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Abstract

Polymerase chain reaction (PCR) amplification of multiple templates using common primers is used widely for molecular biological
research and clinical diagnosis. However, amplifying a specific DNA sequence harboring a mutation that is present in a small number
of mutant cells within a large population of normal cells (e.g., as in cancer) in a tissue is difficult using the original PCR protocol.
Thus, some measures are necessary to suppress amplification of background signals. To achieve this, we developed the oligoribonu-
cleotide (ORN) interference-PCR (ORNi-PCR) technology in which an ORN (short RNA) hybridizes with a complementary DNA se-
quence to inhibit PCR amplification across the specific target sequence. ORNs can be prepared inexpensively, and ORNi-PCR can be
carried out easily by adding ORNs to the PCR reaction mixture. Suppressing amplification of target sequences by ORNi-PCR is useful
for detecting target sequence mutations. We showed that ORNi-PCR can discriminate single-nucleotide mutations in cancer cells
and indel mutations introduced by genome editing. We also showed that ORNi-PCR can identify the CpG methylation status of a tar-
get sequence within bisulfite-treated DNA, and can enrich DNA sequences of interest from a DNA mixture by suppressing amplifica-
tion of unwanted sequences. Thus, ORNi-PCR has many potential applications in various fields, including medical diagnosis and mo-
lecular biology. In this review, we outline the principles of the ORNi-PCR method and its use to detect nucleotide mutations in a
variety of specimens.
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Introduction disadvantage in that they are more expensive to synthesize than

o . . . /- ified DNAs.
Sanger sequencing is a reliable method for detecting mutations 3'-modified s

in genomic DNA (gDNA); however, it takes a long time and has
low sensitivity. Next-generation sequencing (NGS) is a nonbiased
method to identify mutations; however, it is too expensive to sim- Development of the ORNi-PCR method

ply identify defined mutations. Previously, we developed oligoribonucleotide (ORN) interference-

Polymerase chain reaction (PCR) is a standard method for am- PCR (ORNi-PCR), an ORN-based blocking PCR method that uses

pl.if}'ling n'ucleot.ides for analysis and use in vgn‘ous fields such as ORNs to block PCR amplification across specific target sequences
clinical diagnosis [1]. Although PCR can amplify target sequences [5]. In ORNi-PCR, an ORN (usually 17-29 bases long) containing
specifically, annealing of primers to nontarget sites will amplify

nontarget templates. In addition, when a wild-type (WT) DNA
with a high copy number and mutant DNA with a low copy num-
ber are both amplified by PCR using a certain primer set, selective single-nucleotide mutation) then the ORN cannot hybridize to

amplification of only the mutant DNA is difficult. Various im- the target DNA sequence and the target region is amplified

proved PCR methods have been developed to specifically amplify (Fig. 1b). After ORNi-PCR, electrophoresis of the ORNi-PCR ampli-
only the target DNA sequences [2]. Blocking PCR enables detec-

tion of specific DNAs and identification of nucleotide mutations

sequences complementary to that of the target region hybridizes
to the target region to block and inhibit its amplification (Fig. 1a).
If a target DNA sequence contains nucleotide differences (e.g., a

cons can determine whether differences exist in the target DNA
: S o i sequence (Fig. 1c). Previously, we compared ORNi-PCR using
by suppressing amplification of nonspecific amplicons [2]. KOD, Pfu, and Taq DNA polymerases [5]. In the presence of KOD
Blocking PCR utilizes 3’-modified DNAs and artificial nucleic and Pfu polymerases, but not Tag DNA polymerase, amplification
acids such as peptide nucleic acids (PNAs) and locked nucleic of target DNA was suppressed by an ORN. KOD and Pfu polymer-
acids (LNAs) complementary to nondesired target DNA, and ases lack 5-3' exonuclease activity (i.e., a-type), whereas Taq
these tools block extension by DNA polymerase or compete with DNA polymerase retains this activity (ie., Pol I-type). These
annealing primers [3, 4]. While such artificial nucleic acids may results suggest that 5-3' exonuclease activity may remove
have the advantage of exhibiting affinity for target DNA sequen- an ORN that is hybridized to its target DNA sequence. Therefore,
ces, resistance to nucleases, or higher stability, they also have a a-type DNA polymerases such as KOD and Pfu polymerases can
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Figure 1: The principle of ORNi-PCR. (a) In ORNi-PCR, an ORN (a short RNA complementary to target sequences) hybridizes with a target site and blocks
elongation of strand synthesis by a DNA polymerase that does not have 5'-3’ exonuclease activity. (b) If a target site is mutated, an ORN cannot
hybridize to that target site, resulting in amplification of the target. (c) Image of a gel showing the results of ORNi-PCR. In the absence of an ORN
(—ORN), the target region is amplified from both WT and mutated (Mut) DNA templates. However, in the presence of an ORN (+ORN), amplification of
the WT is suppressed. (d) The properties of KOD, Pfu, and Taq DNA polymerases, and their suitability for ORNi-PCR.

be used for ORNi-PCR (Fig. 1d) [5]. Elongation by such DNA poly-
merases can be blocked by ORNs, although ORNs themselves do
not work as primers; however, there are some DNA polymerases
that can amplify DNA using RNA primers in vitro [6]. That said,
amplification of DNA by RNA primers is not efficient and, usually
negligible compared with the exponential amplification afforded
by DNA primers [6]. ORNs can be synthesized cheaply, which is a
big advantage over PNAs and LNAs. In addition, the design of an
ORN is flexible [5], whereas that of a PNA may be restricted in
some cases [7], which is also an advantage of ORNi-PCR. DNA
modified at the 3’-position to block extension can also be used
as a cost-effective nucleotide blocker. However, DNA polymer-
ases possessing 5-3’ exonuclease activity degrade hybridized
3’-modified DNA during DNA extension. DNA polymerases pos-
sessing 3'-5’ exonuclease activity (proofreading activity) will re-
move the 3’-modification, leading to undesirable DNA extension
from its 3/-position. Therefore, the selection of DNA polymer-
ases is a considerable issue when using 3/-modified DNA as a

blocker. In general, RNA-DNA hybrids are more stable than
DNA-DNA hybrids, which is also an advantage of an ORN over
3’-modified DNA. Since (i) synthesis of an ORN is less expensive,
(ii) one can design an ORN more flexibly, and (iii) an optimiza-
tion protocol for ORNi-PCR has been established (see below), we
believe that ORNi-PCR is an easier method to use.

In contrast, the melting temperature of LNA-DNA and LNA-
RNA strands is higher than that of RNA-DNA and DNA-DNA
strands [8]. In addition, ORNi-PCR uses DNA polymerases lacking
5'-3" exonuclease activity because this activity may degrade an
ORN hybridized to a target sequence during DNA extension. In
this context, Taqg DNA polymerases retaining the 5'-3' exonucle-
ase activity cannot be used; therefore, real-time target detection
in combination with a TagMan probe would be challenging for
ORNI-PCR at this stage, which may be considered a limitation.
However, ORNi-PCR would be still advantageous if gel electropho-
resis or real-time target detection, in combination with SYBR
Green ], is used to confirm DNA amplification.
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Figure 2: Schematic diagram of two-step ORNi-PCR. (a) Comparison of three-step and two-step ORNi-PCR. In three-step ORNi-PCR, if the Tm of an ORN
(left panel) is higher than the elongation step temperature, the ORN can hybridize to the target DNA sequence, even during the elongation step,
resulting in no amplification. If the Tm of an ORN (right panels) is lower than the elongation step temperature, the hybridized ORN detaches from the
target DNA during the elongation step, resulting in amplification of the target region. In two-step ORNi-PCR, the temperature for the annealing and
elongation steps is the same, and both steps are performed at a temperature lower than the Tm of the ORN. Thus, the ORN hybridizes stably to the
target DNA sequence during the annealing and elongation steps, resulting in no amplification. (b) Technical information about two-step ORNi-PCR.
Modified from Figures 3 and 4 in Fujita et al. [10]. Reused here under the Creative Commons Attribution (CC BY) License.
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In general, PCR comprises three steps: denaturation, anneal-
ing, and elongation. Initially, we showed that nucleotide differen-
ces can be detected by the three-step ORNi-PCR method [5, 9].
First, to detect genome-edited cells by ORNI-PCR, it is necessary
to design an ORN that hybridizes with the target site used for ge-
nome editing. Next, the ORN is added to the PCR reaction solution
and ORNi-PCR is performed using gDNA prepared from the
genome-edited cells as a template. If a mutation is introduced
correctly into the target site by genome editing, the target DNA
will be amplified because the ORN cannot hybridize. In other
words, by examining whether or not the target DNA is amplified
by ORNi-PCR, it is possible to determine whether or not the target
site has been edited [9].

Subsequently, we established a two-step ORNi-PCR protocol
(Fig. 2) [10]. Differences in the suppression modes of three-step and
two-step ORNi-PCR are described in the legend to Fig. 2a. Selection
of three-step or two-step ORNi-PCR is dependent on the sequence
(i.e.,, Tm value) of an ORN. In this regard, and following the general
rule about design of an ORN [10], the Tm value of an ORN will be
around 60-68°C, which is not higher than the general elongation
temperature of three-step PCR (around 68°C) for a-type DNA poly-
merases. Therefore, considering undesirable detachment of a
hybridized ORN during the elongation step of three-step PCR, two-
step ORNi-PCR will be the first choice. We have already established
an optimization protocol for two-step ORNi-PCR (Fig. 2b). Following
the protocol, one can perform two-step ORNi-PCR smoothly. We
showed the practical utility of two-step ORNi-PCR. For example,
the two-step ORNi-PCR can discriminate single-nucleotide muta-
tions in gDNA generated by genome editing, or mutations in
c¢DNAs from cancer cells [10]. We also showed that two-step ORNi-
PCR can detect a single-nucleotide mutation in a target locus in
cancer cells, even in the presence of a large number of cells with
WT loci, and even if cancer cells account for only 0.2% of the total
cell population [10].

Using ORNi-PCR to amplify target splice
variants

Previously, we examined whether ORNi-PCR is capable of
sequence-specific suppression of target amplification, even when
cDNA is used as a template. We showed that the transcript of
chicken Pax5-1B in DT40 (a chicken B cell line) has two splice var-
iants (full length and truncated) [11]. We used an ORN comple-
mentary to the full-length form (the target region does not exist
in the truncated form) for ORNi-PCR (Fig. 3). Amplification of full-
length Pax5-1B was suppressed completely by the ORN; however,
that of the truncated form was not [10]. These results suggest
that ORNi-PCR can amplify a desired transcript variant from
cDNA by suppressing amplification of undesirable transcripts.

Use of ORNi-PCR to detect two mutations
simultaneously

Tyrosine kinase inhibitors (TKIs) are used as molecular targeted
therapy for intractable diseases such as cancer [12]. Identification
of EGFR gene mutations in lung cancer cells is important because
certain types of EGFR gene mutations confer resistance to EGFR-
TKIs, and the choice of EGFR-TKIs treatment is determined by the
type of EGFR gene mutation. In lung cancer, for example, some
amino acid mutations in EGFR encoded by the driver EGFR gene
have been identified, including Leu858Arg (L858R), Thr790Met
(T790M), and a partial amino acid deletion encoded by exon 19
(Ex19Del) [13]. First-generation (Erlotinib and Gefitinib) and
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Figure 3: Schematic diagram showing discrimination of splice variants
by ORNi-PCR of cDNA. Two forms of transcript (full length and
truncated) are produced. An ORN is designed to be complementary to
the full-length form. Amplification of the full-length transcript is
completely suppressed by the ORN, but that of the truncated form is not.

second-generation (Dacomitinib and Afatinib) EGFR-TKIs are used
to treat cancers harboring L858R and Ex19Del; T790M is observed
usually in cancers that have acquired drug resistance due to selec-
tive pressure during clinical care [14, 15]. The presence of T790M is
the norm with respect to prescription of Osimertinib, a third-
generation EGFR-TKI [16-18]. Therefore, to detect such EGFR gene
mutations, simple and reliable methods are required. Thus, we
attempted rapid and simultaneous detection of these mutations
by ORNI-PCR. To do this, we used gDNA from 293 T cells that har-
bor the WT EGFR gene, and gDNA from NCI-H1975 [a human lung
cancer cell line harboring the T790M (C2369T) and L858R (T2573G)
single-nucleotide mutations in the same allele]. We designed two
ORNs that are complementary to the WT sequence of the region
that harbors either the T790M or the L858R mutation, and
designed primers to amplify target sequences across the T790M
and L858R mutations (Fig. 4a). Amplification of both regions was
completely suppressed by ORNs when 293 T gDNA was used, but
not when NCI-H1975 gDNA was used [19].

Next, we examined whether ORNi-PCR enables simultaneous
detection of the L858R and T790M mutations in cDNA. For this
experiment, the ORN does not hybridize to the mutated template,
and the target region is amplified only when both the T790 and
L858 positions are mutated (i.e., T790M and L858R) (Fig. 4b and c).
PCR amplified the target region within the WT EGFR gene; how-
ever, ORNi-PCR using ORNs specific for T790M or L858R amplified
the target region in NCI-H1975 cDNA only [19].

We also examined the mutant-to-WT ratio (sensitivity) of
ORNi-PCR for gDNA and cDNA. First, 293 T gDNA was mixed with
NCI-H1975 gDNA and used as an ORNi-PCR template. Multiplex
ORNi-PCR using ORNs specific for T790M and L858R suppressed
amplification of the WT EGFR sequence from 293 T gDNA. In con-
trast, when NCI-H1975 gDNA accounted for 1% of total gDNA, the
mutated EGFR sequences were amplified in the presence of the
ORNs, but the WT EGFR sequences were not. We also mixed
cDNA harboring WT EGFR sequences with NCI-H1975 cDNA and
used it as a template. ORNi-PCR suppressed amplification of the
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Figure 4: Schematic diagram showing simultaneous detection of the T790M and L858R mutations in gDNA and cDNA by ORNi-PCR. (a) The clinically
significant single-nucleotide mutations in the human EGFR gene. T790M and L858R are located in exons 20 and 21, respectively. An ORN designed to
detect the T790M mutation is shown in green, and an ORN targeting the L858R mutation is shown in blue. The primer positions are shown by arrows.
The T790M and L858R mutations are represented by the circle and triangle, respectively. (b) Primer positions for ORNi-PCR of cDNA. The ORNs were
used simultaneously. (c) Schematic diagram of ORNi-PCR using cDNA. If both mutations are present in the EGFR cDNA, the ORNs cannot hybridize to
the cDNA and the target is amplified. If either of the two mutations (not both) are present in the cDNA, or neither of them is present, an ORN hybridizes
with the cDNA and suppresses amplification of the target. The T790M and L858R mutations are represented by the circle and triangle, respectively.
Modified from Figures 3d, 4a, and 4b in Baba et al. [19]. Reused here under the Creative Commons Attribution (CC BY) License.

WT EGFR sequence. In contrast, the mutated EGFR sequences
were amplified in the presence of the ORNs, when NCI-H1975
accounted for >0.2% of the total cell number [19]. Taken to-
gether, these results suggest that ORNi-PCR can detect two sin-
gle-nucleotide mutations simultaneously in the same allele of
the EGFR gene with high sensitivity.

ORNi-PCR using formalin-fixed
paraffin-embedded specimen DNA

The organic solvent formalin is used widely for strong fixation of
clinical tissue specimens. However, in general, DNA prepared
from fixed tissue specimens is not suitable for PCR analysis be-
cause fixation by organic solvents causes DNA fragmentation
[20-23].  Since histopathological formalin-fixed paraffin-
embedded (FFPE) specimens are often used for diagnosis, it is im-
portant to see whether single-nucleotide mutations can be
detected by ORNi-PCR using DNA templates obtained from FFPE
specimens. We used FFPE specimens from a human cell line har-
boring the WT EGFR gene, and from cell lines harboring the WT
EGFR gene as well as single-nucleotide mutations of the EGFR
gene, including the L858R mutation. DNAs extracted from these

specimens were used as a template for ORNi-PCR. The EGFR gene
harboring L858R was detected by ORNi-PCR, even though it con-
stituted only 5% of all EGFR genes [24]. However, the sensitivity of
ORNi-PCR for DNA extracted from FFPE specimens was ~30-fold
lower than for gDNA extracted from cultured human cells [10],
probably because the DNA was severely damaged by strong for-
malin fixation [20-23]. The use of a PNA-mediated PCR clamping
method and clinical specimens (frozen sections) from lung can-
cer patients revealed that the sensitivity for detecting the KRAS
gene mutation is 1% [25]. Another report showed that when a
PNA-mediated PCR clamping method was used with plasma cell-
free DNA, the sensitivity for detecting an EGFR gene mutation is
0.1% [26]. Therefore, further improvements are needed to in-
crease the sensitivity of ORNi-PCR for DNA sequences in clinical
samples.

ORNi-PCR using whole blood specimens
without prior DNA purification

Whole blood specimens are used widely for clinical diagnosis. In
general, DNA is extracted from whole blood samples prior to
analysis by PCR; the extraction procedure removes known and
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Figure 5: Schematic diagram showing detection of DNA methylation status by ORNi-PCR. ORNi-PCR using an ORN hybridizing with the converted
target sequence (unmethylated cytosine to uracil) is performed using bisulfite-treated DNA as a template. An ORN that targets unmethylated CpG sites
hybridizes with a corresponding DNA sequence synthesized during the first cycle of ORNi-PCR, thereby inhibiting amplification of the target. Modified
from Figure 5 in Shimizu et al. [24]. Reused here under the Creative Commons Attribution (CC BY) License.

unknown substances that potentially inhibit PCR reactions.
Alternatively, specialized PCR reagents enable PCR using whole
blood samples. In this context, we used purified DNA as a tem-
plate for ORNi-PCR. However, ORNi-PCR would be a more conve-
nient clinical diagnostic method if whole blood specimens could
be used directly (i.e., without DNA extraction) as ORNi-PCR tem-
plates. Therefore, we examined the use of whole blood from a rat
as an ORNi-PCR template without prior DNA extraction. For this,
whole blood from a Sprague-Dawley rat (GA (***Lys (AAG)-'*°Ser
(AGQ))-type Gstm1 encoding glutathione S-transferase mu 1) and
a Hirosaki hairless rat (TT (**®Asn (AAT)-*°Cys (TGQC))-type
Gstm1) was collected and used as an ORNi-PCR template to detect
the Gstm1 polymorphism [27]. We used KOD FX (Toyobo) as the
DNA polymerase for ORNi-PCR because this reagent can effi-
ciently amplify target DNA in crude samples such as tissue
lysates or blood [28]. In the presence of an ORN corresponding to
the GA-type sequence, amplification of GA-type Gstml was sup-
pressed, whereas TT-type Gstm1 was amplified [24]. These results
suggest that whole blood specimens can be used directly as
ORNI-PCR templates to discriminate nucleotide differences with-
out prior DNA extraction. It would be an interesting future issue
to examine whether ORNi-PCR is compatible with commercial
PCR kits designed to use whole blood specimens as templates,
which may further expand the utility of ORNi-PCR.

Detection of DNA methylation status by
ORNi-PCR

Detection of DNA methylation is important for clinical diagnosis
because not only DNA sequence mutation, but also DNA methyl-
ation, plays a role in carcinogenesis [29]. To detect CpG methyla-
tion status, bisulfite-treated DNA is used widely as a PCR
template. However, bisulfite treatment (which converts cytosine
to uracil) damages DNA, making it difficult to use as a PCR tem-
plate [30, 31]. Therefore, we investigated whether bisulfite-
treated DNA could be used for ORNi-PCR. Unmethylated cyto-
sines are converted to uracil by bisulfite treatment, whereas
methylated cytosines remain unchanged (Fig. 5). We designed
two types of ORN to target methylated and unmethylated CpG
sites in the human CDKN2A (p16) gene. We extracted gDNA from
a human colon cancer cell line, HCT116, treated it with bisulfite,
and then used it as an ORNi-PCR template. The CDKN2A (p16)
genes in HCT116 are CpG-methylated on one allele but not the
other [32]. Amplification of the target CDKN2A (p16) sequence in
the bisulfite-treated methylated and unmethylated alleles of
HCT116 was suppressed strongly by ORNi-PCR using ORNs tar-
geting methylated and unmethylated CpG sites, respectively [24].
These results suggest that the CpG methylation status of a target
sequence within bisulfite-treated DNA can be detected by ORNi-
PCR.
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Use of ORNi-PCR to enrich target DNA from a
DNA mixture

When analyzing the types of insertion/deletion (indel) mutations
introduced by genome editing, PCR is used to amplify DNA se-
quence across a target site. The PCR products are cloned and
then sequenced using the Sanger method. In this context, if am-
plification of nonedited (i.e., WT) DNA sequences is suppressed, it
would reduce the effort and cost required for such analyses.
Suppressing amplification of nonedited DNA sequences is impor-
tant for detecting mutations, especially when the percentage of
genome-edited cells is low. Therefore, we tried to enrich genome-
edited DNA sequences by suppressing nonedited DNA sequences
using ORNi-PCR. We used the clustered regularly interspaced
short palindromic repeats (CRISPR) system/Cas9 as a genome
editing tool to introduce mutations into the human thymocyte nu-
clear protein 1 (THYN1) locus of HCT116 cells [33, 34]. After genome
editing, we extracted gDNA from the pool of genome-edited cells
and used them for ORNi-PCR (Fig. 6). For this, we designed an
ORN complementary to the sequences around the cleavage site
of the CRISPR system. Amplification of the THYN1 locus was sup-
pressed completely by the ORN when gDNA from WT HCT116
cells was utilized as an ORNi-PCR template. In contrast, amplifi-
cation of the THYN1 locus was detected even in the presence of
the ORN when gDNA from genome-edited HCT116 cells was uti-
lized as a template. DNA sequencing analysis showed that only
WT THYN1 sequences were detected in the PCR products when
the ORN was absent from the PCR reaction solution, whereas
genome-edited DNA sequences were detected from ORNi-PCR
products. Cloning and sequencing of these amplicons revealed
that edited THYN1 sequences were detected in all 7 ORNi-PCR
clones, but in only two of 11 PCR clones in the absence of ORNi-
PCR [35]. These results suggest ORNi-PCR is useful for confirming
the presence or absence of edited DNA sequences (i.e., the suc-
cess or failure of genome editing), and enrichment of genome-
edited sequences, by suppressing amplification of nonedited
sequences.

PCR is used to amplify variable regions within bacterial 16S ri-
bosomal RNA (16S rRNA) genes for microbiome profiling, and the
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PCR products are analyzed by NGS. 16S rRNA gene-based micro-
biome profiling of the human gut detected an abundance of
genes from several dominant bacterial genera [36]. 16S rRNA
genes from less dominant genera might be amplified more abun-
dantly if those from dominant genera can be suppressed by
ORNi-PCR, allowing more detailed analysis without increasing
the NGS read number. Therefore, we investigated whether ampli-
fication of a 16S rRNA gene from a target bacterial genus in a hu-
man gut microbiome could be suppressed by ORNi-PCR. We
prepared a primer set to amplify the V1-V2 regions of bacterial
16S rRNA genes, and an ORN targeting the V2 region DNA
sequences of the 16S rRNA gene from Megamonas sp. (Fig. 7a and
b). We carried out ORNi-PCR using DNA prepared from human
stools as a template, and used the ORNi-PCR products for NGS
analysis. We found that the amount of the Megamonas sp. 16S
TRNA gene fell from 15.5% to 5.6%. This result demonstrates that
ORNi-PCR suppresses amplification of a 16S rRNA gene during 165
TRNA gene-based microbiome profiling. In addition, the amount of
16S rRNA from some minor and other major bacterial genera in-
creased (Fig. 7¢) [35], suggesting that ORNi-PCR is useful for detect-
ing genes from less dominant genera by suppressing genes from
dominant genera without increasing the NGS read number.
Suppression of the 16S rRNA gene from Megamonas sp. by ORN was
incomplete in this experiment; therefore, further analyses (such as
optimization of experimental conditions) are required.

Conclusions

ORNIi-PCR has the potential for use not only in molecular biology,
but also in various fields such as healthcare and agriculture.
ORNs are economical to synthesize; therefore, they are more
cost-effective than artificial nucleic acids such as PNAs and
LNAs, and can be used for various applications. In addition, ORNs
can detect nucleotide differences when used for isothermal DNA
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amplification reactions such as recombinase polymerase amplifi-
cation [37]. Technology based on ORNs, including ORNi-PCR, is
expected to be useful for early detection of cancers caused by sin-
gle-nucleotide mutations because it will speed up the process
and increase sensitivity.

Author Contributions

All authors participated in the writing and editing of the article.

Funding

This research received no external funding.

Conflict of interest statement

T.F. and H.F. hold the following patents for ORNi-PCR: (i) name:
Method for suppressing amplification of specific nucleic acid
sequences; patent numbers: Japan 6,928,323 and 6,964,900; (ii)
name: Method for detecting differences in target nucleic acid re-
gion; patent publication number: WO 2019/203350; patent num-
bers: Japan 6,653,932, Canada 3,096,462, Korea 10-2,285,085,
Israel 277,764, and the US 11,155,873. Epigeneron, Inc. owns the
rights to commercial use of ORNi-PCR. T.F. and H.F. are founders
of Epigeneron, Inc. and own stock in the company. H.F. is one of
directors of Epigeneron, Inc., and T.F. is one of its advisers.

Data availability statement

There is no new data associated with this review manuscript.

References

1. Pytela R, Suzuki S, Breuss J, et al. Polymerase chain reaction
cloning with degenerate primers: homology-based identification
of adhesion molecules. Methods Enzymol 1994;245:420-51.

2. Vestheim H, Deagle BE, Jarman SN. Application of blocking oli-
gonucleotides to improve signal-to-noise ratio in a PCR. Methods
Mol Biol 2011;687:265-74.

3. Dominguez PL, Kolodney MS. Wild-type blocking polymerase
chain reaction for detection of single nucleotide minority muta-
tions from clinical specimens. Oncogene 2005;24:6830-4.

4. Nagai Y, Miyazawa H, Huqun, et al. Genetic heterogeneity of the
epidermal growth factor receptor in non-small cell lung cancer
cell lines revealed by a rapid and sensitive detection system, the
peptide nucleic acid-locked nucleic acid PCR clamp. Cancer Res
2005;65:7276-82.

S. Tanigawa N, Fujita T, Fujii H. Oligoribonucleotide (ORN)
interference-PCR (ORNi-PCR): a simple method for suppressing
PCR amplification of specific DNA sequences using ORNs. PLoS
One 2014;9:€113345.

6. Shibata H, Tahira T, Hayashi K. RNA-primed PCR. Genome Res
1995;5:400-3.

7. Shakeel S, Karim S, Ali A. Peptide nucleic acid (PNA) — a review. J
Chem Technol Biotechnol 2006:81:892-9.

8. Petersen M, Wengel J. LNA: a versatile tool for therapeutics and
genomics. Trends Biotechnol 2003;21:74-81.

9. Fujita T, Yuno M, Kitaura F, et al. Detection of genome-edited
cells by oligoribonucleotide interference-PCR. DNA Res 2018;25:
395-407.

10. Fujita T, Yuno M, Kitaura F, et al. A refined two-step oligoribonu-
cleotide interference-PCR method for precise discrimination of
nucleotide differences. Sci Rep 2018;8:17195.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fujita T, Fujii H. Species-specific 5’-genomic structure and mul-
tiple transcription start sites in the chicken Pax5 gene. Gene
2011,477:24-31.

Lee YT, Tan YJ, Oon CE. Molecular targeted therapy: treating
cancer with specificity. Eur J Pharmacol 2018;834:188-96.

ShiY, AuJS, Thongprasert S, et al. A prospective, molecular epi-
demiology study of EGFR mutations in Asian patients with ad-
vanced non-small-cell lung cancer of adenocarcinoma
histology (PIONEER). J Thorac Oncol 2014;9:154-62.

Oxnard GR. The cellular origins of drug resistance in cancer. Nat
Med 2016;22:232-4.

Pao W, Miller VA, Politi KA, et al. Acquired resistance of
lung adenocarcinomas to gefitinib or erlotinib is associated with
a second mutation in the EGFR kinase domain. PLoS Med 2005;2:
e7/3.

Nguyen KS, Kobayashi S, Costa DB. Acquired resistance to epi-
dermal growth factor receptor tyrosine kinase inhibitors in non-
small-cell lung cancers dependent on the epidermal growth fac-
tor receptor pathway. Clin Lung Cancer 2009;10:281-9.

Mok TS, Wu Y-L, Ahn M-J, et al. Osimertinib or platinum-
pemetrexed in EGFR T790M-positive lung cancer. N Engl ] Med
2017;376:629-40.

Soria JC, Ohe Y, Vansteenkiste J, et al. Osimertinib in untreated
EGFR-mutated advanced non-small-cell lung cancer. N Engl J
Med 2018;378:113-25.

Baba K, Fujita T, Tasaka S, et al. Simultaneous detection of the
T790M and L858R mutations in the EGFR gene by oligoribonu-
cleotide interference-PCR. JMS 2019;20:4020.

Ben-Ezra ], Johnson DA, Rossi]J, et al. Effect of fixation on the am-
plification of nucleic acids from paraffin-embedded material by
the polymerase chain reaction. J Histochem Cytochem 1991;39:
351-4.

Gillespie JW, Best CJM, Bichsel VE, et al. Evaluation of non-
formalin tissue fixation for molecular profiling studies. Am J
Pathol 2002;160:449-57.

Van Essen HF, Verdaasdonk MAM, Elshof SM, et al. Alcohol
based tissue fixation as an alternative for formaldehyde:
influence on immunohistochemistry. J Clin Pathol 2010;63:
1090-4.

Guyard A, Boyez A, Pujals A, et al. DNA degrades during storage
in formalin-fixed and paraffin-embedded tissue blocks. Virchows
Arch 2017;471:491-500.

Shimizu T, Fujita T, Fukushi S, et al. Discrimination of CpG
methylation status and nucleotide differences in tissue speci-
men DNA by oligoribonucleotide interference-PCR. JMS 2020;
21:5119.

Beau-Faller M, Legrain M, Voegeli A-C, et al. Detection of K-Ras
mutations in tumour samples of patients with non-small cell
lung cancer using PNA-mediated PCR clamping. Br J Cancer 2009;
100:985-92.

SuK-Y, Tseng]-S, Liao K-M, et al. Mutational monitoring of EGFR
T790M in cfDNA for clinical outcome prediction in EGFR-mutant
lung adenocarcinoma. PLoS One 2018;13:€0207001.

Kumano T, Kimura J, Hayakari M, et al. Polymorphism of the glu-
tathione transferase subunit 3 in Sprague-Dawley rats involves
a reactive cysteine residue. Biochem J 2000;350:405-12.

Miura M, Tanigawa C, Fujii Y, et al. Comparison of six
commercially-available DNA polymerases for direct PCR. Rev
Inst Med Trop Sao Paulo 2013;55:401-6.

Kristensen LS, Hansen LL. PCR-based methods for detecting
single-locus DNA  methylation biomarkers in  cancer
diagnostics, prognostics, and response to treatment. Clin
Chem 2009;55:1471-83.



30.

31.

32.

33.

Raizis AM, Schmitt F, Jost JP. A bisulfite method of 5-methylcyto-
sine mapping that minimizes template degradation. Anal
Biochem 1995;226:161-6.

Grunau C, Clark SJ, Rosenthal A. Bisulfite genomic sequencing:
systematic investigation of critical experimental parameters.
Nucleic Acids Res 2001;29:e65.

My¢&hénen SK, Baylin SB, Herman JG. Hypermethylation can se-
lectively silence individual p16ink4A alleles in neoplasia. Cancer
Res 1998;58:591-3.

Jinek M, Chylinski K, Fonfara I, et al. A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial immunity.
Science 2012;337:816-21.

34.

35.

36.

37.

Shimizuetal. | 9

CongL, Ran FA, Cox D, et al. Multiplex genome engineering using
CRISPR/Cas systems. Science 2013;339:819-23.

Fujita T, Motooka D, Fujii H. Target enrichment from a DNA
mixture by oligoribonucleotide interference-PCR (ORNi-PCR).
Biol Methods Protoc 2019;4:bpz009.

Arumugam M, Raes J, Pelletier E, et al. Enterotypes of the human
gut microbiome. Nature 2011;473:174-80.

Fujita T, Nagata S, Fujii H. Protein or ribonucleoprotein-
mediated blocking of recombinase polymerase amplification
enables the discrimination of nucleotide and epigenetic
differences between cell populations. Commun Biol 2021;4:
988.





