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MicroRNAs (miRNAs) are small non-coding RNAs that regu-
late gene expression by base paring with the complementary se-
quences of the target mRNAs, and then exert their function
through degrading mRNA or inhibiting protein translation.
They play a significant role as a regulatory factor in biological
processes of organism development, cell proliferation, differen-
tiation, and cell death. Some of the traditional methods for
studying miRNAs, such as northern blot, real-time PCR, or mi-
croarray, have been extensively used to investigate the biolog-
ical properties and expression patterns of miRNAs. However,
these methods often require considerable time, cell samples,
and the design of effective primers or specific probes. There-
fore, in order to gain a deeper understanding of the role of miR-
NAs in biological processes and accelerate the clinical applica-
tion of miRNAs in the field of disease treatment, non-invasive,
sensitive, and efficient imaging methods are needed to visualize
the dynamic expression of miRNAs in living cells and animals.
In this study, we reviewed the recent progress in the genetically
encoded reporter genes for miRNA imaging.

MicroRNAs (miRNAs) are endogenous non-coding small RNAs
whose length is about 20-25 nt, encoded by approximately 3% of
the human genomes.' The first miRNA was found in Caenorhabditis
elegans, and thousands of miRNAs have been discovered in plants,
animals, and viruses to date.” miRNAs completely or partially bind
to the 3’ untranslated regions (UTRs) of target mRNAs to degrade
mRNAs or repress protein translation.” A single miRNA can regulate
the expression activity of multiple mRNAs, and its effector molecules
play a role in different sites of cell signaling pathways and networks.
At the same time, an mRNA is also regulated by multiple miRNAs;
over 60% of all mRNA expression is regulated by miRNAs." There-
fore, miRNAs can switch quickly between cellular programs to
form a dense molecular regulatory network.

miRNAs are negative gene regulators at the post-transcriptional level.
Mature miRNAs are mainly formed in the nucleus and cytoplasm, and
depend on RNA polymerase II, Drosha (double-stranded RNA-specific
ribonuclease), and Dicer (RNase III endonuclease) in the formation
process (Figure 1). First, under the action of RNA polymerase II,
miRNA coding genes are transcribed into primary miRNAs (pri-miR-
NAs) in the nucleus. Subsequently, the precursor miRNAs (pre-miR-

NAs) are produced to form a hairpin structure with the specific enzyme
action of Drosha. Next, the pre-miRNAs are transported from the nu-
cleus to the cytoplasm under the action of Exportin 5 and then pro-
cessed into mature double-strand miRNAs by Dicer. Finally, a strand
of the duplex mature miRNA is brought into RNA-induced silencing
complex (RISC) to base pair with the target mRNA and result in pro-
tein translation inhibition or mRNA degradation.”

In recent years, through analysis of a large amount of animal and hu-
man experimental data, it has been found that miRNAs play a key role
as a regulatory factor in various biological or pathological processes,
such as immune regulation, physiological metabolism, cell prolifera-
tion, differentiation, growth, and development by degrading or inhib-
iting the translation of target RNAs.” Overexpression or underexpres-
sion of miRNAs can cause various diseases. For instance, miR-122
plays an important role in the replication of hepatitis C virus
(HCV)."” miR-33 can lead to the significant increase of liver
ABCAL expression and plasma high density lipoprotein (HDL)
level,'' and the overexpression of miR-155 can result in chronic
inflammation in humans.'? In addition, miRNAs have been devel-
oped as a novel drug target, such as the emerging miRNA-based can-
cer therapy. Therefore, understanding more biological characteristics
of miRNAs and their mechanisms of regulating biological processes
through efficient and rapid detection methods is crucial for basic
study and clinical application.

Previously, the expression and characteristics of miRNAs were
mainly detected by northern blot, real-time PCR, microarray, etc.
These methods require a long time of manual operation and are diffi-
cult to carry out due to a large-scale screening process. Moreover,
miRNAs with small sequence differences cannot be accurately distin-
guished, and specific primers or probes are difficult to design. There-
fore, in order to obtain biological information about miRNAs more
efficiently, approaches with high sensitivity and high resolution,
that are non-invasive, and that are easier to operate are needed to
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study the expression pattern of miRNAs. Recently, molecular imaging
techniques involving positron emission tomography (PET), magnetic
resonance imaging (MRI), and optical imaging have the advantages of
higher sensitivity, quantitative analysis, and the ability to image in
deep tissues, and they are widely used to detect and evaluate the
biogenesis of miRNAs. In this paper, we first reviewed the traditional
methods for detecting and evaluating miRNAs, then summarized the
reporter gene probes-based imaging of miRNA biogenesis and regu-
lation in living cells and animals.

Traditional Methods for Measuring miRNAs

Northern Blotting

Northern blotting is a process of quantitative visualization of specific
RNA by hybridization of DNA with RNA to be detected."” First, elec-
trophoretic separation (usually by denatured urea-polyacrylamide
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Figure 1. Schematic Overview of miRNA Biogenesis
miRNA genes are transcribed into primary miRNAs (pri-
miRNAs) with the RNA polymerase Il in the nucleus. Then
the pri-miRNA is cleaved by Drosha, producing the pre-
cursor miRNAs with hairpin structure. Next, the pre-miR-
NAs are transported out of the nucleus under the action of
Exportin 5 and then processed into mature miRNAs by
Dicer. Mature miRNA enters into the RISC complex to bind
the target mRNA and results in protein translation inhibition
or mRNA degradation.

gels) is used to separate the RNA mixture by
size and molecular weight of the RNA mixture.
Then the separated RNA is transferred by semi-
dry capillaries to nitrocellulose or positively
charged nylon membranes, followed by hybridi-
zation with a radioactive **P-labeled DNA probe
that allows for quantitative or deterministic anal-
ysis.'* The intensity of the signal at the imprint
represents the quantity of the target RNA, and
the position of the signal represents the size of
the target. Compared with other traditional
methods, northern blotting requires a lot of
manual operation, which is not conducive to
large-scale screening and high-sensitivity and
low-input RNA requirements. Moreover, radio-
active isotopes pose some security risks for re-
searchers.'””"” In order to overcome a series of
problems, the hybridizing probes for experi-
ments need to be optimized.

T The probe labeled with locked nucleic acid
(LNA) can detect miRNA with high sensitivity
and specificity, greatly reducing the detection
time and increasing the sensitivity by 10 times."®
However, the cost of hybridizing probes with this
method is also greatly increased. The emergence
of the 1-ethyl-3-(3-dimethyl-amino-propyl) car-
bodiimide (EDC)-mediated chemical cross-linking approach has re-
placed the conventional UV-cross-linking of RNA to nylon mem-
This method is simple, relatively inexpensive, has a wide
dynamic range, and is 50 times more sensitive than other traditional
methods. However, with the increase of RNA size, the detection abil-
ity of EDC cross-linking also declined.

branes."’

Real-Time PCR

Real-time PCR is considered the gold standard for detecting miRNAs.
Real-time PCR is an amplification technique that first utilized
miRNA-specific or universal primers for reverse transcription (RT)
to obtain cDNA; then SYBR Green or TagMan probes are added
into the PCR system to detect the whole PCR process in real time.
Finally, quantitative analysis is carried out through the standard
curve.”” In the whole process, the preparation of samples and the
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Table 1. Advantages and Disadvantages of Imaging Techniques Based on
Reporter Genes

Imaging Technique Advantages Disadvantages Reporter Gene
high sensitivity
.. unrestricted detection  high cost HSV1-TK
Nuclear medicine .
imagin depth relatively low NIS
sing accurate quantification  resolution D2R
simple extrapolation
high spatial resolution B-galactosidase
Magnetic resonance unlimited detection high cost TYR
imag in, depth ogor sensitivi TR ferritin
sing possible for P v lysine-rich
quantitative analysis protein
Optical Imaging
multiplex detection
available o GFP
Fluorescence low cost depth limit
. . . . . YFP
imaging quick and simple high background
RFP
method
high sensitivity
highest sensitivity
Bioluminescence low cost Flue
i K low background depth limit Rluc
imaging . .
quick and simple Gluc

method

D2R, dopamine-D2 receptor somatostatin; GFP, green fluorescent protein; Fluc, Firefly
luciferase; Gluc, Gaussia luciferase; HSV1-TK, herpes simplex virus type 1-thymidine
kinase; NIS, sodium iodide symporter; RFP, red fluorescent protein; Rluc, Renilla lucif-
erase; TfR, transferrin receptor; TYR, tyrosinase; YFP, yellow fluorescent protein.

extraction of RNA are of great importance. Due to the instability of
miRNA, it is easy to degrade during the preparation and extraction
process, while the analysis results of quantitative PCR (qQPCR) largely
depend on the purity and integrity of miRNA, so the fractionation of
RNA extract can remove unnecessary pri-miRNA sequences and
reduce the background in the qPCR process. qPCR requires less input
RNA and is highly sensitive, providing a good balance between cost,
accuracy, and sample size. But mature miRNAs are short, making it
difficult to design effective specific primers or probes. It has been pro-
posed to use pre-miRNA as a surrogate marker for mature miRNA,
but the level of pre-miRNA cannot effectively indicate the level of
mature miRNAs.

Some new cDNA synthesis methods, such as the use of miRNA-spe-
cific stem-loop primers, can distinguish between different forms of
miRNAs without fractionation.”' This method uses stem-loop struc-
ture primers, which can reduce the background of qPCR for more ac-
curate quantitative detection of mature miRNAs, but this also hinders
RT of isotopic heterogeneous sequences. The other method is to
employ the extension of RT primers to complete the process of RT
of circulating miRNA. miRNA produces tandem repeats of cDNA se-
quences through many times of intermolecular connections and
RT.”” In addition, Choi et al.” proposed a new qPCR technique based
on hydrogel micro-columns to detect multiple miRNAs associated
with Alzheimer’s disease (AD). Jung et al”* designed a qPCR method,
to analyze the expression of multiple miRNA targets using micro-par-

ticles of primer-immobilized networks as discrete reactors. Currently,
real-time PCR technology plays a significant role in miRNA research
and can be applied to accurate quantitative detection of miRNA
expression.

Microarray

Based on the hybridization principle, microarray can simultaneously
quantitatively detect the expression level of multiple miRNAs and
analyze the regulation of miRNAs by analyzing the expression level
of miRNAs. First, miRNAs were isolated and prepared, and multiple
high-density fluorescent probes complementary to the target miRNA
sequences were fixed in the solid phase to prepare the detection chip.
Then the labeled miRNAs were hybridized with the detection chip to
capture the signals. The most commonly used labeling method of
miRNA is enzyme attachment labeling. One method is the fluoro-
genic labeled nucleotide or short oligonucleotide attached to the 3'-
OH of RNA under the action of T4 ligase, and the other method is
to add 3'-poly(A) tail to miRNA through the action of polyadenylate
polymerase. Finally, relevant software is used to analyze the expres-
sion of miRNA. Because it was only a semi-flux test, QRT-PCR and
other methods were needed to verify it.”> Data analysis of miRNAs
is usually divided into four steps: (1) control the quality of experi-
mental data and normalization processing, (2) analyze the differential
expression of miRNA, (3) predict the target genes of miRNA, and (4)
functional exploration of the miRNA.*® Microarray technology can
simultaneously detect the expression of tens of thousands of miRNAs.
High throughput is the biggest advantage of this method, and the cost
is lower than other methods. However, this method has some
inherent disadvantages, such as small dynamic range, low detection
sensitivity, poor specificity, and poor repeatability. It is difficult to
distinguish very small miRNAs.””*® Moreover, there are some chal-
lenges in data analysis, such as the diversity of microarray platforms,
low repeatability, and lack of mature normalization methods, leading
to errors in miRNA expression detection.”

Reporter Gene Strategies for miRNA Imaging

Currently, the common imaging techniques used for miRNA detec-
tion include nuclear medicine imaging, MRI, and optical imaging.
All three imaging methods have their own advantages and disadvan-
tages (Table 1). They have been widely employed to monitor miRNA
expression pattern and functional regulation based on reporter gene

30
systems.

Nuclear Medicine Imaging

Clinical nuclear medicine imaging falls into two main categories: one is
radionuclides, such as technetium-99m (°**™Tc) or iodine-131, which
are called single-photon emission computed tomography (SPECT);
and the other is radionuclide imaging that emits positrons, such as car-
bon-11, fluorine-18, and oxygen-15, which are called PET.”" Radionu-
clide imaging is a non-invasive imaging, which has the advantages of
high sensitivity, unrestricted detection depth, accurate quantification,
and simple extrapolation.”” PET and SPECT essentially use radioactive
material with high enough contrast activity as a tracer to detect molec-
ular signals and provide the image contrast required for the image.”
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Using PET imaging technology, Mikili et al.** illustrated the general
distribution and intravenous dynamics of miRNA target molecules in
the body. However, due to the high cost of instruments for PET imag-
ing, it is difficult to use nuclides for detection.

The herpes simplex virus type 1-thymidine kinase (HSV1-TK) is a
therapeutic suicide gene and can also be used as a PET reporter
gene. HSV1-TK interacts with the gene to cause cell death for radionu-
clide imaging. HSV1-TK encodes a catalytic phosphorylation of TK, an
enzyme that phosphorylates modified thymidine analogs to thymidine
phosphate, which cannot cross cell membranes. PET and SPECT detect
HSVI1-TK gene expression by observing phosphorylated thymidine.”
The pyrimidine nucleoside derivatives and acycloguanosine derivatives
have been reported as substrates for HSV1-TK. Radiologically labeled
probes, such as '*I-FIAU, '®E-FHBG, or '**I-FIAU, were delivered
to cells, which were captured by phosphorylated thymidine analogs
and then used for PET and SPECT imaging.’® Besides the HSV1-TK
reporter, the dopamine-D2 imaging system employed ['®F]fluoroethyl
spiperone as radiation-labeled probe and dopamine-D2 receptor as re-
porter gene, but the expression and specificity of dopamine-D2 recep-
tor on the cell membrane are low, so its application is limited.”” To the
best of our knowledge, no studies have reported the use of HSV1-TK or
dopamine-D2 receptor as reporter genes for miRNA imaging. This
may become a future research direction.

Sodium iodide symporter (NIS) gene is widely applied to in vivo nu-
clear medicine imaging on account of its low cytotoxicity, poor meta-
bolic activity, few adverse reactions, and low acquired immunity as a
human origin gene. In thyroid cells, two sodium ions and iodide ions
enter the cell through the specific transporter NIS. Differing from the
HSVI1-TK and dopamine D2 receptor, the NIS gene can directly use

1.°° devel-

radioactive iodine and **™T¢ radionuclide probes.”” Jo et a
oped the radionuclide imaging system for miRNA-9 detection using
NIS as reporter. They used cytomegalovirus (CMV) promoters
(CMV/NIS) to drive the NIS reporter gene and inserted three reverse
complementary target sequences (3xPT_miR-9) that could combine
with miRNA-9 into the 3" UTR of the NIS gene. This NIS reporter,
designated as CMV/NIS/3xPT_miR-9, can serve as a reporter gene
to detect miR-9. The systematic mechanism is that when the expression
of miRNA-9 is low, the NIS activity of CMV/NIS/3xPT_miR-9 is rela-
tively high, leading to the high uptake of radioactive iodine and hence
enhanced radioisotope signals. On the contrary, when miRNA-9 is ex-
pressed, miRNA-9 would inhibit the expression of NIS gene, and thus
the uptake of radioactive iodine decreases. SPECT was used to measure
radio-iodine regulation of NIS by miRNA-9. In addition, our group
also developed a human sodium iodide symporter (hNIS)/Firefly lucif-
erase (Fluc) fusion gene and found that etoposide (VP-16) and 5-fluo-
rouracil (5-FU) could regulate the dynamic expression of miRNA-16 in
the drug resistance process of gastric cancer with **™Tc-pertechnetate
gamma camera imaging and bioluminescence imaging.*’ Based on the
similar design principle, Yang et al.*' visualized let-7 expression in lung
adenocarcinoma A549 cells using hNIS as the reporter gene. They em-
ployed both Cerenkov luminescence imaging (CLI) and gamma cam-
era imaging to non-invasively visualize miRNA-7 expression,
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providing an alternative way to monitor the intracellular dynamic
expression of miRNAs. However, the above-mentioned detection
method using the NIS gene has some shortcomings, because the
decrease of signals in SPECT imaging cannot confirm whether it is
due to miRNA expression or due to cell death itself. To overcome
this limitation, Simion et al.** designed a Cumate gene-inducible
expression system RINES using the hNIS as the reporter gene (Fig-
ure 2). Only when endogenous or exogenous miRNA is present is
the expression of NIS transgenic gene activated. Using this miRNA-
ON reporter system, they elucidated the biological functioning of
miRNA-23a in the apoptosis of skeletal muscle tissues by monitoring
the changes of radioactive tracer uptake in the transfected cells or an-
imals.** This is maybe the first study with positive radioisotope imaging
of miRNA expression in living animals using the NIS reporter gene.

MRI

MRI has been extensively applied in the clinical diagnosis of various
diseases. MRI is non-invasive imaging modality with high spatial reso-
lution and unlimited detection depth, especially for soft tissue. With the
use of MRI reporter gene and probe, the sensitivity, specificity, and
signal-to-noise ratio of MRI were effectively improved.*’ The reporter
genes of MRI can be divided into three categories (Figure 3). The first
category is reporter genes that encode enzymes (e.g., B-galactosidase
and tyrosinase [TYR]). LacZ gene in Escherichia coli can be used to
encode [-galactosidase. Using B-galactosidase as the reporter gene
for MRI requires additional contrast agent. Currently, the most
commonly used contrast agent is a paramagnetic Gd3" chelate
-EgadMe."* LacZ gene enters the cell, encodes the production and
expression of galactosidase, enhances inner sphere relaxation, and in-
creases MR contrast of T1-weighted images (T1WIs).*> The TYR
gene can also enter the cell and encode TYR to synthesize melanin,
providing T1 contrast for MRI.*® The second category is reporter genes
that encode the receptor on the cells (e.g., transferrin receptor [TfR]).
When the TfR reporter gene is transferred to the target cell membrane,
intracellular TfR is highly expressed, resulting in increased iron absorp-
tion and shortened T2 relaxation time.*” The third category is endog-
enous reporter genes (e.g., ferritin reporter gene). Ferritin is ubiquitous
in humans and binds specifically to iron, so ferritin can be used as a
contrast agent for MR of T2-weighted images (T2WTs).*® The ferritin
reporter gene is not diluted because of cell division, which improves
the stability of MRI signal. Moreover, iron exists in ferritin in the
form of iron trivalent, which is non-toxic to the human body, making
the ferritin reporter gene a perfect tracking probe for MRL

To visualize miR-9 expression during neurogenesis of P19 cells, Jo
et al.*’ developed a signal-on imaging system using TfR as a reporter
gene. During the neurogenesis of P19 cells, high expression of miR-9
inhibited the expression of the TfR reporter gene and then led to high
MR signal. Our group used TYR to design a reporter gene to monitor
miR-9.”° We inserted three target sequences into the 3’ UTR of the
TYR vector that were fully complementary to miR-9 and obtained
the CMV/TYR-3xTS reporter. We utilized the CMV/TYR-3xTS re-
porter gene to monitor miR-9 in living cells and animals. In the
absence of miR-9, reporter genes are normally expressed and TYR
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(A) RINES system containing miRNA targeting sequence and hNIS reporter genes. The Simian vacuolating virus 40 (SV40) promoter drives the CymR repressor, and CymR
induces the expression of CMV5/Cuo plasmid. When miRNA is expressed, it can bind to the CymR transcriptional repressor through base-pair binding and then induce its
degradation through the RISC mechanism. (B) Left: the hNIS expression is switched off when the miIRNA is not expressed, and CymR-mRNA translation produces CymR
protein. CymR protein can bind to the Cuo operator sequence in the CMV5/Cuo inducible, then causes the hNIS system expression to be turned off. As a result, °™TcO,~ is
low or not present, which can be monitored with a SPECT camera. Right: miRNA is expressed and inhibited CymR protein production. Then hNIS is switched on, resulting in
expression of hNIS at the cellular membrane, leading to accumulation of M0, (Adapted from Simion et al.*? with permission. Copyright 2020 Public Library of Science.)

is produced to catalyze the synthesis of melanin. Following the treat-
ment of 5-aza-2'-deoxycytidine in A549 cells to promote DNA
methylation, miR-9 is activated, leading to the inhibition of TYR re-
porter and melanin synthesis. In addition to being a MRI reporter,
melanin can also act as the functional target for photoacoustic imag-
ing (PAI). We demonstrated that miR-9 activity could be visualized
by the TYR reporter through the detection of melanin content,
TYR enzyme activity, and PAI signal. However, because of experi-
mental conditions, we did not perform MRI of miR-9 in this study.
We would explore the use of TYR as a dual reporter gene for both
MRI and PAI of miRNA expression in the biological process in future
studies.

Optical Imaging
Different optical imaging strategies can be selected according to the
imaging purpose. Currently, there are two commonly used strategies

to design miRNA reporters, namely, the photoreporter system con-
taining miRNA transcription products and the photoreporter system
containing miRNA target sequences.” Photoreporter systems gener-
ally consist of regulatory promoters and photogene carriers (encoding
fluorescent proteins or bioluminescent proteins). When reporter
genes are transfected into cells, they bind to endogenous miRNAs,
which can regulate specific reporter mRNAs or their translation,
eventually leading to a change of propensity and activity in reporter
gene. Cells or small animals are transfected with fluorescent protein
or luciferase gene, and then can be imaged through the in vivo imag-
ing system. Therefore, the effects of endogenous miRNAs can be visu-
alized by optical imaging of fluorescent proteins or luciferase.”"

Fluorescence Imaging

Fluorescence imaging uses fluorophores (fluorescent proteins), which
are excited by external sources with shorter wavelengths than emitted

Molecular Therapy: Nucleic Acids Vol. 21 September 2020 559
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B-Galactosidase as the reporter gene requires additional contrast agent, such as EgadMe. B-Galactosidase can enhance MR contrast on T1-weighted images; TYR gene
can also enter the cell and encode tyrosinase to synthesize melanin, providing T1 contrast for MRI; when TfR binds with iron-loaded transferrin molecule, it is internalized
through endocytosis, resulting in increased iron absorption and shortened T2 relaxation time; ferritin binds specifically to iron, which can act as a MR contrast agent. (Adapted

from Yang et al.*® with permission.Copyright 2020 MDPI )

light. Fluorescent proteins include green fluorescent protein (GFP),
yellow fluorescent protein (YFP), red fluorescent protein (RFP), etc.
Because the GFP was isolated from jellyfish in 1962, it has been
used extensively as a reporter gene for optical imaging to study the
various biological process and events.”> To monitor the role of miR-
NAs in zebrafish brain formation, Giraldez et al.>? designed a GFP
sensor that contains three perfect target sites for miRNAs. They iden-
tified a new miR-430 family, which exerts an enormous function on
the embryonic development of zebrafish. They found that the absence
of the miR-430 family led to the brain morphogenesis defects of the
maternal-zygotic dicer mutant.

There are many kinds of fluorescent proteins with unique emission
wavelengths, and there is not much overlap in the emission spectrum.
Based on this, fluorescent proteins can be used to construct a multi-
color imaging system, and the dynamic expression of multiple
miRNA activities can be monitored at the same time. Because
enhanced GFP (EGFP) and DsRed have a maximum emission wave-
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length of 509 and 583 nm, respectively, they were very suitable for
non-cross, two-color imaging with simultaneous excitation. Kato
etal.”* developed a dual-fluorescent imaging system by inserting three
segment repeats that were completely complementary to miR-133
into the 3 UTR of GFP of a retrovirus vector. In this system, retroviral
vectors encode both GFP and RFP fluorescent proteins, and the
expression level of GFP is affected by miR-133, whereas the expres-
sion level of REP is not. They used the reporter system to dynamically
monitor the expression level of miR-133 in C2C12 myoblast cells.
They also developed a human immunodeficiency virus-1 (HIV-1)-
based lentiviral vector system, which encodes two fluorescent pro-
teins.”” The lentiviral vectors were transfected into adenovirus-in-
fected cells and under the control of two different bidirectional pro-
moters. The fluorescence changes of RFP and GFP can be used to
quantitatively monitor adenovirus infection and miRNA expression.
In this system, the coordinated expression of bidirectional encoded
fluorescent proteins can reduce the risk caused by the random inte-
gration of lentiviral vectors into the cellular genome.
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The chromosome-integrated virus vector-based system enables
steady expression of reporter genes in cells, which makes long-term
monitoring of miRNA possible. Nevertheless, the activity of viral pro-
moters varies widely depending on genomic background, cell type,
and epigenetic control. These characteristics may reduce the sensi-
tivity and stability of miRNA monitoring during cell reprogramming
or differentiation. To overcome these limitations, Sano et al.*® devel-
oped a fluorescence-based system for monitoring of miRNA expres-
sion in living cells using a replication-defective and persistent vector
Sendai virus (SeVdp). SeVdp vector can stabilize the expression of
transgenic gene in various types of mammalian cells without chromo-
somal integration. The system harbors fluorescent EGFP as reporter
and keima-red (KR) as internal reference genes. They found that
miR-124 significantly increased during neuronal transformation via
examining EGFP signal by fluorescence microscopy. In addition, to
continuously monitor miRNA activity, Nakanishi et al”’. developed
a miRNA-responsive non-viral reporter vector driven by a single pro-
moter to transcribe two reporter mRNA genes simultaneously. One is
the reference mRNA containing the gene of enhanced cyan fluores-
cent protein (ECFP), and the other is miRNA-responsive mRNA con-
taining the gene of RFP. When the corresponding miRNA activity is
enhanced, the expression level of miRNA-responsive mRNA is in-
hibited, and the expression level of reference mRNA is not affected.
Therefore, miRNA activity can be quantified by measuring the fluo-
rescence ratio.

Due to its high stability, however, GFP has a slow turnover rate. So the
monitoring of the rapid dynamic expression of miRNA is not suitable
with GFP. To solve this problem, Ando et al.”’ developed a new time-
lapse imaging method for fast dynamic imaging of miRNA activity by
using destabilized fluorescent proteins (dsFPs) with protein degrada-
tion sequence (PEST sequence), which has a fast turnover rate. More-
over, they also developed a double imaging system by using destabi-
lized cyan fluorescent protein (dsCFP) and destabilized Venus
protein (dsVenus). A PEST sequence was also fused to the C terminus
of CFP or both the C terminus and N terminus of Venus to make it
unstable. miR-9-5p and miR-9-3p were simultaneously expressed in
single cells and had similar dynamics detected by this system.

Most of the miRNA reporter systems mentioned above are generated
by introducing three or four copies of target sequences for the miRNA
of interest in the 3’ UTR of the reporter gene. In this case, the reporter
system works as a signal-off system because the endogenous miRNAs
act as small interfering RNAs (siRNAs) and downregulate or turn off
the reporter expression. To exclude the false negative signals that are
not caused by miRNA expression, Amendola et al.”® designed a dual-
switch miR-on system to detect endogenous miRNA expression using
fluorescent imaging. The system consists of two parts: one is the tran-
scriptional repressor regulated by miRNA expression, and the other is
the reporter cassette regulated through the repressor. GFP reporter
genes begin to be expressed when miRNAs are activated and inhibit
transcription factor translation. Besides this signal-on reporter sys-
tem, Ying et al.”” designed a fluorophore sulforhodamine (SR)-dini-
troaniline (DN)-conjugated luminescent RNA aptamer for fluores-

cent imaging of miRNAs in cells (Figure 4). The sensor uses two
independent aptamers for miRNA hybridization, and the combina-
tion of the appropriately folded aptamers and SR-DN can be used
to detect fluorescence signals. The plasmid of the sensor is composed
of an RNA sensor expressing tRNA support and two independent
promoters regulating GFP. The miRNA expression can regulate the
RNA sensor to produce orange fluorescence, whereas the GFP is
driven by the promoters, and the green fluorescence signal generated
can be used as an internal reference. They showed that this genetically
encoded RNA sensor enabled selective and sensitive detection of miR-
NAs in different tumor cells. Although fluorescence imaging has the
advantages of high sensitivity and multiplexing for in vitro detection,
it has encountered some inherent difficulties for in vivo detection,
such as high background, spontaneous fluorescence of the organism
itself, low signal noise, and limited tissue penetration. Therefore,
alternative optical reporters are needed to monitor miRNA activity
in living animals.

Bioluminescence Imaging

Fluc, Renilla luciferase (Rluc), and Gaussia luciferase (Gluc) are
currently commonly employed optical genes encoding biolumines-
cent proteins. Different optical genes can catalyze the corresponding
substrate to produce optical signals.*® Fluc catalyzes luciferin to pro-
duce carbon dioxide, phosphate, and light under the combined action
of adenosine triphosphate (ATP), magnesium, and oxygen. Rluc and
Gluc act on the coelenteron and catalyze the production of coelen-
teron amide, carbon dioxide, and light.*” miRNA imaging based on
luciferase reporter genes can be used not only to observe the biogen-
esis of miRNAs, including both pre-miRNAs and mature forms of
miRNAs, but also to observe the functions of miRNAs. Compared
with fluorescence protein-based imaging, bioluminescence imaging
detects there action between luciferase and substrate, so its specificity
is stronger. Moreover, bioluminescence imaging does not require
in vitro laser irradiation, and its high signal-to-background ratio is
better than fluorescence imaging. Although bioluminescence imaging
is superior to fluorescence imaging in depth, it has significant limita-
tions compared with PET, SPECT, and MRI.

Ko et al.®* ®* developed a series of luciferase-based reporter systems for
monitoring the miRNA biogenesis and function. For instance, they
designed a luciferase imaging system, which contained three target
sequences against miRNA in the 3’ UTR of luciferase gene, for moni-
toring the role of miR-124a or miR-9 in neurogenesis of P19 cells.*"**
They also employed the Gluc reporter system to conduct long-term and
non-invasive monitoring of miR-221 biogenesis and regulation in
papillary thyroid carcinoma.®*** When Gluc reporter was being trans-
fected into cells, Gluc activity was decreased when miR-221 was present
in the cells. The decreased Gluc activity indirectly reflected the expres-
sion level of miR-221. Like bicolor fluorescence imaging, a dual-lucif-
erase reporter imaging system for detecting miRNAs can also be con-
structed based on the different substrates of luciferase genes. Lee
et al’s® team designed a dual-luciferase imaging system to detect
expression and post-transcriptional regulation of miR-23a using Fluc
and Gluc. The substrates of these two luciferases are different, and there
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Figure 4. Luminescent RNA Aptamer for Fluorescent Imaging of miRNAs

(A) Designing light-up RNA sensor. The sensor uses two independent aptamers for miRNA hybridization, and the combination of the appropriately folded aptamers and SR-
DN can be used to detect fluorescence signals. Designing a prototype sensor by pruning the SR-binding aptamer in the terminal stem and then binding to a miR-responsive
stem-loop motif. Aptamer sensor design in the recombinant tRNA can realize the efficient expression of the sensor. The tRNA-supported RNA sensor can combine with
quenched fluorescence to the SR-DN conjugate with the presence of the target miR. (B) Genetically encoded RNA sensor detecting miRNAs in tumor cells. The plasmid of the
sensor is composed of an RNA sensor expressing tRNA support and two independent promoters regulating GFP. The miRNA expression can regulate the RNA sensor to
produce orange fluorescence, while the GFP is driven by the promoters, and the green fluorescence signal generated can be used as an internal reference. (Adapted from
Ying et al.*® with permission. Copyright 2020 American Chemical Society)

562 Molecular Therapy: Nucleic Acids Vol. 21 September 2020


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

A PGK/mIiR-124a_3*TS
fei i) ‘-I

NPT NPATPH T L

Odays 2days 4days 6days 10days

Fluc

RA(-) RA(+)

Rluc

B PGK/miR-9_3*TS

Fluc

Rluc

0 days

2days 4days 6days 10days

(o]
2.0
sk
Kk
*
1.5 _ 10,
% 0.8 4
X10° 2
£ 0.6 -
1.0 =)
o 04
&
5 0.2 4
74
0.5 0.0 4
{9 %‘? *9 *9 %@
2 2 2 2 2
KA A AR
D
3.0
*k
*%
25 15 - )
—~ —
a:‘ *
5 12 1
2.0 S
s £ 09 -
Xx10 g
1.5 o 06 -
&
= 03 -
o
1.0 )
0.0 4
d e d el d
0.5 ) > ) & )
P A

Figure 5. Bioluminescence Imaging of the Neurogenic Processes of miR-124a and miR-9 in Nude Mice

(A and B) Transfecting with reporter genes (A) PGK/mir-124a_3*TS and (B) PGK/mir-9_3*TS plasmids into 1*10” P19 cells. Then 1*10” P19 cells were implanted into the
subcutaneous tissue of the thighs of nude mice; one thigh was treated with RA. Fluc (upper) or Rluc (lower) optical signals were imaged at different time periods. Fluc signal
strength gradually decreased, and Rluc signal strength basically did not change. (C) Quantitative detection of bioluminescence signals in the region of interest (ROI). In the
cells transfected with PGK/mir-124a_3*TS, the relative Fluc/Rluc ratio between the differentiated and undifferentiated groups decreased gradually over time. (D) In the PGK/
miR9_3*TS cells implantation mice, similar patterns of reduction were also found between the two groups. Data was presented as means + SD. *p < 0.05, **p < 0.01.
(Adapted from Zheng et al.°” with permission. Copyright 2020 American Chemical Society)

is no cross-activity between enzymes, so the activity of endogenous pri-
miRNA and mature miRNA can be monitored simultaneously. They
employed this dual system to evaluate the expression patterns of
miR-23a in nerve cells at different stages of differentiation. They found
that pri-miR-23a gradually decreased and mature miR-23a gradually
decreased during the neurogenesis of P19 by measuring the activity
changes of Fluc and Gluc.

Unlike the above dual-luciferase reporters, Tu et al.®° built a dual-
luciferase reporter system, in which three copies of the miR-22 target

sequence were inserted into the 3 UTR of Gluc, whereas CMV/Fluc
with no target sequences was used as a positive control. They used the
system to successfully repeatedly and non-invasively monitor the dy-
namic expression of miR-22 in isoproterenol-induced cardiac hyper-
trophy. Furthermore, our group also designed a dual-luciferase re-
porter system to continuously detect the dynamic expression of
miR-124a and miR-9 in neural models in vitro and in vivo®” (Figure 5).
In this system, the Fluc gene and Rluc gene on the vector are
controlled by two different promoters. The 3" UTR of the Fluc gene
contains three complementary sequences of miRNA; thus, Fluc
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expression is regulated by the miRNA of interest. In contrast, Rluc
does not contain miRNA complementary sequences, so it is not
affected by miRNA activity and can be used as an internal reference
to correct transfection efficiency. After retinoic acid (RA) treatment,
miR-9 or miR-124a is expressed and then binds to the 3’ UTR of Fluc,
thus inhibiting the expression of Fluc and weakening the Fluc signal.
As a consequence, the differential expression profiles of miR-9 or
miR-124a in a neurogenesis model induced by RA can be tracked
by bioluminescence imaging analysis using this dual-luciferase re-
porter gene imaging system.

Besides the above-mentioned luciferase-based signal-oftf miRNA re-
porter systems, several signal-on luciferase reporters have been devel-
oped to monitor positively the endogenous expression pattern of
miRNAs in cells and animal models. These signal-on systems are usu-
ally based on the genetic switches, for instance, the Tet-Krab,”® Tet
R, and Cumate®® regulatable expression systems. Ezzine et al.”’
developed a Cumate-based RNAi-Inducible Luciferase Expression
System (RILES) to monitor the dynamic expression of miRNA in
real time. After transfecting RILES into target cells, the expression
of miRNA inhibits the transcriptional repressor, thereby activating
the expression of luciferase reporter genes and the emission of optical
signals. So the endogenous miRNA could be quantitatively and qual-
itatively detected through bioluminescence imaging. Using this RILES
miRNA reporter, they successfully monitored the regulatory patterns
of myomiR-1, -133, and -206 in mouse skeletal muscle and the
expression of miRNA-122 in mouse liver.

Multimodal Imaging

Because any single imaging technique has its advantages and disad-
vantages, it does not provide all the necessary conditions for research.
Radionuclide imaging, for example, has the advantages of high sensi-
tivity, and the quantitative detection and detecting depth are not
limited, but the resolution is relatively low and the cost is high.
MRI features high spatial distribution rate, unlimited detection depth,
and extraction of physiological and anatomical information. Howev-
er, the low sensitivity and high cost make MRI, although studied for
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many years, still in the preliminary stage and rarely used for genetic
testing. Optical imaging has the characteristics of simple operation,
short collection time, low cost, and high sensitivity, but it has the
problems of optical signal attenuation, the limited detection depth,
and two-dimensional image. Therefore, the application of multimode
non-invasive imaging for the study of miRNAs based on reporter
genes is of great significance.

Multimodal imaging techniques often combine two or more models
to obtain information using fused reporter genes. There are two ap-
proaches currently used for reporter imaging. One is to combine la-
beling strategy with reporter genes, involving physical labeling with
contrast agents (such as micro-sized particles of iron oxide [MPIOs])
and reporter genes (such as luciferase or EGFP). The other is to
combine two or more reporter genes, such as multimodal reporter
genes. There are five main strategies for combining multiple reporter
genes (Figure 6).””*””! The first strategy is the bicistronic reporter us-
ing an internal ribosomal entry site (IRES) to connect the two genes.
Second, two labeled foreign genes are transfected into the same cell as
two vectors. The third strategy is bidirectional transcription, in which
the promoter located at the center is used to express a reporter gene in
each direction. The fourth strategy is that the two genes are within the
same reading frame of a fusion vector and controlled by the same pro-
moter or enhancer. The fifth is multiple reporter gene constructs and
their own vectors are controlled by their own promoters.

Based on the combined labeling strategy, Jo et al.*’ developed a multi-
modal imaging system for detecting miRNAs by using the TfR gene as
the reporter gene. The system combined a TfR reporter gene and a
magnetic fluorescence (MF) nanoparticle-conjugated peptide target-
ing TfR (MF targeting TfR). When the miR-9 was highly expressed,
the expression of the TfR reporter gene was repressed, leading to
the reduced fluorescence intensity and enhanced MR signal. In this
system, the fluorescence activity is shown as signal-off system. On
the contrary, the MR signal is shown as signal-on system. This probe
for reverse complementary multimode imaging provides a new way to
detect miRNA expression in cell development and disease. Based on
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the IRES reporter strategy, Cho et al.”* designed a luciferase-EGFP
transgenetic reporter where enhanced Fluc (effluc) and EGFP were
linked with an IRES sequence. This fused reporter contained three
copies of perfect target sequences of miR-430, miR-1, or miR-133, al-
lowing monitoring of the temporal changes of miRNA expression
patterns in transgenic mice by bioluminescence imaging.”* In addi-
tion, our group also developed a dual reporter gene by fusing the
hNIS and Fluc gene into a single open reading frame (ORF) to
form the hNIS/Fluc reporter, which was used for bioluminescence
imaging and **™Tc-pertechnetate gamma camera imaging of the dy-
namic expression of miRNA-16 in the chemoresistance of gastric

cancerf“]

Conclusion and Future Perspectives

Emerging studies have indicated that miRNAs play a critical role in
various biological processes, neurological diseases, tumors, and other
diseases by regulating the expression of target mRNAs. It is of great
clinical significance to reveal the biological characteristics and dy-
namic expression patterns of miRNAs. Traditional approaches,
such as northern blotting and RT-PCR, are often time consuming
and laborious, unable to achieve non-invasive detection. Therefore,
alternative in vivo imaging techniques are needed for quantitative
detection of miRNA to evaluate the biological characteristics and
expression of miRNAs in a biological context.

The application of reporter gene-based molecular imaging can effi-
ciently and non-invasively provide the dynamic expression profiles
of miRNAs and obtain much more meaningful biological informa-
tion. The development of a mature reporter system is the key to study
the regulation mechanism of miRNAs. A reporter gene system usually
consists of reporter genes and substrates that interact with the prod-
ucts of reporter genes. The expression of miRNAs can be non-inva-
sively detected by imaging technology based on a reporter system.
With reporter genes, we can visually detect the expression and regu-
lation of miRNAs in cells, which can improve more effective informa-
tion for the diagnosis and treatment of patients. Reporter gene imag-
ing can provide clinical and practical three-dimensional structure
information. In particular, the rapid development of multimodal im-
aging, by combining multiple reporter genes to identify multiple tar-
gets, over time can continuously monitor gene expression and accu-
rately define its location. Reporter genes can make imaging strategies
faster at relatively low cost. In the case that multiple consecutive bi-
opsies cannot be performed, reporter gene imaging can be used to
obtain spatial information of the whole body, as well as target organs
and tumors. Also, imaging does not cause any interference to the tis-
sues during the biopsy. This advantage has considerable potential to
address toxicity problems in biopsies. The development of genetically
encoded reporter genes will lead to the diagnosis and treatment of dis-
eases, such as tumors, and most importantly, it holds the promise of
direct transfer to human clinical trials through animal model exper-
iments and promotes the research progress of gene therapy. However,
reporter genes are still at the primary stage of clinical application, and
there is still room for improvement in many aspects of practice. For
example, whether the transfection of the reporter gene is in the

optimal position, the expression time of the reporter gene in the target
cells and the optimal time for its detection are not clear. Moreover, the
reporter gene has great uncertainty in immunogenicity, probe target-
ing, and gene mutation. These uncertainties bring great challenges to
the application of miRNA imaging technology in the study of small-
animal models and human clinical practice. Intracellular miRNA im-
aging is more challenging than imaging by targeting molecules on the
cell surface.

Nuclear medicine imaging technology is widely used because of its
high sensitivity and unrestricted detection depth. NIS is often used
as the reporter gene in nuclear medicine imaging and can also be
combined with other imaging technologies for multimodal imaging.
The HSV1-TK reporter gene is not currently used for non-invasive
imaging of miRNAs, providing a direction for utilizing HSV1-TK
as a miRNA reporter. However, a limitation of non-human reporter
genes, such as HSV1-TK and its mutants, lies in their potential immu-
nogenicity, thus preventing their use in clinical application. One way
to reduce this risk is to employ a mammalian source reporter
construct, such as hNIS, which may be more feasible in the clinical
settings. MRI technology has been widely used in clinical disease diag-
nosis. Most of the MRI technology employs TfR or TYR as the re-
porter genes and can be combined with other imaging technology
to detect miRNAs. Optical imaging is also used widely for visualizing
miRNAs using fluorescent proteins or luciferase. Currently, multiple
miRNAs can be detected simultaneously with one or more imaging
techniques. However, the information obtained by any single imaging
technology is limited, and the use of multimodality imaging can
obtain more biological information of miRNAs. At present, the single
imaging method has some limitations, such as low sensitivity, high
in vivo background signal, low spatial resolution, and poor tissue
penetration. The multimode imaging method can combine the ad-
vantages of each imaging method to overcome the limitation of a sin-
gle imaging method to the greatest extent. Therefore, it would
monitor more complex biological information and has a good pros-
pect of disease diagnosis. Future research on the development of
more efficient and clinically relevant multimodality reporter genes
would promote the development of miRNA-based diagnosis and
therapy in various diseases, and advance the field of miRNA imaging
into clinical application.
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