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Abstract

Background

Analysis of CpG methylation is informative for cancer diagnosis. Previously, we developed a novel
method to discriminate CpG methylation status in target DNA by blocking recombinase
polymerase amplification (RPA), an isothermal DNA amplification technique, using methyl-CpG
binding domain (MBD) protein 2 (MBD2). The method was named MBD protein interference-
RPA (MBDi-RPA). In this study, MBDi-RPA was performed using methyl-CpG binding protein 2
(MeCP2), another MBD family protein, as the blocking agent.

Results

MBDi-RPA using MeCP2 detected low levels of CpG methylation, showing that it had higher
sensitivity than MBDi-RPA using MBD2. We also developed real-time RPA, which enabled rapid
analysis of DNA amplification without the need for laborious agarose gel electrophoresis and used
it in combination with MBDi-RPA. We termed this method real-time MBDi-RPA. The method
using MeCP2 could determine the abundance ratio of CpG-methylated target DNA simply and
rapidly, although highly sensitive detection was challenging.

Sienificance and Novelty

Real-time MBDi-RPA using MeCP2 could be potentially useful for estimating CpG methylation

status in target DNA prior to more detailed analyses.
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1. Introduction

Aberrant CpG methylation is observed in various diseases [1]. Methylation of CpG islands, which
are DNA regions containing abundant CpG sites, is associated with many malignancies including
liver, lung, colon, and blood cancers [2-6]. CpG methylation analysis is thus useful for the
diagnosis of tumors and the design of medical treatments [7, 8].

Several methods for detecting CpG methylation status have been developed. Bisulfite
treatment followed by methylation-specific PCR (MSP) [9] or pyrosequencing [10, 11] are
bisulfite-based methods for the evaluation of CpG methylation. Enzyme-based methods rely on
methylation-sensitive restriction enzyme(s) (MRE). In these methods, DNA regions that are not
cleaved by MREs (i.e., CpG-methylated regions) are analyzed by PCR or next generation
sequencing (NGS) for genome wide analysis [12]. Immunoprecipitation-based methods, such as
methylated DNA immunoprecipitation (MeDIP), can enrich DNA regions including methylated
CpG sites in the genome. These methods use methyl-CpG binding domain (MBD) proteins, such
as MBD2 and methyl-CpG binding protein 2 (MeCP2), to capture methylated CpG [13, 14].
Immunoprecipitated DNA can be analyzed by PCR or NGS. Among these methods, bisulfite
treatment followed by MSP is the most widely used technique. However, it requires bisulfite
treatment and the design of primers specific for bisulfite-converted DNA. In addition, bisulfite
treatment is time-consuming and damages DNA [15].

Recombinase polymerase amplification (RPA) is an isothermal method that amplifies
target DNA at 37°C for 10-20 min [ 16]. We previously developed a bisulfite treatment-free method
for analyzing CpG methylation status in template DNA in which RPA is used for DNA
amplification [17]. In this method, named MBD protein interference-RPA (MBDi-RPA), target

DNA is amplified by RPA in the presence of MBD proteins (e.g., MBD2, Fig. 1). If the CpG sites



of target DNA are methylated, MBD proteins will bind to the sites and block extension of DNA
polymerases from primers. Although this method is simple and time-efficient, the number of CpG-
methylated sites necessary for blocking extension of DNA polymerases (i.e., DNA amplification)
remains unclear.

In this study, we examined the reaction properties of MBD proteins in MBDi-RPA. We
found that MeCP2 was more suitable for MBDi-RPA than MBD2. We also established a novel
real-time RPA protocol to evaluate target DNA amplification simply and rapidly and combined it
with MBDi-RPA. This method was termed real-time MBDi-RPA. The present results demonstrate

that real-time MBDi-RPA is a simple method for estimating CpG methylation status in target DNA.



2. Experimental section

2.1. Oligonucleotides

Oligodeoxyribonucleotides (ODNs) were chemically synthesized (Eurofins Genomics, Tokyo,
Japan) and used as primers. Dual-labeled oligoribonucleotides (ORNs) were chemically
synthesized and purified by high-performance liquid chromatography (FASMAC, Kanagawa,

Japan). The ODNs and ORNs used in this study are listed in Table S1.

2.2 Preparation of template DNA (plasmid DNA and genomic DNA)

Template DNA including 5, 10, or 20 CpG sites (CpG_5, CpG_10, and CpG_20) was generated
by a DNA synthesis service (Eurofins Genomics). Template DNA including 1 CpG site (CpG_1)
was prepared as described previously [17]. DNA was CpG-methylated using the CpG
methyltransferase M.Sssl (#M0226, New England Biolabs, Ipswich, MA, USA) as described
previously [17]. CpG-methylated and -unmethylated CpG 2 was previously prepared [17].
HCT116 genomic DNA (gDNA) prepared previously [17] was used in this study. EpiScope
Methylated HCT116 gDNA (highly methylated in vitro, #3522, Takara Bio, Shiga, Japan) and
EpiScope Unmethylated HCT116 DKO gDNA (CpG-methylation: < 5%, #3521, Takara Bio) were
used as CpG-methylated and -unmethylated gDNA, respectively. We calculated the copy number

of a target DNA from the length and concentration of DNA.

2.3. MBD proteins
The MBD2 protein (1 pg/uL) in the EpiXplore Methylated DNA Enrichment Kit (#631963, Takara
Bio) was used for MBDi-RPA. The MeCP2 protein (4 pg/ul) was purchased from Diagenode

(#C02020012, Seraing, Belgium). For MBDi-RPA, the MeCP2 protein was adjusted to a



concentration of 1 pg/uL with phosphate buffered saline (PBS) containing 10% glycerol (v/v).

2.4. MBDi-RPA reactions

RPA was performed using a TwistAmp Basic Kit (#TABASO3KIT, TwistDx, Maidenhead, UK) as
described previously [17]. Briefly, a pre-reaction mixture was prepared by adding 29.5 pL of
rehydration buffer, 2.5 uL of each primer (10 uM), and 5.5 pL of nuclease-free water to one freeze-
dried component. An aliquot (16 pL) of the pre-reaction mixture was mixed with MBD2 (0.5 pg)
or MeCP2 (0.5 and 2 pg for Figs. 3 and 2, respectively), template DNA [plasmid DNA (1 pg) or
gDNA (20 ng)], and nuclease-free water, resulting in a final volume of 19 pL. After incubation at
37°C for 10 min, 1 pL of MgOAc (280 mM) was added to the mixture (20 pL in total). The reaction
mixture was further incubated at 37°C for 10—30 min. RPA products were purified using the
FastGene PCR/Gel DNA Purification Kit (#FG-91302, Nippon Genetics, Tokyo, Japan) if
necessary and electrophoresed on 2% agarose gels. As to Fig. S3, RPA products were subjected to

real-time PCR as described below.

2.5. Real-time PCR of RPA products

RPA products were diluted with distilled water (1,000-fold dilution) and used for real-time PCR
with THUNDERBIRD Next SYBR qPCR Mix (#QPX-201, Toyobo, Osaka, Japan) according to
the manufacturer’s instructions. Briefly, 5 uL of THUNDERBIRD Next SYBR qPCR Mix, 0.3 pL.
of each primer (10 uM), and 2 pL of diluted RPA sample were mixed to a final volume of 10 pL.
Real-time PCR was performed using the CFX Connect Real-Time PCR Detection System

(#1855201J1, Bio-Rad Laboratories, Hercules, CA, USA). The PCR cycles were as follows: hold

95°C for 30 sec, 40 cycles of 95°C for 5 sec and 60°C for 10 sec.



2.6. DNA sequencing analysis
DNA sequencing analysis was performed by a DNA sequencing service (Eurofins Genomics).
DNA sequencing data were analyzed with SnapGene Viewer

(https://www.snapgene.com/snapgene-viewer).

2.7. Real-time RPA/MBDi-RPA

A pre-reaction mixture for RPA was prepared as described above. An aliquot (16 pL) of the pre-
reaction mixture was mixed with 0.4 pL or 1 pL of a dual-labeled ORN (10 uM), 0.5 pL of
Thermostable RNaseH (#M0523, New England Biolabs), and template DNA [plasmid DNA (1 pg)
or gDNA (32-0.02 ng)] to a final volume of 19 pL in Multiplate 96-Well PCR Plates (#¥MLL9651,
Bio-Rad). After adding 1 pL of MgOAc (280 mM), the reaction mixture was incubated at room
temperature for 4 min, mixed, and then incubated for 30 min using the MiniOpticon Real-Time
PCR Detection System (#CFD-3120J1, Bio-Rad Laboratories). For real-time MBDi-RPA, 0.5 ug
(Fig. 5C) or 1 pg (others) of MeCP2 was additionally added to the reaction mixture while still
maintaining a final volume of 19 pL. Bovine serum albumin (BSA; supplied as a restriction
enzyme product supplement by Takara Bio) was added instead of MeCP2 as a negative control

protein. The reaction mixture was then incubated at 37°C for 10 min before addition of MgOAc.



3. Results and discussion
3.1. Discrimination of CpG methylation status by MBDi-RPA using different MBD proteins
MBDi-RPA using MBD2 can discriminate the CpG methylation status of target DNA containing
28 methylated CpG sites [17]. We examined the number of methylated CpG sites in the target DNA
required to block DNA amplification. To this end, we prepared template DNA containing 20, 10,
5, 2, or 1 CpG site(s) between primer annealing sites (CpG_20, CpG_10, CpG_5, CpG 2, or
CpG_1; Figs. 2A and S1). As shown in Fig. 2B and C, methylation of CpG 20 and CpG_10
suppressed DNA amplification completely and marginally, respectively, in the presence of MBD2.
By contrast, MBD?2 did not affect amplification of methylated CpG_5. These results suggest that
> 20 sites of methylated CpG are required to completely block DNA amplification by MBDi-RPA
using MBD2, which is consistent with previous results [17].

The MBD protein family consists of seven members, MBD1-6 and MeCP2 [18,19].
Among them, MBD2 and MeCP2 have been used to capture CpG-methylated DNA [13,14]. We
tested the efficacy of MBDi-RPA using MeCP2 and found that DNA amplification was completely
suppressed when CpG 20, CpG 10, CpG_5, and CpG 2 were methylated (Fig. 2D). DNA
amplification of methylated CpG 1 was slightly suppressed in the presence of MeCP2 (Fig. 2D).
To confirm the CpG methylation-specific suppression event, we used a mixture of CpG-
unmethylated CpG_20 and CpG-methylated CpG_10, or CpG-methylated CpG_20 and CpG-
unmethylated CpG_10, as the template (Fig. 2E). RPA amplified the target regions even in the
presence of MeCP2. DNA sequencing analysis of the amplicons confirmed that MeCP2 suppressed
DNA amplification only from CpG-methylated templates (Fig. 2F). These results demonstrate that
(1) MeCP2 specifically binds to CpG-methylated templates and suppresses DNA amplification in

MBDi-RPA, and (2) MBDi-RPA using MeCP2 is more sensitive for discriminating CpG



methylation status than MBDi-RPA with MBD2.

We evaluated the efficacy of MBDi-RPA using MeCP2 with gDNA extracted from human
cells. In this experiment, we analyzed the CDKN24 genes (p/4ARF and p16INK4A) of the human
colorectal carcinoma cell line HCT116, which are CpG-methylated on one allele and unmethylated
on the other one (Fig. 3A) [20]. The methylated and unmethylated alleles can be distinguished by
the presence/absence of single-nucleotide mutations (Figs. 3A and S2). As shown in Fig. 3B-E,
MBDi-RPA amplified the target regions of the p/4ARF and p16INK4A genes even in the presence
of MeCP2. DNA sequencing analysis confirmed DNA amplification from the unmethylated alleles
(Fig. 3C and E). The results suggest that MBDi-RPA using MeCP2 distinguishes the CpG
methylation status of gDNA extracted from cells as well as artificially prepared template DNA.

We showed that MBDi-RPA using MBD2 can estimate CpG methylation status when >
20 CpG sites are methylated (Fig. 2C). However, MBDi-RPA using MeCP2 can determine the
CpG methylation status even when only 2 CpG sites are methylated (Fig. 2D). Although both
MBD?2 and MeCP2 bind to methylated CpGs, their binding modes are different. MeCP2 tightly
binds to a single methylation site [21] and contains a transcriptional regulatory domain that plays
an important role in the regulation of gene expression [22]. By contrast, MBD2 does not have such
domains. In addition, MeCP2 has conformational adaptability and can change DNA conformation
when binding to CpG-methylated DNA [23]. These differences may affect the suppression of DNA
polymerase-mediated extension in RPA. Alternatively, quality, structure, or fused epitope-tags of
the recombinant proteins (MBD2 or MeCP2) may affect the suppression efficiency. Many of the
properties of recombinant proteins are not disclosed by their manufacturers, preventing a detailed
discussion of their properties. However, under the present experimental conditions, MBDi-RPA

using MeCP2 showed higher sensitivity for evaluating CpG methylation (Fig. 2). On the other



hand, if MBDi-RPA targets a region possessing > 20 CpG sites, MBD2 and MeCP2 will yield
comparable results. In fact, when we analyzed p/44RF and pl16INK4A regions (> 20 CpG sites,
each) with HCT116 gDNA by MBDi-RPA using MBD2, the unmethylated alleles were selectively
amplified [17]. Therefore, depending on the number of CpGs in a target region, either MBD2 or

MeCP2 should be used for MBDi-RPA.

3.2. Establishment of a real-time RPA system

Although MBDi-RPA is a useful method for evaluating CpG methylation status, the agarose gel
electrophoresis step remains laborious. To overcome this problem, we attempted to detect DNA
amplification by RPA using real-time PCR. As shown in Fig. S3, real-time PCR detected specific
DNA amplification by RPA. When the RPA products of methylated CpG_2 template DNA were
subjected to real-time PCR, an approximately 2-cycle delay of fluorescent amplification
(equivalent to a 75% reduction in DNA amplification) was observed when the amplification
reaction contained MeCP2 (Fig. S3). Such a delay was not observed for the RPA products of
unmethylated CpG_2 template DNA. These results are consistent with the results shown in Fig.
2D. However, real-time PCR is still time-consuming. We therefore attempted to establish a novel
real-time RPA detection system that does not require agarose gel electrophoresis or real-time PCR.
We previously showed that an ORN, a short RNA, hybridizes to its complementary sequence and
blocks DNA amplification in RPA reactions (Fig. 4A) [17]. Based on this property, we tested the
use of a dual-labeled ORN as a probe (Fig. 4B, left panel). In this experiment, RPA is performed
in the presence of a dual-labeled ORN and RNase H. If the dual-labeled ORN hybridizes to its
complementary sequence in an amplified region, RNase H will specifically cleave (degrade) the

ORN in the ORN/DNA hybrid, resulting in the emission of fluorescence. Because the hybridized



ORN is degraded, DNA extension is not blocked.

We first tested the feasibility of this detection system using HCT116 gDNA as the
template DNA. Because HCT116 cells harbor a KRAS G13D mutation, we designed two dual-
labeled ORNs, ORN KRAS G13D Probe and ORN_EGFR_CGS5 10 20 Probe; the former is
completely complementary to the G13D mutation sequence of the KRAS gene in HCT116 gDNA
(Fig. S4A—C and Table S1), and the latter is complementary to the artificial templates CpG_35,
CpG_10, and CpG_20 (Table S1). When the KRAS gene was amplified with HCT116 gDNA, the
ORN _KRAS G13D Probe partially inhibited the target DNA amplification (Fig. S4D). The
suppression was restored in the presence of RNase H (Fig. S4D), consistent with the schematic
diagram in Fig. 4B (left panel). We next measured the fluorescence emitted from the cleavage of
the dual-labeled ORN. Fluorescence signals were detected when the KRAS gene was amplified in
the presence of ORN _KRAS GI3D Probe but not ORN EGFR CGS5 10 20 Probe (an
irrelevant probe) (Fig. S4E). These results indicate that a dual-labeled ORN in the ORN/DNA
hybrid is specifically cleaved (degraded), and target amplification can be detected by monitoring
fluorescence emission.

Next, we performed real-time RPA with the template CpG 10 and
ORN _EGFR CGS5 10 20 Probe (Fig. S5A). ORN _EGFR CG5 10 20 Probe but not
ORN_KRAS G13D_Probe detected amplification of CpG_10 (Fig. 4C), confirming the target
selectivity of real-time RPA. As shown in Fig. 4D, fluorescence was emitted in a DNA
concentration-dependent manner [25-0.2 pg (8.3 x 10°-6.7 x 10* copies)]. Target-specific
amplification was confirmed by electrophoresis (Fig. S5B). Fluorescence detection was achieved
even with lower amounts of CpG_10 [0.2-0.008 pg (6.7 x 10*-2.7 x 10° copies), Fig. 4E]. Taken

together, the results indicate that real-time RPA using the combination of a dual-labeled ORN and

10



RNase H is feasible to detect amplification of target DNA in a sequence-specific manner.
Considering the signal intensity of 2.7 x 10° copies (Fig. 4E), we speculate that this system can
detect > 5 x 10? copies (further 5-fold dilution) of purified plasmid DNA. In addition, because
amplification of CpG_10 and KRAS was selectively detected by each dual-labeled ORN, this real-
time detection system can distinguish between widely different sequences. On the other hand, we
found that ORN_KRAS GI13D_Probe binds to the KRAS G13D sequence with greater affinity
than to the WT sequence (Fig. S6), which is consistent with the higher complementarity. These
results imply that discrimination of a single nucleotide difference is feasible, although additional

technical improvement will be necessary to achieve higher specificity.

3.3. Real-time MBDi-RPA for analyzing CpG methylation status

Next, we examined the feasibility of real-time MBDi-RPA (Fig. 4B, right panel). We first
investigated whether addition of additional proteins such as MeCP2 affect the real-time RPA
reaction. To test this, we performed real-time RPA in the presence of an irrelevant protein, BSA.
As shown in Fig. S7, fluorescence emission was reduced to some extent in the presence of BSA,
suggesting that the addition of irrelevant proteins partially inhibits the real-time RPA reaction.
Therefore, to interpret the results correctly, negative control reactions should be performed with
irrelevant proteins such as BSA. When real-time MBDi-RPA was performed with CpG-methylated
CpG_5 as the template DNA, MeCP2, but not BSA, completely inhibited fluorescence emission
(target amplification) (Fig. 4F and G). When a mixture of CpG-methylated and -unmethylated
CpG_5 (1:1 ratio) was used as template DNA, fluorescence emission was partially decreased in
the presence of MeCP2 (Fig. 4H). These results are consistent with those of MBDi-RPA (Fig. 2E)

and confirm that real-time MBDi-RPA is feasible for evaluating CpG methylation status rapidly.

11



We next examined the practical utility of real-time RPA/MBDi-RPA using gDNA. To this
end, we designed a dual-labeled ORN (ORN_pl4 Probe) targeting the p/4ARF gene (Fig. S§A).
Real-time RPA using the ORN _p14 Probe detected amplification of the p/44ARF gene in reactions
containing 32-0.5 ng (10,666—167 copies of the gene) of HCT116 gDNA in a dose-dependent
manner (Fig. 5A and B). Although the p/4ARF gene was detected in 0.2 ng (66 copies of the gene)
of the gDNA, the amplification signal was weak and could not be discriminated from the
amplification signal of 0.02 ng (six copies of the gene) of gDNA (Fig. S§B). Therefore, the
pl44ARF gene may not be detected accurately when low amounts of gDNA are used (< 0.2 ng).
Thus, for the detection of a single copy gene, the limit of detection sensitivity of real-time RPA
using gDNA would be 0.5-0.2 ng of gDNA (16766 copies of a target gene).

We next tested real-time MBDi-RPA with HCT116 gDNA. As shown in Fig. 5C,
fluorescence emission decreased in the presence of MeCP2 probably due to suppression of
amplification of the CpG-methylated p/44RF DNA. Real-time MBDi-RPA can evaluate the
presence of CpG methylation in target DNA simply and rapidly when > 50% of the target DNA is
CpG-methylated. When 20 ng of HCT116 gDNA was used as a template DNA, 0.2—1 ug of MeCP2
strongly suppressed amplification of the CpG-methylated p/44ARF while 2 ng suppressed it nearly
completely (Fig. S8C and D). Therefore, 1-2 pg of MeCP2 would appear to the optimal amount
for real-time MBDi-RPA with 20 ng of gDNA. Lastly, we examined the sensitivity of CpG-
methylated DNA detection by real-time MBDi-RPA using model gDNA. To this end, we mixed
commercially available CpG-methylated and unmethylated gDNA at different ratios (Fig. 5D).
Real-time MBDi-RPA discriminated between 100%, 90%, 30%, and 0% CpG-methylated DNA
containing the p/4ARF gene (Fig. SE). Fluorescent emission decreased in proportion to the

amounts of CpG-methylated DNA (Fig. 5F). Thus, real-time MBDi-RPA is potentially useful for
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obtaining rough estimates of the abundance ratio of CpG-methylated target DNA (i.e., at a level of
ca. 10%). It is of note that amplification of CpG-methylated gDNA in reactions containing 100%
of this template was not suppressed completely by MeCP2 (Fig. S5E). In this regard, because 1 pg
of MeCP2 did not completely suppress the amplification of the CpG-methylated p/44ARF (Fig.
S8D), amplification of methylated p/44RF would be detected. Therefore, although 1 pg of MeCP2
may be a practical amount for obtaining a rough estimate of the abundance ratio of CpG-
methylated target DNA, more of this protein is necessary to completely suppress amplification
(fluorescent emission) when gDNA is used as the template DNA.

Real-time MBDi-RPA using a dual-labeled ORN enables evaluation of the CpG
methylation status in a short time without electrophoresis (Figs. 4 and 5). Before the development
of this system, we considered using TwistAmp exo (TwistDX), a commercially available real-time
RPA reagent. However, there are few commercial companies that can synthesize an exo probe, a
specific probe for TwistAmp exo, and we cannot design an ideal exo probe. We therefore designed
a different real-time RPA system and demonstrated that it has certain advantages over the exo
probe system. First, synthesis of an exo probe is more expensive than that of a dual-labeled ORN.
Second, the design of an exo probe is complex. Third, a dual-labeled ORN can potentially
distinguish a single-nucleotide difference. The properties of the real-time methods for the detection
of CpG-methylated DNA are listed in Table 1 [24-30]. Real-time MBDi-RPA does not require
time-consuming bisulfite treatment or restriction enzyme digestion. However, in its current form,
real-time RPA/MBDi-RPA does not detect a target DNA/CpG methylation status with high
sensitivity. Therefore, its use will probably be limited to obtaining a rough estimate of CpG
methylation status in target DNA before performing more detailed analyses. In the present study,

we demonstrated that real-time MBDi-RPA was performant in estimating CpG methylation status
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in proof-of-concept studies using model DNA. An important aim of future research will be to
evaluate whether it can be used to evaluate the CpG methylation status of DNA of biological origin
under various physiological conditions. Additional assessments and technical improvements will
also be necessary before this novel system can be used for the real-time measurement of CpG

methylation.

14



4. Conclusions

In this study, we found that MBDi-RPA using MeCP2 can discriminate target DNAs containing
small numbers of CpG methylation sites. Therefore, MBDi-RPA using MeCP2 is more sensitive
for evaluating CpG methylation status of target templates than MBDi-RPA using MBD2. We also
established a real-time MBDi-RPA system that can analyze CpG methylation status within 30 min.
In its current form, this method is potentially useful for obtaining a rough estimate of CpG
methylation status in target DNA prior to more detailed analyses. CpG methylation of promoter
regions in tumor suppressor genes, such as CDKN2A, MLHI, RB1, and BRCA1, is involved in
cancer development [31-33]. By contrast, CpG demethylation of promoter regions in oncogenes,
such as CHRNB4 and S100A44, is also involved in cancer development [34, 35]. Thus, detection of
CpG methylation and demethylation events is informative for early cancer diagnosis and prognosis
prediction [36-39]. The clinical application of this method using biopsy specimens would be an

interesting future study.
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Table and figure legends

Table 1. Comparison of real-time methods for the detection of CpG-methylated DNA

Fig. 1. MBDi-RPA discriminates CpG methylation status.

Schematic diagram of MBDi-RPA using MBD proteins as blocking reagents. MBD proteins such
as MBD?2 bind to methylated CpG sites (stars) in target sequences, thereby inhibiting extension by
DNA polymerases (DNA amplification). MBDi-RPA can be used to discriminate CpG methylation

status in target sequences.

Fig. 2. MBDi-RPA using different MBD proteins.

(A) Schematic diagram of template DNA. Detailed sequences are shown in Fig. S1. (B)
Preparation of CpG-methylated or -unmethylated template DNA. (C) Results of MBDi-RPA using
MBD2 proteins. M, molecular weight marker. Amplified target DNA is indicated by arrowheads.
(D and E) Results of MBDi-RPA using MeCP2 proteins. (F) Results of DNA sequencing analysis.

RPA and MBDi-RPA amplicons shown in (E) were sequenced using a forward primer.

Fig. 3. MBDi-RPA using MeCP2 to discriminate CpG methylation status in HCT116 gDNA.
(A) Schematic diagram of the human CDKN2A4 (p14ARF and p16INK4A) genes in HCT116 cells.
(B and D) Results of MBDi-RPA targeting p/4ARF (B) and p16INK4A4 (D). Amplified target DNA
is indicated by arrowheads. M, molecular weight marker. (C and E) Results of DNA sequencing
analysis. RPA and MBDi-RPA amplicons shown in (B) and (D) were sequenced using reverse

primers.
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Fig. 4. Real-time RPA and MBDi-RPA using a dual-labeled ORN.

(A) Schematic diagram of ORNi-RPA, a blocking RPA for inhibiting DNA amplification by an
ORN complementary to a target sequence. DNA extension is arrested by the hybridized ORN. (B)
Schematic diagram of real-time RPA (left panel) and MBDi-RPA (right panel) with a dual-labeled
ORN. RNase H cleaves the hybridized dual-labeled ORN, preventing the inhibition of DNA
amplification. Fluorescence is emitted from the degraded ORN. When amplification of CpG-
methylated DNA is blocked by MBD proteins, no fluorescent emission is expected. F, fluorophore;
Q, quencher; Star, methylation. (C) Specific detection of target amplification by real-time RPA.
(D and E) Results of dose-dependent amplification of target DNA. Different concentrations of
template DNA (CpG_10) were subjected to real-time RPA using ORN_EGFR_CG5 10 20 Probe.
(F) Schematic diagram of the real-time MBDi-RPA procedure. (G and H) Results of real-time
MBDi-RPA using MeCP2 to discriminate CpG methylation status in target DNA. CpG-methylated
and -unmethylated DNA were used separately (G) or collectively (1:1 ratio, H) as template DNA.

BSA was used as a negative control protein.

Fig. 5. Evaluation of real-time RPA and MBDi-RPA using model gDNA.

(A) Results of dose-dependent detection of target DNA in gDNA by real-time RPA. (B) The linear
relationship between the log DNA amounts and RFU values at 20 min of the reaction. (C) Results
of real-time MBDi-RPA using HCT116 gDNA. (D) Schematic diagram of the real-time MBDi-
RPA procedure with commercially available CpG-methylated and -unmethylated DNA. (E)
Results of real-time MBDi-RPA using MeCP2. CpG-methylated and -unmethylated DNA were
mixed at various ratios and used as template DNA. (F) The linear relationship between the
percentage of CpG-unmethylated DNA to CpG-methylated DNA and RFU values at 20 min of the

reaction.
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Supplementary Table and Figure Legends

Table S1. Oligonucleotides used in this study.

Figure S1. Template plasmid DNA. DNA sequences shown below were cloned in plasmids.
CpG sites are shown in red. Primer positions are highlighted in blue and green. Only the

forward sequences are shown.

Figure S2. Target sequences in HCT116 gDNA. The targets were the human CDKN2A4
(p14ARF and pl16INK4A4) genes in HCT116 gDNA. CpG sites are underlined. Primer
positions are highlighted in blue and green. The positions of allele-specific mutations
(deletion and insertion of single guanine on p/4ARF and pl6INK4A, respectively) are

indicated with red squares. Only the forward sequences are shown.

Figure S3. Real-time PCR of RPA products. (A) Schematic of the procedure used. (B)
Results of real-time PCR with RPA samples. The RPA/MBDIi-RPA samples shown in Fig.

2D (CpG_2) were subjected to real-time PCR.

Figure S4. Amplification of the KRAS gene from HCT116 gDNA by real-time RPA. (A)
Schematic diagram of the human KRAS gene in HCT116 gDNA. (B) The target KRAS
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sequence is shown. Primer positions are highlighted in blue and green. The allele-specific
GI13D mutation is shown in red. Only the forward sequence is shown. (C)
ORN_KRAS G13D_Probe. (D) RPA in the presence of a dual-labeled ORN and RNase H.
The amplified target DNA is indicated by an arrowhead. M, molecular weight marker. (E)

Specific detection of target amplification by real-time RPA.

Figure S5. Amplification of CpG_10 by real-time RPA. (A) The target CpG_10 sequence
is shown. Primer positions are highlighted in blue and green. The ORN position is shown in
gray. CpG sites are shown in red. (B) Amplicons of real-time RPA shown in Fig. 4D. The

amplified target DNA is indicated by an arrowhead. M, molecular weight marker.

Figure S6. Potential discrimination of a single-nucleotide mutation by real-time RPA.
(A and C) KRAS amplification by real-time RPA with ORN_KRAS GI3D_Probe.
Fluorescence was emitted more strongly from HCT116 gDNA with the KRAS G13D mutation.
(B and D) Amplicons of real-time RPA. The amplified target DNA is indicated by arrowheads.

M, molecular weight marker.

Figure S7. Real-time RPA in the presence or absence of an irrelevant protein. Results of

real-time MBDi-RPA with an irrelevant protein (BSA).
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Figure S8. Amplification of the p/44ARF gene by real-time RPA and MBDi-RPA. (A) The
target p/4ARF sequence is shown. Primer positions are highlighted in blue and green. The
ORN position is shown in gray. CpG sites are shown in red. (B) Detection of target
amplification by real-time RPA. (C) RPA in the presence of various concentration of MeCP2.
The amplified target DNA is indicated by an arrowhead. M, molecular weight marker. (D)
Results of DNA sequencing analysis. RPA and MBDi-RPA amplicons shown in (C) were

sequenced using a reverse primer. See also Fig. 3A and S2 about the p/4ARF gene in HCT116.
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Table S1

Categories Name Sequence (5°—3’) Experiments Number

El):sgjbe) ?2%TEE£ZR"CG5_1O TAMRA-cccacuagcuguauuguuuaac-FAM Figs. 4 and S7 R97
SEEgKRAS—GBD— TAMRA-gugacguaggcaagagugc-FAM Figs. S4 and S6 R94
ORN_p14_Probe TAMRA-cgccgcuguggcccucguge-FAM Figs. 5 and S8 R104

Primer EGFR-RPA-L858-F E?ggﬁgggﬁg GAATGTACTGGTGAAAACA Figs. 2, 4, S5, and S7 28364
EGFR-RPA-L858-R3 XﬁgAATGTCTGGAGAGCATCCTCCCCTGC Figs. 2, 4, S5, and S7 28368
p14-RPA-F3 é?éACATGGTGCGCAGGTTCTTGGTGACC Figs. 38, 5 and S8 28876
p14-RPA-R3 f_?gGCCCTAGACGCTGGCTCCTCAGTAGC Figs. 3B, 5 and S8 28877
p16-RPA-F6 ggg#ggéGCATGGAGCCTTCGGCTGACT Fig. 3D 28878
p16-RPA-R6 gg(ég_l’r(éCAGACCCTCTACCCACCTGGATC Fig. 3D 28879
KRAS-RPA-G12-F m/ﬂ GTATTAACCTTATGTGTGACATGTTC oo sS4 and S6 28318
KRAS-RPA-G12-R2 2;21(;CAAAGAATGGTCCTGCACCAGTAAT Figs. S4 and S6 28905
hEGFR-Exon21-F12 TGCAGCATGTCAAGATCACA Fig. S3B 29027
hEGFR-Exon21-R12 CCTCCCCTGCATGTGTTAAA Fig. S3B 29028
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Fig. S2
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