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Abstract 

Region-specific RNA modifications are crucial for advancing RNA research and therapeutics, including messenger RNA (mRNA)-based vaccines 
and immunotherap y. Ho w e v er, the predominant method, synthesizing regionally modified mRNAs with short single-stranded DNA (ssDNA) 
splints, encounters challenges in ligating long mRNA fragments due to the formation of RNA self-folded complex str uct ures. To address this 
issue, w e de v eloped an efficient strategy using an easily obtained long double-stranded DNA (dsDNA) as a ligation splint after in situ denaturing, 
while parts of this dsDNA are the templates for transcribing mRNA fragments. We observed that the denatured dsDNA formed a long hybrid 
duplex with these mRNA fragments, overcoming their str uct ures. Further, our novel strategy remarkably facilitated the ligation of long mRNA 

fragments (especially str uct ured ones), offering ligation efficiency up to 106-fold higher than the ssDNA method. Using this one-pot strategy, 
w e con v eniently synthesiz ed the mRNAs with N 

1 -methylpseudouridine (m 

1 ψ ) and 5-methylcytidine (m 

5 C) modifications in specific regions. We 
ha v e f ound that compared with the fully modified mRNAs, the 3 ′ UTR m 

1 ψ modifications alone increased the translation efficiency, and the 
combined modifications of the m 

1 ψ -3 ′ UTR and m 

5 C-5 ′ UTR / CDS exhibited higher translation efficiency and lo w er immunogenicity in general. 
Our study presents a broadly applicable strategy for producing regionally modified mRNAs, advancing the potential of mRNA therapeutics. 
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essenger RNA (mRNA) therapy (an emerging cate-
ory of therapeutics) is revolutionizing disease treatment
aradigms ( 1 ), encompassing infectious disease vaccines ( 2 ,3 ),
ancer immunotherapies ( 4 ,5 ), protein replacement thera-
ies ( 6 ) and genetic disease treatment ( 7 ). Unfortunately,
nmodified mRNA is inherently unstable and immuno-
enic ( 1 , 8 , 9 ). To address these challenges, many modifica-
ions have been developed, such as N 

1 -methylpseudouridine
m 

1 ψ ), 5-methyluridine, 5-methoxyuridine, 5-methylcytidine
m 

5 C) and 6-methyladenine ( 1 , 10 , 11 ). Among these, m 

1 ψ has
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been proven effective in mRNA therapeutics, which were first
successfully used as vaccines against the COVID-19 epidemic,
saving tens of millions of lives ( 12 ,13 ). The modified mRNA
therapeutics are traditionally prepared by in vitro transcrip-
tion (IVT) by using modified nucleoside triphosphates (NTPs),
resulting in global modifications ( 8 ,14 ). However, it was re-
cently reported that these mRNA vaccines modified with m 

1 ψ

globally could result in unavoidable drawbacks, such as +1 ri-
bosomal frameshifting in the coding sequence (CDS) and re-
duced translation speed ( 15 ). Likewise, globally derivatized
mRNAs with other modifications could cause similar issues,
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reducing translation efficiency and posing potential health
risks. Therefore, region-specific modifications in mRNAs are
essential for developing high-quality therapeutics. 

To achieve the regional modification of mRNA, ligation-
based strategies have been developed either chemically or en-
zymatically ( 16 ). Chemical ligations of long RNA are often in-
volved in nonspecific activation and ligation, poor ligation ef-
ficiency or unnatural bond formation ( 17 ,18 ), compromising
mRNA functions and applications. In contrast, the enzymatic
method is better for long RNA synthesis via structure-free-end
ligation or nicked-end ligation assisted by a splint (external or
self-splinted one) ( 19–21 ). Compared with structure-free-end
ligation, nick RNA ligation on a splint is preferred due to the
high specificity ( 20 ,22 ). Obviously, external-splint ligation has
unlimited choices on ligation sites, while self-splinted ligation
has limited choices ( 23 ,24 ). 

The canonical approach typically utilizes a short synthetic
single-stranded oligonucleotide DNA ( < 100 nt) as a splint
( 22 ,25 ), which works efficiently for ligating short and un-
structured RNAs, but not for ligating multiple or long mRNA
fragments ( 26 ). We hypothesized that the low ligation effi-
ciency is likely due to the folding and structures of long mRNA
fragments. Thus, we have proposed a solution to address the
problem by using a long splint to compete with these struc-
tures. However, synthesizing long single-stranded DNA (ss-
DNA) splints ( > 1000 nt) is challenging via chemical meth-
ods ( 27 ), and is labor-intensive via biological methods ( 28 ,29 ).
We reasoned that a long ssDNA splint can be generated via
thermo-denaturing long double-stranded DNA (dsDNA) and
form a more stable RNA / DNA duplex ( 30 ,31 ) via annealing.
Therefore, to avoid the challenges of the long splint synthesis,
we have developed a strategy to easily in situ generate ssD-
NAs by denaturing dsDNAs (referred to as the dsDNA splint),
providing the splints to form long RNA / DNA duplexes with
mRNA fragments. 

In this work, we reported the novel strategy termed
long-ds D NA-splinted multi-mRN A -fragment li gation (DALI),
which is highly efficient in synthesizing regionally and specifi-
cally modified mRNAs. Using this approach, we conveniently
synthesized many regionally modified mRNAs with up to a
106-fold increase in ligation efficiency. By studying these mR-
NAs, we discovered that compared to the globally and canon-
ically m 

1 ψ -modified mRNA, the mRNA modified on the
3 

′ UTR region translated proteins with higher efficiency (in-
creased by 66%; with possibly higher accuracy), while those
m 

1 ψ -modified on the coding region translated with lower ef-
ficiency. Further, the observed immunogenicity caused by the
unmodified region inspired us to explore a mixed modifica-
tion strategy using m 

1 ψ and m 

5 C in proper mRNA regions.
Excitingly, the mRNAs with m 

1 ψ -modified 3 

′ UTR and m 

5 C-
modified 5 

′ UTR / CDS achieved both higher translation effi-
ciency and lower immunogenicity, presenting a potential mod-
ification pattern. Therefore, based on our experimental inves-
tigations, we have concluded that regional and specific modi-
fications of mRNAs are critical for mRNA functions and ther-
apeutic discoveries. 

Materials and methods 

Cells and reagent 

Human cervical squamous cell carcinoma cells (SiHa) were
′ 
obtained from the China Cell Bank and cultured in Dulbecco s 
Modified Eagle ′ s Medium (DMEM; Gibco) supplemented 

with 10% fetal bovine serum (Yeasen), 100 units / ml penicillin 

(Biosharp) and 100 μg / ml streptomycin (Biosharp). The cells 
were maintained in a 37 

◦C humidified incubator with a 5% 

CO 2 atmosphere. Solvents and reagents, primarily sourced 

from Sigma–Aldrich and J&K Scientific, were used as received 

without additional purification. 

Plasmid construction 

Gene sequences, comprising noncoding regions (T7 promoter,
EMCV-IRES, 5 

′ UTRs and 3 

′ UTRs) and coding regions (in- 
cluding Gaussia luciferase and LuxSit-i luciferase), were syn- 
thesized by Tsingke Biotech. These sequences were then in- 
tegrated into the corresponding backbone plasmid (pUC57) 
using a cloning kit (Uniclone One Step Seamless Cloning 
Kit, Genesand), constructing the plasmids for generating tran- 
scription templates and ligation splints (sequences detailed in 

Supplementary Tables S1 and S2 , respectively). 

Synthesis of transcription templates and ligation 

splints 

Transcription templates and ligation splints were synthesized 

via polymerase chain reaction (PCR) using 0.01 ng / μl of DNA 

plasmid, 1 × PrimeSTAR Max Premix (Takara Bio) and 0.8 

μM primers (sequences listed in Supplementary Table S3 ). The 
thermocycling conditions were amplification for 30 cycles, in- 
cluding denaturing at 98 

◦C for 10 s, annealing at 50–60 

◦C for 
10 s and extension at 72 

◦C for 0.5–3 min based on the am- 
plicon length. The resulting products were subjected to anal- 
ysis and purification through agarose electrophoresis and the 
Cycle Pure Kit (Omega), respectively. In addition, chemically 
synthesized ssDNA splints were produced by Tsingke Biotech 

(sequences detailed in Supplementary Table S2 ). 

RNA synthesis via in vitro transcription 

T7 RNA polymerase was expressed and purified following 
the established protocols ( 32 ). IVT reactions were conducted 

with DNA templates, 5 mM each of ATP, CTP (or m 

5 CTP),
GTP and UTP (or m 

1 ψ TP), the IVT buffer [40 mM 4-(2- 
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; pH 

8.5), 40 mM dithiothreitol (DTT), 10 mM NaOAc, 75 mM 

Mg(OAc) 2 and 0.2 mM spermidine] and T7 RNA poly- 
merase (0.1 mg / ml) at 37 

◦C for 2 h. For synthesizing 5 

′ - 
monophosphorylated RNA, GMP (4 mM) was supplemented,
and the canonical GTP was reduced to 0.8 mM ( 21 ,22 ).
For synthesizing 5 

′ -capped RNA, the cap analog (CleanCap 

Reagent AG from TriLink; 4 mM) was supplemented in the 
transcriptional reaction mixture. Crude transcripts underwent 
DNase I treatment (2 U per 1 μg DNA; NEB) at 37 

◦C for 15 

min to digest DNA templates, followed by RNA precipitation 

with lithium chloride (LiCl, 2.5 M). 

mRNA / dsDNA hybridization experiments 

Unless in optimization tests, the experiments were performed 

as follows. The mRNA substrates (1 pM each) and the corre- 
sponding splint dsDNA (1 pM) were mixed in an annealing 
buffer (Beyotime). The hybridization reaction was performed 

by denaturing at 90 

◦C for 1 s, followed by slow annealing to 

25 

◦C at a rate of 0.02 

◦C / s. The hybrid formation was con- 
firmed by RNA digestion with RNase H (NEB) or DNA di- 
gestion with DNase I (NEB), respectively. All samples were 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data


Nucleic Acids Research , 2025, Vol. 53, No. 1 3 

a  

s  

(

R

F  

r  

l  

(  

m  

D  

w

P

N  

1  

t  

(  

w  

2  

a  

(  

U  

v  

H  

M

C

L  

m  

t  

m  

t  

p  

s  

l  

b  

g  

t  

R  

w  

l  

t  

a  

q  

q  

t  

w

 

o  

p  

(  

s  

s  

T

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nalyzed via nondenaturing polyacrylamide gel electrophore-
is (PAGE). Then, the gels were stained with Ultra GelRed
Vazyme). 

NA ligation 

ollowing the hybridization as described above, the ligation
eactions were performed with the annealed mixture, T4 RNA
igase 2 (T4 Rnl2, 0.4 U / μl; Beyotime) and the ligation buffer
50 mM Tris–HCl, pH 7.5; 2 mM MgCl 2 ; 1 mM DTT; and 0.4
M ATP) at 25 

◦C for 2 h. Subsequently, DNase I (2 U per 1 μg
NA; NEB) treatment was employed to digest the splint DNA
ith two 30-min incubations at 37 and 55 

◦C, successively. 

AGE analysis of RNA 

ondenaturing PAGE gels [5% polyacrylamide,
 × TBE buffer, 0.1% APS, 0.01% N,N,N 

′ ,N 

′ -
etramethylethylenediamine (TEMED)] or urea-PAGE gels
supplementing 8 M urea into nondenaturing PAGE gels)
ere used for RNA separation. Samples were mixed with
 × RNA loading solution or 2 × RNA urea loading solution
nd subjected to nondenaturing (on ice) or urea-denaturing
at 55 

◦C) electrophoresis, respectively. Gels were stained with
ltra GelRed (Vazyme) or SUPER Green II (Starleaf) and
isualized on ChemiDoc XRS+ System (Bio-Rad). RiboRuler
igh Range RNA Ladder (ThermoFisher) and DL2000 DNA
arker (Takara) were used as size markers. 

alculation of ligation yield and overall yield 

igation yield calculations were dependent on the relative
olar quantities determined on PAGEs. After the bands of

he product and by-products were determined based on their
olecular sizes and mobility on PAGE, their intensities ( I ) of

he perfectly ligated product ( P , the desired one) and the im-
erfectly ligated products (by-products: P 1 , …, P n ) from the
elected substrate ( S ; all RNA substrates were in equal mo-
ar quantities and we choose the longest one) were quantified
y the ImageLab software (Bio-Rad). The intensities of these
el bands were represented by ‘ I S ’ for S , ‘ I P ’ for P and ‘ I P 1 ’
o ‘ I Pn ’ for P 1 to P n . As they are correlated linearly with the
NA weights, the band intensities could serve as the relative
eights of the corresponding RNAs, whose ratios to their mo-

ar masses ( M ) could be regarded as the relative molar quan-
ities. The ligation yields were calculated as the ratio of the
ctual ligation product quantity (equal to the relative molar
uantity of the perfectly ligated product) to the theoretical
uantity (equal to the sum of the relative molar quantities of
he substrate and its derivatized products) and the equation
as shown as follows: 

ligation yield ( % ) = 

I P 
M P 

I S 
M S 

+ 

I P 
M P 

+ 

I P1 
M P1 

+ · · · + 

I Pn 
M Pn 

× 100 . 

Overall yields were calculated as the ratio of the actual
utput molar quantity ( n actual ) of the HPLC-purified mRNA
roduct to the theoretical maximum output molar quantity
 n theoretical ), which was calculated with the input of the longest
ubstrate. n actual was determined based on absorbance mea-
ured at 260 nm using a UV spectrophotometer (Multiskan,
hermo Fisher). 

overall yield ( % ) = 

n actual × 100 . 

n theoretical 

 

Purification of ligated RNAs 

Ligated RNA products were purified through size-exclusion
high-performance liquid chromatography (SEC-HPLC).
Specifically, LiCl-precipitated RNA was redissolved, dena-
tured at 75 

◦C for 5 min and subjected to HPLC purification
using SEC columns from Sepax Technologies (column 1: 4.6
mm × 300 mm, particle size of 5 μm, pore size of 2000 Å; or
column 2: 4.6 mm × 300 mm, particle size of 5 μm, pore size
of 1000 Å) on a 1260 Series HPLC (Agilent). The purification
was performed with RNase-free TE buffer (10 mM Tris,
1 mM EDTA, pH 6) at a flow rate of 0.2 ml / min under
denaturing conditions, and detected by UV absorption at
260 nm. Collected fractions were desalted and concentrated
via ultrafiltration with 3-kDa ultrafiltration spin columns
(Millipore) and analyzed via urea-PAGE. 

RNA structure prediction 

RNA structure prediction employed mFold ( 33 ) with default
parameters. 

Transfection and luminescence assay 

SiHa cells (10 000 cells / well) were seeded in 96-well plates.
Once cell confluency reached over 90%, cells were transfected
with either 1.5 ng Gaussia luciferase mRNA or 15 ng LuxSit-i
luciferase mRNA ( 34 ) using Lipofectamine 3000 (Invitrogen)
as previously described ( 35 ). Specifically, 1 μl of mRNA and
0.2 μl of Lipofectamine 3000 were diluted in separate Opti-
MEM medium (5 μl), followed by gentle tapping and incuba-
tion for 10 min at room temperature. The two dilutions were
then combined, incubated for another 15 min at room temper-
ature and added to the cells. Protein expression was assessed
via luciferase assay with 2 μM coelenterazine for Gluc and
20 μM diphenylterazine for LuxSit-i, and luminescence was
detected on a plate reader (Varioskan LUX, Thermo Fisher)
( 34 ). 

Quantitative real-time reverse-transcription PCR 

Total RNAs were extracted from cells using the Cell Total
RNA Isolation Kit (Foregene). Quantitative real-time reverse-
transcription PCRs (RT-qPCRs) were performed using the
HiScript II One Step qRT-PCR SYBR Green Kit (Vazyme)
with 0.2 ng / μl RNA sample on LC96 (Roche). Sequences
of primer for quantification of cytokines are displayed in
Supplementary Table S3 . The thermocycling conditions were
the following: reverse transcription incubation at 55 

◦C for
5 min, initial denaturing at 95 

◦C for 60 s, amplification for
40 cycles, including denaturing at 95 

◦C for 10 s, extension at
60 

◦C for 30 s. Following amplification, melting analysis was
performed: 95 

◦C for 60 s, 65 

◦C for 60 s, melting from 65 to
97 

◦C with a 0.2 

◦C / s ramp, and 25 readings / s acquisition. 

Statistical analysis 

Unless otherwise specified, data are presented as mean ± stan-
dard error (SE). Statistical analysis and graphing were con-
ducted using Prism 9 (GraphPad). 

Results 

The working principle of the DALI strategy 

As shown in Figure 1 , a plasmid containing the gene of inter-
est is constructed and used to generate both the long dsDNA

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
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Figure 1 . Sc heme of the DALI strategy and its application on mRNA translation. A three-RNA ligation is sho wn as an e xample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

splint and the DNA templates for transcribing mRNA frag-
ments. Subsequently, the transcribed mRNA fragments and
the dsDNA splint are added in one pot, followed by denatur-
ing and annealing treatments, to form a nicked RNA / DNA
hybrid. This nick is ligated by T4 Rnl2, and the dsDNA splint
is removed by digestion. Based on this strategy, the region-
ally modified mRNA can be efficiently synthesized and further
transfected into cells to investigate its translation. 

dsDNA splint can be used for RNA ligation and 

cyclization 

To confirm the formation of splint DNA / mRNA fragment
duplex, which was crucial for accurate ligation, an ssRNA
(699 nt, R3) and a corresponding dsDNA (1146 bp) under-
went a denaturing–annealing process, followed by a DNase
I or RNase H digestion. The results unequivocally revealed
that the RNA / DNA hybrid was formed, and the denaturing–
annealing treatment was necessary for the hybrid forma-
tion (Figure 2 A). In order to further verify whether the ther-
modynamic stability difference drove the competitive for-
mation of the RNA / DNA hybrid from an ssRNA / dsDNA
mixture, a high-resolution melting analysis of the annealed
R3 / DNA was conducted ( Supplementary Figure S1 ). The ex-
perimental melting result (increased T m 

by 0.7 

◦C) of anneal-
ing DNA / RNA (versus dsDNA) indicated the formation of
the RNA / DNA hybrid with higher thermal stability as re-
ported ( 30 ,31 ). Further, by investigating the hybrid forma-
tion of mRNAs with different 3 

′ ends (sequences shown in
Supplementary Tables S1 and S2 ), we found that the RNAs
with unstructured terminal regions (such as polyA or non-
stem sequence with low GC content) could allow easy hybrid
formation between the mRNA fragments and the correspond-
ing dsDNA ( Supplementary Figure S2 ). 

Motivated by the promising results above, we explored
the capabilities of the dsDNA splints in assisting the ligation
of long mRNA fragments. Initially, we investigated long ds-
DNA splinted multi-mRNA-fragment ligation, including two-
, three- and four-RNA ligations (Figure 2 B–D). We found that
the 20-nt ssDNA splints whose lengths are widely used in lig-
ation splints ( 21 , 22 , 24 , 36 ) barely offered any products, while
the longer 59-nt ssDNA splints offered more products, indi-
cating that the longer splints were more effective in guiding
long RNA ligations (Figure 2 B–D). As expected, much longer
dsDNA ( > 1000 bp) effectively guided RNA ligations, result-
ing in a higher yield compared to all of the ssDNA splints
(Figure 2 B–D). In addition, we investigated the self-ligation 

(circularization) of one mRNA using a long dsDNA splint,
where the substrate RNA and the dsDNA splint were ob- 
tained from different plasmids, unlike the multi-fragment lig- 
ation shown in Figure 1 . The results demonstrated the success 
of the circularization, and the higher efficiency of long dsDNA 

splint in RNA circularization, compared to the ssDNA splint 
( Supplementary Figure S3 ). These observations demonstrated 

the advantage of using long dsDNA splints in ligating multiple 
large mRNA fragments and circularization. 

dsDNA-splinted ligations exhibit high tolerance for 
structured substrates 

To further investigate the efficiency of long dsDNA in ligating 
structured mRNA fragments, we conducted two-RNA liga- 
tion reactions using R5 and R6 fragments, which contained 

stable structures around the ligation ends ( Supplementary 
Figure S4 ). The results indicated that, as expected (Figure 2 E),
the presence of stably folded structures at the ligation sites im- 
peded RNA ligation guided by ssDNA splints. In contrast, the 
ligation using a long dsDNA splint exhibited a much better lig- 
ation efficiency. In particular, it exhibited over 33-, 20- and 6- 
fold improvement compared to the 20-, 59- and 89-nt ssDNA 

splints, respectively, revealing the potential of the long dsDNA 

strategy in ligating structured mRNA fragments. 

Condition optimizations to establish the DALI 
strategy 

To develop the DALI strategy for the general and efficient lig- 
ation of multiple mRNA fragments, we systematically opti- 
mized several conditions (Figure 3 and Supplementary Figure 
S5 ), including hybridization buffer, denaturing temperature,
dsDNA format (linear or supercoiled), reaction duration,
RNA ligase usage, RNA 3 

′ -nucleotide, substrate length and 

additives. The results highlighted that one commercial buffer 
(Com; Beyotime) and two buffers (developed by our lab- 
oratory: Buffer-1 and Buffer-2, with compositions listed in 

the Figure 3 legend) enabled efficient ligations (Figure 3 A).
Additionally, the denaturing–annealing process greatly influ- 
enced ligation yield (Figure 3 B). Specifically, at lower denat- 
uration temperatures (60–85 

◦C), the desired product (R2-3- 
4) was not formed. Instead, a longer product (R3 + R3) and 

an intermediate product (R3 + R4) were formed. The de- 
sired ligation products (R2-3-4) were generated at both 90 

◦C 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
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Figure 2. dsDNAs can be used as splints for mRNA ligations and can offer much more efficiency. ( A ) Nativ e PAGE analy sis of the formation of DNA / RNA 

hybrid. ( B ) Two-RNA ligations. ( C ) Three-RNA ligations. ( D ) Four-RNA ligations. ssDNA-splinted ligations used two or three ssDNA splints with the same 
lengths in each three- or f our-RNA ligation, respectiv ely, while the dsDNA-splinted ligations used only one. R3a and R3b are two fragments of R3 and are 
marked in different green colors. The yield was calculated based on the substrate R3a and its derived products. ( E ) Str uct ured RNA ligations. 
Urea-denaturing PAGE was used to analyze the reactions in panels (B)–(E). ‘Spl’, ‘DM’, ‘RM’ and ‘EL’ refer to the ligation splints, DNA maker (DL20 0 0, 
Takara), RNA maker (RiboRular High Range RNA ladder, Thermo Fisher) and equal in length to the desired ligated product, respectively. The splint and 
each RNA substrate in panels (B)–(E) were in equal molar ratios. 
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optimal) and 95 

◦C. However, intermediate products (R2 + R3
nd R3 + R4) were also produced. These results with anneal-
ng buffers and temperatures highlighted the importance of
he hybridization process on RNA ligation. Further, to as-
ess the suitability of plasmids as splints, we performed the
5 + R6 ligation guided by the corresponding supercoiled
lasmid and its linearized dsDNA. The results revealed that
oth linearized and supercoiled plasmid DNAs (4292 bp,
onger than the length of the desired RNA product, 1463
t) could function as splints, although they offered slightly
ower yields than the dsDNA splint with the equal length
1463 bp) (Figure 3 C). Furthermore, the reaction time and T4
nl2 usage were optimized to 2 h and 0.4 U / μl, respectively

 Supplementary Figure S5 A and B). Moreover, to optimize the
igation design, we investigated the efficiency preferences of
NA fragments with different lengths and ligation sites. The

esults revealed that the ligations with RNAs containing dif-
erent lengths ( Supplementary Figure S5 C) and different 3 

′ -
ucleotides ( Supplementary Figure S5 D) exhibited compara-
le efficiencies, indicating that the ligation has no sequence
reference. 
To further enhance the efficiency of the dsDNA-splinted
RNA ligation, we tested various ligation additives. Large-
olecule crowding agents (PEG8000 and PEG400), small-
olecule crowding agents (trehalose and betaine) and

haotropes (TMAC, urea, DMSO and DMF) were added dur-
ng the annealing process to promote hybrid formation, while
he enzyme RppH ( 37 ) was supplemented in the ligation pro-
ess to convert triphosphorylated mRNAs generated in GMP
o-transcription ( 38 ) to active monophosphorylated form.
Ligation yield analysis indicated that most additives signifi-
cantly increased ligation efficiency; for instance, DMSO pro-
duced a relatively high yield of desired products and minimal
nonspecific products (R6-6; Figure 3 D). Following concentra-
tion optimization (Figure 3 E), 20% DMSO combined with
RppH was chosen for optimal ligation efficiency. 

Based on these optimized conditions, we established the
DALI strategy as follows: initially, an equal molar of RNA
fragments and a corresponding dsDNA splint (its size equal
to total length of all combined RNA fragments) are mixed in
the annealing buffer (the commercial buffer or Buffer-1) with
20% DMSO; subsequently, the mixture is denatured and an-
nealed by heating to 90 

◦C for 1 s and then cooling to 25 

◦C
gradually at a rate of 0.02 

◦C / s; finally, the ligation reaction is
initiated by supplementing 0.4 U / μl T4 Rnl2 and incubated
at 25 

◦C for 2 h with RppH. 

The ligation efficiency of the DALI strategy is 

superior to the ssDNA methods 

To evaluate DALI capability, structured and multi-RNA liga-
tions were performed. The results of structured-RNA ligations
revealed that with identical lengths (20, 59 and 89 nt / bp),
dsDNA splint-guided ligations exhibited generally higher ef-
ficiencies compared to the corresponding ssDNA-guided re-
actions (Figure 4 A and B). In addition, as the length of
the dsDNA splints increased from 20 to 1463 bp, the liga-
tion yields escalated from 0.6% to 31.8%. Excitingly, DALI
dramatically increased the ligation efficiency up to 31.8%
yield, which was 106-, 64- and 19-fold over the traditional

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
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Figure 3. Optimizations of dsDNA-splinted mRNA ligation. ( A ) Optimization of hybridization buffer. Com: a commercial buffer (annealing buffer for RNA 

oligos) acquired from B e y otime; Buffer-1: 10 mM Tris–HCl (pH 8.0), 20 mM NaCl; Buffer-2: Buffer-1 with supplementary 1 mM EDTA; Buffer-3: 100 mM 

KOAc, 30 mM HEPES–KOH, 2 mM Mg(OAc) 2 ; Buffer-4: 50 mM sodium citrate. ( B ) Optimization of denaturing temperature. ( C ) Optimization of dsDNA 

splint format. ( D ) Optimization of additives. Additives in the annealing process: 5% PEG80 0 0, 20% PEG400, 0.2 M trehalose, 1 M betaine, 40 mM 

tetramethylammonium chloride (TMAC), 1 M urea, 10% dimethylsulfoxide (DMSO) and 10% N,N-dimethylformamide (DMF); the additive in ligation: 
RppH (1 U for 1 μg RNA). ( E ) Optimization of DMSO usage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20-, 59- and 89-nt ssDNA splints, respectively (Figure 4 A
and B, and Supplementary Figure S6 A). Further, in ligat-
ing multiple mRNA fragments, DALI increased yields up to
27.2%, which was 6.0-, 2.8- and 1.9-fold over the tradi-
tional 20-, 59- and 89-nt ssDNA splints, respectively (Fig-
ure 4 C and D, and Supplementary Figure S6 B). Therefore,
the DALI strategy marked a notable advancement, revealing
high efficiency and generality in ligating multiple long mRNA
fragments. 

Regional modifications of mRNA exhibit different 
translation efficiencies and immunogenicity 

Leveraging the advantages of DALI, the m 

1 ψ regionally mod-
ified mRNAs encoding Gussia luciferase (GLuc) were suc-
cessfully and efficiently synthesized for investigating the ef-
fect of mRNA regional modification on translation. To en-
sure the translatability of the produced mRNA in eukary-
otes, capped mRNAs are generated through co-transcriptional
with cap analog (CleanCap). The ligated mRNAs under-
went HPLC analysis ( Supplementary Figure S7 A), HPLC
purification ( Supplementary Figure S7 B), quantity analysis
( Supplementary Figure S7 C and D) and sequence analysis
( Supplementary Figure S7 E) before being transfected into cul-
tured SiHa cells (Figure 5 A). mRNA translation efficiencies
were assessed through GLuc assays at 24 h post-transfection.
We found that only the 3 

′ UTR-modified mRNAs exhibited
higher translation yields than the unmodified mRNA (Figure
5 B). Further, compared with the fully modified mRNA, the
relative translation efficiencies of mRNAs modified in 5 

′ UTR,
CDS and 3 

′ UTR were 1.34-, 0.34- and 1.66-fold, respectively
( Supplementary Figure S8 A). These results indicated that the 
3 

′ UTR modification was advantageous, while the CDS mod- 
ification was disadvantageous to translation efficiency. Fur- 
thermore, after 48 h post-transfection, the 3 

′ UTR-modified 

and fully modified mRNAs had higher translation efficiency 
than the unmodified mRNA (Figure 5 B and D), demon- 
strating their sustained translation. The 5 

′ UTR-modified mR- 
NAs (0.75-fold) and CDS-modified mRNAs (0.36-fold) ex- 
hibited lower translation efficiency than the fully modified 

one ( Supplementary Figure S8 A). Even worse, the CDS- 
modified and fully modified mRNAs could cause the forma- 
tion of codon-shifted by-product proteins ( 15 ), indicating the 
need to avoid m 

1 ψ modifications in CDS. 
Moreover, we found that compared with the fully mod- 

ified mRNAs, the 3 

′ UTR m 

1 ψ -modified mRNA had higher 
translation efficiency (Figure 5 B and D), while the 5 

′ UTR and 

CDS non-modifications caused higher immunogenicity (Fig- 
ure 5 C and E). The potential immunogenicity of the unmod- 
ified regions was studied by RT-qPCR analysis of three im- 
mune factors (IL-6, IL-8 and TNF- α), and we have found that 
the 3 

′ UTR-m 

1 ψ -modified mRNA had lower immunogenicity 
than unmodified mRNA (Unm), but the unmodified regions 
triggered immune responses (Figure 5 C). To mitigate these,
we decided to ligate three mRNA fragments with different 
modifications (m 

1 ψ and m 

5 C). Thus, we synthesized mRNAs 
with the mixed modifications, including Mix1 mRNA (with 

5 

′ –3 

′ UTR m 

1 ψ modifications and CDS m 

5 C modifications) 
and Mix2 mRNA (with 5 

′ UTR-CDS m 

5 C modifications and 

3 

′ UTR m 

1 ψ modifications). These mRNAs encode LuxSit-i lu- 
ciferase ( 34 ), whose translations were measured via luciferase 
activity assays. We have discovered that compared with the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
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Figure 4. DALI efficiency in mRNA ligation compared to the ssDNA strategy . Urea-P AGE ( A ) and quantitativ e ( B ) analy sis of str uct ured-RNA ligations. The 
quantit ative dat a w ere from PAGE analy sis in Figure 4 A and Supplement ary Figure S6 A. Urea-PAGE ( C ) and quantit ativ e ( D ) analy sis of multi-RNA 

ligations. Each three-RNA ligation using the ssDNA strategy contained two splints with the same lengths, while the DALI strategy used only one splint 
in a ligation. The quantitative data were from PAGE analysis in Figure 4 C and Supplementary Figure S6 B. Means and standard errors from three 
independent experiments are shown in each panel in Figure 4 B and D. 
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ull-length-m 

1 ψ modified mRNAs (the canonical one), Mix1
nd Mix2 had higher translation yields, especially Mix2 with
 2.35-fold increase after the 48-h post-transfection (Figure
 D and Supplementary Figure S8 B). Additionally, the mRNA
mmunogenicity was significantly reduced by the combined
 

1 ψ and m 

5 C modifications, particularly in the case of Mix2
RNA (Figure 5 E). Thus, the regional-specifically modified
RNAs (for instance, with the 3 

′ UTR-m 

1 ψ and 5 

′ UTR / CDS-
 

5 C modifications) are advantageous to mRNA therapeutics
ith high translation efficiency and low immunogenicity. 

iscussion 

lobal chemical modifications (such as m 

1 ψ and m 

5 C) on
RNAs have shown their benefits on mRNA therapeutics by

educing immunogenicity, increasing stability and augment-
ng translation activity ( 39 ,40 ). Unfortunately, recent investi-
ations revealed that the global modifications can cause side
ffects, such as translation rate decrease and codon frameshift-
ng caused by CDS modifications ( 15 ,41 ). Since the exact im-
acts of the region modifications are unclear, it is essential
o modify mRNA region-specifically, in order to improve the
RNA performance in translation efficiency, accuracy and

mmunogenicity. However, the region-specific mRNA synthe-
is is challenging. To address this, we have developed the DALI
trategy, a robust method utilizing easily prepared dsDNA
o in situ form nick hybrid and facilitate mRNA ligation in
ne pot. 

ouble-stranded nick structure formation 

ince T4 Rnl2 ligase activity depends on the assembled nick
tructure ( 24 ), the formation of this structure becomes the lim-
iting step for efficient ligation of long RNAs. Heating and
cooling the mixture of the long RNA fragments and the ds-
DNA caused denaturing of folded RNA and dsDNA, and an-
nealing of multi-RNA / DNA duplex (the nick structure), since
the RNA / DNA hybrid is more thermostable over the folded
RNA and the dsDNA ( Supplementary Figure S1 ), consistent
with other reports ( 30 ,31 ). Our results confirmed that the one-
pot denaturing–annealing process is well suited for directly
forming this nick structure in the reaction mixture of dsDNA
and long RNA fragments (Figure 2 A). 

Effect of splint lengths on mRNA fragment ligation 

Based on our above analysis and experimental results, longer
splints of either ssDNAs or dsDNAs were more effective in
guiding long RNA ligation (Figures 2 and 4 ). Substrate mRNA
fragments tend to fold into complex structures that hinder
short DNA splint binding and prevent the nick structure for-
mation. Further, longer splints can pair the RNA within a
broader range of sequences, especially starting from the un-
structured ‘seed’ regions of the long RNA ( Supplementary 
Figure S2 ). This initial pairing between the long splint and the
‘seed’ can form first and be extended, which allows ssDNA to
compete with the folded RNA, indicating that longer splints
are better than shorter ones. 

Effects of regional modifications on mRNA 

translation and immunogenicity 

The effects of modifications on mRNA translation are
multifaceted, influencing the translation yield ( 42 ), rate
( 15 ,41 ), turnover ( 21 ), accuracy ( 15 ), mRNA immunogenic-
ity ( 40 ,41 ) and mRNA secondary structure stability ( 42 ). For
instance, m 

1 ψ modifications can decrease accuracy ( 15 ) and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1280#supplementary-data
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Figure 5. DALI-enabled in v estigations of regionally modified mRNAs on translation efficiency and immunogenicity. ( A ) Schematic o v ervie w of 
DALI-enabled w orkflo w. Luciferase assa y measuring e xpression le v els of region-specifically modified mRNAs encoding Gluc luciferase ( B ) and LuxSit-i 
luciferase ( D ). n = 4. ‘Mix1’ was the mRNA with the 5 ′ / 3 ′ UTR m 

1 ψ modifications and CDS m 

5 C-modifications and ‘Mix2’ was the mRNA with the 
5 ′ UTR-CDS m 

5 C-modifications and 3 ′ UTR m 

1 ψ modifications. RT-qPCR analysis of IL-6, IL-8 and TNF- α expression after 24 h of transfection with GLuc 
mRNAs ( C ) or LuxSit-i mRNAs ( E ). n = 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

slow down translation elongation ( 15 ,41 ), while increasing
mRNA translation yield ( 40–42 ) and reducing immunogenic-
ity ( 8 ). To investigate these effects in specific mRNA regions,
we assessed the translation efficiency, immunogenicity and
serum stability of mRNAs with the region-specific m 

1 ψ and
m 

5 C modifications. Our results indicated that these modi-
fications had minimal impact on mRNA stability in serum
( Supplementary Figure S9 ), suggesting that their nuclease re-
sistance did not directly correlate with the translation effi-
ciency and yield of these modified mRNAs. In terms of re-
gional modification effect on translation, we have found that
m 

1 ψ modification in the CDS region significantly inhibited
translation (Figure 5 B and D), while this modification in the
3 

′ UTR region enhanced translation. It has been reported that
the CDS-region modifications reduce translation rate ( 15 ,41 )
and increase decoding errors ( 15 ), whereas 3 

′ UTR modifi-
cations stabilize secondary structures that support efficient
translation ( 42 ). Our results and the literature report on m 

1 ψ

modification-induced inaccuracy ( 15 ) have suggested that in-
stead of CDS, 3 

′ UTR is a suitable region for m 

1 ψ modifi-
cation. Further, our immunogenicity investigations have sug-
gested that limiting m 

1 ψ modifications to specific regions may
significantly reduce the immune responses, and placing m 

1 ψ

modifications in a smaller 3 

′ UTR region may offer more im-
munogenicity reduction than in a larger CDS region (Figure
5 E). This suggests that the reduction may be influenced by
both the modification region sizes and sequences. Interest-
ingly, the region-specific mRNAs with the mixed modifica- 
tions (m 

1 ψ in the 3 

′ UTR and m 

5 C in the 5 

′ UTR and CDS) 
showed relatively high translation yield and relatively low im- 
munogenicity, underscoring the region-specific effects of these 
modifications. Our experimental results have highlighted the 
need for thorough investigations into the regional modifica- 
tions and their impacts on mRNA translation efficiency and 

immunogenicity, providing insights into the translation fun- 
damental mechanisms and mRNA therapeutic discoveries. 

Conclusion 

To synthesize regionally modified mRNAs, we have devised 

an efficient and convenient strategy (DALI) that uses a long 
dsDNA as a ligation splint to overcome the challenge of low 

efficiency in ligating multiple mRNA fragments. The long ds- 
DNA splints can be easily prepared in various lengths for sup- 
pressing the formation of self-folded RNA structures. Conse- 
quently, our strategy can dramatically increase the efficiency 
for ligating mRNA fragments, especially for structured ones,
by up to 106-fold over the ssDNA strategy. Using DALI, we ef- 
ficiently synthesized mRNAs with region-specific m 

1 ψ modifi- 
cations or m 

1 ψ / m 

5 C mixed modifications to investigate trans- 
lation and immunogenicity. Compared with mRNAs modi- 
fied with m 

1 ψ in full length (the canonical modification style),
the 3 

′ UTR-m 

1 ψ -modified mRNAs had higher translation ef- 
ficiency, whereas the CDS- or 5 

′ UTR-m 

1 ψ -modified mRNA 
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xhibited lower efficiency. Moreover, we have demonstrated
hat the regionally modified mRNAs containing the combined
 

′ UTR-m 

1 ψ and 5 

′ UTR / CDS-m 

5 C modifications offered high
ranslation efficiency and low immunogenicity. In general, our
ALI methodology holds promise for advancing mRNA re-

earch and therapeutic applications. 
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