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ABSTRACT

Next generation sequencing (NGS) is challenged by
structural and copy nhumber variations larger than the
typical read length of several hundred bases. Third-
generation sequencing platforms such as single-
molecule real-time (SMRT) and nanopore sequenc-
ing provide longer reads and are able to character-
ize variations that are undetected in NGS data. Nev-
ertheless, these technologies suffer from inherent
low throughput which prohibits deep sequencing at
reasonable cost without target enrichment. Here, we
optimized Cas9-Assisted Targeting of CHromosome
segments (CATCH) for nanopore sequencing of the
breast cancer gene BRCA1. A 200 kb target contain-
ing the 80 kb BRCA1 gene body and its flanking re-
gions was isolated intact from primary human pe-
ripheral blood cells, allowing long-range amplifica-
tion and long-read nanopore sequencing. The target
was enriched 237-fold and sequenced at up to 70x
coverage on a single flow-cell. Overall performance
and single-nucleotide polymorphism (SNP) calling
were directly compared to lllumina sequencing of the
same enriched sample, highlighting the benefits of
CATCH for targeted sequencing. The CATCH enrich-
ment scheme only requires knowledge of the target
flanking sequence for Cas9 cleavage while providing
contiguous data across both coding and non-coding
sequence and holds promise for characterization of
complex disease-related or highly variable genomic
regions.

INTRODUCTION

BRCAL is one of the major breast and ovarian cancer sus-
ceptibility genes. Lifetime risk of breast cancer for a fe-
male carrier of BRCA1 mutation is >80% (1) and over 1800
distinct mutations have been reported for BRCA1 in the
breast cancer information core (BIC) database (2). The ge-
nomic region of BRCA1 contains ~50% repetitive DNA el-
ements that contribute to genetic instability and genomic
rearrangements in this area (3). The increasing demand for
BRCAI1 gene profiling has led to significant development
in genomic enrichment and targeted sequencing of this lo-
cus. Most methods are based on PCR amplification or hy-
bridization capture approaches, followed by Sanger or next
generation sequencing (NGS). However, due to the large
size of this gene (~80 000 bp), current enrichment meth-
ods focus on the coding sequence, while neglecting intronic
and regulatory regions. An exception is a method that uses
biotinylated RNA probes transcribed from fragmented bac-
terial artificial chromosomes (BACs) for capture of long tar-
gets containing both coding and non-coding regions (4).
This method requires a compatible BAC clone, and com-
plex regions such as BRCAL1 that do not match the BAC-
derived bait may be lost. Furthermore, although most com-
mon mutations have a small size that can be characterized
by ultra-deep NGS, mutations also include large rearrange-
ments, deletions and duplications of large genomic regions
as well as repetitive elements, which are not accessible to
NGS (5,6). In fact, recent SMRT sequencing of a haploid
human genome found that 8§9% of discovered variants have
been missed by the 1000 Genomes Project (7). Long read
nanopore sequencing may be an ideal tool for characteriza-
tion of such large structural variations, given there is suffi-
cient coverage to overcome its error rate. Recently, a whole
human genome assembly using nanopore sequencing was
reported (8). However, due to the limited throughput, 39
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flow-cells were required for one human genome assembly at
30x coverage. Routine analysis of predetermined genomic
loci for research and medical testing cannot justify such ex-
pensive and time consuming experiments. Hence, targeted
enrichment is essential for harnessing the variant detection
capabilities of long-read sequencing technologies.

CATCH (Cas9-assisted targeting of chromosome seg-
ments) was first utilized for targeted cloning of large in-
tact genomic fragments (9). CATCH is based on in-vitro
targeted fragmentation of high molecular weight genomic
DNA by Cas9, followed by separation of the target region
from the rest of the genomic DNA by pulsed field gel elec-
trophoresis (PFGE). DNA is then isolated from the gel
and further used for cloning or downstream analysis (Fig-
ure 1). We recently demonstrated the utility of CATCH
for targeted nanopore sequencing and showed an enrich-
ment factor of 21.7 for sequencing of a 200 kb target from
Escherichia coli (bioRxiv https://doi.org/10.1101/110163).
Bennett-Baker and co-workers have used CATCH, followed
by NGS, and showed 39- and 174-fold enrichment for 2.3
Mb and 610 kb fragments from mouse Srsx locus, respec-
tively (10). Here, we harness CATCH for nanopore and
NGS sequencing of human BRCAL, a large clinically rele-
vant target, in a facile and cost effective manner. Despite in-
ferior SNP calling compared to NGS, nanopore sequencing
resulted in up to 237-fold enrichment of the BRCAT1 gene,
potentially enabling characterization of mutations and large
structural variations on a single MinION flow-cell.

MATERIALS AND METHODS
Human subjects

The healthy donor sample used in this study was collected
with informed consent for research use and approved by In-
stitutional Review Boards in accordance with the declara-
tion of Helsinki.

High-molecular-weight DNA extraction

For bacterial DNA extraction, E. coli K-12 MG1655 cells
were grown in LB, and log phase cells were embedded in low
melting agarose gel plugs at a concentration of ~2 x 10°
cells/ml as previously described (bioRxiv https://doi.org/
10.1101/110163). For human high molecular weight DNA
extraction, peripheral blood mononuclear cells (PBMCs)
were isolated from peripheral blood of a healthy donor
by density gradient centrifugation using Ficoll Paque Plus
(GE Healthcare) according to manufacturer’s instructions.
For preparation of agarose plugs, 1 x 10° human cells
were washed twice with PBS, resuspended in cell suspension
buffer (CHEF mammalian DNA extraction kit, Bio-Rad)
and incubated at 43°C for 10 min. Two percent low melting
agarose (CleanCut agarose, Bio-Rad) was melted at 70°C
followed by incubation at 43°C for 10 min. Melted agarose
was added to the resuspended cells at a final concentration
of 0.7% and mixed gently. The mixture was immediately cast
into a plug mold and plugs were incubated at 4°C until so-
lidified. Plugs were incubated twice (2 h incubation followed
by an overnight incubation) at 50°C with freshly prepared
200 wl Proteinase K (20 mg/ml stock concentration, Sigma)
in 2.5 ml lysis buffer (100 mM EDTA, pH 8.0, 0.2% (w/v)
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sodium deoxycholate, 1% (w/v) sodium lauryl sarcosine)
with occasional shaking. Plugs were washed three times by
adding 10 ml TE buffer (10 mM Tris, pH 8, | mM EDTA),
manually shaking for 10 s and discarding the wash buffer
before adding the next wash. Next, plugs were incubated
with 50 pl RNaseA (Qiagen) in 2.5 ml TE buffer for 1 h
at 37°C with occasional shaking. Plugs were then washed
four times by adding 10 ml wash buffer (10 mM Tris, pH
8, 50 mM EDTA), and shaking for 15 min on a horizontal
platform mixer at 180 rpm at room temperature. Following
washes, plugs were stored at 4°C in wash buffer or used for
Cas9 digestion.

Cas9 digestion

Preparation of gRNA for digesting E. coli genomic DNA
was performed as described (bioRxiv https://doi.org/10.
1101/110163). TracrRNA and crRNA for targeting human
fragments were purchased from IDT. The following tar-
get sequences were used for isolation of BRCAT1 locus: 5
GCCATGACAACAACCCAGAC 3: GCTTATTACATT
CTCGGCCA. Prior to plug digestion, gRNAs were mixed
according to the following conditions: 2 w1 tracrRNA (200
M stock), 2—4 pl of 5 crRNA (100 pwM stock), 2—4 pl of 3’
crRNA (100 M stock), 12 pl duplexing buffer (IDT). For
hybridization of tracrRNA and crRNA, the mixture was
incubated for 5 min at 95°C and then for 10 min at room
temperature. gRNAs and Cas9 were pre-assembled prior to
the digestion by incubation of 0.33 1 Cas9 enzyme (20 pM
stock, New England Biolabs) with the 4-6.6 .l hybridized
gRNA mix, 4 ul Cas9 buffer (10x stock, New England Bi-
olabs) and DDW to a final volume of 40 wl. Pre-assembly
mix was incubated for 30 min at room temperature. Plugs
were washed 4 times with 10 ml of 10 mM Tris—HCI, pH 8
followed by a single wash with 500 w1 Cas9 reaction buffer
(1x stock, New England Biolabs). Following pre-assembly,
plugs were cut into three equal slices of ~30 wl (~2 g ge-
nomic DNA) and each slice was digested with 40 pl pre-
assembled Cas9-gRNA mix at 37°C for 2 h. Finally, 3 pl
Proteinase K (Sigma, 20 mg/ml stock concentration) were
added to each tube, and samples were incubated at 43°C for
3 h in order to remove excess Cas9 bound to the DNA.

Separation by PFGE

A 300 ml solution of 0.9% sea plaque low melting agarose
gel (Lonza) was prepared in 0.3x TBE. One to six treated
gel plugs (up to ~35 wg DNA content in six plugs) were
loaded onto the gel and run on a Rotaphor electrophoresis
device (Biometra) for 24 h in 0.22x TBE buffer. The bands
corresponding to ~200 kb were cut out of the gel (Figure
1) and each band slice was placed in a separate tube. For
recovery of DNA from the gel, agarose was washed 3 times
in 10 ml TE buffer (10 mM Tris, ] mM EDTA, pH 8) and
melted at 70°C for 5 min followed by incubation at 43°C
for 10 min. Next, 2 pl agarase (0.5 U/ul, Thermo Scien-
tific) was added to each tube for digestion of the agarose
and incubated for 1 h at 43°C. The DNA was purified from
agarose by isopropanol precipitation. Briefly, 22 wl of 3 M
NaAc and 220 pl of isopropanol were added to each tube
and mixed by inverting the tubes several times. The tubes
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Figure 1. Schematic representation of the CATCH method. Peripheral blood mononuclear cells were embedded in an agarose gel-plug and lysed. Genomic
DNA was cleaved in the plug using guided Cas9, and the target DNA was separated by PFGE. The desired band (indicated by an arrow) was excised from

the gel, and the DNA was isolated, purified and analyzed.

were incubated at —20°C for at least 1 h and centrifuged for
30 min at 14 000 g at 4°C. The supernatant was carefully
discarded, and the pellet was washed with 500 wl of 75%
ethanol followed by 5 min of centrifugation at 14 000 g at
4°C. The supernatant was discarded. The pellet was briefly
allowed to dry and resuspended in 20 pnl RNase-free water.

Nanopore sequencing

For construction of bacterial DNA sequencing library, a
low input expansion pack kit in combination with SQK-
MAPO007, R9 version kit (Oxford Nanopore Technologies)
was used according to manufacturer’s instructions. Library
was constructed from 125 ng of bacterial DNA that was re-
covered from the gel without amplification, loaded on R9.4
flow-cells (Oxford Nanopore Technologies), and sequenced
for 48 h. For sequencing of human DNA, 1.1-1.8 ng target
DNA recovered from the gel was amplified using the mul-
tiple displacement amplification (MDA) REPLI-g midi kit
(Qiagen) for long-range amplification. DNA was then pu-
rified with AMPure XP beads and 20 pg of DNA were re-
covered. Next, 1 pg of DNA was subjected to T7 endonucle-
ase I fragmentation for linearization of branched amplicons
as follows: DNA was incubated at 37°C for 15 min with 2
wl buffer 2 (New England Biolabs), 1 wl T7 endonuclease I
(New England Biolabs) in a total volume of 20 pl, followed
by an additional purification with AMPure XP beads. This
process yielded 20-40 kb amplicons for nanopore sequenc-
ing. Next, we either performed a size selection step or con-
tinued directly to construction of a sequencing library. Size
selection was performed by running unbranched DNA in
a low melting agarose gel, extracting DNA from the upper
band corresponding to 20-40 kb by agarase gel digestion
(0.5 U/pl, Thermo Scientific) followed with AMPure XP
beads purification. The 1D? sequencing kit SQK-LSK308
(Oxford Nanopore Technologies) was used for construction
of sequencing libraries with 500 ng input DNA, excluding
DNA fragmentation and repair steps. R9.5 flow-cells were
run for 24-48 h on a MinIlON sequencing device (Oxford
Nanopore Technologies), and reads were base-called using
the MinKNOW software. Reads which were shorter than
500 bp or had an average quality score lower than 10 were
excluded from downstream analysis using Nanofilt (https:
/lgithub.com/wdecoster/nanofilt). Alignment of reads to the
human hg38 reference genome was performed using BWA-

MEM (version 0.7.15, arXiv:1303.3997v2), with -x ont2d
parameters, and coverage was calculated using the Galaxy
wrapper for BEDTools genomecov (version 2.26.0) (11,12).
The resulting bedGraph files were loaded into Circos (ver-
sion 0.69-6) (13), the Integrative Genomics Viewer (IGV)
(14), or the UCSC genome browser for visual evaluation
of read coverage. De novo assembly was performed using
Canu (version 1.4) (15) with default parameters, specifying
a genome size of 200 kb.

Visualization of mutations and structural variations was
performed using IGV. Variants were called with FreeBayes
(version v1.0.2-29-g41¢1313) (arXiv:1207.3907) using Sim-
ple diploid calling settings, and filtered with the VCFfilter
tool in vcflib (https://github.com/veflib/veflib) using the fol-
lowing parameters: DP > 15 & QUAL > 1 & QUAL / AO >
10 & SAF > 0 & SAR > 0 & RPR > 1 & RPL > 1. For val-
idation, specific locations were amplified (Supplementary
Table S1) and PCR products were analyzed by Sanger se-
quencing.

For enrichment factor calculation we used the follow-
ing formula: EF = (total coverage of the target region /
size of the target region)/(total coverage of the off-target
region/size of the off target region) = mean coverage of the
target region / mean coverage of the off-target region.

Next generation sequencing

Sequencing Library was prepared using Nextera DNA Li-
brary Prep Kit (Illumina) with 100 ng of unbranched puri-
fied DNA as template according to manufacturer’s proto-
col. Single-end sequencing of 1 nM library was performed
on an [llumina Mini-Seq instrument using MiniSeq High
Output Reagent Kit (75 cycles). Sequencing reads were
trimmed with TrimGalore! (version 0.4.3.1) (https://github.
com/FelixKrueger/TrimGalore) using default parameters
to trim Illumina adapter sequences, and then aligned to the
hg38 human reference using bowtie2 (version 2.3.4) (16).
Following alignment, reads with mapping quality (MAPQ)
less than 30 were filtered with SAMtools (version 1.2) (17).
Finally, genomic coverage of reads was calculated using
BEDTools (version 2.25.0) genomecov. Variants were called
with FreeBayes and filtered as described above for nanopore
sequencing.
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RESULTS
Targeted enrichment of a large E. coli genomic region

For method development and as a proof of concept, we used
CATCH for targeted enrichment of a ~200 kb fragment
from the E. colik 12 MG1655 genome. Due to the small size
of bacterial cells, over 10% cells may be treated in a single re-
action, resulting in up to 10% cleaved copies of the target re-
gion. This in turn results in a clear and distinct band during
PFGE isolation, ideal for optimization purposes. The bac-
terial genome was cleaved at two sites flanking the target
according to the complementary gRNAs, and the fragment
was isolated by PFGE. The large amounts of target DNA
extracted from bacterial cells allowed sequencing library
preparation from native DNA without pre-amplification.
Nanopore sequencing was used to analyze the isolated frag-
ments and measure the level of enrichment. Figure 2 shows
pronounced elevated coverage across the target region rel-
ative to the rest of the genome, indicating a significant en-
richment of the target. Several repeated experiments yielded
a median read length of 7424 bp and showed a consistent
~21-fold enrichment. In addition, we used optical mapping
to verify that the enriched fragments were intact. The com-
bination of long-read sequencing and optical mapping may
allow targeted characterization of large SVs and genetic
rearrangements as well as long-range epigenetic profiling
((18,19), bioRxiv https://doi.org/10.1101/110163, bioRxiv
https://doi.org/10.1101/113522). DNA molecules extracted
from the pulsed-field gel were fluorescently labeled at spe-
cific sequence motifs, loaded onto a nanochannel array chip
and imaged. The resulting molecule images contain a flu-
orescent barcode along the molecules that unambiguously
identifies them as originating from the target region. As
shown in Figure 2, optical mapping showed significant cov-
erage enrichment in the target region compared to the rest
of the genome. Furthermore, 35% of the detected molecules
were longer than 75 kb, indicating we were able to isolate
the target region and maintain high molecular weight DNA,
which can be further used for studying genomic aberrations
at various length scales or for targeted BAC/fosmid library
construction.

Isolation and characterization of the human BRCA1 gene lo-
cus

Next, we used CATCH to isolate and analyze the human
breast and ovarian cancer-related BRCA1 gene. First, two
gRNAs were designed to target ~200 kb region that con-
tains the ~80 kb BRCA1 gene, along with its regulatory
and flanking regions. High molecular weight DNA was iso-
lated from human PBMCs by lysing the cells within gel
plugs, thus protecting the genomes from shearing. DNA
was cleaved by soaking the gel plug with Cas9 and BRCA1-
specific gRNAs, followed by PFGE isolation and iso-
propanol purification. Up to 4.6 ng of target DNA were re-
covered from each plug. Prior to construction of nanopore
sequencing library, DNA was amplified using a multiple
displacement amplification (MDA) protocol for long-range
amplification, purified, and subjected to endonuclease frag-
mentation for linearization of branched amplicons. DNA
was sequenced on the MinlON portable sequencer (Ox-
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ford Nanopore Technologies) and a total of 964 050 + 180
263 reads yielding 2.37 + 0.32 Gb were acquired in a sin-
gle flow-cell experiment within 48 h. 50% of the reads were
obtained within the first 10 h (Supplementary Figure S1),
sufficient data for discovery of most SNPs identified with
the full dataset. Data was filtered according to length and
quality score of the reads (see methods), maintaining 0.64 +
0.09 Gb with a mean read length of 2981 £ 252 for further
analysis. Over 98% of the reads were aligned to the human
genome with 35x 410 mean sequencing depth in the target
region. About 1% of the reads were aligned to the target,
yielding an enrichment factor of 194 4+ 14. When adding a
size selection step prior to library preparation, 99.95% of
the reads aligned to the human genome, with ~70x mean
sequencing depth in the target region, mean read length of
~4922, and enrichment factor of 237. NGS analysis of the
same sample resulted in ~90x mean coverage of the target
region and yielded an enrichment factor of 192 (Figure 3,
Supplementary Figures S2-S5, Supplementary Table S2).
We note that all sequencing runs showed a similar, highly
variable coverage distribution, most likely due to the target
amplification step. Despite the use of the presumably unbi-
ased multiple displacement amplification (MDA), the cov-
erage across the target region ranges from 0 to 176, where
0.5-1.5-fold of the mean coverage was obtained in 94% of
the target region. This is in contrast to the experiments per-
formed on unamplified E. coli target DNA that showed rel-
atively uniform coverage across the target region (Figure 2).

We next performed de-novo assembly using canu, which
yielded three contigs. Two of the contigs were generated
from less than 10 reads and did not map to the target region.
The third contig was based on 734 reads, with a length of
179 539 bp and 98% identity to the target region (Supple-
mentary data S1). Aligned nanopore reads were used for
analysis of BRCA1 mutations and structural variations. In
addition, NGS analysis was performed on the same sample
for verification of SNP results (Figure 4 and Supplementary
Table S3). 177 SNPs were detected in the NGS data, 11 of
them homozygous and the rest heterozygous. Of these 177
SNPs, 55 (31%) were detected in the nanopore sequencing
data, using the same analysis pipeline. Another 55 of them
could be identified by going over the alignment results man-
ually (31%). Two SNPs were not present in the nanopore
data (1%), and the rest (37%) were inconclusive, mostly due
to low coverage and the presence of homopolymers. A list
of all SNPs detected is presented in Supplementary Table
S3.

40 SNPs that were identified in the nanopore data were
not detected in the NGS data. 24 (60%) of these SNPs were
not supported by the NGS reads, and the rest either had
insufficient coverage (4 SNPs, 10%), were inconclusive (7
SNPs, 17.5%), or could be identified manually (5 SNPs,
12.5%). Small deletions and insertions with a length of 1-2
bp were disregarded from nanopore data, as they appeared
in homopolymer regions and were possibly the result of
basecalling errors.

Asshown in Figure 4, in heterozygous SNPs, the two vari-
ants were represented almost evenly in the aligned reads
(red/green), while for homozygous SNPs the majority of
reads are converted (red/blue). In addition, we could iden-
tify a deletion of 3 out of 22 CA dinucleotide repeats that
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Figure 2. Circos plot showing coverage analysis of the enriched 200 kb target region from the E. coli genome analyzed by nanopore sequencing (external
circle) and optical mapping (internal circle). The red line indicates the target region. Bottom panel shows intact molecules analyzed by optical mapping.

Blue vertical lines represent the expected label positions.

NGS data could not reveal. All the variants shown in Figure
4 were also verified by amplification of the specific location
followed by Sanger resequencing.

DISCUSSION

Long-read nanopore sequencing may potentially character-
ize a comprehensive spectrum of structural variations that
are challenging for NGS (20,21). Nevertheless, the high cost
of nanopore sequencing prevents such variation studies on
a genome scale, calling for targeted analysis of particular
targets of interest. Here, we demonstrate targeted enrich-
ment of the human BRCA1 gene, followed by long-read

sequencing. CATCH allowed us to use the portable Min-
ION nanopore sequencer for analysis of genetic aberrations
in the entire gene region including regulatory elements and
non-coding regions.

BRCALI is an 80 kb gene, notorious for its wide spectrum
of SVs at all length scales. These include SNPs, deletions
and duplications ranging up to several kb, complex rear-
rangements and multiple tandem repeat elements. Although
this work was performed on BRCA1 from a healthy donor,
the 4.9 kb mean read length achieved in this experiment
demonstrates the potential of detecting such aberrations.
In addition, 2-10 bp repeats, also called microsatellites or
short tandem repeats (STR), were shown to influence many
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processes in disease-related loci, including chromatin state,
RNA transcription, splicing and translation as well as post-
translational modifications (22). NGS sequencing errors in-
crease exponentially with STR length and saturate around
15-20 bp in di-nucleotide repeat arrays (23). Our nanopore
data revealed a deletion of three di-nucleotide blocks in a
44 bp repeat array. The array was not fully recovered in the
corresponding NGS data, validating that it is challenging
to accurately characterize STRs by NGS. In terms of SNP
detection, NGS discovered 177 SNPs. Nanopore data re-
vealed 62% of the SNPs with only two SNPs not present at
all in the nanopore data and the remaining 37% inconclu-
sive. We note that the same SNP detection pipeline was used
for both data types. Improvements in dedicated SNP callers
for nanopore data as well as increased coverage will most
likely enhance the ability to extract reliable SNPs.

Due to the low throughput of the MinION, target enrich-
ment is essential for utilizing its long reads for variant anal-

ysis. Current enrichment methods for this gene mostly in-
clude direct amplification or hybridization capture of select
short gene fragments of the coding regions (Supplementary
Table S4). Nevertheless, it was shown that mutations in non-
coding regions of this gene can induce significant reduction
of transcription (24), or exon skipping resulting in truncated
BRCAI1 protein (25). Furthermore, the CATCH scheme re-
ported here is immune to genetic complexities in the target
region. The targeting Cas9 guide-RNAs are designed to cut
at non-variable sites flanking BRCAL1, and the entire gene
is isolated, including intronic and regulatory regions. This
approach avoids the complications associated with primer
design needed for amplification or hybridization capture.
These require knowledge of the target sequence and thus
can be hindered by the complex nature of BRCA1. CATCH
offers isolation of native high molecular weight DNA that
retains its epigenetic state. Future developments will allow
targeted epigenetic profiling by direct sequencing of epige-
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netic modifications and multiplexed optical mapping ((26—
29), bioRxiv https://doi.org/10.1101/113522). We envision
using CATCH for isolation of selected disease-related gene
sets, offering comprehensive multi-scale genetic and epige-
netic analysis. This approach can be integrated into diag-
nostic pipelines to complement current methods, and in
parallel, may shed light on the mechanisms of disease on-
set and progression.

DATA AVAILABILITY

Data for CATCH-nanopore and CATCH-NGS
have been deposited at the Sequence Read Archive
(SRA, https://www.ncbi.nlm.nih.gov/sra) under ac-
cession number SRP133472. Coverage data of chro-
mosome 17 have been uploaded to the UCSC pub-
lic sessions under the name ‘CATCH BRCAT’
(https://genome-euro.ucsc.edu/cgi-bin/hgTracks?
hgS_doOtherUser=submit&hgS_otherUserName=
hilasha&hgS_otherUserSessionName=CATCH%
20BRCALI)

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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