
RESEARCH ARTICLE

Novel CRISPR-based sequence specific

enrichment methods for target loci and single

base mutations

Jennifer L. SteeleID, Richard C. StevensID, Oscar A. Cabrera, Gary J. Bassill, Sabrina

M. Cramer, Felipe Guzman, Anthony P. Shuber*

Genetics Research LLC, Waltham, Massachusetts, United States of America

* APS@gen-res.com

Abstract

The programmable sequence specificity of CRISPR has found uses in gene editing and

diagnostics. This manuscript describes an additional application of CRISPR through a family

of novel DNA enrichment technologies. CAMP (CRISPR Associated Multiplexed PCR) and

cCAMP (chimeric CRISPR Associated Multiplexed PCR) utilize the sequence specificity of

the Cas9/sgRNA complex to target loci for the ligation of a universal adapter that is used for

subsequent amplification. cTRACE (chimeric Targeting Rare Alleles with CRISPR-based

Enrichment) also applies this method to use Cas9/sgRNA to target loci for the addition of

universal adapters, however it has an additional selection for specific mutations through the

use of an allele-specific primer. These three methods can produce multiplex PCR that signif-

icantly reduces the optimization required for every target. The methods are also not specific

to any downstream analytical platform. We additionally will present a mutation specific

enrichment technology that is non-amplification based and leaves the DNA in its native

state: TRACE (Targeting Rare Alleles with CRISPR-based Enrichment). TRACE utilizes the

Cas9/sgRNA complex to sterically protect the ends of targeted sequences from exonucle-

ase activity which digests both the normal variant as well as any off-target sequences.

Introduction

The application of the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)

system to gene editing promises to revolutionize both the life science and medical fields [1–3].

While much focus has been placed on the in vivo applications of the CRISPR system, due to

the unique programmable nature of the enzymes, there are also several in vitro applications for

this system; for example, several recent publications report its use in diagnostics [4–7]. In a

previous publication, we described an additional in vitro application of the CRISPR system to

enrich long (10–36 kb) targets of native DNA using Negative Enrichment [8]. Negative

Enrichment is based on the protection of specific loci from exonuclease digestion using Strep-
tococcus pyogenes Cas9 nuclease (Cas9) complexed with a single guide RNA (Cas9/sgRNA).

Here, we report an additional application of CRISPR that provides amplification-based enrich-

ment to target short sequences and allele-specific enrichment to target rare mutations from

both long cellular DNA and circulating cell-free DNA (cfDNA).
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Targeted enrichment methods are needed to both increase the sensitivity to detect rare

mutations and to better produce rapid cost-effective clinical results on various analytical plat-

forms [9]. Recent advances in both sequencing and non-sequencing DNA analysis technolo-

gies will improve and expand clinical diagnostic assays [10–12]. However, these technological

strides forward will require equivalent advancements in sample preparation methods in order

to effectively move from the laboratory to the clinic [13]. This is particularly evident in the

analysis of cfDNA for the early detection of cancer and cancer recurrence monitoring. The use

of cfDNA for clinical diagnostics presents a challenge as it is typically in quantities less than

100 ng/mL of blood, the mutational frequency associated with circulating tumor DNA

(ctDNA) is low, and the fragment size of the DNA is small [14–22].

Current common methods for targeted enrichment [23–29] include both hybrid capture

and sequence specific PCR. Hybrid capture is a probe-based method that utilizes overlapping

single-strand oligonucleotides for positive enrichment to capture targeted DNA fragments. In

general, it has inconsistent efficiencies across many targets that require amplifications to

improve the yield for analysis [30,31]. Sequence specific PCR uses amplification to increase the

signal of targeted DNA, however the ability to analyze multiple targets simultaneously while

retaining the signal to background ratios that can be achieved with single PCR reactions is lim-

ited and requires extensive optimization [32–34].

Commonly used methods for mutation specific enrichment are also primarily amplifica-

tion-based; for example, in allele-specific PCR (ASP) the specificity of the primer is used to

enrich mutations while normal variants are not amplified [35–40]. PCR-based mutation spe-

cific enrichment is difficult to multiplex to many relevant biomarkers. This amplification

involves careful design of primers and conditions to give discretion between mutant and nor-

mal variants, and the conditions must be optimized for each site of interest [40].

Other approaches to the analysis of clinically relevant mutations involve whole genome

sequencing, whole exome sequencing, or targeted gene panels with no specificity for the

mutant allele [41]. Whole genome sequencing and whole exome sequencing can generate

comprehensive assays of genetic variants, however, there is significant cost and time associated

with the analysis of the entire genome [9,42]. Targeted gene panels can be inconsistent in

detecting rare mutations; for example, in a recent study four Next Generation Sequencing

(NGS) gene panel assays were compared and found to be variable for the analysis of ctDNA

particularly in samples with less than one percent mutational frequency [43].

In addition to these standard targeted and mutation enrichment technologies, several pub-

lished articles have recently described other CRISPR-based enrichment techniques for

sequencing libraries. Depletion of Abundant Sequences by Hybridization (DASH) removes

off-target sequences by treating an NGS library with Cas9 complexes to target background

sequences; this allows only the uncut species to be analyzed by NGS [44,45]. Another CRISPR-

based method, Finding Low Abundance Sequences by Hybridization (FLASH), involves a

dephosphorylating pre-treatment of the input DNA and use of Cas9 to generate targeted phos-

phorylated ends necessary for library preparation [46]. Similar techniques, combining dephos-

phorylation with Cas9-based enrichment have also been used with the Oxford Nanopore

Sequencing platform for long DNA applications [47–49], along with several other CRISPR-

based enrichment techniques for long DNA sequencing platforms [50,51]. There have also

been reports of using Cas9/sgRNA for positive enrichment [52,53].

Herein, we report a series of novel CRISPR-based DNA enrichment technologies for the

targeted enrichment of short loci and specific mutations (S1 Fig). For targeted enrichment,

these amplification-based DNA enrichment techniques utilize Cas9/sgRNA complexes to

flank specific target sequences based on chosen guide RNAs and to ligate common adapters

for subsequent amplification. In CRISPR Associated Multiplex PCR (CAMP) the amplification
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is completed using a single universal priming sequence (UPS) complementary to the UPS

adapter. In chimeric-CRISPR Associated Multiplex PCR (cCAMP) amplification is completed

using a primer [54] that contains both a region complementary to the UPS adapter as well as

several bases of sequence specific target providing improved specificity.

We also report two mutation specific enrichment methodologies: Targeting Rare Alleles

with CRISPR-based Enrichment (TRACE) and chimeric Targeting Rare Alleles with CRISPR-

based Enrichment (cTRACE). TRACE is based on Negative Enrichment [8] and does not

include any amplification steps. Negative Enrichment uses the long residence time of Cas9/

sgRNA [55,56] to provide the steric inhibition from exonuclease which digests the DNA out-

side of the target loci. In TRACE the sgRNA is designed to match a single base mutation,

which is protected while the normal variant and the background DNA are digested by exonu-

clease. cTRACE uses a similar amplification-based methodology to cCAMP through the liga-

tion of UPS adapters, however, it then uses a chimeric primer with a mutation specific 3’-end

to enrich the mutated allele over the normal variant.

These methods do not require the significant optimization of reaction conditions for each

target site associated with the standard approach of multiplexing PCR or ASP reactions. Thus,

CAMP, cCAMP, and cTRACE demonstrate the capability to produce a multiplexed PCR or

multiplex ASP that amplifies any number of biomarker DNA targets that are clinically rele-

vant. These methods are also not specific to any platform and can be used to enrich DNA for

various downstream analytical output.

Materials and methods

Demonstration of multiplexed enrichment with CAMP on long human

genomic DNA

The sgRNAs used are listed in S1 Table. Pairs of sgRNAs for each of the human genomic tar-

gets were combined and bound to Cas9 Nuclease (New England Biolabs (NEB), cat.

#M0386M) for 30 minutes at 25˚C in 1X Cas9 buffer (20 mM HEPES, 100 mM NaCl, 5 mM

MgCl2, 0.1 mM EDTA, pH 6.5). Samples were then diluted with a mixture of 1X NEBuffer 1

(NEB, cat. #B7001S) and 1 mM Adenosine 5’-Triphosphate (NEB, cat. #P0756S) and mixed

with 20 ng human genomic DNA (Promega, cat. #G3041), incubated for 60 minutes at 37˚C,

and purified. To purify, samples were phenol-chloroform extracted, ethanol precipitated using

standard techniques, and resuspended in 10 mM Tris, pH 7.5.

Next, samples were treated with the NEBNext dA-Tailing Module (NEB, cat. #E6053L) with

additional dNTPs (dCTP, dGTP, dTTP) (NEB, cat. #N0446S) added, and UPS adapters were

ligated (S2 Table) using the NEBNext Ultra II Ligation Module (NEB, cat. #E7595L). DNA was

purified using AMPure XP beads (Beckman Coulter, cat. #A63881) and resuspended.

CAMP amplification was performed using a universal primer (S2 Table) and LongAmp

Hot Start Taq Polymerase (NEB, cat. #M0534L) with an annealing temperature of 65˚C. After

amplification, DNA was purified using AMPure XP beads (Beckman Coulter, cat. #A63881)

and resuspended in 10 mM Tris, pH 7.5. Agarose gel analysis was performed on an aliquot of

each reaction with a 2.0% LE agarose gel (Lonza, cat. #50004) in TAE (Boston BioProducts,

cat. #BM-250) for 1.5 hours at 96 volts on a Gibco-BRL Gel Electrophoresis Apparatus (cat.

#21087–010) with GelRed (Biotium, cat. #41003) and imaged with a Nikon D3000 digital cam-

era using a Stratagene 2020E Transilluminator.

Further analysis of the products was performed by qPCR and enrichment ratios were quan-

tified using FAM-based probes (IDT, S3 Table) following the manufacturer’s instructions. The

qPCR analyses were performed using a Rotor-Gene Q (Qiagen, cat. #9001550) and the Quanti-

Nova Probe PCR Kit (Qiagen, cat. #208252) following the manufacturer’s instructions.
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Demonstration of multiplexed enrichment with cCAMP on long human

genomic DNA and a cfDNA model

The sgRNAs used are listed in S1 Table. Pairs of sgRNAs for each of the human genomic tar-

gets were combined and bound to Cas9 Nuclease (NEB, cat. #M0386M) for 30 minutes at

25˚C in 1X Cas9 buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, pH

6.5). Samples were then diluted with a mixture of 1X NEBuffer 1 (NEB, cat. #B7001S) and 1

mM Adenosine 5’-Triphosphate (NEB, cat. #P0756S) and mixed with either 20 ng human

genomic DNA (Promega, cat. #G3041) or 100 ng of cfDNA model, which was prepared by

shearing genomic DNA with a Covaris M-220 ultra-sonicator to an average size of 166 bp. The

solution was then incubated for 60 minutes at 37˚C and purified by phenol-chloroform extrac-

tion and ethanol precipitation and resuspended in 10 mM Tris, pH 7.5.

Next, the samples were treated with Klenow (exo-) (NEB, cat. #M0212L) in KAPA Hyper-

Plus End Repair & A-Tailing Buffer (Kapa Biosystems, cat. #KK8515). UPS adapters were

ligated (S2 Table) using the KAPA HyperPlus Ligation Buffer and Ligase Enzyme. DNA was

purified using AMPure XP beads (Beckman Coulter, cat. #A63881) and resuspended. Alterna-

tively, the repair and ligation steps can be completed with the NEBNext dA-Tailing Module

(NEB, cat. #E6053L) with the addition of dCTP, dGTP, and dTTP (NEB, cat. #N0446S) and

NEBNext Ultra II Ligation Module (NEB, cat. #E7595L).

cCAMP amplification was performed using chimeric primers with a 6-base target specific-

ity for a long DNA input and 10-base target specificity for the cfDNA model (S2 Table). Long-

Amp Hot Start Taq Polymerase (NEB, cat. #M0534L) was used with an annealing temperature

of 65˚C (long DNA) or 72˚C (cfDNA). After amplification, DNA was purified using AMPure

XP beads (Beckman Coulter, cat. #A63881) and resuspended in 10 mM Tris, pH 7.5. Agarose

gel analysis was performed as described for CAMP above.

Two sequence specific PCR amplifications were performed in the target regions for com-

parison to cCAMP. Primers used are listed in S2 Table, and cCAMP PCR conditions were

used.

Demonstration of mutation specific enrichment with TRACE (Post-PCR)

The sgRNAs used are listed in S1 Table. A single sgRNA was selected with the desired matched

or mismatched sequence and bound to Cas9 Nuclease (NEB, cat. #M0386M) for 30 minutes at

25˚C. The Cas9/sgRNA complexes were then mixed with 150 ng of PCR product (S1 Table)

and incubated for 60 minutes at 37˚C. Next, lambda exonuclease (NEB, cat. #M0262L) and

exonuclease VII (NEB, cat. #M0379L) were added with 1X lambda exonuclease buffer and

incubated for a total of 120 minutes at 37˚C.

Agarose gel analysis was performed on an aliquot of each reaction on a 2% LE agarose gel

(Lonza, cat. #50004) in TAE (Boston BioProducts, cat. #BM-250) for two hours at 96 volts on a

Gibco-BRL Gel Electrophoresis Apparatus (cat. #21087–010) with GelRed (Biotium, cat.

#41003) and imaged with a Nikon D3000 digital camera using a Stratagene 2020E

Transilluminator.

Demonstration of non-amplification-based mutation specific enrichment

with TRACE from long human genomic DNA and a cfDNA model

The sgRNAs used are listed in S1 Table. sgRNAs were bound to Cas9 Nuclease (NEB, cat.

#M0386M) for 30 minutes at 25˚C. The Cas9/sgRNA complexes were then mixed with target

DNA and incubated for 60 minutes at 37˚C. Next, exonuclease III (NEB, cat. #M0206L) and

exonuclease VII (NEB, cat. #M0379L) were added with NEBuffer 1 (NEB, cat. #B7001S) and
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incubated for a total of 240 minutes at 37˚C. Genomic DNA experiments used 200 ng DNA

(Horizon Discovery, cat. #HD272; Promega cat. #G3041) and cfDNA enrichment experiments

used 200 ng of Horizon Discovery Multiplex I DNA (cat. #HD780). Samples were phenol-

chloroform extracted and ethanol precipitated using standard techniques. Samples were resus-

pended in 10 mM Tris, pH 7.5 before further analysis.

Demonstration of enrichment with cTRACE on human genomic DNA

The sgRNAs used are listed in S1 Table. Pairs of sgRNAs for each of the human genomic tar-

gets were combined and bound to Cas9 Nuclease (NEB, cat. #M0386M) for 30 minutes at

25˚C in 1X Cas9 buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, pH

6.5). Samples were then diluted with a mixture of 1X NEBuffer 1 (NEB, cat. #B7001S) and 1

mM Adenosine 5’-Triphosphate (NEB, cat. #P0756S) and mixed with 20 ng human genomic

DNA (Promega, cat. #G3041), incubated for 60 minutes at 37˚C, and purified as above.

Next, samples were treated with Klenow (exo-) (NEB, cat. #M0212L) in KAPA HyperPlus

End Repair & A-Tailing Buffer (Kapa Biosystems, cat. #KK8515). UPS adapters were ligated

(S2 Table) using the KAPA HyperPlus Ligation Buffer and Ligase Enzyme. DNA was purified

using AMPure XP beads (Beckman Coulter, cat. #A63881) and resuspended.

cTRACE amplification was performed using chimeric primers (S2 Table) and LongAmp

Hot Start Taq Polymerase (NEB, cat. #M0534L), with an annealing temperature of 65˚C. After

amplification, DNA was purified using AMPure XP beads (Beckman Coulter, cat. #A63881)

and resuspended in 10 mM Tris, pH 7.5. Agarose gel analysis was performed as described for

CAMP above.

Generation of DNA libraries and Illumina sequencing

Illumina sequencing libraries were prepared using the Kapa HyperPlus Kit (Kapa Biosystems,

cat. #KK8514) following the manufacturer’s instructions. Libraries were sequenced on a Next-

Seq 550 system (Illumina, Inc) with all samples run as paired-end 150 bp reads. Reads were

mapped to the respective target genomes (human build GRCh38/hg38) using BWA (Burrows-

Wheeler Aligner, version 0.7.12-r1039) [57]. For human genomic samples, reads were mapped

to the GRCh38 human genome reference assembly, using BWA-MEM. The alignments were

sorted and indexed using SAMtools (version 1.3.1) [58]. Coverage graphs were generated for

each of the subsets using BEDTools (version 2.27.1) [59], which were used to create coverage

plots using the UCSC Genome Browser [60].

Results and discussion

Demonstration of multiplexed enrichment with CAMP on long human

genomic DNA

To investigate the use of CRISPR to target short DNA loci for enrichment, we first developed

CAMP. CAMP utilizes the sequence specificity of Cas9/sgRNA (S1 Table) to target loci for the

ligation of UPS adapters and amplification using a universal primer that has complementarity

to the UPS adapter (S2 Table). Fig 1A shows the results of CAMP targeting five loci in KIT
exon 18, TP53 exon 10, MET exon 19, GNAQ exon 5, and PDGFRA exon 18 as well as the five

targets as a multiplex. Lane 1 shows a control with the UPS adapter and UPS primer but

untreated by Cas9/sgRNA. It shows background of varied length resulting from the ligation of

UPS adapters to available ends in the DNA population. Most of the sample DNA is large in

size (average size ~100 kb) and only produces a primer extension product in off-target regions.

However, there is also a small population of off-target DNA that is short enough to be
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amplified adding to the overall background present. Without the addition of the UPS adapter

(Lane 2) little non-specific background is observed from the UPS primers alone. Lanes 4–8

show results from CAMP enrichment for each noted locus and Lane 9 shows results of all five

targets in a multiplex. The gel result of CAMP on the five targets and multiplex (Lanes 4–9) are

difficult to distinguish from the background shown in Lane 1.

Therefore, to investigate the enrichment for the loci targeted by CAMP, a qPCR analysis

was performed for each site. The qPCR enrichment results are shown in Fig 1B and were calcu-

lated by comparing the signal from a qPCR probe set within the targeted locus with a qPCR

probe set outside a region of interest. As expected, little enrichment is observed in the samples

untreated with Cas9/sgRNA (Fig 1B, Samples 1–3). These results suggest that any background

exhibited in the gel (Fig 1B, Lane 1) was due to a low level of non-specific extension and ampli-

fication products across the genome. Samples 4–8 list the significant enrichment of the five tar-

geted loci, ranging from 1.5x105 to 3.1x106 fold, and Sample 9 lists the enrichment of the five

target multiplex which ranges from 2.6x104 to 7.9x105 fold.

Demonstration of multiplexed enrichment with cCAMP on long human

genomic DNA

To decrease the low-level whole genome background demonstrated in CAMP, we next investi-

gated the addition of several bases of target specificity to the 3’-end of the universal primers to

produce chimeric primers; due to the UPS these chimeric primers maintain similar annealing

temperatures across different targets. This method, termed cCAMP, uses a similar procedure

to CAMP by first cutting with two Cas9/sgRNA complexes (S1 Table) and then ligating UPS

adapters. However, it then uses chimeric primers (S2 Table) to amplify. cCAMP was first

tested on the five targets described above as both individual reactions and as a multiplex. Fig

2A shows these results: Lanes 3–7 show individual results for targets in KIT exon 18, TP53
exon 10, MET exon 19, GNAQ exon 5, and PDGFRA exon 18 and Lane 8 shows the results of

the multiplex of the five targets. All show a single band at the noted size for the targeted

Fig 1. Gel electrophoresis and qPCR results of enrichment from CAMP on five single targets and a 5-plex. (A) Gel

electrophoresis results from CAMP targeting loci in KIT exon 18 (Lane 4), TP53 exon 10 (Lane 5), MET exon 19 (Lane 6), GNAQ
exon 5 (Lane 7), and PDGFRA exon 18 (Lane 8). Results of the 5-plex of these targets is shown in Lane 9. Controls are shown in

Lanes 1–3: Lane 1 shows reaction without Cas9/sgRNA but with UPS adapter and UPS primer, Lane 2 shows reaction without

Cas9/sgRNA and without adapter but with UPS primer, and Lane 3 shows reaction without Cas9/sgRNA, UPS primer, and UPS

adapter. (B) qPCR results from CAMP on the five individual targets and 5-plex. Enrichment was calculated by dividing the qPCR

value for each target by an off-target qPCR value and then normalizing to a DNA standard sample. Enrichment for Samples 1–3 are

averages for the five individual targets.

https://doi.org/10.1371/journal.pone.0243781.g001
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sequence plus adapters, and the identity of each band was confirmed by an on-target qPCR

probe set which showed enrichments of 4.5 x107–2.1 x108 fold for individual targets and

4.7x106–4.8x107 for the multiplex when compared to an off-target probe set. As demonstrated

by the single band in Lanes 3–8 on the gel and the increase in fold enrichment by qPCR, the

cCAMP methodology was successful in increasing the specificity of amplification and overall

enrichment when compared to the results shown for CAMP.

One of the significant advantages of this technology when compared to sequence specific

PCR, is a single set of PCR conditions for all targets. To further demonstrate this comparison,

two sets of sequence specific PCR primers were designed for each target. In one, the primers

were designed to have the same melting temperature as the UPS primer used (63˚C, shown in

Fig 2B), and in the other, the primers were designed to have the same melting temperature as

the average of the full chimeric primers (66˚C, shown in Fig 2C). In both cases, using the single

condition (annealing temperature 65˚C) used in cCAMP to amplify the individual targets and

the multiplex only yield single band products in some cases. In Fig 2B, only PDGFRA exon 14

and the multiplex show single bands. In Fig 2C, TP53 exon 10, PDGFRA exon 14 and the

5-plex show an intense single band and KIT exon 18 shows a faint band.

In the development of cCAMP, two protocols were tested to prepare the DNA for ligation

and to ligate the UPS adapters. Initially, cCAMP was tested by preparing the DNA for ligation

with Klenow (exo-) in KAPA HyperPlus End Repair & A-Tailing Buffer. The ligation was then

Fig 2. Comparison of gel electrophoresis results for cCAMP and sequence specific PCR on five individual targets and a

multiplex. (A) Gel electrophoresis results of cCAMP. Lanes 1 and 2 show controls without Cas9/sgRNA with and without UPS

adapters; amplification is complete with UPS primers. Lanes 3–7 show the results of cCAMP targeting KIT exon 18, TP53 exon 10,

MET exon 19, GNAQ exon 5, and PDGFRA exon 18, respectively. Lane 8 shows the five targets as a multiplex. Noted product

lengths include 42 bp for the addition of the UPS adapters. (B) Gel results of sequence specific PCR designed to have the same

melting temperature as the UPS component of the chimeric primers (63˚C). (C) Gel results of sequence specific PCR designed to

have the same melting temperature as the full chimeric primers (66˚C). Sequence specific PCR were performed under same

conditions as cCAMP (annealing temperature 65˚C) and include a no template control in the first lane of each gel.

https://doi.org/10.1371/journal.pone.0243781.g002
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completed with the KAPA HyperPlus Ligation Buffer and Ligase Enzyme. The buffer used had

all four deoxynucleotide triphosphates (dNTPs) present, and the cCAMP results associated

with this are shown in Fig 2A, discussed above. Fig 3A shows the results for the same targets,

but with an alternative protocol for the pre-ligation and ligation steps. Here, the NEBNext

dA-Tailing Module and the NEBNext Ultra II Ligation modules were used to dA-tail and ligate

the adapters after treatment with Cas9/sgRNA. In NEBNext dA-Tailing Buffer, only dATP was

present. Lanes 4–6 show complete loss of product for MET exon 19, GNAQ exon 5, and

PDGFRA exon 18 and a weakening of the KIT exon 18 product with this alteration to the origi-

nal protocol.

Recently, others have reported that the endonuclease activity of Cas9 produces staggered

ends, contrary to the previous convention that Cas9/sgRNA produces blunt-end cuts [61–64].

We hypothesized that these staggered ends generated by Cas9/sgRNA are present during the

cCAMP protocol and cause a loss of enrichment in several of the targets when the components

for a fill-in repair are not provided before ligation. To investigate this hypothesis, the compo-

nents for the pre-ligation and ligation steps were compared for TP53 exon 10, which showed

amplification with both protocols (Fig 3C), and for MET exon 19 which only showed amplifi-

cation with the reagents purchased from Kapa Biosystems which had all four dNTPs (Fig 3D)

present for repair. In each gel, Lane 1 shows the original method previously shown in Fig 2A

with the KAPA HyperPlus End Repair & A-Tailing Buffer and KAPA HyperPlus Ligation and

Lane 4 shows the method previously shown in Fig 3A with the NEB dA-tailing module and

NEB ligation. Both were consistent with the previous results. Lanes 2 and 6 compare the liga-

tion methods used by each method by combining the NEB dA-tailing step with the KAPA

HyperPlus Ligation module (Lane 2) and the Kapa Biosystems end repair with the NEB liga-

tion module (Lane 6). Lane 2 shows that enrichment is still lost in MET exon 19 with the dA-

tailing module even when the KAPA HyperPlus Ligation is used, and Lane 6 has enrichment

with the Kapa Biosystems end repair included even when the NEB ligation module is used.

The results for TP53 exon 10 still showed enrichment in both cases. Lanes 3 and 5 show results

using the NEB dA-Tailing Module with the other three dNTPs (dCTP, dGTP, dTTP) added

combined with the KAPA HyperPlus Ligation (Lane 3) and the NEBNext Ultra II Ligation

(Lane 5). TP53 exon 10 retains enrichment in both cases, and the enrichment in MET exon 19

is fully recovered when all four dNTPs are present pointing to a need to complete end repair in

addition to dA-tailing prior to adapter ligation.

Fig 3B shows the cCAMP results of the five single targets and 5-plex completed with the

NEBNext dA-Tailing Module with the additional three dNTPs added and the NEBNext Ultra

II Ligation module used. Enrichment is observed in all lanes including MET exon 19, GNAQ
exon 5, and PDGFRA exon 18 further confirming that for these targets a fill-in is needed due

to the presence of staggered ends from the Cas9/sgRNA complex.

Demonstration of multiplexed enrichment with cCAMP on a cfDNA model

We next demonstrated the application of cCAMP to a cfDNA model with an average fragment

size of 166 bp for targeted enrichment. In order to extend the protocol from the long genomic

DNA to the shorter length DNA in the cfDNA model, more specificity had to be introduced

from the chimeric primer: for cCAMP with long input DNA a six base sequence specific region

was used in the chimeric primer and for the cfDNA model a ten base sequence specific region

was employed in the chimeric primer. Due to the length of the primer, new PCR conditions

were developed for optimal enrichment, and the Cas9/sgRNA complexes were spaced less than

170 bp apart in order to effectively capture the smaller DNA fragments. Fig 4 shows the results

of cCAMP on five targets and a 5-plex in a cfDNA model for KIT exon 18, TP53 exon 4,
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CTNNB1 exon 4, NRAS exon 4, and TP53 exon 11. Fig 4A shows control reactions without

Cas9/sgRNA: Lane 1 shows results with no adapter with UPS primer, Lane 2 shows results

with UPS adapter and no primer, and Lane 3 shows results with UPS adapter and UPS primer.

Lanes 4–9 are the results of cCAMP protocol performed for each of the targets listed with all

components except the Cas9/sgRNA complex. No significant DNA signal is observed in any of

these lanes except in Lane 3 which was expected to produce a smear due to non-specific bind-

ing of the UPS adapters and amplification with the non-chimeric UPS primer. Fig 4B shows

cCAMP on the cfDNA model for KIT exon 18 (Lane 10), TP53 exon 4 (Lane 11), CTNNB1
exon 4 (Lane 12), NRAS exon 4 (Lane 13), and TP53 exon 11 (Lane 14). It additionally shows

Fig 3. Evidence for Cas9/sgRNA produced staggered cut. (A) Gel electrophoresis results of cCAMP with dA-tailing only before

ligation. Lane 1 shows a control reaction without Cas9 with UPS adapter and the TP53 chimeric primers. Lanes 2–6 show results

targeting KIT exon 18, TP53 exon 10, MET exon 19, GNAQ exon 5, and PDGFRA exon 18, respectively. Lane 7 shows the five

targets as a multiplex. (B) Gel electrophoresis results of cCAMP with dA-tailing module and added dCTP, dGTP and dTTP. Lanes 0

and 1 show control reactions without Cas9/sgRNA with and without UPS adapters with amplification complete with UPS primers.

Lanes 2–6 show cCAMP results targeting KIT exon 18, TP53 exon 10, MET exon 19, GNAQ exon 5, and PDGFRA exon 18,

respectively. Lane 7 shows the five targets as a multiplex. (C) Analysis of components for the DNA pre-ligation preparation and

ligation for TP53 exon 10. (D) Analysis of components for the DNA pre-ligation preparation and ligation for MET exon 19. For (D)

Lane 0 shows a control without Cas9 with UPS adapter and MET exon 19 primers with KAPA HyperPlus End Repair & A-Tailing

Buffer (four dNTPs) and KAPA HyperPlus Ligation. For (B) and (D) Lane 1 shows cCAMP with KAPA HyperPlus End Repair &

A-Tailing Buffer (four dNTPs) and KAPA HyperPlus Ligation, Lane 2 shows cCAMP with NEBNext Ultra II dA-tailing (dATP) and

KAPA HyperPlus Ligation, Lane 3 shows cCAMP with NEBNext Ultra II dA-tailing with three additional dNTPs added (four

dNTPs) and KAPA HyperPlus Ligation, Lane 4 shows cCAMP with NEBNext Ultra II dA-tailing (dATP) and NEBNext Ultra II

Ligation, Lane 5 shows cCAMP with NEBNext Ultra II dA-tailing with three additional dNTPs added (four dNTPs) and NEB

ligation, and Lane 6 shows cCAMP with KAPA HyperPlus End Repair & A-Tailing Buffer (four dNTPs) and NEBNext Ultra II

Ligation. In all samples, Klenow (exo-) was included in pre-ligation reaction.

https://doi.org/10.1371/journal.pone.0243781.g003
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cCAMP of all five targets as a multiplex in Lane 15. Each individual target lane shows one sin-

gle PCR product with the expected size for the target plus 42 bp due to the UPS adapter, and

the 5-plex shows three bands at approximately 200 bp due to NRAS exon 4 (207 bp) and TP53
exon 11 (194 bp), approximately 160 bp due to KIT exon 18 (154 bp) and CTNNB1 exon 4

(157 bp), and at approximately 90 bp due to TP53 exon 4 (87 bp).

Demonstration of mutation specific enrichment with TRACE (Post-PCR)

We next investigated the use of CRISPR for mutation specific enrichment. TRACE, the first

mutation specific enrichment described in this report, uses Negative Enrichment [8] to afford

single base discretion by using Cas9/sgRNA complexes to protect only the mutant allele from

exonuclease digestion. As an initial investigation of this technology we tested TRACE on a PCR

product designed with phosphorothioated primers such that only a single Cas9/sgRNA would be

needed to provide protection of mutant alleles. Additionally, to simplify the proof of concept sys-

tem further, mismatches were designed in the sgRNA to mimic mutations in the DNA.

An 820 bp PCR product was designed around an sgRNA site (CFTR F2) within CFTR locus

(S1 Table). The PCR product was amplified with phosphorothioated primers to protect one or

both ends from lambda exonuclease (5’ to 3’ exonuclease activity) in four combinations of 5’-

phosphorylated (wt) and 5’-phosphorothioated (αS) primers: forward: αS, reverse: αS (Fig

5A); forward: wt, reverse: wt (Fig 5B); forward αS, reverse: wt (Fig 5C); forward: wt, reverse:

αS (Fig 5D). The 820 bp fragment was also designed such that upon cleavage by the Cas9/

sgRNA complex it would separate into a 545 bp fragment (5’) and 275 bp fragment (3’) and

the Cas9/sgRNA oriented so that the protospacer adjacent motif (PAM, 5’-NGG-3’) was facing

the 3’-end. Fig 5 shows the gel electrophoresis results of the PCR products treated with Cas9/

sgRNA with varying mismatches within the sgRNA sequence. Each PCR product was treated

with several Cas9/sgRNA with and without exonuclease: one with a perfect match to the

Fig 4. cCAMP enrichment from a cfDNA model. (A) Gel electrophoresis of cCAMP with a cfDNA model input control reaction

results. Lane 1 shows a control without Cas9/sgRNA, without UPS adapters, and is amplified with UPS primers. Lane 2 shows a

control without Cas9/sgRNA with UPS adapter but no primers. Lane 3 shows a positive control without Cas9/sgRNA, with UPS

adapters, and is amplified with a UPS primer. Lanes 4–8 show the results of the cCAMP protocol without the addition of Cas9/

sgRNA complexes but with UPS adapters and chimeric primers for KIT exon 18, TP53 exon 4, CTNNB1 exon 4, NRAS exon 4, and

TP53 exon 11, respectively. Lane 9 shows the results of the multiplex without Cas9/sgRNA. (B) Gel electrophoresis of cCAMP with

a cfDNA model input. Lanes 10–14 show the cCAMP procedure, including treatment with Cas9/sgRNA complexes targeting KIT
exon 18, TP53 exon 4, CTNNB1 exon 4, NRAS exon 4, and TP53 exon 11, respectively. Lane 15 shows results of the five targets as a

multiplex. Note, the sizes listed only include the length required between the two Cas9/sgRNA complexes and do not include the

length of the UPS adapter.

https://doi.org/10.1371/journal.pone.0243781.g004
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template DNA (Lanes 3 and 4), one with a single base mismatch that creates a mismatch to the

DNA immediately before the PAM (Lanes 4 and 5), and one with a single base mismatch that

creates a mismatch with the DNA three bases before the PAM (Lanes 7 and 8). Additionally,

for each PCR product tested, a control without Cas9/sgRNA was added to show the effect of

exonuclease on the products in the absence of Cas9/sgRNA protection (Lanes 1 and 2).

Interestingly, cutting is observed in all samples treated with Cas9/sgRNA, even those with

mismatches (Lanes 3, 5, and 7 in Fig 5A–5D); the expected 545 bp and 275 bp fragment are

observed, as well as some of the uncleaved starting material, due to the large number of geno-

mic equivalents of PCR product added. Single base discretion is only observed through the

protection from exonuclease. With a perfect match the Cas9/sgRNA protects both sides of the

cut site, however asymmetric protection is indicated in samples with a mismatch. Here, the

Cas9/sgRNA protects the 545 bp fragment which is on the PAM-distal side of the sgRNA, but

not the 275 bp fragment which is on the same side of the cut site as the PAM site. This is most

Fig 5. Gel electrophoresis results of mutation specific enrichment by TRACE on a series of phosphorothioated

PCR products. (A) TRACE on an 820 bp PCR product around the CFTR F2 sgRNA site with both primers

phosphorothioated. (B) TRACE on the 820 bp PCR product with both primers phosphorylated. (C) TRACE on the 820

bp PCR product with the forward primer phosphorothioated and the reverse primer phosphorylated. (D) TRACE of

the 820 bp PCR product with the forward primer phosphorylated and the reverse primer phosphorothioated. In each

gel, (A)—(D), Lanes 1 and 2 show controls without Cas9/sgRNA treatment without and with exonuclease. Lanes 3 and

4 show the results of Cas9/sgRNA treated reactions with a perfectly matched sgRNA without and with exonuclease

treatment. Lanes 5 and 6 show the results of Cas9/sgRNA treated reactions with a mismatch in the sgRNA that

produces a mismatch in the first position prior to the PAM site without and with exonuclease treatment. Lanes 7 and 8

show the results of Cas9/sgRNA treated reactions with a mismatch in the sgRNA that produces a mismatch in the third

position prior to the PAM site without and with exonuclease treatment.

https://doi.org/10.1371/journal.pone.0243781.g005
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clearly supported in the samples with both sides phosphorothioated (Fig 5A), as these had addi-

tional protection of both ends from the phosphorothioated bases. With a perfect match, both

fragments are protected and observed on the gel. However, with a mismatch, the 275 bp fragment

is available for digestion (Lanes 6 and 8). For samples where both primers are phosphorylated

(Fig 5B, even Lanes), no protection is indicated as expected. In samples with the 5’-end phosphor-

othioated (fragment towards PAM-distal side of the sgRNA), all lanes show protection of the 545

bp fragment only (Fig 5C, Lanes 4, 6, and 8). When the phosphorothioated bases are on the

reverse primer, placing the protected end on the same side of the cut site as the PAM, only the

perfect match shows protection (Fig 5D, Lane 4). The 275 bp fragment is protected by the perfect

match of the Cas9/sgRNA complex and the 5’ phosphorothioated bases, but in the mismatched

samples, there is no protection provided by the Cas9/sgRNA (Fig 5D, Lanes 6 and 8). Because

this system results in protection of the 275 bp fragment only when there was a perfect match and

the degradation of all other material, it was used in the subsequent analysis of additional targets.

To demonstrate the applicability of this system and to confirm our initial observation, a

more clinically relevant locus was examined. A 794 bp PCR product was similarly amplified

from normal human genomic DNA to contain the KRAS G12 locus in exon 2. The KRAS PCR

product was synthesized with a forward phosphorothioated primer, and the sgRNA was

designed so that the PAM was on the same side of the cut site as the phosphorothioated end

with the KRAS G12D mutation position immediately before the PAM (S1 Table, Fig 6A and

6C). The 794 bp KRAS product was designed to produce a 290 bp fragment (5’, αS) and 504 bp

fragment (3’, wt) upon cleavage with Cas9/sgRNA. The results of TRACE on the normal variant

KRAS PCR product with and without exonuclease are shown in Fig 6B: without Cas9/sgRNA

(Lanes 1 and 2), with Cas9/sgRNA with a perfect match to normal human genomic DNA

(Lanes 3 and 4), and with Cas9/sgRNA with a match to the G12D mutation (chr12:25,245,350,

C to T, hg38), forming a mismatch to the normal PCR product (Lanes 5 and 6).

Fig 6. Gel electrophoresis results of mutation specific enrichment by TRACE on a phosphorothioated PCR product around

the KRAS G12 locus. (A) Diagram of the PCR product designed around the KRAS G12 locus. (B) Results of TRACE performed on

the 794 bp PCR product around KRAS G12 with the forward primer phosphorothioated. PCR product produced from normal

human genomic DNA. Lanes 1 and 2 show controls without Cas9/sgRNA treatment without and with exonuclease treatment.

Lanes 3 and 4 show results of Cas9/sgRNA treated reactions with an sgRNA that is a perfect match to the normal variant PCR

product without and with exonuclease treatment. Lanes 5 and 6 show results of Cas9/sgRNA treated reactions with an sgRNA that

matches the KRAS G12D mutation, producing a mismatch in the first position prior to the PAM site without and with exonuclease

treatment. (C) Diagram of the Cas9/sgRNA complex.

https://doi.org/10.1371/journal.pone.0243781.g006
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As demonstrated with the CFTR F2 system above, single base discretion is observed in the

protection by the Cas9/sgRNA from exonuclease, but not with cutting alone. When there is a

perfect match (Lane 4), the 290 bp fragment is protected by the Cas9/sgRNA complex and the

phosphorothioated primer, and the 504 bp fragment is digested from the 5’-end which lacks

phosphorothioated bases. When the normal variant PCR product was treated with an sgRNA

that would match the G12D mutation (Lane 6), no protection is observed.

Demonstration of non-amplification based mutation specific enrichment

with TRACE from long human genomic DNA

Since the proof of concept studies described above showed single base discretion using

TRACE, we next extended this method to long genomic DNA containing the KRAS G12D

mutation. Additionally, the pre-PCR step was removed by using additional Cas9/sgRNA com-

plexes to provide the required points of protection in place of the phosphorothioated primers.

The initial demonstration of TRACE with no amplification was performed on DNA contain-

ing 5%,1%, and 0% of the KRAS G12D mutation. DNA was treated with three Cas9/sgRNA

complexes and subsequently treated with exonuclease. In this study, the central sgRNA was

designed to match the KRAS G12D mutation and designed such that the mutation was in the

position directly before the PAM. The outer Cas9/sgRNA complexes were spaced 77 bp and 99

bp from the central Cas/sgRNA complex (Fig 7A). NGS analysis was completed on unenriched

and enriched samples for each mutation frequency (Fig 7B). The 5% input mutation frequency

was enriched from 7.7% to 65.1% of the KRAS G12D mutation and the 1% mutation frequency

was enriched from 5.6% to 24.5% of the KRAS G12D mutation. These results are similar to

estimated predictions based on a 95% exonuclease activity.

Demonstration of non-amplification based mutation specific enrichment

with TRACE from a cfDNA model

We next demonstrated the application of TRACE to a cfDNA model and showed its ability to

multiplex. To do this, the KRAS Cas9/sgRNA complexes used above were combined with three

additional Cas9/sgRNA complexes that were designed to enrich for the EGFR L858R mutation

Fig 7. NGS results of mutation specific enrichment by TRACE targeting the KRAS G12D mutation with long

human genomic input. (A) Schematic of the region around the KRAS G12D locus and placement of the sgRNA

designed. (B) NGS results of long human genomic input with 5%, 1%, and 0% mutational frequency of the KRAS
G12D mutation with (b) and without (a) TRACE enrichment.

https://doi.org/10.1371/journal.pone.0243781.g007
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(chr7:55,191,822 T to G, hg38). TRACE was then performed on a purchased model cfDNA

with a series of known clinically relevant mutations including both KRAS G12D and EGFR
L858R. A schematic of the EGFR L858R sgRNA is shown in Fig 8A. The central Cas9/sgRNA

was designed such that only the EGFR L858R mutation had a PAM site and the outer Cas9/

sgRNA were spaced 80 bp and 57 bp from the cut site.

The NGS results from the multiplexed enrichment using TRACE on theKRASG12D locus are

presented in Fig 8B and the EGFR L858R locus results are presented in Fig 8C. Enrichment of the

KRASG12D mutation was observed: the 6.3% input sample was enriched to 38.1%, the 1.3% input

sample was enriched to 15.6%, and the 0.13% was enriched to 0.9%. It was expected that these enrich-

ments were lower than the long DNA input samples, due to the fragmentation within the cfDNA.

The EGFR L858R data shows a small mutation specific enrichment: the 5% sample was

enriched to 7.7% and the 1% sample was enriched to 2.2%. We hypothesize that this decrease

in mutation specific enrichment is due to several other PAM sequences adjacent to the tar-

geted sequence that the Cas9/sgRNA could have recognized in the normal variant. The target

around the EGFR L858R locus, however, is considerably enriched. The 80 bp region between

the 5’-Cas9/sgRNA complex and the central Cas9/sgRNA complex, was enriched to an average

of 156-fold for the varied inputs. Coverage enrichment was calculated by the average coverage

within the targeted locus divided by the average coverage outside the targeted locus.

Demonstration of enrichment with cTRACE on human genomic DNA

TRACE is a powerful enrichment technology for single base mutations for applications that

require the DNA in its native state. However, it requires the mutation to be in close proximity

Fig 8. NGS results of multiplexed mutation specific enrichment by TRACE targeting the KRAS G12D and EGFR
L858R mutations from a cfDNA model. (A) Schematic of the region around the EGFR L858R locus and placement of

the sgRNA designed. (B) NGS results of TRACE enrichment of the KRAS G12D mutation from cfDNA input with

6.3%, 1.3%, 0.13%, and 0% mutation frequency input. (C) NGS results of TRACE enrichment of the EGFR L858R

mutation from cfDNA input with 5%, 1%, 0.1%, and 0% mutation frequency input. The EGFR L858R mutation results

in significant enrichment of the locus around the mutation site, and coverage enrichment was calculated based on the

average coverage within the targeted locus divided by the average coverage outside the targeted locus.

https://doi.org/10.1371/journal.pone.0243781.g008
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to a PAM sequence. To minimize this restriction, we developed cTRACE which is an amplifi-

cation-based mutation specific enrichment much like cCAMP, discussed above. Like cCAMP,

cTRACE uses Cas9/sgRNA complexes to ligate UPS adapters to a locus of interest and uses

chimeric primers complementary to the UPS adapter and with several bases complementary to

the targeted sequence added to the 3’-end. However, in addition to the target specificity, the 3’-

end of the primer is also specific to a desired mutation. To model this technology, a series of

chimeric primers were designed with varying mismatches to normal genomic DNA. Fig 9A

shows results of cTRACE within KIT exon 18 and TP53 exon 10. Each target was first cut with

two Cas9/sgRNA (S1 Table) spaced 175 bp and 193 bp apart, respectively. Following ligation

of universal adapters, the targets were amplified with one chimeric primer with a perfect

match and one chimeric primer that was varied at the 3’-end to mimic mutations in the DNA

(S2 Table). cTRACE results for KIT exon 18 and TP53 exon 10 are shown with the varied

primer as a perfect match (Lanes 3 and 7), as a single mismatch on 3’-end (Lanes 4 and 8), as a

mismatch in the second base from the 3’-end (Lanes 5 and 9), and as two mismatches in both

the first and second base from the 3’-end (Lanes 6 and 10). For the target in KIT exon 18

enrichment is only indicated for the primer with a perfect match, and for the target in TP53
exon 10 there is enrichment for the perfect match, and discretion when a mismatch is present

in the first base.

An additional demonstration of cTRACE was performed on a target within KRAS exon 2

around the site of the KRAS G12 locus (Fig 9B). To further draw a comparison between

cTRACE and TRACE, the same Cas9/sgRNA was used to cut the DNA near the KRAS G12D

mutation loci with an additional Cas9/sgRNA designed to cut 123 bp away. As shown in Fig

9B, enrichment is observed only with a perfect match between the primer and the normal vari-

ant DNA. In cTRACE, this enrichment is driven by the choice in primer rather than the speci-

ficity of the Cas9/sgRNA, as in TRACE. As demonstrated in the varied sequence specific

Fig 9. Gel electrophoresis showing single base discretion using cTRACE. (A) Demonstration of cTRACE on targets within KIT
exon 18 and TP53 exon 10 in normal human genomic DNA. Lanes 1 and 2 show controls without Cas9/sgRNA treatment with and

without adapter, respectively, and amplified with KIT exon 18 chimeric primers. Lanes 3 and 7 show the results of cTRACE

amplification with two perfectly matched primers for the two targets. Lanes 4 and 8 show the results of cTRACE amplification with

one perfectly matched primer and one primer with a single mismatch at the 3’-end. Lanes 5 and 9 show the results of cTRACE

amplification with one perfectly matched primer and one primer with a single mismatch in the second base from the 3’-end. Lanes

6 and 10 show the results of cTRACE amplification with one perfectly matched primer and one primer with two mismatches in the

first and second position from the 3’-end. (B) Demonstration of cTRACE on KRAS exon 2 in normal human genomic DNA. Lane 1

shows enrichment found with a perfect matched primer and Lane 2 shows enrichment found with a single mismatch on the 3’-end

of the primer that matches the KRAS G12D mutation.

https://doi.org/10.1371/journal.pone.0243781.g009

PLOS ONE Novel CRISPR-based sequence specific enrichment methods for target loci and single base mutations

PLOS ONE | https://doi.org/10.1371/journal.pone.0243781 December 23, 2020 15 / 21

https://doi.org/10.1371/journal.pone.0243781.g009
https://doi.org/10.1371/journal.pone.0243781


component length of the chimeric primer between the targets in KIT exon 18 and TP53 exon

10 and KRAS exon 2, cTRACE does not have significant limitations based on distance from

the mutation site to an available PAM.

Conclusions

Overall, the vast majority of investigations into the potential applications of CRISPR have

focused on gene editing [1–3] and diagnostics [4–7]. Here, we have demonstrated an additional

CRISPR-based technology: targeted and mutation specific DNA enrichment. This family of

DNA enrichment techniques utilize the programmable sequence specificity of Cas9/sgRNA

complexes to flank specific target sequences. Two amplification-based targeted enrichment

methods have been shown. These methods use the Cas9/sgRNA to produce ligation sites in

proximity to the region of interest to ligate universal adapters and amplify targets of interest.

We first developed CAMP; in CAMP the amplification is completed using a UPS primer com-

plementary to the UPS adapter alone. UPS adapters are ligated to many available ends through-

out the genome. However, when the DNA input is long the proximity of the Cas9/sgRNA to

one another affords a size selection that results in significant enrichment (~104–106).

As demonstrated, CAMP produces significant enrichment. However, there is a low level of

non-specific background present across the genome due to primer extension from the ligated

UPS adapters and some amplification products present from shorter DNA in the input sample.

To further improve the enrichment by increasing the specificity of the amplification and to

develop a technology that could also be applied to a cfDNA input, we next developed cCAMP.

In cCAMP, Cas9/sgRNA are used to produce ligation sites and UPS adapters are ligated to

available ends much like CAMP. However, the amplification is completed using a primer that

contains both a region complementary to the UPS adapter as well as several bases of sequence

specific to the targeted loci providing improved specificity. We have demonstrated this tech-

nology in both full length human genomic DNA and in a cfDNA model as five single targets

and multiplexes. Analysis by gel shows a single band of the expected size for all targets. As we

were developing these methods, we additionally found evidence that Cas9/sgRNA complexes

do not always produce blunt-end cuts but also can produce a staggered cut site, like other

recent reports have claimed [61–64].

Both of these targeted enrichment methodologies have a universal PCR condition for a

multiplex of targets that requires little optimization for each additional target that is added.

This overcomes many of the problems encountered when designing a large multiplex PCR for

targeted enrichment [34]. While CAMP provides significant enrichment, it has low levels of

non-specific background and is thus best suited for a platform like NGS, qPCR or digital PCR

where the products can be distinguished over the background noise. cCAMP, however, can be

easily visualized as a single target even on low resolution techniques like gel electrophoresis

and can be coupled with any platform. cCAMP also can be used to enrich cfDNA, which typi-

cally presents significant analytical challenges and requires enrichment to produce clinically

relevant assays for the early diagnosis of cancer and cancer recurrence monitoring [14–22].

Further work is currently ongoing by the authors of this manuscript to build on these methods

by using a single Cas9/sgRNA complex for the enrichment of cfDNA, eliminating any limita-

tion placed on the amplification by the short size of the input DNA. Additionally, the authors

are pursuing the use of adapters that are resistant to exonuclease. Digestion of the background

sequences will further eliminate any minor off-target amplification using CAMP and cCAMP

methodologies, improving overall enrichment.

We also have demonstrated two mutation specific enrichment methodologies: TRACE and

cTRACE. TRACE utilizes Negative Enrichment [8] by using the long residence time of Cas9/
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sgRNA [55,56] to provide steric inhibition from exonuclease which digests the DNA outside of

the target loci as well as the normal untargeted allele. We have demonstrated this technology

for both long DNA input as well as a cfDNA model. The 1% input mutational frequency of

KRAS G12D was increased to 24.5% in long DNA and 15.6% in cfDNA. TRACE is a non-

amplification based enrichment methodology; it thus has the advantage of leaving the native

DNA intact for any desired studies of DNA mutations and associated epigenetic markers.

cTRACE uses similar methodology to cCAMP, however, it uses a chimeric primer with a

mutation specific 3’-end to enrich the mutated allele preferentially over the normal variant. In

the demonstrated proof of concept model cTRACE was shown to provide a high level of

enrichment that is visible as a pure product on a gel for three targets. cTRACE, like cCAMP, is

amplified with a universal set of conditions that require little optimization for every additional

product thus enabling a large mutation specific multiplex of desired mutations. Additionally,

cTRACE has more flexibility in the location of the mutation in reference to a PAM site than

TRACE. The mutation location in cTRACE is dependent on the length of the sequence specific

component of the chimeric primer, however, TRACE has a strict requirement that the muta-

tion must be complementary to a base in the seed region directly next to the PAM site.

Along with our previous publication describing Negative Enrichment [8], this family of

technologies represent an application of CRISPR to the enrichment of both long and short tar-

geted loci as well as mutations. It additionally can be applied to both non-amplification and

amplification-based applications. These methodologies do not require extensive optimization

for each target and thus large genomic panels could be produced without extensive

development.

Supporting information

S1 Fig. Scheme describing CAMP, cCAMP, cTRACE, and TRACE. (A) Scheme describing

CAMP, cCAMP, and cTRACE. In all three processes, Cas9/sgRNA are used to cleave either

side of a targeted locus (red). Universal UPS adapters (green) are then ligated and amplifica-

tion is completed. CAMP uses primers that have complementarity to the UPS adapter only,

cCAMP uses chimeric primers that have complementarity to the UPS adapter and several

bases of target DNA, and cTRACE uses chimeric primers that have complementarity to the

UPS adapter, several bases of target DNA, and specificity for a mutation (X). (B) Scheme

describing TRACE. This method uses Cas9/sgRNA to protect targeted DNA (red) from exonu-

clease which digests off-target sequences (blue). Additionally, the protection provided by the

Cas9/sgRNA gives single base discrimination to protect a single base mutation (X) while

digesting the normal variant.
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