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Small interfering RNA (siRNA) has emerged as a valuable tool to address RNA inter-

ference (RNAi) to modulate gene expression also in therapy. However, challenges

such as inefficient cell targeting and rapid degradation in biological systems have lim-

ited its success. To address these issues, the development of a receptor-specific shut-

tle system represents a promising solution. [F7,P34]-NPY analogues were modified by

solid-phase peptide synthesis, enabling non-covalent conjugation with siRNA. This

modification yielded an efficient siRNA vehicle capable of binding and transporting

its cargo into target cells without adversely affecting receptor activation or cell viabil-

ity. Mass spectrometry and gel shift assays confirmed successful and stable siRNA

binding under various conditions. Microscopy experiments further demonstrated the

co-internalization of labeled peptides and siRNA in Hepa1c1 cells, highlighting the

stability of the complex. In vitro quantitative RT-PCR experiments, targeting the

TSC22D4 gene to normalize systemic glucose homeostasis and insulin resistance,

revealed a functional peptide-based siRNA shuttle system with the ability to

decrease mRNA expression to approximately 40%. These findings strengthen the

potential of receptor-specific siRNA shuttle systems as efficient tools for gene ther-

apy that offer a possibility for reducing side effects.
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1 | INTRODUCTION

Findings in the late 1990s and early 2000s on RNA interference

(RNAi) and small interfering RNA (siRNA) laid the groundwork to

explore the possibilities of making previously considered undruggable

targets accessible.1–4 The RNA-induced silencing complex (RISC)

recognizes siRNA as a double strand, selectively discarding one strand

before binding to the target mRNA. This precise mechanism results in

gene silencing with remarkable efficiency that requires only a few

double-stranded RNA molecules per cell.1,5 While siRNAs hold

immense potential for medical applications, the practical application is

still challenging. Despite their advantages, such as low production
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costs and ease of synthesis, issues to be resolved include degradation

and delivery without inducing toxicity or other adverse effects.6–8

Despite these challenges, Alnylam Pharmaceuticals defied expecta-

tions by securing approval from the US Food and Drug Administration

(FDA) for Onpattro (patisiran) in 2018, marking the first FDA-

approved RNA interference (RNAi) drug.9 However, ongoing research

aims to address remaining shortcomings and enhance siRNA drug

delivery methods.10–13

In targeted therapy, an effective delivery tool must fulfill multiple

criteria, including delivery to and accumulation in the target tissue,

preventing nuclease degradation as well as immune-related toxicity.8

Once the siRNA reaches the target tissue, it successfully has to man-

age endosomal and lysosomal escape to recruit proteins and enzymes

integral to the RISC. Various delivery platforms, such as lipids, poly-

mers, conjugates, nanoparticles, and peptides, have been explored so

far, facing challenges related to toxicity and selective delivery, particu-

larly delivery to extrahepatic tissues.14–24

Peptides, serving as ligands in ligand-receptor interaction, present

an interesting option because of their biocompatibility, biodegradabil-

ity, and ease of modification.25,26

Utilizing peptide ligands as a delivery platform offers the

advantage of selective binding to cells expressing the corresponding

receptor. By attaching a linker to the peptide carrier, covalent or non-

covalent binding of the siRNA drug molecule is enabled, facilitating

delivery to the receptor and entry into the cell. A schematic represen-

tation of this approach is shown in Figure 1.

The neuropeptide Y1 system emerges as a promising target due

to its high selectivity and affinity. Its native ligand NPY was further

optimized to the selective analogue [F7,P34]-NPY and to short variants

[K27(Adm),P30,K31,Bip32,L34]-NPY(27-36) and [K27(Lau),P30,K31,Bip32,

L34]-NPY(27-36).27,28 These analogues exhibit enhanced selectivity

for the Y1 receptor (Y1R) and nanomolar potency, making them pow-

erful candidates as shuttle systems. These three different peptides

were modified with a lysine linker to enable siRNA binding. Either

L- or D-lysine was investigated in the linker with respect to their

application as siRNA shuttling system for targeted delivery.

The tested siRNA sequence targets the growth factor-β1 stimu-

lated clone 22 D4 (TSC22D4) gene, which interacts with protein

kinase B/Akt1 thus being a part of the insulin/phosphatidyl-inositol

3-kinase signaling pathway.29 It was shown that TSC22D4 regulates

insulin signaling and glucose metabolism and plays a role in tumor for-

mation and so provides an interesting target for therapeutic

approaches.29–31

2 | METHODS

2.1 | General methods

For automated peptide synthesis, a Mulitsyntech/Biotage Syro I syn-

thesis robot was used. Peptide purity was determined by analytical

reversed-phase HPLC using a Phenomenex Jupiter® 4 U Proteo C12

90 Å (250 � 4.6 mm, 4 μm, 90 Å) and a Phenomenex Aeris® Peptide

3.6 U XBC18 (250 � 4.6 mm, 3.6 μm, 100 Å) column. Mass spectra

were measured by electron spray ionization (ESI) using a Thermo Sci-

entific Orbitrap Elite mass spectrometer. Live cell imaging was per-

formed with a Molecular Devices High-Content Imaging System and a

Zeiss Axio Observer.Z1 microscope with an additional ApoTome.2

imaging system. Receptor activation assays, cell viability assays, and

NanoBRET arrestin-3 recruitment assays were performed using a

Tecan Spark Plate Reader.

2.2 | Peptide synthesis

Peptides were synthesized in a combination of manual coupling and

automated solid phase peptide synthesis (SPPS) on a SYRO I syn-

thesis robot (Multisyntech/Biotage) by 9-fluorenylmethoxycarbonyl

F IGURE 1 Schematic representation of the setup of the shuttle system (A) and cellular processes from delivery to internalization, endosomal
release of siRNA, binding to RISC and mRNA degradation (B).
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(Fmoc)/tert-butyl (tBu) protection group strategy on a TentaGel

resin Rink amide (TGR RAM, IRIS Biotech GmbH) resin with a load-

ing capacity of 0.1–0.2 mmol g�1 and a scale of 15 μmol per pep-

tide. During automated synthesis, double coupling procedures were

performed with 8 eq. of amino acid, ethyl cyanohydroxyiminoace-

tate (Oxyma) and N,N-diisopropylcarbodiimide (DIC) and a reaction

time of 42 min per cycle. Fmoc cleavage was performed in two sub-

sequent cycles by applying 40% and 20% piperidine in N,N-

dimethylformamide (DMF) for 3 and 10 min, respectively. Lysine

side chains were protected either with a 1-(4,4-dimethyl-2,6dioxocy-

clohex-1-ylidene)ethyl (Dde) or monomethoxytrityl (Mmt) protecting

group. For Dde cleavage, the resin was treated in 10 subsequent

cycles with 2% hydrazine in DMF for 10 min each. Mmt cleavage

was performed in 15 subsequent cycles using a cleavage solution of

2% trifluoroacetic acid (TFA) and 5% triisopropylsilane (TIS) in DCM.

Labeling was achieved with 6-carboxytetramethylrhodamine

(TAMRA) fluorophore by incubation of the fluorophore (0.015 mmol,

2 eq.) and 1-[bis(dimethylamino)methylene]1H-1,2,3-triazolo[4,5-b]

pyridinium-3-oxidehexa-fluorophosphate (HATU, 0.014 mmol,

1.9 eq.) dissolved in 400 μl DMF and 2.6 μl (0.015 mmol, 2 eq.)

N,N-diisopropylethylamine (DIPEA) for 16 h shaking at 25�C. After

incubation, surplus material was washed off using DCM. The

peptides were cleaved from the resin, and remaining protection

groups were removed by incubation with 90% TFA and 10%

thioanisole (TA)/3,6-dioxa-1,8octanedithiol (DODT) mixture (7:3,

v/v) for 3 h by shaking at 25�C and precipitated from ice-cold

diethyl ether. The remaining scavenger was removed by several

washing steps with ice-cold diethyl ether. Solvent was removed by

lyophilization.

For purification, the crude peptide was dissolved in acetonitrile/

H2O, and the fluorophore labeled peptide was separated from side

products by using reversed-phase HPLC (RP-HPLC). Resulting frac-

tions were analyzed by mass spectrometry and analytical RP-HPLC;

fractions containing more than 95% pure product were combined.

Prior to lyophilization, the resulting product was again analyzed by

mass spectrometry and two different RP-HPLC systems to confirm

identity and purity.

2.3 | Preparation of siRNA and peptide–siRNA
complex

To duplex sense and antisense strand of siRNA (Biomers) equal

amounts were incubated for 1 min at 90�C, slowly cooled down to

37�C, and then incubated for 1 h at 37�C. For complexation of siRNA

duplex and peptide, both compounds were incubated in a ratio of

either 1:1 or 1:5 (siRNA/peptide) for 15 min at 37�C. For confirmation

of duplexation and complexation, gel shift assay with a native poly-

acrylamide (PAA) was performed. A 12.5% PAA solution was supple-

mented with APS and TEMED for polymerization prior to casting the

gel. Native RNA loading dye was added to samples, and run was per-

formed at 120 V for 90 min. Detection was performed by fluores-

cence as siRNA was labeled with carboxyfluorescein.

2.4 | Cell culture

All cell lines were cultured at 37�C and 5% CO2 in a humidified atmo-

sphere. Stably transfected human embryo kidney cells HEK293

hY1R_eYFP were cultured in Dulbecco's modified Eagle's medium

(DMEM) mixed with Ham's F12 (1:1, Lonza) and supplemented with

15% (v/v) heat-inactivated fetal bovine serum (FBS) and 100 μg mL�1

hygromycin B (Invitrogen). Stably transfected African green monkey

cells COS-7 hY1/2/4/5R eYFP were cultured in DMEM supplemented

with 10% (v/v) FBS, 1.5 mg mL�1 G418 and 133 μg mL�1 hygromycin

B (Invitrogen). For murine hepatoma cells (Hepa1c1c7) DMEM is sup-

plemented with 10% (v/v) FBS, 1% non-essential amino acids (NEAA),

and 1% penicillin–streptomycin (Gibco).

2.5 | Cell viability assay

To test the influence of either peptide, siRNA, or peptide–siRNA com-

plex on cell viability when administered to living cells, a resazurin-

based cell viability assay was utilized. Hepa1c1c7 cells (10,000 cells/

well) were seeded in a sterile 96-well plate and cultured overnight

under standard incubation conditions. Compounds were diluted to a

final concentration of 50 μM for peptides, 50 μM peptide and 10 μM

siRNA for peptide–siRNA complex, and 10 μM for siRNA. Cell culture

medium was aspirated from cells and replaced with compound con-

taining medium or cell culture media only serving as negative control.

After 24 h of incubation at 37�C, cells were washed twice with

serum-free cell culture medium and then incubated for 2 h with 10%

(v/v) resazurin (Sigma-Aldrich) in serum-free cell culture medium

under standard incubation conditions. In addition, cells were

incubated for 10 min with 70% (v/v) ethanol in water before adding

resazurin solution for positive control. As living cells reduce non-

fluorescent resazurin to resorufin, cell viability can be quantified by

fluorescence measurement (λex = 550 nm, λem = 595 nm) using a

plate reader (Tecan Spark, Tecan). Measurements were normalized to

negative control (100% cell viability). All peptide concentrations were

tested in technical triplicates, and experiments were performed in

three biological replicates.

2.6 | Receptor activation assay

The influence of peptide modification and siRNA complexation on the

ligands' ability to activate the human Y1R receptor selectively was

investigated by an inositol monophosphate accumulation assay (IP-

One assay, Cisbio). Stably transfected COS-7_hY1R_ΔGq cells were

seeded (6000 cells/well) into white 384-well microplates (Greiner Bio-

One) and grown for 24 h under standard culturing conditions. Com-

pounds were solved in HBSS containing 20 mM LiCl (stimulation

buffer) varying in peptide concentrations from 10�5 to 10�12 M

resulting from a serial dilution. Medium was removed prior to stimula-

tion at 37�C and 5% CO2 in humidified atmosphere for 45–60 min.

After stimulation, 3 μl of cryptate-labeled antibody (FRET donor) and

SCHENK ET AL. 3 of 12
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IP1 coupled to d2 (FRET acceptor) diluted in lysis and detection buffer

(1:20) as described in the manufacturer's protocol were added subse-

quently to the cells followed by 60 min incubation on a tumbler at

room temperature. Homogeneous time-resolved fluorescence (HTRF)

was measured at λex = 320 nm and λem = 620 nm for the FRET donor

and λex = 320 nm and λem = 665 nm for the FRET acceptor using a

plate reader (Tecan Spark, Tecan). Acceptor to donor ratio was calcu-

lated and plotted against peptide concentration. Data were analyzed

using GraphPad Prism 10 (GraphPad Software, San Diego, USA), fit-

ting dose response with standard slope and normalized to wild-type

ligand response. EC50 values are given as mean ± SEM.

2.7 | NanoBRET Arrestin-3 recruitment assay

Arrestin recruitment was investigated with a NanoBRET-based

assay as described previously.32 Arrestin-3 (arr-3) and a small nanolu-

ciferase (Nluc)33 are genetically fused serving as donor for biolumines-

cence resonance energy transfer (BRET), and the eYFP-labeled

receptor acts as acceptor.

HEK293 cells were grown to 70%–80% confluency and trans-

fected overnight with 100 ng of plasmid encoding arr-3 fused to the

Nluc and 9900 ng of plasmid encoding the Y1R C terminally fused to

eYFP using Metafectene Pro (Biontex Laboratories GmbH) according

to the manufacturer's protocol. On day one after transfection, cells

were seeded (75,000 cells mL�1) into poly-D-lysine coated solid white

96-well plates and incubated overnight at 37�C. On day 2 post-

transfection, unlabeled peptides were serially diluted in BRET buffer

(Hanks' balanced salt solution, 25 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES; Merck), pH 7.3) to concentra-

tions ranging from 10�10 to 10�5 M. Cell medium was replaced by

BRET buffer and coelenterazine H prior to stimulation with peptide

ligand. The BRET signal was measured at 25�C after different time

points (10 and 15 min) with a Tecan Spark plate reader (Tecan) observ-

ing luminescence signal from 400 to 440 nm for coelenterazine H and

eYFP fluorescence signal from 505 to 590 nm. BRET signal was calcu-

lated as the ratio of the emission signals from fluorescence to lumines-

cence. The netBRET was determined through baseline correction using

the mean value calculated from control samples in unstimulated cells.

The assay was performed in quadruplicates in at least three inde-

pendent experiments.

2.8 | Live cell microscopy

Internalization of peptide ligand and peptide–siRNA complex was inves-

tigated by live cell imaging. Hepa1c1c7 cells were seeded into sterile μ-

slide 8 wells (Ibidi) and grown under standard cell culture conditions

described above to a confluency of about 70%–80%. To ensure suffi-

cient amount of receptor being present at the membrane, cells were

starved in minimal medium (Opti-MEM™, Gibco) supplemented with

Hoechst 33342 nuclear stain (Sigma-Aldrich) for 30–60 min at 37�C.

Cells were treated with either peptide, siRNA, or peptide–siRNA

complex in varying concentrations for 30–120 min. After stimulation,

several washing steps using acidic wash buffer (50 mM glycine,

100 mM NaCl in H2O, pH 3.0) and Hank's balanced salt solution (HBSS)

were performed. Microscopy images were taken in a quasi-confocal set-

ting using an AxioObserver.Z1 microscope with an additional Apo-

Tome.2 imaging system (Zeiss). All images were recorded using a fixed

exposure time for each of the fluorescence channels. Experiments were

performed in at least three independent experiments.

2.9 | siRNA delivery assay

Cells were seeded in either 6-, 12-, 24-, or 48-well plate and grown

overnight to a confluency of 70%–80%. On the following day, media

were replaced by fresh medium containing the corresponding

peptide–siRNA complex. Cells were incubated for 6 h and further cul-

tivated for 72 h after a media exchange. For experiments with Y1

antagonist BIBP3226, cells were preincubated for 1 h with 1 mM of

BIBP3226 prior administering peptide–siRNA complex.

2.10 | RNA isolation

For RNA isolation, RNeasy Mini Kit (Qiagen) was used according to

the manufacturer's protocol. In brief, treated cells underwent lysis

with a β-mercaptoethanol containing buffer and ethanol, followed by

several washing steps and an additional DNAse I digestion. Extracted

RNA was eluted in RNAse-free water, and concentration was deter-

mined in duplicates using a plate reader (Tecan Infinite 200, Tecan).

Samples were either directly further processed or stored at �70�C.

2.11 | Quantitative real-time PCR

Changes of gene expression on mRNA level were investigated with

quantitative PCR (qPCR) experiments using GoTaq® Probe 1-Step RT-

qPCR System (Promega) and predesigned primers (QuantiTect® Primer

Assays, Qiagen). Reaction mix was prepared according to the manufac-

turer's protocol. For control reactions, nuclease-free water was used as

template. All samples were run in technical duplicates. Calculation of rel-

ative expression ratios was performed according to the ΔΔCt method

using expression of a reference gene as well as samples from cells

untreated or treated with only peptide. Data represent the mean ± SEM

from at least three independent experiments performed in duplicates.

3 | RESULTS

3.1 | Peptide synthesis

The NPY receptor Y1 is a well-known target for antiobesity drugs. It

has been shown to be specifically addressed by a modified neuropep-

tide Y (NPY) analogue named [F7,P34]NPY.27,34 By combining [F7,P34]-

4 of 12 SCHENK ET AL.

 10991387, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/psc.3611 by H

elm
holtz Z

entrum
 M

uenchen D
eutsches Forschungszentrum

, W
iley O

nline L
ibrary on [19/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



NPY and a distinct siRNA sequence, this molecule can be selectively

transported to target cells expressing the NPY receptor Y1. A peptide

linker consisting of eight lysine residues has been introduced to bind

the siRNA non-covalently to the peptide. To examine different NPY

analogues regarding their suitability, three different peptide back-

bones were synthesized, each equipped with either an L-lysine or a D-

lysine linker. For the full-length NPY derivatives, the octalysine linker

is attached to the lysine at position 4 of the backbone. In the short

NPY variants, the lysine at position 31 is used for the introduction of

the linker. Additionally, the peptides were synthesized with or without

fluorophore labels resulting in 12 different peptides. In the case of

fluorophore labeling, the fluorophore is attached at the end of the

lysine linker. The peptides were purified by preparative RP-HPLC to a

purity >95%. This was confirmed via MALDI-ToF-MS and analytical

RP-HPLC. Detailed analytical data and sequence of each peptide are

shown in Table 1.

3.2 | Peptide–siRNA complex

The siRNA sequence is directed against TSC22D4, which plays a cru-

cial role in regulating insulin signaling and manages glucose levels at

the molecular level.30 For analysis, the siRNA sequence was labeled

with carboxyfluorescein (CF) to follow uptake and intracellular release.

The siRNA sequence is provided in Table 2.

The formation of the complex of [F7,P34]-NPY modified with a

peptide linker consisting of either eight L- or D-lysines and siRNA

was investigated. Data in Figure 2 show that the complex of peptide

and siRNA is stable under the conditions used in gel shift

assays (Figure 2A) and MALDI-ToF (Figure 2C). For complexes with

short NPY analogues (3–6), native polyacrylamide gel shift assay

(Figure 2B) was used to investigate complex formation. As expected

and shown before,35–38 fully complexed siRNA does not migrate in

the polyacrylamide gel but instead accumulated within the loading

wells, and only a small amount of uncomplexed siRNA migrated

through the gel.

TABLE 1 Analytical data of synthesized peptides. MALDI-ToF or ESI ion trap MS confirmed peptide identity. Two different HPLC systems
were used to quantify peptide purity. Elution of the peptide was determined from linear gradients of eluent B in eluent A (A: 0.1 \%
trifluoroacetic acid (TFA) in H2O, B: 0.08 \% TFA in acetonitrile (ACN)) on an a Phenomenex Aeris Peptide C18 column (100 Å).

Peptide Sequence
Purity
[%]

Mass
spectrometry

Elution
[% ACN]Mcalc Mfound

1a [K4(L-K8),F
7,P34]-NPY YPSK(L-K8)PDFPGEDAPAEDLARYYSALRHYINLITRPRY-NH2 >95 5278.89 5278.90 37.3

1b [K4(L-K8-TAM),F7,P34]-NPY YPSK(L-K8-TAM)PDFPGEDAPAEDLARYYSALRHYINLITRPRY-

NH2

>95 5690.05 5691.10 37.8

2a [K4(D-K8),F
7,P34]-NPY YPSK(D-K8)PDFPGEDAPAEDLARYYSALRHYINLITRPRY-NH2 >95 5277.90 5278.92 36.6

2b [K4(D-K8-TAM),F7,P34]-NPY YPSK(D-K8-TAM)PDFPGEDAPAEDLARYYSALRHYINLITRPRY-

NH2

>95 5690.05 5691.05 37.3

3a [K27(Adm),P30,K31(L-K8),Bip
32,L34]-

NPY(27-36)

K(Adm)INPK(L-K8)BipRLRY-NH2 >95 2623.74 2624.69 33.1

3b [K27(Adm),P30,K31(L-K8-TAM),Bip32,

L34]-NPY(27-36)

K(Adm)INPK(L-K8-TAM)BipRLRY-NH2 >95 3035.88 3036.94 34.2

4a [K27(Adm),P30,K31(D-K8),Bip
32,L34]-

NPY(27-36)

K(Adm)INPK(D-K8)BipRLRY-NH2 >95 2623.74 2624.51 33.0

4b [K27(Adm),P30,K31(D-K8-TAM),

Bip32,L34]-NPY(27-36)

K(Adm)INPK(D-K8-TAM)BipRLRY-NH2 >95 3035.88 3036.89 34.3

5a [K27(Lau),P30,K31(L-K8),Bip
32,L34]-

NPY(27-36)

K(Lau)INPK(L-K8)BipRLRY-NH2 >95 2615.77 2616.71 36.7

5b [K27(Lau),P30,K31(L-K8-TAM),Bip32,

L34]-NPY(27-36)

K(Lau)INPK(L-K8-TAM)BipRLRY-NH2 >95 3027.91 3029.10 37.4

6a [K27(Lau),P30,K31(D-K8),Bip
32,L34]-

NPY(27-36)

K(Lau)INPK(D-K8)BipRLRY-NH2 >95 2615.77 2616.57 36.7

6b [K27(Lau),P30,K31(D-K8-TAM),Bip32,

L34]-NPY(27-36)

K(Lau)INPK(D-K8-TAM)BipRLRY-NH2 >95 3027.91 3028.89 37.5

7 [F7,P34]-NPY YPSKPDFPGEDAPAEDLARYYSALRHYINLITRPRY-NH2 >95 4253.14 4254.23 38.9

Abbreviations: Adm, adamantyl; Bip, biphenylalanine; Lau, lauryl; TAM, 6-carboxytetramethylrhodamine.

TABLE 2 Sequence of siRNA targeting TSC22D4.

Strand Sequence

Sense 50-CF-GGACGUGUGUGGAUGUUUAdTdT-30

Antisense 50-UAAACAUCCACACACGUCCdTdT-30
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3.3 | Cell viability

As off-target toxicity of siRNA is well known, it was of great interest

to assess the peptide–siRNA complex for possible toxic side effect.39

The resazurin-based cell viability assay provides a reliable method for

evaluating the survival rate of treated cells. During this assay, cells are

incubated with resazurin solution, which will be metabolized to reso-

furin in living cells and results in a detectable and quantifiable color

change. Following a 24-h treatment with only the peptide led to minor

decrease of about 10% of cell survival for peptides 1a, 2a, 3a, and 5a,

whereas treatment with 4a and 6a had no toxic effects (Table 3).

Treatment of the cells with the peptide–siRNA complex revealed no

significant loss in cell viability. Notably, this outcome was consistent

across all different peptide shuttles.

3.4 | Receptor activation

Modifications on peptide ligands can influence their ability to activate

their native receptor as shown before.34,40 The peptides were modi-

fied with a peptide linker to enable siRNA binding and with TAMRA

necessary for the assay set-up in imaging experiments. Testing of

receptor activation was performed by an inositol monophosphate

(IP1) accumulation assay. Here, co-transfection of chimeric Gαqi plas-

mid was used to activate phospholipase C in a Gq-dependent mecha-

nism despite the Y1R activates G proteins endogenously.41 Native IP1

is measured by HTRF in competition with fluorescently labeled IP1 as

described in manufacturer's protocol. All peptides show high activity

comparable to the wild type (Supporting Information). Complexation

of siRNA and peptide resulted in slightly right shifted concentration–

response curves and thus slightly decreased EC50 values for the ful-

length [F7,P34]-NPY variants, whereas siRNA complexation has no

effect on receptor activation for the short NPY variants as shown in

Table 3.

3.5 | Arrestin-3 recruitment

Arrestin-3 (arr-3) is known to mediate receptor internalization for many

receptors including the Y1R.
42 A NanoBRET-based arr-3 recruitment

assay was used to investigate this activity.33 Transiently transfected

HEK293 cells were stimulated for 5 min prior BRET measurement.

[K4(K8),F
7,P34]-NPY (1a) and [K4(D-K8),F

7,P34]-NPY (2a) showed similar

EC50 values compared to the native Y1R ligand NPY (Figure 3A). The

short NPY analogues showed strongly decreased EC50 values as well as

Emax values as visualized in Figure 3B,C. Moreover, peptides 3a, 4a, 5a,

and 6a showed precipitation issues for concentrations higher than

10�6 M and thus did not reach the plateau as depicted in Figure 3B,C.

Values for EC50 and Emax are shown in Table 4. Comparing the peptide

variants regarding their linker, almost similar arr-3 recruitment was

found for L-lysine variants compared to the peptides with a D-lysine

linker independent of the peptide backbone. However, [K27(Adm),P30,

K31(K8),Bip
32,L34]-NPY(27-36) (3a) showed a 9-fold decrease and

[K27(Lau),P30,K31(K8),Bip
32,L34]-NPY(27-36) (5a) a 14-fold decrease in

EC50 value compared to [K4(K8),F
7,P34]-NPY (1a). For the D-lysine linker

variants, the EC50 shift was ninefold for both short NPY variants in

comparison to [K4(D-K8),F
7,P34]-NPY (2a).

3.6 | Internalization

Next, compounds were investigated for their internalization proper-

ties in order to deliver siRNA into specific cells by receptor-mediated

uptake using a semiconfocal microscope equipped with an apotome.

We were interested to find out whether peptides and siRNA co-

internalize or whether the complex undergoes degradation during this

process. For this purpose, Hepa1c1c7 cells were used, which express

the Y1R endogenously. Living cells were stimulated with either 1 μM

peptide (Figure 4), 1 μM siRNA, or peptide–siRNA complex consisting

of 1 μM peptide and 200 nM siRNA for 60 min (Figure 5). Next, cells

were subjected to thorough washing steps prior to microscopy imag-

ing. In Figure 4, microscopy images of cells stimulated with 1 μM pep-

tide are shown. The microscopy analysis revealed distinct patterns

across the various peptides tested. Peptides independent of their

modification and backbone were able to internalize into cells expres-

sing the Y1R (Figure 4B) in a comparable manner, whereas stimulation

of HEK293 cells without the Y1R did not lead to any visible uptake

(Figure 4A). However, administration of peptide–siRNA complex led

to a more diverse result as shown in Figure 5. Notably, complex with

siRNA and peptide 1 demonstrated co-internalization of the peptide

and siRNA indicative of successful transport to intracellular compart-

ments. In contrast, complex with siRNA and peptide 2 exhibited a

noteworthy deviation, with the peptide dispersed throughout the cell

F IGURE 2 Characterization of [F7,P34]-NPY and siRNA
complexation in a ratio of 1:1. (A) Agarose gel with siRNA only and
siRNA complexed with either 1a or 2a is shown by the resulting

upward shift. (B) Native polyacrylamide gel with siRNA only and
siRNA complexed with either 3a, 4a, 5a, or 6a is shown. (C) MALDI-
ToF analysis of [K4(K8),F

7,P34]-NPY-siRNA (1a) complex displaying
siRNA duplex and [K4(K8),F

7,P34]-NPY(1a)-siRNA complex.
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TABLE 3 Receptor activation of peptides determined by inositol phosphate accumulation assay at Y1R in stably transfected COS-7 hY1R ΔGq
cells and percentage of surviving cells determined by resazurin-based cell viability assay. Ratio of peptide–siRNA complex was 5:1 (peptide/
siRNA). N ≥ 3 independent experiments were conducted in triplicates. Statistical significance was tested with an ordinary one-way ANOVA,
***p < 0.001.

Peptide

EC50

pEC50

Surviving cells

[nM] [%]

1a [K4(K8),F
7,P34]-NPY 1.3 8.87 ± 0.08 89 ± 3 (**)

[K4(K8),F
7,P34]-NPY + siRNA 4.2 8.38 ± 0.03 99 ± 1 (ns)

2a [K4(D-K8),F
7,P34]-NPY 2.6 8.59 ± 0.05 90 ± 3 (**)

[K4(D-K8),F
7,P34]-NPY + siRNA 2.5 8.60 ± 0.03 99 ± 1 (ns)

3a [K27(Adm),P30,K31(K8),Bip
32,L34]-NPY(27-36) 2.5 8.61 ± 0.03 89 ± 3 (*)

[K27(Adm),P30,K31(K8),Bip
32,L34]-NPY(27-36) + siRNA 3.0 8.52 ± 0.04 103 ± 3 (ns)

4a [K27(Adm),P30,K31(D-K8),Bip
32,L34]-NPY(27-36) 3.2 8.49 ± 0.03 101 ± 1 (ns)

[K27(Adm),P30,K31(D-K8),Bip
32,L34]-NPY(27-36) + siRNA 3.4 8.48 ± 0.04 102 ± 0 (ns)

5a [K27(Lau),P30,K31(K8),Bip
32,L34]-NPY(27-36) 2.3 8.64 ± 0.03 87 ± 3 (***)

[K27(Lau),P30,K31(K8),Bip
32,L34]-NPY(27-36) + siRNA 2.0 8.71 ± 0.02 102 ± 1 (ns)

6a [K27(Lau),P30,K31(D-K8),Bip
32,L34]-NPY(27-36) 2.5 8.60 ± 0.03 101 ± 0 (ns)

[K27(Lau),P30,K31(D-K8),Bip
32,L34]-NPY(27-36) + siRNA 2.2 8.65 ± 0.03 98 ± 1 (ns)

7 [F7,P34]-NPY 0.7 9.18 ± 0.02

F IGURE 3 Arrestin-3 (arr-3) recruitment BRET of NPY analogues. (A) Concentration–response curves of NPY and [K4(K8),F
7,P34]-NPY

analogues were measured 5 min after stimulation. [K4(D-K8),F
7,P34]-NPY (2a) shows similar ability of arr-3 recruitment in comparison to [K4(K8),F

7,
P34]-NPY (1a). (B) Concentration–response curves of NPY and [K27(Adm),P30,K31(K8),Bip

32,L34]-NPY(27-36) (3a, 4a) analogues measured 5 min
after stimulation. [K27(Adm),P30,K31(K8),Bip

32,L34]-NPY(27-36) (3a) shows similar ability of arr-3 recruitment compared to [K27(Adm),P30,K31(D-K8),
Bip32,L34]-NPY(27-36) (4a). (C) Concentration–response curves of NPY and [K27(Lau),P30,K31(K8),Bip

32,L34]-NPY(27-36) analogues (5a, 6a) were
measured 5 min after stimulation. [K27(Lau),P30,K31(K8),Bip

32,L34]-NPY(27-36) (5a) shows a similar ability of arr-3 recruitment compared to
[K27(Lau),P30,K31(D-K8),Bip

32,L34]-NPY(27-36) (6a).

TABLE 4 Arr-3 recruitment of
peptides determined by NanoBRET-
based arr-3 recruitment assay at Y1R in
transiently transfected HEK293 cells.
N≥3 independent experiments were
performed in triplicates.

Peptide EC50 (pEC50 ± SEM) Emax

1a [K4(K8),F
7,P34]-NPY 10.4 (7.98 ± 0.06) 97

2a [K4(D-K8),F
7,P34]-NPY 16.7 (7.78 ± 0.06) 104

3a [K27(Adm),P30,K31(K8), Bip
32,L34]-NPY(27-36) ≥94.5 (7.03 ± 0.11) ≥72

4a [K27(Adm),P30,K31(D-K8),Bip
32,L34]-NPY(27-36) ≥152.6 (6.82 ± 0.10) ≥78

5a [K27(Lau),P30,K31(K8), Bip
32,L34]-NPY(27-36) ≥138.9 (6.86 ± 0.08) ≥77

6a [K27(Lau),P30,K31(D-K8), Bip
32,L34]-NPY(27-36) ≥158.8 (6.80 ± 0.11) ≥81

NPY 16.2 (7.79 ± 0.05) 95
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without apparent vesicles, suggesting precipitation of the complex on

the cells. Complexes with siRNA and peptides 3, 4, 5, and 6 displayed

successful co-internalization of peptide and siRNA comparable to

complex 1, though displaying differences in siRNA detectability and

vesicle size. In particular, peptide–siRNA complex with peptide

5 exhibited the presence of smaller vesicles compared to the other

peptides. In conclusion, our microscopy experiments demonstrate

effective internalization of the peptide–siRNA complexes for peptides

1 and 3–6, signifying their potential as delivery vehicles. However, the

precipitation observed for peptide 2 requires further investigation to

address its limitations as siRNA delivery platform.

3.7 | Gene knockdown

To assess whether the shuttled siRNA is able to reach the RISC com-

plex and induce mRNA degradation, Hepa1c1c7 cells were incubated

with peptide–siRNA complex consisting of 50 μM of the correspond-

ing peptide and 10 μM siRNA for 6 h. After 72 h of growth time,

cells were harvested, RNA was isolated, and quantitative real-time

PCR was performed. As shown in Figure 6, the ability to achieve

mRNA degradation differed significantly between the various com-

plexes. To verify a receptor-mediated uptake of the peptide–siRNA

complexes, cells were treated with an Y1R antagonist BIBP3226 prior

to stimulation with peptide–siRNA complex. Thus, specific effects if

peptide-mediated siRNA are indicated by the difference in gene

expression.

Complexes with L-lysine linker variants (1a, 3a, 5a) achieved a

decrease in mRNA expression to a range between 65% and 83%,

independent of the different backbones. This suggests that L-lysine is

rapidly degraded. Complexes with D-lysine linker variants show a

broader range on the impact of a decreased mRNA expression varying

between 39% and 88%. Here, a smaller peptide backbone is more effi-

cient than the full-length peptide. Full-length peptide showed no spe-

cific uptake. This is in agreement with the precipitation shown in

Figure 5.

For complexes with L-lysine linker variants (1a, 3a, 5a), treat-

ment with BIBP3226 did not lead to a significant change in gene

silencing efficiency. Full-length peptide with an D-lysine linker (2a)

did not lead to a significant change in gene silencing efficiency as

well, owing to the precipitation observed for this complex. For com-

plexes of siRNA with 4a and 6a, the most significant gene silencing

effect was found. This was partly (6a) or fully (4a) reverted by

BIBP3226 treatment as shown in Figure 6. Especially for the com-

plex with 4a, the mRNA degradation effect can be completely

blocked by BIBP3226 treatment, whereas the effect of the complex

with 6a has been decreased by at least 20% suggesting cell specific

receptor-mediated uptake.

F IGURE 4 Characterization of Y1R internalization. Live-cell image of HEK293 (A) and Hepa1c1 cells (B). The cells were visualized by
fluorescence microscopy prior to (w/o) and after stimulation with peptides 1–6. Cell nuclei were stained with Hoechst33342 dye (blue). Peptide
fluorescence can be seen in red.

8 of 12 SCHENK ET AL.
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F IGURE 5 Characterization of Y1R internalization. Live-cell image of Hepa1c1 cells. The cells were visualized by fluorescence microscopy
prior to (w/o) and after stimulation with peptide–siRNA complex of different composition. Ratio of peptide–siRNA complex was 5:1 (peptide/
siRNA). Cell nuclei were stained with Hoechst33342 dye (blue). Peptide fluorescence can be seen in red, and siRNA fluorescence is shown in
yellow. Co-internalization of siRNA and peptide can be shown for all tested complex compositions.

F IGURE 6 qPCR and knockdown
analysis of TSC22D4. qPCR quantitative
expression analysis of TSC22D4 after

administration of peptide–siRNA complex
without (A) or with (B) the Y1R antagonist
BIBP3226. Ratio of peptide–siRNA
complex was 5:1 (peptide/siRNA).
Hepa1c1 cells were treated with the
complex for 6 h, and cells were harvested
approximately 72 h after incubation.
Knockdown efficiency was examined by
qPCR amplification of TSC22D4. The
expression was normalized against Nono.
Bars indicate the SEM of triplicate
analyses. Statistical significance was
tested with an unpaired, two-tailed t test.

SCHENK ET AL. 9 of 12
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4 | DISCUSSION

Effective siRNA delivery remains challenging in the field of targeted

siRNA therapeutics.8 To address this, a multitude of strategies, includ-

ing lipid-based delivery platforms and nanoparticles, have been

explored.16,21 In our study, we apply peptide ligands as shuttle sys-

tems that had already been used in the delivery of toxins or transcrip-

tion factor modulators.43,44 Our investigation focused on peptide

analogues derived from the native Y1R ligand NPY, each with distinct

modifications in their attached linker and peptide backbone. This vari-

ation gave us the opportunity to question the influence of linker sta-

bility and size of the delivery platform on the performance of these

peptide shuttle systems. Our comprehensive analysis covered evalua-

tions of cell toxicity, Y1R activation, arr-3 recruitment, internalization

efficiency, and the influence of the delivery platform on gene silencing

when complexed with siRNA. Understanding of the potential of

peptide-based delivery systems was advanced, and valuable insights

into optimizing the design for enhanced siRNA delivery were pro-

vided. Thus, our results contribute to the ongoing efforts aiming to

overcome the challenges associated with RNA therapeutics.10–13

As cell toxicity is a frequent issue throughout the different deliv-

ery platforms, peptides are an attractive option as they barely induce

toxic side effects.25 Even when modified with several hydrophilic resi-

dues or after complexation with siRNA no cytotoxicity has been

observed.

It was already described that short NPY analogues show high

receptor affinity but less efficient arr-3 recruitment and internaliza-

tion. These characteristics were shown to be influenced by the pep-

tide modification.28 The short NPY analogues modified with a lauroyl

moiety exhibit increased hydrophobicity, which was found to be

important for signaling efficacy and potency as it increased abundance

of the peptide at the membrane. However, arr-3 recruitment requires

a bulky moiety more than hydrophobicity to fit into a binding pocket

triggering arrestin recruitment.28 All tested peptides displayed compa-

rable EC50 values in receptor activation in the range from 1.3 nM for

[K4(K8),F
7,P34]-NPY (1a) to 3.2 nM for [K27(Adm),P30,K31(D-K8),Bip

32,

L34]-NPY(27-36) (4a). Interestingly, they did not tolerate complexation

with siRNA in a comparable manner. For [K4(K8),F
7,P34]-NPY (1a)

receptor, activation ability decreased with a threefold shift, whereas

for the adamantly-propionoyl-modified short NPY (3a, 4a), EC50

values remained comparable shifting from 2.5 to 3.0 nM for 3a and

from 3.2 to 3.4 nM for 4a. For the lauroyl variants (5a, 6a), they even

slightly improved from 2.3 to 2.0 nM for 5a and from 2.5 to 2.2 nM

for 6a, respectively. For the short NPY analogues, linker composition

did not influence their behavior after siRNA complexation. However,

the full-length analogue tolerated complexation with siRNA slightly

better when using D-K8 linker. This confirms that performance of the

peptide itself does not indicate the behavior of the peptide–siRNA

complex.

The comparison of the performance of arr-3 recruitment shows

that [K4(K8),F
7,P34]-NPY (1a) has a 10–15 times advantage in potency

as well as an improved efficacy over the short NPY analogues. In fact,

it was already shown that short NPY analogues do not reach

comparable abilities as full-length ligands in arr-3 recruitment.28 How-

ever, linker composition has only little influence on potency and effi-

cacy in arr-3 recruitment.

Despite considerable differences in their ability to acquire arrestin

upon receptor activation, all tested peptide constructs were able to

induce internalization of the receptor. Peptide and siRNA were co-

internalized hinting at an intact complex except for complexes with

peptide 2a. Since stimulation with siRNA alone did not result in cellu-

lar incorporation, receptor-mediated uptake of the peptide–siRNA

complex is suggested. This is further supported by the experiments

with cells that do not express the Y1R and also display no uptake.

When evaluating the gene silencing efficiency of the various com-

plexes, all tested complexes demonstrated a reduction in the corre-

sponding mRNA expression, confirming the successful release of

siRNA from endosomes and its delivery to the RISC as anticipated. In

gene knockdown experiments, short NPY analogues exhibited supe-

rior efficiency compared to the full-length peptides, particularly when

modified with a D-K8 linker. Similar findings have been reported for

arginine-based delivery platforms, where the inclusion of D-amino

acids led to enhanced cellular uptake in comparison to platforms utiliz-

ing L-amino acids.45 This demonstrates the favorable attributes of

small but stable peptides as efficient shuttling systems. Furthermore,

the tested short NPY variants possess nearly double the percentage

of positive charges relative to their amino acid quantity compared to

full-length peptides, which potentially enhances cell surface interac-

tion, uptake, and shielding of siRNA from enzymatic degradation.46 In

contrast, in the case of larger peptide delivery platforms, a more labile

linker variant proved advantageous, as complexes with [K4(K8),F
7,

P34]-NPY (1) exhibited greater effects on mRNA degradation com-

pared to [K4(D-K8),F
7,P34]-NPY (2), which was prone to precipitation

after complexation with siRNA, thereby inhibiting internalization and

access to the RNAi machinery. Additionally, application of the Y1R

antagonist BIBP3226 led to a reduction in gene silencing efficiency,

providing further evidence of receptor-mediated uptake and specific

cellular effects. This confirms the results of the internalization studies

discussed above.

5 | CONCLUSION

In conclusion, our study shows that specific uptake of siRNA by

GPCR-mediated internalization is possible and leads to cell-specific

gene silencing. High-affinity peptides that activate this receptor can

be equipped with an octalysine linker for siRNA complexation.

All complexes were able to activate the Y1 receptor on a similar

level, underwent cellular internalization, and downregulate mRNA

expression. However, only D-K8 linker at the short NPY ligands led to

specific gene silencing that could be fully or partly inhibited with the

antagonist BIBP3226. The complex using [K27(Lau),P30,K31(D-K8),

Bip32,L34]NPY(27-36) (6) as delivery platform turned out to be supe-

rior and emphasizes the potential of this peptide as a robust and

effective carrier for enhancing the efficacy of siRNA delivery strate-

gies employing peptide shuttle systems.

10 of 12 SCHENK ET AL.
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