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Abstract
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Medicine 1759. 51 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1259-0.

Targeted sequencing has the advantage of providing pinpointed DNA information, while costs
and data-analysis efforts are reduced. If targeted sequencing is combined with single molecule
long-read sequencing, it can become a powerful tool to investigate genomic regions traditionally
difficult using the predominantly used short-read sequencing platforms, including repetitive
regions and large structural variants.

The aim of this thesis has been to develop and apply novel targeted long-read sequencing
protocols to solve research questions of biomedical and clinical interest. In Paper I we utilized
a new amplification-free targeted long-read sequencing method to study trinucleotide repeats
in the huntingtin (HTT) gene, associated with Huntington’s disease. This method generated
reads spanning the entire repeats, and we could accurately determine the repeat sizes in patient
samples. Moreover, we could discover somatic variation of HTT repeat elements as a result of
sequencing single, unamplified DNA molecules. In Paper II we present the Xdrop technology, a
microfluidic-based system for targeted enrichment of large DNA molecules in droplets from low
input samples. We applied the Xdrop technology to detect human papilloma virus 18 (HPV18)
integration sites in the human genome of a cervical cancer cell line by targeting the virus
genome. We also demonstrated its utility in detecting and phasing SNVs in the tumor suppressor
gene TP53 in leukemia cells. In Paper III we employed targeted long-read sequencing to
identify CRISPR-Cas9 off-target mutations in vitro with our two novel methods Nano-OTS and
SMRT-OTS. Importantly, we were able to identify Cas9 cleavage sites in regions of the human
genome that are difficult or impossible to assess using short-read sequencing. The aim of Paper
IV was to investigate large structural variants (SVs) induced by CRISPR-Cas9 at on-target and
off-target sites in genome edited zebrafish and their offspring. Nano-OTS was used to identify
Cas9 off-target sites for four guide RNAs, which were also used for genome editing of fertilized
fish eggs. Aided by long-read re-sequencing, we showed that Cas9 can induce large SVs at both
on-target and off-target sites in vivo, and that these adverse variants can be passed on to the
next generation.

This thesis has highlighted a diversity of targeted long-read sequencing methods and some of
their applications in medical genetics. We believe these methods could have an important place
in future research and clinical diagnostics, and that the scope of their utility will be far beyond
the applications demonstrated in this work.
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SBS sequencing-by-synthesis 
SMRT single molecule, real-time 
SNV single nucleotide variant 
ssDNA single-stranded DNA 
SV structural variant 
T   thymine 
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TALEN transcription activator-like effector nuclease 
UV   ultraviolet 
WGS whole genome sequencing 
ZFN zinc-finger nuclease 
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Introduction 

The human genome 
The DNA molecule – the center piece of genetics - is often referred to as the 
blueprint of life, as it contains all the information for an organism to grow, 
develop, function and reproduce. In the early days of genetics DNA was fore-
mostly studied in the context of heredity and how traits were transmitted from 
parents to offspring. Today genetics imply the study of DNA at all levels, in-
cluding gene function, genetic variability and gene regulation. 

The road to understanding the molecular source of inheritance started in 
1869 when Friedrich Miescher isolated DNA for the first time. Miescher 
called the molecules nuclein due to its presence in the cell nuclei. In the fol-
lowing decades it was established that our hereditary information was stored 
in the cell nucleus, and gene was used to describe the units of heredity (1). It 
was not until 1944 however, that it was shown that DNA was the carrier of the 
genes (2), which ultimately culminated in the discovery of its structure, the 
double helix, by James Watson and Francis Crick (3). The DNA double helix 
is a double-stranded polynucleotide chain, and the genetic code is stored 
through the order of four nucleotides; adenine (A), cytosine (C), guanine (G) 
and thymine (T). The two polynucleotide chains are complementary and the 
nucleotides are paired in a specific manner; adenine with thymine and cytosine 
with guanine.  

The next big milestone in human genetics came with the ability to read the 
sequence of DNA, which enabled the first sequence drafts of the human ge-
nome to be published (4, 5). The effort started in 1990 by the Human Genome 
Project with the mission to sequence the entire human genome, and in 1998 a 
private company, Celera Genomics of Maryland, joined the race to release 
their version of the human genome. In February of 2001, both initiatives pub-
lished their first draft of the human genome (4, 5). The effort to complete the 
human genome has continued and not until this year (2021) has the complete 
sequence of human chromosomes been established (6). 

The human genome consists of 23 chromosome pairs, 22 pairs of auto-
somes and one pair of sex chromosomes (XX or XY). The size of the haploid 
human genome is estimated to be 3.1 billion base pairs (bp) in length. Re-
markably only 1% of the chromosomal DNA contains the code for the approx-
imately 20 000 protein-coding genes in the human genome (https://www.en-
sembl.org/Homo_sapiens/, accessed July 28, 2021). The understanding of the 
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remaining non-coding DNA is not as comprehensive, but is known to be im-
portant in regulation of gene expression (7). 

Genetic variation 
A human genome differs at approximately 4-5 million base pairs to the human 
reference genome (8) and the underlying cause of a person’s individual traits 
e.g., eye color and blood type, can be explained by this genetic variation. Most 
genetic variants are passed on over generations, but novel variants can be in-
troduced to the genome by endogenous events e.g., a replication error, or ex-
ogenous events due to e.g., smoking or UV light. Novel single nucleotide var-
iants (SNVs), i.e., single nucleotide substitutions, are acquired at a rate of 
~1´10-8 per generation (9-13). This translates to ~60 SNVs per genome and 
<1 SNV in a protein-coding region. SNVs account for most of the genetic 
variants within a genome and the majority of them are neutral. However, 
SNVs can cause medical disorders if present within a regulatory element or a 
coding region by amino acid substitutions, premature stop codons or disrup-
tion of splice sites. 

Small insertions and deletions (indels) are the second most abundant vari-
ants in the human genome (8). An indel in a coding region can be in-frame if 
the indel size is a multiple of three nucleotides. In-frame indels commonly 
result in gain or loss of amino acids, which can affect the structure and func-
tion of the protein. Conversely, indels in coding regions can be frameshift mu-
tations that shift the open reading frame, and hence alter the amino acid se-
quence drastically and often results in premature stop codons. Frameshift in-
dels typically have more functional impact than in-frame indels.  

Structural variants (SVs) are larger genomic alterations (in this thesis ≥50 
bp) and include insertions, deletions, inversions, duplications and transloca-
tions. Although SVs are less common than SNVs they make up for more var-
iable bases than SNVs, when considering the total genetic variation in a hu-
man individual (14, 15). SVs can disrupt gene function if located in a coding 
region or regulatory element, but has also been shown to affect the gene ex-
pression of genes distal to the SV by disruption of topologically associating 
domains (TADs) (16). 

Tandem repeats are two or more base pairs that are consecutively repeated 
in sequence. Most tandem repeats are not found within coding genomic re-
gions, but there are several examples where expanded tandem repeats within 
genes, repeat expansions, are the genetic cause of human disease (17). 

Complex chromosomal rearrangements are abnormal reorganizations of 
chromosomal segments that involve multiple breakpoints and chromosomes 
(18, 19). These types of genetic aberrations are rare in germline genomes, but 
are often seen in somatic cancer cell populations (20). 
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DNA sequencing technologies 

The rise of new technologies has always driven research forward and it was 
not until the invention of DNA sequencing and the first human reference ge-
nome that we were able to get a more comprehensive understanding of the 
human genome. Since the completion of the Human Genome Project, which 
took over a decade to complete at a cost of nearly $3 billion, massively parallel 
DNA sequencing technologies have revolutionized the field of genomics. To-
day sequencing of a human genome can be completed in a matter of days and 
<$1000 (https://www.genome.gov/about-genomics/fact-sheets/DNA-Se-
quencing-Costs-Data, assessed July 29, 2021). As DNA sequencing technol-
ogies have evolved several efforts have been made to update the human ge-
nome reference resulting in a more complete and reliable version of the ge-
nome. However, these earlier versions still contained stretches of unsequenced 
regions, due to technical limitations in the current sequencing platforms. 
Twenty years after the initial draft was released, the first gap-free telomere-
to-telomere assembly of the human genome was completed (6). The effort to 
construct the first true complete human genome reference was entirely reliant 
on the advancements in long-read sequencing technologies, combining highly 
accurate long reads with ultra-long sequencing from two different long-read 
sequencing platforms.  

The ability to read our genetic code is undoubtedly an immensely important 
research tool, but also plays a significant role in medical and clinical genetics 
as it is commonly used to diagnose and monitor disease, to aid medication 
plans and in genetic counselling for parents with inheritable genetic disorders. 

Sanger sequencing 
DNA sequencing techniques started to emerge in the 1970s where the chain-
terminating method developed by Frederick Sanger quickly became the 
method-of-choice. This sequencing method, referred to as Sanger sequencing, 
is based upon replication of a template DNA strand where chain-terminating 
nucleotides, dideoxynucleotides (ddNTPs), are randomly incorporated to gen-
erate different sized versions of the template. Originally the ddNTPs were ra-
dioactively labeled and four different replication reactions were performed, 
one for each ddNTP. The fragments from the different reactions were then 
separated in parallel on an acrylamide gel where the nucleotide sequence 
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could be read out (21). The technique has been refined since the 1970s and 
nowadays the ddNTPs are labeled with four different fluorescent markers and 
the fragment separation is performed automatically using capillary electro-
phoresis and laser detection of the nucleotide sequence (22). 

Sanger sequencing was the key technology for completing the first human 
genome reference and the technique has played a significant role in the field 
of genomics during the past decades. Although high-throughput sequencing 
technologies that are faster and cheaper are now dominating the sequencing 
market, Sanger sequencing is still widely used in both clinical and research 
laboratories around the world and is the gold-standard of DNA sequencing, 
against which other technologies are compared.  

Short-read sequencing 
Next generation sequencing (NGS), massively parallel sequencing (MPS) or 
short-read sequencing are all terms to describe the high-throughput sequenc-
ing technologies that appeared on the market in the beginning of the 21th cen-
tury. These technologies depend on rapid accumulation of highly accurate 
short sequencing reads (<600 bp) which result in vast amounts of sequencing 
data in a cost-effective manner. This enabled scientists and clinicians to study 
individual whole genomes for the first time and were consequently able to 
answer questions that were not possible before. Short-read sequencing is cur-
rently the predominating technology used and the technical advancements in 
this field are moving rapidly.  

Most short-read sequencing technologies are based on sequencing-by-syn-
thesis (SBS), which means that the DNA sequence is determined by detection 
of incorporated nucleotides as a DNA template is replicated. Illumina se-
quencing is based on SBS and is currently the most commonly used sequenc-
ing technology. In Illumina sequencing, like in most sequencing technologies, 
sequencing adapters are ligated to fragmented DNA molecules. The DNA 
fragments are clonally amplified into millions of individual clusters on a glass 
slide, the flow cell, which enables for an immense amount of DNA fragments 
to be processed in parallel. The clonality of the clusters enhance the signal in 
the sequencing stage where reversible terminator nucleotides with removable 
fluorophores, one for each nucleotide, are incorporated by a DNA polymerase. 
The fluorophores are excited by a laser and imaging is used to determine the 
identification of the base. The fluorophores are then removed to enable the 
next cycle of nucleotide incorporation (23). 

Another SBS technology is IonTorrent sequencing, commercialized by 
Thermo Fisher Scientific, but is a semiconductor sequencing method. In this 
method adapter-ligated DNA fragments are clonally amplified on beads 
through emulsion-PCR. The beads are individually distributed in millions of 
microwells on a sequencing chip where the sequencing is conducted. In a 
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stepwise manner, unmodified nucleotides are added individually to the wells. 
If a nucleotide is incorporated by the DNA polymerase, a proton (H+) is re-
leased during hydrolysis of the nucleotide triphosphate. The DNA sequence is 
established by the observation of the change in pH caused by the released pro-
ton, which is detected by a sensor in the bottom of each well (24). 

DNA nano ball sequencing (DNBSEQ) is a sequencing method first pre-
sented by Complete Genomics (25), and was later refined by MGI and imple-
mented into their sequencing platforms. DNBSEQ is a SBS method that is 
based on multiple displacement amplification (MDA) of rolling circle ampli-
fied DNA fragments.  In DNBSEQ fragmented DNA molecules are formed 
into single-stranded DNA (ssDNA) circles. The ssDNA circles are used as 
templates in rolling circle amplification (RCA) reactions where long, contin-
uous DNA strands of repeated circle template sequence is produced, which 
are called DNA nano balls (DNB). Massively parallel sequencing is per-
formed on a patterned array flow cell, where one DNB is loaded per array 
spot. Fluorescently labeled nucleotides are incorporated in parallel MDAs of 
the DNB template copies. To determine the identification of the bases the 
fluorophores are excited by a laser and imaging is performed (https://en.mgi-
tech.com/ assessed August 3, 2021). 

The short-read sequencing technologies deliver highly accurate reads, at a 
rapid pace and relatively low cost, and are also playing an important role in 
biomedical and clinical genomics. Short-read sequencing is widely used to 
study and diagnose numerous types of genetic disorders, and is especially ad-
vantageous for detection of SNVs and other small variants. High read accu-
racy and affordable deep sequencing also make short-read sequencing suitable 
to examine somatic variability and low frequency variants.   

Single molecule long-read sequencing 
Short-read sequencing is indisputably one of the most important technological 
achievements in the modern era of genomics, but has its technological limita-
tions. These limitations include investigating of regions with extreme GC-
content, highly repetitive regions, large structural variants or regions with 
multiple homologous elements within the genome. In addition, phasing infor-
mation are lost in the short reads (26). Single molecule long-read sequencing, 
sometimes referred to as third generation sequencing, has overcome most of 
the issues connected to the short-read sequencing technologies. The main ad-
vantage with the long-read technologies is their extended read length. Instead 
of reads of a few hundred base pairs, as with short-read sequencing, long-read 
sequencing is mainly used to obtain read lengths over 10 kb. Sequencing of 
single molecules i.e., native DNA, is another benefit which means that the 
DNA is not subjected to any form of amplification prior to sequencing. This 
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avoids any PCR-related biases, but also allows for detecting base modifica-
tions in the native DNA (27-30). 

Single molecule real-time (SMRT) sequencing is a SBS single molecule 
long-read sequencing technology made available by Pacific Biosciences (Pac-
Bio). In SMRT sequencing hair-pin structured sequencing adapters are ligated 
to fragmented DNA to form circularized molecules. The sequencing is paral-
lelized on SMRT cells in millions of pico-liter wells, or zero-mode wave-
guides (ZMWs). Prior to sequencing, a DNA polymerase bound to a DNA 
template is immobilized to the bottom of the ZMWs. The DNA sequence is 
recorded in real-time as fluorophorylated nucleotides, one dye for each nucle-
otide, are incorporated to build a complementary strand by the polymerase and 
excited by a laser (Figure 1a) (31, 32). The error rate for a single pass of the 
DNA template is ~13% and mainly consist of single nucleotide indels (33). 
However, the errors are randomly distributed and highly accurate consensus 
sequences can be obtained by sufficient coverage or with circular consensus 
sequencing (CCS) reads (>99% accuracy). CCS reads, or HiFi reads as they 
are also called, are generated by allowing the polymerase to replicate the cir-
cularized sequencing template multiple times during a sequencing run and a 
highly accurate consensus sequence can be generated by combining the indi-
vidual passes (34). 

Nanopore sequencing from Oxford Nanopore Technologies (ONT) is an-
other single molecule long-read sequencing technology. However, nanopore 
sequencing does not rely upon DNA replication, but rather the recognition of 
the native structure of ssDNA. During sequencing adapter-ligated DNA frag-
ments are unwound and ssDNA is translocated through a protein-based na-
nopore structure by a secondary motor-protein. A current is passed through 
the pore and as the DNA is traveling through the current is disrupted. The 
shifts in voltage are traced and the specific characteristics of the voltage sig-
nals can be interpreted as particular DNA sequences (Figure 1b) (35, 36). Na-
nopore sequencing is parallelized on flow cells containing thousands of na-
nopores, which can be re-loaded with new molecules as sequenced DNA frag-
ments pass through during the course of the sequencing run. Unique to na-
nopore sequencing is the ability to sequence native RNA, which no other 
sequencing platforms have been able to do thus far (37). The accuracy for a 
single nanopore read is currently ~98.3%, but is likely to improve shortly with 
the development of more accurate basecalling algorithms (https://na-
noporetech.com/accuracy assessed August 3, 2021). Nanopore reads are not 
restricted to any fragment size, but rather the quality and integrity of the native 
DNA. In general reads are >10 kb, but reads at megabase scale have been 
reported (38). 

Since its introduction, long-read sequencing has been frequently used for 
de novo whole genome sequencing (WGS), where the long reads have en-
hanced the assemblies tremendously (39-42). SMRT sequencing and na-
nopore sequencing hold different strengths, SMRT sequencing with their 
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highly accurate semi-long reads and nanopore sequencing with the ability to 
produce ultra-long reads, and scientists are now combining reads from the two 
platforms to produce high quality genome assemblies (6, 43). Long-read se-
quencing has also had an impact on medical genetics and have contributed to 
e.g., identification of large pathogenic SVs (44-48) and characterization of 
disease-causing repeat expansions (49-53). However, the long-read sequenc-
ing technologies also have their limitations, including lower per read accuracy 
and higher sequencing cost compared to the short-read sequencing alterna-
tives. Long-read sequencing also has high requirements on DNA quality and 
integrity, which may be a limitation for long-term stored samples or tissues 
and species that are notoriously difficult to extract DNA from. 

 
Figure 1. Schematic overview of single-molecule long-read sequencing technolo-
gies. a) In SMRT sequencing, hair-pin adapters are ligated to DNA fragments form-
ing circular molecules (top). Sequencing is performed in zero-mode waveguides 
(ZMWs) where a DNA polymerase, annealed to the DNA template, is immobilized 
in the bottom of the well (middle). Sequencing is recorded in real-time as fluoro-
phorylated nucleotides are incorporated by the DNA polymerase and excited by a la-
ser (bottom). b) In nanopore sequencing adapter-ligated double-stranded DNA mol-
ecules (top) are unwound and single-stranded DNA is translocated through a protein 
pore by a motor-protein (middle). Changes in the current over the pore are traced 
and specific characteristics of the voltage signals can be interpreted as different 
DNA sequences (bottom). 
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Targeted sequencing 

Although sequencing costs have decreased rapidly the last decade as through-
put has increased, it is still relatively expensive to pursue whole genome se-
quencing. It is often beneficial to selectively sequence a part of the genome, 
especially if numerous samples are to be investigated in parallel. This targeted 
sequencing approach reduces costs as well as processing and analysis efforts. 
Targeted sequencing is utilized in a variety of applications where exome se-
quencing i.e., sequencing of all protein-coding exons in a genome, is one of 
the most widespread. There are several well-established targeted sequencing 
methods, but most of them were developed and optimized for short-read se-
quencing technologies. The demand for targeted long-read sequencing has in-
creased with the popularity of the long-read platforms, but there are still lim-
ited options available. In the following section currently available targeted se-
quencing methods, for both short-read sequencing and long-read sequencing, 
will be described. 

Enrichment by PCR 
For decades PCR has been used to enrich for a single genomic region for 
Sanger sequencing, and is now used both in short- and long-read sequencing. 
For short-read sequencing multiplexed PCR approaches have been developed 
that can include thousands of primer pairs in a single reaction (54). The am-
plicons in these designs are usually a couple of hundred base pairs in size. To 
get coverage over a larger genomic region, the amplicon designs are tiled and 
the overlapping primers are separated in different reaction pools. Common 
applications for multiplexed amplicon panels are exome sequencing, sequenc-
ing of different types of cancer gene panels and transcriptome sequencing, and 
are commonly used in clinical diagnostics (55, 56). 

Long-read sequencing can be used to sequence long-range PCR products. 
Using this approach tiling of several amplicons can be avoided and will pre-
serve e.g., variant phasing information. With the highly accurate CCS reads 
of SMRT sequencing and the ability to multiplex samples using molecular 
barcodes, many clinical applications formerly performed with Sanger se-
quencing are now being analyzed on PacBio platforms. This allows a reduc-
tion in sequencing cost, but also has a higher sensitivity in e.g., detecting low-
frequency somatic mutations (57-59). 
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The advantages of PCR-based enrichment are the relatively low processing 
costs, the ease of use and the low-input requirements as only nanograms of 
DNA is typically sufficient. 

Hybridization capture 
Enrichment by hybridization capture is a popular approach for targeted en-
richment for short-read sequencing, that can capture megabases of DNA se-
quence in one experiment. In hybridization capture methods thousands to mil-
lions of specially designed DNA or RNA probes, complimentary to the re-
gions of interest (ROIs), are hybridized to a sequencing library. Hybridized 
probe-library molecules can then be captured by streptavidin-coated magnetic 
beads that will bind to the biotinylated probes and the enriched molecules can 
be sequenced (60, 61). Enrichment by hybridization capture is similarly used 
as amplicon panels, and common applications are exome and cancer gene 
panel sequencing (62, 63). Hybridization capture was originally developed for 
short-read NGS platforms, but some of the protocols have been optimized for 
capture of longer fragments for sequencing on the PacBio platforms (64, 65). 

Molecular inversion probes 
Molecular inversion probes (MIPs) are single-stranded biotinylated oligos 
which contains target specific region in the 5’ and 3’ end separated by a linker 
sequence. The complementary sequences in the MIP are designed at each end 
of the ROI, e.g., the start and end sequence of an exon. During the enrichment 
protocol MIPs are hybridized to the target DNA and DNA polymerase and 
dNTPs are used to fill the gap between the hybridization sites. The circularized 
DNA is enriched by either exonuclease treatment of non-circularized DNA or 
by streptavidin-coated magnetic beads binding to biotinylated probes. The en-
riched DNA is then linearized and amplified through PCR with linker se-
quence specific primers. MIPs can be highly multiplexed, but are currently 
solely used for short-read sequencing platforms (66-68). 

Enrichment by CRISPR-Cas9 
With the increased popularity of the single molecule long-read sequencing 
platforms there was a demand for a single molecule enrichment method, since 
all present enrichment methods included a PCR step. The PCR step in existing 
methods limits the target size, removes methylation information, and struggles 
with amplification of GC-rich or repetitive regions.  
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Figure 2. Targeted sequencing utilizing CRISPR-Cas9 for SMRT sequencing 
and nanopore sequencing. The main steps for the different protocols are the same; 
blocking the ends of DNA fragments by dephosphorylation to inhibit ligation of 
adapters (1), gRNA-directed Cas9 cleavage of DNA fragments at either side of the 
region of interest (ROI) to excise the targeted sequence (2) and lastly, ligation of 
adapters to the newly cleaved DNA ends (3). Only the Cas9-digested fragments, i.e., 
the molecules containing the ROI, will be subjected to adapter ligation and thus be 
available for sequencing (4).  

To address the needs there have been a few amplification-free targeted se-
quencing methods developed that utilize CRISPR-Cas9 for target excision and 
enrichment, without any need for amplification (CRISPR-Cas9 is described in 
more detail in the next chapter). No-Amp targeted sequencing for PacBio and 
nanopore Cas9-targeted sequencing (nCATS) for ONT work in a similar man-
ner. Guide RNAs (gRNAs) are designed to target each end of the ROI, and 
multiple gRNAs for several targets can be multiplexed for multi-target enrich-
ment. The main steps in the library preparation are then dephosphorylation of 
the genomic DNA, to inhibit adapter ligation, and Cas9 digestion of the DNA. 
In the Cas9 step the gRNAs direct the Cas9 to make double-stranded breaks 
(DSBs) to excise the ROI. Adapters are ligated to the newly digested ends, 
and only the molecules with the adapters will be subjected to sequencing (Fig-
ure 2) (69, 70). 

Cas9-Assisted Targeting of Chromosome Segments (CATCH) is a method 
of isolating large DNA fragments (< 0.4 Mb) (71). As in No-Amp targeted 
sequencing and nCATS the ROI is excised from the genomic DNA by Cas9-
directed DSBs at either side of the target. However, in the CATCH method 
DNA extraction from cells and in vitro Cas9 digestion are performed in gel 
plugs to ensure as high molecular weight DNA as possible. After Cas9 diges-
tion, the DNA is separated using pulse field electrophoresis and the DNA at 
the size of the target is isolated (72). CATCH has also been automated by 
using the SageHLS system from Sage Science, which performs the DNA ex-
traction, Cas9 digestion and the isolation of the DNA (73). The enriched DNA 
can then be used in downstream library preparation for various sequencing 
platforms. 
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Selective sequencing 
The sequencing devices from ONT have the unique ability to reject a molecule 
from the nanopore while being sequenced. This feature is called selective se-
quencing, or ReadUntil, and is possible by changing the direction of the cur-
rent over individual pores, which makes the pores available for sequencing of 
new molecules (74-76). Selective sequencing can be used to enrich or deplete 
for sequences of interest, if it is used together with an algorithm that can make 
rapid decisions if the molecule currently occupying the nanopore should be 
ejected or not. There are two main algorithms for selective sampling at the 
moment, UNCALLED and ReadFish, published by Kovaka et al. (74) and 
Payne et al. (76), and although the algorithms are different the aim is the same. 
With selective sequencing no modifications to the library preparation are re-
quired, but instead the regions of interest for enrichment or depletion are com-
piled digitally and input into the computer software. The target size in selec-
tive sampling is very flexible, but sequencing runs where a higher number of 
reads are rejected (i.e., smaller target) have shown to lead to a greater rate of 
nanopore loss in the flow cell. The upper limit of the target size is dependent 
on the capacity of the computer as the analysis speed and mapping rate de-
crease as the references become larger (74, 76).  



 23 

Genome editing by CRISPR-Cas9 

Treatment of genetic disorders by active alteration of the DNA has been envi-
sioned for a long time, and different genome editing methods have been used 
in genetic research for introduction of site-specific mutations including ZFNs 
and TALENs. However, the experimental design process could be quite de-
manding, as these systems require engineering of target-specific protein do-
mains (77, 78). In 2013 the CRISPR-Cas9 system was first demonstrated as a 
genome editing tool (79-82) and quickly became the method-of-choice due to 
its ease-of-use, effectiveness and relatively low cost. CRISPR-Cas9 has facil-
itated numerous functional studies, where associations between genetic vari-
ants and phenotypes are investigated, and there are several on-going clinical 
trials using CRISPR-Cas9 based treatments (83-86). Genome editing by 
CRISPR-Cas9 is one of this century’s most important discoveries, and Prof. 
Jennifer Doudna and Prof. Emmanuelle Charpentier were awarded the 2020 
Nobel Prize in Chemistry for their discovery of this state-of-the-art genetic 
tool (87). 

The CRISPR-Cas9 system 
The CRISPR-Cas9 technology is adapted from bacteria where it is used as an 
adaptive immune response against invading viruses. Upon virus invasion the 
bacteria can acquire short DNA sequences, protospacers, from the virus and 
integrate them into their own genome (88, 89). The protospacers are selected 
upon the requirement of a protospacer adjacent motif (PAM) (90). In the next 
step the protospacers are translated and processed into RNA molecules (crR-
NAs) and form heteroduplexes with a tracrRNA molecules. The dual-RNA 
complex, or guide RNA (gRNA), forms a complex with the Cas9 nuclease and 
this RNA-nuclease complex can then specifically target the virus and induce 
double-stranded breaks to stop the virus attack (91, 92).  

In genome editing the gRNA is designed to target the genomic region of 
interest to direct the Cas9 digestion. Mutations are then introduced when the 
broken DNA molecules are repaired by non-homologous end joining (NHEJ) 
or by homology-directed repair (HDR). During NHEJ the DNA is repaired by 
a ligation process and small indels are typically introduced during the process 
(93). In presence of a homologous donor template, HDR can be initiated to 
introduce a specific mutation through homologous repair (Figure 3) (94). 



 24 

Off-target effects 
Cas9 generally cleaves its target reliably, but occasionally Cas9 gives rise to 
unintentional mutations at non-targeted sites in the genome. These off-targets 
are caused by sequence similarity between the gRNA and the off-target site 
and could potentially disrupt the function of other genes or regulatory ele-
ments (95, 96). Off-target mutations are one of several ethical considerations 
concerning clinical CRISPR-Cas9 editing, especially if it involves targeting 
the human germline. 

There are several techniques to predict off-target mutations, and the first 
prediction is usually performed in silico by gRNA sequence comparison to a 
reference genome during the gRNA design process (97-101). In addition to 
the computational tools, there are a range of methods that can detect unin-
tended Cas9 cleavage sites in living cells or in extracted genomic DNA (102-
107). These methods rely on different approaches to recognize Cas9 binding 
or cleavage of genomic DNA, either in an in vivo or in vitro environment. 
However, all methods use short-read sequencing to facilitate the final read-out 
of the experiment. 

 
Figure 3. Genome editing by CRISPR-Cas9. In presence of a protospacer adjacent 
motif (PAM) site, the guide RNA will direct the Cas9 to induce a double-stranded 
break (DSB) of the targeted DNA molecule. The DSB can either be repaired by non-
homologous end joining (NHEJ), which typically introduces small indels, or by ho-
mology-directed repair (HDR) in presence of a homologous donor template, which 
can introduce a specific mutation through homologous recombination.   
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Present investigations 

The aim of this thesis has been to develop and apply novel targeted long-read 
sequencing methods to solve questions of biomedical and clinical interest. In 
Paper I we demonstrate how a new amplification-free targeted long-read se-
quencing method can be used to accurately study trinucleotide repeats, causa-
tive for Huntington’s disease, in diagnostic blood samples. In Paper II we 
present the Xdrop technology, a microfluidic-based system for targeted en-
richment of long DNA molecules in droplets from low input samples. In Pa-
per III we used targeted long-read sequencing to identify CRISPR-Cas9 off-
target mutations in vitro with our two novel methods Nano-OTS and SMRT-
OTS. In Paper IV we used Nano-OTS and long amplicon re-sequencing to 
study structural variants induced by CRISPR-Cas9 genome editing at on-tar-
get and off-target sites in zebrafish over generations. 

Paper I: Detailed analysis of HTT repeat elements in 
human blood using targeted amplification-free long-
read sequencing 
Targeted sequencing is a cost-effective and efficient approach when only a 
small region of the genome needs to be analyzed. However, most targeted en-
richment approaches rely on amplification of DNA during the library prepa-
ration and there are limited options available for long-read sequencing tech-
nologies (64, 65). For regions that are repetitive, have an extreme GC-content 
or include large structural variants, amplification-free long reads are essential 
for accurate interrogation (26, 108). An example of a troublesome target is the 
trinucleotide repeat elements in the huntingtin gene (HTT), where an expanded 
CAG repeat is causative for the neurodegenerative disorder Huntington’s dis-
ease (HD) (109). 

Aim 
In this paper we aimed to study the CAG and CCG repeat elements in 11 clin-
ical HD blood samples using an amplification-free targeted enrichment proto-
col that utilizes the CRISPR-Cas9 system (No-Amp targeted sequencing) (70) 
in combination with SMRT sequencing. 
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Results and discussion 
In addition to designing a gRNA for No-Amp targeted sequencing to target 
the CAG and CCG repeats in HTT, we designed gRNAs to enrich for the re-
peat elements in ATXN10, C9orf72 and FMR1. The four gRNAs were multi-
plexed in all the experiments in this study and allowed us to investigate several 
targets simultaneously in the same sample. We also developed an analysis 
pipeline that, independently to mapping reads to a reference, identifies all on-
target reads, extracts the repeat units, counts them and visualizes the results. 
Our No-amp targeted sequencing assay and analysis pipeline were first eval-
uated on DNA from the HEK293 cell line, which showed enrichment of all 
targets with an average of 4.6% reads on target. 

When we compared our No-Amp targeted sequencing results for the most 
prevalent CAG repeat alleles in the HD patients they all agreed with previous 
fragment analysis results. For normal and intermediate sized CAG repeats 
there were one dominating repeat length per allele e.g., Sample 1 in Figure 4a. 
However, when looking at the repeat sizes for the expanded alleles, as shown 
in Sample 11 in Figure 4a, the repeat size distribution varies to a greater extent. 
We believe this variability indicates somatic mosaicism of the HTT CAG re-
peat in the blood cells of these individuals. In addition to the CAG repeat we 
studied the CCG repeat that is flanking the CAG repeat. The CCG repeats 
were polymorphic and also heterozygous for some of the individuals. Exam-
ples of the CAG and CCG repeat regions are shown in Figure 4b. 

Our results also showed unintended enrichment of regions in the genome, 
caused by off-target Cas9 activity induced by homology of the gRNAs to the 
genomic sequence. The gRNA had up to 3 bp mismatches to the genomic 
DNA at these sites. One of the off-target sites, induced by the ATXN10 gRNA 
on chromosome 9, was present in the cell line and in four of the clinical sam-
ples. A SNP (rs7861875) in these samples increased the homology between 
the off-target loci to the ATXN10 gRNA from a 3 bp mismatch to a 2 bp mis-
match, which appeared to be sufficient to induce Cas9 activity. 

In conclusion, we showed that No-Amp targeted sequencing can success-
fully capture and sequence highly repetitive regions in the genome without 
any PCR-bias. The assay can be run in multiplex to capture several targets in 
the same experiment. Due to the amplification-free manner of No-Amp tar-
geted sequencing and the benefit of using highly accurate CCS reads also al-
lowed us to determine somatic mosaicism in the blood cells of the studied 
individuals. The long reads of the complete HTT repeat region enabled us to 
clearly separate the alleles within a sample and phase the CAG repeat to the 
CCG repeat. 
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Figure 4. Allelic distribution of repeat elements in HTT. a) Histograms showing 
the allelic distribution of CAG repeat counts in two patient samples. b) Repeat-con-
tent plots for the same two patients shown in a). CAG repeats are shown in red and 
CCG repats are shown in blue. 
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Paper II: Xdrop: Targeted sequencing of long DNA 
molecules from low input samples using droplet sorting 
Typically, targeted enrichment protocols for long-read sequencing technolo-
gies either includes a PCR-step or require high amounts of input DNA. With 
PCR-based methods it is challenging to target fragments >10 kb, repetitive 
regions or regions with extreme GC-content. Amplification-free methods uti-
lizing CRISPR-Cas9 overcome these issues, but require micrograms of input 
DNA (69, 70, 110). Thus, there is a need of a long-read targeted sequencing 
method that require only nanograms of input DNA and is not limited by the 
sequence content of the targeted region. 

Aim 
In Paper II we aimed to introduce and demonstrate the ability of the Xdrop 
technology, a microfluidic-based system that allow for targeted enrichment of 
long DNA molecules starting from small amounts of DNA. 

Results and discussion 
In Paper II we introduced the Xdrop technology, a targeted enrichment method 
that uses short-range sequence information to obtain long-range sequence in-
formation by isolation of large DNA fragments in millions of double-emulsion 
droplets. Target-specific droplet PCR of short fragments (~150 bp) is used for 
fluorescent labeling of the droplets which can then be sorted by fluorescent 
activated cell sorting (FACS). After sorting, the enriched DNA is released, 
isolated into single-emulsion droplets, and amplified by MDA (Figure 5). The 
final product can then be investigated by long-read sequencing. 

 
Figure 5. Overview of the Xdrop enrichment workflow. Target-specific primers 
and amplification reagents are mixed with sample DNA (1) before encapsulated into 
double-emulsion droplets (2). PCR in droplets allows for fluorescent labeling of 
droplets containing target DNA (3). Fluorescently labeled droplets are sorted out on 
a cell sorter (4) and the enriched DNA can be collected (5). The enriched DNA is 
then isolated into single-emulsion droplets and amplified using multiple displace-
ment amplification (MDA) (6). 
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To evaluate the Xdrop technology, we applied the technology to determine 
human papilloma virus 18 (HPV18) integration in HeLa cells. By sequencing 
of the enriched sample by SMRT sequencing we found four HPV18 fusion 
points to a region in chromosome 8. Further analysis revealed that one end of 
HPV18 is integrated to three different locations on chromosome 8, while the 
other end of the virus is always integrated to the same position on chromosome 
8. Repeated HPV18 enrichments were performed coupled with sequencing on 
Illumina and ONT platforms, which confirmed the integration sites.  In addi-
tion to resolving the entire virus genome, the reads from the enriched DNA 
extended up to 30 kb into the human genome. 

To further demonstrate the versatility of the Xdrop technology we enriched 
for the tumor suppressor gene TP53 in the human Jurkat leukemia cell line. 
The enriched DNA was subjected to SMRT sequencing and 1.18% of the 
reads mapping to the human reference genome (GRCh38) mapped to the TP53 
locus spanning a >40 kb region. The Jurkat cell line has two previously de-
scribed cancer mutations in TP53, NG_017013.2:g.16557G>A and 
NG_017013.2:g.17606C>T. We detected both of these mutations in our data 
and there were several reads that spanned both mutations sites. Based on in-
formation from these reads, we were able to confirm that 
NG_017013.2:g.16557G>A and NG_017013.2:g.17606C>T are present on 
different alleles in Jurkat cells (Figure 6). 

In summary, in Paper II we demonstrated that our novel targeted enrich-
ment technology can successfully enrich for long fragments of DNA starting 
from only nanograms of input material. The Xdrop technology only need ~150 
bp of sequence information, which makes it highly suitable for locating fusion 
points of mobile elements or chromosomal rearrangements. The low input 
DNA amount makes long-read sequencing information available for a wide 
range of samples where it might not have been possible before. 
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Figure 6. Xdrop enrichment and SMRT sequencing of TP53 for mutation detec-
tion and phasing. IGV image of the TP53 locus, with a zoomed-in view on the bot-
tom. The location of the detection primers is marked by a red arrow. In the zoomed-
in view, the black arrows mark the mutation sites for NG_017013.2:g.16557G>A 
and NG_017013.2:g.17606C>T. 
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Paper III: Amplification-free long-read sequencing 
reveals unforeseen CRISPR-Cas9 off-target activity 
With the discovery of CRISPR-Cas9, genome editing got distinguishably eas-
ier, cheaper and more accessible than with previous methods. However, Cas9-
induced off-target effects are a heavily debated concern and the prediction and 
detection of these are challenging. To aid gRNA design several software tools 
have been developed to predict off-target effects (97-100). There are also in 
vitro-based assays that allows for experimental detection of Cas9 off-target 
activity in a specific cell line or DNA sample (102-106). However, these meth-
ods are based on PCR-amplification and short-read sequencing and conse-
quently have limitations of detection of Cas9-induced off-targets in repetitive, 
low complexity or AT/GC-rich regions. 

Aim 
In Paper III we aimed to present the first in vitro-based Cas9 off-target detec-
tion method that utilizes the strengths of single molecule long-read sequenc-
ing. 

Results and discussion 
In Paper III we presented SMRT-OTS and Nano-OTS, two novel amplifica-
tion-free long-read sequencing protocols for detection of Cas9-induced dou-
ble-stranded breaks of genomic DNA in vitro. Our off-target sequencing 
(OTS) methods are based on previously published Cas9-enrichment protocols 
for PacBio and ONT sequencing (Figure 7) (69, 70, 110). In addition to the 
lab protocols, we developed a computational data-analysis pipeline for detec-
tion of Cas9 cleavage sites. In the analysis, the Cas9 cleavage sites are detected 
from specific read patterns in the alignment where the reads start or end at the 
exact same position. In runs where multiple gRNAs are used in the same as-
say, pairwise alignments are performed between the gRNA sequences and the 
detected Cas9 cleavage sites to assign the correct gRNA to each target. 

We first assessed our OTS methods using the human cell line HEK293, 
which was first re-sequenced by HiFi SMRT sequencing to get a detailed view 
of all Cas9 on-target and off-target regions. We then applied SMRT-OTS and 
Nano-OTS to investigate the specificity of three different gRNAs targeting the 
ATXN10, MMP14 and NEK1 genes. This resulted in 55 OTS sites that were 
shared between the two methods. Twenty-five (45%) of these sites were not 
reported by off-target prediction software, either because they contained four 
or more single-nucleotide mismatches or insertion/deletion mismatches, as 
compared to the human reference. Furthermore, we analyzed gRNAs used in 
other in vitro-based off-target sequencing methods which revealed that 85%  
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Figure 7. Overview of the SMRT-OTS and Nano-OTS workflows. a) Frag-
mented DNA (1) is subjected to ligation of sequencing adapters (2). Next, template 
molecules containing gRNA sites, on-targets (blue) or off-targets (pink), are cleaved 
by Cas9 (3) and capture adapters (gray) are ligated to the cleaved molecules (4). Fi-
nally, magnetic beads are used to enrich for capture adapters (5) and the enriched se-
quencing library are sequenced on the Sequel system (6). b) Fragmented DNA (1) is 
dephosphorylated to block adapter ligation (2). Next, molecules containing gRNA 
sites, on-targets and off-targets, are cleaved by Cas9 (3) and all 3’ ends are dA-tailed 
(4). Sequencing adapters are ligated to the Cas9-cleaved and dA-tailed ends (5) and 
these molecules are sequenced on the MinION system (6). 

of the Cas9 cleavage sites found by OTS were also found by the other in meth-
ods. 

As we hypothesized that OTS would enable detection of Cas9 off-target 
activity in complex and repetitive regions in the genome, we designed six 
gRNAs to target dark genic regions in the human genome; CRYAA, HSPA1A, 
IKBKG, OPN1LW, OTOA, and STRC. These regions were selected from a 
study by Ebbert et al. where the authors identified 36,794 dark regions in 6,054 
disease-relevant gene bodies, where Illumina short-reads were not able to 
uniquely align (108). Further, we investigated the targeted regions in a 30x 
WGS Illumina data set (SweGen) (111) and could confirm that these regions 
lacked coverage in the short-read data. We then performed Nano-OTS and, 
with uniquely aligned reads spanning the targeted sites, we were able to iden-
tify all on-targets (Figure 8). We also found 24 off-target Cas9 cleavage sites 
and seven of these were located within dark genomic regions. 

Through the HiFi data we were able to identify and phase allelic variants 
in detail in the HEK293 genome and based on this information we could study 
allelic biases in the Cas9 cleavage sites in our SMRT-OTS data set. We found 
one allele specific Cas9 off-target site for the ATXN10 gRNA, were only one 
of the alleles had been cleaved by Cas9. With further investigations we iden-
tified a heterozygous SNP (rs7861875; T>C) in the gRNA targeted sequence 
at this off-target site, where the reference allele had a 3 bp mismatch to the 
gRNA and the alternative allele resulted in a 2 bp mismatch to the gRNA. 

Cas9 off-target sites detected by in vitro-assays do not necessarily result in 
off-target mutations in living cells and organisms. Our SMRT-OTS and Nano-
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OTS experiments identified several sites with previously validated off-target 
editing activity in living cells, but when we investigated the MMP14 and 
NEK1 gRNAs with our own CRISPR-Cas9 experiments in human fibroblasts 
we could not identify any detectable off-target mutations. 

In conclusion, in Paper III we presented SMRT-OTS and Nano-OTS – two 
new tools to evaluate and improve gRNA design. The OTS methods provide 
the strengths of long-read sequencing to identify Cas9 cleavage sites in vitro 
in regions that have been difficult to assess using short reads, including dark 
regions in the human genome. 

 
Figure 8. Detection of Cas9 cleavage sites in the dark genome. An example of a 
dark genic region, STRC, where Nano-OTS successfully identified the on-target site 
(top), but where WGS short-read data failed to uniquely align (bottom). The red 
lines mark the coordinates for dark genomic regions reported by Ebbert et al. (108). 
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Paper IV: CRISPR-Cas9 induces large structural 
variants at on-target and off-target sites in vivo 
It is commonly known that CRISPR-Cas9 induces small insertions and dele-
tions at the Cas9-targeted site. However, recent studies have revealed that 
CRISPR-Cas9 genome editing also can result in large SVs and complex chro-
mosomal rearrangements (112-121). The findings of such adverse events have 
yet only been systematically investigated at on-target sites, but could be pre-
sumed to be induced at Cas9 off-target sites as well. While the most commonly 
used methods to study genome editing outcomes, Sanger- and short-read se-
quencing, are suited for detection of small genome editing events, they may 
fail to identify larger and more complex variants. Long-read sequencing does 
not suffer from these limitations, and could therefore be a superior method to 
systematically detect and characterize unintended CRISPR-Cas9 outcomes at 
both on- and off-target locations. 

Aim 
The aim of Paper IV was to investigate the prevalence Cas9-induced large SVs 
at on-target and off-target sites in genome-edited zebrafish and their offspring. 

Results and discussion 
In this paper we used Nano-OTS to screen 23 gRNAs targeting zebrafish 
orthologues of human genes in loci identified by genome-wide association 
studies (GWAS) for cardiometabolic diseases. We selected four of the 
gRNAs, based on the number of in vitro-detected off-target sites and their 
presence in genes, for CRISPR-Cas9 genome editing experiments in zebrafish 
embryos at the 1 cell-stage. The selected gRNAs were targeting early exons 
of the ldlra, nbeal2, sh2b3 and ywhaqa genes and were setup in parallel ge-
nome editing experiments. Genome editing of zebrafish embryos often results 
in mosaic variants of the targeted alleles, most likely as a result of Cas9 activ-
ity in the following embryo cleavages, and thus the F0 generation can be as-
sumed to be mosaic. At adulthood, founder adult fish were randomly paired 
and in-crossed to generate a F1 generation. Samples for analysis were col-
lected as pools of larvae (n = 25-30) and adult and juvenile individual fish for 
the F0 and F1 generations. 

To investigate the editing outcome at the on-target sites and the off-target 
sites detected by Nano-OTS, we performed long amplicon (2.6-7.7 kb) re-se-
quencing of all sites using highly accurate SMRT sequencing. On-target edit-
ing efficiencies were calculated from the fraction of insertions and deletions 
at the Cas9 cleavage site in F0 pools of larvae. This resulted in 92.6% editing 
efficiency for ldlra; 96.7% for nbeal2; 92.6% for sh2b3; and 93.6% for 
ywhaqa. In addition, we identified Cas9 activity at three off-target sites; sh2b3 
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off-target 1 (editing efficiency 1.8%), ywhaqa off-target 1 (2.4%) and ywhaqa 
off-target 2 (6.3%) . We also studied the on-target and off-target editing out-
comes in individual adult founder fish, targeted for either sh2b3 or ywhaqa. 
Eighteen of 26 (69.2%) adult fish showed Cas9 on-target, activity and six of 
them also showed mutations at off-target sites (editing efficiency >10%). 
While investigating the F1 pools of larvae we could conclude that up to six 
unique alleles were inherited from the F0 mating pairs to their offspring. Since 
at most four alleles are expected to be passed on to the future generation it can 
be concluded that the founder fish were also mosaic also in their germ cells.  

 

 
Figure 9. Size distribution of Cas9-induced mutations. a) Size distribution of 
Cas9-induced mutations (large and small indels) at on-target sites in pools of F0 lar-
vae. b) Fractions of small and large indels at on-target sites in pools of F0 larvae. c) 
Zoomed-in view of the plot in a), only visualizing small indels. d) Size distribution 
of Cas9-induced mutations at off-target sites (sh2b3 off-target 1, ywhaqa off-target 1 
and ywhaqa off-target 2) in pools of F0 larvae. e) Fractions of small and large indels 
at off-target sites in pool of F0 larvae. f) Zoomed-in view of the plot in d), only visu-
alizing small indels. 
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Figure 10. Summary of Cas9-induced variants at on- and off-target sites. Sum-
marizing plots displaying the frequencies of Cas9-induced events in all analyzed 
samples in the F0 and F1 generations. One point in a plot represents one sample 
(i.e., a pool of larvae or juvenile/adult individual fish). a) The total frequencies of 
Cas9-induced variants at on-target sites. b) The frequencies of variants ≥50 bp in-
duced by Cas9 at on-target sites. c) The total frequencies of Cas9-induced variants at 
off-target sites. d) The frequencies of variants ≥50 bp induced by Cas9 at off-target 
sites. 

Further we studied the nature of the genome editing events in our population 
of F0 pools of larvae (595 larvae in 20 pools), to get a comprehensive view of 
the different types of variants induced by the CRISPR-Cas9 editing. Figure 
9a-c summarizes the distribution of all variant sizes at the on-target sites, 
which range from 4.8 kb deletions to 1.4 kb insertions. Although, the majority 
of the events were small (<50 bp), 7% of them were SVs ≥50 bp. A similar 
distribution of variant sizes could be seen for the off-target mutations in the 
F0 pools of larvae (Figure 9d-f). There are also examples of large SVs in the 
adult F0 zebrafish, with one example of an ywhaqa-edited individual with a 
903 bp deletion at an off-target site (ywhaqa off-target 2) spanning an entire 
exon of the ywhaqb gene. 

Next, we compared the frequency of genome editing events over develop-
mental stages and generations, which is summarized in Figure 10a-d. Interest-
ingly, the fraction of edited on-target alleles was higher in the F1 generation 
than in the F0 generation. If solely focusing on the individual fish, we can 
conclude that all 46 F1 individuals are completely edited at the on-target sites, 
while eight of the 26 (31%) F0 individuals showed no or little on-target edit-
ing. The number of individuals with off-target mutations were similar in the 
F1 individual fish, where 12/46 (26%) F1 fish showed off-target editing (for 
>20% of the reads) compared to 6/26 (23%) F0 fish (for >10% of the reads). 
Interestingly, several of the CRISPR-Cas9 on-target editing events seem to be 
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homozygous in the F1 individuals, as the aligned reads only support one allele. 
It is not clear if these sites are truly homozygous, or if another allele exist that 
failed to be detected due to allelic dropout. Among these homozygous variants 
are large SVs, including a 1053 bp deletion in sh2b3 and a 292 bp insertion in 
ywhaqa. 

In conclusion, in Paper IV we demonstrate that large SVs can be a result 
of CRISPR-Cas9 genome editing at the targeted site, as well as at unintended 
off-target locations. Furthermore, we show that acquired adverse mutations 
can be passed on to the next generation. Our findings probably have modest 
consequences on functional studies in model organisms and genetic screens in 
cellular systems, as only a small number of individuals or samples are likely 
to be affected. However, for clinical applications it is critical to use the right 
analytical tools to identify all genetic events introduced by CRISPR-Cas9 in 
order to make the best therapeutic choices. We believe that the approach we 
used in Paper IV is an important step in the right direction.  
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Concluding remarks and future perspectives 

This thesis has highlighted a diversity of targeted long-read sequencing meth-
ods and their applications. We have showed that with the use of these novel 
methods we can study regions in the genome that have been difficult or im-
possible to do using short-read sequencing technologies, or have been too ex-
pensive to study with long-read WGS. We have also demonstrated that tar-
geted long-read sequencing can be adapted for detection of Cas9 off-target 
activity in vitro, even in the dark regions in the genome. Our work has also 
showed that CRISPR-Cas9 can induce large SVs at both on-target and off-
target sites in zebrafish and that they can be passed on to the next generation. 
However, progress in research is continuous and there are several aspects of 
further research and improvements of methods regarding Paper I-IV in this 
thesis. 

In Paper I we demonstrated the importance of an amplification-free, long-
read targeted sequencing approach to study trinucleotide repeats in HTT. Not 
only did No-Amp targeted sequencing enable for accurate repeat count meas-
urements in HTT, but could also display different levels of somatic variation 
between different samples and alleles. However, the lab protocol for No-Amp 
targeted sequencing was, at the time of publication, quite labor-intensive and 
required high amounts of input DNA. The length of CCS reads was also lim-
ited at that point due to the limitations in polymerase speed and movie time 
for PacBio’s RSII and Sequel systems. Since Paper I was published the No-
Amp targeted sequencing protocol has been further developed and now relies 
on two gRNAs for target (122), similar to the Cas9-enrichment protocol for 
ONT (69). With these improvements of the protocol, the hands-on time and 
overall library preparation time have decreased. In addition, with the launch 
of PacBio’s Sequel II system, it is now also possible to multiplex samples on 
the same SMRTcell and the input DNA requirement is ~10-fold lower. The 
longer movie times on Sequel II also makes it possible to get CCS reads for 
targets <25 kb. No-Amp targeted sequencing has the potential to become an 
important tool for research and as well as clinical diagnostics, as it produces 
highly accurate, long reads that are not affected by any PCR-bias and hold 
methylation information. 

In Paper II we introduced a completely novel approach for targeted long-
read sequencing. The obvious advantage with the Xdrop technology is the 
very low DNA input requirement, which makes this method available for ap-
plication where DNA input material is limited. The fact that only sequence 
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information enough to design a 100-200 bp amplicon is required for Xdrop 
enrichment is another advantage with the method. It opens up for examining 
integration sites of mobile elements or chromosome fusions, but could also 
makes it possible to study genomes with a poor reference genome. However, 
the detection of low frequency mutations is not recommended as the risk of 
rare variant drop-outs is high due to the limited number of molecules included 
in the experiment. The Xdrop technology is based upon generation and sorting 
of droplets, although the sorting of the droplets is reliant upon a FACS system 
rather than the Xdrop apparatus. FACS systems are not developed for sorting 
of emulsion droplets and can be tedious to optimize and operate. Furthermore, 
they are not standard equipment in most molecular genetics or clinical labs. 
The next step forward for the Xdrop technology would be to integrate an au-
tomated droplet sorting procedure into the Xdrop system, and thus eliminate 
the bottleneck effect that the FACS sorting can create. 

Traditionally, targeted sequencing is used to investigate known genomic 
regions of interest. In Paper III, we demonstrated how Cas9-enrichment 
methods for PacBio and ONT sequencing could be adapted for detection of 
Cas9 off-target activity in vitro. Although SMRT-OTS and Nano-OTS are not 
unique in their application we showed that amplification-free, long-read se-
quencing could be essential to find Cas9 off-target sites if these occur in ge-
nomic regions where short-read technologies fail to obtain any or unique cov-
erage. Compared to currently existing protocols for in vitro-based Cas9 off-
target detection (102-107), Nano-OTS is a much simpler and more accessible 
method. The Nano-OTS library preparation protocol can be performed in one 
day and the sequencing results are typically obtained within 24 hours using 
the ONT MinION device. Many research laboratories do not have direct ac-
cess to Illumina sequencers, which is the most common sequencing platform 
in alternative methods. However, the MinION device is small and affordable 
and has already been brought into many laboratories for these reasons.  

Our OTS methods detect Cas9 off-target activity on extracted genomic 
DNA in vitro, but as we showed in Paper III and Paper IV this does not 
necessarily imply that the same off-target sites are found in edited cells or 
organisms. Therefore, it would be important to always combine an in vitro-
based off-target detection method, such as OTS, with sequencing of the de-
tected off-target sites in the CRISPR-Cas9-edited genome. In Paper IV we 
showed that large amplicon sequencing gives a more comprehensive view of 
the Cas9-edited sites than short-read alternatives, but does have its limitations 
as it can still miss alleles that are not picked up by long-range PCR amplifica-
tion. If loss of heterozygosity is detected at any of the sites it must be followed 
up with further investigations to determine the true allelic composition at the 
affected site. This would probably best be achieved by whole genome long-
read sequencing and would be of particular importance for clinical applica-
tions. 
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CRISPR-Cas9 mediated gene therapy certainly has potential to treat many 
genetic disorders. Promising applications in on-going clinical trials are focus-
ing on manipulation of T-cells for immunotherapy of cancer and somatic ge-
nome editing to treat monogenic disorders (83-86). Genome editing of human 
embryos, however, comes with many ethical considerations. Not only is the 
autonomy lost in the decision making for the gene-edited individual, but po-
tential side-effects due to e.g., off-target mutations are risked to be passed on 
to future generations. Despite this, gene therapy of human embryos is likely 
to become a therapeutic tool in the future, either by CRISPR-Cas9 or more 
sophisticated alternatives. However, it is critical that we gain a more compre-
hensive understanding of the genome editing process and the biological mech-
anisms involved. Meanwhile, we need to choose the right genomic tools to 
monitor gene editing outcomes to eliminate potentially severe side-effects. 

Since sequencing technology development is moving so rapidly and the 
sequencing costs are decreasing it is reasonable to wonder if there will be any 
need for targeted sequencing in the future. In many cases it would probably 
be beneficial to perform WGS, especially if the sample number to be analyzed 
is limited and if the capacity for data handling and analysis is not a limiting 
factor. On the other hand, there will likely still be a demand for targeted se-
quencing in e.g., research projects that involve sequencing of a large number 
of samples and only a small fraction of the genome is of interest. This would 
keep both the sequencing costs down and the resources needed for data anal-
ysis. More importantly, the use of targeted sequencing for clinical diagnostics 
will probably still be of interest even with lower prices for WGS. For many 
clinical applications there are only a subset of targets that are relevant to in-
vestigate. For these applications, WGS would not only require unnecessarily 
advanced IT infrastructures, but introduce ethical issues relating to incidental 
findings. 

Currently clinical sequencing is mainly dependent on Sanger and short-
read sequencing, although there are examples on clinical long-read sequenc-
ing routine tests and rare diseases that have been solved through long-read 
sequencing. The transition towards utilizing long-read sequencing for many 
applications in clinical diagnostics will most likely proceed, especially for tar-
geted sequencing of repetitive and complex regions, virus and microbe sur-
veillance, chromosome fusions or regions where methylation information is 
important. However, automatization of library preparation protocols on liquid 
handling systems and streamlined analysis pipelines will be necessary for 
these applications to be implemented on a larger scale. 

The design and optimization of lab-based targeted sequencing assays can 
be very time-consuming, and each time a new target is added to an assay new 
designs and re-optimizations are needed. In addition, lab-based assays are gen-
erally longer, require more hands-on time and the per-sample library prepara-
tion cost is higher compared to making a WGS library preparation. Based on 
this, computer-based enrichment methods like selective sequencing for 
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nanopore have a potential to become the preferred method in the future. Such 
methods are more flexible in target design and sequencing library preparation 
is not affected. At the moment, the ONT platform is the only sequencing tech-
nology with the ability to actively reject DNA molecules from being se-
quenced, but with the current speed of technological advancements this will 
probably change in the future. 

This thesis has focused on interrogation of the genetic code. Although DNA 
is the blueprint of life, a genomic sequence does not provide a full picture of 
its functional effect in a cell. The genome provides static information of a cell, 
but RNA expression, protein levels and metabolite abundance are changing 
dynamically under different conditions. To get a more comprehensive under-
standing of complex biological mechanisms and disease progression it is im-
portant to integrate information from several cellular levels. The research 
community is already moving towards multi-omics approaches, and the future 
most likely holds new technologies that can simultaneously provide infor-
mation about the genome, epigenome, transcriptome, proteome and metabo-
lome of single cells and their spatial organization.  
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