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The potential clinical applications of the powerful in vitro-tran-
scribed (IVT)-mRNAs, to restore defective protein functions,
strongly depend on their successful intracellular delivery and
transient translation through the development of safe and effi-
cient delivery platforms. In this study, an innovative (interna-
tional patent-pending)methodology was developed, combining
the IVT-mRNAs with the protein transduction domain (PTD)
technology, as an efficient delivery platform. Based on the
PTD technology, which enables the intracellular delivery of
various cargoes intracellularly, successful conjugation of a
PTD to the IVT-mRNAs was achieved and evaluated by band-
shift assay and NMR spectroscopy. In addition, the PTD-IVT-
mRNAs were applied and evaluated in two protein-disease
models, including the mitochondrial disorder fatal infantile
cardioencephalomyopathy and cytochrome c oxidase (COX)
deficiency (attributed to SCO2 gene mutations) and b-thalas-
semia. The PTD-IVT-mRNA of SCO2 was successfully trans-
duced and translated to the corresponding Sco2 protein inside
the primary fibroblasts of a SCO2/COX-deficient patient,
whereas the PTD-IVT-mRNA of b-globin was transduced and
translated in bone marrow cells, derived from three b-thalas-
semic patients. The transducibility and the structural stability
of the PDT-IVT-mRNAs, in both cases, were confirmed at the
RNA and protein levels. We propose that our novel delivery
platform could be clinically applicable as a protein therapy for
metabolic/genetic disorders.
Received 10 October 2020; accepted 9 September 2021;
https://doi.org/10.1016/j.omtn.2021.09.008.

Correspondence: Lefkothea C. Papadopoulou, Laboratory of Pharmacology,
School of Pharmacy, Faculty of Health Sciences, Aristotle University of Thessalo-
niki, Thessaloniki, Thessaloniki, 546 42 Macedonia, Greece.
E-mail: lefkotea@pharm.auth.gr
INTRODUCTION
Although in vitro-transcribed (IVT)-mRNA is produced extracellu-
larly, it retains the ability to mediate the translation of genetic infor-
mation into proteins in recipient cells.1 The major advantage of IVT-
mRNA technology is that transduction of mRNA molecules does not
induce oncogenic mutations, unlike gene therapy strategies applied
via retro-/lenti-viral vectors. In principle, IVT-mRNA-based thera-
peutic approaches are applicable to a wide range of acute and chronic
diseases, including diseases that can be cured by protein replacement
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therapy (PRT), genome editing, cell fate reprogramming, and cancer
immunotherapy.2 It is worthmentioning that IVT-mRNA-based vac-
cines have been brought into the limelight, due to the urgent need to
vaccinate people worldwide against the COVID-19 pandemic, caused
by the SARS-CoV-2 coronavirus. Of the various approaches that have
been developed, BioNTech/Pfizer andModerna IVT-mRNA vaccines
were the first to be injected into human volunteers and received
preliminary approval for emergency use. They offer significant ad-
vantages, such as faster and easier manufacturing and clinical devel-
opment, compared to the more time-consuming traditional vaccines.

IVT-mRNA can be transduced into eukaryotic cells by a receptor-
mediated mechanism, although at an extremely low uptake rate in
most cell types.3 Moreover, the problem of IVT-mRNA susceptibil-
ity to enzymatic degradation, which affects its structural and func-
tional stability in fluids with high RNase activity,3–5 is of great
concern. However, it has been found that appropriate construct
design of IVT-mRNA through chemical and structural modifica-
tions can potentially control the half-life and translation rate of
the mRNA6 by increasing its translation efficiency. These modifica-
tions include, but are not limited to, the following: (1) addition of
anti-reverse cap analogs (ARCAs);2,7 (2) involvement of modified
nucleosides, such as 5mC (5-methylcytidine) and J (pseudo-uri-
dine);8 (3) polyadenylation at the 30 end of the IVT-mRNA;2 (4)
replacement of the Adenylate/Uridylate–rich elements (AU-rich
elements, AREs; destabilizing elements), with more stable 50 UTRs
(untranslated regions), like the murine 50 UTR of the b-globin
gene, as well as the human 30 UTR of the a-globin or b-globin genes;9

and (5) existence of a strong Kozak sequence to initiate translation at
the 50 UTR.
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Intracellular delivery of IVT-mRNA can be mediated by several
methods, including cell membrane disruption (by electroporation or
gene gun), resulting in a fairly high percentage of dead cells,10 although
there are ongoing efforts to improve safety and efficacy. In addition,
IVT-mRNA delivery can be mediated via various nanoparticle
(NP)-mediated delivery systems. The latter includes lipid-based and
polymer-based systems with cationic surface charge, as the main
feature for complexation with the negatively charged mRNA mole-
cules. However, because surface charge, colloidal instability, poor sta-
bility in serum, and rapid clearance play important roles,11–13 there is
an ongoing need for alternative IVT-mRNA delivery systems.2

In this study, we sought to design a novel conjugation reaction between
the IVT-mRNAs and protein transduction domains (PTDs)14–17 to
achieve an alternative, effective, and potentially safer approach to deliv-
ering IVT-mRNAs into cultured human cell lines. PTD technology uses
short peptides capable of penetrating almost all cellularmembranes and
intracellularly carrying a variety of “cargoes,” ranging frommicromole-
cules and small interfering RNAs (siRNAs) to macromolecules (pro-
teins, RNAs, plasmid DNA, NPs), with relatively high transduction
efficiency as well as low cytotoxicity.

There are two strategies to generate a PTD/nucleic acid complex. The
first is based on electrostatic self-assembly of non-covalent, stable
bonds between the PTD and its cargo,18,19 whereas the second strat-
egy involves the use of chemical ligands that covalently bind the PTD
to the cargo, mainly through a cleavable disulfide,20 amide,21,22 thia-
zolidine, oxime, or hydrazine bond.23 The non-covalent strategy relies
on the amphipathic properties of short peptides (e.g., MPG, Pep-1, or
CADY), which can form complexes with cargoes, without the need
for chemical modification or crosslinking. The covalent method,
although it is limited from a chemical point of view because of the
risk of altering the biological activity of the cargo, as well as the effi-
ciency of the released cargo, does offer the advantage of less cargo loss.
Alternatively, covalent binding offers the advantage of less “cargo
loss” and protection of the cargo under adverse conditions during
in vivo delivery, due to the existence of RNases.24

The developed PTD-IVT-mRNA platform system, described in this
work, was evaluated as a potential therapeutic approach in two pro-
tein-defective and genetically aberrant disease models. The first model
refers to amitochondrial disorder specifically attributed to SCO2muta-
tions. Mutations in the human SCO2 gene lead to primary mitochon-
drial disorders, such as fatal infantile cardioencephalomyopathy and
cytochrome c oxidase (COX) deficiency,25 as well as other neurodegen-
erative disorders, such as spinal muscular atrophy (SMA)26 and Leigh
syndrome.27 Sco2 is ahumanmitochondrial inner-membraneprotein25

involved in mitochondrial copper transfer,28 redox signaling,25,29–32

and bioenergetics, via the p53 regulatory pathway.33 SCO2 has been
listed among �2,000 genes essential for human cell viability.34 Treat-
ment of mitochondrial protein deficiencies remains an unmet need,
as there are no established therapeutic approaches, only supportive
treatment with agents, such as vitamins (mainly B, but also C and E,
as antioxidants) and other substances, such as co-enzyme Q10
(CoQ10),a-lipoic acid (a-ALA), L-carnitine, and creatine.35 In relation
to mitochondrial disorders, due to SCO2 mutations, combinations of
copper and bezafibrate36,37 or elesclomol (ES) have been proposed as
a potential copper carrier.38 Our group has proposed PRT, via the
production and successful delivery of the human recombinant full-
length mitochondrial protein Sco2, fused with Transactivator of
Transcription peptide (TAT peptide) via PTD technology, into the
mitochondria of a SCO2/COX-deficient cell culture model, comple-
menting COX deficiency in fibroblasts, derived from a SCO2-deficient
patient.15,17 The secondmodel, in which our IVT-mRNAdelivery plat-
form has been applied, is b-thalassemia, a hereditary anemia, caused by
the lack or insufficient production of the b-hemoglobin (HBB) chain,
due to a broad spectrum of mutations. With 270 million heterozygotes
worldwide,b-thalassemia represents themost commonmonogenic dis-
order and is potentially amenable to gene therapy.39 However, the cur-
rentmanagement ofb-thalassemia consists of prenatal diagnosis, trans-
fusion therapy, and allogeneic bone marrow (BM) transplantation
(BMT),40 the latter of which is the only potentially curative to date. In
addition, a gene therapy product (Zynteglo), using a lentiviral vector
carrying the human b-globin, has been developed and recently autho-
rized by the US Food and Drug Administration (FDA) and European
Medicines Agency (EMA) (with recommendation provided by the
EMA Pharmacovigilance Risk Assessment Committee) for the treat-
ment of transfusion-dependent b-thalassemia (TDT). This product is
under post-marketing surveillance and additional commitments. Addi-
tionally, many other outstanding efforts are being conducted, such as
gene therapy inhematopoietic stemcells (HSCs),mediated by retroviral
or lentiviral vectors (as mentioned above) or genome editing. The latter
technologies aim to correct b-thalassemia mutations via the following:
(1) zinc-finger nucleases (ZFN)-induced homology-directed repair
(HDR) or non-homologous end-joining (NHEJ)withone ongoing clin-
ical trial; (2) meganucleases (MNs); (3) transcription activator-like
effector nucleases (TALENs); and (4) the RNA-guided CRISPR-
CRISPR-associatedprotein 9 (Cas9) system,39with twoongoing clinical
trials in transfusion-dependent b-thalassemic patients. However,
despite the undeniable success of the approaches described above, in
the case of thalassemias, these strategies pose major challenges curing
patients with the b0/b0 genotype in terms of safety and control of trans-
gene expression, raising the need to explore alternative genetic and
cellular therapeutic approaches. In the context of PRT for b-thalas-
semia, our group recently has published the study of the production
of the recombinant b-globin chain, fused to TAT, and its successful
intracellular transduction in human chronic myelogenous leukemia
K-562 cells, replacing the endogenousmissingb-globin chain and inter-
acting with endogenous a-globin chains to eventually form a2b2-
tetramers.14

The central goal of the work presented here was to design a method to
construct and develop a novel PTD-IVT-mRNA platform, using an
established PTD, to effectively deliver IVT-mRNA into human fibro-
blasts, as well as hematopoietic cells, deficient in Sco2 and b-globin
proteins, respectively. Our platform tackles problems of stability,
transduction, and translation of the IVT-mRNAs and allows transient
production of the proteins of interest via efficient translation of their
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Figure 1. Band-shift assay of the PTD-IVT-mRNAs

Denaturing 6% PAGE/8 M urea gel electrophoresis of the PTD-IVT-mRNAs as

compared with the corresponding naked IVT-mRNA ofSCO2(A) and IVT-mRNA of

b-globin.(B). MR, RNA molecular weight marker.
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corresponding transduced IVT-mRNAs. Altogether, this platform
provides a suitable approach for efficient PRT, applicable to various
monogenic/metabolic disorders.

RESULTS
Construction of the template for in vitro transcription and

production of IVT-mRNA

The final plasmid IVT templates pcDNA3-50 UTR-SCO2-30 UTR
(Figure S1A) and pcDNA3-50 UTR-b-globin-30 UTR (Figure S2A)
are shown in the DNA plasmid maps, and each successful cloning
was confirmed by sequencing. For the construction of the final IVT
reaction templates, several recombinant plasmid vectors were de-
signed (Figures S3 and S4), constructed, transformed into the
E. coli strain TOP10F0, and then isolated. Maps of all recombinant
plasmid constructs produced are displayed via SnapGene software
(from GSL Biotech; available at https://www.snapgene.com/). Each
IVT plasmid template also contained the eukaryotic ribosomal bind-
ing sequence (RBS), known as the Kozak sequence, which is essential
for initiating the translation of the IVT-mRNA strands by binding of
the eukaryotic ribosome to the IVT-mRNA strands. This Kozak
sequence used was present within the fused 50 UTR of murine
b-globin mRNA (Table S1). In addition, the IVT plasmid template
contained the corresponding CDS of SCO2/b-globin, followed by
the 30 UTR of the human b-globin mRNA.

Each IVT-mRNA (50 UTR-SCO2-30 UTR, simplified as IVT-mRNA
of SCO2/50 UTR-b-globin-30 UTR, simplified as IVT-mRNA of
b-globin) was prepared by the T7 polymerase-based in vitro transcrip-
tion method and purified by phenol-chloroform after linearization of
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the recombinant plasmid vector by digestion with the XbaI restriction
enzyme. IVT-mRNA maps are also shown via SnapGene software
(Figures S1B and S2B). Successful synthesis of capped IVT-mRNAs
with poly(A) tailing was confirmed by denaturing 6% PAGE/8 M
urea gel electrophoresis (Figure S5), as well as by cDNA synthesis
and PCR with specific primers.

Conjugation of the PTD to the IVT-mRNA

According to our innovative design, a selected PTD (PFVYLI) was
used to transduce the IVT-mRNA. To detect the conjugation of the
PTD to each IVT-mRNA, a band-shift assay was performed. The
PTD-IVT-mRNAs showed delayed transposition into the denaturing
6% PAGE/8 M urea gel compared to their corresponding naked IVT-
mRNAs (without PTD), which were used as internal negative controls
(Figure 1). In addition, a non-PTD peptide (WSYGLRPG) was used
as a negative control peptide (in 2� concentration) to assess the rela-
tive penetration capacity of the PTD used in the PTD-IVT-mRNA
platform. The conjugation product of the control peptide showed
slower transposition into the denaturing 6% PAGE/8 M urea gel, as
well, compared to the naked IVT-mRNA (Figure S6A).

Nuclear Magnetic Resonance (NMR) experiments (in DMSO-d6)
were performed to record the 1D 1H spectra of the PTD and the
PTD-IVT-mRNA. Figure 2A shows the amino group (NH) region
of the 1H spectra of the PTD, which exhibits a low dispersion of the
NH chemical shifts and is a typical feature of a short, mobile, and
disordered (poly)peptide. Nevertheless, the NHs of the free PTD
(most of them appearing as degenerate doublets in 7.6�8.1 ppm
due to NH-Ha coupling; J = 8.80�9.00 Hz) shifted significantly in
the PTD-IVT-mRNA reaction mixture (Figure 2B). In the PTD-
IVT-mRNA, changes in the chemical and magnetic environment re-
sulted in significant chemical shift differences in the PTD backbone
NH peaks, appeared as doublets, and were distributed over the range
of 7.5�8.8 ppm.

To provide further evidence for the successful conjugation of the PTD
to IVT-mRNA, based on the PTD backbone amide NH groups, an
attempt was made to investigate the labile nature of these protons.
Therefore, 15% D2O in 500 mL of DMSO-d6 (plus 90 mL reaction
mixture; see Materials and methods) was added to the NMR solution
buffer, and additional 1H 1D NMR spectra were recorded with the
same experimental parameters (Figure 2B). The proton resonances
of the amino acid (aa) methyl groups were identified, and their inten-
sities, which appeared in both NMR samples (without and with 15%
D2O), were normalized. Then, the intensities of the backbone NH
peaks were compared. It can be clearly seen (Figure 2B) that the in-
tensity of the exchangeable NH peaks was significantly reduced by
the addition of the D2O, as the result of the Hydrogen–deuterium
(H/D) exchange.

The NMR analysis of the control peptide-IVT-mRNA of SCO2 also
confirmed the successful conjugation, as chemical shift changes
were observed in the 1H spectrum of the conjugation product,
showing chemical shift difference with respect to the NH resonances

https://www.snapgene.com/


Figure 2. NMR analysis of the PTD-IVT-mRNA of SCO2

(A) NH region of the 1H spectra of the free PTD in DMSO. (B) NH region of the 1H

spectra of the PTD-IVT-mRNA in DMSO (plus D2O).
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of the free control peptide (especially for those in the regions of 7.0–
7.3 ppm and 7.75–8.15 ppm) (Figure S6B). Therefore, the control
peptide conjugated to the IVT-mRNA of SCO2 was also used in sub-
sequent experiments.

Assessment of the structural stability of PTD-IVT-mRNA

Degradation of the PTD-IVT-mRNA of SCO2 was examined after
treatment with fetal bovine serum (FBS), which contains nucleases,
for 1 h. Gel electrophoresis showed significant degradation of the
naked IVT-mRNA after 1 h exposure to 10% FBS. On the other
hand, PTD-IVT-mRNA of SCO2 showed a statistically significant
increased tolerance to nucleases under the same treatment conditions
(*p = 0.0430). Even after 1 h of exposure to 10% FBS, PTD-IVT-
mRNA was still trapped in the loading wells, indicating that the
IVT-mRNA was still conjugated to the PTD and protected (Figures
3A and 3B). Interestingly, the control peptide-IVT-mRNA of the
SCO2 conjugation product appeared to be also resistant to nucleases
found within 10% FBS, although to a much lesser degree than the
PTD-IVT-mRNA (Figures S7A and S7B).

PTD-IVT-mRNA of SCO2 showed a statistically significant higher sta-
bility compared to the naked IVT-mRNA(**p= 0.005) after incubation
withRNaseA for 1 h at 37�C.The naked IVT-mRNAof SCO2 showeda
decrease in band intensity (fold difference [FD]: 6.7) compared to the
untreated IVT-mRNA, indicating that only the 14.9% of the IVT-
mRNA remained stable after RNase A treatment (Figures 3C and
3D). ThePTDappears to protect the IVT-mRNA fromRNase degrada-
tion, as band intensitywas only reducedwith anFDof 1.13 compared to
untreated PTD-IVT-mRNA, as 72% of the IVT-mRNA remained sta-
ble after incubation with RNase (Figures 3C and 3D), solely due to the
conjugation with the peptide (minus the IVT-mRNA portion). These
results are from three independent experiments, each performed in
triplicates. As shown in Figures S7C and S7D, the control peptide-
IVT-mRNA of SCO2 remained stable after treatment with RNase A,
as the band intensity was reduced with an FD of 1.40 only, compared
to untreated control peptide-IVT-mRNA of SCO2, as 42% of the
IVT-mRNA remained stable after incubation with RNase, solely due
to the conjugation with the peptide (minus the IVT-mRNA portion).

Presence of proteinase K

The proteinase K assay was performed to investigate the nature of the
bond formed between the PTD and the IVT-mRNA. After treatment
for 1 h at 37�C, PTD-IVT-mRNA of SCO2 appeared to be resistant to
digestion with proteinase K. The IVT-mRNA conjugated to PTD
showed a slower transposition into the gel, having the same profile
as the untreated PTD-IVT-mRNA (Figure S8). The failure of protein-
ase K to dissociate the bond formed during the conjugation of the
PTD to the IVT-mRNA is probably because of the PTD aa sequence
or the formation of a “protective” secondary structure of the PTD and
the IVT-mRNA.

PTD conjugation allows efficient IVT-mRNA uptake and

translation

PTD-IVT-mRNA of SCO2

To achieve efficient translation of the IVT-mRNA of the SCO2 into its
corresponding gene product, it was first conjugated to the selected
PTD to be effectively delivered into cells. Based on the IVT-mRNA
amount (0.5 mg), PTD-IVT-mRNA of SCO2 was first incubated
with K-562 cells (Figure 4) and then with primary SCO2-deficient fi-
broblasts (Figure 5).

Regarding the efficiency in protein level, treatment of K-562 cells with
PTD-IVT-mRNA of SCO2 showed increased SCO2 translation from
the first 30 min, which was increased over time and reached its
maximum level at 96 h post-transduction (Figures 4A and 4B). The
SCO2 translation was statistically significantly increased (FD: 1.53,
*p = 0.0227) at 72 h post-transduction (Figure 4C). In K-562 cells
transduced with PTD-IVT-mRNA of SCO2, corresponding to
0.5 mg, no growth inhibition was observed up to 96 h, as shown in Fig-
ure S9, nor was cell death (data not shown). The efficient delivery of
PTD-IVT-mRNA of SCO2 was confirmed from the first 30 min up to
96 h (Figure 4D), where the IVT-mRNA was detected in K-562 cells
(up to an FD of 9) compared to untreated cells and normalized with
b-actin gene expression (Figure 4E).

In the case of primary SCO2/COX-deficient fibroblasts, transduction
with PTD-IVT-mRNA of SCO2 showed an increase in SCO2
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 697
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Figure 3. Stability evaluation assays for the PTD-IVT-

mRNA of SCO2

(A) 2% agarose gel electrophoresis of IVT-mRNA and PTD-

IVT-mRNA, incubated at 37�C in 10% FBS for 1 h. (B) Bar

graph of band intensity of the IVT-mRNA and PTD-IVT-

mRNA (compared to the corresponding untreated IVT-

mRNA [lane 2] and PTD-IVT-mRNA [lane 6], respectively)

after FBS treatment for 1 h with *p = 0.0430. (C) 2% agarose

gel electrophoresis of IVT-mRNA and PTD-IVT-mRNA,

incubated at 37�C with RNase A. (D) Bar graph of band

intensity of the IVT-mRNA and PTD-IVT-mRNA (compared

to the corresponding untreated IVT-mRNA [lane 2] and

PTD-IVT-mRNA [lane 6], respectively) after RNase treat-

ment for 1 h with **p = 0.0050.
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translation, which was observed after only 30 min of exposure and
persisted until 96 h post-transduction (Figures 5A and 5B), without
notably affecting cell viability (Figure S10). After transduction of
0.5 mg of the PTD-IVT-mRNA into primary SCO2-deficient fibro-
blasts for 72 h, flow cytometry analysis showed a statistically signifi-
cant (FD: 7.45, **p = 0.0013) increase in SCO2 translation compared
to the corresponding untreated SCO2-deficient fibroblasts (Fig-
ure 5C). The efficient delivery of PTD-IVT-mRNA of SCO2 was
confirmed from the first 30 min up to 96 h (Figure 5D), where the
IVT-mRNA was detected in SCO2/COX-deficient fibroblasts (up to
an FD of 11.9), compared to untreated cells and normalized with
b-actin gene expression (Figure 5E).

Regarding the uptake mechanism of PTD-IVT-mRNA of SCO2 in
SCO2/COX-deficient fibroblasts, cells were preincubated with chlor-
promazine and then treated with PTD-IVT-mRNA of SCO2.
Compared with untreated cells, no significant differences in SCO2
translation were observed. However, compared to cells treated solely
with the PTD-IVT-mRNA, the SCO2 translation was statistically
significantly decreased (*p = 0.0189). However, preincubation with
genistein and then treatment with PTD-IVT-mRNA of SCO2 showed
a significant increase (FD: 4, *p = 0.0136) in SCO2 translation as
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compared to untreated cells. There is a slight
uptake inhibition in genistein-treated cells
compared to solely PTD-IVT-mRNA-treated
cells; however, this is not statistically significant
(p = 0.1779) (Figures 6A and 6B). These data
indicate that only in the presence of the active
clathrin-dependent endocytosis inhibitor, chlor-
promazine, the internalization of PTD-IVT-
mRNA of SCO2 is blocked and not in the
presence of the active caveolin-dependent endo-
cytosis inhibitor, genistein. Taken together,
PTD-IVT-mRNA of SCO2 uptake is mediated
via clathrin-dependent endocytosis.

During the kinetic analysis of SCO2 translation in
fibroblasts derived from a SCO2/COX-deficient
patient, the control peptide-IVT-mRNA of SCO2
showed no statistically significant increase in SCO2 translation
compared to untreated fibroblasts (0 h) from 30 min to 96 h (Figures
7A and 7B), and western blot analysis revealed that Sco2 was success-
fully probed only in fibroblasts of the SCO2/COX patient treated with
the PTD-IVT-mRNA of SCO2 (Figure 7C) and not in untreated or
control peptide-IVT-mRNA of SCO2-treated cells. Furthermore, the
IVT-mRNAof SCO2wasnot detected into the primary SCO2-deficient
fibroblasts treated with the control peptide-IVT-mRNA of the SCO2
conjugation product by qPCR and RT-PCR (Figures 7D and 7E)
compared to PTD-IVT-mRNA-treated cells.

Histochemical analysis of COX enzymatic activity was performed us-
ing primary fibroblasts, derived from the SCO2/COX-deficient pa-
tient,25 which were grown in a 96-well plate and incubated for several
time intervals, up to 96 h, with the PTD-IVT-mRNA of SCO2 (0.1 mg/
0.05 mL). Cells transduced with the PTD-IVT-mRNA of SCO2
showed increased staining for COX compared to untreated cells or
cells exposed to control peptide-IVT-mRNA of SCO2 (Figure 7F).
The PTD-IVT-mRNA-induced COX staining was enhanced in a
time-dependent manner after the transduction process, indicating
successful intracellular delivery of PTD-IVT-mRNAof SCO2, efficient
SCO2 translation, and sufficient recovery of COX activity (Figure 8).



Figure 4. Kinetic analysis of SCO2 translation in K-562 cells after transduction with the PTD-IVT-mRNA of SCO2

(A) Flow cytometry results, corresponding to the proportion of Sco2+ cells after staining with anti-Sco2.IgG in untreated cells (0 h) and those transduced with PTD-IVT-mRNA

of SCO2 from 30min to 96 h. (B) Representative histograms from flow cytometry analysis showing Sco2 positivity in untreated cells (0 h) and those transduced with PTD-IVT-

mRNAofSCO2 from 30min to 96 h. ANOVA test: **p = 0.0055; t test: 0 h�30min, ***p = 0.0002; 0 h�24 h, p = 0.0710 not significant (ns); 0 h�48 h, *p = 0.01; 0 h�72 h, *p =

0.0170; 0 h�96 h, *p = 0.0147. (C) Increase (indicated as [) of fold difference (FD) in SCO2 translation in K-562 cells (*p = 0.0227) after transduction with PTD-IVT-mRNA of

SCO2 at 72 h compared to corresponding untreated cells. (D) 0.5% agarose gel electrophoresis of RT-PCR products with cDNA as a template, derived from total RNA

extracts of the cells, untreated (0 h) and transduced with PTD-IVT-mRNA of SCO2 up to 96 h. MD, DNA molecular weight marker. (E) The levels of the IVT-mRNA of SCO2,

verified by qPCR, using cDNA as a template, derived from total RNA extracts of K-562 cells, untreated (0 h) and transduced with PTD-IVT-mRNA of SCO2 up to 96 h. ANOVA

test: ****p % 0.0001.
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PTD-IVT-mRNA of b-globin

Concerning themodel system of b-thalassemia, the PTD-IVT-mRNA
of b-globin was generated, and based on the IVT-mRNA used at
different amounts (0.5�0.75 mg), the in vitro cellular translation ki-
netics of PTD-IVT-mRNA of b-globin was studied first in K-562 cells
and later in b-thalassemia BM cells from three individual patients.

The transduced PTD-IVT-mRNA of b-globin in K-562 cells showed
an increase in b-globin translation from the first 30min of exposure to
96 h post-transduction (Figures 9A and 9B). At the 72-h post-trans-
duction time-point with PTD-IVT-mRNA of b-globin, a statistically
significant increase in translation of b-globin was detected (FD:
3.13, ***p = 0.0007), compared to untreated cells (Figure 9C).

Regarding the delivery efficiency of PTD-IVT-mRNA of b-globin into
cells, it was assessed by RT-PCR and qPCR. Regarding RT-PCR,
although a less-intensebandat 631bpwas alsodetected in the untreated
cells, the band intensity was much higher in K-562 cells treated with
PTD-IVT-mRNA of b-globin, from 30 min up to 96 h, demonstrating
the successful intracellular transduction (Figure 9D). Regarding qPCR,
the IVT-mRNA of b-globin was detected in PTD-IVT-mRNA-treated
K-562 cells (increased up to an FD of 5.75) compared to untreated cells
and normalized with b-actin gene expression (Figure 9E).

BM-nucleated cells, derived from b-thalassemia patients (Figure 10A,
1�3, for patient 2 and Figure 10B, 1�3, for patient 3) and transduced
with the PTD-IVT-mRNA of b-globin, also showed increased
b-globin production from the first 30 min, which appeared to be sta-
bly increased, up to 96 h after transduction. In general, all three sam-
ples derived from the individual b-thalassemia patients, transduced
with the PTD-IVT-mRNA of b-globin, showed a statistically signifi-
cant increase (n = 3, FD: 1.58, ***p = 0.0002) of b-globin translation.
Notably, patient 3 showed a statistically significant increase (2�) in
b-globin translation (FD: 2.05, ***p = 0.003) at 72 h as compared to
untreated cells (Figure 10C) and up to an FD of 3.73 (****p %

0.0001) at 96 h (Figure 10B).

DISCUSSION
By conjugating a selected PTD (PFVYLI) to IVT-mRNA, this study
developed a novel IVT-mRNA delivery platform that has potential
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Figure 5. Kinetic analysis of SCO2 translation in fibroblasts derived from a SCO2/COX-deficient patient after transduction with the PTD-IVT-mRNA of SCO2

(A) Flow cytometry results corresponding to the proportion of Sco2+ cells after staining with anti-Sco2.IgG in untreated cells (0 h) and those transduced with PTD-IVT-mRNA

of SCO2 from 30min to 96 h. (B) Representative histograms from flow cytometry analysis showing Sco2 positivity in untreated cells (0 h) and those transduced with PTD-IVT-

mRNA of SCO2 from 30 min to 96 h. ANOVA test: ****p % 0.0001; t test: 0 h�30 min, ***p = 0.0002; 0 h�1 h, ***p = 0.0003; 0 h�4 h, ****p % 0.0001; 0 h�24 h, ***p =

0.0007; 0 h�48 h, ***p = 0.0002; 0 h�72 h, ***p = 0.0004; 0 h�96 h, **p = 0.0040. (C) Increase (indicated as[) of FD in SCO2 translation in fibroblasts derived from a SCO2/

COX-deficient patient (**p = 0.0013) after transduction with PTD-IVT-mRNA of SCO2 at 72 h compared to corresponding untreated cells. (D) 0.5% agarose gel electro-

phoresis of PCR products with cDNA as a template, derived from total RNA extracts of the cells, untreated (0 h) and transduced with PTD-IVT-mRNA of SCO2 up to 96 h. (E)

The levels of the IVT-mRNA of SCO2 verified by qPCR using cDNA as a template, derived from total RNA extracts of fibroblasts derived from a SCO2/COX-deficient patient,

untreated (0 h) and transduced with PTD-IVT-mRNA of SCO2 up to 96 h. ANOVA test: ***p = 0.0004.
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clinical applications for protein therapy of monogenetic/metabolic
diseases. Existing state-of-the-art IVT-mRNA delivery methods,
such as those using lipid NPs, show high transfectability and high
translational outcomes. Pfizer-BioNTech’s BNT162b2 vaccine and
Moderna’s mRNA-1273, already marketed as safe and effective vac-
cines against SARS-CoV-2, both use lipid NPs as mRNA carriers.41,42

These vaccines result in robust immune responses with good tolera-
bility after intramuscular injection.43 However, in the context of
ongoing research into the ideal delivery system for IVT-mRNA,44

the use of our novel PTD IVT-mRNA, which appears to be a prom-
ising platform for IVT-mRNA delivery and its subsequent translation
into a gene product, has been proposed as an alternative option.

Nowadays, systems based on peptide vectors for the delivery of nu-
cleic acids are becoming more popular and widely used due to their
flexibility. Peptides have low molecular weight; degradable aa se-
quences; and distinct biological properties (such as cell permeability
efficiency and a targeting nuclear surface), which are their main ad-
vantageous properties compared to cationic lipid carriers.45 For
over 20 years, PTDs have been used as an alternative to gene-therapy
tools to increase the efficiency of transduction of proteins as well as
other cargoes into target cells, with relatively low cytotoxicity
observed. Several preclinical and clinical trials are currently under-
700 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
way, using PTDs as therapeutic carriers, such as PEP-010 (for meta-
static solid tumor cancer, phase Ia/Ib; PEP-Therapy, Evry Cedex,
France), ATP128 (for colorectal cancer, phase Ib; Boehringer-Ingel-
heim, Ingelheim am Rhein, Germany), AVB-620 (for breast cancer,
phase I, phase II/III; Avelas Biosciences, Inc., La Jolla, CA, USA),
XG-102 (for hearing loss, phase III; Auris Medical, Basel,
Switzerland), and DTS-108 (for cancer, phase I; Diatos SA, Paris,
France).46,47

The utility of our novel platform was validated in parallel in two in-
dividual monogenic diseases—mitochondrial disorder due to SCO2
mutations and b-thalassemia due to b-globin mutations—to estab-
lish its flexibility of use as well as its applicability for the potential
delivery and translation of any IVT-mRNA of interest. Herein, we
present the conjugation of a selected PTD to two individual IVT-
mRNAs (SCO2 and b-globin) by an effective innovative delivery
methodology (international patent pending) that forms a stable
moiety, allowing sufficient intracellular transduction and transla-
tion of the IVT-mRNAs into the corresponding proteins, Sco2
and b-globin.

Briefly, we cloned the IVT plasmid templates containing each CDS,
SCO2 and b-globin, with the addition of the 50 and 30 UTRs of the



Figure 6. Uptake mechanism of PTD-IVT-mRNA of SCO2 in SCO2/COX-

deficient fibroblasts

(A) Effects of inhibitors of clathrin- and caveolin-mediated endocytosis on protein

translation after transduction with PTD-IVT-mRNA of SCO2. The PTD-IVT-mRNA of

SCO2 uptake was evaluated using flow cytometry. (B) Representative histograms

from flow cytometry analysis, showing Sco2 positivity in untreated cells (0 h), in PTD-

IVT-mRNA of SCO2-treated cells, with or without prior incubation, with inhibitors of

clathrin- and caveolin-mediated endocytosis. t test: untreated�chlorpromazine, ns;

untreated�genistein, *p = 0.0136; untreated�PTD-IVT-mRNA, *p = 0.0147;

chlorpromazine�PTD-IVT-mRNA, *p = 0.0189; genistein�PTD-IVT-mRNA, ns.
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b-globin, which increases the stability of the IVT-mRNA. IVT-
mRNA production was confirmed by both direct electrophoresis
and cDNA synthesis, followed by PCR, providing information
about the correct size and sequence integrity of the IVT-mRNA,
respectively.

Subsequently, the IVT-mRNAs, both of SCO2 and b-globin, were
conjugated to the selected PTD, and the conjugation was first
confirmed by the specific band shift, as conjugation to the PTD
showed an expected slower transposition of the IVT-mRNA into
the polyacrylamide gel compared to the corresponding naked IVT-
mRNA. In parallel, a control peptide (WSYGLRPG) was recruited
(in 2� concentration compared to the concentration used for the
PTD) to serve as a negative control in all subsequent experiments.
The control peptide-IVT-mRNA of SCO2 also showed a—similar
to the PTD—slower transposition profile into the polyacrylamide
gel compared to the naked IVT-mRNA of SCO2.

Furthermore, NMR data analysis provided experimental evidence for
the successful conjugation of the PTD-IVT-mRNA, as significant
chemical shift differences were observed to the NH peaks of the
PTD backbone compared to the NH peaks of the free PTD. These
simple experiments provided unequivocal evidence for the nature
of the PTD backbone amide peaks and enabled their identification
in the reaction mixture of the successfully formed PTD-IVT-
mRNA. Similarly, the NMR analysis of the control peptide-IVT-
mRNA of SCO2 confirmed the conjugation of the control peptide
with the IVT-mRNA, as changes were observed, showing chemical
shift differences to the control peptide NH peaks.
Furthermore, the question of whether the IVT-mRNA can be pro-
tected from nuclease digestion was investigated, as this is one of the
major obstacles in IVT-mRNA-based gene delivery. For this assay,
the IVT-mRNA of SCO2 was selected, and the corresponding PTD-
IVT-mRNA showed statistically significant stability in RNase-rich
environments. After treatment with FBS, a significant portion PTD-
IVT-mRNA of SCO2 remained intact, whereas the corresponding
naked IVT-mRNA strands disappeared and were not detected, sug-
gesting that PTD protects the IVT-mRNA from immediate nuclease
digestion. The control peptide showed a lower ability of protection of
the IVT-mRNA of SCO2. Similarly, direct incubation with RNase A
showed statistically significant differences between the stability of
the IVT-mRNA conjugated to PTD and the naked counterpart. Simi-
larly, a high percentage of protection was observed during the RNase
assay of the control peptide-IVT-mRNA of SCO2.

Intracellular delivery of the PTD-IVT-mRNA, of both SCO2 and
b-globin, was first studied in K-562 cells, an easy-to-grow and manip-
ulate cell line. In the study of the mitochondrial-defective disease, due
to SCO2mutations, the efficiency of the transduction and translation
of the PTD-IVT-mRNA of SCO2 was more than encouraging. The
IVT-mRNA of SCO2 was early and highly detected in PTD-IVT-
mRNA-treated cells via qPCR analysis in K-562 cells and fibroblasts
derived from a SCO2/COX-deficient patient. In the preliminary
transduction and translation experiments of K-562 cells, the levels
of Sco2 protein were progressively increased and reached the highest
protein level 96 h after transduction. The levels of SCO2 translation,
72 h post-transduction, were higher (FD: 1.53) than the untreated K-
562 cells. We further proceeded with PTD-IVT-mRNA of SCO2
transduction of fibroblasts derived from a SCO2/COX-deficient pa-
tient.15,25 Our delivery platform showed sufficient translational rates
of Sco2 protein, from 30 min to 96 h post-transduction, compared to
the kinetic analysis of SCO2 translation in cells treated with control
peptide-IVT-mRNA of SCO2. Notably, PTD-IVT-mRNA of SCO2
increased SCO2 translation in cells from the SCO2/COX-deficient pa-
tient (up to an FD of 7.45), 72 h after transduction. We further inves-
tigated the cellular uptake mechanism of PTD IVT-mRNA from
SCO2 in fibroblasts, derived from a SCO2/COX-deficient patient, us-
ing inhibitors of clathrin- or caveolin-mediated endocytic pathways.
Thus, our data suggested that PTD-IVT-mRNA was mediated via a
clathrin-dependent pathway.

Furthermore, phenotype complementation was achieved in the pri-
mary fibroblasts, derived from a SCO2/COX-deficient patient. The
COX activity of these cells (compound heterozygous, with Q53X
and E140K mutations) corresponded to 30% residual activity
compared to control fibroblasts.25 The increased staining of the
transduced patient’s fibroblasts with the PTD-IVT-mRNA of
SCO2 (compared to untreated cells or control peptide-IVT-
mRNA-treated cells) indicated its successful transduction, followed
by translation of the IVT-mRNA of SCO2 to the Sco2 protein, con-
firming its continued sufficient functionality and restoration of the
COX activity. Taking into consideration that even a 9% of reduced
COX activity48 is related to a patient phenotype, the transduction
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Figure 7. Kinetic analysis of SCO2 translation in

fibroblasts derived from a SCO2/COX-deficient

patient

(A) Flow cytometry results, corresponding to the proportion

of Sco2+ cells after staining with anti-Sco2.IgG in untreated

cells (0 h), treated with control peptide-IVT-mRNA of SCO2,

and treated with PTD-IVT-mRNA of SCO2 from 30 min to

96 h. (B) Representative histogram from flow cytometry

analysis, showing Sco2 positivity. Control peptide-IVT-

mRNA of SCO2, ANOVA test: **p = 0.0037; t test:

0 h�30 min, ns; 0 h�24 h, ns; 0 h�48 h, *p = 0.0125;

0 h�72 h, ns; 0 h�96 h, *p = 0.0249. PTD-IVT-mRNA of

SCO2, ANOVA test: ****p % 0.0001; t test: 0 h�30 min,

****p% 0.0001; 0 h�24 h, ****p% 0.0001; 0 h�48 h, ****p

% 0.0001; 0 h�72 h, ****p % 0.0001; 0 h�96 h, ***p =

0.0001. (C) Representative western blot for Sco2, probing

in fibroblasts of a SCO2/COX patient in (1) untreated, (2)

treated with the control peptide-IVT-mRNA of SCO2, and

(3) treated with the PTD-IVT-mRNA of SCO2. (D) The levels

of the IVT-mRNA of SCO2, verified by qPCR, using cDNA as

a template, derived from total RNA extracts of fibroblasts

derived from aSCO2/COX-deficient patient, untreated (0 h);

treated with the control peptide-IVT-mRNA of SCO2; and

treated with PTD-IVT-mRNA of SCO2. One sample t-test:

PTD-IVT-mRNA, **p = 0.0043. (E) 0.5% agarose gel elec-

trophoresis of PCR products, with cDNA as a template,

derived from total RNA extracts of the cells: (1) untreated, (2)

treated with the IVT-mRNA of SCO2, (3) treated with the

control peptide-IVT-mRNA of SCO2, and (4) treated with

PTD-IVT-mRNA of SCO2. (F) Histochemical assessment of

COX activity in primary fibroblasts, derived from the SCO2-

deficient patient, untreated or treated for 72 h with control

peptide-IVT-mRNA of SCO2 or PTD-IVT-mRNA of SCO2

(10� magnification).
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efficiency of the PTD-IVT-mRNA of SCO2 and the folds of protein
increase observed have the potential to lead to a sufficient phenotype
complementation.

In the study of b-globin in K-562 cells, PTD-IVT-mRNA of b-globin
entered the cells as early as the first 30 min, confirmed via qPCR anal-
ysis, and “triggered” increased translation of the b-globin protein,
showing a peak at 72 h post-transduction (FD: 3.13) compared to un-
treated K-562 cells. The K-562 cell line is also used as a suitable model
for b-globin thalassemia research, because of the lack of mature
b-globin nascent chains.14 Interestingly, the failure to produce
b-globin in K-562 cells could result from an acquired mutation or
from an alteration in the environment of the regulatory factors of
the b-globin gene, suggesting that the b-globin mRNA is efficiently
transcribed, but its translation is blocked by trans-acting factors.49

This could explain a less-intense band at 631 bp, which was also de-
tected in untreated K-562 cells after RNA extraction, cDNA synthesis,
and PCR with 50 UTR-b-globin-30 UTR-specific primers. Moreover,
702 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
the band intensity was much higher in K-562 cells
transduced with PTD-IVT-mRNA of b-globin,
demonstrating successful intracellular transduc-
tion. Our next step was to transduce PTD-IVT-
mRNA of b-globin into cells from b-thalassemia patients’ BM. The
PTD-IVT-mRNA of b-globin was immediately translated into the
corresponding b-globin in the BM cells starting from the first
30 min after transduction and showed increased protein translation
over a long period of time (up to 96 h studied). More specifically,
our novel delivery platform showed an increase in b-globin transla-
tion (FD: 1.58) compared to untreated cells in the three individual
b-thalassemia patient BM cells at 72 h post-transduction at concen-
trations that do not cause cytotoxic effects. At this point, it is worth
mentioning that the heterogeneity of the cell population of BM cells
may reflect the reason for the relatively lower FD of the increase in
b-globin translation in the patients’ BM cells compared to the K-
562 cells or to the fold of the increase in Sco2 protein in the SCO2/
COX -deficient cells. Despite the heterogeneity in the BM population
used, at these early stages of development of our novel PTD-IVT-
mRNA platform, it was interesting to evaluate the applicability and
transduction capacity of our group’s proposed PTD-IVT-mRNA of
b-globin.
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The anticipated discrepancy, in terms of protein translation profile, of
each of the two IVT-mRNAs in the different cell types studied is quite
expected, as cell dynamics and requirements differ for each IVT-mRNA
to be translated.Moreover,many factors are involved in the cellular up-
take and translational efficiency of the delivered IVT-mRNA, depend-
ing on both their physicochemical properties and the biomechanical
properties of cell membranes.50 Moreover, the altered effect of the
PTD-IVT-mRNA in the transduced cells is highly dependent on the
needs of each cell type. For example, with respect to the IVT-mRNA
of SCO2, it isworth noting that althoughK-562 endogenous SCO2 tran-
scription and translation proceed normally after the transduction of the
PTD-IVT-mRNA of SCO2, the SCO2 translation levels were statisti-
cally significantly increased (FD: 1.53 compared to untreated K-562
cells). In contrast, in the mitochondrial defective disease, due to muta-
tions in SCO2 (which unfortunately leads to early death of affected pa-
tients in the first stages of their lives), SCO2 translation levels in the
SCO2/COX-deficient patient’s cells were significantly increased (FD:
7.45 compared to untreated patient’s cells) after transduction of the
PTD-IVT-mRNA of SCO2.

In summary, ourwork demonstrated that the selectedPTDwas success-
fully conjugated to various IVT-mRNAs by an innovative international
patent-pendingmethodology; remained stable even inRNase-rich envi-
ronments; and was intracellularly transduced into three types of human
cells leading to an increase in the production of Sco2 and b-globin pro-
teins in two different diseasemodels ofmonogenic/metabolic disorders.
In the case of COX deficiencymediated by SCO2mutations, PTD-IVT-
mRNA of SCO2 even reversed the monogenic disease phenotype in cell
culture and led to the recovery of the suppressed COX activity. These
results show that our PTD-IVT-mRNA delivery approach would be a
promising platform for successful gene expression, able to be clinically
exploited as a PRT for metabolic/genetic disorders.
MATERIALS AND METHODS
Oligonucleotides

All pairs of primers (forward [F]/reverse [R]) used in this study are
listed below. Restriction enzyme sites, incorporated to enable cloning,
are underlined.

For the SCO2 sequence:

F-H5SCO: 50-CTA AAG CTT GGA AAC AAA GCA ATC TAT
TCT GAT AGA CTC AGG AAG CAA AATG CTG ACT-30

(67-mer)

R-NSCO: 50-CCT AT GCG GCC GC TCA AGA CAG GAC ACT
GCG GAA AGC CG-30 (39-mer)

F-N-30 UTR: 50-AAG AT GCG GCC GC TAAGCTCGCTTT
CTTGCTGTC-30 (34-mer)

R-BGLO-30 UTR-X: 50-CCT AT CTCGAGGCAATGAAAATA
AAT GTT TTT-30 (32-mer)

FAMU2SCO: 50-GAT AGA CTC AGG AAG CAA AAT GC-30

(23-mer)
RAMU2SCO: 50-GAC AAA AGC CAG GAC CTC AGA-30 (21-
mer)

For the b-globin sequence:

B-glo-F: 50-ATGGTGCACCTGACTCCTGA-30 (20-mer)

Bglo-30 UTR-R: 50-GCA ATG AAA ATA AAT GTT TTT-30

(21-mer)

Bglo-H-50 UTR-F: 50-CTAAAGCTTGGAAACAAAGCAATC
TAT TCT GAT AGA CTC AGG AAG CAA AAT GGT GCA
CCT GAC T-30 (67-mer)

R-BGLO-30 UTR-X: 50-CCTAT CTCGAGGCAATGAAAATA
AAT GTT TTT-30 (32-mer)

F-beta2: 50-ATAGACTCAGGAAGCAAAATGGT-30 (23-mer)

R-beta-2: 50-GTC CAA GGG TAG ACC AG-30 (20-mer)

For the b-actin sequence:

F-ACTB: 50-TTG CTG ACA GGA TGC AGA AG-30 (20-mer)

R-ACTB: 50-TGA TCC ACA TCT GCT GGA AG-30 (20-mer)
Construction of recombinant vectors as the in vitro

transcription’s templates

The cloning of the SCO2 and b-globin coding sequences (CDSs), each
one fused to the optimized 50 UTR of the murine b-globinmRNA (up-
stream), including a strong Kozak sequence51 (Table S1), and the 30

UTRof the humanb-globinmRNA(downstream),was carried out indi-
vidually (for eachCDS) in the pcDNA3.1(+) vectormammalian expres-
sion vector (Invitrogen Life Technologies, USA). The pcDNA3.1(+)
vector includes a multiple cloning site (MCS) for cloning the sequence
to be transcribed, downstream of a T7 promoter and upstream of a
unique restriction enzyme site to be used for linearization.

Total RNA was extracted from the peripheral blood of a healthy indi-
vidual and the corresponding produced cDNA served as the template
for the amplification of the Homo sapiens HBB complete CDS (Gen-
Bank: BC007075.1; 443 bp), including its 30 UTR (135 bp), using the
primer pair B-glo-F/Bglo-30 UTR-R. The resulting PCR product
(576 bp) was ligated to the pCRII-TOPO vector (TOPO TA Cloning
Kit; Invitrogen Life Technologies, USA) to generate the pCRII-
TOPO-b-globin-30 UTR vector. From the produced plasmid, the 50

UTR-b-globin-30 UTR (631 bp) was amplified, using the primer
Bglo-H-50 UTR-F (including the 50 UTR of the murine b-globin
mRNA) and the primer R-BGLO-30 UTR-X to add a restriction
enzyme (XhoI) cut site. All PCR products, as well as the DNA plas-
mids, were electrophoresed in 0.5% agarose gels, and 100 bp or 1
kb DNA molecular weight markers (Nippon Genetics, Germany)
were used (indicated as MD). TOPO TA cloning was followed, in or-
der to produce the pCRII-TOPO-50 UTR-b-globin-30 UTR vector,
which was further digested with the restriction enzymes HindIII
and XhoI (Takara Bio, Japan), to subclone 50 UTR-b-globin-30 UTR
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Figure 8. Histochemical assessment of COX activity

in SCO2-deficient primary fibroblasts after

transduction with the PTD-IVT-mRNA of SCO2

(0.1 mg/0.05 mL)

Primary fibroblasts, derived from theSCO2-deficient patient

M.C.,25 incubated for various time intervals (0 h�96 h) with

the PTD-IVT-mRNA of SCO2, were histochemically stained

to detect the recovery of COX activity (10� magnification).
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into the corresponding cut sites of the pcDNA3 vector. The recombi-
nant plasmid pcDNA3-50 UTR-b-globin-30 UTR was generated as the
final IVT reaction template for 50 UTR-b-globin-30 UTR.

Using the plasmid pHSCO125 as a template, the primer pair F-H5SCO/
R-NSCO was used to amplify the F1B1 SCO2F sequence (801 bp; the
corresponding CDS of the SCO2, encoding the human full-length
Sco2 protein), and then the SCO2 CDS was amplified in fusion to the
50 UTR of the murine b-globin mRNA (which was included in the
sequence of the forward primer, upstream of the CDS sequence). The
Sco2 protein consists of 266 aa, including the first 41 aa, predicted
to correspond to theN-terminal leader peptide ormitochondrial target-
ing signal (MTS) peptide (https://ihg.helmholtz-muenchen.de/ihg/
mitoprot.html).15 The resulting PCR product (866 bp) was ligated to
the pCRII-TOPO vector to generate the pCRII-TOPO-50 UTR-SCO2
vector. For the amplification of the 30 UTR of the human b-globin
mRNA (159 bp), the primer pair F-N-30 UTR/R-BGLO-30 UTR-X
was used, whereas the pcDNA3-50 UTR-b-globin-30 UTR vector served
as a template, followed by the cloning of this sequence to the pCRII-
TOPO vector. The pCRII-TOPO-30 UTR vector was digested by the
NotI and XhoI (Takara Bio, Japan) restriction enzymes to be subcloned
to the corresponding cut sites of the pcDNA3 vector. The pCRII-
TOPO-50 UTR-SCO2was then digested withHindIII andNotI (Takara
Bio, Japan) restriction enzymes, and the 50 UTR-SCO2 digested
sequence was subcloned into the HindIII and NotI sites of pcDNA3-
30 UTR to generate the corresponding recombinant plasmid
pcDNA3-50 UTR-SCO2-30 UTR, the final SCO2 IVT reaction template.

For each cloning procedure, freshly prepared, competent E. coli strain
TOP10F0 was transformed with the recombinant prokaryotic plas-
mids. Plasmid DNA isolation was carried out (Nucleospin Plasmid
Kit; Macherey-Nagel, Germany), and the clones containing the cor-
rect construct inserts were selected via restriction fragment-length
polymorphism (RFLP) analysis and verified by automatic sequence
analysis (CeMIA SA, Greece).
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Preparation and purification of IVT-mRNA

The templates of the IVT reaction—(1) the
pcDNA3-50 UTR-SCO2-30 UTR, encoding the
human full-length Sco2 protein, and (2) the
pcDNA3-50 UTR-b-globin-30 UTR, encoding
the human b-globin, both under the control of a
T7 promoter—were propagated in E. coli strain
TOP10F0 and purified using standard phenol-
chloroform extraction and the ethanol precipita-
tion method. The plasmids were linearized with the XbaI (Takara Bio,
Japan) restriction enzyme and purified using a phenol-chloroform
extraction method and ethanol precipitation as well, and the digested
plasmids were used (one at a time) as a DNA template for the in vitro
transcription.

Capped and poly(A)-tailed IVT-mRNA transcripts were produced us-
ing theHiScribe T7ARCAmRNAKit (with tailing; New England Bio-
labs [NEB], USA). Each IVT reaction was assembled at 37�C for 2 h
using nuclease-free water, the reaction’s buffer/T7 RNA polymerase
mixture, 2.5 mg of the plasmid DNA template, and the four ribonucle-
oside tri-phosphate (rNTP) solution (also containing the ARCAs).
DNase I digestion was performed for 15 min at 37�C. Then, adenine
residues were added to the 30 end during the poly(A) tailing reaction
and catalyzed by the E. coli poly(A) polymerase (PAP) for 30 min at
37�C; IVT-mRNA purification was performed by LiCl precipitation;
and the IVT-mRNA pellet was dissolved in RNase-free water and
stored at �20�C.

Each IVT-mRNA prepared was then quantified by spectrophoto-
metric analysis at 260 nm, assessed by a UV spectrophotometer
(Nanodrop; Thermo Fisher Scientific, USA). Furthermore, the IVT-
mRNAs were analyzed by denaturing 6% PAGE/8 M urea gel electro-
phoresis at 10 mA/40 V for about 1 h and stained with 0.5 mg/mL
ethidium bromide in Tris-borate-EDTA (TBE; 1�) solution for
15 min to confirm its full-length size, using a low-range RNA molec-
ular weight marker (Thermo Fisher Scientific, USA), indicated as MR.
Finally, the integrity of the sequence of the IVT-mRNA was assessed
by cDNA synthesis, followed by PCR with the use of the SCO2- or
b-globin-specific primers.

Conjugation of the PTD to the IVT-mRNA of SCO2/b-globin

The selected PTD is a 6-aa peptide, the PFVYLI, with a well-known
protein transduction/penetrating capacity of DNA NPs, larger pro-
teins, siRNAs, etc. The peptide PFVYLI is a shorter version of the

https://ihg.helmholtz-muenchen.de/ihg/mitoprot.html
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Figure 9. Kinetic analysis of b-globin translation in K-562 cells after transduction of PTD-IVT-mRNA of b-globin at various time intervals from 0 h to 96 h

(A) Flow cytometry results, corresponding to the proportion of b-globin+ cells after staining with anti-hemoglobin b.IgG. (B) Representative histograms from flow cytometry

analysis, showing b-globin positivity in untreated (0 h) and those transduced with PTD-IVT-mRNA b-globin K-562 cells, from 30 min to 96 h. ANOVA test: ****p% 0.0001; t

test: 0 h�30 min, **p = 0.005; 0 h�24 h, ****p% 0.0001; 0 h�48 h, **p = 0.0033; 0 h�72 h, ****p% 0.0001; 0 h�96 h, *p = 0.0121]. (C) Increase (indicated as [) of FD in

b-globin translation in K-562 cells after transduction with PTD-IVT-mRNA of b-globin at 72 h compared to untreated cells (***p = 0.0007). (D) 0.5% agarose gel electro-

phoresis of PCR products with cDNA as a template, derived from total RNA extracts of K-562 cells, untreated (0 h) and transduced with PTD-IVT-mRNA of b-globin up to 96

h. (E) The levels of the IVT-mRNA of b-globin, verified by qPCR, using cDNA as a template, derived from total RNA extracts of K-562 cells, untreated (0 h) and transduced with

PTD-IVT-mRNA of b-globin up to 96 h. ANOVA test: ****p % 0.0001.
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peptide C105Y, a synthetic cell-penetrating peptide based on the aa
sequence corresponding to residues 359�374 of a1-antitrypsin.52–55

PFVYLI was synthesized upon order (Thermo Fisher Scientific,
USA, and GeneCust, Belgium). PFVYLI is referred to as “PTD.”

The methodology for the preparation of PTD-IVT-mRNAs is
described in the international patent application filed on November
11, 2020, under number (no.) PCT/GR2020/000059, which was
published on May 20, 2021, under no. WO2021/094792A1, claim-
ing priority of the Greek patent application no. GR20190100504,
filed on November 11, 2019, supported by the applicant’s Aristotle
University of Thessaloniki, Thessaloniki, Greece, and the Univer-
sity of Thessaly, Volos, Greece, entitled “Method for the develop-
ment of a delivery platform to produce deliverable PTD-IVT-
mRNA therapeutics.”

In brief, the selected PTD—the PFVYLI peptide—is exploited as a
neutral surface charge carrier for any therapeutic IVT-mRNAof inter-
est through the covalent chemical reaction of the IVT-mRNAmolecule
with puromycin, which was conjugated via an amide bond to the PTD.
Upon forming the puromycin-PTDproduct, it was subsequently phos-
phorylated and then ligated to the therapeutic IVT-mRNA.

The successful conjugation of the known PTD to the IVT-mRNA of
either SCO2 or b-globinwas evaluated by a band-shift assay compared
to the naked IVT-mRNA. Electrophoresis was performed on dena-
turing 6% PAGE/8 M urea gel, which was visualized and imaged by
ethidium bromide staining.

In parallel, the same procedures (novel conjugation reaction, band-
shift assay, and NMR analysis in comparison with the naked IVT-
mRNA) were conducted with a non-PTD peptide, as a peptide-nega-
tive control conjugated with the IVT-mRNA of SCO2 in order to
evaluate the penetrating capacity of the selected PTD. The selected
control peptide is predicted to be a non-PTD with the sequence
WSYGLRPG56 of a preprotein, which is proteolytically processed to
generate a peptide that is a member of the gonadotropin-releasing
hormone (GnRH) family of proteins. In order to investigate the opti-
mum conditions and achieve the highest reaction yield possible, the
novel conjugation reaction was also conducted with two different
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 705
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Figure 10. Kinetic analysis of b-globin translation in a

b-thalassemic patient’s bone marrow (BM) cells

(A) Patient 2 (I.) and (B) patient 3 (N.) after transduction of

PTD-IVT-mRNA of b-globin at various time intervals from 0 h

to 96 h. [1] Flow cytometry results, corresponding to the

proportion of b-globin+ cells after staining with anti-hemo-

globin b.IgG. [2] Representative histograms from flow cy-

tometry analysis, showing b-globin positivity in untreated (0

h) and those transduced with the PTD-IVT-mRNA of

b-globin in a b-thalassemic patient’s BM cells from 30 min

to 96 h. Patient 2, ANOVA test: ****p % 0.0001; t test:

0 h�30min, ***p = 0.0007; 0 h�24 h, **p = 0.0036; 0 h�48

h, **p = 0.0036; 0 h�72 h, **p = 0.0031; 0 h�96 h, **p =

0.0019. Patient 3, ANOVA test: ****p % 0.0001; t test:

0 h�30min, p = 0.1482, ns; 0 h�24 h, *p = 0.0179; 0 h�48

h, ***p = 0.0002; 0 h�72 h, **p = 0.0031; 0 h�96 h, ****p%

0.0001. [3] 0.5% agarose gel electrophoresis of PCR

products with cDNA as a template, derived from total RNA

extracts of a b-thalassemic patient’s BM cells, untreated (0

h) and transduced with the PTD-IVT-mRNA of b-globin up

to 96 h. (C) Increase (indicated as [) of FD in b-globin

translation in three independent samples, derived from

three individual b-thalassemic patients after transduction

with PTD-IVT-mRNA of b-globin at 72 h compared to un-

treated cells. Patient 1 (K.): ****p % 0.0001; patient 2 (I.):

**p = 0.0027; and patient 3 (N.): ***p = 0.0003.
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amounts of this non-PTD control peptide (1� and 2�; data not
shown).

NMR analysis of the PTD-IVT-mRNA

NMR experiments, aimed for the verification of the successful PTD
conjugation to the IVT-mRNA, were conducted with the PTD-IVT-
mRNA of SCO2 (as well as with the control peptide-IVT-mRNA of
SCO2) andwere recorded at 298K on a BrukerAVANCE III high-defi-
nition four-channel 700 MHz NMR spectrometer equipped with a
cryogenically cooled 5 mm 1H/13C/15N/D Z-gradient probe (TCI;
Bruker). A typical 1H 1D zgesgp pulse sequence was used for the acqui-
sition of 1H-1D with D1 = 1 s, and D1 = 2 s. All experiments were per-
formed at 25�C. Data were processed with Bruker’s TopSpin 3.3.

Assessment of structural stability of the conjugated PTD-IVT-

mRNA

To assess the structural stability of the produced PTD-IVT-mRNA of
SCO2 (for these assays, the IVT-mRNAof SCO2was selected) to remain
706 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
structurally intact under the cell culture conditions
employed in vitro and in vivo, it was incubated as
the following: (1) in serum (10% FBS) and (2) in
the direct presence of exogenous RNase A (DNase
free; AppliChem, Germany) at 37�C and for
different time intervals. Thus:

(1) 0.35 mg of the IVT-mRNA of SCO2, naked or
conjugated to PTD, was incubated in 10%
FBS for 5 min or 1 h at 37�C and inactivated
by heating for 20 min at 70�C,57 and
(2) 0.8 mg of the IVT-mRNA of naked or conjugated to PTD was
incubated with 1 ng/mL of RNase A for 1 h at 37�C and inacti-
vated by heating for 20 min at 70�C.

In parallel, the stability of the control peptide-IVT-mRNA of SCO2
was assessed after treatment with 10% FBS and RNase A at the
same conditions as the PTD-IVT-mRNA.

Assessment of structural stability was performed via gel electropho-
resis, carried out on a 2% agarose gel at 95 V for 60 min, and stained
in ethidium bromide to examine the degradation of the naked IVT-
mRNA and the PTD-IVT-mRNA of SCO2.

(3) For further investigation of the nature of the type of the conjuga-
tion of the PTD to the IVT-mRNA of SCO2, a proteinase K assay
was performed. 0.8 mg of the IVT-mRNA of naked or conjugated
PTD was incubated at 37�C for 1 h in the absence or presence of
50 mg/mL proteinase K (Finnzymes Oy, Finland) in a total
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volume of 20 mL. The digestion was stopped by heating at 70�C
for 10 min. Samples were then analyzed by agarose gel electro-
phoresis at 95 V for 60 min and staining in ethidium bromide.

Cell cultures

Human-cultured K-56249 cells were employed as a suitable model
system to assess both the transduction as well as expression efficiency
of our IVT-mRNA and conjugated PTD-delivery platform in prelim-
inary experiments. K-562 cells were seeded in suspension culture in
Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco,
Thermo Fisher Scientific, USA), supplemented with 10% v/v FBS
and 1% Gibco Antibiotic-Antimycotic (amphotericin B [25 mg/mL],
streptomycin [100 mg/mL], and penicillin [100 U/mL]), and main-
tained in exponential growth at 37�C in a 5% CO2 humidified
atmosphere.

Primary fibroblasts, derived from a SCO2-deficient patient (M.C.)
with compound heterozygous (Q53X and E140K) mutations,25

were grown as monolayer culture in Dulbecco’s modified Eagle’s me-
dium (DMEM; Gibco, Thermo Fisher Scientific, USA); supplemented
with 15% v/v FBS, 1%Gibco Antibiotic-Antimycotic, and 1% L-gluta-
mine (GlutaMAX supplement; Gibco, Thermo Fisher Scientific,
USA); andmaintained in exponential growth at 37�C in a 5%CO2 hu-
midified atmosphere. The cells were suspended by trypsinization with
Trypsin-EDTA solution (0.1%; Gibco, Thermo Fisher Scientific,
USA). Cells used corresponded to low passage number (less than 9).

BM cells were collected from three b-thalassemic patients (patient 1
[K.], patient 2 [I.], and patient 3 [N.]), and all subjects gave written,
informed consent. Venous blood (10 mL) was drawn from all subjects
and collected into sterile tubes containing unfractionated conven-
tional heparin as an anticoagulant. BM-derived mononuclear cells
(BMDMCs) were isolated from blood samples by centrifugation
with Ficoll-Hypaque (Sigma-Aldrich, USA)58 and were cultured un-
der the same conditions, described above for K-562 cells.

Cell number was assessed, as previously described, by using a Neuba-
uer hematocytometer under a light microscope, whereas cell death
was assessed by using the trypan blue (Sigma-Aldrich, USA) exclu-
sion assay.59

Intracellular transduction of the PTD-IVT-mRNA

All intracellular transduction experiments were conducted with a spe-
cific PTD-IVT-mRNA volume each time, which solely depended on
the amount of the respective IVT-mRNA, permitting the treatment
with 0.5 mg IVT-mRNA.

In the case of SCO2, the patient’s fibroblast cells were seeded in a 24-
well plate at the density of 3�5� 105 cells/mL (in 500 mL of complete
medium) per well, 1 day before transduction. After 24 h, complete
medium was replaced by 250 mL of Opti-MEM I Reduced SerumMe-
dium (Gibco, Thermo Fisher Scientific, USA). All cell treatments were
harvested after 96 h, whereas 0.5 mg of PTD-IVT-mRNA of SCO2was
added (in triplicates concerning each time point [1 h�96 h]) with
comparisons made to untreated cells. Cell numbers were assessed
by using a Neubauer hematocytometer.

In the case of the suspension cell cultures concerning the transduction
experiments, the cells were seeded in a 24-well culture dish on the
same day of transduction, and cells were suspended in 250 mL of
Opti-MEM. Concerning the PTD-IVT-mRNA of SCO2, it was added
in the amount of 0.5 mg in K-562 for each time point (1 h�96 h). The
PTD-IVT-mRNA of b-globin was added in the amounts of 0.5 and
0.75 mg to K-562 cells and BM cells, derived from b-thalassemic pa-
tients, respectively. 2 h post-transduction, 500 mL of complete me-
dium was added. Then, the cells were incubated at 37�C and 5%
CO2 until their analysis (0�96 h). Cell numbers were assessed, by us-
ing a Neubauer hematocytometer, for each individual time-point.

Cellular uptake mechanism

To uncover the mechanism via which the PTD-IVT-mRNA, used in
our novel delivery platform, is taken up via the cell membrane, the
amount of PTD-IVT-mRNA of SCO2 transduced was evaluated in
the presence and absence of chlorpromazine and genistein, known in-
hibitors of clathrin- or caveolin-mediated endocytosis, respectively.
Primary fibroblasts, derived from a SCO2-deficient patient, were pre-
incubated for 30 min at 37�C in the presence of 50 mM chlorproma-
zine (Sigma-Aldrich, USA) or 25 nM genistein (Sigma-Aldrich,
USA),60 followed by media replacement with fresh Opti-MEM and
a 2-h-treatment with 0.5 mg of PTD-IVT-mRNA of SCO2.

Delivery efficiency analysis

The successful intracellular delivery of the IVT-mRNA, through its
conjugation to the PTD, was evaluated via total RNA extraction
from transduced cells, using Tri-Sure, as described above. Two-step
RT-PCR was performed, with the SuperScript First-Strand System
for RT-PCR (cDNA synthesis; Invitrogen Life Technologies, USA)
and the DreamTaq DNA Polymerase (Thermo Fisher Scientific,
USA) for the PCR reaction using specific primers.

For the IVT-mRNA intracellular detection via qPCR, the primers FA-
MU2SCO/BAMU2SCO (for SCO2) and F-beta2/R-beta2 (for
b-globin) were designed, as previously described. The delivery levels
of IVT-mRNA were quantified by two-step qPCR analysis with the
KAPA SYBR FAST qPCR Kit (KK4602; Kapa Biosystems), according
to the manufacturer’s instructions, and all reactions were run in
duplicate. In this study, b-actinmRNAwas chosen as the endogenous
control. The relative levels of the IVT-mRNAs were calculated with
the 2[-Delta Delta C(t)] (2�DDCt) method,61 and the differences in
IVT-mRNA intracellular amounts between the treated and control
cells were expressed as FD changes.

Translation efficiency analysis

To quantify the percentage of Sco2-positive or b-globin-positive cells,
untreated and transduced cells were harvested, washed with PBS
(1�), blocked with 1% FBS, fixed (using BD Cytofix/Cytoperm Fixa-
tion/Permeabilization Kit; BD Biosciences), and intracellularly stained
with anti-Sco2.immunoglobulin G (IgG)15 or HBB antibody (37-8)
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 707
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(SantaCruzBiotechnology,USA) as theprimary antibody and theGoat
Anti-Rabbit IgG (H+L) Secondary Antibody, FITC (fluorescein iso-
thiocyanate) Conjugate (Thermo Fisher Scientific, USA), or anti-
mouse IgGkappabinding protein (m-IgGkBP), FITC, as the secondary
antibody (dilution 1:200 with BD Perm/Wash buffer 1�), respectively.
The samples were analyzed by the CyFlow Cube 8 flow cytometer (Sys-
mex Partec, Germany). Dead cells were excluded using FVS660 dye
(Fixable Viability Stain 660; BD Biosciences, USA), and then living
cells were gated based on their large forward-scatter (FSC) and large
side-scatter (SSC) profiles to avoid cell debris. As a negative control,
cells were stained only with the secondary antibody. Analysis of raw
data was followed by using FlowJo software (BD Biosciences). Data
were determined as the mean of three independent experiments. 72 h
post-transduction was selected as a representative time-point in all
cell types and in all PTD-IVT-mRNA experiments to illustrate the
PTD-IVT-mRNA’s transduction efficiency. The increase of the corre-
sponding protein’s translation, assessed via flow cytometry, was
demonstrated in FD of increase compared to the mean of the propor-
tion of thepositive cells in untreated cells. The untreated cell proportion
of positive cells was normalized (valued as 1) and illustrated as a dashed
line in FD bar graphs.

SDS-PAGE and western blot analysis were carried out as previously
described,14,15,62 and isolated mitochondrial proteins were blotted
with either the purified polyclonal antiserum raised against recombi-
nant human Sco2 protein (anti-Sco2.IgG)64 (1:700) or the mouse
monoclonal anti-b-actin.IgG (1:2,000) (Santa Cruz Biotechnology).
Finally, membranes were incubated with alkaline phosphatase-conju-
gated goat anti-rabbit IgG-Alkaline phosphatase (AP) (Sigma-Al-
drich) (1:2,500) or goat anti-mouse.IgG-AP (1:1,000) (Santa Cruz
Biotechnology) as secondary antibodies. Proteins were visualized by
using 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue
tetrazolium (NBT) (Biotium) substrates for alkaline phosphatase.

Histochemical staining for COX activity

A SCO2/COX-deficient patient’s fibroblasts, grown in 96-well plates,
were either untreated or incubated for 0�96 h with the PTD-IVT-
mRNA of SCO2, corresponding to 0.1 mg of IVT-mRNA, in
0.05 mL of Opti-MEM and 0.1 mL of complete medium, 2 h post-
transduction. Then, the cells were washed with PBS (1�) and air dried
for 45 min at room temperature. Afterward, the cells were pre-incu-
bated with 200 mL of a solution containing 1mMCoCl2, 50 mL DMSO
in 50mMTris-HCl (pH 7.6), and 10%w/v sucrose for 15 min at room
temperature. After rinsing once with 0.1 � PBS:10% w/v sucrose
(1:1), the cells were incubated for 3 h at 37�C in a 5% CO2-humidified
atmosphere with 200 mL of substrate solution (10 mg of cytochrome c,
10 mg of 3,30-diaminobenzidine, 2 mg of catalase, and 25 mL of
DMSO in 10 mL of 0.1 � PBS, pH 7.6, containing 10% w/v sucrose).
In the following step, cells (still attached on a 96-well plate) were incu-
bated for 5 min in 0.1� PBS:10% w/v sucrose (1:1) for another 5 min
in PBS (1�) and for 5 min in double-distilled water (ddH2O).

15 After
air-drying, the plate was examined under an invertedmicroscope, and
photos were taken. Data were determined as the mean of three inde-
pendent experiments. Primary fibroblasts were also exposed for 72 h
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to respective amounts of the IVT-mRNA of SCO2 or to control pep-
tide-IVT-mRNA of SCO2 serving as negative control experiments
(10� magnification).

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.0
software. All data are presented as the mean ± standard error of the
mean (SEM). For comparisons among different groups, an
ANOVA test was executed. For comparisons of differences between
two groups, a t test was performed. p < 0.05 was considered to be sig-
nificant: *p < 0.05, **p < 0.01, ***p < 0.01, and ****p < 0.0001.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.09.008.
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SUPPLEMENTAL INFORMATION  

 

Figure S1. Generation of the recombinant IVT plasmid template for SCO2 study. A. The map of 

the plasmid IVT-template: pcDNA3-5′-UTR-SCO2-3′-UTR and B. the corresponding IVT-

mRNA of SCO2 sequence map.  



 

 

 

Figure S2. Generation of the recombinant IVT plasmid template for β-globin study. 

A. The map of the plasmid IVT-template: pcDNA3-5′-UTR- β-globin-3′-UTR and B. the 

corresponding IVT-mRNA of β-globin sequence map.  

 



 

 

 

Figure S3. The maps of the recombinant plasmids that were constructed in order to generate the 

IVT-template: pcDNA3-5′-UTR-SCO2-3′-UTR. 

 

 

Figure S4. The recombinant plasmid maps constructed to generate the IVT-template: pcDNA3-

5′-UTR-β-globin-3′-UTR. 



 

 

 

 

Figure S5. In vitro transcription assessment by gel electrophoresis of the generated 5′-UTR-

SCO2-3′-UTR and 5′-UTR- β-globin-3′-UTR. 

In vitro transcription assay of the A. 5′-UTR-SCO2-3′-UTR and B. 5′-UTR-β-globin-3′-UTR:  

[1] 0.5 % agarose gel electrophoresis of the linear IVT plasmid template, [2] 6% PAGE / 8M 

Urea gel electrophoresis of the IVT product, and [3] Assessment of IVT-mRNA sequence, by 

cDNA synthesis, followed by successful amplification of the corresponding CDS via PCR, by 

using the specific primers. (MD, DNA Marker; MR, RNA Marker) 

  



 

 

 

Figure S6. A. Band shift gel assay of the product of the conjugation of the Control peptide (non-

PTD) with the IVT-mRNA of SCO2, compared to the PTD-IVT-mRNA and with the corresponding 

naked IVT-mRNA of SCO2. 

B. 1H 1D NMR spectrum of the free Control peptide DMSO-d6. (bottom). [1] Expansion of the NH 

region of the 1H spectra of the free Control peptide. [2] Expansion of the NH region of the 1H 

spectra of the free Control peptide-IVT-mRNA of SCO2 in DMSO-d6. 

 



 

 

 

Figure S7. Stability evaluation assays for the Control peptide-IVT-mRNA of SCO2. 

A. Direct 2 % agarose gel electrophoresis of IVT-mRNA and Control peptide-IVT-mRNA 

of SCO2, incubated at 37 °C, in 10 % FBS, for 1 h. 

 B. Diagram of band intensity of the IVT-mRNA and Control peptide-IVT-mRNA [compared to 

the corresponding untreated IVT-mRNA (Lane 2) and Control peptide-IVT-mRNA (Lane 5), 

respectively], after FBS treatment for 1h, with P=0.0001***. 

C. Direct 2 % agarose gel electrophoresis of IVT-mRNA and Control peptide-IVT-mRNA 

of SCO2, incubated at 37 °C, with RNase A. D. Diagram of band intesinty of the IVT-mRNA and 

Control peptide-IVT-mRNA [compared to the corresponding untreated IVT-mRNA (Lane 2) and 



 

 

Control peptide-IVT-mRNA (Lane 5), respectively], after RNase treatment for 1h, with 

P=0.0001***.  

(MR, RNA molecular weight marker) 

 

 

 

 

Figure S8. Proteinase K treatment (for 1 h, at 37 °C) assay of the PTD-IVT-mRNA of SCO2. 0.5 

% agarose gel electrophoresis. [1] RNA molecular weight marker, [2] Untreated IVT-mRNA, [3] 

IVT-mRNA treated with Proteinase K, [4] Untreated PTD-IVT-mRNA, [3] PTD-IVT-mRNA 

treated with Proteinase K. 

  



 

 

 

Figure S9. Growth kinetic assessment of K-562 cells, transduced with the PTD-IVT-mRNA of 

SCO2, up to 96 h.  

 

 

Figure S10. Cell growth assessment (A) and cytotoxicity assay (B) in primary fibroblasts, 

derived from a SCO2/COX deficient patient, transduced with the PTD-IVT-mRNA of SCO2, 

corresponding to 0.5 μg, up to 96 h.    

[Growth: ANOVA test and t-test: No significant difference among means (P < 0.05),  

Death: ANOVA test P=0.0003***; t-test: 0 h - 1 h, ns;  0 h - 24 h, ns; 0 h - 48 h, P= 0.0025**; 0 

h - 72 h, P= 0.0231*; 0 h - 96 h, P= 0.0003***] (ns, not significant) 

 

0 
h

30
 m

in
24

 h
48

 h
72

 h
96

 h

0

10

20

30

40

50

Time

C
o

n
ce

n
tr

at
io

n
 (

x
 1

0
5
 c

e
ll

s/
m

l)

Control

PTD-IVT-mRNA



 

 

Table S1. Optimized sequences for the 5′-UTR and 3′-UTR for the construction of the template 

plasmid DNA for the IVT-mRNA generation system. 

Optimized murine β-globin 5′-

UTR(50) 

GGAAACAAAGCAATCTATTCTGATAGACTCAGGAAG

CAAA 

Optimized human β-globin 3′-UTR  

 

TAAGCTCGCTTTCTTGCTGTCCAATTTCTATTAAAGG

TTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGG

ATATTATGAAGGGCCTTGAGCATCTGGATTCTGCCT

AATAAAAAACATTTATTTTCATTGC 
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