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Harnessing Deaminated DNA to Modulate mRNA Translation for
Controlled and Sequential Protein Expression
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Seungha Hwang, Jin Young Kang, Jengmin Kang, Linglan Fang, and Yong Woong Jun*

Abstract: Messenger RNA (mRNA) offers transfor-
mative potential in vaccines and therapeutics for a
range of intractable diseases. While considerable efforts
have focused on enhancing protein expression levels to
improve efficacy, comparatively little attention has been
given to regulating the rate and timing of protein expres-
sion. Given that sudden antigen bursts can overstimulate
immune responses and pose serious risks in susceptible
individuals, precise control over translation kinetics is
essential for safe and personalized mRNA therapies.
Herein, we describe the use of “damaged” DNA to
modulate translation rates of mRNAs. Hybridization of
deoxyuridine-containing DNA to the 5′-end of mRNA
inhibits translation initiation, which is subsequently
displaced via base excision repair (BER), enabling
controlled expression. DNA strand lengths determine
the rate and onset of translation (e.g., a 52-nt DNA
induces a 20-fold slower expression with a 200-min delay).
This also enables the sequential expression of multiple
mRNAs from a single cocktail. This strategy requires no
chemical modification of the mRNA and produces no
toxic byproducts, but only recyclable DNA fragments—
offering a broadly applicable and biocompatible adjuvant
for controlled mRNA translation.

Introduction

Messenger RNA (mRNA) medicines operate by delivering
genetic information that directs the synthesis of functional
proteins/peptides with pharmacological effects in the human
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body.[1] Effective mRNA medicines necessitate protein
expression levels above the therapeutic threshold, which
have been achieved through sequence optimization, mRNA
modifications, and advances in mRNA delivery.[2,3] These
developments have resulted in a rapid burst of protein
expression upon delivery.

Despite their promising efficacy, adverse effects following
mRNA drug administration have been noted, which may
relate to the human immune system recognizing the expressed
proteins as foreign, eliciting a robust immune response.[4]

While these adverse effects are generally well tolerated,
some individuals experience serious clinical manifestations,
including pulmonary embolism, stroke, thrombosis, autoim-
munity, and even fatal outcomes.[5–7] Notably, mRNA-based
vaccines have been associated with a high prevalence of local
side effects, likely due to robust localized protein expression
near the inoculation site.[8] Therefore, in future personalized
medicine using mRNA, regulating the protein expression rate
of mRNA is pivotal for ensuring its safe application. Fur-
thermore, the pharmaceutical industry is increasingly focusing
on combination therapies over single-agent treatments, where
the sequence and timing of drug administration have a
significant impact on therapeutic efficacy.[9] In this context,
regulating mRNA translation to achieve sequential protein
expression emerges as a promising and essential strategy for
future therapies.

Significant efforts have been made to develop chemically
modified mRNAs capable of regulating translation through
functional groups that can be released upon a trigger
(Figure 1a).[10,11] Although introducing multiple chemical
modifications to 2′-OH groups or nucleobases offers control
over RNA-regulated processes, installing multiple modifica-
tions often results in low recovery yield of free mRNA due to
residual chemical groups.[12–15] Site-selective modification of
mRNA through sequence-specific enzymatic modification has
been proposed as a strategy to minimize over-modification,
thereby enabling precise control of gene expression.[16,17]

A notable advance in this area is the use of synthetic 5′-
cap analogues.[11,18,19] As these analogues are essential for
translation initiation through recognition by eIF4E, a single
modification enables the control of mRNA translation.

While these chemical approaches have successfully
demonstrated the control of mRNA translation and opened
new research avenues, they are not widely utilized in
mRNA pharmaceuticals for clinical trials yet plausibly due
to several concerns. First, the activation of mRNA translation
releases chemical compounds from the mRNA that are often
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Figure 1. a) Schematic representation of translation initiation involving eukaryotic initiation factors and PABP (left), and different strategies for
translation regulation (right). b) Illustration of cDNA hybridizing varied regions on mRNA. c) Real-time fluorescence response of in vitro translation
(IVT) of eGFPmRNA hybridized with 30-nt cDNA at different regions and d) its fluorescence intensity comparison at 60 min. e) Illustration of
different lengths of cDNA hybridized to the 5′-cap region. f) IVT of eGFPmRNA hybridized with varying lengths (10–40 nt) of cDNA at the 5′-cap
region, and g) its fluorescence intensity comparison at 60 min (λex = 485 nm, λem = 510 nm, data represent n = 3 independent experiments,
*p < 0.05, **p < 0.01, and ***p < 0.001).

cytotoxic. Additionally, most triggers required for translation
activation are unavailable in the human body. For instance,
light activation is hindered by the limited penetration depth
of light in tissues, and chemical triggers such as phosphines
and hydrogen peroxide are cytotoxic and challenging to
control in vivo.[20] Moreover, the complexity of synthesizing
and purifying these chemically modified mRNA negates the
primary advantage of mRNA medicine, which is its easy
programmability. An ideal biochemical method to regulate
the translation rates of mRNA should meet the following
criteria: i) ease of preparation, ii) absence of toxic chemical
release upon activation, and iii) availability of an efficient and
ubiquitous trigger within the human body.

Herein, we report the use of deaminated/damaged DNA
(dDNA) as an mRNA adjuvant to regulate translation
rates. Hybridization of the complementary DNA (cDNA)
longer than 20-nt at the 5′-UTR significantly inhibits mRNA
translation through interference with the translation initiation

process. The use of dDNA, where several thymidine (dT)
residues are replaced with deoxyuridine (dU) that provides
nearly identical base pairs, maintains this inhibition while
allowing full recovery of mRNA translation via base excision
repair (BER) by uracil-DNA glycosylase (UDG). We demon-
strate that transfecting mRNA hybridized with varied lengths
of dDNA enables controlled protein expression in cells, which
is further utilized for the sequential protein expression of an
mRNA cocktail.

Results and Discussion

Regulation of mRNA Translation in Vitro via Hybridization with
Deaminated DNA

mRNA translation is initiated by the binding of eukaryotic
translation initiation factors (eIFs) and poly(A) binding
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protein (PABP) to the 5′-UTR and poly(A) tail, respectively,
forming a “closed-loop” structure that recruits ribosomes
(Figure 1a).[21] Previous chemical strategies have involved
caging of these regions to disrupt their interactions with
translation initiation factors, followed by gradual release
of the caging groups to modulate the kinetic profile
of protein expression. We hypothesized that hybridizing
cDNA to these mRNA sites critical for translation ini-
tiation would similarly prevent the binding of initiation
factors.

We synthesized 30-nt deoxyoligonucleotides (ODNs)
complementary to the 5′-cap region, the start codon region,
the 3′-UTR, and the poly(A) tail of eGFP mRNA (Figure 1b
and Table S1). The mRNA hybridized with each cDNA was
subjected to in vitro translation (IVT) using wheat germ
extract, monitoring fluorescence enhancement at 510 nm (λex

= 485 nm) to assess eGFP expression (Figure 1c,d). Hybridiz-
ing cDNA to the 5′-cap and start codon regions significantly
inhibited translation initiation, plausibly due to interference
with translation initiation factors or ribosomes. In contrast,
hybridizing cDNA to the 3′-UTR showed nearly identical
translation efficiency to that of free mRNA. Surprisingly, even
the addition of an excess amount of 30-nt poly-dT to mRNA
with a 120-nt poly(A) tail only reduced translation efficiency
by 20%–30%, despite poly(A) tail’s pivotal role in translation
initiation (Figure S2). This may be due to the incomplete
coverage of the poly(A) tail by the shorter cDNA, even at
high concentrations, owing to the lack of sequence specificity.
More likely, the relatively lower binding affinity of rA-dT base
pairs and subsequent displacement by PABP may contribute
to these observations. Given that cDNA annealing appears to
affect translation, we assessed the effects of cDNA length (10–
40 nt) on translation inhibition (Figure 1e). The results show
that cDNAs longer than 20-nt significantly inhibited mRNA
translation, while 10-nt cDNA had little effect, which is
consistent with Tm calculations (Figures 1f,g and S3). Longer
cDNA exhibited stronger inhibition due to higher binding
affinity to mRNA, which can be harnessed in regulating the
translation rate in cells (see below).

Next, we explored methods to re-initiate mRNA transla-
tion. We anticipated that base excision repair (BER), which
begins with the excision of a damaged base, could be utilized
to displace the cDNA by reducing its binding affinity with
mRNA. Additionally, as BER is highly conserved process in
cells, the use of damaged DNA could provide the ubiquitous
regulation of mRNA release. dU, a common deaminated
DNA base excised by glycosylases such as UDG and SMUG1,
was selected as the damaged base for two reasons.[22] First,
the binding affinity of dU to adenine is almost identical
to that of dT, as dU and dT share a similar structural
motif (Figure 2a). This suggests that a simple replacement
of dT with dU in DNA can provide comparable translation
inhibition through hybridization while allowing displacement
from mRNA through the excision by glycosylases. More
importantly, the glycosylase must recognize lesions within
DNA/RNA hybrids, which adopt an A-form helix. While
most glycosylases have evolved to recognize lesions in B-
form dsDNA, UDG can exceptionally recognize and excise
dU from DNA/RNA hybrids.[23]

The 30-nt DNA strands containing either seven dT or
seven dU residues, complementary to the 5′-cap and start
codon regions, were subjected to the IVT inhibition assay
(Figure 2b and Table S1). mRNA hybridized with the strand
containing dU residues (dDNA) exhibited the same level of
translation inhibition as those containing dT, confirming a
similar binding mode. Translation recovery was then tested
upon the treatment of UDG on mRNA hybridized with
dDNA (Figure 2c). Treatment with 2.5 units of UDG fully
restored mRNA translation when the dDNA was hybridized
at the 5′-cap region, whereas recovery was only ∼50% when
dDNA was hybridized at the start codon (Figure 2d,e).
The extent of translation recovery correlated with UDG
activity, indicating that glycosylase-mediated disruption of the
mRNA–DNA interaction is critical for re-initiating mRNA
translation (Figures 2f and S4). In the same manner, reducing
the number of deaminated bases in the DNA strands
decreased the recovery efficiency of mRNA translation
(Figure 2g).

Regulation of Translation Rates in Cells Using Varied Lengths of
dDNA

Based on the successful regulation of mRNA translation in
vitro, we next sought to test the regulation of mRNA trans-
lation in cells. One concern in leveraging endogenous DNA
repair activity to re-initiate mRNA translation is that most
DNA repair enzymes are primarily localized in the nucleus,
where the genomic DNA is stored. In contrast, mRNA is
transported to and translated into proteins in the cytosol.
However, as DNA repair enzymes are synthesized in the
cytosol before nuclear import, we envisioned that sufficient
glycosylase activity might be present even in the cytosol
to initiate mRNA translation. First, subcellular localization
images of UDG and SMUG1 in U2OS cells, obtained from
the Human Protein Atlas, indicate the presence of dU-
repairing glycosylases in the cytosol (Figure S5).[24] To assess
glycosylase activity in the cytosol, cytosolic fractions extracted
from U2OS cells were incubated with dU-containing ODNs
(Figure 3a). The cleavage pattern of the ODNs was consistent
with that observed for dU-ODNs treated with UDG and
aniline, which accelerates strand cleavage at AP sites via
β-elimination under acidic conditions (Figure 3b). Addition
of 2 U UGI (uracil-DNA glycosylase inhibitor) to the
lysate markedly reduced the cleavage, supporting AP site
formation. These results suggest the presence of UDG and
APE1 activities in the cytosol. To further confirm AP site
formation, we employed an AP-site-specific fluorescence
probe.[25,26] Incubation of dU-ODNs with cytosolic extracts
from six different cell lines produced a significant fluorescence
enhancement, whereas the addition of 2 U UGI to U2OS
lysate completely abolished the fluorescence enhancement,
further supporting AP site formation (Figure 3c).

The eGFP mRNAs hybridized with either intact or
deaminated 60-nt DNA in the 5′-cap region were trans-
fected into U2OS cells that showed the highest cytosolic
glycosylase activity in vitro. The mRNA hybridized with the
dDNA showed much brighter green fluorescence from eGFP
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Figure 2. a) Chemical structures of thymine–adenine and uridine–adenine base pairs. b) IVT inhibition assay using complementary strands
containing either dT or dU. c) Depiction of translation inhibition by deaminated DNA and re-initiation upon repair by UDG, along with the chemical
structures of DNA/RNA hybrid before and after repair. d) Comparison of fluorescence intensity from the 60-min translation of eGFPmRNA hybridized
with the 30-nt dDNA at the 5′-cap and start codon regions in the presence or absence of 2.5 U UDG. e) Real-time fluorescence enhancement during
IVT of eGFPmRNA and mRNA hybridized with dDNA at the 5′-cap region in the presence or absence of 2.5 U UDG. f) Kinetic comparison of IVT of
eGFPmRNA hybridized with dDNA at the 5′-cap region upon treatment with varying concentrations of UDG (0–2.5 U). g) Fluorescence intensity
comparison after IVT of eGFPmRNA hybridized with 30-nt dDNA containing varying numbers of dU (3–7) at the 5′-cap region for 60 min.

expression under confocal microscopy than that of the one
with intact DNA (Figure 3d). The results were consistent
with flow cytometric analysis in A549, U2OS, and HEK293T
cells, which exhibit significant DNA repair activities in
their cytosolic fraction (Figure S6). Time-dependent flow
cytometric analysis of the eGFP mRNA hybridized with
the deaminated one showed gradual protein expression for
over 48 h in U2OS cells (Figure 3e). When the same eGFP
mRNA/DNA hybrids were transfected into NIH/3T3 cells,
which exhibited little dU-excision activity in vitro, the protein
expression level was negligible, indicating the importance of
DNA repair activity in the cytosol for initiating the translation
of mRNA/DNA hybrid (Figure 3f).

As the protein expression rate of the mRNA/DNA hybrid
depends on the time required for DNA strand displacement
by glycosylase activity, we anticipated that dDNA of varied
lengths (22–60 nt) containing 5–11 dU residues would enable
the regulation of protein expression. Cells transfected with
these mRNA/DNA hybrids exhibited different fluorescence
intensities after 24 h of incubation, reflecting variations in
protein expression rates (Figure 3g,h). In addition, a lower

number of dU residues in the 52-nt DNA resulted in reduced
protein expression, which is consistent with in vitro data
(Figure 3i). The translation rate of the mRNA/DNA hybrid
was further investigated through live-cell imaging and western
blot analysis (Figures 3j and S7). These results demonstrate
that hybridizing mRNA with dDNAs of varied lengths
enables the regulation of translation rates and allows for a
more than 10-fold reduction in the rate (Figure 3k). Further-
more, hybridization with dDNAs showed delayed translation,
suggesting interference with the translation initiation. While
mRNA alone showed a burst of protein expression within
30 min after transfection, mRNA/DNA hybrids showed a
significant delay in translation, over 3 h when hybridized
with the 52-nt strand. Considering that mRNA transfection
via lipofectamine takes around 30 min, these results confirm
the instant and robust protein expression of naked mRNA
in cells, which explains the localized protein expression near
the inoculation site of mRNA vaccines. Consequently, the
ability of mRNA/DNA hybrid to delay protein expression
is expected to facilitate the systemic circulation of mRNA
before translation occurs.

Angew. Chem. 2025, 137, e16389 (4 of 9) © 2025 Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of the experimental setup for detecting glycosylase activity in the cytosol using dU-containing ODNs. b) PAGE
analysis of dU-containing ODNs, showing glycosylase and endonuclease activity in cytosolic lysates. c) Quantification of AP site generation
demonstrating glycosylase activity in the cytosolic fraction of varied cell lines in the absence or presence of 2 U UGI. d) Confocal microscopic images
of U2OS cells transfected with mRNA hybridized with either intact or deaminated DNA. e) Flow cytometric analysis data of eGFPmRNA hybridized
with 60-nt dDNA translation over time in U2OS cells. f) Flow cytometry comparison of mRNA translation in samples hybridized with either intact or
deaminated DNA acquired 24 h post-transfection. g) Fluorescence microscopic images of U2OS cells transfected with mRNA hybridized with dDNA
of varied lengths (22–60 nt) and stained with Hoechst (3 µg µL−1). Confocal images were acquired in 24 h post-transfection (λex = 488 nm,
λem = 500–550 nm). Scale bar = 20 µm. h) and i) Fluorescence intensity comparison of cells transfected with mRNA hybridized with 60-nt dDNAs of
(h) varied lengths or (i) a varied number of uridine. j) Fluorescence enhancement upon eGFPmRNA translation with varying dDNA lengths,
measured in U2OS cells using the live-cell instrument (IncuCyte). k) Comparison of translation rate and delay extracted from Figure 3j.

Sequential Protein Expression from a mRNA Cocktail Using
Deaminated DNA

The delay of protein expression by dDNA was further applied
to achieve sequential protein expression from an mRNA
cocktail (Figure 4a). When a cocktail of eGFP and mCherry
mRNAs was transfected into U2OS cells, both proteins were
expressed simultaneously, exhibiting comparable fluorescence

signals (Figure 4b). To control the sequence of protein expres-
sion, a 38-nt dDNA targeting mCherry mRNA was added
to the mRNA cocktail before the transfection into U2OS
cells. Within 2–4 h post-transfection, eGFP fluorescence
emerged first, while mCherry expression remained negligible
under microscopy (Figure 4c and S8). After 6 h, mCherry
fluorescence became detectable, confirming the sequential
protein expression from the mRNA cocktail. Alternatively,

Angew. Chem. 2025, 137, e16389 (5 of 9) © 2025 Wiley-VCH GmbH
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Figure 4. a) Schematic representation of sequential mRNA therapy by traditional multiple injections and mRNA/DNA cocktails. Confocal images of
U2OS cells stained with 3 µg µL−1 of Hoechst after the transfection with eGFP and mCherrymRNAs hybridized with b) no dDNA, c) the 38-nt
deaminated DNA for mCherrymRNA, or d) the 38-nt deaminated DNA for eGFPmRNA. e)–g) Flow cytometric analysis of eGFP and mCherrymRNA
translation hybridized with dDNA. The data was acquired in 4 h post-transfection (N = 3). Images were taken at 2, 4, and 6 h post-transfection (λex =
488 nm and λem = 500–550 nm for eGFP) and (λex = 561 nm and λem = 570–616 nm for mCherry).

mCherry protein expression preceded eGFP expression when
dDNA targeting eGFP mRNA was added to the mRNA
cocktail (Figure 4d). Flow cytometric analysis also indicates
the sequential protein expression (Figure 4e–g).

Cellular Compatibility of mRNA/dDNA Hybrid Therapeutics

We evaluated three key cellular constraints relevant to the
therapeutic use of mRNA/dDNA hybrids: RNase H activity,
innate immune response, and mRNA stability. First, we
investigated the effect of RNase H in cellular experiments.
Interestingly, mRNA hybridized with dDNA in the 3′-UTR—
where cDNA showed minimal inhibitory effect in vitro—
resulted in negligible protein expression in cells, suggesting
mRNA degradation by RNase-H activity, along with a
possible protective effect in the 5′-cap region against RNase H
(Figure 5a). We envisioned that the crowded environment in
the 5′-cap region, occupied by initiation factors or ribosomes,
sterically hinders the interaction with RNase H. To test

the crowding effect in the 5′-cap region in vitro, mRNA
hybridized with dDNA at either the 5′-cap region or 3′-UTR
was treated with RNase H in the presence or absence of wheat
germ extract containing all the components required for in
vitro translation. RT-qPCR quantification of the remaining
mRNA revealed that the presence of wheat-germ extract
led to a ∼30-fold increase in stability at the 5′-cap region
against RNase H, while having little effect on the 3′-UTR
(Figure S9). These results demonstrate a protective role of
translation-related components at the 5′-cap region against
RNase H-mediated degradation.

Next, to assess the innate immune response of
mRNA/dDNA hybrids, we first monitored early-phase
signaling using genetically modified THP-1 dual reporter
cells that allow the detection of NF-κB activity via secreted
embryonic alkaline phosphatase (SEAP). Hybridization of
30-nt or 60-nt DNA (deaminated or intact) to the 5′-cap
region of mRNA produced little NF-κB activation compared
with mRNA alone (Figure 5b). To further examine late-phase
transcriptional feedback, we measured expression levels of

Angew. Chem. 2025, 137, e16389 (6 of 9) © 2025 Wiley-VCH GmbH
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Figure 5. a) Fluorescence intensity comparison of HeLa cells transfected with eGFPmRNA hybridized with dDNA at either the 5′-cap region or
3′-UTR, measured after 24 h of incubation (N = 3). b) Comparison of NF-κB activation in THP-1 cells transfected with mRNA or mRNA/dDNA hybrid
using SEAP activity of THP-1 dual cells 24 h after treatment. c) RT-qPCR analysis of RIG-I,MDA5, cGAS, and IFN-β in THP-1 cells transfected with
mRNA, mRNA/dDNA, mRNA/cRNA, or poly(I:C) 24 h after treatment. The mRNA levels of each gene were normalized to TBP (or RPLP0) (N = 3). d)
Fluorescence microscopic images of HeLa cells transfected with eGFPmRNA hybridized with 60-nt dDNA and incubated for 24 h. Scale bar = 50 µm.
e) Depiction of the wrapping cDNA (wcDNA) design that attenuates enzymatic mRNA degradation, along with the chemical structures of cDNA
modifications. f) IVT of eGFPmRNA hybridized with wcDNA in the presence or absence of UDG. g) and h) Agarose gel electrophoresis analysis of
mRNA degradation by (g) 1 U of Exonuclease T and (h) 0.2 U of mDCP1 and 0.1 U of XRN1 at 37 °C. i) Fluorescent area in U2OS cells transfected with
mRNA hybridized with either cDNA or wcDNA of varied lengths (30–52 nt), measured 12 h post-transfection.

key cytosolic sensors such as RIG-I, MDA5, and cGAS,
and the downstream mediator IFN-β 24 h after treatment.
These genes represent central nodes in cytosolic dsRNA
and dsDNA sensing pathways, providing a sensitive read-out
for delayed innate immune activation. Consistent with the
early reporter assay, no significant changes in expression
were detected at this later stage (Figure 5c). In contrast, the
positive control poly(I:C) elicited a robust transcriptional
response, confirming the responsiveness of the system.
These results indicate that, under the tested parameters of
DNA length, binding site, and concentration, mRNA/dDNA
hybrids trigger negligible innate immune activation both
at the early response and the later phase. Nevertheless, as
DNA/RNA hybrids have been reported to engage the cGAS
pathway, a more comprehensive evaluation will be necessary
to fully exclude potential immune responses in therapeutic

settings, particularly at higher doses for clinical trials and in
combination with lipid nanoparticle delivery systems.

Lastly, while hours of delay in protein expression is
expected to exhibit several advantageous features, the innate
instability of mRNA, which leads to short half-life, inevitably
compromises the overall level of protein expression.[27] For
instance, the use of 60-nt dDNAs in HeLa cells exhibited
significantly lower fluorescence intensity compared to that
from mRNA alone (Figure 5d). In this context, utilizing
mRNA stabilization chemistry, such as 2′-OH acylation,
in combination with this technique is expected to have
a synergistic effect.[13] Alternatively, minor adjustments in
dDNA design can effectively mitigate mRNA degradation.

The major enzymatic degradation processes of mRNAs in
cells are mediated by two enzymes: deadenylases shortening
poly(A) tails and decapping enzymes removing the 5′-cap

Angew. Chem. 2025, 137, e16389 (7 of 9) © 2025 Wiley-VCH GmbH
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(Figure 5e). To mitigate these processes, the binding site of
dDNA was adjusted to interfere not only with translation
but also with the interactions involving the degradative
proteins. The dDNA is designed to wrap around mRNA via
hybridization with both the 5′-cap region and the poly(A)
tail, thereby preventing both translation and the enzymatic
degradation pathways (Figure 5e). This design is enabled by
the intrinsic spatial proximity between the 5′- and 3′-termini
of mRNA.[28] Additionally, to increase the resistance of the
DNA strand against enzymatic degradation, two nucleotides
at both ends are modified with 2′-OMe and phosphorothioate
groups. It was confirmed that such wrapping cDNA design
(wcDNA) is indeed hybridized with both the 5′-cap region
and the poly(A) tail, and introducing the modified nucleotides
two nucleotides away from dU barely affects repair activity
(Figures 5f, S11, and S12).

In vitro enzymatic degradation process from the 3′-end
was assessed using exonuclease T (exoT), which has 3′–5′

nuclease activity (Figures 5g and S13). We found that incu-
bation of eGFP mRNA with one unit of exoT digested ∼80%
mRNA in 20 min at 37 °C. In contrast, mRNA hybridized with
52-nt wcDNA showed significantly mitigated degradation,
digesting only around 25%. The decapping efficiency was also
assessed by using mDCP along with XRN1, which degrades
mRNA only in the absence of the 5′ cap from 5′- to 3′-end.
When 0.2 unit of mDCP and 0.1 unit of XRN1 are treated
for 45 min at 37 °C, mRNA/wcDNA hybrid exhibited much
higher stability against the decapping enzyme compared to
the nonhybridized mRNA (Figures 5h and S14). Consistently,
wcDNAs also enhanced protein expression levels compared
to the original dDNA in cells (Figure 5i). Interestingly, the
stabilization effects of the wcDNA were more pronounced
with longer DNA strands. The results reflect the protective
roles during the translation delay; 30-nt wcDNA, which
exhibited negligible delay, showed nearly identical protein
expression levels to the original dDNA design, whereas
longer strands, which caused a substantial delay, resulted in
significantly higher protein expression levels. These findings
demonstrate that the wrapping design of dDNA enhances
mRNA stability against enzymatic degradation, effectively
modulating translation rates.

Conclusion

Precise regulation of mRNA translation is recognized as
a critical factor in mRNA therapeutics, and considerable
efforts have been made to achieve this through chemical
modifications of mRNA. In this study, we introduce a
simple yet effective strategy to control mRNA translation
using deaminated DNA (dDNA), in which dT residues are
substituted with deoxyuridine. This approach eliminates the
need for direct modifications of mRNA, which is often costly
and labor-intensive. Formation of an mRNA/dDNA hybrid
at the 5′-cap region effectively suppresses translation by
interfering with initiation factor binding while being resistant
to RNase H-mediated degradation, presumably due to the
crowded environment created by recruited initiation factors.

Upon the glycosylase activity of UDG, the first enzyme in the
BER pathway, the uracil bases are excised from the DNA,
releasing functional mRNA and enabling controlled protein
expression.

Transfection of mRNA/dDNA into cells demonstrated
precise temporal control of mRNA translation, achieved by
tuning the length of dDNA and leveraging the endoge-
nous BER pathway. The ability to modulate translation in
cells offers several advantages for the safe administration
of mRNA therapeutics. First, since rapid and localized
translation of mRNA drugs can induce unintended immune
responses and adverse side effects, mRNA/dDNA hybrids can
mitigate these concerns by regulating the translation rates
and enabling systemic circulation before translation initiates.
Additionally, this strategy offers the programmable sequence
of protein expression from an mRNA cocktail, optimizing
the efficacy of combination mRNA therapies where the order
of protein expression is critical for personalized therapeutic
success.

While controlled translation offers several key advantages,
the innate instability of mRNA in cells compromises total
protein expression. Therefore, integrating mRNA-stabilizing
strategies, such as 2′-OH acylation, alongside this technique
is expected to be synergistic. As an alternative, we have
described an mRNA termini-protecting wrapping cDNA
design, in which the dDNA binds both the 5′-UTR and
poly(A) tail, effectively shielding mRNA from exonucleases,
the key mediators of mRNA degradation.

Importantly, this approach relies on a straightforward
annealing procedure with dDNA, preserving the ease of
programmability and scalability of mRNA therapeutics. This
not only avoids the challenges associated with modified
mRNA production, which can be expensive and technically
demanding, but also maintains exceptional biocompatibility.
The DNA strands used in this approach introduce minimal
cytotoxicity and can even be recycled in vivo, making them
ideal candidates for broader clinical applications in precision
medicine.
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