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Abstract

Cancer is a significant health concern worldwide and its clinical treatment presents many 

challenges. Consequently, much research effort has focused on the development of new anticancer 

drugs to combat this disease. One area of exploration, in particular, has been in the therapeutic 

application of RNA interference (RNAi). Although RNAi appears to be an attractive therapeutic 

tool for the treatment of cancer, one of the primary obstacles towards its pervasive use in the clinic 

has been cell/tissue type-specific cytosolic delivery of therapeutic small interfering RNA (siRNA) 

molecules. Consequently, varied drug delivery platforms have been developed and widely explored 

for siRNA delivery. Among these candidate drug delivery systems, peptides have shown great 

promise as siRNA carriers due to their varied physiochemical properties and functions, simple 

formulations, and flexibility in design. In this review, we will focus on distinguishing between the 

different classes of peptide carriers based on their functions, as well as summarize and discuss the 

various design strategies and advancements that have been made in circumventing the barriers to 

siRNA delivery for cancer treatment. Resolution of these challenges by peptide carriers will 

accelerate the translation of RNAi-based therapies to the clinic.

INTRODUCTION

In recent years, the discovery of new treatment avenues in the fight against cancer has 

expanded rapidly. Treatment professionals are increasingly adding to their therapeutic 

options and are no longer limited to more rudimental, broad-spectrum therapies of past 

decades. One of the more recent areas of exploration in cancer treatment has been in the 

therapeutic application of RNA interference (RNAi).

RNAi is a highly conserved post-transcriptional gene regulatory mechanism triggered by 

small, non-coding double-stranded RNA molecules that can specifically silence gene 

expression by inducing targeted mRNA degradation.1,2 The discovery in 2001 that the 
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introduction of chemically synthesized small interfering RNAs (siRNAs) into cultured 

mammalian cells could efficiently induce sequence-specific inhibition of gene expression,3 

made evident the therapeutic potential of harnessing RNAi as a means to specifically target 

and silence disease-causing genes. Indeed, one year later, the first in vivo demonstration of 

the therapeutic potential of RNAi was reported through the effective siRNA targeting of a 

sequence from hepatitis C virus in transgene-expressing mice.4 Since then, there have been 

many studies confirming and expanding on the therapeutic potential of RNAi, including 

various clinical trials, culminating with the recent US Food and Drug Administration’s 

approval of the world’s first siRNA drug, Alnylam Pharmaceuticals’ ONPATTRO® 

(Patisiran).5–7 Inclusive of these studies, are encouraging results obtained from preclinical 

animal cancer models and early phase clinical trials of human cancer patients that warrant 

the further development and advancement of RNAi-based anticancer therapies.5–7

Despite this progress, there are still many clinical challenges associated with RNAi therapy; 

including its use in cancer treatment. Perhaps the most important challenge to its clinical 

application is cell/tissue type-specific cytosolic delivery of therapeutic siRNAs.8 Naked 

siRNAs undergo rapid renal clearance, are subject to degradation by endogenous RNases, 

and can be recognized by the innate immune system.5,9–12 Moreover, due to their 

hydrophilicity, negative charge, and large molecular weight, siRNA molecules cannot 

readily cross the cell membrane.13,14 Furthermore, since, most highly charged 

macromolecules enter cells via endocytosis,8 siRNAs are subject to endosomal entrapment 

and rapid degradation during endosome-lysosome trafficking,8,14 thereby diminishing their 

ability to reach the site of RNAi action in the cytosol15 and consequently limiting their 

silencing effectiveness. Therefore, there is a need for optimized siRNA drug delivery 

platforms in order to facilitate nuclease resistance, cell/tissue-type specific targeting, cellular 

internalization, endosomal escape, and release of the siRNA drug from the delivery platform 

in order to maximize the silencing efficiency of the siRNA within the cytoplasmic 

compartment of the diseased cell.

Varied drug delivery platforms have been developed and widely investigated for siRNA 

delivery, including both viral and non-viral vectors.16 Regarding the non-viral vectors, these 

delivery platforms have encompassed such technologies as lipid-based vectors, organic/

inorganic nanovectors, nanogels, and peptide carriers.16 Peptides, in particular, have 

received specific attention because they show great promise as siRNA carriers, based on the 

diversity of their physiochemical properties and functions. The unique amino acid sequences 

within each specific peptide can confer different electrostatic charges, 3D structures, and 

physiochemical characteristics that translate into the peptides exhibiting various biological 

functions including, siRNA complexation, cell/tissue-type targeting, cell permeability, and 

endosome disruption.

Based on function, several classes of peptides have shown potential to overcome siRNA 

efficacy-limiting barriers, including cell-penetrating peptides, endosome-disrupting peptides, 

non-covalent multifunctional peptide complexes, and several alternative peptide/protein 

strategies, such as peptide-siRNA bioconjugates and recombinant RNA binding fusion 

proteins (see Figure 1). In this context, the aim of this review will be to focus on the 

versatility of peptide carrier functions and the specific design strategies they employ in 
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overcoming the barriers to siRNA delivery for cancer treatment. Of note, this review will 

focus on the peptides themselves, as the siRNA drug carriers and not as adjuvants of more 

complex siRNA drug-delivery platforms.

CELL-PENETRATING PEPTIDES

Cell-penetrating peptides (CPPs), also known as protein transduction domains, represent a 

diverse class of short peptides (typically 4–40 amino acid residues in length17), that can 

penetrate the plasma membrane of a cell and facilitate the delivery of various cargoes.18 

Greater than 100 CPPs have been identified with varied amino acid sequences, lengths, 

physiochemical features, origins, mechanisms of cellular uptake, and function.8 Based on 

these parameters, several methods have been proposed to classify CPPs, however, no set 

criteria currently exists for CPP classification.19 Regardless, in terms of physiochemical 

features, CPPs are often categorized into cationic, amphipathic, or hydrophobic subgroups.
16,20

Because CPPs represent promising delivery vehicles for a vast range of biologically 

functional cargoes with therapeutic potential, including siRNAs, the study of how they enter 

cells and access the cytoplasm are areas of active investigation. In fact, multiple factors 

appear to dictate the cellular internalization routes of CPPs with the route of choice being 

dependent on the physiochemical properties of the peptide, temperature, the extracellular 

concentration of the peptide and its cargo, the size of the cargo, and the properties of the 

plasma membrane (e.g. lipid composition and protein content).21–23 Currently, the three 

main CPP uptake modes into cells, include endocytosis (an energy-dependent process), 

direct crossing of the plasma membrane via transient pore formation, referred to as direct 

translocation (an energy-independent process), and internalization through the formation of 

a temporary membrane structure (i.e. inverted micelles).19 More recently, however, the 

transient pore formation concept associated with direct translocation has been challenged 

with evidence that CPPs enter cells instead by inducing membrane multilamellarity and 

fusion.24 Nevertheless, the main route of CPP cell entry (with/without cargo) appears to 

involve endocytic pathways, including macropinocytosis and clathrin/caveolae-mediated 

endocytosis.25

CPPs can deliver biologically active nucleic acids via either covalent linkages or non-

covalent complex formations, with the latter approach possible due to CPPs typically having 

a high positively-charged residue density that enables the peptides to interact with the 

negatively-charged backbone of nucleic acids.18,26 Regarding siRNAs, both CPP carrying 

strategies have been employed in delivering siRNAs into cells/tissues,27 however, the non-

covalent approach appears to be more suitable for siRNA delivery, as it exhibits several 

advantages over covalent conjugation strategies.28,29 For instance, complexation avoids the 

steric hindrance problem of siRNA loading into the RNA-induced silencing complex 

(RISC), as terminal modifications of siRNAs with bulky chemical groups, such as peptides, 

can impair RNAi activity.8,30 An exception to this problem is the use of cleavable linkers 

(e.g. disulfide bonds),8,31 but these can still produce unwanted side effects, such as the 

premature reduction of the disulfide bonds and release of the siRNAs from the CPPs prior to 

reaching the target cell.32 Moreover, the formulation of non-covalent complexes are simple 
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and no chemical modifications of the siRNAs are needed to protect them from nuclease 

degradation within blood, as CPPs and siRNAs are known to form highly stable complexes.
17,26

Cationic CPPs, which contain one or more stretches of highly dense positive charged regions 

typically derived from basic amino acids (i.e. arginine and/or lysine) are highly hydrophilic, 

exhibit high cell membrane permeability, can interact with siRNAs via electrostatic 

interactions, and promote efficient siRNA condensation.8,19,32 The first-ever CPP discovered 

that exhibited cell-penetrating ability was the TAT peptide (RKKRRQRRR) from the HIV-1 

TAT protein in 1989.33 Subsequent research into cationic CPPs, in particular oligoarginine 

peptides, demonstrated that arginine residues confer more efficient CPP internalization than 

lysine residues, due to arginine containing a guanidine group that displays a stronger affinity 

for negatively-charged phospholipids within the plasma membrane of cells.8,12,19,34 

Furthermore, membrane permeability was shown to be dependent on oligoarginine peptide 

length, with peptides shorter than six arginine residues unable to translocate across cell 

membranes.19,35 Conversely, increasing the number of arginine residues, thereby 

lengthening the oligoarginine peptides, was found to enhance translocation.19,34,35

In the context of RNAi-mediated cancer therapeutics, cationic CPPs, such as 

pentadecaarginine peptide (R15), have been demonstrated to mediate the delivery of siRNAs 

into cells both in vitro and in vivo36 (see Table 1). More specifically, the in vitro studies 

showed that complexation of R15 with siRNAs designed to target luciferase exhibited a 50% 

reduction of luciferase-specific expression 24 hours post-transfection of COS-7 cells stably 

expressing luciferase.36 More importantly, in vivo therapeutic analyses demonstrated that 

intratumoral administration of R15 in complex with siRNAs designed to target the HER-2 

oncogene (siHER-2) every three days (at a 4 μg siRNA dosage) for a period of 17 days 

inhibited tumor growth in nude mice bearing human ovarian cancer (SKOV-3) xenografts by 

approximately 80%, with no reported toxicities, compared to control treatment groups.36 

Moreover, significant HER-2 protein silencing was observed in the harvested tumor tissues 

treated with the R15+siHER-2 complex, albeit no quantitative densitometry was performed.
36 Taken together, these results demonstrated the potential for an oligoarginine peptide-

mediated siRNA delivery system for therapeutic application against cancer.

Based on physiochemical features, another subgroup of CPPs that have been extensively 

studied in their application as siRNA carriers are the amphipathic peptides. These CPPs are 

chimeric or fused peptides derived from different sources, which contain both hydrophilic 

(cationic or anionic in charge) and hydrophobic segments within their sequences, with 

amphipathicity determined by either the primary or secondary structure.8,19,37 In terms of 

siRNA drug delivery, the hydrophilic region binds and condenses the siRNA cargo and the 

hydrophobic region helps stabilize the complex through intermolecular hydrophobic 

interactions.8 Additionally, the amphipathic property of these CPPs allows for cell 

membrane penetration by first mediating an interaction with the polar head groups of 

phospholipids and second facilitating membrane fusion and crossing of the complex through 

the hydrophobic lipid bilayer into the cytosol.8,37
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MPG-8, a derivative and improved variant of the peptide carrier MPG,38 is an example of an 

amphipathic peptide, which contains a hydrophobic region derived from HIV glycoprotein 

41 fused to a hydrophilic (cationic) nuclear localization signal of SV40 large T antigen, that 

has been demonstrated to hold promise in the therapeutic administration of siRNAs. More 

specifically, MPG-8 complexation with siRNAs designed to target cyclin B1 (sicycB1), a 

key regulator of cell cycle entry into and progression through mitosis,39 was reported to 

reduce cyclin B1 protein and mRNA levels by ~80–90% in cultured cells, with a consequent 

induction of G2-cell cycle arrest and impairment of cancer cell proliferation.40 Upon 

intratumoral injection of the MPG-8+sicycB1 complex every three days in vivo, a 75% 

reduction in tumor growth was observed and tumor growth was completely prevented, using 

1 μg and 5 μg of siRNA, respectively, approximately fifty days post-treatment of human 

prostate carcinoma cell (PC3)-xenografted mice.40 Interestingly, functionalization of the 

MPG-8 carrier with cholesterol resulted in higher siRNA serum stability and better siRNA 

tissue biodistribution in vivo.40 Subsequent systemic administration of human prostate 

carcinoma cell (PC3)-xenografted mice with the cholesterol-functionalized MPG-8+sicycB1 

complex every three days, further demonstrated a 60% and 92% inhibition in tumor growth 

with 5 μg and 10 μg of siRNAs, respectively, fifty days post-treatment.40 The reduction of 

tumor sizes were directly correlated to knockdown of cyclin B1 protein levels by 60% and 

80% in animals treated with 5 μg and 10 μg of siRNA, respectively.40 Moreover, similar 

results were observed in human lung cancer (SCK3-HER-2) xenografted mice, where a 70% 

reduction in tumor growth was achieved after 20 days treatment with 10 μg of sicycB1 in 

complex with the cholesterol-functionalized MPG-8 carrier.40 Further analysis of these 

mice, also showed a higher degree of survivability compared to control treatments.40 Taken 

together, these findings inferred that the MPG-8 peptide-based carrier system constituted a 

promising technology for systemic administration of siRNAs in a cancer therapeutic context.

A potential limitation in the development of CPP carriers for in vivo applications is their 

likely degradation by extra/intra-cellular proteases. Consequently, peptide design strategies 

have been developed in an attempt to confer protease resistance to these carriers. One recent 

example of an amphipathic CPP that was modified to be proteolytically resistant and further 

demonstrated to successfully deliver siRNAs to cancer cells in vitro was the RICK peptide.
41 RICK was designed as a retro-inverso form of the CADY-K peptide,41 which is a shorter 

version of the amphipathic peptide CADY42 that comprises hydrophobic tryptophan and 

hydrophilic arginine residues and that was previously shown to display a two-fold higher 

luciferase knockdown efficiency than CADY.43 Of note, the term “retro-inverso” refers to 

peptides consisting of proteolytically-resistant D-amino acids in the reverse sequence of the 

parent peptide that comprises naturally occurring L-isoforms. More specifically, in studies 

involving a human glioblastoma cell line (U87MG), RICK peptide was found to exhibit 

similar efficacies in siRNA cellular delivery and gene silencing (~75% knockdown of 

overexpressed luciferase and ~80% of endogenous cyclin B1), compared to its parent 

homologue, CADY-K, but with the advantage of improved resistance to proteolytic 

conditions (i.e. pre-incubation with trypsin or serum).41 These findings were significant 

because the proteolytic stability offered by RICK could potentially prevent unwanted siRNA 

degradation in vivo and thereby prolong the longevity of the complex in blood circulation, 

which would of course be therapeutically beneficial.
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Although the previous two subgroups of CPPs, described above, were very effective at 

delivering siRNAs into potentially any cell/tissue type, their main disadvantage was that they 

could not selectively deliver the siRNA cargo into cells/tissues, which could be detrimental 

in terms of therapeutics, especially if the CPP+siRNA complex cannot distinguish between 

normal and diseased cells/tissues, as this could potentially lead to unwanted cellular 

toxicities. Moreover, the CPP+siRNA complex was thus highly reliant on the gene targeting 

specificity of the siRNA cargo, which could also be problematic, due to siRNA off-targeting 

effects.44 Consequently, varied strategies have focused on developing targeting/homing 

CPPs through the addition of targeting moieties and/or sequences.

In one particular study, a recombinant fusion protein consisting of an anti-HER-2 single-

chain fragmented variable antibody linked to a truncated peptide form of cationic protamine 

(F5-P) was found to selectively deliver siRNAs designed to target PLK1 (siPLK1), a kinase 

that promotes cell division,45 and inhibit the growth of HER-2(+) breast cancer cells and 

primary human tumors in an orthotopic breast cancer mouse model.46 In particular, 

treatment of cells with the F5-P+siPLK1 complex demonstrated selective targeting to HER-2 

(+) breast cancer cell lines and primary human cancer cells in vitro, with a ~70% silencing 

effect on PLK1 mRNA expression and a consequent reduction in proliferation.46 Moreover, 

treatment of these cells with the complex induced apoptosis, but did not trigger an interferon 

response.46 Subsequent studies using a mouse model of breast cancer found that intravenous 

injection of the 5F-P+siPLK1 complex concentrated in orthotopic HER- 2 (+) breast cancer 

tumor xenografts and persisted for at least 72 hours, whereas no targeting of the complex 

was observed for HER-2 (−) tumors.46 More importantly, in assessing the therapeutic 

potential of the complex, treatment of HER-2 (+) breast cancer tumors via intravenous 

administration of the F5-P+siPLK1 complex (twice weekly for four consecutive weeks using 

40 μg of siPLK1 per injection) showed a significant ~75% reduction in PLK1 mRNA 

expression with a consequent impairment of tumor growth (>80%) in HER-2 (+) breast 

cancer tumor xenografts, but not in HER-2 (−) tumors seven weeks post-treatment.46 

Furthermore, administration of the F5-P+siPLK1 complex suppressed HER-2 (+) breast 

tumor metastasis and prolonged survival with no evidence of toxicities.46 Interestingly, 

because cancer is a multi-genic and multi-factor disease,47,48 a popular strategy to 

potentially combat it using RNAi therapeutics has been to use combinations of multi-target 

siRNAs within a single payload to confer a synergistic therapeutic effect.48 Consequently, to 

test the feasibility of such an approach, this study proceeded in further complexing F5-P 

with a siRNA cocktail targeting three genes that promote tumor proliferation at different cell 

cycle stages, including PLK1, and found that it had a greater anti-tumor effect than siPLK1 

on its own.46 This result was similar to an earlier report published by Song et al., which 

likewise found that an anti-HIV-1 envelope Fab antibody fragment-protamine fusion protein 

non-covalently complexed to a different cocktail of siRNAs could target HIV-1 envelope-

expressing tumors specifically and enhance the suppression of their growth when compared 

to complexes containing each of the siRNAs alone.49 The significance of these findings were 

that they demonstrated the versatility in the approaches that siRNAs could be used as cancer 

therapeutic agents in complexation with peptide/protein carriers. One limitation regarding 

the F5-P study, however, was that it did not evaluate whether repeated doses of the complex 

would induce an immune response that might interfere with its therapeutic effectiveness.46 
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Regardless, this study provided strong preclinical support for the therapeutic potential of a 

targetable antibody-CPP fusion protein in the delivery of siRNAs for the treatment of HER-2 

(+) breast cancers.

Another approach in the design of targetable CPPs has involved the use of smaller 

chemically synthesized CPP conjugates that comprise a targeting/homing amino acid 

sequence. For example, in an effort to design a tumor-specific CPP siRNA carrier, the non-

targeting peptide, transportan, was conjugated to the p32-targeting cyclic nonapeptide LyP-1 

to form a cancer cell-selective CPP, named TP-Lyp-1.50 The targeting peptide LyP-1 was 

selected because it binds to p32, a mitochondrial protein whose cell surface expression is 

elevated in a wide range of tumor types.51 A hydrophobic myristate was also added to 

facilitate interactions with membrane lipids.50 Upon treatment of cultured cells in vitro, the 

TP-Lyp-1 peptide was found to enhance the uptake of siRNAs and mediate specific reporter 

gene silencing (~40%) compared to a control non-targeting peptide complex.50 Additionally, 

treatment of ovarian cancer cell lines with TP-Lyp-1 in complex with siRNAs designed to 

target the ID4 oncogene (siID4), induced ID4 protein silencing with a concomitant decrease 

in cell viability and an increased rate of apoptosis.50 More importantly, in subsequent in vivo 
experimentations, TP-Lyp-1 in complex with siRNAs increased the targeting capacity of 

siRNAs to tumors threefold compared to the control non-targeting peptide.50 Furthermore, 

upon repeated intravenous or intraperitoneal injections (every 3 days for 25 days) of TP-

Lyp-1 in complex with 20 μg of siID4, an 80–90% decrease in ID4 mRNA levels with a 

consequent 82–87% suppression of tumor growth was observed 45 days post-initial 

treatment.50 Notably, intraperitoneal treatment of TP-Lyp-1 in complex with 100 μg of siID4 

also resulted in an 80% survival rate, 80 days post-initial tumor generation compared to a 0–

20% survival rate for the control treatments.50

Other examples of cancer cell/tissue type-targeting/homing CPP siRNA carriers include the 

TAT- A1 peptide that comprises the non-targeting cationic peptide TAT fused to the vascular 

endothelial growth factor receptor-1 targeting peptide A1.52 In in vitro cell uptake assays, 

the TAT-A1 peptide was found to enhance the intracellular delivery efficiency of siRNAs by 

~30% compared to the parent peptide TAT and it could also induce gene silencing 

efficiencies comparable to a commercial transfection agent.52

ENDOSOME-DISRUPTING PEPTIDES

A common hurdle to CPP-mediated siRNA delivery is endosomal entrapment.14 Because 

most CPP mediated delivery strategies enter cells via endocytosis, most often the siRNA 

cargo remains entrapped, and unless it can escape into the cytosol it will be rendered 

biologically inactive and hence therapeutically ineffective. One problem stems from the fact 

that CPPs in general do not exhibit endosomolytic properties. Consequently, numerous 

peptide design strategies have been developed to confer endosome-disrupting properties to 

peptide carriers to enable them to mediate siRNA escape from endocytic vesicles into the 

cytosol.

One particular subgroup that has been developed to facilitate the intracellular delivery and 

endosomal escape of siRNAs are fusogenic peptides. Fusogenic peptides are generally 
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derived from proteins with endosome-disruptive fusion peptide domain sequences, such as 

the HA2 subunit of the influenza virus hemagglutinin protein that mediates destabilization of 

the host cell endosomal membrane in an acidification-dependent manner upon entry of the 

virus into cells via receptor mediated endocytosis.53 The functional activities of these 

peptides are pH-dependent, where exposure to acidic environments, such as in endocytic and 

lysosomal vesicles, they adopt an amphipathic helix structure that causes them to fuse with 

and disrupt the membranes enabling the release of any associated cargo from these 

compartments.8,25,54,55

In our studies, we designed a chimeric peptide, termed 599, that combined an influenza 

virus-derived fusogenic peptide sequence, INF-7, that has a more potent membrane-

destabilizing property than the parent HA2 peptide, with cationic cell-penetrating nona(D-

arginine) residues, to mediate complexation, stability, cellular entry, and endosomal escape 

of siRNAs. In particular, we found that the 599 peptide when complexed to siRNAs 

designed to target the CIP2A oncoprotein (siCIP2A), it could promote significant ~60–85% 

silencing of CIP2A mRNA levels, with a concomitant ~40% decrease in oral cancer cell 

growth and cell invasiveness in vitro.56 Of greater relevance regarding siRNA-based 

therapeutics was that in our subsequent in vivo studies, the 599 peptide was found to protect 

siRNAs from degradation upon intratumoral injection up to a minimum of 72 hours post-

treatment and significantly impaired tumor growth 8 days post initial treatment using an 

orthotopic oral cancer (CAL 27) mouse model.57 More specifically, intratumoral injection of 

three doses of 599 peptide complexed to siCIP2A every 72 hours, where, 5 μg of siRNA was 

used in the first two doses and 2.5 μg in the third dose, resulted in a significant decrease in 

both weight (~50% decrease) and volume (~60% decrease) of the excised tumors compared 

to control treatments.57 Moreover, analyses of the tumor tissues exhibiting tumor growth 

inhibition confirmed significant silencing of CIP2A at both the mRNA (~40% reduction) 

and protein (~83% reduction) levels with no apparent toxicities associated with the treatment 

or induction of the interferon response.57 Together, these data suggested that the 599 peptide 

carrier, comprising fusogenic and CPP sequences, was a clinically effective mediator of 

RNAi-based cancer therapeutics.

Another subgroup of endosome-disruptive peptides that have been studied as carriers of 

siRNAs, include the KALA and Endoporter peptides, which can be categorized as pH-

sensitive amphipathic peptides. These peptides are synthetic and designed to function 

similarly to fusogenic peptides, in that they can adopt amphipathic helical structures under 

acidic conditions triggering endosomal membrane disruption.58,59 In a study using KALA, 

poly[ethylene glycol] (PEG)-conjugated siRNAs (linked via a disulfide bridge) designed to 

target the vascular endothelial growth factor (siVEGF) were complexed with KALA to form 

polyelectrolyte complex micelles.60 Upon treatment of a human prostate carcinoma cell line 

(PC-3) with the KALA+(PEG)-siVEGF complex, ~80% VEGF silencing was observed 

compared to control treatments in vitro.60 Similarly, Endoporter, which is a histidine-rich 

amphipathic peptide, whose amphipathic helix formation is dependent on the histidine 

response to pH changes, when complexed to siRNAs was also found to enhance the 

cytosolic delivery of its siRNA cargo through endsosome escape in vitro.58 More 

specifically, Endoporter in complex with siRNAs designed to target Sjögren’s syndrome 

antigen B (Ssb) was found to mediate cell entry and undergo α-helical structure formation 

Cummings et al. Page 8

Transl Res. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within the acidic environment of endosomes, thereby promoting endosomal escape of the 

siRNA cargo into the cytosol with a consequent ~75% knockdown of Ssb mRNA levels in 

HeLa cells in vitro.58

Proton buffering peptides, such as branched histidine-lysine peptide polymers, are another 

type of endosome-disrupting peptide subgroup that have been utilized as carriers of siRNAs, 

but that function to disrupt endosomes via the proton sponge effect.8 The histidine residue, 

because of its excellent buffering capacity at pH 6 is very effective at absorbing protons and 

therefore when incorporated into histidine-rich polypeptides, upon their subsequent 

accumulation within acidic endosomal vesicles can contribute to an increase in osmotic 

pressure across their membranes causing the membranes to swell and/or rupture, thereby 

releasing any associated cargo into the cytosol.8,25 The branched histidine-lysine peptide 

polymer, H3K4b, is an example of a proton buffering peptide that was shown to be an 

effective carrier of siRNAs designed to target Raf-1 (siRaf-1), a key regulator of tumor 

growth and angiogenesis, by its ability to reduce tumor growth of melanoma tumor (MDA-

MB-435) xenografts.61 In particular, three intratumoral injections of H3K4b in complex with 

4 μg of siRaf-1 were found to silence Raf-1 protein levels, reduce blood vessel density, and 

impair tumor growth by 50-60% compared to control treatments 15 days post-treatment.61 

Furthermore, multiple intravenous doses of an analog of H3K4b, termed H3K(+H)4b, in 

complex with 50 μg of siRaf-1 was found to reduce xenograft melanoma tumor sizes by 

50% in comparison to control treatments 30 days post initial injection.62 Thus, taken 

together, these data provide good evidence that proton buffering peptides also appear to be 

capable and effective siRNA carriers in the treatment of cancer.

NON-COVALENT MULTIFUNCTIONAL PEPTIDE COMPLEXES

Another emerging strategy in overcoming the varied siRNA delivery barriers in the 

treatment of cancer is to combine multiple classes of peptides within a single nanoparticle 

complex, so as to multi- functionalize the complex and facilitate its ability to non-covalently 

encapsulate siRNAs, target specific cells/tissues, induce endosomal escape, and release 

siRNAs from the complex to exert their biological activity. One of the first examples in the 

utilization of this type of strategy was published in a report by Jun et al., where they 

demonstrated that a multicomponent peptide-woven nanocomplex they designed, which 

comprised an interleukin-4 receptor-targeting peptide (I4R) and an endosomolytic CPP 

(sHGP), both with polyarginine cores, could mediate gene silencing in vitro and in vivo.63 

Although, this study shed some insight into the importance of the 3D structure of the multi-

peptide complex in releasing the siRNA cargo, unfortunately, the in vivo tumor-targeting 

capability of the multicomponent peptide-woven nanocomplex was never evaluated. In fact, 

the route of administration tested was intratumoral and the in vivo gene silencing effect was 

not reported to be statistically significant compared to the control treatments, thus, making it 

difficult to interpret the effectiveness of this multicomponent peptide-woven nanocomplex 

design in mediating siRNA delivery.

Regarding our own recent studies, although the endosome-disruptive 599 peptide appeared 

to be an effective delivery vehicle,56,57 its limitation was that it was not cell/tissue-specific 

and because systemic delivery remains the standard method of administration of drugs for 
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the treatment of solid tumors, targeted delivery was a necessity. Consequently, we developed 

a dual peptide-mediated carrier approach to enable targeted delivery of siRNAs to cancer 

cells via systemic delivery.64 More specifically, because the epidermal growth factor 

receptor (EGFR) is frequently overexpressed in oral cancer cells,65 we designed a second 

peptide, termed GE11R9, that comprised a non-mitogenic EGFR-targeting peptide sequence,
66 which when co-complexed with the 599 peptide synergistically mediated the effective 

targeting and delivery of siCIP2As into EGFR-overexpressing oral cancer cells (CAL 27) 

and the induction of CIP2A mRNA (~60%) and protein silencing in vitro.64 Of note, siRNA 

complexation with GE11R9 peptide alone did show preferred siRNA accumulation in EGFR 

overexpressing oral cancer cells; however, GE11R9 was unable to deliver bioactive siRNAs, 

evidenced by the lack of gene silencing and the apparent endosomal entrapment of siRNAs, 

hence the need for the 599 peptide.64 Further examination upon systemic administration of 

the dual peptide carrier in complex with 10 μg of siCIP2A to mice bearing orthotopic oral 

cancer (CAL 27) tumors, demonstrated that it could increase targeted delivery of siRNAs to 

tumor tissues and significantly enhance CIP2A mRNA silencing (~50%) unlike complexes 

of siCIP2As with 599 peptide alone.64 Despite the promising ability of the dual peptide-

mediated carrier technology to enhance the delivery of bioactive siRNAs to the targeted 

tumor tissues, one drawback we observed was the rapid clearance of the complex from 

systemic circulation,64 thus potentially limiting the therapeutic effectiveness of the 

administered siRNA cargo. The most likely cause for this rapid clearance was the cationic 

property of the dual peptide+siRNA complex,64 as it is well documented that cationic 

nanoparticles attract negatively-charged serum proteins, which lead to aggregation and rapid 

plasma clearance.67,68 Hence, one future approach to enhance the systemic circulation of the 

dual peptide+siRNA carrier could be to develop an electrostatic shielding component, 

through the use of ionic counterparts and/or hydrophilic uncharged polymers.69

In other studies, similar multi-functional approaches have been recently developed for 

therapeutic siRNA delivery in the treatment of both breast cancer and glioblastomas.17,70 

More specifically, in a study by Bjorge et al., the researchers designed a multi-functional 

complex, comprising two peptides, a myristoylated p32-targeting LyP-1 peptide sequence 

with a polyarginine core (myr-R9-LyP-1) and an endosome-disruptive INF-7 fusogenic 

sequence with a polyglutamate core (E9) for delivery of siRNAs to breast cancer cells in 
vitro.70 The addition of myristate at the amino-terminus of myr-R9- LyP-1 was to facilitate 

the formation of small particles and assist with the delivery of the complex across cell 

membranes, as previously described, whereas the positively-charged arginine-rich segment 

was incorporated to allow binding via electrostatic interactions with negatively charged 

siRNAs and the plasma membrane.70 Moreover, the endosomolytic peptide E9 was 

synthesized to contain nine negatively-charged glutamate residues to facilitate electrostatic 

interactions with the cationic myr-R9-LyP-1 peptide in complex with siRNAs.70 Upon 

complexation of the two peptides with siRNAs designed to target the Stat3 or c-Myc 

oncogenes,71,72 they observed between 50–70% silencing of these proteins in cultured breast 

cancer cells (MDA-MB-231), with a consequent ~74% reduction in anchorage independent 

growth upon co-mixing of the two siRNAs in complex with the multi-functional peptide 

carrier.70 Although enhancement of gene silencing was observed upon co-complexation of 

the endosome-disruptive E9 peptide with the myr-R9-LyP-1 peptide, no evidence was 
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provided for the targeting specificity of the multi-functional peptide carrier to breast cancer 

cells. Nonetheless, in the study on the development of therapeutic siRNA delivery in the 

treatment of glioblastomas, Srimanee et al. similarly tested a multi-functional peptide 

complex approach in the targeting of siRNAs to improve glioblastoma-targeted specificity 

and gene silencing efficiency.17 However, in their case, they did observe that co-

complexation of the CPP, PepFect 14 (PF14; which is speculated to also have endosome-

disruptive abilities17,73) with a LRP-1 receptor-targeting peptide containing a polyglutamate 

core (TG1) could more effectively transfect and promote gene silencing in glioblastoma 

cells (U87MG), which are known to overexpress the LRP-1 receptor on their cell surface74, 

compared to HeLa cells, which do not express this receptor.17 Moreover, the PF14 peptide in 

complex with TG1 could induce 70% downregulation of reporter protein expression at a low 

siRNA concentration and a two-fold higher gene silencing efficiency compared to 

complexes of siRNAs with PF14 alone.17 Interestingly, covalent conjugate peptide 

constructs of the PF14 and TG1 sequences in complex with siRNAs were reported to be 

ineffective at inducing gene silencing compared to their non-covalent peptide complex 

counterpart,17 thus, highlighting the latter design strategy as a more promising form of 

carrier for cancer-targeted siRNA delivery.

CONCLUSIONS, ALTERNATIVE STRATEGIES, AND FUTURE 

PERSPECTIVES

Peptides have been shown to be promising carriers for effective siRNA delivery; however, of 

the 20, recruiting, completed, or terminated clinical trials using siRNAs in the treatment of 

cancer (www.ClinicalTrials.gov), not one has made use of peptides as a delivery mechanism, 

with most, including the recently approved ONPATTRO®, employing lipid nanoparticles. 

Despite the relatively large level of research detailing the potential benefits of peptide-

mediated siRNA delivery, there has yet to be any advancement in clinical data from human 

cancer patients. It appears most of the field is focused on optimizing peptide carrier designs 

for cellular uptake and establishing proofs of principle through the use of reporter genes, as 

opposed to actual targeting of oncogenes and exploring the consequent gene silencing 

effects on tumor growth in animal cancer models. Therefore, there needs to be a greater push 

for more cancer-relevant preclinical studies, as peptide carriers show great promise due to 

their diverse functionalities and flexibility in design.

Although this review primarily focused on non-covalent formulations, covalent peptide-

siRNA bioconjugate designs, incorporating targetable peptides, represent an alternative 

design strategy in combating cancer. While covalent formulations come with their own 

hurdles, there exists the potential benefit of being able to produce and use clearly defined 

and reproducible molecules for cancer therapeutics. For example, He et al. developed a 

promising anti-tumor conjugate comprising a chemically-stabilized EGFR siRNA (siEGFR) 

and a cyclic arginine-glycine-aspartate (cRGD) peptide, which selectively binds to αvβ3 

integrins, for the treatment of glioblastomas.75 In particular, intravenous administration of 

the cRGD-siEGFR bioconjugate to glioblastoma (U87MG) tumor-bearing nude mice led to 

significant 50% inhibition of tumor growth and ~50% reduction of EGFR expression in 

tumor tissues.75 Furthermore, in a subsequent study, using a peptide-siRNA bioconjugate 
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comprising a bivalent cRGD (biRGD) peptide, which was found to enhance uptake into 

glioblastoma cells compared to the monomeric cRGD peptide, when conjugated to 

chemically-modified PIK3CB siRNA, it substantially slowed glioblastoma growth, while 

silencing PIK3CB expression by ~80% and ~50%, respectively.76 While both of the results 

from the studies showed promise in using a targeting peptide-siRNA bioconjugate approach 

for treatment of cancer, it routinely took either relatively high concentrations of these 

bioconjugates and/or the use of chemically modified siRNAs to achieve significant 

knockdown and impaired tumor growth.

Finally, another emerging strategy for the delivery of siRNAs employs the generation of 

recombinant RNA binding fusion proteins. In this approach, RNA binding domains (e.g. 

U1A or double-stranded RNA binding domains) from RNA binding proteins have been 

constructed as recombinant chimeric proteins that also comprise CPP residues, endosome-

disruptive peptide sequences, and/or chemical moieties to facilitate binding, cell/tissue-type 

specific targeting, cell permeability, endosome escape, and bioavailability of the siRNA 

cargo.77–79 The concept behind this strategy was to limit the positive charges of the 

complexes, which is typically high for CPP complexes, so as to avoid non-specific 

interactions with negatively-charged serum proteins that can then lead to aggregation and 

rapid clearance of the siRNA cargo from blood.

Since their initial discovery 30 years ago, the research field on peptide carriers has greatly 

evolved and shows promise in overcoming the barriers to siRNA delivery for cancer 

treatment. Although there are still many challenges to its therapeutic application in humans 

and the need for more pre-clinical research involving animal cancer models, peptide-

mediated siRNA delivery strategies present numerous advantages, to other delivery 

technologies, such as adaptability, simple formulations, and inexpensive drug synthesis/

production. Moreover, the therapeutic effectiveness of these carriers upon intratumoral and 

systemic administration, clearly demonstrate their clinical potential in the treatment of a 

wide variety of cancer types, with the former administration route possibly being a viable 

option in the treatment of tumors that are more easily accessible, such as oral and skin 

cancers. By treating locally, one could shrink tumor sizes sufficiently to aid surgeons in their 

subsequent removal, while minimizing toxicity and immune activation. Nonetheless, with 

new insights into cellular uptake and endosome escape mechanisms of the peptide+siRNA 

complexes,21 their predicted structural features for complex assembly and siRNA release,
63,80 and the factors influencing their structural formation and disassembly,29 together, these 

will lead to advancements in peptide carrier designs for siRNA delivery in the treatment of 

cancer and help accelerate their translation to the clinic.
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Abbreviations

CPPs cell-penetrating peptides

dsRBD double-stranded RNA binding domain

EGFR epidermal growth factor receptor

I4R interleukin-4 receptor

PEG poly[ethylene glycol]

RISC RNA-induced silencing complex

RNAi RNA interference

siRNA small interfering RNA

Ssb Sjögren’s syndrome antigen B
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Fig 1. 
Schematic representation of peptide-mediated siRNA delivery strategies into cells. (A) Cell-

penetrating peptides (CPPs), including cationic, amphipathic, and targeting/homing 

peptides. (B) Endosome-disrupting peptides, including fusogenic, pH-sensitive amphipathic, 

and proton buffering peptides. (C) Multifunctional peptide complexes. (D) Alternative 

peptide/protein strategies, including targeting/homing peptide-siRNA bioconjugates and 

recombinant RNA binding fusion proteins. dsRBD, double-stranded RNA binding domain; 

RISC, RNA-induced silencing complex.
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