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Abstract. For almost 30 years, studies have confirmed the
effectiveness of cell-penetrating peptides (CPPs) in the facili-
tation of the intracellular delivery of various cargo molecules,
including RNA, DNA, plasmids, proteins or nanoparticles,
under in vitro and in vivo conditions. The cellular uptake of
CPPs occurs via energy-dependent, as well as -independent
mechanisms. In this relatively new direction of research,
studies have attempted to introduce genome modification
systems into cells by CPPs. Cellular uptake of CPPs carrying
either covalently bound or electrostatically conjugated cargo,
has several advantages over viral delivery systems, as it does
not lead to any significant cytotoxicity or immunogenicity, and
simultaneously it is more efficient than other non-viral systems.
So far, CPPs have been successfully used to introduce Cre
recombinase, zinc finger nucleases, transcription activator-like
effector nucleases and clustered regularly interspaced short
palindromic repeats systems into cells. The present article
systematically reviewed the information obtained from studies
on CPPs and assessed their utility with regard to their effecti-
veness and safety of use.
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1. Introduction

Cell-penetrating peptides (CPPs), also known as protein trans-
duction domains (PTDs) or Trojan peptides, are peptides of
diverse structure and physicochemical properties. They share
two common features. First, they are short peptides containing
5-30 amino acids (1). Furthermore, they have the ability to cross
the cell membrane, which is not restricted by their covalent or
noncovalent binding of molecules such as DNA (2), RNA (3),
antisense oligonucleotides (4), plasmids (5), liposomes (6),
proteins (3) or nanoparticles (7). The cellular uptake of CPPs
may occur via energy-dependent or -independent mecha-
nisms (1). Due to their low cytotoxicity and immunogenicity,
CPPs have been applied in in vitro (8) and in vivo (9) tests with
good results. At present, promising results have been obtained
primarily for their topical application, while little informa-
tion on the effects of intravenous administration is currently
available. However, predictions are not favorable due to the
lack of selectivity of the action of peptides, which may lead
to penetration of the cell membrane components of healthy
tissue (10).

The discovery of the first CPP was made in 1988 by two
independent research groups - Frankel and Pabo (11) and
Green and Loewenstein (12). This peptide was derived from
the human immunodeficiency virus-1 (HIV-1) TAT protein,
a transcriptional transactivator that is essential for HIV-1
replication (13). In 1994, Derossi et al (14) reported that a
Drosophila homeobox protein fragment shares the same prop-
erties. These studies initiated research into the use of proteins
as vectors capable of efficient transport of molecules into the
cell and led to the recognition of numerous novel molecules
with similar characteristics.

2. Classification of CPPs

Based on their origin, CPPs may be divided into three
groups: i) Naturally occurring peptides produced by living
organisms, ii) chimeric peptides, which are modified natural
proteins and iii) synthetic peptides entirely designed and
synthesized in the laboratory (15). Specific examples are listed
in Table I (11,12,16-20).

Based on their physicochemical properties, CPPs may be
also divided into three groups as follows: i) Cationic peptides
with an overall positive charge, ii) hydrophobic protein with
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a high content of hydrophobic amino acids such as alanine,
methionine or valine and iii) amphipathic proteins, which
contain a hydrophobic as well as a hydrophilic fragment (15).
Examples for peptides in this classification system are listed
in Table II (14,21-25).

Although hundreds of CPPs have already been described
in literature, only a few of them are recently used in commer-
cial applications due to insufficient knowledge regarding their
properties and mechanism of uptake into cells (26).

3. Methods for producing CPP-cargo conjugates

There are two main approaches to introduce CPP-cargo bonds.
The first involves the creation of covalent bonds, while the
second one comprises the formation of non-covalent bonds.
Even though covalent bonding of CPP and cargo is more
widespread, it has several disadvantages. First, the chemical
reaction, which occurs during the formation of the bond, may
modify the properties of the cargo or CPP (27). Furthermore,
this method cannot be used to bind plasmids. The solution may
be introduction of non-covalent bonds that have been success-
fully used in the case of combining nucleic acid and protein
molecules with short amphipathic penetrating peptides such as
MPG (28) or Pep-1 (29). The formation of non-covalent bonds
is based on the creation of electrostatic and hydrophobic inter-
actions, which eliminates the risk of changing the biological
activity of the bonded molecule by chemical reactions and
enables the delivery of plasmid molecules (30). In addition,
the non-covalent strategy is simpler in execution, since it
only requires incubation of the protein with the transported
molecule. It also appears to be an effective and safe means of
multiple cargo delivery (31). The effectiveness of interaction
between CPP and cargo depends on the peptide/cargo charge
ratio, which is the proportion of moles of positively charged
amino acid groups in the CPP to those of phosphate ones in
the cargo (Fig. 1). In general, a negative to positive (N/P) ratio
that is too high results in precipitation or formation of larger
particles whose capacity to enter cells is poor, while an N/P
ratio that is too low is not effective due to the small capacity of
cell internalization (31).

4. Mechanism of internalization of CPPs

Despite numerous years of research, the detailed mechanisms
of CPP internalization remain to be fully elucidated (15).
According to various mechanistic models, it appears that
several factors influencing the intake: i) Cell type, ii) mass and
structure of the cargo, iii) method of binding, iv) concentration
of CPP and v) incubation time and temperature. The diversity
in the structure of the cell-penetrating proteins also results in
differences in the manner in which the CPP is taken and its
effectiveness (32).

Endocytosis and direct translocation are probably the
major mechanisms of CPPs entering cells. Endocytosis may
occur according to two mechanisms (Fig. 2). The first mecha-
nism is the clathrin-dependent way, which involves the coating
of transported molecules by polymerized clathrin. The second
mechanism, known as the clathrin-independent mechanism,
does not require the presence of clathrin and proceeds through
macropinocytosis or via caveolae (33).
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Direct translocation, as an energy-independent transport
method, is the third of the proposed models. Its validity
was confirmed under conditions that prevented endocytosis,
e.g. using endocytosis inhibitors (34) and low temperature (35).
Despite these factors, effective CPP internalization has been
observed (36). The process begins with the interaction of
positively charged amino acid residues of unfolded penetrating
protein with membrane phospholipids, which interferes with
standard interactions between cell membrane components and
allows for cell penetration. The protein is then folded again by
chaperone action (37). Three alternative mechanisms of direct
translocation across the lipid bilayer have also been proposed
as follows: i) Inverted micelles, ii) carpet model and iii) pore
formation. An inverted micelles variant was described by
Derossi et al (16) based on the results of nuclear magnetic reso-
nance imaging of penethrin internalization. This hypothetical
mechanism starts with the interaction of cationic amino acid
residues with negatively charged phospholipid groups, but in
this case, it leads to the production of micelles by the phos-
pholipids which are enclosing the peptide. The presence of
hydrophobic amino acids in the peptide is also required for this
process. The micelle then reopens inside the cell and releases
the protein (38). In the carpet model, internalization takes
place in three stages. The first involves interactions of cationic
residues of proteins with phospholipids, leading to changes in
membrane structure. In the next step, a rotation of the peptide
occurs, enabling the interaction of hydrophobic protein resi-
dues with hydrophobic tails of phospholipids. Finally, CPP
penetrates the membrane by the slight disturbances caused
during the second stage. It is also a mechanism by which
certain antibacterial substances, including magainins, exert
their toxic effects (39). The third model comprises pore forma-
tion, which may occur due to creation of bonds between the
hydrophobic part of an amphipathic a-helical penetrating
peptide with the lipid part of the membrane. As a result, the
hydrophilic residues produce pores that allow this molecule to
penetrate the membrane (40).

So far, it has not been determined which of these models
represent the true processes of CPP uptake. It is also likely that
conditions of the cellular environment affect the way in which
CPPs internalize the cell. It is possible that several modes of
internalization occur at the same time (32).

5. Applications of CPPs

CPPs are widely used in studies on methods for trans-
porting therapeutic particles through the cell membrane.
Numerous studies have confirmed their potential in vitro and
in vivo (10,41). Using CPPs, molecules including proteins (3),
liposomes (6) and nanoparticles (7) have already been intro-
duced into cells with satisfying results. However, CPPs may
also be used for the internalization of nucleic acids (2.,4,5).
After numerous successful preclinical studies, certain CPPs,
including TAT and its conjugates, have entered phase-I,
phase-II or even phase-III clinical trials. Data obtained from
these studies proved that the use of CPPs for clinical therapy is
possible, as they are well tolerated and directed to intracellular
targets. So far, penetrating peptides have been used in clinical
trials, including those on the treatment of cardiovascular
diseases (42), pain (43-45), hearing loss (46) and even facial
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Table I. Examples of cell-penetrating peptides classified on the basis of their origin with indication of their sequence and key
feature.

Protein Protein

group name Sequence Characteristics Refs.

Natural TAT GRKKRRQRRRPPQ Transcriptional regulator of HIV. (11,12)
pVEC LLIILRRRIRKQAHAHSK Mouse's catherin sequence. (16)

Chimeric Transportan GWTLNSAGYLLGKINLKALAALAKKIL  Protein formed by the combination
of neuropeptide galanin and

wasp's botulinum toxin, mastoparan, (17)
through a lysine residue.
MPG GALFLGFLGAAGSTMGAWSQPKKKRKYV  Protein obtained by the fusion of (18)

the transmembrane glycoprotein of HIV,
gp41, with SV40 virus T-antigen.

Synthetic MAP KLALKLALKALKAALKLA Amphipathic protein created de novo from  (19)
lysine, arginine and leucine residues.
R¢W; RRWWRRWRR Artificial peptide created de novo based (20)

on the structure of penetrin.

pVEC, 18 amino acid CPP derived from murine vascular endothelial-cadherin; HIV, human immunodeficiency virus; MAP, model amphipathic
protein.

Table II. Examples of cell-penetrating peptides classified on the basis of their physicochemical properties with indication of their
sequence and key features.

Protein Protein
group name Sequence Characteristics Refs.
Cationic R9 RRRRRRRRR Synthetically created sequence 21)
of nine arginines.
Antp RQIKIWFQNRRMKWKK Homeobox gene of (14)
Drosophila melanogaster, which
determines the development
of the morphological
differences between
the segment of head
and torso of the insect.
Hydrophobic VP22 DAATATRGRSAASRPTERPRAPARSASRPRRVD A component of a capsid (22)
of HSV-1 virus.
K-FGF AAVLLPVLLAAP Artificial peptide containing (23)
the penetrating motif and locating
the cell nucleus sequence.
Amphipathic VTS5 DPKGDPKGVTVTVTVTVTGKGDPKPD Capsid protein of rotaviruses 24)
SynBl ~ RGGRLSYSRRRFSTSTGR The peptide derived from protegrin.  (25)

It has the ability to cross
the blood-brain barrier.

Antp, the third helix of the homeotic protein of Drosophila melanogaster Antennapedia; HSV, herpes simplex virus; VP22, herpes simplex
virus protein VP22; K-FGF, Kaposi fibroblast growth factor.

wrinkles (47). One of the first phase-III clinical trials that dextrogyre peptide inhibiting the c-Jun N-terminal kinase,
reached completionincluded the use of TAT incombinationwith  named XG-102, successfully passed a phase-I clinical trial,
a c-Jun N-terminal kinase inhibitor. In 2012, a TAT-coupled = which was designed to determine the safety of its use, and did
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Figure 1. Expression of GFP in primary human carotid artery endothelial cells at 24 h after transfection with electrostatic complex of basic domain 47-57 of
HIV-1 trans-activating protein [HIV TAT (47-57)] and pmaxGFP plasmid DNA at different CRs using 1 pg of plasmid DNA (scale bar, 100 pzm). (A) CR=2:1,
(B) CR=4:1, (C) CR=8:1, (D) CR=16:1. GFP, green fluorescent protein; CR, charge ratio; HIV, human immunodeficiency virus.
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Figure 2. Mechanisms of cellular internalization of CPPs. Different mechanisms of cellular uptake of CPPs have been proposed. These mechanisms include
direct translocation and endocytosis. Several models have been proposed for direct translocation: i) Formation of transient pores (the toroidal pore model,
where CPPs interact with polar groups of membrane phospholipids, and the barrel stave model, where CPPs assume an amphipathic a-helix structure when
inserted into the cellular membrane); ii) inverted micelles, where CPPs disturb the lipid bilayer, leading to the formation of inverted hexagonal structures,
and iii) the carpet model, where CPPs transiently destabilize the cellular membrane by their association to its surface, leading to the reorganization of phosp-
holipids. Uptake of CPPs through the cell membrane was demonstrated to proceed via several endocytotic pathways: i) Clathrin-dependent, ii) clathrin- and
caveolae-independent, and iii) caveolae-mediated. In addition, CPPs may be internalized by macropinocytosis. CPPs, cell-penetrating peptides.

not produce any adverse effects other than those induced by
the placebo (48). The phase-III trial was aimed at assessing
the ability of the substance to inhibit intraocular inflammation
and reduce pain in patients undergoing cataract surgery. That
phase was completed in 2015 and demonstrated the absence
of anterior chamber cells and pain (49). Another member of
the c-Jun N-terminal kinase inhibitor family conjugated with

TAT has been used in a study on the treatment of hearing loss.
After the success of the phase-I trial (46), compound AM-111
created by Auris Medical is currently being investigated in
two phase-III clinical trials (50,51).

Transport of nucleic acids. Nucleic acid molecules such as
small interfering RNA (siRNA), antisense oligonucleotides,
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decoy DNA or plasmids are widely used in the gene therapy
of numerous diseases. The current drawbacks include low effi-
ciency of cell uptake and low bioavailability of the therapeutic
nucleic acid molecules alone (52). These inconveniences may
be overcome by the use of penetrating proteins (53).

Numerous available CPPs have been used to transport
siRNA particles; these include MPG (28), transportan (54) and
TAT (55). Penetrating peptides may be covalently or non-cova-
lently conjugated with siRNA. The covalent approach is suitable
to provide only one siRNA particle conjugated to one peptide
particle. However, there are several problems associated with
this method. First, the bonding is required to be reversible
within the cell's environment. Furthermore, cationic CPPs form
non-covalent bonds with siRNA and the large aggregates are
created involuntarily (27). In addition, the efficacy of the uptake
is insufficient, probably due to neutralization of the positive
charge of the cationic peptide, which is necessary to disrupt
cell membrane, by the negative charge of the siRNA (30).
The problem of aggregation may be overcome by addition
of denaturing agent, e.g. formamide (56). Only a few studies
on CPP, siRNA conjugates have been published. The most
widely used method of preparation is the chemical synthesis
of disulfide-linked CPP conjugates of oligonucleotides, the
bond of which is impermanent in the reducing environment
of the cytosol. Muratovska and Eccles (57) confirmed that
delivery of siRNA against luciferase or enhanced green
fluorescent protein (EGFP) mRNA fused with penetrin or
transportan via a disulfide bond reduced the expression of
these genes in transfected cell lines more efficiently than
Lipofectamine/siRNA complex. The same type of bond was
successfully used by Davidson et al (58). They demonstrated
the introduction of siRNA-targeting caspases and superoxide
dismutase into primary hippocampal neuronal cells using
penetratin 1. This study was particularly important because
of the small selection of tools for introducing molecules into
highly specialized neuronal cells (58). One problem with the
above studies is the lack of a purification step for conjugates
prepared by a non-specific oxidation method (56). Another
approach was applied by Chiu et al (59). They used a stable
thiol-maleimide linkage and also purification of conjugates
by denaturing gels or reverse-phase high-performance liquid
chromatography. The study demonstrated that TAT 47-57
peptide or TAT 47-57-derived oligocarbamate and siRNA
against EGFP or endogenous cyclin-dependent kinase 9 inhib-
ited the expression of reporter as well as endogenous genes with
satisfying results, but again, as indicated by Turner et al (60),
the efficiency of the purification process was not evaluated.
Uptake of the conjugates was similar to that obtained by the
application of Lipofectamine (59). The purification step may
also be performed by using anion exchange chromatography
with addition of a denaturing agent (60).

Although covalent conjugation of CPP to cargo has proven
to be effective, a much simpler and equally effective method is
available: Non-covalent binding, which includes formation of
electrostatic and hydrophobic interactions between cargo and
CPP. This approach has several advantages. First, it is easy
to use, as it only requires simple incubation of penetrating
peptide and cargo. In addition, there is no chemical reaction,
and therefore, there is no risk of any undesirable cargo struc-
ture or activity modification (61). While covalent conjugates
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appear to cross the membrane via an endosomal pathway, the
mechanism of internalization of non-covalent complexes still
remains to be elucidated (62). The most widely used class of
CPPs for non-covalent binding of siRNA is an amphipathic
class, which includes MPG (63), Pep-1 (64) or CADY (62). The
MPG-8 protein, which is a shorter version of MPG, was used
to deliver siRNA against cyclin Bl mRNA in a murine model
of human prostate tumor (63). Cyclin B1 is responsible for
cyclin-dependent kinase 1 activation. The delivery of siRNA
against cyclin B1 conjugated to MPG-8 led to the blockage of
tumor cell proliferation as a result of cell cycle arrest in G2
phase (63). siRNA is also an effective tool to inhibit HIV-1
replication within infected cells, but this requires an effec-
tive delivery system. It was proven that a chimeric peptide
composed of CPP as an RNA-binding domain and cell fusion
peptide domain combined with siRNA entered the cells and
inhibited HIV-1 replication (65).

CPPs are not only of use for inhibiting the expression of
genes by delivering siRNA, but also for introducing additional
genetic material, e.g. plasmid DNA. The widely used CPP Arg
nonapeptide (R9) was demonstrated to be a more efficient tool
for plasmid delivery than the commercially available transfec-
tion reagent TurboFect (66). Another study also reported that
TAT is capable of transferring plasmids into cells (67).

CPPs in genome editing. In addition to positive or negative regu-
lation of gene products, CPPs may be used for genome editing.
Cre recombinase, zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs) and clustered regu-
larly interspaced short palindromic repeats (CRISPR)/Cas9 are
currently the most widespread tools for genome engineering.
CPPs may be used to deliver all of them into cells (68).

The Cre/locus of X(cross)-over in P1 (LoxP) system is
a promising tool for editing specific DNA sequences. The
cleavage location is determined by the short LoxP sequences
below and above the removed sequence in reverse orientation.
The reaction of cleavage is catalyzed by Cre recombinase
derived from bacteriophage P. This tool is attractive, as inser-
tion of Cre recombinase under the control of an inducible
promoter may allow the site-specific excretion of a particular
gene. However, the problem with this method is the selection
of an appropriate Cre/LoxP delivery system (69). The first
successful attempt to introduce Cre recombinase into the cell
using penetrating peptides was made in 2001 by Jo et al (70).
They used purified recombinant fusion proteins bearing the
12 amino acid membrane translocation sequence (MTS)
from Kaposi fibroblast growth factor to deliver enzymatically
active Cre proteins directly into NIH3T3 and S4R murine
embryonic stem cells with a single loxP-modified sulfo-
nylurea receptor gene, and the Tex.loxP.EG cell line was
generated by Cre-mediated recombination activating the
expression of a GFP reporter gene following delivery via
this system. Of the four recombinant proteins investigated
glutathione-S-transferase (GST)-Cre-MTS, GST-nuclear
localization signal (NLS)-Cre-MTS, maltose-binding protein-
NLS-Cre-MTS and His6-NLS-Cre-MTYS), the best result was
obtained using His6-NLS-Cre-MTS. Recombination was
induced in 82% of Tex.loxp.EG cells following three consecu-
tive 2-h treatments with 10 uM His6-NLS-Cre-MTS. In the
same study, the in vivo activity of His6-NLS-Cre-MTS was
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tested in ROSA26R mice. ROSA26R is a transgenic mouse
strain in which a [3-galactosidase reporter gene is activated by
Cre-mediated recombination. It was demonstrated that recom-
bination induced by His6-NLS-Cre-MTS occurred in ~50%
of splenocytes cultured in the absence of lipopolysaccharide.
In addition, in mice injected with His6-NLS-Cre-MTS once
a day for three days, Cre-mediated recombination without any
side effect was observed in all examined tissues, including the
brain, heart, kidney, lung, spleen and liver (70). In another study,
reporter T cells were also used to determine the mechanism of
TAT-Cre internalization. Despite the strong binding of TAT to
the cell surface, indicating a direct penetration mechanism, the
protein was revealed to enter the cell via multistep mechanism.
Wadia et al (71) suggested that TAT CPP-mediated cellular
entry occurs by interaction with lipid rafts in a receptor-
independent manner and subsequent rapid internalization
by macropinocytosis, followed by a pH drop and disintegra-
tion of the lipid bilayer of the macropinosome, resulting in
cargo release from TAT into the cytosol (71). Furthermore,
Hashimoto ef al (72) reported that Cre-mediated recombina-
tion of genomic targets takes places principally during the
S-phase of the cell cycle. This is probably due to the relaxation
of the chromatin structure during S-phase, which enhances
the attachment of Cre to the DNA molecule and increases the
Cre/loxP recombination reaction. Xu et al (73) have confirmed
the safety of Cre recombinase in combination with TAT, as
there were no significant changes in cell proliferation or the
karyotype of transgenic goat fibroblasts after incubation with
TAT-Cre. In addition, TAT-Cre did not alter the developmental
competence of embryos reconstructed by nuclear transfer from
TAT-Cre-transduced cells. Furthermore, they obtained two live
transgenic goats with no evident abnormalities in development
or behavior for at least 3 months after birth (73).

The CPP and Cre conjugates have been successfully
applied to numerous cell lines, including HeLa, Rp250 and
HEK-283 (74), and also in organotypic cultures derived from
adult mice and embryos carrying a reporter gene flanked
by LoxP sequences (75). In vivo studies demonstrating their
usefulness are also available. Sonsteng et al (76) proved that Cre
fused with TAT enters hepatocytes of mice following tail vein
injection. For this purpose, two types of mice were used. The
first one was ROSA™™ ™S whose cells exhibit red membrane
fluorescence in the absence of Cre or strong membrane
expression of EGFP in the presence of Cre. The second one
was ROSA"™6  which differs from ROSA™ ™S in nuclear
localization of red- and GFP in the absence or presence of Cre,
respectively. They demonstrated that after TAT-Cre adminis-
tration, 5-20% of hepatocytes were converted, which provided
a more effective conversion of centrolobular hepatocytes than
in mice hydrodynamically inoculated with pMC1-Cre plasmid.
Recombination occurred only in hepatocytes, and was not
observed in endothelial other non-hepatocyte cells in the liver
or in any other organs. However, in animals inoculated with
TAT-Cre cells exhibiting green fluorescence were identified
near the injection site in the tail (76).

Although in engineered site-directed nucleases, such as
ZFNs, delivery of components into the cells is not a significant
problem, as it has been proven that purified ZFNs have the
ability to be internalized by cells independently (77); however,
the use of CPPs enhances the uptake efficiency (78). The
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major problems with using ZFNs are their cytotoxicity and
off-target effects (79). These may also be potentially reduced
by using CPP (80). So far, CPP-ZFN conjugates have been
applied in approaches towards treating breast cancer (81)
and malaria (82). CPPs conjugated to mammalian target of
rapamycin (mTOR)-specific ZFN have been proposed as
a novel therapeutic approach to disrupt the gene function
of mTOR (81). The phosphoinositide-3 kinase/Akt/mTOR
pathway is essential for growth and proliferation of breast
cancer cells. It has been suggested that elimination of the
effect of mTOR in sustaining the survival of cancerous cells
may inhibit this pathway and result in slower tumor growth.
ZFN-CPP has also been proposed as a safe drug which may
help to eliminate parasites from infected cells (82). However,
only an in vitro study is currently available.

Introducing transcription activator-like effector nucle-
ases (TALENS) into cells is slightly more challenging due
to reasons including its molecular weight. TALENs do not
contain the Cys2-His2 zinc-finger domain, which allows for
direct penetration of the cell membrane by ZFNs (83). For
this purpose, CPPs have already been adapted with satisfying
results in in vitro studies and they are a promising alterna-
tive to current methods for the delivery of TALENs into
mammalian cells. Liu et al (83) demonstrated that TALEN
conjugated to poly-Arg peptides enters the cells and, without
any obvious toxicity, is able to induce gene knockout in human
cell lines. They proved that HeLa cells incubated for 2 h
with R9-conjugated C-C chemokine receptor type 5 (CCRS5)
targeting TALEN protein resulted in CCRS5 gene disruption at
a frequency that was three times higher than that achieved by
transient transfection of TALEN expression vectors, while the
process did not cause any significant decrease in cell viability.
The reaction was most effective with peptide/protein ratios of
8:1 and 15:1. At lower ratios, R9 was probably unable to pene-
trate the cell membrane efficiently, whereas at higher peptide/
protein ratios, no complete breakdown of bonds between
CPP and cargo occurred and these ratios were not effective
during internalization of TALEN designed to knock down
the bone morphogenetic protein receptor type IA gene in the
HEK?293 cell line (83). This suggests that different types of
these nucleases require different peptide-to-protein ratios.
However, the penetrating abilities of penetrin, transportan
and human growth hormone-1 connected with TALEN were
not observed. Another CPP with proven efficacy in TALEN
delivery was TAT. It was used for disruption of the CCR5 gene
in HeLa cells and human induced pluripotent stem cells under
hypothermic conditions (83).

CRISPR, which is associated with nucleases from Cas
family, naturally occurs as a part of the adaptive immune
system against bacteria and archaea. The effect of CRISPR
is based on storing fragments of exogenous DNA harvested,
e.g. during bacteriophage infection, from the bacterial genome
for quick recognition and destruction of DNA molecules
containing this fragment by nucleases in case of further infec-
tion (84). This method, as an RNA-guided way of DNA cutting,
has been successfully applied in the genome modification of
bacteria (85), cell cultures (3), animals (86) and plants (87).
Derived from the CRISPR/Cas system, RNA-guided nuclease
consists of two major components - Cas9 protein and guide
RNA (gRNA). Efficient delivery of these two types of particle



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 40: 1615-1623, 2017

is necessary for gene editing and these components may be
introduced into the cell using lentiviral and adeno-associated
viral systems, which have the potential for random integration
of vector sequence into the host genome, leading to undesir-
able changes (88,89). For this reason, a virus- and plasmid-free
approach has been developed. Cas9 and gRNA have been deliv-
ered separately as CPP-conjugated Cas9 and CPP-complexed
gRNA. This approach led to a lesser degree of off-target
mutations and immune responses in the host, and also induced
lower cytotoxicity (89). Ramakrishna ez al (3) reported on the
preparation of a modified sequence of the Cas9 gene, its liga-
tion within plasmid pET-28a(+), introduction of the plasmid
into Escherichia coli BL21, and isolation and purification of
the resulting protein. The modified Cas9 protein contained
cysteine at the N-terminus, which allowed for the attachment
of 4-maleimidobutyryl-4G9R4L (m9R) via a thioether bond
between the free SH residue of C-terminal cysteine of Cas9
and the primary amine residue (-NH,)of m9R, whereas the
single guide RNA (sgRNA)-9R complex was formed by incu-
bation of the components at room temperature for 30 min (3).
In addition, the introduction of sgRNA as a complex with
CPP may potentially enable the simultaneous introduction of
several of its type, and thus the system's functioning at several
locations in the genome.

6. Toxicity of CPPs

The cytotoxic effects of peptides depend on their amino acid
sequence, secondary structure and summary charge (90).
Abnormalities that may be caused by CPPs include cytoplasmic
leakages due to changes in membrane permeability, and
dysfunction in membrane proteins resulting from interactions
with amphipathic CPPs (91). Cellular membrane permeability
was examined by measuring the leakage of lactate dehy-
drogenase (LDH) in several cell lines, K562 (erythroblastic
leukemia), MDA-MB-231 (breast cancer) and immortalized
endothelial cells from an aorta (91). Saar et al (91) reported
that incubation with the model amphipathic protein and
trasportan 10 resulted in a significant increase of LDH leakage
in the two tumor cell lines but did not produce any statistically
significant changes in the endothelial cell line. In addition,
cationic peptides, including penetrin, an 18 amino acid CPP
derived from murine vascular endothelial-cadherin (pVEC)
and TAT, did not induce any cytotoxicity (91). The mecha-
nisms of the selective action of amphipathic CPPs on tumor
cells have remained to be elucidated. However, they appear to
be a good choice for the treatment of oncological patients. Of
note, none of the proteins caused any significant hemolysis,
which confirms the relative safety of their use (91).

In general, in vitro and in vivo experiments demonstrated
that CPPs did not induce any significant cytotoxic effect, even
at high concentrations (92). The behavior, appearance and
eating habits of the animals were examined prior to and after
administration of various doses of CPP-phosphorodiamidate
morpholino oligomer conjugates (93). The body weight and
serum levels of urea were also measured. In rats receiving the
conjugate at 15 mg/kg body weight, no changes in any of the
parameters were observed. In those receiving 30 mg/kg body
weight, a slight decrease in body weight and an increase in
urea levels in the serum were observed, but these changes were
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not health-threatening. No dose lower than 150 mg/kg body
weight caused any weight loss or significant deterioration of
any biochemical indicators. Approximately 50% mortality of
animals occurred in the groups receiving 210 and 250 mg/kg
and 100% mortality was observed in those receiving 400 mg/kg
body weight of the conjugate. These studies also confirm the
safety of the use of CPP, as no significant adverse effects
were noticeable at doses sufficient for therapeutic purposes
(=15 mg/kg) (93). The toxicity of CPPs may also be affected by
the presence of the cargo. However, Maiolo et al (94) demon-
strated that free R7 and R7W exhibited slightly higher toxicity
than those associated with cargo.

7. Conclusion

Gene modification systems, e.g. Cre recombinase, ZFNs,
TALENSs or CRISPRs, provide the possibility of effective treat-
ment of diseases that have been so far considered as incurable.
One of the problems with using these methods is to identify an
appropriate system for their transport through the cell membrane.
Viral delivery systems, in spite of being most effective, generate
abnormalities such as immunogenicity or cytotoxicity. Another
disadvantage is the limited size of the insert. On the other hand,
non-viral systems, including electroporation or liposomes, do
not cause any immune reactions, and within certain limits, the
size of the transported molecule has no effect; however, they
also have certain disadvantages. The major disadvantage is a
lower transduction efficiency (95,96). The lack of an ideal tool
for introducing molecules into cells motivated researchers to
search for novel and improved methods. In this light, CPPs were
discovered as a promising alternative to current methods. As
a non-viral system, CPP-cargo complexes are characterized by
safety of use, while maintaining a relatively high efficiency. For
this reason, they are used in genome editing studies with better
results than those achieved for other non-viral methods (57,66).
However, certain problems remain to be solved prior to any clin-
ical trials being performed on delivery of genome modification
systems by CPPs, especially after promising trials with other
cargoes. First of all, the mechanisms by which CPPs penetrate
the cell membrane requires to be fully elucidated. It would also
be useful to determine the impact of CPPs on organisms after
intravenous administration, most results available were obtained
by studies applying local administration. Further research on
the selection of suitable conditions for the production of conju-
gates or complexes of CPP and cargo, as well as appropriate cell
incubation protocols should be performed to fully exploit the
potential of CPPs and to achieve maximum efficiencies.
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