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Abstract. mRNA vaccine technologies have been actively developing since the beginning of the 21st century and
have received a major boost from new findings about the functioning of the immune system and the development
of efficient vehicles for nucleic acid delivery. The mRNA vaccine demonstrates superior properties compared to the
DNA vaccine, primarily due to accelerated mRNA vaccine development, enhanced flexibility, and the absence of in-
tegration into the genome. Artificial mRNAs have biotechnological and medical applications, including the develop-
ment of antiviral and anticancer mRNA therapeutics. The effective expression of therapeutic mRNA depends upon
the appropriate selection of structural elements. Along with the addition of the 5'-cap, appropriate polyadenylation,
and sequence codon optimization, 5’- and 3’-untranslated regions (UTRs) play an important role in the translation
efficiency of therapeutic mRNAs. In this study, new plasmids containing a novel combination of UTR pairs, namely
5'-UTR-4 and 3’-UTR AES-mtRNRT1, were constructed to obtain artificial mMRNAs encoding green fluorescent protein
(GFP) and firefly luciferase (FLuc) with new structural elements and properties. The novel combination of the UTRs,
which is described in this article for the first time, in addition to sufficient polyadenylation and pseudouridinilation of
mMRNA, was demonstrated to strongly increase the translation of codon-optimized sequences of reporter mRNAs. We
generated lipoplexes containing the aforementioned reporter mRNAs and liposomes composed of cationic lipid 2X3
(1,26-bis(cholest-5-en-3beta-yloxycarbonylamino)-7,11,16,20-tetraazahexacosane tetrahydrochloride) and helper
lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine). For in vivo experiments, the liposomes were decorated
with 2 % of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG, ).
The translation efficiency of mMRNAs was found to be superior for the novel UTR combination compared with HBB
gene UTRs, both in vitro and in vivo. When mRNA is administered intramuscularly, the proposed combination of UTRs
provides lasting expression for more than 4 days. The results demonstrated that the novel UTR pair combination
could be useful in the development of artificial MRNAs with enhanced translation efficiency, potentially reducing the
dose for mRNA-based therapeutics.
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AHHoTauua. TexHonorna MPHK-BakLMH Havyana akTMBHO pa3BuBaTbcA B Havyane XXI B. 1 nonyymna XopoLmnn cTu-
Myn 3a CYeT pacLUMPEHNA 3HaHU O GYHKLMOHNPOBaHNM MMMYHHOI CUCTEMbl YeSIOBEKa 1 YCMeXoB B CHHTE3e Ba-
PUaAHTOB MOJEKY/-AOCTaBLMKOB. ViIMMyHM3auma ¢ nomolbio MPHK-BakunH ABnAetca 6onee s3dpdekTBHON, YeM
nMMyHM3auma ¢ nomouwbto IHK, 6naropgapsa 6onee 6bIcTpolt pa3paboTke, MMOKOCTY TEXHONOMMN U OTCYTCTBUIO MH-
Terpaumm B reHom. B Hawm gHu nckycctseHHble MPHK ncnonb3ytoT B pasnnyHbiX 6MOTEXHONOMMYECKNX U MEANLINH-
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CKUX Lensx, BKMoYasa pa3paboTKy NPOTUBOBMPYCHbIX U MPOTMBOPAKoBbIX MPHK-BakumH. Ana nx spdeKTnBHOM aKC-
npeccun HeobXoANMO MpaBMSIbHO NofobpaTb CTPYKTYpHble 3nemeHTbl MPHK. NMomumo fobaBneHua B CTpyKTypy
MPHK 5’-Kkana, 4OCTaTOYHOro YPOBHA NOIMAAEHUIMPOBAHUA Y ONTMMU3ALMN NOCNE[0BATENbHOCTM KOAOHOB, 5'- 1
3'-HeTpaHcpyemble obnact (HTO) nrpatoT BaxkHYy0 posb B TPAHCALNOHHON 3POEKTUBHOCTU TepaneBTUYECK X
MPHK. B HacTosALlem nccnenoBaHum ans nosyyeHus NCKycCcTBeHHbIX MPHK 6bifiv CKOHCTPYMpPOBaHbI MiasmMuaHble
KOHCTPYKLMW, COAep>KaLlme B CBOEM COCTaBE HOBYIO KOMOMHALMIO HETPAHCIMpyeMbix obnacTein — 5-UTR-4 n 3'-UTR
AES-mtRNR1. Ins HoBoi kombuHauun HTO, BnepBble ONMCcaHHOW B JaHHON paboTe, ObiNO NMOKa3aHO 3HauYUTESb-
HOe yBeNlMYeHne YPOBHA TPaHCIALUMM KOAOH-OMTMMU3MPOBAHHBIX MOCiefoBaTeNlbHOCTen penopTtepHbix MPHK,
Koaupytowmx GFP (3eneHbin dpnioopecueHTHbIN 6enok) 1 FLuc (noundepasa cBetnauka), cogepxalimx B cBOeM
cocTaBe MceBfoypuAnH 1 nonn(A)-nocnepgoBaTtenbHOCTb. B xone paboTbl 6bin chOpMMpPOBaHbl KOMMEKChI Bbl-
LeyNOMAHYTbIX penopTepHbix MPHK ¢ nvnocomamu, coctoalwmMy U3 KaTMoHHoro nunuga 2X3 (1,26-6uc(xonect-
5-eH-3fB-unokcmkapboHunammHo)-7,11,16,20-TeTpaasorekcakosaH TeTparugpoxnopua) v nunupa-xennepa DOPE
(1,2-gnonenn-sn-rnnuepo-3-pochoataHonamuH). [na sKCNeprMEHTOB in Vivo B COCTaB JIMNMOCOMANIbHOM KOMMO-
3y gobasnann 2 % 1,2-gucteapoun-sn-rnuuepo-3-pocpoataHonammH-N-[aMUHO(MONNSTUAEHTIMKONB)-2000]
(DSPE-PEG, (). HoBas kombuHauma HTO npogemoHcTpupoBana 6osee BbicoKyto 3ddeKTUBHOCTb TpaHcnAumMn MPHK
B CpaBHeHUu ¢ B-rnobuHosbiMy HTO Kak in vitro, Tak w in vivo. Mpn BHyTpuMbIleYHOM BBeaeH MPHK npennoxeH-
Has KombuHauua HTO obecneumBaeT pMTenbHYIO SKCNpeccuio 6omnee YeTbipex CyToK. PesynbTaTbl nccnegoBaHus
NMoKasasnu BbICOKYH 3pdeKTUBHOCTb HOBOM KOMOMHaLmy HTO Aans noBbIWEeHWs YPOBHA TPAHCIALMMN UCKYCCTBEHHBIX
MPHK, 4To MOXeT 6bITb NCNONb30BAHO AJIA CHUKEHMA TepaneBTUYeckon fo3bl MPHK B cocTaBe BaKLMH.

KnioueBble cnoBa: cnHTeTnyeckaa MPHK; foctaska PHK; moandukaumm Hykneotngos; HeTpaHcanpyemasa obnactb

MPHK; nunungHble HaHoYaCTUL b

Introduction

mRNA vaccine technologies are emerging every year to
defend humans from viral pathogens and even cancers.
The COVID-19 pandemic proved the necessity of the fast
development of vaccines targeted against a certain species
of viruses. The release of different mRNA vaccines, such as
BNT162b2, mRNA-1273, and others, has enabled effective
vaccination of the population. It is clear that for effective
and prolonged expression of antibodies, specific structure of
mRNA is crucial (Fig. 1).

The necessity of UTRs in mRNA for various mRNA models
is widely recognized (Chatterjee, Pal, 2009; Morais et al.,
2021; Chen et al., 2022; Kirshina et al., 2023), along with
such components as the Kozak sequence, which is required
for translation (Kozak, 1989). The incorporation of 5'-UTR
sequences enhances translation not only by protecting the cod-
ing sequences from nucleases but also by recruiting ribosomal
machinery to a translation start site (Chatterjee, Pal, 2009).
The most common method for enhancing translation is the
addition of IRES (internal ribosome entry site) elements with
complex secondary structure to the 5’ end of mRNA, which
promotes the recruitment of translational complexes at vari-
ous stages of translation (Andreev et al., 2009). Sample et
al. (2019) have successfully identified a high-ribosome-load
sequence of a 5'-UTR (designated as “5’-UTR-4") using ma-
chine learning methods. The application of computationally
selected sequences enabled the researchers to enhance transla-
tion intensity more than 100-fold, thus proving the efficacy of
machine learning techniques.

3'-UTRs provide the mRNA molecule with a defense against
nucleases, including the prevention of poly(A) tail degrada-
tion, which can influence the half-life of mRNA and the yield
of the encoded protein. Derived from the human HBB gene,
B-globin UTRs have been commonly used and demonstrated
remarkable efficacy in both reporter and viral mRNA applica-
tions (Zhuang et al., 2020). The incorporation of a chimeric
3'-UTR called AES-mtRNR1, which comprises a part of 16S
ribosomal rRNA of archaea (AES: amino-terminal enhancer of
split) and a part of a mitochondrial IRNA (mtRNR1), allowed
for 3-fold higher translation intensity in vifro in comparison
to the standard B-globin 3’-UTR (Orlandini von Niessen et
al., 2019). Their result was confirmed by in vivo application
to a luciferase model (Orlandini von Niessen et al., 2019),
indicating the universality of such a tandem UTR sequence.
Thus, the previous investigations directed at the selection of
the most effective UTR structures allow to design combina-
tions and test their translational effectiveness.

In this study, we introduced a novel combination of 5'-
UTR-4 and 3'-UTR AES-mtRNRI1 (hereafter, “synthetic
UTRs”) into a single mRNA for the first time. We constructed
reporter mRNAs, encoding GFP or FLuc, containing the
novel combination of UTRs for delivery into human cells
in vitro and live animal tissues in vivo. Cationic liposomes
composed of the cationic lipid 2X3, the helper lipid DOPE,
and DSPE-PEG2000 (for in vivo experiments) were used to
deliver mRNAs. The expression of the reporter mRNAs with
synthetic UTRs was demonstrated to be 5—6-times higher than
that of B-globin UTRs in vitro and in vivo.

5’-untranslated Coding 3’-untranslated 3"-poly(A)
5 region region region tail
s-ap [ AUG ¥ ¥ W ¥ oy oy (A);50.2000H
Initiation
codon

Fig. 1. The mRNA design optimal for effective translation. Inserted pseudouridines are indicated by the “$" sign.
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Materials and methods

Plasmid design, construction, and synthesis. Sequence of
the hyperactive T7 promoter was taken from (Conrad et al.,
2020). Sequences of B-globin 5'- and 3'-UTRs and those of
UTRs 5’-UTR-4 and AES-mtRNR1 (3'-UTR) (see Supplemen-
tary Table S1)! were obtained from NCBI and (Andreev et
al., 2009; Leppek et al., 2022), respectively. A multiple clon-
ing site (MCS) between 5'- and 3’-UTRs was designed using
several most popular unique restriction sites. Downstream of
3'-UTRs, an Xbal restriction site was inserted to generate a
linearized DNA template for in vitro transcription.

Fragments containing MCS and UTRs were synthesized by
the Laboratory of Synthetic Biology at the Institute of Chemi-
cal Biology and Fundamental Medicine (ICBFM) SB RAS
and cloned into the pPCMV 6-Entry vector (OriGene, USA; see
Supplementary Fig. S1) by means of restriction sites Psp124BI
and Xmal (SibEnzyme, Russia). Two parallel cloning reactions
resulted in plasmid vectors: pCMV6_T7 bglob AGG (con-
taining 5’- and 3'-UTRs of the human HBB gene; see Supple-
mentary Fig. S2) and pCMV6_T7 synth AGG (containing
5'-UTR-4 and AES-mtRNR1; see Supplementary Fig. S3).

ORFs of GFP and FLuc were PCR-amplified from plasmids
phMGFP (Promega, USA) and pCDH-EFla-Luc2-IRES-
mKate2 (Yuzhakova et al., 2022), respectively, with primers
containing restriction sites, the Kozak sequence, and start
and stop codons and were cloned by the restriction—ligation
method into plasmids pCMV6_T7 bglobUTR _AGG and
pCMV6 T7 synthUTR AGG.

In vitro transcription and mRNA purification. GFP and
FLuc with B-globin UTRs and the synthetic UTRs were
obtained by in vitro transcription using T7 polymerase (Bio-
labmix, Russia). The Anti-Reverse Cap Analog (ARCA)
(Biolabmix, Russia) and pseudouridine triphosphate (Biolab-
mix, Russia) were added during the transcription to modify
mRNA structure. After the RNA synthesis, the DNA template
was removed with DNase I (Thermo Fisher Scientific, USA).
Poly(A) polymerase (New England Biolabs, USA) was used to
polyadenylate 3’ termini of the synthesized mRNA by the stan-
dard protocol. The RNA products were purified via precipita-
tion with 2.5 M LiCl followed by storage of the precipitate at
—20 °C for 30 min and subsequent centrifugation at 16,000 x g
for 15 min at 4 °C. The pellet was washed with 70 % ethanol
and dried for 10 min at room temperature with subsequent
dilution in diethylpyrocarbonate (DEPC)-treated H,O.

Preparation of cationic liposomes. A solution of 1,26-
bis(cholest-5-en-3B-yloxycarbonylamino)-7,11,16,20-tetra-
azahexacosane tetrahydrochloride (2X3; see Supplementary
Fig. S4) in a CHCl;—CH3OH mixture (1:1, v/v) was added to
a solution of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) in CHClj; at a molar ratio of 1:3 and gently stirred.
To obtain PEG-containing cationic liposomes, a solution
of DSPE-PEG,, (Lipoid, Germany) (2 % mol.) in CHCI,
was added to the 2X3-DOPE solution at a molar ratio of 1:3.
Organic solvents were removed in vacuo, and the obtained
lipid film was dried for 4 h at 0.1 Torr to remove residual
organic solvents. Then, it was hydrated using deionized water
at 4 °C overnight. The liposomal dispersion was sonicated

T Supplementary Table 51 and Figs S1-57 are available at:
https://vavilovj-icg.ru/download/pict-2025-29/appx24.pdf
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for 15 min at 70-75 °C in a bath-type sonicator (Bandelin
Sonorex Digitec DT 52H, Berlin, Germany), filtered (0.45 pm
Chromafil® CA-45/25; Macherey—Nagel, Diiren, Germany),
flushed with argon, and stored at 4 °C.

Size and zeta-potential measurement. Lipoplexes were
pre-formed via mixing of equal (25 puL) volumes of the RNA
and liposome solutions at appropriate concentrations in saline
(154 mM sodium chloride). Lipoplex formation was carried
out for 20 min at 25 °C. Next, 10-puL aliquots of lipoplexes
were diluted in 1 mL of DEPC-treated water. To measure
physicochemical parameters, I mL of a lipoplex or liposome
suspension was placed into a DTS1070 folded capillary
cuvette (Malvern Instruments, Malvern, UK). The size and
polydispersity index (PDI) of lipoplexes were measured in
three biological replicates by dynamic light scattering (DLS)
on a Malvern Zetasizer Nano instrument (Malvern Instru-
ments, Malvern, UK) ata 173° scattering angle and 25 °C. The
measurements were performed in Malvern’s Zetasizer v7.11
software (Malvern Instruments). A viscosity of 0.8872 centi-
poses (cP), a refractive index (RI) of 1.330 for the dispersant,
and an RI of 1.020 and absorption of 1.335 for the material
in suspension were chosen as settings in the software. An
equilibration duration of 30 s was selected before the total
measurement. {-Potential was measured at 25 °C in three
biological replicates. Before the measurement, the equilibra-
tion duration was set to 120 s. Each measurement was paused
for 30 s before the next one.

Atomic force microscopy (AFM) imaging. AFM images
were captured in ambient air. Sample preparation for AFM was
as follows: (1) dilution of samples to desired concentration,
(2) deposition of 6 pL of a sample onto a freshly prepared
mica slide (1 % 1 cm) for adsorption for 60 s, (3) rinsing with
100-1,000 pL of MilliQ water, and (4) drying the specimen
with a gentle argon stream. Images were acquired on a Mul-
timode 8 (Bruker) atomic force microscope in “ScanAsyst in
Air” mode using ScanAsyst-Air probes (Bruker) or in tapping
mode with a diamondlike carbon NSG-10 series AFM canti-
lever (NT-MDT, Zelenograd, Russia) having a tip curvature
radius of 1-3 nm. Images were processed, prepared, and
analyzed in the Gwyddion software.

Cell lines. The HEK293T/17 cell line was purchased from
ATCC (cat. # CRL-11268). Cells were cultured at 37 °C in
the DMEM/F12 (1:1) medium supplemented with 10 % of
fetal bovine serum (FBS), 1x sodium pyruvate, 1x GlutaMax,
1% antibiotic/antimycotic, and 1x non-essential amino acids
(all solutions from Gibco, USA) in a humidified atmosphere
with 5 % of CO,.

Cell transfection in vitro. The transfection was performed
on HEK293T/17 cells. For the assay, cells were seeded in
24-well plates at 1.4 x 10° cells/well and cultured to 60—70 %
confluence in the medium described above. To avoid the de-
gradation of RNA in the lipoplexes, the FBS-containing cul-
ture medium was replaced with the 450 uL/well of FBS-free
culture medium (the cells were washed with PBS in-between).
For the formation of lipoplexes, both RNA (500 ng per well)
and liposomes 2X3-DOPE (1:3) were diluted with PBS to a
volume of 25 puL per sample with their subsequent mixing. The
mixture was incubated for 20 min for lipoplex formation. The
lipoplexes were added to the FBS-free cell medium, and the
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transfection lasted for 5 h. To stop the transfection, the FBS-
free medium was replaced with the FBS-containing medium
(with intermediate washing with PBS).

Flow cytometry. The transfection of GFP mRNA was
carried out as described above in 24-well plates. At 24 h post-
transfection, the cells were detached with TrypLE (Gibco,
USA), centrifuged for 5 min at 500 x g, washed with PBS
once, and resuspended in 1 mL of PBS containing 0.5 % of
FBS. To assess the level of GFP expression, 10,000 events per
sample were acquired on a BD FACSCanto II flow cytometer
(BD Biosciences, USA). Transfection efficiency was measured
by flow cytometry with the help of two parameters: transfec-
tion percentage and mean fluorescence intensity (MFI). The
transfection percentage was calculated as the percentage of
GFP-positive singlets. The MFI was computed as the mean
for a gated cell population. The results were analyzed in the
FlowJo software and are presented as the mean and standard
deviation (SD) from three replicates.

The time course of luminescence detection in vitro. The
transfection of Fluc2 mRNA was carried out as described
above in 24-well plates. 24h post-transfection medium was
removed and 200 pL of cold Luciferase Assay Buffer (25 mM
Tris-HCI pH 7.8, 1 % Triton-X100, 5 mM EDTA, 15 mM
MgCl,, 75 mM NaCl, 2 mM DTT, 2 mM ATP) was added.
The plates were incubated at +4 °C for 20 min. After lysis,
the suspension from each well was centrifuged in a separate
1.5 mL tubes at +4 °C, 12,000 g, 5 min, then 190 pL of each
supernatant was transferred into a new 24-well plate. The lu-
minescence level (represented in relative luminescence units,
RLU) was measured with ClarioStar Plus (BMG Labtech,
Germany) after injecting 10 uL of 3 mg/mL D-luciferin sub-
strate solution (D-luciferin Potassium Salt, GoldBio, USA) per
well. The data were analyzed in BMG Labtech CLARIOstar
MARS Software.

The time course of luminescence detection in vivo. For
in vivo experiments, female 4-6-week-old BALB/c mice were
obtained from the vivarium of the ICBFM SB RAS (Novo-
sibirsk, Russia). The animal experiments were conducted in
accordance with the recommendations for the proper use and
care of laboratory mice (ECC Directive 2010/63/EU). All
experimental protocols were approved by the Animal Research
Ethics Committee at the Institute of Cytology and Genetics SB
RAS (Novosibirsk, Russia) (protocol No. 173 of 7 May 2024).

The experiments with mice were conducted in three bio-
logical repeats. BALB/c mice were intramuscularly (i.m.)
injected with lipoplexes of FLuc mRNA with liposomes in
PBS (N/P = 6/1, 10 ng of mRNA, 150 pL per animal). Lu-
ciferase expression in vivo was assessed 4, 8, 24, 48, 72, and
96 h after administration of lipoplexes to mice. The animals
were injected intraperitoneally (i. p.) with 150 puL (3.6 mg per
mouse) of freshly prepared D-luciferin potassium salt (Gold
Biotechnology, CA, USA) in PBS. After 15 min, the animals
were anesthetized with isoflurane, and bioluminescence was
visualized using IVIS Lumina X5 (Perkin Elmer, Waltham,
MA, USA) with an exposure time of 3 min. The intensity of
the luminescent signals was estimated by densitometry using
Living Image software v.4.7.4 (Perkin Elmer, Waltham, MA,
USA).

Statistical analysis. All data plotted with error bars are
expressed as the mean with standard deviation, unless other-
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wise indicated. GFP signal data were analyzed using one way
ANOVA, FLuc signal — using a two-tailed unpaired #-test.
Significance was evaluated at p < 0.05.

Results and discussion

Construction and synthesis

of the reporter mRNAs (GFP and FLuc mRNAs)

with different types of UTRs

To correctly evaluate the effectiveness of the mRNA deliv-
ery in different conditions, the mRNA structure containing
5'-cap, UTRs and poly(A)-tail was suggested. The artificial
pseudouridinilated and capped mRNAs were synthesized
from linearized plasmids coding for a respective RNA with
subsequent T7-mediated transcription and purification (Fedo-
rovskiy et al., 2024).

The abundance of the nucleotide modifications and the com-
bination of modifications in mRNAs with different UTRs were
typical (100 % substitution of uridine by pseudouridine); there-
fore, they did not affect the expression level when comparing
mRNAs with different UTRs. For all mRNAs, polyadenylation
was carried out under identical conditions, which also could
not alter the expression level. Thus, the mRNA synthesis was
varied only in terms of the UTR combination.

The purity and integrity of the synthesized in vitro poly-
adenylated mRNAs for the subsequent assays were tested
by electrophoresis in a 1.5 % agarose gel (Supplementary
Fig. S5).

The physicochemical characterization

of the liposomes and their complexes

with reporter mRNAs

Upon mRNA characterization, we tested the characteristics of
their complexes with the lipid carriers (lipoplexes). The 2X3-
DOPE composition at a 1:3 ratio (Fedorovskiy et al., 2024)
was used as the carrier in this work as one of the most efficient
liposomes tested in previous studies (Markov et al., 2015;
Gladkikh et al., 2021), particularly due to the positive impact
of the high content of helper lipid DOPE on efficient lipoplex
formation and delivery (Vysochinskaya et al., 2022). For the
subsequent in vivo assays, the polyethyleneglycol (PEG)-
decorated lipoconjugate was added to the liposome composi-
tion for more prolonged circulation in the blood stream and
better clearance. The N/P ratios of 4/1 for the in vitro and 6/1
for the in vivo delivery were used. Physicochemical proper-
ties of the lipoplexes containing FLuc mRNA were examined,
including hydrodynamic diameters and {-potentials of the
liposomes and lipoplexes as described in (Fedorovskiy et al.,
2024) (see the Table).

It was shown that the formed lipoplexes were characterized
by a small diameter of <200 nm and a positive surface charge
of +25...+45 mV, which facilitates their permeabilization
through the cell membrane. Additionally, the diameters of
the lipoplexes were evaluated by AFM (see Supplementary
Fig. S6). The lipoplexes were shown to form homogenous
nanoparticles sized 100-200 nm, which confirms the dynamic
light scattering measurements. The results demonstrated that
the characteristics of the formed lipoplexes were appropriate
for in vitro and in vivo delivery (Vysochinskaya et al., 2022;
Fedorovskiy et al., 2024).
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Diameters and -potentials of 2X3-DOPE 1:3 and 2X3-DOPE 1:3 + 2 % DSPE-PEG,qq liposomes

and their lipoplexes with FLuc mRNA (synthetic UTRs)

Lipid nanoparticles

2X3-DOPE 1:3

2X3-DOPE 1:3 + FLuc mRNA

2X3-DOPE 1:3 + 2 % DSPE-PEG,q,
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Note.The data are presented as the mean + SD of three replicates.
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Fig. 2. The comparative analysis of fluorescent signal intensity in GFP
mRNA transfected HEK293T/17 cells.

a, The mean fluorescence intensity (RFU) in transfected cells; b, the proportion
of GFP-positive cells in transfected cells. The data are shown as the mean + SD
of three biological replicates. Data were statistically analyzed using ordinary
one-way ANOVA. * p = 0.0191; 0.0474 for comparison of cells transfected with
GFP with B-globin UTRs or GFP mRNA without UTRs; cells transfected with GFP
with B-globin UTRs or GFP with synthetic UTRs respectively (mean GFP+ RFU);
*** p = 0.0009; 0.0005; 0.0001 for comparison of cells transfected with GFP
with synthetic UTRs or GFP mRNA without UTRs (mean GFP+ RFU); GFP with
-globin UTRs and GFP without UTRs; GFP with synthetic UTRs and GFP with-
out UTRs respectively (GFP-positive cells, %), respectively; ns — for comparison
of cells transfected with GFP with B-globin UTRs or GFP with synthetic UTRs
(GFP-positive cells, %).

The in vitro comparison

of reporter mRNA expression levels

To identify the most effective mRNA structure upon lipo-
plex delivery, two mRNA models, namely, GFP and FLuc,
were used to test the reporter protein expression in vifro on
HEK293T/17 cells. Initially, we examined expression ef-
ficiency of GFP mRNAs constructed with either 3-globin or
synthetic UTRs. To confirm the necessity of 5’- and 3'-UTRs
in mRNA structure, we estimated the expression level for
mRNAs without UTRs in the same experiment (Fig. 2).

The crucial role of UTRs for the prominent expression
of synthetic mRNA was confirmed by the increase by 3.9—
4.7 times in the number of GFP-positive cells and a 1.5-2.0-
fold increase in the mean fluorescence intensity after the
addition of UTRs to the mRNA structures. The fluorescence
assay revealed a 1.5-fold increase in the fluorescence level of
the cells transfected with mRNAs containing the novel UTR
combination as compared to mRNAs carrying the commonly
used B-globin UTRs. Moreover, this finding supports the idea
of more effective expression due to the higher ribosome load
at the 5’ end of mRNA (Orlandini von Niessen et al., 2019)
and shows effective interaction of nucleotide motifs from
these UTRs.

MOJIEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

Diameter, nm

842+ 1.1

(-potential, mV
285+1.9

826+43 438+3.8
104.7 £0.9 58.7£0.6

193.4+3.0 256+0.5

a FLuc mRNA
synthesis

Cell transfection

lysis buffer

Cell lysis

Centrifugation

D-luceferin
injection

Luciferase
assay

_ >

Mean luminescence intensity,
RLU x 104

FLuc, B-globin UTRs

FLuc, synth. UTRs

Fig. 3. The luciferase assay and luminescence analysis of FLuc mRNA
containing B-globin or synthetic UTRs.

a, The schematic illustration of the luciferase assay in vitro. b, The average
luminescent signals of the transfected cells. The data are presented as the
mean =+ SD of three biological replicates. Data were statistically analyzed using
two-tailed Student’s t-test. * p = 0.00009 as compared with FLuc mRNA con-
taining B-globin UTRs.

To further confirm the efficacy of the novel UTR com-
bination in the translation of reporter mRNAs within cells,
an alternative mRNA encoding FLuc was used. The results
demonstrated that mRNA flanked by the synthetic UTRs
exhibited a luminescent signal intensity that was 6—7 times
greater than that observed in mRNA containing B-globin
UTRs (Fig. 3b). The more sufficient growth of the specific
signal in the luminescent assay could be explained by the
more significant sensitivity of the luminescence detection
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Fig. 4. In vivo luminescence analysis of BALB/c mice injected with FLuc mRNA.

a, The scheme of the experiment with key time intervals; b, the mean luminescence intensities of regions of interest (ROIs) in mice. The blue and orange bars
represent the mice immunized with the FLuc mRNA containing synthetic or $-globin UTRs, respectively. The results are presented as the mean + SD of three
replicates. ¢, Representative IVIS images of Fluc luminescence in mice after the injection of lipoplexes. Data were statistically analyzed using two-tailed Student’s

t-test. * p = 0.0001 compared with FLuc mRNA containing 3-globin UTRs.

(Troy et al., 2004). Indeed, the luminescence detection tends
to be 100-fold more sensitive than the commonly investigated
fluorescent detection; thus, the result allows a more precise
evaluation of the comparative effectiveness of the investigated
combination of UTRs. On the other hand, the higher signal for
the luminescence assay upon the substitution of the B-globin
UTRs with synthetic UTRs could be caused by the higher
expression level of the FLuc gene rather than GFP. Mrksich
et al. showed that the longer hydrophobic tail of the cationic
lipid facilitates the higher translation level of the more pro-
longed mRNA. As 2X3 used in our assays is quite compact
and less branched even compared with C12-200 (Mrksich et
al., 2024), it promotes the higher expression of FLuc mRNA
with more prolonged UTRs.

The in vivo comparison

of reporter mRNA expression levels

To evaluate the influence of different UTRs on the efficiency
of mRNA translation in vivo, lipoplexes of PEGylated lipo-
somes with FLuc mRNAs containing either 3-globin or syn-
thetic UTRs were intramuscularly injected into BALB/c mice
(Fig. 4).

The in vivo results demonstrated that mRNA containing a
novel combination of 5'-UTR-4 and 3'-UTR AES-mtRNR1
exhibited dramatically elevated luminescence signal at late
time points (=72 h post injection) that was six times higher
compared to B-globin-UTR-containing mRNA. /n vivo find-
ings revealed a dramatic increase in the luminescent signal
observed at 72 h post injection, whereas for the 3-globin UTRs,
the specific signal tended to decay at 48 h post injection. It is
worth noting that in our study, the signal peak shifted from se-
veral hours post injection (as shown e. g. (Panova et al., 2023))
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to 48 h post injection and later. This shift could be caused
not only by the carrier molecules used in this work and their
properties but also by the specific translation pattern resulting
from the novel UTR combination. According to (Ruis de los
Mozos et al., 2013), 5" and 3’ components of mRNA tend to
interact with each other, providing stabilization of the mRNA.
Moreover, the extension of 3'-UTR length could have a posi-
tive effect on the half-life of the mRNAs through interactions
with RNA-binding proteins. The specific luciferase signal was
detected even 174 h post injection of artificial mRNA with
the novel UTR combination (Supplementary Fig. S7), which
may indicate a longer half-life of the mRNA. These results
really merge with the in vitro assays, indicating the advan-
tages of the novel UTR combination. Long-term presence of
mRNA in mammalian tissues and long-term expression of
the target gene have been previously described, but for other
delivery systems, which explains the difference between our
data and other studies (Hassett et al., 2024). The expression
enhancement accomplished in our research may facilitate the
development of antiviral or anticancer mRNA vaccines pos-
sessing higher immunogenicity than the existing analogues.

Conclusion

Overall, the results of this study indicate that the novel combi-
nation of synthetic 5'-UTR-4 and 3'-UTR AES-mtRNR1 UTRs
introduced into reporter mRNAs demonstrated enhanced
mRNA translation in comparison with mRNA containing
B-globin UTRs in both in vitro and in vivo experiments. The
optimization of the mRNA structure should improve the
development of effective antiviral and anticancer mRNA
modalities, which can compete with other types of vaccines
and therapeutics.

BaBunoBckuii xKypHan reHeTuku n cenekuum / Vavilov Journal of Genetics and Breeding - 202529 6



[.H. AnTponos, O.B. Mapkos, A.C. lome ...
A.

H.
M. MaTtBeeBa, M.A. Macnos, I'A. CtenaHoB

References

Andreev D.E., Dmitriev S.E., Terenin I.M., Prassolov V.S., Mer-
rick W.C., Shatsky I.N. Differential contribution of the m’G-cap to
the 5’ end-dependent translation initiation of mammalian mRNAs.
Nucleic Acids Res. 2009;37(18):6135-6147. doi 10.1093/nar/gkp665

Chatterjee S., Pal J.K. Role of 5'- and 3'-untranslated regions of
mRNAs in human diseases. Biol Cell. 2009;101(5):251-262. doi
10.1042/BC20080104

Chen F., Cocaign-Bousquet M., Girbal L., Nouaille S. 5'UTR sequences
influence protein levels in Escherichia coli by regulating translation
initiation and mRNA stability. Front Microbiol. 2022;13:1088941.
doi 10.3389/fmicb.2022.1088941

Conrad T., Plumbom I., Alcobendas M., Vidal R., Sauer S. Maximizing
transcription of nucleic acids with efficient T7 promoters. Commun
Biol. 2020;3(1):439. doi 10.1038/s42003-020-01167-x

Fedorovskiy A.G., Antropov D.N., Dome A.S., Puchkov P.A., Makaro-
va D.M., Konopleva M.V., Matveeva A.M., Panova E.V., Shmen-
del E.V., Maslov M.A., Dmitriev S.E., Stepanov G.A., Markov O.V.
Novel efficient lipid-based delivery systems enable a delayed uptake
and sustained expression of mRNA in human cells and mouse tis-
sues. Pharmaceutics. 2024;16(5):684. doi 10.3390/pharmaceutics
16050684

Gladkikh D.V., Sen’kova A.V., Chernikov 1.V., Kabilova T.O., Popo-
va N.A., Nikolin V.P., Shmendel E.V., Maslov M.A., Vlassov V.V.,
Zenkova M.A., Chernolovskaya E.L. Folate-equipped cationic li-
posomes deliver anti-MDR1-siRNA to the tumor and increase the
efficiency of chemotherapy. Pharmaceutics. 2021;13(8):1252. doi
10.3390/pharmaceutics 13081252

Hassett K.J., Rajlic I.L., Bahl K., White R., Cowens K., Jacquinet E.,
Burke K.E. mRNA vaccine trafficking and resulting protein expres-
sion after intramuscular administration. Mol Ther Nucleic Acids.
2024;35(1):102083. doi 10.1016/j.0mtn.2023.102083

Kirshina A.S., Vasileva O.0., Kunyk D.A., Seregina K.K., Musli-
mov A.R., Ivanov R.A., Reshetnikov V.V. Effects of combinations
of untranslated-region sequences on translation of mRNA. Bio-
molecules. 2023;13(11):1677. doi 10.3390/biom13111677

Kozak M. The scanning model for translation: an update. J Cell Biol.
1989;108(2):229-241. doi 10.1083/jcb.108.2.229

Leppek K., Byeon G.W., Kladwang W., Wayment-Steele H.K.,
Kerr C.H., Xu A.F,, Kim D.S., ... Participants E., Dormitzer P.R.,
Solorzano A., Barna M., Das R. Combinatorial optimization of
mRNA structure, stability, and translation for RNA-based thera-
peutics. Nat Commun. 2022;13(1):1536. doi 10.1038/s41467-022-
28776-w

Markov O.V., Mironova N.L., Shmendel E.V., Serikov R.N., Moro-
zova N.G., Maslov M.A., Vlassov V.V., Zenkova M.A. Multicom-
ponent mannose-containing liposomes efficiently deliver RNA in
murine immature dendritic cells and provide productive anti-tumour
response in murine melanoma model. J Control Release. 2015;213:
45-56. doi 10.1016/j.jconrel.2015.06.028

2025
29-6

HoBas KombuHauua 5'- n 3'-HeTpaHcIMpyembix obnacTen
cnoco6cTByeT noBbileHuio skcnpeccun MPHK in vitro v in vivo

Morais P., Adachi H., Yu Y.T. The critical contribution of pseudouri-
dine to mRNA COVID-19 vaccines. Front Cell Dev Biol. 2021;9:
789427. doi 10.3389/fcell.2021.789427

Mrksich K., Padilla M.S., Joseph R.A., Han E.L., Kim D., Palanki R.,
Xu J., Mitchell M.J. Influence of ionizable lipid tail length on lipid
nanoparticle delivery of mRNA of varying length. J Biomed Mater
Res A.2024;112(9):1494-1505. doi 10.1002/jbm.a.37705

Orlandini von Niessen A.G., Poleganov M.A., Rechner C., Plaschke A.,
Kranz M.L., Fesser M., Diken M., Lower M., Vallazza B., Beis-
sert T., Bukur V., Kuhn A.N., Tureci O., Sahin U. Improving mRNA-
based therapeutic gene delivery by expression-augmenting 3’ UTRs
identified by cellular library screening. Mol Ther. 2019;27(4):824-
836. doi 10.1016/j.ymthe.2018.12.011

Panova E.A., Kleymenov D.A., Shcheblyakov D.V., Bykonia E.N.,
Mazunina E.P., Dzharullaeva A.S., Zolotar A.N., ... Dmitriev S.E.,
Gushchin V.A., Naroditsky B.S., Logunov D.Y., Gintsburg A.L.
Single-domain antibody delivery using an mRNA platform protects
against lethal doses of botulinum neurotoxin A. Front Immunol.
2023;14:1098302. doi 10.3389/fimmu.2023.1098302

Ruiz de los Mozos 1., Vergara-Irigaray M., Segura V., Villanueva M.,
Bitarte N., Saramago M., Domingues S., Arraiano C.M., Fechter P.,
Romby P., Valle J., Solano C., Lasa I., Toledo-Arana A. Base pairing
interaction between 5'- and 3’-UTRs controls icaR mRNA transla-
tion in Staphylococcus aureus. PLoS Genet. 2013;9(12):e1004001.
doi 10.1371/journal.pgen.1004001

Sample P.J., Wang B., Reid D.W., Presnyak V., McFadyen L.J., Mor-
ris D.R., Seelig J. Human 5" UTR design and variant effect predic-
tion from a massively parallel translation assay. Nat Biotechnol.
2019;37(7):803-809. doi 10.1038/s41587-019-0164-5

Troy T., Jekic-McMullen D., Sambucetti L., Rice B. Quantitative com-
parison of the sensitivity of detection of fluorescent and biolumines-
cent reporters in animal models. Mol Imaging. 2004;3(1):9-23. doi
10.1162/15353500200403196

Vysochinskaya V., Shishlyannikov S., Zabrodskaya Y., Shmendel E.,
Klotchenko S., Dobrovolskaya O., Gavrilova N., Makarova D.,
Plotnikova M., Elpaeva E., Gorshkov A., Moshkoff D., Maslov M.,
Vasin A. Influence of lipid composition of cationic liposomes 2X3-
DOPE on mRNA delivery into eukaryotic cells. Pharmaceutics.
2022;15(1):8. doi 10.3390/pharmaceutics15010008

Yuzhakova D., Kiseleva E., Shirmanova M., Shcheslavskiy V., Sachko-
va D., Snopova L., Bederina E., Lukina M., Dudenkova V., Yusu-
balieva G., Belovezhets T., Matvienko D., Baklaushev V. Highly in-
vasive fluorescent/bioluminescent patient-derived orthotopic model
of glioblastoma in mice. Front Oncol. 2022;12:897839. doi 10.3389/
fonc.2022.897839

Zhuang X., Qi Y., Wang M., Yu N., Nan F., Zhang H., Tian M., Li C.,
LuH., Jin N. mRNA vaccines encoding the HA protein of influenza A
HINT1 virus delivered by cationic lipid nanoparticles induce protec-
tive immune responses in mice. Vaccines (Basel). 2020;8(1):123. doi
10.3390/vaccines8010123

Conflict of interest. The authors declare no conflict of interest.

Received Febrary 11, 2025. Revised April 20, 2025. Accepted May 12, 2025.

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

743


https://pubmed.ncbi.nlm.nih.gov/19696074/
https://pubmed.ncbi.nlm.nih.gov/19275763/
https://pubmed.ncbi.nlm.nih.gov/19275763/
https://pubmed.ncbi.nlm.nih.gov/36620028/
https://pubmed.ncbi.nlm.nih.gov/32796901/
https://pubmed.ncbi.nlm.nih.gov/38794346/
https://pubmed.ncbi.nlm.nih.gov/38794346/
https://pubmed.ncbi.nlm.nih.gov/34452213/
https://pubmed.ncbi.nlm.nih.gov/34452213/
https://pubmed.ncbi.nlm.nih.gov/38161733/
https://pubmed.ncbi.nlm.nih.gov/38002359/
https://pubmed.ncbi.nlm.nih.gov/2645293/
https://pubmed.ncbi.nlm.nih.gov/35318324/
https://pubmed.ncbi.nlm.nih.gov/35318324/
https://pubmed.ncbi.nlm.nih.gov/26134071/
https://pubmed.ncbi.nlm.nih.gov/34805188/
https://pubmed.ncbi.nlm.nih.gov/38487970/
https://pubmed.ncbi.nlm.nih.gov/30638957/
https://pubmed.ncbi.nlm.nih.gov/36865543/
https://pubmed.ncbi.nlm.nih.gov/24367275/
https://pubmed.ncbi.nlm.nih.gov/31267113/
https://pubmed.ncbi.nlm.nih.gov/15142408/
https://pubmed.ncbi.nlm.nih.gov/15142408/
https://pubmed.ncbi.nlm.nih.gov/36678637/
https://pubmed.ncbi.nlm.nih.gov/35912166/
https://pubmed.ncbi.nlm.nih.gov/35912166/
https://pubmed.ncbi.nlm.nih.gov/32164372/
https://pubmed.ncbi.nlm.nih.gov/32164372/

