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ARTICLE INFO ABSTRACT
Keywords: Background: Deletion mutations have been confirmed to be closely related to the occurrence and
Deletion mutation progression of different hereditary diseases and tumors. Specifically, the deletion of a small

Nucleic acid probe

DNA displacement reaction
Liquid biopsy

NIPT

number of bases is more challenging to be captured and differentiated. In non-invasive prenatal
testing (NIPT) and liquid biopsy targeting circulating tumor DNA, obtaining accurate mutation
abundance in targeted DNA is a crucial step in the detection process. However, the quantification
of mutation abundance with existing methods is not accurate enough.

Results: Herein, we developed the " Auto-Reading" probe detection system based on our previous
work. Through theoretical modeling and experimental calculations, we verified the successful
application of our system in NIPT and early cancer diagnosis, enabling effective discrimination of
different mutant abundances.

Significance: Our method overcomes the interference of reaction concentrations on signal detec-
tion, allowing direct quantification of mutation abundance without the need for purification of
PCR products. The detection system is cost-effective and feasible for laboratory use. We believe
the system will facilitate broad applications in mutation detection.

1. Introduction

With the ongoing advancements in genetic testing technology [1,2], numerous types of gene mutations have been conclusively
linked to the onset and progression of diverse hereditary diseases and tumors [3-5]. Among these mutations, deletions frequently
result in the misexpression or absence of one or more amino acids, exerting a profound impact on the organism [6]. For example, a
four-base deletion (CTTT) in CD41/42 results in a frameshift mutation, affecting the synthesis of beta-globin and causing varying
degrees of thalassemia in newborns [7]. Additionally, the deletion of exon 19 in EGFR is closely associated with the development of
non-small cell lung cancer (NSCLC) and thyroid cancer [8-10]. Due to the strong correlation between deletion mutations and the
occurrence and development of diseases, detection of deletion mutations is of paramount importance. Specifically, in the context of
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deletion mutation detection, the deletion of a small number of bases is more challenging to be captured and differentiated with existing
detection methods compared to the deletion of a big piece of DNA.

In the realm of genetic diseases, non-invasive prenatal testing (NIPT) represents a pivotal area of investigation, focusing on methods
that are minimally invasive, straightforward, and applicable during early pregnancy [11,12]. Expectant mothers seeking NIPT often
present with heterozygous mutations associated with autosomal recessive genetic disorders [13]. Maternal plasma DNA typically
comprises a minor fraction (10%-20 %) of fetal DNA and a predominant fraction (80%-90 %) of maternal cell-free DNA [14,15],
resulting in detected maternal plasma DNA genotypes typically ranging between 40 % and 60 %.Therefore, accurately determining the
mutation abundance (within the 40%-60 % range) is highly necessary in NIPT. The existing NIPT technology is mainly used to detect
chromosomal aneuploidy by sequencing the fetal DNA [16,17]. It is still not considered a first-line diagnostic screening method for
confirmation of trisomies in pregnancies owing to the presence of false positives and false negatives [18]. Furthermore, NIPT for
deletion mutations hasn’t been fully studied. Moreover, in the context of early cancer screening, liquid biopsy techniques provide
benefits due to their minimally invasive nature and potential for early implementation [19,20]. In liquid biopsy targeting circulating
tumor DNA, the direct assessment of mutation abundance in the target DNA fragments from peripheral blood has significant impli-
cations [21]. Accurate measurement of mutation abundance in target genes aids in the early diagnosis of cancer, the staging of the
middle and late stage and the evaluation of the curative effect.

Presently, prominent methodologies for quantifying deletion mutation abundance encompass high-throughput sequencing [22,
23], droplet digital PCR (ddPCR) [24], and DNA probe-based methods [25,26]. Both high-throughput sequencing and ddPCR allow for
absolute quantification of mutant DNA and wild-type DNA. However, these methods are expensive and time-consuming, making them
unsuitable for routine use in laboratories or clinical diagnostics. DNA probe-based methods include molecular beacons (MB) probes
[27], loop-mediated isothermal amplification (LAMP) [28], and graphene oxide (GO)-assisted detection [29,30], among others. MB
and GO detection methods can detect various types of deletion mutations, but their lower limits of mutation abundance are only 2 %
and 1 % [31], respectively, which do not meet the requirements for early cancer screening. Although the LAMP method has a lower
detection limit (0.1 %), it amplifies the signals generated by mutant DNA, making it difficult to effectively differentiate mutation
abundances within the range of 40 %60 % [32]. In other words, signal amplification-based detection methods are difficult to apply to
non-invasive prenatal testing (NIPT). Furthermore, all these methods necessitate the establishment of standard curves for comparison,
rather than direct quantification of mutation abundance. In this scenario, the mutation abundance in the reaction mixture can be
influenced by detection sensitivity. Typically, detected reaction materials originate from PCR products of genomic DNA. The inherent
variability of PCR significantly impacts the accurate quantification of product concentration. Hence, precise quantification of mutation
abundance using these approaches remains challenging.

In conclusion, a cost-effective and laboratory-feasible method for direct quantification of deletion mutations is currently lacking.

2. Materials and methods
2.1. Materials

ThermoPol reaction buffer was purchased from New England Biolabs (Ipswich, MA, USA). Hieff qPCR SYBR Green Master Mix
(High Rox Plus) was purchased from Yeasen Biotech Co. (Shanghai, China). PCR product purification kit was purchased from Tiangen
Biotech Co. (Beijing, China). DNA strands were synthesized and purified by high-performamce liquid chromatography (HPLC; Sangon
Biotech Co., Shanghai, China). The sequences of all the probes and targets that have been studied in this work are summarized in
Tables S1 and S2 (see Supporting Information).

2.2. Methods

2.2.1. Detection method of the auto-reading probe system

Reaction system was made up with appropriate amount of BLK1, BLK2, FAM, and BHQ, Target DNA (MT/WT) solution, ddH20 and
ThermoPol reaction buffer. The total volume was 50ul. Target DNA and BLK1 or BLK2, FAM and BHQ were heated at 85 °C for 3 min,
extended at 55 °C for 3 min, and then incubated at 37 °C for 30 min to form a complementary double-strand structure. Then, FAM-BHQ
dsDNA were added to the system where Target DNA and BLK existed. The concentrations of FAM-BHQ, BLK, Target DNA (MT/WT) were
500 nM, 2400 nM, 200-400 nM respectively. The fluorescence was detected on a microplate reader (BioTek, American). Instrument
parameters are set as follows: excitation wavelengths was 485 nm, emission wavelengths was 528 nm, and detection time was 1-2h.

2.2.2. Detection of genomic DNA after PCR

Genomic DNA was extracted from blood samples and sequenced to determine mutation points and abundance. The fragment to be
detected was obtained by a two-step PCR method. The first step was a conventional PCR and the second step was the asymmetric PCR.
The conventional PCR reaction system was made up with 12.5ul of PCR mix, 200 nM of forward primer, 200 nM of reversed primer, 25
ng of gDNA and H20. Procedure: pre-denaturation at 95 °C for 1 min, denaturation at 95 °C for 15 s, annealing at 55 °C for 30 s,
extension at 72 °C for 15 s, for 40 cycles. The product of the first step was diluted 100 times and be mixed to prepared the substrates
with the mutation abundance of 45 %, 50 % and 55 %. These substrates were as templates for the second step of asymmetric PCR. We
added 25ul of PCR mix, 1000 nM of forward primer, 100 nM of reversed primer, 1ul of the template, and H20 to make the total volume
was 50ul. After two-step PCR, FAM-BHQ (500 nM), products of PCR (10 pL or 20 pL), BLK (2400 nM) were added to new tubes. Then
these tubes were immediately put into a microplate reader (Biotek) for the fluorescence measurement.
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3. Results and discussion
3.1. Verification of the feasibility of the " Auto-Reading" probe detection system

Based on the aforementioned analysis and building upon our previous findings [33], we have recognized the necessity to develop
self-referenced probes for detecting deletion mutations in our research field. Accordingly, we devised the "Auto-Reading" probe
detection system. As shown in Fig. 1a, this system consists of DNA strands named as BLK1, BLK2, FAM, and BHQ. FAM and BHQ have
complementary regions and are labeled with “FAM” and “BHQ”. BLK1 is a perfect match with the wild type DNA (WT) and has a few
mismatches with the mutant type DNA (MT), resulting in a bubble formation in BLK1. Similarly, BLK2 is a perfect match with MT and
has a few mismatches with WT, causing a bubble formation in WT. MT and WT can partially hybridize with FAM to different extents.
When MT and WT, pre-mixed with BLK1 (Target group) or BLK2 (Reference group), are added to the reaction system within FAM-BHQ
dsDNA, four different reactions occur:

BLK1 — MT + FAM — BHQ=FAM — MT + BLK1 — BHQ AG; <0 (€D)]

BLK1 — WT + FAM — BHQ=FAM — WT + BLK1 — BHQ AG; >0 2)
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Fig. 1. (a) The Schematic Illustration of the " Auto-Reading" probe detection system. (b) Three-dimensional graph shows the relation of mutation
abundance, total concentration and the calculated signal ratio R. It illustrates that 1—R and r remain linear when C changes. (c) The curve of
fluorescence changing over time of the four reactions.



B. Zhu et al. Heliyon 10 (2024) 35530

BLK2 — MT + FAM — BHQ=FAM — MT + BLK2 — BHQ AG; <0 3)

BLK2 — WT + FAM — BHQ=FAM — WT + BLK2 — BHQ AG4 <0 “4)

The thermodynamic calculations for these reactions are depicted above. It is noted that G1 = G3 = G4 < 0, while G2 > 0. In
reactions 1, 3, and 4, no more bubble which brings the thermodynamic differences forms, and the reactions are essentially at equi-
librium. However, reaction 2 has two extra bubbles in the product compared to the reactant, which significantly affects the stability of
the product. Therefore, reaction 2 is difficult to proceed in the forward direction. We designed the sequences corresponding to these
strands, centered around the CD41-42 deletion mutation site, and predicted the thermodynamic values for the four reactions using
NUPACK (see the supplementary materials for details), which were consistent with our expectations. Next, we constructed a model for
calculating substrate mutation abundance:

BLK1 + MT=BLK1 — MT AGs<0 (5)
AGS
o X1 (6)

(IBLK1] = x; )([MT] — x1)

In equation (6), [BLK1] is the initial concentration of BLK1, [MT] is the initial concentration of MT, and x; is the equilibrium
concentration of BLK1-MT.

BLK1 +WT=BLK1 — WT AGg < O @
BLK2 + MT=BLK2 - MT AG; < 0 8
BLK2 + WT=BLK2 - WT AGg<0 9
Similarly, the following equation can be obtained from the thermodynamics of reaction (6)(7) and (8):
_AGE X2
e RT — 10)
(IBLKL] — ) (WT] — x2)
_AG7 X3
e RT — an
(IBLK2] — x5)(IMT] — x5)
_AG8 X4
e RT = 12)
([BLK2] — x4)([WT] — x)
The following equation can be obtained from the thermodynamics of reaction (1):
AGL al?x;
e RT =————— (13)
(PO — alxl)(l — al)
In equation (13), a;x; is the concentration of FAM — MT and 1 — BHQ , P, is the initial concentration of FAM-BHQ.
Similarly, the following equation can be obtained from the thermodynamics of reaction (2)(3) and (4):
AG2 a2?x,
e RT=———— 14
(Po — a2X2)(1 — (12)
_AG3 a3%x;
e Rl =— ~ "3 (15)
(PO — a3X3)(1 — (13)
_AG4 ad’x, (16)
eRT =— "%
(Po — asx4)(1 — as)
Then we calculated the signal ratio R between target group and reference group,
_ax1Fp + axxoFy  a1x; + agxz a7

asxs3Fy + asx4Fy a3X3 + A3X4

Fy is the fluorescent signal produced by 1mol of FAM-BHQ.

Using computations and simulations in Maple, we generated the relationship graph depicting R in relation to initial mutation
abundance and reactant concentration. As shown in Fig. 1b, R is not correlated with concentration but is directly proportional to the
initial mutation abundance, with a proportionality coefficient of approximately 1. This means that R can effectively represent the
initial mutation abundance. Therefore, we have theoretically demonstrated that this method can directly quantify the abundance of
the deletion mutation. Following theoretical confirmation, experimental validation of our method was pursued. We synthesized a
series of reactant DNA chains and conducted separate reactions using MT and WT variants with two distinct probes. The results shown
in Fig. 1c confirmed the core principle: AG1 = AG3 = AG4 < 0, and AG2 > 0. Reaction 1, 3, and 4 occurred at similar levels, while
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reaction 2 barely occurred. It should be noted that the reaction rates for reactions 1, 3, and 4 were not the same, which could be related
to the distance between the bubbles and the toe region. However, the reaction rates do not affect our quantitative determination of
mutation abundance. Therefore, the experimental results validated the core principle.

3.2. Simulation of the application of the " Auto-reading" probe detection system in NIPT

Subsequently, our objective was to validate the system’s capability to accurately discriminate between MT and WT alleles mixed in
a 1:1 ratio. In the context of non-invasive prenatal testing (NIPT), scenarios frequently arise involving heterozygous maternal gene
mutations. Assuming that the proportion of cell-free fetal DNA in the maternal plasma is 10 %, the genotype of the fetal DNA could be
wild-type, heterozygous, or mutant, resulting in mutant abundances of 45 %, 50 %, or 55 %, respectively. Therefore, it is necessary to
accurately read and distinguish these proportions. We prepared reaction substrates with mutant abundances of 45 %, 50 %, and 55 %
by synthesizing MT and WT strands mixed in ratios of 9:11, 1:1, and 11:9, respectively. Two reaction systems were designed, both
incorporating probes: the target system with BLK1 and the reference system with BLK2. In addition, reaction substrates with con-
centrations of 200 nM and 400 nM were detected respectively. The results of the reactions are shown in Fig. 2a and b. To eliminate the
interference of background signals, a negative control group without substrate was included. Thus, the calculated experimental values,
Rys %, Rso 9, and Rss o, are defined as follows:

'BLK1

BLK1 BLK1
R 7545% — Snc R __950% — Snc R _ 555% — Snc
45% — SBLK2 g 50% — SBLK2 g’ 55% — SBIK2 _ g
45% NC 50% NC 55% NC

Here, SELK1 denotes the signal plateau value in the target system with 45 % mutant substrate abundance, while S5 represents the
signal plateau value in the reference system under the same substrate conditions. Other symbols hold analogous significance. R4s o,
Rso 9 and Rss o, represent the calculated mutant abundances at substrate mutant abundance of 45 %, 50 % and 55 %, respectively. By
comparing the calculated values with the initial mutant abundances in Fig. 2c, we observed that our calculated R values accurately
quantified the mutant abundances and were independent of the initial substrate concentrations. Furthermore, the experimental

calculated R values matched the theoretical values, validating the correctness of our theoretical modeling.

3.3. Application of our method to PCR products without purification and quantification

Following validation of the theory with synthetic strands, we endeavored to illustrate the applicability of our method to PCR
products without the need for purification and precise quantification. PCR products typically harbor higher levels of byproducts
compared to synthetic strands, posing challenges for accurate quantification. This scenario is closer to the actual situation of PCR
products obtained from purified cell-free fetal DNA in plasma samples. Therefore, we synthesized a series of long MT and WT strands,
mixed them in different ratios to prepare reaction substrates with mutant abundances of 45 %, 50 %, and 55 %, and performed
asymmetric PCR followed by detection using the self-reading probe system. The detection results are shown in Fig. 3a—c, indicating
that the reaction system can distinguish the mutant abundances in PCR products without purification and quantification. In other
words, our method has great potential for application in NIPT scenarios targeting deletion mutations.

3.4. Simulation of the application of the system in early diagnosis of cancer

To further explore the potential application of our method in the early diagnosis of cancer-related deletion mutations, we
concentrated on a specific mutation, namely the BRCA1 deletion, known for its significant association with breast cancer [34]. In early

4 4
a xw b 5.0 210 C
557 IO 0.56
3.0 45} ’ B0%-BLK2
S5 3 ' r
e a40} 0.54
2 2
g 25} Z, 351 052 F
2 L
c 8%a8L K] < 0
= 5 3.0F SlLE] 0.50
820} 45% BLK1 3 Slaiiblsd R
= =
g 825} / 048
3 2 ‘
] 520k ¢ Theoretical ,C=200nM
2 15F E [ 0.46 ¢ Theoretical ,C=400nM
Negative control 15} Negative control ¢ Experimental ,C=200nM
044k ¢ Experimental ,C=400nM
1.0 L= L L L L L L L 1.0~ L L . L L L L L L L L L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 044 046 048 050 052 054 056
Time(min) Time(min) r

Fig. 2. (a) The reaction curve of fluorescence of substrates with mutation abundances of 45 %, 50 %, 55 % and concentrations of 200 nM. (b) The
reaction curve of fluorescence of substrates with mutation abundances of 45 %, 50 %, 55 % and concentrations of 400 nM. (c) The calculated R
values accurately quantified the mutant abundances and were independent of the initial substrate concentrations. Furthermore, the experimental
calculated R values matched the theoretical values.



B. Zhu et al.

Q

20F

15}

Fluorescence intensity(a.u.)

1.0}

Heliyon 10 (2024) 35530

4 4
x10 b xo Coso
401
— 45%-BLK2
—_ — 50%-BLK2
=1 | m— 55%-BLK2
g% 055}
=
2301
50%:5] % P —
4ﬁ:ﬁ€1 = & 3
825F | 45%-BLK1 Roso i
gt
o
g 20F
S 045 F
3 ¢ C=200nM
S <Hegalie.conidl S 15F Negative control o g=4ggnM
P o
1 1 1 1 1 1 O 1 1 1 1 1 040 L 1 1 L 1
0 50 100 150 200 250 0 50 100 150 200 250 044 046 048 050 052 054 056
Time(min) Time(min) r

Fig. 3. (a) The reaction curve of fluorescence of PCR products with mutation abundances of 45 %, 50 %, 55 % and concentrations of 200 nM. (b)
The reaction curve of fluorescence of PCR products with mutation abundances of 45 %, 50 %, 55 % and concentrations of 400 nM. (c) There is a
linear relationship between calculated R values and mutation abundances.

cancer diagnosis, MT is often present in a small proportion within a large amount of WT, possibly as low as 5 % or even lower. We
aimed to distinguish extremely low mutant abundances of 10 %, 5 %, 2 %, and 0 %. Accordingly, we designed and synthesized the
corresponding MT, WT, BLK1, BLK2, and probe strands centered around this mutation. Firstly, through computations and simulations
in Maple, we obtained the relationship graph between R and the initial mutation abundance and reactant concentration with the new
DNA sequences. As shown in Fig. 4a, R is not correlated with concentration but is directly proportional to the initial mutation
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Fig. 4. (a) Three-dimensional graph shows the relation of mutation abundance of 0-0.1, total concentration and the calculated signal ratio R. (b)
The calculated R values accurately quantified the mutant abundances of 0-0.1. The experimental calculated R values matched the theoretical values.
(c) The reaction curve of fluorescence of substrates with mutation abundances of 0 %, 2 %, 5 %, 10 % and concentrations of 200 nM. (d) The
reaction curve of fluorescence of substrates with mutation abundances of 0 %, 2 %, 5 %, 10 % and concentrations of 400 nM.
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abundance of 0%-10 %. This means that R can also effectively represent the initial mutation abundance of 0%-10 %. Therefore, we
have theoretically demonstrated that this method can directly quantify the abundance of the deletion mutation in early cancer
diagnosis. After that, we prepared reaction substrates with mutant abundances of 10 %, 5 %, 2 %, and 0 % by mixing MT and WT in
ratios of 1:9, 1:19, 1:49, respectively. The detection was performed using the self-reading probe system at different concentrations
(200 nM and 400 nM). Similarly, we performed comprehensive calculations by regarding the 0 % group as control to remove the
interference of background signals and obtained the following results:

BLK1 BLK1 BLK1 BLK1 BLK1 "BLK1
R _Slo% — S Reo, — S5 — Sov Roo, — Sa% — Sow
10% — GBLK2 _ GBLKL® 5% — GBLK2 _ GBLKI ° 2% — GBLK2 _ GBLK1
10% 0% 5% 0% 2% 0%

In the given expression, S¥5K! denotes the signal plateau value observed in the target system with a mutant substrate abundance of

10 %, while SB:X2 signifies the signal plateau value in the reference system under the same substrate conditions. The remaining symbols
carry analogous definitions. Ry o, Rso, and Roo, represent the calculated mutant abundances at substrate mutant abundance of 10 %, 5
% and 2 %, respectively. The reaction and calculation results are shown in Fig. 4b—d, revealing significant differences in the ratios of
reaction substrates with mutant abundances of 2 %, 5 %, and 10 %. Importantly, these ratios remained consistent regardless of the
substrate quantity. Additionally, the experimentally calculated R values matched the theoretically predicted R values. Therefore, we

have demonstrated that our method can detect mutant abundances as low as 2 %.

3.5. Clinical applications of our method in early diagnosis of cancer

Furthermore, we aimed to investigate the clinical applicability of our method. As illustrated in Fig. 5a, blood samples were
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Fig. 5. (a) The Schematic Illustration of the procedure of the clinical applications. (b) The reaction curve of fluorescence of PCR products with
mutation abundances of 0 %, 2 %, 5 %, 10 % and volumes of 10ul. (c) The reaction curve of fluorescence of PCR products with mutation abundances
of 0 %, 2 %, 5 %, 10 % and volumes of 20ul. (d) Three-dimensional graph shows the relation of mutation abundance r, total concentration and the
calculated signal ratio R. The experimental calculated R values matched the theoretical values in both concentrations.
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collected exhibiting mutation abundances of 20 % and 0 %.After purifying the asymmetric PCR products and quantifying their con-
centrations, we prepared reaction substrates with mutant abundances of 0 %, 2 %, 5 %, and 10 % by adjusting the ratios of the purified
products. The detection was performed using asymmetric PCR followed by the self-reading probe system. The detection results, as
shown in Fig. 5b—d, indicate that the detection system can differentiate these reaction substrates. This further supports the potential
application of our method in the early diagnosis of tumors. Due to the complexity of the reaction system, we cannot distinguish the
mutation abundance between 2% and 0% of the reaction substrates at present. However, comparing with the above methods, our
method allows for direct quantification of mutation abundance.

4. Conclusion

In this work, we developed an Auto-Reading Probe System targeting the detection of multi-base deletion mutations and innova-
tively applied the concept of self-reference in the context of deletion mutation detection. The challenge in designing self-referencing
for multi-base deletion mutations stems from the inability to adjust for thermodynamic differences using a gapped probe, a limitation
also recognized in single-base substitution mutations. In our design, we directly utilize the bubble structure as a means to balance
thermodynamic differences. Fortunately, this thermodynamic variation does not disrupt reaction kinetics within a manageable range
nor perturb the equilibrium of our reaction system. Through theoretical modeling and experimental calculations, we have verified the
successful application of our system in NIPT and early cancer diagnosis, enabling effective discrimination of different mutant abun-
dances. Our method circumvents the impact of reaction concentrations on signal detection, enabling direct quantification of mutant
abundances without the necessity of PCR product quantification. Therefore, our method proves to be cost-effective and practical for
laboratory applications. We anticipate that our method will foster extensive applications in mutation detection, including its utility in
guiding the optimization and deployment of enzyme-based amplification and PCR-based detection methods through theoretical
models.
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