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Peptide drug discovery has great potential, but the cell mem-
brane is a major obstacle when the target is an intracellular pro-
tein-protein interaction (PPI). It is difficult to target PPIs with
small molecules; indeed, there are no intervention tools that
can target any intracellular PPI. In this study, we developed a
platform that enables the introduction of peptides into cells
via mRNA-based gene delivery. Peptide-length nucleic acids
do not enable stable ribosome binding and exhibit little to no
translation into protein. In this study, a construct was created
in which the sequence encoding dihydrofolate reductase
(DHFR) was placed in front of the sequence encoding the target
peptide, together with a translation skipping sequence, as a
sequence that meets the requirements of promoting ribosome
binding and rapid decay of the translated protein. This enabled
efficient translation from the mRNA encoding the target pro-
tein while preventing unnecessary protein residues. Using
this construct, we showed that it can inhibit Drp1/Fis1 binding,
one of the intracellular PPIs, which governs mitochondrial
fission, an important aspect of mitochondrial dynamics. In
addition, it was shown to inhibit pathological hyperfission,
normalize mitochondrial dynamics and metabolism, and
inhibit apoptosis of the mitochondrial pathway.

INTRODUCTION
How to target intracellular protein-protein interactions

Various intracellular protein-protein interactions (PPIs) are involved
in essential biological processes, so they could be targets for interven-
tion in the treatment of pathological alterations. According to inter-
actome analysis, there are as many as 650,000 intracellular PPIs.1

Currently, direct intervention in intracellular PPIs is very chal-
lenging,2 while the development of drugs to extracellular PPIs, such
as receptors on cell membranes and the ligand, has yielded significant
results.3 PPIs are characterized by a relatively flat binding surface over
a large area. Low-molecular-weight compounds that have been devel-
oped as therapeutic drugs target extremely small regions, such as the
active center of an enzyme reaction, which can be compared with a
key and keyhole.4 In contrast, antibody drugs intervene in biological
processes by recognizing the exposed portions of proteins with high
specificity.5 Although a number of monoclonal antibody drugs have
reached clinical use, there are significant barriers to their introduction
into cells.6 Peptide therapeutics, with insulin as the first example, have
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been applied in the clinic drugs that are few in number but high in
importance. The development of PPI modulators or inhibitors is be-
ing intensively investigated as a strategy for further drug discovery.7

In particular, for those proteins that have been identified as hot spots
in the regions of interaction between two proteins, peptides possess-
ing one of the amino acid sequences are expected to act as competitive
inhibitors for the PPI, and various peptides have been shown to be
effective in basic research.8 Thus far, modifications have been devel-
oped based on sequence to improve stability, cell membrane perme-
ability, and binding ability,9 as have mimetics in which the backbone
is replaced with artificial materials.10 In addition, cyclic peptides,
which are more cell permeable than linear peptides, show great poten-
tial.11 Nevertheless, the cell membrane is still an extremely large bar-
rier to modification of intracellular PPIs, and the cyclic form and
modification of peptides pose problems specific to each peptide.
Thus, a standardized methodology has not yet been generalized,
and an alternative new platform methodology is needed to intervene
in intracellular PPIs.
Genetic engineering

Although the introduction and production of proteins into human
cells is commonly achieved through genetic engineering techniques,
the intracellular expression of peptides that are less than 50 amino
acids in length has been a challenging feat. Endogenous peptide hor-
mones such as vasopressin secreted in vivo are most often translated
as pre- or prohormones and then enzymatically truncated to pep-
tides.12 The most common industrial methods are chemical synthesis
for short peptides and genetic engineering for longer proteins to be
produced by cells. Previously, as an example of peptide drug discov-
ery, recombinant DNA of glucagon-like peptide 1 (GLP-1), a short
peptide of 30 amino acid residues, was introduced into yeast, and
the secreted protein was purified from the supernatant, leading to
drug discovery.13 However, it has been reported that, in mammalian
cells, ribosome binding to mRNAs with coding sequences less than
400 nucleotides in length decreases linearly, and binding becomes
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worse as the coding sequence length becomes shorter, with almost no
binding at 114 nucleotides.14 Even in the case of GLP-1, some studies
on gene therapy schemes have used vectors in which the coding
sequence of GLP-1 alone is a transgene, but the expression efficiency
is not high.15,16 Research on gene therapy targeting angiotensin II or
IV with even shorter lengths of 9 or 7 amino acid residues has used
fusion proteins with Ig Fc portions.17 In that study, a furin cleavage
site was placed between the Ig Fc and the transgene angiotensin so
that angiotensin II could be excised after secretion and function as
a peptide. Similarly, a fusion protein construct with Ig Fc has been
used in gene therapy for vasopressin.18 Protease-based peptide exci-
sion for fusion proteins is based on the in vivo mechanism and is a
reasonable choice when targeting secreted peptides.19 However,
when intracellular PPIs are targeted, there are major concerns about
the side reactions of the remaining Ig Fc and other proteins.

Mitochondrial fission

To examine methods of intervention in intracellular PPI, mitochon-
drial fission was chosen as the target. Its dynamics have a great impact
on mitochondrial quality control, and it could be a drug target.20,21 In
fission, which separates degraded mitochondrial fractions, an intracy-
toplasmic protein called Drp1 associates with several adaptor pro-
teins, including Fis1, on the mitochondrial outer membrane to
form a ring around the mitochondrion.22 The ring is subsequently
mechanically contracted by the action of GTPases, and Mfs is
involved in completion of disassociation to complete fission. In
various pathological processes, such as ischemia-reperfusion injury
and neurodegenerative diseases, excessive fission has been reported
to be involved in further exacerbating the pathology.23 P110,
7-amino-acid peptide that represents a homologous sequence be-
tween Fis1 and Drp1(8), can suppress hyperfission, resulting in
improvement of disease.24 As with many other peptide preparations,
P110 has not yet reached the clinical stage due to amajor hurdle in the
efficiency of its introduction into cells.

Working hypothesis

In this study, we developed a novel method to intervene in intracel-
lular PPI by introducing nucleic acids encoding dihydrofolate reduc-
tase from Escherichia coli (ecDHFR), which was used as a ribosome
binding fragment, rather than as a switch to regulate protein expres-
sion, and a gene of interest. After translating the transgenes, ecDHFR
was rapidly degraded by the ubiquitin proteasome system (UPS),
resulting in no adverse effects. Using this strategy, we attenuated
the hyperfission of mitochondria, which led to suppression of
apoptosis under conditions of doxorubicin-induced cardiotoxicity.
The results of this study demonstrate that this novel recombinant
construct provides a platform for targeting intracellular PPIs.

RESULTS
Validation of peptide expression via recombinant gene transfer

Since there are few antibodies for peptides, we decided to validate the
peptide gene delivery system using split GFP (Figure 1A).25 GFP is
formed from 11 b strands and excites fluorescence, and a system has
been developed to decomposeGFP into 1–10 and 11 strands and excite
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fluorescencewhen two polypeptides combine to form a proper confor-
mation. In the reported study, the 11th b strand was expressed in cells
as a fusion protein, FLAG-14-3-3z-GFP11 (8, 244, and 16 amino acid
residues, respectively). In this study, we created the following system
to express the peptide of interest by itself instead of such a fusion pro-
tein. To express the peptide of interest, we decided to use ecDHFR,
which has been frequently used to regulate spatiotemporal gene
expression (Figure 1B). This protein is rapidly degraded by the UPS
after translation. The destabilizing domain (DD) of DHFR, which is
responsible for the decay, is stabilized by trimethoprim (TMP) to
avoid digestion by the UPS. The TMP interacts with Ile(5), Asp(27),
Ser(49), Ile(94), Tyr(100), and Thr(112) of ecDHFR.26 DHFR has
been widely used as an on switch in basic research. In this study, the
DHFR coding sequence played a role as a ribosome-binding fragment
instead of a switch (Figure 1C). A construct was created by connecting
the sequence that causes ribosome skipping, P2A, downstream of
DHFR and placing the sequence that encodes the peptide to be ex-
pressed downstream of P2A as a single unit (this unit is hereinafter
referred to as the peptide expression unit [PEU]) (Figure 1C). The
PEU produced two separate translation products, DHFR and the pep-
tide of interest, but the translated DHFR decays quickly due to the DD
of DHFR, so it is assumed that only the peptide of interest will be ex-
pressed in the cell into which PEU is introduced.

Cells expressing GFP b strands 1–10 were generated using HeLa cells
as hosts, and fluorescence microscopy confirmed that GFP emission
was not observed and that GFP1-10 mRNA was expressed (Fig-
ure 1D). We transfected the cells with a plasmid expressing only
GFP11 using mCherry-carrying plasmid as a control for gene transfer
(Figure S2A). In contrast, when gene transfer was performed with an
expression plasmid incorporating PEU (CD-G11 PEU), which con-
tains a fusion protein with mCherry placed upstream of DHFR as a
marker for gene transfer, mCherry expression occurred in the pres-
ence of TMP. Most of the mCherry-positive cells were found to be
GFP positive (Figure 1E). Since this assay was performed using
plasmid vectors, which have limited gene transfer efficiency, the
mCherry-DHFR fusion protein was used to analyze only the cells in
which gene transfer took place and was examined in the presence
of TMP. The gene-transferred cells were examined by FACS. Similar
to the fluorescence microscopy results, GFP was expressed only at low
intensity in a very small number of cells with the GFP11-only expres-
sion vector, whereas with PEU most mCherry-expressing cells were
GFP positive, and the fluorescence intensity was approximately three
times higher than that of GFP11 alone (Figures 1F and 1G). Next,
mRNA expression in these gene-transferred cells was examined by
RT-qPCR. GFP1-10 mRNA expression in the host cells was constant,
and GFP11 mRNA expression was significantly higher in the GFP11
alone expression vector than in the group transfected with the expres-
sion vector with PEU (Figure 1H). These results indicated that the
transcription efficiency of the vectors was better with the shorter
expression unit GFP11, but when the coding sequence was short,
such as for a peptide, it did not lead to polypeptide abundance. The
PEUs constructed in this study enabled cells to express polypeptides
with short chain lengths at high efficiency by gene transfer.
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Figure 1. Demonstration of peptide expression of the developed PEU

(A) Split GFP model was constructed to confirm the presence of the introduced peptide in the cells. GFP1–10 or GFP11 do not fluoresce on their own, but do if they coexist

and form an appropriate conformation. HeLa cells that constantly express GFP1–10 were generated. (B) A model of the DHFR peptide. TMP can stabilize the DHFR peptide

and DHFR fusion protein. (C) Structure of the PEU, showing that in the absence of TMP, which stabilizes DHFR, DHFR or fusion proteins with DHFR decay rapidly, while

peptides that underwent ribosomal skipping at P2A remain. (D) No fluorescencewas observed in HeLa cells expressing GFP1–10, but themRNA of GFP1–10was confirmed.

(E‒G) Gene transfer of PEU with GFP11 and a sequence encoding a fusion protein of mCherry and DHFR (GFP11 PEU) showed GFP fluorescence in GFP1–10-expressing

cells, indicating that GFP11was translated. Plasmid transfection of GFP11 did not show fluorescence (E). FACS analysis showed that a lot of mCherry-positive cells were GFP

positive with high fluorescence intensity, indicating that P2A connects translation downstream to express the peptide (F and G). (H) GFP11 PEU had lower mRNA expression

levels compared to gene transfer of the plasmid coding GFP11.
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DHFR degradation

We verified that DHFR, which is necessary for maintaining the ribo-
some binding required for peptide translation, is rapidly disrupted af-
ter translation. In the absence of TMPs, little mCherry and little GFP
were observed, with weak expression intensity (Figure 2A). In
contrast, the addition of TMPs revealed mCherry-positive cells,
many of which showed a high intensity of GFP. This observation
was also obtained by FACS (Figures 2B and 2C). This confirmed
that proteins translated from Dhfr mRNA for ribosome binding sta-
bilization rapidly decayed in the absence of TMPs, as expected.

To confirm the nature of P2A, genes encoding two fluorescent pro-
teins were connected across P2A and G7, and fluorescence was
Molec
used to measure their expression levels. The expression plasmids
were introduced into the cells (Figure S1B). The correlation ratio of
mCherry and GFP was produced and it was not statistically ruled
out that G7 and P2A are equivalent (Figures 2D and 2E).
mRNA encoding P110 suppressed LPS-induced hyperfission

When considering the clinical application of PEU, we decided to
verify whether it could be used as an mRNA medicine. To perform
this verification, we selected P110 to confirm the phenotypic trans-
formation induced by targeted peptide expression. Mitochondrial
dynamics have been reported to provide the basis for a variety of
diseases.27 Among them, the regulation of hyperfission is deeply
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Figure 2. Functional analysis of DHFR and P2A used for PEU

(A‒C) GFP11 PEU plasmid was transfected into GFP1–10-expressing HeLa cells, and mCherry and GFP forming a fusion protein with DHFR were observed with or without

TMP, a stabilizer for DHFR, by fluorescent microscopy. Without the addition of TMP, mCherry fluorescence was attenuated, but GFP fluorescence was confirmed, indicating

that P2A separates upstream and downstream translation (A). Fluorescence was quantified by FACS. In the absence of TMP, mCherry was almost quenched, but GFP

fluorescence remained, consistent with fluorescence microscopy results (B and C). (D and E) To confirm the function of P2A, fluorescence was observed using a construct in

which P2A was replaced with the G7 sequence as a control, and the correlation between the two fluorescence signals was not significantly different between P2A and G7,

indicating that P2A induces ribosomal skipping but does not significantly affect downstream translation. **p < 0.01, ***p < 0.001. ns, not significant.
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involved in cell death associated with external environmental stresses
such as infections and mitochondrial dysfunction; as a regulatory
protein of fission, DRP1 plays a role in mitochondrial disconnection
by polymerizing and associating with FIS1(24). P110 was developed
as a peptide that could suppress hyperfission and thus cell death by
inhibiting this association.8 However, the major barrier to its intro-
duction into cells has hindered its clinical application. This is a prob-
lem faced by many therapeutic peptides. In this study, CD-G11 PEU
was transfected into H9c2 cardiomyoblasts via a lipofection method
(Figure S1B). The sequence of P110 was determined by codon optimi-
zation and replaced GFP11 of CD-G11 PEU with P110 (CD-P110
PEU). As the external stressor causing hyperfission, lipopolysaccha-
ride (LPS) was chosen (Figure S1B). We chose mitochondrial dy-
namics to show that PEU, a peptide-encoding sequence separated
by DHFR and P2A, can intervene in intracellular PPI. The patho-
logical state of hyperfission induced by Drp1 and Fis1 PPIs can be
inhibited by a seven amino acid residue peptide, P110(8). We trans-
fected cells with PEU mRNA carrying P110 and observed phenotypic
changes in vitro. The cardiomyoblast cell line H9c2 was selected
because P110 suppresses hyperfission in cardiac reperfusion injury,23
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and LPS was used to induce mitochondrial fission in vitro.28 H9c2
with constant expression of GFP1-10 was created, and PEU mRNA
with mCherry-GFP11 was gene transfected. The mCherry-positive
transgenic cells were GFP positive in both microscopy (Figure 3A)
and FACS (Figures 3B and 3C), confirming that GFP11 was effec-
tively translated. Exposure of H9c2 cells to LPS was confirmed to
significantly alter mitochondrial dynamics (Figure 3D). The trans-
fected P110 PEU mRNA has mCherry as a fusion protein with
DHFR as a gene transfer marker. mCherry was stabilized by adding
TMP to distinguish PEU-transfected cells from non-transfected cells
for functional evaluation. LPS induced mitochondrial fission, and
quantification of mitochondrial morphology showed that the branch
length was short and that the number of branches was high. Themito-
chondrial morphology was normalized by transfection of H9c2 with
PEU containing mCherry-P110 (Figure 3E). LPS exposure increased
mitochondrial reactive oxygen species, but gene transfer of P110 abol-
ished this increase (Figure 3F). In contrast, intervention with P110
increased the mitochondrial membrane potential per unit volume
(Figure 3F). This is thought to be an inhibitory effect on mitophagy,
which also suppresses the hyperactivity of mitophagy.
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Figure 3. Improvement of mitochondrial dysfunction by gene transfer of P110 PEU mRNA

(A‒C) Cardiomyoblast H9c2 cells, which constitutively express GFP1–10, were generated and gene transfected with P110 or GFP11 PEU mRNA. These constructs have

mCherry as a fusion protein of DHFR as a gene transfer marker. mCherry-positive cells in which gene transfer took place were GFP positive in GFP11 PEUmRNA group. No

GFP fluorescence was observed in P110 PEU mRNA group (A). In FACS, the results of fluorescence microscopy were similarly accepted (B), and fluorescence intensity was

quantified, confirming that GFP fluorescence intensity was significantly stronger in GFP11 PEU mRNA (C), and peptide expression in PEU mRNA was validated. (D and E)

Effect of P110 PEU mRNA on mitochondrial dysfunction by addition of LPS in H9c2. Compared with cells transfected with PEU mRNA (mCherry-positive cells) and not

transfected (mCherry-negative cells), mitochondrial morphology by Mito tracker green staining showed that the network was preserved in the former and fragmentation was

more pronounced in the latter (D). Mitochondrial dynamics were quantified using MiNA. Mitochondrial volume (Mito footprint) did not change significantly in either group, but

mean branch length, number of branches, area occupied by two branches (slab pixels), and area occupied by three branches (junctional pixels) were significantly decreased

by LPS (p = 0.0056, 0.0047, 0.0052, and 0.0056, respectively), and significantly elevated by P110 PEU mRNA introduction compared with the LPS group (p = 0.0016,

0.0087, 0.0012, and 0.005, respectively) (E). Mitochondrial reactive oxygen species (ROS) measured with MitoSox was increased with LPS, and the introduction of P110 PEU

significantly suppressed both the percentage of mitochondrial ROS positivity and its mean fluorescence intensity compared to the addition of LPS (p = 0.0007 and 0.0158,

respectively). Mitochondrial membrane potential, corrected for mitochondria volume measured by Mitotracker Green, was not significantly altered by the P110 PEU

intervention (F). *p < 0.05, **p < 0.01. ns, not significant.
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mRNA encoding P110 suppressed doxorubicin-induced cell

death

In this study, a model of doxorubicin exposure to H9c2 was selected
as a system in which cell death is induced by mitochondrial hyperfis-
sion in response to external stress, and P110 was introduced asmRNA
to examine whether it has a mitigating effect on cell death (Fig-
ure S1C). Doxorubicin is a typical drug that causes myocardial
damage and can lead to doxorubicin cardiomyopathy, a treatment-
resistant disease in clinical practice.29 As with LPS exposure, mito-
Molec
chondrial staining was performed with MitoTracker Green, and
morphology was quantified using mitochondrial network analysis
(MiNA) (Figures 4A and S2).30 Exposure to doxorubicin decreased
footprints indicative of mitochondrial capacity; both the length and
number of branches were significantly reduced, and the numbers of
bifurcations and trifurcations were also significantly reduced (Fig-
ure 4B). In contrast, in the group transfected with P110 mRNA, all
parameters were significantly increased compared with those in the
doxorubicin group (Figure 4B). Next, we examined whether P110
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 4. Doxorubicin (Dxr)-treated H9c2 cells were rescued from cell death with P110 PEU mRNA

(A and B) Mitochondrial fragmentation increased by Dxr and was suppressed by the introduction of P110 PEU, as observed by staining mitochondria with Mito tracker green

and fluorescence microscopy (A). Dxr significantly decreased branch length (p = 0.0001), number of branches (p = 0.0001), and area occupied by two and three branches

(p = 0.0001 for both slab and junctional pixels), indicating mitochondrial fragmentation. The introduction of P110 PEU significantly increased branch length (p = 0.0356) and

area occupied by three branches (p = 0.0119) from the Dxr group. (C) The oxygen consumption rate (OCR) was measured using respiratory chain inhibitors (O, oligomycin; F,

FCCP; R, rotenone; A, actinomycin) for the effect of P110 PEU mRNA on mitochondrial respiratory function. By Dxr addition, ATP production, basal respiration, maximum

respiration, spare respiratory capacity, proton leak, and non-mitochondrial oxygen consumption were all significantly decreased (p < 0.0001). The introduction of the P110

PEU mRNA significantly increased all except for proton leak (p < 0.0001). *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001. Ns, not significant.
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suppression of hyperfission improved mitochondrial respiratory
function. Doxorubicin exposure significantly decreased all parame-
ters of basal respiration, maximum respiration, spare respiratory ca-
pacity, and ATP production. The P110 group showed a significant
attenuation of the decrease and recovered to a level comparable
with that in the control for spare respiratory capacity (Figure 4C).
Proton leakage was decreased by doxorubicin exposure and slightly
but significantly improved in the P110 group. Nonmitochondrial ox-
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
ygen consumption also showed a similar trend, confirming that mito-
chondria function in concert with glycolysis (Figure 4C).

Cell death induced by doxorubicin exposure was assessed as double-
positive staining upon co-staining with DAPI and annexin V. In the
mock group with GFP11, there was evidence of impairment at gene
transfer, while in the group with mRNA for P110, in addition to
the cell death induction of doxorubicin, P110 also counteracted the
4



Figure 5. Inhibition of cell death by doxorubicin (Dxr) with P110 PEU mRNA and its mechanism of action

(A) Cell death upon Dxr exposure was assessed by double staining with annexin V and DAPI. Double-positive cells increased with Dxr exposure and decreased with Dox

exposure plus P110 PEU mRNA. (B) Caspase-3 as an executor of cell death was evaluated by Western blotting. Cleaved caspase-3/caspase-3 ratio was significantly

increased by Dxr exposure (p < 0.0001) and significantly decreased by introduction of P110 PEU mRNA (p = 0.019). (C) Cytochrome c of the mitochondria pathway in cell

death was evaluated by western blotting. Cytochrome c was increased by Dxr exposure (p = 0.01) and decreased by the introduction of P110 PEU mRNA (p = 0.0018). (D)

Mitochondrial fractions were used to quantify recruited Drp1 to mitochondria. Dxr exposure significantly increased Drp1 by (p = 0.049) and decreased by the introduction of

P110 PEU mRNA. (E) Immunoprecipitation with Fis1, a counterpart of Drp1 in the mitochondrial outer membrane, was performed to quantify Drp1 associated with Fis1. In

response to Dxr exposure, Drp1 was decreased by introduction of P110 PEU mRNA. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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effect of cell death induction at gene transfer (Figures 5A and S3). We
examined the activation of caspase 3, one of the final executors of cell
death. Although our mRNA cell transfection method strongly
induced cleaved caspase 3 expression over doxorubicin exposure,
transfection with P110 reduced the impairment of both the gene
transfer method and doxorubicin (Figures 5B and S4). Leakage of cy-
tochrome c from mitochondria due to hyperfission triggered
apoptosis and was one of the key factors in hyperfission-induced
cell damage. The release of cytochrome c by mRNA gene transfer
was not as potent as cleaved caspase 3 induction, but further
enhanced doxorubicin-induced cytochrome c release, while transfec-
tion with P110 suppressed cytochrome c release (Figures 5C and S5).
This indicated that the mitochondrial pathway was suppressed by
P110, but that the extramitochondrial pathway for apoptosis was
not well regulated by P110. The molecular mechanism of P110 is
that it inhibits the recruitment of Drp1 to the mitochondrial mem-
Molec
brane during fission. We quantified Drp1 in mitochondrial fractions
to determine whether this mechanism was mediated by the introduc-
tion of P110 mRNA. The results showed that, while doxorubicin
exposure caused Drp1 to accumulate very strongly in mitochondria,
P110 treatment significantly prevented Drp1 aggregation, maintain-
ing it at almost the same level as in the control group (Figures 5D
and S6). To confirm that Fis1 is the assembly molecule for Drp1 accu-
mulation at the mitochondrial membrane, immunoprecipitation with
Fis1 followed by immunoblotting with Drp1 was performed as previ-
ously reported. Drp1 expression was significantly enhanced by doxo-
rubicin exposure, and the situation remained the same in the mock
group. In contrast, Drp1 was restored to almost control levels with lit-
tle aggregation in the P110 induction group (Figures 5E, S7, and S8).
In conclusion, P110 mRNA gene transfer inhibited the association of
Drp1-Fis1, an intracellular PPI, preventing hyperfission that contrib-
utes to pathogenesis and reducing cell death.
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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DISCUSSION
In this study, we developed an expression unit that enables highly effi-
cient intracellular production of peptides via a gene transfer scheme.
Using this unit, a peptide named P110, which suppresses mitochon-
drial fission dynamics and consists of eight amino acid residues,8 was
produced in cells at a high rate. The fission inhibition shown when
P110 was introduced into cells as a peptide23,24 was reproduced
upon both LPS stimulation and doxorubicin-induced cardiotoxicity,
resulting in avoidance of cell death. This PEU has the potential to
modulate any intracellular PPIs if an optimized nucleic acid sequence
of the hot spot peptide mimics obtained from PPI protein structure
analysis is inserted into the coding sequence site. It can be used a plat-
form technology for drug discovery targeting intracellular PPIs. The
PEU provides a new alternative strategy for peptide drug discovery,
which has the major barrier of cell membrane permeation.
Peptide gene therapy

Peptides are a form of pharmaceuticals, most of which have their tar-
gets in the plasma membrane.2,7 Although various efforts to deliver
peptides into the cytosol that intervene in intracellular processes
have been made to overcome their vulnerability and membrane
impermeability in vivo,31 a universal solution has not yet been found
to give peptides the ability to pass through cell membranes and exist
stably in the extracellular milieu, such as blood.1,32 However, the use
of viral vectors for gene transfer has become common, and various
gene therapies have reached the clinical stage. Studies have been con-
ducted to utilize gene transfer schemes to produce peptides intracel-
lularly,18 but most of them were designed as recombinant nucleic
acids that are fusion proteins with IgG heavy chain constant region
(IgG-Fc) portions to ensure stability as well as translation effi-
ciency.17,19 The basis of these studies seems to be that ribosome bind-
ing to nucleic acid sequences with coding sequence nucleotide lengths
below 400 is significantly reduced, and only very limited binding can
be achieved at lengths of approximately 100(14). In the reported pep-
tide gene therapy technique, the target is a secreted peptide, and the
strategy is to ensure translation efficiency with IgG-Fc and place a
gene cleavage site between Fc Ig and the gene of interest. After secre-
tion out of the cell, FcIg and the target peptide are split, and IgG-Fc is
metabolized. Using this strategy to express the peptide intracellularly
likely results in the accumulation of IgG-Fc inside the cell, potentially
causing a stress response, which is inappropriate for intracellular
targeting.

We hypothesized that, if the ribosome can stably bind to the mRNA
and if the sequence that ensures subsequent translation is degraded
after its role is complete, the nucleic acid can be used to efficiently ex-
press the peptide in a cell. One mechanism of protein decay in cells is
degradation in the UPS. Two molecules have been reported among
proteins with DDs targeted by UPS that are stabilized by binding of
low-molecular-weight compounds: FK506/rapamycin-bidding pro-
tein, which is stabilized by a synthetic compound called Shld1,33

and ecDHFR, which is stabilized by TMP.34 These have been used
for genome editing, stress response research, and regulation of pro-
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tein expression in vivo and have provided a variety of insights.
TMPs are widely used as antibiotics, are highly stable in the body,
and have been shown to exhibit functions at low nanomolar levels.
Until now, DDs have always been used as ON switches when TMP
or a TMP analog is used.

One of the methods to produce two independent proteins from a
fusion protein coding sequence is to insert a 2A peptide sequence,35

in addition to a proteinase cleavage sequence between the two pro-
teins.36 This sequence was originally identified as a sequence that al-
lows viruses to make multiple proteins from polycistronic sequences.
Failure of the ribosome to make a peptide bond between proline and
glycine results in the cleavage of the peptide chain. After peptide bond
failure, the ribosome moves to the 30 side to continue translation,
which has been reported to be 20%–30% less efficient than translation
on the 50 side for protein-coding transgenes.37 The 2A peptides have a
single alphabet derived from the name of the identified virus. When
P2A, which is derived from porcine teschovirus-1, was selected in
this study, an 18-amino-acid residue derived from P2A was added
to the C-terminal side of the polypeptide translated on the 50 side,
and a proline from P2A was added to the N-terminal side of the poly-
peptide translated on the 30 side.

For peptides that function intracellularly, especially those that modify
intracellular PPIs, there is one patent report of intracellular produc-
tion by gene transfer using mRNA.38 Via placement of multiple nu-
cleic acid sequences encoding peptides in series, with the 2A sequence
in between, the sequence length was increased in an attempt to
improve translation efficiency. However, a report on the efficiency
was not included, and whether the intervention caused a phenotypic
transformation was not reported. In the present study, we examined
three tandem GFP11 constructs with the P2A sequence in between
and found that, although they were expressed, their protein expres-
sion levels were extremely low, and they did not seem to have the po-
tential to induce phenotypic transformation.

PPIs

Interactome analysis has revealed as many as 650,000 intracellular
PPIs.1 Peptide drug discovery, despite significant technological devel-
opments such as peptidomimetics, is only beginning to approach the
ability to target intracellular PPIs. Advances in structural analysis of
PPIs have revealed that PPIs are formed by threemotifs to be targeted:
a-helices,39 b-strands,40 and turn regions. Many PPIs with a-helices
occur between structured and unstructured proteins, and important
proteins such as p53 take advantage of the plasticity of the unstruc-
tured regions to form a variety of robust structures.41 Peptides that
mimic these solid regions may have highly specific and effective
inhibitory activity against such PPIs. One example is P110(8), the
target of this study. Drug discovery using peptidomimetics methodol-
ogy proposes multiple compounds for individual PPIs based on the
structures and requires repeated screening to create a lead compound.
Moreover, the process of optimization from a lead compound is time
consuming.42 Recent advances in substitution with unnatural amino
acids39; the introduction of sidechain linkers,9 which were reported to
4
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be useful not only for stability but also for affinity enhancement43; and
the development of macrocyclization44 enable the further potentia-
tion of peptide drugs. We previously found an association between
DDX6 and 4ET, which plays a central role in RNA decay in RNA
metabolism.10 Subsequently, we found that RNA decay regulates adi-
pogenic differentiation by inhibiting the intracellular PPI of DDX6
and 4ET using peptidomimetics with a novel cage-like chemical skel-
eton.10 Peptides and peptidomimetics, including ours, can elicit useful
effects against intracellular PPIs if they can be stably introduced into
cells, but cell membrane permeation is a major barrier that limits pep-
tide drugs from reaching the clinic. One example is ALRN-6924,
which was developed to inhibit the association of the tumor suppres-
sor p53 with its inhibitory proteins, MDM2 and MDMX. Thus far,
ALRN-6924 has shown preclinical efficacy against leukemia,45 phase
I trials for solid tumors and lymphomas have been completed and re-
ported, and a phase II trial is underway.46 The fact that all peptide
drugs approved by the U.S. Food and Drug Administration in the
past decade have targeted receptors present in the cell membrane47

speaks to the difficulty of peptide drug discovery for intracellular
PPIs. In contrast, when nucleic acids are used in this platform, if
the amino acid sequence of the binding region can be identified, it
is possible to create the construct in a straightforward manner.48

The fact that the construct design for anmRNA vaccine against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
completed within 3 weeks after the identification of the sequence of
the spike protein indicates the superiority, usefulness, and feasibility
of the methodology.49,50

RNA delivery

This study reported that P110 PEU mRNA functions in vitro. The
future needs to demonstrate its usefulness in animal studies, but the
problem is the RNA delivery system. RNA delivery has developed
with various drug delivery systems, and better methods are still being
developed.51 RNA therapeutics can be divided into three main cate-
gories: small interfering RNA, antisense oligonucleotide, and
mRNA, all of which have reached clinical application.52 Therapy us-
ing mRNAs requires synthetic vehicles due to their long strand
length. The SARS-CoV-2 vaccine using lipid nanoparticles has
made a significant contribution to pandemic control worldwide.49,50

Efficient delivery of mRNA to cells that constitute parenchymal or-
gans other than skeletal muscle, such as the heart, kidney, and lungs,53

and to the central nervous system54 remains a major area of research.
Recently, RNA delivery to hematopoietic stem cells by systemic deliv-
ery has been greatly improved by active targeting using antibodies
against c-kit in combination with lipid nanoparticles, and it was re-
ported that sickle cells could be treated.55 Furthermore, ex vivo
RNA transfer has also been demonstrated for RNA delivery to blood
stem cells by lipid nanoparticles56 and to T cells using polyelectrolyte
core-shell nanoparticles.57 Pathogenesis due to abnormal mito-
chondrial dynamics, the subject of this study, occurs in a variety of
diseases,58 and ischemia reflux injury (IRI) is a classic example of
mitochondrial hyperfission leading to cell death.23 However, the
time course of IRI is extremely rapid, and current technologies pre-
sent significant hurdles to efficiently delivering mRNA to target cells
Molec
and inducing gene expression as the disorder progresses. If the estab-
lished RNA delivery system is to be used, the liver may be the in vivo
application of this study. Because mitochondrial hyperfission has
been shown to play a major role in the pathogenesis of nonalcoholic
fatty liver disease,59 it may be appropriate to demonstrate P110 PEU.
It has been reported that hematopoietic dysfunction in myelodysplas-
tic syndromes is due to mitochondrial fragmentation.60 P110 PEU
mRNA transfection into hematopoietic stem cells may improve the
pathogenesis of myelodysplastic syndrome.
Perspective

mRNA medicines have rapidly established themselves as middle-
molecule drugs, and the targets of nucleic acid drugs other than those
in gene therapy have expanded from the conventional regulatory
mechanism of RNA metabolism to include proteins. In this study,
we report a recombinant unit encoding a peptide that has not been
targeted by nucleic acid drugs due to translation efficiency issues.
Intracellular PPIs are involved in signaling cascades related to
tumorigenesis within systems in which biological processes such as
autophagy and the ubiquitin proteinase system are carried out by
complexes of multiple proteins. In addition, the molecular basis of
mRNA metabolism is regulated by liquid-liquid phase separation,
which provides the molecular basis for the processing body andmem-
braneless organelles such as stress granules and has a great impact on
the formation of various pathological conditions. A platform that en-
ables modification of intracellular PPIs using nucleic acids, which
have been recognized as undruggable, will open the door to an
extremely large field of drug discovery.
MATERIALS AND METHODS
Cell culture

HeLa and H9c2 were cultured in high-glucose DMEM (Fujifilm
Wako Pure Chemical, Osaka, Japan) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin/streptomycin (Thermo Fisher Scientific) and incubated
at 37�C in a humidified 5% CO2 incubator. The cells were seeded in
growth medium in a Falcon 100-mm TC-treated cell culture dish
(Corning, Corning, NY, USA).
Plasmid DNA construction

All plasmids were constructed using NEBuilder HiFi DNA assembly
(New England Biolabs, Ipswich, MA, USA). We used pCAGGS,
pcDNA3, and pMRNAxp, which were obtained from System Biosci-
ences (Palo Alto, CA, USA), to generate either recombinant plasmids
or mRNA. All plasmids were designed using Snap Gene software
(Ver. 6.2, Dotmatics; Boston, MA, USA). The inserted fragments
were GFP, mCherry, GFP11, P110, mCherry-P2A-GFP, mCherry-
G7-EGFP, mCherry-ecDHFR-P2A-GFP11, and mCherry-ecDHFR-
P2A-P110. These fragments were inserted into multiple cloning sites
of the backbone vectors via NEBuilder Hifi DNA assembly. The
ecDHFR sequence was designed and synthesized by Integrated
DNA Technologies (Coralville, IA, USA). All sequence information
is deposited in Zenodo: https://doi.org/10.5281/zenodo.10500256.
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Fluorescence-activated cell sorting analysis

For flow cytometric analysis, cells were washed with PBS, harvested
with 0.25% trypsin-EDTA and stained with DAPI (40,6-diamidino-
2-phenylindole, dihydrochloride, Dojindo Molecular Technologies,
Kumamoto, Japan). The amount of fluorescent protein and dyes
were detected using FACS at 405, 488, 561, and 638 nm lasers. For
the apoptosis assay, we used the annexin V assay kit (Medical and
Biological Laboratories Corporation, Tokyo, Japan) and DAPI solu-
tion. Fluorescence data were collected using an Attune Flow Cytom-
eter (Thermo Fisher Scientific). The flow cytometry files were
analyzed using FlowJo software (Ver. 10.8.2, Becton, Dickinson &
Company, Ashland, OR).

mRNA synthesis

All mRNAs were constructed using an mMESSAGEmMACHINE T7
Transcription Kit (Thermo Fisher Scientific). Templates for mRNA
synthesis were used on the sequence of the pMRNAxp mRNA Ex-
press vector plasmid with the gene of interest. Plasmid DNAwas line-
arized with a restriction enzyme NdeI downstream of the polyA tail.
Then, T7 2� NTP/ARCA, 10� T7 Reaction Buffer, T7 Enzyme Mix,
and nuclease-free water were mixed thoroughly and incubated at
37�C for 2 h. One microliter of TURBO DNase was added and mixed
well, and the reaction was incubated at 37�C for 15 min. Then, tailing
reagents, which included E-PAP Buffer, 25mMMnCl2, ATP solution,
and E-PAP, were added to the mixture, which was incubated at 37�C
for 45 min. AMonarch RNA Cleanup Kit (New England Biolabs) was
used to purify RNA from the mixed solution for in vitro transcription.
A260/A280 is measured each time as a quality control for mRNA, and
2.0 or higher is used as a criterion for subsequent use of mRNA.

Gene transfection

One day before transfection, cells were seeded in six-well plates at
10,000 cells per well. For plasmid DNA transfection, 1 day after cell
seeding, 50 ng plasmid DNA was mixed with diluted Lipofectamine
3000 Transfection Reagent (Thermo Fisher Scientific Incorporated)
in Opti-MEM (Thermo Fisher Scientific) and incubated for 15 min
at room temperature. Then, the solutions were added to the six-
well plates and incubated for 2 days. For mRNA transfection, 1 day
after cell seeding, 500 ng mRNA and Lipofectamine MessengerMAX
Transfection Reagent in Opti-MEM (Thermo Fisher Scientific) were
incubated for 5 min at room temperature. Then, the solutions were
added to the six-well plates for 12 h.

Imaging of fluorescent proteins and dyes

One day before transfection, cells were seeded in a 35-mm glass base
dish (IWAKI Corporation, Tokyo, Japan). One day after cell seeding,
plasmid DNA and mRNA were transfected into the cells. After trans-
fection, the EGFP- and mCherry-positive cells were visualized using
BZ-X800 (Keyence Corporation, Osaka, Japan). For mitochondrial
morphology analysis,MitoTracker-Green FM (Thermo Fisher Scienti-
fic) andHoechst 33342 (DojindoMolecular Technologies) were added
to the medium, and the cells were incubated for 30 min at room tem-
perature. The cells were then thoroughly washed twice with PBS. The
cells were viewed using a BZ-X800 (Keyence Corporation).
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RNA isolation, RT-PCR, and qPCR

Total RNA from cells and tissues was extracted using TRIzol
(15596018, Thermo Fisher Scientific) and a Direct-zol RNA
MiniPrep Kit (R2052, Zymo Research, Irvine, CA, USA) with DNase
I, according to the manufacturer’s instructions. To perform the qRT-
PCR assay, 100 ng total RNA was reverse-transcribed using a
PrimeScript RT Reagent Kit (RR036A, Takara Bio, Shiga, Japan)
and a T100 thermal cycler (Bio-Rad Laboratories). qRT-PCRwas per-
formed using the Kapa SYBR Fast qPCRKitMaster Mix (2�) Univer-
sal (KK4602, Kapa Biosystems Ltd., Wilmington, MA, USA) on a
CFX connect real-time system (Bio-Rad Laboratories, Hercules,
CA, USA). Relative gene expression levels were normalized to human
or rat GAPDH expression. The primer sequences can be found in
Table S1.

Mitochondrial membrane potential

Cells were suspended at a density of 1 � 105/mL in culture medium
containing 100 nMMitoTracker Green FM (MitoG, Thermo, M7514,
Thermo Fisher Scientific) and 100 nM Image-iT TMRM Reagent
(TMRM, T668, Thermo Fisher Scientific) and incubated at 37�C
for 30 min. After staining, the cells were washed immediately, sus-
pended in AutoMACS running buffer, and evaluated using an
SH800. The fluorescence intensity was analyzed using FlowJo, and
the numeric value was calculated by dividing the fluorescence inten-
sity of TMRM by the fluorescence intensity of MitoG as an index of
mitochondrial membrane potential.

Measurement of mitochondrial reactive oxygen species levels

Cells were suspended at a density of 1 � 105/mL in culture medium
containing 5 mM MitoSOX Green mitochondrial superoxide indica-
tor (MitoSOX, M36005, Thermo Fisher Scientific) and incubated at
37�C for 30 min. After staining, the cells were washed immediately,
suspended in AutoMACS running buffer, and evaluated using an At-
tune flow cytometer (Thermo Fisher Scientific).

Measurements of respiratory function

An XFe96 extracellular flux analyzer (Agilent Technologies, Santa
Clara, CA, USA) was used to measure cellular respiratory fun-
ction. Cells were suspended in Seahorse XF D-MEM medium (Agi-
lent Technologies) containing 10 mM glucose, 1 mM pyruvate, and
2 mM L-glutamine and seeded on XFe96-well microplates (101085-
004, Agilent Technologies) at a density of 1 � 105 cells per well.
After seeding, the cells were equilibrated in a non-CO2 incubator
for 20 min and used in the assay. To measure respiratory function,
oligomycin (2 mM), carbonyl cyanide p-trifluoromethoxyphenyl hy-
drazone (2 mM), and rotenone/antimycin A (0.5 mM), which were
adjusted using the reagents in the Seahorse XF Cell Mito Stress
Test Kit (103015-100, Agilent Technologies), were sequentially
added to each well after baseline measurement. The data are pre-
sented as the oxygen consumption rate (pmol/min). Basal respira-
tion, ATP production, maximal respiration, proton leakage, spare
respiratory capacity, nonmitochondrial oxygen (non-MTC), and
coupling efficiency were calculated using Wave Controller 2.4 (Agi-
lent Technologies).
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Cytosolic and mitochondrial protein isolation for western

blotting

Cytosolic and mitochondrial protein fractions were extracted
from H9c2 cells using a Mitochondria/Cytosol Fractionation Kit
(ab65320, Abcam plc., Cambridge, UK). Briefly, 1 � 106 cells were
trypsinized and centrifuged at 600�g for 5 min at 4�C. Next, the cells
were resuspended in cytosol extraction buffer mix, incubated on ice
for 10 min, and homogenized on ice using a 29G needle. The homog-
enate was centrifuged at 700�g for 10 min at 4�C. The supernatant
was collected and centrifuged at 10,000�g for 30 min at 4�C. The su-
pernatant was used as the cytosolic fraction. The pellet was resus-
pended in mitochondrial extraction buffer mix, vortexed for 10 s,
and used as the mitochondrial fraction.

Western blotting

Cytoplasmic protein was dissolved in RIPA buffer (182–02451,
FUJIFILM Wako Pure Chemical Corporation, Richmond, VA,
USA), boiled for 10 min, electrophoresed through 10% Mini-
PROTEAN TGX Precast Protein Gels (4561036, Bio-Rad Labora-
tories), and electroblotted onto a PVDF transfer membrane
(IPVH00010, Merck KGaA, Darmstadt, Germany). The membrane
was blocked with PBS containing 5% skim milk and 0.05% Tween
20 (P1379, Merck KGaA) and incubated for 1 h with DRP-1 (sc-
5271583, Santa Cruz Biotechnology, Dallas, TX, USA), Fis-1
(10956-1-AP, Proteintech Group, Inc., Rosemont, IL USA), GAPDH
(MAB374, Merck KGaA), cytochrome c (sc-13156, Santa Cruz
Biotechnology), cleaved caspase-3 (9664, Cell Signaling Technology),
caspase 3 (9662, Cell Signaling Technology), VDAC1 (4866S, Cell
Signaling Technology), and a-tubulin (66031-1-Ig, Proteintech
Group) antibodies. After washing, the membrane was incubated
with a 1:5,000 dilution of anti-mouse IgG (7076S, Cell Signaling Tech-
nology) or anti-rabbit IgG HRP-linked antibody (7074S, Cell
Signaling Technology) in blocking buffer. Subsequently, the blots
were developed using Clarity Western ECL Substrate (1705060,
Bio-Rad Laboratories) or Clarity Max Western ECL Substrate
(1705062, Bio-Rad Laboratories), and the protein bands were visual-
ized using a VersaDoc or ChemiDoc Imaging System (Bio-Rad
Laboratories). The protein levels were quantified using Image Lab
Software Version 6.1 (4561036, Bio-Rad Laboratories).

Immunoprecipitation

Protein samples were precleared with BcMag Protein A/G Magnetic
Beads (Bioclone, San Diego, CA, USA) for 2 h at room temperature,
after which 6 g Fis-1 antibody (10956-1-AP, Proteintech Group) was
added. Protein G beads (50 mL) were added after 2 h of incubation at
room temperature. The beads were washed once with 1 mL of binding
buffer (50 mM HEPES, 0.5% Triton X-100, 25 mM MgCl2, 5 mM
CaCl2, 20 mM EDTA), once with FA500 (50 mM HEPES, 500 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate),
once with LiCl2 buffer (10 mM Tris HCl, 250 mM LiCl2, 1% Triton
X-100, 0.5% sodium deoxycholate, 1 mM EDTA), and once with
TES (10mMTris HCl, 10mMNaCl, 1 mMEDTA). The immunopre-
cipitates were eluted with 75 mL RIP elution buffer (100 mMTris HCl
[pH 7.8], 10 mM EDTA, 1% SDS).
Molecu
MiNA

We performed mitochondrial morphology analysis using the MiNA
toolset, which was downloaded from https://github.com/stuartlab.
To obtain precise results, we first improved the quality of the images.
Choices for image preprocessing, including an unsharp mask and
enhanced local contrast, were presented through the MiNA interface.
For analysis, the image was first binarized by thresholding, assigning a
maximum value of 255 to foreground pixels and a minimum value of
0 to background pixels. Next, using ImageJ’s built-in skeletonization
function, the binary image was converted into a skeleton that repre-
sents the features of the original image as an airframe of one-pixel-
wide lines. All pixels within a skeleton were then grouped into three
categories: endpoint voxels, slab voxels (area occupied by two
branches), and junction voxels (area occupied by three branches).
We evaluated the area of the mitochondrial footprint, slab voxels,
junction voxels, mean length of branches, and the number of
branches in individual cells. The mitochondrial footprint was the
number of pixels in the binary image containing the signal multiplied
by the area of a pixel if the calibration information was present.

Statistical analysis

The results are expressed as the means ± SDs. The statistical signifi-
cance of differences among multiple groups was evaluated using Stu-
dent’s t test in Figure 2, and two-way ANOVA and Tukey’s multiple
comparisons test on Figures 3, 4, and 5 for bar graphs using GraphPad
Prism. To denote the degrees of significance, stars (*p < 0.05,
**p < 0.01, ***p < 0.001) were used in all figures.
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