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The poly(A) tail plays a crucial role in mRNA stability and translation efficiency. Chemical modification of

the poly(A) tail is a promising approach for stabilizing mRNA against deadenylation. In this study, we

investigated the effect of poly(A) chemical modifications using phosphorothioate (PS), 20-fluoro (20-F),

20-O-methyl (20-OMe), and 20-O-methoxyethyl (20-MOE) modifications. Notably, PS, 20-OMe, and 20-

MOE modifications conferred resistance to CAF1, an enzyme responsible for deadenylation. Interestingly,

only the PS modification retained the poly(A)-binding protein (PABP) binding activity, which is critical for

translation, whereas 20-F, 20-OMe, and 20-MOE modifications abolished this activity. Beyond the PS

modification, the combination of 20-F, 20-OMe, and 20-MOE modifications resulted in enhanced

resistance to both CAF1 and other nucleases. Based on these results, a 12-nucleotide unmodified poly(A)

sequence was inserted upstream of the modified poly(A) to confer both nuclease resistance and PABP-

binding activity. Notably, the resulting poly(A) formulation significantly prolonged protein expression in

cultured cells and mouse skin when applied to epidermal growth factor-encoding therapeutic mRNA.

Collectively, this study presents a design concept for poly(A) chemical modifications to achieve durable

protein expression from mRNA, offering a promising strategy for enhancing the function of mRNA-

based therapeutics.

Introduction

Despite the successful clinical application of mRNA vaccines
and therapeutics, their transient protein expression profile
hinders their widespread use.1,2 For instance, mRNA-based
protein replacement therapy requires repeated administration,

highlighting the need for strategies that prolong protein
expression.3,4 Engineering the poly(A) tail is a promising
solution.5,6 The poly(A) tail is a critical mRNA element that
contributes significantly to mRNA stability, translation effi-
ciency, and overall gene expression regulation in eukaryotic
cells.6–9 The poly(A) tail is added to the 30-end of the mRNA
during posttranscriptional processing and covered by poly(A)-
binding protein (PABP).10–12 These interactions facilitate the
formation of a closed-loop structure mediated by the inter-
action between the 50-cap structure and poly(A) tail.13,14 This
closed-loop structure plays an important role in protecting
mRNA from exonucleolytic degradation and facilitates the
recruitment of ribosomes for translation initiation.15,16

Recent advancements in transcriptome analysis and RNA
engineering have revealed that stabilization of the poly(A) tail is
a promising approach for increasing mRNA durability.5,6,17

Chemical modifications of RNA provide a robust tool for
enhancing its enzymatic and physiological stability, as demon-
strated by the development of oligonucleotide therapeutics.18,19

Although RNA modifications in the 20-position have been
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widely tested, the stabilizing effects largely depend on the
modification type.18,19 For example, 20-O-methyl (OMe)-RNA
showed higher stability against snake venom phosphodiester-
ase and S1 nuclease compared with 20-fluoro (F)-RNA, with
20-F-RNA being more stable than 20-hydroxy (OH)-RNA.20 Recent
studies have addressed the poly(A) modifications of mRNAs
and successfully prolonged protein expression using phosphor-
othioate (PS)-RNA, O-methoxyethyl (MOE)–RNA, and a
30-linkage of inverted-2 0-deoxythymidine at the 30-end of the
poly(A) tail.5,6,17 However, in most cases, only a few residues at
the 30-end of the mRNA were chemically modified, leaving
the effects of modifications on longer poly(A) sequences
unclear. Furthermore, the optimal chemical modification
type remains uncertain because of the lack of comprehensive
head-to-head comparisons between different poly(A) tail
modifications.

In this study, we evaluated the effect of chemical modifica-
tions of the poly(A) tail, especially at high modification rates,
based on two key factors: nuclease resistance, particularly
against CAF1, and PABP-binding activity (Fig. 1). We focused
on sugar rather than base modifications because the commonly
used adenine base modification, N6-methyladenosine, failed to
increase the stability against CAF1.21 In addition, previous
studies have revealed the benefit of sugar modifications in
poly(A) stabilization.6,17 The comparison among PS, 20-F,
20-OMe, and 20-MOE modifications identified PS modification
as a promising candidate, as it inhibited degradation by CAF1
while preserving PABP binding. Considering some drawbacks

of PS modification in the synthetic context, we explored other
formulations, observing that combinational modification with
20-F, 20-OMe, and 20-MOE exhibited high resistance to CAF1 and
other nucleases. Although 20-F, 20-OMe, and 20-MOE modifica-
tions did not show clear binding affinity, this combinational
modification regained PABP binding when a 12-nucleotide (nt)
unmodified poly(A) was inserted upstream of the modified
poly(A) sequence, even at a 100% modification rate in the
28-nt poly(A) sequence at the 30-end. Ultimately, the modifica-
tion successfully prolonged the translation of epidermal growth
factor (EGF) from EGF mRNA in mouse skin for up to 1 week,
showing promise for future therapeutic applications to skin
ulcers.

Results and discussion
Nuclease resistance of chemically modified poly(A) tail

To investigate the effect of chemical modifications on resis-
tance to deadenylation, we focused on CAF1, a catalytic subunit
of the CCR4-NOT deadenylase complex.22,23 Therefore, we
conducted in vitro degradation assays using recombinant
CAF1 on 50-ATTO488-labeled RNA substrates. Each RNA sub-
strate consisted of 13-nt unmodified nonpoly(A) RNA, 20-nt
unmodified poly(A), and 20-nt poly(A) with various chemical
modifications from the 50 to 30-end (Fig. 2A). The SI (Table S1)
lists the design and sequences of the RNA substrates. Regard-
ing the modification rates used in this assay, previous studies
showed the benefit of increasing the rates in enhancing mRNA

Fig. 1 Concept of this study. Poly(A) tails with chemical modifications
were chemically synthesized. The stability against CAF1 and PABP binding
affinity was evaluated for each poly(A) tail. Chemical modifications that
confer both CAF1 resistance and PABP binding affinity were selected, and
EGF mRNA with optimized modifications was synthesized and evaluated
in vivo. Created in BioRender. Hashimoto, A. (2025) https://BioRender.
com/pbs5is8.

Fig. 2 In vitro stability of RNA fragments against CAF1. (A) Design and
sequences of RNA fragments with chemical modifications. (B) TBE-urea
gel image of RNA fragments after CAF1 treatment. Experiments were
performed using biological triplicates and representative data are shown.
(C) Time course of the remaining RNA ratio after incubation with CAF1.
Data are presented as the mean. Blue: fluoro-RNA1, red: fluoro-RNA2,
green: fluoro-RNA3, purple: fluoro-RNA4, orange: fluoro-RNA5, black:
fluoro-RNA6, brown: fluoro-RNA7.
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stability.6,17 However, almost complete modification of the
poly(A) tail drastically reduced the affinity for PABP, revealing
the trade-off relationship between stability improvement and
PABP binding efficiency after poly(A) modification.21 Based on
these studies, we decided to start with a 50% modification rate.

In stability tests against CAF1, we employed denaturing
polyacrylamide gel electrophoresis to quantify the remaining
RNA. We used a CAF1 concentration of 2.5 mM, which is close to
that used in previous studies.24–26 Previous kinetic analyses
have shown that CAF1 concentrations o0.4 mM exhibit mini-
mal deadenylation activity depending on substrate con-
centration.24 Accordingly, we expected that the concentration
of 2.5 mM will ensure the robustness of this assay. Notably, our
experiments revealed clear differences in the efficacy of
chemical modifications against CAF1 degradation. We obser-
ved that PS, 20-MOE, and 20-OMe modifications provided
significantly higher stability against CAF1 (Fig. 2B and C).
These findings aligned with previous research showing that
PS and 20-OMe modifications of the poly(A) tail provide CAF1
resistance.21 Although the previous study showed that 20-F
modification provides a similar resistance level as 20-OMe, we
did not observe any enhancement in the stability for 20-F and
DNA modifications (Fig. 2B and C). This difference may be
attributed to the higher CAF1 concentration used in our study
(2.5 mM) compared with that in the previous study (approxi-
mately 0.15 nM), which may lead to the degradation of 20-F
modified poly(A). Further experiments, including those exam-
ining the CAF1 dose-dependency, are necessary to clarify the
discrepancies between the present and previous findings. Over-
all, our study revealed that bulky structures such as 20-MOE and
20-OMe in the 20-position of RNA are generally effective at
providing CAF1 resistance. Although 20-F conferred some
degree of protection, its efficacy was limited relative to the
more structurally bulky modifications.

Binding activity of PABP to chemically modified poly(A) tail

PABP is an essential factor for eukaryotic translation.12,27 PABP
consists of four N-terminal RRM domains (RRM1–4), a proline-
rich linker, and a C-terminal MLLE domain.28,29 To assess the
binding activity of PABP to the poly(A) tail, we used surface
plasmon resonance (SPR). We immobilized the 50-biotin
labeled A24 with chemical modifications onto a streptavidin-
coated sensor chip, and measured the response rate for PABP
binding (Fig. 3A and Table S2). The full-length of PABP was
used in this study. The KD value for PABP to unmodified A24
was 0.02 nM (Fig. 3B and Table 1), compared to a KD value of 0.7 nM
in the previous study,30 indicating a 35-fold higher binding affinity in
our study. This higher affinity may be attributed to a positively
charged His-tag used in our study, which probably strengthened
the binding affinity for the negatively charged A24.

Regarding the chemically modified poly(A) tail, the PS
modification led to a 1.8-fold increase in affinity compared
with unmodified poly(A) (Fig. 3B and Table 1). In contrast, we
did not detect any binding response for DNA, 20-OMe, 20-MOE,
and 20-F modified A24 (Fig. 3B). Notably, the previous study21

revealed that PABP with a single substitution to 20-F or 20-OMe

in the middle position of A12 still bound to RNA, though the
affinity was decreased by four-fold for the 20-F modification and
by seven-fold for the 20-OMe modification. In addition, in our
study, 50% substitution of 20-F or 20-OMe in the poly(A) tail
completely suppressed the PABP binding to the poly(A) tail,
highlighting the importance of the modification ratio. Surpris-
ingly, PABP still bound to a 24-nt PS-modified poly(A) tail even
at a substitution rate of 46%. Overall, the PS modification
prevented CAF1-mediated degradation while maintaining PABP
binding affinity.

Nuclease stability and PABP binding activity of highly modified
poly(A) tail

Although the PS modification imparts both CAF1 resistance
and PABP-binding affinity, potential oxidative desulfurization
that could occur during chemical synthesis may raise
concerns.31,32 This motivated us to explore effective modifica-
tion patterns beyond the PS modification (Fig. 4A). Herein, we
focused on a combinational poly(A) modification with 20-F and
20-OMe along with 20-MOE modification at the last 3-nt of
poly(A) (F/OMe/MOE), which previously showed high stability
and translational activity in human cells.33,34 In the present
study, we evaluated the effects of combinational modifications
on nuclease stability nucleases and PABP binding affinity.

Fig. 3 SPR analysis of chemically modified poly(A) tails. (A) Design and
sequences of poly(A) tails with chemical modifications. (B) SPR sensor-
grams of interactions between PABP and poly(A) tails. Black lines represent
the 1 : 1 binding model. Experiments were performed using biological
triplicates and representative data are shown. The KD values determined
through this SPR analysis are shown in Table 1.
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Furthermore, to gain a deeper understanding of the individual
contributions of these modifications, we prepared control
RNA species containing only one of the three tested modifica-
tions: fluoro-RNA10 for 20-MOE, fluoro-RNA11 for 20-F, and
fluoro-RNA12 for 20-OMe. In the CAF1 assay, F/OMe/MOE

modifications imparted mRNAs with high stability, exhibiting
undetectable degradation, even after 1 week of incubation
(fluoro-RNA9; Fig. 4B and D). Notably, the 3-nt 20-MOE mod-
ification at the 30-end completely blocked CAF1 degradation
even without upstream 20-F and 20-OMe modifications
(Fig. 4B and D). This result indicated that the 30-end 20-MOE
modification of poly(A) is sufficient to inhibit deadenylation,
consistent with the findings of previous studies.25 Concurring
with the results in Fig. 1, 20-F modifications alone did not
increase the resistance to CAF1 (fluoro-RNA11; Fig. 4B and D).
20-OMe modifications resulted in the degradation of the unmo-
dified four bases at the 30-end, leaving the upstream modified
sequence intact (fluoro-RNA12; Fig. 4B and D). This result
supported the findings in Fig. 1, showing the high stability
against CAF1 resulting from the 20-OMe modification.

mRNA is degraded not only by CAF1 but also by other
nucleases.35 To evaluate the overall stability against various
nucleases, we assessed the stability of the poly(A) tail in mouse
skin lysates. We used mouse skin lysates because the subse-
quent in vivo studies were performed using mouse skin sam-
ples. After incubating 50-fluorescently labeled RNA substrates
with diluted skin lysates, we subjected the reaction mixtures to
denaturing polyacrylamide gel electrophoresis. Importantly,
the experimental groups differed only in the composition
of modified adenosine residues. Therefore, any differences
observed between groups can be attributed to the effects of
the specific modification compositions. We first compared
poly(A) with poly(U) and found that poly(U) degraded faster
than poly(A) (Fig. S1). This result aligned with previous studies
indicating that ribonuclease activity on the mouse skin surface
is pyrimidine selective.36 We then assessed the chemically
modified poly(A) tails and found that F/OMe/MOE modifica-
tions resulted in highly stable mRNAs in mouse skin lysates
(fluoro-RNA9; Fig. 4C and E). Upon studying the contribution of
each modification separately, we noted that 20-F modifications
(fluoro-RNA11) but not 20-OMe or terminal 20-MOE modifica-
tions (fluoro-RNA10 and 12) increased nuclease stability com-
pared with unmodified poly(A) (fluoro-RNA8) (Fig. 4C and E).

Interestingly, we observed that each modification exhibited
different preferences for preventing degradation by specific
types of nucleases, with 20-OMe and 20-MOE modifications

Table 1 Kinetics parameters obtained via SPR analysis of PABP-poly(A) interaction

Name Length (nt) Modification ka (M�1 s�1) kd (s�1) KD (M)

Biotin-RNA1 24 — 2.3 � 0.2 � 107 3.9 � 0.4 � 10�4 1.7 � 0.1 � 10�11

Biotin-RNA2 24 PS 3.2 � 0.1 � 107 2.8 � 0.1 � 10�4 9.2 � 0.7 � 10�12

Biotin-RNA3 24 DNA n.b. n.b. n.b.
Biotin-RNA4 24 20-OMe n.b. n.b. n.b.
Biotin-RNA5 24 20-MOE n.b. n.b. n.b.
Biotin-RNA6 24 20-F n.b. n.b. n.b.
Biotin-RNA7 50 — 1.6 � 0.1 � 107 2.3 � 0.1 � 10�4 1.5 � 0.2 � 10�11

Biotin-RNA8 50 U n.b. n.b. n.b.
Biotin-RNA9 50 20-F, 20-OMe, 20-MOE 3.0 � 0.4 � 107 1.5 � 0.1 � 10�2 5.0 � 0.4 � 10�10

Biotin-RNA10 12 — n.d. n.d. 1.5 � 0.1 � 10�7

Each experiment was repeated using biological triplicates and the mean values are listed. The binding affinity of biotin-RNA10 was determined
using a steady-state affinity 1 : 1 binding model because the sensorgram was box-shaped. n.b.: no binding, n.d.: not determined.

Fig. 4 In vitro stability of highly chemically modified RNA fragments. (A)
Design of RNA fragments with chemical modifications. (B) TBE-urea gel
image of RNA fragments after CAF1 treatment. Experiments were per-
formed using biological triplicates and representative data are shown. (C)
TBE-urea gel image of RNA fragments after treatment of mouse skin
lysates. Experiments were performed using biological triplicates and
representative data are shown. (D) Time course of the remaining RNA
ratio after incubation with CAF1. Data are presented as the mean. (E) Time
course of the remaining RNA ratio after incubation with mouse skin lysates.
Data are presented as the mean.
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providing resistance to CAF1, whereas the 20-F modification
providing resistance to nucleases in skin lysates. This high-
lights the potential benefits of combined modifications in
protecting RNA from various types of nucleases. These results
indicated that the modification rate is crucial for enhancing the
stability of the poly(A) tail against a variety of nucleases.

Next, we evaluated the binding affinity of PABP to the poly(A)
tail with F/OMe/MOE modifications. Based on our results
(Fig. 3), we expected this modification to suppress PABP bind-
ing to RNA. To address this issue, we inserted 12 bases of
unmodified poly(A) upstream of the (A12-F/OMe/MOE)-modi-
fied poly(A) tail. We set the length of the unmodified poly(A) to
12-nt because PABP requires A11 to A12 for minimal binding
activity.37 We assessed the binding affinity of PABP to A12-F/
OMe/MOE using SPR. Notably, A12-F/OMe/MOE was still cap-
able of binding to PABP even at a 100% modification rate in the
28-nt poly(A) sequence at the 30 end (Fig. 5A, B and Table 1).
Although the KD value for A12-F/OMe/MOE was 34-fold lower
than that for unmodified poly(A) (A40), this affinity is likely
sufficient for PABP to bind to the poly(A) tail, considering that
the intracellular concentration of PABP is at the micromolar
level.38 The partial recovery of PABP binding affinity may be
attributed to the fact that four RRMs require a 24-nt poly(A)
sequence, whereas A12 interacts with only two RRMs.11

Interestingly, A12-F/OMe/MOE showed 291-fold higher affi-
nity than A12 (Fig. 5A, B and Table 1). This result suggested that
PABP could still bind to the F/OMe/MOE region, although 20-F,
20-OMe, and 20-MOE decreased the binding affinity of PABP to
the poly(A) tail.

In conclusion, A12-F/OMe/MOE imparted the mRNA with
high stability against both CAF1 and mouse skin lysates while
maintaining sufficient PABP-binding activity. Based on these

results, we used this formulation in subsequent functional
studies involving cultured cells and animals.

Synthesis of EGF mRNA with modified poly(A) tail

To evaluate the effects of A12-F/OMe/MOE modifications on
therapeutic mRNAs, we synthesized a modified mRNA encod-
ing EGF. EGF is a polypeptide consisting of 53 amino acids that
stimulates the growth and differentiation of epithelial
cells.39–41 Previous studies have demonstrated that EGF can
accelerate wound healing and is a promising drug candidate for
the treatment of skin ulcers.42,43 Despite its potential, EGF has
a short half-life of approximately 2–7 h, which limits its
therapeutic efficacy.42,44,45 The use of mRNA may improve the
therapeutic potential of EGF by continuously providing EGF
protein to skin lesions, and poly(A) modifications are expected
to further enhance this benefit by prolonging EGF expression.

We designed EGF mRNA with F/OMe/MOE modifications on
the poly(A) tail (EGF mRNA_Mod) and EGF mRNA without
poly(A) tail modification (EGF mRNA_Unmod) as a control
(Fig. 6A). We introduced the Cap1 structure at the 50-end of
these two mRNAs to minimize the immune reaction and
improve translation activity in vivo.46 Instead of using in vitro
transcription (IVT), a widely used method for mRNA prepara-
tion and employed in clinically approved SARS-CoV-2 mRNA
vaccines,47 we chemically synthesized mRNAs. Solid-phase
chemical synthesis offers an easier approach for site-specific
sugar modifications in RNA strands than the IVT method.48,49

Fig. 5 SPR analysis of poly(A) tails with extensive chemical modifications.
(A) Design of poly(A) tails with chemical modifications. (B) SPR sensor-
grams of interactions between PABP and poly(A) tails. Black lines represent
the 1 : 1 binding model. Experiments were performed using biological
triplicates and representative data are shown. The KD values determined
through this SPR analysis are shown in Table 1.

Fig. 6 Synthesis and analysis of EGF mRNAs. (A) Schematic view of splint
ligation. After splint ligation and DNase I treatment, Fragment_1 + 2 was
purified using reverse-phase HPLC (RP-HPLC), whereas EGF mRNAs were
purified using size exclusion chromatography HPLC (SEC-HPLC). 50-Cap =
7-methyl guanosine cap structure, p = phosphate, OH = hydroxide. (B) and
(C) Results of capillary gel electrophoresis of EGF mRNAs. 1; EGF
mRNA_Unmod, 2; EGF mRNA_Mod. Y-Axis shows the intensity of the
relative fluorescence units and X-axis shows RNA size. Created in BioR-
ender. Hashimoto, A. (2025) https://BioRender.com/z8prx78.

RSC Chemical Biology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/2

7/
20

26
 5

:4
4:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://BioRender.com/z8prx78
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00137d


© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2025, 6, 1616–1624 |  1621

Although the chemical synthesis of long RNA strands is chal-
lenging, the splint ligation of short RNA fragments helps avoid
this issue. Indeed, we previously reported the chemical synth-
esis of mRNA with extensive sugar modifications using splint
ligation.33 Additionally, a subsequent chemical capping reac-
tion enables complete chemical synthesis of mRNA.46 We
synthesized the EGF mRNAs using T4 RNA ligase 2 through
convergent splint ligation with the corresponding RNA frag-
ments (Fig. 6A). The details of the synthesis results are
described in the SI. Notably, the purified mRNAs were homo-
geneous in length, showing a single peak on PAGE and capillary
gel electrophoresis (Fig. 6B, C and Fig. S6). Splint DNA diges-
tion was confirmed using denaturing PAGE, as previously
described34 (Fig. S5).

Poly(A)-modified EGF mRNA showed prolonged translational
activity

First, we evaluated the effects of chemical modifications of the
poly(A) tail in HeLa cells, a human cell line. After treating HeLa
cells with lipid-based carriers loaded with EGF mRNA, we
measured EGF protein concentrations in the culture medium.
After each measurement, we replaced the medium with fresh
medium. Interestingly, the benefit of poly(A) tail modifications
became obvious only at a later time point, potentially reflecting
their mRNA stabilizing effect (Fig. 7A). Specifically, poly(A)-
modified mRNA resulted in the production of a higher concen-
tration of EGF than the unmodified mRNA at 48 h after mRNA
addition, but not at 6 and 24 h. At 6 h, poly(A)-modified mRNA
resulted in lower EGF levels than unmodified mRNA, possibly

because of the lower affinity of PABP for poly(A)-modified
mRNA (Fig. 5).

Next, we explored the in vivo delivery of poly(A)-modified
mRNA to the skin, as EGF mRNA is a promising candidate for
treating skin ulcers. As a delivery method, we selected naked
mRNA injection using a needle-free pyro-drive liquid jet injec-
tor (PYRO), which facilitates the penetration of mRNA through
the cell membrane into skin cells via physical pressure.50 To
confirm the effect of PYRO, naked luciferase mRNA was
injected into mice using either a needle and syringe (N&S) or
PYRO, followed by luminescence intensity measurements 4 h
after injection. We found that PYRO improved luminescence
intensity by 11-fold at a dose of 10 mg per head and 16-fold at a
dose of 30 mg per head compared with N&S (Fig. S2). These data
corroborate previous studies showing the benefits of PYRO for
naked mRNA delivery to the skin.50

Finally, we assessed the in vivo activity of poly(A)-modified
EGF mRNA (Fig. 7B). For this purpose, we administered EGF
mRNA intradermally using PYRO, followed by continuous
measurement of EGF protein concentration in the skin.
Although EGF expression levels were comparable between
poly(A)-modified and unmodified mRNAs at 4 h postinjection,
poly(A)-modified mRNA showed enhanced expression at 96 and
168 h. Strikingly, poly(A)-modified EGF mRNA exhibited
extended protein expression for up to 1 week, whereas unmo-
dified mRNA showed no detectable protein expression at that
time point (Fig. 7B).

In summary, our data showed that poly(A) tail modifications
significantly enhanced protein expression in vivo, which is
likely due to the enhanced stability of the poly(A)-modified
mRNA. Prolonged EGF expression could benefit future applica-
tions of EGF mRNA therapeutics in the treatment of skin ulcers.
We are planning a future study that will include therapeutic
application testing and a comprehensive analysis of the in vivo
functionality of poly(A)-modified mRNA, including expression
kinetics and total protein output.

Experimental
Preparation of recombinant hCAF1 and hPABP

The vectors used to express hCAF1 and hPABP in our study,
pET-28a(+)-HIS8/SUMO3/TEV/CAF1 and pCS-6xHis/TEV/hPABPC1
[NM_002568.4] respectively, were constructed and packaged by
VectorBuilder Inc. (Chicago, IL, USA). Detailed information about
these vectors can be retrieved from https://www.vectorbuilder.com
using the vector IDs, VB221023-1216mte and VB231222-2539wqp.
Proteins were expressed in E. coli BL21 (DE3) Star cells (Invitrogen,
Thermo Fisher Scientific, Carlsbad, CA, USA). Protein expression was
induced with 1 mM IPTG when OD600 reached approximately 0.5.
To obtain CAF1, cells were further cultured for approximately 20 h at
22 1C. Cell pellets were lysed with B-PER (Thermo Fisher Scientific,
Waltham, MA, USA), and the proteins in the supernatant were
purified using the cOmpletet His-Tag Purification Resin (Roche,
Basel, Switzerland). Purified proteins were desalted with NAP-25
(Cytiva, Marlborough, MA, USA), and the SUMO tag was cleaved with

Fig. 7 In vitro and in vivo stability of EGF-mRNA with chemical modifica-
tions on the poly(A) tail. (A) Time course of EGF protein concentration
secreted from HeLa cells. Bars indicate mean values. The tests were
performed in biological triplicates. Blue: EGF-mRNA_Unmod, red: EGF-
mRNA_Mod. Statistical analysis between the two samples was performed
using Šidák multiple comparison test. Untreated and mock wells contain-
ing the transfection reagent without mRNAs were prepared as negative
controls. The protein levels were either at background level or below the
lower limit of quantitation (LLOQ). (B) Relative EGF protein levels in mice
skin lysates. The vertical axis shows EGF protein concentration normalized
by total protein level on a log scale. The tests were performed in biological
quadruplicates. Statistical analysis between the two samples was per-
formed using Šidák multiple comparison test. Dots indicate measurements
for each individual mouse and bars indicate mean values. Blue: EGF-
mRNA_Unmod, red: EGF-mRNA_Mod. The protein level was at LLOQ in
mice treated with citrate–saline buffer (10 mM citrate, 130 mM NaCl pH
7.5) used as negative control.51 (A) and (B), Statistical differences: n.s.,
p 4 0.05; *p o 0.05; **p o 0.01; ***p o 0.001. Created in BioRender.
Hashimoto, A. (2025) https://BioRender.com/zc59z6l.
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TEV protease (Promega, Madison, WI, USA). The remaining
SUMO tag was removed using the cOmpletet His-Tag Purifica-
tion Resin, followed by purification in a Superdex 200 Increase
GL 10/300 column (Cytiva, Marlborough, MA, USA). To obtain
PABP, cells were cultured for approximately 20 h at 15 1C after
IPTG stimulation. Cell pellets were lysed using B-PER supple-
mented with 125 U per mL benzonase (Merck &Co., Inc.,
Rahway, NJ, USA). PABP-bound nucleic acids were digested
with benzonase and further removed by 0.1% (v/v) poly
(ethyleneimine) treatment (Nacalai, Kyoto, Japan). The proteins
were treated with the cOmpletet His-Tag Purification Resin,
followed by purification in a Superdex 200 Increase GL 10/300
column. The His-tag was retained because removal via
TEV protease digestion followed by purification using the
cOmpletet His-Tag Purification Resin resulted in a substantial
decrease in protein yield.

In vitro deadenylation assay

The 50-end of substrate RNAs was labeled with ATTO488. All
fluorescently labeled oligonucleotides were purchased from
Gene Design (Osaka, Japan). The stability of CAF1 was assessed
as follows: 250 nM RNA fragments were mixed with 2.5 mM
CAF1 in a reaction buffer (20 mM Tris–HCl, 150 mM NaCl,
5 mM MgCl2, and 1 mM DTT pH 8.0) at 37 1C. At each time
point, TBE-urea sample buffer (Thermo Fisher Scientific) was
added to the reaction mixture to stop the degradation. The
reaction products were resolved on 10% Novex TBE-urea gels
(Thermo Fisher Scientific). The gel was visualized using an
LAS-3000 system (Fujifilm, Tokyo, Japan), and band intensities
were measured using the Multi Gauge V3.0 software (Fujifilm).
The stability against mouse skin lysates was assessed using the
same method. Briefly, 250 nM RNA fragments were mixed with
0.8% mouse skin lysates, and the reaction products were
resolved on 15% Novex TBE-urea Gels.

Surface plasmon resonance (SPR)

The SPR binding assay was performed using a Biacore T200
system (GE Healthcare, Chicago, IL, USA). The 50-biotinylated
RNA fragments were captured on a streptavidin-coated sensor
chip (GE Healthcare) in running buffer (10 mM HEPES,
600 mM NaCl, 3 mM EDTA, and 0.005% v/v surfactant P20
pH 7.4). A flow cell in which the RNA fragments were not
captured was used as a reference cell. All experiments were
conducted at 25 1C at a flow rate of 30 mL min�1. To measure
PABP binding to A24 and A40, PABP was injected for 2 min and
allowed to dissociate for 10 min. For A12, the dissociation time
was 3 min. The surface was regenerated using 0.1% SDS for
2 min. The dataset was fitted with a 1 : 1 binding model and the
kinetic parameters were determined.

Oligonucleotides

Oligonucleotides used for the in vitro deadenylation assay and
SPR were purchased from Gene Design. The RNA fragments
used for chemical synthesis of mRNAs were purchased from
Nippon Shokubai Co., Ltd (Osaka, Japan) and Gene Design. The

DNA fragments were purchased from Gene Design and Milli-
poreSigma (Burlington, MA, USA).

Evaluation of translational activity of EGF mRNAs in HeLa cells

The translational activity of mRNAs was evaluated in HeLa
cells. HeLa cells were cultured in DMEM medium supplemen-
ted with 10% FBS at 37 1C and 5% CO2. HeLa cells were seeded
at 1.0 � 104 cells per well and cultured overnight. In the
following day, old medium was removed and fresh Opti-MEM
medium supplemented with 1% (v/v) BSA was added. mRNAs
were mixed with 0.3% Lipofectamine MessengerMAX Transfec-
tion Reagent (Thermo Fisher Scientific) and added to HeLa
cells. At each time point, the supernatant was collected and
fresh Opti-MEM medium supplemented with 1% (v/v) BSA was
added. The EGF concentration in the supernatant was evalu-
ated using the AlphaLISA Human EGF immunoassay kit
(Revvity, Waltham, MA, USA) according to the manufacturer’s
protocol. Data processing and statistical analyses were con-
ducted using the GraphPad Prism software (GraphPad Software
Inc., La Jolla, CA, USA).

Mice

All animal studies were conducted under the ‘‘Standards for
Proper Conduct of Animal Experiments’’ established by Kyowa
Kirin Co., Ltd, and received approval from the company0s
Institutional Animal Care and Use Committee (approval no:
AN00043-Z01-24). Kyowa Kirin Co., Ltd is accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC). Five-week-old male
BALB/cAJcl mice were purchased from CREA Japan (Tokyo,
Japan).

Evaluation of translational activity of EGF mRNAs in vivo

The mRNA samples were administered intradermally using a
needle syringe or an Actranzaslab. i.d. delivery device (Daicel
Corporation, Osaka, Japan). The mice were euthanized under
anesthesia at 4, 96, and 168 h after administration. Skin
samples were harvested, immediately frozen in liquid nitrogen,
and homogenized using a ShakeMaster Neo (Bio Medical
Science Inc., Tokyo, Japan). The crushed samples were resus-
pended in D-PBS(�) containing a protease inhibitor. At 4 1C, the
samples were centrifuged at 9100 � g for 10 min. After
centrifugation, the supernatant was collected and designated
as the in vivo lysate. The concentration of hEGF protein in the
lysate was quantified using the AlphaLISA Human EGF Immu-
noassay Kit (Revvity) according to the manufacturer0s instruc-
tions. A calibration curve was constructed using Recombinant
Human EGF GMP Protein, CF (R&D Systems, Minneapolis, MN,
USA) diluted in D-PBS(�).

Delivery of firefly luciferase mRNA in vivo

Imaging analysis for the expression of 10 or 30 mg per head
CleanCaps Fluc mRNA (5moU) (TriLink, San Diego, CA, USA)
after a single intradermal administration was performed using
the IVIS system (PerkinElmer, Waltham, MA, USA). The mice
were imaged 4 h after administration of either N&S or Pyro.
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Mice were anesthetized with isoflurane and subcutaneously
injected with 3 mg per head VivoGlot Luciferin, In Vivo Grade
(Promega) 15 min before imaging.

Conclusions

This study comprehensively evaluated the effect of chemical
modifications on the poly(A) tail of mRNA, particularly at high
modification rates. Among them, PS, 20-OMe, and 20-MOE
modifications dramatically enhanced mRNA stability against
CAF1, whereas only PS maintained PABP binding at a modifica-
tion rate of approximately 50%. Beyond the PS modification,
combined modification of the poly(A) tail with 20-F, 20-OMe,
and 20-MOE significantly increased mRNA resistance to both
CAF1 and nucleases in mouse skin lysates. Although 20-F, 20-
OMe, and 20-MOE modifications obstructed PABP binding, a
poly(A) tail with this combinational modification regained
PABP binding activity after the insertion of a 12-nt unmodified
poly(A) upstream of the modified poly(A) sequence, even at a
100% modification rate in the 28-nt poly(A) sequence at the 30-
end. Importantly, the resulting poly(A) formulation signifi-
cantly prolonged protein translation in cultured cells and
mouse skin when applied to EGF mRNA. Although the transient
protein expression profile remains a major obstacle to the
widespread application of mRNA therapeutics, our findings
offer a promising solution to this challenge.

Author contributions

Atsushi Hashimoto: conceptualization, investigation, visualiza-
tion, writing – original draft. Yuma Kunitomo: investigation,
visualization, writing – original draft. Ittoku Kikuchi: investiga-
tion, visualization. Hiroki Yamada: investigation, writing –
review & editing. Keiko Kobayashi: investigation. Kazuhiro
Soshiroda: investigation. Hiromi Aman: investigation. Yasuaki
Kimura: writing – review & editing, supervision. Yasuhisa
Shiraishi: writing – review & editing, supervision. Satoshi
Uchida: writing – review & editing, supervision. Hiroshi Abe:
writing – review & editing, supervision. Junichiro Yamamoto:
writing – review & editing, project administration, supervision.
Hiroto Iwai: conceptualization, writing – review & editing,
project administration, supervision.

Conflicts of interest

AH, YK, IK, HY, KK, KS, HA, YS, JY, and HI are employees of
Kyowa Kirin Co. Ltd.

Data availability

The data supporting this study are included in the SI. See DOI:
https://doi.org/10.1039/d5cb00137d

Acknowledgements

This work was funded by Kyowa Kirin Co. Ltd.

Notes and references
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