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1 | INTRODUCTION

Abstract

Background: To detect the mutations of KRAS gene in colorectal cancer patients and
other cancer patients, it is of value to develop non-invasive, sensitive, specific, easy,
and low-cost assays.

Methods: Templates harboring hotspot mutations of the KRAS gene were con-
structed, and primers were designed for evaluation of the specificity, and sensitivity
of detection system consisted of exonuclease polymerase-mediated on/off switch;
then, gel electrophoresis and real-time PCR were performed for verification. The
assay was verified by testing the DNA pool of normal controls and circulating DNA
(ctDNA) samples from 14 tumor patients, as compared to Sanger sequencing.
Results: A specific and sensitive assay consisted of exonuclease polymerase-mediated
on/off switch, and multiplex real-time PCR method has been established. This assay
could detect <100 copies of KRAS mutation in more than 10 million copies of wild-
type KRAS gene fragments. This assay was applied to test KRAS gene mutations in
three cases of fourteen ctDNA samples, and the results were consistent with Sanger
sequencing. However, this PCR-based assay was more sensitive and easier to be
interpreted.

Conclusion: This assay can detect the presence of KRAS hotspot mutations in clinical
circulating tumor DNA samples. The assay has a potential to be used in early diagno-

sis of colorectal cancer as well as other types of cancer.
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KRAS are detected in approximately 30% of all human cancers.?

KRAS is involved in intracellular signal transduction, such as epi-

dermal growth factor receptor (EGFR) signaling pathway.® KRAS

It is widely accepted that accumulation of mutations and chromo- is activated abnormally when the KRAS gene is mutated.* Point

somal aberrations is the major causes of cancers.® Mutations in mutation rate of KRAS gene is 40%-50% in colorectal cancer.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Journal of Clinical Laboratory Analysis published by Wiley Periodicals LLC

J Clin Lab Anal. 2020;34:€23305.
https://doi.org/10.1002/jcla.23305

wileyonlinelibrary.com/journal/jcla 10of8


www.wileyonlinelibrary.com/journal/jcla
https://orcid.org/0000-0002-2446-1392
mailto:﻿
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
mailto:kaili34@yahoo.com
mailto:yuanw@suda.edu.cn

WANG ET AL.

MWI LEY

The mutations are mainly located in codons 12 and 13 with ap-
proximate 80% occurrence in the 12th codon, 15% occurrence
in the 13th codon, and 5% occurrence in codon 61 and others.’
The most majority of KRAS mutations identified are single nucleo-
tide point mutations. The common patterns include G12D, G12A,
G12R, G12C, G12S, G12V, and G13D. The mutation pattern of
KRAS provides guidance of individualized treatment, and the KRAS
wild-type colorectal cancer patients can benefit from treatment
with anti-epidermal growth factor cetuximab.®” KRAS mutation
identification is strongly recommended by FDA to guide usage
of cetuximab. Therefore, a sensitive, specific, and convenient
method with detection capability of multi-mutations is highly de-
sirable. In the past several decades, Sanger sequencing has been
served as golden standards in the field.®? Sanger sequencing in-
terrogates every base and identifies known and unknown variants,
yet it requires post-PCR manipulations such as cleanup of PCR.
Another more critical disadvantage is its low detection sensitivity.
It requires an abundance of 15% or more of a somatic DNA vari-
ant to be detected, which may lead to a false-negative result in
some cases.8! Allele-specific real-time PCR identifies KRAS mu-
tations are sensitive enough but prone to false positive because
of tag DNA polymerase.”*"*® High-resolution melting analysis is
the quantitative analysis of PCR products melting curve at dif-
ferent temperatures. Whereas it is highly sensitive and requires
no post-PCR process, melting curve analysis has no multiplex ca-
pacity and the result is difficult to be interpreted.'**> SnaPShot
and next-generation sequencing, the sensitivity of SnaPshot for
KRAS mutation detection was about 10%, but this method is also
laborious and time-consuming.'®'’ Next-generation sequencing
is relatively expensive, time-consuming, and complicated data in-
terpreting.ls'19 Choong et al detected the KRAS mutations using
the isothermal-based optical sensor for companion diagnostics,20
a rapid, specific, and sensitive method, but the preparation pro-
cess is relatively complex and the result is not easy to interpret.
Therefore, a high-throughput, economical, sensitive, and easy
data analysis assay is urgently needed. Mutation-sensitive on/off
switch,24?2 consisting of high-fidelity DNA polymerase and phos-
phorothioate-modified allele-specific primers, has been estab-
lished to have a higher specificity compared with assays mediated
by low-fidelity DNA polymerase. Table 1 shows the comparison of
the KRAS mutation detection assay.

TABLE 1 Comparison of the KRAS mutation detection assays

Assay Specificity Sensitivity

Multiplex PCR of on/off Good Good
switch

Sanger sequence Good Ordinary

HRM Good Good

Allele-specific real-time PCR  Ordinary Good

Isothermal-based optical Good Good

sensor

Cell-free DNA (cfDNA) is defined as extracellular DNA disso-
ciating in the circulating system. The consistency of DNA alter-
ations between a tumor and cfDNA proves the tumoral origin of
the cfDNA.%2 Circulating tumor DNA is derived from the release
of nucleic acids during the apoptosis and necrosis of tumor cells or
from tumor-derived exosomes.?* In cancer patients, ctDNA pres-
ents as a variable fraction of cfDNA (ranging from <0.01% to more
than 50%).2° The lengths of ctDNA from tumor patients range
from 200 nt to longer than 1 kb.2¢ As biomarkers of cancer,?’ the
qualitative and quantitative analyses of the ctDNA in the blood
have been used for early diagnosis of cancer, individualized ther-
apy, prognosis, etc A highly sensitive, specific method might be
established for clinical diagnostics base on ctDNA samples. Here,
we developed an assay of detecting KRAS hotspot mutations in
ctDNA. Our assay provides a new approach for the detection of
somatic mutations such as KRAS mutations. This mutation iden-
tification strategy is based on the molecular switch consisting of
high-fidelity enzymes and the 3-terminal phosphorylation-modi-
fied primer. The mutation detection primers can only be extended
when it perfectly matches the template. When primer and tem-
plate are not perfectly matched, no or very low amount amplified
products will be yielded, since high-fidelity enzymes cannot re-
move mismatched base due to its phosphorothioate modification.
This assay can identify KRAS mutations in a normal background
from an minimal amount ctDNA of peripheral blood. This assay
is low-cost, fast, and high-throughput with 96-well or 384-well
plates for thousands of samples per day. It may serve as a non-in-
vasive and efficient diagnostic project for cancer patients or high-
risk individuals.

2 | MATERIALS AND METHODS
2.1 | The Statistical analysis of the database

The gene mutation data and survival data of the colorectal can-
cer patients were downloaded from The Cancer Genome Atlas
(TCGA) database. The overall survival rates between patients
with KRAS mutations and patients without KRAS mutations were
analyzed by Kaplan-Meier, and P < .05 was considered statisti-

cally significant.

Multiplex Time-saving Result analysis
Yes Yes Easy

Yes No Difficult

No Yes Difficult

Yes Yes Easy

No Yes Difficult
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2.2 | Preparation of KRAS hotspot
mutation templates

Preparation of KRAS hotspot mutation templates was carried out by
the method of overlapping extension PCR. Sixteen primers were listed
in Table S1. These primers were designed according to the reference
sequences of Gene ID 3845 in Genbank. The primers were designed
to introduce hotspots mutations at codon 12 and codon 13 of KRAS
gene. The primer-extended products were purified again and then
subcloned into PGEM-T Easy Vector (Invitrogen). Subcloned products
were sequenced for confirmation. The seven mutation templates of
KRAS gene, including G12D, G12V, G12S, G12C, G12R, G12A, and
G13D, are shown in Figure S1.

2.3 | The condition of the detection of
KRAS mutations

The following nine mutation-specific primers were designed for
mutation analysis (Table 2). The RKRAS is the common reverse
primer. All primers were synthesized by Invitrogen, and the bold
underlined nucleotide was phosphorothioate modified. A single
PCR or multiplex PCR with proofreading polymerase-mediated on/
off switch for KRAS mutations were detected in an ABI Prism 7500
system (Applied Biosystems). A 25 uL PCR detection system con-
tained 2.5 pL of 10x Pfu buffer with MgSO, (Fermentas), 1.2 uL
of 20x Eva green (Biotium), 5n pumol/L of RKRAS primer, 5n umol/L
of FKRAS (n is depending on the number of primer), 0.5 U of Pfu,
0.4 um of dNTP, 1 pl of template DNA, and ddH,O (to make up to
25 plin total volume). After denature at 95°C for 5 minutes, primer
extension was performed for 45 cycles with gradient PCR program,
and the first stage was performed 10 cycles as denaturing at 95°C
for 20 seconds, annealing at 68°C for 20 seconds with each cycle
decreasing 1°C, and extension at 72°C for 30 seconds and the sec-
ond stage 23 cycles, denaturing at 95°C for 20 seconds, annealing
at 59°C and extension at 72°C for 30 seconds, and a final extension
at 72°C for 10 minutes.

TABLE 2 The phosphorothioate-modified primers for detecting
the seven hotspot mutations of KRAS gene

FKRAS12-1 5'-TAAACTTGTGGTAGTTGGAGCTG 1At TC-3'
FKRAS12-2 5'-TAAACTTGTGGTAGTTGGAGCTG tTtTC-3'
FKRAS12-3 5'-TAAACTTGTGGTAGTTGGAGCT tA+GC-3'
FKRAS12-4 5'-TAAACTTGTGGTAGTTGGAGCT t T+GC-3'
FKRAS12-5 5'-TAAACTTGTGGTAGTTGGAGCT t C+GC-3'
FKRAS12-6 5'-TAAACTTGTGGTAGTTGGAGCT GtCt TC-3'
FKRAS13 5 TTGTGGTAGTTGGAGCTGGTG 1 AtCA-3’
FK-12 5 -TAAACTTGTGGTAGTTGGAGCTGtGtTC-3’
FK-13 5-TTGTGGTAGTTGGAGCTGGTGtGtCA-3’
RKRAS 5'-TCTGTATCAAAGAATGGTCCTGC-3'

Note: Where "t" in place of phosphorothioate modified, base which is
marked in bold and underlined meaning mutant base.

WILEY-2®

2.4 | PCR conditions for amplifying targets for KRAS
mutations sequencing analysis

Taq polymerase-mediated regular PCR was used for sequencing of
the DNA samples from the normal controls and cancer patients.
The primers for amplifying the products for sequencing are listed
in Table S1. This regular PCR was performed in a volume of 25 pL
system containing 12.5 pL of 2x mix (Biomega), 10 umol/L of prim-
ers, and about 40 ng of genomic DNA. After denature at 95°C for
5 minutes, primer extension was performed for 30 cycles with de-
naturing at 95°C for 20 seconds, annealing at 55°C for 20 seconds,
extension at 72°C for 30 seconds, and with a final extension at 72°C
for 10 minutes.

2.5 | Genomic DNA samples and ctDNA samples
preparation

One pooled DNA sample contained two hundred normal controls
was provided by the Nanhua University First Affiliated Hospital.
Almost, the same amount of DNA in different final volume of each
sample was mixed to form the gene pool after adjusted their concen-
trations of individual DNA samples.

Fourteen blood samples of tumor patients from the Second
Affiliated Hospital of Soochow University were collected. Two mL
of blood from the cubital vein was drawn to EDTA tubes and centri-
fuged at 12 000 g for 2 minutes, the ctDNA was extracted with the
circulating DNA Extraction Kit (Omega), and extracted ctDNA was

quantitatively measured by UV spectrometry.

1.00 1
-
+
]
Ee
0.751 . ;
@ '
© F
§ I'-t- e
E Wt
050 ===mmmmmmoon-
? i
© | ey
o ' o .
3 = WTKRAS ] + RS
! 1
0o5] ~F MukRrAs : :
p<0.0001 -
1
1
X
1
0.001 !
0 1000 2000 3000
Time (day)

FIGURE 1 The analysis of overall survival rate according

to KRAS status in colorectal cancer patients. Colorectal cancer
patients with KRAS mutations have significantly shorter survival
time than patients with wild-type KRAS. (P < .0001)
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FIGURE 2 The assay establishment for the KRAS mutation detection
mediated by an enzymatic on/off switch. A, Anillustration showing
the multiplex PCR experimental design by on/off switch. B, Taking the
12GCT and 13GAC of KRAS as examples, the mutant template and
Wt template were diluted in 10-fold serial and amplified by PCR with
mutation-specific primer. The length of the PCR products was both
155 bp. C, Establishment of a multiplex PCR system with codon 12, as
the melt curve and amplification plot shows, the detection limit reach
to 10 copies, and the specificity can reach to 10°

3 | RESULTS

3.1 | The prognosis of colorectal cancer patients
with KRAS mutations was more poor compared with
those without mutations

Taking advantage of The Cancer Genome Atlas (TCGA) database,
the pattern of KRAS mutations in colorectal cancer patients was
analyzed (Data S1, download from https://portal.gdc.cancer.

gov/). A total of 103 KRAS mutations have been found in 263 can-
cer patients. The total survival rate of colorectal cancer patients
harboring KRAS mutations was significantly lower than that of
the patients without KRAS mutations (Figure 1). Therefore, it is
of great clinical value of differentiating KRAS mutations to pro-
vide guidance of individualized treatments of colorectal cancer
patients.

3.2 | APCR-based assay of KRAS mutation
detection was established

We established the detection assays of single or multiplex PCR
system combination with high-fidelity enzyme “on/off"switch. As
shown in Figure 2A, the multiplex PCR experimental design ena-
bles one of the codon 12 mutation primers to amplify the matched
mutation templates. No observable products yielded from the
mismatched primers. The seven mutant templates and the wild-
type template were diluted to a final concentration ranging from
108 to 102 copies per PCR reaction (25 pL) to test the sensitiv-
ity and specificity of the assay. The specificity and sensitivity of
the seven primer pairs were finally determined by electrophoresis,
false-positive primer extension in most of the seven primer pairs
was not produced until copy number of the mismatched template
reached 107, and few of them reached 10°. The sensitivity of the
six mutation-specific primers for codon 12 of KRAS was at least
102 copies, and the codon 13 of KRAS was as low as 10° cop-
ies (Figure 2B). The codon 13 mutation primer can yield a dimer
while the template concentration is low. The codon 12GCT and
codon 13GAC were illustrated as representatives are shown in
Figure 2B. Figure 2C shows that real-time PCR is more sensitive
than conventional PCR. The sensitivity of this assay by real-time
PCR for the KRAS seven hotpot mutations is at least 10 times
higher than conventional PCR without compromising its specific-
ity of this assay. Considering the high similarity in DNA sequence
of primers to target against the 6 nucleotide variants at the muta-
tion hotspot of codon 12 of KRAS gene, we developed multiplex
PCR of codon 12. The sensitivity of all primers could reach at least
102 copies, while false-positive amplification was not observed
when the copy number of mismatched template was below 10°
copies. The final appropriate concentration of clinical samples in
this assay is about between 102 and 10° copies, and this range is
safe for clinical testing.

3.3 | KRAS mutations cannot be detected in healthy
human DNA samples

This assay was further tested for its application in clinical sam-
ples. The efficient extension of KRAS mutation primers would
not be observed in healthy human genomic DNA samples. As
shown in Figure 3, we used one pooled DNA sample of 200

normal individuals for evaluating the specificity of our method.
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Mutation-specific primers failed to amplify products in these
samples, while products were amplified by wild-type-specific
detection primers. Codon 13 primers of KRAS could amplify a
primer dimer, and we could distinguish the objective fragments
from the dimer according to the Tm value. To further confirm
this method, the PCR products of the KRAS gene were sent for
sequencing and there were no point mutations in codon 12 and
codon 13 of KRAS gene.

3.4 | Application of the current assay in KRAS
hotspot mutation detection with cancer patients

CtDNA samples derived from fourteen tumor patients were
tested with the newly developed KRAS hotspot mutation assay,
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two samples were detected carrying at least one type muta-
tions of codon 12 and one sample was detected carrying codon
13 mutation according to the amplification curve and melt
curve. The Sanger sequencing confirmed the KRAS gene muta-
tions in the three cancer patients (Figure 4B): codon 12 muta-
tions (GGT>AGT, GGT>GCT), codon 12 mutations (GGT>AGT,
GGT>AGA), and mutation in codon 13 (GGC>GAC). Two of the
three cancer patients carrying the KRAS gene mutations suf-
fered from colorectal cancer surgery and adjuvant chemother-
apy, and another case is lung cancer without chemotherapy.
The other 11 samples could not be detected by our assay and
had been confirmed by the sequencing. It indicates that the
assay system we developed is highly sensitive and specific in
mutation detection with clinical samples, especially for ctDNA

samples.
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FIGURE 3 The current assay would not obtain false-positive signals of KRAS gene mutations in pooled DNA sample of health control. As

the top melt curve and amplification plot shows, the pooled DNA sample could be amplified by the wild-type primers but not be amplified by
the codon 12 mutation primers of KRAS. As the bottom melt curve and amplification plot shows, the DNA pool sample could be amplified by
the KRAS wild-type primers but could not be amplified by the codon 13 mutation primers of KRAS
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4 | DISCUSSION

The KRAS mutations are extremely rare in normal individuals,
while they are presented in about 30% of cancer patients. High
specificity and sensitivity of assays are crucial to avoid or minimize
false-positive detection in normal DNA samples and false-negative
results in patient samples. Sequencing is the most common tech-
nigue to screen KRAS mutations, but it requires at least 10%-30%
abundance of mutated templates.’®?® Screening the KRAS muta-
tions by HRM had a sensitivity of 5%-6%.%2% Hillary et al were
able to detect KRAS mutations by allele-specific hybridization-in-
duced aggregation (HIA) of oligonucleotide probe-conjugated mi-
crobeads with a sensitivity of 25%.2% Our multiplex real-time PCR
method can detect KRAS mutation as few as 100 copies in at least

10° wild-type counterparts. Currently, ctDNA concentrations vary

(A)

Melt Curve

= N 200,000
0 180000.0 H 175,000
= |
g | 150,000
S 130000.0 A
g ; 125,000

{ \

AR\ 1
% 80000.0 | 100,000
2 | 75,000
=1 — 2 | \%
S 300000 p EEERELVERRARR=e 50,000
o SRSmma==sis—=SONUENEENY 25,000 | ==
o |

- - e 0
73.0 75.077.0 79.0 81.0 83.0 85.0 87.0

from O to 1000 ng/mL blood, with the median concentration of
cfDNA 790 ng/mL.%%3! In general, 1000 ng cfDNA includes ap-
proximately 150 000 copies of the genome®!; accordingly to this,
it is difficult to cause false-positive amplification in one PCR sys-
tem by our assay.

In the present study, efficient primer extension was exclu-
sively observed when the mutation-specific primers matched
the mutation templates. One pooled DNA sample 200 normal
individuals was used to test the newly developed assay, only
wild-type primers but not mutation-specific primers was able to
amplify the pooled DNA sample. For the 14 ctDNA samples of
cancer patients, 3 of them generated PCR products when muta-
tion-specific primers were used, and the presence of point mu-
tations of KRAS in the 3 samples was further confirmed by DNA

sequencing. It indicated the accuracy of the newly developed
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FIGURE 4 The feasibility was tested
for 7 hotspot mutations detecting of KRAS
gene in cancer patients ctDNA samples.
A, As the top melt curve and amplification
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multiplex PCR system in genetic diagnostics. The high-fidelity
DNA polymerase ensures the high sensitivity and specificity of
the assay. This assay and similar assays have great potential to
be widely applied in genetic diagnostics in clinic, especially for
somatic mutations. In addition, multiplex PCR is time-efficient

and less financial consuming.

5 | CONCLUSION

The present study has successfully established a non-invasive
diagnostic method for KRAS mutation detection in circulat-
ing DNA of cancer patients. The allele-specific real-time PCR is
mediated by mutation-sensitive “molecular switch” composed
of high-fidelity DNA polymerase and phosphorylated-modified
primers. We have demonstrated the success of using the assay
in micro-mutation detection with ctDNA. This technology has a
great potential in screening KRAS gene mutations thanks to its
high specificity, sensitivity, low-cost, multiplex detection, and
easy data interpretation.

ACKNOWLEDGMENTS

This study was supported by The Priority Academic Program
Development of the Jiangsu Higher Education Institutes. And we
acknowledge The Jiangsu Province Youth Medical Talent Support
Program (QNRC2016868), and The Suzhou Science and Technology
Development Program (525201618, SYS201727).

CONFLICT OF INTEREST
No competing financial interests exist.

ORCID

Qing-lin Wang https://orcid.org/0000-0002-2446-1392

REFERENCES

1. Vogelstein B, Kinzler KW. Cancer genes and the pathways they con-
trol. Nat Med. 2004;10(8):789-799.

2. Adjei AA. Blocking oncogenic Ras signaling for cancer therapy. J
Natl Cancer Inst. 2002;94(13):1031-1032.

3. Vigil D, Cherfils J, Rossman KL, et al. Ras superfamily GEFs and
GAPs: validated and tractable targets for cancer therapy? Nat Rev
Cancer. 2010;10(12):842-857.

4. Tan C, Xiang DU. KRAS mutation testing in metastatic colorectal
cancer. World J Gastroenterol. 2012;18(37):5171-5180.

5. Neumann J, Zeindl-Eberhart E, Kirchner T, et al. Frequency and
type of KRAS mutations in routine diagnostic analysis of metastatic
colorectal cancer. Pathol Res Pract. 2009;205(12):858-862.

6. Liévre A, Bachet JB, Boige V, et al. KRAS mutation as an indepen-
dent prognostic factor in patients with advanced colorectal cancer
treated with cetuximab. J Clin Oncol. 2008;26(3):374-379.

7. Karapetis CS, Khambata-Ford S, Jonker DJ, et al. K-ras mutation
and benefit from cetuximab in advanced colorectal cancer. N Engl J
Med. 2008;359(17):1757-1765.

8. Patton S, Normanno N, Blackhall F, et al. Assessing standardiza-
tion of molecular testing for non-small-cell lung cancer: results of
a worldwide external quality assessment (EQA) scheme for EGFR
mutation testing. Br J Cancer. 2014;111(2):413-420.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

WILEY-7°®

Yu B, O'Toole SA, Trent RJ. Somatic DNA mutation anal-
ysis in targeted therapy of solid tumours. Transl Pediatr.
2015;4(2):125-138.

Tsiatis AC, Norris-Kirby A, Rich RG, et al. Comparison of Sanger
sequencing, pyrosequencing, and melting curve analysis for the de-
tection of KRAS mutations: diagnostic and clinical implications. J
Mol Diagn. 2010;12(4):425-432.

Luquin N, Yu B, Trent RJ, et al. DHPLC can be used to detect low-
level mutations in amyotrophic lateral sclerosis. Amyotroph Lateral
Scler. 2010;11(1-2):76-82.

Orue A, Rieber M. Optimized multiplex detection of 7
KRAS mutations by Tagman allele-specific qPCR. PLoS One.
2016;11(9):e0163070.

Gilje B, Heikkila R, Oltedal S, et al. High-fidelity DNA polymerase
enhances the sensitivity of a peptide nucleic acid clamp PCR assay
for K-ras mutations. J Mol Diagn. 2008;10(4):325-331.

Langaee T, El Rouby N, Stauffer L, et al. Development and cross-val-
idation of high-resolution melting analysis-based cardiovascular
pharmacogenetics genotyping panel. Genet Test Mol Biomarkers.
2019;23(3):209-214.

Giannopoulos A, Rougkala N, Loupis T, et al. Detection of CALR
mutations using high resolution melting curve analysis (HRM-A);
application on a large cohort of greek ET and MF patients. Mediterr
J Hematol Infect Dis. 2019;11:e2019009.

Farina Sarasqueta A, Moerland E, de Bruyne H, et al. SNaPshot and
StripAssay as valuable alternatives to direct sequencing for KRAS
mutation detection in colorectal cancer routine diagnostics. J Mol
Diagn. 2011;13(2):199-205.

Magnin S, Viel E, Baraquin A, et al. A Multiplex SNaPshot assay as a
rapid method for detecting KRAS and BRAF mutations in advanced
colorectal cancers. J Mol Diagn. 2011;13(5):485-492.

Lucena MI, Garcia-Martin E, Daly AK, et al. Next-generation se-
quencing of PTGS genes reveals an increased frequency of non-syn-
onymous variants among patients with NSAID-induced liver injury.
Front Genet. 2019;28:134.

Zhao ZR, Lin YB, Ng CSH, et al. Mutation profile of resected EGFR-
mutated lung adenocarcinoma by next-generation sequencing.
Oncologist. 2019;24(10):1368-1374.

Jin CE, Yeom S-S, Koo B, et al. Rapid and accurate detection
of KRAS mutations in colorectal cancers using the isother-
mal-based optical sensor for companion diagnostics. Oncotarget.
2017;8:83860-83871.

Zhang J, Li K, Pardinas JR, et al. Proofreading genotyping assays
mediated by high fidelity exo+ DNA polymerases. Trends Biotechnol.
2005;23(2):92-96.

Li K, Zhang J, Chen L, Sommer SS. Superb nucleotide discrimination
by a novel on/off switch for DNA polymerization and its applica-
tions. Mol Biotechnol. 2005;29(2):93-100.

Jung K, Fleischhacker M, Rabien A. Cell-free DNA in the blood as a
solid tumor biomarker-A critical appraisal of the literature. Clin Chim
Acta. 2010;411(21-22):1611-1624.

Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic acids as bio-
markers in cancer patients. Nat Rev Cancer. 2011;11(6):426-437.
Diehl F, Schmidt K, Choti MA, et al. Circulating mutant DNA to as-
sess tumor dynamics. Nat Med. 2008;14(9):985-990.

Jahr S, Hentze H, Englisch S, et al. DNA fragments in the
blood plasma of cancer patients: quantitations and evidence
for their origin from apoptotic and necrotic cells. Cancer Res.
2001;61(4):1659-1665.

Han X, Wang J, Sun Y. Circulating Tumor DNA as biomark-
ers for cancer detection. Genomics Proteomics Bioinformatics.
2017;15(2):59-72.

Seekhuntod S, Thavarungkul P, Chaichanawongsaroj N, et al.
Validation of a multiplex allele-specific polymerase chain reaction
assay for detection of KRAS gene mutations in formalin-fixed,


https://orcid.org/0000-0002-2446-1392
https://orcid.org/0000-0002-2446-1392

MWI LEY

29.
30.

31.

WANG ET AL.

paraffin-embedded tissues from colorectal cancer patients. PLoS
One. 2016;11(1):e0147672.

Sloane HS, Landers JP, Kelly KA. Kelly hybridization-induced
aggregation technology for practical clinical testing KRAS mu-
tation detection in lung and colorectal tumors. J Mol Diagn.
2016;18(4):546-553.

Umetani N, Kim J, Hiramatsu S, et al. Increased integrity of free
circulating DNA in sera of patients with colorectal or periampul-
lary cancer: direct quantitative PCR for ALU repeats. Clin Chem.
2006;52(6):1062-1069.

Yamada T, lwai T, Takahashi G, et al. Utility of KRAS mutation de-
tection using circulating cell free DNA from patients with colorectal
cancer. Cancer Sci. 2016;107(7):936-943.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wang Q-L, Zhou C-L, Yin Y-F, Xiao L,
Wang Y, Li K. An enzymatic on/off switch-mediated assay for
KRAS hotspot point mutation detection of circulating tumor
DNA. J Clin Lab Anal. 2020;34:€23305. https://doi.
org/10.1002/jcla.23305



https://doi.org/10.1002/jcla.23305
https://doi.org/10.1002/jcla.23305

