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Synthetic mRNAs are rising rapidly as alternative therapeutic
agents for delivery of proteins. However, the practical use of syn-
thetic mRNAs has been restricted by their low cellular stability
as well as poor protein production efficiency. The key roles of
poly(A) tail on mRNA biology inspire us to explore the optimi-
zation of tail sequence to overcome the aforementioned limita-
tions. Here, the systematic substitution of non-A nucleotides in
the tails revealed that cytidine-containing tails can substantially
enhance the protein production rate and duration of synthetic
mRNAs both in vitro and in vivo. Such C-containing tails shield
synthetic mRNAs from deadenylase CCR4-NOT transcription
complex, as the catalytic CNOT proteins, especially CNOT6L
and CNOT7, have lower efficiency in trimming of cytidine.
Consistently, these enhancement effects of C-containing tails
were observed on all synthetic mRNAs tested and were indepen-
dent of transfection reagents and cell types. As the C-containing
tails can be used along with other mRNA enhancement technol-
ogies to synergically boost protein production, we believe that
these tails can be broadly used on synthetic mRNAs to directly
promote their clinical applications.
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INTRODUCTION
Over the past 2 decades, synthetic mRNAs have been emerging rapidly
as new generation of biopharmaceuticals.1–4 Being able to produce
virtually any protein on demand in living cells, synthetic mRNAs har-
bor broad clinical potentials, among which cellular reprogramming,5,6

stem cell engineering,7,8 protein replacement therapy,1,2,9,10 and
mRNA vaccines are highlighted.2–4 However, several factors have
restricted the practical use of synthetic mRNAs, including low cellular
stability of mRNA,10,11 as well as the lack of protein production
efficiency.11,12 To achieve high-performance synthetic mRNAs, several
approaches have been implemented: artificial cap analogs13,14 and
optimized untranslated region sequences that enhance translational ef-
ficiency of mRNA,15 modified cytidines and uridines that increase the
stability of mRNA,16,17 etc. Because the poly(A) tail was traditionally
considered simply as an adenosine chain, there were limited reports
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on the optimization of the tail for synthetic mRNAs.18,19 Recent
advanced tail sequencing methods unveiled that more than 10% of hu-
man mRNAs possess tails that contain either single or multiple non-
adenosine nucleotides, many of which locate at the rear part of the
tails.20–22 However, there has been a lack of thorough examination
of the effect of non-adenosine nucleotides in tails in cellular contexts,
especially for the tail sequence optimization of synthetic mRNAs.

To address this unmet need, here we investigated the effect of non-
adenosine nucleotides in the tail toward the performance of model
synthetic mRNAs in cell lines and on mice model. While single G
andU substitutions at and near the end of the tail had little or negative
impact on protein production from synthetic mRNAs, single C sub-
stitution clearly boosted protein production. Further examination
revealed that multiple C substitutions near the end of the tail substan-
tially enhanced the protein production rate and extended protein
expression time span from mRNAs, with optimal effect achieved
with around 20% C substitution. In addition, the C-containing tails
also boosted the analyte-sensing performance of two model mRNA
switches. Importantly, such C-containing-tail-induced protein pro-
duction enhancement was consistently observed on all synthetic
mRNAs evaluated in vitro and in vivo. Moreover, the C-containing
tail can easily be used together with existing mRNA enhancement
techniques to synergically boost the protein production of synthetic
mRNAs. Mechanistic studies suggested that the C-containing tails
can shield mRNAs from the CNOT complex-induced deadenylation
to prolong the intracellular half-life of the mRNA, consequently
boosting the protein production. This shielding effect likely stems
from the catalytic proteins in the CNOT complex, especially
CNOT6L and CNOT7, with lower efficiency in removal of cytidine,
thus obstructing the deadenylation process of the CNOT complex.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The effect of nucleotide substitution at the end of the tail toward mRNA translation

(A) Scheme showing the EGFP mRNAs with single nucleotide substitution on tail. (B) Relative EGFP expression from HEK293 cells at 24 h post-transfection with single

nucleotide substitution on tail. (C) Expression of EGFP from HEK293 cells at 24 h post-transfection with EGFP mRNAs carrying two C substitutions on tail. (D) Relative EGFP

expression from various types of human cells at 24 h post-transfection with EGFP mRNAs that carry C substitutions on tail. HeLa: ovarian carcinoma; HepG2: hepatocellular

carcinoma,MCF-7: adenocarcinoma,MDA-MB-231: adenocarcinoma, U-2OS: osteosarcoma; 201B7: iPSC; 201B7D14: differentiated 201B7, type nonspecific. n = 3; data

are presented as mean ± SD.
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The studies in this work set an example of systemic exploration into
the tail sequence optimization for synthetic mRNAs, revealing un-
precedented C-containing sequences as prominent tails for synthetic
mRNAs and implying that natural non-canonical tails may play ver-
satile roles in mRNA biology.

RESULTS
Non-adenosine nucleotides near the end of tail affect protein

production of mRNA

Recent tail sequencing of RNAs revealed that more than 10% of hu-
man mRNAs have mixed tails,20–22 among which single and multiple
non-A nucleotides exist frequently at the rear part (near or at the
30 end) of the tails.20,22 To examine the effect of such non-A nucleo-
tides in the tail on the protein production of mRNAs, we first synthe-
sized a series of EGFP mRNAs with 40-nt tails containing different
single nucleotide substitutions at or close to the 30 end (Figure S1).23,24

A canonical A-only tail (40A tail) was used as the reference tail. The
40-nt length is sufficient for protein expression of mRNA25,26 and is
within the range of tail length (30A–70A) on synthetic mRNAs in
previous reports.18 The sequences and the names of the tails and
the according mRNAs are listed in Figure 1A (see also Table S1). Pre-
vious works studying the effect of chemical modifications on protein
production enhancement commonly use either the raw fluorescent
signals or normalized fluorescent signals for evaluation. To thor-
oughly present the effect of non-adenosine nucleotide in the tail,
the relative EGFP expression calculated based on raw fluorescent
signals and the normalized fluorescent signals were analyzed for all
experiments.23 We first observed the raw EGFP expression from
HEK293 cells at 4, 24, 48, and 72 h after transfection of the mRNAs
using flow cytometry. As shown in Figures S2A and S2B, EGFP-39AU
exhibited the lowest EGFP production at all time points, which agreed
with previous research that concluded U substitution in the tail favors
mRNA degradation.27 While the other substitutions in the tail either
exhibited little effect or caused reduction in protein production,
EGFP-38ACA mRNA produced the highest EGFP signals in the cells
at all time points (Figure S2A). Analysis of the relative expressions at
24 h post-transfection (the peak of expression of all mRNAs) showed
that the enhancement of protein production by EGFP-38ACA is
significant (Figure 1B). Similarly, the normalized EGFP expression
also revealed enhancement of protein production by the 38ACA tail
(Figure S2C). Interestingly, the transfection of EGFP-38ACA induced
no-notable cell viability reduction; the transfection of all other
mRNAs caused slight cell viability loss (Figure S2D).

To confirm the boosting effect of C substitution on protein produc-
tion, we then constructed EGFP mRNAs with dual C substitutions
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Figure 2. The influence of cytidine location and frequency in the tail toward mRNA translation

(A) Relative EGFP expression from HEK293 cells after transfection with EGFP mRNAs carrying tails with single C substitution at different locations. (B) Relative EGFP

expression from HEK293 cells at 24 h post-transfection with EGFP mRNAs carrying 40A or 38ACA tails with additional A residues extended at the 30 ends by poly(A)

polymerase for the indicated durations of time. The results are compared with the EGFP expression from EGFP-40A. (C) Relative EGFP expression fromHEK293 cells at 24 h

post-transfection with EGFP mRNAs carrying tails of different amount of C substitution. n = 3; data are presented as mean ± SD.
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on the tail. Figures 1C and S3A show that the mRNAs with adjacent
or separated dual C substitutions near the end of the tail both pro-
duced higher amount of EGFP thanmRNAs with 40A or 38ACA tails.
However, dual C substitution at the end of the tail only induced subtle
enhancement of protein production. Thus, in the following experi-
ments, we focused on studying C substitution near the end of the
tail. In order to examine whether the effect of C substitution is depen-
dent on cell type, we evaluated mRNAs with dual C-substituted tails
on a panel of cell lines that were originated from different human tis-
sues. Besides common immortalized cell lines, human induced
pluripotent stem cells 201B7 and its type-nonspecific differentiated
cells (denoted as 201B7D14) were included as representatives of
stem cells and differentiated somatic cells.28,29 Even though these
cell lines possessed different basal protein expression levels (Fig-
ure S3B), EGFP-37ACCA and EGFP-36ACACA produced substan-
tially higher amount of EGFP than EGFP-40A on all cell lines tested
(Figures 1D and S3C). Regardless of the difference in the degree of
protein expression enhancement across the cell lines, the data clearly
stated that the C substitution near the end of the tail can generally
induce protein expression enhancement of synthetic mRNA.

Cytidine location and frequency in tail determine the protein

production enhancement effect

To examine the influence of C location on the enhancement of pro-
tein expression from mRNAs, we constructed EGFP mRNAs with
40-nt tails that contain single C substitution at different locations
away from the 30 end (Table S1). As shown in Figures 2A and S4A,
all these mRNAs induced less EGFP expression in HEK293 cells
than EGFP-40A, implying that only the C substitution near the end
of the tail can enhance protein expression. Because certain translation
initiation related poly(A) tail binding proteins (PABP) require
continuous A for binding, 30–32 placing C around the center of the
40-nt tail might jeopardize such protein-tail binding, causing bias
in the observation. Therefore, we used poly(A) polymerase to extend
the 30 ends of EGFP-40A and EGFP-38ACA with increasing number
302 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
of A residue by tuning the duration of poly(A) polymerase treatment.
All the mRNAs have at least 38 continuous A, of which previous
works concluded as sufficient for PABP binding.30–32 By comparing
the protein expression profiles between each pair of the mRNAs
on HEK293 cells (Figures 2B and S4B), we found that the
C-substitution-induced protein expression enhancement was only
preserved in mRNAs with the shortest poly(A) extensions, and it
was absent from those with the longer extensions. This result vali-
dated the previous observation, confirming that only at locations
near the end of the tail can C substitutions enhance protein
expression.

On the other hand, to elucidate the relation between C frequency and
protein expression enhancement, we designed EGFP mRNAs with
40-nt tails that contain different amounts of C near the end of the
tails. Showing on the left of Figure 2C, all the C-containing tails re-
sulted in significantly higher protein expression than EGFP-40A,
with EGFP-31A8CA (20% C substitution) exhibiting the highest
EGFP production. This experiment was repeated on EGFP mRNAs
with 60-nt and 100-nt tails (see also Figures S4C, S4D, S4E, and
S4F; Table S1). In the 60-nt tail group, EGFP-51A8CA (13% C substi-
tution) and EGFP-34A16CA (26% C substitution) had similar levels
of protein expression enhancement, suggesting the peak of expression
can be achieved by tails with C frequency around the middle of this
range. In the 100-nt tail group, EGFP-79A20CA (20% C substitution)
possessed the highest protein expression. A similar trend between C
frequency and translational enhancement was also observed on
U2OS cells (Figures S4D and S4F). These results strongly suggested
that around 20% C substitution near the end of the tail has optimal
protein expression enhancement effect.

Furthermore, as many of the commercial synthetic mRNAs are de-
signed to carry a 120-nt poly(A) tail,18,33 EGFP-120A was included
as a reference mRNA for the EGFP mRNAs with 100-nt tails. Shown
in Figures 2C and S4D, the EGFP expression from EGFP-120A was
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clearly lower than that from EGFP-79A20CA on both cell lines tested,
confirming the enhancement effect of protein expression from C sub-
stitution was substantial. Moreover, we found that random substitu-
tion of C in the rear part of the tail (EGFP-10Cscramble tail; Table S1)
also exhibited protein expression enhancement. However, the pro-
duction level was noticeably lower than that of EGFP-89A10CA
(continuous C substitution). Together with the previous result on
dual C-substituted tails (Figures 1C and 1D), these data implicated
that the continuity of C substitution was a contributing factor toward
the protein expression enhancement effect.

Cytidine substitution increases the performance of synthetic

mRNA tools

Advanced syntheticmRNAtools, which can sense analyte biomolecules
to adjust protein production rate, are gaining increasing attention as
tools for cell-specific protein expression controlling.34–36 To evaluate
whether the C-containing tails have an influence on synthetic mRNA
tools, we utilized two model mRNA tools: a protein-sensing mRNA
switch that senses MS2 coat protein (denoted as MS2CP switch) and
a microRNA-sensing mRNA switch that senses microRNA-21-5p
(miR-21-5p) (denoted as miR switch),37,38 both of which can result in
expression suppression. In this study, an EGFP ORF was included in
both switches as the reporter gene. MS2CP encoding mRNAs at
different concentrations was co-transfected with the MS2CP switches
to build an intracellular MS2CP concentration gradient. The degree
of suppression in EGFP signal (relative fold change) over MS2CP pro-
tein gradient represents the sensitivity of the switches toward MS2CP.
As shown in Figure 3A, MS2CP switch-79A20CA clearly exhibited
stronger MS2CP sensitivity than MS2CP switch-100A. Similarly, we
evaluated the performance of the miR switches on identifying
HEK293 (low miR-21-5p) and HeLa cells (high miR-21-5p).39 Shown
in Figure S5, the switches with C-containing tails exhibited higher sep-
aration fold between the two cells in mix culture (difference in the rela-
tive EGFP expression of the two populations), which represented a
stronger sensitivity of the switches toward endogenous miR-21-5p.
Together, these two data strongly suggested that C-containing tails
generally have significant positive influence on the performance of syn-
thetic mRNA tools.

Moreover, antigen-encoding synthetic mRNA is a rising group of
safety-optimized prophylactic vaccination.4 To evaluate the effect of
C-containing tails on antigen production, we constructed FLAG-
tagged ovalbumin encoding mRNA (denoted as OVA mRNA), a
commonly used model mRNA vaccine.40 As shown in Figure 3B,
we used both western blot and flow cytometry to quantify the amount
of OVA produced from HEK293 cells transfected with OVA-100A or
OVA-79A20CA. Both methods clearly revealed substantially higher
OVA production by OVA-79A20CA, suggesting the C-containing
tail can also be used to boost antigen production frommRNA vaccine.

As many therapeutic mRNAs encode functional enzymes, we also
synthesized model secreted alkaline phosphatase (SEAP) encoding
mRNAs (Figure 3C). Every 24 h after transfection, the culture media
of HEK293 cells were completely removed for analysis of newly
synthesized secretory protein in the media. SEAP-37ACCA and
SEAP-31A8CA both produced significantly higher SEAP in the
24-h medium compared with that of SEAP-40A, confirming
C-substitution-induced protein expression enhancement. Impor-
tantly, SEAP-31A8CA maintained high SEAP production in the
48-h and 72-h media, while little to no SEAP production was
observed in the SEAP-40A media (reading below 1 a.u.).41,42 Simi-
larly, we also examined the effects of the C-containing tails toward
firefly luciferase (Luc) mRNAs on HEK293 cells (Figure 3D). The
Luc mRNAs carrying C-containing tails clearly produced stronger
luminescence at all three time points of observations. These data
indicated that C-containing tails not only enhance but also prolong
protein production of synthetic mRNA.

Next, we evaluated the effect of the C-containing tails in vivo. A poly-
mer-lipid-like material specialized for mRNA vaccine delivery was
used to deliver Luc mRNAs with 40A or 31A8CA tails to mice.40

We observed the peak of protein expression at 6 h after mRNA injec-
tion into mice, and the protein expression duration was observed at
24 and 48 h after mRNA injection. As shown in Figures 3E and 3F,
the bioluminescence signals on mice injected with Luc-31A8CA
were significantly stronger at all three time points. Importantly,
Luc-31A8CA at 24 h produced comparable bioluminescence to that
of the Luc-40A at 6 h. Also, at 48 h, while the Luc-40A hardly pro-
duced any signal, the Luc-31A8CA still produced a certain level of
signal. These agreed with the observation on SEAP mRNAs that the
C-containing tail can prolong both high protein production window
and the overall protein production duration.

Cytidine substitution shields mRNA from CNOT complex-

mediated mRNA degradation

As protein production duration is directly correlated with the half-life
of the mRNA, we monitored the intracellular amounts of iRFP
mRNAs after transfection by qRT-PCR.43,44 Previous studies re-
ported the average cellular half-lives of synthetic mRNAs to be
around 12 h.16,22,45 Thus, we chose 3, 6, and 12 h after transfection
for observation. As shown in Figures 4A and S6A, iRFP-40A showed
a clear decrease in amount from 6 to 12 h, while the amount of iRFP-
31A8CA was maintained at a nearly similar level. Consequently, a
notable difference in production of iRFP from the two mRNAs was
observed at 12 h post-transfection (Figure 4B). Moreover, a similar
half-life extension was observed also on EGFP mRNAs (Figure S6B).
These data suggested that C-containing tail can prolong the intracel-
lular half-life of synthetic mRNA.

Poly(A) tail functions to regulate the degradation of mRNA, while
deadenylation, the enzymatic trimming of the tail from the 30 end,
is directly correlated with the decay of mRNAs in cells. It is known
that CNOT and PAN2/PAN3 are the two complexes responsible
for deadenylation, with PAN2/PAN3 most responsible for trimming
long tails (>150 nt) and CNOT for short ones.46–48 A recent study
suggested that PAN2/PAN3 is insensitive to non-A nucleotides, while
purified catalytic CNOT proteins exhibit differential deadenylation
behaviors against non-A nucleotide-containing oligo RNAs in
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Figure 3. Cytidine substitution on tail enhances the performance of model synthetic mRNAs

(A) Relative expression fold changes from HEK293 at 24 h post-transfection with MS2CP-sensing EGFP-encoding switches with 100A or 79A20CA tail. MS2CP mRNA was

co-transfected at different concentrations. (B) Western blot and flow cytometry showing the amount of FLAG-tagged OVA protein after 24 h transfection of OVA mRNA with

100A or 79A20CA tail. (C) SEAP activities in media collected at different time points post-transfection of SEAP mRNAs. After each media collection, fresh media were

replaced for continued culture. (D) Luminescence signals from HEK293 cells at 24, 48, and 72 h post-transfection of Luc mRNAwith 40A or 31A8CA tails. (E) Representative

images showing the bioluminescence signals from mice injected with Luc mRNAs with 40A or 31A8CA tails via subcutaneous injection. (F) Relative total bioluminescence

signals recorded from mice injected with the Luc mRNAs. n = 3; data are presented as mean ± SD for panels (A)–(D); n = 6; data are presented as mean ± SD for panel (F).
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in vitro deadenylation assay.49 To evaluate the correlation between
C-containing tail and CNOT complex, we applied siRNAs targeting
the catalytic CNOT proteins before transfection of EGFP mRNAs.
Western blot confirmed that the siRNAs treatment caused partial
knockdown of each CNOT protein. (Figures 4C and S6C). Cell
viability assay showed that even the transfection of control siRNA
significantly affected the cell viability, which could explain the
reduced enhancement effect of EGFP expression by the 31A8CA
304 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
tail in all groups (Figure S6D). As shown in Figure 4D, knockdown
of all catalytic CNOT proteins reduced the EGFP expression enhance-
ment by 31A8CA tail, with the effect of CNOT6L and CNOT7 knock-
down being significant. Importantly, qRT-PCR showed that the
knockdown of CNOT6L and CNOT7 had little effect on changing
the cellular amount of EGFP-31A8CA mRNA, while the cellular
amount of EGFP-40A increased significantly (Figure 4E). These
data strongly implied that CNOT6L and CNOT7 exhibit different



Figure 4. Cytidine substitution on tail prolongs mRNA half-life

(A) qRT-PCR showing the relative intracellular amounts of iRFP mRNAs on HEK293 cells at 3, 6, and 12 h post-transfection. 18S rRNA were used as data normalization.

(B) Relative protein expression of iRFP mRNAs on HEK293 cells at 3, 6, and 12 h post-transfection. (C) Western blot showing the amount of CNOT proteins from HEK293

cells treated with according CNOT siRNA (Treated) or control siRNA (Control). GAPDH were used as reference for all samples. (D) Relative EGFP expression on siRNA-

treated HEK293 cells at 24 h post-transfection with EGFP-40A or EGFP-31A8CA mRNAs. (E) qRT-PCR showing the relative intracellular amounts of EGFP mRNAs on

siRNA-treated HEK293 cells at 12 h post-transfection. 18S rRNA were used as data normalization. (F) Cell viability and relative EGFP expression on HEK293 cells after

transfection with EGFP mRNAs with or without pre-transfection of NS1 mRNA. (G) EGFP mRNAs were synthesized to carry cap analog m32.2.7GP3G (�) or ARCA (+);

canonical nucleotides (�) or 100% substitution of uridine by N1-methylpseudouridine (100% N1pU; +); 40A tail (�) or 31A8CA tail (+). The EGFP mRNAs were transfected

to HEK293 cells, and the EGFP expressions were compared with that from EGFP-40A mRNA with m32.2.7GP3G cap and canonical nucleotides. n = 3; data are

presented as mean ± SD.
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levels of degradation effect toward mRNAs with A-only tail and C
tails. Therefore, we believe that the CNOT complex is strongly
involved in prolonging the cellular half-life of synthetic mRNA
with C-containing tail.
The crystal structure of CNOT6L and poly(A) DNA complex (PDB:
3NGO) suggests that all non-A bases are unfavored for binding with
the catalytic pocket of CNOT6L.50,51 The sequencing data also sug-
gested that cellular mRNAs with C or G in the terminal of the tail
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 305
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exhibit higher cellular half-lives.20–22 However, in this study, syn-
thetic mRNAs with G-containing tails showed both repressed protein
production and shorter cellular half-lives (Figures S6B and S7A). Un-
like cellular mRNAs that are directly produced and used inside the
cell, synthetic mRNAs are artificially delivered to cells via transfec-
tion. The transfection process is known to affect the performance of
synthetic mRNAs, especially if innate immune responses are trig-
gered.52 As shown in Figure 4F (see also Figures S2B and S7B), trans-
fection of mRNA with G-containing tails induced severe loss of cell
viability and reduction of reference iRFP signals. Moreover, pre-
transfection of mRNA encoding NS1 protein (influenza A virus, sub-
type H1N1, strain A/Texas/36/91), a protein that can antagonize the
activation of interferon system to reduce transfection-induced innate
immune response,52 was performed 4 h before EGFPmRNA transfec-
tion. This treatment fully restored the cell viability and largely
restored the protein production of EGFP-37AGGAmRNA. These re-
sults indicated that synthetic mRNAs with G in the terminal of the
tails might trigger strong innate immune response during transfec-
tion, thus exhibiting low protein production rate. On the other
hand, mRNA with C-containing tail induced little to no viability
loss and consistently showed protein production enhancement with
or without NS1 mRNA treatment, allowing higher protein produc-
tion with even less amount of transfected mRNA (Figure S8A).
Together with the fact that the protein production enhancement
effect of the C-containing tail is irrelevant to the transfection
reagent (Figure S8B), we believe that the C-containing tails do not
trigger innate immune response during transfection, so only the
C-containing tails can boost synthetic mRNA performance.

At last, as theCNOTcomplex pathways involvedwith theC-containing
tails are independent of those involvedwith othermRNAenhancement
techniques, such as cap analogs and nucleotide modifications,13,14,16,17

we evaluated the use of the C-containing tails with these techniques
(Figures 4G, S7C, and S8C) and found that synergic effects were
observed when both ARCA cap and 31A8CA tails were used, while
the strongest protein production was achieved when all three tech-
niques were used. These data strongly suggest that the C-containing
tails can workwith existingmRNA enhancement techniques to achieve
high and stable protein production of synthetic mRNA.

DISCUSSION
The poly(A) tail is a hallmark of mature eukaryotic mRNA, impacting
from the nucleus-to-cytosol transportation to the degradation of
mRNA. Echoing the recent reports that discovered that non-A nucle-
otides existed in mouse and humanmRNAs, we examined the cellular
performance of synthetic mRNAs with tails that contain different
non-A nucleotides and furthermore demonstrated the functional
roles of non-A nucleotides in mRNA regulation. Our study show-
cased the power of systematic evaluation of the impact of sequence
alteration in the tail to influence protein production and analyte
sensitivity from various synthetic mRNAs in vitro and in vivo.

From the perspective of synthetic mRNA drug development, the find-
ings in this report provided enhanced tail sequences for boosting the
306 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
efficacy and reducing the dosage of synthetic mRNA therapeutics. We
not only identified the optimal location and frequency of C substitu-
tion in the tail, but we also demonstrated that the effect of C substi-
tution is general: being independent of encoded protein type,
sequence, and length of the overall mRNA, the length of the tail,
the type of transfection reagent, as well as the type of transfected
cell. While the C substitution alone is sufficient to achieve high pro-
tein expression with lower amount of mRNA, the C substitution with
modified cap and nucleotides can achieve synergic protein produc-
tion enhancement. Importantly, the C-containing tails work both
in vitro and in vivo, largely boosting and extending protein produc-
tion of mRNAs. Therefore, the C-containing tails can broadly pro-
mote the applications of existing and future synthetic mRNAs.

Extending from the findings in in vitro assay and sequencing works
on cellular mRNAs, the work here presented the first piece of cellular
experiment on the nucleotide specificity of CNOT6L and CNOT7 to-
ward mRNA degradation. While endogenous mRNAs with G in the
tail exhibited prolonged half-lives,20–22 synthetic mRNAs with
G-containing tails induced severe loss of cell viability and low protein
production. We believe such difference in observation likely stems
from that the synthetic mRNAs with G-containing tails trigger innate
immune response during transfection,52,53 suggesting that the tail
sequence may play diverse roles in natural mRNA regulation.

In summary, this work provides prominent C-containing tail se-
quences that can be readily and generally applied for promoting the
performance of a broad spectrum of synthetic mRNAs in vitro and
in vivo. The study highlights the role of C substitution in the rear
part of the tail that can shield mRNA from CNOT complex-mediated
mRNA degradation and suggests the non-A nucleotides in the tail
place versatile roles in the regulation of natural mRNAs.

MATERIALS AND METHODS
Cells lines

All cells were cultured at 37�C with 5% CO2. All the cells were
cultured in recommended growth media and passaged using standard
methods. HEK293 cell line was a kind gift of Prof. Pak Hang Peter
Cheung, HKUST. HeLa cell line was a kind gift of Prof. Ben Zhong
Tang, HKUST. U2OS cell line was a kind gift of Prof. Ben Peng,
HKUST. HepG2 cell line was a kind gift of Prof. Randy Poon,
HKUST. MDA-MB-231 and MCF-7 cells were purchased from
ATCC. hiPSC line 201B7 (201B7),28 a kind gift from Dr. Hirohide
Saito, Kyoto University, was maintained on iMatrix-511 (Nippi,
Japan) in complete StemFit (AK02N) medium (Ajinomoto, Japan).
Spontaneously differentiated 201B7 (201B7D14) was derived from
201B7 by culturing in StemFit medium without basic FGF for
14 days.29

dsDNA template generation

Templates for in vitro transcription were generated by fusion PCR us-
ing a forward primer that encodes T7 promoter sequence, 50 UTR
fragment, open reading frame fragment, 30 UTR fragment, and a
reverse primer that encodes the reverse complementary of poly(A)
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tail sequence. The sequences for poly(A) tail used in this study are re-
ported in Table S1. A 10Cscramble tail having the same nucleotide fre-
quency as the 89A10CA tail is generated by randomizing the 69th–
99th nucleotides (generated by an online tool for scrambled RNA,
http://www.sirnawizard.com/scrambled.php). The 50 UTRs and
ORFs sequences have been reported in previously research.16,39,54

All templates were synthesized using Q5 Hot Start High-Fidelity
2�master mix (NEB, MA, USA). The product templates were puri-
fied using QIAquick PCR Purification Kit (Qiagen, Germany). The
amounts of templates were determined by NanoVue (GE Healthcare,
UK). The purity of templates was assessed using agarose gel electro-
phoresis. The purity of templates was assessed using agarose gel
electrophoresis.

Synthesis and purification of mRNAs

All mRNAs were synthesized using MegaScript T7 Transcription Kit
(Thermo Fisher Scientific, MA, USA) with kit-supplied rATP, rCTP,
rUTP, 1:4 premix of rGTP, and Anti Reverse Cap Analog (TriLink
Biotechnologies, CA, USA). The reaction mixtures were incubated
at 37�C for 4 hours and further incubated at 37�C for 30 minutes
in the presence of TURBO DNase (Thermo Fisher Scientific, MA,
USA). RNA products were purified with an RNA extraction column
(Favorgen Biotect, Taiwan) according to the manufacturer’s protocol
and then subjected to treatment with Antarctic Phosphatase (NEB,
MA, USA) at 37�C for 30 minutes. Finally, the product mRNAs
were purified again using RNeasy MiniElute Cleanup Kit (Qiagen,
Germany). The amounts of product mRNAs were determined by
NanoVue (GE Healthcare, UK). The purity of mRNAs was assessed
using UREA-PAGE following the standard protocol using 5% gel,
stained with GelRed Nucleic Acid Gel Stain (Biotium, CA, USA),
and the images were taken by GelDoc Go Imaging System (Bio-
Rad, CA, USA). mRNAs were diluted to 100 ng/mL in water and
stored at �20�C until use.

Transfection

Cells were seeded into a 24-well plate at 5 � 104 cells/well or 48-well
plate at 2.5 � 104 cells/well 1 day prior to the transfection. All test
mRNAs andmRNA switches were transfected at a final concentration
of 200 ng/mL. For flow cytometry analysis, a reference iRFP mRNA
with 120A tail (iRFP-120A) was co-transfected with all EGFP encod-
ing test mRNAs andmRNA switches at a final concentration of 60 ng/
mL; a reference EGFP mRNA with 120A tail (EGFP-120A) was co-
transfected with iRFP encoding test mRNAs at a final concentration
of 60 ng/mL. For protein-sensing mRNA switches, a MS2CP mRNA
with 120A tail was co-transfected at gradient concentrations with the
switch. Lipofectamine MessengerMAX (Thermo Fisher Scientific,
MA, USA) was used to transfect the mRNAs, according to the man-
ufacturer’s instructions. For immune evasion study, cells were pre-
transfected with 200 ng/mL of NS1-TX91 mRNA 4 h before mRNA
transfections.

Poly(A) extension

The procedure follows the manufacturer’s protocol. In short, 20-mL
reactions were prepared in PCR tubes containing 10 mg of EGFP-
40A or EGFP-38ACA mRNA, 1 mM ATP, 1X E. coli Poly(A) Poly-
merase reaction buffer and E. coli. Poly(A) Polymerase (NEB, MA,
USA) (1 unit; 1 unit can incorporate 1 nmole of AMP into RNA in
a 20-mL reaction in 10 min at 37�C). Reaction mixtures were incu-
bated at 37�C for 3, 6, or 12 min to elongate with increasing number
of A residues.55–57 The mixtures were immediately placed on ice after
incubation and were purified using RNeasy MiniElute Cleanup Kit
(Qiagen, Germany). The amounts of product mRNAs were deter-
mined by A260 reading on NanoVue (GE Healthcare, UK). The
lengths of the mRNAs were analyzed by Fragment Analyzer
(Advanced Analytical Technologies, IA, USA).

qRT-PCR

Transfection was performed 24 h after seeding HEK293 cells at
5 � 104 cells/well in a 24-well plate. 200 ng/mL EGFP or iRFP
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 Trizol (Thermo Fisher Scientific, MA, USA). 1 mg of
total RNA was used to produce cDNA with iScript gDNA Clear
cDNA Synthesis Kit (Bio-Rad, CA, USA). The amount of intracellular
EGFP mRNA was measured by the standard SYBR Green qRT-PCR
protocol and amplification with EGFP, iRFP, and human 18S rRNA-
specific primers.43,44,58 100 ng of the cDNA was amplified with iTaq
Universal SYBR Green Supermix (Bio-Rad, CA, USA) for 40 cycles
using CFX96 Real-Time PCR Detection System (Bio-Rad, CA,
USA). The Ct values were analyzed with the CFX Manager Software.
The Ct value from EGFPmRNAwas normalized by the Ct value from
18s rRNA. The data presented show the relative amounts of mRNA
calculated by the delta-delta Ct method using the normalized Ct value
of EGFP-40A at 1 h after transfection or the normalized Ct value of
EGFP-40A from reference siRNA-treated sample as the control.59

SEAP activity assay

Cells were seeded into a 24-well plate at 5� 104 cells/well 1 day prior
to transfection. Each SEAP mRNAwas transfected at final concentra-
tion of 800 ng/mL with Lipofectamine MessengerMAX (Thermo
Fisher Scientific, MA, USA) into each well following manufacturer’s
protocol. The media were collected after 24 h of incubation and
stored at �20�C (24 h medium). The cells were immediately rinsed
by 1� PBS buffer, then supplied with fresh media and cultured for
another 24 h. The media were collected and stored at �20�C (48 h
medium). The cells were immediately rinsed by 1�PBS buffer, then
supplied with fresh media and cultured for another 24 h. The media
were collected and stored at�20�C (72 hmedium). The frozen media
were thawed and heated at 65�C for 1 h before analysis. The SEAP ac-
tivity in themedia was quantified using Alkaline Phosphatase Activity
Fluorometric Assay Kit (Abcam, MA, USA). Background value was
measured from media collected from cells transfected with only Lip-
ofectamine MessengerMAX. The background value was subtracted
from all other readings in analysis.

Luciferase assay

HEK293 cells were seeded in 96-well plates at density of 2 � 104 cells
per well, 24 h after transfection with Luc mRNA, 100 mL D-Luciferin
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(Thermo Fisher Scientific, MA, USA) was added to each well to a final
concentration of 150 mg/mL. After 5min, the luminescence intensities
were measured by Varioskan LUX multimode microplate reader
(Thermo Fisher Scientific, MA, USA).

Western blot

Cells were lysed with CelLytic M Cell Lysis Reagent (Sigma-Aldrich,
MA, USA), supplemented with protease inhibitor (Thermo Fisher
Scientific, MA, USA) on ice for 15 min, and clarified by centrifuga-
tion. The protein concentration wasmeasured by BCA assay (Thermo
Fisher Scientific, MA, USA). An equal amount of total protein extract
(�20 mg) was separated by 12% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). The samples were transferred
to methanol-activated polyvinylidene fluoride (PVDF) membranes
(Bio-Rad, CA, USA) using semi-dry transfer method by Trans-Blot
Turbo Transfer System (Bio-Rad, CA, USA). The membrane was
blocked with 1� PBST containing 5% skim milk for 1 h at room tem-
perature, then incubated with primary antibody at 4�C overnight. On
the second day, the membrane was washed with 1� PBST five times
and incubated with the secondary antibody for 1 h at room temper-
ature. The protein was detected with ECL Western Blotting Reagent
and ChemiDoc XRS. After imaging of the target protein stain, the
membranes were washed twice by stripping buffer (1% Tween 20,
0.1% SDS, pH 2.2 in distilled water) and then washed three times
by 1� PBST containing 5% skim milk. The membranes were then
stained for GAPDH following the above procedures. The images
were analyzed with ImageJ and Image Lab software (Bio-Rad, CA,
USA). Rabbit Anti-DDDDK tag antibody (Abcam, CAT#
ab245892, MA, USA) was used in 1:500 dilution. Rabbit anti-GAPDH
antibody (Novus Biologicals, CO, USA; CAT# NB100-56875) was
used in 1:2,000 dilution. Rabbit anti-CNOT6 (Novus Biologicals,
CO, USA; CAT# NBP1-57550) was used in 1:500 dilution. Rabbit
anti-CNOT6L (Sigma-Aldrich, MA, USA; CAT# SAB1303263) was
used in 1:1,000 dilution. Rabbit anti-CNOT7 (Novus Biologicals,
CO, USA; CAT# NBP2-92571) was used in 1:500 dilution. CNOT8
(Novus Biologicals, CO, USA; CAT# NBP2-15930) was used in
1:500 dilution. HRP conjugated goat anti-rabbit antibody (Novus Bi-
ologicals, CO, USA; CAT# NB7160) was used in 1:2,000 dilution.

In vivo bioluminescence

6- to 8-week-old female C57BL/6J mice (Vital River Laboratory) were
maintained under specific-pathogen-free conditions and were kept
with a 12-h/12-h light/dark cycle in individually ventilated cages, pro-
vided 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. The ani-
mals were injected subcutaneously with 10 mg mRNA encapsulated
with polymer-lipid-like material C1.40 In brief, lipid-like material
C1 and synthesized mRNA in aqueous solution were mixed at a
weight ratio of 160:1 to form C1-mRNA complex. And then,
DSPE-PEG2000 was added followed by vortex mixing at a weight
ratio of 1:5 to C1. At 6, 24, and 48 h after mRNA injection, the
mice were anesthetized intraperitoneally with 5% chloral hydrate
(150 mL/mouse) and injected intraperitoneally with D-Luciferin solu-
308 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
tion (150 mg/kg mice). The bioluminescence images of the mice were
taken 15 min after D-Luciferin injection on IVIS. The total biolumi-
nescence signals of the lower right abdomen were recorded for
calculation.

siRNA transfection

The sequences of the siRNAs targeting CNOT6, CNOT6L, CNOT7,
and CNOT8 are as described in the literature.60 siGENOME non-tar-
geting siRNA Control Pools (Horizon, UK) were used as reference
siRNAs. All siRNAs (RIBOBIO, China) were transfected to
HEK293 cells at final concentration of 50 nM using DharmaFECT
Transfection reagent (Horizon, UK) following manufacturer’s proto-
col. After 48 h of siRNA transfection, the cells were trypsinized and
seeded at 2.5� 104 cells per well in a 48-well plate. 24 h after seeding,
the cells were transfected with EGFP mRNAs with different tails
following the above-described procedure.

Flow cytometry analysis

All cell samples were analyzed by Attune NxT Flow Cytometry
(Thermo Fisher Scientific, MA, USA) and BD FACSAria III (BD bio-
sciences, NJ, USA). The flow cytometry was calibrated with Attune
Performance Tracking Beads (Thermo Fisher Scientific, MA, USA)
or BD FACSDiva CS&T Research Beads (BD biosciences, NJ,
USA) following manufacturer’s recommendation before every
experiment. After desired hours of mRNA transfection, the cells
were suspended using 0.25% trypsin. The cell suspensions were
diluted in PBS buffer with 10% FBS and then passed through a
35-micron nylon mesh. EGFP/Alexa Fluor 488 signals were detected
by excitation laser at 488 nm and emission filter at 530/30 nm. iRFP
signals were detected by excitation laser at 637 nm and emission fil-
ter at 670/14 nm. 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.61 A nega-
tive control sample transfected with only the Lipofectamine
MessengerMAX was used to gate for viable cell population. The rela-
tive viabilities of the other samples were calculated by comparing the
viable cell number to that of the negative control sample. The iRFP
intensities from the viable cell populations were used to gate for the
positively transfected cell population. For relative EGFP expression,
the EGFP intensities from the positively transfected cell populations
were recorded and compared with the intensities from EGFP
mRNAs carrying A-only tails. For the normalized EGFP expression,
the EGFP intensities from the positively transfected cell populations
were normalized by the iRFP intensities. For cells transfected with
mRNA switches, the EGFP intensities were first normalized by the
iRFP intensities to generate the adjusted EGFP expression before
further analysis, following the procedure of previous research.39

To evaluate the expression of ovalbumin tagged with FLAG, cell sus-
pensions were first incubated with 0.4% formaldehyde for 20 min.
After washing with 1� PBS (1% BSA) twice, the cells were permea-
bilized with 0.1% Triton X-100 for 10 min. After washing twice, the
cells were stained with Recombinant Alexa Fluor 488 Anti-DDDDK
tag antibody (Abcam, MA, USA) for 1 h at room temperature. After
washing thrice, the stained cells were analyzed by flow cytometry.
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The positively transfected cells were gated by iRFP intensities, and
the Fluor 488 intensities of the positively transfected populations
were recorded for analysis.

Quantification and statistical analysis

Statistical values including the exact N and statistical significance are
reported in the figure legends. Standard deviation was calculated us-
ing 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
otherwise. Dot plots and histograms were produced from Invitrogen
Attune NxT flow cytometry software. The levels of significance are
denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
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