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Precision genetic medicine enlists antisense oligonucleotides (ASOs) to bind
to nucleic acid targets important for human disease. Peptide nucleic acids
(PNAs) have many desirable attributes as ASOs but lack cellular permeability.
Here, we use an assay based on the corrective splicing of an mRNA to assess
the ability of synthetic peptides to deliver a functional PNA into a human
cell. We find that the endosomolytic peptides L17E and L17ER, are highly
efficacious delivery vehicles. Co-treatment of a PNA with low micromolar
L17E or L17ER, enables robust corrective splicing in nearly all treated cells.
Peptide—PNA conjugates are even more effective. These results enhance
the utility of PNAs as research tools and potential therapeutic agents.

Oligonucleotides have garnered enormous attention for their therapeu-
tic potential. Eighteen nucleic acid-based drugs are on the market, and
dozens more are in clinical development." Because oligonucleotide-
target engagement is governed by Watson-Crick-Franklin base pairing,
therapeutic oligonucleotides can easily be designed to have high target
specificity, obviating the need for the iterative screening required to
develop small-molecule therapies.*

Antisense oligonucleotides (ASOs) leverage mRNA binding as a
means to control protein levels in a cell.>* Upon binding to an mRNA
target in the cytosol, an ASO can induce target degradation. Alterna-
tively, binding to an mRNA target in the nucleus can direct splicing that
enables (or disables) its translation.

Peptide nucleic acids (PNAs) are heralded ASOs in which the
ribose phosphate backbone of an oligonucleotide is replaced
with one that is peptidic in nature.” PNAs have exquisite
specificity for their complementary nucleic acid and bind with
higher affinity than do their DNA counterparts because their
neutral backbone obviates the Coulombic repulsion endemic in
double-stranded nucleic acids.®” PNAs are achiral and readily
accessible by solid-phase synthesis methods akin to those for
accessing peptides.® Moreover, PNAs are highly stable under
physiological conditions and not known to be immunogenic.

Department of Chemistry, Massachusetts institute of Technology,

77 Massachusetts Avenue, Cambridge, MA 02139, USA. E-mail: rtraines@mit.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cc05214e

This journal is © The Royal Society of Chemistry 2024

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Endosomolytic peptides enable the cellular
delivery of peptide nucleic acidsf

and Ronald T. Raines 2 *

These attributes have made the application of PNAs in the
laboratory and clinic of special interest.”*°

To function in a live cell, a PNA must enter the cytosol. PNAs are,
however, unable to penetrate the plasma membrane of mammalian
cells. Their ability to access the cytosol is notoriously inefficient, even
with delivery vehicles.>™ " Accordingly, the utility of PNAs has been
constrained since their invention over thirty years ago.”

In 2017, Futaki and coworkers reported on L17E, an endosomolytic
peptide derived from Mycotoxin®® This peptide affords cytosolic
access to cargo through endosomal membrane rupture after macro-
pinocytotic uptake.* L17E has been employed primarily as a
co-treatment agent in protein delivery experiments.>* Only a few reports
disclose the use of this peptide as a covalent appendage for the delivery
of oligonucleotides.”>*® In 2022, the Futaki group reported that a
pendant arginine-rich sequence makes L17E even more effective for
the cellular delivery of proteinaceous cargo.”’

Here, we assess the efficiency of PNA delivery into human cells as
mediated by three peptides: L17E,* L17ER, (which contains four
arginine residues),” and R10 (which is a well-known cell-penetrating
peptide).”® To assess delivery, we employ a rigorous quantitative assay
based on the corrective splicing of an mRNA that is translated into the
green fluorescent protein (GFP) (Scheme 1). First, we compare the
cellular uptake of a PNA upon co-treatment with each peptide. Then, we
explore the delivery efficiency upon conjugation of the peptide to the
PNA. We find that endosomolytic peptides can effect the highly efficient
delivery of a PNA into human cells.

Our first goal was to demonstrate the cytosolic delivery of a PNA into
human cells. For this purpose, we chose to deliver PNA654, which can
orchestrate the corrective splicing of a GFP pre-mRNA in an engineered
human cell line (HeLa654), resulting in the production of GFP.> This
assay enabled us to make comparisons between different treatment
conditions because GFP fluorescence reports directly on the delivery of
a functional PNA (Scheme 1). We used standard solid-phase methods
to synthesize the necessary peptides (Scheme 2). In some peptides,
azido groups enable strain-promoted azide-alkyne cycloaddition
(SPAAC) for subsequent conjugation.

We were aware that cell-penetrating peptides can diminish cell
viability.?® Accordingly, we treated HeLa654 cells with R10, L17E, or
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Scheme 1 Assay for the delivery of a functional PNA into live human cells.

L17ER, and assessed their viability with a tetrazolium-based assay** and
their morphology with epifluorescence microscopy. R10 and L17E did
not have a detectable effect on viability at all assayed concentrations
(Fig. S16, ESIt). In contrast, L17ER, was cytotoxic above 5 pM in the
absence of serum and above 20 UM in the presence of serum. These
data were consistent with morphological assessments (Fig. S17, ESIt)
and guided subsequent experiments.

Next, we characterized the cellular uptake of the endosomo-
lytic peptides. To do so, we used SPAAC to link an azido group
installed at the N or C terminus with the strained alkynyl group
of TAMRA-DBCO. These conjugates also served as proxies for
conjugates to larger biomolecules.”” Upon incubation with
human cells, we found that modification of the endosomolytic
peptides at their C terminus led to greater cellular uptake
(Fig. 1). Hence, the C terminus was used as the premier
conjugation site in all future experiments. Guided by data with
TAMRA-labelled peptides, we used SPAAC to prepare the
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Scheme 2 Molecules used in this work.
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R10-PNA, L17E-PNA, and L17ER,-PNA conjugates in which
the PNA is installed at the C terminus of the peptide.

To evaluate the cellular delivery of a PNA, we treated HeLa654 cells
with PNA/peptide constructs for 5-7 min in Dulbecco’s modified Eagle’s
medium (DMEM) without serum or 1 h in complete medium. These
conditions were guided by cellular viability (Fig. S16, ESIt) and literature
precedent.”” After treatment, the cells were washed with phosphate-
buffered saline and permitted to recover for an additional 27 h in
complete medium in a humidified incubator at 37 °C prior to
epifluorescence imaging.

Our initial PNA delivery experiments focused on the utility of a co-
treatment with R10, L17E, and L17ER,. In these serum-free experi-
ments, we used R10, L17E, and L17ER, at 40, 40, and 20 uM,
respectively, and PNA at 1-30 pM. Without a peptide or with R10, we
observed only modest GFP production, indicative of little cellular uptake
(Fig- 2 and 3). In contrast, we observed substantial fluorescence with
40 M L17E and, even more so, with 20 uM L17ER, (Fig. 2). Interest-
ingly, and in contrast to our cytotoxicity data, we observed mild toxicity
for cells treated with 20 M L17ER, and low PNA concentrations (1 and
5 uM), but abrogation of this cytotoxicity with high PNA concentrations
(15 and 30 pM). These data suggest that a nearly stoichiometric
peptide: PNA ratio is desirable for co-treatments with L17ER, and
motivated us to assess a covalent 1: 1 conjugate of the peptide and PNA.

Before testing peptide-PNA conjugates, we probed for an
effect of the cell cycle on PNA delivery. To do so, we synchronized
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Fig. 1 Graph of the mean fluorescence intensities (MFls) from TAMRA-
labelled L17E and L17ER4 in human cells. HelLa654 cells were treated for
5 min with peptides (5 pM) labelled at their N or C terminus in medium
without serum, allowed to recover for 1 h in complete medium, and
assessed with flow cytometry. For experimental conditions and represen-
tative flow cytometry plots, see Table S2, Fig. S18, and S19 (ESI).f
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Fig. 2 Microscopy images of GFP in human cells produced upon corrective splicing by a PNA delivered with peptide co-treatment or conjugation
(Scheme 1). Experimental conditions and additional images are provided in Table S3 (ESI).T Standardized laser intensities were normalized across all
treatment conditions. Additional images are shown in Fig. S23, S25, S28, S30, S32, and S34 (ESI).T Scale bars: 50 uM.

cells by using RO-3306, which is a small-molecule CDK1 inhibitor that
arrests the cell cycle at the G2/M phase boundary.* We chose that point
in the cell cycle because of the known increase in ceramide concen-
tration in membranes there,*®® the role of ceramides in forming
nucleation zones that direct endocytosis,”** and the correlation
between improved cargo uptake in dividing cells.** Cells were seeded
at equivalent densities, and a subset was synchronized by the addition
of RO-3306 (9 uM for 20 h). To ensure that we captured cells after their
re-entry into the cell cycle but while they were dividing, we administered
L17E and the PNA immediately following the withdrawal of RO-3306,
using a 2-h treatment window in complete medium. We observed that
synchronizing cells did not potentiate GFP production (Fig. S36 and
S37, ESIT), suggesting that ceramides are not involved in the uptake
mechanism.

Next, we discerned whether covalently linking a peptide to the PNA
was beneficial to cellular uptake. Specifically, we treated HeLa654 cells
with peptide-PNA conjugates either at 5 and 10 M for 7 min in DMEM
without serum or at 10 and 20 uM for 1 h in complete medium. We
observed a marked enhancement in performance by R10 when
covalently attached to the PNA (Fig. 2). Still, both endosomolytic
peptides outperformed R10. Moreover, GFP production appeared to
be greater from L17ER,~PNA than from L17E-PNA in the absence or
presence of serum (Fig. 2).
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Finally, we used flow cytometry to quantify the cellular GFP
induced by a PNA upon co-treatment or conjugation. Consis-
tent with our imaging analysis, co-treatment with R10 affords
little GFP (Fig. 3 and Fig. S29, ESIt). In contrast, we found a
robust dose-dependent response for GFP production upon
co-treatment with endosomolytic peptides (Fig. 3 and Fig. S24
and S26, ESIT). At 1 uM, L17ER, and L17E elicit PNA function to
a similar extent, but L17ER, elicits more function than L17E at
concentrations >5 pM. Notably, we found that at PNA concen-
trations of 15 and 30 uM, both L17E and L17ER, enable >90%
of cells to be transfected successfully with the PNA (Fig. S24 and
S26, ESIt). Even at 5 pM L17ER,, >85% of cells produce GFP
(Fig. S26, ESIt). Overall, co-treatment with L17E or L17ER, gives
a 23- or 27-fold increase, respectively, in GFP expression (Fig. 3).

A covalent linkage with a peptide enhances the function of
the PNA in cells (Fig. 3). Under each condition, the GFP levels
induced by a conjugate exceeded that obtained with co-
treatment. Oftentimes, the cellular delivery of cargo is dam-
pened by the addition of serum because of nonspecific adsorp-
tion of the cargo to serum proteins.** In marked contrast, the
intracellular delivery of PNA conjugates with endosomolytic
peptides was potentiated in serum, likely due to the increase
in incubation time. Moreover, treatment conditions with L17E
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Fig. 3 Graphs of MFIs from GFP in human cells produced upon corrective splicing by a PNA delivered with peptide co-treatment or conjugation
(Scheme 1). Serum-free conditions were used for co-treatment. For additional experimental conditions and representative flow cytometry plots, see
Table S3, Fig. S21, S22, S24, S26, S29, S31, S33, and S35 (ESI).t Standardized laser intensities were used across all experiments.
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and L17ER, can enable ~95% of cells to produce GFP (Fig. S31
and S33, ESIT). Conjugation further potentiates GFP expression
over PNA alone, with a 32- or 37-fold increase in fluorescence
for L17E or L17ER,, respectively (Fig. 3). These expression levels
compare favourably with other preeminent ASO delivery strate-
gies using this exact assay.>*?°?

In conclusion, we have found that the endosomolytic pep-
tides L17E and L17ER, are highly efficacious and superior to
R10 in effecting the delivery of a functional PNA into a human
cell. Unlike previous delivery strategies for antisense therapeu-
tics, nearly all cells produce GFP after either co-treatment with
low micromolar concentrations of L17E or L17ER, or conjuga-
tion to these peptides.’®?>?° L17E affords robust cellular
uptake without compromising cell viability, with less efficacy
than L17ER,. The co-treatment strategy is an especially facile
means to deliver a PNA into a human cell in vitro, whereas
conjugation has the potential for use in vivo and could enable
clinical translation. We anticipate that our findings will
enhance the utility of PNAs and other ASOs in a wide variety
of applications.
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