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Exosomal messenger RNA (mRNA) has emerged as a valuable biomarker for liquid biopsy-based disease diag
nosis and prognosis due to its stability in body fluids and its biological regulatory function. Here, we report a
rapid one-step isothermal gene amplification reaction based on three-way junction (3WJ) formation and the
successful detection of urinary exosomal mRNA from tumor-bearing mice. The 3WJ structure can be formed by
the association of 3WJ probes (3WJ-template and 3WJ-primer) in the presence of target RNA. After 3WJ
structure formation, the 3WJ primer is repeatedly extended and cleaved by a combination of DNA polymerase
and nicking endonuclease, producing multiple signal primers. Subsequently, the signal primers promote a
specially designed network reaction pathway to produce G-quadruplex probes under isothermal conditions.
Finally, G-quadruplex structure produces highly enhanced fluorescence signal upon binding to thioflavin T. This
method provides a detection limit of 1.23 pM (24.6 amol) with high selectivity for the target RNA. More
importantly, this method can be useful for the sensing of various kinds of mRNA, including breast cancer cellular
mRNA, breast cancer exosomal mRNA, and even urinary exosomal mRNA from breast cancer mice. We anticipate
that the developed RNA detection assay can be used for various biomedical applications, such as disease diag
nosis, prognosis, and treatment monitoring.

1. Introduction
Exosomes are extracellular vesicles that are released from cells
(Pegtel and Gould, 2019). They segregate from many cells as a
membrane-enclosed vesicle structure and enter into the bloodstream or
other biofluids(Hartjes et al., 2019). Recently, exosomes have emerged
as attractive biomarkers for cancer diagnosis and treatment monitoring
because exosomes released from tumor cells contain nucleic acids,
proteins, and lipids that provide potential information on tumors(Li and
Nabet, 2019; Samanta et al., 2018). In particular, cancer exosomes in the
urine of a patient have become a promising resource for liquid biopsy, as

they can be obtained noninvasively in large quantities(Alvarez, 2014).
Among the several cargos in exosomes, cancer-related nucleic acids can
accurately reflect tumor profiles(Chen et al., 2019; Guo et al., 2020;
Halvaei et al., 2018; Shao et al., 2015). Therefore, analyzing encapsu
lated genetic molecules after separating exosomes from urine is
considered as one of the promising non-invasive approaches for cancer
diagnosis and prognosis(Panfoli, 2017; Zhao et al., 2020).
Messenger RNAs (mRNAs) have typically been used as biomarkers in
cancer(Xi et al., 2017). They have been conventionally analyzed by
quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
(Kim et al., 2018; Nolan et al., 2006). Although the qRT-PCR method is
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highly sensitive, it is time-consuming and needs a heavy instrument for
thermal cycling reactions(Bustin, 2000). Moreover, it has limitations
related to false-positive results due to primer-dimer and genomic DNA
contamination(Zhao et al., 2013). Diverse isothermal gene amplification
techniques have been developed as alternative methods of PCR for
mRNA detection, such as nucleic acid sequence-based amplification,
reverse transcription recombinase polymerase amplification, and
reverse transcription loop-mediated isothermal amplification(Abd El
Wahed et al., 2013; Compton, 1991; Ocwieja et al., 2015; Zhao et al.,
2015). These methods can be carried out at a constant temperature
without complicated instruments; however, all of these methods still
require the reverse transcription step of mRNA to cDNA, which is
error-prone and thus may produce false-positive signals(Hui et al.,
2017). Indeed, reverse transcription is a critical step even for the suc
cessful qRT-PCR analysis of mRNA(Nolan et al., 2006).
To overcome the problem caused by the reverse transcription step,
three-way junction (3WJ) structure-based RNA detection methods were
newly developed. Since the methods directly recognize the target RNA
molecule through the two single-stranded oligonucleotide probes, the
reverse transcription process is unnecessary(Wharam et al., 2001).
Moreover, the 3WJ method can be applied to nucleic acid detection
systems without considering the length of the nucleic acid and can be
combined with various signal amplification systems such as
enzyme-linked oligosorbent assay and rolling circle amplification,
enabling us to detect RNA sensitively(Lee et al., 2020; Murakami et al.,
2012; Wang et al., 2017; Wharam et al., 2001; Zhang et al., 2014).
Recently, we developed a 3WJ-induced isothermal amplification (ThI
sAmp) reaction and successfully detected nucleic acids with high
sensitivity and selectivity. One of the distinctive advantages is to over
come the limitation of the EXPAR system in which the detectable target
is a short nucleic acid. However, ThisAmp system still has much room
for improvement in respect of applicability to RNA targeting and in vivo
testing given that RNA molecules are considered important biological
molecules in terms of a diagnostic.
Herein, we report a one-step isothermal G-quadruplex amplification
reaction that is triggered by 3WJ structure formation with target RNA.
The 3WJ structures can only be constructed in the presence of the target
RNA sequence, and then multiple signal primers are derived from the
3WJ structures by the repeated reactions of polymerase and nicking
endonuclease. The signal primers are subsequently utilized in the
specially designed G-quadruplex amplification reaction, producing a
large number of G-quadruplex structures. Finally, the amplified Gquadruplex/thioflavin T (ThT) fluorescence signals are measured in
real-time, enabling us to detect RNA rapidly and sensitively. We care
fully optimized and verified each step of the method; thus, the proposed
method was able to detect RNA at a low concentration of 1.23 pM with
high specificity. Furthermore, the method was employed to compare
mRNA expression levels between normal and breast cancer cells. Most
importantly, the sensing performance of this method was demonstrated
by using breast cancer cellular exosomal mRNA and even urinary exo
somal mRNA from breast cancer mice. The cancer exosomal mRNA was
successfully identified using the proposed method, suggesting that the
method can be employed for the non-invasive diagnosis of cancer. To the
best of our knowledge, this is the first report of real-time exosomal
mRNA detection based on isothermal gene amplification. We anticipate
that the developed novel RNA detection approach could be used for
various biomedical applications, such as disease diagnosis, prognosis,
and treatment monitoring. Moreover, considering the development of a
rapid and user-friendly diagnostic system is much more required in a
resource-poor setting, we believe that the currently proposed method
which is fast and facile one-pot RNA detection system has an apparent
advantage.

Information.
3. Results and discussion
3.1. Principle of isothermal RNA signal amplification using 3WJ-medi
ated G-quadruplex recycling reaction
Exosomal mRNAs have been considered as valuable biomarkers for
liquid biopsy-based disease diagnosis and prognosis(Zhao et al., 2019).
Therefore, analyzing the encapsulated mRNA molecule after separating
exosomes from body fluids is regarded as a promising non-invasive
disease diagnostic method(Castro-Giner et al., 2018; Halvaei et al.,
2018). To achieve this goal, we developed a novel RNA detection
method by combining 3WJ formation and G-quadruplex recycling re
actions. The previous studies using 3WJ formation in conjunction with
signal amplification systems were separated into two steps and required
an additional initial temperature ramping from 90 to 98 ◦ C(Murakami
et al., 2012; Wharam et al., 2001), while the proposed method could
proceed in one-step without an initial ramping process. As shown in
Fig. 1a, the method allowed us to detect mRNA from cells and exosomes
routinely within 30 min.
The principle of isothermal RNA signal amplification using 3WJmediated G-quadruplex recycling is illustrated in Fig. 1b. First, 3WJ
probes (3WJ-template and 3WJ-primer) were designed to form a 3WJ
structure in the presence of the target RNA sequence (Table S1). When
the 3WJ structure is constructed with the target RNA (orange), the
elongation and nicking reaction are repeated at the 3′ end of the 3WJprimer (Cycle 1). After the elongation and nicking reactions, many
signal primers (red), cleaved short DNA oligonucleotides, are produced.
The signal primers then trigger the G-quadruplex amplification reaction.
Four-stranded helical structures called G-quadruplex has been widely
applied to the detection and monitoring of nucleic acids because a
fluorescence signal can be generated by the interaction between Gquadruplex and fluorescent dye, and the signal exhibits excellent Gquadruplex recognition specificity and proportionality(Bhasikuttan and
Mohanty, 2015; Lee et al., 2019; Mohanty et al., 2013). In the G-quad
ruplex amplification reaction, the signal primer hybridizes with the
F-template, which contains signal primer binding sequences, nicking
endonuclease recognition sequences, and G-quadruplex sequences.
When the signal primer binds to the F-template, the extension, cleavage,
and strand displacement are repeated continuously in cycles (Cycle 2),
producing G-quadruplex sequences (green). To maximize the signal
amplification, we designed the G-quadruplex sequence to possess an
additional tag sequence (yellow) that is complementary to the 3’ end of
the 3WJ-template. Consequently, the G-quadruplex products serve as
primers for the 3WJ-template, and additional signal primers can be
produced without 3WJ structure formation (Cycle 3). As a result,
G-quadruplex structures are exponentially generated and produce
fluorescence signals as they interact with ThT dye(Mohanty et al., 2013;
Xu et al., 2016). With this principle, target RNA can be detected very
sensitively because of the synergistic contribution of three cycling re
actions (Cycles 1, 2, and 3). Note that the whole series of reaction can be
accomplished in a single tube within 30 min after simple mixing of the
target RNA sample with the prepared reaction buffers.
3.2. 3WJ probe design to detect human PPP1R1B mRNA
As a proof of concept, we tried to detect synthetic RNA using the gene
amplification method based on 3WJ. The synthesized target RNA was
52-bases long and carried the human PPP1R1B mRNA sequence
(Table S1). As shown in Fig. 1b and Table S1, the 3WJ-template was
designed to include a short signal primer sequence (red) and nicking
enzyme Nt.BstNBI recognition site (gray) at the 5′ end. The targetspecific region (navy) was next to the 7 bp-complementary sequences
to the 3WJ-primer (blue), and additional tag sequences (dT5, yellow)
were added at the 3′ end. In addition, the 3′ end was modified into a

2. Materials and methods
The detailed experimental details are provided in Supplementary
2
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Fig. 1. (A) One-step detection of mRNA extracted from cells, exosomes, and urinary exosomes within 30 min. (B) Principle of RNA detection method based on 3WJmediated G-quadruplex recycling reaction.

phosphate functional group to prevent extension in the opposite direc
tion. The 3WJ-primer contained 7 bp-complementary sequences to the
3WJ-template (blue) at the 3′ end and the target-specific region (purple)
at the 5’ end. After the design and preparation of the 3WJ-template,
3WJ-primer, and target RNA, melting temperature analysis was con
ducted using SYBR green I dye to confirm 3WJ formation. When the
target RNA was mixed with 3WJ-template and 3WJ-primer, the melting

temperature was observed at 70.4 ◦ C (Fig. S1a). This shows that the RNA
and 3WJ probes could form a stable structure at the reaction tempera
ture (55 ◦ C). Similar melting temperature results were obtained between
the target RNA and either individual 3WJ probe (Figs. S1b and c).
However, when the 3WJ-template and 3WJ-primer were mixed, no
melting point peak was observed (Fig. S1d), suggesting that no doublestranded structure was formed between the two different 3WJ probes.
3
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For complete 3WJ structure formation, the target RNA, 3WJ-template,
and 3WJ-primer should all be required.
Next, we examined whether signal primers can be produced by a
combination of elongation and cleavage reactions (Cycle 1). The target
RNA and 3WJ probes were mixed and incubated at 55 ◦ C with Bst DNA
polymerase and Nt.BstNBI nicking enzyme. After the reaction, the result
was analyzed on a 10% polyacrylamide gel (left panel of Fig. 2). When
the target RNA molecules were mixed with 3WJ probes, products of
about 20-bases long, corresponding to the signal primers, were clearly
observed within 10 min. On the other hand, the signal primer band was
not observed in the absence of RNA molecules or one of the 3WJ probes.
Additionally, the signal primer generation reaction was tested under
different enzyme conditions (right panel of Fig. 2). Only when both
nicking enzyme and polymerase were mixed with the target RNA and
3WJ probes could the signal primers be produced. This proves that the
Cycle 1 step operates well, and thus, signal primers can be produced in
the presence of target RNA.

synthesized 28-bases long G-quadruplex. It was analyzed on the 10%
polyacrylamide gel, and a band corresponding to the signal primer was
observed only in the presence of G-quadruplex (left panel of Fig. S2b).
The right panel of Fig. S2b shows that both polymerase and endonu
clease were required for the Cycle 3 reaction.
After the whole RNA sensing reactions, including Cycles 1, 2, and 3,
the final G-quadruplex sequences interact with ThT molecules,
providing fluorescence signals. ThT can interact with G-quadruplex by
the end-stacking mode on the top G-tetrad, resulting in significant
fluorescence enhancement(Xu et al., 2016;Khusbu et al., 2018). ThT also
exhibits a high recognition specificity for the G-quadruplex structure
(Mohanty et al., 2013). We observed noticeable fluorescence signals
when the ThT dye was mixed with Cycle 2 reaction solution, including
F-template, signal primer, and enzymes (red spectrum in Fig. S3). This
result indicated that ThT dye successfully bound to the G-quadruplex
structures produced in Cycle 2. When the Cycle 2 reaction could not be
carried out, the fluorescence signals were hardly detectable (black, blue,
purple, green, and orange spectra in Fig. S3). In addition, we tried to
confirm the synergistic signal amplification reactions of Cycles 2 and 3
by measuring the real-time ThT/G-quadruplex fluorescence signals.
Fig. 3a shows real-time fluorescence signals observed during Cycle 2 and
3 reactions under several combinations of 3WJ-template and F-template
in the presence of signal primer. When the signal primer was mixed with
the 3WJ-template, no reaction occurred, and weak fluorescence signals
were observed (green curve in Fig. 3a). When the signal primer was
mixed with the F-template, a Cycle 2 reaction occurred, and G-quad
ruplex structures formed. Therefore, the fluorescence signals slightly
increased (blue curve in Fig. 3a) compared to the signals of the
3WJ-template (green curve in Fig. 3a). When the signal primer was
mixed with F-template and 3WJ-template, the real-time fluorescence
signals were significantly increased (red curve in Fig. 3a). This verified
that the G-quadruplex was produced in Cycle 2 and then bound to the
3WJ-template, generating a signal primer again and inducing expo
nential G-quadruplex production. The plot of the quantification cycle
value (Cq), defined as the reaction cycle number at which the fluores
cence signal intersects the threshold line, also supports that the syner
gistic reactions of Cycles 2 and 3 provide strongly increased fluorescence
signals (Fig. 3b). We also conducted real-time fluorescence measure
ments during the reactions with several combinations of 3WJ-template
and F-template in the presence of G-quadruplex (Fig. 3c). From the
mixture of G-quadruplex and F-template structures, weak fluorescence
signals were obtained because no reaction occurred (blue curve in
Fig. 3c). The mixture of G-quadruplex and 3WJ-template structures
provided similar weak fluorescence signals (green curve in Fig. 3c). In
this mixture, the G-quadruplex structures bound with the 3WJ-template
structures, producing several signal primers (Cycle 3). However, no
further reaction proceeded due to the absence of the F-template. Only
from the mixture of G-quadruplex, 3WJ-template, and F-template
structures could strong fluorescence signals be obtained (red curve in

3.3. Feasibility of 3WJ-mediated G-quadruplex amplification reaction
After the formation of the 3WJ structure and the generation of signal
primers, the G-quadruplex amplification reaction is triggered. We
designed an F-template to contain the signal primer binding region (red
in Fig. 1b) and the Nt.BstNBI nicking endonuclease recognition site
(gray in Fig. 1b) at the 3′ end for the generation of the G-quadruplex
structure. In addition, a 28-bases-long G-quadruplex sequence (green in
Fig. 1b) was added at the 5′ end, and an additional sequence containing
a complementary sequence to the 3’ end of the 3WJ-template (yellow in
Fig. 1b) was added next to the G-quadruplex sequence. We tested
whether the G-quadruplex sequence can be produced by the Cycle 2
reaction of the F-template and signal primer. The F-template was incu
bated at 55 ◦ C with the enzyme mixture (Bst DNA polymerase and Nt.
BstNBI nicking endonuclease) for 20 min with or without a synthesized
22-bases long signal primer. After incubation, it was analyzed on a 10%
polyacrylamide gel. As shown in the left panel of Figs. S2a and a band
corresponding to the G-quadruplex was observed only in the presence of
the signal primer. Plus, the F-template and signal primer were incubated
at 55 ◦ C under the different enzyme mixture conditions for 20 min, and
the results indicated that both polymerase and endonuclease were
required for G-quadruplex production (right panel of Fig. S2a).
The G-quadruplex sequence generated in the Cycle 2 reaction has an
additional tag sequence (yellow in Fig. 1b) that is complementary to the
3’ end of the 3WJ-template. Therefore, the G-quadruplex products can
act as a primer for the 3WJ-template, and additional signal primers can
be produced (Cycle 3). This step further induces the exponential
amplification of G-quadruplex structures. We also investigated whether
the signal primer can be generated by the Cycle 3 reaction of the 3WJtemplate and the G-quadruplex sequence. The 3WJ-template was incu
bated at 55 ◦ C with the enzyme mixture for 20 min with or without a

Fig. 2. Polyacrylamide gel analysis of the
Cycle 1 reaction. 3WJ-template, 3WJprimer, and target RNA were mixed in
different combinations, and the reaction was
conducted with Bst DNA polymerase and Nt.
BstNBI nicking endonuclease for 0, 10, and
20 min (left). 3WJ-template, 3WJ-primer,
and target RNA were mixed, and the reac
tion was conducted with different combina
tions of Bst DNA polymerase and Nt.BstNBI
nicking endonuclease for 20 min (right).
Lane M is a 10- to 150-bp oligonucleotide
marker. [F-template] = 100 nM, [Signal
primer] = 50 nM, [3WJ-template] = 50 nM,
[3WJ-primer] = 50 nM, [G-quadruplex] =
50 nM, [Bst DNA polymerase] = 1.6 U, and
[Nt.BstNBI nicking endonuclease] = 2 U.
4
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Fig. 3. (A) Real-time fluorescence
curves and (B) corresponding Cq values
obtained during Cycle 2 and 3 reactions
with several combinations of 3WJ-tem
plate and F-template in the presence of
signal primer. (C) Real-time fluores
cence curves and (D) corresponding Cq
values obtained during Cycle 2 and 3
reactions with several combinations of
3WJ-template and F-template in the
presence of G-quadruplex. [Signal
primer] = 1 nM, [G-quadruplex] = 1
nM, [F-template] = 50 nM, [3WJ-tem
plate] = 5 nM, [Bst DNA polymerase] =
1 U, and [Nt.BstNBI nicking endonu
clease] = 1.6 U.

Fig. 3c). Fig. 3d is the corresponding plot of Cq. The fluorescence results
indicated that the signal primer following the G-quadruplex and
3WJ-template reaction could bind to the F-template and produce an
additional G-quadruplex sequence. In short, the ThT/G-quadruplex
fluorescence signals could be efficiently enhanced by the gene amplifi
cation reactions of Cycles 2 and 3.
We further tested the G-quadruplex recycling reactions by using a
random-tailed F-template and a random-tailed 3WJ-template (Fig. S4).
The results successfully verified that the G-quadruplex recycling reac
tion was performed by a specially designed G-quadruplex tail sequence.
Moreover, after the verification of each cycle in the developed
isothermal RNA sensing method, we optimized the concentration con
ditions of enzymes, 3WJ probes, and F-template respectively. The
optimal conditions of enzymes were determined to 1 U of Bst polymerase
and 1.6 U of Nt.BstNBI nicking enzyme by comparing the real-time
fluorescence curves for the detection of target RNA and control sam
ples (Figs. S5 and 6). Similarly, the concentrations of the 3WJ probes
and F-template were optimized to 3 nM and 30 nM, respectively
(Fig. S7), and the optimal reaction temperature was also confirmed
(Fig. S8).

range of 1 pM–100 nM. The linearly fitted line equation was y = 2.2681x
– 9.8747 (R2 = 0.9901), where y is the Cq value and x is the RNA con
centration. Following the formula LOD = 3 × standard deviation of
linear regression/slope, the detection limit was estimated to 1.23 pM. In
addition, the fluorescence intensity at the end of the reaction was
examined. As shown in Figs. S9a and a gradual increase in fluorescence
at 490 nm was observed as the RNA concentration increased from 1 pM
to 100 nM. Fig. S9b further shows the plot of relative fluorescence in
tensity (F/F0) versus -log [PPP1R1B]. F and F0 represent the fluorescence
intensities at 490 nm in the presence and absence of the target RNA,
respectively. Prior isothermal signal amplification strategies for nucleic
acid detection have shown comparable results with the currently pro
posed method through 2 or 3 steps for more than 2 h (Table S2).
Whereas, it is worth noting that the developed method could detect the
target RNA in a one-step manner within 30 min. Since the fluorescence
enhancement of ThT/G-quadruplex is dependent on the G-quadruplexforming sequences (Faverie et al., 2014) the sensitivity is expected to be
improved by using the sequence which has a more efficient fluorescence
response to ThT.
Fig. 4c and d indicates the selectivity of the developed RNA sensing
approach. For the selectivity evaluation, two kinds of RNA (GAPDH and
ERBB2 sequence) and two kinds of non-target ssDNA were employed
instead of target PPP1R1B RNA. As shown in Fig. 4c and d, the real-time
fluorescence responses of non-target RNAs and ssDNAs were not only
nearly the same as the control signal but also much slower than that of
the target RNA sample. The fluorescence intensity at the end of the re
action also corresponds to the real-time responses, suggesting a high
sequence specificity of this assay (Figs. S9c and d).

3.4. Sensitivity and selectivity
As described above, we confirmed that the proposed RNA sensing
method could work correctly under the optimized conditions. After that,
we evaluated the sensitivity of the RNA detection method by using
various concentrations of synthetic PPP1R1B RNA in the range of 1
pM–100 nM. Target RNA was mixed with 3WJ probes (3 nM) and Ftemplate (30 nM) and incubated with the enzyme mixture (1 U of Bst
DNA polymerase and 1.6 U of Nt.BstNBI nicking enzyme) at 55 ◦ C. Next,
the fluorescence curves were measured in real-time (Fig. 4a), and the
plot of the Cq value was obtained (Fig. 4b). The Cq value was linearly
dependent on the logarithm (log) of the target RNA concentration in the

3.5. Practical utility
For the application of this method to exosomal mRNA-based disease
diagnosis and prognosis, we tried to detect mRNA from human cell lines,
5
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Fig. 4. (A) Real-time fluorescence curves and (B) corresponding Cq values during the detection of PPP1R1B RNA (0, 1, 10, 100 pM, 1, 5, 10, 100 nM). (C) Real-time
fluorescence curves and (D) corresponding Cq values during the detection of non-target ssDNAs, and GAPDH, ERBB2, and PPP1R1B RNAs. Error bars were estimated
from triplicate tests.

Fig. 5. (A) Schematic illustration of PPP1R1B mRNA detection in exosomes of HCC1143 (HER2 (− )) and HCC1954 (HER2 (+)) cells. (B) Real-time fluorescence
curves and (C) corresponding Cq values during the detection of PPP1R1B RNA extracted from the exosomes of HCC1954 and HCC1143 cells. Error bars were
estimated from triplicate tests.
6
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exosomes, and urinary exosomes of tumor-bearing mice. First, two
different human cell lines (HCC1954 and HCC1143) were prepared for
the experiments. HCC1954 cells are HER2-positive, and HCC1143 cells
are HER2-negative(Grigoriadis et al., 2012). It is known that the
abnormal overexpression of PPP1R1B RNA is associated with the
development of various cancers, and specifically that PPP1R1B RNA is
elevated in HER2-positive breast cancer cell lines(Avanes et al., 2019;
Christenson and Kane, 2014; Kotecha et al., 2019). Therefore, we tried
to compare the PPP1R1B RNA expression levels of the HCC1954 and
HCC1143 cell lines by using the proposed RNA detection method
(Fig. S10a). For the detection of RNA, both HCC1954 and HCC1143 cells
were cultured to 106 cells/mL, and then their total RNA was extracted.
The extracted human mRNA was then analyzed with 3WJ probes and
F-template. As a result, the Cq value obtained from the HCC1954 sample
was meaningfully lower than that from the HCC1143 sample and the
control (Figs. S10b and c). To confirm this result, we analyzed the same
samples by using qRT-PCR, and the same result was obtained (Fig. S11).
This indicates that the expression level of PPP1R1B mRNA in human
cells was successfully analyzed by the proposed method. Second, the
mRNA levels in exosomes isolated from the culture medium of HCC1143
and HCC1954 cells were analyzed (Fig. 5a). The cell growth media of
both HCC1954 and HCC1143 cells were harvested, respectively, and the
exosomes were separated from the media by centrifugation. Subse
quently, the exosomal RNAs were extracted, and 5 ng of total exosomal
RNA was used for the test. The analysis of exosomal RNA showed a
similar RNA expression tendency to the cellular test. The Cq value
measured from HER2-positive exosomes was significantly lower than
that from HER2-negative exosomes (Fig. 5b and c). These results clearly
verified that exosomal mRNA can be identified through the proposed
3WJ probes- and F-template-based reactions.
Last, we tried to analyze the mRNA expression in the urinary

exosomes of breast cancer mice. Urine has been traditionally considered
a valuable diagnostic medium, and exosomes in urine have recently
attracted attention as new biomarker sources because the exosomes in
urine contain lipids, mRNAs, non-coding RNAs, DNA, and active pro
teins, which can provide important information for disease diagnosis
and prognosis(Rahbarghazi et al., 2019). In particular, cancer exosomes
in urine are regarded as a promising non-invasive diagnostic biomarker
source since large quantities can be obtained noninvasively(Panfoli,
2017). For patients, non-invasive liquid biopsies using body fluids may
be preferable to tumor tissue biopsies(Boukouris and Mathivanan,
2015). To validate the clinical applicability of the developed RNA
sensing method, we prepared a tumor-bearing mouse model and
analyzed the mRNA levels in urinary exosomes collected from mouse
patients (Fig. 6a). The breast cancer xenograft model was developed by
the injection of HCC1954 cells into the mammary fat pad of female mice
(total 16 mouse model). Fig. S12a shows representative images of the
breast cancer xenograft model mice. Urine from those mice was
collected and centrifuged. Next, the exosomes in urine were isolated
using the purification system. The isolated exosomes were successfully
identified by measuring CD63, one of the exosome marker proteins using
western blot assay (Fig. S12). (Curley et al., 2020) After mRNA extrac
tion from the urinary exosome samples, 10 ng of total RNA was pre
pared, and the PPP1R1B levels were analyzed using the proposed
method. Fig. 6c shows the real-time fluorescence curves obtained from
the urinary exosomal RNA isolated from HCC1954-derived (red) and
healthy (green) mice, respectively. The PPP1R1B mRNA level in urinary
exosomes was elevated in mice bearing HER2-positive tumors.
Conversely, the PPP1R1B mRNA level of the healthy mouse was similar
to that of a blank sample. From the results, it was demonstrated that this
novel RNA detection platform could be used for non-invasive cancer
diagnosis. We have tried to develop an integrated portable diagnostic

Fig. 6. (A) Schematic illustration of PPP1R1B exosomal RNA detection in mouse urine samples. (B) Real-time fluorescence curves and (C) corresponding Cq values
during the detection of PPP1R1B exosomal RNA isolated from healthy control and HCC1954-derived mouse urine samples. Each sample was tested in triplicate.
7
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tool that can separate exosomes from urine samples and detect RNA
sequentially based on fluorescence measurement. At present, inconve
nient RNA extraction steps are required in this study, not appropriate in
a constrained setting. However, we expect that the portable device can
simplify the separation and lysis process of exosomes from urine sam
ples, resolving this problem. Concurrently, this rapid one-step RNA
detection method would create a synergetic effect when combined with
a portable system, especially in a resource-poor setting.

2019H1A2A1073468).

4. Conclusion
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In this study, a rapid isothermal G-quadruplex amplification reaction
based on 3WJ formation was developed to detect RNA molecules. The
strategy described in this manuscript would bring some promising fea
tures for biomolecular diagnosis. First, RNA recognition by the 3WJ
structure could eliminate the reverse transcription process as well as
improved the specificity. Second, the G-quadruplex amplification reac
tion induced by 3WJ formation efficiently enhanced ThT/G-quadruplexbased fluorescence. This one-step RNA detection method achieved a
wide dynamic range and a detection limit of 1.23 pM. Although the
sensitivity may be unsatisfactory to some extent compared to other RNA
detection methods that take more than 2 h over 2 or 3 steps, this strategy
has successfully detected target RNA within 30 min in a one-step
manner. Third, it was successfully applied to urinary exosomal mRNA
analysis of breast cancer mice. We expect that the proposed method
could be widely used for various cancer diagnosis and prognosis tests.
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