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As the plasma membrane and blood-brain barrier selectively restrict the
entry of most compounds into cells to < 500 Da, delivering macromolecules
into cells was, until recently, little more than a goal. However, with significant
effort to capitalise on therapeutic targets available in the post-genomic era,
novel approaches for delivering therapeutic macromolecules are being rap-
idly developed. The discovery of small cationic peptides, termed peptide/pro-
tein transduction domains or cell-penetrating peptides, which cross biological
membranes, has emerged as a venerable Trojan horse to transport large, bio-
logically active molecules, such as peptides, proteins and oligonucleotides,
into mammalian cells in vitro, as well as in preclinical models and clinical trials
in vivo. This review discusses the implications of peptide/protein transduction
domain-mediated delivery of macromolecules and their possible uses as
important primary drug delivery agents.

Keywords: Antp, cell-penetrating peptide, macromolecular therapeutic, peptide/protein
transduction domain, Poly arginine, transactivating transcriptional activator

Expert Opin. Drug Deliv. (2006) 3(6):739-746

1. Introduction

The most frequently used cellular macromolecular transporters contain short cati-
onic peptides sequences of 8 — 16 amino acids in length, termed peptide/protein
transduction domains (PTDs) or cell-penetrating peptides (CPPs) [1.2]. Protein
transduction was originally observed in 1988 after full-length HIV transactivating
transcriptional activator (TAT) protein was shown to enter mammalian cells, lead-
ing to transcriptional activation from an HIV long-terminal repeat promoter con-
struct [3,4]. Since the initial discovery of TAT-mediated transduction, other novel
transduction domains have been identified within several other proteins, including
the third a-helix of the antennapedia homeotic transcription factor (Antp) that
makes contact with DNA [5.7], and synthetic peptide carriers, such as polylysine and
polyarginine (8-10] (Table 1). Although there seems to be little-to-no homology
between the primary and secondary structures of these PTDs, the rate of cellular
uptake has been found to strongly correlate with the number of basic residues
present. This observation suggests that the presence of a common internalisation
mechanism is likely to be dependent on an interaction between the positively
charged side groups of the basic residues on PTDs, primarily arginine residues, and
negatively charged acidic cell surface molecules (probably glycans, carboxylic acids,
sulfates and phosphates) [11,12].

Although different PTDs show similar characteristics of cellular uptake, PTDs
vary in their efficacy for transporting protein cargo into cells. Fusion proteins cre-
ated with the TAT (amino acids 47 — 57) PTD have shown markedly better cellular
uptake than similar fusions using the 16 amino acid sequence from the Antp PTD.
In contrast, retro-inverso forms of TAT or homopolymers of arginine (8 x arginine)
seem to increase cellular uptake several-fold [11,12). Moreover, the Antp PTD
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Table 1. Commonly used protein transduction domains/cell-penetrating peptides.

PTD Sequence Residue length Properties
TAT@7-57) YGRKKRRQRRR 11 Arginine rich with
20 amphipathicity
Antp3-58) RQIKIWFQNRRMKWKK 16 Arginine rich with
20 amphipathicity
Poly Arg® RRRRRRRR 8
Transportan GWTLNSAGYLLGKINLKALAALAKKIL 27 Lysine-rich, amphipathic helical

efficiently transduces into cells when associated with chemi-
cally synthesised peptides; however, the efficiency seems to
decrease with the incorporation of larger molecular weight
protein cargoes [13,14]. Both TAT and Antp have been used
extensively as transporters for relatively small cargo, such as
small molecules, peptides and oligonucleotides [5.6,15-17].
However, TAT has also been successfully used to deliver much
larger molecules, including full-length proteins (18], 45-nm
iron beads [19], A-phage particles [20] and 200-nm liposomes
containing complexed plasmid DNA [21,22], into cells. Trans-
duced cargo has been shown to carry out intracellular func-
tions ranging from cytoskeletal reorganisation and targeted
recombination of genomic DNA [18] to protein—protein inter-
actions (reviewed in [23-25]). Moreover, TAT-mediated delivery
is undergoing testing in several clinical trials. The outcomes of
these clinical trials should guide the future direction of the

field of PTD-mediated delivery.

2. Mechanism of TAT-mediated protein
transduction

PTDs represent novel agents to overcome the bioavailability
delivery problem to transport macromolecular cargo across
the plasma membrane and into the cell. Although this
approach was first observed in 1988, only recently has the
mechanism of this miraculous feat been understood.

2.1 TAT-cell-surface interactions and internalisation by
macropinocytosis

Full use of PTDs for macromolecular therapeutic cargo
requires an understanding of the molecular basis for transduc-
tion into cells. This information can then be used to enhance
delivery efficiency. Interactions with cell-surface proteins,
receptors and other structural components of the outer cell
membrane are likely to be critical for cellular uptake. Due to
the requisite cationic nature of TAT, Antp and 8 x arginine
PTDs, cell-surface proteoglycans (e.g., heparan sulfate), are
thought to be instrumental for cationic PTD uptake [26].
Consistent with this observation, heparan was shown not only
to bind TAT [27-29], but to also compete with TAT binding to
the outer cell membrane and internalisation [26]. Indeed, cells
deficient in their ability to sulfonate heparan proteoglycans do
not effectively internalise TAT peptides [26], suggesting that

the proportional size of heparan chains and the cationic
nature of the PTD are both important for the outer
membrane interactions and internalisation. However, these
observations need to be investigated in other cell types, as
other glycans are also likely to be involved here.

Cationic PTDs have been shown to transduce into most, if
not all, mammalian cell types in culture. This polygamous
nature of PTDs may result from the global expression of
heparan sulfate chains. However, it is still unknown how or
which signals stimulate PTD internalisation on binding to
heparan sulfate or other moieties on the outer cell membrane.
Initial attempts to observe PTD intracellular uptake used vis-
ual observations of PTD-treated and fixed cells, showing arti-
factually wide distribution of TAT and other PTD-conjugated
molecules throughout the cytoplasm and nucleus (30,311. How-
ever, confocal fluorescence imaging of live cells revealed that
the vast majority of PTDs are present within vesicles inside
the cytoplasm and vesicle escape seems to be the rate-limiting
step for macromolecular cargo delivery into cells.

To circumvent the visualisation problem and begin to dis-
sect the requirements for delivery of macromolecular cargo
into the cytoplasm and nucleus of cells, Wadia ez a/. devised
a ‘hand-in-fire’ phenotypic assay using a TAT-fusion protein
with the bacteriophage Cre DNA recombinase [16]. Reporter
cells were used that contain a stable integration of a eGFP
reporter gene proceeded by a transcriptional STOP DNA
segment flanked by LoxP recombination sites (recognised by
Cre). This prevents eGFP expression until the
Lox-STOP-Lox DNA segment is removed by Cre. Thus,
expression of eGFP requires TAT-Cre to enter the cyto-
plasm, be transported to the nucleus and finding the single,
integrated reporter gene. With this phenotypic assay in
hand, Wadia eral showed that TAT-Cre transduction,
release and recombination of DNA occurred in as little as
15 min. As predicted, addition of heparan sulfate inhibited
TAT-Cre transduction and gene recombination, and
TAT-Cre was present in endosomal vesicles.

Wadia etal used the TAT-Cre phenotypic assay to
demonstrate that TAT-conjugated proteins and peptides enter
mammalian cells by a lipid raft-dependent, receptor-independ-
ent, specialised form of fluid phase endocytosis, termed macro-
pinocytosis  [16] (Figure 1). Macropinocytosis [32] is an
actin-dependent endocytic pathway that induces cellular uptake
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Figure 1. Protein transduction into cells. Cationic PTDs carry cargo into cells by a receptor-independent, fluid-phase macropinocytosis,
a specialised form of endocytosis. Delivered classes of cargo molecules represent a wide range of sizes and biophysical properties from
small molecules to peptides to proteins to PNA to DNA to phage particles to magnetic nanoparticles and liposomes.

PTD: Protein transduction domain.

of non-selective bulk fluid (Figure 2). Although macropinocyto-
sis is thought to be receptor independent, it is activated by cellu-
lar growth factors and cytokines (reviewed in [17,33]). Consistent
with this notion, inhibitors of macropinocytosis, such as amilo-
ride and 5-(NV-ethyl-N-isopropyl) amiloride (EIPA), blocked
transduction, but dynamin-dominant negative, which blocks
clathrin- endocytosis, had no
effect (16,34,35] (Figure 3). Although macropinosomes are consid-

and  caveolin-mediated

ered inherently leaky vesicles compared with other types of
endosomes [36,37], most TAT proteins remained trapped within
these intracellular compartments up to 24 h post-treatment.
Importantly, macropinosomes also do not seem to traffic to
lysosomes [38,39], suggesting that these vesicles may serve as an
intracellular reservoir that essentially protects the PTD-cargo.

2.2 Escape from macropinosome vesicles

The transfer of PTD-conjugated cargo from macropinosomes
to the cytosol is likely to be the rate-liming step of
PTD-mediated transduction. As < 1% of PTD-bound mole-
cules are released, liberating this vesicular reservoir will greatly
improve therapeutic delivery efficiency. However, important
questions remain regarding the molecular details of under-
standing the nature of how macromolecules are released from
macropinosome vesicles, with numerous groups investigating
various strategies to enhance escape. Little is known about
how vesicular transport and release of macromolecules occurs;
however, the relative pH of endocytic vesicles has been sug-
gested to affect the ability of PTDs and their cargo to be
released into the cytoplasm (Figure 3). Recent reports have

shown that acidification of vesicles containing PTD-fusion
peptides and nanoparticles [40-42] induce an increase in escape.
Wadia et al. took advantage of this pH drop and introduced a
pH-sensitive membrane, destabilising, fusogenic peptide
domain from influenza virus haemagglutinin (HA2), fused to
the TAT peptide (TAT-HA?2), that dramatically increased the
efficiency of TAT-cargo escape into the cytoplasm [16].

To understand the potential requirement for a pH depend-
ency in vesicle escape, Magzoub ez al. performed a series of
elegant biophysical experiments on large unilamellar vesicles
combined with a pH gradient generating compound [43]. In
this study, the authors used two cationic PTDs derived from
Antp and the N terminus of the bovine unprocessed prion
protein (bPrPp, amino acids 1 — 30). When the PTD-con-
taining endosomes were acidified by creating a transmem-
brane gradient across the large unilamellar vesicles using the
nigericin ionophore, there were significant amounts of both
Antp and PrPp PTD peptide escape compared with low/no
escape from non-nigericin-treated control vesicles [43). More
recently, Lee and Tannock used chloroquine and omeprazole
to enhance the release of the basic pH anticancer drug doxo-
rubicin 44]. Unfortunately, many of the agents that alter the
pH of endosomes, such as chloroquine, affect most, if not all,
vesicles and, hence, are extremely cytotoxic at the effective
concentration. In contrast, the TAT-HA2 approach discussed
above targets escape from macropinosomes that contain only
PTD-cargo and results in a cytotoxic free form of enhanced
escape  [16].
enhancers have been used to enhance the destruction of

Alternatively, photochemical transduction
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Figure 2.

Endocytosis-mediated intracellular entry of macromolecules. Macromolecules may enter the cell in a variety of

energy-dependent methods. The exact signalling cascades that facilitate each are still under dispute.

Adapted from [63].
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Figure 3. Mechanism of TAT-mediated transduction into cells via macropinocytosis. TAT-conjugated cargo has been shown to
enter a variety of different cell types via a mechanism known as macropinocytosis. Once TAT-enclosed macropinosomes enter the
cytoplasm, low pH stimulates endosomal release of TAT-conjugated macromolecules.

ER: Endoplasmic reticulum; TAT: Transactivating transcriptional activator.

PTD-containing vesicles, albeit with limited potential for
tissue penetration [45].

3. Peptide/protein transduction domains as
therapeutic delivery agents

The delivery of peptides and proteins that modulate the
intracellular signalling cascades has powerful therapeutic
potential. Although PTDs have shown a wide range of uses
in manipulating the biology of cultured mammalian cells [46],

in vivo systemic delivery of biologically active compounds has
great therapeutic potential. Reporter PTD-fusion proteins,
such as TAT-B-galactosidase, have been shown to distribute
throughout most, if not all, tissues of mouse models [15]. In
addition, administration of TAT-conjugated peptides have
been shown to manipulate tumour burden, as well as heart
function in preclinical models [47]. As an example, Chen ez /.
reported a therapeutic benefit of the PKC inhibitor peptide,
TAT-6V1-1, toward significant infarct size reduction in an
in vivo porcine model of acute myocardial infarction [48].
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3.1 Peptide/protein transduction domains and cancer

therapeutics

One of the most impressive features of PTD-mediated delivery
of macromolecular therapeutics is its tremendous versatility. A
broad spectrum of cargo molecules have been successfully deliv-
ered that represent a wide range of sizes and biophysical proper-
ties, including small molecules, peptides, protein functional
domains, full-length proteins, oligonucleotides, phage particles,
magnetic nanoparticles and liposomes. In the context of cancer
therapy, transduction overcomes several problems encountered
with traditional chemotherapeutics. Conventional chemothera-
pies for cancer tend to show low specificity for the target and
largely affect normal cells, as well as tumour cells. Furthermore,
these agents are often transported out of cells by the P-glyco-
protein pump (MDR1), resulting in resistant tumour cells [17].
In contrast, transduction as a delivery modality is independent
of MDRI and also allows for size-independent development of
novel agents that specifically target cancer cells. Several groups
have demonstrated the ability to manipulate tumour biology in
preclinical models with transducible peptides [17], including
blocking Cdk2/cyclin A activity [49], sequester MDM?2 [s0] or
induction of apoptosis by mitochondrial disruption [s1].

The von Hippel-Lindau (VHL) tumour suppressor gene
normally functions in renal cell growth by binding to the
cytoplasmic domain of the insulin-like growth factor 1 recep-
tor (IGF-1) and interrupting IGF-1 signalling [521. Mutations
in the IGF-1 binding domain of VHL lead to unregulated
IGF-1 receptor signalling and renal cell growth [52,53]. Intra-
peritoneal administration of TAT-VHL peptide slowed the
growth of subcutaneous renal cell carcinoma tumours in nude
mice, primarily through inhibition of cell proliferation rather
than by induction of apoptosis. TAT-VHL peptide treatment
also reduced tumour invasion into the underlying tissue. This
study also provides strong immunohistochemical evidence
that the TAT-VHL peptide was homogeneously delivered to
the tumours after intraperitoneal injection.

Another report found that intraperitoneal delivery of an
Antp-p16 fusion peptide moderately inhibited the growth of
pancreatic carcinoma cells growing as intraperitoneal and
subcutaneous tumours in nude mice [54. Although pl6
functions primarily as an inhibitor of cell-cycle progression,
the authors found that Antp-pl6 peptide slowed tumour
growth by inducing apoptosis of cancer cells in vivo.
Importantly, both these detailed studies (53,54 failed to find
indications of cytotoxicity to normal cells and tissues in the
preclinical models, suggesting that the effective dose was
capable of specifically targeting the cancer cells and not the
surrounding normal cells. If this proves to be a general rule,
cell-penetrating peptides may prove to be a powerful tool in
the design of anticancer agents, which target tumours and
spares normal tissue.

The p53 DNA damage sensor tumour suppressor gene is
mutated in > 50% of all human malignancies, leading to a loss

Murriel & Dowdy

of p53 function. Because p53 plays an important role in
cellular apoptotic responses, p53 mutations lead to increased
tumour resistance to therapy and unregulated cancer cell
growth [55]. Due to continuous DNA damage in cancer cells,
p53 reactivation has been postulated to result in can-
cer-cell-specific apoptosis. Indeed, introduction of an
Antp-conjugated peptide derived from the C-terminal
domain of p53 effectively induced cancer-cell-specific apopto-
sis; however, normal cells were unaffected (56,571. More
recently, Snyder ez al. fused a modified p53 C-terminal frag-
ment (containing D-amino acids to increase peptide half-life)
to TAT [58]. Treatment of mice with the TAT-p53C’ peptide
bearing metastatic peritoneal cancer resulted in a 6-fold
increase in longevity in one model system, and 50% cure in
another. Yet other examples of the use of PTDs in cancer ther-
apeutic development involve targeting the hypoxic nature of
solid tumour microenvironments with inhibitors to
hypoxia-inducing factor-a. (591 and inhibitors of the merlin
protein necessary for Schwannoma tumours that occur
sporadically in patients with neurofibromatosis [s0].

3.2 Disulfide linkages to enhance intracellular
delivery of peptide/protein transduction domains

So far, most published studies using cationic PTDs have
used covalently conjugated PTD-cargo fusion proteins pro-
duced either from bacterial expression systems and purified,
or as synthetic peptides [17]. Although this is an effective
means of testing the validity of the PTD-conjugated mole-
cule on the cellular signalling process of interest, the influ-
ence of the PTD on the intracellular localisation and
biological activity of the macromolecule being delivered
must be carefully studied. To overcome the potential limita-
tions of a peptidyl linkage, several groups have employed the
use of PTDs attached to their cargo via labile and cleavable
cysteine disulfide bonds. For example, Stein ez al. showed
that when an antibody against tetanus toxin was conjugated
to TAT via a labile disulfide bond, activity was significantly
higher than when irreversibly covalently conjugated directly
to TAT as a fusion protein [61]. In addition, ex vivo and
in vivo models of acute myocardial infarction found that a
disulfide linked inhibitory peptide against SPKC transloca-
tion (8V1-1) delivered into rat and pigs had an IC, of
50 pM, whereas irreversible covalent conjugation was inef-
fective [1448]. Therefore, either cargos that are reversibly
disulfide conjugated to PTDs escape macropinosomes more
efficiently, or PTD interferes with cargo function once
inside the cell.

Other non-covalent PTD-cargo attachments (e.g.,
thiazolidine, thioester, amide, oxmine, hydrazine and
thiolmalmeide linkages) have also been described [62]. Figure 4
demonstrates some common methods of PTD-cargo
conjugation. Clear studies to discern between these two
possibilities need to be performed and evaluated.
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Figure 4. Common PTD-cargo attachment models.

4. Conclusion

QOver the last decade, numerous studies have revealed the util-
ity of PTDs for modulating cellular signalling processes in
culture, in living organisms and, recently, in human clinical
trials. Collectively, these studies have shown that PTDs have
great therapeutic potential in numerous areas to expand our
repertoire of experimental therapeutics with a decidedly
crisper specificity than small-molecule therapeutics. The use
of PTD-delivered macromolecular cargos have shown great
promise in preclinical animal models of heart disease, stroke,
cancer and other diseases responsible for significant numbers
of human suffering, morbidity and death. Several
PTD-conjugated peptides and macromolecules have now
advanced into clinical trials. Although more studies exploring
the pharmacodynamic and pharmacokinetic properties of
PTD-macromolecules are clearly needed, the potential benefit
of delivering PTD-conjugates to virtually every cell in the
human body represents a novel and substantial area for future
drug targeting and development.

5. Expert opinion

Although transduction with cationic peptide domains dates
to before the identification of HIV1 TAT’s ability to trans-
duce across the cell membrane (in 1988) [3,4], for the most
part, the field of macromolecular delivery by PTDs/CPPs
has just emerged from its rather lengthy nascent beginnings
and is now only approaching early childhood. Indeed, what
was only recently considered macromolecular heresy by many,
is now being tested in multiple clinical trials. Moreover, the
lack of a size restraint has and will continue to allow the
development of very creative approaches to solve thera-
peutic problems. However, there remains many unanswered
questions that need to be resolved in the next 5 — 10 years

to both fully harness the potential of this approach for
delivery of experimental therapeutics, and to understand
the potential pitfalls as soon as possible (and find paths
around them).

The path ahead will require the extensive improvement of
escape from macropinocytotic vesicles, to harness a controlled
release approach and to target specific cell types via recep-
tors/cell surface molecules. This will clearly require identifica-
tion of the genes that are involved in macropinocytosis uptake
at the cell membrane and trafficking of the vesicles within the
cytoplasm. We know of only a single validated gene, namely
actin, that is involved in macropinocytosis. This is even more
surprising when one considers that this cellular process was
initially described > 50 years ago. Moreover, improvements in
promoting transcytosis, to begin to tap into delivery of mac-
romolecular cargo in the CNS, has the potential to open
entire areas of the body to therapeutic intervention. Thus,
understanding the mechanism of transduction, its cellular
requirement and the genetic basis is absolutely needed to
move forward on a firm footing.

The use of cationic PTDs/CPPs is but one of a limited
handful of approaches that are proven in preclinical models to
deliver macromolecular therapeutics. The approach has great
potential to take advantage of RNAi selectivity,
peptide/enzymatic amplification, and intracellular antibody
specificity for treatment of disease. However, it is still very
early days. We must avoid the self-inflicted hyperbole of past
promising approaches that ultimately failed and move
transduction delivery forward on solid scientific ground.
Indeed, compared with the known pros/cons of small
molecule therapeutics, we know only a modicum of what is
required to successfully bring this approach to bear on human
disease. Yet, given the potential to introduce macromolecular
therapeutics into cells, the next 10 years should prove very
interesting, if not truly exciting,.

744 Expert Opin. Drug Deliv. (2006) 3(6)

RIGHTES

Ay



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Bibliography

1.  JOLIOT A, PROCHIANTZ A:
Transduction peptides: from technology to
physiology. Nat. Cell. Biol. (2004)
6(3):189-196.

2. TREHIN R, MERKLE HP: Chances
and pitfalls of cell penetrating peptides for
cellular drug delivery. Eur. J. Pharm.
Biopharm. (2004) 58(2):209-223.

3. FRANKEL AD, PABO CO: Cellular
uptake of the TAT protein from human
immunodeficiency virus. Ce// (1988)
55(6):1189-1193.

4. GREEN M, LOEWENSTEIN PM:
Autonomous functional domains of
chemically synthesized human
immunodeficiency virus TAT
trans-activator protein. Cel/ (1988)
55(6):1179-1188.

5. PEREZ E JOLIOT A,
BLOCH-GALLEGO E ez al.:
Antennapedia homeobox as a signal for
the cellular internalization and nuclear

addressing of a small exogenous peptide.

J. Cell Sci. (1992) 102(Pt 4):717-722.

6. THOREN PE, PERSSON D,
KARLSSON M, NORDEN B:
The antennapedia peptide penetratin
translocates across lipid bilayers — the first
direct observation. FEBS Lett. (2000)
482(3):265-268.

7. FUJIMOTO K, HOSOTANI R,
MIYAMOTO Y et al.: Inhibition of pRb
phosphorylation and cell cycle progression
by an antennapedia-p16(INK4A) fusion
peptide in pancreatic cancer cells.

Cancer Lett. (2000) 159(2):151-158.

8.  UEMURA S, ROTHBARD ]B,
MATSUSHITA H ez al.: Short polymers of
arginine rapidly translocate into vascular
cells: effects on nitric oxide synthesis.

Cire. J. (2002) 66(12):1155-1160.

9.  WENDER PA, ROTHBARD ]B,
JESSOP TC, KREIDER EL, WYLIE BL:
Oligocarbamate molecular transporters:
design, synthesis, and biological evaluation
of a new class of transporters for drug
delivery. /. Am. Chem. Soc. (2002)
124(45):13382-13383.

10. ROTHBARD ]B, KREIDERE,
VANDEUSEN CL ¢# al.: Arginine-rich
molecular transporters for drug delivery:
role of backbone spacing in cellular uptake.

J. Med. Chem. (2002) 45(17):3612-3618.

11. FUTAKIS, SUZUKI T, OHASHI W ez al.:
Arginine-rich peptides. An abundant source

of membrane-permeable peptides having

20.

21.

potential as carriers for intracellular protein
delivery. /. Biol. Chem. (2001)
276(8):5836-5840.

WENDER PA, MITCHELL DJ,
PATTABIRAMAN K ez al.: The design,
synthesis, and evaluation of molecules that
enable or enhance cellular uptake: peptoid

molecular transporters. Proc. Natl. Acad. Sci.
USA (2000) 97(24):13003-13008.

KATO D, MIYAZAWA K, RUAS M et al.:
Features of replicative senescence induced
by direct addition of
antennapedia-p16INK4A fusion protein to
human diploid fibroblasts. FEBS Lett.
(1998) 427(2):203-208.

CHEN YN, SHARMA SK, RAMSEY TM
et al.: Selective killing of transformed cells
by cyclin/cyclin-dependent kinase 2
antagonists. Proc. Natl. Acad. Sci. USA
(1999) 96(8):4325-4329.

SCHWARZE SR, HO A,
VOCERO-AKBANI A, DOWDY SF:

In vivo protein transduction: delivery of a
biologically active protein into the mouse.

Science (1999) 285(5433):1569-1572.

WADIA JS, STAN RV, DOWDY SF:
Transducible TAT-HA fusogenic peptide
enhances escape of TAT-fusion proteins
after lipid raft macropinocytosis. Nat. Med.
(2004) 10(3):310-315.

WADIA JS, DOWDY SFE: Transmembrane
delivery of protein and peptide drugs by
TAT-medjiated transduction in the

treatment of cancer. Adv. Drug Deliv. Rev.

(2005) 57(4):579-596.

WADIA JS, DOWDY SF: Modulation

of cellular function by TAT mediated
transduction of full length proteins.

Curr. Protein Pept. Sci. (2003) 4(2):97-104.

LEWIN M, CARLESSO N, TUNG CH
et al.: TAT peptide-derivatized magnetic
nanoparticles allow iz vivo tracking and
recovery of progenitor cells. Nat. Biotechnol.
(2000) 18(4):410-414.

EGUCHI A, AKUTA T, OKUYAMA H

et al.: Protein transduction domain of HIV-1
TAT protein promotes efficient delivery of
DNA into mammalian cells.

J- Biol. Chem. (2001) 276(28):26204-26210.

TORCHILIN VP, RAMMOHAN R,
WEISSIG V, LEVCHENKO TS:

TAT peptide on the surface of liposomes
affords their efficient intracellular delivery
even at low temperature and in the presence
of metabolic inhibitors. Proc. Natl. Acad.
Sci. USA (2001) 98(15):8786-8791.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Murriel & Dowdy

TORCHILIN VP, LEVCHENKO TS,
RAMMOHAN R ¢z al.: Cell transfection
in vitro and in vivo with nontoxic TAT
peptide-liposome-DNA complexes.

Proc. Natl. Acad. Sci. USA (2003)
100(4):1972-1977.

SOUROUJON MC,

MOCHLY-ROSEN D: Peptide modulators
of protein-protein interactions in
intracellular signaling. Naz. Biotechnol.
(1998) 16(10):919-924.

BRIGHT R, MOCHLY-ROSEN D:
The role of protein kinase C in cerebral
ischemic and reperfusion injury. Stroke
(2005) 36(12):2781-2790.

MURRIEL CL, MOCHLY-ROSEN D:
Opposing roles of delta and epsilon PKC in
cardiac ischemia and reperfusion: targeting
the apoptotic machinery. Arch. Biochem.
Biophys. (2003) 420(2):246-254.

TYAGI M, RUSNATI M, PRESTA M,
GIACCA M: Internalization of HIV-1
TAT requires cell surface heparan sulfate
proteoglycans. /. Biol. Chem. (2001)
276(5):3254-3261.

HAKANSSON S, JACOBS A,
CAFFREY M: Heparin binding by the
HIV-1 TAT protein transduction domain.
Protein Sci. (2001) 10(10):2138-2139.

RUSNATI M, COLTRINI D, ORESTE P
et al.: Interaction of HIV-1 TAT protein
with heparin. Role of the backbone
structure, sulfation, and size. J. Biol. Chem.

(1997) 272(17):11313-11320.

RUSNATI M, TULIPANO G,
URBINATI C ez al.: The basic domain
in HIV-1 TAT protein as a target for
polysulfonated heparin-mimicking
extracellular TAT antagonists.

J. Biol. Chem. (1998)
273(26):16027-16037.

LUNDBERG M, JOHANSSON M:
Positively charged DNA-binding proteins
cause apparent cell membrane translocation.
Biochem. Biophys. Res. Commun. (2002)
291(2):367-371.

VIVES E, RICHARD JP, RISPAL C,
LEBLEU B: TAT peptide internalization:
seeking the mechanism of entry. Curr.
Protein Pept. Sci. (2003) 4(2):125-132.
SWANSON JA, WATTS C:
Macropinocytosis. Trends Cell Biol.

(1995) 5(11):424-428.

SNYDER EL, DOWDY SE: Recent
advances in the use of protein transduction
domains for the delivery of peptides,

proteins and nucleic acids 7z vivo.

Expert Opin. Drug Deliv. (2006) 3(6)

745
RIGHTS L1 N Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Influence of protein transduction domains on intracellular delivery of macromolecules

Expert Opin. Drug Deliv. (2005)
2(1):43-51.

drugs: influence on cytotoxicity and tissue
penetration. Br. J. Cancer (2006)
94(6):863-869.

56. HUPP TR, SPARKS A, LANE DP: Small
peptides activate the latent sequence-specific

DNA binding function of p53. Cell (1995)

34. KAPLAN IM, WADIA JS, DOWDY SE:
Cationic TAT peptide transduction domain 45.  SHIRAISHI T, NIELSEN PE: 83(2):237-245.
enters cells by macropinocytosis. /. Control. Photochemically enhanced cellular delivery 57. SELIVANOVA G, IOTSOVA V, OKAN I
Release (2005) 102(1):247-253. of cell penetrating peptide-PNA conjugates. et al.: Restoration of the growth suppression

35. NAKASE I, NIWA M, TAKEUCHI T FEBS Lett. (2006) 580(5):1451-1456. function of mutant p53 by a synthetic
et al.: Cellular uptake of arginine-rich 46.  LINDSAY MA: Peptide-mediated cell peptide derived from the p53 C-terminal
peptides: roles for macropinocytosis and delivery: application in protein target domain. Nat. Med. (1997) 3(6):632-638.
actin rearrangement. Mol. Ther. (2004) validation. Curr. Opin. Pharmacol. 58. SNYDER EL, MEADE BR, SAENZ CC,
10(6):1011-1022. (2002) 2(5):587-594. DOWDY SF: Treatment of terminal

36. MEIER O, BOUCKE K, HAMMER SV 47. BEGLEY R, LIRON T, BARYZA ], peritoneal carcinomatosis by a transducible
et al.: Adenovirus triggers macropinocytosis MOCHLY-ROSEN D: Biodistribution of p53-activating peptide. PLoS Biol. (2004)
and endosomal leakage together with its intracellularly acting peptides conjugated 2(2):E36.
clathrin-mediated uptake. /. Cell Biol. reversibly to TAT. Biochem. Biophys. Res. 59. HARADA H, HIRAOKA M,

(2002) 158(6):1119-1131. Commun. (2004) 318(4):949-954. KIZAKA-KONDOH S: Antitumor effect

37.  NORBURY CC, HEWLETT LJ, 48. INAGAKI K, CHEN L, IKENO F er al: of TAT-oxygen-dependent
PRESCOTT AR, SHASTRIN, WATTS C: Inhibition of delta-protein kinase C protects degradation-caspase-3 fusion protein
Class I MHC presentation of exogenous against reperfusion injury of the ischemic specifically stabilized and activated in
soluble antigen via macropinocytosis in heart in vivo. Circulation (2003) hypoxic cumor cells. Cancer Res. (2002)
bone marrow macrophages. Immunity 108(19):2304-2307. 62(7):2013-2018.

(1995) 3(6):783-791. 4. MENDOZA N, FONG S, MARSTERS ] 60 BASHOUR AM, MENG JJ, IP W,

38.  FUKI IV, MEYER ME, WILLIAMS KJ: et al.: Selective cyclin-dependent kinase MACCOLLIN M, RATNER N: The
Transmembrane and cytoplasmic domains 2/cyclin A antagonists that differ from ATP neurofibromatosis Type 2 gene product,
of syndecan mediate a multi-step endocytic site inhibitors block tumor growth. Cancer merlin, reverses the F-actin cytoskeletal
pathway involving detergent-insoluble Res. (2003) 63(5):1020-1024. defects in primary human Schwannoma
membrane rafts. Biochem. J. (2000) 50. HARBOUR JW, WORLEY L, MA D, cells. Mol. Cell Biol. (2002)
351(Pt 3):607-612. COHEN M: Transducible peptide therapy 22(4:1150-1157.

39. HEWLETT L], PRESCOTT AR, for uveal melanoma and retinoblastoma. 61. STEIN S, WEISS A, ADERMANN K
WATTS C: The coated pit and Arch. Ophthalmol. (2002) et al.: A disulfide conjugate between
macropinocytic pathways serve distinct 120(10):1341-1346. anti-tetanus antibodies and HIV
endosome populations. /. Cell Biol. (1994) 51, MAIJC, MI Z, KIM SH, NG B, (37-72)TAT neutralizes tetanus toxin inside
124(5):689-703. ROBBINS PD: A proapoptotic peptide for chromaffin cells. FEBS Lert (1999)

PIOApopIOtc pep 458(3):383-386.

40. KOCH AM, REYNOLDS E the treatment of solid tumors. Cancer Res.

KIRCHER MF er al.: Uptake and (2001) 61(21):7709-7712. 62. WAGSTAFF KM, JANS DA: Protein
metabolism of a dual fluorochrome 52 DATTA K, NAMBUDRIPAD R, PAL S trar.lsduction: c.ell pen.etra.ting peptides and
TAT-nanoparticle in Hela cells. et al.: Inhibition of insulin-like growth their therapeuc applications. Ciurr. Med.
Bioconjug. Chem. (2003) 14(6):1115-1121. factor-I-mediated cell signaling by the von Chem. (2006) 13(12):1371-1387.

41. FISCHER R, KOHLER K, Hippel-Lindau gene product in renal 63.  CONNER SD, SCHMID SL: Regulated
FOTIN-MLECZEK M, BROCK R: cancer. J. Biol. Chem. (2000) portals of entry into the cell. Nature (2003)
A stepwise dissection of the intracellular 275(27):20700-20706. 422(6927):37-44.
fate of cationic cell-penetrating peptides. 53. DATTA K, SUNDBERG C, o
J. Biol. Chem. (2004) KARUMANCHI SA, Affiliation . .
279(13):12625-12635. MUKHOPADHYAY D: The 104-123 shnstopher L Murriel“ & Steven F Dowdy

K . ) Author for correspondence
42. POTOCKY TB, MENON AK, amino acid sequence of the B-domain of 1 . .
. . ) ) Investigator of the Howard Hughes Medical
GE.LLMAN SH: Cytf)plasmlc .and nuclear von P.Ilppel—ljmfia.u gene product is Institute and Professor of Cellular and Molecular
dellver?r ofa TAT—derlv?d pepmde‘ and a .sufﬁc~16nt to inhibit renal tumor growth and Medicine, UCSD, Howard Hughes Medical
B—peptlde‘ after endocytic uptake into Hela invasion. Cancer Res. (2001) Institute, and Department of Cellular & Molecular
;Ii:( 5](‘)5 ;21.1 353‘1(924003 ) 616):1768-1775. Medicine, UCSD School of Medicine, 9500
‘ i : 54. HOSOTANIR, MIYAMOTOY, Gilman Drive, La Jolla, CA 92093-0686, USA

43. MAGZOUB M, PRAMANIK A, FUJIMOTO K et al.: Trojan p16 peptide E-mail: sdowdy@ucsd.edu
GRASLUND A: Modeling the endosomal suppresses pancreatic cancer growth and 2postdoctoral Fellow, Howard Hughes Medical
escape of cell-penetrating peptides: prolongs survival in mice. Clin. Cancer Res. Institute, and Department of Cellular & Molecular
transmembrane pH gradient driven (2002) 8(4):1271-1276. Medicine, UCSD School of Medicine, 9500
translocation across phospholipid bilayers. 55.  SHERR CJ, MCCORMICK F: Gilman Drive, La Jolla, CA 92093-0686, USA
Biochemistry (2005) 44(45):14890-14897. The RB and p53 pathways in cancer.

44, LEE CM, TANNOCK IF: Inhibition of Cancer Cell (2002) 2(2):103-112.
endosomal sequestration of basic anticancer

746 Expert Opin. Drug Deliv. (2006) 3(6)

RIGHTES

.1"_



