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ABSTRACT
Cell penetrating peptides (CPPs) offer unique and promising
solutions to overcome barriers to intracellular delivery of potential
therapeutics for a variety of diseases, particularly when used as a
delivery method for RNA interference agents such as siRNA. CPP
mediated siRNA delivery provides promising therapeutic potential for
various pathologies including many different types of cancer. Both
cell-specific and non-cell-specific CPPs can play roles in transporting
several types of cargo into cells, including but not limited to drugs,
viral vectors, peptide nucleic acids, nanoparticles, liposomes, and
siRNA. CPPs mediate siRNA delivery through a variety of delivery
methods, including covalent conjugation and nanoparticle formation,
and can be fashioned to facilitate endosomal escape. While no
therapeutics currently utilize CPP-mediated siRNA delivery, two major
approved therapeutics use RNA interference as a treatment modality,
and many clinical trials are in progress testing the use of CPPs, again
with an emphasis on the treatment of cancer. Further research is
needed before the clinical use of CPP/siRNA complexes is
commonplace, but advances in both CPP and siRNA technology
appear promising for this method of treatment.
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Introduction
The design of novel gene therapies remains
rare despite advances in knowledge surrounding
the genetic makeup of various pathologies
previously believed to be untreatable. The use of
RNA interference (RNAi) to treat disease has
potential to change medicine as we know it, with a
handful of therapies already in clinical use1-5.
Perhaps one of the largest barriers to this type of
gene therapy is the delivery of genetic material
such as synthetic small interfering RNA (siRNA) into
target cells, which must overcome obstacles such as
immunogenicity, degradation prior to reaching
target cells, poor cellular uptake, and lack of
targeted delivery. So far, RNA-based therapeutics
have been limited to pathologies where the culprit
or target organ of interest is the liver, where
siRNA/miRNA naturally accumulate, or have been
designed to be taken up by hepatocytes by
addition of N-acetylgalactosamine to the siRNA6.
Therefore, the ability to direct RNAi therapies in an
organ or site-specific manner would represent a
major breakthrough for multiple disease processes.
Cell penetrating peptides (CPP), also
known as protein transduction domains, could
provide a solution to many of these barriers, with
promising clinical implications. The discovery of the
ability of Trans-Activator of Transcription (Tat)
protein, expressed by human immunodeficiency
virus, to transfect cultured cells and induce viral
gene expression without a receptor7,8 has led to the
discovery of novel CPPs effective at delivering
various diagnostic or therapeutic cargo across the
cell membrane. Cross-linking of proteins such as
horseradish peroxidase, β-galactosidase, RNase A
and domain III of pseudomonas exotoxin A to Tat
demonstrated Tat’s ability to carry large cargo into
cells in a non-cell-specific manor9. This ability was
later further confirmed to preserve the functionality
of such large cargo when used in vivo10. Similarly,
the homeobox Antennapedia (Antp) transcription
factor
of
Drosophila
melanogaster
was
demonstrated to enter nerve cells without the need
for a receptor, allowing for functional regulation of
neural morphogenesis11. Further studies of Tat and
Antp led to the identification of the domains of each
protein responsible for these cell penetrating
properties, and upon mapping, the first two CPPs
were determined: Tat’s cationic, lysine- and
arginine-rich domain (YGRKKRRQRRR)12 and Antp’s
16 amino acid domain, termed penetratin
(RQIKIWFQNRRMKWKK)13. Since then, the

discovery of additional non-specific CPPs as well as
cell-specific CPPs has increased exponentially14,
especially with the development of techniques such
as phage display reported by Smith in 198515.
Using phage display led to the discovery of CPPs
able to target specific cell types such as synovial
fibroblasts16, pancreatic islet cells17, vascular
endothelium18,
dendritic
cells19,
and
20
cardiomyocytes . There is continued significant
interest in the identification of cell specific CPPs and
their clinical implications, leading to an explosion of
developments as well as publications surrounding
this area of study, making it impossible to cover all
aspects of these novel peptides. Therefore, out of
necessity, this review will be limited to the uses and
applications of CPPs in the delivery of siRNA.
Interested readers are referred to earlier reviews
of CPPs by the authors21,22 as well as several other
reviews on the identification and uses of CPPs23-25.
2. Cell Penetrating Peptide Overview
2.1. Identification
Cell-specific CPP’s were identified by
various screening methods. Plasmid, microorganism
surface, ribosome, or phage display are included in
these methods, but phage display libraries were the
primary method in identifying these peptides22.
Phage display methods can be traced back to
198515. This method involves using a large phage
library to identify which amino acid lengths and
sequences14 are taken up by a target cell. Once
internalized, the phage undergoes isolation,
expansion, and several (usually 3-5) rounds of
screening22, followed by the isolation and
sequencing of a few peptides that are able to enter
the target cell of interest. False positives are a
concern using the phage display library method, but
can be minimized by using in vitro relevant cell
types as a pre-screen, followed by multiple rounds
of screening to enrich for targeting phage22.
2.2. Types of Cell Penetrating Peptides
Although there are multiple classification
systems, for the purpose of this review, we will
classify CPPs into cell- and non-cell-specific types
(Figure 1). Cell-specific CPPs can target specific
cells and deliver cargoes selectively thereby
diminishing doses needed as well as limiting offtarget side effects. Using cell-specific CPPs would
also be advantageous in the process of upscaling
the experiments to human trials because less
peptide is required due to its specificity22.
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Cell Penetrating
Peptides

Cell-Specific
CTP20,26
K5-FGF27
HAP-116
293P-128
Vascular Endothelium18

Non-Cell-Specific

Amphipathic

Hydrophobic

Cationic

Azurin p1829
Azurin p2830
hCT18-3231
Bac 732

Transportan33
MAP34
TP1035
Pep-7

Tat12
Ant13
8-Arginine36
8-Lysine37
PTD-538

Figure 1. Classification of CPPs with various examples in each category.

Non-cell specific CPPs can be divided into
three categories: amphipathic, hydrophobic, and
cationic. Amphipathic CPPs are synthesized by
covalently bonding a nuclear localization signal to
the hydrophobic domain of the CPP. Hydrophobic
CPPs, on the other hand, are created by signal
sequences on peptides that allow secretion. It stands
to reason that peptides that allow materials out of
the cell would also allow them to enter22. Therefore,
most leading sequences of amino acids of various
secreted proteins can be used as CPPs, some
specific examples of which can be found here39.
Cationic CPP’s primarily involve the presence of
positively charged amino acids (arginine, histidine,
and lysine). Histidine can function as a CPP below a
pH of 6.0 (protonates at a low pH, so positively
charged)40. Homopolymers of arginine of various
lengths have been shown to act as non-specific CPPs
with size ranging ideally from 8-10 amino acids,
though as few as 6 or as high as 12 arginine
residues can still act as non-specific CPPs41. Lysine
homopolymers can similarly act as non-specific CPPs
with no cytotoxicity at small lengths (6-12 amino
acids)37, with larger than 12 amino acids showing
reduced efficiency22.
2.3. Transduction
The mechanism of transduction of these
CPPs has been difficult to elucidate despite nearly
25 years of research. Firstly, CPPs are only a few
amino acids long. Their small nature makes them

difficult to identify using standard techniques22.
Next, because the transduction occurs so quickly
(usually within 30 minutes), the mechanisms involving
entry into the cell are hard to identify. Third, it is
likely that different CPPs will have different
methods of entering the cell22. These would vary
depending on concentrations used, cargoes, as well
as the chemical nature of each CPP. Since the entry
mechanism for cell-specific CPPs are likely to be
unique to the cell type, and distinct from the
mechanisms for non-specific CPPs like Tat or Antp, a
common transduction pathway is unlikely, and adds
to the complexity of identifying specific mechanisms
by which transduction occurs.
Current evidence exists for both energydependent and energy-independent pathways42.
Surface binding through electrostatic interactions is
predicted to be a shared initial step among noncell-specific cationic CPPs, followed by cell
entry43,44. Transduction is also predicted to occur in
two steps, with surface binding to negatively
charged heparan sulfate being the first step, and
either translocation across the lipid membrane (for
cationic CPPs with small cargoes), or
micropinocytosis (for CPPs with large cargoes)
being the second step45. Adenosine-triphosphate
stores are also depleted in the process of
transduction37, which suggests an energydependent process. However, these stores are
depleted less than what would be predicted for the
process, which suggests there are other non-energy-
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dependent pathways. CPPs that are hydrophobic
are also seen to function more effectively as
transporters within the transduction process46.
2.4. Cargoes
Although CPPs can be used to deliver a
variety of cargoes, including but not limited to
drugs47-50, viral vectors47-50, radioisotopes26,51-53,
plasmid DNA54, proteins55-60, peptide nucleic
acids61, nanoparticles62, liposomes63, quantum
dots64,65, and photosensitizers66,67, the most research
has been with siRNA22,68-75. For this reason, we will
limit this review to delivery of siRNA as a cargo by
various CPPs.
3. Cell Penetrating Peptide Mediated Small
Interfering RNA Delivery
Development of new methods of delivery is
paramount to the development of RNAi therapies,
with cellular uptake of small nucleic acids being one
of the largest barriers to RNAi treatment.
Therapeutics involving siRNA have become a topic
of interest in recent years because they allow
specificity in treating diseases, including cancers76.

However, several barriers still must be overcome:
poor serum stability, serum degradation and loss of
function, efficiency of uptake, targeted delivery,
endosomal escape, and release of the cargo siRNA
from the vector are all concerns that must be
addressed before these therapeutics are ready for
clinical trials. siRNA is, at its core, a small, negatively
charged molecule that has difficulty crossing
membranes due to its hydrophilic nature. Therefore,
encapsulating the RNA and linking it to delivery
vectors (such as CPPs) prove to be an effective
solution in addressing many of the aforementioned
concerns77.
Once siRNA is delivered to cells, and
released from the vector CPP, it is free to be
recognized by the RNA-induced silencing complex
(RISC). The RISC complex mediates the cleavage of
the siRNA/target mRNA complexes to achieve gene
silencing78 (Figure 2). Therefore, for gene silencing
to occur, the chosen siRNA must be able to survive
serum degradation, penetrate the cell, and form the
RISC complex. CPPs, therefore, can be the vectors
for this process to occur successfully.

Figure 2. Gene silencing using siRNA.
Gene silencing is mediated through the
formation of the RISC complex following
the delivery of siRNA into cells. Upon
delivery into human cells, the double
stranded siRNA complexes with the
Argonaute2 protein, which assembles with
the RNA binding protein TRBP and Dicer,
an enzyme responsible for the cleavage of
dsRNA and the formation of guide siRNA.
After the formation of guide siRNA, the
target mRNA is free to bind, and gene
silencing occurs with the degradation of the
target mRNA78.
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3.1. Small Interfering RNA Delivery Methods
Early attempts at the delivery of small
nucleic acids attempted to do so through the
conjugation of siRNA with CPPs through covalent
bonds. In one of the earliest examples of CPPnucleic acid conjugation, investigators showed that
the addition of four lysines linked to the C-terminus
of PNA oligomers (PNA-4K) injected into GFP mice
allowed for successful upregulation of EGFP-654
compared to PNA sequences with only one lysine
(PNA-1K) in a mouse model expressing EGFP
interrupted by an aberrantly spliced mutated intron
of the human β-globin gene79. Most conjugation of
CPPs with small nucleic acids is accomplished
through disulfide linkages, allowing for cleavage
by enzymes such as glutathione reductase in the
reducing environment of the cell69 (Figure 3).
Covalently bonded penetratin-siRNA complexes
have been shown to successfully downregulate
luciferase activity at an equivalent level to delivery
using cationic liposomes70, with similar results

demonstrated in various cell types80. In vivo,
however, successful delivery of covalently linked
siRNA and CPPs proves to be elusive. Instead, noncovalent siRNA-CPP complexes seem to be more
effective; in particular, nanoparticle (NP) formation
has promising implications for clinical therapies.
Early methods of CPP-nucleic acid NP formation
were exceedingly complicated. For instance,
researchers developed a multifunctional envelopetype nano device (MEND) in order to deliver nucleic
acids such as siRNA, by MEND PEGylation81.
However, this method inhibited both uptake and
endosomal escape. A solution was found to achieve
significant gene silencing by siRNA through first
creating a PEG-peptide-DOPE (PPD) complex,
further modifying it with a pH-sensitive fusogenic
GALA peptide, and using the GALA/PPD-MEND
complex for siRNA delivery81. Other early methods
were similarly complicated, requiring the
development of large lipidoid libraries to facilitate
CPP delivery82 and complex formation of liposomes
containing CPPs and siRNA83.

Figure 3. Covalently conjugated CPP/siRNA complexes generally work by covalently linking the desired siRNA (shown in
black) to PEG (shown in blue) through a disulfide bond (shown in purple). Then PEG is attached to the cell-specific CPP
(shown in green), and cleavage of the disulfide bond by a cleaving enzyme such as glutathione (shown in orange) once the
CPP has mediated cell entry allows for the now-free siRNA to be recognized by the RISC complex. Degradation of the
target mRNA then occurs, and the CPP is metabolized and excreted.

Later methods proved to be much more
efficient. Simply mixing a novel peptide, PepFect 6,
with siRNA in water created stable NPs with weeklong stability, which were reported to be both of
suitable size and stability for treatment in vivo.84 .

As discoveries concerning the delivery of siRNA by
CPPs continue to be made, new methods of
controlling the release of CPP cargo are being
sought. In one study, NPs were modified with both
pH-responsive and photo-responsive CPPs. The pH-
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responsive CPP activity was inhibited by the lower
pH environment of tumor cells, allowing for NP
accumulation at the membrane85. The CPP modified
NPs, which were filled with siRNA, were then
internalized into the tumor cells by near-infrared
light illumination, leading to anti-tumor effects85.
Covalently conjugated CPP-siRNA complexes have
been delivered to cancer cells both in vitro and in
vivo by loading such complexes in ultrasoundsensitive microbubbles, which are disrupted by the
application of ultrasound. This method was found to
significantly augment c-myc silencing and delay
tumor progression71. Finally, Qi et al. created CPP
NPs containing Fe3O4 to create cell-penetrating
magnetic nanoparticles, which reportedly were
able to reduce EGFP expression to 12% of original
levels in vitro when a magnetic field was applied.
3.2 Endosomal Escape
Uptake of many CPPs is mediated by
endocytosis, which is a problem as the inside of an
endocytic vesicle is still outside of the intracellular
environment. Additionally, it renders the CPP/cargo
complex vulnerable to degradation. Therefore, the
importance of endosomal escape in drug
development
using
CPPs
cannot
be
overemphasized. It has been shown that increasing
endosomal escape can increase CPP internalization,
and significantly increase efficient gene
expression86. Some peptides, like arginine-rich
cationic peptides as well as amphiphilic peptides,
have inherent endosomal escape abilities87. Some
peptides (such as Tat) which have minimal
endosomal escape activity can be modified to
facilitate escape into the cytoplasm88. It is possible
that the cationic nature of these peptides facilitates
endosomal escape. Brock et al. found that blocking
the contact and fusion of endosomal bilayers
containing bis(monoacylglycero)phosphate, an
anionic lipid present in cell membranes, prevented
the endosomal escape of Tat, suggesting that
cationic peptides interact with anionic lipids to
induce leakage from endosomal membranes89.
Increasing the endosomal escape activity of CPPs is
an ongoing field of research, and novel strategies
such as integration of CPPs with arginine–glycine–
aspartate motifs90, coating CPP nanoparticles with
metal-phenolic
networks91,
photochemical
internalization treatment92, and the use of
ultrasound to disrupt endosomal membranes and
deliver small nucleic acids93 are continuously being
developed.
Recently, Dastpeyman et al.94 showed that
treatment with peptides synthesized with distinct cell
penetrating and endosomal escape motifs linked to
antisense oligonucleotides (ASOs) not only were
able to cross the blood brain barrier, but also

significantly increased gene expression of the
survival motor neuron 2 (SMN2) gene in vivo.
Although enhanced endosomal escape has also the
potential for increased cellular toxicity, it has been
demonstrated to not be the case for at least dfTAT,
a disulfide-bound dimer of Tat, that did not induce
recruitment of Gal3 or Chmp1b during endosomal
escape, known markers of endocytic degradation
and indicators of possible cellular toxicity95.
3.3 Small Interfering RNA Potential therapeutics
3.3a Cancer Therapeutics Application
The vast majority of the body of research
surrounding the delivery of RNAi agents such as
siRNA to target cells has been performed in the
context of cancer. Numerous strategies have been
employed to tackle the hurdles of small nucleic acid
delivery into cells, with much success. For instance,
Qiu et al96. used chimeric CPP-functionalized
lipopepsomes (a liposome decorated with various
CPPs) to enhance the delivery of anti-tumor siRNA
to human lung tumor-bearing mice. This method led
to significant gene silencing in vivo, with enhanced
peptide accumulation at the tumor, highly selective
internalization, efficient endosomal escape, and
prolonged blood circulation96. Tumor-bearing mice
treated with the CPP-functionalized lipopepsomes
containing siRNA showed a median survival time of
45 days, as compared to mice treated with siRNA
alone with median survival of 36 days. The
CPP/siRNA treated mice also displayed negligible
weight loss and well-organized lung structure. It was
theorized in this study that the nature of the sturdy
membrane of lipopepsomes prevented RNA
degradation, leading to high levels of gene
silencing96. In studying the treatment of melanoma,
it was found that a CPP/cholesterol/PEG conjugate
was able to form nanoparticles to facilitate delivery
of Wee1 siRNA, leading to significant silencing of
the WEE1 gene and melanoma tumor cell apoptosis
in vitro as well as inhibition of tumor growth in
vivo97. Other studies on the uses of CPPs to target
melanomas use different CPP-based delivery
methods, such as microneedles98. Delivery of Tatbound siRNA encapsulated in engineered
extracellular vesicles has been shown to be
successful as well, facilitating androgen receptor
downregulation and inducing apoptosis in human
prostate cancer cells in vitro99. A delivery system
composed of CPPs and polyethylene oxide were
attached on a PEI backbone and dispersed in water
as nanoparticles. Association of those nanoparticles
with STAT3 targeting siRNA showed strong
antitumor effects when delivered both locally onto
C26 cancer cells and intravenously in a mouse
model of colon cancer in vivo, with treated mice
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exhibiting 66 metastatic nodules in contrast to 150
in control mice100.
Antibodies provide another interesting
siRNA delivery method. In one study, antibodies
were conjugated to siRNA using a peptide
composed of both a CPP and a substrate peptide
(a peptide extensively expressed in tumor cells)101.
The substrate peptide was then cleaved by tumor
specific enzymes upon antibody attachment to
tumor cells, allowing the CPP-siRNA complex to be
released from the antibody and facilitate entry into
the tumor cells. Efficacy was demonstrated in vivo,
with 66.7% EGFP downregulation efficiency in
tumor model mice xenografted with human colon
cancer cells expressing the EGFP protein101. This
suggests that oncogene-specific siRNA could be
delivered using the same delivery system, leading
to potential therapeutics. Other studies have also
used immunogenic responses in combination with the
transduction abilities of CPPs, leading to interesting
possibilities for the treatment of various cancers102.
One study demonstrated the ability of a CPP called
tLyp-1conjugated in NPs with siRNA to cross the
blood-brain barrier and target glioblastomas;
linkage to anti-tumor monoclonal antibodies
allowed for not only cytosolic entry of the siRNA
and inhibition of LSINCT5-activated signaling
pathways, but also activation of anti-tumor
immunity103.
CPP mediated siRNA delivery can also be
used to complement other existing therapies; for
instance, glycolysis inhibiting siRNA, delivered by a
guanidine rich CPP, was able to sensitize tumor cells
to photothermal therapy, leading to both increased
effectiveness of photothermal therapy and tumor
cell starvation104. The body of research on the use
of CPPs to treat cancer is vast, and continues to
grow with many studies on other types of cancer
showing promise including glioblastomas75,105,
hepatocellular carcinoma106, pancreatic cancer107,
and more102,108-111. Further research is necessary to
test the effectiveness of these therapies in vivo,
eventually leading to possible clinical trials and new
CPP/siRNA-based drugs.
Interestingly, the use of RNAi to treat triple
negative breast cancer (TNBC), the current leader
in types of breast cancer that threaten women’s
health62, has shown promise. Tumor growth in TNBC
implicates Rictor, a protein involved in cell
metabolism and cell growth regulation112,113. One
study was able to target Rictor as a mechanism to
treat breast cancer with the vector GO-PEI-PEGCPP62, a molecule made up of graphene oxide (a
molecular carrier with unique mechanical, electrical,
and thermal properties114), PEI, PEG, and a CPP.
Treatment with the GO-PEI-PEG-CPP/siRNA
complex led to a decrease in cancer cell viability,

the induction of apoptosis, decreased expression of
Rictor, and an overall inhibitory effect on breast
cancer, as shown in vitro and in vivo studies114. This
CPP/siRNA delivery vector also showed reduced
tumor volume, weight, and size in mice, with even
greater reductions than previously observed62.
These results show a promising future in the use of
nanomaterials, specifically CPP and GO-based
ones, in treating TNBC.
Other techniques using nanomaterials to
target TNBC also exist. Numerous studies focus on
the proteins EGFR, which functions in suppression of
cell
apoptosis
and
encouraging
cell
proliferation115,116, and BRD4, which allows cancer
cells to remain undetected by the immune system117.
Overexpression of both proteins is implicated in
TNBC115,116,118,119, and are therefore ideal
candidates to target using siRNA. Readers are
referred to other studies highlighting the use of
CPPs in TNBC treatment 73,77,120-122.
3.3b Treatment of Other Pathologies
CPP mediated siRNA delivery has shown
potential to treat other pathologies as well, the
etiologies of which usually involve inflammation. As
discussed above, the non-cell-specific properties of
Tat have been extensively studied, but Tat has also
been utilized in a tissue-specific manner by being
administered locally. One study showed Tat’s
ability to deliver siRNA to osteoarthritic
chondrocytes in vitro and to induce in vivo genetic
recombination, showing its promise as a delivery
agent for intra-articular therapeutics123. Other
CPP/siRNA nanocomplexes have shown similar
results as well in vitro72. In another study, Liang et
al124. reported that delivery of siRNA targeting
RAGE (a regulator of the pro-inflammatory
cascade) using benzyl-modified polypeptide (PBen) in an ischemia-reperfusion model in rats
reduced RAGE mRNA by 84%, as well as
significantly reduced expression of TNF-α and IL-6.
Rats receiving P-BEN/siRAGE complexes had an
infarct size of 6.9%, compared to 66.3% in saline
treated rats. Similar studies have shown that small
extracellular vesicles loaded with anti-RAGE siRNA
and labeled with a cardiac-specific CPP, termed
cardiac targeting peptide, were able to reduce
inflammation both in vitro and in a mouse model of
myocarditis125. CPP mediated siRNA delivery has
been established as a possible treatment for
ulcerative colitis, as well. Intravenous administration
of MPEG-PCH-CH2R4H2C/siRNA nanomicelles (a
peptide-based drug delivery system showing
enhanced permeability and retention) showed
accumulation of siRNA in the inflamed region of the
large intestine as well as reduction of colitis
symptoms as well as inflammation126. The same
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peptide/siRNA complex has also shown promising
results in vivo in inflammation-based pathologies
such as contact dermatitis127 and rheumatoid
arthritis128. Finally, a CPP called lung targeting
peptide was shown to be effective at delivering
siRNA against SARS-CoV2 when anti-spike siRNA
was attached to a cyclic version of the lung
targeting peptide, demonstrating anti-viral efficacy
in vitro129. More work is needed to confirm these
findings; however, a simple inhaled CPP/siRNAbased treatment for SARS-CoV2 would be
extremely advantageous in today’s day and age.
The possibilities for RNAi treatments
delivered by CPPs are numerous. Other studies
include experimenting with using antisense
oligonucleotides as a potential treatment for multidrug resistant bacteria130, as vectors for gene
delivery in anti-atherosclerotic therapies131, and for
the treatment of peripheral vascular disease132. The
development of novel CPP/siRNA-based treatments
continue, but as mentioned above, additional
studies are needed to confirm the efficacy of these
treatments in vivo.
4. CPP-siRNA complexes
Seeing as the usage of RNAi to treat to
disease is a very new field of study, there are few
therapeutics using RNAi in existence, none of which
use CPPs as targeted siRNA delivery. There are,
however, two approved RNAi based therapeutics.
One of these is Inclisiran, an siRNA-based therapy
shown to significantly reduce levels of LDL in adults
with familial hypercholesterolemia133. Another is
Vutrisiran, a transthyretin-targeting siRNA used to
treat
transthyretin-mediated
amyloidosis134.
Predictably, both therapeutics act on the liver:
Inclisiran targets PCSK9 mRNA, therefore inhibiting
the PCSK9 gene and increasing the recycling and
expression of LDL-C receptors on the surface of liver
cells, leading to increased LDL-C uptake135.
Vutrisiran works by inhibiting the synthesis of TTR, a
protein synthesized by liver cells that when
accumulated plays a key role in the development
of hereditary TTR-mediated amyloidosis134. Neither
of these drugs uses CPPs in conjunction with their
siRNA therapies, but their success is indicative of the
possibilities that RNAi treatments present, especially
with the potential that CPPs provide as carriers of
siRNA. Early CPP-based trials demonstrated CPPs
to be safe for clinical use but were too small to
determine whether they provided a benefit over
established treatments22,136. The future of RNAi
treatments rests, then, on finding carriers for small
nucleic acids for targeted delivery to organs other
than the liver, and CPPs provide promising tissuespecific delivery methods.

Although there are no current therapeutics
that are based on CPP/siRNA complexes, there are
several clinical trials currently targeting cancer
using CPPs. Of the known clinical trials, however,
none use CPPs to deliver siRNA or miRNA to cells. In
vitro and in vivo studies are still being done to test
the viability of CPPs as RNA delivery vectors. These
studies show promising results, as discussed in the
previous section, in targeting cancers and inhibiting
the growth of tumors137.
5. Barriers to Treatment
Regardless of the promise CPPs show in
delivering siRNA to cells, there are a number of
hurdles to surmount prior to undertaking clinical
trials. First, CPPs are expensive to develop14. If used
in clinical trials, the upscaling of production of a
particular CPP would require significant funding. It
is currently estimated that it takes ~2.6 billion
dollars to bring a new therapeutic to market22.
However, targeted CPP-carried cargoes like siRNA
could be long-lasting, therefore reducing the
treatment frequency, as well as dose requirement
and perhaps making the method more
affordable22.
Another factor that would pose a barrier to
CPPs as therapeutics would be the delivery of these
peptides14. To eventually use CPPs in a long-term
clinical setting, oral bioavailability will be critical.
However, long-acting formulations to allow for
monthly or less frequent subcutaneous injections, as
in the field of anti-PCSK9 inhibitor therapies, would
be an attractive solution. Toxicity of therapeutics,
particularly to organs involved with elimination,
would be a concern14, and would need to be
extensively studied prior to clinical trials. As
mentioned before, however, cell-specific CPP
treatments might reduce potential toxicity by
facilitating targeted therapies and allowing for
reduced dosage requirements targeted therapies
and reduced dosage requirements. Lastly, the
possibility of immunogenic response due to CPP and
cargo conjugates exposing the immune system to
newly generated epitopes must be kept in mind22.
6. Conclusions
CPPs and siRNA both were discovered
nearly 25 years ago, and research interest,
scientific study, and resulting publications continue
to grow exponentially with two siRNA-based
therapies in clinical usage already. These are likely
to be followed by many more. These initial
therapies target the liver where siRNA accumulate,
with modifications applied to facilitate further
hepatic uptake. With the advent of cell-specific
penetrating peptides, siRNA therapeutics are
poised for an expansion of their applications.
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Although in this review we identified many hurdles
to successful therapies, and there is much to be
accomplished, the potential of CPP-based,
targeted siRNA is huge, and could open up myriad
avenues of new therapeutics for a multitude of
pathologies.

Conflict of Interest Statement: The authors have no
conflicts of interest to declare in relation to this
work.
Funding: All three authors are supported by NIH
grant R01HL153407 awarded to Maliha Zahid.

References
1.
Kumthekar P, Ko CH, Paunesku T, et al. A
first-in-human phase 0 clinical study of RNA
interference-based spherical nucleic acids in
patients with recurrent glioblastoma. Sci Transl Med.
Mar
10
2021;13(584)doi:10.1126/scitranslmed.abb3945
2.
Frishberg Y, Deschenes G, Groothoff JW,
et al. Phase 1/2 Study of Lumasiran for Treatment
of Primary Hyperoxaluria Type 1: A PlaceboControlled Randomized Clinical Trial. Clin J Am Soc
Nephrol.
Jul
2021;16(7):1025-1036.
doi:10.2215/CJN.14730920
3.
Badri P, Jiang X, Borodovsky A, et al.
Pharmacokinetic and Pharmacodynamic Properties
of Cemdisiran, an RNAi Therapeutic Targeting
Complement Component 5, in Healthy Subjects and
Patients
with
Paroxysmal
Nocturnal
Hemoglobinuria.
Clin
Pharmacokinet.
Mar
2021;60(3):365-378. doi:10.1007/s40262-02000940-9
4.
Gupta SV, Fanget MC, MacLauchlin C, et
al.
Clinical
and
Preclinical
Single-Dose
Pharmacokinetics of VIR-2218, an RNAi Therapeutic
Targeting HBV Infection. Drugs R D. Dec
2021;21(4):455-465. doi:10.1007/s40268-02100369-w
5.
Hoppe B, Koch A, Cochat P, et al. Safety,
pharmacodynamics,
and
exposure-response
modeling results from a first-in-human phase 1 study
of nedosiran (PHYOX1) in primary hyperoxaluria.
Kidney
Int.
Mar
2022;101(3):626-634.
doi:10.1016/j.kint.2021.08.015
6.
Springer AD, Dowdy SF. GalNAc-siRNA
Conjugates: Leading the Way for Delivery of RNAi
Therapeutics.
Nucleic
Acid
Ther.
Jun
2018;28(3):109-118.
doi:10.1089/nat.2018.0736
7.
Frankel AD, Pabo CO. Cellular uptake of
the tat protein from human immunodeficiency virus.
Cell.
Dec
23
1988;55(6):1189-93.
doi:10.1016/0092-8674(88)90263-2
8.
Green M, Loewenstein PM. Autonomous
functional domains of chemically synthesized human
immunodeficiency virus tat trans-activator protein.

Cell.
Dec
23
1988;55(6):1179-88.
doi:10.1016/0092-8674(88)90262-0
9.
Fawell S, Seery J, Daikh Y, et al. Tatmediated delivery of heterologous proteins into
cells. Proc Natl Acad Sci U S A. Jan 18
1994;91(2):664-8. doi:10.1073/pnas.91.2.664
10.
Schwarze SR, Ho A, Vocero-Akbani A,
Dowdy SF. In vivo protein transduction: delivery of
a biologically active protein into the mouse. Science.
Sep
3
1999;285(5433):1569-72.
doi:10.1126/science.285.5433.1569
11.
Joliot A, Pernelle C, Deagostini-Bazin H,
Prochiantz A. Antennapedia homeobox peptide
regulates neural morphogenesis. Proc Natl Acad Sci
U
S
A.
Mar
1
1991;88(5):1864-8.
doi:10.1073/pnas.88.5.1864
12.
Green M, Ishino M, Loewenstein PM.
Mutational analysis of HIV-1 Tat minimal domain
peptides: identification of trans-dominant mutants
that suppress HIV-LTR-driven gene expression. Cell.
Jul 14 1989;58(1):215-23. doi:10.1016/00928674(89)90417-0
13.
Derossi D, Joliot AH, Chassaing G,
Prochiantz A. The third helix of the Antennapedia
homeodomain translocates through biological
membranes.
J
Biol
Chem.
Apr
8
1994;269(14):10444-50.
14.
Zahid M, Robbins PD. Cell-type specific
penetrating peptides: therapeutic promises and
challenges. Molecules. Jul 20 2015;20(7):1305570. doi:10.3390/molecules200713055
15.
Smith GP. Filamentous fusion phage: novel
expression vectors that display cloned antigens on
the
virion
surface.
Science.
Jun
14
1985;228(4705):1315-7.
doi:10.1126/science.4001944
16.
Mi Z, Lu X, Mai JC, et al. Identification of a
synovial fibroblast-specific protein transduction
domain for delivery of apoptotic agents to
hyperplastic
synovium.
Mol
Ther.
Aug
2003;8(2):295-305.
doi:10.1016/s15250016(03)00181-3
17.
Rehman KK, Bertera S, Bottino R, et al.
Protection of islets by in situ peptide-mediated
transduction of the Ikappa B kinase inhibitor Nemo-

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

9

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

binding domain peptide. J Biol Chem. Mar 14
2003;278(11):9862-8.
doi:10.1074/jbc.M207700200
18.
Nicklin SA, White SJ, Watkins SJ, Hawkins
RE, Baker AH. Selective targeting of gene transfer
to vascular endothelial cells by use of peptides
isolated by phage display. Circulation. Jul 11
2000;102(2):231-7.
doi:10.1161/01.cir.102.2.231
19.
Chamarthy SP, Jia L, Kovacs JR, et al. Gene
delivery to dendritic cells facilitated by a tumor
necrosis factor alpha-competing peptide. Mol
Immunol.
Jul
2004;41(8):741-9.
doi:10.1016/j.molimm.2004.04.022
20.
Zahid M, Phillips BE, Albers SM,
Giannoukakis N, Watkins SC, Robbins PD.
Identification of a cardiac specific protein
transduction domain by in vivo biopanning using a
M13 phage peptide display library in mice. PLoS
One.
Aug
17
2010;5(8):e12252.
doi:10.1371/journal.pone.0012252
21.
Stiltner J, McCandless K, Zahid M. CellPenetrating Peptides: Applications in Tumor
Diagnosis and Therapeutics. Pharmaceutics. Jun 15
2021;13(6)doi:10.3390/pharmaceutics13060890
22.
Taylor RE, Zahid M. Cell Penetrating
Peptides, Novel Vectors for Gene Therapy.
Pharmaceutics.
Mar
3
2020;12(3)doi:10.3390/pharmaceutics12030225
23.
Guidotti G, Brambilla L, Rossi D. CellPenetrating Peptides: From Basic Research to
Clinics. Trends Pharmacol Sci. Apr 2017;38(4):406424. doi:10.1016/j.tips.2017.01.003
24.
Kardani K, Milani A, S HS, Bolhassani A.
Cell penetrating peptides: the potent multi-cargo
intracellular carriers. Expert Opin Drug Deliv. Nov
2019;16(11):1227-1258.
doi:10.1080/17425247.2019.1676720
25.
Khan MM, Filipczak N, Torchilin VP. Cell
penetrating peptides: A versatile vector for codelivery of drug and genes in cancer. J Control
Release.
Feb
10
2021;330:1220-1228.
doi:10.1016/j.jconrel.2020.11.028
26.
Zahid M, Feldman KS, Garcia-Borrero G,
et al. Cardiac Targeting Peptide, a Novel Cardiac
Vector: Studies in Bio-Distribution, Imaging
Application, and Mechanism of Transduction.
Biomolecules.
Nov
14
2018;8(4)doi:10.3390/biom8040147
27.
McConnell SJ, Thon VJ, Spinella DG.
Isolation of fibroblast growth factor receptor
binding sequences using evolved phage display
libraries. Comb Chem High Throughput Screen. Jun
1999;2(3):155-63.
28.
Zong XL, Jiang DY, Li GJ, Cai JL.
[Construction of keratinocyte growth factor phage
active peptides for the promotion of epidermal cell

proliferation]. Zhonghua Yi Xue Za Zhi. Apr 9
2013;93(14):1058-62.
29.
Lim J, Kim J, Duong T, et al. Antitumor
activity of cell-permeable p18(INK4c) with
enhanced membrane and tissue penetration. Mol
Ther.
Aug
2012;20(8):1540-9.
doi:10.1038/mt.2012.102
30.
Lim J, Duong T, Do N, et al. Antitumor
activity of cell-permeable RUNX3 protein in gastric
cancer cells. Clin Cancer Res. Feb 1
2013;19(3):680-90.
doi:10.1158/10780432.CCR-12-2692
31.
Findlay DM, Houssami S, Lin HY, et al.
Truncation of the porcine calcitonin receptor
cytoplasmic tail inhibits internalization and signal
transduction but increases receptor affinity. Mol
Endocrinol.
Dec
1994;8(12):1691-700.
doi:10.1210/mend.8.12.7708057
32.
Sadler K, Eom KD, Yang JL, Dimitrova Y,
Tam JP. Translocating proline-rich peptides from the
antimicrobial peptide bactenecin 7. Biochemistry.
Dec
3
2002;41(48):14150-7.
doi:10.1021/bi026661l
33.
Ramakrishna S, Kwaku Dad AB, Beloor J,
Gopalappa R, Lee SK, Kim H. Gene disruption by
cell-penetrating peptide-mediated delivery of
Cas9 protein and guide RNA. Genome Res. Jun
2014;24(6):1020-7. doi:10.1101/gr.171264.113
34.
Robbins PF, Kantor JA, Salgaller M, Hand
PH, Fernsten PD, Schlom J. Transduction and
expression of the human carcinoembryonic antigen
gene in a murine colon carcinoma cell line. Cancer
Res. Jul 15 1991;51(14):3657-62.
35.
Jones S, Farquhar M, Martin A, Howl J.
Intracellular translocation of the decapeptide
carboxyl terminal of Gi3 alpha induces the dual
phosphorylation of p42/p44 MAP kinases. Biochim
Biophys Acta. Sep 10 2005;1745(2):207-14.
doi:10.1016/j.bbamcr.2005.05.006
36.
Wender PA, Mitchell DJ, Pattabiraman K,
Pelkey ET, Steinman L, Rothbard JB. The design,
synthesis, and evaluation of molecules that enable
or enhance cellular uptake: peptoid molecular
transporters. Proc Natl Acad Sci U S A. Nov 21
2000;97(24):13003-8.
doi:10.1073/pnas.97.24.13003
37.
Mai JC, Shen H, Watkins SC, Cheng T,
Robbins PD. Efficiency of protein transduction is cell
type-dependent and is enhanced by dextran
sulfate. J Biol Chem. Aug 16 2002;277(33):3020818. doi:10.1074/jbc.M204202200
38.
Mi Z, Mai J, Lu X, Robbins PD.
Characterization of a class of cationic peptides
able to facilitate efficient protein transduction in
vitro and in vivo. Mol Ther. Oct 2000;2(4):339-47.
doi:10.1006/mthe.2000.0137

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

10

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

39.
Nakayama F, Yasuda T, Umeda S, et al.
Fibroblast growth factor-12 (FGF12) translocation
into intestinal epithelial cells is dependent on a
novel cell-penetrating peptide domain: involvement
of internalization in the in vivo role of exogenous
FGF12. J Biol Chem. Jul 22 2011;286(29):2582334. doi:10.1074/jbc.M110.198267
40.
Fei L, Yap LP, Conti PS, Shen WC, Zaro JL.
Tumor targeting of a cell penetrating peptide by
fusing with a pH-sensitive histidine-glutamate cooligopeptide.
Biomaterials.
Apr
2014;35(13):4082-7.
doi:10.1016/j.biomaterials.2014.01.047
41.
Tunnemann G, Ter-Avetisyan G, Martin RM,
Stockl M, Herrmann A, Cardoso MC. Live-cell
analysis of cell penetration ability and toxicity of
oligo-arginines. J Pept Sci. Apr 2008;14(4):469-76.
doi:10.1002/psc.968
42.
Illien F, Rodriguez N, Amoura M, et al.
Quantitative fluorescence spectroscopy and flow
cytometry analyses of cell-penetrating peptides
internalization pathways: optimization, pitfalls,
comparison with mass spectrometry quantification.
Sci
Rep.
Nov
14
2016;6:36938.
doi:10.1038/srep36938
43.
Amand HL, Rydberg HA, Fornander LH,
Lincoln P, Norden B, Esbjorner EK. Cell surface
binding and uptake of arginine- and lysine-rich
penetratin peptides in absence and presence of
proteoglycans. Biochim Biophys Acta. Nov
2012;1818(11):2669-78.
doi:10.1016/j.bbamem.2012.06.006
44.
Takechi Y, Tanaka H, Kitayama H, Yoshii H,
Tanaka M, Saito H. Comparative study on the
interaction of cell-penetrating polycationic
polymers with lipid membranes. Chem Phys Lipids.
Jan
2012;165(1):51-8.
doi:10.1016/j.chemphyslip.2011.11.002
45.
Ma DX, Shi NQ, Qi XR. Distinct transduction
modes of arginine-rich cell-penetrating peptides
for cargo delivery into tumor cells. Int J Pharm. Oct
31
2011;419(1-2):200-8.
doi:10.1016/j.ijpharm.2011.08.001
46.
Li Y, Rosal RV, Brandt-Rauf PW, Fine RL.
Correlation between hydrophobic properties and
efficiency
of
carrier-mediated
membrane
transduction and apoptosis of a p53 C-terminal
peptide. Biochem Biophys Res Commun. Nov 1
2002;298(3):439-49.
doi:10.1016/s0006291x(02)02470-1
47.
Nguyen LT, Yang XZ, Du X, et al. Enhancing
tumor-specific intracellular delivering efficiency of
cell-penetrating peptide by fusion with a peptide
targeting to EGFR. Amino Acids. May
2015;47(5):997-1006.
doi:10.1007/s00726015-1928-y

48.
Yan C, Gu J, Hou D, et al. Improved tumor
targetability
of
Tat-conjugated
PAMAM
dendrimers as a novel nanosized anti-tumor drug
carrier. Drug Dev Ind Pharm. Apr 2015;41(4):61722. doi:10.3109/03639045.2014.891127
49.
de la Torre BG, Hornillos V, Luque-Ortega
JR, et al. A BODIPY-embedding miltefosine analog
linked to cell-penetrating Tat(48-60) peptide
favors intracellular delivery and visualization of the
antiparasitic
drug.
Amino
Acids.
Apr
2014;46(4):1047-58. doi:10.1007/s00726-0131661-3
50.
Zhang P, Cheetham AG, Lin YA, Cui H. Selfassembled Tat nanofibers as effective drug carrier
and
transporter.
ACS
Nano.
Jul
23
2013;7(7):5965-77. doi:10.1021/nn401667z
51.
Stangl S, Tei L, De Rose F, et al. Preclinical
Evaluation of the Hsp70 Peptide Tracer TPPPEG24-DFO[(89)Zr] for Tumor-Specific PET/CT
Imaging. Cancer Res. Nov 1 2018;78(21):62686281. doi:10.1158/0008-5472.CAN-18-0707
52.
Zhao M, Yang W, Zhang M, et al.
Evaluation of (68)Ga-labeled iNGR peptide with
tumor-penetrating motif for microPET imaging of
CD13-positive tumor xenografts. Tumour Biol. Sep
2016;37(9):12123-12131. doi:10.1007/s13277016-5068-0
53.
Dong P, Cai H, Chen L, et al. Biodistribution
and evaluation of (131) I-labeled neuropilinbinding peptide for targeted tumor imaging.
Contrast Media Mol Imaging. Nov 2016;11(6):467474. doi:10.1002/cmmi.1708
54.
Kato T, Yamashita H, Misawa T, et al.
Plasmid DNA delivery by arginine-rich cellpenetrating peptides containing unnatural amino
acids.
Bioorg
Med
Chem.
Jun
15
2016;24(12):2681-7.
doi:10.1016/j.bmc.2016.04.031
55.
Hotchkiss RS, McConnell KW, Bullok K, et al.
TAT-BH4 and TAT-Bcl-xL peptides protect against
sepsis-induced lymphocyte apoptosis in vivo. J
Immunol.
May
1
2006;176(9):5471-7.
doi:10.4049/jimmunol.176.9.5471
56.
Zhang T, Wu K, Ding C, et al. Inhibiting
bladder tumor growth with a cell penetrating R11
peptide derived from the p53 C-terminus.
Oncotarget. Nov 10 2015;6(35):37782-91.
doi:10.18632/oncotarget.5622
57.
Chu X, Wu B, Fan H, et al. PTD-fused p53
as a potential antiviral agent directly suppresses
HBV transcription and expression. Antiviral Res. Mar
2016;127:41-9.
doi:10.1016/j.antiviral.2016.01.008
58.
Wu Y, Xie G, Xu Y, et al. PEP-1-MsrA
ameliorates
inflammation
and
reduces
atherosclerosis in apolipoprotein E deficient mice. J

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

11

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

Transl
Med.
Sep
26
2015;13:316.
doi:10.1186/s12967-015-0677-8
59.
Dietz GP, Valbuena PC, Dietz B, et al.
Application of a blood-brain-barrier-penetrating
form of GDNF in a mouse model for Parkinson's
disease. Brain Res. Apr 12 2006;1082(1):61-6.
doi:10.1016/j.brainres.2006.01.083
60.
Lee J, Jung E, Park J, Park D. Transdermal
delivery of interferon-gamma (IFN-gamma)
mediated by penetratin, a cell-permeable peptide.
Biotechnol Appl Biochem. Oct 2005;42(Pt 2):16973. doi:10.1042/BA20050003
61.
Radis-Baptista G, Campelo IS, Morlighem
JRL, Melo LM, Freitas VJF. Cell-penetrating
peptides (CPPs): From delivery of nucleic acids and
antigens to transduction of engineered nucleases for
application in transgenesis. J Biotechnol. Jun 20
2017;252:15-26.
doi:10.1016/j.jbiotec.2017.05.002
62.
Yang YY, Zhang W, Liu H, Jiang JJ, Wang
WJ, Jia ZY. Cell-Penetrating Peptide-Modified
Graphene Oxide Nanoparticles Loaded with Rictor
siRNA for the Treatment of Triple-Negative Breast
Cancer. Drug Des Devel Ther. 2021;15:4961-4972.
doi:10.2147/DDDT.S330059
63.
Yang J, Firdaus F, Azuar A, et al. CellPenetrating Peptides-Based Liposomal Delivery
System Enhanced Immunogenicity of Peptide-Based
Vaccine against Group A Streptococcus. Vaccines
(Basel).
May
12
2021;9(5)doi:10.3390/vaccines9050499
64.
Falanga A, Vitiello MT, Cantisani M, et al.
A peptide derived from herpes simplex virus type
1 glycoprotein H: membrane translocation and
applications to the delivery of quantum dots.
Nanomedicine.
Dec
2011;7(6):925-34.
doi:10.1016/j.nano.2011.04.009
65.
Brunetti J, Riolo G, Gentile M, et al. Nearinfrared quantum dots labelled with a tumor
selective tetrabranched peptide for in vivo imaging.
J Nanobiotechnology. Mar 3 2018;16(1):21.
doi:10.1186/s12951-018-0346-1
66.
Avula UM, Yoon HK, Lee CH, et al. Cellselective arrhythmia ablation for photomodulation
of heart rhythm. Sci Transl Med. Oct 28
2015;7(311):311ra172.
doi:10.1126/scitranslmed.aab3665
67.
Bourre L, Giuntini F, Eggleston IM, Mosse
CA, Macrobert AJ, Wilson M. Effective
photoinactivation of Gram-positive and Gramnegative bacterial strains using an HIV-1 Tat
peptide-porphyrin conjugate. Photochem Photobiol
Sci.
Dec
2010;9(12):1613-20.
doi:10.1039/c0pp00146e
68.
Kanasty R, Dorkin JR, Vegas A, Anderson D.
Delivery materials for siRNA therapeutics. Nat

Mater.
Nov
2013;12(11):967-77.
doi:10.1038/nmat3765
69.
Falato L, Gestin M, Langel U. CellPenetrating Peptides Delivering siRNAs: An
Overview. Methods Mol Biol. 2021;2282:329-352.
doi:10.1007/978-1-0716-1298-9_18
70.
Muratovska A, Eccles MR. Conjugate for
efficient delivery of short interfering RNA (siRNA)
into mammalian cells. FEBS Lett. Jan 30
2004;558(1-3):63-8.
doi:10.1016/S00145793(03)01505-9
71.
Xie X, Lin W, Li M, et al. Efficient siRNA
Delivery Using Novel Cell-Penetrating PeptidesiRNA Conjugate-Loaded Nanobubbles and
Ultrasound.
Ultrasound
Med
Biol.
Jun
2016;42(6):1362-74.
doi:10.1016/j.ultrasmedbio.2016.01.017
72.
Yan H, Duan X, Pan H, et al. Development
of a peptide-siRNA nanocomplex targeting NFkappaB for efficient cartilage delivery. Sci Rep. Jan
24 2019;9(1):442. doi:10.1038/s41598-01837018-3
73.
Zhang C, Yuan W, Wu Y, Wan X, Gong Y.
Co-delivery of EGFR and BRD4 siRNA by cellpenetrating peptides-modified redox-responsive
complex in triple negative breast cancer cells. Life
Sci.
Feb
1
2021;266:118886.
doi:10.1016/j.lfs.2020.118886
74.
Furukawa K, Tanaka M, Oba M. siRNA
delivery using amphipathic cell-penetrating
peptides into human hepatoma cells. Bioorg Med
Chem.
Apr
15
2020;28(8):115402.
doi:10.1016/j.bmc.2020.115402
75.
Liu Y, Song Z, Zheng N, Nagasaka K, Yin L,
Cheng J. Systemic siRNA delivery to tumors by cellpenetrating alpha-helical polypeptide-based
metastable nanoparticles. Nanoscale. Aug 16
2018;10(32):15339-15349.
doi:10.1039/c8nr03976c
76.
Bora RS, Gupta D, Mukkur TK, Saini KS.
RNA interference therapeutics for cancer:
challenges and opportunities (review). Mol Med
Rep.
Jul
2012;6(1):9-15.
doi:10.3892/mmr.2012.871
77.
Wan X, Sun R, Bao Y, Zhang C, Wu Y,
Gong Y. In Vivo Delivery of siRNAs Targeting EGFR
and BRD4 Expression by Peptide-Modified Redox
Responsive PEG-PEI Nanoparticles for the
Treatment of Triple-Negative Breast Cancer. Mol
Pharm.
Nov
1
2021;18(11):3990-3998.
doi:10.1021/acs.molpharmaceut.1c00282
78.
Wang HW, Noland C, Siridechadilok B, et
al. Structural insights into RNA processing by the
human RISC-loading complex. Nat Struct Mol Biol.
Nov
2009;16(11):1148-53.
doi:10.1038/nsmb.1673

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

12

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

79.
Sazani P, Gemignani F, Kang SH, et al.
Systemically delivered antisense oligomers
upregulate gene expression in mouse tissues. Nat
Biotechnol.
Dec
2002;20(12):1228-33.
doi:10.1038/nbt759
80.
Davidson TJ, Harel S, Arboleda VA, et al.
Highly efficient small interfering RNA delivery to
primary mammalian neurons induces MicroRNA-like
effects before mRNA degradation. J Neurosci. Nov
10
2004;24(45):10040-6.
doi:10.1523/JNEUROSCI.3643-04.2004
81.
Hatakeyama H, Ito E, Akita H, et al. A pHsensitive fusogenic peptide facilitates endosomal
escape and greatly enhances the gene silencing of
siRNA-containing nanoparticles in vitro and in vivo.
J Control Release. Oct 15 2009;139(2):127-32.
doi:10.1016/j.jconrel.2009.06.008
82.
Akinc A, Zumbuehl A, Goldberg M, et al. A
combinatorial library of lipid-like materials for
delivery of RNAi therapeutics. Nat Biotechnol. May
2008;26(5):561-9. doi:10.1038/nbt1402
83.
Zimmermann TS, Lee AC, Akinc A, et al.
RNAi-mediated gene silencing in non-human
primates. Nature. May 4 2006;441(7089):111-4.
doi:10.1038/nature04688
84.
Andaloussi SE, Lehto T, Mager I, et al.
Design of a peptide-based vector, PepFect6, for
efficient delivery of siRNA in cell culture and
systemically in vivo. Nucleic Acids Res. May
2011;39(9):3972-87. doi:10.1093/nar/gkq1299
85.
Yang Y, Xie X, Yang Y, et al. Polymer
Nanoparticles Modified with Photo- and pH-DualResponsive Polypeptides for Enhanced and
Targeted Cancer Therapy. Mol Pharm. May 2
2016;13(5):1508-19.
doi:10.1021/acs.molpharmaceut.5b00977
86.
Hao X, Li Q, Ali H, et al. POSS-cored and
peptide functionalized ternary gene delivery
systems with enhanced endosomal escape ability
for efficient intracellular delivery of plasmid DNA.
J Mater Chem B. Jul 7 2018;6(25):4251-4263.
doi:10.1039/c8tb00786a
87.
Brock DJ, Kondow-McConaghy HM, Hager
EC, Pellois JP. Endosomal Escape and Cytosolic
Penetration of Macromolecules Mediated by
Synthetic Delivery Agents. Bioconjug Chem. Feb 20
2019;30(2):293-304.
doi:10.1021/acs.bioconjchem.8b00799
88.
Angeles-Boza AM, Erazo-Oliveras A, Lee
YJ, Pellois JP. Generation of endosomolytic
reagents by branching of cell-penetrating peptides:
tools for the delivery of bioactive compounds to live
cells in cis or trans. Bioconjug Chem. Dec 15
2010;21(12):2164-7. doi:10.1021/bc100130r
89.
Brock DJ, Kustigian L, Jiang M, et al.
Efficient cell delivery mediated by lipid-specific
endosomal escape of supercharged branched

peptides. Traffic. Jun 2018;19(6):421-435.
doi:10.1111/tra.12566
90.
Mokhtarieh AA, Kim S, Lee Y, Chung BH,
Lee MK. Novel cell penetrating peptides with
multiple motifs composed of RGD and its analogs.
Biochem Biophys Res Commun. Mar 8
2013;432(2):359-64.
doi:10.1016/j.bbrc.2013.01.096
91.
Chen J, Li J, Zhou J, et al. Metal-Phenolic
Coatings as a Platform to Trigger Endosomal
Escape of Nanoparticles. ACS Nano. Oct 22
2019;13(10):11653-11664.
doi:10.1021/acsnano.9b05521
92.
Mellert K, Lamla M, Scheffzek K, Wittig R,
Kaufmann D. Enhancing endosomal escape of
transduced
proteins
by
photochemical
internalisation. PLoS One. 2012;7(12):e52473.
doi:10.1371/journal.pone.0052473
93.
Sumi N, Nagahiro S, Nakata E, Watanabe
K, Ohtsuki T. Ultrasound-dependent RNAi using
TatU1A-rose bengal conjugate. Bioorg Med Chem
Lett.
Jul
15
2022;68:128767.
doi:10.1016/j.bmcl.2022.128767
94.
Dastpeyman M, Sharifi R, Amin A, et al.
Endosomal escape cell-penetrating peptides
significantly enhance pharmacological effectiveness
and CNS activity of systemically administered
antisense oligonucleotides. Int J Pharm. Apr 15
2021;599:120398.
doi:10.1016/j.ijpharm.2021.120398
95.
Kondow-McConaghy HM, Muthukrishnan N,
Erazo-Oliveras A, Najjar K, Juliano RL, Pellois JP.
Impact of the Endosomal Escape Activity of CellPenetrating Peptides on the Endocytic Pathway.
ACS Chem Biol. Sep 18 2020;15(9):2355-2363.
doi:10.1021/acschembio.0c00319
96.
Qiu M, Ouyang J, Wei Y, et al. Selective
Cell Penetrating Peptide-Functionalized EnvelopeType Chimeric Lipopepsomes Boost Systemic RNAi
Therapy for Lung Tumors. Adv Healthc Mater. Aug
2019;8(16):e1900500.
doi:10.1002/adhm.201900500
97.
Zhang X, Cai A, Gao Y, Zhang Y, Duan X,
Men K. Treatment of Melanoma by Nanoconjugate-Delivered Wee1 siRNA. Mol Pharm. Sep
6 2021;18(9):3387-3400.
doi:10.1021/acs.molpharmaceut.1c00316
98.
Ruan W, Zhai Y, Yu K, Wu C, Xu Y. Coated
microneedles mediated intradermal delivery of
octaarginine/BRAF siRNA nanocomplexes for antimelanoma treatment. Int J Pharm. Dec 20
2018;553(1-2):298-309.
doi:10.1016/j.ijpharm.2018.10.043
99.
Diao Y, Wang G, Zhu B, et al. Loading of
"cocktail siRNAs" into extracellular vesicles via TATDRBD peptide for the treatment of castrationresistant prostate cancer. Cancer Biol Ther. Dec 31

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

13

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

2022;23(1):163-172.
doi:10.1080/15384047.2021.2024040
100. Zhang H, Men K, Pan C, et al. Treatment of
Colon Cancer by Degradable rrPPC NanoConjugates Delivered STAT3 siRNA. Int J
Nanomedicine.
2020;15:9875-9890.
doi:10.2147/IJN.S277845
101. Yu Z, Zhang X, Pei X, et al. Antibody-siRNA
conjugates (ARCs) using multifunctional peptide as a
tumor enzyme cleavable linker mediated effective
intracellular delivery of siRNA. Int J Pharm. Sep 5
2021;606:120940.
doi:10.1016/j.ijpharm.2021.120940
102. Li G, Gao Y, Gong C, et al. Dual-Blockade
Immune Checkpoint for Breast Cancer Treatment
Based on a Tumor-Penetrating Peptide Assembling
Nanoparticle. ACS Appl Mater Interfaces. Oct 30
2019;11(43):39513-39524.
doi:10.1021/acsami.9b13354
103. Jin Z, Piao L, Sun G, Lv C, Jing Y, Jin R. Dual
functional nanoparticles efficiently across the
blood-brain barrier to combat glioblastoma via
simultaneously inhibit the PI3K pathway and
NKG2A axis. J Drug Target. Mar 2021;29(3):323335. doi:10.1080/1061186X.2020.1841214
104. Dang J, Ye H, Li Y, Liang Q, Li X, Yin L.
Multivalency-assisted membrane-penetrating siRNA
delivery sensitizes photothermal ablation via
inhibition of tumor glycolysis metabolism.
Biomaterials.
Dec
2019;223:119463.
doi:10.1016/j.biomaterials.2019.119463
105. Jiang K, Hu Y, Gao X, et al. Octopus-like
Flexible Vector for Noninvasive Intraocular Delivery
of Short Interfering Nucleic Acids. Nano Lett. Sep 11
2019;19(9):6410-6417.
doi:10.1021/acs.nanolett.9b02596
106. Wang X, Wu F, Li G, et al. Lipid-modified
cell-penetrating peptide-based self-assembly
micelles for co-delivery of narciclasine and siULK1
in hepatocellular carcinoma therapy. Acta Biomater.
Jul 1 2018;74:414-429.
doi:10.1016/j.actbio.2018.05.030
107. Lo JH, Hao L, Muzumdar MD, et al. iRGDguided Tumor-penetrating Nanocomplexes for
Therapeutic siRNA Delivery to Pancreatic Cancer.
Mol Cancer Ther. Nov 2018;17(11):2377-2388.
doi:10.1158/1535-7163.MCT-17-1090
108. Xie D, Du J, Bao M, et al. A one-pot
modular assembly strategy for triple-play
enhanced cytosolic siRNA delivery. Biomater Sci.
Feb 26 2019;7(3):901-913.
doi:10.1039/c8bm01454j
109. Panigrahi B, Mishra S, Singh RK, Siddiqui N,
Bal R, Mandal D. Peptide generated anisotropic
gold nanoparticles as efficient siRNA vectors. Int J
Pharm.
May
30
2019;563:198-207.
doi:10.1016/j.ijpharm.2019.04.007

110. Yang Y, Meng Y, Ye J, et al. Sequential
delivery of VEGF siRNA and paclitaxel for PVN
destruction, anti-angiogenesis, and tumor cell
apoptosis procedurally via a multi-functional
polymer micelle. J Control Release. Oct 10
2018;287:103-120.
doi:10.1016/j.jconrel.2018.08.028
111. Niu X, Gao Z, Qi S, et al. Macropinocytosis
activated by oncogenic Dbl enables specific
targeted delivery of Tat/pDNA nano-complexes
into ovarian cancer cells. Int J Nanomedicine.
2018;13:4895-4911. doi:10.2147/IJN.S171361
112. Guertin DA, Stevens DM, Thoreen CC, et al.
Ablation in mice of the mTORC components raptor,
rictor, or mLST8 reveals that mTORC2 is required
for signaling to Akt-FOXO and PKCalpha, but not
S6K1. Dev Cell. Dec 2006;11(6):859-71.
doi:10.1016/j.devcel.2006.10.007
113. Oh WJ, Jacinto E. mTOR complex 2
signaling and functions. Cell Cycle. Jul 15
2011;10(14):2305-16.
doi:10.4161/cc.10.14.16586
114. Goenka S, Sant V, Sant S. Graphenebased nanomaterials for drug delivery and tissue
engineering. J Control Release. Jan 10
2014;173:75-88.
doi:10.1016/j.jconrel.2013.10.017
115. Gumuskaya B, Alper M, Hucumenoglu S,
Altundag K, Uner A, Guler G. EGFR expression and
gene copy number in triple-negative breast
carcinoma. Cancer Genet Cytogenet. Dec
2010;203(2):222-9.
doi:10.1016/j.cancergencyto.2010.07.118
116. Park HS, Jang MH, Kim EJ, et al. High EGFR
gene copy number predicts poor outcome in triplenegative breast cancer. Mod Pathol. Sep
2014;27(9):1212-22.
doi:10.1038/modpathol.2013.251
117. White ME, Fenger JM, Carson WE, 3rd.
Emerging roles of and therapeutic strategies
targeting BRD4 in cancer. Cell Immunol. Mar
2019;337:48-53.
doi:10.1016/j.cellimm.2019.02.001
118. Gao X, Wu X, Zhang X, et al. Inhibition of
BRD4 suppresses tumor growth and enhances iodine
uptake in thyroid cancer. Biochem Biophys Res
Commun.
Jan
15
2016;469(3):679-85.
doi:10.1016/j.bbrc.2015.12.008
119. Wang L, Wu X, Wang R, et al. BRD4
inhibition suppresses cell growth, migration and
invasion of salivary adenoid cystic carcinoma. Biol
Res.
May
25
2017;50(1):19.
doi:10.1186/s40659-017-0124-9
120. Ben Djemaa S, Herve-Aubert K, Lajoie L, et
al. gH625 Cell-Penetrating Peptide Promotes the
Endosomal Escape of Nanovectorized siRNA in a
Triple-Negative Breast Cancer Cell Line.

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

14

Tissue-Specific Cell Penetrating Peptides for Targeted Delivery of Small Interfering RNAs

Biomacromolecules. Aug 12 2019;20(8):30763086. doi:10.1021/acs.biomac.9b00637
121. Ben Djemaa S, David S, Herve-Aubert K, et
al. Formulation and in vitro evaluation of a siRNA
delivery nanosystem decorated with gH625
peptide for triple negative breast cancer
theranosis. Eur J Pharm Biopharm. Oct
2018;131:99-108.
doi:10.1016/j.ejpb.2018.07.024
122. Yuan Y, Li E, Zhao J, et al. Highly
penetrating nanobubble polymer enhances
LINC00511-siRNA delivery for improving the
chemosensitivity of triple-negative breast cancer.
Anticancer Drugs. Feb 1 2021;32(2):178-188.
doi:10.1097/CAD.0000000000000985
123. Mailhiot SE, Thompson MA, Eguchi AE, et al.
The TAT Protein Transduction Domain as an IntraArticular Drug Delivery Technology. Cartilage. Dec
2021;13(2_suppl):1637S-1645S.
doi:10.1177/1947603520959392
124. Liang Q, Li F, Li Y, et al. Self-assisted
membrane-penetrating
helical
polypeptides
mediate
anti-inflammatory
RNAi
against
myocardial ischemic reperfusion (IR) injury. Biomater
Sci.
Aug
20
2019;7(9):3717-3728.
doi:10.1039/c9bm00719a
125. Kim H, Mun D, Kang JY, Lee SH, Yun N,
Joung B. Improved cardiac-specific delivery of
RAGE siRNA within small extracellular vesicles
engineered to express intense cardiac targeting
peptide attenuates myocarditis. Mol Ther Nucleic
Acids.
Jun
4
2021;24:1024-1032.
doi:10.1016/j.omtn.2021.04.018
126. Ibaraki H, Hatakeyama N, Arima N,
Takeda A, Seta Y, Kanazawa T. Systemic delivery
of siRNA to the colon using peptide modified PEGPCL polymer micelles for the treatment of ulcerative
colitis. Eur J Pharm Biopharm. Jan 2022;170:170178. doi:10.1016/j.ejpb.2021.12.009
127. Carreras-Badosa G, Maslovskaja J,
Periyasamy K, et al. NickFect type of cellpenetrating peptides present enhanced efficiency
for microRNA-146a delivery into dendritic cells and
during skin inflammation. Biomaterials. Dec
2020;262:120316.
doi:10.1016/j.biomaterials.2020.120316
128. Kanazawa T, Endo T, Arima N, Ibaraki H,
Takashima Y, Seta Y. Systemic delivery of small
interfering RNA targeting nuclear factor kappaB in
mice with collagen-induced arthritis using argininehistidine-cysteine based oligopeptide-modified

polymer nanomicelles. Int J Pharm. Dec 30
2016;515(1-2):315-323.
doi:10.1016/j.ijpharm.2016.10.033
129. Zahid M, McCandless K, Mishra S, et al.
Novel Lung Targeting Cell Penetrating Peptides as
Vectors for Delivery of Therapeutics. Res Sq. Nov
15 2021;doi:10.21203/rs.3.rs-1056707/v1
130. Chen Z, Nie D, Hu Y, et al. Efficient Delivery
of Antisense Oligonucleotides by an Amphipathic
Cell-Penetrating
Peptide
in
Acinetobacter
baumannii. Curr Drug Deliv. 2019;16(8):728-736.
doi:10.2174/1567201816666190627141931
131. Zhao Y, He Z, Gao H, et al. Fine Tuning of
Core-Shell Structure of Hyaluronic Acid/CellPenetrating Peptides/siRNA Nanoparticles for
Enhanced Gene Delivery to Macrophages in
Antiatherosclerotic Therapy. Biomacromolecules. Jul
9 2018;19(7):2944-2956.
doi:10.1021/acs.biomac.8b00501
132. Wu Y, Sun J, Li A, Chen D. The promoted
delivery of RRM2 siRNA to vascular smooth muscle
cells through liposome-polycation-DNA complex
conjugated with cell penetrating peptides. Biomed
Pharmacother. Jul 2018;103:982-988.
doi:10.1016/j.biopha.2018.03.068
133. Raal FJ, Kallend D, Ray KK, et al. Inclisiran
for the Treatment of Heterozygous Familial
Hypercholesterolemia. N Engl J Med. Apr 16
2020;382(16):1520-1530.
doi:10.1056/NEJMoa1913805
134. Habtemariam BA, Karsten V, Attarwala H,
et al. Single-Dose Pharmacokinetics and
Pharmacodynamics of Transthyretin Targeting Nacetylgalactosamine-Small Interfering Ribonucleic
Acid Conjugate, Vutrisiran, in Healthy Subjects. Clin
Pharmacol Ther. Feb 2021;109(2):372-382.
doi:10.1002/cpt.1974
135. Lamb YN. Inclisiran: First Approval. Drugs.
Feb 2021;81(3):389-395. doi:10.1007/s40265021-01473-6
136. Gurbel PA, Bliden KP, Turner SE, et al. CellPenetrating Pepducin Therapy Targeting PAR1 in
Subjects With Coronary Artery Disease. Arterioscler
Thromb Vasc Biol. Jan 2016;36(1):189-97.
doi:10.1161/ATVBAHA.115.306777
137. Liu Y, Wu X, Gao Y, et al. Aptamerfunctionalized peptide H3CR5C as a novel
nanovehicle for codelivery of fasudil and miRNA195 targeting hepatocellular carcinoma. Int J
Nanomedicine. 2016;11:3891-905.
doi:10.2147/IJN.S108128

Medical Research Archives | https://esmed.org/MRA/mra/article/view/2998

15

