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Background: EGFR and KRAS are the most frequently mutated genes in lung cancers,
occurring in about 60% of all cases. Mutation genes assay has emerged as a promising blood-
based biomarker for monitoring cancer dynamics noninvasively. However, detection can be
challenging in patients where plasma often contains low levels of tumor-derived DNA
fragments.

Methods: We have developed a nuclease-based enrichment assay for detecting mutant
alleles. The procedure is based on Surveyor endonuclease cleaves mismatched DNA mole-
cules, and these DNA fragments were enriched for mutation screening. We screened lung
cancer specimens for mutations in exons 18 and 21 of EGFR, and the majority of activating
mutations in lung cancer occur in codons 12 (G12X) and 13 (G13X) of exon 2 of the KRAS
gene. The method screened all mutant genes with the same pair primers and three relevant
TagMan probes.

Results: The method can effectively remove wild-type sequences and enrich mutation DNA,
and the sensitivity detectable mutant allele frequencies (MAF) achieved 0.001%. The method
increases the sensitivity and efficiency of mutation DNA for cancers screening. This high-
lights the importance of complex DNA variation like mutations in exon 21 of EGFR and
exon 2 of the KRAS gene detected by the same probe.

Conclusion: We developed a simple and sensitive methodology for mutation gene screen-
ing. The method is a cost-effective and sensitive method for mutation DNA enrichment and
detection.
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Introduction

With the advent of personalized medicine, molecular genetic testing has become one
of the most valuable diagnostic tools to guide the treatment of cancer patients.' * In
order to be effective, the test needs to accurately detect the genotype of tumor cells
with high sensitivity. In the case of somatic mutation detection, samples are usually
heterogeneous with low-frequency mutant DNA, and there is usually only one base
mutation in the rich wild-type DNA background.” Therefore, somatic mutation
detection must have sufficient specificity to distinguish a base difference in hetero-
geneous alleles and sufficient sensitivity to detect low-level mutations in samples.
Various PCR-based detection platforms have been developed for somatic mutation
detection, including quantitative PCR and droplet digital PCR.®'" All PCR tests
mentioned above have designed a fluorescent dye-labeled mutation site probe and
a pair of primers for the targeted amplification sequence. This PCR-based detection
will reduce the detection sensitivity of amplification signals that are not needed to
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produce a large amount of wild-type DNA. In many cases,
this PCR-based screening adds excellent complexity to the
analysis development process because new probe mole-
cules of the target of interest need to be designed and tested
in each assay.

We developed a mismatch-specific DNA endonuclease
method, Surveyor, scanning for known and unknown muta-
tions in heteroduplex DNA. Surveyor nuclease is an endo-
nuclease that cleaves DNA with high specificity at sites of
base-substitution mismatch and other distortions.'> These
DNA endonucleases cut both strands of a DNA heterodu-
plex on the 3’ side of the mismatch site. Insertion/deletion
mismatches and all base-substitution mismatches are
recognized.'? Surveyor nuclease is a robust and reproduci-
ble tool for mutation detection.'*'* It has been used to
accurately detect various mutations in human, mammalian,
bacterial, and plant genomes.'> '

The study developed a new, highly sensitive, and cost-
effective method for identifying and enriching mutant DNA.
Using this method, we genotyped two majorities of activating
mutations in lung cancer that occur in EGFR and KRAS
genes.

Materials and Methods

Preparing Hybridized DNA Population
The hybridized DNA samples can be generated by dena-
turing and anneal DNA in a thermocycler. Test samples
were placed in a 0.2 mL tube. Place the tube in
a thermocycler and run the program following the instruc-
tion of the Surveyor enzyme.

Blocking 3" Ends with a Phosphorylation
Adaptor

The adaptor of reverse sequence’s 3’ end modification with
phosphorylation will add to hybridized DNA with TA
ligation. The adaptor generated by two complementary
oligos (SM1 and SM2) annealed to double-stranded oligos,
and the reverse oligo’s 3’ end modification with phosphor-
ylation for blocking free 3’ end extension. Double-stranded
oligos were purified and then ligated to hybridized DNA in
the presence of T4 ligase.

Mismatch Digestion

After adding the adaptor, the hybridized DNA was
digested with Surveyor nuclease incubate at 42°C for 60
min. Surveyor nuclease is an endonuclease that cleaves
DNA at sites of base-substitution mismatch.

Free 3’ End Extension with Biotin-Labeled
dCTP

Surveyor nuclease digestion generated the newly 3’ ends
were extended with biotin-labeled dCTP and terminal
transferase (TdT). TdT is a template-independent polymer-
ase that catalyzes the addition of deoxynucleotides to the
3" hydroxyl terminus of DNA molecules; these nucleotides

subsequently serve as “tails” for cloning.

Add Adaptor with the Newly Generated
dCTP “Tails”

The adaptor was ligated to dCTP “tails” in the pre-
sence of T4 ligase. The adaptor generated by two
complementary oligos (SM3 and SM4) annealed to
double-stranded oligos, the purified double-stranded
oligos were ligated with dCTP “tails” by the reaction
of dCTP and dGTP.

Enrichment DNA Fragments with

Streptavidin Magnetic Beads

Because streptavidin has a very high affinity for biotin, the
fragments contain biotinylated dCTP were pulldown by
streptavidin magnetic beads. 50 pL streptavidin beads
were washed twice with buffer and then added the DNA
solution, and the reaction was incubated for one hour at
room temperature. The beads were washed three times
with buffer and dissolved in sterilized water for PCR
screening.

Results

Experimental Description

We aimed to develop an enrichment scheme based on
Surveyor endonuclease, which can be used to efficiently
enrich EGFR and KRAS mutations with low fractional
abundance from high background wild-type DNA. In addi-
tion, we used standard samples with known mutation
frequency to verify the enrichment effect of mutant
DNA. The workflow includes mutation sequence enrich-
ment based on heterozygous molecular digestion guiding
wild-type sequence elimination (Figure 1). To achieve this
enrichment, heterohybrid molecules were digested using
Surveyor, resulting in dsDNA molecules with a free 3’
end.'>'%2° After digestion, mutant sequences were labeled
with biotin-dCTP, and then biotinylated fragments are
enriched by streptavidin magnetic beads.
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Figure | Surveyor method screening mutant DNA. Hybrid DNA fragments are generated by thermal melting and reannealing. The reannealed products were added
adaptors to the 3’ ends of modification with phosphorylation and then digested with Surveyor nuclease. The digested products were tagged with a biotinylated nucleotide
for subsequent selection. New adaptors are ligated to free 3’ ends, and then biotinylated fragments are captured using streptavidin magnetic beads. Finally, enriched

fragments are used for PCR assay.

Surveyor Method Application to Mutant
DNA Enrichment

We applied it to a known sequence with defined mutation
sites to test the Surveyor method. In the initial stage of the
study, including optimizing the nuclease enrichment
method, droplet digital PCR was used to evaluate the
enrichment effect of mutant sequences. In order to evalu-
ate the mutant allele enrichment that can be achieved, we
used the reference standard cfDNA (rs-cfDNA) from
GeneWell company (China, Shenzhen), which are known
to carry the most common hot spot mutations of EGFR
and KRAS genes-L858R, 19 deletion, G12D and G13D,
respectively. A twofold gradient series of diluted rs-
cfDNA were produced as the template, and the copy num-
ber of the enriched fragments was calculated using digital
PCR (Figure 2). With the increase in dilution times, the
copy number of DNA decreased proportionally. This high-
lights the excellent analytical reliability of the Surveyor
method in enriching cancer mutant DNA.

In order to verify that the Surveyor method can
completely remove the wild-type gene sequences, we
designed a drop-off method to wverify this effect
(Figure 3A). The method assigns two signal probes to
the wild-type DNA sequence. Drop-off probes in FAM
show that the signal produced by a wild-type allele will
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Figure 2 ddPCR measurements of mutation DNA copy numbers across serial
dilution cfDNA samples.

always be positive for both FAM and VIC (Figure 3B).
Surveyor method enriched DNA and the signal of VIC
will be positive. The FAM signal will be negative for
the target sequence complementary to the probe
digested by the Surveyor enzyme. We screened eight
samples with EGFR L858R mutation, and the FAM
signal was not detected in all assays (Figure 3C). The
result showed that the Surveyor method could effec-
enrich

tively remove and

mutant DNA.

wild-type sequences

Cancer Management and Research 2021:13

810l

Dove:


https://www.dovepress.com
https://www.dovepress.com

Xiong and Tang

Dove

Standard PCR assay
FAM VIC
4—
B Ch1+Ch2+:296 Ch1+Ch2-0 Ch1-Ch2+0 Ch1-Ch2-12566

30 :

0001
o 10T
T
£
g 0 ¢
ot
c
]
£
U 1000 +

5000

DNA Hybridization

Surveyor assay

v

FAM No Signal

NN VIC

Ch1+Ch2+0 Ch1+Ch2-0 Ch1-Ch2+40 Ch1-Ch2-13026

=

g

Channel 1 Amplitude

VIC Positive Signal

1200 1600

Figure 3 Drop-off experiment set up for analysis mutant DNA enrichment result of Surveyor method. (A) Two configurations of drop-off assays are possible and are shown
above, assign a signal of VIC to wild-type and FAM to mutant alleles. The signal produced by wild-type sequences will always be positive for both FAM and VIC, while only the
signal VIC made in the Surveyor method enriched mutant DNA sequences. (B) The signal positive for both FAM and VIC in wild-type sequences. (C) The VIC signal positive

and FAM negative in Surveyor method enriched mutant DNA sequences.

Surveyor Method Changes Copies
Number of Detected Mutant DNA

When there are multiple mutant DNA copies, DNA can
be reliably detected in plasma. However, when the
number of mutant DNA is low, the analysis of a single
base mutation site may produce negative results even if
the analysis with perfect analytical sensitivity is used
due to sampling noise.?! In the study, mutant genes were
hybridized with wild-type sequences, and Surveyor
digested mismatched sequences and generated more
DNA
Under the treatment of the Surveyor method, one copy

fragments for subsequent mutant screening.

of the mutant gene will become four copies of the
10 ng rs-cfDNA was

a template, which included specific parts of mutant and

subsequent assay. used as
wild-type DNA. Digital PCR evaluated the copy number
of EGFR 19 exon deletion and L858R and comparing
the copy number difference of mutant genes in standard

PCR and Surveyor method. Finally, all 16 assays
showed that more DNA copy numbers were detected

in enriched samples (Figure 4).

Surveyor Method Application to KRAS
G12X/G13X Screening

Specific abnormal patterns are highly heterogeneous in
individual patients, so that somatic mutations are not an
ideal biomarker for cancer monitoring.”>** About 11% of
Chinese lung cancer patients have KRAS gene mutations,
most located in exon 2 of G12X (G12A, G12V, G12C,
G12D, G12R) and G13X (G13D, G13C). However, stan-
dard PCR detection has the advantages of convenience and
high specificity. In many cases, standard PCR analysis
based on probes/primers adds significant complexity to
the analysis development process because probes/primers
molecules for the target of interest need to be designed and
tested in each assay.
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Figure 4 Compare standard PCR and Surveyor method measurement of EGFR mutant gene copy numbers across sixteen samples. (A) Schematic diagram of the standard
PCR and Surveyor method assay. (B) Copy numbers detected of EGFR/L858R with standard PCR and Surveyor method. (C) Copy numbers detected of EGFR/I9 exon

deletion with standard PCR and Surveyor method.

In order to confirm that the Surveyor method can detect
complex forms of KRAS gene mutations with the same pri-
mers and probe, we performed validation analysis on rs-
cfDNA containing KRAS G12D and G13D. Using mutation
site-specific primers and probes, the copy numbers of KRAS
G12D and G13D were evaluated on 10 ng rs-cfDNA using
digital PCR. Fifty-two copies of KRAS G12D (Figure 5A) and
56 copies of KRAS G13D (Figure 5B) mutation were detected.
Similarly, the Surveyor method detected 82 copy number
mutant genes in 10 ng rs-cfDNA (Figure 5C). Surveyor endo-
nuclease cuts heterogeneous hybrid DNA molecules at the
position of mismatched bases, and KRAS G12D and G13D
DNA fragments will be enriched together for screening with
the same primer and probe. Primers are designed for the
adaptors at both ends of the sequence, and the probe is designed
on the normal sequence upstream of the mutant site so that two
KRAS mutant genes can be detected simultaneously.

The Sensitive Analysis of the Surveyor
Method to Detect Mutant DNA

The analysis of mutant genes requires a certain degree of
analytical sensitivity, which usually exceeds the current

technical limitations. In order to evaluate the sensitivity
of the Surveyor method, rs-cfDNA containing EGFR
L858R with 1% MAF will be a series of double diluted
with wild-type DNA. DNA samples of MFA between
0.0078% and 1% was used as a template for sensitivity
analysis, and eight replicates will perform for each assay.
The Surveyor method had a limit of detection (LOD) of
0.0078% with at least 20 ng DNA template input.
Furthermore, only 0.3125 ng DNA was needed to detect
the LOD of 0.5% (Figure 6A).

We first identified Surveyor method can achieve to
0.0078% mutant fraction. We then asked whether the method
could detect lower mutation frequency DNA. In order to verify
that, 0.001% mutation frequency DNA was prepared by gra-
dient dilution, and eight replicate assays were performed of the
input DNA increased to 200 ng. We identified six positive
results in eight independent detection experiments (Figure 6B).

Discussion

EGFR and KRAS are the most mutated oncogenes in
human malignancies. In East Asia, 40-60% of patients
with non-small cell lung cancer have EGFR mutations,
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Figure 5 ddPCR measurements of KRAS G12D/G 13D copy numbers of DNA samples. Each blue dot represents a single PCR reaction and one mutant DNA molecule. (A)
lllustration of copy numbers of KRAS G12D detected with standard PCR. (B) lllustration of copy numbers of KRAS G13D detected with standard PCR. (C) lllustration of

copy numbers of KRAS G12D and KRAS GI3D detected with Surveyor method.

and 80% clinically respond to EGFR tyrosine kinase inhi-
bitors gefitinib or erlotinib.** *® Therefore, a sensitive
technique is needed to identify these patients to detect
the low mutation allele fraction in high background wild-
type DNA in low DNA yield and low MAF samples, such
as cfDNA.?° In addition, monitoring the response of can-
cer patients to treatment or disease progress requires
repeated quantitative assessment of the disease burden.
Due to the low proportion of mutated DNA and the
heterogeneity of tumor somatic mutations, standard PCR
methods need to detect many tumor DNA mutation sites,
making potential clinical trials too expensive and complex

for all patients.>® To overcome these limitations, we devel-
oped the Surveyor method for the enrichment of mutated
DNA. Enrichment increases the sensitivity of our mutant
allele-specific qPCR analysis from 5% to about 0.001%,"'
allowing the detection of very low mutant allele genomics
in clinical samples positive for the two most common
mutant genes.

Compared with the analytical methods proposed in other
studies,® the Surveyor method has advantages. The Surveyor
enzyme digests the mismatched molecules; more DNA
sequence information is generated for subsequent mutation
DNA detection. With the same amount of DNA input, the
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Figure 6 The Surveyor method is a sensitive approach to detect mutant DNA. (A) Serial dilution series of input DNA amount and MAF were the template for Surveyor
method screening. (B) Eight technical replicates of 0.001% MAF DNA used for Surveyor method screening.

Surveyor method detected more mutant copies than the stan-
dard PCR, which will improve the sensitivity of mutant DNA
detection. All PCR-based assays use fluorescent dye-labeled
probe molecules to produce positive fluorescent signals. Many
wild-type DNA is unnecessarily amplified in detecting single
base variation, which is easy to produce false-positive signals.
In many cases, the probe-based analysis adds great complexity
to the development process because new probe molecules for
the target of interest need to be designed and tested in each
trial. The Surveyor method specifically enriches the mutant
DNA sequence, and the probe is designed on the normal
sequence upstream of the enzyme digestion site. This design
makes the analysis and development process simpler, faster
and improves the benefits of sensitivity. However, the method
does not provide quantitative measurement of initial MAF

before enrichment, which is meaningful in clinical monitoring.

The default may be resolved by assessing the mutation copies

in per milliliter plasma.

Conclusions

We developed a simple and highly sensitive method for
screening mutant genes. The Surveyor method needs to be
further verified on a completely independent data set, but
our study emphasizes the potential utility of mutant DNA
enrichment. This method is cost-effective and sensitive in

mutation sequences detection.

Abbreviations

cfDNA, cell-free DNA; MAF, Mutant Allele Frequencies;
Biotin-dCTP, Biotin labelled dCTP; TdT, Terminal
Transferase; rs-cfDNA, Reference Standard cfDNA;
LOD, Limit of Detection.
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