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Background: In personalized medicine, companion diagnostic tests provide additional information to help select a
treatment option likely to be optimal for a patient. Although such tests include several techniques for detecting
low levels of mutant genes in wild-type backgrounds with fairly high sensitivity, most tests are not specific,
and may exhibit high false positive rates. In this study, we describe a new primer structure, named ‘stuntmer’,
to selectively suppress amplification of wild-type templates, and promote amplification of mutant templates.

Results: A single stuntmer for a defined region of DNA can detect several kinds of mutations, including point
mutations, deletions, and insertions. Stuntmer PCRs are also highly sensitive, being able to amplify mutant
sequences that may make up as little as 0.1% of the DNA sample.

Conclusion: In conclusion, our technique, stuntmer PCR, can provide a simple, low-cost, highly sensitive,
highly accurate, and highly specific platform for developing companion diagnostic tests.

Backgroud

In personalized medicine, especially cancer therapy,
companion diagnostics are tests that provide additional
information to help select proper medication for each
patient. To increase mutation detection sensitivity in such
tests, and reduce interference from wild-type templates,
several methods such as co-amplification at lower de-
naturation temperature (COLD) PCR [1-3], dual priming
oligonucleotide (DPO)-PCR [4-6], real-time PCR [7-9],
high resolution melting (HRM) analysis [10-13], next gen-
eration sequencing (NGS) [14-19], and droplet digital
PCR [20-23] are used. Most of these techniques improve
signal amplification and mutant sequence enrichment;
however, with rising detection sensitivity, data accuracy
must also be maintained, and many of these techniques
fail in this regard due to the high rates of false positive or
false negative results.
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Direct sequencing of PCR products is highly accurate,
but has low mutation detection sensitivity, being able to
only detect ~20% of mutant alleles in a background of
normal alleles [24, 25]. Although allele-specific (AS)
PCR can increase detection sensitivity by using type-spe-
cific primers, false positive rates are high due to non-
specific product formation [26-29]. In such cases,
validation of the PCR product using sequencing is un-
helpful as the primer alters the original sequences. Other
signal amplification methods can detect mutations in
samples with low tumor cell content, but may have high
rates of false positives due to non-specific binding.

Although COLD PCR can amplify many mutations, in-
cluding unknown ones, and provides higher detection
sensitivity and reliable results, the technique is difficult
to use when two or more genes must be detected in
tandem.

The design of the tumor cell enrich methods [30-33]
needs to consider the Tm value and ratio of primer and
block. When the Tm value of block is too high, it is diffi-
cult to distinguish between the wild type and mutant
template; If it is too low, the advantage of combining

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12896-019-0555-1&domain=pdf
http://orcid.org/0000-0003-4823-9582
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:pw2136@gmail.com

Huang et al. BMC Biotechnology (2019) 19:62

with the wild type template is lost, resulting in a de-
crease in sensitivity of detection.

To solve the problem of decreasing detection specifi-
city due to increasing detection sensitivity, we present a
new method, which we name ‘stuntmer PCR’. The
‘stuntmer’ is a universal primer design we have devel-
oped to detect mutations occurring within a defined
region. Theoretically, several different mutations can be
detected by a single stuntmer designed for a specific re-
gion. The stuntmer is so designed that when it is used as
a forward primer in PCR reactions, amplification of the
wild-type template is suppressed, and mutant forms of
the template are selectively amplified. In stuntmer PCR,
only one primer set is required to test for many muta-
tions. Since the stuntmer sequence is the same as the
reference sequence, it does not create an artificial se-
quence in the event of non-specific binding. Sequencing
showed that mutations identified positively by stuntmer
PCR were indeed correct, indicating that this PCR tech-
nique specifically enriches mutant PCR products.
Furthermore, due to its adjustable detection sensitivity,
stuntmer PCR is also suitable for different types of speci-
mens, including cell-free DNA (cfDNA).

Results

Selective amplification of mutant templates in three
different sequences

Three stuntmers, each targeting different exons of the
epidermal growth factor receptor (EGFR), namely,
exon 19, exon 20T790, and exon 21 L858/L861, were
designed for this study. The sensitivities of the stunt-
mers were assessed using three different conditions of
mutant sample prevalence: only wild-type plasmids,
mixtures of wild-type:mutant plasmids in a ratio of
90:10, and mixtures of wild-type:mutant plasmids in a
ratio of 99:1. The chromatograms in Fig. la and b
show that the mutant template can be selectively
amplified even when concentrations of wild-type tem-
plate are ~ 100-fold higher than those of the mutant
template. Stuntmer PCR does not completely inhibit
wild type amplification. It can be observed from the
wild-type group that even if there is no mutant type
plasmid in the sample, the PCR will still perform and
amplify the product. The sequencing result will also
be displayed as wild (Fig. 1). From this experimental
result, it can be concluded that exon 21 stuntmer’s
selective amplification effect on L858R/L861Q can in-
crease the original ratio of 1% mutation signal to
50%; the exon 20 stuntmer has a screening ability of
T790 M mutation greater than 1%. Our results also
demonstrate that two different mutations, L858R and
L861Q, can be amplified by the same stuntmer. This
clearly demonstrates that a stuntmer can inhibit wild-
type template replication, thereby allowing for
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selective amplification of mutants in a non-sequence-
specific manner.

Comparing mutation detection sensitivities of stuntmer
PCR and direct PCR methods using clinical samples

We used 1600 non-small-cell lung carcinoma samples
(of which 318 were pleural effusion samples and the
others were formalin-fixed, paraffin embedded (FFPE)
tissue samples) to compare the mutation detection sensi-
tivities of stuntmer PCRs and direct PCRs. After extract-
ing DNA from the samples, we amplified the EGFR
exons 19, 20, and 21, using both traditional PCR and
stuntmer PCR, and sequenced the PCR products ob-
tained. Traditional PCR was able to detect the L858R
mutation in 21.88% of the samples, whereas stuntmer
PCR was able to detect this mutation in 27.44% of the
samples. The deletion mutation in exon 19 was detected
in 20.50% of the samples via traditional PCR, whereas
stuntmer PCR detected this mutation in 32.69% of the
samples. The T790 M mutation was detected in 1.13% of
the samples via traditional PCR, whereas stuntmer PCR
detected this mutation in 3.63% of the samples. The
positive predictive agreement for all three mutations was
100%, and the negative predictive agreements for L858R,
the deletion in exon 19, and T790 M were 92.9, 84.7,
and 97.5%, respectively (Table 1).

Different types of mutations in the same region can be
detected by the same stuntmer

In some cases, point mutation hotspots may overlap
with insertion or deletion mutations. For example, point
mutations may occur at codon 768 in exon 20 of EGFR
[34] alongside several insertion mutations that may also
be present between codons 761 and 775 [35]. To test if a
single stuntmer can detect all these types of mutations,
two mutation plasmids, ¢.2303G > T point mutation and
¢.2308_2309insCCAGCGTGG, were constructed (Fig. 2a
and b). The EGFR S768 stuntmer, which was designed
to detect the ¢.2303G > T point mutation was able to de-
tect not only the point mutation, but also the insertion
mutation even when the mutant plasmids were present
at a prevalence of only 1% in the sample. The results
also showed that the wild-type signal was completely
suppressed in the experimental set that contained the
insertion mutation. In clinical validation experiments,
the stuntmer designed to detect exon 19 deletions
was able to detect > 25 types of exon 19 deletion mu-
tations, including c.2235_2249del15, ¢.2237_2251del15,
€.2237_2255>T, ¢.2240_2254dell5, ¢.2239_2248 >C,
€.2240_2257del18, and c.2252_2276 > A (Fig. 2c); the
same stuntmer was also able to detect insertion muta-
tions (c.2234_2235insAATTCCCGTCGCTATCAA) in
exon 19 (Fig. 2d).
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Fig. 1 Stuntmer structure and binding conformations to wild-type and mutant templates. a The stuntmer primer consists of a recognition (R)
region, a linker region, and an extension (E) region. The wild-type template has two sites that can bind to the stuntmer (b, ¢). When the R region
is bound to the template, the E region remains unbound, and the wild-type template remains unamplified. The R region binding to mutant
templates is unstable because of the mismatch between the two sequences. This allows the E region to bind to mutant templates (e), and allows
amplification of mutant templates

The detection sensitivity of stuntmers can be enhanced
with nested PCRs without loss of specificity

Since the stuntmer has the ability to “suppress” the wild
type template replicated, we hypothesis that we can in-
crease the content of the mutant template by repeating
the PCR reaction. We used the circulating free (cf) DNA
Reference Standard Set (Horizon Discovery) to test if the
mutation detection sensitivity of the T790 M stuntmer
could be enhanced via nested PCRs without loss of
specificity (Fig. 3). When the first PCR reaction is com-
pleted, we used the PCR product as a template and
performed a complete PCR reaction with the same

stuntmer primers to further enhance the enrichment of
the mutant templates. After the primary PCR round, no
mutant signal (T) was detected in the 0.1% group (where
the mutant template comprised only 0.1% of the total
population), and a small C peak (which corresponds to
the wild-type template) was still visible in the 1% group.
After the secondary PCR round, the mutant signal (T)
was equal to the wild-type signal (C) in the 0.1% group,
whereas the wild-type signal was completely suppressed
in the 1% group. After the tertiary PCR round, only the
mutant signal appeared in the 1% group, and the mutant
signal was stronger than the wild-type signal in the 0.1%
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Table 1 Agreement analysis between direct PCR sequencing and stuntmer PCR
Exon 21 L858R Traditional PCR Total
Positive Not found
FFPE
Stuntmer PCR
Positive 291 56 347
Not found 0 935 935
Total 291 991 1282
Pleural effusion
Stuntmer PCR
Positive 59 33 92
Not found 0 226 226
Total 59 259 318
Total 350 1250 1600
Positive percent agreement (95% Cl) 100% (98.9, 100%)
Negative percent agreement (95% Cl) 92.9% (91.3, 94.2%)
Overall percent agreement (95% Cl) 94.4% (93.2, 95.5%)
Exon 19 deletion Traditional PCR Total
Deletion Insertion Not found
FFPE
Stuntmer PCR
Deletion 272 0 140 412
Not found 0 0 870 870
Total 272 0 1010 1282
Pleural effusion
Stuntmer PCR
Deletion 56 0 55 111
Insertion 0 1 0 1
Not found 0 0 206 206
Total 56 1 261 318
Total 328 1 1271 1600
Positive percent agreement (95% Cl) 100% (98.8, 100%)
Negative percent agreement (95% Cl) 84.7% (82.6, 86.5%)
Overall percent agreement (95% Cl) 87.8% (86.1, 89.3%)
Exon 20 T790 M Traditional PCR Total
Positive Not found
FFPE
Stuntmer PCR
Positive 16 32 48
Not found 0 1234 1234
Total 16 1266 1282
Pleural effusion
Stuntmer PCR
Positive 2 8 10
Not found 0 308 308
Total 2 316 318
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Table 1 Agreement analysis between direct PCR sequencing and stuntmer PCR (Continued)
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Total 18 1582
100% (82.4, 100%)
97.5% (96.6, 98.1%)
97.5% (96.6, 98.2%)

Positive percent agreement (95% Cl)
Negative percent agreement (95% Cl)

Overall percent agreement (95% Cl)
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Fig. 2 (a) The stuntmer primer consists of a recognition (R) region, a linker region, and an extension (E) region. The wild-type template has two
sites that can bind to the stuntmer (b, ¢). When the R region is bound to the template, the E region remains unbound, and the wild-type
template remains unamplified. The R region binding to mutant templates is unstable because of the mismatch between the two sequences (d).
This allows the E region to bind to mutant templates (e), and allows amplification of mutant templates
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)

Fig. 3 Different types of mutations in the same region can be amplified by the same stuntmer. The EGFR S768 stuntmer was able to selectively
amplify the point mutation (@) and the insertion mutation (b) in EGFR exon 20. The stuntmer designed to detect deletions in exon 19 was able
to detect multiple types of deletion mutations (c) as well as an insertion mutation (d). In all cases, the sequencing results indicated that the
number of mutant templates exceeded the number of wild-type templates in stuntmer PCRs

group. Furthermore, even after three rounds of PCRs,
the original wild-type signal group remained unaltered,
demonstrating that the stuntmer does not alter the ori-
ginal sequence of the sample, and that 100% positive
predictive value can be maintained while increasing de-
tection sensitivity with nested PCRs.

Discussion

One of the most difficult challenges in developing
diagnostic techniques is to increase the sensitivity of de-
tection, while simultaneously maintaining or reducing
the risk of obtaining false positives. Almost all signal
amplification and type-specific detection assays have the
potential risk of false positives or negatives, and in many
cases, no confirmatory tests are available to support or
negate such results. Since companion diagnostics for tar-
geted therapy need to use detection methods with high
sensitivity, such false positives/negatives could be disas-
trous as they can lead to the application of unsuitable
treatment options.

In addition to the above problems, biopsies of primary
tumors often do not contain sufficient genetic informa-
tion to help gauge the metastatic potential of tumor
cells; in such cases, cfDNA analysis of liquid biopsy
specimens can provide genetic information on the pres-
ence of primary and metastatic tumor cells [36—40].
Current methods of tumor cell detection suffer from is-
sues regarding sensitivity and specificity [36, 41-43].
Since most tests with high sensitivity may also have high
rates of false positives, it is imperative to develop
methods that are not only sensitive, but also accurate
[41, 42, 44-46]. Stuntmer PCR provides a simple, low-
cost, highly sensitive, accurate, and highly-specific plat-
form for developing companion diagnostic tests.

The design of stuntmer and conventional primers dif-
fers in that a single primer can recognize two different
sequences. The specificity of identification is enhanced
by the interference of the primer itself. The main advan-
tage of the stuntmer methodology that we describe in
this study is that this technique can enhance amplifica-
tion of both high- and low-frequency mutant alleles,
with a focus on depressing the amplification efficiency of
the wild-type allele, rather than amplifying high-fre-
quency mutant alleles. Furthermore, since both the R
and E regions of the stuntmer bind to reference se-
quences, the identity of the mutant allele is irrelevant in
stuntmer design. This feature not only makes it easier
for users to design stuntmers, but also allows a single

stuntmer to be used in detecting several different types
of mutations that may occur in a particular region; these
include point mutations, deletions, and insertions. An-
other advantage of using stuntmer PCR is that since a
single stuntmer primer can detect different types of mu-
tations, the amount of biological tissue/samples required
for testing is greatly reduced. In addition, stuntmer PCR
procedures are similar to traditional PCRs, with a single
optional difference—the use of an additional higher
temperature annealing step to enhance mutant template
amplification.

Although stuntmer PCRs are much more sensitive
than traditional PCR in detecting mutations, there are
three situations in which this technology may fail to de-
tect mutations in a specified region: (a) if the mutations
do not occur in the R region; (b) if two point mutations
occur very far apart from each other and require two
stuntmers for detection, there is a possibility that the
two stuntmers may interfere with each other, and cannot
be used together in PCRs; and (c) if the binding of the R
region to the template is very strong, there is a possibil-
ity that without mutations in this region, the stuntmer
will bind only via the R region, and no PCR products
will be formed. The R region may also bind to the mu-
tant template and inhibit replication. This situation may
arise in wide mutation hotspots region required long R
regions. However, it may be possible to bypass this par-
ticular problem by using multiple stuntmers with smaller
R regions and weaker binding strengths.

In addition to all these points, stuntmer primers
can also be used in other platforms, such as real-
time PCR and NGS. In NGS, deep sequencing is
used to disentangle subpopulations in complex bio-
logical samples [47, 48]. These include detection of
mutations in FFPE or fine-needle aspiration biopsy
specimens [18, 49, 50]. The most important limita-
tion in using NGS for mutation detection analyses
lies in the inability of this technique to resolve low-
abundance mutations [51, 52]. However, combining
stuntmer technology with NGS may help in resolving
this issue.

Conclusions

Stuntmer PCR can increase detection sensitivity without
affecting specificity. A stuntmer primer set can amplify
various mutations in defined regions and use only a typ-
ical thermal cycler. In the future, stuntmer primer may
also be used on a variety of platforms, such as NGS and
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in different areas, such as detection of rare antibiotic-re-
sistant mutations in bacterial populations.

Methods

Stuntmer design

A stuntmer is a primer containing three regions
arranged along the 5'-end to the 3’-end in the fol-
lowing order: the recognition (R) region, the linker
region, and the extension (E) region (Fig. 4a). The R
region is designed to recognize a mutation hotspot
and hybridize to the wild-type sequence. The Tm
value of R region is about 60°C to 65°C. The E re-
gion binds to sequences upstream of the mutation
site. The Tm value of E region is about 55°C to
60°C. About 4 to 10bps of the 3’-end sequence of
the E region overlaps with 5'-end of the R region.
When the R region binds to the template, it inhibits
template amplification by blocking the binding of the
E region; however, if the R region does not hybridize
with template, the E region is able to bind, and the
stuntmer will be extended during the PCR cycle.
Furthermore, if the R region does not match the tem-
plate, the E region can enhance the instability of the
binding. The linker functions as a connector for the
E and R regions, and to terminate extension of the
complementary strand.
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The stuntmer can bind to the wild-type template in
two different ways (Fig. 4b, c¢). However, because of the
mismatch between the R region and the mutant tem-
plate (Fig. 4d) which leads to unstable binding, the
stuntmer can bind to mutant templates in only one con-
formation (Fig. 4e). When the R region is bound to the
template, the complementary strand will not be synthe-
sized. Ideally, every round of PCR amplification leads to
the production of 2 copies of a template; if, however, the
binding efficiencies of the E and R regions to the wild-
type template are equal, the PCR amplification efficiency
of the wild-type template will be reduced by a factor of
1.5, whereas the amplification efficiency of the mutant
gene will remain unaffected.

DNA extraction from FFPE tissue and pleural effusion
samples

One thousand two hundred eighty-two FFPE and 318
pleural effusion samples from non-small-cell lung
adenocarcinoma patients were collected. DNA from
these samples were used in traditional and stuntmer
PCRs to detect mutations in the EGFR exons 19 (dele-
tion mutations), 20 (T790 M), and 21 (L858R). DNA
from 10 pum tissue sections were obtained from FFPE
tissues. Briefly, tissue sections were first dewaxed (by
washing twice with xylene), then rewashed twice with
100% ethanol and dried; following which DNA was

T790M (C>T) Wild-type 5% 1% 0.1%

A C G A TG A T G A C G
primary

A C G AT G A TG A T G
secondary

.'IFII'I. |II Il'l i

A C G A TG A2 T G AT G
tertiary |

detection of mutant templates that made up only 0.1% of the sample

Fig. 4 Different stuntmer detection sensitivity levels. The mutant detection sensitivity of the T790 stuntmer with the cfDNA Reference Standard
Set was tested. Nested PCRs using the T790 stuntmer were able to effectively increase the mutant detection sensitivity of the stuntmer without
affecting specificity. The primer successfully reversed the ratios of the mutant and wild-type sequences in the PCR products, allowing the
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isolated using the QIAamp® DNA FFPE tissue kit (QIA-
GEN). DNA from pleural effusion samples were
extracted using the QIAamp® DNA mini kit.

The positive percent agreement = 100% if the number
of samples both traditional and stuntmer PCR found
positive is equal to the number of traditional PCR-posi-
tive results; the negative percent agreement = 100% if the
number of samples that both traditional and stuntmer
PCR found negative is equal to the number of traditional
PCR-negative results; the overall percent agreement =
100% if the number of samples with detected mutations
is identical in both methods/all samples.

Plasmid construction for sensitivity tests

Nine plasmids containing different EGFR exons, namely
exon 19 wild-type, exon 19 deletion (c.2235_2249del)
mutant, exon 20 wild-type, S768I (c.2303G > T), exon 20
insertion  (¢.2308_2309insCCAGCGTGG), T790M
(.2369C > T) mutant, exon 21 wild-type, L858R (c.2573
T >G), and L861Q (c.2582 T > A), were constructed for
sensitivity tests. These templates were amplified using
traditional PCR primers, and the plasmids were
constructed using the T&A cloning vector kit (RBC Bio-
science). All plasmids were serially diluted from a stock
containing 10" copies/pl for creating sample mixtures of
different percentages. All sensitivity tests were per-
formed in triplicate and analyzed by sequencing.

Table 2 Primer sequences used in direct PCRs and stuntmer PCRs
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Traditional and stuntmer PCR conditions used for
detection of mutations in exons 19, 20, and 21 of the
EGFR gene

All PCRs were carried out in reaction volumes of 20 pl
containing 0.1 ug of sample DNA, 0.2 uM of each primer
(Table 2), and 10 pul of 2x Master Mix (JMR). After pre-
heating at 95 °C for 10 min, 45 amplification cycles were
carried out on an ABI 9700 Thermocycler (Applied Bio-
systems) under the following conditions: denaturation at
94.°C for 30s, annealing at 60 °C for 30 s and extension
at 72°C for 30s for traditional PCRs; denaturation at
94.°C for 30s, first annealing at 65 °C for 40s, secondary
annealing at 57 °C for 40's, and extension at 72 °C for 30
s for stuntmer PCRs. Amplification was completed with
a final extension step at 72°C for 10 mins. All experi-
ments were carried out in duplicates, and patient
samples were processed along with positive controls,
negative controls, and reagent controls. The PCR prod-
ucts were electrophoresed in a 1% agarose gel (Amresco)
to detect successful amplification.

We used two annealing temperatures instead of one
for the stuntmer PCR to enhance mutant-selective amp-
lification; the purpose of using the higher annealing
temperature was to enhance the binding specificity of
the R region to the wild-type templates. However, stunt-
mer PCRs carried out using a single annealing
temperature were also able to amplify mutant templates

Gene Primer name Sequence (5 3 Amplicon size
Traditional PCR
EGFR exon 19 Exon 19_Forward GCAATATCAGCCTTAGGTGCG 323 bps
Exon 19_Reverse AGCAGCTGCCAGACATGAGA
EGFR exon 20 Exon 20_Forward GAAACTCAAGATCGCATTCATG 365 bps
Exon 20_Reverse CAAACTCTTGCTATCCCAGGAG
EGFR exon 21 Exon 21_Forward CAGCCATAAGTCCTCGACGTG 399 bps
Exon 21_Reverse GAGCTCACCCAGAATGTCTGG
Stuntmer PCR (see NOTE)
EGFR exon 19 deletion
Forward CCCGTCGCTATCAAGGAATTAAGAGAAGCAAC-C3-TAAAATTCCCGTCGCT 148 bps
Reverse AGCAGCTGCCAGACATGAGA
EGFR S768
Forward TACGTGATGGCCAGCGTGGACAACC-C3-CCAGGAAGCCTACGTGAT 277 bps
Reverse CAAACTCTTGCTATCCCAGGAG
EGFR T790
Forward ACCGTGCAGCTCATCACGCAG-C3-CTCACCTCCACCGTGCA 213 bps
Reverse CAAACTCTTGCTATCCCAGGAG
EGFR L858
Forward GATTTTGGGCTGGCCAAACTGCTGG-C3-AGCATGTCAAGATCACAGATTTT 203 bps
Reverse GAGCTCACCCAGAATGTCTGG

The R region: red; E region: blue; linker (C3):grey; overlapping area: highlighted in yellow
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even if the mutant prevalence was only 1% in the sam-
ples (Additional file 1: Figure S1).

Sanger sequencing

All PCR products were cleaned using the illustra Exo-
ProStar 1-Step™ kit (GE Healthcare Life Sciences). Se-
quencing of forward and reverse strands (for PCR
products from traditional PCRs), and only reverse
strands (for PCR products of stuntmer PCRs) was done
using the ABI Cycle-sequencing kit v. 3.1 (Applied Bio-
systems). DNA sequencing was performed using an ABI
3730 Genetic Analyzer (Applied Biosystems).

Additional file

Additional file 1: Figure S1. The mutant detection sensitivity of single
annealing temperature. The mutant detection sensitivity of single
annealing temperature with the cfDNA Reference Standard Set was
tested. In exon 19 deletion, the stuntmer was able to detect the mutant
templates in only 0.1% of the tested samples. The detection sensitivity of
the L858R and T790 M is 1%. (DOCX 81 kb)

Abbreviations
cfDNA: circulating free DNA; EGFR: Epidermal growth factor receptor;
FFPE: Formalin-fixed, paraffin-embedded; NGS: Next generation sequencing

Acknowledgements

We would like to thank the Department of Pathology, Mackay Memorial
Hospital for providing financial support and research facilities to conduct the
experiments. We also thank Jia-Ling Chang and Ya-Chun Kao for experimen-
tal assistance.

Authors’ contributions

J-KH designed the stuntmers and experiments, performed all experiments,
and wrote the manuscript. LF performed data organization and statistics and
prepared the figures with assistance from J-KH. T-YW supervised the early
stage of the laboratory work and assisted in applying for IRB approval. P-SW
originally conceptualized the article and assisted in reviewing the research
results and wrote the manuscript. Al authors have read and approved the
manuscript.

Funding

This research was supported and funded by Department of Pathology,
Mackay Memorial Hospital (grant number MMH108-108). The funding body
did not play any role in the design, execution, analysis, and interpretations of
data or in writing the manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate

Written informed consent was obtained from all patients, and the MacKay
Memorial Hospital institutional review board (IRB) approved the study
protocol (IRB No. 17MMHIS159e).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
'Department of Pathology, Mackay Memorial Hospital, Taipei, Taiwan.
’Department of Nuclear Medicine, Chang Gung Memorial Hospital, Taoyuan,

Page 10 of 11

Taiwan. *Mackay Junior College of Medicine, Nursing, and Management,
Taipej, Taiwan.

Received: 3 May 2019 Accepted: 15 August 2019
Published online: 23 August 2019

References

1. LiJ, Wang L, Mamon H, Kulke MH, Berbeco R, Makrigiorgos GM. Replacing
PCR with COLD-PCR enriches variant DNA sequences and redefines the
sensitivity of genetic testing. Nat Med. 2008;14(5):579-84.

2. Zuo Z, Chen SS, Chandra PK, Galbincea JM, Soape M, Doan S, Barkoh
BA, Koeppen H, Medeiros LJ, Luthra R. Application of COLD-PCR for
improved detection of KRAS mutations in clinical samples. Mod Pathol.
2009;22(8):1023-31.

3. LiJ, Makrigiorgos GM. COLD-PCR: a new platform for highly improved
mutation detection in cancer and genetic testing. Biochem Soc Trans. 2009;
37(Pt 2):427-32.

4. Kwak JY, Kim EK, Kim JK, Han JH, Hong SW, Park TS, Choi JR. Dual priming
oligonucleotide-based multiplex PCR analysis for detection of BRAFV600E
mutation in FNAB samples of thyroid nodules in BRAFV600E mutation-
prevalent area. Head Neck. 2010;32(4):490-8.

5. Lee ST, Kim SW, Ki CS, Jang JH, Shin JH, Oh YL, Kim JW, Chung JH. Clinical
implication of highly sensitive detection of the BRAF V600E mutation in
fine-needle aspirations of thyroid nodules: a comparative analysis of three
molecular assays in 4585 consecutive cases in a BRAF V600E mutation-
prevalent area. J Clin Endocrinol Metab. 2012;97(7):2299-306.

6. Ahn'S, Lee J, Sung JY, Kang SY, Ha SY, Jang KT, Choi YL, Kim JS, Oh YL, Kim
KM. Comparison of three BRAF mutation tests in formalin-fixed paraffin
embedded clinical samples. Korean J Pathol. 2013;47(4):348-54.

7. Endo K, Konishi A, Sasaki H, Takada M, Tanaka H, Okumura M, Kawahara M,
Sugiura H, Kuwabara Y, Fukai |, et al. Epidermal growth factor receptor gene
mutation in non-small cell lung cancer using highly sensitive and fast
TagMan PCR assay. Lung Cancer. 2005;50(3):375-84.

8. Vallee A, Le Loupp AG, Denis MG. Efficiency of the Therascreen(R) RGQ PCR
kit for the detection of EGFR mutations in non-small cell lung carcinomas.
Clin Chim Acta. 2014,429:8-11.

9. Didelot A, Le Corre D, Luscan A, Cazes A, Pallier K, Emile JF, Laurent-Puig P,
Blons H. Competitive allele specific TagMan PCR for KRAS, BRAF and EGFR
mutation detection in clinical formalin fixed paraffin embedded samples.
Exp Mol Pathol. 2012,92(3):275-80.

10.  Kramer D, Thunnissen FB, Gallegos-Ruiz MI, Smit EF, Postmus PE, Meijer CJ,
Snijders PJ, Heideman DA. A fast, sensitive and accurate high resolution
melting (HRM) technology-based assay to screen for common K-ras
mutations. Cell Oncol. 2009;31(3):161-7.

11. Rapado |, Grande S, Albizua E, Ayala R, Hernandez JA, Gallardo M, Gilsanz F,
Martinez-Lopez J. High resolution melting analysis for JAK2 exon 14 and
exon 12 mutations: a diagnostic tool for myeloproliferative neoplasms. J
Mol Diagn. 2009;11(2):155-61.

12. Do H, Krypuy M, Mitchell PL, Fox SB, Dobrovic A. High resolution melting
analysis for rapid and sensitive EGFR and KRAS mutation detection in
formalin fixed paraffin embedded biopsies. BMC Cancer. 2008;8:142.

13.  Heideman DA, Thunnissen FB, Doeleman M, Kramer D, Verheul HM, Smit EF,
Postmus PE, Meijer CJ, Meijer GA, Snijders PJ. A panel of high resolution
melting (HRM) technology-based assays with direct sequencing possibility
for effective mutation screening of EGFR and K-ras genes. Cell Oncol. 2009;
31(5):329-33.

14. Su KY, Chen HY, Li KC, Kuo ML, Yang JC, Chan WK, Ho BC, Chang GC, Shih
JY, Yu SL, et al. Pretreatment epidermal growth factor receptor (EGFR)
T790M mutation predicts shorter EGFR tyrosine kinase inhibitor response
duration in patients with non-small-cell lung cancer. J Clin Oncol. 2012;
30(4):433-40.

15.  Lin MT, Mosier SL, Thiess M, Beierl KF, Debeljak M, Tseng LH, Chen G,
Yegnasubramanian S, Ho H, Cope L, et al. Clinical validation of KRAS, BRAF,
and EGFR mutation detection using next-generation sequencing. Am J Clin
Pathol. 2014;141(6):856-66.

16. Han JY, Kim SH, Lee YS, Lee SY, Hwang JA, Kim JY, Yoon SJ, Lee GK.
Comparison of targeted next-generation sequencing with conventional
sequencing for predicting the responsiveness to epidermal growth factor
receptor-tyrosine kinase inhibitor (EGFR-TKI) therapy in never-smokers with
lung adenocarcinoma. Lung Cancer. 2014;85(2):161-7.


https://doi.org/10.1186/s12896-019-0555-1

Huang et al. BMC Biotechnology

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2019) 19:62

Buttitta F, Felicioni L, Del Grammastro M, Filice G, Di Lorito A, Malatesta S,
Viola P, Centi I, D'Antuono T, Zappacosta R, et al. Effective assessment of
egfr mutation status in bronchoalveolar lavage and pleural fluids by next-
generation sequencing. Clin Cancer Res. 2013;19(3):691-8.

de Biase D, Visani M, Malapelle U, Simonato F, Cesari V, Bellevicine C,
Pession A, Troncone G, Fassina A, Tallini G. Next-generation sequencing of
lung cancer EGFR exons 18-21 allows effective molecular diagnosis of small
routine samples (cytology and biopsy). PLoS One. 2013;8(12):e83607.
McCourt CM, McArt DG, Mills K, Catherwood MA, Maxwell P, Waugh DJ,
Hamilton P, O'Sullivan JM, Salto-Tellez M. Validation of next generation
sequencing technologies in comparison to current diagnostic gold
standards for BRAF, EGFR and KRAS mutational analysis. PLoS One.
2013;8(7):e69604.

Zhang BO, Xu CW, Shao Y, Wang HT, Wu YF, Song YY, Li XB, Zhang Z, Wang
WJ, Li LQ, et al. Comparison of droplet digital PCR and conventional
quantitative PCR for measuring EGFR gene mutation. Exp Ther Med. 2015;
9(4):1383-8.

Day E, Dear PH, McCaughan F. Digital PCR strategies in the development
and analysis of molecular biomarkers for personalized medicine. Methods.
2013;59(1):101-7.

Wang J, Ramakrishnan R, Tang Z, Fan W, Kluge A, Dowlati A, Jones RC, Ma
PC. Quantifying EGFR alterations in the lung cancer genome with
nanofluidic digital PCR arrays. Clin Chem. 2010;56(4):623-32.

Watanabe M, Kawaguchi T, Isa S, Ando M, Tamiya A, Kubo A, Saka H,
Takeo S, Adachi H, Tagawa T, et al. Ultra-sensitive detection of the
pretreatment EGFR T790M mutation in non-small cell lung Cancer
patients with an EGFR-activating mutation using droplet digital PCR.
Clin Cancer Res. 2015;21(15):3552-60.

Jin L, Sebo TJ, Nakamura N, Qian X, Oliveira A, Majerus JA, Johnson MR,
Lloyd RV. BRAF mutation analysis in fine needle aspiratiion(FNA) cytology of
the thyroid. Diagn Mol Pathol. 2006;15:136-43.

Warth A, Penzel R, Brandt R, Sers C, Fischer JR, Thomas M, Herth FJ, Dietel
M, Schirmacher P, Blaker H. Optimized algorithm for sanger sequencing-
based EGFR mutation analyses in NSCLC biopsies. Virchows Arch. 2012;
460(4):407-14.

Latorra D, Campbell K, Wolter A, Hurley JM. Enhanced allele-specific PCR
discrimination in SNP genotyping using 3" locked nucleic acid (LNA)
primers. Hum Mutat. 2003;22(1):79-85.

Liu Y, Liu B, Li XY, Li JJ, Qin HF, Tang CH, Guo WF, Hu HX, Li S, Chen
CJ, et al. A comparison of ARMS and direct sequencing for EGFR
mutation analysis and tyrosine kinase inhibitors treatment prediction in
body fluid samples of non-small-cell lung cancer patients. J Exp Clin
Cancer Res. 2011;30:111.

Shaozhang Z, Ming Z, Haiyan P, Aiping Z, Qitao Y, Xiangqun S. Comparison
of ARMS and direct sequencing for detection of EGFR mutation and
prediction of EGFR-TKI efficacy between surgery and biopsy tumor tissues in
NSCLC patients. Med Oncol. 2014;31(5):926.

Sapio MR, Posca D, Troncone G, Pettinato G, Palombini L, Rossi G, Fenzi G,
Vitale M. Detection of BRAF mutation in thyroid papillary carcinomas by
mutant allele-specific PCR amplification (MASA). Eur J Endocrinol. 2006;
154(2):341-8.

Jia Y, Sanchez JA, Wangh LJ. Kinetic hairpin oligonucleotide blockers for
selective amplification of rare mutations. Sci Rep. 2014;4:5921.

Wu LR, Chen SX, Wu Y, Patel AA, Zhang DY. Multiplexed enrichment of rare
DNA variants via sequence-selective and temperature-robust amplification.
Nat Biomed Eng. 2017;1:714-23.

Chen CK, Huang JK. Universal insertion/deletion-enrich PCR. Taiwan J Obstet
Gynecol. 2011;50(4):499-502.

Zhang S, Chen Z, Huang C, Ding C, Li C, Chen J, Zhao J, Miao L.
Ultrasensitive and quantitative detection of EGFR mutations in plasma
samples from patients with non-small-cell lung cancer using a dual PNA
clamping-mediated LNA-PNA PCR clamp. Analyst. 2019;144(5):1718-24.
Masago K, Fujita S, Irisa K, Kim YH, Ichikawa M, Mio T, Mishima M.
Good clinical response to gefitinib in a non-small cell lung cancer
patient harboring a rare somatic epidermal growth factor gene point
mutation; codon 768 AGC > ATC in exon 20 (S768l). Jpn J Clin Oncol.
2010;40(11):1105-9.

Yasuda H, Kobayashi S, Costa DB. EGFR exon 20 insertion mutations in non-
small-cell lung cancer: preclinical data and clinical implications. Lancet
Oncol. 2012;13(1):.e23-31.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

Page 11 of 11

Crowley E, Di Nicolantonio F, Loupakis F, Bardelli A. Liquid biopsy:
monitoring cancer-genetics in the blood. Nat Rev Clin Oncol. 2013;
10(8):472-84.

Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for
cancer. Clin Chem. 2015:61(1):112-23.

Diaz LA Jr, Bardelli A. Liquid biopsies: genotyping circulating tumor DNA. J
Clin Oncol. 2014;32(6):579-86.

Jiang T, Ren S, Zhou C. Role of circulating-tumor DNA analysis in non-small
cell lung cancer. Lung Cancer. 2015;90(2):128-34.

Murtaza M, Dawson SJ, Tsui DW, Gale D, Forshew T, Piskorz AM, Parkinson
C, Chin SF, Kingsbury Z, Wong AS, et al. Non-invasive analysis of acquired
resistance to cancer therapy by sequencing of plasma DNA. Nature. 2013;
497(7447):108-12.

Zhu G, Ye X, Dong Z, Lu YC, Sun Y, Liu Y, McCormack R, Gu Y, Liu X. Highly
sensitive droplet digital PCR method for detection of EGFR-activating
mutations in plasma cell-free DNA from patients with advanced non-small
cell lung Cancer. J Mol Diagn. 2015;17(3):265-72.

Uchida J, Kato K, Kukita Y, Kumagai T, Nishino K, Daga H, Nagatomo |, Inoue
T, Kimura M, Oba S, et al. Diagnostic accuracy of noninvasive genotyping of
EGFR in lung Cancer patients by deep sequencing of plasma cell-free DNA.
Clin Chem. 2015,61(9):1191-6.

Taly V, Pekin D, Benhaim L, Kotsopoulos SK, Le Corre D, Li X, Atochin |, Link
DR, Griffiths AD, Pallier K, et al. Multiplex picodroplet digital PCR to detect
KRAS mutations in circulating DNA from the plasma of colorectal cancer
patients. Clin Chem. 2013;59(12):1722-31.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, Liu CL,
Neal JW, Wakelee HA, Merritt RE, et al. An ultrasensitive method for
quantitating circulating tumor DNA with broad patient coverage. Nat
Med. 2014;20(5):548-54.

Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F,
Stehr H, Liu CL, Bratman SV, Say C, et al. Integrated digital error
suppression for improved detection of circulating tumor DNA. Nat
Biotechnol. 2016;34(5):547-55.

Pecuchet N, Zonta E, Didelot A, Combe P, Thibault C, Gibault L, Lours C,
Rozenholc Y, Taly V, Laurent-Puig P, et al. Base-position error rate analysis of
next-generation sequencing applied to circulating tumor DNA in non-small
cell lung Cancer: a prospective study. PLoS Med. 2016;13(12):21002199.
Druley TE, Vallania FL, Wegner DJ, Varley KE, Knowles OL, Bonds JA, Robison
SW, Doniger SW, Hamvas A, Cole FS, et al. Quantification of rare allelic
variants from pooled genomic DNA. Nat Methods. 2009;6(4):263-5.
Grossmann V, Schnittger S, Schindela S, Klein HU, Eder C, Dugas M, Kern W,
Haferlach T, Haferlach C, Kohlmann A. Strategy for robust detection of
insertions, deletions, and point mutations in CEBPA, a GC-rich content gene,
using 454 next-generation deep-sequencing technology. J Mol Diagn. 2011;
13(2):129-36.

Hadd AG, Houghton J, Choudhary A, Sah S, Chen L, Marko AC, Sanford T,
Buddavarapu K, Krosting J, Garmire L, et al. Targeted, high-depth, next-
generation sequencing of cancer genes in formalin-fixed, paraffin-
embedded and fine-needle aspiration tumor specimens. J Mol Diagn. 2013;
15(2):234-47.

Shahsiah R, DeKoning J, Samie S, Latifzadeh SZ, Kashi ZM. Validation of a
next generation sequencing panel for detection of hotspot cancer
mutations in a clinical laboratory. Pathol Res Pract. 2017,213(2):98-105.
Gundry M, Vijg J. Direct mutation analysis by high-throughput
sequencing: from germline to low-abundant, somatic variants. Mutat
Res. 2012,729(1-2):1-15.

Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JB, Loeb LA. Detection of
ultra-rare mutations by next-generation sequencing. Proc Natl Acad Sci U S
A. 2012;109:14508-13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Results
	Conclusion

	Backgroud
	Results
	Selective amplification of mutant templates in three different sequences
	Comparing mutation detection sensitivities of stuntmer PCR and direct PCR methods using clinical samples
	Different types of mutations in the same region can be detected by the same stuntmer
	The detection sensitivity of stuntmers can be enhanced with nested PCRs without loss of specificity

	Discussion
	Conclusions
	Methods
	Stuntmer design
	DNA extraction from FFPE tissue and pleural effusion samples
	Plasmid construction for sensitivity tests
	Traditional and stuntmer PCR conditions used for detection of mutations in exons 19, 20, and 21 of the EGFR gene
	Sanger sequencing

	Additional file
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

