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FRET probe for detecting two mutations in one
EGFR mRNA+
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Technologies for visualizing and tracking RNA are essential in molecular biology, including in disease-
related fields. In this study, we propose a novel probe set (DAt-probe and T-probe) that simultaneously
detects two mutations in the same RNA using fluorescence resonance energy transfer (FRET). The DAt-
probe carrying the fluorophore Atto488 and the quencher Dabcyl were used to detect a cancer mutation
(exon19del), and the T-probe carrying the fluorophore Tamra was used to detect drug resistance
mutations (T790M) in epidermal growth factor receptor (EGFR) mRNA. These probes were designed to
induce FRET when both mutations were present in the mRNA. Gel electrophoresis confirmed that the
two probes could efficiently bind to the mutant mRNA. We measured the FRET ratios using wild-type and
double-mutant RNAs and found a significant difference between them. Even in living cells, the FRET
probe could visualize mutant RNA. As a result, we conclude that this probe set provides a method for
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Introduction

RNAs play various roles associated with their intracellular
transport and localization." Additionally, they are critically
involved in regulatory processes in disease occurrence and pro-
gression; they are used as diagnostic markers and treatment
targets, particularly in cancers.”® As a result, RNA detection
and imaging have become indispensable technologies in mole-
cular biology, including in disease-related fields. In recent
years, many methods for RNA detection and quantification
have emerged,®® including polymerase chain reaction (PCR)-
based methods®'® that use cell extracts; however, these
methods cannot be applied to living cells. Methods applicable
to living cells include those using fluorescent probes, such as
fluorescent proteins,"*™® RNA aptamers,’*"> and molecular
beacons,'®"® which bind to target RNAs. These detection
methods are widely used in biological research and medical
diagnosis,">*® but further methodological considerations are
required to cope with different cases of medical diagnosis.
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detecting two mutations in the single EGFR mRNA via FRET.

Many studies have focused on detecting single mutations
associated with specific diseases.””*> However, double
mutations have also been reported to be related to the severity
and drug resistance of some diseases. For example, a double
mutation in the PIK3CA gene is associated with breast cancer.>?
Furthermore, many studies have mentioned double mutations
in the epidermal growth factor receptor (EGFR) in lung cancer
patients.*2° Globally, the leading cause of cancer death is lung
cancer.>’?® It has been reported that about 45% of lung cancer
patients have an exon 19 deletion (exon19del) on EGFR
mRNA.>® The exon19del mutation in EGFR is a known bio-
marker for non-small cell lung cancer (NSCLC)*® and this
mutation is observed in 54% of patients with EGFR-mutant lung
cancer.”’ As a first-generation EGFR tyrosine kinase inhibitor
(TKI), Gefitinib is effective in this cancer,*® in which the most
common EGFR mutations sensitive to TKIs are exon19del and
L858R.** However, the T790M EGFR mutation has been found
to be the most common cause of acquired resistance to first-
generation TKIs,>* and it renders Gefitinib ineffective.®> In
patients with advanced EGFR-mutant NSCLC who acquire resis-
tance to EGFR tyrosine kinase inhibitors, the prevalence of
T790M mutation with exon19 is approximately 50%.%'*® As a
result, the simultaneous detection of the two mutations would
be helpful in considering treatment strategies.

In this study, we designed a probe set (two probes) to detect
double mutations in an RNA molecule using fluorescence reso-
nance energy transfer (FRET). EGFR mRNA with a double
mutation (exon19del and T790M) was selected as the target of
the probe, and a 142-nt partial sequence of the mRNA contain-
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ing the two mutations was used in this study. The two probes
were designed to recognize the respective mutation sites on
the mRNA target and generate a FRET signal only when both
probes hybridize to the same target (Fig. 1). We attempted to
use several FRET pair dyes (donor dyes [Fam and Atto488] and
acceptor dyes [Atto590 and Tamra]) among those reported to
be preferred,> and optimized the conditions for double-
mutation detection. A probe set for detecting RNA by FRET
has been previously proposed,*® but our probe set is novel
because it can detect two mutations located far apart in the
target RNA sequence. Furthermore, such FRET probes can be
used both with cell extracts and in living cells.

Experimental
Preparation of RNAs

For mutant EGFR mRNA (mut RNA) and wild-type EGFR mRNA
(wt RNA), DNA templates were prepared through extension of
two primers (5-CCG GGT AAT ACG ACT CAC TAT AGT CGC TAT
CAA AA CAT CTC CGA AAG CCA ACA AGG AAA TCC TCG ATG

(A)
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(EGFR mRNA) exon 19 deletion T790M
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Fig. 1 Detection of two mutations on an EGFR mRNA. (A) A schematic
diagram of the detection of double mutations in RNA with two probes
(DAt- and T4-probes). Light blue: sequences that hybridize between the
two probes. Red: mutation sites in the mRNA and their complementary
sites in the probes. (B) Tamra-containing probes targeting a T790M
mutation.
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AAG CCT ACG TGA TGG CCA GCG TGG AC-3' and 5-GCA TGA
GCT GCA TGA TGA GTT GCA CGG TGG AGG TGA GGC AGA
TGC CCA GCA GGC GGC ACA CGT GGG GGT TGT CCA CGC
TGG CCA TCA C-3' for mut RNA, and 5-CCG GGT AAT ACG ACT
CAC TAT AGT CGC TAT CAA GGA ATT AAG AGA AGC AAC ATC
TCC GAA AGC CAA CAA GGA AAT CCT CGA TGA AGC CTA CGT
GAT GGC-3' and 5-GCA TGA GCT GCG TGA TGA GTT GCA CGG
TGG AGG TGA GGC AGA TGC CCA GCA GGC GGC ACA CGT
GGG GGT TGT CCA CGC TGG CCA TCA CGT AGG CTT CAT-3'
for wt RNA) purchased from Eurofins genomics (Japan). The
DNA template was transcribed using the AmpliScribe T7-Flash
Transcription Kit (Lucigen, USA), according to the manufac-
turer’s instructions. The transcribed RNA was subjected to 7 M
urea-denatured 8% polyacrylamide gel electrophoresis (PAGE) to
cut out the target RNA. Keeping the gel in 2 mM ethylenediami-
netetraacetic acid (EDTA) at 37 °C for 1 h, 2 h, and overnight,
RNA was eluted from it. After phenol-chloroform extraction and
2-propanol precipitation, the RNA was dissolved in ultrapure
water. Absorbance was measured using a spectrophotometer to
determine the purity and concentration of RNA. mutRNA-100
(5'-GTC GCT ATC AAA ACA TCT CCG AAC TCA TCA TGC AGC
TCA TGC-3') lacking the 100 mer between the target sequences
was purchased from JBios (Japan).

Fluorescence measurements and estimation of FRET
efficiencies

Two probes (200 nM each) and the RNA (400 nM, or the con-
centration indicated in each figure) were mixed in a buffer con-
taining 10 mM Tris-HCI (pH 7.6), 1 mM MgCl,, 150 mM NacCl,
and 20% PEG200 (Wako, Japan). The mixture was incubated at
37 °C for 60 min (or the time indicated in each figure). The
fluorescence spectra of the mixtures were measured at an exci-
tation wavelength of 475 nm using an FP-6600 spectrofluorom-
eter (JASCO, Japan) equipped with a microcell. Fluorescence
intensities were measured at emission wavelengths of
500-700 nm. The FRET ratio was defined as:*

Em(Acceptorpppr) — Em(Acceptory; yk)
Em(Donorrgrer)

FRET ratio =

where, Em(Donorgger) and Em(Acceptorgrer) are the fluo-
rescence intensities of the two probe pairs and RNA at 525 nm
(donor) and 580 nm (acceptor: Tamra) or 622 nm (acceptor:
Atto590), respectively. Em(Acceptorgiank) is the fluorescence
intensity of the acceptor probe and RNA without a donor probe
at 580 nm (Tamra) or 622 nm (Atto590).

PAGE analysis

To confirm the specificity of two probes binding to target
RNAs by gel electrophoresis (Native 8% PAGE), a reaction solu-
tion (5 pL), including 400 nM of the RNA and 200 nM of the
probes, was incubated for 60 min at 37 °C. Following that, 2x
LS buffer (2 M Tri-HCI (pH 7.6), 500 mM EDTA, and 50% gly-
cerol) was added to the reaction solution at a ratio of 1:1 (v/v)
to perform native 8% PAGE. The binding ratio of the probe to
RNA was calculated using iBright 1500 (Thermo Fisher
Scientific, USA), and specificity was confirmed.
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Cell culture, microinjection, and live cell imaging

HeLa cells were used for microinjection and FRET imaging
experiments. HeLa cells were obtained from the RIKEN
BioResource Research Center, Japan. The cells were main-
tained in RPMI 1640 medium (Nacalai Tesque, Japan) with
10% fetal bovine serum (Sigma, USA) and 1% antibiotic-anti-
mycotic solution (Gibco, MD, USA) at 37 °C under an atmo-
sphere of 5% CO,. The cells were seeded onto 35 mm glass-
based dishes (glass 27¢; Iwaki, Japan) coated with poly-L-lysine
(Merck, Germany). After 2 d, the medium was replaced with
fresh medium without phenol red, and the cells were then
microinjected with a mixture containing 10 pM of each of the
two probes, 10 pM mut or wt RNA, and 100 pM HEPES-KOH
(pH 7.2), which was prepared at 37 °C for 60 min.
Microinjection experiments were performed using Femtojet 4i
microinjection equipment with femtotips (Eppendorf,
Germany) at an injection pressure of 50 hPa and an injection
time of 0.3 s. In the microinjected cells, the fluorescence and
FRET were imaged through a 60x objective lens using an
FV1000 confocal microscope (Olympus, Japan). Excitation and
emission wavelengths were 488 nm and 500-684 nm, respect-
ively, for Atto488; 543 nm and 580-680 nm, respectively, for
Tamra; and 488 nm and 584-684 nm, respectively, for FRET
images.

Results and discussion
Designing the probes

To achieve efficient probe-target binding, we designed several
oligonucleotide probes with regions complementary to the
mutant EGFR mRNA. We designed probe sets composed of (1)
a FRET donor probe modified with the fluorophores Atto488
or Fam and (2) an acceptor probe modified with the fluoro-
phores Tamra or Atto590. All probes were purchased from
JBios (Japan) (Table 1).

Use of a quencher in the donor F-probe is necessary to detect
target RNA by FRET

First, we considered the use of a quencher (dabcyl) in a probe
with Fam. When the target RNA was detected by FRET from
Fam (Emp,q, = 520 nm) to Tamra (Em,,x = 580 nm) using the
F-probe and T4-probe, extremely strong Fam fluorescence hin-

Table 1 Sequences of fluorescent probes
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Fig. 2 Fluorescence spectra. F- and T1l-probes with wt RNA (A) and
mut RNA (B). DF- and T4-probes with wt RNA (C) and mut RNA (D).

dered the observation of the FRET peak at the Tamra emission
wavelength (Fig. 2A and B). To reduce the fluorescence of the
F-probe not bound to the target RNA, a dabcyl group was
added to the F-probe to design the DF-probe, as shown in
Table 1. Using the DF-probe and T1-probe, the FRET peak was
clearly observed depending on the target mut RNA (Fig. 2C
and D). The DF/T1-probe pair had a specificity problem in that
FRET was observed to a small extent, even for wt RNA;
however, the specificity was greatly increased by the improve-
ment of the T1-probe, as described below.

Atto488-Tamra was optimal fluorescent dye pairs

According to literature,” Atto488 and Atto590 are considered
efficient FRET pairs. In this study, the DAt-probe was designed
based on the DF probe by replacing Fam with Atto488
(Table 1). The At-probe was designed based on the T1-probe by
replacing the Tamra with the Atto590. The FRET efficiencies of
the four combinations of donor-acceptor pairs revealed that
Atto488-Tamra was the best FRET pair in this RNA detection
system (Fig. 3). Unexpectedly, Atto488 and Atto590, which are
considered to be an efficient FRET pair by Hirsch et al,’”
resulted in a very low FRET ratio in this study. This discre-
pancy in the finding could be attributed to the difference in

Abbreviation Sequence (from 5’ to 3')

F-probe TCC GTT CCG GTA GCT A (T-Fam) A CGG AGA TGT TTT GAT AGC G

DF-probe TCC GT (T-Dabcyl) CCG GTA GCT A (T-Fam) A CGG AGA TGT TTT GAT AGC G
DAt-probe TCC GT (T-Dabceyl) CCG GTA GCT A (T-Atto488) A CGG AGA TGT TTT GAT AGC G
T1-probe GCA TGA GCT GCA TGA TGA GTT (T-Tamra) TA GCT ACC GGA ACT C

T2-probe CAT GAG CTG CAT GAT GAG TTA TAG C (T-Tamra) A CCG GAA CTC

T3-probe CAT GAG CTG CAT GAT GAG TT (T-Tamra) TAG CTA CCG GAA CTC

T4-probe CAG CCA TGA GCT GCA TGA TGA GTT (T-Tamra) TA GCT ACC GGA ACT C
T5-probe TGG CAC ATG AGC TGC ATG ATG AGT T (T-Tamra) T AGC TAC CGG AAC TC
At-probe GCA TGA GCT GCA TGA TGA GTT (T-Atto590) TA GCT ACC GGT AAC TC

2628 | Analyst, 2023, 148, 2626-2632
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Fig. 3 Target mut RNA detection by FRET using four combinations of
donor-acceptor pairs. Combinations of donor DAt- or DF-probe and
acceptor At- or Tl1-probe were investigated. The data are presented as
the mean + standard error of the mean (SEM); n = 3.

the steric configuration of these dyes—these dyes attached to
the end of the dsRNA strand in the study of Hirsch et al.,*”
whereas they are attached to the thymidine bases in the
dsDNA strand in the present study. The superiority of Tamra
over Atto590 can be attributed to the fact that the Em
(Acceptorgrer) of Tamra was significantly higher than that of
Atto590, regardless of whether the donor was Fam or Atto488.
The superiority of Atto488 over Fam can be attributed to the
lower Em(Acceptorg;ank) of Atto488 than that of Fam.

Improvement of the binding specificity of the T790M-targeting
probe

The exonl9del-targeting DAt-probe bound efficiently and
specifically to the target mut RNA, whereas the T790M-target-
ing T1-probe bound slightly to the wt RNA (Fig. 4A). As a
result, we designed four other Tamra probes (T2-T5) to
improve target binding/detection specificity (Fig. 1B). The
target RNA binding specificity was improved, particularly with
the T4-probe (Fig. 4A and B); the T4-probe bound to mut RNA
to the same extent as the T1-probe but hardly bound to wt
RNA. The FRET ratio values of the T2- and T4-probes for wt
RNA were significantly lower than those of the T1-probe, but
that of the T2-probe for mut RNA was also very low (Fig. 4C). In
contrast, T4-probe can detect mut RNA by FRET, and its FRET
ratio for wt RNA was reduced to 37% compared to T1-probe. As
a result, the T4-probe was found to be the best among the five
T probes, as indicated by the highest mutant/wild-type speci-
ficity ratio of the T4- and DAt-probe pair among five probe
pairs (Fig. 4D). The superiority of the T4-probe appears to orig-
inate from its ability to weaken the binding to wt RNA
(Fig. 4A), rather than from its mut RNA-binding ability, which
does not differ significantly among the T1-T5 probes (Fig. 4B).
The ability of the T4-probe to avoid binding to wt RNA is prob-
ably because the 4 bp stem at the 5’ end masks a part of the
RNA-binding sequence, making it impossible for the probe to
bind to the RNA without the T790M mutation.

Examination of incubation time

We investigated whether the DAt- and T4-probe pairs could
detect the target mut RNA and the amount of time it would

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 RNA binding and FRET analyses using various T probes. (A and B)
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denatured PAGE. (C) FRET ratios using the DAt-probe and various
T-probes with mut or wt RNA. The data are presented as the mean +
SEM; n = 3. (D) Mutant/wild-type specificity ratio of T-probe variants
with DAt-probe.

take to achieve sufficient detection. Using the DAt-probe alone,
the Atto488 fluorescence peak at 525 nm increased depending
on the incubation time, indicating the progression of the DAt-
probe’s binding to mut RNA (Fig. 5A-C, green lines). Using the
DAt/T4-probe pair, the FRET peak at 580 nm increased with
the incubation time (Fig. 5A-C, orange lines). The FRET ratio
increased in a time-dependent manner and reached its
maximum at 60 min (Fig. 5D), suggesting that a 60 min incu-
bation is optimal for mut RNA detection.

Target RNA detection by the selected DAt- and T4-probe pair

The DAt- and T4-probe pair successfully bound to the target
mut RNA (Fig. 6), but not to the wt RNA (Fig. S1f). A signifi-
cant FRET signal at 580 nm was observed when detecting mut
RNA (Fig. 5C, orange line) compared with wt RNA (Fig. S2,T
orange line). The FRET ratio of DAt-/T4-probes with mut RNA
(0.91, Fig. 7) was much higher than those with wt RNA (0.13)
and without RNA (0.13). Moreover, the FRET ratio of this probe
set with mut RNA was significantly higher than that of probes
with single mutants (Fig. S3). In addition, the FRET ratio of
the DAt- and T4-probes was measured with various RNA con-
centrations (Fig. S47). The results demonstrated that 200 nM

Analyst, 2023, 148, 2626-2632 | 2629
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Fig. 6 Confirmation of the target RNA binding of DAt- and T4-probes
by 8% denatured PAGE. In the left panel, Atto488 is shown in green and
Tamra in orange. In the right panel, nucleic acids are stained with ethi-
dium bromide.
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Fig. 7 Comparison of mut RNA and mutRNA-100. FRET ratios using
DAt- and T4-probes and mut RNA or mutRNA-100 were measured. The
data are presented as the mean + SEM; n = 3.

of this probe set could detect 50 nM of the target RNA, and a
lower concentration (10 nM) of this probe set could detect 5
nM of the RNA. Although the intracellular concentration of

2630 | Analyst, 2023, 148, 2626-2632
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EGFR mRNA is unknown, it could be detected with this probe
set as the mRNA was detected intracellularly by another probe
with a detection limit of around 5 nM.*>*!

To determine the effect of the distance between the two
mutation sites, we examined fluorescence using DAt4- and T4-
probes with mutRNA-100, which is the target RNA lacking a
100-nt sequence between the exon19del and T790M mutations.
In the mutRNA-100 sequence, the DAt4- and T4-probes can
bind adjacently to each other. Compared to mut RNA, in
which the two mutations were far apart, FRET occurred more
substantially with mutRNA-100 (Fig. 7).

The FRET ratio of DAt-/T4-probes with mutRNA-100 was
1.7 times higher than that with mut RNA. This result
indicated that this probe set was more sensitive in detecting
double mutations when the distance between the two
mutations was small. However, the probe set can also detect
two mutations that are >100 bp apart; the FRET ratio of the
probe set with mut RNA was 7 times higher than that with wt
RNA.

Detection of exogenously added target RNA in living cells

To investigate whether the selected probes could detect the
target RNA in live cells, the two probes and RNA were microin-
jected into the cytoplasm of HeLa cells. Tamra fluorescence is
not affected by RNA binding; therefore, it served as an injec-
tion marker, and the marker indicated that the probes and
RNA were successfully injected in all experiments (Fig. 8A-C).
The DAt probe becomes more fluorescent upon binding to
RNA because of dequenching. The stronger fluorescence of
Atto488 with mut RNA (Fig. 8A) compared to wt RNA and RNA
(=) (Fig. 8B and C) indicated that the DAt probe bound to the
target wt RNA in the cell. Notably, a considerably strong FRET
signal was observed with mut RNA (Fig. 8A), but not with wt
RNA or RNA (-) (Fig. 8B and C). These findings imply that the
DAt-/T4 probe pair can detect the target double-mutant RNA in
a cell.

Tamra

(A)

mut RNA

(B)

wtRNA

(€)

RNA(-)

Fig. 8 Detection of target RNA in living cells. HelLa cells were microin-
jected with DAt- and T4-probes with mut RNA (A), wt RNA (B), and no
RNA (C).

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In this study, we developed a FRET probe (DAt-/T4 probe pair)
that can simultaneously detect two mutations in one EGFR
mRNA. The first designed probe pair (F and T1 probes) had
issues with detection ability and specificity. However, the
introduction of a quencher into the FRET donor F-probe, con-
sideration of combinations of donor and acceptor fluoro-
phores, and redesign of the acceptor probe have greatly
improved the RNA detection ability and specificity, resulting in
the development of the DAt-/T4-probe pair. The two mutations
can be detected using this probe pair even if they are located
far from each other (e.g., 119 bp in the case of exon19del and
T790M). However, the FRET signal was more intense when the
two mutations were in close proximity. For more efficient
detection of the two distant mutations, a single-molecule
FRET probe might be developed based on the present DAt-/T4-
probe pair in the future.

Herein, we presented an approach that may be adopted for
other mutations, but can only be used in specific cases. The
present probe can detect not only disease-related mutation
(exon19del) but also drug-resistance mutation (T790M) at the
same time in EGFR mRNA, and is promising for diagnosis for
personalized medicine in lung cancer. In general, the intra-
cellular function of one RNA with two mutations (mutation-1
and mutation-2) would be different from the function caused
by the coexistence of the RNA with mutation-1 and that with
mutation-2. Thus, the method to detect double mutations is
important. This probe design is promising for the detection of
double mutations in cellular mRNAs and for diagnosis based
on these mutations.
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