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ABSTRACT: The detection of mutations in circulating tumor DNA (ctDNA) is N
challenging due to the significant fragmentation of ctDNA and the high prevalence of [ ueensd _—
the wild-type template. Additionally, variant detection through qPCR is typically ==
dependent on target-specific fluorescence probes, and no more than five targets can R

be identified in a single reaction due to the limited fluorescence colors in thermal o L
cyclers. To address these limitations, we introduce the Dual-Role Mediator Blocker YRR

Amplification (DMBA) strategy, enabling sensitive and multiplex mutation detection Immfif:
without reliance on specific fluorescence probes. This strategy is applicable in both
gPCR and melting curve analysis (MCA) platforms. The mediator blockers in DMBA i Z/
play dual roles: enhancing discrimination between wild-type and mutant DNA and pon
releasing mediator primers. These mediator primers extend the helper target and DMBA gPCR DMBAMCA

cleave universal fluorescence probes in qPCR, enabling the detection of mutations at

variant allele fractions (VAFs) as low as 0.01%. The DMBA MCA method can identify multiple mutations, overcoming limitations in
fluorescence channels by using mediator primers to extend universal fluorescence probes, producing fluorescent double strands with
different T;’s and colors. Multiplexed DMBA-MCA was developed to detect seven variants at 0.1—0.5% VAF in one tube. Our
innovative method offers advantages including exceptional sensitivity, elimination of the requirement for specific fluorescence
probes, shorter amplicons, and high multiplexing capacity, potentially revolutionizing clinical practice and precision medicine.
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B INTRODUCTION

Histopathological biopsy remains the clinical gold standard for
tumor diagnosis, yet its invasive procedure and limited capacity
to overcome tumor heterogeneity restrict comprehensive
characterization of dynamic tumor profiles. The advent of
liquid biopsy (LB) has revolutionized oncological practice
through noninvasive monitoring of circulating biomarkers,
including circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), and exosomes, in peripheral blood, enabling
early detection, treatment evaluation, and recurrence surveil-
lance.'* Among these biomarkers, ctDNA has garnered
particular attention due to its enhanced accessibility, reduced
spatial heterogeneity, and tumor-specific genetic signatures.”
The mutational landscape of ctDNA offers clinical utility in
therapy guidance, minimal residual disease detection, and
population cancer sc1'eening.577

Current ctDNA detection platforms encompass PCR-based
approaches,”™"* next-generation sequencing (NGS),"”™"* and
electrochemical biosensors.'°™'® PCR technology, notable for
its operational simplicity and adaptability, has evolved into
diverse formats for variant detection: amplification-refractory
mutation system (ARMS),”"” allele-specific blocker PCR
(ASB-PCR),””*" hairpin competition amplification (HCA),"’
blocker displacement amplification (BDA),”*>** PNA clamp-
ing PCR,”* and coamplification-at-lower denaturation-temper-
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ature PCR (COLD-PCR).”**® However, these methods face
critical limitations in detecting low-abundance mutations due
to excessive ctDNA fragmentation and background wild-type
DNA interference.

In ARMS, the amplification of mutant DNA was achieved
through the use of primers featuring mutant-specific 3’
nucleotides.*"® Nonetheless, mismatches between the 3’
nucleotide of the primer and wild-type DNA occur due to
minimal thermodynamic disparities resulting from a single
nucleotide change. This leads to significant nonspecific
amplification, impeding the ability to detect low-frequency
variants. In our recent study, we introduced the unmodified-
blocker cleavage PCR (UBC-PCR) technique, employing wild-
specific blocker, to enhance the detection of DNA mutations
with exceptional sensitivity down to 0.01% variant allele
fraction (VAF).”” While the use of blockers and Tagman
probes extends PCR amplicons to a minimum of about 100 bp
and sometimes even longer than 150 bp, long amplicons can
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Figure 1. Schematic illustration of the Dual-Role Mediator Blocker Amplification (DMBA) of qPCR and MCA for highly sensitive and multiplex
variant identification using universal fluorescence probes. Here, MT indicates the mutant template, and WT signifies the wild-type template. The
mediator blockers (MBs) play a dual role: improving the distinction between WT and MT and generating mediator primers. Mediator primers,
when released from mediator probes, contain one or two nucleotides (highlighted in yellow) of the middle sequence. These mediator primers
trigger the cleavage of universal Tagman probe in qPCR or generate fluorescent double strands in melting curve analysis (MCA). Consequently,
the method enables the detection of various low-frequency mutant DNA using universal fluorescence probes, offering advantages of increased
sensitivity and reduced amplicon length. Production of double strands with different lengths (T,,) and colors in a single tube facilitates the

multiplexed mutation detection via DMBA MCA.

hinder the amplification of fragmented DNA, such as ctDNA
in the blood and urine. Studies have shown that a significantly
higher proportion of tumor ctDNA is detected by primers that
target amplicons less than 79 bp or 100 bp.”*** Additionally,
the quencher- and fluorophore-labeled Tagman probes were
designed to target specific templates, leading to higher costs
when targeting diverse templates. Moreover, the capacity to
detect mutations is restricted to about five targets in a single

reaction due to the limited availability of only a few fluorescent
colors in a fluorometric thermal cycler.”””'

The MeltArray technique, utilizing mediator probes and
melting curve analysis (MCA), was developed to enable
multiplexing.”” Nevertheless, several limitations have impeded
its effectiveness in mutation identification. First, the efficiency
of MeltArray was compromised by the inadequate utilization of
mediator primers. Contrary to using mediator primers with
only one template-specific nucleotide, our study revealed that
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these primers contained one or two template-specific
nucleotides at the 3’ end.”> Second, the employment of
chemical-modified mediator probes in MeltArray led to
increased costs. Lastly, MeltArray was limited to detecting
mutations with Variant Allele Frequencies (VAFs) of 5% or
10%, rendering it unable to identify low-frequency mutant
DNA.

To tackle these challenges, we introduce the Dual-Role
Mediator Blocker Amplification (DMBA; Figure 1) strategy to
identify low-frequency mutations using universal fluorescence
probes. This strategy employs mediator blockers to (1)
enhance wild-type/mutant discrimination; (2) generate
mediator primers for either universal probe cleavage (qPCR
mode) or fluorescent double-strand production (MCA). It also
excludes the specific Tagman probes from the targeted
sequence results in shorter amplicons and reduces cost.
When combined with MCA, multiple variants can be detected
in a single tube through the generation of fluorescent double
strands with varying T,,’s and colors. With its novel reaction
mechanism for variant identification, the DMBA platform
demonstrates four key advantages: high sensitivity, specific
probe-independent detection, short-amplicon, and high-multi-
plexing, collectively advancing ctDNA analysis for precision
oncology applications.

B MATERIALS AND METHODS

DNA Synthesis. DNA strands and mutant plasmid
templates were synthesized and purified in Genwizhi (Suzhou,
China). Mutant plasmid DNA or genomic DNA were spiked
into wildtype 293T genomic DNA when used as templates.
Concentrations of genomic DNA and plasmid DNA were
determined using DeNovix DS-11 Spectrophotometer (De-
Novix Inc., Wilmington, DE, USA) and verified by qPCR.
Gene-specific primers, blockers, and probes are presented in
Supplementary Table S1.

DNA Extracted from Cultivated Cells, Tissue, and
Plasma. Genomic DNA from BHT101, HCT116, H1299, and
293T cell lines was extracted using the Universal Genomic
DNA Kit (CWhbio, Jiangsu, China) following the manufac-
turer’s instructions. The BHT101 DNA contained heteroge-
neous BRAF V600E mutations, while the HCT116 DNA
harbored heterogeneous PIK3CA HI1047R mutations and
H1299 DNA harbored heterogeneous NRAS Q61K mutations
with 293T DNA serving as the wild-type control. DNA
concentration was quantified using the DeNovix DS-11
Spectrophotometer (DeNovix Inc., Wilmington, DE, USA)
and normalized by qPCR. Genomic DNA from fine-needle
aspiration (FNA) samples of thyroid cancer patients was
isolated using the same Universal Genomic DNA Kit (CWhbio,
Jiangsu, China). Cell-free circulating tumor DNA (ctDNA)
was extracted from 3 mL of plasma from lung cancer patients
using the AmoyDx cell-free DNA extraction kit.”* Following
the manufacturers’ instructions, Buffer CDL, Digest Solution,
prechilled isopropanol, Buffer CDB, Buffer CDD, anhydrous
ethanol, Buffer CW1, Buffer CW2, and Buffer CDE were
sequentially utilized alongside vortexing and centrifugation
steps. The extracted DNA is subsequently stored at temper-
atures below —20 °C for future use.

gPCR Experiments. All real-time PCR assays were
performed on a SLAN-96S Real-Time PCR system (Hongshi
Medical Technology, Shanghai, China) in a 30 yL volume. All
the assays were performed in triplicates containing 0.03 U/uL
Taq polymerase (TransGen, Beijing, China), 1.6—2.5 mM

Mg**, 0.2 uM dNTPs, and 10 uL templates under reaction
conditions of 95 °C for 3 min, followed by 55 cycles of 95 °C
for 10 s, annealing/extending at 56 or 59 °C for 15 s, and
fluorescence collection at 74 °C for 20 s, unless specified
otherwise. Different samples with a variety of variant allele
fractions (VAFs) at proportions of 50%, 10%, 1%, 0.1%, 0.01%,
or 0% by mixing the mutant DNA and wild-type DNA (30 ng/
uL 293T genomic DNA) were examined.

Duplex assays were performed with 0.04 U/uL Taq
polymerase (TransGen, Beijing, China), 2.5 mM Mg2+, and
0.2 uM dNTPs under reaction conditions of 95 °C for 15 min,
followed by S5 cycles of 95 °C for 10 s of annealing/extending
at 56 or 59 °C for 15 s and fluorescence collection at 74 °C for
20 s. ACt cutoff values for each mutant was determined by
subtracting the Ct value of the 0% VAF sample from Ct values
of the reference (Cut-off value = Ct[0% VAF sample] —
Ct[reference] — 3 X SD[0% VAF sample]). If no amplification
signal was detected, the Ct value for a sample with 0% VAF
was set at 55 with a standard deviation of 2. If ACt was less
than the cutoff value, the sample was classified as positive; if
ACt was greater than the cutoff value, the sample was classified
as negative or below the limit of detection. Amounts of
primers, blockers, and probes used in the qPCR assays are
presented in Supplementary Table S2.

ddPCR Assay Targeting EGFR L858R Mutation. The
ddPCR assay was performed on a AD3200 Droplet Digital
PCR System®® (Pilot, Zhejiang, China). A total of 15 uL of
reaction Master Mix containing 3 uL of ddPCR Supermix, 1
UM primer, 0.3 uM Tagman probes, and 5 uL of ctDNA
sample was prepared and loaded onto the reaction cartridges
for droplet generation. Then, the thermal cycling step started
with 10 min at 95 °C, followed by 50 cycles of 30 s at 95 °C for
DNA denaturation and 1 min at 60 °C for annealing/
extension. After PCR, the plate was loaded onto an AD3200
Reader (Pilot, Zhejiang, China) to collect droplet fluorescence
data.

Mutation Detection by MCA Assay. All MCA assays
were performed on an SLAN-96S Real-Time PCR system
(Hongshi Medical Technology, Shanghai, China) in a 30 uL
volume. The MCA assay was performed in triplicates
containing 0.03 U/uL Taq polymerase (TransGen, Beijing,
China), 2 mM Mg*, 0.2 uM dNTPs, and 10 uL templates
under reaction conditions of 95 °C for 3 min, 55 cycles of 95
°C for 10 s, annealing at 58 °C for 15 s, and extending at 72 °C
for 10 s and then 45 °C for 5 min, 95 °C for 10 s, and 50 °C
for 2 min, followed by a temperature increase from 50 to 90 °C
(0.04 °C/step). Fluorescence data were measured at each step
of the continuous temperature increase during the melting
curve analysis procedure. Different samples with a variety of
variant allele fractions (VAFs) at proportions of 50%, 10%, 1%,
0.1%, 0.03%, or 0% by mixing the mutant DNA and wild-type
DNA (30 ng/uL 293T genomic DNA) were examined.

The multiplexed DMBA MCA assay was performed with
0.06 U/uL Taq polymerase (TransGen, Beijing, China) and
4.5 mM Mg*, 0.25 uM dNTPs, and 10 uL templates in a 30
#L volume. The protocol mirrored the aforementioned steps
with the exception of annealing at 58 °C for 20 s. Different
samples with a variety of variant allele fractions (VAFs) of
10%, 1%, 0.5%, 0.3%, 0.1%, or 0% by mixing the mutant DNA
and wild-type DNA (30 ng/uL 293T genomic DNA) were
examined. Amounts of primers, blockers, and probes used in
MCA assays are presented in Supplementary Table S3.
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Figure 2. Development of DMBA gPCR. (A) Examining the impact of mediator blockers on mutation detection by formulating three comparative
assays. (B) Different methods were employed to amplify WT and 50% MT (BRAF V600E mutation). The error bars indicate the standard
deviation of triplicate determinations across all assays. (C) Different methods were employed to detect the EGFR L858R mutation. (D) Varying
amounts of mediator blockers were tested in DRMB qPCR targeting the BRAF V600E mutation. (E) Amplified traces of the BRAF V600E variant
at different VAFs are presented. These different VAF samples were prepared by spiking mutant DNA into wild-type DNA (30 ng/uL 293T
genomic DNA). For example, the 1% VAF samples contained 900 mutant DNA copies and 89100 wildtype DNA copies. (F) Summary of Ct values
and amplicons’ length targeting BRAF V600E, EGFR L858R, G719A, and PIK3CA H1047R are shown. The asterisk (*) denotes the absence of
signal, with Ct values set at SS. Only one of the triplicates showed a signal, which was indicated by a triangle (A). Error bars indicate the standard

deviation of triplicate measurements.

B RESULTS

Overview of DMBA gPCR and MCA. This study presents
a novel strategy for detecting low-frequency mutant DNA
using universal fluorescence probes in qPCR and the melting
curve analysis (MCA) technique (Figure 1). Our methodology
involves the use of mutant-specific primers, similar to those in
ARMS with mutant-specific 3’ nucleotide,”'” along with wild-
specific mediator blockers (MBs). The wild-specific MBs
comprise three regions: a S sequence (blue), a middle
sequence (yellow), and a 3’ end tail. The S’ sequence serves as
the main region of the mediator primers. The middle sequence
binds to the templates with its 5" end specifically designed to
match the wildtype nucleotide. We included a four-nucleotide
unpaired tail at the 3’ end of the mediator blockers to inhibit

22410

extension, a strategy shown to be effective in our previous
research.””*

The MBs are typically designed with a higher T, than the
mutant-specific primers to enable thermodynamically favorable
hybridization to templates. Both MBs and mutant-specific
primers bind to the mutant template (MT) during
amplification. The 5’ nucleotide of MBs’ middle sequence
unbinds with the mutant nucleotide, while the 3’ end of
mutant-specific primers perfectly match with the MT, thereby
ensuring smooth initiation of extension. During this process,
MBs are cleaved by Taq polymerase to produce mediator
primers with wild-specific nucleotide plus one or two template-
specific nucleotides (highlighted in yellow) at the 3’
terminus.” Subsequently, the mediator primers bind to the
helper target and are extended by the Taq polymerase, leading
to the hydrolysis of universal fluorescence probes in qPCR.

https://doi.org/10.1021/acs.analchem.5c04894
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Figure 3. Mutation identification by DMBA MCA. (A) The reaction process of DMBA MCA comprises PCR and melting curve analysis. (B)
Sequence of mediator blocker (highlighted in purple and green), mutant primer (highlighted in red), mediator primers and universal fluorescence
probe used in DMBA MCA for BRAF V600E mutation detection. Mediator primers extend the universal fluorescence probe and generate 52 bp
fluorescent double strands. (C) Fluorescent double-strand transition into random coils as temperature gradually increases, leading to a significant
decrease in fluorescence intensity and the appearance of a distinct melting peak. (D) Mutant DNA at various VAFs were tested by DMBA MCA,
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Figure 3. continued

showing the sensitivity of 0.03% VAF. (E) DMBA MCA was developed for PIK3CA H1047R. (F) DMBA MCA targeting EGFR L858R was

established.

MT undergoes exponential amplification with the mediator
primers produced and fluorescence accumulation in each
gPCR cycle. In contrast, the wild-type template (WT) is
bound by wild-specific MBs, preventing the 3’ end of mutant-
specific primers from pairing with the template further. This
inhibition effectively suppresses WT amplification and reduces
the level of mediator primer production.

In addition to qPCR, the novel approach can be integrated
with melting curve analysis (MCA). During MCA, mediator
primers released from MBs bind to a universal fluorescence
probe and are extended, producing double fluorescent double
strands. As the temperature rises in MCA, these double strands
dissociate, generating observable melting peaks at specific
temperatures (T, values). To precisely identify mutant DNA,
it is essential to optimize the MBs to inhibit mediator primer
production or eliminate melting peaks in WT amplification.
Binding to different regions of a universal fluorescence probe
can produce fluorescent double strands with varying lengths
(T, values). The capacity to detect multiple targets in a single
reaction is expanded by employing multiple fluorescence
probes with distinct colors. Therefore, the simultaneous
detection of numerous mutations is achieved by generating
fluorescent double strands with different lengths (T, values)
and colors specific to various mutation targets.

The MBs in this strategy have dual essential functions:
improving discrimination between wild-type and mutant DNA
and producing mediator primers to initiate the hydrolysis of
universal fluorescence probes or produce fluorescent double
strands. This method, termed dual-role mediator blocker
amplification (DMBA), provides advantages including en-
hanced sensitivity, short amplicon size, multiplexed variant
detection, and cost-effectiveness.

Development of DMBA qPCR. To exhibit the discrim-
ination ability using mediator blockers and universal
fluorescence probes, three different assays were designed and
performed (Figure 2A). ARMS is based on the use of primers
whose 3’ nucleotides are mutant-specific.*'” In the ARMS
+MB assay, mediator blockers were employed in conjunction
with mutant-specific primers and a template-specific Tagman
probe. DMBA qPCR applied mediator blockers, universal
Taqman probe, and helper target. First, ACt values between
wild and 50% BRAF V600E mutant DNA was 12.3 when using
mutant-specific primers (Figure 2B), while the addition of
mediator blockers enhanced the ACt values from 12.3 to 17.4,
demonstrating that the mediator blockers increased the
discrimination ability of reaction (Figure 2B). Next, ACt
values remain as large as 18.8 when using a universal
fluorescence probe and helper target to replace a specific
Taqman probe (Figure 2B). A similar result was achieved
targeting EGFR L858R mutation (Figure 2C). The results
demonstrate that DMBA qPCR can effectively detect mutant
DNA with enhanced discrimination despite the use of a
universal fluorescence probe. Next, varying amounts of
mediator blockers were tested in DRMB qPCR targeting the
BRAF V600E mutation (Figure 2D). Inadequate use of
mediator blockers at a concentration of 0.1 uM resulted in
reduced ARn and Ct value delays (Figure 2D, Supplementary
Figure S1A). This is because insufficient mediator blockers

lead to inadequate mediator primer generation. Conversely,
excessive mediator blockers at 4 M also caused Ct delays,
indicating significant inhibition in amplifying both WT and
MT (Figure 2D, Supplementary Figure S1B). The optimal
mediator blockers should effectively inhibit WT amplification
without substantially reducing MT amplification.

According to the established guidelines for developing
DMBA, assays targeting different mutations were established,
and their sensitivity was assessed individually. Amplification
curves detecting the BRAF VG600E variant showed the ability to
discriminate mutant DNA at a VAF of as little as 0.01% using
DRMB PCR (Figure 2E). Additionally, assays targeting EGFR
L858R, G719A, and PIK3CA H1047R were developed using
the same universal fluorescence probe. Akin to the BRAF
V600E variant assays, all discrimination assays achieved a
sensitivity of 0.01% VAF (Figure 2F), demonstrating
remarkable sensitivity. The elimination of specific fluorescence
probes reduced costs and shortened amplicons to lengths
between 67 and 83 bp (Figure 2F), offering advantages for
amplifying fragmented ctDNA.

Investigation of DMBA MCA for Mutation Identi-
fication. In addition to its application with qPCR, DMBA can
also be utilized for mutation identification in combination with
the melting curve analysis (MCA) technique (Figure 3A).
lustrated in Figure 3B is the application of DMBA MCA for
identifying the BRAF V600E mutation. Mediator primers are
only produced during amplification of the mutant template
(MT) by a mutant-specific primer. These mediator primers
then extend the fluorescence probe, resulting in the formation
of double-stranded fluorescent products. Conversely, in wild-
type (WT) amplification, there is minimal production of
mediator primers or double-stranded products due to the
inability of mutant-specific primers to bind to the WT
sequence in the presence of wild-type mediator blockers
(Figure 3B). During the melting analysis, the fluorescent
double-strand transition into random coils with increasing
temperature, leading to a significant decrease in fluorescence
intensity and the appearance of a distinct melting peak (Figure
3C). In contrast, the amplification of the WT sequence does
not exhibit a melting peak as the generation of mediator
primers and double strands is effectively inhibited by the
mediator blockers (Figure 3C).

Next, the mutant DNA at various VAFs was assessed using
the optimized DMBA MCA to determine its sensitivity. The
analysis revealed the capability of DMBA MCA to detect
mutant DNA at levels as low as 0.03% VAF, indicating its high
sensitivity (Figure 3D). Additionally, assays were developed for
PIK3CA H1047R and EGFR L858R mutation using the
universal fluorescence probe (Figure 3E,F). Mutant DNA at
levels as low as 0.03% and 0.1% VAFs could be distinguished,
respectively. Optimizing the length and quantity of mediator
blockers was crucial for achieving highly sensitive and specific
mutation detection (Supplementary Figure S2). An effective
mediator blocker should inhibit the production of double-
stranded species in WT amplification while not impeding the
production of double-stranded species in MT amplification.
The melting peaks for three mutations displayed distinct T,
values of 81.3, 78.4, and 74.1 °C due to the different lengths of
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Figure 4. Identification of mutation in FNA DNA and ctDNA samples using DMBA qPCR. (A) A duplex assay was developed to target the BRAF
V600E mutation and ACTB. The error bars in the figures represent the standard deviation of triplicate determinations. (B) Ct values were obtained
for the BRAF V60OE mutation and a reference target in the examination of 21 FNA DNA samples, along with positive control (PC) and negative
control (NC). The ACt cutoff value for the BRAF V600E mutation was set at 24.7, with a Ct value of 5S assigned in instances where no signal was
detected (*). (C) Summary of the gene status in 21 FNA DNA samples obtained by DMBA gPCR and a commercial kit. (D) A duplex assay was
developed to target the EGFR L858R mutation and ACTB. Error bars indicate standard deviation from triplicate determinations. (E) The summary
of Ct values for the EGFR L858R mutation and the reference target in 12 ctDNA samples, along with positive control (PC) and negative control
(NC), was provided. A dashed line was utilized to indicate the ACt cutoff value (20.9) for the EGFR L858R mutation. Instances where no signal
was detected were marked with an asterisk (*), and Ct values of S5 were assigned in these instances. (F) Summary of the gene status in 12 ctDNA

samples acquired through DMBA qPCR and ddPCR.

double strands produced (Figure 3D—F). It indicates that
DMBA MCA has the potential to detect various mutations in
one tube by generating fluorescent double strands with
different T,,’s and colors.

Detection of Mutation in Clinical Samples by DMBA
gPCR. We developed a duplex assay that combines the DMBA
qPCR assay targeting the BRAF V600E mutation with specific
Taqman probe qPCR targeting ACTB (reference gene). The
sensitivity of the duplex assay for detecting the BRAF V600E
mutation was evaluated, demonstrating the ability to detect as
little as 0.01% VAF mutant DNA (Figure 4A). Subsequently,
21 FNA (fine needle aspiration) DNA samples from thyroid
cancer patients were analyzed using the developed DMBA
gPCR. The Ct values for the BRAF V600E mutation and the
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reference target were summarized in Figure 4B. According to
ACt values and the calculated cut off value at 24.7, 16 samples
were identified as positive for BRAF V600E mutation, while 5
samples were negative (Figure 4C). Among the 21 patients, 15
were diagnosed with PTC by pathology, and one sample with
an undetermined diagnosis by pathology was found to be
positive for the BRAF V600E mutation, indicating the
diagnostic value of molecular testing. Furthermore, the results
showed 100% concordance with those obtained from a
commercial kit used in clinical testing (Figure 4C), high-
lighting the excellent performance of the DMBA gPCR in
analyzing gene status from tissue DNA.

Next, another duplex assay was developed to target the
EGFR L858R mutation (DMBA gqPCR) and ACTB (specific

https://doi.org/10.1021/acs.analchem.5c04894
Anal. Chem. 2025, 97, 22407-22417


https://pubs.acs.org/doi/10.1021/acs.analchem.5c04894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04894?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04894?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

A
5"\ Mediator blockers 5 M?diator
. primers
3 D, P —
2 2-
3 Target 1 5 ? BHQ 3 Universal fluorescence probe 1 5
. . —ECGFRGIOAT )
. . .
5 5 BHOQ 3 Universal fluorescence probe 2 5
\_, 3 \ TP53 Y220C G
3 5 LO9YOLODOVOVIOILYOLOVOY
; Target 8 BHQ3, Universal fluorescence probe 3
B
Probe 1 Probe 2 Probe 3
60 100 100
R (T,=77.7°C) M7
80 80 \ (T,,=81.6°C)
0% “, 5
] RN
9 N 5 1 / N 60
> 40 = 0
7 50 - N\ < 40 < 40
0% 4
- 20 4 X 20 4
X NC
N NC
0 r T T r T r 0 T T T T T T 0 T T T T T T
65 68 71 74 77 80 83 65 68 71 74 77 80 83 65 68 71 74 77 80 83
Temperature (°C) Temperature (°C) Temperature (°C)
C D
150
VAF Methods DMBA MCA NGS
120 4 —10%
1% Sample type ctDNA Tissue DNA
90 1 —0.10% -
0% Patient #1 - [P53 C2421
|: 60 70
< 1 —NC ) . <
= Patient #2 EGFR L858R : ]E(,’E}},LIS;“ ,S\R[‘“ ‘
"30 - c du
. A\ CDKN2A D74N
0 b= ——— "ﬁ - Patient #3 - IPS3 E286K
65 68 71 74 77 80 83
Temperature (°C)
Patient #1 Patient #2 Patient #3
150 150 150
Probe 1 Probe 1 -Probe 1
120 Probe 2 120 Probe 2 120 1 Probe 2
R ——Probe 3 R
9o | —Probe3 j = 90 9 ——Probe 3 R
5 : / :
= \/\ T 60 < 60 -
30 1 30 - 30 -
0 - - - T - T 0 T v T T 0 T T " T T T
65 68 71 74 77 80 83 65 68 71 74 77 80 83 65 68 71 74 77 80 83

Temperature (°C)

Temperature (°C)

Temperature (°C)

Figure 5. Development of a multiplexed DMBA MCA for identifying variants in ctDNA samples. (A) Sequence of universal fluorescence probes
and mediator primers for seven mutations and one reference gene in the multiplexed DMBA MCA. Mutation targets were designated as M1 to M7
with ACTB denoted as R. (B) Melting curves of multiplexed DMBA MCA in detecting different mutations of 1% VAF and the reference gene. The
samples with a 1% VAF harbored 900 mutant DNA copies and 89,100 wildtype DNA copies. T, values for the peaks corresponding to different
targets were also provided within brackets. Gray lines depict the curves of wildtype DNA (0% VAF), whereas black dotted lines represent the
curves of the no template control (NC). (C) BRAF V600E mutations of different frequencies were tested by multiplexed DMBA MCA as an
example. (D) Comparison of detection results from the multiplexed DMBA MCA and NGS. (E) Three ctDNA samples were tested by multiplexed

DMBA MCA.

Taqman probes qPCR). The assay successfully detected
mutant DNA at levels as low as 0.02% VAF (Figure 4D).
Subsequently, 12 plasma ctDNA samples from lung cancer
patients were analyzed using this assay. Analysis of Ct values
for the EGFR L858R mutation and the reference target is
presented in Figure 4E. Two samples tested positive for the
EGFR L8S8R mutation, while ten samples tested negative
based on ACt values and a calculated cutoff value (Figure 4E).
Importantly, the results exhibited 100% concordance with
those obtained from ddPCR (Figure 4F), underscoring the

22414

robust performance of DMBA qPCR in analyzing the gene
status from plasma ctDNA.

Detection of Seven Mutations in Plasma ctDNA
Samples through Multiplexed DMBA MCA. By producing
and analyzing fluorescent double strands with different T s
and colors, DMBA MCA had the potential of detecting various
mutations, more than the numbers of instrument’s fluores-
cence channels. As a proof of concept, one multiplexed DMBA
MCA assay was developed to target seven variants and a
reference gene, employing three universal fluorescence probes.
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Table 1. Comparison of Methods for Mutation Identification

Specific Fluorescence Modified/Special Tube-

Methods Platform Multiplicity Reporter Oligo opening Sensitivity
ARMS™"’ qPCR Low Yes No No 1%
ASB-PCR* qPCR Low Yes Yes No 0.1%
BDA™** qPCR Low Yes No No 0.01-0.1%
MeltArray*> MCA Moderate No Yes No 5—10%
ddPCR*®37 ddPCR Low Yes No No 0.05%, 0.01%
CRISPR-based approaches®®*®  CRISPR-Casl2a  Low No Yes Yes 0.01%, 0.002%
CAPP-Seq,"® SignateraTM"® NGS High Yes 0.02%, 0.01—0.02%
DMBA in this work qPCR, MCA Moderate No No No 0.01-0.1%

The sequences of the universal fluorescence probes and the
binding sites of the mediator primers for the different targets
are provided (Figure SA). Probe 1 was designed to target
BRAF V600E, PIK3CA H1047R, EGFR L858R, and TPS53
R175H mutations. Probe 2 focused on EGFR G719A and
NRAS Q61K mutations, while probe 3 was designed for the
TPS3 Y220C mutation and ACTB (reference gene). The
melting curves and T, values of the targets are depicted in
Figure 5B using mutant DNA samples at 1% VAF. Notably, the
0% VAF sample and the negative control (NC) exhibited no
nonspecific melting peaks, underscoring the high specificity of
the multiplexed DMBA MCA. Subsequently, the discrim-
ination ability of the multiplexed DMBA MCA was assessed.
The assay targeting the BRAF V600E mutation is shown in
Figure SC, and other mutations are presented in Supple-
mentary Figure S3. The results showed multiplexed DMBA
MCA had the capability to detect mutant DNA at VAFs of
0.1%, 0.3%, or 0.5% for all seven mutations.

Furthermore, multiplexed DMBA MCA was employed to
analyze three ctDNA samples from lung cancer patients
(Figure SD,E). The MCA results indicated that ctDNA
samples from patient #2 tested positive for the EGFR L858R
mutation, while the other two samples showed no presence of
these seven mutations (Figure SE). In order to validate these
findings, NGS analysis was carried out on the tissue samples
obtained from these patients, showing complete agreement
with the multiplexed DMBA MCA results (Figure SD).
Mutations identified through NGS, which were not encom-
passed by the multiplexed DMBA MCA, are shaded in gray.

Bl DISCUSSION

Identification of low-abundance mutations in patients’ blood
posed a challenge due to excessive ctDNA fragmentation and
interference from abundant wild-type DNA. Current gPCR
methods are constrained by limited sensitivity, low multi-
plexing capabilities, and the need for template-specific and
costly fluorescence probes.””'”****> Droplet digital PCR
(ddPCR) enables absolute quantification of mutations by
partitioninbg DNA samples into thousands to millions of
droplets.”>*” CRISPR-based methods have successfully
detected mutations at VAFs below 0.01% by combining
amplification and CRISPR detection.>®*° However, ddPCR
requires specialized instruments and has limited multiplexing
capabilities. Similarly, CRISPR-based approaches are con-
strained by low multiplicity and the need for specific crRNA,
Cas proteins, and an amplification step, leading to increased
costs, complexity, and the risk of contamination through tube
openings. MeltArray, the highly multiplexed technique coupled
with melting curve analysis (MCA), is restricted to detecting
mutations with Variant Allele Frequencies (VAFs) of either 5%
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or 10%.> NGS has the capability to identify low-frequency
variants through increased sequencing depth, as demonstrated
by methods like CAPP-Seq'” and Signatera.'> However,
challenges persist due to the expensive nature, intricate library
preparation, and extended duration of these techniques. In this
study, the new DMBA strategy exhibited advantages such as
improved sensitivity, shorter amplicon lengths, and enhanced
multiplicity. Its cost-effectiveness was enhanced by eliminating
the need for specific fluorescence probes and any modified
oligonucleotides. Moreover, the absence of a tube-opening step
added simplicity and minimized the PCR contamination. The
comparisons of these approaches are summarized in Table 1.

Due to the unique reaction mechanism, DMBA qPCR
successfully detected four mutation targets at VAF of 0.01%
using a universal Taqman probe with amplicons ranging from
67 to 83 bp. Single-plex DMBA MCA also achieved a variant
detection sensitivity of 0.03% or 0.1% VAFs. Further, the
multiplexed DMBA MCA successfully identified seven variants
at VAFs levels of 0.1—0.5% using three universal fluorescence
probes. Detection sensitivity can be increased to higher levels
by employing oligonucleotides modified with LNA or PNA to
enhance the affinity between DNA strands. To prevent melting
peaks of wild-type DNA in DMBA MCA, inhibition of wild-
type DNA amplification should be more eflicient than in
DMBA qPCR. As a result, the amplification of mutant DNA in
DMBA MCA may be slightly hindered, providing a partial
explanation for the increased sensitivity of DMBA qPCR in
detecting mutations at lower VAFs compared to DMBA MCA.

The achievement of optimal reaction performance neces-
sitated precise adjustments of the sequence and concentration
of both MBs and mutant primers. In this study, we developed a
multiplexed DMBA MCA capable of identifying seven
mutations. With the utilization of four probes emitting distinct
fluorescence and resulting in four unique melting peaks, a
minimum of 16 targets can theoretically be distinguished in a
single tube of DMBA MCA. Our future research will focus on
diversifying the variety of targets detectable within DMBA
MCA to 16 or more. However, increasing the multiplicity and
reaction complexity could potentially compromise detection
sensitivity. Therefore, achieving a balance between the two was
crucial. This study involved the analysis of only three plasma
samples using DMBA MCA with the matched tumor tissues
analyzed using NGS. The validation of DMBA MCA’s
performance requires the development of a larger cohort
with various confirmed mutation profiles, which is planned for
future research. The effectiveness of DMBA on sequences with
a high or low GC content was not investigated in this work.
Although our method did not show a preference for either
high- or low-GC sequences, it is still crucial to evaluate its
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performance on these particular sequences prior to widespread
implementation.
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