), resuspend
well by vortex and allow it to reach room temperature
(~30 min).

3.5.1 Preparation

2. Set up the End Repair program in the thermocycler: 30  C,
30 min; 4  C hold. Lid at 40  C.
3. Set up the A-Tailing program in the thermocycler: 37  C,
30 min; 70  C, 5 min; 4  C hold. Lid at 80  C.
4. Set up the Adapter Ligation program in the thermocycler:
30  C, 10 min; 4  C hold. Lid at 40  C.
5. Set up the Library Quantification program in the Real-time
Thermocycler: (95  C, 5 min)  1; (95  C, 30 s; 60  C, 45 s*)
 40; followed by a melting curve. The asterisk indicates the
acquisition step.
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6. Prepare an aliquot of 80% ethanol (estimate 1.3 mL per sample;
see Note 15).
7. If using the kit for the first time, thaw on ice the End Repair
mix and A-Tailing mix and aliquot them in ready-to-use
volumes (re-freeze after use). Thaw the Resuspension Buffer
at room temperature and proceed the same way. The following
times, thaw the End Repair and A-Tailing mix aliquots on ice,
and the Resuspension Buffer aliquots at room temperature
before use.
3.5.2 Procedure

1. Add 40 μL of End Repair mix to each pool and pipet up and
down until properly mixed. Place in the thermocycler and run
the End Repair protocol.
2. Add 120 μL of room temperature, resuspended SPB to each
pool sample and mix well by pipetting up and down.
3. Incubate at room temperature for 10–15 min.
4. Place the tubes on the magnetic rack for 2 min at room temperature until the beads are collected on the wall of the tube.
Aspirate and discard the supernatant.
5. Add 200 μL of 80% ethanol to each tube without disturbing
the beads and incubate at room temperature for 30 s (see Note
15).
6. Remove the ethanol by aspiration with the pipette and discard
it. Repeat step 5.
7. Remove the ethanol for the second time and leave the tubes to
air dry on the magnetic rack for 10–15 min.
8. Resuspend the beads in 18 μL of Resuspension Buffer by flicking and incubate at room temperature for 2 min.
9. Place the tube back on the magnetic rack and incubate at room
temperature for 2 min. Transfer 17.5 μL of supernatant to a
new 0.2 mL tube.
10. Add 12.5 μL of A-Tailing mix to each sample and pipet up and
down until properly mixed (do not vortex). Place the tubes in
the thermocycler and run the A-Tailing program.
11. Retrieve the 0.2 mL tubes and add 2.5 μL of Resuspension
Buffer, 2.5 μL of Ligase Mix, and 2.5 μL of the corresponding
Illumina Adapter to each sample pool, and pipet up and down
until properly mixed.
12. Place the tubes in the thermocycler and run the Adapter Ligation program.
13. Add 5 μL of Stop Ligation Solution and pipet up and down
until properly mixed.
14. Add 42.5 μL of room temperature, resuspended SPB to each
sample pool and mix well by pipetting up and down.
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15. Repeat steps 3–7.
16. Resuspend the beads in 51 μL of Resuspension Buffer by
flicking and incubate at room temperature for 2 min.
17. Place the tube back on the magnetic rack and incubate at room
temperature for 2 min. Transfer 50 μL of supernatant to a new
0.2 mL tube.
18. Add 50 μL of room temperature, resuspended SPB to each
sample pool, and mix well by pipetting up and down.
19. Repeat steps 3–7.
20. Resuspend the beads in 15.5 μL of molecular grade water
(do not use Resuspension Buffer in this last resuspension) by
flicking and incubate at room temperature for 2 min.
21. Place the tube back on the magnetic rack and incubate at room
temperature for 2 min. Transfer 15 μL of supernatant to a new
0.2 mL tube.
SAFE STOPPING POINT. Store the PCR-free libraries at
20/80  C or proceed with the library quantification.
22. Dispense 2 mL of molecular grade water in a 2 mL tube and
1.9 mL in another. Do this twice for each PCR-free library.
23. Take 1 μL of each PCR-free library and add it to the tube with
2 mL water. Mix well by vortex, transfer 100 μL to the tube
with 1.9 mL and mix also by vortex. Repeat it with the second
set of tubes. These will be two dilutions 1:2000 and 1:20,000.
24. Prepare enough KAPA Library Quantification master mix for
each dilution, DNA Standards in duplicate and negative control, using the following table:
Component

1 rxn (μL)

20 rxn (μL)

KAPA SYBR® FAST qPCR Master Mix (2)

2.5

50

Primer Mix

0.5

10

50 Low ROX

0.1

2

25. Dispense 2 μL of each DNA Standard (in duplicate), 2 μL
each sample dilution and 2 μL of molecular grade water for
the no template control (NTC) in the corresponding wells of
the Real-time PCR-plate. Keep the plate on ice.
26. Add 3.1 μL of the KAPA Library Quantification master mix to
each well. Seal the plate with optic tape, place in the Real-time
thermocycler and run the Library Quantification program.
27. Confirm that no amplification is present in the NTC well or,
otherwise, that they appear in late cycles and their melting
curves are different to the standards or the libraries
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(indicating they are primer dimers or unspecific amplicons
absent in the wells containing library dilutions).
28. Use the concentration of the different DNA Standards
(20 pM, 2 pM, 0.2 pM, 0.02 pM, 0.002 pM, and
0.0002 pM, respectively) to establish a standard curve and
calculate the concentration of the different dilutions of each
PCR-free library (four values per library, 2  1:2000 dilution
and 2  20,000 dilution).
29. Multiply each concentration value by their corresponding
dilution factor and calculate the average of the four dilutions
of each PCR-free library to obtain the final concentration
value.
30. Pool the libraries equimolarly by using a maximum of 5 μL of
the less concentrated one (this will lead to using less than 5 μL
of the rest of them, therefore keeping at least half of the
volume of each as a back-up).
31. Calculate the concentration of the final library pooling from
the concentration of the independent PCR-free libraries and
their contributing volumes. Dilute the library to a final 4 nM
concentration (see Note 16).
SAFE STOPPING POINT. Store the PCR-free libraries leftovers and the final sequencing library pool at 20/80  C or
proceed to the high-throughput sequencing section.
3.6 High-Throughput
Sequencing
3.6.1 Preparation

1. Prepare the Sample Sheet for sequencing on Illumina Instruments using the Illumina Experiment Manager software with
the following instructions:
l

Select “Other” category for MiSeq Instrument, and
“FASTQ-Only” application for the Sample Sheet. This will
generate demultiplexed FASTQ files from any type of
library.

l

Select the number of Index Reads according to the total
number of Illumina adapters used in the different PCR-free
library pools.

l

Select “Paired-End” sequencing run. This will separate the
two paired Illumina reads of all the fragments into two files,
arranging them in the same order.

l

Select 301 cycles for each read.

l

Introduce each PCR-free library ID and its corresponding
index.

2. Verify that you have 100 GB storage space on the hard drive of
the Illumina MiSeq Instrument or make this space available.
3. Verify that the Illumina MiSeq Instrument is connected to an
uninterrupted power supply or is equipped with a power supply
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unit able to support the instrument until the run completion
(~3 days).
4. Denature and dilute the PhiX Control library to final 20 pM
dilution as indicated by the manufacturer’s instructions (see
Note 17). Denatured and diluted control libraries can be
stored at 20  C for up to 3 weeks according to the manufacturer (if previously prepared, thaw a denatured aliquot).
5. Unpack the MiSeq Reagent Kit v3 (600 cycle) and thaw the
HT1 buffer and the Reagent Cartridge according to manufacturer’s instructions (see Note 18).
6. Prepare a 0.2 N NaOH dilution in a 1.5 mL tube (mix 200 μL
of the 1 M, NaOH stock solution and 800 μL of molecular
grade water, and vortex well).
3.6.2 Procedure

1. Proceed to denature the library by combining 5 μL of 4 nM
library with 5 μL of 0.2 N NaOH in a 1.5 mL tube. Vortex
briefly and centrifuge at 280 g for 1 min (see Note 19).
2. Incubate the new 2 nM library dilution at room temperature
for 5 min.
3. Dilute the sample to 20 pM concentration by adding 990 μL of
prechilled HT1 to the 10 μL, 2 nM denatured library and keep
it in ice.
4. Proceed to spike-in 50% PhiX library and dilute it to a final
12 pM library in 600 μL final volume by combining: 180 μL of
20 pM library, 180 μL of 20 pM PhiX library, and 240 μL of
HT1 buffer.
5. Proceed to set up the MiSeq Reagent Kit v3 components (see
Note 18) and load the sequencing library as indicated by
manufacturer’s instruction (see Note 20).
6. Launch the sequencing run, which is expected to expand for
~3 days.
7. Complete post-run operational washes of the Illumina MiSeq®
Instrument (see Note 20).

3.7 Bioinformatic
Deconvolution and
Assembly of
Sequencing Reads
3.7.1 Preparation

1. Create a tab-delimited text file where each row contains (i) the
genomic coordinates of a target L1 locus, (ii) the forward
(genomic) and reverse (L1) primer sequences, and (iii) the
unconverted target amplicon sequence, beginning and ending
with the corresponding primers.
2. Download and install FLASH, local BLAST and a commonly
used programming language to parse output text files (e.g.,
Python, Perl, C++; see Subheading 2.7), working efficiently in a
Linux operating environment.
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1. Assemble each read pair into one contiguous read using
FLASH:
flash <forward_reads.fastq> <reverse_reads.fastq> -m 20 -x
0.1 -o <output_reads.fastq>
where -m sets the minimum overlap to 20 bp and -x sets
the maximum mismatches density in the overlapping sequence
to 0.1 (see Note 21).
2. Convert the .fastq output file to .fasta, e.g., write a short
Python script to replace the character (“@”) of the first (header)
line for each entry with “>” and remove every third and fourth
lines (the quality scores), leading to a .fasta file <output_reads.
fasta>.
3. Use the text file containing the amplicon information from
step 1, Subheading 3.7.1 to divide <output_reads.fasta> into
multiple constituent amplicon .fasta files containing all reads
that begin and end exactly with the corresponding primer
sequences for that amplicon (see Note 22).
4. BLAST each .fasta file to the corresponding unconverted
amplicon sequence from step 1, Subheading 3.7.1:
blastall -p blastn -d <unconverted_amplicon.fasta> -i
<constituent_output_reads.fasta> -o <blast_output_file.
out> -m 0 -q 1 -G 2 -E 1 -e 0.00001 -F F
where -F turns off DUST filter, -G changes the gap open
penalty from 1 to 2, -m 0 produces a pairwise alignment view,
-q 1 sets the penalty for a nucleotide mismatch to 1, -e 0.00001
sets the maximum expectation value (a proxy for alignment
score) and -E 1 sets the extension cost to 1.
5. Parse the pairwise alignments contained in each BLAST output
file <blast_output_file.out> with a Python script that achieves
the following: (i) a comparison of the read and amplicon
sequences, retaining only reads where the number of mismatches among non-cytosine bases is <5%, across the full
length of the read, and the non-CpG cytosine conversion rate
is >95%, (ii) the outputting of these reads into a file where the
order of reads is randomized and the header identifiers are
replaced with sequential numerals (e.g., “>1”, “>2”, “>3”).
This randomization simplifies the next step, allowing a user to
select the number of sequences they wish to visualize without
biasing what part of the sequencing run those sequences
belonged to.
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3.8 Analysis of
Locus-Specific CpG
and CpH Methylation
Panels and Absolute
Values
3.8.1 Preparation
3.8.2 Procedure

1. Create a computer folder for each locus-specific L1 analyzed
and move the corresponding output file obtained in step 5,
Subheading 3.7.2 inside.
2. Download and install the CH-methylation tool (further information about system requirements and installation at https://
github.com/MischaLundberg/ch-methylation).
For CpG Methylation Analysis (repeat this for each locus-specific L1
analyzed).
1. Accede to QUMA main page and click “Show options” to
expand the window for introducing the unconverted and converted sequences (Fig. 3a).
2. Open the Microsoft Excel® file containing the unconverted
sequences for each locus-specific L1 analyzed in the study (step
5, Subheading 3.7.1). Copy the unconverted sequence of the
specific L1 to the clipboard and paste it into the box for the
PCR target (Fig. 3b).
3. Open the comma-separated-value (.csv) file with the assembled
reads of the specific L1, copy the desired number of reads to the
clipboard for the analysis (i.e., the first 50 reads) and paste
them into the box for the bisulfite sequences in multi-FASTA
format (Fig. 3b).
4. Check the “Strict CpG site check for bisulfite sequence for
repetitive sequence analysis” option (Fig. 3b).
5. Check the “Exclude identical bisulfite sequences” option
(Fig. 3b).
6. Click “Submit” (Fig. 3b) (see Note 23).
7. Use the different interface options to download the relevant
data for the analysis, such as the methylation pattern diagram,
the methylation status data, and the multiple alignment
(Fig. 3c). Their default formats are (.png), comma-separatedvalue (.csv, compatible for Microsoft Excel®) and plain text (.
txt), respectively (see Note 24).
For CpH Methylation Analysis (do this after all locus-specific L1s
mCpG methylation has been analyzed).
1. Execute “ch_meth_0.9.1.exe”.
2. Introduce a minimum percentage of methylation value (i.e.,
10%) and an Output file name.
3. Drag and drop the multiple alignment data files for all the
specific L1s loci analyzed into the “Selected Alignment
files” box.
4. Click the button “Calculate CH-Methylation ratio.”
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Fig. 3 QUMA (QUantification tool for Methylation Analysis) interface routine for
analyzing locus-specific L1 DNA methylation. (a) QUMA main interface with the
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5. Retrieve the two data Output files: a Microsoft Word® processing format (.docx) with the read set in each alignment displaying the methylated CpH dinucleotides by a color-code system
and a Microsoft Excel® binary file format (.xlsx) with numerical and statistical information regarding each CpH
dinucleotide.

Notes
1. Prepare a stock of Lysis Buffer without Proteinase K (store it at
room temperature). Combine Lysis Buffer and Proteinase K in
the right amount just before use. For example, for Ambion®
20 mg/mL Proteinase K solution (Life Technologies), add
5 μL to a 1 mL final volume with Lysis Buffer. Molecular
Grade Proteinase K (800 U/mL) from New England Biolabs
is also estimated to be ~20 mg/mL by the manufacturer.
DNase-free, protease-free RNase A (Thermo Scientific) is at
10 mg/mL concentration, so 1 μL should be added per 500 μL
of Lysis Buffer.
2. The column HG38 reflects presence (Ref.) and absence
(Non-ref) of each L1 in the HG38 assembly. For each element,
the “Ch” column indicates the chromosome, and the “Coordinates” column indicates the location coordinates for the
amplicon or TSD of reference or non-reference elements,
respectively. The column “Primer Sequence” indicates the
sequence of the locus-specific L1 bisulfite PCR forward primers
used for each element in combination with the universal L1
bisulfite PCR reverse primer ( ACTATAATAAACTCCACC
CAAT) targeting position 494–515 in the L1 sequence (L1.3
consensus sequence https://www.ncbi.nlm.nih.gov/nuccore/
L19088.1). The column “Ref.” indicates the literature works
where each primer has been used.



4

Fig. 3 (continued) “Show options” link indicated by a red box. (b) QUMA
extended interface for introducing sequencing reads. The boxes for introducing
the unconverted sequence and the assembled reads in FASTA format are shown
by red captions. The boxes for enabling strict CpG site check and the exclusion of
identical reads and the “Submit” button are indicated by red boxes. (c) QUMA
output interface, where the buttons for obtaining the methylation pattern diagram, the methylation statistics, and the alignment data are indicated by red
boxes
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HG38

Ch Coordinates

Primer sequence

Ref

Ref.

1

80,944,772–80,945,282

GGAAATTTAATTTTTATTGGTATGT

[4]

Ref.

1

85,927,049–85,927,562

GTTTGGATATGTTTGTTAAAGG

Ref.

1

113,497,204–113,497,693 GGTGGAGGTTGTAGTGAG

Ref.

1

166,248,592–166,249,099 ATTTAAAAGTTAGTAGAAGGTAAG

Non-ref. 2

81,870,903–81,870,919

Ref.

129,686,543–129,687,057 GGGTAAAAAATGTTATTTTTTTTAAAT

2

GTATAGAGTTTTAATATATGTTATTTAGA

Non-ref. 3

38,584,575–38,584,591

TGGGTAGATGAACAGATAAGTAAA

[11]

Ref.

3

77,769,200–77,769,688

ATTTATTGTTATTGGCTTTGAAGA

[4]

Ref.

3

90,334,058–90,334,565

AAAAAGATTGTTTTTAAATTTTTTTATG

Ref.

3

108,749,372–108,749,887 GTTAAGTAGTATGTTTGGTATAG

Ref.

4

48,057,493–48,058,004

Ref.

5

152,076,850–152,077,331 GGTTTTTAAAATTAGATAGTGTGGT

Ref.

5

153,076,521–153,077,027 GATTATTTATATATTGTTTATGGGA

Ref.

6

19,764,868–19,765,380

GTTTGAGTAATATGGTAAAATTTTG

Ref.

6

51,874,763–51,875,243

TGGTTAATATGTTGAAATTTGTTTGTA

Non-ref. 6

62,658,292–62,658,302

TTTGATAGAAGTTTAAGTTTTAAATTTTG

Ref.

6

121,162,700–121,163,203 AAGTTGATAAGTAAAGTTTTAGGA

Ref.

7

110,712,543–110,713,064 TATTATATATAAAATTAATTTAAGATGG

Ref.

8

27,113,581–27,114,108

TTTTAGGAAATTAAGTAGTAGGTT

Ref.

8

72,881,099–72,881,603

TAGATGTTTGAGTGTTTTAATTTTTTTAT

Ref.

9

95,697,568–95,698,073

TGAAATAGATATATAAATAGATTGTTA

Ref.

11 93,420,963–93,421,465

ATGTTTATGGGTAGGAAGAATT

Ref.

11 95,436,168–95,436,708

GATTTGTTTTTGGATTGTAAAATGGTT

[11]

Non-ref. 12 70,626,254–70,626,265

TTTTAATAGAGAGTAAATTATTTGGAA

[10]

Ref.

13 29,647,245–29,647,725

GAAAGAAATTTGTAGTTGTAAAAATTTA

[4]

Ref.

13 108,516,009–108,516,523 TATAGTTTTTAATTAAAAGATTAAGATT

Ref.

16 16,846,075–16,846,575

GTAGTGGATTATTATGTAGTAG

Ref.

16 35,614,014–35,614,528

TAGTTTGGGTAATAAGAGTAAAAT

Ref.

16 65,689,991–65,690,492

GTTTTGTGGTTAGTTAATATTAGA

ATTTAGTTTTATGTAATTTTATTTTATG

Non-ref. 22 22,361,241–22,361,254

TTATGTTGAATAGAAGTGGTGA

Non-ref. 22 28,059,927–28,059,914

TAAAATTTTTGATATTTATTTATAGATTG

[4, 10]

Ref.

ATTTTAGTTTGGGAGATAGAGYGA

[4, 11]

22 28,663,260–28,663,777

(continued)
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HG38

Ch Coordinates

Primer sequence

Ref

Ref.

X

11,707,175–11,707,741

TGAGGAATAATGTTTTGTGTATTTTG

[10]

Ref.

X

11,940,822–11,941,388

GGTAAATATATGGGATTTTTTATAATAAT

Ref.

X

73,380,965–73,381,476

GAGAGATTAATAGAGAGAATGTA

Ref.

X

96,063,350–96,063,863

AATATTTAAAAGTTAGTAGAAGGTA

[4]

3. The manufacturer indicates the use of one kit for preparing
24 independently barcoded libraries (one for each pool in our
protocol). However, if the concentration of the bisulfite PCR
amplicons allows making library pools with 0.5–1 μg of DNA
in <30 μL volume, the libraries can be prepared by using half of
the volumes (except for the 70–80% ethanol washes). This will
allow the processing of 48 pools with only one kit.
4. Alternatively, the provided Sample Purification Beads can be
replaced by Agencourt® AMPure® XP beads (Beckman Coulter) in case the customization of the protocol involves a larger
volume than that of the SPB provided.
5. Each set A and B contain a different set of 12 unique barcodes,
with a maximum of 24 for Low Throughput (LT) library preparation kits. However, as indicated in Note 14, the same barcode can be used for more than one pool provided that the
requirements in Subheading 3.4.1, step 4 are respected. This
allows optimization of the number of pools and amplicons to
be analyzed in one single sequencing run. In order to simplify
barcoding and subsequent analyses, it is recommended to only
include amplicons from the same sample in each pool and use
the same index to barcode all the pools containing amplicons
from the same sample.
6. This magnetic rack is recommended for using 0.2 mL tubes. If
preparing the libraries in 1.5 mL tubes, use DynaMag™-2 Side
(Life Technologies) magnetic rack.
7. Follow these guidelines to design the primers:
l

Use a target area with no or minimum CpG dinucleotides.

l

Place the 30 end of the primer in a G.

l

Use a G-rich target area.

l

Convert all C to T in the genomic forward/primer. For
CpG dinucleotides (if unavoidable), convert C to degenerated Y (C or T).
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l

Use a primer length that allows a melting temperature
54  C after C-to-T substitution (use Oligonucleotide
Property Calculator, http://biotools.nubic.northwestern.
edu/OligoCalc.html, and follow “salt adjusted”
temperature).

l

Avoid as much of the TSD as possible.

8. We typically resuspend these fragments in 12 μL of molecular
grade water, which is essential to reduce the volume of the
sample and facilitate the following sample pooling into volumes
acceptable for library preparation. Other column-based kits
specifically designed for high DNA recovery in small volumes
can be considered (e.g., Zymoclean Gel DNA Recovery Kit,
which allows elution in a final volume as low as 6 μL).
9. Periodic pipetting up and down, and the addition of more
Proteinase K can be tried for tissue samples harder to dissolve.
10. If the sample is from a tissue highly rich in organic compounds, perform two consecutive phenol separation steps
(steps 4–5) and two consecutive phenol:chloroform separation steps (steps 6–7) in order to obtain a final sample clear of
these contaminants.
11. Perform 1 negative control every 24 samples and use one
random forward primer of each batch of 24.
12. Typically, Qubit® dsDNA HS Assay Kit involves using a mix of
10 μL of each DNA standards (#1 and #2) and 190 μL of the
combined Qubit® dsDNA Reagent and Buffer (dye and
buffer). For each sample, prepare a mix of 8 μL of molecular
grade water and 2 μL of amplicon in each Qubit® Assay Tube,
and add 190 μL of the combined dye and buffer. Set up the
Qubit® Fluorometer for 2 μL inputs samples, vortex the samples and proceed for measuring. Alternatively, half of the
volumes of Qubit® reagents can be used for both, standards
and samples. For that, use only 5 μL of each DNA standard for
calibration, prepare 3 μL of molecular grade water and 2 μL of
amplicon in each Qubit® Assay Tube and add 95 μL of combined dye and buffer mix to each of them. Set up the Qubit®
Fluorometer for 4 μL input sample and proceed with the
quantification.
13. For the minority of samples that may require a contributing
volume >5 μL due to their low concentration, manually alter
their value in the Column C to 5 μL and proceed for the library
pooling or consider repeating the bisulfite PCR of the low
concentrated amplicons to increase their concentration. If samples are too diluted and the volume of the final pools need to be
reduced, this can be concentrated by using Agencourt®
AMPure® XP beads before End Repair treatment.
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14. As a general rule, it is advantageous to keep amplicons from the
same tissue or cell culture samples in the same pools. When
doing this, the pools constituted by amplicons from the same
original tissue or cell sample can use the same barcode/index,
therefore, optimizing the number of samples that can be processed with a fixed number of barcodes available for a
sequencing run.
15. This volume is estimated for washes performed in 0.2 mL tubes
(using 200 μL of 70–80% Ethanol per wash) with
DynaMagTM-96 Side magnetic rack. If the washes are going
to be performed in 1.5 mL tubes duplicate this amount and use
400 μL of 70–80% Ethanol per wash (see Note 6).
16. If the final library concentration is 2 nM and <4 nM, dilute it
to a final 2 nM concentration and read Note 19 at step 1,
Subheading 3.6.2. If the final library concentration is <2 nM,
it can be concentrated by using vacuum in a Speed-Vac at room
temperature. When the volume of the concentrated library is
reduced to 10–20 μL, proceed to re-calculate its concentration
by using the KAPA Library Quantification Kit (Kapa
Biosystems).
17. Details about how to prepare the PhiX control library can be
found here: https://support.illumina.com/content/dam/
illumina-support/documents/documentation/system_docu
mentation/miseq/miseq-denature-dilute-libraries-guide-1
5039740-10.pdf.
18. Information about how to proceed with the MiSeq Reagent
Kit v3 can be found here: http://os.bio-protocol.org/
attached/file/20171217/miseq%20reagent%20kit%20v3%20
reagent%20prep%20guide%2015044983%20b.pdf.
19. Further information about library denaturation and dilution,
and how to proceed with libraries at <4 nM original concentration can be found here: https://support.illumina.com/
content/dam/illumina-support/documents/documenta
tion/system_documentation/miseq/miseq-denature-dilutelibraries-guide-15039740-10.pdf.
20. Further information about how to operate the Illumina
MiSeq® Instrument can be found here: https://support.
illumina.com/content/dam/illumina-support/documents/
documentation/system_documentation/miseq/miseq-sys
tem-guide-for-local-run-manager-15027617-05.pdf.
21. For amplicons larger than 580 nt, assembly with FLASH is
unlikely. Analysis can be carried out nonetheless, except it
requires to join (or “jam”) read pairs together with a Python
script and adjust the unconverted amplicon sequence to not
include the middle section not covered by sequencing. This
process usually reduces the number of reads returned greatly
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and therefore we would strongly recommend keeping an
amplicon size <580 bp.
22. We would also recommend reverse complementing reads to
test for the primer sequences as the Illumina sequencing is not
strand specific.
23. Frequently, a few reads may not pass the established filters,
resulting in outputs with less reads than aimed. “Go Back”
and again “Show options,” and the recent unconverted
sequence and the bisulfite converted set of sequences should
have remained in the analysis boxes. Paste the required additional reads until the original goal is met. In general, it is more
efficient to paste 5–10% more reads than the original goal and
“Go Back” and remove the excess once a first submission has
been done.
24. In order to download a panel in a scalable-vector-graphic (.svg)
format suitable for vector graphic editors (i.e., Adobe Illustrator), use the button “Show figure,” and change the file format
in the newly displayed window before using the “Download
figure” button for download. In order to download the multiple alignment information required for the mCpHmethylation tool below (PoCalCH), use the button “Multiple
alignment” and use the button “Download multiple alignment
data” for downloading the information in the default plan text
(.txt) format.
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Sebe A et al (2016) Reprogramming triggers
endogenous L1 and Alu retrotransposition in
human induced pluripotent stem cells. Nat
Commun 7:10286. https://doi.org/10.
1038/ncomms10286

227
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Chapter 12
Combined Fluorescent In Situ Hybridization (FISH)
and Immunofluorescence for the Targeted Detection
of Somatic Copy Number Variants in Synucleinopathies
Monica Emili Garcia-Segura, Diego Perez-Rodriguez,
and Christos Proukakis
Abstract
There is increasing evidence for the role of mosaicism due to somatic mutations, including copy number
variants (CNVs), in disorders of the nervous system. Targeted assessment of low levels of somatic CNVs can
be performed using fluorescent in situ hybridization (FISH). Combining this technique with immunofluorescence in frozen brain sections allows the determination of whether somatic CNVs occur in cells with
specific disease and cell-type markers. We present a protocol focused on somatic SNCA CNVs and
aggregates of the encoded alpha-synuclein protein. This is particularly relevant to Parkinson’s disease and
other synucleinopathies, but could be adapted as required.
Key words Fluorescent in situ hybridization, Somatic mutation, CNV, Mosaicism, Synucleinopathy,
Alpha-synuclein, Multiple system atrophy, Parkinson’s disease

1

Introduction
Neurogenetics has traditionally focused on the study of inherited
(germline) genetic variants relevant to disease. Somatic mutations,
occurring post-zygotically, lead to genomic mosaicism, the presence of cells with genetic differences in an individual [1]. Although
they are central in cancer, a possible role in nervous system disorders has only begun to be systematically addressed relatively
recently. Technical advances have allowed unequivocal demonstration of mosaicism for all types of mutations in the human brain,
with likely roles in several neurodevelopmental and neurodegenerative diseases [1–6]. The “signal” of a low-level somatic mutation,
especially a copy number variant (CNV) or other structural variant
(SV), can be lost in microarray analysis or sequencing of DNA from
“bulk” tissue homogenates. Single-cell sequencing after
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whole-genome amplification is increasingly utilized, but challenges
such as cost, sampling bias, experimental artifacts, and lack of goldstandard bioinformatics have not been fully addressed [7].
Somatic CNVs larger than 1 Mb appear relatively common,
affecting ~12% of cortical neurons [8], but single neuron sequencing cannot yet reliably detect smaller CNVs. When targeted assessment of specific gene(s) is required, fluorescent in situ
hybridization (FISH) can be used. This well-established cytogenetic technique was first used to demonstrate mosaic aneuploidy
in the brain 20 years ago [9], but can also be used to detect
sub-megabase CNVs. We consider it particularly relevant when a
gene is already known to have a role in a disease, and somatic CNVs
in this are being sought. An example is the SNCA gene, where
germline CNVs (gains) are rare causes of inherited synucleinopathies [10], and the encoded protein, alpha-synuclein, aggregates in
sporadic synucleinopathy cases (Parkinson’s disease, or PD, Lewy
body dementia, or LBD, multiple system atrophy, or MSA). To
determine whether somatic SNCA CNVs may have a role in these
[11], FISH can be used to detect very low levels in autopsy brain
tissue. Combination with immunofluorescence (IF) allows a correlation at the single cell level, to determine whether CNVs and
aggregates occur in the same cells, and can also be used to characterize cell types. Our protocol is focused on SNCA, but can be
adapted to different target diseases, genes, and cell types.

2

Materials

2.1 Common
Materials

1. Flash frozen tissue sections of 10 μm thickness mounted onto
pre-cleaned microscopy slides.
2. Coplin jars (10).
3. Tweezers.
4. 100 mL and 1 L mixing cylinders.
5. Paraffin film.
6. Immersible glass thermometer must be capable of measuring
up to 80  C.
7. Tinfoil.
8. 1.5 mL sterile tubes.
9. 22  22 mm and 22  50 mm glass coverslips.
10. Rubber cement.
11. Sterile disposable scalpels, size 15.
12. Nail varnish.
13. Standard molecular biology equipment (pipettes, pipette tips,
wipes, tube tacks, etc.).
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2.2

Reagents

2.2.1 Flash Frozen Brain
Tissue Section Pretreatment

1. Pepsin 1 g from pig gastric mucosa
10108057001), stored at 4  C (see Note 1).

(Roche,
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2. Distilled water (dH2O).
3. 1 M Hydrochloric acid (HCl) in dH2O, stored at RT.
4. 1 M Phosphate-buffered saline (PBS) solution, stored at
RT. Solution prepared using PBS in dH2O.
5. 1 M Magnesium chloride (MgCl2) solution, stored at RT. Solution prepared using MgCl2 in dH2O.
6. Formaldehyde (PFA) solution for molecular biology 37% (see
Note 2).
7. 100% Ethanol (EtOH), pure grade (see Note 2).
8. 300 mM NaCl, 30 mM sodium citrate ph 7.0 or saline-sodium
citrate (SSC) buffer, stored at RT. We prepare this using 20 M
SSC stock solution in dH2O.
9. Formamide 99.5%, extra-pure (see Note 2).

2.2.2 FISH DNA Probe
Preparation

1. SureFISH hybridization buffer (Agilent Technologies, ref:
G9400A), stored at 20  C.
2. Nuclease-free water (nfH2O), molecular biology grade, stored
at RT.
3. Custom-designed SNCA 4q.22.1 SureFISH probe (50 kb;
Agilent Technologies, ref: G110997R-8), stored at 20  C.
4. Reference probe e.g. SureFISH Chr7 CEP probe (Agilent
Technologies, ref: G110902G-8), stored at 20  C.

2.2.3 Post-hybridization
Treatment and IF for Frozen
Brain Sections

1. FISH Wash Buffer 1 (Agilent Technologies, ref: G9401A),
stored at RT.
2. FISH Wash Buffer 2 (Agilent Technologies, ref: G9402A),
stored at RT.
3. 2 M SSC buffer, stored at RT.
4. 1 M PBS solution, stored at RT.
5. Goat serum (GS), stored at 20  C.
6. 0.2% Triton X-100 solution in PBS (PBS-T). Prepare solution
by adding 400 μl of Triton X-100 in 200 ml of PBS (see Note
3), then store at RT.
7. Super
PAP
pen
(ThermoFisher
technologies, ref:008899).

Scientific/Life

8. Anti-α-synuclein antibody, e.g., 211, raised in mouse (Santa
Cruz Biotechnologies, ref: B1518), stored at 4  C.
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9. Alexa fluor 647 goat anti-mouse IgG secondary antibody
(ThermoFisher Scientific/Life technologies, ref: A-21235),
stored in a dark cabinet at 4  C.
10. 40 ,6-diamidino-2-phenylindole (DAPI) 1 μg/μl stock solution
(see Note 2).
11. 100% Ethanol (EtOH), pure grade (see Note 2).
12. TrueBlack Lipofuscin autofluorescence quencher, 20 in
DMF (Biotium, ref: 2307).
13. ProLong gold antifade reagent (Life technologies, ref: 36930)
mounting solution, stored in the dark at RT.
2.3 Required
Solutions

2.3.1 Flashfrozen Brain
Section Tissue Pretreatment

This protocol requires the preparation of several solutions, in
Coplin jars or 2 mL sterile tubes, using the previously described
reagents. The following solutions should be prepared prior to the
start of each section of the protocol:
1. 1 Pepsin solution: prepare by adding 70 ml of dH2O, 70 μl of
1 M HCl and 35 μl of 10% pepsin (see Note 1); mix vigorously,
then place in a waterbath at 37  C.
2. 1 PBS/MgCl2 solution: prepare by adding 50 ml of PBS and
50 μl of 1 M MgCl2, mix vigorously, then leave at RT.
3. 1 1.5% PFA solution: prepare by adding 50 ml of PBS, 50 μl
of 1 M MgCl2 and 1.5 ml of 37% PFA solution (see Note 2).
Mix well, then place at RT.
4. 2 PBS Coplin jars.
5. 2 70% EtOH solutions: prepare by adding 140 ml of 100%
EtOH and 60 ml of dH2O. Mix vigorously, then store one jar
at RT and another at 20  C.
6. 2 90% EtOH solutions: prepare by adding 180 ml of 100%
EtOH and 20 ml of dH2O. Mix vigorously, then store one jar
at RT and another at 20  C.
7. 2 100% EtOH solutions, one stored at RT and another at
20  C.
8. Formamide solution: prepare by adding 35 ml of 99.5% Formamide (see Note 4) and 15 ml of 2 M SSC. Mix well, then place
in bio-safety cabinet.

2.3.2 Post-hybridization
Treatment and IF for Frozen
Brain Sections

1. 1 2 M SSC Coplin jar at RT.
2. 1 FISH Wash Buffer 1 Coplin jar, placed in a water bath at
73  C.
3. 1 FISH Wash Buffer 2 jar, place at RT.
4. 6 1 M PBS Coplin jars, place at RT.
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5. Blocking solution: prepare by adding 10% GS in 0.2% PBS-T
(see Note 5).
6. Primary antibody solution: prepare by adding 211 antibody (1:
200) and 2% GS in 0.2% PBS-T (see Note 5).
7. Secondary antibody solution: prepare by adding Alexa 647 antibody (1:500) in 0.2% PBS-T (see Note 5).
8. DAPI working solution: prepare by adding 1 μl of DAPI stock
solution in 1000 μl of 1 PBS, so that the concentration of
DAPI working solution is 1 μg/ml (see Note 2).
9. TrueBlack solution: prepare by adding TrueBlack quencher (1:
20) in 70% EtOH (see Notes 5 and 6).
2.4

Equipment

1. Biological safety cabinet (see Note 2).
2. Microcentrifuge.
3. Vortex mixer.
4. Waterbath capable of heating up to 73  C.
5. Dry heater chamber capable of heating up to 37  C.
6. Humidified black chamber.
7. Orbital shaker capable of gentle shaking.
8. Magnetic stirrer.
9. Epifluorescence microscope, e.g., Leica with an ORCAII Digital CCD Camera (Hamamatsu) controlled using the Application Suite X (Leica).

3

Methods
This protocol describes the use of combined FISH and IF to
investigate the relationship between somatic SNCA CNVs and
alpha-synuclein nuclear and cytoplasmic inclusions (Fig. 1). We
use a custom-designed, fluorescent-labeled commercial SureFISH
probe from Agilent, with which we have detected somatic CNVs in
Parkinson’s disease and multiple system atrophy brain sections
[12, 13]. Our SNCA probe comprises 50 kb of the SNCA sequence
labeled with a red fluorophore (cat. No. G210997R-8). We chose a
small probe to reduce the risk of false negatives associated with
signal overlap [12]. As a control probe we currently use the chr7
Chromosome Enumeration Probe (CEP), which targets the centromere in chromosome 7 (cat. no. G110902G-8), although we
have previously mostly used a chr4 probe located >30 Mb from
SNCA (FIP1L1, cat. no. G101125G-8). It is outside the scope of
this protocol to describe the generation of in-house FISH probes if
required, for which the reader can refer to relevant book chapters
[14, 15], but minimal background signal is crucial.
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Fig. 1 Schematic representation of the protocol described in this chapter.
Abbreviations: PFA formaldehyde, CEP chromosomal enumeration probe, IF
immunofluorescence
3.1 Brain Tissue
Section Pre-treatment

1. Allow 10 μm flash frozen brain tissue slides to de-frost for
30 min. In the meantime, place FISH probe preparation
reagents at RT in the dark for thawing. We recommend
performing pilot experiments to determine optimal tissue
thickness (see Note 7).
2. In the meantime, prepare the pepsin, PBS-MgCl2, 1.5% PFA,
1 PBS, EtOH, and formamide Coplin jars as described in
Subheading 2.3.1 of this chapter.
3. Wash sections in pepsin solution for 30 min at 37  C (see Notes
1 and 8).
4. Place sections in PBS-MgCl2 for 5 min at RT.
5. Incubate sections in 1.5% PFA for 10 min at RT (see Note 9).
6. Wash sections twice, in 1 PBS, for 5 min each.
7. Dehydrate sections in 70%, 90%, and 100% EtOH at RT, for
2 min per wash.
8. Allow sections to air-dry for 10 min (see Note 10).
9. Incubate sections in formamide solution for 3 min at 72  C (see
Note 4).
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Table 1
Reaction volume proportions for 2-color FISH probe mixture preparation
Reagent

Percentage of reaction volume

FISH hybridization buffer

70% of total reaction volume

Nuclease-free H2O

10% of total reaction volume

SNCA probe

10% of total reaction volume

Chr7 CEP probe

10% of total reaction volume

10. Dehydrate sections in 70%, 90%, and 100% EtOH stored at
20  C, for 2 min per wash.
11. Allow sections to air-dry for 10 min (see Note 10).
3.2 FISH DNA Probe
Preparation and
Hybridization

1. As sections air-dry in Subheading 3.1, step 8, vortex FISH
probe reagents thoroughly.
2. Prepare enough FISH probe mixture so that it covers all sections while observing the following reaction volume proportions (see Note 11) (Table 1).
3. Vortex and spin the probe mixture, then store in the dark.
4. As sections air-dry in Subheading 3.1, step 11, denature FISH
probe mixture for 5 min in a waterbath at 72  C; vortex
mixture once immediately before application.
5. Perform FISH DNA probe hybridization: apply enough FISH
probe mixture so that it covers the entire section, apply coverslip immediately after, then seal with rubber cement (see
Note 12).
6. After allowing rubber cement to solidify, place sections in a
humidified dark chamber and hybridize for 72 h at 37  C (see
Note 13).

3.3 Posthybridization
Treatment and IF for
Brain Tissue Slides

We will now describe the post-hybridization procedure for 2-color
FISH and alpha-synuclein immunostaining. For a description on
how to expand this protocol to achieve multiplexed IF, please refer
to Subheading 4.
1. Prepare 2 SSC, FISH wash buffers, and PBS Coplin jars as
described in Subheading 2.3.2.
2. Upon carefully taking sections from the humidified chamber
and removing rubber cement, leave slides in 2 SSC solution
for 10 min. Afterward, carefully remove coverslips (see Note
14). Every washing step described should now be performed in
the dark to preserve immunofluorescence signals.
3. Wash sections in FISH Wash Buffer 1 for 2 min at 72  C with
slight agitation.
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4. Incubate sections in FISH Wash Buffer 2 for 1 min at RT.
5. Wash sections three times, in 1 PBS, for 10 min each at RT. In
the meantime, prepare enough blocking solution as described
in Subheading 2.3.2 of this chapter.
6. Carefully hand-dry sections to remove PBS excess, then create
a water-repellent barrier around the section using a Super PAP
pen (see Notes 15 and 16).
7. Remove PBS excess, then apply blocking solution so that it
covers the entire section (see Note 5).
8. After placing sections in the humidified chamber, leave sections
in an orbital shaker for gentle shaking up to 1 h at RT in the
dark. In the meantime, prepare enough primary antibody solution as described in Subheading 2.3.2 of this chapter.
9. Remove blocking solution excess, apply primary antibody solution so that it covers the entire section (see Note 5), then place
back in the humidified black chamber. Afterward, leave sections
in an orbital shaker for gentle shaking overnight at 4  C in
the dark.
10. Prepare several 1 PBS Coplin jars as described in Subheading
2.3.2 of this chapter. Afterward, take sections out of the humidified black chamber and discard primary antibody solution.
11. Wash sections three times, in 1 PBS, for 10 min each. In the
meantime, prepare enough secondary antibody solution as
described in Subheading 2.3.2 of this chapter.
12. Remove 1 PBS excess and apply secondary antibody solution
so that it covers the entire section (see Notes 5 and 17).
13. After placing sections back in the humidified chamber, leave
sections in an orbital shaker for gentle shaking up to 1 h at RT
in the dark.
14. Remove secondary antibody solution excess, then wash three
times, in 1 PBS, for 5 min each. In the meantime, prepare
DAPI working solution as described in Subheading 2.3.2 of
this chapter (see Note 2).
15. Remove 1 PBS excess, then add 500 μl of DAPI working
solution per section (see Note 15).
16. After placing sections back in the humidified chamber, leave
sections for in the dark for 20 min at RT.
17. Upon removing DAPI excess, wash sections three times, in 1
PBS, for 10 min each. In the meantime, prepare TrueBlack
solution as described in Subheading 2.3.2 of this chapter.
18. Carefully hand-dry sections to remove any PBS excess (see
Note 15), place sections in humidified chamber and apply
enough TrueBlack to cover the entire section. Incubate the
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Fig. 2 TrueBlack achieves increased far-red background fluorescence suppression in frozen brain sections. Representative images of alpha-synuclein
211 staining (far-red, conjugated to the Alexa 647 fluorophore) in frozen postmortem MSA brain sections. Sections underwent autofluorescence quenching
treatment using (a) Sudan Black or (b) TrueBlack. Both images were acquired
using an epifluorescence microscope at 40 magnification in the far-red
channel using the Y5 cube filter

sections in TrueBlack for 1 min (Fig. 2), remove excess and
leave sections in 1 PBS (see Notes 5 and 18).
19. Wash sections three times, in 1 PBS, for 10 min each.
20. Carefully hand-dry sections to remove PBS excess, add
10–20 μl of ProLong Gold antifade reagent, then mount sections in 22  50 mm glass coverslips (see Note 19).
21. Seal coverslip with nail polish, allow nail polish to dry off for a
couple of min (see Note 20).
22. Store sections in the dark at 4  C, then wait 24 h for image
acquisition via epifluorescence microscopy.
3.4 Epifluorescence
Microscopy Imaging

We use a Leica epifluorescence microscope connected to an
ORCAII Digital CCD camera from Hamamatsu. Image acquisition
is performed using the Leica Application Software X (see Note 21).
IF images are acquired using a 40 objective and the following
filters: DAP for DAPI (emission wavelength 460), L5 for reference
probe (emission wavelength 527), SpO for SNCA (emission wavelength 550),and Y5 for alpha-synuclein 211 antibody (emission
wavelength 700) (Figs. 3 and 4) (see Notes 22 and 23). An additional channel using TL-brightfield contrast can be used to capture
neuromelanin-positive cells in midbrain sections, which represent
dopaminergic neurons [13]. Images in this channel are acquired
using an EMP filter cube with emission wavelength 550. Our
images have a resolution of 6.1687 pixels per μm, with an overall
1920  1440 pixel image size. To ensure complete capture of FISH
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Fig. 3 Dual-color FISH with combined IF in frozen MSA brain sections. Representative image of (a) a DA neuron
nucleus (blue) with 2 CEP (green) and 3 SNCA (red) FISH signals, (b) alpha-synuclein nuclear inclusions
(magenta), and (c) neuromelanin indicating a dopaminergic neuron (brightfield) in a frozen postmortem MSA
midbrain section. All images were acquired using an epifluorescence microscope at 40 magnification using
the DAP, L5, Spo, Y5, and EMP cube filter

Fig. 4 Single-color FISH with multiplex IF in frozen MSA brain sections. Representative image of (a) an
oligodendrocyte nucleus (blue) with 4 SNCA (red) FISH signals, (b) TPPP (green IF) nuclear staining, and (c)
alpha-synuclein cytoplasmic inclusions (magenta IF) in a frozen postmortem MSA cerebellar section. All
images were acquired using an epifluorescence microscope at 40 magnification using the DAP, Spo, L5, and
Y5 cube filter

and IF signals in different focal planes, we recommend acquiring
images z-stacks. We use 16 stacks of 0.5 μm, yielding a 8 μm tissue
coverage depth (see Note 24).
3.5 Combined FISH
and IF Scoring

In this section, we describe a scoring strategy to calculate the
percentage of cells exhibiting SNCA CNVs, specifically gains, as
well as further scoring stratification based on cell type (e.g.,
neuromelanin-positive cells) and neuropathological status (alphasynuclein staining) (see Note 25).
1. Use DAPI staining to outline viable cell nuclei.
2. The number of CEP (green) and SNCA (red) signals per cell is
then scored based on the number of distinct, clear signals
co-localized with DAPI staining (Figs. 3 and 4).
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3. Alpha-synuclein aggregation status is then determined based
on the nuclear, cytoplasmic or combined alpha-synuclein
211 staining.
4. In midbrain sections, the presence of dopaminergic neurons is
scored based on the presence of neuromelanin positive deposits
adjacent to or co-localized with DAPI-positive nuclei.
5. Finally, calculate the percentage of cells exhibiting 2 CEP copies and at least 3 SNCA copies; cells that meet these criteria are
classified as “SNCA gains.” Further analyses are then conducted to establish whether the percentage of SNCA CNVs
gain varies among cell-types and alpha-synuclein aggregation
sub-types.

4

Notes
1. Prior to initiating FISH, prepare a batch of 35 μL aliquots of
10% pepsin in dH2O and store at 20  C. Batch variability can
influence probe’s tissue permeability, and thus it is recommended to use pepsin aliquots from the same batch in all
experiments. 10% Pepsin aliquot should be added to its
corresponding Coplin jar immediately before slide treatment.
2. Formaldehyde and formamide are corrosive solutions known
to be toxic if inhaled, swallowed, or in direct contact with skin
[16]. DAPI is a known hazardous substance that may cause
skin and respiratory irritation if ingested, whereas ethanol is a
highly flammable compound [16]. Researchers must handle
and store these solutions following the manufacturer’s
recommendations.
3. Triton X-100 is a viscous substance with low solubility in PBS.
To prepare this solution, use a large diameter pipette tip, then
leave mixing for at least 1 h in a magnetic stirrer. Solutions must
be prepared fresh every 2 months.
4. Formamide is an ionizing solvent capable of denaturing DNA
at a lower melting temperature, thus ensuring the preservation
of tissue morphology [17]. 99.5% Formamide should always be
added first when preparing the working formamide solution.
5. It is crucial to prepare enough blocking, primary, secondary
antibody, and TrueBlack solutions (IF solutions) so as to avoid
sections drying off. We recommend preparing 100 μl of IF
solution for sections hybridized using 22  22 mm coverslips
and 200 μl of IF solution for sections hybridized using
22  50 mm glass coverslips.
6. TrueBlack working solution should be vortexed thoroughly so
as to avoid compact granule accumulation in stained sections,
which can interfere with imaging.
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7. We find gains are best detected in brain tissue sections of
10 μm; increasing tissue thickness can result in FISH signal
overlap across the focal plane and/or weaker signal. Due to
sectioning artifacts leading to partial nuclei, we have not
attempted to call losses [12, 13]. These may be easier to detect
if nuclear suspensions are plated on a slide, at the expense of
loss of tissue architecture.
8. Pepsin treatment increases tissue permeability, and thus ensures
successful probe hybridization. However, pepsin-induced
excessive protein removal can result in suboptimal antibody
staining, and thus pilot experiments optimizing incubation
times and antibody concentration should be performed
[13]. If there is a choice of antibody targets, determining the
extent to which each one is digested by pepsin may help selection, such as https://web.expasy.org/peptide_cutter/ but we
have not tested if this makes a difference in practice. Detecting
Lewy neurites in particular may be challenging as they are easily
degraded by pepsin; we have not quantified the effect of pepsin
on small cytoplasmic aggregates.
9. Both immunofluorescence and FISH signals are reliably preserved using 1.5% PFA as a tissue fixative. In our experience,
other popular fixatives such as 4% PFA and Carnoy’s fixative
improve nuclear morphology preservation but significantly
weaken FISH signals.
10. Air-drying of sections should not last longer than 12 min, as
over-drying can significantly interfere with FISH and IF signal
integrity.
11. Reaction volume proportions described in Table 1 only apply
to 2-color FISH experiments. If single-color FISH is performed, we recommend adjusting sterile water’s percentage
of reaction volume to 20%. By doing so, researchers can incorporate additional IF markers to investigate cell-type interactions and their role in neuropathology.
12. It is crucial to prepare enough probe mixture for successful
hybridization to occur. We recommend preparing 10 μl of
probe mixture for sections hybridized using 22  22 mm coverslips, and 14 μl of probe mixture for sections hybridized
using 22  50 mm glass coverslips.
13. In our protocol, optimal hybridization requires 72 h; however,
hybridization time can be increased to 96 h without
compromising quality.
14. In optimal conditions, coverslips can be easily removed by
gently sliding them off the section. However, uneven probe
mixture coverage might result in rubber cement attaching to
the coverslip. Coverslips can then be gently released by pushing
upward using disposable scalpels.
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15. When hand-drying sections, we recommend working with a
sub-set of sections at a time to prevent tissue from drying out.
16. The hydrophobic barrier is applied to the tissue to minimize
reaction volume for IF solutions. Given that the PAP pen
barrier takes 2 min to dry, we recommend adding 100–200 μl
of 1 PBS in the meantime to avoid tissue drying out.
17. We initially experienced excessive background fluorescence in
the Alexa 647/far-red channel. To optimize staining, we performed pilot experiments staining with Alexa 647 anti-mouse
(1:500 dilution) in 0.2% PBS-T, 2% GS with Alexa 647 antimouse (1:500) in 0.2% PBS-T and Alexa 647 anti-mouse (1:
1000) in 0.2% PBS-T. In our experience, Alexa 647 anti-mouse
(1:500) yields the lowest levels of background fluorescence
with increased true alpha-synuclein staining.
18. To optimize staining, Alexa 647/far-red background fluorescence was quenched with Sudan Black in 70% EtOH and
TrueBlack in 70% EtOH. Agreeing with other in situ hybridization experiments in human brain sections [18, 19], we find
decreased far-red background fluorescence with preserved
alpha-synuclein staining is best achieved in TrueBlack-treated
sections (Fig. 2).
19. Carefully remove mounting-related bubbles using a pipette tip,
as it could interfere with image acquisition; if any, remove
excess anti-fade mounting solution with paper.
20. In our experience, nail polish’s adhesive capabilities vary
among brands. Therefore, we recommend keeping the nail
polish brand constant between experiments.
21. We have also performed pilot experiments to assess the performance of whole-slide imaging scanning and epifluorescence
microscopy for acquiring 2-color nuclear FISH multi-channel
images. We acquired images using a NanoZoomer S60 Digital
slide scanner (Hamamatsu) with a 20 objective lens, as well as
a Leica epifluorescence microscope (connected to an ORCAII
Digital CCD camera) with a 40 lens. We found whole-slide
imaging systems more prone to channel misalignment during
scanning. These misalignments can be missed if scanning at
20, the most common magnification used in surgical pathology sections [20]. In our experience, channel misalignments at
higher magnifications can result in suboptimal image acquisition for DNA FISH signals. Our observations are in agreement
with others reporting whole-slide imaging limitations when
assessing cytological features at a higher magnification [20].
22. This chapter describes an image acquisition workflow for
2-color FISH combined with alpha-synuclein IF and brightfield contrast imaging. For single-color FISH with multiple IF
stains, we recommend using the previously described filter
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cubes and appropriate secondary antibodies. In our experience,
L5 filter can be successfully employed to detect FISH DNA
signals (Fig. 3), as well as IF staining (Fig. 4).
23. In Fig. 4, sections are stained with an oligodendrocyte nuclear
marker, anti-TPPP antibody raised in rabbit (Abcam, ref:
ab92305 clone EPR3316), to specifically investigate the relationship between SNCA CNVs and alpha-synuclein inclusions
in MSA oligodendrocytes. We have also used NeuN to label
neuronal nuclei [12, 13]. There is also of course the possibility
to vary the alpha-synuclein antibody, for example using MJFR1
(Abcam), which we have also used [13], as long as any other
antibodies used in the same experiment are not raised in the
same species.
24. Suboptimal imaging of 2-color FISH signals may arise due to
signal overlapping across focal planes. To optimize image
acquisition, we performed pilot experiments acquiring
2-color FISH images with 16 z-stacks of 0.5 μm length
(8 μm total depth), 10 z-stacks of 1.0 μm length (10 μm total
depth), and 6 z-stacks of 1.5 μm length (9 μm total depth). In
our experience, individual FISH signals are best detected in
images acquired using z-stacks of 0.5 μm length, in agreeance
with other in situ hybridization studies [18].
25. There is an increasing interest in quantitative, automated
approaches for FISH signal analysis. Current freely available
automated analysis workflows are capable of independently
quantifying sub-nuclear FISH signals [21] or cytoplasmic
immunofluorescence staining [22] with likely acceptable sensitivity, although we have not performed formal comparisons. In
our experience, combined analysis of sub-cellular FISH,
nuclear and cytoplasmic IF staining, as well as brightfield
deposits at single-cell resolution remains computationally challenging, and therefore we have pursued a manual scoring strategy. We are not aware of a commercial analysis package
validated for automated DNA FISH signal detection.
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Chapter 13
Visualization of Defined Gene Sequences in Single Nuclei
by DNA In Situ Hybridization (DISH)
Chris Park, Gwendolyn E. Kaeser, and Jerold Chun
Abstract
Gains and/or losses of large genomic loci such as full or partial aneuploidies/aneusomies can be routinely
identified in single cells using fluorescence in situ hybridization (FISH); however, standard FISH typically
cannot resolve single genes or gene variations. Here we provide a protocol for DNA in situ hybridization
(DISH) that is capable of identifying single gene loci and gene variants within the nucleus of single cells.
DISH was developed to enable detection of newly identified mosaic structural variants resembling complementary DNAs (cDNAs) that were termed genomic cDNAs or gencDNAs. gencDNAs are intron-less gene
copies with expansive sequence diversity, even within cells from a single individual, and are proposed to be
formed through somatic gene recombination (SGR). gencDNAs were first discovered for the human
amyloid precursor protein (APP) gene through increased copy numbers and forms in Alzheimer’s disease
(AD) brains where both full-length annotated splice-isoforms and novel shortened APP sequences containing intraexonic junctions (IEJs), and single nucleotide variants (SNVs) were observed within genomic
DNA. Modification of a commercially available RNA ISH technology, BaseScope™, particularly through
the use of sense-strand probes that were combined with distinct tissue preparative steps for nuclear probe
access, enabled DISH detection of gencDNAs, as well as detection of germline control sequences. Protocol
details include considerations for probe design, use on human brain cell nuclei (generalizable to other
species), and appropriate positive and negative controls.
Key words gencDNA, Intraexonic junction, BaseScope, DNA in situ hybridization, DISH, Somatic
gene recombination

1

Introduction
Known as the “blueprint for life,” the human genome is traditionally thought to be identical throughout all cells of an individual.
However, decades of research have confirmed the existence of
genomic mosaicism (GM) in the human brain, where individual
brain cells from the same individual, particularly neurons, show
enormous genomic variability from cell-to-cell [1–3]. GM exists
in the human brain as somatic alterations that range in size from
whole-chromosomal aneuploidies (gains and/or losses) to single
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locus copy number variations (CNVs) [4] and single nucleotide
variations (SNVs), with global changes apparent through measurements of DNA content variation in single brain nuclei
[5, 6]. Despite these many forms, the function and cellular effects
of GM are largely unknown. A recent report of a novel form of
somatic gene recombination (SGR), affecting both mitotic and
post-mitotic cells, provides functional implications for GM through
alterations of gene copies and sequences [7]. These newly identified
gene copies lacked introns, resembling complementary DNAs
(cDNAs), and were therefore termed genomic cDNAs (gencDNAs). Full-length isoforms and shortened sequences containing
novel exon joins, and/or intraexonic junctions (IEJs)—where two
non-contiguous exons are fused within rather than between
exons—have been observed in gencDNAs. The actual functional
consequences of gencDNA formation in neurons remains under
active investigation; however, gencDNA copy number and
sequence variability were significantly increased in Alzheimer’s disease (AD) brains compared to controls, implicating SGR in the
pathogenesis of AD and possibly other neurodegenerative diseases
[8–13]. Notably, the existence of gencDNAs was supported by
12 distinct methods including the use of three different sequencing
platforms: Sanger, Illumina short-read, and PacBio long-read
sequencing [7]. Independent support for gencDNAs and IEJs
includes other datasets containing RNA IEJs [14] and gencDNA
sequences in AD [15], as well as the identification of multiple
gencDNA integration sites [16].
Traditionally, FISH has been used to demonstrate GM among
brain cell populations [17–23]. Early FISH methods, such as spectral karyotyping and dual point-paint probes, were used to reveal
mosaic aneuploidies or aneusomies within cells of the human brain
[17–22]. A few modified techniques have successfully targeted loci
containing disease-related genes [5, 23]. One example is the use of
peptide nucleic acid (PNA)-FISH probes targeting specific exons,
which enabled detection of exonic copy-number gains in single
neurons [5]. This contrasts with conventional FISH that requires
large target sequence regions and therefore lacks the resolution to
visualize specific gencDNA junctions, while PNA-FISH lacks the
sensitivity sufficient to visualize germline exons.
A possible solution emerged through a commercial RNA product: BaseScope™ (Advanced Cell Diagnostics, or ACD). The BaseScope system targets specific RNA sequences less than
300 base pairs in a semi-quantitative manner by using a branched
DNA amplification method. A single pair of highly specific “Z”
oligonucleotide probes that complement a ~50 base pair target
sequence enables the detection of exon junctions (e.g., splice
forms) and point mutations [24]. The sensitivity of RNA BaseScope suggested that it could detect single gene sequences within
the DNA of a single cell (e.g., specific IEJs or exon–exon
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Fig. 1 Sample DISH images of human brain nuclei. Restriction enzyme digestion eliminated (a) exon–exon
junction (EEJ) 16/17 and (b) intraexonic junction (IEJ) 3/16 signals, confirming the probe specificity in human
nuclei [6]. (c) dual-DISH with the BaseScope Duplex kit (ACD) labeled EEJs or IEJs with genomic loci in the
same nucleus

junctions (EEJs), within gencDNAs; and germline processed pseudogenes and intron–exon junctions), provided that specificity
could be optimized for genomic DNA, including nuclear access of
probes that is necessary to interrogate genomic loci. An analogous
approach to visualize viral DNA and mRNA by repurposing RNAscope has been reported [26], but our DISH protocol identifies
endogenous cellular, rather than exogenous (viral) DNA
sequences. Therefore, DISH was developed by modifying BaseScope to target DNA rather than RNA through probe design and
protocol modifications.
In this chapter, we provide our protocol for DISH detection of
gencDNAs and germline alleles on isolated human neuronal nuclei,
along with published examples of its use to identify APP gencDNAs by targeting the traditional splice junction between exon
16 and exon 17 (EEJ 16/17), the IEJ between exon 3 and exon
16 (IEJ 3/16), and the germline junction between intron 2 and
exon 3 (In2/Ex3) (Fig. 1) [7]. We discuss probe design, positive
and negative controls, and major protocol variations including
signal development. Importantly, the application of this method
will be useful for targeting many other DNA sequences.

2
2.1

Materials
Reagents

1. Sorted human brain nuclei (see Subheading 3.1, step 1).
2. 10% Neutral Buffered Formalin (NBF) (Thermo Scientific, Cat
# 5701).
3. 1 Sterilized PBS.
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4. ACD Protease Plus and H2O2 (ACD/bio-techne, Cat #
322381) stored at 4  C.
5. 20 Wash Buffer (ACD/bio-techne, Cat # 310091) stored at
room temperature (RT).
6. 10 Target Retrieval Buffer (ACD/bio-techne, Cat # 322000)
stored at RT.
7. RNase Cocktail (Invitrogen, Cat # AM2286) stored at 20  C.
8. Restriction Endonuclease stored at

20  C.

9. DNA Denaturation Buffer: 2 SSC, 70% formamide (SigmaAldrich, Cat # 7503), 0.1% SDS, pre-warm to 80  C.
10. BaseScope™ Detection Reagents v2- RED (ACD/bio-techne,
Cat # 323910), stored at 4  C.
11. BaseScope™ ZZ Probe (ACD), stored at 4  C.
(a) BaseScope™ Probe- BA-Hs-APP-E16E17-sense (Cat #
705651).
(b) BaseScope™ Duplex Negative Control Probe- DapB1ZZ (Cat # 700141).
12. Gill 1 Hematoxylin stain solution (Ricca Chemical, Cat #
C998L66).
13. Vectamount® (Vector Laboratories, Cat # H-5000-60).
14. 0.02% (w/v) Ammonia water as a bluing reagent: Add 1.43 mL
of 1 N Ammonium Hydroxide (Fisher Scientific, A669-500) to
250 mL of Milli-Q water in a graduated cylinder under a
fume hood.
15. DEPC-treated sterile deionized distilled water (Milli-Q).
16. Tap water.
2.2 Consumables
and Equipment

1. Diamond tip marker.
2. Superfrost plus microscope slides (Fisher Scientific, Cat #
15-188-48).
3. Glass coverslips.
4. Vegetable Steamer.
5. HybEZ™ Oven (ACD/bio-techne, 110 VAC, Cat # 310010;
220 VAC, Cat # 310013).
6. HybEZ™ Humidity Control Tray with lid (ACD/bio-techne,
Cat # 310012).
7. HybEZ™ Slide Rack (ACD/bio-techne, Cat # 310014).
8. ImmEdge Hydrophobic barrier marker (Vector Laboratories,
Cat # H-4000).
9. 200 mL beakers (3).
10. 1 glass staining jar.
11. Vertical slide racks that fit in 200 mL beaker.
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12. Filter paper.
13. Kimwipes.
14. Water bath (up to 80  C).
15. Microscope Slide Mailing Tubes.
16. Heat block set at 50  C.

3
3.1

Methods
Before You Begin

1. High-quality tissue is preferable. RNA integrity number (RIN)
can be used as a proxy for general tissue quality, where RIN
scores of 7 or above are optimal. All human brain materials
should be obtained through IRB-approved processes and handled with precautions against possible pathogens.
2. Nuclear extraction: Numerous nuclear extraction protocols are
available. For human brain, we recommend Kaeser & Chun
(Springer Protocols; 2017) [26] and the Allen Institute for
Brain Science protocol [27] (see Note 1).
3. Experiments are typically controlled within an individual run,
as well as within each slide (for quantification). Each experiment should also include a negative control DapB slide.
4. All washes are performed in 200 mL beakers with a slide holder
unless otherwise noted.

3.2 Probe Design &
Restriction Enzyme
Site Selection
3.2.1 Probe Design
Requirements

(a) An example of the probe design is shown for APP EEJ 16/17
and IEJ 3/16 (Fig. 2).
(b) Sense-strand: the probe must target the sense-strand to ensure
hybridization to DNA and not mRNA, which must be specified when contacting the ACD design team. Sequences should

Fig. 2 Custom probe design. The custom BaseScope probe should target the IEJ or EEJ (not shown) sequence
and a nearby restriction enzyme cut site, which will be used as a negative control. Briefly, Advanced Cell
Diagnostics Z-paired probes will only amplify signal if both probes are present and bound to the sequence, and
therefore will not label wild-type genomic sequences where introns are present between exons
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be bioinformatically selected to minimize cross-hybridization
with other genomic loci.
(c) Probes of 50–300 base pairs: Each Z probe targets
~18–25 base pairs. Each probe contains at least one ZZ pair.
(d) RE site: check your target sequence for RE digestion sites near
the junction. It is ideal to select a 6-cutter for specificity (see
Note 2).
(e) The ACD custom probe design team will work with you to
obtain the most specific probe for your target.
3.2.2 Suggested Controls

(a) Negative control to determine background: DapB is a negative control probe that targets a lambda bacteriophage
sequence. DapB should not be detected in mouse or human
samples; however, it is notable that the DapB probe was
only commercially validated for RNA experiments, and its
use for genomic DNA requires independent verification.
(b) Positive and negative controls to validate custom probes: we
suggest using transgenic mouse models, if available, that have
the target sequence, and/or cell lines that contain an
integrated human-specific target sequence of defined copy
number (such as through the use of a replication-deficient
retroviral integrant (i.e., a provirus), which can be run both
within the same slide, and/or within the same experiment as a
positive control and compared to the parallel negative control
of uninfected cells (see Note 3). When using a transgenic
mouse model, validate along with a wild-type mouse of the
same strain as a negative control.
(c) Restriction enzyme (RE) digestion of the target sequence:
destruction of the recognition sequence by an appropriate
RE should reduce signal (it may or may not completely eliminate signal, which could reflect the enzyme’s efficiency as well
as mutations in the target sequence). Off-target RE digestion
can be used as a control with no expected loss of signal.

3.3

Slide Preparation

1. Draw a hydrophobic barrier using the ImmEdge pen on the
positively charged side of the microscope slide (Fig. 3). The
size of this barrier will determine the number of sample droplets you can include, the volume of reagents you will use, and
the number of drops of each ACD solution needed during this
protocol. Allow the barrier to dry for at least 5 min prior to
seeding your nuclei droplet (see Note 4).
2. Suspend isolated nuclei at ~2000 nuclei/μL and pipet 5 μL of
sample within the marked area. Repeat with each sample.
3. Briefly place the slides on a heat block at 50  C until liquid is
just dry. This should not take more than 5 min. Do not overdry.
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Fig. 3 DISH slide set up (see Subheading 3.3). The size of the hydrophobic barrier will determine the volume of
solution used during each step of the hybridization and development steps. For slide preparation, draw a
hydrophobic barrier that is 1.8 cm  1.8 cm for 4 samples or less, or 1.8 cm  2.7 cm for five to six samples.
Only one probe will be used per slide (two, if you are using the Duplex kit). Then etch a circle onto the back of
the slide for each sample using the diamond tip pen (red circles). Drop 5 μL of each sample (in a solution of
~2000 nuclei/μL) onto the positive side within the etched circle. Finally, place the slide onto a heat block at
50  C until liquid is removed and the sample is just dry

4. (Optional) Human nuclei will not be visible to the naked eye
on the slide. To aid sample location, etch a circle on the bottom
of the slide using a diamond tip marker where you plan to place
each sample. This will ease sample identification during
imaging.
5. Place the slides in a vertical slide rack in a 200 mL beaker
containing 125 mL of PBS. Wash the slides with PBS for
1 min. This wash method is applied to all downstream wash
steps (see Note 5).
6. Carefully remove excess wash solution from the back of the
slides and around the outside of the hydrophobic barrier with a
Kimwipe. This step will be repeated throughout the protocol
(see Note 6).
7. (Optional) Prepared slides can be stored at 80  C for up to
3 months. Warm the frozen slides at 50  C for 5 min, then
proceed with step 5 above.
3.4 Nuclear
Pretreatment

1. Set the ACD HybEz oven to 40  C and heat a water bath to
80  C.
2. Prepare the HybEz slide tray and HybEz rack by placing filter
paper between the rack and the bottom of the tray. Apply
distilled water to the filter paper so that it is damp, but not
soaked. This provides a humidified chamber during incubation.
3. Place slides on to the HybEz slide rack.
4. Prepare the RNase/RE Mix: Use the appropriate buffer recipe
for the desired RE. Add the approximate amount of RE into
the recommended 1 RE buffer. Add 1 μL of RNase to every
50 μL of RE mix. If no RE is to be used, replace the RE mix
with 1 PBS (see Note 7).
5. Treat slides with RNase/RE mix with the appropriate volume
based on barrier size (see Note 8). Incubate the slides at the
recommended RE temperature for 1 hour. If you are unsure or
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have no plans on using an RE in the experiment, default to
40  C.
6. Wash slides with Milli-Q water two times for 1 min each. Dry
each slide (see Subheading 3.3, steps 5–6).
7. Fix nuclei onto the slides using 10% NBF at room temperature
for 5 min in a glass beaker or slide-staining jar.
8. Wash the slides with Milli-Q water two times for 1 min. Dry
and place the slides on to a HybEz slide rack.
9. Drop ACD hydrogen peroxide onto the slides and cover in the
dark for 10 min at RT (see Subheading 3.3, step 1) (see
Note 4).
10. Prepare the steamer and target retrieval buffer. Make 150 mL
of 1 target retrieval buffer by diluting 10 target retrieval
buffer in Milli-Q water. Microwave the 150 mL target retrieval
buffer in a beaker until the first boil (approx. 1 min and 40 s)
and place the beaker inside of the steamer.
11. Transfer the slides to a vertical slide rack and wash the slides
with Milli-Q water 2 times for 1 min each.
12. Transfer the slide rack into the hot target retrieval buffer for
15 min. Be cautious of hot steam when transferring items in
and out of the steamer.
13. Remove the vertical slide rack from the hot target retrieval
buffer in the steamer and immediately submerge in RT MilliQ water and wash for 1 min.
14. Dry the surrounding of the slides and place into the HybEz
slide rack. Treat the slide with ACD protease plus for 10 min at
40  C in the HybEz oven (see Note 9).
15. Wash slides with Milli-Q water two times for 1 min each. Dry
slides.
3.5 Probe
Hybridization

1. Denature the DNA by filling a slide-mailing tube with
pre-warmed denaturation buffer, then place slides inside the
tube. Incubate in the 80  C water bath for 20 min.
2. Remove the tube from the water bath and allow it to cool gradually to room temperature. This should take about 15 min.
3. Drain, but do not wash the slides. Dry each slide.
4. Place slides on the HybEz tray and apply target probe.
5. Place the HybEz tray inside the oven and incubate overnight at
40  C (14~16 hours).
6. Prepare 1 wash buffer:
(a) Warm the 20 wash buffer in a 40  C water bath until
completely dissolved.
(b) Dilute to a 1 solution with Milli-Q water.
7. Wash the slides two times in 1 wash buffer for 2 min. Dry
each slide.
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1. Place slides on the HybEz rack and apply AMP1 to the slides.
Place the HybEz tray into the oven at 40  C for 30 min.
2. Wash two times in 1 wash buffer for 2 min. Dry each slide.
3. Repeat steps 1 and 2 with AMP2-6 at 40  C with the following
amplification times in accordance with the ACD protocol:
AMP2 for 30 min, AMP3 for 15 min, AMP4 for 30 min,
AMP5 for 30 min, and AMP6 for 15 min.
4. Place slides on the HybEz rack and apply AMP7 to the slides
for 30~80 min at RT (see Note 10).
5. Wash slides two times in 1 wash buffer for 2 min. Dry each
slide.
6. Place slides on the HybEz rack and apply AMP8 for 15 min at
room temperature.
7. Wash slides two times in 1 wash buffer for 2 min. Dry each
slide. Place slides back on the HybEz rack.
8. Just prior to use, mix Red A with Red B in a 60:1 dilution and
apply 120 μL or 180 μL of the mixture onto the slides for
10 min at RT, making sure samples are not exposed to light.
9. Rinse the slides for 1 min in Milli-Q water. Dry each slide.
10. Prepare 0.5 counterstain solution: dilute 1 volume of regular
strength Gill 1 formulation Hematoxylin stain solution in
1 volume of Milli-Q water. Filter through a 0.45 μM PVDF
membrane filter before use.
11. Counterstain the nuclei using 0.5 Gill’s hematoxylin for 30 s.
12. Briefly rinse the slides in Milli-Q water and then wash
under gently running tap water for 40 s. Make sure that the
water does not directly collide with the slide.
13. Quickly transfer slides to 0.02% Ammonia water. Rinse briefly,
then transfer slides to Milli-Q water.
14. Rinse the slides for 30 s. Dry each slide.
15. Airdry the slides at 60
completely dry.



C for 15 min until slides are

16. Mount the slides with Vectamount and let the slide coverslip
settle overnight before imaging with a microscope (see Note
11).

4

Notes
1. These nuclei extraction protocols offer fixation alternatives or
have no fixation. For DISH analyses, nuclei should be fixed
with 10% NBF prior to any antibody staining and sorting.
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2. RE digestion was used to confirm probe selectivity and specificity of our gencDNA targets. By destroying the target
sequence, we can reduce or eliminate probe hybridization and
signal. Additionally, off-target REs can be used as additional
controls.
3. We recommend testing the designed probe on isolated nuclei
from a different species, like mouse, that has been transfected
with the human target sequence or from a human gene transgenic mouse tissue.
4. ACD solutions are provided in dropper vials. The small area
(1.8 cm  1.8 cm) requires four drops per slide. The larger area
(1.8 cm  2.7 cm) requires six drops per slide.
5. Replace the wash media after each wash step.
6. Absorb excess liquid inside the hydrophobic barrier by tilting
the slides and absorbing the droplet using a Kimwipe. Do not
allow the slides to dry completely.
7. The amount of enzyme needed may need to be optimized. The
protocol in our example uses 24~36 units of MluCI in 1
cutsmart buffer.
8. Check with the vendor for specific digestion temperature. For
example, for MluCI, the recommended working temperature is
37  C.
9. Pretreatment time(s) must be optimized and reagents/protease strength adjusted for different samples and/or applications.
Higher strength proteases, such as Protease III and Protease
IV, are available for purchase from ACD.
10. Increasing the time will increase the signal strength. Our recommendation is to start at 30 min and adjust as necessary.
11. The Vectamount slide mounting matrix is recommended by
ACD. A high-quality microscope equipped with a high numerical aperture (NA) 63 or higher oil objective, proper Köhler
illumination, and a high-resolution camera system are also
recommended.

5

Concluding Remarks
DISH allows visualization of DNA sequences in single nuclei
towards identifying copy number changes and sequence variants.
Integration of positive and negative controls is essential, as is the
use of independent sequencing techniques to support the presence
of identified genes/gene variants, such as gencDNAs. A protocol
is currently being developed for the combined use of nuclear counterstains and markers with DISH toward identifying originating cell
types.
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Chapter 14
Assessing Mitochondrial DNA Deletions and Copy-Number
Changes in Microdissected Neurons
Christian Dölle, Gonzalo S. Nido, Irene Flønes, and Charalampos Tzoulis
Abstract
Mitochondrial DNA (mtDNA) mutations are involved in a broad spectrum of monogenic and complex
diseases, commonly affecting the nervous system, as well as in the process of aging. Accurate assessment of
mtDNA changes in the brain presents several methodological challenges, relating mainly to the heteroplasmic nature and cell-type specificity of these mutations. Here, we describe selected methodologies
designed to detect and quantify mtDNA copy number, -deletions, and -single nucleotide variants in
individual neurons, derived from postmortem brain tissue.
Key words Mitochondria, Mitochondrial DNA, Somatic mutations, Single neurons, Laser
microdissection

1

Introduction

1.1 Mitochondrial
DNA

The human mitochondrial DNA (mtDNA) is a double-stranded,
16,569 base pairs (bp) long, circular genome, which is inherited
from the mother, although biparental inheritance has been
reported [19]. mtDNA is present in multiple copies per mitochondrion and per cell, ranging from a few hundred in a sperm cell, to
10–30,000 in neurons, and more than 100,000 in a mature oocyte
[29–31].
mtDNA comprises 37 genes encoding 13 peptide subunits of
the respiratory chain complexes I, III, IV, and V, as well as 22 transfer RNAs (tRNAs) and two ribosomal RNAs (rRNAs), which are
required for the intra-mitochondrial translation of the peptide
genes (Fig. 1) [2]. The remaining respiratory chain subunits are
encoded by the nuclear genome along with over 1000 other proteins that are known to localize in mitochondria. Mitochondrial
genes are continuous, with no intervening introns. The two strands
of mtDNA have been termed heavy (H-) and light (L-) strand, due
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Fig. 1 mtDNA. mtDNA encodes 13 peptides (blue), including 7 subunits of
complex I (ND1-6 & ND4L), 1 subunit of complex III (CYB), 3 subunits of complex
IV (COI-III) and 2 subunits of complex V (ATPase6 and 8), 22 tRNAs (green), and
two rRNAs (orange). The non-coding D-loop is shown in purple

to different C/G content. Most mtDNA genes (28/37) are
encoded on the L-strand (i.e., transcribed from the H-strand),
and the rest (9/37) are encoded on the H-strand [2]. mtDNA
contains a single ~1200 bp long regulatory region
(m.16,024–576), which contains the displacement loop (D-loop),
the origin of replication of the H-strand (OH), and the promoters
and origin of transcription for both strands [14, 27].
1.2 mtDNA
Mutations Are Involved
in Monogenic and
Complex Diseases

mtDNA-encoded proteins are essential for the assembly and function of the mitochondrial respiratory chain, and mtDNA mutations
are involved in a broad range of monogenic and complex diseases,
as well as in the process of aging [3, 6, 7, 10, 15, 26]. mtDNA
changes can be qualitatively classified into point mutations (i.e.,
single-base substitutions, deletions, or insertions), large deletions
and duplications, and quantitative depletion. Since mtDNA exists
in multiple copies per cell, mutations can affect either all mtDNA
molecules (i.e., homoplasmy) or only a proportion of the mtDNA
population (i.e., heteroplasmy). mtDNA mutations only become
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deleterious for the cell and pathogenic for the organism, when they
reach a certain level of heteroplasmy. This level varies for different
mutations and cell types. Thus, when characterizing mtDNA point
mutations or deletions, the degree of heteroplasmy (0–100%) is
important to determine [3, 6, 7, 10, 15, 26].
In the context of monogenic disease, primary mtDNA point
mutations and deletions can be inherited from the mother or may
occur de novo in the maternal germline or developing embryo.
Such mtDNA mutations give rise to a broad spectrum of primary
mitochondrial diseases, which affect approximately 1:5000 individuals [10]. Typical examples of primary mitochondrial diseases
include single mtDNA deletion syndromes (e.g., progressive external ophthalmoplegia (PEO), Kerns–Sayre syndrome (KSS) and
Pearson Syndrome), mitochondrial encephalomyopathy lactic acidosis and stroke-like episodes (MELAS), Leber’s hereditary optic
neuropathy (LHON) and myoclonus epilepsy with ragged-red
fibers (MERF) [6, 7, 10].
Secondary mtDNA point mutations, deletions, and quantitative depletion can arise and accumulate in somatic, postmitotic cells
(e.g., neurons, cardiomyocytes, and skeletal muscle fibers) as a
result of mutations in nuclear genes encoding proteins involved in
mtDNA homeostasis, such as the mitochondrial DNA polymerase
gamma (POLG) [28], mitochondrial helicase (twinkle) [12], and
fusion factor OPA1 [1].
Moreover, somatic point mutations, deletions, and quantitative
mtDNA changes are known to accumulate in postmitotic tissues
with aging [3, 5, 15], and in association with complex neurodegenerative disorders [3, 9, 11, 32]. In the brain, mtDNA deletions and
point mutations accumulate with age in neurons, with a predilection for catecholaminergic cells, and in particular the dopaminergic
cells of the substantia nigra pars compacta (SNc) [3, 9, 15,
23]. Current evidence suggests that, in healthy individuals, neurons
compensate for the accumulation of deletions by increasing the
total mtDNA copy number [9, 25]. This response appears to by
blunted in individuals with Parkinson’s disease, leading to a depletion of the wild-type mtDNA population [9, 11].
Whether they are inherited or acquired, affecting the germline
or somatic cells, mtDNA mutations play an indisputably important
role in both monogenic and complex diseases, as well as in aging.
The aim of this chapter is to provide an overview of current experimental methodologies allowing the study of mtDNA deletions and
copy-number changes in the brain.
mtDNA deletions, copy number, and single nucleotide variants
(SNVs) can be assessed by a variety of methods, including Southern
blot, long-range PCR (LPCR), quantitative real-time PCR
(qPCR), and deep sequencing. This chapter will focus on
PCR-based and sequencing-based methodologies.
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1.3 Methods to
Assess mtDNA
Deletions and CopyNumber Changes in
the Brain

2

Brain tissue is architecturally complex and comprises multiple cell
types, including neurons, glial cells (e.g., astrocytes, oligodendrocytes, and microglia), and vascular cells. Due to their high energy
requirements, neurons typically contain more mitochondria, and,
therefore, more mtDNA copies, compared to the other cell populations of the brain [22]. Moreover, since neurons are non-dividing
and particularly long-lived, they are more prone to accumulate
somatic mutations with age, compared to dividing cells like astrocytes and microglia. Due to these cell-specific differences in
mtDNA quantity and content, measurements in bulk brain tissue
cannot differentiate between cellular mtDNA changes and changes
in the proportion of cell types in the sample.
The cell composition of brain tissue samples commonly varies
as a result of two independent processes: (1) Variation in the
proportion of gray and white matter in each sample that occurs
due to technical factors during sample dissection. This introduces
variability in the neurons/glia ratio, and therefore also mtDNA
measurements across samples, thereby adding variation to the
data, which can mask the signal associated with the biological
question (i.e., state-specific mtDNA changes). (2) Altered cell
composition, which may be the result of (and therefore confounded with) the state that is being studied [24]. For instance,
aging and, to a larger extent, neurodegeneration are associated with
a substantial decrease of the neurons/glia ratio, due to both neuronal loss and glial proliferation (i.e., gliosis). In this case, measurement in bulk-tissue samples may show lower total mtDNA copy
number, and, potentially, underestimate the prevalence of
neuronal-specific mtDNA deletions and/or point mutations.
Importantly, these phenomena can be mistakenly interpreted as
disease-associated biological mechanisms (i.e., cellular mtDNA
changes), rather than the mere result of altered cell composition
(i.e., neuronal loss and gliosis) in the sample.
For the above reasons, accurate assessment of mtDNA changes
in brain tissue requires cell-specific studies. This can be achieved by
experiments in single cells, or pools of specific cell populations,
which can be obtained for example by laser microdissection.
High-throughput sorting methodologies, such as fluorescenceactivated cell sorting (FACS), are generally less successful for
mtDNA assessment, as it is challenging to dissociate intact cells
from brain tissue, in particular postmortem brain.

Materials and Methods

2.1 Tissue
Preparation

Brain tissue should be stored at 80  C and never be allowed to
warm above 20  C. Transportation to and from the cryostat
should happen on dry ice. Before the procedure is started, the
cryostat is turned on and the temperature of the cryo-chamber set
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to between 20 and 25  C. Once the temperature of the cryochamber reached the set value, each frozen brain tissue block was
removed from the 80  C freezer, placed immediately on a bed of
dry ice and transferred to the cryostat (Leica CM1800, CM1950,
or CM3050). The tissue block was then immediately placed inside
the cryo-chamber of the cryostat and left for 30 min to equilibrate.
The tissue block was mounted for sectioning according to the
specifications of the cryostat model. Sections of 20 μm in thickness
were cut (Leica CM 1950) and mounted on membrane slides 1.0
PEN (Zeiss). Tissue sections were air-dried for 60 min, stained by
dipping into a cresyl violet solution (0.25% in ddH2O) for 10 min,
and dehydrated in graded ethanol series (1 min in 75% ethanol,
1 min in 90% ethanol, and 5 min in 100% ethanol). Following this
procedure, slides can be taken immediately for laser microdissection, stored at 4  C for up to 3 days, or stored at 80  C long term.
If stored at 80  C, sections should be sealed either by vacuum
packing of a slide box or two sections back-to-back in a 50 ml
Falcon tube. It is important to consider that, while freezing allows
to keep samples long-term, freeze-thaw cycles will compromise the
quality of nucleic acids. Therefore, these should be kept to a minimum and data from samples which have undergone freeze-thaw
cycles should not be compared to data from samples which were
immediately processed after staining. Based on our experience, we
generally recommend that sections are used immediately.
2.2 Laser
Microdissection and
Cell Lysis

Laser microdissection was performed on a PALM laser microdissection microscope (Zeiss). Other models, such as the Leica LMD7
system, have also yielded excellent results in our hands. The section
was first visualized, and neurons are identified based on morphology. Dopaminergic cells were identified based on the presence of
neuromelanin pigmentation. Only neurons with a visible nucleus
and nucleolus should be collected, to avoid necrotic cells and partial
cells. Following positive identification, neurons were measured for
surface-area and collected either individually (i.e., one cell per tube)
or in pools.
Collected cells were lysed in 15 μl lysis buffer (50 mM Tris–
HCl pH 8, 0.5% Tween-20, 200 μg/ml proteinase K) overnight at
56  C. Subsequently, the tubes were centrifuged (5 min,
10,000 rpm, 4  C), incubated for 10 min at 95  C to inactivate
proteinase K, and centrifuged again with the same specifications.
Each cell lysate was used directly in downstream applications, but
may also be stored for up to a week at 20  C or long term at
80  C. Each cell lysate was divided into two parts, one for determination of total mtDNA copy number and fraction of molecules
harboring deletions and one for ultra-deep sequencing to assess
SNVs. In this way, all three types of mtDNA changes were assessed
in the same single neuron.
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2.3 Quantitative
Real-Time PCR (qPCR)

Total mtDNA copy number and the fraction mtDNA molecules
harboring deletions were determined in each single neuron, using
an approach based on the methodology originally developed by He
et al. [13] and Krishnan et al. [13, 16]. This assay detects specifically deletions of the mtDNA major arc, that is, the region between
the origins of replication for the light and heavy strand (Fig. 1),
where the vast majority of single and nearly all multiple deletions
are known to occur [13]. Copy number and deletion analysis were
performed simultaneously in the same neuron, using a duplex realtime PCR assay to detect a commonly deleted (MTND4) and rarely
deleted (MTND1) targets on the mitochondrial genome
[13, 16]. The primers and probes used for the qPCR are summarized in Table 1.
For the reaction mix, primers and probes were mixed with
distilled water (dH2O), TaqMan Fast Advanced Master Mix
(Thermo Fisher) and sample (cell lysate) as indicated in Table 2.
A total of 2 μl of cell lysate were used per qPCR reaction and
samples were run in triplicate. The reactions were run in MicroAmp
fast optical 96-well reaction plates (0.1 ml, AB Applied Biosystems). Plates were sealed using Optical Adhesive Covers
(AB Applied Biosystems) with Optical Adhesive Covers applicator
(AB Applied Biosystems). Amplification was performed on a 7500
fast sequence detection system (Life Sciences). Thermal cycling
consisted of one cycle at 95  C for 20 s and 40 cycles at 95  C for
3 s and 60  C for 30 s. Threshold cycle number (Ct) was calculated
using the 7500 Sequence Detection Software (Life Sciences).
For absolute quantification of mtDNA copy number, target
amplification was compared to a standard curve made from a serial
dilution of PCR-generated and purified full-length MTND1 and
MTND4 templates (range 102–106 copies/μl). The amplicons for
the MTND1 and MTND4 templates were generated from genomic
DNA, extracted from an EDTA whole-blood sample of a healthy
control. To this end, DNA was extracted using a standard isolation
kit (e.g., from Qiagen) and the concentration determined by NanoDrop 1000 spectrophotometer (or Qubit). The concentration
should ideally be 20 ng/μl and the purity ratio (absorbance
ratio 260 nm/280 nm) 1.8. Target amplification was performed
by PCR using standard reagents (e.g., Amplitaq Gold DNA Polymerase, ThermoFisher) in a 50 μl reaction, using at least 100 ng
genomic DNA as input and an Applied Biosciences Thermocycler.
The primers used for target amplification and the target size and
locations are summarized in Table 3. The thermal cycling protocol
is summarized in Table 4.
Following amplification, the DNA fragments were separated
using electrophoresis on a 0.7% (w/v) agarose gel in 1  TBE (trisborate-EDTA) buffer, with ethidium bromide as an intercalating
dye. Electrophoresis was run for 90 min at 60 V in TBE buffer. The
gel was imaged using a UVP GelDocIt imaging system and a
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Table 1
Primers and probes used for mtDNA deletion and copy-number assessment
MTND forward primer

CCCTAAAACCCGCCACATCT

MTND1 reverse primer

GAGCGATGGTGAGAGCTAAGGT

®

MTND1 TaqMan MGB probe

FAM-CCATCACCCTCTACATCACCGCCC

MTND1 assay location

m.3485-3553

MTND4 forward primer

CCATTCTCCTCCTATCCCTCAAC

MTND4 reverse primer

CACAATCTGATGTTTTGGTTAAACTATATTT

MTND4 TaqMan® MGB probe

VIC-CCGACATCATTACCGGGTTTTCCTCTTG

MTND4 assay location

m.12087-12200

Table 2
Reaction mix for single-cell qPCR for mtDNA simultaneous copy number and deletion assessment
Reagent

Stock conc.

Final conc.

Volume (μl)

Distilled H2O

6.5

TaqMan Fast Advanced Master Mix

12.5

Forward primer MTND1

10 μM

300 nM

0.75

Reverse primer MTND1

10 μM

300 nM

0.75

TaqMan probe MTND1

5 nmol/ml

100 nM

0.50

Forward primer MTND4

10 μM

300 nM

0.75

Reverse primer MTND4

10 μM

300 nM

0.75

TaqMan probe MTND4

5 nmol/ml

100 nM

0.50

Cell lysate

2

Total

25

Table 3
Primers used for amplification of the MTND1 and MTND4 standard templates
Amplification of standard regions
Location

Size
(bp)

Primers

Forward primer

Reverse primer

MTND1
standard

CAGCCGCTATTAAAGG
TTCG

AGAGTGCGTCATATGTTG m.3017-4057 1040
TTC
1041

MTND4
standard

ATCGCTCACACCTCATA
TCC

TAGGTCTGTTTGTCG
TAGGC

m.1154112545

1004
1005
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Table 4
Thermal cycling for amplification of the MTND1 and MTND4 standard templates
Phase

Temp (C)

Time (min)

Cycles

Activation

95

10:00

1

Denaturation

94

00:45

32

Annealing

58

01:00

Elongation

72

01:00

Final elongation

72

10:00

1

Cooling

4

1

1

100 bp DNA ladder. The bands were isolated from the gel manually, using a scalpel, and the amplicon was purified using a QIAGEN
DNA extraction kit as per the manufacturer’s recommendations.
The amplicon concentration was determined using a NanoDrop
1000 spectrophotometer. The number of DNA copies per was
calculated using the following equation:
copy number
¼ ðamount  A Þ
 L  650  109



where amount is the amplicon quantity in ng/μl, L is the amplicon
length in bp and A is Avogadro’s number. This calculation is based
on the assumption that the average weight of a base pair (bp) is
650 g/mole. The factor 109 is used to convert the weight into ng.
Once the copy number of the MTND1 and MTND4 standard
templates was determined, they were diluted to a concentration of
2  1010 copies/μl each, and then combined in equal amounts to
create a stock solution of 1  1010 copies/μl for each amplicon. To
prepare a standard curve, a serial 1:10 dilution of the MTND1 and
MTND4 stock solution was made, ranging from 106 to 102 copies/μl each. The standard curve was included in triplicate on each
plate, in parallel with unknown samples. The mtDNA copy number
was estimated based on the standard curve, using the 7500
Sequence Detection Software (Life Sciences) (Fig. 2).
For detection and quantitation of mtDNA major arc deletions,
the amplification ratio of MTND1 to MTND4 was used. Since
MTND1 is rarely affected by deletions, its amplification reflects
total mtDNA copy number (with and without deletions). In contrast, the MTND4 target will only amplify molecules that do not
harbor major arc deletions. The percentage of deletion is calculated
based on the relative quantification of MTND1 and MTND4, using
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Fig. 2 (a) Representative qPCR amplification plots of a serial dilution of the MTND1 standard template, ranging
from 106 to 102 copies per reaction. (b) The standard curve from which the MTND1 copy number of the
unknown samples is calculated. The red points represent the standards. The blue points represent three
unknown samples, each from the lysate of a different laser-captured single-cell, containing 1.67  103, 2.93
 103, and 4.08  104 MTND1 copies each. To calculate the total MTND1 copy number in each single cell,
these numbers need to be adjusted to the total volume of the cell lysate

the comparative delta Ct (dCt) method. The proportion of
mtDNA deletion is given by:
mtDNA fraction

¼ 1  2ddCt
where ddCt ¼ (CtMTND4 – CtMTND1)sample – (CtMTND4 –
CtMTND1)control. The control is a sample that contains no deletion,
typically a genomic DNA sample from the blood of a healthy
control. For a detailed description of the qPCR-based approach
for assessing mtDNA, the reader is referred to the original work by
He et al. [13] and Krishnan et al. [13, 16].
2.4 mtDNA
Amplification and
Ultra-deep Sequencing

To assess mtDNA (SNV and deletions) down to very low heteroplasmy levels and map the deletion breakpoints, we performed PCR
amplification and ultra-deep sequencing of a 9 kb region (rCRS
5855–14,857) encompassing most deletions in single microdissected neurons from frozen brain tissue. Neurons were dissected
and lysed as described above. Amplification of each sample was
performed in a 50 μl reaction using 5 μl of cell lysate as template,
forward primer 5‘- AGATTTACAGTCCAATGCTTC -3‘ and
reverse primer 5‘- AAGGAGTGAGCCGAAGTTTC -3‘. To minimize PCR-introduced sequence variation, we used Prime-STAR
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GXL DNA polymerase (Takara Bio), which has a reported error
rate of 1  105. Thermal cycling comprised one cycle at 92  C for
2 min and 35 cycles of 92  C for 10 s, 56  C for 15 s and 68  C for
10 min, and 68  C for 7 min.
To control for deletion artifacts introduced by sequencing or
PCR, we additionally sequenced a 1.7 kb fragment comprising the
D-loop (m.16,223–16,834), the mitochondrial gene MT-RNR2
(m.2782–3092) and a fraction of the mitochondrial gene MT-ND4
(m.11,977–12,055), which had been cloned in a pcDNA3.1 plasmid. The cloned fragment was sequenced directly and after PCR
amplification using the same conditions and technical specifications
as the single neuron samples. PCR amplification of the fragment
was performed using forward primer m.16,223–16,244 and
reverse primer m.12,545–12,527, which produced a 1655 bp
amplicon.
PCR and cloning products were quality controlled by agarose
gel electrophoresis using 5 μl sample and quantitated via picogreen
fluorometric assay using 2 μl sample at 1:100 dilution. Samples
generally showed concentrations in the range of 10–75 ng/μl.
For the sequencing, samples were normalized in 50 μl of
nuclease-free water using 0.30–1.00 μg of stock DNA material
and sonicated on a Covaris LE220 (Covaris) to a target insert size
of approximately 400 bp. Libraries were prepared using a standard
whole genome library prep protocol with 1.8 clean-up to retain
all fragments 400 bp insert size and quality controlled by qPCR
(KA PA SYBR FAST qPCR, Kapa Biosystems). Products were
sequenced using paired-end 125 nt sequencing on the Illumina
HiSeq 2500, v4 chemistry, and generating ~1Gb of data per
sample.
2.5 mtDNA
Sequencing Data
Preprocessing and
Analyses

Raw FASTQ files were quality-trimmed using Trimmomatic [4]
and potential primer adaptor contamination removed using cutadapt v1.11 [20] with the appropriate primer sequences. The default
minimum overlap between read and adapter was increased to
6 bases and trimmed reads were discarded.
Pre-processed reads were aligned using bwa mem [17] with
default parameters. Samtools [18] was used to sort and index reads
and generate BAM files. Deletions were evident upon inspection of
the coverage plots (Fig. 3). SNVs were identified using the HaplotypeCaller tool from the Genome Analysis Toolkit (GATK)
[8, 21]. Variants were filtered to discard indels and restricted to a
quality score normalized by allele depth of at least 2 and a maximum Fisher strand bias of 60 with the SelectVariants tool. Subsequently, reads from each sample were realigned to an alternate
reference that included these individual variants to avoid artifactual
indels introduced by the aligner in the flanking positions of single
nucleotide variants and increase sensitivity. Realignment was carried
out using bwa with default parameters.
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Fig. 3 (a) Sequencing reads aligning to the mtDNA reference are split (in red) if they originated from a deleted
molecule, allowing for single base-resolution break point calling. (b) Quantification of identified deletions (red
horizontal bars) overlaying the raw coverage distribution (in gray)

To identify the breakpoints of deletions, we used Pindel [33]
with default parameters and a stricter minimum mapping quality for
the anchor read of 30 to increase specificity. Deletions identified by
Pindel were further filtered to further maximize specificity by
setting stricter filtering criteria—reads were not considered in the
analysis if their mapping quality was below 30 or the average
per-base sequencing quality fell below 30. To call a deletion, we
required a minimum of 30 unique reads with upstream anchors and
30 unique reads with downstream anchors, spanning the deleted
area. The minimum length of a deletion was set to 100 bp (Fig. 3).

3

Conclusion
mtDNA mutations play an irrefutable role in neurodegeneration of
both monogenic and complex etiology and are, therefore, the
subject of intensive research. Assessing mtDNA changes in the
brain presents several practical and methodological challenges,
relating mainly to the heteroplasmic nature and cell-type specificity
of mutations. Detection and accurate characterization of mtDNA
changes, therefore, requires the application of highly sensitive techniques at the single-cell level. For most purposes, a combination of
qPCR and deep sequencing approaches in the same individual cell
(or pool of cells), obtained via laser capture microdissection, will
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provide adequate coverage of total mtDNA copy number, localization and heteroplasmy quantification of mtDNA deletions, and
heteroplasmy quantification of SNVs. Having data of all three
types of mtDNA alterations from the same cell will enable integrative analyses, including assessment of the absolute quantity of wildtype mtDNA, and the relationship between mtDNA copy number
and the load of somatic deletions and/or point mutations across
cells and individuals. This is essential information for evaluating
mtDNA homeostasis, as neuronal mtDNA copy number is regulated in response to accumulating somatic damage [9, 25], and this
regulatory mechanism can be altered by disease [9].
While requiring proficiency in experimental and computational
mitochondrial genomics, the methods described herein are feasible
to carry out in most laboratories, provided access to a laser microdissection microscope. We anticipate that applying and further
developing this methodological repertoire will serve to gradually
map and understand the extent, quantity, and anatomical distribution of mtDNA changes in different neuronal and other cell types
of the human brain, across health and disease.
References
1. Amati-Bonneau P, Valentino ML, Reynier P,
Gallardo ME, Bornstein B, Boissiere A,
Campos Y, Rivera H, de la Aleja JG,
Carroccia R, Iommarini L, Labauge P,
Figarella-Branger D, Marcorelles P, Furby A,
Beauvais K, Letournel F, Liguori R, La
Morgia C, Montagna P, Liguori M, Zanna C,
Rugolo M, Cossarizza A, Wissinger B,
Verny C, Schwarzenbacher R, Martin MA,
Arenas J, Ayuso C, Garesse R, Lenaers G,
Bonneau D, Carelli V (2008) OPA1 mutations
induce mitochondrial DNA instability and
optic atrophy “plus” phenotypes. Brain.
https://doi.org/10.1093/brain/awm298
2. Anderson S, Bankier AT, Barrell BG, de Bruijn
MH, Coulson AR, Drouin J, Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier PH, Smith
AJ, Staden R, Young IG (1981) Sequence and
organization of the human mitochondrial
genome. Nature 290:457–465. https://doi.
org/10.1038/290457a0
3. Bender A, Krishnan KJ, Morris CM, Taylor
GA, Reeve AK, Perry RH, Jaros E, Hersheson
JS, Betts J, Klopstock T, Taylor RW, Turnbull
DM (2006) High levels of mitochondrial DNA
deletions in substantia nigra neurons in aging
and Parkinson disease. Nat Genet 38:515–517.
https://doi.org/10.1038/ng1769
4. Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30:2114–2120.

https://doi.org/10.1093/bioinformatics/
btu170
5. Bua E, Johnson J, Herbst A, Delong B,
McKenzie D, Salamat S, Aiken JM (2006)
Mitochondrial DNA–deletion mutations accumulate intracellularly to detrimental levels in
aged human skeletal muscle fibers. Am J Hum
Genet 79:469–480. https://doi.org/10.
1086/507132
6. Chinnery PF (1993) Mitochondrial disorders
overview. In: Adam MP, Ardinger HH, Pagon
RA, Wallace SE, Bean LJ, Mirzaa G, Amemiya
A (eds) GeneReviews®. University of
Washington, Seattle
7. Craven L, Alston CL, Taylor RW, Turnbull
DM (2017) Recent advances in mitochondrial
disease. Annu Rev Genomics Hum Genet 18:
257–275. https://doi.org/10.1146/annurevgenom-091416-035426
8. DePristo MA, Banks E, Poplin R, Garimella
KV, Maguire JR, Hartl C, Philippakis AA, del
Angel G, Rivas MA, Hanna M, McKenna A,
Fennell TJ, Kernytsky AM, Sivachenko AY,
Cibulskis K, Gabriel SB, Altshuler D, Daly MJ
(2011) A framework for variation discovery
and genotyping using next-generation DNA
sequencing data. Nat Genet 43:491–498.
https://doi.org/10.1038/ng.806
9. Dölle C, Flønes I, Nido GS, Miletic H,
Osuagwu N, Kristoffersen S, Lilleng PK, Larsen JP, Tysnes O-B, Haugarvoll K, Bindoff LA,

Single Neuron mtDNA Assessment
Tzoulis C (2016) Defective mitochondrial
DNA homeostasis in the substantia nigra in
Parkinson disease. Nat Commun 7:13548.
https://doi.org/10.1038/ncomms13548
10. Gorman GS, Chinnery PF, DiMauro S,
Hirano M, Koga Y, McFarland R,
Suomalainen A, Thorburn DR, Zeviani M,
Turnbull DM (2016) Mitochondrial diseases.
Nat Rev Dis Primers 2:16080. https://doi.
org/10.1038/nrdp.2016.80
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