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Synthetic mRNA circuits commonly sense input to produce binary
output signals for cell separation. Based on virus-origin cap-
independent translation initiation machinery and RBP-aptamer
interaction, we designed smart synthetic mRNA-based circuits that
sense single input molecules to bidirectionally tune output signals
in an orthogonal manner, enabling high-resolution separation of
cell populations.

Synthetic mRNA circuits are powerful tools for cell identification
and purification.'™ They can sense various cellular biomarker
molecules (e.g., microRNA, protein, ligands) and report the infor-
mation by altering the expression levels of encoded fluorescent
reporter proteins.>® Because they promise a temporal cellular
effect and no damage to genome integrity, these switches have
been widely used to identify and separate cells,”® especially stem
cell-derived cells, such as neurons and cardiomyocytes."*° How-
ever, current synthetic mRNA circuits mainly turn on or turn off
output protein expression upon input-sensing, resolving cell
separation in one direction. Fluorescent signal overlap between
cell populations is generally observed,>” limiting the cell separa-
tion resolution. Using multiple one-directional circuits to sense
multiple inputs only reduces but can’t solve the low-resolution
issue, as each switch still produces significant cell population
overlap. Inspired by the use of viral protein to initiate mRNA
expression by Nakanishi and coworkers,'® we designed a smart
strategy that changes the input-output relation simply by altering
the cap structures on the synthetic mRNAs. This strategy affords
circuits that sense a single input molecule to tune down and tune
up different reporter expressions at the same time, bidirectionally
creating orthogonal signals that substantially enhance the resolu-
tion of cell separation.
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VPg-based bidirectional synthetic mRNA circuits
enable orthogonal protein regulation for
high-resolution cell separationt
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To design the circuit, we first examined the cap-independent
translation initiation of viral protein genome-linked (VPg)
proteins."'™** Previous works discovered that VPg can act as an
alternative to a cap structure for recruiting translation initiation
factors in mammalian cells.”* Importantly, our previous works
found that expressing a fusion protein of murine norovirus
(MNV) VPg with RNA binding protein (RBP) in mammalian cells
can efficiently locate the VPg to synthetic mRNA carrying an RBP-
binding aptamer.>'* Such localization of VPg can boost the
protein production of synthetic mRNA carrying a translation-
deficient cap. We hypothesize that VPg can compete with the cap
for recruiting translation initiation factors to override the cap
structures for translation initiation. Thus, VPg might produce
opposite protein production changes to synthetic mRNAs carry-
ing translation-efficient or deficient caps.

To evaluate this concept, we constructed an EGFP encoding
synthetic mMRNA carrying either a translational-deficient
G(5')ppp(5')A RNA Cap (Acap) or a translational-efficient anti-
reverse cap analogue (ARCA). An MS2 aptamer was inserted into
the 5" untranslated region (5'-UTR) of the two mRNAs (denoted as
Acap-MS2-EGFP and ARCA-MS2-EGFP) for localizing a fusion pro-
tein formed by MS2 coat protein and MNV-VPg (denoted as MCP-
VPg). The Acap-MS2-EGFP mRNA was transfected into HEK293
cells with gradient concentrations of MCP-VPg mRNA. As shown in
Fig. 1A, a positive correlation between the EGFP expression level
and the MCP-VPg mRNA concentration was observed, with the
plateau of the EGFP level reached at 13.3 ng mL ™" of MCP-VPg
mRNA. On the other hand, a negative correlation between EGFP
expression level and MCP-VPg mRNA concentration was observed
in the case of ARCA-MS2-EGFP mRNA (Fig. 1B). Such a VPg-
induced differential expression pattern was also observed in a
breast cancer cell line, SK-BR-3, with nearly 40 fold of expressional
enhancement on Acap-mRNA and more than 60% expressional
repression on ARCA-mRNA (Fig. S1A and B, ESIf). These
results implied that VPg differentially affects mRNA translation,
suggesting that VPg can override the cap structures for translation
initiation.
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Fig. 1 VPg overrides cap structures for translation initiation to produce
opposite results on different mMRNAs. (A) The scheme and the bar graph
showing the MCP-VPg-induced expression enhancement on Acap-MS2-
EGFP in HEK293 cells. The expression level of Acap-MS2-EGFP mRNA was
set at 1. (B) The scheme and the bar graph showing the MCP-VPg-induced
expression repression on ARCA-MS2-EGFP in HEK293 cells. The expres-
sion level of ARCA-MS2-EGFP mRNA was set at 1. (C) The expression levels
of MS2-EGFP mRNAs carrying different cap structures with or without
cotransfection of MCP-VPg mRNA in HEK293 cells. (D) The representative
dot plot showing MCP-VPg mRNA-induced bidirectional output regulation
in HEK293 cells. N = 3; data are presented as mean + SD with *P < 0.05,
***P < 0.001 calculated through single-factor analysis of variance
(ANOVA).

To validate that the translation interference originates from
the localized VPg, we cotransfected the two EGFP mRNAs with
either MCP- or VPg-encoding mRNAs (Fig. S1C and D, ESI¥).
Agreeing with the literature, the cotransfection of MCP mRNA
weakly repressed the EGFP signals on both reporter mRNAs,
because the RBP-aptamer interaction can partially hinder ribo-
some entry.®> On the other hand, VPg mRNA cotransfection
caused a minor enhancement of Acap-MS2-EGFP expression
and a minor repression of ARCA-MS2-EGFP expression. This is
likely due to the non-specific VPg interaction with mRNAs in
mammalian cells, as demonstrated in previous findings.® Sub-
stantial regulatory effects were only obtained via cotransfection
with MCP-VPg, confirming that VPg localization to the 5'UTR is
the key to expression regulation. Moreover, we also compared the
EGFP expression levels of MS2-EGFP mRNAs carrying different
cap structures with and without co-transfection of MCP-VPg
mRNA on HEK293. As the four cap structures have different
translation initiation abilities, the four MS2-EGFP mRNAs pro-
duced different levels of EGFP production (Fig. 1C). Interestingly,
MCP-VPg enhanced the EGFP production of two MS2-EGFP
mRNAs carrying weak caps (Acap and 3Met [mj>*7
G(5")ppp(5')G]) to similar levels and also repressed the EGFP
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production of the mRNAs carrying strong caps (ARCA and m7G
[m’G(5")ppp(5')G]) to similar levels. The same pattern was also
observed on HeLa cells (Fig. S1E, ESIT). These results validate that
the VPg can override the cap structure for translation initiation,
serving as a repressor for strong caps and as an enhancer for
weak caps.

To evaluate whether MCP-VPg can simultaneously and
orthogonally regulate the expression of reporter mRNAs that
carry different caps, we co-transfected two reporter mRNAs:
Acap-MS2-EGFP and ARCA-MS2-mCherry with gradient concen-
trations of MCP-VPg mRNA on HEK293 cells. As shown in
Fig. 1D and Fig. S2 (ESI{), with the increase of the MCP-VPg
mRNA concentration, a gradual increase of the EGFP signal
(maximal enhancement of 26 + 3 fold) along with a gradient
decrease of the mCherry signal (maximal repression of 0.5 +
0.1 fold) was observed, suggesting that MCP-VPg can simulta-
neously and orthogonally act on the reporter mRNAs. As Fig.
S2D (ESIt) validated that the co-transfection of multiple syn-
thetic mRNAs had little influence on cell viability, these results
strongly suggested that VPg-induced translation interference
can orthogonally occur on reporter mRNAs with different caps
to produce bidirectional output signals.

Next, we designed a microRNA-sensing MCP-VPg mRNA,
following the construction of the well-established microRNA-
sensing synthetic mRNA switch design.'® In the presence of the
target microRNA, the expression level of the MCP-VPg is
repressed, leading to a reduced influence of VPg on both
reporter mRNAs, which lowers the Acap-capped reporter expres-
sion and raises the ARCA-capped reporter expression. miR-21
was chosen as the target microRNA, as it is an established cell-
type marker microRNA for HepG2, and HeLa cells***® and with
HEK293 being known to have low miR-21 expression.”'® To
optimize the miR-21 sensitivity, we constructed miR-21-sensing
MCP-VPg mRNAs carrying native nucleotides or modified
nucleotides that were used to boost the synthetic mRNA
performance.®'®> To our surprise, the modified nucleotides
failed to increase the effect of miR-21 mimic on the EGFP
expression from both reporter mRNAs (Fig. S3A and B, ESIY).
Alternatively, we increased the copy number of miR-21 binding
sites on MCP-VPg mRNA. Fig. S3C and D (ESIt) show that 5
copies of binding sites could achieve the highest EGFP signal
suppression on the Acap-MS2-EGFP reporter mRNAs. A further
increase in copy number failed to induce a significant effect on
both reporter mRNAs. Therefore, in the following experiments,
native nucleotides and 5 copies of microRNA binding sites were
used on all miR-sensing MCP-VPg mRNAs.

Confocal imaging (Fig. 2A and Fig. S4A, ESIt) confirmed that
the miR-21 mimic can efficiently repress MCP-VPg expression
from miR-21-sensing MCP-VPg mRNA (denoted as miR-21-
MCP-VPg), resulting in a substantially reduced EGFP expres-
sion from Acap-MS2-EGFP (0.032 £ 0.003 fold) and a largely
enhanced EGFP expression from ARCA-MS2-EGFP (1.6 + 0.1
fold) on HEK293 cells. We compared the performance of these
VPg-based one-directional circuits to the classical one-
directional circuits in the literature (Fig. 2B, C and Fig. S5A,
ESIt). The classical off-circuit (Fig. 2B left) directly senses miR-
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Fig. 2 VPg-based bidirectional circuits afford high-resolution cell separa-
tion. (A) The schemes and the representative confocal images showing the
miR-21 mimic-induced EGFP level change on VPg-based one-directional
circuits in HEK293 cells. (B) and (C) The representative dot plots showing
cell population separation by classical one-directional circuits (left) and
VPg-based one-directional circuits (right) on cells with or without miR-21
mimic. The percentages represent the miR-21— cells located in the gating
of the miR-21+ cell population. Cotransfection of iRFP was used as the
reference. (D) The representative dot plots showing VPg-based one-
directional or bidirectional separation of a mixed culture of the HepG2-
RFP and HEK293 cells. The percentages represent the HEK293 cells
located in the gating of the HepG2 cell population. Cotransfection of iRFP
was used as the reference. N = 3; data are presented as mean + SD with
*»*p < 0.01, **P < 0.001 calculated through single-factor analysis of
variance (ANOVA).

21 to suppress the reporter protein translation. The classical
on-circuit (Fig. 2C left) senses microRNA to suppress the
expression of MCP. MCP binds to an MS2 dimer to impede
EGFP expression. In both comparisons, the VPg-based one-
directional circuits produced similar levels of cell population
overlap as the classical circuits. These results confirmed that
the VPg-based one-directional circuits have comparable cell
separation ability to the existing circuits.

Next, the miR-21-MCP-VPg mRNA was co-administrated with
two reporter mRNAs, carrying different caps and reporter
proteins, to form an miR-sensing bidirectional circuit. The
circuit was administrated to a cell mixture containing miR-21
negative HEK293 cells and miR-21 positive HepG2/RFP cells
(knocked in with an RFP reporter gene) (Fig. 2D and Fig. S5B, C,
ESIt). The bidirectional circuit clearly generated orthogonal
reporter protein regulation, with the RFP— population produ-
cing 10.7 £ 0.8 fold of the EGFP signal and 0.56 £ 0.04 fold of
the BFP signal compared with the RFP+ population. Compared
with the one-directional circuits, the bidirectional circuit
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achieved substantially higher separation of the two cell popula-
tions (9.3 £ 0.7% overlap). The same experiment was repeated on
the induced pluripotent stem cell line (201B7; miR-302 positive)
and on the 201B7-derived neural progenitor cell (NPC; miR-302
negative), using a miR-302-sensing circuit. Fig. S4B (ESIf) vali-
dated that a 19-fold EGFP signal difference and 0.6-fold BFP signal
difference were recorded on NPC, showing a clear separation in
both signals, while 201B7 experienced little-to-no regulation by
VPg. The data suggested that the circuit can be generalized to
other cell-marker microRNAs to achieve cell separation.

To explore whether the VPg-based bidirectional circuit can
be flexibly engineered to adapt to different needs, we first
replaced the fluorescent reporter genes with two luciferase
genes."” The substantial enzyme activity change by MCP-VPg
was recorded (Fig. 3A), indicating that the circuit can be
adapted to different reporter genes. Next, the MCP-MS2 pair
was replaced by another well-studied PP7 coat protein (PCP)
and PP7 aptamer pair.'® Flow cytometry results showed that the
PCP-VPg-based circuit also exhibited orthogonal and bidirec-
tional reporter regulation (Fig. 3B and Fig. S5A, ESI{). We then
engineered the circuit to sense the protein as input (Fig. 3C).
Based on the design of protein-sensing mRNA circuits in the
literature,>*" the binding of MCP to the MS2 dimer sup-
presses the PCP-VPg expression. Differential EGFP expression
regulations via the cotransfection of MCP encoding mRNA were
recorded on the reporter mRNAs carrying different caps. Lastly,
four different reporter mRNAs were employed to form a multi-
output circuit. Subcellular localization tags, including the
nucleal tag (NL) and the mitochondrial tag (MT), were used
on the output proteins to ease signal quantification.'® The four
reporter mRNAs were transfected at an equal mass into HEK293
cells with or without the co-transfection of the regulator MCP-
VPg mRNA. Fig. 3E shows that the MCP-VPg regulator can
simultaneously regulate all four reporter mRNAs in a bidirec-
tional manner, suggesting that the circuit can be used for
broad-spectrum protein regulation.

In summary, we successfully engineered an orthogonally
acting bidirectional circuit based on synthetic mRNAs. Harnes-
sing virus-origin cap-independent translation initiation
machinery and RBP-aptamer interaction, the circuit conveys
single input molecule information into differential output
protein regulation. The merit of this design lies in that the
output repression or output enhancement is controlled by the
cap structure. Such a simple and effective strategy greatly
increases the design flexibility for the circuit, promising further
engineering for other applications, such as complex cell per-
turbation. The bidirectional output signals afford substantially
higher resolution cell separation than the current one-
directional circuits. The small fraction of the remaining over-
lapping cell population is likely due to the low transfection rate
in these cells. This issue may be solved by engineering
advanced transfection reagents for synthetic mRNAs.**** This
work not only realizes a useful tool for accurate cell separation
but also highlights a feasible approach for differential protein
regulation, which sheds light on the further development of
advanced synthetic mRNA-based circuits.
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Fig. 3 The VPg-based bidirectional circuit is flexible in design. (A) The bar
graph showing the circuits bidirectionally regulates Gaussia luciferase
(GLuc) and Cypridina luciferase (CLuc) in HEK293 cells. (B) The represen-
tative dot plot showing the performance of bidirectional circuits that use
the PCP-PP7 pair to localize VPg in HEK293 cells. (C) and (D) The scheme
and bar graphs showing the performance of the MCP-sensing circuit. (D)
The EGFP regulation of the protein-controlled bidirectional circuits in
HEK293 cells. (E) The representative confocal images showing the bidir-
ectional regulation of four fluorescent proteins in HEK293 cells. NL
represents the nucleal tag and MT represents the mitochondrial tag. N =
3; data are presented as mean + SD with **P < 0.01, ***P < 0.001
calculated through single-factor analysis of variance (ANOVA).
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