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ABSTRACT 

We have developed a generally applicable method based on CRISPR/Cas9-targeted 

ultra-long read sequencing (CTLR-Seq) to completely and haplotype-specifically resolve, 

at base-pair resolution, large, complex, and highly repetitive genomic regions that had 

been previously impenetrable to next-generation sequencing analysis such as large 

segmental duplication (SegDup) regions and their associated genome rearrangements 

that stretch hundreds of kilobases.  Our method combines in vitro Cas9-mediated 

cutting of the genome and pulse-field gel electrophoresis to haplotype-specifically 

isolate intact large (200-550 kb) target regions that encompass previously unresolvable 

genomic sequences.  These target fragments are then sequenced (amplification-free) to 

produce ultra-long reads at up to 40x on-target coverage using Oxford nanopore 

technology, allowing for the complete assembly of the complex genomic regions of 

interest at single base-pair resolution.  We applied CTLR-Seq to resolve the exact 

sequence of SegDup rearrangements that constitute the boundary regions of the 

22q11.2 deletion CNV and of the 16p11.2 deletion and duplication CNVs.  These CNVs 

are among the strongest known risk factors for schizophrenia and autism.  We then 

perform de novo assembly to resolve, for the first time, at single base-pair resolution, 

the sequence rearrangements of the 22q11.2 and 16p11.2 CNVs, mapping out exactly 

the genes and non-coding regions that are affected by the CNV for different carriers.  
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INTRODUCTION 

 Although “whole-genome” sequencing analysis is now routine practice, large 

fractions of the human genome that are complex, repetitive, or highly polymorphic, such 

as centromeres, telomeres, and segmental duplications, are still impenetrable to 

genome analysis.  In even the most recent version of the human reference genome, 

these regions are left as “reference gaps” where no reliable reference sequence is 

available.  There are a variety of reasons for this, one of which is that certain genomic 

regions are so structurally polymorphic across different individuals that it is impossible 

to collapse them into a single haploid reference (Demaerel et al., 2019).  This is 

especially true for segmental duplication (SegDup) regions which make up 

approximately 5% of the human genome and comprise of hundreds of kilobases of 

highly polymorphic and repetitive sequences (Bailey et al., 2001, 2002).  SegDups form 

the boundaries and also mediate the formation of recurrent chromosomal aberrations 

that are strongly associated with human diseases (Zhang et al., 2009; Stankiewicz and 

Lupski, 2010; McDonald-McGinn et al., 2015; Harel and Lupski, 2018).  The high-

degree of sequence homology between different SegDup regions precludes them from 

being resolved by short-read, linked-read, and even long-read sequencing (<30 kb), 

because of extensive ambiguous or inconclusive mapping of reads (Guo et al., 2016).  

Here, to overcome this technological challenge, we developed a generally applicable 

method CRISPR/Cas9-targeted ultra-long read sequencing (CTLR-Seq) which 

combines in vitro Cas9-mediated cutting of the genome and pulse-field gel 

electrophoresis, also known as CATCH (Jiang et al., 2015; Shin et al., 2017; Gabrieli et 

al., 2018), to isolate intact, haplotype-specific target fragments and to completely 
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resolve, at base-pair resolution, large, complex, and highly repetitive genomic regions 

previously impenetrable to sequencing analysis.  

Recurrent, SegDup-mediated heterozygous chromosomal aberrations in the form 

of large deletion and duplication copy number variants (CNVs) have the highest 

penetrance for neuropsychiatric disorders (Stankiewicz and Lupski, 2010; Sullivan et al., 

2012).  For example, the 22q11.2 Deletion Syndrome (22q11DS) is by far the highest 

known risk locus for developing schizophrenia, increasing the likelihood by at least 25-

fold; 22q11DS patients also frequently develop autism, attention-deficit hyperactivity 

disorder, learning disabilities, heart diseases, immune system dysfunction, and 

hormonal deficiencies (McDonald-McGinn et al., 2015).  Reciprocal deletions (MIM 

611913) and duplications (MIM 614671) at 16p11.2 are strong risk factors for 

schizophrenia (SZ) (McCarthy et al., 2009) and autism spectrum disorder (ASD) 

(Sanders et al., 2012).  Duplications produce a 14.5-fold increase in risk for SZ 

(Deshpande and Weiss, 2018; Miller et al., 2015), but ASD is frequent in carriers of 

deletions (22%) as well as duplications (26%) (Sebat et al., 2007; Marshall et al., 2008; 

Weiss et al., 2008; Walsh and Bracken, 2011; Niarchou et al., 2019).  After the 22q11.2 

deletion, the 16p11.2 deletion is the second most commonly identified microdeletion in 

clinical testing (Kaminsky et al., 2011).  Similar to 22q11DS (Malhotra and Sebat, 2012; 

Kirov, 2015; Deshpande and Weiss, 2018), the 16p11.2 CNVs are also associated with 

broad developmental consequences including speech/language delay, intellectual 

disability, developmental delay, and ADHD; ~50% of either deletion or duplication 

carriers have at least one psychiatric diagnosis (Ghebranious et al., 2007; Green 

Snyder et al., 2016; Steinman et al., 2016; Bernier et al., 2017; Niarchou et al., 2019).  
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Due to their strong associations with neuropsychiatric disorders, the 22q11.2 and 

16p11.2 CNVs serve as key points of entry for the investigations of molecular etiologies 

of neurodevelopmental disorders (Blumenthal et al., 2014; Migliavacca et al., 2015; 

Deshpande et al., 2017; Ward et al., 2020). 

The 16p11.2 CNVs are flanked by Break Point regions BP4 and BP5 (Zufferey et 

al., 2012) (Fig 1), which consist of >100 kb segmental duplications (SegDup) with >99% 

similarity to each other (Bailey et al., 2002).  The duplicated sequences between BP4/5 

are placed in direct (non-inverted) orientation which act as substrates for rearrangement 

creating either deletion or duplication (Bailey et al., 2002; Zufferey et al., 2012).  

Similarly, the 22q11.2 deletion CNV is also flanked by hundreds of kilobases of SegDup 

regions, also called low copy repeats (LCR), LCR22A and LCR22D (Figure 1A).  These 

two large SegDup regions LCR22A and LCR22D rearrange and gives rise to the typical 

3 Mb 22q11.2 deletion (Morrow et al., 1995; Edelmann et al., 1999a). 

One of the key mysteries in psychiatric genetics is how such a wide range of 

clinical outcomes including non-penetrance can manifest from what is an ostensible 

issue of gene dosage.  Attempts to model the biological effects of these CNVs have 

been bundled with challenges (Golzio and Katsanis, 2013).  One of the main 

complicating factors is that the true extent of the genome rearrangements or “genomic 

scar” left by the CNVs, i.e. their exact boundaries or breakpoints, as well as their 

variability across different carriers have never been defined due to technological and 

methodological limitations. To truly understand the genetics and biological intricacies 

surrounding these CNVs, its essential to map out the details of the rearrangements at 

single base-pair resolution.  In order to solve the sequence structure of the SegDup 
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rearrangements that give rise to large recurring CNVs in the human genome, we 

applied CTLR-Seq to isolate intact, haplotype-specific target fragments (200-500 kb) of 

SegDup rearrangements.  These target fragments are then used to generate targeted 

ultra-long Oxford nanopore sequencing libraries (Figure 1).  The ultra-long sequencing 

reads are then used for de novo assembly. 

Materials and Methods 

 

Intact isolation of 200-500 kb genomic targets using CRISPR-TARGETED 

 

Lymphoblastoid cells that harbor the CNV of interest were used as source of 

genomic DNA (gDNA).  Approximately 375,000 live cells which yields approximately 2.5 

micrograms of gDNA were used for each CRISPR-TARGETED experiment.  Total DNA 

yield was measured using Qubit HS following the Mammalian White Blood Cell 

Suspension Kit (CELMWB1, Sage Science).  CRISPR-TARGETED was performed on 

the Sage HLS machine (Sage Science) following manufacturer’s protocol (Manual-Rev-

J-460034-12_12_19) using 100-300kb Target with 3 Hour Extraction and 4 Hour 

Separation.  Target enrichment assay was performed using qPCR using RNase P as 

reference. 

CRISPR gRNA pairs are the following at 6.5uM final concentration:   

22q11.21DEL TGTAGCTACCTGTCGGCCTT GGGTCGTTTGGAATTGCGCT 

16p11.2DEL GTTGATTTTCGTGCACGTGT TCTCCGGCTTGGTTCCTGCC 

16p11.2DUP TGTTGATCTAAGTCGACCCG GTACTTTGAGATCACTTCCG 

Ultra-long read Nanopore library preparation 
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All steps were performed using wide-bore pipette tips.  To purify DNA for library 

preparation, CRISPR-TARGETED elution containing >500,000 copies of targets (pooled 

from 2-4 experiments) were slowly transferred (<320 uL) to a 2mL Lo-Bind tube.  DNA 

concentration must be <0.5ng/uL.  Ampure XP (Beckman Coulter) beads (0.45X) were 

then added to the elution by ejecting beads from pipette tip placed at approximately 1 

cm above the elution liquid surface.  The mixture was mixed by gently tapping the 

bottom of the 2mL Lo-Bind tube (Eppendorf).  The tube was then placed horizontally on 

a bench-top rotator and rotated at slowest speed for 15 min at room temperature.  The 

tube was then placed on a magnetic rack and supernatant was removed once the 

beads were bound to the side of the tube; 2X ethanol wash (80%) was then performed.  

Beads were dried at room temperature for 1 minute and 50uL of EB buffer (Qiagen) was 

added slowly on top of the beads.  The mixture was mixed by gentle tapping and placed 

on benchtop shaking heat block for 1 hour (37 degrees C, rotating at 400 rpm).  The 

tube was then placed at 4 degrees C for 12 hours for elution.  Ampure XP purification 

prior End-Repair and A-tail was not performed for the 22q11.21 deletion sample.  

Instead, elution was dialyzed on filter membrane for 1-2 hours to remove excess salt 

and then concentrated to 48 uL using SpeedVAC.   

The elution mixture was placed on a magnetic rack, and once the solution is 

clear 48 uL of the elution was transferred to a 2mL Lo-Bind tube with End-Repair and A-

tail buffer (7 uL) and enzymes (3 uL) premixed (NEBNext® Ultra™ II kit, New England 

Biolabs).  The solution was then mixed by gentle tapping and transferred to a 0.2 mL 

PCR tube and incubated at 20 degrees C for 30 minutes and 65 degrees C for 30 

minutes in a thermocycler; 25 uL of LNB buffer from LSK-109 kit (Oxford Nanopore 
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Technologies) and 10 uL of ligase (New England Biolabs) and and 5 uL of adapter from 

LSK-109 kit was then added the reaction mixture and mixed by gentle tapping.  The 

ligation reaction was then left at room temperature for 10 minutes.  After ligation, the 

library was purified using the DNA purification procedure as described above, eluting 

with 12.5uL of EB buffer (Qiagen).   

Sequencing, alignment, and assembly  

Libraries were sequenced for 48 hours on a MinION instrument (Oxford 

Nanopore Technologies) where library loading was conducted following standard 

manufacturer’s protocol.  PASS filtered reads from MinKOWN were aligned to hg38 

using minimap2 (parameters:  -ax map-pb).  On-target reads were identified as those 

that align to LCR22A and LCR22D regions for 22q11.2 deletion and BP4 and BP5 

regions for 16p11.2 deletion and duplication.  Manual overlap assembly of sequencing 

reads were performed using reads > 30 kb. 

RESULTS 

Intact isolation of 200-500kb target regions  

The first part of the CTLR-Seq pipeline is the intact isolation of genomic targets 

interest.  Targets can range from 50 kb to 1 Mb.  Here, we demonstrate this application 

on three different targets of interest:  the 22q11.2 deletion region and the 16p11.2 

deletion and duplication regions (Figure 1).  The typical 22q11.2 deletion span ~3 Mbp 

spanning four major segmental duplication regions, also known as low-copy repeats 

(LCR), LCR22A-D.  CRISPR gRNAs were designed to cut immediately outside (inside 

unique genomic sequences) the segmental duplication rearrangements that form the 

deletion region (Figure 1A), concomitantly, sites that flank LCR22A and LCR22D 
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respectively on haplotype without the genomic deletion are also cut.  However, the 

excised fragment in this case will stretch approximately 3 Mbp, much larger than the 

expected size of target fragment containing the deletion region (few hundreds of 

kilobases).  Due to this size difference, target fragment of interest containing the 

22q11.2 deletion region separates from the other haplotype and the rest of the genome 

during gel-electrophoresis and isolated intact via electro-elution. 

Similarly, CRISPR gRNAs were designed to cut immediately outside the 16p11.2 

deletion and duplication regions.  Although the 16p11.2 haplotype without the deletion 

or duplication (and other sites on the rearranged haplotype, in the case of the 16p11.2 

duplication) will also be cut by the same gRNAs (Figure 1B), size differences between 

the excised fragments allow for the intact, haplotype-specific isolation of only the 

16p11.2 deletion or duplication regions via gel-electrophoresis and electro-elution. 

Target enrichment was assayed using qPCR where Taqman probes were 

designed to detect isolated targets of interest.  Taqman probes for the other “normal” 

haplotype as well as also designed.  We used a Taqman probe targeting the Rnase P 

gene to serve as reference.  More than 200,000 targets of interest were obtained from a 

single assay for all three targets and the target enrichment relative to RNase P 

reference as greater than 30-fold on average.  Background levels of the “normal” 

22q11.2 and 16p11.2 haplotypes were the same as RNase P, indicating that the targets 

of interest were isolated in a haplotype-specific fashion.  Approximating from where the 

target fragments of interest have migrated during gel-electrophoresis, sizes of the 

22q11.2 deletion region, 16p11.2 deletion region, and 16p11.2 duplication regions were 

estimated to be 500 kb, 300 kb, and 200 kb respectively. 
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Ultra-long read Nanopore sequencing 

The second part of the CTLR-Seq pipeline is the preparation of ultra-long 

sequencing library (see Materials and Methods).  Here, we show that even though the 

overall amount of DNA from a CRISPR-TARGETED elution is low, 16-40ng of DNA 

(0.2-0.5ng/uL), sequencing libraries up to 30-40x on-target coverage with N50 > 65 kb 

can still be achieved (Figure 1C, 2).  For example, in the 22q11.2 deletion CTLR-Seq 

library, the N50 was 65.41 kb with the longest read spanning 405 kb; more than 80% of 

the reads span between 40 to 200 kb (Figure 1C).  The 22q11.2 deletion CTLR-Seq 

library was prepared using an older version of the library preparation method where the 

elution was dialyzed first and then concentrated using speed vacuum.  The on-target 

sequencing coverage obtained for the 22q11.2 deletion CTLR-Seq library is 

approximately 10x (Figure 2A).  The 16p11.2 deletion and duplication CTLR-Seq 

libraries were prepared using the most updated CTLR-Seq library preparation method 

(see Materials and Methods) where approximately 30-40x on-target coverage was 

achieved (Figure 2B-C).  The enrichment of target regions compared to background 

genomic regions is >40x for all CTLR-Seq libraries. 

Assembly of segmental duplication rearrangement regions 

The on-target reads obtained from CTLR-Seq typically span from 30 kb to 200 kb 

and are long enough to completely sequence assemble the target region of interest with 

manual overlapping assembly or other assembly tools built for handling Nanopore reads 

such as Flye (Kolmogorov et al., 2019), Canu (Koren et al., 2017), and wtdbg2 (Ruan 

and Li, 2020).  Here, we performed manual overlap assembly by first identifying reads 

align to the 5’ and 3’ cutting sites of the gRNAs.  We then use these reads as anchors to 
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“stitch” together the assembly by finding overlapping reads.  In the case of the 16p11.2 

deletion and duplication regions, 2 to 3 long reads that span ~90 kb to ~200 kb is 

enough to assemble the entire target region of interest (Figure 3A-B).  The 16p11.2 

deletion assembly is 299.5 kb in length and can be completely assembled from two 

reads that span 102 kb and 226 kb respectively (Figure 3A).  The 16p11.2 duplication 

assembly is 199.3 kb in length and can be completely assembled from 3 reads that all 

span ~90 kb (Figure 3B).  The final sequence assembly size for both 16p11.2 deletion 

and duplication correspond well with approximately size of the enriched fragment from 

CRISPR-TARGETED.  Both manual assemblies for the 16p11.2 CNV region were also 

obtained by using Flye (Kolmogorov et al., 2019) to assemble the on-target reads.  The 

22q11.2 deletion assembly was manually assembled by using 10 reads that span from 

30 kb to 103 kb, and the total sequence assembly size for the 22q11.2 deletion is 484 

kb (Figure 3C).  This assembly was also orthogonally validated by using fiber-FISH 

optical mapping (Figure 3D).  The probes used here for the fiber-FISH optical mapping 

analysis of the 22q11.2 region have been previously described (Demaerel et al., 2019).   

DISCUSSION 

 Here, we have developed a generally applicable method based on 

CRISPR/Cas9-targeted ultra-long read sequencing (CTLR-Seq) to completely and 

haplotype-specifically resolve, at base-pair resolution, large, complex, and highly 

repetitive genomic regions that had been previously impenetrable to next-generation 

sequencing analysis. To demonstrate its utility, we show, for the first time, the complete 

sequence assembly of the genome rearrangements that result in the 16p11.2 deletion 

and duplication CNVs and the 22q11.2 deletion.  The important roles that these CNVs 
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play in human developmental disorders has long been recognized (Marshall et al., 2008; 

Malhotra and Sebat, 2012; Kirov et al., 2014; Kirov, 2015; McDonald-McGinn et al., 

2015; Niarchou et al., 2019); however, their sequences have never been resolved until 

now, despite decades of attempts (Morrow et al., 1995, 2018; Edelmann et al., 1999b; 

Shaikh et al., 2007; Guo et al., 2016).  We also describe the development of a novel 

method CTLR-Seq which combines CRISPR-Cas9 and Nanopore long-read sequencing 

that allows for the targeted and haplotype-specific base-pair resolution of highly 

repetitive and complex segmental duplications that stretch hundreds of kilobases in the 

human genome (Bailey et al., 2002).  Segmental duplications are known to be highly 

polymorphic across human populations for which the human reference genome is often 

contain gaps or misassembled (Bailey et al., 2001; Babcock et al., 2003; Nuttle et al., 

2016; Demaerel et al., 2019).  In such cases, de novo assembly using ultra-long reads 

as demonstrated here is preferable.  This methodology also allows us to resolve the 

structures – equally unknown, residing in segmental duplications – of the other large 

pathogenic genomic rearrangements (i.e. on 1q21.1, 3q29, 15q11.2, 15q13.3, 16p11.2, 

and 16p13.1) (Malhotra and Sebat, 2012; Deshpande and Weiss, 2018; Takumi and 

Tamada, 2018).  Other long and highly repetitive genomic sequences such as 

telomeres and centromeres may also be assembled and analyzed using CTLR-Seq. 

The CTLR-Seq library preparation method takes advantage of the fact that the 

target genome fragments are isolated intact using CATCH (Jiang et al., 2015; Shin et al., 

2017; Gabrieli et al., 2018).  Since the genomic fragments are isolated intact and that 

the length Nanopore sequencing reads are limited by the size of input fragments, 

reductions in read lengths are typically the result of DNA shearing due to handling.  
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Another key to generating successful ultra-long reads using CTLR-Seq is that the input 

DNA concentration must also be low (<0.5ng/uL).  This low concentration makes it 

difficult to purify DNA using column or alcohol precipitation-based methods without 

suffering drastic yield loss, but allows for the use Ampure XP beads, from the library 

preparation reaction mixture and also from the CATCH elution buffer, which often 

contains high concentrations SDS that inhibits enzymatic activities during library prep.  If 

the DNA concentration is high, then alcohol precipitation-based methods is then 

preferred since concentration of high molecular weight DNA will lead to the clumping of 

Ampure XP beads which drastically reduces purification yields.  Currently, sequencing a 

single CTLR-Seq library on a Nanopore MinION flow-cell does not use up the entire 

sequencing capacity of the flow-cell.  The utilization is only about 20-30%.  In the future, 

pooling different barcoded libraries may be utilized to take full advantage of the 

sequencing capacity of Nanopore flow-cells.   

A very important aspect of CTLR-Seq is that the use of CRISPR enables one to 

discriminate structural differences specific to a haplotype.  This approach leverages the 

fact that some structural changes are large enough to enable isolation of different high 

molecular weight molecules representative of the separate haplotypes.  Thus, more 

complex structure can be resolved efficiently.  Because many complex structural 

variations are missed by even long-read whole genome sequencing (Shin et al., 2019), 

the greater coverage of complex genomic regions afforded by CTLR-Seq leads to the 

improved ability to resolve such complex structures.  Finally, the targeted approach 

provided by CTLR-Seq to evaluating complex loci causative for specific diseases can be 
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used to provide accurate resolution of these genomic structures within a diagnostic 

setting.  
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Figure 1.  Method overview.  (A) Experimental design of CTLR-Seq for targeting the 22q11.2 deletion 
region on Haplotype 2.  The typical 22q11.2 deletion span ~3 Mbp spanning four major segmental 
duplication regions LCR22A-D.   CRISPR gRNAs were designed to cut sites flanking the deletion 
region (Haplotype 2) that forms due to genomic rearrangement between LCR22A and LCR22D, 
concomitantly, sites that flank LCR22A and LCR22D respectively on Haplotype 1 are also cut.  The 
22q11.2 deletion region on Haplotype 2 is separated from Haplotype 1 and the rest of the genome via 
gel electrophoresis on the Sage HLS machine (Sage Science) followed by ultra-long read library 
preparation and Nanopore sequencing.  (B) Genomic rearrangement of segmental duplication regions 
BP4 and BP5 give rise to 16p11.2 deletion and duplications.  Design of CRISPR gRNA targets to 
isolate 16p11.2 BP4/5 deletion and duplication regions for CLR-Seq. Scissor colors represent 
different gRNA sequences. (C) Histogram of read Nanopore length distribution (22q11.2 deletion 
sample).   
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Figure 2.  Sequencing coverage of 22q11.2 and 16p11.2 CNV regions for (A) 22q11.2 deletion, (B) 
16p11.2 deletion, and (C) 16p11.2 duplication.  Scissor colors represent different gRNA sequences. 
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Figure 3.  Sequencing assembly of 22q11.2 and 16p11.2 CNV regions for (A) 16p11.2 deletion, (B) 
16p11.2 duplication, and (C) 22q11.2 deletion.   The 16p11.2 deletion region (299.5 kb) is assembled 
from two reads (102 kb and 226 kb); the 16p11.2 duplication region (199.3 kb) is assembled from 
three reads (88 kb, 91 kb, and 86 kb), and the 22q11.2 deletion region is assembled from 9 reads 
ranging from 30 kb to 103 kb.  (D) Fiber-FISH optical-based assembly for the 22q11.2 deletion 
haplotype (rearranged allele LCR22A/D deletion) and segmental duplication LCR22A-D for the other 
22q11.2 haplotype without the genomic deletion.   
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