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Chapter

Applications of CRISPR/Cas9 for
Selective Sequencing and Clinical
Diagnostics

Maximilian Evers, Bjorn Brindl, Franz-Josef Miiller,
Sonke Friedrichsen and Stephan Kolkenbrock

Abstract

In this chapter, we will discuss the applications of CRISPR/Cas9 in the context of
clinical diagnostics. We will provide an overview of existing methods and their use
cases in the diagnostic field. Special attention will be given to selective sequencing
approaches using third-generation sequencing and PAM-site requirements. As target
sequences in an AT-rich environment cannot easily be accessed by the commercially
available SpCas9 due to rarity of NGG PAM-sites, new enzymes such as ScCas9 with
PAM-site requirements of NNG will be highlighted. Original research on CRISPR/
Cas9 systems to determine molecular glioma markers by enriching regions of
interest will be discussed in the context of potential future applications in clinical
diagnostics.

Keywords: CRISPR/Cas9, clinical diagnostics, selective sequencing, PAM site, cancer

1. Introduction
1.1 Current diagnostic context

Emerging infectious diseases such as COVID-19, acquired or hereditary genetic
defects causing cancer and other illnesses fuel the need for fast and cost-effective
diagnostic tools. Gold standard for many types of disease detection is the real-time
polymerase chain reaction (PCR) due to its robustness and sensitivity toward
molecular biomarkers associated with diseases. Especially, quantitative PCR (qQPCR)
and reverse transcriptase qPCR have been staples of infectious disease diagnostics
to determine the presence of pathogens and viral loads [1, 2], but have also proven
their efficacy in tumor diagnostics due to high sensitivity and low input requirements
[3, 4]. Many next-generation sequencing (NGS) approaches are also used as diagnos-
tic tools. Whole exome and genome sequencing is used for the investigation of many
molecular markers. The benefits of NGS include the ability to screen a large amount
of possible target genes in tandem for comparatively low cost [5]. Furthermore, NGS
can be used for unbiased detection and species level determination of pathogens in
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septic patients. This removes the need for time-consuming blood cultures [6]. Other
well-established methods in diagnostics are based on antigen-antibody interaction,
such as the Enzyme-Linked Immunosorbent Assay (ELISA) or paper-based lateral
flow assays [7, 8].

A new addition to the diagnostic toolbox is clustered regularly interspaced short
palindromic repeats (CRISPR)-based diagnostics. CRISPR-associated (Cas) proteins
are RNA-guided endonucleases originally part of the adaptive immune system of
prokaryotes to ward off invading nucleic acids. Several types of CRISPR/Cas systems
have been discovered, and some have been used for diagnostic applications such
as Cas12 and Cas13 for methods such as DNA endonuclease-targeted CRISPR trans
reporter (DETECTR) and specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) and SHERLOCKv2 [9], which were recently developed as potent tools
for COVID-19 detection. This chapter will focus on the utility of CRISPR/Cas9 in
clinical diagnostics.

1.2 CRISPR/Cas9

CRISPR RNAs (crRNA) provide the targeting mechanism for the Cas9 nuclease
activity. crRNAs are hybridized with trans-activating crRNA (tracrRNA), providing
a stem-loop structure that anchors the RNA-complex to the Cas9 protein. The crRNA
can be engineered to target a wide array of sequences rendering CRISPR/Cas9 a
powerful tool for targeted gene editing and recognition. Cas9 proteins are character-
ized by two nuclease domains forming the active center, HNH and RuvC [10]. HNH
is a single nuclease domain responsible for cleaving the DNA strand complementary
to the RNA guide. RuvC is split into three subdomains, with RuvC I at the N-terminus
of the protein and RuvC II/III flanking the HNH domain near the center of the amino
acid sequence [11]. The catalytic residues D10 (in RuvC I) and H840 (in HNH) can
be substituted to either limit nuclease activity in case of a single-site inactivation to
create a Cas9 nickase or to generate a catalytically inactive/dead Cas9 (dCas9) variant
in case of a double-site inactivation [12]. In addition to the nuclease domains, Cas9
possesses a protospacer adjacent motif (PAM)-interacting (PI) domain. The PAM is
a short nucleic acid sequence downstream of the crRNA conferred target sequence,
required for nuclease activity and target sequence interrogation [13]. It is thought to
have originated in prokaryotes so as not to target their own DNA and thus to prevent
an autoimmune response [14]. While the sequence to be cut can be easily defined via
crRNA, the obligatory requirement of a protospacer adjacent motif (PAM) sequence
next to the target sequence [15, 16] limits the applications of Cas9 in clinical diag-
nostics. Due to this limitation, regions of interest without matching PAM-site cannot
be cleaved and subsequently analyzed. Several variants of Cas9 enzymes have been
generated to partially circumvent those limitations with a relaxation of the PAM-site
requirement. The Cas9 from Streptococcus pyogenes (SpCas9) natively recognizes the
PAM 5’-NGG-3’ but was modified (termed xCas9) to accept a broad range of PAM
sites, including 5°-NG-3), 5’-GAA-3’, and 5’-GAT-3’ [17]. Additionally, Cas9 enzymes
from different hosts such as the Cas9 from Streptococcus canis (ScCas9) were modified
to be more promiscuous regarding PAM site recognition (termed Cas9-SC++), now
accepting 5’-NNG-3’ as a PAM site [18]. A Cas9 homolog discovered in Francisella
novicida (FnCas9) also recognizes the 5’-NGG-3’ PAM but was successfully engi-
neered to accepta 5’-YG-3’ PAM [19].
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1.3 Cas9 in diagnostic methods

In the area of molecular diagnostics, CRISPR/Cas9 systems have proven to be
effective tools in distinguishing between different Zika virus strains. Pardee et al.
(2016) [20] used nucleic acid sequence-based amplification (NASBA) in combination
with Zika strain-specific sgRNA/Cas9 and toehold switches to create a colorimetric
assay to detect and differentiate African and American Zika virus strains. A toehold
switch is an RNA molecule combining a sensor and a reporter sequence. Without the
presence of the trigger, an RNA molecule complementary to the sensor sequence, a
hairpin structure is formed. It limits access to the ribosomal binding site and therefore
inhibits translation of the reporter. Due to strand displacement upon hybridization
with the trigger RNA, the hairpin structure is resolved, allowing the translation of the
reporter [21]. The toehold switch was designed to regulate lacZ expression and was
activated by the Zika virus RNA amplicons, which allowed for colorimetric in vitro
detection of the target RNA. Due to sequence differences, PAM site locations vary
between the strains, which was exploited for targeted truncation of RNA amplicons
of only one strain in a method termed NASBA-CRISPR Cleavage (NASBACC).
Truncated RNA amplicons could not activate the toehold switch, which allowed for
discrimination between the strains [20].

CRISPR-Cas9 nickase (SpCas9H840A nickase) strand displacement amplification
(CRISDA) is an ultrasensitive method to detect target DNA with single-nucleotide
accuracy and attomolar sensitivity. A pair of SpCas9 nickase ribonucleoproteins
(RNPs) introduce nicks in the flanking areas next to the region of interest. Initial
primers anneal to the nicked strands from where strand displacement amplification
begins. Biotin and Cy5-labeled peptide nucleic acid (PNAs) probes are introduced to
the amplification mix to detect and quantify amplicons. The PNA binds to the ampli-
cons and enables a pulldown using streptavidin-coated magnetic beads. Fluorescence
measurement of the pulled-down DNA allows for quantification of the generated
amplicons [22].

Another nucleic acid detection strategy is CRISPR/Cas9-triggered isothermal
exponential amplification reaction (CAS-EXPAR). It is based on CRISPR/Cas9 cleav-
age and nicking endonuclease (NEase)-mediated nucleic acids amplification. Cas9
cleavage of the target produces a primer for the CAS-EXPAR reaction, wherein the
target “X” hybridizes with a construct containing two sequences complementary to
the target (“X’”), which are connected via a PAMmer. Upon extension of the double
strand, Cas9 cleaves off the newly synthesized DNA, which in turn acts as a primer
itself. This strategy was shown to have a detection limit of 0.82 amol and high speci-
ficity, discriminating single-base mismatches [23].

Lateral flow assays are state of the art in point-of-care diagnostics. CRISPR/Cas9-
mediated lateral flow nucleic acid assay (CASLFA) combines the sensitivity of Cas9
endonuclease with the ease of use of lateral flow assays. CASLFA was developed for
the identification of Listeria monocytogenes, different genetically modified organisms
(GMOs), and the African swine fever virus (ASFV) [24].

FnCas9 editor-linked uniform detection assay (FELUDA) is a diagnostic tool
combining preamplification of a target sequence using biotinylated primers with
inactive FnCas9 to detect target sequences. The used tracrRNA is FAM-labeled
and can be recognized via antibodies, and the capture of target sequences is paired
with a lateral flow readout. The biotinylated amplicons bind to the test region via
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streptavidin interaction. If FnCas9 binds to the amplicon DNA, it will be retained in
the test region, allowing for antibody-based detection in the form of a visible band.
dFnCas9 was used for this assay, as it exhibits lower affinity toward sequences with
single-nucleotide mismatches to the crRNA used than SpCas9 [25].

Finding Low Abundance Sequences by Hybridization (FLASH) is a method
that combines Cas9 digestion, PCR, and Illumina sequencing to detect and identify
antimicrobial resistance in microbial DNA samples. Isolated DNA is dephosphorylated
before Cas9 digestion of target sequences. The double-strand breaks introduced by
Cas9 remain phosphorylated and are subsequently dA-tailed. Adapters are ligated to
the dA-tailed target sequences, which are then amplified via PCR. The resulting library
can be sequenced via Illumina sequencing and achieve sub-attomolar sensitivity [26].

Next to infectious disease detection, another field of interest for targeted Cas9
diagnostics is cancer, one of the world’s leading causes of premature death [27]. As
cancerous unregulated cell growth can be caused by a combination of genetic defects,
it is vital for prognosis and treatment to accurately diagnose its molecular cause.
Cancer diagnostics currently is often based on histological analysis of tumor tissue.
Because histology is predetermined by genetics, research efforts to quickly identify
aberrant tumor marker genes on the molecular level are being pursued.

One application to potentially target this challenge is CRISPR-Chip. This method uti-
lizes dCas9 immobilized on a graphene surface, acting as a conductor. The dCas9 is paired
with a specifically designed sgRNA to recognize its target. Upon binding target DNA, the
conductivity of the immobilized dCas9 changes, which can be measured via the graphene
surface. This allows for detection limits of 1.7 fM gDNA. Though it was demonstrated
with target sequences associated with Duchenne muscular dystrophy, it could be used for
any sequences as long as a suitable PAM-site is flanking the region of interest [28].

Another route to follow in molecular tumor diagnosis is the sequencing of tumor
marker genes. With the advent of second- and third-generation sequencing, the
feasibility of sequencing approaches in standard diagnostics is increasing due to
lower costs and shorter sequencing times. However, a combination with CRISPR/Cas
technology allows for a specific sequencing of the regions of interest, boosting the
output of relevant regions, and thus enabling a faster and very specific and sensitive
sequencing approach.

1.4 Tumor biomarker selection for Cas9-targeted sequencing

To maximize utility of Cas9-targeted sequencing, biomarkers such as mutations or
methylation patterns with defined locations are favorable. Because sequencing times
are determined by target sequence length, biomarkers such as defined SNPs allow for
higher throughput, as flanks of the targeted sequence can be chosen in close proxim-
ity to the region of interest. In our research we developed an amplification-indepen-
dent workflow to assess the tumor marker status of six relevant genes/regions in brain
tumors following the 2021 WHO Classification of Tumors of the Central Nervous
System [29]. These genes/regions, their function, and glioma-relevant mutations are
described in the following.

Isocitrate dehydrogenases 1 and 2 (IDH1, IDH2) are crucial enzymes that catalyze
the oxidative decarboxylation of isocitrate to a-ketoglutarate during the Krebs cycle.
Common mutations associated with glioma formation are related to codons 132 for
IDH1 and 172 for IDH2 causing aberrant enzymatic activity and in turn the accumula-
tion of 2-hydroxyglutarate, which inhibits many a-ketoglutarate dependent enzymes
such as DNA-demethylases, leading to DNA hypermethylation [30].
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Additionally, the promoter of telomerase reverse transcriptase (pTERT) represents
a clinically relevant target due to its close association with oncogenesis and immortal-
ization of cell lines [31]. The mutations C228T and C250T are commonly associated
with aberrant expression patterns as these mutations create de novo binding sites for
members of the E26 transformation-specific family of transcription factors [31].

H3F3A and Hist1H3B encode histone subunits H3.3 and H3.1, respectively. K27M
variants are observed in different cancer types, such as Diffuse Intrinsic Pontine
Glioma, and G34R/V substitution in H3.3 is also associated with young adult high-
grade astrocytoma [32, 33].

BRAF encodes a member of the Raf kinase family, B-Raf, and is a growth signal
transduction protein kinase that regulates pathways associated with cell division and
differentiation. The amino acid substitution V60OE of B-Raf increases its basal activ-
ity and stimulates cell division and differentiation pathways. This is associated with a
variety of different cancer types [34].

As mutation detection via sequencing is of interest, it is crucial to be aware of the
benefits and drawbacks of the used sequencing technologies for the development of a
medical diagnostic application.

1.5 Current sequencing technologies

Currently, the most widely used next-generation sequencing technologies on
the market are Illumina short-read sequencing, PacBio (also referred to as Single-
Molecule Real-Time (SMRT) sequencing), 454 pyrosequencing, ion-torrent/proton
sequencing, and nanopore sequencing by Oxford Nanopore Technologies (ONT) [35].
[llumina, 454, and ion-torrent sequencing technologies are referred to as second-
generation sequencing technologies. They deliver short reads of about 50-1000 bp in
length and their parallelization in sequencing reaction results in a high read through-
put (0.7-15 M reads per run) and an amount of sequence information of about 0.5-8.5
Gb per run [36]. PacBio and nanopore sequencing are referred to as third-generation
sequencing technologies. They usually deliver tens of kb per read up to several
Mb, but far fewer reads in total. For nanopore sequencing, the amount of sequence
information is strongly dependent on the flow cell. Depending on the nucleic acid
library preparation and its quality, up to 2.8 Gb per run is theoretically achievable on a
Flongle flow cell, 10-15 Gb on a MinION flow cell [37], and up to 153 Gb per run was
reported by using the PromethION flow cell [38]. PacBio sequencing utilizes SMRT
cells for sequencing, usually generating 55,000-365,000 reads per run with an average
read length of 10-16 kb [39] and 15-96 Gb per run [40].

Nanopore and PacBio sequencing allow for real-time sequencing with parallel base
calling of the steadily increasing raw sequencing information allowing direct usage of
the results during the run. In addition, both techniques allow detection of epigenetic
information of each nucleotide sequenced [41], which can be a piece of important
additional information in clinical cancer diagnostics and treatment [42-44]. While
methylation of a base directly impacts the raw signal of the nanopore sequencing and
thus can be distinguished from an unmodified nucleotide, PacBio detects methylation
by a change in DNA-polymerase kinetics during synthesis. Due to the “sequencing
by synthesis” technology of second-generation sequencing techniques, they can-
not detect epigenetic modification directly, but only via a pretreatment step such as
bisulfite treatment, endonuclease digestion, or affinity enrichment [45].

In summary, the selection of the sequencing technology used for clinical diagnos-
tics will be strongly dependent on requirements such as mode of analysis and time to
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Sequencing Real-time Average Typical number Amount Methylation
technology sequence of reads sequence data status
length perrun detection
INlumina no 2 x 150 5 billion (HiSeq 1300-1500 Gb no
bp (HiSeq 4000) [39]
4000) [39]
2 %300 bp 25 million 45-51Gb
(MiSeq) (MiSeq) [39]
(39]
454 pyro- no 400-1000 > 1 million [32] 35-450 Mb [46] no
sequencing bp [46]
Ion-torrent no 200-600 bp 2-130 million’ 0.3-50 Gb’ no
PacBio yes 10-16 kb 55,000-365,000 15 Gb (Sequel) yes
[39] [25] [40]
96 Gb (Sequel II)
[40]
Oxford yes 10-30 kb 200,000 Upto2.8Gb yes
Nanopore (all flow (Flongle) [48] (Flongle)’
(;16151\)/[??:;? 1,200,000 10-15Gb
' (MinION) [48] (MinION) [37]
Up to 250 Up to153 Gb
million (PromethION)
(PromethION)’ [38]

‘Specifications obtained from the respective company”s website (as of 01.06.2022).

Table 1.

Most widely used sequencing technologies and their chavacteristics.

results. The characteristics in this respect of each mentioned sequencing technology

are summarized in Table 1.

Next to [llumina sequencing-based methods such as FLASH, third-generation
sequencing can also be paired with Cas9 enrichment of target sequences. PacBio uses
a generic SMRT sequencing library, which is digested by Cas9. The digested sequences
are then ligated to a second set of adapters, which is used for magnetic-bead-based
separation of the targeted sequences, allowing for target sequence enrichment [49].

For ONT’s Cas9-targeted sequencing process (nCATS), DNA is dephosphorylated
before Cas9 digestion. Like FLASH, the phosphorylated ends of the cleaved DNA are
dA-tailed and ligated to sequencing adapters, allowing for selective sequencing [50].
A similar approach was pursued in the following experimental section to develop a
CRISPR/Cas, third-generation sequencing assay for diagnosis of. Utilizing the prom-
ising properties of nanopore and Cas9-dependent target enrichment, we developed
an amplification-independent workflow to assess glioma biomarkers.

2. Development of a CRISPR/Cas9-targeted sequencing approach

2.1 Material and methods

To test the feasibility of nanopore sequencing in brain tumor marker detection,
we used pUC57 vectors containing 2 kb target sequence of a given tumor marker as
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either wild-type or containing a clinically relevant mutation. Cas9-RNP populations
were prepared to cleave the DNA upstream and downstream of a given mutation
site. The excised double-stranded DNA was used for sequencing library preparation
using the SQK-CS9109 Cas9 sequencing Kit from ONT. Flongle flow cells (version
R.9.4.1) were used for sequencing. Sequences were assessed using a minimap2 [51]
alignment followed by custom SNP calling using python scripts. As tumor treatment
is very time-sensitive [52], the possibility of intra-surgical diagnostics could alleviate
an unmet clinical need. Therefore, we evaluated the results not only by accuracy but
also regarding time to results. In addition to the complete sequencing data acquired a
subset generated during the first 15 min of sequencing was also used for analysis.

2.2 Cas9-RNP preparation

Alt-R® S.p. Cas9 Nuclease V3 including tracrRNA and crRNAs were purchased
from Integrated DNA Technologies (Coralville, IA, USA). The crRNAs were designed
to target at least 200 bp upstream and downstream of each mutation site resulting in
at least 1000 bp of excised dsDNA in total. crRNAs were designed for IDH1, IDH2,
pTERT, H3F3A, Hist1H3B, and BRAF. All sequences of used crRNAs are given in
Table 2. To anneal crRNA and tracrRNA, 8 pL Duplex Buffer (IDT), 1 pL tracrRNA
(100 pM), and 1 pL crRNA Pool (100 pM, equimolar) were assembled in 0.2 mL thin-
walled PCR tubes and incubated at 95 °C in a thermal cycler. The mix was allowed to
cool to room temperature (RT) afterward. The annealed crRNA/tracrRNA (10 pM)
was added to 79.2 pL nuclease-free water, 10 pL Reaction buffer (SQK-CS9109 Kit),
and 0.8 pL Alt-R® S.p. Cas9 Nuclease V3 (62 pM) and mixed thoroughly by flicking.
The RNPs were formed by incubation at RT for 30 min and stored at 4°C until needed.
Two different RNP populations were prepared with different crRNAs. Population 1
included all crRNAs described in Table 2, whereas population 2 was prepared with
only the two crRNAs targeting IDH]I.

2.3 Cas9 digestion of pUC57 plasmids

The pUCS57 vectors containing tumor marker sequences used as target DNA for
Cas9 digestion were purchased from GenScript (Piscataway, NJ, USA). For DNA
digestion and library preparation, the SQK-CS9109 Cas9 sequencing kit from ONT
(Oxford, UK). DNA digestion was set up by adding template plasmids to Cas9 RNPs,
reaction buffer, dATP, and Taqg DNA-polymerase. One digestion was performed with

Target crRNA Seq fw (5-3’) crRNA Seqrv (5’-3’) Fragment size [bp]
IDH1 ATGTTTAATACAATCTTTGG GCTTCCCATTACAAGAGGAG 1062
IDH2 AGTGCACACGATGTTTCTGC TCGTCCTCACGACAACACTT 1601
pTERT CTCCCTGACGCTATGGTTCC GTCAAGGAGCCCAAGTCGCG 1443
H3F3A AATTTGACTCGACCTTCCAG TATTTGCGGAGGCTAAGTCT 1081
Hist1H3B GCATTCCTAACTATCTTGAA CATAGTCTAATGCTTTCCGG 1334
BRAF GACCCTCTAAAACGGTGTGA GCATGCATGTATAGGAGAGC 1584
Table 2.

List of crRNAs used for enzymatic excision of tumor marker DNA from pUCs7 vectors containing target gene
fragments.
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Digestion 1 Digestion 2
pUC57:IDH1_Wt (80 ng/pL) — 2L
pUC57:IDH1_R132C (80 ng/pL) 1pL —
pUC57:IDH1_R132H (80 ng/pL) — 2L
pUC57:IDH2_Wt (80 ng/uL) 1pL —
pUC57:pTERT_Wt (80 ng/uL) 1pL —
pUC57:H3F3A_Wt (80 ng/pL) 1pL —
pUCS57::Hist1H3B_Wt (80 ng/uL) 1pL —
pUC57:BRAF Wt (80 ng/pL) 1uL —
ddH20 21pL 23 pL
Cas9 RNPs (Population 1) (10 pM) 10 pL —
Cas9 RNPs (Population 2) (10 pM) — 10 puL
Reaction Buffer 3uL 3uL
dATP 1puL 1pL
Taq Polymerase 1puL 1puL

Table 3.
Setup for digestion of different pUCsy plasmid mixtures using different Cas9-RNP populations.

a mixture of six plasmids (80 ng each), each containing a different marker, in order
to test multiplexing. Another digestion was set up with a mixture of two plasmids
(160 ng each) containing different mutations of the same marker, IDHI, in order
to test variant calling capabilities. The different reaction mixtures were prepared as
shown in Table 3.

The reaction mixtures were incubated for 30 min at 37°C for Cas9 cleavage.
Subsequently it was incubated at 72°C for 5 min for Taq Polymerase facilitated dA-
tailing of cleaved fragments.

2.4 Library preparation

For sequencing adapter ligation to the dA-tailed fragments, the digested and
dA-tailed DNA was added to a mixture of 20 pL Ligation Buffer, 3 pL nuclease-
free water, 10 pL T4 Ligase, and 5 pL Adapter Mix. The ligation components were
mixed by flicking, spun down, and incubated at RT for 10 min. DNA was purified
using AMPure XP beads (Beckman Coulter, Brea, CA, USA). In total, 48 pL of
magnetic beads was added to each sample and mixed by inversion. The samples
were incubated for 10 min at RT without agitation. Afterward, samples were spun
down, and beads were separated magnetically. The supernatant was discarded,
and the pellet washed twice with 250 pL Short Fragment Buffer (SFB). The wash
step consisted of resuspension in SFB and subsequent magnetic separation of the
washed beads. After the supernatant was removed, the pellet was resuspended in 13
pL 50 °C Elution Buffer. The elution mixture was incubated at 50 °C and 1000 rpm
in a heater shaker for 10 min. After magnetic separation, 13 pL of the eluate was
removed, and DNA content and purity were analyzed via Nanodrop. Sequencing
libraries were created by combining 37.5 pL Sequencing Buffer, 25.5 uL Loading
Beads, and 12 pL DNA Library.
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2.5 Nanopore sequencing

In total, 37.5 pL of each library was used for sequencing on a Flongle flow Cell
(R9.4.1). DNA contents were 48.6 ng for sample 1, containing fragments of all six
plasmids, and 17.4 ng for sample 2, containing fragments of two plasmids, resembling
two IDH1 variants. Sequencing was concluded after 18 h, and a subset of sequences
generated during the first 15 min was separated.

2.6 In silico analysis

To analyze the possible mutation sites bioinformatically, alignment references
of the tumor marker sequences were created. In the reference sequences, the pos-
sible mutation site was deleted; therefore, alignment of each generated sequence
produced an insertion mutation during variant calling. The bases recognized as
insertions were used to distinguish wild-type and mutated sequences. Each gener-
ated sequence was aligned with all possible target references using minimap2 [51].
Subsequently, paftools. js was used for variant-calling [51] and custom scripts
accumulated the numbers of wild-type and mutant reads in real time. To ensure the
highest possible accuracy, matches between generated sequences and references
were split into mapped generated sequences and sequences with tumor marker informa-
tion. Because truncated sequences or erroneously sequenced DNA molecules can be
aligned to a given reference but yield no tumor marker information, only generated
sequences that can unambiguously be identified as a tumor marker variant were used
for analysis.

2.7 Results and discussion
Creating a sequencing library from a mixture of six plasmids containing different

tumor marker genes enabled us to identify each target with high accuracy, as seen in
Table 4. These results were achieved after 18 h of sequencing with a library containing

Target Inspected Mapped Sequences with Correctly Identified
variation generated tumor marker Sequence variants [%]
Sequences information
IDH1_R132C R132 128416 74002 99.57
IDH2 Wt R172 196040 151329 97.59
pTERT Wt C228 48932 32613 99.45
C250 34689 99.61
H3F3A_Wt K27 39232 21899 99.11
G34 22308 9750
Hist1H3B_Wt K27 45560 19458 99.66
BRAF Wt V600 52387 35354 98.36
Table 4.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each target. Mapped sequences were identified as a given marker sequence via minimap2,
but only sequences with tumor marker information were able to be used for SNP calling. Shown is the
cumulative output after 18 h of sequencing on a Flongle flow cell.
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Target Inspected Mapped Sequences with Correctly Identified
variation generated tumor marker Sequence variants
Sequences information [%]
IDH1_R132C R132 914 604 99.50
IDH2 Wt R172 894 757 98.94
pTERT Wt C228 348 257 100
C250 269 100
H3F3A_Wt K27 239 157 100
G34 166 96.99
Hist1H3B_Wt K27 292 143 100
BRAF Wt V600 246 185 100
Table 5.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each tavget. Mapped sequences weve identified as a given marker sequence via minimap2,
but only sequences with tumor marker information were able to be used for SNP calling. Shown is the
cumulative output after 15 min of sequencing on a Flongle flow cell.

48.6 ng of plasmid DNA. Overall yield of sequences was high with 39000 generated
reads for all markers. IDHI and IDH2 were outliers in this regard as they yielded 128416
and 196040 reads, respectively. As expected, not all generated sequences carried tumor
marker information. The ratio of sequences with tumor marker information to all
mapped sequences was 42-77%, depending on the given marker (Table 4). The ratio
of correctly annotated tumor marker variants was >97% in all cases. We demonstrated
the specificity of Cas9 cleavage by including a plasmid without target sequences as
background in separate control experiments. No sequences derived from this control
plasmid were generated during subsequent ONT sequencing.

Accuracy for simulated homozygosity and coverage of each marker after 18 h
was very high. As time-to-result is a central parameter in clinical diagnostics, these
results were examined regarding the coverage and accuracy after 15 min of sequenc-
ing time. This subset revealed a coverage for each marker of >200x after 15 min.
Ratios of sequences with tumor marker information out of all generated sequences
were similar after 15 min as compared with 18 h. They ranged from 48 to 84%,
depending on the observed marker. Accuracy regarding the identification of the
tumor marker sequence was also comparably high in this data subset. Between 96.99
and 100% of sequences with tumor marker information were annotated correctly, as
shown in Table 5.

As these results were achieved with one variant per marker, no conclusions
regarding heterozygosity detection were possible. Most mutations are heterozygous.
Therefore, a subsequent experiment was performed to assess the analysis accuracy
when including a simulated heterozygous mutation. For this experiment, a mixture
of equal amounts of pUC57:IDH1_Wt and pUC57:IDH1_R132H was used for Cas9
sequencing. In total, 17.4 ng of plasmid DNA contained in the library was loaded onto
the Flongle flow cell. Results shown in Table 6 were achieved after 18 h of sequenc-
ing, with a subset of sequences generated during the first 15 min of sequencing being
evaluated separately. In total, 625 reads were generated after 15 min of which 490
(72%) yielded tumor marker information. After 18 h, 29072 reads were generated and
20875 (78%) yielded tumor marker information. It was found that both IDH1 variants
present in the digested plasmid mix were detected during sequencing. The expected
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Sequencing time 15 min Sequencing time 18 h
Mapped generated sequences 625 29072
Sequences with tumor marker information 490 20875
Expected ratio (Wt/R132H/other IDH1) [%] 50/50/0 50/50/0
Achieved ratio (Wt/R132H/other IDH1) [%] 40.2/59.59/0.21 38.49/61.4/0.01

Table 6.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each target. Mapped sequences were identified as a given marker sequence via minimap2,
but only sequences with tumor marker information could be used for SNP calling. Shown is the cumulative
output after 15 min and 18 h of sequencing on a Flongle flow cell.

ratio of these variants was 50% IDH1_ Wt and 50% IDH1_R132H, but an approxi-
mated 40%/60% split was observed after 15 min and 18 h.

Although Cas9 selective sequencing focuses on the sequence of interest and
thus may lead to faster and more accurate results as compared with a whole genome
sequencing approach, there exist some challenges. In a direct sequencing approach,
there is no amplification step involved when analyzing only a single mutated base or
area. Thus, one complete genome delivers only one read of the desired area, which
in case of carcinoma mutations is mainly haploidic. Therefore, a huge amount of
highly pure, high molecular weight, genomic DNA must be prepared and used, which
depending on the amount of sample and method of nucleic acid preparation may be a
limitation. Typically, the usage of 1-10 pg of human genomic DNA for Cas9 digestion
is suggested (nCATS, [50]), corresponding to 150.000-1.500.000 copies of a diploid
(female) genome, ideally resulting in the same number of reads. However, one must
consider inefficiencies in Cas9 digestion, nucleic acid purification, and library prepa-
ration together with possible off-target digestion effects. Further on, there exists an
intrinsic error rate of each sequencing method used and in case of cancerous tissue, it
may consist of a mixture of wild-type and mutated cells depending on tumor hetero-
geneity and the general quality of tissue sampling. This may result in a general low
number of reads, possibly beyond the coverage needed to safely identify a mutation.

Despite these drawbacks, we believe an nCATS-based approach to intra-surgical
determination of a molecular tumor marker panel is justified, as it allows for live
detection of marker variants including epigenetic information [50]. Preamplification
of the targets might alleviate the high input DNA requirements but removes the ability
to determine epigenetic properties of the sequences. That would render the effective
analysis of markers such as MGMT methylation status, a predictive biomarker for
efficacy of chemotherapy [53], impossible. PCR-based approaches such as qPCR would
be very sensitive, as even a few copies of target DNA can produce a positive signal [54],
but primer sets that incorporate the putative mutation site would be necessary to distin-
guish between wild-type and mutant sequences. This is a drawback in comparison to the
chosen nCATS approach as this only detects anticipated mutations. Immunodetection
of possible auto-antibodies (e.g., with ELISA) has been reported to be prone to false
positives [55] and even though nanopore sequencing itself is prone to sequencing
errors, they are distributed across the sequence, which leads to high consensus accuracy
[56]. Drawbacks are the low resolution of homopolymers, which are prone to sequenc-
ing errors with the current flow cell generations. Second-generation sequencing would
allow for high sensitivity and accuracy and is well-established but delivers only short
sequences. Due to its sequencing by synthesis approach, epigenetic information is lost
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Diagnostic tool Mode of action Advantages Challenges Accuracy Sensitivity
nCATS [50] Excision of Native Large input DNA Medium, Medium
target sequences  sequencing— requirements, off-target
from genome epigenetic possible off- digestions
and subsequent profile target sequencing  possible [58];
sequencing accessible, Nanopore
real-time sequencing,
basecalling high intrinsic
error rate
[56]
(Reverse Detection by Quantitative Reliant on primer ~ Very high Very high
transcriptase) amplification sequencing, specificity,
real-time PCR well- affected by
[3, 4] established mutations in
method binding regions
of primer probes
ELISA [7, 59] Immuno- Can detecta Prone to false Low-medium Medium
detection wide range of positives [55]
antigens and
antibodies
2nd Gen. Sequencing by Established Short read Very high Very high
Sequencing synthesis methods, high sequencing, high
(57, 60] read count number of reads
needed for contig
generation
3rd Gen. ONT: electrical Long read High intrinsic Medium Medium
Sequencing current sequencing, error rate (single
[37,61] changes PacBio: easy assembly sequence), low
Fluorescence of long contigs homopolymer
detection resolution
Table 7.

Comparison of curvent diagnostic tools with nCATS.

in this case as well [57]. A comparison between mode of action, advantages and disad-
vantages, accuracy and sensitivity of those diagnostic tools is shown in Table 7 below.

3. Conclusion

Considering the number of reads generated in 15 min using Flongle flow cells, the
process might be sped up with the use of MinION flow cells. This would increase cost
but cut sequencing time in a trade-off to be considered on a case-by-case basis. We
demonstrated that the defined plasmid sequences could be analyzed via the described
workflow. As the described experiments represent a work in progress, the use of
isolated gDNA with significantly lower target sequence density as a template must be
demonstrated. Previous works used either amplification-independent whole-genome
sequencing (WGS) or amplicon sequencing to assess brain tumor marker variants.
The WGS alternative is significantly slower due to the excess of non-target sequences
generated but yielded additional epigenetic information for the regions of interest
[62]. Enrichment of target sequences via PCR yields more favorable library com-
positions but eliminates epigenetic information [62]. As shown here, our CRISPR/
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Cas9-based approach to enrich native target sequences might be able to combine the
advantages of both previous strategies.

The results of the simulated heterozygosity were ~10% off from the expected 50%
distribution of IDH1 Wt/IDH1 R132H, as shown in Table 6, but the fact that negli-
gible amounts of other IDH1 mutations and no other tumor marker sequences were
found is promising toward applications in clinical environments.

Ultimately, the goal of such a workflow should be a time-to-result below the time
required for a neurosurgical tumor resection via craniotomy. This way, neurosurgeons
could make informed decisions about the extent of the ongoing surgery and initi-
ate personalized therapeutic modalities based on clinically actionable prognostic
biomarkers [63]. Provided the RNPs are prepared in advance, the workflow described
using the ONT Cas9 Sequencing kit, including 15 min time required for sequencing,
would take 1:45 h altogether. Assuming gDNA extraction and preparative dephos-
phorylation add another 30-45 min [64], the total time-to-results may be as low as
2.5 h. Considering the lower abundancy of target sequences in gDNA compared with
synthetic plasmids, sequencing times would likely increase to generate the same cov-
erage, which must be accounted for. But this could partly be mitigated by the usage
of aMinION flow cell instead of a Flongle flow cell. The analyzed marker panel can
be amended by adding or subtracting crRNAs to target different sequences. A prereq-
uisite for this approach is the presence of PAM sites in the vicinity of the new target
genes. Mutations in AT-rich regions might be hard to access via SpCas9 because of its
PAM-site requirement of 5’-NGG-3’. For this reason, different Cas9 proteins might
be suitable candidates for amended workflows, such as xCas9, ScCas9-SC++, or an
engineered FnCas9 [17-19]. In summary, these proof-of-concept results suggest that
Cas9-aided targeted sequencing can generate diagnostically relevant tumor marker
information in a short period of time and therefore might be a feasible diagnostic
method for intra-surgical tumor diagnostics.
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