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mRNA technology holds immense promise as an innovative
therapeutic approach with applications spanning infectious
disease vaccines, cancer immunotherapy, protein replacement,
and gene editing. However, practical use of mRNA has been
hindered by challenges such as low cellular stability and tran-
sient protein expression. For addressing these, we propose a
novel strategy to optimize mRNA sequences, particularly in
the untranslated region, by inserting adenylate/uridylate-rich
elements (AU-rich elements) to enhance stability and protein
expression. Our investigation revealed that integrating AU-
rich elements between the open reading frame (ORF) and the
3’ untranslated region (3’ UTR) significantly enhances RNA
stability compared with other insertion sites. We identified
cytoplasmic Human antigen R (HuR) as an essential RNA-
binding protein responsible for promoting mRNA stability
and translation, confirmed through HuR knockdown experi-
ments and pull-down assays between AU-rich elements and
HuR. Through rational design, we optimized the sequence
of natural AU-rich elements and identified the essential
"AUUUA" element, which, with certain repeats, can increase
protein expression up to 5-fold. To demonstrate the universal-
ity of AU-rich element sequences in enhancing mRNA transla-
tion, we switched the coding proteins from luciferase to EGFP,
mCherry, and ovalbumin (OVA), finding that both natural and
engineered AU-rich element sequences amplify the expression
of these proteins. In conclusion, leveraging the functionalities
of RNA-binding proteins and the natural regulation of RNA
stability in the untranslated region represents a novel strategy
to enhance mRNA pharmacokinetics in the cytoplasm, expand-
ing the potential applications of mRNA in therapeutic drugs.

INTRODUCTION

The rapid design and development of two COVID-19 mRNA vac-
cines marked the advent of a new biotechnology platform for immu-
nization against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and, potentially, a wide spectrum of microbial patho-
gens and cancers.' The remarkably short time frame from target iden-
tification to phase 1 clinical studies, along with the convincing safety
profile of mRNA vaccines after billions of administered doses, under-

scores the potential of a new generation of mRNA therapeutics that
extends beyond conventional vaccines and other agents relying on
the ability of mRNA and lipid nanoparticles (LNPs) to stimulate im-
mune responses.” The advantages of mRNA therapy include its high
efficiency, good safety profile, and relatively low production costs. As
the success of mRNA therapy relies on the efficiency of mRNA trans-
lation, optimizing mRNA sequences to maximize intracellular thera-
peutic protein expression levels is the primary goal.’

Effective mRNA design strategies are crucial, and optimizing untrans-
lated regions (UTRs) can improve the bioavailability of encoded pro-
teins.”” Previous research has focused on increasing mRNA stability
by using single highly stable UTRs derived from HBAI and HBB
genes or concatenating two copies, which have been demonstrated
to enhance translation level and stability.” However, the use of globin
UTR sequences for construct design has drawbacks, such as restricted
translation efficiency due to the presence of a single type of UTR
sequence.” To address the need for universal design principles to
generate stable and highly expressed mRNAs, other researchers
have employed high-throughput methodologies to design,® screen,
and optimize mRNAs with extensive variability in the 5" UTR,
open reading frame (ORF), and 3’ UTR.” This approach aims to iden-
tify novel UTR sequences and methodically combine 5° UTR and 3’
UTR to maximize translation efficiency.'” A rapid method for obtain-
ing ideal mRNA sequences involves constructing machine learning
models to process large-scale data. Combining sequence optimization
strategies based on codon adaptation index and minimum free en-
ergy, algorithms can swiftly generate stable and highly efficient trans-
lated mRNA sequences within minutes.'""'* Additionally, optimizing
UTR sequences with high-throughput screening methods resents
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challenges due to experimental complexity. From a molecular biology
perspective, it is difficult to predict complex intracellular translation
mechanisms using deep learning algorithms, and the specific molec-
ular mechanisms underlying optimized sequences remain to be fully
elucidated. The classic nRNA comprises the ORF, 5" and 3' UTR, and
a polyadenylated tail. Within cells, the 3" UTR is a critical factor in
regulating mRNA dynamics, as it contains various sequence elements
such as microRNA recognition sites, adenylate/uridylate-rich (AU-
rich) elements, GU-rich elements, etc. These elements interact with
RNA-binding proteins, microRNAs, long non-coding RNAs, and
other factors collectively regulate mRNA stability, subcellular locali-
zation, and translation efficiency, ultimately affecting protein out-
put.'>'* Different cis-acting factors binding within the 3’ UTR can
render mRNA either stable'®™'” or unstable.'® For instance, within
the RNA-binding protein (RBP) family, the Hu family, especially
members like Human antigen R (HuR), are known for their stabiliz-
ing effects on eukaryotic mRNAs by binding to AU-rich elements in
the 3 UTR contributing to increased stability and longer half-life of
the mRNAs."**" Investigations have shown that many viruses and
pathogens exploit proteins like members of the Hu and PCBP families
to enhance the stability of their RNAs.*!

In this paper, we propose a new mRNA sequence optimization method
by rational design, focusing on the interaction of molecular pairs
involving HuR and AU-rich elements into sequence design. HuR, an
RNA-binding protein, which widely presents in mammalian cytoplasm,
can anchor AU-rich elements and bind to the 3 UTR in a sequence-spe-
cific manner, thereby regulating RNA stability and protein expression.
Simultaneously, we iteratively optimize AU-rich elements, extensively
studying the shortest core sequences and optimal repeat lengths that
ensure translation enhancement and validating them both in vitro
and in vivo. Moreover, our data demonstrate the necessity of HuR bind-
ing for stabilizing mRNA targets containing AU-rich elements. Overall,
our research proves the feasibility of this novel sequence optimization
approach, providing an interesting exploration case for optimizing
mRNA’s 3’ UTR sequences with RNA-binding proteins.

RESULTS

Inserting AU-rich elements into the 3' UTR of mMRNA can enhance
mRNA stability and translation

The 3’ UTR is a crucial component of mRNA sequence optimization,
which can influence mRNA stability and spatially correct translation.
To examine the effects of inserting AU-rich elements into the 3’ UTR
and the insertion site of element on mRNA stability and translation,
we designed and synthesized four sequences of firefly luciferase
RNA (Figure 1A), with all sequences being identical except for the
3’ UTR (Table S1). The AU-rich element was a 50-nucleotide (nt)
AT sequence from a human lymphokine gene, granulocyte-macro-
phage colony-stimulating factor (GM-CSF).”> A control group
(Non-ARE) was established employing conventional structured
RNA without AU-rich element insertion in the 3’ UTR (295 nt) of
firefly luciferase, while the other three mRNAs each incorporated an
AU-rich element at the beginning (ARE-F), middle (ARE-M), and
end (ARE-R) of the 3’ UTR sequence, respectively. The conventional
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structured RNA includes a 5" UTR derived from human a.-globin, a 3/
UTR composed of a combination of human mitochondrial 12S rRNA
and human AES/TLES5 gene, along with a poly A tail. These sequences
are identical to those used in the SARS-CoV-2 mRNA vaccine
BNT162b2, as previously published,””** to maintain translation effi-
ciency and intracellular stability. Cellular luciferase expression levels
were used to represent the translation efficiency of RNA. Analysis of
relative luciferase expression levels 24 h after mRNA transfection re-
vealed varying degrees of enhancement in luciferase expression for
ARE-F, ARE-M, and ARE-E compared with Non-ARE. Among these
three insertion positions, inserting AU-rich elements at the front of the
UTR sequence (ARE-F) yielded the most significant enhancement,
with the highest expression of luciferase (Figure 1B) and RNA abun-
dance observed (Figure S2A). To verify whether the enhanced trans-
lation effect of AU-rich elements depended on specific cell types, we
conducted validations in different cell lines, including human cancer
cells HeLa and A549, normal human cells HEK-293T, DC model cells
DC2.4, and murine cancer cells 4T1. While the degree of enhancement
varied among the five different cell lines, the trend was consistent, with
ARE-F showing the most significant relative enhancement in lu-
ciferase expression, while ARE-M and ARE-R exhibited only slight
enhancements in translation efficiency. These data implicated that
addition of the AU-rich element was a contributing factor toward
the protein expression enhancement effect.

To thoroughly investigate the effect of AU-rich element insertion on
mRNA stability and translation, the relative luciferase expression level
and mRNA abundance were analyzed based on raw and normalized
signals. Luciferase expression levels were detected at 6, 12, 24, and
48 h after transfection of ARE-F and Non-ARE mRNA. Results showed
asignificant increase in both protein expression and mRNA abundance
of ARE-F compared with Non-ARE within the observed four time
points (Figures 1C and 1D). The relative luciferase expressions of
ARE-F at 24 h post-transfection, corresponding to the peak mRNA
expression, showed an approximately 3-fold increase compared with
Non-ARE (Figure 1C). Both Non-ARE and ARE-F luciferase expres-
sion gradually increased within the first 12 h after transfection. Non-
ARE expression peaked at 12 h and subsequently declined, while
ARE-F attained its maximal level at 24 h post-transfection. As protein
expression levels are directly correlated with mRNA stability, we
measured luciferase mRNA abundance by qPCR at different time
points post-transfection. As shown in Figures 1D and 1E, during the
48-h detection period post-transfection, the cytoplasmic RNA abun-
dance of ARE-F remained consistently higher than that of Non-ARE.
By the 48 h post-transfection mark, the cytoplasmic mRNA abundance
of ARE-F was 4.8 times higher than that of Non-ARE. Therefore, the
data above suggest that protein expression is positively correlated
with RNA stability. The insertion of AU-rich elements enhances
RNA stability, which, in turn, promotes improved RNA translation.

Next, we evaluated the effect of inserting AU-rich elements within the
3’ UTR in vivo. A lipid-nanoparticle material specialized for mRNA
vaccine delivery was used to deliver ARE-F and Non-ARE mRNAs
in mice. Vaccines were administered via subcutaneous injection to
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Figure 1. Enhancement of intracellular mRNA abundance and protein expression by insertion of AU-rich elements in the 3' UTR

(A) Schematic representation of three different positions of AU-rich element insertion in the 3 UTR. (B) Relative luciferase expression of ARE-F, ARE-M, and ARE-R in different
cells 24 h post-transfection. n = 6. (C) Relative protein expression of ARE-F and Non-ARE at 6, 12, 24, and 48 h post-transfection. n = 3. (D) gPCR detection of cellular
abundance at different time points post-transfection of ARE-F and Non-ARE. n = 3. (E) The ratio of luciferase expression to RNA levels, highlighting the relationship between
RNA stability and translation efficiency. (F) In vivo validation of protein expression of ARE-F and Non-ARE in mice. (G) Relative total luminescence intensity at different time
points after injection of luciferase RNA in mice. n = 3. Data are presented as mean + SD. Student’s t test was used to evaluate significant differences: *p < 0.05, * *p <0.01, **

*p < 0.001; NS, not significant.

the mice. The production of luciferase was observed in vivo at 6, 24, and
48 h using live imaging. The results indicated that following mRNA in-
jection, protein expression peaked for both ARE-Fand Non-ARE at6h
and then declined at 24 and 48 h post-injection (Figure 1G). Figures 1F
and 1G show that mice injected with ARE-F consistently exhibited
stronger bioluminescent signals at all three time points. Importantly,
the bioluminescence produced by ARE-F at 24 h was comparable to
the bioluminescence of Non-ARE mRNA at 6 h. This agrees with

the in vitro findings for ARE-F, indicating that mRNA containing
AU-rich elements can extend the window of high protein production
and the overall duration of protein synthesis.

Binding HuR by ARE is necessary for the enhanced translation of
mRNA

To assess the role of HuR in enhancing ARE-F mRNA translation,
we evaluated the levels of luciferase protein expression and mRNA

Molecular Therapy: Nucleic Acids Vol. 36 June 2025 3


http://www.moleculartherapy.org

A C
[=
=]

siNC siHUR KDa 2

[]

=

X

in

HUR | - ' —35 2
2

Q

3

B-tUDUIIN s s S —— — 55 e
2
2

B HuR DAPI

siNC Control

siHUR

Molecular Therapy: Nucleic Acids

D
<
*ok KK E 1.5+
siNC — £ ok kK
siHUR "5 I 1
+w 1.0+ :
c
3
o
19 - E
= 5y i 0.5' -
> ]
[~ | E
: — 3 oo-
Non-ARE ARE-F siNC siHuR
E input
e
p- 20
” s I i ~
s 1 S
-~ ~
_ biotin _. : .o _ biotin
- v ™
ARE-Fo*~ - — e ~ { polyA
Streptavidin-beads
s 1 N
” 1 ~
- ~
/ ” 1 ~ Sk
» ¥
|ARE binds protein | | Beads binds protein | | polyA binds protein |
F input Beads Non-ARE-F ARE-F
(14
z —— -

Figure 2. Decrease in protein expression and cellular abundance of ARE-F after HuR silencing

(A) Western blot analysis of HUR expression before and after siRNA-mediated silencing in cells. (B) Immunofluorescence detection of changes in HUR before and after siRNA-
mediated silencing in cells. (C) Cellular protein expression of ARE-F and Non-ARE after siRNA-mediated HuR silencing. n = 6. (D) Changes in RNA abundance of ARE-F and
Non-ARE after siRNA-mediated HuR silencing. n = 3. (E) Schematic representation of RNA pull-down technique. (F) Identification of ARE-F and HuR binding using RNA pull-
down assay. Data are presented as mean + SD.Student’s t test was used to evaluate significant differences: * p < 0.05, * * p < 0.01, * * * p < 0.001; NS, not significant.

abundance in cells in response to changes in HuR protein level.
Initially, we transfected HuR small interfering RNA (siRNA) to
silence the expression of HuR protein in HeLa cells, which resulted
in around 60% reduction of intracellular HuR protein compared
with control siRNA transfection (Figure 2A). Immunofluorescence
displayed that HuR mainly localizes in the nucleus and shuttles be-
tween the nucleus and the cytoplasm, which also revealed a discern-
ible decrease in the fluorescence intensity corresponding to HuR
protein following transfection with HuR siRNA (Figure 2B). In
the cellular environment with reduced levels of HuR protein
through RNAI, we transfected Non-ARE and ARE-F mRNA. Signif-
icantly, when the cytoplasmic HuR protein was reduced, the
enhanced effect of ARE-F sharply decreased, resulting in a notable
decrease in luciferase expression. However, the variations in HuR
protein levels had no impact on Non-ARE expression (Figure 2C).
We further investigated if silencing HuR affects the intracellular
RNA abundance of ARE-F. Through qRT-PCR analysis, an approx-
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imate 60% decrease in ARE-F RNA levels was observed post-HuR
silencing compared with the siNC control group (Figure 2D),
consistent with the reduction in HuR protein abundance.

The RNA pull-down technique has been widely used to investigate in-
teractions between RNA and proteins. RNA-binding proteins play
crucial roles in gene expression regulation by influencing mRNA sta-
bility and translation efficiency. We synthesized a biotinylated ARE-F
probe and a Non-ARE-F probe as a control. To match the length of
the ARE-F probe, the Non-ARE-F probe was a biotinylated polyA
RNA probe that was unrelated to HuR protein to capture protein-
RNA complexes of interest, along with unbound streptavidin mag-
netic beads as a negative control. The RNA probes and HeLa cell
lysate were incubated to allow the in vitro interaction to occur, and
the fraction of bound protein was analyzed through western blotting
(Figure 2E). As shown in Figure 2F, HuR protein bands that appeared
at 35 kDa were only observed in the input group and the ARE-F
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Figure 3. Exploration of sequence patterns for enhancing translation efficiency of AU-rich elements

(A) Relative luciferase expression levels and RNA abundance of randomly selected AU-rich element mRNAs from a natural gene library. n = 3. (B) Relative luciferase
expression levels and RNA abundance 24 h post-transfection of cells with mRNA constructs containing truncated ARE-F elements (AREV1-V10). n = 6. (C) Relative luciferase
expression levels and RNA abundance 24 h post-transfection of cells with mRNA constructs containing five copies of AUUUA with a 20-bp spacing interval (ARET10-T90).

(legend continued on next page)

Molecular Therapy: Nucleic Acids Vol. 36 June 2025 5


http://www.moleculartherapy.org

group, poly(A) binding protein (PABP) was also analyzed by western
blot as a control protein for HuR, ARE-F was undetectable at the size
of PABP (Figure S1). In summary, through the RNA pull-down
experiment, we directly identified cofactors that bind to ARE-F,
demonstrating that the binding of the RNA-binding protein HuR
with the ARE-F element is essential for the enhanced effect of ARE-F.

Rational design of the natural AU-rich elements

To explore the sequence regulatory rule that enhances mRNA trans-
lation of AU-rich elements and further optimize the sequences, we at-
tempted to identify some patterns from a natural gene library. Thus,
we selected 13 different sequences of AU-rich elements from onco-
genes, cytokines, or transcription factors, because AU-rich elements
are predominantly present in the 3’ UTR of these genes (Table S2).
We inserted these 13 types of AU-rich elements in front of the 3’
UTR in a manner similar to ARE-F and named them ARE1-13
sequentially (Table S3). We sought to quantify the activity of these
AU-rich elements at the translation level. As shown in Figure 3A,
the composition of different AU-rich elements significantly influ-
enced mRNA translation. Among them, two sequences, ARE-5 and
ARE-9, demonstrated significantly higher luciferase protein expres-
sion compared with Non-ARE, exhibiting translation enhancement
capabilities similar to ARE-F, while the other substitutions in the
UTR either exhibited little effect or caused reduction in protein pro-
duction, The trend of RNA abundance and protein expression within
the cells is consistent, with the RNA abundance of ARE-5 and ARE-9
being significantly higher than that of Non-ARE (Figure 3A). By
analyzing the enhancing sequences ARE-F, ARE-5, and ARE-9, we
found that these sequences all contained repeating AUUUA se-
quences, with ARE-F exhibiting the highest number of AUUUA re-
peats. Therefore, we decided to further investigate the role of AU-
rich elements starting from the enhancing sequences of ARE-F.

First, the AU-rich sequence length of ARE-F is 50 nt. We sequentially
truncated the ARE-F sequence, deleting irrelevant parts to explore the
shortest functional sequence for enhancing translation. Based on
ARE-F, we progressively shortened the AU-rich element in a binary
fashion, performing a total of three truncations, generating six trun-
cated sequences, namely AREV1-V6 (Table 1). The expression of
luciferase post-transfection is depicted in Figure 3B. ARE-V4 dis-
played protein expression enhancement comparable to ARE-F, with
the AU-rich functional sequence being reduced from 50 nt to 12 nt.
By observing the sequence composition, we noticed that the AU-
rich element of ARE-V4 exhibited a distinct pattern, consisting of
two repeats of AUUUA and a consecutive uridine extension arm.
Building upon the pattern found from ARE-V4, we designed six se-
quences, AREV5-V10, featuring different positions and quantities

Molecular Therapy: Nucleic Acids

of uridine extension arms based on the two AUUUA repeats. This
exploration aimed to further investigate the precise binding sequence
crucial for maintaining the enhancing effect, as well as the function of
the uridine extension arms on both sides in the enhancing effect. Sur-
prisingly, when all uridine extension arms were removed, namely
ARE-VS, it not only exhibited the translation enhancement effect of
ARE-F but also possessed the simplest AU-rich sequence, composed
of only two repeated AUUUA sequences. In accordance with the
elevated levels of translated protein expression, the RNA abundance
of ARE-V8 also exhibited increased levels (Figure 3B). Therefore,
the shortest functional sequence for HuR binding to AU-rich ele-
ments, enhancing RNA stability and protein expression, is 9 nt, spe-
cifically AUUUAUUUA.

Based on the observation that the shortest functional AU-rich
element consists of two AUUUA repeats, we aimed to explore the
optimal length of AUUUA repeat sequences for AU-rich element
functionality. Therefore, we conducted a series of mutations in AU-
rich elements to assess the impact of AUUUA repeat count on protein
yield (Table 2). Following the length of repeats in AU-rich elements as
the design principle, we designed a total of five new AU-rich elements,
all constructed by linking AUUUA repeats. These repeat lengths
ranged from 10 to 90 nt with intervals of 20 nt between sequences
and were named ARET10-T90. After transfection, the luciferase
expression correlated with the number of AUUUA repeats, reaching
its peak at a length of 50 nt (Figure 3C). Therefore, near the 50-nt
mark, we designed two sequences at intervals of 10 nt, measuring
40 nt and 60 nt, named T40 and T60. Post-transfection of cells re-
vealed that, compared with Non-ARE, ARE-F exhibited significantly
enhanced translation effects consistent with previous observations.
Surprisingly, ARE-T60 significantly enhanced translation beyond
ARE-F, showing a significant increase in protein expression at 60 nt
(Figure 3D). In terms of enhanced translation levels, the order of
translation enhancement was ARE-T60 > ARE-F > Non-ARE. The
stability of intracellular RNA was analyzed with qPCR, the highest
abundance of intracellular RNA was observed at ARE-T60 (Fig-
ure 3D). Therefore, within the range of 10-90 nt, AU-rich elements
exhibited the optimal translation enhancement effect with a length
of 60 nt. In addition, to investigate whether modified nucleotides
and different UTRs impact the AU-rich enhancer, in vitro transcrip-
tion was performed using unmodified UTP. We found that both
ARE-F and ARE-T60 could enhance protein expression with both
N1-Me pseudo-UTP and unmodified UTP (Figure S3A). Further-
more, we replaced the 3’ UTR with that of B-globin, which, consistent
with the results from BNT162b2, demonstrated that ARE-T60 could
significantly enhance protein expression by approximately 4-fold
(Figure S3B).

n = 6. (D) Relative luciferase expression levels and RNA abundance 24 h post-transfection of cells with mRNA constructs containing five copies of AUUUA with a 10-bp
spacing interval near the peak of ARE-T50 (ARET30-T70). n = 6. (E) Sequential enhancement effects of Non-ARE, ARE-F, and ARE-T60 validated in different cells.
n = 6. (F) Relative fluorescence signal intensity of mice injected with Non-ARE, ARE-F, and ARE-T60 mRNA. n = 3. (G) Real-time imaging of mice at 6 h, 24 h, and 48 h post-
injection of Non-ARE, ARE-F, and ARE-T60 mRNA. Data are presented as mean + SD. Student’s t test was used to evaluate significant differences: * p < 0.05, * * p < 0.01,

***p < 0.001; NS, not significant.
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Table 1. AU-rich element sequences of AREV1-V6

Serial number AU-rich sequence

ARE-V1 TAATATTTATATATTTATATTTTTA
ARE-V2 AAATATTTATTTATTTATTTATTTA
ARE-V3 AAATATTTATTTA

ARE-V4 TTTATTTATTTA

ARE-V5 TAATATTTATATA

ARE-V6 TTTATATTTTTA

ARE-V7 TATTTATTTA

ARE-V8 ATTTATTTA

ARE-V9 ATTTATTTATTT

ARE-V10 TTTATTTATTTATTT

Finally, we validated the enhanced effects of the progressively opti-
mized ARE-F and ARE-T60 both in vitro and in vivo. We transfected
the two rounds of optimized sequences into different types of cells,
with the results shown in Figure 3E. Compared with Non-ARE, it
can be observed that in each type of cell, ARE-F and ARE-T60 both
demonstrated progressively enhanced translation effects. In DC2.4,
the protein expression of ARE-T60 after sequence optimization
increased by about six times compared with Non-ARE. In the in vivo
validation, we delivered equal amounts of Non-ARE, ARE-F, and
ARE-T60 into mice using lipid nanoparticles and measured the
expression of luciferase in mice at the 6th, 24th, and 48th hours.
The characterization of lipid nanoparticles is shown in Figure S4.
The RNA encapsulation efficiency is approximately 80%-90%. Dy-
namic light scattering (DLS) measurements revealed that the hydro-
dynamic diameters of the lipid nanoparticles range from 110 to
130 nm, with a narrow size distribution. According to Figures 3F
and 3G, at 6 h, the mRNA from three types of injections reached
peak luciferase expression. Over three observation time points, the in-
crease in intracellular luciferase expression remained consistent with
the mRNA optimization sequence, indicating consistent expression
trends of the optimized sequences both in vitro and in vivo. In conclu-
sion, the enhancing effect of AU-rich elements is correlated with the
length of the sequence composition.

The engineered AU-rich elements can serve as a universal
translation enhancing tool

To demonstrate the potential therapeutic utility of these optimized
AU-rich elements, we sought to utilize them as a sequence optimiza-
tion tool to enhance the expression of various proteins. Previous
studies have utilized luciferase as an indicator of mRNA sequence
expression efficiency, but this method relies on indirect measurement
of the chemiluminescent reaction product catalyzed. In contrast, fluo-
rescent proteins may be a preferable option as they can directly reflect
protein expression levels through fluorescence intensity.

Utilizing this efficient system, as shown in Figures 4A and S5A, we
constructed EGFP-ARE-F, EGFP-ARE-T60, mCherry-ARE-F, and

mCherry-ARE-T60. These constructions were sequentially optimized
using AU-rich elements from ARE-F and ARE-T60, with EGFP orig-
inal and mCherry original serving as controls. The expressed proteins
in the cells were qualitatively and quantitatively analyzed 24 h after
transfection. AS showed in Figure 4B, the results of a confocal laser
scanning microscopy (CLSM) experiment demonstrated a sequential
increase in fluorescence intensity for EGFP-ARE-F and EGFP-ARE-
T60, in contrast to the EGFP control group, with mCherry exhibiting
a similar trend. As illustrated in Figures 4C and S5B, qualitative anal-
ysis of flow cytometry showed an increase in protein expression in
turn. Collectively, these two sets provide compelling evidence that
our optimized element effectively enhances the expression of EGFP
and mCherry protein, and the protein expression levels are deter-
mined by the effectiveness of the AU-rich elements.

Next, to evaluate the potential of AU-rich elements in the context of
antigen production, we used ovalbumin (OVA), a model antigen
commonly used in immunological research and vaccine development
due to its ability to stimulate robust immune responses. We con-
structed mRNAs encoding OVA Original, OVA-ARE-F, and OVA-
ARE-T60, as depicted in Figure 4E. Western blot analysis of HeLa
cells transfected with these constructs revealed significantly higher
OVA production in the optimized OVA-ARE-F and OVA-ARE-
T60 groups compared with the OVA Original group (Figure 4J).
These results demonstrate that integrating AU-rich elements into
the 3’ UTR can substantially enhance antigen production, suggesting
its potential utility in mRNA vaccine development.

To assess the immunological effects of AU-rich element optimization,
we encapsulated OVA-encoded mRNAs (OVA, OVA-ARE-F, and
OVA-ARE-T60) into SM102 lipid nanoparticles (LNPs) and admin-
istered them intramuscularly to Balb/c mice on days 0 and 7, with
5 ng of mRNA per dose (Figure 4D). Serum samples were collected
on days 4 and 12, and spleens were harvested on day 12 to analyze
cellular and humoral immune responses.

Enzyme-linked immunosorbent spot (ELISpot) analysis revealed a
significant increase in the interferon-gamma (IFN-vy)-producing cells
in the spleens of mice vaccinated with OVA-ARE-F and OVA-ARE-
T60, with the latter inducing approximately twice as many spots as
OVA (Figures 4F and 4G). This finding indicates a robust antigen-
specific cellular immune response. Consistent with this, enzyme-
linked immunosorbent assay (ELISA) analysis of serum samples
showed that OVA-ARE-T60 induced the highest levels of OVA-spe-
cific immunoglobulin (Ig)G antibodies, significantly surpassing the
levels observed with OVA (Figures 4H, S5D, and S5E). These results
highlight the potential of OVA-ARE-T60 to elicit strong systemic hu-
moral immune responses, further supporting its use as a promising
vaccine candidate.

Advances in RNA synthetic biology over the past few decades have
highlighted the potential of various RNA elements to construct pro-
tein expression systems, which can perceive intracellular proteins and
control translation. Building on the inspiration of RNA circuits, we
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Table 2. Sequence of ARET10-T90 with optimal repeat length of AU-rich
elements

Serial number AU-rich sequence

ARE-T10 TATTTATTT

ARE-T30 ATTTATTTATTTATTTATTTATTTATTTA

ARE-T50 ATTTATTTATTTATTTATTTAATTTAT
TTATTTATTTATTTATTTATTTA
ATTTATTTATTTATTTATTTATTTATTTAT

ARE-T70 TTATTTATTTATTTATTTATTTATTTATTT
ATTTATTTA
ATTTATTTATTTATTTATTTATTTATTTATT

ARE-T90 TATTTATTTATTTATTTATTTATTTATTTAT
TTATTTATTTATTTATTTATTTATTTA

ARE-T40 ATTTATTTATTTATTTATTTATT
TATTTATTTATTTATTTA

ARE-T60 ATTTATTTATTTATTTATTTATTTATTTATT

TATTTATTTATTTATTTATTTATTTATTTA

further co-transfected plasmids and RNA to overexpress the RNA-
binding protein HuR (Figure 4I), increasing the protein levels of
HuR and expanding the application potential of AU-rich elements.
As shown in Figure 4K, western blot results demonstrate a significant
increase in HuR protein expression after transfecting HuR plasmids
and RNA compared with the control group. We co-transfected
HuR plasmids and ARE-F RNA into cells to observe whether this
could further increase protein output (Figure 4L). The results showed
a notable rise in luciferase expression after co-transfection. In sum-
mary, the sequence optimization approach we proposed can draw
from the ideas of RNA synthetic biology and could potentially initiate
a novel type of RNA vaccine, like reverse-transcribed RNA vac-
32 consisting of two RNA strands—one for expressing the
target protein and the other for expressing a protein that enhances
the expression of the target protein.

cines

DISCUSSION

Although two mRNA-based COVID-19 vaccines have been intro-
duced to the market, clinical trials have indicated that patients
receiving high-dose mRNA vaccines experience more adverse events,
which stem from lipid nanoparticles used in the vaccines. Therefore,
improving mRNA translation efficiency and thus promoting its phar-
macokinetics plays a crucial role in advancing mRNA technology.
Our study introduces an approach to improve mRNA translation
efficiency by incorporating sequences in the UTR that bind to
cytoplasmic proteins. Furthermore, we demonstrate the functional
significance of RNA-binding proteins in anchoring the inserted
sequence, thereby regulating mRNA stability and translation. We
also rationally designed the natural enhancer element and evaluated
the effect of sequence changes of the elements on the production of
synthetic mRNA.

Several cytoplasmic proteins can bind to AU-rich elements, among

which HuR is one of the few proteins capable of stabilizing target
RNA. In line with the previous research,”*”** HuR plays a crucial
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role in improving RNA stability and translation through binding to
AU-rich elements, which is in contrast to many RNA-binding pro-
teins that accelerate RNA degradation. We creatively integrated
AU-rich elements into the 3’ UTR to optimize the sequence,
leveraging intracellular HuR as a stabilizing factor. From the perspec-
tive of synthetic mRNA drug development, the findings in this report
provided enhanced UTR sequences for boosting the efficacy and
reducing the dosage of synthetic mRNA therapeutics. We not only
identified the optimal insertion location in 3’ UTR, but also demon-
strated that enhancement effect of AU-rich elements is general: being
independent of both encoded protein type and the type of transfected
cell. This approach links the number of functional proteins to factors
determining stability, presenting an optimization strategy grounded
in a well-defined molecular mechanism. Our approach to enhancing
mRNA stability diverges from a conventional high-throughput scree-
ning strategy on mRNA UTR sequences, which is often laborious and
costly, and instead offers a novel rational design strategy for RNA
sequence optimization.

We investigated the insertion of AU-rich elements into different po-
sitions within mRNA’s 3’ UTR and found that compared with the
middle or end of the 3’ UTR, insertion before the 3’ UTR led to the
highest enhancement in protein expression. We speculate that the
variation in enhancement is mainly due to changes in the secondary
structure of the 3’ UTR. Complex structures may hinder the binding
of HuR to AU-rich elements, especially when AU-rich elements are
inserted into the middle or end of the 3’ UTR. These secondary struc-
tures may limit the efficiency of HuR binding to AU-rich elements,
thereby weakening its enhancing effect on mRNA stability and trans-
lational efficiency. Additionally, multiple protein complexes can
interact with mRNA within the 3’ UTR. When AU-rich elements
are inserted before the 3’ UTR, there is less mutual interference be-
tween AU-rich elements and other proteins, allowing HuR to bind
and form stable RNA-protein complexes more easily.

The stability and translation of mRNA are controlled by a complex
network of RNA and protein interactions. Attribution of the potential
positive role of HuR in the regulation of its target mRNA stability and
translation is supported by the fact that the ARE-F luciferase level is
lower when HuR activity is reduced, while the luciferase level of Non-
ARE remains unchanged, implying that a constitutive HuR function
facilitated this alteration. A plausible explanation is that the HuR pro-
tein competitively binds to the 3’ UTR, preventing translation sup-
pression or degradation induced by unstable factors. These unstable
factors mainly include RNase, RNA-binding proteins, and miRNA.
Due to HuR’s higher affinity for AU-rich elements, it selectively
and preferentially binds to certain AU-rich elements, obstructing
the binding of other post-transcriptional destabilizing factors
simultaneously. This reduces the impact of destabilizing factors
on mRNA degradation, ultimately enhancing mRNA stability and
increasing protein expression.

Additionally, a deeper analysis of the binding patterns between HuR
and AU-rich elements is essential. It is important to recognize that
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Figure 4. AU-rich elements as an optimization tool for various proteins

(A) Schematic representation of EGFP and optimized EGFP-ARE-F, EGFP-ARE-T60 RNA molecules. (B) Laser confocal microscopy detection of protein expression levels of
EGFP Original and mCherry Original, as well as optimized EGFP-ARE-F, EGFP-ARE-T60, mCherry-ARE-F, and mCherry-ARE-T60 transfected cells after 24 h. (C) Flow
cytometry showed the protein expression of EGFP (blue) and optimized EGFP-ARE-F (yellow), EGFP-ARE-T60 (green), and control (red) were blank cells without transfection,

(legend continued on next page)
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not all AU-rich elements inserted into the 3’ UTR of mRNA can
enhance translation. Despite the similarity in nucleotide sequences,
with rich adenine and uridine bases, the minor differences in their se-
quences result in significant differences for RNA regulation. For
instance, the protein expression levels of ARE-V6, ARE-V7, and
ARE-T40 are notably lower, even two orders of magnitude lower
than the expression levels of fluorescent proteins lacking AU-rich el-
ements. This suggests that the RNA-binding proteins associated with
these three AU-rich elements may facilitate RNA decay. RNA-bind-
ing proteins within cells exhibit different binding modes, affinities,
and functions toward AU-rich elements.””° Therefore, disparities
in mRNA protein expression levels are likely attributed to alterations
in a few nucleotides within AU-rich elements, which facilitate recruit-
ment of RNA-binding proteins with varying functionalities. This
emphasizes the importance of investigating these sequences in their
interactions with diverse RNA-binding proteins.

In summary, we proposed a novel strategy to enhance mRNA stability
and protein translation efficiency by introducing AU-rich elements in
the 3’ UTR region of mRNA. The exact insertion location has been
pinpointed at the beginning of the 3’ UTR for maximum protein
expression. The protein responsible for subcellular binding to AU-
rich elements is identified as HuR, as evidenced by pull-down assays
and HuR knockdown experiments. Furthermore, we evaluated the
translation efficiency of mRNA containing AU-rich elements with
different repeats of core sequence and systematically redesigned the
AU-rich sequences. We illustrated the functional significance of
AU-rich elements in mRNA regulation both in vitro and in vivo,
showcasing that AU-rich elements can serve as a universal tool for
enhancing protein translation efficiency, thus expanding the potential
applications of mRNA as both vaccines and therapeutics.

MATERIALS AND METHODS

Cell culture

A549, HeLa, HEK293T, NIH3T3, and DC2.4 cells were kindly pro-
vided by Cell Bank, Chinese Academy of Sciences. All cells were
cultured at 37°C with 5% CO,. All other cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco) except DC2.4
with Roswell Park Memorial Institute (RPMI) medium 1640 basic
(Gibco) supplemented with 10% fetal bovine serum (FBS) and anti-
biotic 1% penicillin/streptomycin.

dsDNA template generation
Templates for in vitro transcription were chemically synthesized
(Genescript), located in the pUC57-Kana plasmid, and the reconstr-
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uction for the plasmids was done using a Q5 Site Directed Mutagenesis
Kit (New England Biolabs) or Gibson assemble by pEASY-Basic
Seamless Cloning and Assembly Kit (Transgene). All PCR reactions
used the 2x Phanta Flash Master Mix Dye Plus (Vazyme). DNA tem-
plates include T7 promoter sequence, 5 UTR fragment, open reading
frame fragment, 3’ UTR fragment, and poly(A) tail sequence with
80 adenines in length. The 5 UTR and 3’ UTR sequences have been
reported in previous research and are available in Semantic Scholar
(https://www.semanticscholar.org/paper/ Assemblies-of-putative-SARS-
CoV2-spike-encoding-for-Jeong-McCoy/150b70589516b969ce20fe83
b9808478dd6£0e72). The plasmid was linearized by BspQI (New En-
gland Biolabs). The amounts of templates were determined by
Nanodrop One (Themo Scientific). The purity of templates was as-
sessed using agarose gel electrophoresis.

Synthesis and purification of mMRNAs

Plasmids were linearized and mRNAs were synthesized using the T7
High Yield RNA Synthesis Kit (Hongene Biotech) that replaces uri-
dine with NI-Me-Pseudo UTP (Hongene Biotech) and adds
m’G(5")ppp(5') (2'-OMeA)pG solution (Hongene Biotech). The re-
action mixtures were incubated at 37°C for 2 h and further incubated
at 37°C for 30 min in the presence of DNase I (New England Biolabs).
After in vitro transcription, mRNA purification was performed using
the RNA Clean and Concentrator Kit (APExBIO), according to the
manufacturer’s protocol. The amounts of product mRNAs were
determined by Nanodrop One (Themo Scientific). The purity of
mRNAs was assessed using Qsep100 following the standard protocol
using RNA Cartridge. mRNAs were diluted to 170 ng/pL in 50-mM
citrate buffer (pH 4) for transfection and stored at —80°C until use.

Lipid-nanoparticle encapsulation of the mRNA and transfection

In brief, lipids were dissolved in ethanol containing an ionizable lipid
SM102, 1, 2-distearoyl-sn-glycero-3-phosphocholine (DSPC, sino-
pes), cholesterol (sinopes), and methoxypoly(ethylene glycol) dimyr-
istoylate (PEG-DMG-2K, sinopes) with a molar ratio of 50:10:37.
5:2.5. The lipid mixture dissolved in the ethanol phase was combined
with citrate buffer pH 4.0 containing mRNA at a ratio of 1:3 through a
microfluidic device. For most experiments, 96-well plates were used.
For mRNA stability, a six-well plate was used. Cells resuspended in
DMEM plus 10% FBS were seeded (1-1.5 x 10%cells/well for a
96-well plate or 3-4.5 x 10°cells/well for a six-well plate the night
before the transfections. Typically, the amounts of mRNA transfected
for 96-well plates and six-well plates are 127.5 ng and 5 pg, respec-
tively. The transfection reagent and RNA solution were mixed and
added to each well dropwise. The transfections were incubated at

cells >10,000. (D) Vaccination regimen administered to mice. (E) Schematic representation of OVA Original RNA and optimized OVA-ARE-F and OVA-ARE-T60 RNA
molecules. (F) Optical images and (G) quantitative analysis of IFN-y-spot-forming cells via ELISpot assay. Spleen cells of mice were plated and stimulated with an OVA
peptide. (H) ELISA analysis of OVA protein-specific IgG levels in the serum from mice treated with OVA, OVA-ARE, and OVA-ARE-T60. (I) Schematic representation of
increased transfection of HUR DNA molecules. (J) Western blot detection of OVA and protein expression levels of optimized OVA-ARE-F and OVA-ARE-T60 transfected cells
after 24 h. (K) Western blot detection of increased cytoplasmic binding of AU-rich element HuR protein after transfection of HUR DNA and RNA. (L) Transfection of HUR
plasmids increase cytoplasmic binding of AU-rich element HuR protein, further enhancing luciferase expression of ARE-F. n > 3. Data are presented as mean + SD.
Student’s t test was used to evaluate significant differences: * p < 0.05, * * p < 0.01, * * * p < 0.001; NS, not significant.
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37°C in 5% CO, for 6-48 h and the medium was replaced with
DMEM plus 5% FBS.

Luciferase assay

After 24-h transfection with luciferase mRNA, the 96-well plate was
removed to room temperature for 15 min. Then 100 pL of luciferase
Assay Substrate (YEASEN) was added. The plate was gently shaken
for 5-10 min in the dark. The supernatant of each well was transferred
to a white 96-well plate (Themo Scientific). The bioluminescence was
measured using a multimode microplate reader (TECAN Infinite
E Plex).

gRT-PCR

Transfection was performed 24 h after seeding. HeLa cells at 3 x 10°
cells/well were placed in a six-well plate. Five micrograms of luciferase
mRNA was transfected into each well. The cell lysate was collected at
different time points after the transfection, and total RNA was ex-
tracted using the Fast Pure Complex Tissue/Cell Total RNA Isolation
Kit (Vazyme). The quality of total RNA was assessed using agarose gel
electrophoresis. The amounts of RNA were determined by Nanodrop
One (Themo Scientific). One microgram of total RNA was used to
produce cDNA with gDNA Clean for qPCR (Accurate Biology) and
40 cycles using Premix Pro Taq HS qPCR Kit (Accurate Biology).
All qPCR experimental steps are referenced to the instruction
manual. The amount of intracellular luciferase mRNA was measured
by the standard SYBR Green qRT-PCR protocol and amplification
with luciferase and human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) rRNA-specific primers. For luciferase mRNA, a for-
ward primer: GTGTGATGACTCGAGCTGGT and a reverse primer:
GTGTGGCTAGGCTAAGCGTT were used. For GAPDH mRNA, a
forward primer: AATGGGCAGCCGTTAGGAAA and a reverse
primer: GCCCAATACGACCAAATCAGAG were used. The gPCR
analysis was performed using the LightCycler 480 Instrument II
following the manufacturer’s protocol with a three-step reaction.
The Ct value from luciferase mRNA was normalized by the Ct value
from GAPDH rRNA. All qPCRs were performed in technical dupli-
cates and the averages of Ct were processed to calculate relative
expression levels using the AACt method.

Western blot

Cells were lysed with high RIPA buffer (Solarbio), supplemented with
protease inhibitor on ice for 15 min, and the supernatant was carefully
transferred to a new centrifuge tube after being centrifuged at
12,000 x g for 10 min. Protein loading buffer was added to the super-
natant. The sample was boiled for 10 min. The protein concentration
was measured by BCA assay (Solarbio). An equal amount of total pro-
tein extract (30 mg) was separated by 4%-20% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) at 140 V for 50 min.
The samples were transferred to methanol-activated polyvinylidene
fluoride (PVDF) membranes (Bio-Rad, CA, USA) using semi-dry
transfer method by eBlot L1 Rapid Wet Transfer System (GenScript,
L00686C). The membrane was blocked with 1 x TBST containing 5%
skim milk for 1 h at room temperature, then incubated with primary
antibody at 4°C overnight. The membranes were washed six times

with 1 x TBST buffer per 5 min followed by incubation with second-
ary antibodies. At the end of incubation, the membranes were washed
with 1 x TBST buffer six times, 5 min each. The protein was detected
with ECL western blotting reagent and ChemiDoc XRS+. The expo-
sure time was 30 s, the number of shots was 30, and the pictures of the
film under natural light were taken for subsequent comparison of the
molecular weight of the protein. The membranes were then imaged
with B-tubulin following the above procedures. The images were
analyzed with ImageJ densitometric measurements. The data are ex-
pressed as integrated density times area and presented as relative fold
in comparison with corresponding control. Rabbit anti-HuR (Pro-
teintech, CAT NO: 11910-1-AP) was used in 1:2,000 dilution.

siRNA transfection

The sequences of the siRNAs targeting HuR and control siRNA are as
designed on Sangon Biotech. All siRNAs were transfected to HeLa
cells at final concentration of 50 nM using Lipofectamine 3000 reag-
ent (Themo Fisher Scientific) following the manufacturer’s protocol.
Cells transfected with siRNAs were harvested 48 h post-transfection.

siRNA sequences are listed below.

HuR siRNA sense 5'-3/(siHuR): GAGAACGAAUUUGAUCGUCA
ATT.

NC siRNA sense 5'-3'(siNC): UUCUCCGAACGUGUCACGUTT.

Biotinylated RNA pull-down assays

Biotinylated RNA probes were synthetized on Genscript. RNA pull-
down assay was performed according to the Pierce Magnetic RNA-
Protein Pull-Down Kit (Themo Fisher Scientific). First, labeled RNA
was bound to streptavidin magnetic beads. Fifty picomole biotin-
labeled ARE-F RNA and negative RNA control (poly(A) RNA)
was added to the beads, which were resuspended in capture buffer
and incubated for 15-30 min at room temperature with agitation.
The tube was placed into a magnetic stand to collect the beads, fol-
lowed by washing the beads with an equal volume of 20 mM Tris
(pH 7.5) and adding 100 puL of 1 x protein-RNA-binding buffer
to the beads ready for binding cell lysate master mix. A 10-cm
dish was prepared and lysed in a high lysis buffer. The 150 pL su-
pernatant was collected, 20 pL of which was used as input. The re-
maining supernatant was divided into two parts and incubated with
biotin-labeled ARE-F RNA probe streptavidin beads mixture or
polyA RNA probe streptavidin beads mixture. The protein concen-
tration of the cell lysate was determined by the BCA assay reagent.
A 100-master mix of RNA-protein binding reaction containing
200 pg cell lysate, 30 puL 50% glycerol, 10 x protein-RNA-binding
buffer, and nuclease-free water adjusted with the system. The master
was mixed with the RNA-bound beads and incubated at 4°C for
60 min with agitation or rotation. The mixture was placed into
the magnetic stand beads to collect the beads and washed with equal
volume of one wash buffer three times. The bead-associated pro-
teins were eluted by treating the beads with 50 uL 1 x SDS loading
buffer for 15 min at 37°C followed by boiling with SDS-PAGE
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loading buffer for 5 min. The eluted proteins were analyzed by west-
ern blotting.

Immunofluorescence

Briefly, cells were rinsed twice in PBS, fixed in 4% paraformaldehyde
fix solution (Beyotime), and permeabilized with 0.5% Triton X-100.
After permeabilization, cells were blocked for 60 min and after being
incubated with primary antibodies against the RNA-binding proteins
HuR (1:2,000) and at room temperature for 1 h or at 4°C overnight.
The cells were then incubated with goat anti-rabbit secondary anti-
bodies (Proteintech CoraLite488-conjugated,1:500) and stained
with DAPI (4,6-diamidino-2-phenylindole) to visualize the nucleus.
A Zeiss LSM980 confocal microscope was used to observe the cells us-
ing a 40x oil objective, and a (Zeiss) digital camera was used for
immunofluorescence photography.

In vivo bioluminescence

This study was reviewed and approved by the Biomedical and Med-
ical Ethics Committee of Dalian University of Technology (App-
roval No. DUTSEB20228-08). For in vivo studies, 6- to 8-week-
old female BALB/c mice (Changsheng biotechnology co., Ltd.)
were maintained under specific-pathogen-free conditions and were
kept with a 12 h/12 h light/dark cycle in individually ventilated ca-
ges, provided with food and water ad libitum. All animal procedures
were approved and controlled by the local ethics committee and
carried out according to the guidelines of protection of animal
life. Vaccines were administered via subcutaneous injection to the
mice. The injection site was located at the back of the mouse’s
neck. Prior to injection, the back and neck of the mice were depi-
lated to prevent hair from interfering with the imaging signals
and were disinfected with 70% ethanol prior to administration to
minimize the risk of infection. Before subcutaneous administration,
the encapsulation efficiency was determined using the Quant-iT
RiboGreen RNA Reagent and Kit (Thermo Fisher Scientific). Each
mouse was injected with 5 ng of RNA. At 6, 24, and 48 h after
mRNA injection,” the mice were anesthetized intraperitoneally
with Isoflurane and injected intraperitoneally with D-Luciferin solu-
tion (150 mg/kg mice). The bioluminescent images of the mice were
taken 10 min after D-Luciferin injection on an in vivo imaging sys-
tem. The total bioluminescence signals of the abdomen were re-
corded for calculation.

Microscope imaging

For the imaging of HeLa cells, cells were seeded in a 35-mm confocal
culture dish at a density of 1 x 10° cells per well. After 24 h, transfect-
ing with EGFP original, EGFP-ARE-F, EGFP-ARE-T60 mRNA,
mCherry original, mCherry-ARE-F, mCherry-ARE-T60 mRNA, the
amount of mRNA transfected into each dish is 5 jig. Before imaging,
the culture medium was removed and washed three times using 1x
PBS. Cells were imaged in PBS buffer at the end. Fluorescence images
of transfected cells were acquired with appropriate excitation light
and filter cubes used a Zeiss LSM980 confocal microscope: all imaging
was performed using a 20 objective. For EGFP fluorescence imag-
ing, an excitation wavelength of 488 nm and an emission wavelength
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of 509 nm were utilized. For mCherry fluorescence imaging, an exci-
tation wavelength of 587 nm and an emission wavelength of 610 nm
were employed.

Flow cytometry analysis

We analyzed fluorescent protein expression by flow cytometry. Cells
were prepared in six-well plates at a density of 3 x 10° cells per well
and transfected the following day. After 48-h transfection, cells were
harvested using 0.25% EDTA-Trypsin and resuspended in 200 pL
cold 1% PBS solution. Cells were then transferred to a microcentri-
fuge tube and kept on ice. All the cells were analyzed using a
BECKMAN CytoFlexs. A total of 10,000 cells were analyzed for
each sample. For flow cytometric analysis to detect EGFP, a
488-nm excitation laser and B 525/30 nm filter were used. To detect
mCherry, we used a 488-nm excitation laser and a Red-B 610/50 nm
filter. Dead cells and debris were removed by front and lateral light
scattering signals, and doublet discrimination was performed by
area and height of front scattering signals. A negative control sample
was transfected with only the LNP. To quantify EGFP protein expres-
sion, media fluorescence intensities were presented for comparison.
The median EGFP fluorescence intensity from the positively trans-
fected cell population was then compared with the intensity of
EGFP mRNA carrying an AU-rich element that had been optimized
for insertion.

ELISpot and ELISA analysis

Balb/c mice (6-8 weeks old) were intramuscularly injected with 5 pg
of mRNA-LNP vaccines (OVA Original, OVA-ARE-F, or OVA-
ARE-T60) on days 0 and 7. Blood samples were collected on days 4
and 12, and spleens were harvested on day 12 for immune analysis.
The OV A-specific, IFN-y-producing cells in the spleen were analyzed
by ELISpot. The single-cell suspension of the spleen was prepared
first. The ELISpot plates were coated with IFN-y-specific antibodies
(MabTech, Cat. 3321-4APW-2), washed with PBS, and blocked
with culture medium for 4 h. Then, 3 x 10° of spleen cells were added
to each well and stimulated with 5 pg/mL OVA peptide for 24 h.
Spots were visualized with biotin-conjugated anti-IFN-y antibody
followed by incubation with streptavidin-alkaline phosphatase and
BCIP/NBT substrate. The number of spots per well were counted
by eye using an MabTech ELISpot reader.

The OV A-specific total IgG and OV A protein in serum were analyzed
by ELISA (COIBO BIO, Cat. CB10499-Mu, CB11655-Mu). Briefly,
50 pL of serum and 100 pL of enzyme conjugate were added to wells
and incubated for 60 min at 37°C. The microtiter plate was washed
four times. Fifty microliters each of Substrate A and Substrate B
was added to each well, gently mixed, and incubated for 15 min at
37°C. Fifty microliters of stop solution was added and the optical den-
sity (O.D.) was read at 450 nm using a microtiter plate reader within
15 min.

Quantification and statistical analysis
Statistical values including the exact N and statistical significance are
reported in the figure legends. Standard deviation was calculated
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using Excel. Significant differences were determined using one-way
ANOVA. The statistical analysis is based on the means generated
from at least three independent experiments, unless specified other-
wise. Dot plots and histograms were produced from Invitrogen At-
tune NxT flow cytometry software. The levels of significance are de-
noted as *p < 0.05, *p < 0.01, **p < 0.001.
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