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Specific and accurate detection of single nucleotide variants (SNVs) plays significant roles in pathogenic
gene research and clinical applications. However, the sensitive but ultra-specific detection of rare
variants in biological samples still remains challenging. Herein, we report a novel, robust and practical
SNV assay by integrating the outstanding features of high selectivity of an artificial mismatched probe,
and the powerful loop-mediated isothermal amplification. In this strategy, we rationally introduce
artificial mismatched bases into the 3'-terminal regions of the probe located in the ligation region to
reduce the risk of nonspecific ligation, which can dramatically improve the specificity for the SNV assay.
The proposed method can discern as little as 0.01% mutant DNA in the high background of wild-type
DNA with high sensitivity (10 aM). In virtue of its outstanding performance, the artificial mismatched
probe may also be employed and expanded in various DNA and RNA genetic analyses with ligase-
assisted approaches, showing great potential in biomedical research, clinical diagnostics, and bioanalysis.

Introduction

Accurate detection of inherited genetic variation and sequence-
specific nucleic acids at single-base resolution is vitally impor-
tant for research on disease pathogenesis, genetic studies and
personalized medicine.** In real biological samples, the
detection of single nucleotide variants (SNVs) in the presence of
a high background of wild-type DNA (wtDNA) requires an
analytical method that possesses powerful amplification and
highly accurate single-base discrimination ability. Nucleic acid
amplification techniques are undoubtedly powerful tools that
can enhance the sensitivity of the sequence-specific target DNA
detection, which is necessary for accurate SNV genotyping.®”
Various methods have been applied in site-specific SNVs
genotyping. These methods can mainly be divided into the
polymerase chain reaction (PCR),*** and the ligation-based
nucleic acid amplifications.***®* However, due to its low speci-
ficity, the allele-specific PCR based on primer extension cata-
lyzed by DNA polymerase cannot accurately recognize single-
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base variation, and this can lead to false-positive results
caused by amplification artifacts (such as primer-dimers).*
Owing to the superior performance of ligase to distinguish
a single-base difference, the ligation reaction is generally
combined with multiple nucleic acid amplification techniques,
such as ligase chain reaction (LCR),>*** ligation-assisted PCR,**
strand displacement amplification (SDA),’***> rolling circle
amplification (RCA)'"** and isothermally exponential amplifi-
cation (LIEXA),>* to improve the efficiency of the genotyping
assay. The ligation probe with complementary base of the
mutation site at the 3’-end is specially designed to detect
mutant DNA (mutDNA). Therefore, the ligation product cannot
be generated from the wtDNA template, and thus, subsequent
amplification will not be initiated. Although the ligation reac-
tion is generally available in single-base discrimination, it has
a fundamental drawback that specificity is limited due to non-
specific ligation produced by some ligation probes with the
template of wtDNA. The ligation-based approaches have suffi-
cient specificity for conventional SNVs genotyping analysis (1%
or even 0.1%),2°>* but there is still a bottleneck for analysis of
rare variants in clinical applications. Furthermore, the ligation
reaction is used not only in SNVs genotyping analysis, but also
in the detection of various gene biomarkers, such as micro-
RNA,>% messenger RNA,*® circular RNA,” DNA and RNA
methylation,**** by the ligase-assisted approaches mentioned
above. To our knowledge, research focusing on effective
reduction of non-specific ligation to improve the analysis
specificity has not been reported.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Loop-mediated isothermal amplification (LAMP) is an
outstanding strategy that can rapidly detect the target genes
with only a few copies, which can be completed by only using
one type of DNA polymerase at a constant temperature within
an hour.** Nevertheless, the primer extension-based LAMP has
poor specificity for single-base variations analysis (1%).** In our
previous study, we employed the ligase-based isothermally
exponential amplification (LIEXA) as a general strategy to ach-
ieve highly sensitive detection of genetic biomarkers at a single-
base resolution,* which can accurately detect 10 aM mutant
DNA (mutDNA) and 0.1% mutDNA in the presence of a large
amount of wtDNA. However, due to the influence of non-specific
ligation, the specificity may not meet the requirement for the
accurate analysis of rare variants.

To address this issue, in this study, we report a novel SNVs
genotyping assay based on the artificial mismatched ligation
probe combined with the ligase-assisted LAMP amplification
(AML-LAMP). The artificial mismatched base is elegantly
introduced at the third position from the 3’-terminus of Probe
mB-3 located in ligation region. Due to the mismatch between
wtDNA and Probe mB-3 by synergy of terminal base and artifi-
cial mismatched base, three overhanging bases are generated at
the 3’-end of Probe mB-3, and these overhanging bases can
effectively prevent the ligation of wtDNA as the template. The
proposed genotyping assay is able to unequivocally detect 10 aM
mutDNA (equal to 60 copies) with ultrahigh specificity to
discriminate as low as 0.01% mutDNA in a high background of
wtDNA.

Experimental
Reagents and instruments

Thermostable Ampligase was purchased from Epicenter Tech-
nologies (USA). Bst DNA polymerase large fragment was ob-
tained from New England Biolabs (USA). HPLC-purified DNA
targets, probes and primers used in this study were purchased
from Integrated DNA Technologies (USA). The betaine was ob-
tained from Sigma-Aldrich (Shanghai, China). The dNTPs were
purchased from Takara Biomedical Technology Co., Ltd. (Bei-
jing, China). SYBR Green I (20 ng uL ™" stock solution in DMSO)
was obtained from Zhishan Biotechnology Co., Ltd. (Xiamen,
China). All the solutions were prepared with sterilized and
deionized water. The sequences of oligonucleotides were listed
in Table S1 (see in ESIt).

The ligation reaction was carried out in a T100 Thermal
Cycler (Bio-Rad, USA). The real-time fluorescence signal was
monitored with the StepOne Real-Time PCR System (Applied
Biosystems, USA).

Human genomic DNA extraction

The human genomic DNA was extracted from the human whole
blood by using the TIANamp Genomic DNA Kit (TIANGEN
Biotechnologies) following the guidelines of manipulate
instructions. The extracted genomic DNA was quantified with
the Nanodrop One (Thermo Fisher Scientific, USA). Notably,
before with the genomic DNA as the template of ligation
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reaction, it should be heat-denatured at 95 °C for 3 min and
then placed on ice immediately.

Standard protocol for SNVs genotyping with the AML-LAMP
assay

The ligation reaction was carried out in a 10 pL mixture con-
taining reaction buffer (20 mM Tris-HCI, 25 mM KCl, 10 mM
MgCl,, 0.5 mM NAD and 0.01% Triton X-100, pH 8.3 @ 25 °C), 1
U Ampligase, 2 nM Probe A, 2 nM Probe mB-3, and different
amounts of DNA targets or genomic DNA samples. The mixture
was firstly heated to 95 °C for 3 min and then incubated at 60 °C
for 30 min. After the ligation reaction, the ligation products
were immediately placed on ice.

A volume of 2 pL of the ligation product was employed for
subsequent LAMP amplification. The LAMP reaction was pro-
ceeded in a 10 pL mixture including 0.8 pM forward primer (FP),
0.8 uM backward primer (BP), 0.2 mM dNTPs, 1 M betaine,
SYBR Green I, 4 U Bst DNA polymerase large fragment and
ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM KCl,
10 mM (NH,4),SO4, 2 mM MgSO,, 0.1% Triton X-100, pH 8.8 @
25 °C). Then the final mixture solution was immediately put
into the StepOne Real-Time PCR System to perform the LAMP
amplification at 60 °C and the real-time fluorescence intensity
was simultaneously monitored at intervals of one minute.

Results and discussion
Principle of the proposed method for genotyping assay

The mechanism of the novel AML-LAMP assay is schematically
illustrated in Fig. 1. Since mutations in the p53 tumor-
suppressor gene are found at high frequency in a wide range
of human cancers, the SNV site located in exon 8 of p53 gene
(Arg282Trp) is selected as the model gene in this study, in which
base C in the wild-type (wtDNA) is replaced with base T in the
mutant type (mutDNA).> Probe A and Probe mB-3 are firstly
designed. To obtain high specificity for the detecting of SNV, on
the one hand, the melting temperatures between the probes
and mutDNA should be similar. On the other hand, the bases at
5" end of Probe A and 3’ end of Probe mB-3 are designed as the
anti-target sequences complementary to mutDNA at the SNV
site, and the 3’ terminus base of Probe mB-3 is A complemen-
tary to mutDNA (T) at the SNV site. Probe A is modified with
a phosphate group at its 5'-terminus. Moreover, the artificial
mismatched base (G) is introduced at the third position from
the 3'-terminus of Probe mB-3. The stem-loop DNA sequences in
Probe A and Probe mB-3 can be used to perform the LAMP
amplification with a pair of primers (FP and BP). In the presence
of mutDNA target, Probe A and Probe mB-3 will adjacently
hybridize with mutDNA and subsequently be ligated by Ampli-
gase to form a double stem-loop DNA, which is the starting
material for LAMP (Fig. 1A). Due to the mismatch between
wtDNA and Probe mB-3 by synergy of terminal base and artifi-
cial mismatched base, three overhanging bases are generated at
the Probe mB-3 3’-terminus and these overhanging bases can
effectively prevent the ligation of wtDNA as the template, thus
no subsequent amplification occurs.
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Fig. 1 Schematic representation of the AML-LAMP for genotyping
assay. (A) Ligation reaction with the template of mutDNA and wtDNA.
(B) LAMP amplification with the ligation products of mutDNA.

The ligation product of double stem-loop DNA (structure 1,
Fig. 1B) is the essential starting material for LAMP. The rapid
auto-cycling strand displacement amplification is carried out
using Bst DNA polymerase, FP and BP. As demonstrated in
Fig. 1B, self-primed DNA synthesis of structure 1 is performed
from the 3’ end to form a single stem-loop structure (structure
2). The FP containing the Fic and F2 sequences (c denotes the
complementary sequence) is annealed to structure 2 and then
elongates along the upper strand to produce a stem-loop DNA at
its 3'-terminus (structure 3). Meanwhile, the self-primed
extension can take place to generate a stem-loop structure
with a longer stem dsDNA (structure 5) and to release another
double stem-loop DNA (structure 4). With the 3’-end self-
extension of structure 4 and the participation of BP in hybrid-
ization with the single-strand loop (where BP is made up of Blc
and B2), another round of extension and displacement can be
initiated, resulting in structures 8 and 1. As a result, the recy-
cling amplification of structures 1 and 4 or of structures 5 or 8
will be established and this allows the rapid exponential DNA
amplification to occur at a constant temperature. The real-time
amplifications are monitored by fluorescence curves using
dsDNA-specific SYBR Green I dye.

Critical roles of the modified ligation probe in discriminating
single base variation

The performance of the modified Probe B containing artificial
mismatched bases was firstly investigated. A series of artificial
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mismatched bases were rationally introduced into different
positions of the 3'-terminal region of Probe mB, which were
defined as Probe mB-2, Probe mB-3 and Probe mB-4 according
to the position of mismatched base from their 3’ terminus. The
hybridization between modified Probe B and wtDNA could
generate several overhanging bases at the probe 3’-end due to
the synergy of terminal base and artificial mismatched base,
and these overhanging bases could prevent the ligation of
wtDNA as the template.

The terminal overhanging bases between modified Probe B
and wtDNA were highlighted in Fig. 2a. The ligation tempera-
ture could affect the specificity of the single-base discrimina-
tion, thus mutDNA and wtDNA assay using the different probes
(Probe mB, mB-2, mB-3 and mB-4) were carried out at different
temperatures (55 °C, 60 °C and 65 °C). Various concentrations
of mutDNA (10 aM, 100 aM and 1 fM) and 1 fM wtDNA were
simultaneously detected. The effects of the ligation temperature
and modified Probe B on single-base discrimination were dis-
played as a three-dimensional histogram. As depicted in Fig. 2b,
with increasing ligation temperature, the difference between
the point of inflection (APOI, POI means the time at which the
slope of the fluorescence curve of the target DNA reaches the
maximum value) of 1 fM mutDNA and that of wtDNA for all of
the Probe B increased. Nevertheless, 10 aM mutDNA could not
be accurately detected by modified Probe mB-2, mB-3 and mB-4,
which should be attributed to their low hybridization efficiency

a) Probe mB Probe mB-2 Probe mB-3 Probe mB-4

wtDNA: -CGGC- -CGGC- -CGGC- -CGGC-
1 11 00 1

Probe B: 3-ACCG- 3'-AGCG- ~ACGG- 3'-ACCC-

5 ¥
) ’S %
C, Probe A Probe B

b)

Fig. 2 (a) The overhanging bases generated from the mismatch
between wtDNA and different intelligently designed Probe B at their
3’-end. (b) Three-dimensional histogram showing ligation tempera-
ture and APOI values of different Probes B, constructed using different
Probe B as the X-axis, the ligation temperature as the Y-axis and APOI
value of 1 fM mutDNA and that of wtDNA as the Z-axis.
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at high temperature, causing the loss of their analysis sensi-
tivity. Considering the specificity and sensitivity, the optimal
ligation temperature of 60 °C and Probe mB-3 were selected for
SNP genotyping assay, in which the best position in the modi-
fied probe for such artificial mismatched bases was the third
position from the probe 3’-terminus.

Sensitivity and detection range of the proposed assay

Other important parameters affecting the performance of the
AML-LAMP strategy, including the amount of FP and BP and the
concentration of Probe A and Probe mB-3, were optimized (see
Fig. S1 and S2, ESIT). The sensitivity and detection range of the
proposed method in detecting mutDNA were evaluated under
the optimal conditions. As displayed in Fig. 3a, well-defined
real-time fluorescence curves at different mutDNA concentra-
tions ranging from 10 aM to 10 pM were obtained. With
increasing concentrations of mutDNA, the time of the corre-
sponding POI value gradually decreased. When the POI values
were plotted against the negative logarithm (—lg) of mutDNA
concentrations, as shown in Fig. 3b, an excellent linear rela-
tionship was obtained in the range of 10 aM to 10 pM. The
linear correlation equation was POl = —37.27 —
4.77 1g Cupna/M with the correlation coefficient R* = 0.9995.
These results indicated the ultrahigh sensitivity of the proposed
strategy that could clearly distinguish as low as 10 aM (~60
copies) mutDNA from the blank control, indicating that the
artificial mismatched base in Probe mB-3 had no effect on the
analytical sensitivity that did not lead to the reduction of
sensitivity. Furthermore, the fluorescence response aroused by
1 fM wtDNA almost overlapped with that of the blank control,
further demonstrating the high selectivity of the proposed
method for mutDNA analysis.

Evaluation of specificity of the proposed assay

The effect of the Probe mB-3 with artificial mismatched base on
genotyping assay specificity was further investigated. It is worth
noting that a practical SNVs assay should have high specificity
to accurately detect low levels of mutDNA in complex clinical
biosamples. To verify the specificity of the proposed AML-
LAMP-based SNVs genotyping assay, mutDNA was mixed with

a) 600009 pjank
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Fig. 3 Analytical performance of the proposed AML-LAMP assay in
detection of mutDNA. (a) Real-time fluorescence curves obtained at
varying mutDNA concentrations and 1 fM wtDNA. (b) The linear rela-
tionship between POl values and —lg of mutDNA concentrations. Error
bars were the standard deviation calculated based on three replicate
measurements.
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wtDNA at a ratio from 0% to 100%, relative to the total DNA
concentration of 100 fM. As depicted in Fig. 4a, as the mutDNA
concentration in the mixtures increased, the fluorescence
signals more rapidly appeared. The POI values were linearly
proportional to —lg of proportion of mutDNA in the range of
0.01-100%. Fascinatingly, one could see from Fig. 4a and b that
the AML-LAMP assay could clearly discern as low as 0.01%
mutDNA target in a large pool of wtDNA, indicating an ultra-
high specificity at single-base resolution. In addition, as shown
in Fig. 4a and c, the specificity of genotyping assay with Probe
mB-3 was 10-fold higher than that of by unmodified Probe mB
(0.1%). Furthermore, the specificity of the proposed method is
also higher than that of other approaches, such as allele-specific
PCR, ligase-mediated RCA, SDA, LIEXA and LCR, while is
comparable to that of very few ligation-based PCR, which
requires TagMan probe, precise thermal cycling and not suit-
able for point-of-care (POC) diagnostics. The detailed compar-
ison of the proposed method with other most widely used SNPs
assays are summarized in Table S2 (ESIT). Overall, these results
indicate that the proposed assay can accurately detect rare
variants in a large number of DNA samples, thus can suitably be
employed in early diagnosis of cancer and other human
diseases.

Detection of genomic DNA in blood

Sharing the distinct advantages of high sensitivity and ultrahigh
specificity to detect as low as 0.01% mutation frequency, the
proposed AML-LAMP method may offer a powerful and prac-
tical tool for the accurate quantification of mutated DNA in
complex biosamples. To validate its robustness and practica-
bility in detection of real biological samples, the AML-LAMP-
based genotyping assay was employed to directly detect
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Fig. 4 Evaluation of specificity of the AML-LAMP-based genotyping
assay. (a) Fluorescence curves for different mutDNA/WtDNA mixtures
incubated with Probe A and Probe mB-3 (total DNA concentration was
fixed at 100 fM). (b) The linear relationship between POl values and —|g
of proportion of mutDNA. (c) Fluorescence curves for different
mutDNA/wtDNA mixtures incubated with Probe A and Probe mB (total
DNA concentration was fixed at 10 fM).
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genomic DNA extracted from human whole blood samples with
mutant probes (Probe A and Probe mB-3) or wild-type probes
(Probe A and Probe wB-3). As demonstrated in Fig. S3a,T no
effective fluorescence response of genomic DNA incubated with
Probe A and Probe mB-3 could be observed by all the patients
and healthy people, indicating that mutDNA target could not be
detected in the genomic extracts. In contrast, genomic DNA of
all the samples could produce the well-defined real-time fluo-
rescence signals by using Probe A and Probe wB-3 (w repre-
sented wild-type - the 3’ terminal base in Probe wB-3 was
complementary to wtDNA) to perform the assay (Fig. S3bf¥).
Moreover, as little as 100 pg genomic DNA could be obviously
detected, and a good linear relationship between the POI values
and the —Ig of genomic DNA amounts (ranging from 100 pg to
100 ng) was obtained in Fig. S3c and d.f The above results
suggested that all the extracted genomic DNA were wild-type,
which were also confirmed by DNA sequencing (see Fig. S57).

To further verify its potential clinical applicability, the
proposed assay was also applied to detect spiked mutDNA in 10
ng genomic DNA, and as illustrated in Fig. S4,7 it could
successfully detect mutDNA (at various concentrations) in the
vast wtDNA matrixes. These results suggest that the proposed
AML-LAMP-based genotyping assay has the potential to be
applied for detecting SNVs, particularly for rare variants, in
complex biological samples.

Conclusions

In summary, a facile artificial mismatched probe-assisted liga-
tion strategy is proposed for SNVs genotyping assay. The
modified ligation probe with artificial mismatched base located
in ligation region is employed to prevent the non-specific liga-
tion of wtDNA as the template, thus could effectively improve
the specificity of single-base resolution. We have developed the
AML-LAMP-based genotyping assay that by combining the
artificial mismatched ligation probe with the LAMP reaction for
sensitive and ultra-specific genotyping of SNVs. As ligation-
assisted approaches have been widely applied in various
fields, such as detection of SNPs, DNA and RNA methylation,
messenger RNA, microRNA, circular RNA, and even cancer cells,
in virtue of the outstanding performance of the artificial mis-
matched probe, we believe that the proposed assay can provide
a useful tool for biomedical research and molecular
diagnostics.
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