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ABSTRACT

Synthetic biology has great potential for future ther-
apeutic applications including autonomous cell pro-
gramming through the detection of protein signals
and the production of desired outputs. Synthetic
RNA devices are promising for this purpose. How-
ever, the number of available devices is limited due to
the difficulty in the detection of endogenous proteins
within a cell. Here, we show a strategy to construct
synthetic mRNA devices that detect endogenous
proteins in living cells, control translation and distin-
guish cell types. We engineered protein-binding ap-
tamers that have increased stability in the secondary
structures of their active conformation. The designed
devices can efficiently respond to target proteins in-
cluding human LIN28A and U1A proteins, while the
original aptamers failed to do so. Moreover, mRNA
delivery of an LIN28A-responsive device into human
induced pluripotent stem cells (hiPSCs) revealed that
we can distinguish living hiPSCs and differentiated
cells by quantifying endogenous LIN28A protein ex-
pression level. Thus, our endogenous protein-driven
RNA devices determine live-cell states and program
mammalian cells based on intracellular protein infor-
mation.

INTRODUCTION

Cell states are controlled by variety of biomacromolecules,
including RNA, proteins and their complexes. Proteins are
central to control gene expression, cell signaling and cell-
fate regulation. In fact, protein expression levels determine
cell fate (1) and human health (2,3). Thus, a synthetic sys-
tem that can detect endogenous proteins and control gene
expression in a living cell provides a useful tool for biolog-
ical and therapeutic applications. The existing techniques

to detect-specific proteins, including western blotting, im-
munostaining, LC-MS (4), chemical probes (5), proximity
ligation (6) and tagging the protein of interest with reporter
signals (7) (e.g. fluorescent proteins), enable us to analyze
protein expression levels and cell states. However, it is diffi-
cult to apply these methods to the detection of endogenous
proteins (i.e. without protein-modifications) in living cells.

Mammalian synthetic circuits delivered by RNA rather
than DNA may provide a safer means to control cell be-
havior because synthetic RNA reduces the risk of genomic
damage (8). A protein-driven mRNA device that detects a
particular target protein and regulates post-transcriptional
expression of exogenous genes can be used to build com-
plex and sophisticated gene circuits, because the output pro-
tein from the device can serve as the input protein of other
circuits (9-12). So far, several protein-responsive RNA de-
vices, based on the conjugation of a specific protein-binding
motif (aptamer) with messenger RNA (mRNA) (13) or
short-hairpin RNA (shRNA) (14), have been reported.
However, previous reports have either relied on exogenous
RNA-binding proteins (e.g. MS2 coat protein or L7Ae ribo-
somal protein) that have to be overexpressed in the cells or
required the use of DNA (plasmid DNA or viral vector) for
circuit delivery. In addition, the number of available RNA
devices is limited due to the difficulty in the sensitive recog-
nition of endogenous proteins within the cell. Thus, the de-
tection of endogenous proteins (e.g. marker proteins that
represent cell state) and distinguish living cells by RNA-
delivered devices remains a challenge.

In this article, we report a design strategy to construct
mRNA devices that with improved sensitivity detect en-
dogenous proteins in living human cells and transmit the
information to synthetic translational regulatory systems
(Figure 1). We engineered aptamer modules to protect
and stabilize their active conformations in mRNA, while
the original aptamers were insensitive to endogenous tar-
get proteins in cells. In addition, using a mRNA-delivery
approach, we can distinguish human induced pluripotent
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Figure 1. Schematic illustration of detecting endogenous proteins and distinguishing mammalian cells via designed mRNA devices. (A) Stabilization of
RNA secondary structures improves the sensitivity of protein-responsive mRNA devices. The RNA devices were stabilized by base-pair substitutions
or elongation of the stem structure. Base pairs in red correspond to high base pairing probabilities. Red stems represent additional stem structures. (B)
Detection of human endogenous proteins by mRNA devices. The mRNA devices bind to target proteins through RNA-protein interactions in the 5-UTR
of the mRNA and repress translation of the reporter fluorescent protein, which enables the detection of native target proteins in living cells. (C) Distinction
of cell types via mRNA devices. The mRNA-delivered device that responds to a marker protein expressed in human iPS cells can be used to distinguish
iPS cells and differentiated cells after analysis of the translation level in each cell type.

stem cells (hiPSCs) from differentiated cells by quantify-
ing the differential protein expression level of endogenous
LIN28A.

MATERIALS AND METHODS
Plasmids construction

Device plasmids were derived from kt-EGFP as previ-
ously reported (13). To prepare pAptamerCassette-EGFP,
kt-EGFP was digested by Nhel and Agel restriction en-
zymes and had inserted double strand oligo DNA (ds-
DNA), which was prepared by synthesized oligo DNAs,
KWC0041 and KWC0042. The sequences of KWC0041 and
KWC0042 were shown in Supplementary Table S1.

To construct each device plasmid, pAptamerCassette-
EGFP or kt-EGFP were digested by Agel and BamHI or
Agel and Bglll, respectively, and had inserted dsDNA that
contains an aptamer sequence shown in Supplementary Ta-
ble S1. Oligo DNA and the multiple aptamer device (stbC
x 2) were designed according to Ref: (15).

pTAPmyc-2A-tagRFP was newly constructed based on
pIRES2-DsRed-Express (Clontech Laboratories). Inserted
trigger proteins were cloned or constructed as shown in
Supplementary Table S2. All plasmids used in this study
are shown in Supplementary Table S3. iRFP670 ORF was
originally obtained from piRFP670-N1 (16) (a gift from
Vladislav Verkhusha; Addgene plasmid # 45457).

mRNA preparation

A template DNA for in vitro transcription (IVT) was gen-
erated by polymerase chain reaction (PCR) using appro-
priate primer sets, and template oligo DNA and/or plas-
mids (Supplementary Table S4). The PCR fragments of
the SUTR, ORF and 3'UTR were fused to generate IVT
template of reference, no aptamer and trigger mRNAs

by using a primer set, T7Fwd and Rev120A. Plasmids in
a PCR reaction were digested by 1 pl of Dpnl (TOY-
OBO). The IVT template of device mRNAs was gener-
ated with the appropriate sets of forward primer, spacer,
hmAG1 ORF, 3UTR and Rev120A (Supplementary Ta-
ble S4). All PCR products were purified by MinElute PCR
Purification Kit (QIAGEN). Synthetic mRNAs were tran-
scribed by using MEGAScript T7 Kit (Ambion) as pre-
viously described (8,17). In general, modified nucleotides
were used for IVT to avoid immune response (18-20).
However, because we speculated that these unnatural bases
might impair the interaction between protein and aptamer,
we used natural nucleotides when transcribing the de-
vice mRNAs or control mRNA (without aptamer). Thus,
except for device mRNAs, pseudouridine-5'-triphosphate
(W) and 5-methylcytidine-5'-triphosphate (m5C) (TriLink
BioTechnologies) were used instead of uridine triphosphate
and cytosine triphosphate, respectively. Five-fold diluted
guanosine-5'-triphosphate was used with Anti-Reverse Cap
Analog (New England Biolabs). Reaction mixtures were
incubated at 37°C for 6 h. After the incubation, TURBO
DNase (Ambion) was added to the mixture and further in-
cubated at 37°C for 30 min to remove the template DNA.
The generated mRNAs were purified using a FavorPrep
Blood/Cultured Cells total RNA extraction column (Fa-
vorgen Biotech) and incubated with Antarctic Phosphatase
(New England Biolabs) at 37°C for 30 min. The reaction
mixtures were purified again using an RNeasy MinElute
Cleanup Kit (QIAGEN) according to the manufacturer’s
protocols.

Cell culture

293FT cells (Invitrogen) were cultured at 37°C in Dul-
becco’s modified Eagle’s Medium (DMEM) medium
(Nacalai tesque) supplemented with 10% fetal bovine
serum (FBS) (#JBS020265; Japan Bio Serum), 2 mM L-



Glutamine (Invitrogen), 0.1 mM Non-Essential Amino
Acids (Invitrogen) and 1 mM Sodium Pyruvate (Sigma).
HelLa cells (originally obtained from ATCC) were cultured
in DMEM-F12 containing 10% FBS. Human iPS cells
(201B7, a kind gift from Dr Masato Nakagawa, Kyoto Uni-
versity) were cultured in feeder-free condition with StemFit
AKO3 (Ajinomoto) as previously described (21). To prepare
differentiated cells derived from iPSCs (D14), the cells were
cultured with StemFit lacking bFGF for 2 weeks.

Plasmids transfection

Cells were plated into appropriate multi-well plates. After
1-day incubation, cells were transfected with plasmids us-
ing Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s protocols. A total of 500 or 125 ng DNA was
mixed with Opti-MEM (Life Technologies) in 24-well or
96-well format, respectively. After 4-6 h of transfection, the
medium was replaced with fresh medium. Transfection de-
tails for each experiment are shown in Supplementary Table
Ss.

mRNA transfection

All transfections were carried out in a 24-well format. Tran-
scribed mRNAs were transfected into the cells using Stem-
Fect (Stemgent) according to the manufacturer’s protocols.
CBG68Luc was used as control mRNA in the experiment
of Figure 6. After 4-6 h of transfection, the medium was
replaced with fresh medium. In the experiment of Figure
7, the medium was replaced with fresh medium at least 1
h before transfection. Transfection details for each exper-
iment are shown in Supplementary Table S6. The mRNA
sequences used in this study are shown in Supplementary
sequences.

Flow cytometry measurements

One day after transfection, cells were washed with phos-
phate buffered saline (PBS). HelLa cells and 293FT
cells were incubated in 100 pl of 0.25% Trypsin—-EDTA
(GIBCO) at 37°C. After the addition of 200 pl medium,
cells were passed through the mesh and analyzed by flow
cytometry. iPSCs and D14 cells were incubated in 200 wl
of Accumax (Innovative Cell Technology) at 37°C, passed
through the mesh and analyzed by flow cytometry. In ex-
periments using a 24-well plate, we used Accuri C6 (BD Bio-
sciences). EGFP and hmAG1 were detected by FL1 (533/30
nm) filters. tagRFP and mKO2 were detected by the FL2
(585/40 nm) filters. iIRFP670 was detected by FL4 (675/25
nm) filters. In the experiments using a 96-well plate, we used
BD LSRFortessa (BD Bioscuence). EGFP was detected by
blue laser with an FITC filter (525/50 nm). tagRFP was de-
tected by a green laser with a PE filter (582/15 nm).

Flow cytometry data analysis

Flow cytometry datasets were analyzed using FlowJo (Tree
Star), FlowCore (22) and Excel (Microsoft). Data were first
screened to remove any events with non-positive forward
scatter and side scatter. The remaining events were named
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P1 gate. P1 data were expanded to a histogram of reference
(transfection control) count. This histogram was used to
determine reference positive populations. In the following
analysis, the median reporter/reference of each cell was cal-
culated from the reference positive population by FlowJo.

Translational efficiency is defined using the following for-
mulas.

Normalized Intensity (N.I.) = Median of the ratio (re-
porter intensity/reference intensity) of each cell.

Relative Intensity (R.1.) = (N.I. of Trigger +) / (N.I. of
Trigger -).

Translational Efficiency = (R.1.) / (R.I. of No aptamer).

All values were normalized by No aptamer value.

Lin28A-expressing stable cell lines

Flp-In T-REx-293 cells were cultured in DMEM contain-
ing 10% FBS under a humidified 5% CO, atmosphere
at 37°C. A stable human cell line expressing streptavidin
binding protein (SBP)-fused lin28A (SBP-1in28A) was es-
tablished by Flp Recombinase-Mediated Integration (Flp-
In system, Invitrogen) according to the manufacturer’s in-
structions. The synthetic cDNA encoding human Lin28A
was purchased from Eurofin Genomics, Japan and was
cloned into the pcDNAS/FRT/TO-Flag-HA-SBP vector
(kind gift from Dr Yamashita at Yokohama City University,
Medical School). The resultant Lin28 A expression plasmid,
pcDNAS-SBP-1in28 A, was co-transfected with pOG44 (In-
vitrogen) into the host Flp-In T-REx-293 cells (Invitrogen)
using Lipofectamine 2000 (Invitrogen). The cell line har-
boring pcDNAS-SBP-1in28 A was selected with hygromycin
(100 mg/ml) and blasticidin (10 mg/ml) for 2 weeks accord-
ing to the manufacturer’s instructions.

Doxycycline induction analysis

Dox-LIN28A-293 cells were seeded in a 12-well cell culture
plate. After 24 h, fresh media containing 0, 0.1, 0.2, 0.4,
0.8, 1.0, 3.0, 5.0 or 10 ng/ml doxycycline was added to the
wells. After 1 h, cells were transfected with plasmids using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocols. A total of 400 ng DNA was mixed with
Opti-MEM (Life Technologies). After 4-6 h of transfec-
tion, the medium was replaced with fresh Dox-containing
medium. Details about the transfections for each experi-
ment are shown in Supplementary Table S5. One day after
transfection, cells were washed with PBS. Cells were incu-
bated in 300 pl of 0.25% Trypsin—-EDTA (GIBCO) at 37°C.
After the addition of 300 wl medium, cells were passed
through the mesh. Cells in mixture were dispensed into 300
w1 aliquots and collected for western blotting analysis or
analyzed by Accuri C6 (BD Biosciences).

Knockdown assay

Cells were cultured in 24-well plates and transfected with
100 ng of device plasmid, 400 ng control plasmid and 5
pmol shRNA using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s protocol (see also ‘Plasmids
Transfection’ in “Materials and Methods’ section and Sup-
plementary Table S5). After 1 day incubation, cells were
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washed with PBS and incubated in 0.25% Trypsin—-EDTA
(GIBCO) at 37°C. After the addition of medium, cells were
passed through the mesh and analyzed by Accuri C6 (BD
Biosciences). The shRNA sequences were as follows:

Control-shRNA (23): 5- GCCUAAGGUUAAGUCG
CCCUCGCAGCAUAGGCGAGGGCGACUUAACCU
UAGGCAG -¥

UlA-shRNA: 5- GAUCAAGAAGGAUGAGCUAA
AAAAGAGCAUAGCUUUUUUAGCUCAUCCUU
CUUGAUCAG -3

Aliquots of analyzed samples were collected for western
blotting analysis.

Western blotting analysis

Collected cells were washed with 200 wl of PBS and lysed
in 50 pl of RIPA buffer. The concentration of total protein
was measured by Pierce BCA Protein Assay Kit (Thermo
scientific). Samples (5 pg of protein) were applied to sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and
transferred into a PDVF membrane using iBlot (Invitrogen)
according to the manufacturer’s protocol. Membranes were
incubated with specific primary antibodies. Anti-SNRPA
(Santa Cruz Biotechnology, sc-101149) and Anti-human
LIN28A (R and D Systems, AF3757) were used at 200-fold
dilution and 10 000-fold dilution, respectively. GAPDH
antibody (Santa Cruz Biotechnology, sc-25778) was used
at 500-fold dilution. Then, the blot was incubated with
secondary antibodies. Goat Anti-Mouse IgG (H+L)-HRP
conjugate (BIO-RAD, 170-6516), Rabbit anti-Goat IgG
(H+L) Secondary Antibody, HRP conjugate (Life Tech-
nologies, 81-1620) and Goat anti-Rabbit IgG (H+L)- HRP
conjugate (BIO-RAD, 170-6515) were used at 2000-fold di-
lution. The blots were detected with ECL Prime Western
Blotting Detection Reagent (GE Healthcare) and Image-
Quant LAS 4000 (GE Healthcare). Protein expression level
was calculated from bands intensities with ImageJ (NIH).

Quantitative RT-PCR

Cells for RNA analysis were pelleted, frozen and stored
at —80°C until use. To quantify mature miRNAs, total
RNA purification, reverse transcription and quantitative
PCR were performed by using miRNA Cells-to-CT Kit
(Applied Biosystems). Expression levels of mature miRNA
were measured by using miRNA TaqMan probe (Applied
Biosystems) and normalized using U6 snRNA (RNU6B)
expression levels. The TagMan probes are shown in Sup-
plementary Table S7. To quantify the expression levels of
immune response-related genes, pellets were thawed and
then rapidly resuspended in Trizol (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol. Extracted
RNAs were treated with TURBO DNase (Ambion) and pu-
rified with Phenol/Chloroform/Isoamyl alcohol. Reverse
transcription was carried out using ReverTra Ace qPCR
RT Master Mix (TOYOBO) following the manufacturer’s
protocol. The primers for real-time amplification are listed
in Supplementary Table S§. Target mRNA was normal-
ized to GAPDH. The resulting cDNAs were amplified with
THUNDERBIRD SYBR gPCR Mix (TOYOBO) using
StepOne (Applied Biosystems). Relative expression levels
were calculated using the AACt method.

WST-1 assay

Cell viability was measured with Cell Proliferation Reagent
WST-1 (Roche). At one day after transfection of natural or
modified /imAGI mRNA, WST-1 substrate was added and
cells were incubated for 2.5 h. The absorbance was mea-
sured at 440 nm with a reference wavelength at 600 nm on
TECAN microplate reader (Infinite M1000).

Statistical analysis

Data of translational efficiency and relative translational ef-
ficiency are presented as means =+ standard deviation (SD).
Significant differences between means were determined by
two-tailed Welch’s ¢-test. The levels of significance are de-
noted as *P < 0.05, **P < 0.005 and ***P < 0.0005. Val-
ues of mean, SD and coefficient of determination were ob-
tained, and Welch’s ¢-test was performed by using Excel
(Microsoft) or R.

RESULTS
Protein-responsive mRNA devices with improved sensitivity

Messenger RNA devices that have an aptamer module in
the 5-UTR of reporter genes are capable of detecting tar-
get proteins, because the translation of reporter genes can
be repressed through the protein—aptamer interaction (Sup-
plementary Figure S1). The mRNA devices are also ap-
plicable to a RNA-only delivery approach, because trans-
lational regulation is independent of RNA nuclear his-
tory or splicing. Previous reports have generated protein-
responsive mRINA devices that efficiently reduce the trans-
lational level of the mRNA in the presence of cognate pro-
teins (13,24-28) and succeeded in delivering the devices into
mammalian cells without DNA (8). However, the detection
of endogenous proteins, including cytoplasmic marker pro-
teins expressed in living cells has not been successfully im-
plemented.

Thus, we aimed to create protein-responsive mRNA de-
vices that efficiently repress translation by detecting target
proteins in living cells. It has been reported that the pres-
ence of a protein-binding motif is not generally sufficient
for effective RNA—protein interaction within a cell, and lo-
cal RNA secondary structures affect the ability of bind-
ing (29,30). In fact, we observed that the simple insertion
of protein (UIA and NF-kB p50)-binding sequences (ap-
tamers) in the 5-UTR of reporter genes did not efficiently
repress translation upon protein binding (Figure 2 and Ad-
ditional text for Supplementary Figure S§8). We hypothe-
sized that the aptamers embedded in the 5-UTR of the
mRNA may form unstable secondary structures that reduce
binding ability to the target protein in cells. To investigate
this possibility, we generated a set of synthetic mRNA de-
vices that contain RNA aptamers with more stabilized sec-
ondary structures that maintain active conformations for
protein binding and analyzed their ability to repress trans-
lation in the presence of cognate protein (Figure 2).

We first engineered UlA-responsive mRNA devices.
U1A is a spliceosomal protein, and its binding aptamers
(Ulhp) are well characterized (31,32) (Figure 2A). UlA
also binds to the 3’'UTR region of its own mRNA (Ulutr)
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Figure 2. Construction of UlA-responsive devices. (A) Ul A-binding aptamers used in this study. Secondary structures were predicted by CentroidFold
software (Ref:(35)). Small letters represent the nucleotides changed from Ulhp or Ulutr in an original report (Ref:(32)) to stabilize the aptamers. Purple
shadows represent the UIA recognition sequences. Color scale represents base pairing probabilities calculated by CentroidFold software. (B) Overlaid
dot plots from flow cytometry analysis. Red, cells co-transfected with EGFP reporter plasmid and trigger plasmid encoding U1A and tagRFP. Blue, cells
co-transfected with EGFP reporter plasmid and control plasmid without UlA. (C) Translational efficiency of UlA-responsive devices. All values were
normalized by cells transfected with reporter plasmid lacking aptamer (No aptamer). Transfection was performed in a 24-well format. Error bars represent
mean + SD (n = 3 independent experiments, each performed in triplicate). *P < 0.05 (Welch’s 7-test).

and regulates the polyadenylation process (33,34). We ex-
tracted the Ulhp and Ulutr sequences and inserted one
into the 5-UTR of reporter plasmids that encode EGFP
(Supplementary Figure S2). We also constructed a ‘trig-
ger plasmid’ that expresses the UIA N-terminal RNA-
recognition domain (14) conjugated with tagRFP via 2A
peptide (Supplementary Figure S3). Twenty-four hours af-
ter co-transfection of these plasmids, we measured EGFP
and tagRFP expression level by flow cytometry (Figure
2B) or fluorescence microscopy (Supplementary Figure 4)
and analyzed translational repression efficiency (Figure
2C). The mRNA devices with Ulhp or Ulutr weakly re-
pressed the translation in the presence of the trigger plas-
mid (~30% repression) (Figure 2C). We speculated that the

Ulutr forms a less-stabilized secondary structure that may
affect the UTA-mRNA interaction, because CentroidFold
software (35) predicted that Ulutr did not form the ex-
pected secondary structure reported previously (31) (Sup-
plementary Figure S5). Thus, we replaced nucleotides of
Ulutr and newly designed the Ulutr_stb aptamer that ex-
hibits a more stabilized and expected secondary structure
with single-stranded, two UlA-binding regions (shown in
purple, Figure 2A and Supplementary Figure S5). Notably,
mRNA containing the Ulutr_stb aptamer repressed trans-
lation more efficiently (~75% repression) compared with
the original Ulutr (Figure 2C and Supplementary Figure
S4). We also designed alternative UlA-binding aptamers
with a stabilized loop-stem-loop structure (UILSL) and
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combined them with longer stem lengths (UILSL + 10
bp and UILSL + 15 bp) to reinforce the aptamer struc-
tures (the UlA-binding AUUGCAC sequences are located
at the single stranded-loop region flanked by two stem
regions). In the presence of the trigger plasmid, we ob-
served that mRNA devices with these aptamers repressed
translation more efficiently than with the original Ulhp or
Ulutr, whereas the devices with defective UILSL variants
(UILSL ) that disrupt UL A binding did not repress trans-
lation (Figure 2C and Figure 3A, B). These data indicate
that we can improve the sensitivity of protein-responsive
mRNA devices by stabilizing RNA secondary structures
with active conformations.

We next investigated whether the designed RNA devices
can respond to endogenous UlA. We observed that the
basal expression levels of EGFP from UILSL (+10, +15
bp) aptamer-containing mRNAs were downregulated even
in the absence of the trigger plasmid that overexpresses UTA
compared with those from defective Ul1LSL,,, aptamer-
containing mRNAs (Figure 3A and C). These results sug-
gest that the UILSL series of mRNA devices are capa-
ble of detecting endogenous UlA expression. To prove
this possibility, we carried out knockdown experiments of
endogenous U1A and analyzed the effect on the transla-
tional regulation from the devices. We co-transfected U1A-
targeting shRNA and the UlA-responsive reporter plas-
mids into 293FT cells. Twenty-four hours after transfection,
EGFP expression levels of cells transfected with shU1A
and reporter plasmids with UILSL aptamers were higher
than that transfected with control shRNA, indicating that
knockdown of endogenous U1A increased EGFP expres-
sion from the reporter plasmids with U1LSL (+10, +15 bp)
aptamers (Figure 3D and E). Thus, our UlA-responsive
mRNAs can repress translation by detecting endogenous
U1A protein.

Design and construction of human LIN28A-responsive
mRNA devices

Next, we chose human LIN28A as a target protein to
make new mRNA devices that distinguish living cell types.
LIN28A is a marker protein that binds to a certain class of
RNAs (36,37) and it is highly expressed in human pluripo-
tent stem cells (38). For example, LIN28A binds to let-7 mi-
croRNA (miRNA) precursors, and the interaction inhibits
the biogenesis of mature let-7 miRNAs (39,40), which is
important to maintain stem cell states. We first extracted
LIN28A-binding RNA sequences from pre-let-7d miRNA
(a let-7 family miRNA precursor) (Figure 4A left; termed
‘preE-let7d’). Prediction of the secondary structure by Cen-
troidFold software suggested the bottom stem region of
preE-let7d with lower base-pairing probabilities may affect
conformation of the aptamer inside the cell. We therefore
stabilized the secondary structure of the LIN28A aptamers
by increasing the number of GC base pairs in the stem re-
gion (Figure 4A, stbA-D), although prediction of the sec-
ondary structures suggested that stbD may disrupt one of
the single-stranded loops (GGGAU) required for LIN28A-
binding (41). Based on the designed stbA-D aptamers, we
constructed a set of LIN28A-responsive devices that con-
tain each aptamer in the 5-UTR of EGFP mRNAs (Sup-

plementary Figure S2B). We also designed a trigger plasmid
that expresses LIN28A (Supplementary Figure S3) and was
co-transfected with the LIN28A-responsive reporter to an-
alyze whether reporter EGFP expression could be repressed
by LIN28A (Figure 4B and Supplementary Figure S6).
Interestingly, in the presence of LIN28A, the mRNA de-
vices with three designed aptamers (stbA-C) showed greater
translational repression compared with the original preE-
let7d aptamer (Figure 4C). The mRNA with stbD did not
repress translation efficiently, probably due to disruption of
the terminal loop structure (GGGAU) (Figure 4A, stbD).
The mRNA with stbC aptamer showed the strongest trans-
lational repression (~ 93%), whereas the mRNAs with mu-
tated stbC (stbCpyyy) or deletion mutant (stbCA) (Supple-
mentary Figure S2B), which lacks LIN28A-binding abil-
ity, recovered the translational efficiency (Figure 4D). The
amino acid substitution (W46A) of LIN28A (LIN28A 1),
which is known to interfere with binding to the terminal
GGGAU loop of pre-let-7d miRNA (41,42), also inhibited
the translational repression ability of stbC (Figure 4E), in-
dicating that LIN28A—stbC interaction is indispensable for
the translational repression. Moreover, the mRNA devices
responded to LIN28A-expressing plasmid in HeLa cellsin a
manner similar to 293FT cells, suggesting that the functions
of the mRNA devices are independent of the cell-line used
(Figure 4F). Thus, LIN28A-responsive mRNA devices can
be constructed in living cells by increasing the stability of
aptamer-containing RNA modules that maintain an active
secondary structure for efficient binding. We then focused
on the mRNA device with stbC for further study.

We next investigated whether the LIN28A-responsive
mRNA device could quantify the LIN28A expression
level. To control LIN28A expression level, we prepared
a doxycycline (Dox)-inducible HEK293 cell line (Dox-
LIN28A-HEK) that controls the level of LIN28A in a Dox-
dependent manner (Figure 5). We transfected either the
control (No aptamer) or LIN28A-responsive reporter plas-
mid into Dox-LIN28A-HEK cells. To analyze the correla-
tion between the efficiency of translational repression and
the level of LIN28A expression, we performed flow cy-
tometry and western blotting to measure the intensity of
EGFP and the amount of LIN28A, respectively (Figure 5B
and C). Western blot analysis found that the addition of
Dox at low dose (0-1 ng/ml) produced LIN28A in a Dox-
concentration dependent manner, but LIN28A expression
level reached plateau at high doses (more than 3 ng/ml)
(Figure 5C and D). This result corresponded to the trans-
lational repression level of the mRNA device with stbC as
analyzed by flow cytometry (Figure 5B). In fact, the inten-
sity of EGFP produced from the stbC device was correlated
with LIN28A expression level (R?> = 0.93, Figure 5E), in-
dicating that the mRNA device responds to LIN28A in a
concentration-dependent manner. However, the mRNA de-
vice with the original preE-let7d did not detect LIN28A ef-
ficiently (Figure 5B and E). Thus, our designed mRNA de-
vice with stbC showed higher sensitivity and its translation
repression level depends on the LIN28A expression level,
suggesting that the mRNA device can act as a LIN28A de-
tector in living cells.
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mRNA delivery of LIN28A-responsive devices to distinguish them into 293FT cells (Figure 6A). Twenty-four hours af-
cell types ter the transfection, we observed that the mRNA with stbC
repressed translation in the presence of LIN28A, whereas
the mRNA with the original preE-let7d did not respond to

. o i} . ) LIN28A expression (Figure 6B and Supplementary Figure
T.O investigate whether our LIN.28A resp 'ons'n{e mRNA de S7). The results indicate that our LIN28A-responsive device
vice can function for mRNA delivery, we in vitro transcribed . )

) e e e . functions by RNA-delivery.
mRNA that contained the stbC aptamer in 5-UTR and . .
. . . Finally, we aimed to detect endogenous LIN28A for the

a humanized Azami-Green (hmAG1) ORF, respectively. We urpose of distinguishing hiPSCs from differentiated cells
also prepared LIN28A-coding mRNA, and co-transfected purp g g

Endogenous protein-responsive RNA devices have so far re-
lied exclusively on the introduction of foreign DNA (27,43).
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(Figure 7A). LIN28A is highly expressed in hiPSCs, and
its expression level is decreased as differentiation proceeds
(36,38.44). To induce differentiation, we cultured hiPSC
in medium lacking bFGF for 14 days (D14). We trans-
fected LIN28A-responsive mRNA encoding hmAG1 and a
reference mRNA encoding Kusabira-Orange (mKO2) into
a hiPSC line (201B7) and D14. Notably, the LIN28A-
responsive mRNA device with stbC efficiently reduced
translation levels in hiPSCs compared with control mRNA
without stbC or preE-let7d (Figure 7B). Moreover, an over-
laying dot plot of hiPSCs and D14 showed that both pop-
ulations were separated only when the stbC-mRNA de-
vice was transfected (Figure 7C and D). Western blot-
ting analysis confirmed that LIN28A expression was de-
tected in hiPSC lysates, but not in differentiated cell lysates
(Figure 7E, iPSCs versus D14). In addition, we analyzed
whether the LIN28A-responsive mRNA device could affect
endogenous miRNA expression levels that are controlled
by LIN28A. qRT-PCR analysis from hiPSCs revealed that
the LIN28A-responsive mRNA device did not change the
expression level of endogenous miRNAs (let7d, let7g and
miR-98), which are known to be regulated by LIN28A and
were also upregulated after differentiation (37) (Figure 7F).
Thus, we conclude that our LIN28A-responsive device de-
livered by mRNA is able to distinguish hiPSCs from dif-
ferentiated cells by detecting endogenous LIN28A without
affecting the expression profile of its target miRNAs.

DISCUSSION

Here, we developed endogenous protein (LIN28A and
U1A)-responsive mRNA devices by stabilizing the active
conformation (i.e. secondary structure) of aptamers. The
original aptamers (preE-let7d, Ulutr), which mediate the
binding of LIN28A and UIlA, respectively, did not ef-
ficiently respond to target proteins, indicating that their
structures are less stable in cells compared with those of en-
gineered aptamers. Our design strategy is simple and versa-
tile for the creation and improvement of protein-responsive

RNA devices that function in living cells. In fact, LIN28A-
responsive mRNA distinguished hiPSCs and differentiated
cells by detecting endogenous LIN28A expression levels.
To our knowledge, no previous study has shown that syn-
thetic RNA-delivered devices can detect endogenous pro-
teins, control translation and distinguish mammalian cells.
Additionally, given that aptamers that bind proteins of in-
terest are generated by in vitro selection, our design strat-
egy can be applied not only to naturally occurring protein-
binding RNA motifs, but also to synthetic RNA aptamers.
In fact, we designed alternative protein-responsive mRNA
devices based on the interaction between nuclear factor-x B
(NF-kB) p50 protein and the in vitro selected p50-binding
aptamer (pS0A) (Supplementary Figure S8 and Additional
text for Supplementary Figure S8). The mRNA with engi-
neered aptamer (p5S0A-stb) efficiently detected p50, whereas
that with the original aptamer was insensitive to p50, indi-
cating that we are able to design a variety of mRNA devices
using both natural and synthetic aptamers. However, it is
noteworthy that the basal expression levels of mRNAs that
contain stabilized aptamers at the 5 "UTR region tend to
be low in the absence of target proteins (Figure 3C, Supple-
mentary Figures S4 and S6). Although the UILSL series
with long stem structures showed reduced reporter expres-
sion levels (Supplementary Figure S4), this repression was
likely caused by endogenous U1A (Figure 3). To increase
the basal expression levels of mRNA devices with stabilized
aptamers, the position of the aptamers can be shifted to
the downstream region (13) (Supplementary Figure S9A).
Thus, the position of the stabilized aptamers is an important
factor in the target sensitivity and basal expression level.

It has been reported that several protein-responsive RNA
devices were designed based on the insertion of aptamers
into RNA. Examples include the regulation of mRNA
translation (24,25,27), shRNA /miRNA processing (14,45),
alternative splicing (43), nonsense-mediated mRNA decay
(46) and ribozyme activity. However, these devices were
exclusively delivered by plasmid DNA, which may raise
the risk of random genomic integration. Messenger RNA
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Figure 7. Distinction of living cell types using LIN28A-responsive mRNA devices. (A) Distinction of human iPSCs with differentiated cells by detecting
endogenous LIN28A expression level. LIN28A is highly expressed in iPSCs, and its expression level is decreased after differentiation. LIN28A in iPSCs re-
duces the translation level from LIN28A-responsive imAGI mRNA. In differentiated cells, LIN28A expression level is low, resulting in normal translation
(left and middle panels). After co-transfection of the LIN28A-responsive #imAGI mRNA and reference mRNA encoding mKO2, the cells typically show
belt-like distribution in a two-dimensional plot by flow cytometry analysis (right panel). A shift of the population is observed as the result of translational
repression of hmAG] in iPSCs but not in differentiated cells, resulting in the separation of iPSCs from differentiated cells based on LIN28A detection.
(B) Relative translational efficiency of transfected mRNAs in iPSCs and D14. Relative translational efficiency = (N.I. of iPSCs)/(N.I. of D14) (See ‘Flow
cytometry data analysis’ in ‘Materials and Methods’ section). Error bars represent mean + SD (n = 3 independent experiments, each performed in dupli-
cate). *** P < 0.0005 (Welch’s #-test). (C) Representative overlaid dot plots of iPSCs (red) and differentiated cells (D14, blue). (D) Representative histograms
related to Figure 7C. Red, hiPSCs; blue, D14. (E) Western blot analysis of the LIN28A expression. A total of 0 ng Dox, 10 ng Dox and 293FT were applied
as controls, and GAPDH was used as internal control. The samples used in these experiments were also used for the data in Figure 5C. iPSCs and D14
samples were collected in different experiments. LIN28A was detected by anti-LIN28A. (F) Endogenous miRNA expression levels by LIN28A-responsive
mRNA transfection. Mature let7d, let7g and miR-98 levels were analyzed by qRT-PCR. We used differentiated cells (D14, black bar) as a control, because
the expression levels of these miRNAs increased in differentiated cells compared with iPSCs. Thus, the expression levels of miRNAs in untransfected
(white), mRNA (without aptamer)-transfected (blue) and stbC-containing mRNA-transfected (red) iPSCs were normalized by the expression level of the
miRNAs in D14. Error bars indicate SD for three independent experiments. Significant differences were not observed among untransfected, no aptamer
and stbC.



12 Nucleic Acids Research, 2017

delivery may reduce the risk of genomic damage, provid-
ing an avenue for future therapeutic applications, such as
live-cell detection or purification for regenerative medicine
(17), based on intracellular protein information. Indeed, a
recent synthetic biology study showed that synthetic cir-
cuits with RNA binding proteins can function in mam-
malian cells when delivered by RNA (8), however, these
circuits also require specific exogenous RNA-binding pro-
teins (L7Ae or MS2-CNOTY7) for their construction. In
contrast, our mRNA devices for RNA delivery are able
to detect endogenous LIN28A protein in living cells. It is
known that higher expression of LIN28A is correlated with
several diseases and cancers, including glioblastoma (47).
Thus, LIN28A-responsive mRNA devices may distinguish
not only pluripotent stem cells but also LIN28A-related
cancer cells within a heterogeneous cell population.

In this study, we used unmodified, native mRNA-
delivered devices to study the function of LIN28A-binding
aptamers (Figures 6 and 7). Although unmodified mRNAs
may induce an immune response in several cell types, we
used 293FT cell lines and hiPSCs that show attenuated re-
sponses to interferon signaling (48,49). Indeed, our mRNA-
delivered devices did not increase the expression levels of
interferon signaling-related OAS1 and IFIT] genes, nor did
they induce a loss of cell viability (Supplementary Figure
S10). These results indicate that the synthetic mRNA de-
vices did not cause an innate immune response under our
experimental condition. It is also noteworthy that the use of
modified mRNAs may affect the function of the devices. In
fact, we found that modified mRNA devices with stbC ap-
tamer did not respond to target LIN28A protein efficiently
(Supplementary Figure S9B), indicating that some modified
bases in the mRNA may affect binding ability to target pro-
teins and stability of the RNA structures in cells. To apply
our mRNA devices to many cell types, we expect that gen-
eration of mRNA devices with modified bases will also be
important for future study.

Synthetic mRNA devices with RNA-binding proteins
have been applied to construct cellular logic gates and to
control cell fate (25,46). The direct detection of human en-
dogenous proteins by synthetic RNAs may open the door
to program cell fate autonomously based on intracellu-
lar protein information. Additionally, endogenous protein-
responsive RNA devices can be used to measure the protein
expression level in living cells. Indeed, reporter expression
levels from the LIN28A-responsive device were correlated
with LIN28A amount in the cell (Figure 5). Thus, we may
be able to monitor the amount of target protein expressed in
living cells without the need for tagging the protein. More-
over, combining with current gene regulation technologies,
including miRNA responsive switches (8,17,50), RNA in-
verter modules (46), cell classifier circuits (50), ribozyme de-
vices (51,52) and two dimensional tuning (optimized posi-
tioning and multiple insertion of RNA motifs in mRNA)
(13) will enable us to build more sensitive, precise and in-
creasingly sophisticated systems to program cell fate. In
fact, the tandem insertion of stbC motif enabled to con-
struct more effective mRNA device (Supplementary Figure
S11). Thus, we believe endogenous protein-responsive RNA
devices with greater safety (i.e. RNA-delivery) and sensitiv-

ity will expand the field of biomedicine and synthetic biol-
ogy.
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