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Abstract 53 

A substantial fraction of the human genome is difficult to interrogate with short-read DNA sequencing 54 

technologies due to paralogy, complex haplotype structures, or tandem repeats. Long-read sequencing 55 

technologies, such as Oxford Nanopore’s MinION, enable direct measurement of complex loci without 56 

introducing many of the biases inherent to short-read methods, though they suffer from relatively lower 57 

throughput. This limitation has motivated recent efforts to develop amplification-free strategies to target 58 

and enrich loci of interest for subsequent sequencing with long reads. Here, we present CaBagE, a 59 

novel method for target enrichment that is efficient and useful for sequencing large, structurally complex 60 

targets. The CaBagE method leverages the stable binding of Cas9 to its DNA target to protect desired 61 

fragments from digestion with exonuclease. Enriched DNA fragments are then sequenced with Oxford 62 

Nanopore’s MinION long-read sequencing technology. Enrichment with CaBagE resulted in up to 416X 63 

coverage of target loci when tested on five genomic targets ranging from 4-20kb in length using healthy 64 

donor DNA.  Four cancer gene targets were enriched in a single reaction and multiplexed on a single 65 

MinION flow cell. We further demonstrate the utility of CaBagE in two ALS patients with C9orf72 short 66 

tandem repeat expansions to produce genotype estimates commensurate with genotypes derived from 67 

repeat-primed PCR for each individual. With CaBagE there is a physical enrichment of on-target DNA 68 

in a given sample prior to sequencing. This feature allows adaptability across sequencing platforms 69 

and potential use as an enrichment strategy for applications beyond sequencing. CaBagE is a rapid 70 

enrichment method that can illuminate regions of the ‘hidden genome’ underlying human disease.  71 

 72 
Introduction 73 

While short-read DNA sequencing technologies have enabled the discovery of genetic variants 74 

underlying numerous rare genetic disorders (1, 2), a large fraction of the human genome remains very 75 

difficult to interrogate with short-reads. These so-called “hidden” regions are difficult to sequence with 76 

short-read technologies owing to a mixture of sequence paralogy, complex haplotype structures, and 77 

tandem repeats (3, 4). Collectively these hidden regions impact over 700 genes (4). 78 
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Paralogous sequences consist of ancestrally duplicated genomic segments. These sequences 79 

can be entire genes or segmental duplications (a duplicated sequence >1kb) and can appear in tandem 80 

or interspersed throughout the genome. Due to high homology elsewhere in the genome, there is 81 

ambiguity when mapping short reads to these regions. Thus, approximately 70% of segmental 82 

duplications are not sequence-resolved in the human reference genome, and are simply annotated as 83 

gaps (5). Polymorphic mobile element insertions are similarly difficult to map, as multiple copies exist 84 

throughout the genome and yet broad phenotypic effects of this variation have been suggested (6, 7).  85 

Short tandem repeats (STRs) are another class of genomic sequence that is difficult to resolve, 86 

and have estimated mutation rates orders of magnitude higher than single nucleotide variation (8). Yet 87 

the contribution of tandem repeats to phenotypic heterogeneity remains poorly understood due to 88 

limitations in our ability to accurately detect and genotype these features. STR expansions underlie 89 

over 40 developmental and neurological disorders (9), highlighting a clear need for better molecular 90 

and informatics techniques to genotype these features across individuals (10). The (CCCCGG)n repeat 91 

expansion in C9orf72 segregates with up to 40% of familial amyotrophic lateral sclerosis (ALS) cases 92 

(11) and is one of few established causes of the disease (12). However, sequencing through complete 93 

C9orf72 repeat expansions is difficult; therefore, diagnostics rely on laborious, semi-quantitative 94 

methods such as Southern blot or repeat-primed PCR (RP-PCR). In contrast, long-read sequencing 95 

(LRS) can, in principle, provide essential quantitative information such as repeat length and sequence 96 

content, which may reveal connections between allelic polymorphism and clinical phenotypes such as 97 

severity and age of onset.   98 

Oxford Nanopore Technologies (ONT) long-read sequencing (LRS) (13) enables direct 99 

measurement of loci containing complex structures without introducing biases due to amplification or 100 

polymerase slippage, and permits highly accurate mapping.  At the same time, native modifications to 101 

DNA or RNA are preserved and can be detected concurrently with the nucleic acid sequence. While 102 

higher error rates limit the accuracy of single nucleotide variant discovery compared to Illumina DNA 103 

sequencing, long reads that completely span hidden genomic regions offer the potential for 104 
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comprehensive and accurate discovery of the structural variation therein. A recent study sequenced 105 

fifteen human genomes with long reads and showed that over 80% of structural variants genotyped 106 

were missed when called from Illumina data for the same subjects (14). In fact, the sensitivity of LRS 107 

can greatly exceed standard next generation sequencing (NGS), particularly for large insertions 108 

(>50bp) (15).  109 

The ONT MinION is particularly advantageous for diagnostics, as it is affordable, portable, and 110 

capable of generating reads up to 1Mb. A pressing limitation of the MinION however, is the low 111 

throughput relative to other sequencing technologies (e.g., Illumina). This has motivated recent efforts 112 

to enrich loci of interest for subsequent LRS without amplification, which limits target-lengths and can 113 

introduce PCR bias. Many emerging methods leverage the highly specific targeting ability of the 114 

CRISPR/Cas9 system, but strategies vary widely and have unique strengths and limitations related to 115 

DNA input requirements, protocol execution time, target size restrictions, and efficiency (16-18). 116 

CATCH was one of the first methods published and relies on pulsed-field gel electrophoresis to 117 

physically isolate a DNA target of known size that is first cut at the flanks with Cas9 (17). This method 118 

is amenable to very large targets (200kb) because DNA is protected from shearing in agarose plugs. 119 

However, if the target length is variable or unknown, as with pathogenic repeat expansions, the 120 

method suffers and amplification is often required to obtain high sequencing yields. Subsequent 121 

strategies improved yield and efficiency by enriching sequencing data for target sequences without 122 

physical enrichment of target DNA fragments in the sample. The nCATS method uses 123 

dephosphorylation to prevent adapter ligation in sample DNA (19). Next, the 5-prime phosphates 124 

flanking a target are restored using the endonuclease activity of Cas9, so that those fragments alone 125 

are available for sequence adapter ligation. This method performs best for targets up to 20-30kb. 126 

Most recently, ReadUntil, a computational method for real-time enrichment during sequencing, has 127 

been expanded to human genomic targets (20). The method utilizes real-time sequence identification 128 

to allow DNA fragments to be rejected from nanopores prior to completion of sequencing, thus 129 

performing targeted sequencing without specialized library preparation. ReadUntil does not have cost 130 
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associated with assay design, reagents, or equipment, however rejection of fragments from pores 131 

does decrease overall output from flow cells and thus reduces yield across individual targets (20). 132 

Here we introduce a novel Cas9-based Background Elimination strategy, CaBagE. In contrast to 133 

nCATs and ReadUntil, CaBagE physically enriches genomic DNA for specific target loci, producing 134 

enrichment with comparable efficiency in terms of library preparation time and sequence output. 135 

Cas9 is a single-turnover enzyme with endonuclease activity that can be easily directed to 136 

specific genomic sequences using guide RNAs. The complex formed between the enzyme, its RNA 137 

guide, and target DNA is very stable, and forcibly dissociates only under harsh environmental conditions 138 

(21). In vitro studies have shown that the natural dissociation time of Cas9 from its DNA target is 139 

approximately 6 hours (22). When challenged with competing proteins, Cas9 remains tightly bound in 140 

most cases (23). We were therefore motivated to ask whether this property of Cas9 extends to multiple 141 

progressing exonucleases. If so, one can leverage exonucleases as a means to deplete background 142 

DNA and enrich for targeted loci that are bound and therefore protected by Cas9 on either side.  143 

Exonucleases have previously been used to eliminate background DNA in NGS libraries. For 144 

example, Nested Patch PCR protects target DNA from digestion by capping the target sequences with 145 

adapters containing phosphodiester bonds (24) and ChIP-exo protocols rely on proteins bound to DNA 146 

to protect the “footprint” from exonuclease activity (25). By directing Cas9 binding to either side of a 147 

specific target locus, we show that the DNA flanked by Cas9 is preserved amidst extensive digestion 148 

of genomic DNA by exonucleases, allowing for highly specific target enrichment without PCR. By 149 

coupling Cas9-based background elimination with long-read sequencing technology, we demonstrate 150 

target sequence enrichment in previously poorly characterized regions of the human genome. Further, 151 

we combine this output with a computational approach that allows clustering of long-read sequence 152 

alignments to yield genotypes across a pathogenic repeat expansion in C9orf72. This generalizable 153 

molecular framework is fast, accurate, and multiplex-ready, to characterize recalcitrant yet medically 154 

important genes.  155 

Results 156 
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Cas9 Background Elimination (CaBagE) targeted 157 

sequencing strategy overview 158 

To enrich for a genomic region of interest, we developed 159 

a method that uses Cas9 to selectively protect target 160 

DNA from background elimination by exonucleases (Fig 161 

1). First, Cas9 is targeted to both sides of a region of 162 

interest using locus-specific guide RNAs. The distance 163 

between the enzymes, effectively the target fragment 164 

length, is highly flexible and limited only by the ability to 165 

design guide RNAs flanking the target and the average 166 

fragment length of source genomic DNA. Immediately 167 

following Cas9 binding, Exonucleases I, III, and Lambda 168 

are introduced to degrade single stranded DNA, and 169 

double-stranded DNA from the 3-prime and 5-prime 170 

direction, respectively. These enzymes degrade most 171 

DNA present in the sample with the exception of the 172 

fragments flanked by the Cas9 enzymes, namely, the 173 

DNA target of interest. Heat incubation is then used to 174 

inactivate the exonucleases and force dissociation of 175 

the Cas9 enzyme from the target DNA. Then, the ends 176 

of the target DNA fragments are available for A-tailing 177 

and ligation of the sequencing adapters. Sequencing 178 

libraries are prepared beginning with the adapter 179 

ligation step of the ONT Cas-mediated PCR-free 180 

enrichment protocol (developed for use with nCATs) 181 
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and sequenced on a single MinION flow cell for 48 hours. Target enrichment and library preparation 182 

can be completed in approximately 6 hours.    183 

Cas9 prevents processive exonuclease from degrading DNA target  184 

To test whether bound Cas9 prevents DNA degradation by a combination of three processive 185 

exonucleases, a 997bp synthetic double-stranded DNA gBlock (IDT) was designed to contain multiple 186 

guide RNA target sites. Cas9 cleavage requires that the target DNA, which is complimentary to the 187 

RNA guide, contains a 3bp protospacer adjacent motif (PAM) at its 3′ end. Cas9 binding affinity differs 188 

between the PAM-proximal and distal sides of the cleavage site (22). Therefore, the gBlock was 189 

designed such that flanking pairs of target sites could be in either “PAM-in” or “PAM-out” orientation, 190 

where the PAM sequences contained in the paired target sites are oriented toward or away from each 191 

other, respectively. (Fig 2A). Upon exonuclease challenge, stretches of gBlock DNA contained 192 

between two bound Cas9 enzymes were protected from degradation during a 2-hour incubation, while 193 

gBlock stretches not bound on both sides by Cas9 were completely degraded (Fig 2B). DNA was 194 
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protected between two Cas9 enzymes regardless of PAM orientation. However, PAM-in orientation 195 

resulted in the highest estimated concentration of the protected segment of DNA following exonuclease 196 

challenge (mean PAM-in 225pg/uL, mean PAM-out 106.5pg/uL) and so was selected as the preferable 197 

orientation for target enrichment. As expected, in the absence of Cas9, nearly all gBlock DNA is 198 

degraded by the three exonucleases (Fig 2B).    199 

Yield and coverage  200 

We targeted 5 loci using the CaBagE method; guide RNAs were selected with “PAM-in” orientation and 201 

are listed in S1 Table. As a proof of concept, we targeted loci in healthy donor DNA, including a highly 202 

variable hexanucleotide repeat in C9orf72, and four cancer-related genes with guide RNAs previously 203 

validated for PCR-free targeted sequencing (GSTP1, KRT19, GPX1, SLC12A4) (16). We multiplexed 204 

up to four loci per reaction and sequenced on a single flow cell. Target enrichment and sequencing for 205 

each locus was run in duplicate and runs targeted one or four loci, respectively, on a single flow cell 206 

(Table 1). Multiplexing multiple loci on a single flow cell did not significantly impact coverage across 207 

each individual locus, though coverage did vary from run-to-run.  208 

Sequence reads were aligned using MiniMap2 (26) and on-target reads were visualized with IGV (27). 209 

On-target reads were considered as any reads that overlap the target region by at least 1bp and were 210 

counted using samtools (28). For each target locus, on-target reads aligned to the anticipated Cas9 211 

cleavage site.  When sequencing across the repeat region of C9orf72 in a healthy donor, on target 212 

Table 1: Results from individual CaBagE runs in DNA from healthy donors 
Run ID Total Readsa Target(s) per flowcell Target Length (bp) On-Target Read Depth 
L1R1 536,943 C9orf72 4,044 416 
L1R2 485,412 C9orf72 4,044 179 

L4R1 845,510 

GSTP1 17,819 91 
KRT19 18,189 162 
GPX1 13,644 190 

SLC12A4 24,389 116 

L4R2                 681,142 

GSTP1 17,819 39 
KRT19 18,189 61 
GPX1 13,644 54 

SLC12A4 24,389 63 
aMapQ=60 
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reads spanned the entire locus, terminating at the Cas9 cleavage sites on either side and both DNA 213 

strands were equally represented in the alignment data (Fig 3). The vast majority of off-target reads 214 

were <1,000bp in length. We found that selecting for larger fragments after adapter ligation using the 215 

ONT Long Fragment Buffer, which selects for fragments longer than 3kb, resulted in fewer reads overall 216 

and fewer on-target reads despite target fragments being >3kb in length. For example, two independent 217 

runs using the same initial DNA sample with Short Fragment Buffer and Long Fragment Buffer 218 

generated 2,707,912 reads with 71 on-target and 99,191 reads with 14 on-target, respectively. As 219 

expected, the Long Fragment Buffer resulted in an enrichment of longer reads and also higher 220 

proportion of reads with map quality ≥60 (S1 Fig). However, due to the difference in the number of on-221 

target reads, all CaBagE runs utilize the Short Fragment Buffer. Off-target reads were typically short 222 
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 10 

(median length=559bp, Fig 4A) and randomly distributed throughout the genome, suggesting that they 223 

arose primarily by incomplete exonuclease digestion rather than off-target guide RNA binding. To 224 

determine whether off-target reads were enriched for other genomic features that might be 225 

preferentially protected from exonuclease digestion, we tested for a statistical enrichment for overlaps 226 

with G-quadruplex annotations (permutation test, p=0.97) (29, 30); further, the GC content distribution 227 

centered at 39.5%, reflecting the genome average (S2 Fig). Ten genomic regions showed pile-ups with 228 

>50X coverage, and these sites were annotated as having long chains of simple tandem repeats; 229 

therefore, the pile-ups were likely the result of mapping errors. The total number of reads generated 230 

from CaBagE targeted sequencing ranged from ~800,000 to 2.7 million; when restricting to reads with 231 

map quality ≥60, ~40% of off-target reads are removed (Fig 4B).  232 
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To determine how target enrichment with CaBagE compares to nCATs in our hands, side-by-233 

side sequencing runs targeting four loci were conducted. Using identical DNA input samples, 234 

concentrations, and sequencing parameters on flow cells that performed similarly during Platform QC 235 

(i.e. similar number of active pores available) the on-target read depth at the target locus achieved with 236 

nCATs was 2.6 to 10.7-fold higher than that of CaBagE (S2 Table). While the CaBagE off-target 237 

sequencing rate resulting from incomplete exonuclease digestion likely contributed to its relatively lower 238 

on-target yield, coverage across the targets produced by CaBagE were sufficiently high (≥30X) for 239 

locus characterization.        240 

CaBagE target enrichment produces reads that span a pathogenic repeat expansion in known carriers.  241 

To test the ability of our target enrichment strategy to sequence through disease-specific tandem repeat 242 

alleles in affected individuals, we applied CaBagE to two de-identified DNA samples with known 243 

C9orf72 repeat expansions from the National Institute of Neurological Disorders and Stroke (NINDS) 244 

repository at the Coriell Institute. Repeat copy numbers for these individuals were previously estimated 245 

using gene specific repeat-primed PCR (RP-PCR) and gel electrophoresis (31). The upper limit of 246 

detection for repeat copy number estimation using RP-PCR is ~950 copies and genotypes above 950 247 

copies are denoted as EXP, for expanded (31). The PCR-based copy-number estimates for the two 248 

samples’ expanded alleles are 704 and EXP, respectively, where the EXP allele was beyond the upper 249 

limit of detection with PCR-based methods. Targeted sequencing of the C9orf72 repeat expansion 250 

using the CaBagE method in these individuals resulted in high (>60X) depth of coverage at the target 251 

locus (Table 2). A bias for the minus strand was observed in both NINDS ALS samples (Fig 5). Strand 252 

bias has been previously observed when sequencing across repeats with ONT (32, 33) and can be 253 

correlated with repeat length, however we observed no apparent relationship between strand and 254 

repeat size. The G-rich and C-rich repeats of sense and antisense ssDNA at this locus form  255 
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different secondary structures, which may migrate through the sequencing pores at different rates (34).      256 

Spanning reads were defined as reads that aligned to both the 5 prime and 3 prime flanking 257 

sequence around the repeat, as well as the full repeat sequence itself. Per-read hexanucleotide repeat 258 

copy number was estimated by counting the number of bases between the position in the read that 259 

aligned immediately upstream of the repeat and immediately downstream, divided by six, the repeat 260 

motif length. Allele-specific repeat copy numbers were estimated from subgroup means derived from a 261 

Gaussian mixture model where the number of clusters was determined a priori by visually counting 262 

distinct peaks from a read-length histogram. In both samples, the read-length histograms showed 3 263 

populations of spanning read lengths (Fig 5) and triallelic repeat copy number estimates are listed in 264 

Table 2.  265 

In sample ND11386, the majority of the expanded reads supported a copy number estimate 749 266 

(Fig 5A) and for ND13803, the majority of expanded reads supported a copy number 1,538 (Fig 5C), 267 

consistent with the estimates derived from RP-PCR. In both samples, the largest alleles detected were 268 

absent from the RP-PCR results, as they are larger than the detectable limit of the assay. Further, both 269 

samples showed a strong bias to sequencing the shortest allele, representing 79% and 91% of the 270 

spanning reads, respectively. This is likely an artifact of the technology sequencing shorter fragments 271 

more efficiently, as has been previously observed (35-37) and the fact that longer (e.g. expanded) 272 

fragments are more likely to be damaged between the flanking Cas9 binding sites, which would result 273 

in failure of enrichment. The presence of the three alleles in each sample were confirmed by repeated 274 

Table 2: Results from CaBagE runs in known carriers of the C9orf72 repeat expansion 
Coriell ID RP-PCR 

CN 
Estimate 

Total Readsa On-
Target 
Read 
Depth 

Total 
Spanning 

Reads 

Reads 
spanning 
expanded 

allele 

CaBagE CN 
Estimate 

ND11386 8/704 1,490,712 115 98 21 9/749/1,893 
ND13803 2/EXP 852,155 71 66 7 

 
2/808/1,538 

aMapQ=60 
*RP-PCR repeat-primed PCR and agarose gel electrophoresis derived genotypes from Bram et al 
(31), CN copy number 
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library preparation and sequencing of the same samples (S3 Fig). The appearance of the third alleles 275 

in these samples could be artifacts of cell line transformation from which the DNA was derived. Multiple 276 

populations of allele lengths have been previously observed in cell lines and was observed in ND11836 277 

via Southern blot during validation of a PCR-based assay (38).  278 

Discussion 279 

We developed a method to enrich long-read sequence data for specific target loci that is fast, 280 

efficient, and amenable to the multiplexing of multiple target loci. By relying on the binding kinetics of 281 
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the Cas9 enzyme to its RNA-guided target, CaBagE can flexibly enrich for targets so long as most 282 

fragments in the input DNA are intact between Cas9 binding sites. Therefore, to pursue very large 283 

targets (>~30Kb) will likely require ultra-high molecular weight DNA, which must be obtained with 284 

specialized DNA extraction methods such as agarose plugs or specialized ultra-high molecular weight 285 

DNA extraction kits. 286 

CaBagE performs similarly in terms of prep time and input requirements, but with a lower yield than 287 

a popular competing method, nCATS (16). However, unlike nCATS and ReadUntil for amplification-288 

free targeted sequencing, the enrichment achieved from CaBagE occurs at the DNA-level, where the 289 

ratio of on- to off-target DNA physically increases in the sample prior to sequencing. This unique feature 290 

of CaBagE amplification-free enrichment may therefore prove useful for applications beyond long-read 291 

DNA sequencing where isolating specific DNA sequence is required, for example to increase specificity 292 

during size separation or for PCR-free cloning. Despite high on-target coverage, CaBagE sequences 293 

off-target fragments at a high rate owing to both incomplete exonuclease digestion and the lack of a 294 

selection step for long fragments. However, since an average CaBagE run yields ~1 Gb of sequence, 295 

which is well under the >8 Gb typical throughput for the MinION R9.4.1 using the ligation kit, we expect 296 

this high off-target rate isn’t detracting from our on-target depth.  297 

We demonstrated CaBagE’s ability to capture pathogenic repeat-expansion alleles in two ALS 298 

patients. We discovered 3 distinct read-length populations in each sample, potentially representing 299 

significant mosaicism. This observation is not uncommon in studies of repeat expansions where 300 

genotyping assays are performed on cell line-derived DNA (38, 39). Determining whether these 3 301 

alleles were present in the blood of these patients or arose as an artifact of cell culture or sequencing 302 

would require both blood and LCL-derived DNA from the same individual, which is not available for the 303 

NINDS ALS Collection.   304 

We note that several challenges remain in utilizing targeted long-read sequencing in the 305 

identification of repeat expansions. First, longer repeat expansions have greater instability, and growing 306 

and shrinking of repeat length is common and variable cell-to-cell and tissue-to-tissue in patients with 307 
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the C9orf72 repeat expansion and other repeat expansion diseases (40, 41). The observation of mosaic 308 

lengths of short tandem repeats in ours and previous studies poses an interesting challenge for 309 

estimating repeat-length genotypes and further calls into question whether creating a consensus 310 

sequence for the repeat is biologically meaningful. However, estimating a distribution of repeat lengths 311 

within an individual may be of clinical relevance, wherein a greater spread may indicate instability, 312 

which in turn may be correlated with pathogenesis. Second, sequencing across the repeat expansion 313 

using CaBagE resulted in a strong bias in the sequencing data toward shorter alleles. Therefore, in 314 

addition to needing high depth of coverage to detect the expansion, this length bias also complicates 315 

the ability to accurately quantify relative clonal contributions in cases where somatic mosaicism is 316 

present. Carefully extracted, high molecular weight DNA may not have as pronounced a bias, as longer 317 

fragments won’t be depleted in those samples. Overcoming this bias would be required for future 318 

studies of mosaicism. Accurate base calling also remains a challenge using ONT technologies, 319 

particularly in repeats with high GC content. We note that several reads representing the expanded 320 

alleles failed base calling using Guppy and were retrieved from the “fastq_fail” folder generated by the 321 

MinKNOW software. Nanosatellite is specifically designed software to accurately characterize tandem 322 

repeat sequences where standard base calling algorithms perform poorly (35) and may be an effective 323 

alternative for repeat sequence characterization as the performance of Guppy improves. Strand biases 324 

are also exacerbated across repeats sequenced with long-read technologies (32) and should be 325 

considered during repeat sequence characterization.  326 

CaBagE’s amplification-free targeted sequencing can be used to effectively sequence across 327 

multiple, large loci on a single MinION flow cell. The method is not limited to the MinION, but should be 328 

adaptable to any long-read sequencing technology. Future work to improve the method will include 329 

increasing the efficiency of the exonuclease digestion and possibly adapting the method to be used for 330 

tiling across much larger targets with catalytically inactive dCas9. Currently, CaBagE is a unique target 331 

enrichment strategy that does not simply enrich sequencing data for specific loci, but enriches the DNA 332 

sample itself without amplification, thus potentially providing utility beyond long-read sequencing. As 333 
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methods for DNA preparation, sequencing, and downstream data processing continue to improve, 334 

targeted sequencing methods like CaBagE will become indispensable in large-scale, cost-effective 335 

studies of complex structural variation.  336 

Methods 337 

Samples. A 997bp gBlock was designed to contain four gRNA target sites (Supplementary Table 1). 338 

Deidentified healthy donor DNA was obtained from Promega (Human Genomic DNA: Female, G152A). 339 

DNA from ALS cases (ND11836 and ND13803) were extracted from EBV transformed LCLs by from 340 

the National Institute of Neurological Disorders and Stroke (NINDS) repository at the Coriell Institute. 341 

DNA was pre-treated with FFPE Repair Mix from NEB (M6630S) according to manufacturer’s Protocol 342 

for use with Other User-supplied Library Construction Reagents to repair nicks that could result in 343 

undesired target degradation by exonucleases.    344 

Guide RNA design. Guide RNAs (sgRNA, S1 Table) were selected to flank up and downstream of the 345 

target locus. A combination of online tools including CHOPCHOP, E-CRISP, and IDT (42-44) were 346 

used to design sgRNAs with high in silico predicted on-target efficiency and minimal off-target effects. 347 

For target loci, pairs of sgRNAs were designed such that they maintained a “PAM-in” orientation to the 348 

target sequence. Preassembled gRNA comprised of crRNA and tracrRNA (IDT, Alt-R® CRISPR-Cas9 349 

sgRNA, 2 nmol) sequences were purchased from IDT and resuspended in IDTE at a 10μM 350 

concentration.   351 

Cas9 digestion. The molar ratio of Cas9:gRNA:DNA target was ~10:10:1. The ribonucleoprotein 352 

complex was formed by combining 150nM Cas9 enzyme with 150nM of each guide in 1X CutSmart 353 

buffer (NEB) and the 23.5μL reaction was incubated at 25ºC for 10 minutes. A 40uL reaction containing 354 

the RNP complex, ~15nM (3ug) human genomic DNA or 30ng of gBlock in 1x Cutsmart buffer (NEB 355 

B7204) was incubated at 37ºC for 15 minutes.    356 

Exonuclease digestion. Immediately following Cas9 digestion, 260 total units of exonucleases (Exo I 357 

([40U] NEB M0293), Exo III ([200U] NEB M0206), Lambda ([20U] NEB M0262]) diluted in 1X CutSmart 358 
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buffer to 10μL were added to the reaction for a final reaction volume 50uL and incubated at 37ºC for 359 

two hours, followed by heat inactivation at 80ºC for 20 minutes.  360 

A-tailing. 1μL of 10mm dATP (Zymo Research, D1005) and 1μL Taq DNA Polymerase (M0267S) were 361 

added to reaction mix and incubated at 72ºC for 5 minutes.    362 

Adapter ligation. An adapter ligation mix was prepared from the LSK-109 Ligation Sequencing Kit by 363 

combining 25μL Ligation Buffer, 5μL Quick T4 Ligase (NEB E6057), 5μL Adapter Mix, and 13μL 364 

nuclease-free water. The mixture was added to the previous reaction for a total volume of 100uL and 365 

incubated for 10 minutes on a hula mixer at room temperature. A clean-up step was then performed 366 

using 0.3X AmpureXP magnetic beads (Beckman Coulter A63881) and washed twice with 200μL of 367 

Short Fragment Buffer (ONT SQK-LSK109). The final library was eluted in 16.6μL of Elution Buffer and 368 

15.8μL retained. 369 

Nanopore sequencing. Each sample was sequenced on a MinION flow cell (R9.4.1). Flow cells with 370 

>800 active pores following Platform QC were primed with 800μL of Flush Buffer followed by a second 371 

priming with priming mix (70μL Sequencing Buffer + 70μL nuclease-free water + 70μL Flush Buffer). 372 

The final library is then immediately loaded onto the flow cell in a mixture with 26μL Sequencing Buffer, 373 

9.5μL Loading Beads, and 0.5μL Sequencing Tether from the LSK-109 Ligation Kit.  Sequencing was 374 

performed for 48 hours using default settings with the MinKNOW software (v.19.05.0) and live base 375 

calling was conducted using the high accuracy flip-flop algorithm. 376 

Sequence data alignment and QC. All sequencing reads were aligned to the human reference GRCh38 377 

using minimap2 software (45). Off-target reads with mapQ = 60 were counted using samtools v.1.9. 378 

On-target depth of coverage was also measured with samtools and visualized in IGV. GC content of all 379 

off target reads was calculated using samtools and awk and compared to a random sample of 380 

1,000,000 intervals in the GRCH38 reference using Bedtools nuc (v2.28.0). All off-target reads were 381 

also tested for enrichment with secondary structure annotations, namely G-quadruplexes, using 382 

poverlap (46), which permutes a null distribution of overlapping genomic regions.  383 
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   Repeat copy number estimation in ALS samples. Reads spanning the repeat expansion were 384 

identified using samtools by identifying reads that aligned both 10bp upstream and downstream of the 385 

repeat locus (28). Next, spanning reads were realigned (Striped Smith-Waterman, scikit-bio v.0.2.3 386 

(47), Python (v.2.7) to the complex sequencing flanking the repeat expansion and the start position in 387 

each read of the downstream flank alignment was subtracted from the end position of the upstream 388 

flank alignment and that number was divided by 6 to estimate repeat copy number. Repeat length 389 

distributions were then visualized on a histogram to determine the number of expected clusters of allele-390 

lengths, which were then fed into a Gaussian Mixture Model (scikit-learn 0.22.1 (48)) to determine 391 

allele-specific repeat copy number estimates.     392 
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Supplementary Table 1: Guide RNA sequences   

Target Locus  
guideRNA 
Name  guideRNA Sequence 

Target Position 
(GRCh38) 

Target 
Strand 

C9orf72 c9orf72_for 
TAACGTAGAATAGAACCCG
A chr9:27572027 + 

 c9orf72_rev 
GTTCCCTGGGTGTGAGTCA
A chr9:27576071 - 

GPX1 gpx1_fwd1 
GCAAGGAGGGGTCAATCAC
C chr3: 49352525 + 

 gpx1_rev1 TAACTTCACCTAGATCCTAT chr3: 49366169 - 

GSTP1 gstp1_fwd1 
CCCGATGACGCACCTCGGA
G chr11: 67576428 + 

 gstp1_rev1 
GAATTATAGTGATACGGAA
G chr11: 67594247 - 

KRT19 krt19_fwd1 
GCCCCACTGTGGACAACTC
A chr17: 41517522 + 

 krt19_rev1 TACTCTCTAGCCCACCACTA chr17: 41535711 - 

SLC12A4 slc12a4_fwd1 
GACGTGTCATGAGCACCCG
A chr16: 67952369 + 

 slc12a4_rev1 TAGATCACTTTGACCACATC chr16: 67976758 - 
gBlock 
Sequence 
     
AGCAAGTCTGTGTCATCTCGGAGCTGTGAAGCAACCAGGTCATGTCCCACAGAATGGGGAG
CACACCGACTTGCATTGCTGCCCTCATATGCAAGTCATCACCACTCTCTAGAAGCTTGGGCT
GAAATTGTGCAGTCATCTCAACACATATATCTCATCTAGCATGATCTCCTCGCCGGCAGGGA
CCGTCTCGGGTTCCTAGCGAACCCCGACTTGGTCCGCAGAAGCCGCGCGCCGCCCACCCT
CCGGCCTTCCCCCAGGCGAGGCCTCTCAGTACCCGAGGCTCCCTTTTCTCGAGCACGCAG
CGGCAGCGCTCCCATCGTGTCCACGGGAATGAGACAGCTCATGTACTGATTACGGGAAAGC
AAGGAAGAGGCCAGATTAACATCCCTTGTCCCTGGGAAGCCCGGGGCCCGGATGCAGGCA
ATTCCACCAGTCGCTAGAGGCGAAAGCCCGACACCCAGCTTCGGTCAGAGAAATGAGAGGG
AAAGTAAAAATGCGTCGCGCGCGACTCCTGAGTTCCAGAGCTTGCTACAGGCTGCGGTTGT
TTCCCTCCTTGTTTTCTTCTGGTTAATCTTTATCAGGTCTTTTCTTGTTCACCCTCAGCGAGTA
CTGTGAGAGCAAGTAGTGGGGAGAGAGGGTGGGAAAAACAAAAACACACACCTCCTAAACC
CACACCTGCTCTTGCTAGACCCCGCCCCCAAAAGAGAAGCAACCGGGCAGCAGGGACGGC
TGACACACCAAGCGTCATCTTTTACGTGGGCGGAACTTGTCGCTGTTTGACGCACCTCTCTT
TCCTAGCGGGACACCGTAGGTTACGTCTGTCTGTTTTCTATGTGCGATGACGTTTTCTCACG
AGGCTAGCGAAATGGGGCGGGGCAACTTGTCCTGTTCTTTTATCTTAAGACCCGCTCTGGA
GGAGCGTTGGCGCAATAGCGTGTGCGAACCTTAATAGGGGAGGCTGCTGGATCTGGAGAA
AGTGAAGACGATTTCGTGG 
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Supplementary Table 2: Side-by-side experiment comparing target 
enrichment with CaBagE vs. nCATs  
Locus CaBage Coverage nCATs Coverage Fold-difference 
GPX1 30 322 10.73333333 
GSTP1 35 93 2.657142857 
KRT19 47 210 4.468085106 
SLC12A4 54 302 5.592592593 
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