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ABSTRACT: MicroRNAs (miRNAs) play essential roles in regulating gene
expression and cell fate. However, it remains a great challenge to image
miRNAs with high accuracy in living cells. Here, we report a novel genetically
encoded dual-color light-up RNA sensor for ratiometric imaging of miRNAs
using Mango as an internal reference and SRB2 as the sensor module. This
genetically encoded sensor is designed by expressing a splittable fusion of the
internal reference and sensor module under a single promoter. This design
strategy allows synchronous expression of the two modules with negligible
interference. Live cell imaging studies reveal that the genetically encoded
ratiometric RNA sensor responds specifically to mir-224. Moreover, the
sensor-to-Mango fluorescence ratios are linearly correlated with the
concentrations of mir-224, confirming their capability of determining mir-
224 concentrations in living cells. Our genetically encoded light-up RNA
sensor also enables ratiometric imaging of mir-224 in different cell lines. This
strategy could provide a versatile approach for ratiometric imaging of intracellular RNAs, affording powerful tools for interrogating
RNA functions and abundance in living cells.

MicroRNAs (miRNAs) are short non-coding RNAs that
play crucial roles in regulating gene expression and cell

fate.1,2 Methods that can provide information about their
abundance, distribution, and dynamics are essential to
understand their roles and functions. Nevertheless, it remains
a great challenge to detect miRNAs in living cells due to their
small size, intrinsic non-fluorescent nature, and low abun-
dance.3,4 Hybridization-based probes including molecular
beacons and spherical nucleic acids have been developed to
image miRNAs in living cells with high sensitivity.5−7

However, the difficulty in delivery and susceptibility to
degradation may limit their applications in determining
miRNAs in living cells.8 Genetically encoded RNA sensors
that can be transcribed inside living cells could potentially
overcome the issues of inefficient intracellular delivery and
probe degradation.
Light-up RNA aptamers are in vitro selected RNA sequences

that can specifically bind and activate the fluorescence of
cognate non-fluorescent small molecule fluorophores.9,10 A
palette of light-up RNA aptamers including Broccoli,11

Mango,12 SRB2,13 and Pepper14 have been reported.
Incorporation of the analyte-responsive motif to the light-up
RNA aptamers has enabled the development of genetically
encoded fluorogenic RNA sensors for imaging various analytes
including small molecules,15 proteins,16 and RNAs17 in living
cells. However, current designs mainly rely on a single-
wavelength readout that prevents them from quantitatively
imaging analytes due to variations from other analyte-

independent factors such as instrumental parameters and
sensor concentrations. We previously reported a genetically
encoded ratiometric RNA sensor for quantitative imaging
mRNA, coexpressing green fluorescent protein (GFP) mRNA
under a single promoter as a reference.18 However, the
requirements of translation and maturation render GFP a less-
desirable reference. More recently, a genetically encoded
ratiometric RNA sensor utilizing two RNA aptamers,
dinitroaniline (DN) and Broccoli, was developed to quantify
small molecules in bacteria.19,20 However, the development of
a genetically encoded RNA sensor based on two RNA
aptamers for ratiometric imaging of RNA in mammalian cells
remains unexplored.
Here, we develop a genetically encoded dual-color RNA

sensor for ratiometric imaging of miRNAs in mammalian cells.
We envision that the utility of two light-up RNA aptamers, one
functions as an internal reference and the other functions as a
sensor module, could allow the development of a genetically
encoded ratiometric RNA sensor. Based on this rationale, we
choose two light-up RNA aptamers, Mango and SRB2, which
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can specifically bind and activate the fluorescence of thiazole
orange biotin (TO1-Biotin)12 and sulforhodamine B (SR)-
DN,13 respectively. Mango and SRB2 exhibit distinct spectral
properties after binding with their corresponding fluorophores,
facilitating dual-color imaging. A genetically encoded RNA
sensor is designed by inserting a dsRNA Dicer substrate
(dsRNA) that can be cleaved by endogenous Dicer enzyme21

between the reference and the sensor module under a single
promoter (Figure 1). This design allows a synchronous

expression of the reference and the sensor module. Moreover,
the dsRNA enables separation of these modules by
endogenous Dicer to prevent their interaction. After expression
and Dicer-mediated cleavage, the reference module can bind
and activate the fluorescence of TO1-Biotin, whereas the
sensor module hybridizes with the target miRNA and restores
the correct confirmation of SRB2 with activated SR-DN
fluorescence. The fluorescence ratios of the sensor over Mango
allow ratiometric imaging of the target RNAs.
To demonstrate the concept, we choose mir-224 that is

overexpressed in various cancers, especially hepatocellular
carcinoma.22,23 The sensor module is constructed by
incorporating the mir-224-responsive moiety to the SR-binding
loop according to our previous design strategy.24 Fluorescence
imaging reveals that the Mango-dsRNA-sensor responds
specifically to mir-224, and the senor-to-Mango ratios are
linearly correlated with the concentrations of mir-224
determined by quantitative reverse transcription polymerase
chain reaction (qRT-PCR). Moreover, this genetically encoded
dual-color RNA sensor also allows ratiometric imaging of mir-
224 in different cell lines. This strategy affords a general
platform for ratiometrically imaging intracellular RNAs,
providing versatile tools for probing RNA functions and
dynamics in living cells.

■ EXPERIMENTAL SECTION
Materials and Instruments. DNA oligonucleotides

(HPLC) were synthesized from Sangon Biotech (Shanghai,

China). RNA oligonucleotides were synthesized by TaKaRa
Biotechnology (Dalian, China). A mir-224 mimic and inhibitor
were obtained from RiboBio (Guangzhou, China). Oligonu-
cleotide sequences are shown in the Supporting Information in
Table S1. Restriction endonucleases and a Monarch RNA
cleanup kit (50 μg) were purchased from New England Biolabs
(Massachusetts, USA). Recombinant human β-actin protein
was purchased from R&D Systems (Minneapolis, MN). Cell
lysis buffer was purchased from Beyotime Biotechnology
(Shanghai, China). HepG2, HeLa, and L-02 cells were
purchased from the cell bank of Central Laboratory of Xiangya
Hospital (Changsha, China). All other chemicals were of
analytical grade and obtained from Sinopharm Chemical
Reagent (Shanghai, China). All solutions and ultrapure water
were autoclaved and treated with diethyl pyrocarbonate to
avoid RNA degradation.
The fluorescence assay was performed using an F-7000

fluorescence spectrophotometer (Hitachi, Japan). A Tanon
4200SF gel imaging system (Tanon Science & Technology,
China) was used to visualize the gel images. Mass spectrometry
was collected on an Agilent Technologies accurate mass Q-
TOF 6530 microspectrometer. Quantitative reverse tran-
scription PCR (qRT-PCR) was carried out using an Applied
Biosystems StepOnePlus PCR instrument (ABI, Foster, CA,
USA). Confocal laser scanning microscopy (CLSM) images
were acquired on a Nikon TI*E + A1 SI confocal laser
scanning microscope (Japan) using an oil objective lens (60×).

Synthesis of TO1-Biotin Conjugate. TO1-Biotin con-
jugate was synthesized according to previous procedures with
slight modifications.12 Specifically, 2-(2-methylbenzo[d]-
thiazol-3-ium-3-yl)acetate was first prepared by fluxing 2-
methylbenzothiazole (1 equiv) and bromoacetic acid (1.5
equiv) in toluene for 12 h. The resulting mixture was
condensed, filtrated, and washed with toluene to afford 2-(2-
methylbenzo[d]thiazol-3-ium-3-yl)acetate with a yield of 95%.
Then, 1-methylquinolinium iodide was obtained by refluxing
quinoline (1 equiv) and iodomethane (2.1 equiv) in 1,4-
dioxane for 1 h (50−90% yield). TO1-acetate was synthesized
by stirring 1-methylquinolinium iodide (1 equiv), 2-(2-
methylbenzo[d]thiazol-3-ium-3-yl)acetate (1.4 equiv), and
triethylamine (3.1 equiv) in dichloromethane at room
temperature overnight. The resulting mixture was precipitated
with a mixture of ethanol and diethyl ether (4:1, v/v). The
precipitates were filtrated and washed with water and acetone
to afford TO1-acetate with a yield of 30%. Finally, TO1-Biotin
was prepared by stirring a mixture composed of benzotriazole-
N ,N ,N′ ,N′-tetramethyl-uronium-hexafluorophosphate
(HBTU; 14 equiv), N,N-diisopropylethylamine (DIPEA; 28
equiv), TO1-acetate (1.0 equiv), and EZ-link amine-PEG-
biotin (4.2 equiv) overnight at room temperature. The
ultimate product, TO1-Biotin, was purified and characterized
by high-resolution−electrospray ionization−mass spectrometry
(HR-ESI-MS).

Fluorescence Assay. The in vitro transcribed RNA
aptamers including 10 μM Mango, 5 μM SRB2, or 10 μM
the fusion of Mango and SRB2 (M-S) were incubated with the
corresponding fluorophore (10 μM TO1-Biotin or 1 μM SR-
DN) in a reaction buffer (40 mM HEPES, 100 mM KCl, and
10 mM MgCl2) for 30 min at 37 °C. Fluorescence spectra for
TO1-Biotin were collected in the range of 515−615 nm with
an excitation wavelength of 495 nm, whereas those for SR-DN
were collected in the range of 565−650 nm with an excitation
wavelength of 550 nm.

Figure 1. Scheme for the working principle of the genetically encoded
dual-color light-up RNA sensor. The expressed Mango-dsRNA-sensor
transcript is cleaved by Dicer to separate the reference and sensor
module. The reference binds and activates the fluorescence of TO1-
Biotin, whereas the sensor module hybridizes with the target miRNA
and restores the correct confirmation of SRB2 with activated SR-DN
fluorescence. The fluorescence ratio of SR-DN over TO1-Biotin
enables ratiometric imaging of the target miRNA.
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To study the response of the sensor module to mir-224, a
given concentration of mir-224 was incubated with the sensor
module (5 μM) and 1 μM SR-DN in the reaction buffer for 30
min at 37 °C.
The selectivity study was carried out by incubating different

substances including mir-224, mir-21, Let-7f, mir-222, β-actin,
and L-02 cell lysates with the RNA sensor module and 1 μM
SR-DN in the reaction buffer for 30 min at 37 °C. L-02 cell
lysates were obtained according to the following procedures:
after washing, L-02 was treated with 200 μL of cell lysis buffer
for 5 min on ice. The mixture was centrifuged at 10,000g at 4
°C for 5 min, and the supernatant was collected.
Gel Imaging Assay. To test whether the RNA transcripts

could bind with the corresponding fluorophores, 10 μL of 1
μM Mango, SRB2, or M-S was loaded into a well of 12%
polyacrylamide gel electrophoresis (PAGE) gel. To determine
whether the RNA sensor module could bind with SR-DN after
reacting with mir-224, the RNA sensor module was incubated
with 1 μM mir-224 at 37 °C for 30 min. The reaction mixture
was loaded into a well of 12% PAGE gel. For comparison, the
RNA sensor was also loaded in another well. All electro-
phoresis experiments were performed at a constant potential of
90 V in TBE buffer (pH 8.3) for 1 h. The PAGE gels were
stained with 1 μM SR-DN or 10 μM TO1-Biotin followed by
staining with a 4S GelRed nucleic acid stain. The gel was
imaged with a Tanon 4200SF gel imaging system.
Vector Construction. The plasmid was constructed using

pcDNA3.1(+) as a mammalian expression vector. For
improving the stability of RNA, the RNA aptamers and RNA
sensor were inserted into a tRNA scaffold. Overlapping PCR
was utilized to obtain the DNA sequences for tRNA-scaffolded
Mango-SRB2, Mango-dsRNA-SRB2, Mango-dsRNA-sensor,
and Mango-dsRNA-control flanked by Hind III and PmeI
cleavage sites. DNA sequences are listed in Table S1 in the
Supporting Information. The PCR products were purified
using a PureLink quick gel extraction kit (Thermo Scientific),
according to the manufacturer’s protocol. The purified
products were cloned into the pcDNA3.1(+) vector under a
CMV promoter via the Hind III and PmeI restriction sites to
construct plasmids of Mango-SRB2, Mango-dsRNA-SRB2,
Mango-dsRNA-sensor, and Mango-dsRNA-control, respec-
tively. The resulting plasmids were confirmed by sequencing.
Cell Culture and Transfection. HepG2, HeLa, and L-02

cell lines were cultured in a 37 °C incubator with 5% CO2
using Dulbecco’s modified Eagle medium (DMEM; Thermo
Scientific Hyclone) added with 10% fetal bovine serum. The
cells were plated on 35 mm sterilized dishes with 14 mm wells.
Upon reaching a confluence of 40−60%, the cells were
transfected with different plasmids using Lipofectamine 3000
(Thermo Scientific), according to the manufacturer’s protocol.
Typically, the cells were transfected with 500 ng of the plasmid
and 2 μL of Lipofectamine 3000 in OptiMEM. The cells were
then cultured in DMEM supplied with 10% FBS for 6 h before
changing to a complete medium. CLSM images were obtained
24 h after transfection. To modulate the expression levels of
mir-224 in HeLa cells, mir-224 mimics or inhibitors at a given
dose were cotransfected with the plasmid Mango-dsRNA-
sensor.
CLSM Imaging and Data Analysis. The cells in different

conditions were washed with PBS three times and incubated
with a DMEM medium containing 10 μM TO1-Biotin, 1 μM
SR-DN conjugate, 40 mM HEPES, 100 mM KCl, and 10 mM
MgCl2 for 30 min at 37 °C. CLSM images were obtained after

being washed with PBS three times. The fluorescence for TO1-
Biotin was excited with a 488 nm laser with emission collected
in the range of 495−550 nm. The fluorescence for SR-DN was
excited with a 561 nm laser with the emission collected in the
range of 570−640 nm. For data analysis, the average
fluorescence intensity of TO1-Biotin and SR-DN was
calculated by choosing 10 region of interests (ROIs) in the
cytoplasm of the cells in the same field of view.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of TO1-Biotin Con-

jugate. To develop a genetically encoded dual-color light-up
RNA sensor, we chose Mango and SRB2 aptamers attributed
to their compact sizes and distinct spectral properties of their
cognate fluorophores.12,13 We first synthesized TO1-Biotin, the
ligand for Mango, and SR-DN for SRB2 was previously
developed in our lab.24 TO1-Biotin was synthesized by
conjugating benzothiazole with methylquinoline, which was
further derived with biotin via a linker. The compound was
characterized with HR-ESI-MS (calculated for [M + H]+ m/z
749.3155, found 749.3136) (Figure S1). PAGE analysis
showed that Mango especially stained by the TO1-Biotin
conjugate was also colored by 4S GelRed, a nucleic acid dye,
confirming that TO1-Biotin could form a complex with
Mango. Its cell permeability was investigated by incubating
HeLa cells with varying concentrations of TO1-Biotin.
Confocal laser scanning microscopy (CLSM) imaging showed
negligible fluorescence for cells treated with 10 μM TO1-
Biotin, which gradually increased as its concentration increased
from 10 to 50 μM (Figure S2). Further, z-stacked projection
analysis showed typical cytosol distribution of TO1-Biotin for
cells treated with 50 μM TO1-Biotin. These results
demonstrated good cell permeability of TO1-Biotin. We
chose 10 μM TO1-Biotin for subsequent intracellular studies
due to its low intracellular background.

Characterization of Dual-Color RNA Aptamers. The
potential to construct a dual-color light-up RNA sensor using
Mango and SRB2 was first explored. The transcripts of Mango,
SRB2, and a fusion of Mango and SRB2 (M-S) were
transcribed in vitro. TO1-Biotin was essentially non-emissive,
but its fluorescence at ∼540 nm was dramatically increased in
the presence of Mango (Figure 2A). Similarly, SR-DN
exhibited negligible fluorescence but its fluorescence at ∼600
nm was remarkably enhanced in the presence of SRB2 (Figure
2B). These results revealed that Mango and SRB2 possessed
distinct spectral properties, holding great potentials for dual-
color fluorescence imaging. Surprisingly, there was no
fluorescence enhancement for TO1-Biotin or SR-DN when
incubated with the M-S transcripts, which might be due to the
proximal interaction between Mango and SRB2 that hinders
their correct folding. Gel electrophoresis showed consistent
results that majority of M-S transcripts could not form
complexes with TO1-Biotin, while M-S transcripts formed
negligible complexes with SR-DN (Figure 2C,D and Figure
S3). To reduce the interaction between Mango and SRB2 in
vivo, a dsRNA Dicer substrate, which can be cleaved by
abundant endogenous Dicer enzyme,21 can be introduced to
separate these two aptamers. We constructed plasmid Mango-
dsRNA-SRB2 to express tRNA-scaffolded Mango-dsRNA-
SRB2 under a CMV promoter (Figure S4). Gel electrophoresis
analysis and positive clone sequencing confirmed its successful
construction. To confirm that the transcript could be cleaved
by Dicer enzyme in vivo, reverse transcription PCR (RT-PCR)
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of the total RNA extracts from HeLa cells transfected with
plasmid Mango-dsRNA-SRB2 was performed using three
primers designed for Mango, SRB2, and Mango-dsRNA-
SRB2. Agarose gel electrophoresis analysis of the RT-PCR
products revealed that the bands of Mango and SRB2 were
significantly more intense than that for Mango-dsRNA-SRB2,
confirming that the transcript of Mango-dsRNA-SRB2 was
efficiently cleaved by intracellular Dicer enzyme (Figure S5).
Further, CLSM imaging showed that HeLa cells transfected
with plasmid Mango-dsRNA-SRB2 displayed strong fluores-
cence for TO1-Biotin and SR-DN (Figure S6). In contrast,
cells transfected with a control plasmid expressing Mango-
SRB2 without a Dicer substrate exhibited very dim
fluorescence for TO1-Biotin and SR-DN, indicating that the
separation of Mango and SRB2 was essential for fluorescence
activation. In addition, z-stack images revealed that the
fluorescence of TO1-Biotin and SR-DN was distributed
throughout the cytoplasm (Figure S7). Together, these results
demonstrated that Mango and SRB2 hold the potential for
developing genetically encoded dual-color RNA sensors.
The capability of developing a reliable ratiometric sensor

using Mango and SRB2 was then investigated. The SRB2-to-
Mango ratios were analyzed for cells transfected with plasmid
Mango-dsRNA-SRB2 at different time intervals. CLMS
imaging showed that there was intense fluorescence from
SRB2 and Mango 24 h post-transfection, which remained
stable up to 48 h followed by a slight decrease of 60 h after
transfection (Figure 3A). Time-dependent changes in the
expression levels of SRB2 and Mango were confirmed by qRT-
PCR analysis of the total RNA extracts from cells transfected
with the plasmid Mango-dsRNA-SRB2 at different times
(Figure S8). Nonetheless, further analysis showed that the
average ratios of SRB2 to Mango in 10 region of interests
(ROIs) in the CLSM images remained constant from 24 to 60
h after transfection (Figure 3B). Together, these results
demonstrated that the SRB2-to-Mango ratios were independ-
ent of their expression levels, affording robust ratiometric
imaging.

In Vitro Characterization of the Sensing Module. The
feasibility of constructing an RNA sensor using SRB2 as the
sensing module was first studied in vitro. We chose mir-224 as
the target miRNA as it was overexpressed in various types of
tumors including hepatocellular carcinoma.22,23 The sensing
module was constructed by incorporating the mir-224-
responsive stem-loop motif to the SR binding loop of SRB2.
There was negligible SRB2 fluorescence in the absence of mir-
224, indicating that the integration of the mir-224-responsive
motif disrupted the correct formation of SRB2 (Figure 4A).
The fluorescence at 600 nm was enhanced by ∼5-fold upon
incubation with 5 μM mir-224. These results demonstrated
that the sensing module was responsive to mir-224. PAGE
analysis gave direct evidence that SR-DN was only capable of
staining the sensing module in the presence of mir-224 (Figure
S9). Further investigation showed that the fluorescence for SR-

Figure 2. (A) Fluorescence spectra of TO1-Biotin in the presence of
Mango and M-S transcripts (a fusion of Mango and SRB2). (B)
Fluorescence spectra of SR-DN in the presence of SRB2 and M-S
transcripts. (C) PAGE analysis for Mango and M-S stained by TO1-
Biotin and 4S GelRed. (D) PAGE analysis for SRB2 and M-S stained
by SR-DN and 4S GelRed, respectively. The lengths for Mango,
SRB2, and M-S are 31, 50, and 91 nucleotides, respectively. M: DNA
marker (25−500 bp).

Figure 3. (A) CLSM images for HeLa cells transfected with plasmid
Mango-dsRNA-SRB2 at different times. (B) Average fluorescence
intensity of Mango and SRB2 in 10 ROIs.

Figure 4. (A) Fluorescence responses for the sensor module: SR-DN:
1 μM SR-DN; blank: 1 μM SR-DN plus 5 μM sensor module; target
RNA: 1 μM SR-DN and 5 μM sensor module plus 5 μM mir-224. (B)
Selectivity study for the RNA sensor module. A fluorescence intensity
at 600 nm was plotted against different substances. (C) CLSM images
for cells transfected with the plasmid Mango-dsRNA-sensor for 24 h.
(D) Mean fluorescence intensity of Mango and SRB2 in 10 ROIs in
panel (C).
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DN increased dynamically as the concentrations of mir-224
changed from 1 nM to 5 μM (Figure S10). Additional
selectivity studies revealed that the sensing module exhibited
negligible fluorescence enhancement upon incubation with
other intracellular components, including RNAs (mir-21,
Let7f, and mir-222), proteins (β-actin), and L-02 cell lysate
(Figure 4B). Together, these results demonstrated that the
constructed sensing module was capable of detecting mir-224
with high sensitivity and specificity in vitro.
Ratiometric Imaging of MicroRNA. To develop a

genetically encoded ratiometric sensor for mir-224, we
constructed a plasmid expressing the reference, a Dicer
substrate, and the sensing module (Mango-dsRNA-sensor)
under a single CMV promoter. The capability of the Mango-
dsRNA-sensor to image mir-224 was demonstrated in two cell
lines, L-02 (with a negative expression of mir-224) and HeLa
cells (with an overexpression of mir-224).22,25 L-02 and HeLa
cells transfected with the plasmid Mango-dsRNA-sensor
exhibited bright fluorescence of TO1-Biotin in the cytosol
(Figure 4C,D). By contrast, there was negligible SRB2
fluorescence for transfected L-02 cells, whereas transfected
HeLa cells displayed intense SRB2 fluorescence in the cytosol.
These results indicated that the sensing module was responsive
to the expression levels of mir-224 in living cells, and Mango
could function as a reference. Additionally, HeLa cells
transfected with a plasmid expressing Mango, a Dicer substrate,
and a control loop that was not complementary to mir-224
exhibited negligible fluorescence from SR-DN (Figure S11).
These results demonstrated that the Mango-dsRNA-sensor
responded to mir-224 in living cells with high specificity.
The capability of the Mango-dsRNA-sensor for ratiometric

imaging of mir-224 was then investigated using HeLa cells
treated with different concentrations of the mir-224 mimic and
mir-224 inhibitor. It was known that RNA mimics can increase
the levels of mature miRNAs in living cells, whereas the
miRNA inhibitors can reduce the miRNA concentrations via
specific hybridization.26 CLMS images showed that there was
evident and constant Mango fluorescence for cells in different
conditions, suggesting that it is a reliable reference (Figure
5A). By contrast, there was varied SRB2 fluorescence for cells
in different conditions. Cells treated with mir-224 mimics
displayed stronger SRB2 fluorescence than the control cells
without treatment, whereas cells treated with the mir-224
inhibitor showed weaker SRB2 fluorescence. Moreover, cells
treated with higher concentrations of mir-224 mimics exhibited
stronger SRB2 fluorescence, while those treated with higher
concentrations of the mir-224 inhibitor delivered lower SRB2
fluorescence. Further ratiometric images using the sensor-to-
Mango fluorescence ratios showed a distinct color shift for cells
under different treatments. Moreover, the average of sensor-to-
Mango fluorescence ratios in 10 ROIs was linearly correlated
with the relative concentrations of mir-224, as determined by
qRT-PCR using U6 as a reference RNA (Figure 5B,C).
Collectively, these results demonstrated that the Mango-
dsRNA-sensor was capable of ratiometrically imaging mir-224
in living cells.
The Mango-dsRNA-sensor was further utilized to image

mir-224 in different cells. Three cell lines, HepG2, HeLa, and
L-02, with different expression levels of mir-224 were chosen.
There was bright fluorescence from Mango for all the cells,
whereas the fluorescence for SRB2 varied in different cells
(Figure 6A). HepG2 cells displayed the most intense SRB2
fluorescence, while HeLa cells showed intermediate SRB2

fluorescence. By contrast, the SRB2 fluorescence in L-02 was
very dim. These results demonstrated that HepG2, HeLa, and
L-02 cells had decreased mir-224 levels, which were consistent
with the previous studies22,25 and qRT-PCR results (Figure

Figure 5. (A) CLSM images of HeLa cells transfected with the
plasmid Mango-dsRNA-sensor under different conditions. (a) 250
nM mir-224 mimic. (b) 50 nM mir-224 mimic. (c) Plasmid only. (d)
50 nM mir-224 inhibitor. (e) 250 nM mir-224 inhibitor. (B) Relative
concentrations of mir-224 obtained from qRT-PCR under different
conditions. (C) Liner correlation between mir-224 expression levels
and average sensor-to-Mango ratios in 10 ROIs.

Figure 6. (A) CLSM images of different cell lines transfected with the
plasmid Mango-dsRNA-sensor. (B) qRT-PCR analysis of mir-224 for
different cell lines. The red, blue, and black lines denote the cell line
of HepG2, HeLa, and L-02, respectively. (C) Correlation of relative
concentrations calculated based on sensor-to-Mango ratios in panel
(A) using the calibration curve in Figure 5C (x axis) and those
determined by qRT-PCR analysis in panel (B) using U6 as a reference
(y axis).
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6B). The relative expression levels of mir-224 in different cell
lines were calculated based on the calibration curve in Figure
5C using the average sensor-to-Mango ratios and determined
based on the qRT-PCR results using U6 as the internal
reference (Figure S12). It was revealed that the relative
concentrations of mir-224 determined by utilizing the
calibration curve in Figure 5C are highly correlated with
those obtained from qRT-PCR (Figure 6C). These results
further demonstrated that our genetically encoded ratiometric
sensor could accurately image the levels of mir-244 in different
cells.

■ CONCLUSIONS
We developed a novel genetically encoded dual-color light-up
RNA sensor using Mango as the reference and SRB2 as the
sensing module for ratiometric imaging of miRNA in living
mammalian cells. We demonstrated that a direct fusion of
SRB2 and Mango failed to show fluorescence enhancement for
both RNA aptamers in vitro and in living cells. Splitting of the
RNA aptamers by integration of a Dicer substrate restored the
fluorescence for both SRB2 and Mango. We demonstrated that
the fluorescence of SRB2-to-Mango ratios remained constant
at different times upon transfection, affording a reliable
ratiometric imaging platform. This genetically encoded sensor
was successfully utilized to ratiometrically imaging mir-224 in
tumor cells under different treatments. It was revealed that the
sensor-to-Mango fluorescence ratios were linearly correlated
with the concentrations of mir-224 obtained from qRT-PCR.
The developed sensor also allowed ratiometric imaging of mir-
224 in different cell lines. Our design may afford a robust
platform for developing genetically encoded light-up RNA
sensors for quantitative imaging of RNAs in living cells.
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