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Aberrant CpG island methylation serves as a pivotal biomarker for cancer diagnosis, with accuracy
substantially enhanced by analyzing multiple loci. Current techniques, such as bisulfite conversion or
restriction enzyme-based methods, often fall short in delivering efficient multiplexed genomic
methylation analysis using standard PCR platforms. Herein, we introduce an innovative bisulfite-free,
multiplex assay—multiple specific terminal mediated methylation PCR (multi-STEM MePCR). This assay
integrates a methylation-dependent restriction endonuclease (MDRE) with a novel multiplex PCR,
leveraging innovative stem-loop structured assays for simultaneous detection of multiple CpG sites. As
a proof-of-concept, the multi-STEM MePCR platform simultaneously achieved quantification of three
methylation model sites down to ten copies per tube, accompanied by a broader linear dynamic range,
and attained a sensitivity of 0.1% against a background of 10 000 unmethylated gene copies. Crucially, by
markedly minimizing cross-reactivity and reducing competition among targets, this technique adeptly
distinguishes between sites exhibiting significant variations in methylation abundance. Additionally, this
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comparable to bisulfite sequencing, yet with simpler operation, less time, and lower cost. This multi-
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Introduction

Methylation status changes in CpG islands are widely recognized
as biomarkers for cancer diagnosis and early screening.'?
Increasing evidence indicates that different CpG targets
contribute variably, and often complementarily, to cancer
diagnostics.*® Moreover, due to tumor heterogeneity, reliance on
a single methylated target often fails to meet the clinical
requirements for accurate cancer diagnosis. Consequently,
panels of methylated targets have been developed that combine
multiple biomarkers to enhance the diagnostic sensitivity and
specificity, particularly for early-stage cancers.”™ However,
methylation detection methods are often ineffective for real
clinical samples, particularly bodily fluids, where methylated
genes are present in low abundance against a high background of
unmethylated genes.'>*
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essential for epigenetic research and clinical DNA methylation diagnostics.

Unfortunately, sequential partitioning of limited clinical
samples into independent reaction compartments for multiplex
detection of ultralow-abundance methylated genes inevitably
dilutes the already scarce target molecules, thereby lowering
their effective concentration per reaction and significantly
compromising both the sensitivity and reliability of clinical
diagnoses. Therefore, the development of a highly sensitive,
multiplexed platform for simultaneous and accurate quantifi-
cation of DNA methylation status in a single reaction is urgently
needed for wide clinical applicability.

DNA methylation information is not retained by standard
molecular biology methods, in which methylation-dependent pre-
treatment is necessary for accurate identification and analysis."***
Currently, the gold standard for methylation analysis is bisulfite
pre-treatment, which converts unmethylated cytosines to uracils,
while leaving methylated cytosines unchanged.’® Thus far,
sequencing-based detection with bisulfite pre-treatment is the most
powerful strategy to obtain multi-loci CpG information, in which
massive methylated targets can be simultaneously detected.””™
However, the time-consuming protocols of sequencing-based
methods with their high cost and expensive equipment would
greatly limit the clinical application of DNA methylation.”® Hence,
a PCR-based technology with multiplex detection property, fast and
easy operation, low cost, and inexpensive equipment is the optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strategy for methylation detection in daily clinical practice,®*
especially for primary hospitals.

Bisulfite-based PCR methods, such as methylation-specific
PCR (MSP)* and MethyLight,** are currently the most widely
used in clinical practice, and several extended methods, such as
quantitative allele-specific real-time target and signal amplifi-
cation (QuARTS) and quantitative multiplex methylation-
specific PCR (QM-MSP) can also achieve multiplexed detection
by increasing the number of primer pairs and probes.*>*¢
However, the ability of these methods to detect multiple targets
remains insufficient due to decreased sequence diversity caused
by bisulfite treatment, and the addition of primer pairs may
lead to problems, such as primer-dimer formation and cross-
reactions among different targets.

To overcome the primer complexity of multiplexed detection
in bisulfite-treated samples, a multiplexed ligation-dependent
assay was developed, in which the methylated site triggered
a specific linking reaction, and then was amplified by the
universal primer.*”*® However, the sensitivity of the method was
restricted by the ligase efficiency,” and false-positive signals
cannot be avoided due to the non-specific ligation among
massive probes.** More significantly, the methylation ratios
differ across various loci, even within a high dynamic range
where the amplification of loci with low-abundance methylation
would be inhibited by that of the loci with heavy methylation,
due to the competing reactions.*** Furthermore, there are
severe drawbacks to bisulfite-based methods in clinical appli-
cation: tedious and complex pre-treatment, template degrada-
tion, unavailable UDG, and false signal caused by incomplete
conversion or overtreatment.**>*

Methylation-sensitive restriction enzyme (MSRE)-qPCR is
a bisulfite-free method that is also used in methylation detec-
tion, in which the methylated templates are enriched by
digesting unmethylated templates and subsequently perform-
ing a qPCR process.*>*® Multiplexed detection was also achieved
by integration with a microarray®”*® and nanotechnology-based
sensors.*>*' However, the incomplete digestion of MSREs on
unmethylated templates would cause false-positive results, and
ultimately decrease the sensitivity and specificity of the results.
Additionally, multiplexed detection depends on a hybridization
process, in which considerable variability exists for specificity
and efficiency.*?

Fortunately, the false-positive signal can be avoided by using
methylation-dependent restriction endonucleases (MDRES) to
directly digest the methylated templates, such as MDRE-
exponential amplification reaction (EXPAR) and helper-
dependent chain reactions.** However, reliable detection
sensitivity is difficult to obtain with these methods due to the
difficulty in signal interpretation caused by the low efficiency
and high background signal, which results in difficulty in
meeting clinical testing requirements.**

In this study, we developed a bisulfite-free, multiplex-specific
terminal mediated methylation PCR (multi-STEM MePCR) with
high sensitivity and specificity. In the multi-STEM MePCR system,
various methylated templates are simultaneously treated in one
tube and first digested by an MDRE, and then, the products are
captured by corresponding tailored-foldable primers (TFPs). This
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setup facilitates a specialized multiplex PCR using a universal
primer (UP) and various terminal-specific primers (TSPs).

Owing to the high specificity of MDRE digestion and STEM-
MePCR,* no non-specific amplification occurs on the unme-
thylated templates, and no false-positives are generated.
Moreover, the ingenious primer design and strategic primer
combinations effectively mitigate cross-reactions and competi-
tive interactions among sites with significant methylation level
variations. Therefore, the multi-STEM MePCR system is ex-
pected to overcome the challenges previously faced in multiplex
methylation detection.

Results and discussion

The basic principles of the multi-STEM-MePCR system for
methylation detection

The principle of the multi-STEM-MePCR system is shown in
Fig. 1. The system consists of three stages, namely, MDRE
cutting, TFP-mediated intramolecular folding, and multiplexed
amplification. At the first stage, various methylated DNA
templates were cut by an MDRE at specific sites to produce the
specific 5-end products while keeping the unmethylated
templates intact. At the next stage, the TFPs with tailored
designs were specifically bound with the treated templates and
extended by Taq DNA polymerase to generate linear extension
products.

For the methylated targets, the elongation reactions were
stopped at the cutting sites to form products with a definite
sequence at the 3’ end. Then, the extension products self-folded
to form partial stem-loop structures (HP1) via intramolecular
binding, and further extended to form complete hairpin struc-
tures (HP2). However, for the unmethylated templates, the
extension of TFPs will not terminate at the precise location,
which then results in the addition of a long sequence to the 3’
end. The 3’ end of subsequent HP1 remains in an unbound
state, leading to the failure of HP2 generation. Thus, each of the
generated HP2 structures contains two universal regions (UR1
and UR2) that can be further used as a primer region to trigger
an exponential PCR amplification, resulting in the efficient
detection of methylated targets.

Finally, at the multiplexed amplification stage, different
HP2s that were formed from multi-methylated targets were
opened by a unique TSP, which consisted of several specific
bases on the 3’ end and universal bases on the 5’ region. The
TSPs preferentially hybridize to the stem of HP2s due to the
high concentration, resulting in stem-loop unwinding and the
generation of a linear template via TSP extension, which ends at
an extension blocker on HP2. The linear templates, generated
from different HP2s, can be amplified by UP (as in UR1) and
specific TSPs to generate a PCR signal, thereby enabling the
multiplexed detection of DNA methylation.

Design philosophy and optimization of the multi-STEM-
MePCR system

Specifically, the key to achieving multiplexed detection of
methylated targets is the TFP with a unique design pattern. The

Chem. Sci., 2025, 16, 12812-12822 | 12813


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01429h

Open Access Article. Published on 10 juin 2025. Downloaded on 16/10/2025 05:21:34.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

MDRE Cutting

Various methylated sites Methylated site

(FRC =»3' i
¢ CFR_{URZS’ L

o
e

%
e 2
Selr’ pr/m/ng ‘

"‘xfkj

Cut at 5SmC-site

c “URZE 3’
HP2 PR <URZIS’
‘e

Methylated site  Un-methylated site MDRE

TFP capture

Un-methylated site

View Article Online

Edge Article

Multiplex amplification

All universal bases A few specific bases

Multi-targets Specific amplification

TSP 1

B

Target n("m' ORZE-=3'
{FRTRZ 5"

’—_ Extension !
blocker !
5'-IUED-» 3’

No cross-reaction No competition

Fig. 1 Schematic illustration of the multi-STEM-MePCR system to detect multi-loci of DNA methylation.

design philosophy of the multi-STEM-MePCR system with
defined parameters is shown in Fig. 2A. The reaction is initiated
by the cleavage of methylated templates, producing digested
fragments with different lengths from 28 bp to 150 bp that
mainly consist of three regions: the capture region (CR), the
probe region, and the folding region (FR). Then, the cutting
product is captured by the TFP, which consists of five regions (5’
- 3'): universal region 2 (UR2), FR, extension blocker, universal
region 1 (UR1), and capture complementary region (CRc).

As shown in Fig. 2B, the extension of the TFP ends at the
cutting location, which subsequently generates a linear exten-
sion product with the complementary sequence of FR (FRc). The
FR and FRc of the extension product participate in intra-
molecular binding with high affinity to generate a partial stem-
loop structure (HP1), which then initiates self-priming to create
a complete stem-loop structure (HP2), with a sequence
complementary to the TSP. Although the intramolecular hairpin
conformation of HP2 exhibits a higher thermodynamic stability
than its intermolecular hybridization with the TSP, the signifi-
cantly higher concentration of TSP induces a concentration-
dependent conformational transition, promoting strand
displacement and providing the thermodynamic impetus for
initiating the downstream amplification process.

The TFP extension is a linear reaction; therefore, the TFPs
can operate with high efficiency at low target concentrations,
reducing the total amount of primers required and further
avoiding cross-reactions among various TFPs through the use of
an extension blocker. During the amplification stage, multiple
generated HP2s are amplified by a single UP and multiple TSPs
with high specificity.

All the TSPs share the same sequence at the 5’ end with only
a few specific bases at the 3’ end. Therefore, each HP2 can only
be selectively opened and amplified by its corresponding TSP,
avoiding competition among various targets in multiplexed

12814 | Chem. Sci, 2025, 16, 12812-12822

PCR. Ingeniously, the combination of a UP and TSPs greatly
reduces the sequence diversity and cross-reaction of primers in
the multiplexed PCR, providing an excellent and clinically
accessible platform for multiplexed methylation detection.

According to the principle of multi-STEM-MePCR, the crit-
ical step of the reaction is the self-folding of the linear extension
product of TFP (HP1), which acts as the initiator for subsequent
exponential amplification. The efficiency of the self-folding
process depends on the thermodynamic stability of HP1,
which is related to the length and GC content of the FR. To
clarify the relationship between the detection performance and
different folding lengths of the FR, methylated Septin9 plas-
mids (shown in Fig. S11), which are related to colorectal cancer
(CRC),* were used as model methylated templates. TFPs with
different lengths of the FR from 7 to 17 nt were designed to
study the amplification efficiency using the C, value with
different template concentrations (10®> to 10° copies per
reaction).

As shown in Fig. 2C, the methylated templates were ampli-
fied by each TFP with varying efficiencies. As the FR length
increased from 7 to 17 nt, the C, values decreased by approxi-
mately ten at 10° copies per reaction of plasmids, indicating
that longer FR lengths lead to higher amplification efficiency.
Moreover, there is no amplification at low concentrations (100
copies) when the length is less than 12 nt, indicating that a long
FR plays a critical role in ensuring high sensitivity.

To further explore the thermodynamic parameters of HP1,
the melting temperature (Ty,) and Gibbs free energy (AG) of the
HP1s with different FR lengths were calculated using the IDT
OligoAnalyzer Tool (Table S21). The HP1 with 17 bp has a low
AG (—6.16 kcal mol™', 65 °C), which can maintain the ther-
mostability under reaction conditions, but the AG gradually
increased in the shorter FR length, and the AG > 0 when the
length was decreased to nine bp, in which the P1 tended to form

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Multi-STEM-PCR amplification primer pattern. (B) The thermodynamic process of the TFP during template extension and folding
initiated by the extension product. (C) Effect of different FR lengths from 7 to 17 nt with the different primer sets. C; value as a function of template
concentration (10-fold serial dilutions of methylated plasmids from 10° copies per reaction to 102 copies per reaction) for different lengths of the
FR. The data are the average of three repeats, and error bars represent the standard deviation. (D) A histogram of the melting temperature (T,,,) of
HP1 and curve of the final amplification efficiency at different lengths on the FR. The efficiency was calculated by the equation £ = 2“7~ gnd
data were normalized by setting the value of 17t to 1. (E) The modification of the 2’Ome base on the FR of the TFP. The histogram of C; values at
TFPs with different numbers of 2’Ome bases on the FR. 1000, 250, and 50 copies per reaction of methylated Jurkat genomic DNA were tested. C;
= 40 denotes no amplification; N/17: N denotes the number of 2’Ome bases and 17 denotes the total length of the FR. (F) The mechanism of
inhibition of non-specific amplification using the 2’Ome modified bases on the FR of the TFP. (G) Agarose gel electrophoresis map of different

2'Ome-modified TFPs at 50 copies per reaction of methylated genomic DNA.

a linear structure, resulting in low efficiency of the reaction. As
shown in Fig. 2D, the amplification efficiency of the system
exhibited an exponential correlation with the length of the FR.
Furthermore, the T;,, of HP1 decreased markedly when the FR
length was reduced to nine base pairs or fewer, which rendered
it insufficient to support stable self-priming at the PCR
annealing temperature. As a result, amplification efficiency
decreased by more than 100-fold compared to that with a 17 bp
FR, underscoring the critical role of FR length in achieving high
detection sensitivity.

As mentioned above, the binding affinity of the FR is crucial
for maintaining the efficiency of the amplification reaction.
However, for TFPs with a high T, of HP1, the amplification of
genomic DNA at low concentrations was completely inhibited,
and strong non-specific bands were observed (Fig. S2At). It was
observed that excessively long lengths and high GC content of
the FR could trigger non-specific amplification. This occurs
through the random binding of the CRc and FR on the TFP, as
illustrated in the schematic diagram at the lower left corner of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 2G. This leads to self-folding of the TFP, thereby triggering
non-specific amplification bands (Fig. S2Ct), which closely
resemble the sequence of PCR products from specific amplifi-
cation (Fig. S2BY).

In detail, to achieve multiplexed detection in the design of
the multi-STEM-MePCR, both the sequences of the UP and TSP
introduced into TFP. This results in the self-folding of the TFP
and production of an analogous HP2, which can then be further
amplified by the pair of primers, resulting in non-specific
amplification products. This phenomenon is attributable to
the significantly high concentration of the TFP (5-10 nM),
which increases the probability of non-specific amplification
despite the inherently low affinity of random binding (as shown
in Fig. S371). It was indicated that the sensitivity of the system
would be reduced by competitive inhibition from non-specific
amplification, and more importantly, the risk of non-specific
amplification would be further enhanced in a multiplexed
reaction (more TFPs), which would ultimately deteriorate the
multiplexed property of the system.

Chem. Sci., 2025, 16, 12812-12822 | 12815


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01429h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 juin 2025. Downloaded on 16/10/2025 05:21:34.

(cc)

Chemical Science

To avoid non-specific amplification, 2’-O-methyl (2'Ome)-
modified bases that can block the extension of Taq poly-
merase*” were introduced into the FR to inhibit the self-priming
of the TFP (shown in Fig. 2F). The effect of these modifications
on the FR was systematically studied using TFPs (FR of 17 bp)
with different numbers of 2'Ome-modified bases. As shown in
Fig. 2E, the C; values of TFPs with different modification
patterns (0/17, 7/17, 10/17, 12/17, 14/17, 17/17, 2’Ome bases/
total bases) were compared in a histogram. When the FR was
fully modified by 2'Ome bases (17/17), the amplification was
completely inhibited, demonstrating the ability of 2’Ome bases
to block primer extension by Taq polymerase. Decreasing the
number of 2’Ome bases to ten resulted in a gradual improve-
ment in amplification efficiency. However, further reduction of
2'Ome bases to zero led to a decline in efficiency, especially at
the low template concentration of 50 copies per reaction. These
findings indicate that an appropriate pattern of 2’Ome modifi-
cation on the FR is critical for achieving optimal amplification
efficiency.

To further explore the amplification status at low concen-
trations, the PCR products of all TFPs at 50 copies per reaction
were analyzed by agarose gel electrophoresis. As shown in
Fig. 2G, TFPs without 2'Ome bases exhibited only non-specific
bands, while the intensity of the specific target bands
increased with the addition of 2’Ome bases. Non-specific
amplification was totally inhibited at 10/17 TFP. However, as
the number of 2'Ome bases further increased, the intensity of
specific bands decreased, and even disappeared, which sug-
gested that maintaining at least seven normal bases is essential
for ensuring the extension properties of Taq polymerase.

Overall, the addition of 2’Ome bases to the FR region of TFPs
inhibited the extension of Taq polymerase on the FR, prevented
the formation of analogous HP2 byproducts by the self-folding
of TFP, and eliminated non-specific amplification. However,
excessive 2'Ome bases on the FR can also inhibit the normal
self-priming of HP1. Thus, a certain design pattern of the FR
(seven normal bases + ten 2'Ome bases) should be maintained
to ensure the sensitivity of the system.

Sensitivity and detection performance of the multi-STEM-
MePCR system

The TFP, optimized for parameters, was selected to validate the
detection performance of methylation using the Septin9 gene as
a model. As shown in Fig. 3A, methylated templates were
quantitatively detected across a range from 10 to 5000 copies
per reaction, with C, values showing a linear correlation with the
logarithm of the number of templates (logarithmic correlation
coefficient R* = 0.994). The PCR products were further analyzed
via agarose gel electrophoresis assay. An excepted single band
can be seen for the positive groups, while no band in the
negative group (Fig. 3B) indicates the high specificity of the
primer groups on whole genomic sequences.

To further explore the detection limit of this system, 20
replicates with various copy numbers (40, 20, 10, and 5 copies
per reaction) were analyzed. As shown in Fig. 3C, 100% of the
replicates were positive, with 10 to 40 copies per reaction, while

12816 | Chem. Sci, 2025, 16, 12812-12822
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90% were positive at five copies per reaction. These results
indicate that the multi-STEM-MePCR system robustly performs
with rare templates, achieving a limit of detection of at least ten
copies per reaction, which is comparable to digital PCR and
represents the ultimate sensitivity of real-time fluorescence
quantitative PCR technology. Furthermore, to simulate actual
sample conditions with a high background of unmethylated
DNA, methylated genomic DNA was serially diluted with 10 000
copies per reaction of unmethylated DNA.

All samples contained different ratios of methylated
templates ranging from 50% to 0.1%, and demonstrated good
linear correlation between C, values and the logarithm of
methylation ratios (R> = 0.996). The system reliably detected
methylation ratios as low as 0.1%, with satisfactory repeatability
and no cross-reaction on unmethylated templates, as evidenced
by amplification curves (Fig. 3D) and gel electrophoresis
(Fig. 3E). Additionally, the multi-STEM-MePCR system per-
formed well using genomic DNA from CRC tissue samples, with
detection accuracy matching that of bisulfite sequencing
(Fig. 3G and Table S37).

To demonstrate the universality of the developed multi-
STEM-MePCR system, methylated sites in the RASSF1 and
SDC2 genes, associated with lung cancer*® and CRC,* respec-
tively, were employed to establish distinct detection assays.
Methylated templates, ranging from 10 to 5000 copies per
reaction, were successfully detected in RASSF1 and SDC2
through amplification curves and gel electrophoresis, yielding
the expected specific sequences (Fig. S4 and S5t). As shown in
Fig. 3F, the quantitative performance at two CpG sites was
further evaluated by constructing standard curves correlating C,
values with the logarithm of copy numbers, revealing robust
linear relationships for RASSF1 (R* = 0.991) and SDC2 (R*> =
0.999). These results, characterized by low standard deviation in
repetitions and high correlation coefficients, underscore the
multi-STEM-MePCR system's superior repeatability and quan-
titative accuracy across different methylation targets, confirm-
ing its universality and laying a strong foundation for
subsequent multi-target detection.

Notably, the methylation detection was initiated by MDRE
digestion, in which many methylated CpG sites on templates
could be cut to ultimately generate a large number of fragments
with various lengths. For some MDREs, such as Msp]JI and
FspEI, the resulting template lengths were notably short, even
as low as 28 bp,*® which are typically unsuitable for PCR. To
assess the performance of the multi-STEM-MePCR system with
these challenging conditions, templates ranging from 75 bp to
28 bp were synthesized to simulate digestion products with
different sizes (Fig. 3H).

As shown in Fig. 31, the target bands in the gel after elec-
trophoresis were observable across all template lengths
(approximately 100 copies), with the variation trend in the
length of the amplified products precisely mirroring that of the
templates. This indicates the exceptional size flexibility in
multi-STEM-MePCR-based methylation detection, and its
ability to process a wide range of fragment lengths. This not
only ensures the detection of multiple targets but also offers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Real-time amplification curves of the CpG site in the Septin9 gene with serially diluted methylated Jurkat genomic DNA at 5000, 1250,

250, 50, and 10 (copies per reaction), with free water as a negative control (NC). Standard curve of C; values and template concentrations from
5000 to 10 (copies per reaction). The data are the average of three repeats, and the error bars represent the standard deviation. The data were
fitted by linear regression (R? = 0.994). (B) Agarose gel electrophoresis map of PCR products from different concentrations of methylated DNA
and the NC. (C) C, values of 20 replicates and the positive rates of STEM-PCR with 5, 10, 20, and 40 copies per reaction of input methylated DNA.
(D) Real-time amplification curves of the CpG site in the Septin9 gene with different ratios of methylated DNA (50%, 12.5%, 2.5%, 0.5%, 0.1%, and
0%) in a background of 10 000 copies of unmethylated DNA (Jurkat DNA). Standard curve of C; values and methylation ratios from 50% to 0.1%.
The data were fitted by linear regression (R = 0.996). (E) Agarose gel electrophoresis map of PCR products from different ratios of methylated
DNA and the NC. (F) Standard curves of methylation sites on the RASS-F1 (R? = 0.991) and SDC2 genes (R? = 0.999), respectively. (G) Line chart of
C; values (STEM PCR system) of 10 ng genomic DNA, and methylation ratios measured by NGS of the CpG site in the Septin9 gene from 14
colorectal cancer (CRC) samples. (H) The digestion of the MDRE on each of two adjacent methylation sites would produce DNA fragments of
varying lengths, and fragments of each length, even as low as 28 bp, can be captured and amplified by the TFP. (I) Agarose gel electrophoresis
map of PCR products from templates with different lengths, from 28 bp to 75 bp.

a potential amplification method for nucleic acids with
extremely short lengths.

Multiplexed detection performance of the multi-STEM-
MePCR system

The multiplexed detection of methylation sites in one tube has
great clinical significance, as mentioned above, especially for
samples with a low abundance of genomic DNA. The design of
the TFP is a key factor in maintaining the high-efficiency
multiplex amplification performance of the multi-STEM
MePCR system. The TFP incorporates sequences from TSP
and UP1. However, undesired cross-hybridization between the
TFP and either UP1 or TSP can trigger significant non-specific
amplification.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To mitigate this risk, we introduced Spacer 18 and 2'Ome
modification at the central and FRs of the TFP, respectively, to
block unintended primer extension and cross-amplification. To
verify the effectiveness of these modifications in inhibiting Taq
polymerase activity, three single-stranded DNA templates were
designed: unmodified, Spacer 18-modified, and 2'Ome
modified. As shown in Fig. 4A, the unmodified template
underwent efficient amplification, whereas no amplification
was observed in the templates containing either Spacer 18 or
2'Ome. These results demonstrate that both modifications
effectively inhibit polymerase extension and reduce the risk of
cross-amplification in subsequent multiplex reactions.

For a proof-of-concept, the properties of the multi-STEM-
MePCR system at multiplexed targets, including three
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CpG sites on SDC2 gene

(A) Mechanism of TFP-mediated suppression of primer cross-amplification and validation of the extension-blocking performance by

Spacer 18 and 2’Ome modifications. (B) Triple real-time amplification curves of multi-STEM-PCR on methylated sites of the Septin9, RASSF1, and

SDC2 genes. Serially diluted methylated Jurkat genomic DNA at 1000,

250, and 50 copies per reaction were tested in the multi-STEM-PCR

system, with free water as a negative control (NC). (C) Capillary electrophoresis of PCR products in the single and triple multi-STEM-PCR systems.
(D) Comparison of C; values between single (smooth bar) and triple (diagonal bar) reactions of the multi-STEM-PCR system at 1000, 250, and 50
copies per reaction. The data are expressed as the mean + SD (n = 3). (E) Multiplex amplification results of different CpG sites on the SDC2 gene.

methylated targets from the Septin9, RASSF1, and SDC2 genes,
were examined in one tube using 1000, 250, and 50 copies per
reaction of methylated genomic DNA with a triple repeat. As
shown in Fig. 4B, the three methylation sites can all be detected
from 1000 to 50 copies per reaction with good repeatability via
the amplification curves, demonstrating the strong feasibility of
multi-STEM-MePCR for simultaneous multiplexed methylation
detection. Further analysis via capillary electrophoresis (Fig. 4C)
revealed that the peak values for each CpG site in the triplex
system closely matched those from single-plex systems, under-
scoring its excellent multiplexing efficiency.

To further evaluate the efficiency of the multiplexed system,
the amplification results of the triplex detection system were
compared with those from a single-plex reaction system. As
shown in Fig. 4D, there is no significant difference in C, values
between the single-plex and triple-plex systems from 1000 to 50
copies per reaction at each site. The triplex and single-plex
amplification systems demonstrate uniform amplification effi-
ciency at each site, suggesting that primers can reach the
optimal amplification performance without cross-interference
from the components of the multiplex reaction.

The excellent performance in multiplexed detection by the
multi-STEM-MePCR system was obtained by relying on the
primers TFP, UP, and TSP. The function of TFPs involves
a linear reaction, in which TFP molecules operate with high and
uniform efficiency at lower concentrations. Modifications, such
as extension blockers and 2'Ome bases assist in minimizing
cross-reactions among different TFP molecules, as well as TFPs

12818 | Chem. Sci,, 2025, 16, 12812-12822

with other primers. The exponential amplification of multiplex
targets is facilitated by UPs and TSPs, where the complexity of
the primers is significantly reduced through the use of universal
bases. This reduction in complexity further reduces cross-
reactivity among primer pairs, thereby ensuring robust
multiplex-detection capability of the multi-STEM-MePCR
system.

Multiplex detection of multiple methylation sites within
a single gene offers significant clinical utility for the diagnosis
of specific cancer types. Accordingly, SDC2, a gene frequently
associated with CRC, was selected as the target for further
analysis. Three adjacent methylation sites within the SDC2
promoter region were simultaneously analyzed using the
established multi-STEM-MePCR system. As illustrated in
Fig. 4E, all three methylation sites were consistently and
sensitively detected at input levels of 1000, 250, and 50 copies
per test. These results demonstrate the system's robustness in
detecting multiple epigenetic markers within a single gene and
underscore its potential for clinical application in methylation-
based diagnostics.

More importantly, unlike the traditional multiplexed detec-
tion of genomic DNA, where the copy number of different loci is
the same, the methylation ratio significantly varies from site to
site, sometimes by more than 100-fold. This variation in
concentration can impact the performance of multiplexed
detection (competitive inhibition) due to competition among
targets (Fig. 5A).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To address this, we propose a TSP with a tailored design to
reduce the competition in the multiplexed reaction by intro-
ducing considerable differences in the methylation ratio. There
are several specific bases from the FR at the 3’ end of the TSP. In
the multiplexed reaction, different targets are independently
amplified by the corresponding TSP and UP, thus reducing
competition among different loci. To validate the theoretical
assumptions and the irreplaceability of TSPs in the multiplexed
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system, a control primer without 3’ specific bases (UP2) was
designed, where all targets were amplified by the two universal
primers, similar to conventional universal primer designs
(Fig. 5B). Specifically, the methylated plasmids containing the
Septin9 gene were diluted from 10" copies to 10 copies against
a background of RASSF1 plasmids (10* copies) to simulate
samples with varying concentration gaps between targets.

Methylation level variation Competitive inhibition
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Fig. 5 (A) Diagram illustrating the competitive reactions arising from differential methylation at various sites within a multiplex system. (B) The
schema of the TSP system: the different HPs were opened by specific TSPs, and further amplified by TSPs and the UP. The UP system: the
different HPs were all opened by UP1, and further amplified by UP1 and UP2. The amplification curves of serially diluted Septin9 methylated
plasmid at 10%, 103, and 102 copies per reaction with a background of 10 copies of RASS-F1 methylated plasmid in the (C) TSP system and the (D)
UP system. (E) Comparison of C, values from Septin9 at 10%, 10%, and 10 (copies per reaction) within 10* of RASSF1 between the TSP and UP
systems. The amplification curves of serially diluted RASSF1 methylated plasmid at 10%, 103, and 102 (copies per reaction) with a background of
10* copies of the Septin9 methylated plasmid in the (F) TSP system and the (G) UP system. (H) Comparison of C; values from RASS-F1 at 104, 103,
and 102 (copies per reaction) within 10* of Septin9 between the TSP and UP systems. The data are expressed as the mean =+ SD (n = 3), p-values:

45 < 0.01, ***p < 0.001.
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As shown in Fig. 5C, all curves of the RASSF1 gene almost
overlap, indicating the same background genes, and the S-
standard amplification curves of the Septin9 gene can be ob-
tained from 10 to 10® copies per reaction in the TSP system,
demonstrating the excellent amplification efficiency of targets
at low concentrations. However, in the system with two
universal primers (the UP system) shown in Fig. 5D, the
amplification curves of methylated Septin9 exhibit a suppressed
state at low concentrations, where the amplification of 100
copies is nearly completely inhibited under the RASSF1 gene
background, indicating the strong competitive reactions
induced by high-concentration targets.

Further comparison of C, values (Fig. 5E) reveals that across
all concentrations, the C, values of the TSP system were
consistently lower than those of the UP system. This suggests
that the design strategy of the TSP system not only mitigates
competitive inhibition in multiplex reactions but also signifi-
cantly improves the amplification efficiency. Similarly, when
Septin9 plasmids were used as the background and the RASSF1
plasmids were diluted as the target, the same results were also
obtained (Fig. 5F and G).

In Fig. 5H, under a concentration gradient, the TSP system
demonstrates a reduction in C, values as compared to the UP
system, further corroborating the enhanced performance of the
system. In the UP system, the universal primers are preferen-
tially exhausted by the targets with high concentration, which
ultimately inhibits the amplification of other low-abundance
targets. However, in the TSP system, different targets were
amplified by specific TSPs and a UP, without any interaction
among the targets at the multiplexed amplification stage, thus
avoiding the inhibition of targets at low concentration and
ensuring the sensitivity of the system for different methylated
targets. The multi-STEM-MePCR demonstrates excellent
performance in methylation detection, especially for multi-
targets with various methylation levels, and provides a power-
ful tool for the clinical application of methylation detection.

Conclusions

In this study, we describe a bisulfite-free, multiplexed methyl-
ation detection strategy, termed multi-STEM MePCR, which
offers significant advantages over previous bisulfite-based
methods. This technique demonstrates excellent quantitative
capability, eliminates the need for cumbersome bisulfite pre-
treatment, and reduces overall the reaction time to under
three hours. Additionally, UDG, an antifouling reagent, can be
used without any hesitation to overcome the limitations of
bisulfite-conversion-based methylation methods in this regard,
which is highly favored in clinical applications.

Remarkably, this method can reliably detect as few as ten
copies of rare analytes and 0.1% of methylated targets against
a background of 10000 copies of unmethylated alleles, per-
forming comparably to or even better than the most sensitive
methods currently available. The system's flexibility with size
allows it to virtually cover the entire range of MDRE digestion
products, demonstrating excellent design universality. More
importantly, the multi-STEM MePCR system serves as a robust

12820 | Chem. Sci., 2025, 16, 12812-12822
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multiplexed detection platform, where the cross-reaction and
competition among different targets in one tube are effectively
eliminated, enabling the highly efficient detection of multiple
methylated targets even with varying methylation levels. This
developed multi-STEM PCR technology paves a new and
promising path for multiplexed methylation detection and is
critical for basic research in epigenetics and the clinical appli-
cation of DNA methylation.
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