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Prolonging the duration of protein expression from mRNA is a
major challenge in the development of mRNA nanomedicines.
mRNA complexed with helix foldamer oligopeptides consisting of
arginine and a-aminoisobutyric acids showed higher intracellular
stability than that complexed with oligoarginines, thereby main-
taining efficient protein translation for three days.

Messenger RNA (mRNA) therapeutics have demonstrated tre-
mendous potential in the vaccination against coronavirus
disease 2019." The clinical approval of two vaccine formu-
lations prompted further research and development of mRNA
therapeutics in various medical fields, such as cancer vacci-
nation, treatment of rare genetic disorders, protein sup-
plementation and genome editing, as well as in vaccination
against various infectious diseases.”™* Prolonging the duration
of protein expression from mRNA is a major challenge in the
development of mRNA nanoparticles for various therapeutic
applications. For example, in the treatment of rare genetic dis-
orders using mRNA, current technologies require weekly
administration of mRNA for several years.® Prolonging the
duration of protein expression is also required in vaccination
strategies, as sustained antigen exposure enhances the
immune response.” However, the median intracellular half-life
of endogenous mRNA is only 9 h,® and exogenous mRNA is
more rapidly degraded inside cells by mechanisms that dis-
criminate exogenous from endogenous mRNA.’ ™! Thus, nano-
particles that improve the intracellular stability of the delivered
mRNA are in high demand.

In most studies, mRNA nanoparticles have been designed
to target specific organs, protect the mRNA from enzymatic
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degradation before reaching the targeted cells, and facilitate
endosomal escape and protein translation after cellular
uptake.” *'>7'¢ Only a few studies have focused on intracellular
mRNA stabilization to prolong protein expression, and so far,
modest stabilization has been achieved, despite the impor-
tance of this issue in the development of mRNA
nanomedicines."”"® Herein, we address this challenge using
cationic oligopeptides that can be uniformly synthesized and
are minimally cytotoxic due to the relatively smaller number of
cationic moieties per molecule compared to that in commonly
used transfection reagents, such as linear poly(ethyleneimine).
We designed an oligopeptide based on oligoarginine
(OligoArg), possessing guanidino groups, which strongly bind
to nucleic acids, including mRNA."*° In addition, we intro-
duced a-aminoisobutyric acid (Aib) to OligoArg to prepare
OligoArg-Aib. Aib is the simplest form of a,a-disubstituted
a-amino acid (dAA), which is a non-proteinogenic amino acid.
Introduction of Aib into peptides allows the formation of
helical structures**** and, thus, Aib is often used as a building
block for functional helical foldamers.>*** Such unique pro-
perties of Aib may influence the binding of oligopeptides to
mRNA in the intracellular environment. Furthermore, helical
foldamers containing dAAs are highly resistant to protease-
based degradation,* which may prolong the protective effects
of peptides against mRNA degradation. The present study
revealed that OligoArg-Aib drastically improved the intracellu-
lar stability of the delivered mRNA and extended the duration
of protein expression.

Results and discussion

We synthesized arginine nonapeptides (OligoArg) and (Arg-
Arg-Aib)s (OligoArg-Aib), labeled with carboxyfluorescein via a
glycine linker at their N terminus, as previously described.**
Carboxyfluorescein, which was introduced for monitoring oli-
gopeptides in the cells, was reported to function as a hydro-
phobic group not unlike a stearyl group and increase the
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plasmid DNA transfection efficiency of OligoArg.”® We mixed
the oligopeptides with mRNA at [guanidino groups in oligo-
peptides (N)]/[phosphate groups in mRNA (P)] ratios of 2 and
4. Dynamic light scattering (DLS) measurements revealed that
the cumulant diameters of OligoArg/mRNA and OligoArg-Aib/
mRNA were greater than 500 nm at N/P = 2 and approximately
200 nm at N/P = 4, with a relatively narrow size distribution for
both oligopeptide formulations at N/P = 4 (Table 1).

The mRNA introduction efficiency of these oligopeptides
was evaluated in human hepatoma-derived HuH-7 cells using
the firefly luciferase (fLuc) mRNA. Although fLuc expression
levels were comparable between OligoArg and OligoArg-Aib at
4 h after mRNA addition at both N/P = 2 and 4, at 24 h or later,
OligoArg-Aib exhibited a 10-1000-fold more efficient fLuc
expression compared with that of OligoArg at both N/P ratios
(Fig. 1a and b). Notably, cell viability was higher than 80% of
that of untransfected control in every tested formulation,
throughout the observation period from 24 h to 72 h after
mRNA addition, demonstrating the safety of both oligopep-
tides (Fig. S1t). Furthermore, mRNA introduction using
OligoArg and OligoArg-Aib showed negligible influence on
endogenous protein expression (Fig. S2t). Notably, fLuc
expression was undetected after the introduction of naked
mRNA and mRNA complexed with 2.4 kDa linear poly(ethylene
imine) (LPEI), which has approximately a 3-fold larger number
of protonated amines, compared to that of OligoArg-Aib
(Fig. S3at), highlighting the potential of OligoArg-Aib in
mRNA delivery. Although 22 kDa LPEI exhibited enhanced
luciferase expression compared to OligoArg-Aib, 22 kDa LPEI
induced enhanced cytotoxicity (Fig. S3bt), as was reported pre-
viously.”” Meanwhile, in a time-dependent evaluation of
protein expression profile, a reporter assay using fLuc could
not clearly distinguish the influence of mRNA degradation
from that of protein degradation, as the fLuc protein has a
relatively long intracellular half-life of around 3-4 h in mam-
malian cells.?® To clarify the influence of mRNA degradation,
we used destabilized luciferase (Luc2CP) as the reporter.
Luc2CP possesses a PEST sequence, which is rich in Pro, Glu,
Ser, and Thr and decreases the intracellular half-life of the Luc
protein to less than one hour, and a ubiquitination signal that
further prompts intracellular degradation of luciferase.**~"
Luc2CP expression from OligoArg/mRNA was almost compar-
able to the background level expression throughout the obser-
vation period at both N/P = 2 and 4 (Fig. 1c and d), presumably
because of the rapid intracellular degradation of the Luc2CP
protein. In sharp contrast, OligoArg-Aib allowed the detection
of Luc2CP at both N/P ratios, even at 72 h after mRNA
addition. The results obtained with the destabilized luciferase

Table 1 Dynamic light scattering measurement. n = 3

OligoArg-Aib OligoArg OligoArg-Aib OligoArg

(N/P =2) (N/P =2) (N/P = 4) (N/P = 4)
Size 645 + 13 1162 + 45 199 +1 198 +1
PDI 0.45 £ 0.04 0.15 £ 0.07 0.14 £ 0.03 0.09 £ 0.02
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Fig. 1 Luciferase mRNA introduction to cultured cells. HuH-7 cells
were introduced with (a and b) fLuc mRNA and (c and d) Luc2CP mRNA
using OligoArg and OligoArg-Aib, at N/P ratios of (a and c) 2 and (b and
d) 4.

reporter strongly suggest that OligoArg-Aib preserves the trans-
lational activity of mRNA for as long as 72 h by preventing
mRNA degradation.

To study the mRNA degradation profile, we performed
quantitative polymerase chain reaction (QPCR)-based measure-
ment of mRNA intactness, which detects mRNA possessing an
intact sequence between a primer pair. First, mRNA degra-
dation in extracellular spaces was evaluated by quantifying
fLuc mRNA degradation after incubation in 10% serum, the
same serum concentration as that used in the culture medium
during mRNA introduction experiments shown in Fig. 1. At
N/P = 2, the detected mRNA levels were comparable between
OligoArg and OligoArg-Aib (Fig. 2a). Although OligoArg-Aib
showed a higher amount of detected mRNA compared to
OligoArg at N/P = 4, the difference was less than five-fold
(Fig. 2b), which is insufficient to completely explain the 10 to
1000-fold difference in protein expression efficiency observed
between OligoArg and OligoArg-Aib (Fig. 1). Although
OligoArg-Aib transfection resulted in protein expression for
three days from the delivered mRNA, even with the use of
destabilized luciferase (Luc2CP), the remaining amount of
extracellular mRNA was less than 1% even after 4 h of incu-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Integrity of mRNA. (a and b) The integrity of extracellular mRNA
was evaluated by qPCR, after the incubation of mRNA in 10% serum. n =
5. (c and d) Integrity of mRNA inside cells was evaluated, after mRNA
introduction to HuH-7, followed by mRNA collection from the cells for
gPCR measurement. n = 4. (aand c) N/P = 2 and (b and d) N/P = 4.

bation. Thus, extracellular mRNA stability may not be a major
factor contributing to prolonged protein expression from
OligoArg-Aib/mRNA.

Next, we studied the integrity of the fLuc mRNA inside the
cells after mRNA addition using qPCR. In all tested formu-
lations, the amount of fLuc mRNA peaked at one hour after
mRNA addition (Fig. 2c and d), suggesting that the cellular
uptake of intact mRNA was mostly completed within a few
hours of mRNA addition. This is consistent with the low extra-
cellular stability of mRNA (Fig. 2a and b). Intriguingly,
OligoArg-Aib showed significantly higher amounts of mRNA
inside cells at N/P = 2 and 4, compared to OligoArg both at 4 h
and 24 h after mRNA addition, with more than a 10-fold differ-
ence observed between OligoArg-Aib and OligoArg at 24 h.
This result may be attributed to OligoArg-Aib stabilizing
mRNA in intracellular spaces, as extracellular mRNA stability
was low even after complexation with OligoArg-Aib (Fig. 2a and
b).

This result motivated us to directly evaluate the intracellular
stability of mRNA. For this purpose, 30 min after mRNA
addition, the cells were washed and supplemented with fresh
culture medium to inhibit additional uptake of oligopeptide/

This journal is © The Royal Society of Chemistry 2021
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mRNA polyplexes, and the amount of mRNA inside cells was
quantified using qPCR at both 4 and 24 h after medium re-
placement. Fig. 3a and b show the relative mRNA amount at
the indicated time points compared to that immediately after
30 min of incubation with mRNA, representing intracellular
mRNA degradation profiles during the incubation period. As
expected, OligoArg-Aib significantly improved mRNA intra-
cellular stability by more than 10-fold at both N/P = 2 and 4
compared to that of OligoArg. To obtain mechanistic insight
into this result, we studied the behavior of OligoArg and
OligoArg-Aib in the same experimental setting by measuring
fluorescein fluorescence from the oligopeptides using flow
cytometry. Interestingly, the intracellular amount of OligoArg-
Aib remained constant 24 h after replacing the culture
medium at both N/P = 2 and 4, while the intracellular amount
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Fig. 3 Intracellular stability of mRNA and oligopeptides. Thirty minutes
after mRNA addition to HuH-7 cells, the cells were washed and the
culture medium was replaced with a fresh medium to inhibit additional
uptake of oligopeptide/mRNA polyplexes. At the indicated time points
after medium replacement, (@ and b) the amount of mRNA inside cells
was measured using qPCR, or (c and d) the amount of oligopeptide
inside cells was measured using flow cytometry. The amount of mRNA
and oligopeptides was presented as values relative to those immediately
after 30 min of incubation with oligopeptide/mRNA polyplexes. (a and c)

N/P =2 and (b and d) N/P = 4.
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of OligoArg continuously decreased during the incubation
period (Fig. 3c and d). Thus, the persistence of OligoArg-Aib
inside the cells might aid in prolonging the protection con-
ferred on intracellular mRNA (Fig. 3a and b).

To further understand this, we first studied the intracellular
behavior of mRNA and oligopeptides via fluorescence micro-
scopic observation of transfected cells (Fig. 4a-d). Twenty-four
hours after mRNA addition, OligoArg exhibited a diffusive
appearance throughout the cells, while a dotted pattern of
OligoArg-Aib appeared inside the cells. In the light of the

(e) 1000000 OO0ligoArg-Aib B OligoArg

8
8
o

10000 [

1000

fLuc expression efficiency

8

10 - :
Naked NP =2 NP =4

Fig. 4 Intracellular behavior of mRNA and oligopeptides. (a—d)
Fluorescence microscopy observation of HuH-7 cells 24 h after addition
with (a and c¢) OligoArg-Aib/mRNA and (b and d) OligoArg/mRNA at (a
and b) N/P = 2 and (c and d) N/P = 4. Blue: Cell nuclei (Hoechst 33342).
Green: Fluorescein-labelled oligopeptides. Red: Cy5-labelled mRNA. (e)
mRNA translational activity in cell free translational systems. fLuc mRNA
was incubated in rabbit reticulocyte lysate for 1 h, followed by fLuc
quantification.
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results indicating enhanced intracellular stability of mRNA
with the use of OligoArg-Aib (Fig. 1-3), it is possible to specu-
late that such different appearance of OligoArg and OligoArg-
Aib might reflect more stable binding of OligoArg-Aib to
mRNA or some other components inside the cells compared to
that of OligoArg, although current observation is insufficient
to demonstrate a direct association between OligoArg-Aib and
mRNA inside cells. According to a previous study, OligoArg
containing dAAs is more resistant to enzymatic degradation
compared to OligoArg,”> which might also explain different
appearances of these two oligopeptides. To study the associ-
ation of OligoArg-Aib with mRNA, the translation efficiency of
OligoArg-Aib/mRNA was studied using a cell-free translational
system that mimics the intracellular environment. In rabbit
reticulocyte lysate, OligoArg-Aib showed less efficient mRNA
translational activity compared to naked mRNA (Fig. 4e), and
this depended on the N/P ratio, while OligoArg exhibited
minimal influence on the translational process. The inhibitory
effect of OligoArg-Aib on translational activities was also
observed in the experiment using cultured cells. Luciferase
expression levels were comparable between OligoArg-Aib and
OligoArg at N/P = 4, 4 h after the transfection (Fig. 1b),
although OligoArg-Aib exhibited approximately 5-fold higher
intracellular amount of mRNA compared to that after the
addition of OligoArg/mRNA even at 4 h (Fig. 2d). Such an
inhibitory effect of OligoArg-Aib on translational processes
might reflect the higher affinity of OligoArg-Aib to mRNA com-
pared to that of OligoArg. Thus, it can be suggested that stable
binding of OligoArg-Aib to mRNA may protect mRNA from
intracellular degradation and gradual mRNA release may
prolong protein expression from mRNA, although further
studies are needed to clarify this hypothesis. It should also be
noted that cell-free conditions exhibited a higher extent of
translation inhibition compared to that observed in cells, pre-
sumably because the cell-free experiment does not totally
mimic the intracellular environment after mRNA treatment.

Conclusions

We successfully constructed an oligopeptide structure that pro-
tects mRNA from intracellular enzymatic degradation and pro-
longs protein expression after mRNA delivery. Notably, the
protein expression profile after the introduction of mRNA
encoding destabilized luciferase strongly suggests that mRNA
complexed with the OligoArg-Aib helical foldamer continues to
translate even after 3 days, while the intracellular half-life of
exogenous mMRNA was reported to be around 1-4 h.'®'" Our
previous studies succeeded in modestly stabilizing mRNA
inside cells by increasing the cationic charge density or
increasing the amount of positively charged primary
amine.'”'® In contrast, the present study drastically improved
the intracellular stability of mRNA by inserting several Aib into
the oligoarginine to modify the oligopeptide structure, without
changing cationic moieties, providing a novel concept for
future molecular designs of peptides or polymers that will aid

This journal is © The Royal Society of Chemistry 2021
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in intracellular mRNA stabilization. Meanwhile, exact stabiliz-
ation mechanisms remain to be elucidated. Nevertheless, this
study demonstrates the potential of OligoArg-Aib as a building
block to prepare functionalized mRNA nanoparticles. For
example, size and surface charge can be controlled by
PEGylation of oligopeptides or mRNA for in vivo
application.>”** OligoArg-Aib might also be useful as a build-
ing block for lipopolyplexes. Although the limited duration of
protein expression is a major challenge of mRNA therapeutics
for its widespread application, for example, in rare genetic dis-
orders, OligoArg-Aib may help to overcome this challenge.
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