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Abstract

Peptide therapeutics is a promising field for emerging anti-cancer agents. Benefits include the ease
and rapid synthesis of peptides and capacity for modifications. An existing and vast knowledge
base of protein structure and function can be exploited for novel peptide design. Current research
focuses on developing peptides that can (1) serve as tumor targeting moieties and (2) permeabilize
membranes with cytotoxic consequences. A survey of recent findings reveals significant trends.
Amphiphilic peptides with clusters of hydrophobic and cationic residues are features of anti-
microbial peptides that confer the ability to eradicate microbes and show considerable anti-cancer
toxicity. Peptides that assemble and form pores can disrupt cell or organelle membranes and cause
apoptotic or necrotic death. Cell permeable and tumor-homing peptides can carry biologically
active cargo to tumors or tumor vasculature. The challenge lies in developing the clinical
application of therapeutic peptides. Improving delivery to tumors, minimizing non-specific toxic
effects and discerning pharmacokinetic properties are high among the needs to produce a powerful
therapeutic peptide for cancer treatment.
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1. INTRODUCTION

Cancer is not a single disease but a group of diseases characterized by the deregulated
growth of abnormal cells. Driving this uncontrolled growth are a series of mutations that
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cause aberrant expression of gene products essential for regulating proliferation, survival,
and growth activities of cells. Hence, cancer results from defects in the most basic biological
operations of cells: the ability to respond to growth signals, engage cell death programs to
eliminate unnecessary, excess or damaged cells, and the formation of new blood vessels and
ability to invade tissue. The challenge to clinicians and researchers seeking effective
therapeutic approaches is to eliminate cancerous cells while sparing the normal, healthy
tissue. While significant progress has been made in recent years, most current treatments for
cancers involve surgery or chemo-, radiation, and hormone therapies that have changed little
in the past decade. As an example, conventional chemotherapeutics (i.e.: DNA alkylating
agents), which target proliferating cancer cells, also damage healthy growing cells but may
fail to eliminate quiescent or non-proliferating cancer cells [1, 2]. Moreover, the
development of drug resistance is associated with current treatments, and may be due to
abnormalities in drug transporters or detoxifying enzymes that affect the interaction between
the drug and its target. Defects in DNA repair mechanisms and the apoptotic or cell death
pathway can also lead to the development of cancer drug resistance.

Even if initial therapies are successful, the risk of cancer recurrence remains a problem for
patients. In an effort to find new cancer drugs, the evolution of small molecules as drugs has
driven research endeavors; but problems with unforeseen off-target effects have created the
need for alternative approaches. In this review, we will focus on a novel class of anti-cancer
agents that are based on peptides. These small molecular weight molecules can be modeled
after endogenous proteins, are readily synthesized in a cost efficient manner and are
amenable to modifications. Peptides have applications in both diagnostics and cancer
treatments, providing specificity for tumor tissues, decreased chances of developing
resistance, and low toxicity. While a number of reviews have described in detail the use of
individual types of peptides (i.e. antimicrobial, cell penetrating or tumor targeting), in this
review, we will survey the general advancements made in the discovery and application of
therapeutic peptides for cancer treatment with the intent to demonstrate both the benefits and
challenges of this promising biomedical research direction.

1.1. Properties of Peptides

Peptides that could be developed into therapies to treat cancer can be organized into three
major groups as shown in Fig. (1). In the first group are those peptides, usually naturally
occurring or derived from a known protein, which have inherent membrane binding
capacity, can form pores or disrupt membranes, and through this mode of action are
cytotoxic (Fig. 1A). Anti-microbial peptides (AMPs), like cecropins and magainins, are part
of this first group as are “pore-forming” peptides derived from the Bcl-2 family of apoptosis
mediators. In the second group are cell penetrating peptides (CPPs), such as the trans-
activating transcriptional activator (Tat) from HIV (human immunodeficiency virus), which
function like a “Trojan horse” and internalize tethered cargo (Fig. 1B). The problems
associated with most CPPs, like Tat, are related to the absence of tumor cell specificity,
requiring modifications or fusion with a tumor-specific ligand for optimal anti-cancer
effectiveness. The third group is comprised of tumor targeting peptides (TTPs) that are
specific for tumor-related surface markers, such as membrane receptors, and can be used to
deliver cytotoxic cargo (i.e. drugs or a cytotoxic peptide) specifically to tumor tissue or
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vasculature (Fig. 1C). Examples of these are peptides with RGD (arginine/glycine/aspartic
acid) or NGR (asparagine/glycine/arginine) motifs that bind to integrins or cell surface
associated molecules or receptors frequently overexpressed on tumor cells or tumor-
associated blood vessels. CPPs may directly penetrate membranes or like TTPs employ a
biologically active mechanism like endocytosis for internalization of cargo. To produce the
ideal therapeutic peptide, one would need to integrate the essential characteristics from each
of the peptides in these groups: tumor targeting, cell membrane penetrating and death-
inducing.

Many peptides that have inherent cytotoxicity against cancer cells (i.e. those in group 1, Fig.
1A) possess a cationic, amphiphilic structure that allows them to target the negatively
charged membranes of cancer cells (and bacteria), but not normal mammalian cells (see
below), and may have pore-forming activity. These peptides, which have an affinity for
anionic phospholipid head groups, exert their cytotoxic effects by docking in target
membranes and causing depolarization [3,4]. The mechanism of action underlying
depolarization, in turn, is related to the ability of cationic, membrane-active peptides to form
toroidal pores [3, 4]. In a toroidal pore, as compared to a “barrel stave” pore, the peptides
and lipids assemble into a type of organized, supra-molecular structure, causing curvature of
the membrane to form a pore through which ions or small molecules can pass (Fig. 2). An
alternative mode to explain membrane disruption by peptides is the “carpet” model; peptides
accumulate parallel to the membrane surface and destabilize the membrane, causing
permeabilization. Other structural features can contribute to the lethality of a peptide. For
example, the position of a tryptophan residue, adjacent to the cationic region of a short
amphipathic peptide and facilitated by the electrostatic interaction, aids in the insertion and
subsequent cytotoxic activity of the peptide [5]. Such amphipathic bioactive peptides can
also be used to drive “self-assembly” to form higher order peptide structures that can either
be targeted directly to the membrane or can be guided through the membrane to attack
intracellular targets upon assembly [6].

1.2. Properties of Tumors

1.2.1. Membranes of Cancer Cells—To be useful as anti-cancer agents, cytotoxic
peptides like AMPs (Fig. 1A) need to target and damage the membranes of cancer cells,
sparing non-cancer cells. Important in this regard is that fact that cancer cells have
significant differences in their cell membranes that favor the targeting of such cytotoxic
peptides. In non-cancer cells, the total membrane charge is more neutral due to the presence
of zwitterionic phospholipids like phosphatidylcholine (PC) and sphingomyelin, with
phosphatidylserine (PS) and phosphotidylethanolamine (PE) located in the inner leaflet of
plasma membrane [7]. Cancer cells, in contrast, lose this membrane symmetry and expose
anionic PS on the outer leaflet of the plasma membrane, increasing the overall negative
charge [8]. Exposure of PS is linked to the metastatic phenotype [9] and has been
documented to occur with multiple cancer tissue types (reviewed in [10]). Another source
for increased negative charges on the membrane of cancerous cells is the sialic acid residues
linked to glycolipids and glycoproteins like mucins. Mucin 1 (Muc 1) is highly expressed in
most breast carcinomas as well as in ovarian, pancreatic, and lung cancers as examples [11].
Proteoglycans with highly negatively charged side chains, heparin sulfate and chondroitin
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sulfate, can also contribute to changing the charge on the surface of cancer cell membranes.
A number of cancers with altered proteoglycan expression and sulfonation have been
documented [12, 13]. In addition to increased negative charges on the cell membranes of
cancer cells, changes in membrane fluidity are associated with some cancers [14, 15] and
may be linked to higher cholesterol levels [16]. Another difference is the increased surface
area due to more microvilli on cancer cells compared to non-cancer cells [17]. This
collective evidence indicates that significant differences between the cell membranes of
cancer cells and non-cancer cells exists that could support the specific targeting and
cytotoxic action of a peptide therapeutic.

1.2.2. Tumor Vasculature—Solid tumors pose a particular challenge to therapeutics
because drugs introduced through blood vessels can only penetrate a few cells deep into
tumor tissues [18]. Reasons may include poor blood flow through tumor vessels [19] and
high interstitial pressure within in tumors that may stem from aberrant lymphatic flow [19,
20]. However, the problems of getting therapeutics into tumors may be offset by tumor
leakiness caused by rapidly growing and abnormal tumor neovasculature. This alteration in
the fluid dynamics of tumors causes cellular metabolites to accumulate in tumors at higher
concentrations than in normal tissue [21]. Termed enhanced permeability and retention
(EPR), these effects can differ from tumor to tumor, posing a significant variable in
treatment effectiveness. Besides being uneven and leaky, tumor blood vessels express
surface and extracellular matrix (ECM) proteins that are different from normal blood
vessels. Thus, an alternative treatment approach to improve delivery of anti-cancer drugs to
tumors is to direct treatments to tumor blood vessels by using tumor-targeting peptides (Fig.
1C) that home to tumor vasculature.

The expression of some of these proteins is associated with angiogenesis. Examples are the
overexpression of certain types of aff integrins [22]. Since these integrins are uniquely
overexpressed, they could serve as sites for the targeting peptides to home to tumor
vasculature. The ECM also has markers that could help direct peptides to tumors, such as the
expression of an alternative spliced form of fibronectin, which is linked to tumor vessels
[23]. Peptides can also be used to target fibrin-fibronectin complexes in the walls or stroma
of tumor blood vessels [24, 25]. Collagen expression is another potential target for tumor-
specific peptides. However, angiogenesis normally occurs in the context of inflammation as
well as in regenerating tissues. Consequently, targeting angiogenic markers on tumor
vasculature could also led to collateral damage of tissues undergoing repair or responding to
infections. The need for TTPs with more focused recognition for molecules specific to
tumor vasculature is evident.

2. PORE-FORMING AND CYTOTOXIC PEPTIDES
2.1. Anti-Microbial Peptides

Anti-microbial peptides (AMPs) (also called host defense peptides or cationic antimicrobial
peptides) are low molecular weight molecules (~10-40 amino acids) with a cationic
amphipathic structure that enables them to interact with anionic lipid membranes. Naturally
occurring AMPs are part of the protective innate immune response to microbes in many
species that include mammals, amphibians and insects. Because of their mode of action, in
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which the AMPs target membranes, AMPSs could be used as alternative cancer therapeutics.
In AMP databases, more than 100 AMPs have been characterized as having potential anti-
tumor activity [26]. Lipid membranes are the major target of most AMPs; therefore, the
development of drug resistance is less likely to occur since damaging cytotoxicity can take
place within minutes of peptide introduction [27]. AMPs can induce death in cancer cells
through two general mechanisms: apoptosis or necrosis. A necrotic death pathway could be
the result of AMPs targeting negatively charged molecules on the cell membrane of
cancerous cells, leading to cell lysis, while apoptosis could be the consequence of
mitochondrial membrane disruption. AMP-mediated membrane permeabilization may occur
through various mechanisms, such “barrel stave” or “carpet” models of membrane
perturbation or the formation of organized channels or “toroidal” pores (Fig. 2). AMPs could
also have non-membrane activities, such as activation of immune mechanisms that result in
anti-tumor effects [28]. The anti-cancer activity of specific classes of AMPs is described
below. The first two examples highlight well-studied AMPs and their anti-cancer effects,
while the second two exemplify the current trends for discovery of new AMPs with
cytotoxicity against cancerous cells.

2.1.1. Magainins—Magainins, derived from the skin of the African clawed frog, Xenopus
laevis, were among the first AMPs tested for anti-cancer activity [29]. Early work showed
that magainin 2 formed an amphiphilic a-helical structure (Fig. 3A) that porated membranes
[30] and improved the survival of animals bearing tumors [31]. Local treatment with
magainin 2 in a xenograft model of tumors in nude mice, led to the ablation of the tumors
[32]. Multiple lines of evidence support the cytotoxic effects of magainin 2 in melanoma,
breast and lung cancers. As example, magainin 2 was highly effective inhibiting the
proliferation of bladder cancer cell lines with a range of ICgq values of 31-135uM (BrdU
assay), while comparable 1Csq values for normal fibroblast cells lines were undetermined
[33]. Additional studies demonstrated that the anti-cancer effects of magainins were
selective. Lower concentrations of magainins were found to be toxic to cancer cells but not
lymphocytes or fibroblasts, and magainins were resistant to serum proteolysis [34,32].
Conjugation of magainin 2 to a tumor-homing peptide, bombesin, exemplified the potential
uses of the anti-tumor effects of the conjugate peptide (MG2B) [35]. Bombesin alone was
not cytotoxic, while MG2B had an ICsg range of 10-15 uM in breast cancer and melanoma
cell lines that was at about 10 times lower than unconjugated magainin 2 and 6-10 lower
than the ICgq for normal fibroblasts [35]. The utility of magainin 2 as an anti-cancer agent is
bolstered by the fact that it’s mechanism of action makes it a poor candidate for
development of resistance [36].

2.1.2. Cecropins—Cecropin A and B belong to the cecropin-family of AMPs isolated
from the hemolymph of the giant silk moth Hyalophora cecropia and were later found in
mammals. The basic structure of both cecropins A and B consists of two a helices, bearing
an amphipathic N-terminus and a hydrophobic C-terminus, with cytotoxic anti-cancer
activity associated with the features of the N-terminus [37,38]. Both cecropins A and B can
lyse cancer cells at concentrations below that which damage normal cells [39,40]. Cecropin
B and analogs displayed 1Csq values that ranged from 3-17 uM against different cancer cell
lines, like HL-60, K-562 or Jurkat, while 1Csq values for 3T3 fibroblasts were >50 uM [39].
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Cecropin B also showed in vitro killing activity against multi-drug resistance (MDR) human
breast and ovarian cancer cell lines and also in vivo anti-cancer effects in mice with colon
adenocarcinomas [41]. The cecropin-family of antimicrobial peptides have selective and
cytotoxic efficacy by targeting nonpolar lipid cell membranes and forming ion-permeable
channels as shown in hon-muscle invasive bladder cancer [42]. In the case of bladder cancer
cells, average 1Csq values for cell viability ranged between 185 and 251 pg/ml, doses that
were much lower than killed fibroblasts [42]. A synergistic lethal effect was observed when
cecropin A was combined with 5-fluoroouracil in the treatment of human leukemia cells
[40].

2.1.3. Defensins—Defensins belong to one of the subgroups of AMPs with variations of
the B-sheet structure (Figs. 3B, 3C). Defensins are small (3.5-4 kD), cysteine-rich peptides
that are found in mammals, insects, plants, and fungi. Humans produce a and 3 defensins as
part of an effective innate immune response to pathogens. Alpha-defensins (HNP1, HNP2,
HNP3) can be found in the granules of neutrophils or intestinal Paneth cells (HD5, HD6)
whereas Beta-defensins are mainly produced in the mucosal environment. Permeabilization
of membranes by HNPs is accomplished by their ability to form channels in lipid bilayers
[43]. Several studies found defensins in fluids and cells associated with malignancies [44].
In colorectal cancer, levels of HNP1-3 were increased in tumor tissues compared to normal
tissues [45]. Such work suggested that defensins could be used as biomarkers for early
detection of cancer. As therapeutic tools, the cytotoxic activity of HNPs1-3 has been
reported for human tumor cells, with 100 pg/ml HNP1 showing significant cytotoxicity
against oral squamous cell carcinoma [46]. Other anti-cancer effects documented for HNPs
include the ability to cause DNA damage and interfere with neovascularization of tumors
[47,48]. One problem that emerges is that HNP-mediated cytotoxicity is not specific to
tumor cells, but can also cause the lysis of normal leukocytes or epithelial cell, and is
inhibited by serum [49, 50]. To address this problem, novel variants of defensins have been
developed. Coprisin is an insect defensin-like peptide from which a synthetic peptide
(cationic 9-mer dimer), called CopA3, was synthesized [51]. CopA3 displayed antimicrobial
activity and inhibited the growth of pancreatic (ICsq of 61.7uM) and hepatocellular (ICsq of
67.8uM) cancer cells. This is an example of a synthetic peptide based on a naturally
occurring substance that exhibits inhibitory activities against microbes and has potential use
as a novel anti-cancer agent.

2.1.4. Pleurocidin—Pleurocidin was originally isolated from the winter flounder,
Pleuronectes americanus [52] which express high levels of bioactive peptides most likely as
result of their heavy reliance on innate immune responses. Similar to other AMP’s[52],
pleurocidin possess as a signal sequence at the N-terminus and an acidic peptide sequence at
the C-terminus, which may promote secretion while protecting the host and enabling pore
formation. Such conserved sequences are shared among other AMPs [53]. Using the
sequences from conversed regions of pleurocidin, new pleurocidin-like cationic AMPs were
discovered that had inhibitory activity [54]. Two of these, NRC-03 and NRC-07, have also
exhibited activity against breast cancer cells [55]. Examination of the sequence of NRC-03
indicated an unstructured cationic amino terminus and an a-helical segment linked by two
glycine residues (Fig. 3D). The sequence of NRC-07 suggested that it could also form an a-
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helix. Subsequent evaluation of the tumoricidal action revealed that both NRC-03 and
NRC-07 could kill breast cancer cells and enhance the toxicity of chemotherapeutic drugs
such as cisplatin or docetaxel [55]. At 50uM, NRC-03 and NRC-07 displayed about 75-94%
cytotoxicity against breast cancer cell lines [55]. Evaluation of cells treated with NRC-03
and NRC-07 showed that these AMPs caused cell death by binding to negatively charged
molecules on the cell membrane. Death could also ensue upon loss of mitochondrial
membrane integrity. In this manner, both AMPs could inhibit the growth of breast cancer
cells in a murine xenograft model [55]. Interestingly, the pleurocidin-family of cationic
AMPs tends to exhibit cytotoxicity in slow-growing cancer cells that overexpress P-
glycoprotein [55].

2.2. BCL-2 Family Peptides and BH3 Mimetics

Mitochondria are central to the apoptotic process. The intermembrane space of mitochondria
holds numerous proteins that are effectors of cell death, the classic example being
cytochrome c. Control over the release of apoptosis-inducing factors, such as cytochrome C,
from mitochondria is governed by the Bcl-2 family of proteins. The Bcl-2 family is
comprised of two groups: anti-apoptotic proteins like Bcl-2, Bel-XL and Mcl-1, and pro-
apoptotic proteins like Bax, Bak, Bid, Bim or Bad [56]. The latter group is subdivided into
the multi-domain effectors of cell death, like Bax or Bak, and the BH3-only proteins, like
Bad, Bim or Bid, that regulate the activity of anti- or pro-apoptotic members [57]. The
mechanism of action for the Bcl-2 family proteins depends on their ability to associate with
organelles, specifically the mitochondria or ER, and elicit effects that lead to the release of
apoptotic factors. Characterizing this activity at a molecular level has been challenging,
since Bcl-2 proteins may adopt distinct conformations whether in soluble or membrane-
bound form. However, similarity of structure with pore forming proteins like colicin or
toxins [58-60] suggested that the Bcl-2 proteins likely have pore-forming activity. This
permeabilizing effect has been demonstrated with Bax [61] and Bid (with Bax) [62] and led
to the testing of minimal forms of Bax or Bid for poration activity (see below). Because of
their importance in regulating apoptotic activity, Bcl-2 proteins are frequently mutated in
cancerous cells in order to deregulate cell survival [63-65]. Indeed, Bcl-2 itself is one of the
first examples of an oncogene, underscoring the role of this family of proteins in
oncogenesis and tumor formation [66]. The release of apoptosis inducing factors from
mitochondria depends on the balance of Bcl-2 proteins, with cell fate determined by over
expression of one group over the other. For the therapeutic purpose of inducing cancer cell
death, efforts are being directed at developing agents that either perturb the balance between
pro- and anti-apoptotic Bcl-2 proteins or directly disrupt mitochondrial membrane integrity.
The Bax-related pore forming peptides and the BH3-related peptides and mimetics are
prominent examples of these efforts.

2.2.1. Bax-Related Pore-Forming Peptides—Bax is formed by nine a-helices of
which the a5, a6 and a9 helices have the features of membrane binding domains. Peptides
based on the a5 and a6 helices of Bax caused permeabilization of artificial lipid vesicles,
resulting in the release of sequestered contents [67, 68]. Biophysical measurements indicated
that the a5 or a6 helix of Bax could form a toroidal-like pore structure (Fig. 2) in lipid
vesicles, particularly involving lysine/arginine residues in the helix-turn-helix region [68].
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The lipidic pore forming properties of these helices are a point of similarity with AMPs [69].
Such studies provided insights on how the full-length Bax protein could permeabilize
mitochondrial membranes and induce apoptosis. As a result, there is interest in producing
minimally active forms of Bax to induce apoptosis for therapeutic applications. In this
regard, GFP-tagged versions of the a5 and a6 helices of Bax induced apoptosis and, when
fused to a cell-penetrating motif, caused cell death (LCgg ~15 pM) and the regression of
murine mammary adenocarcinomas [70].

2.2.2. BH3-Related Peptides and Mimetics—Overexpression of anti-apoptotic
proteins like Bcl-2 or Mcl-1 tips the balance in favor of cell survival and in part underlies
the development of resistance to conventional therapeutics or chemotherapy [71, 72]. It
follows that interfering with the ability of Bcl-2 anti-apoptotic proteins to interact and inhibit
pro-apoptotic proteins, like Bax, could restore apoptosis in cancer cells. This is the premise
behind the use of BH3 peptides and the development of BH3 mimetics. A peptide containing
the BH3 domain from Bax caused apoptosis in treated cells, but this effect was due to
interference with the interaction between Bax and Bcl-XL and not the direct ability of the
peptide to activate Bax or induce its translocation to the mitochondria [73]. Such data
indicated that molecules based on the BH3 domains of Bcl-2 proteins could promote
apoptosis of cancer cells by blocking the association between pro-apoptotic multi-domain
proteins and anti-apoptotic counterparts. However, such peptides had poor cellular
permeability and issues with solubility and stability as well as the ability to target and
permeabilize cancer cells. To address this, a Bid BH3 peptide was modified using a
chemical staple to stabilize its a-helical conformation [74]. The stapled Bid BH3 peptide
was able to activate Bax [75], was resistant to protease degradation and, by maintaining its
a-helical form, could penetrate cell membranes and induce apoptosis as was shown in vitro
and in vivo with leukemia cells [74].

Success with modified BH3 peptides and the presence of a deep groove within the structure
of Bcl-2 proteins, like Bcl-XL [76], led to the development of small molecules or BH3
mimetics. This is an example of understanding a protein’s function and how peptides
derived affect the protein’s activity can lead to pharmacologically active agents that mimic
the peptide’s action. Three different classes of BH3 mimetics have had significant success in
killing cancer cells in vitro and in pre-clinical mouse models and are undergoing clinical
investigation in human cancer. The first of these, navitoclax/ABT-737, are molecular
mimetics of the BH3-only protein, Bad, that displayed cytotoxicity in in vitro (ICsg <10
nM), and in vivo (75 mg/kg/d) tumor models [77, 78]. These compounds were selective
against Bcl-2 and Bcl-XL and less so for Mcl-1 [79,80], although Bim could play a role in
this latter effect. Obatoclax had less affinity for Bcl-2 and more for Mcl-1 [81], while
AT-101 had modest affinity for Bcl-2, Bcl-XL and Mcl-1 and could disrupt the interactions
between Bcl-XL and Bax or Bad [81]. While the affinity for Bcl-2 anti-apoptotic proteins is
a feature of these compounds (more so for Obatolcax and AT-101), they also have
significant anti-tumor effects that are independent of their intended BH3-mimetic properties
[82]. These “off target” effects may be as relevant and critical as their intended Bcl-2/Bcl-
XL/Mcl-1 inhibiting activities. In clinical trials, navitoclax demonstrated toxicity against
selected hematological malignancies [83, 84].
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3. CELL-PENETRATING AND TUMOR-TARGETING PEPTIDES

The anti-cancer efficacy of a drug or compound is limited by its capacity to target, penetrate
membranes and localize within tumors. The ability to target cancerous tissues, and
concentrate the desired therapeutic agent within those tissues, can be achieved via tumor-
specific markers, specifically those found on tumors or tumor vasculature. Identification and
characterization of tumor markers are the foundation of knowledge from which tumor-
targeting peptides (TTPs) (also known as homing peptides) are being developed. As
examples, the screening of phage-displayed peptide libraries and antibody based screens has
successfully identified a number of TTPs that function in vivo and bind to molecules that are
accessible and expressed on tumor vasculature. Most TTPs that enable delivery of
therapeutic agents to tumors can be divided in two basic types. TTPs in the first group are
linked to cell-penetrating peptides (CPPs) which allow the cargo to be transported through
the cell membrane. On their own, these CPPs are not specific; specificity can be added by
union with a TTP. TTPs that can bind directly to a tumor marker and, as a result, internalize
cargo comprise the second group. Among the first CPPs discovered was HIV-Tat [85,86].
Attaching the Tat sequence (GRKKRRQRRRPPQ) could enable the internalization of cargo
from the surrounding media by numerous cell types [87]. Peptides with inherent tumor
targeting capacity are those with RGD (arginine/glycine/aspartic acid) or NGR (asparagine/
glycine/arginine) sequences [88]. Effective use of Tat-like and RGD-like sequences to
deliver cargo to tumors resulted in the development of numerous hybrid anti-cancer
compounds in which the TTP (for example) is linked with a drug or cytotoxic peptide. In the
following sections, we will review the various applications of CPPs, the RGD/NGR-delivery
system and, using the synthetic, AMP-like cytotoxic peptide, (KLAKLAK),, discuss the
efficacy of newly emerging methods to introduce peptides into cancer cells.

3.1. Tat and pH-Sensitive Peptides

CPPs that deliver cargo to cells can range from small molecules (<1kDA) to large
microparticles and can be conjugated to their cargo or interact in a manner that allows
cellular delivery of a drug, vector or liposome. Of the CPPs extensively studied are the HIV-
Tat peptide, penetratin (Antp), transportan and its variant TP10, and repeating units of
arginine, R8 and R9. Common features of these peptides are cationic residues which can, in
some instances, be separated by hydrophobic residues, leading to the formation of
amphiphilic helices. The ability to penetrate membranes is equated with hydrophobicity and
some CPPs can be extremely hydrophobic, for example the PFDYLI peptide [89]. However,
extensive study of CPPs has yet to conclusively demonstrate the mechanisms by which these
gain entry into cells, be it directly through the plasma membrane (Fig. 1B) or through an
endocytic pathway that is clathrin-dependent or independent (Fig. 1C). Determining how
CPPs and their cargo enter cells and escape endosomes or lysosomes to reach the cytosol (or
nucleus) remains a technically challenging endeavor. This is complicated by the observation
that small changes in experimental procedures or the sequence of the CPP can have
profound effects on biological outcomes. Moreover, the effective extracellular dose range of
CPPs can be over 10uM, indicating that endocytic delivery (and escape) may lead to
inefficient cytosolic accumulation. The major challenge for the therapeutic use of most
CPPs, like Tat or R8, remains the complete lack of tumor cell specificity. As example, an
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intraperitoneal injection of Tat fused to 3-galactosidase resulted in recovery from kidneys,
liver, lungs among other tissues, including the brain [90]. There is a need to find ways to
home CPPs to tumor tissues. Recent studies have exploited the distinct physiology of the
tumor microenvironment, such acidic pH, in order to produce novel CPPs with increased
specificity for cancerous cells. Examples of how Tat-like sequence can be adapted for
optimal tumor targeting and the development of pH sensitive CPPs are discussed.

3.1.1. Tat—Numerous studies have demonstrated the utility of Tat fusions to enable cell
penetration of proteins, peptides or oligonucleotides [91]. Pre-clinical cancer studies,
however, are limited by the lack of tumor specificity. One example was the conjugation of
Tat to a peptide that activates p53, which was used to treat mice with implanted human
cancerous tissue with positive results [92]. More recently, a peptide (with the Met docking
sequence) that blocks the interaction between hepatocyte growth factor (HGF) and its
receptor, Met, was delivered using either Tat or Antp. At concentrations of 10-25 uM Tat-
Met or Antp-Met peptides inhibited HGF-mediated growth of cells and higher doses resulted
in cytostatic activity [93]. Generation of a hybrid compound in which Tat was linked to
chitosan/doxorubicin displayed ICgq values in the nanomolar range, using CT26
adenocarcinoma cells, which was two-fold less than chitosan/doxorubicin alone [94]. These
studies show the potential anti-cancer use of Tat and similar CPPs as well as the need for
modifications that enable tumor targeting and concentration of toxic cargo. One approach
being tested is to hide the cationic CPP during transit to the tumor tissue and then expose the
membrane penetrating activity of the CPP at the tumor site. Examples of this are pH-
sensitive Tat-modified pegylated (PEG) liposomes or “Smart” compounds [95]. Steric
hindrance provided by PEG shields the Tat peptide until the acidic tumor environment
results in cleavage of the linker to which PEG was attached [96]. The efficacy of this system
was shown in a liposomal formulation incorporating Doxorubicin (Doxil), with LC50 values
demonstrating cytotoxicity in MCF-7 cells at 2 pg/ml compared to 38 pg/ml for Doxil alone
[97].

3.1.2. pHLIP—A number of pathological conditions like cancer result in an acidic
extracellular environment [98]. Tumor acidity is therefore a useful parameter for developing
CPPs. A novel peptide was discovered, called pH (low)-dependent Insertion Peptide
(pHLIP), that is derived from the bacteriorhodopsin C helix [99]. pHLIP can be found in
three states: (1) water-soluble at neutral or pH >7, (2) on the surface of a lipid bilayer at
neutral pH, and (3) inserted across the bilayers as a monomeric alpha-helix at pH < 6 [100,
101]. Hence, folding and membrane insertion of pHLIP occur when the pH drops from
neutral (~7.4) to acidic (7.0-6.5 or less) [100]. The energy released from this conformational
change of pHLIP can be used to move cargo across membranes [101]. As a result, pHLIP is
an pH-targeting peptide shown to accumulate in acidic tissues such as tumors [102] and
deliver cargo such as dyes, peptides and toxins [101]. Using a pHLIP-NIR (near infrared)
dye construct, pHLIP was shown to accumulate and persist in tumor tissue at levels five
times greater than other tissues like the kidneys [103]. Hence, pHLIP is a new type of CPP
that exploits the inherent acidity of tumors and can transport cytotoxic cargo under
conditions in which conventional anti-cancer drugs may be ineffective.
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3.2. RGD and NGR-Containing Peptides

Operating from the premise that endothelial cells in tumor blood vessels have distinct
protein markers not found in normal blood vessels, a phage peptide library was used to
identify peptides that would “home” to tumor vasculature [88]. Two peptides with tumor-
targeting sequences were discovered, one containing the RGD motif (Fig. 3E) and another
with the NGR motif. Biochemical studies revealed that RGD is found in the integrin-
interaction site of many ECM proteins. Hence RGD recognizes a class of integrins
associated with tumors, specifically avp3 and avp5 integrins, which are overexpressed in
angiogenic blood vessels [22, 104, 105]. NGR peptides recognize and bind to
aminopeptidase N (also known as CD13) that is overexpressed by endothelial cells of many
tumors [88,106] and could lead to improved tumor selectivity. More recently, NGR-
containing peptides were found to convert to isoDGR by asparagine deamidation, resulting
in avp3 integrin ligands that could mediate endothelial cell functions and tumor growth
[107].

Both RGD and NGR peptides have been used to target a number of compounds to tumors
and are being tested in different phases of human clinical trials (Table 1). An RGD peptide
(GSSSGRGDSPA) coupled to a PEG (poly (ethylene glycol)) modified stearic acid-grafted
chitosam micelle increased the efficacy of uptake in tumor types that overexpress integrins.
This allowed for the shuttling of cargo (doxorubicin) into tumor cells [108]. By using
c(RGDyK), a cyclic RGD peptide, the targeted delivery and uptake of micellar-like
nanoparticles containing hydrophobic chemotherapeutic agents to cancerous cells
overexpressing integrins was achieved [109]. The NGR targeting sequence was initially
linked to doxorubicin and resulted in tumor regression in a murine xenograft model [88].
More recently, NGR was coupled to platinum anti-cancer drugs to enhance their targeting
and incorporation within tumors [110]. This sequence homed specifically to solid tumors
and, more strictly, to the endothelium of angiogenic blood vessels, and delivered a liposomal
doxorubicin compound to treat orthotopic neuroblastoma xenografts in mice [111, 112]. The
NGR peptide fused with a 15kDa actin fragment induced apoptosis in vitro by integrating
into the cytoskeleton [113]. NGR and/or STR-R4 peptides, attached to the distal ends of
PEG on liposomes, enhanced the uptake of the liposomes in CD13 positive cells [114].
Supported by such findings, cilengitide, the salt of a cyclized RGD-based pentapeptide, was
made (EMD 121974, Merck). Cilengitide is undergoing testing in phase I, Il and 111 clinical
trials for non-small cell lung cancer, glioma, head and neck cancer, and prostate cancer to
name a few (Table 1). Use in glioblastoma patients in phase Il trials resulted in a six-month
progression free survival rate of 12-15% [115, 116]. Another promising clinical approach is
the delivery of the cytokine TNF (tumor necrosis factor) via RGD or NGR peptides. For
NGR-hTNF, there are a number of on-going phase 1l-111 clinical trials for ovarian, lung,
colon and other cancers (Table 1). Using NGR-hTNF in a cohort of patients with
hepatocellular carcinoma, minimal to no toxicity was observed and median survival rates of
8.9 months (average is 6 months) was achieved [117].

The next generation of RGD peptides is being designed to improve the penetration of cargo
into tumors. Permeation of drugs into tumor tissue is a problem given that blood flow
through tumor vessels may be abnormal and tumors could have high interstitial pressures
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[18, 19]. Novel RGD peptides have been adapted with a tissue penetration motif, R/
KXXR/K, which must be exposed for activity — called the C end rule (CendR). An RGD
peptide containing a CendR motif, iIRGD, was developed that binds to integrins and then
upon proteolytic cleavage, produces the CendR motif, which enables binding to neuropilin-1
(NRP-1), triggering tissue penetration [118, 119]. A potential use for iRGD is increasing the
amount of drugs that penetrates tumors. Combining iRGD with drugs like Paclitaxel (Taxol)
or Doxorubicin allowed increased accumulation of the drugs in tumor tissues, indicating its
possible use in combination therapies [119].

3.3. Targeting the KLA Peptide to Tumors

The amphipathic a-helix is a common motif found in AMPs as well as other biologically
active peptides. The ability to permeabilize membranes and result in cytotoxicity is a
common activity for many of these peptides, including most AMPs being developed for
anti-cancer applications. Using this information, synthetic peptides based on the selectivity
of AMPs for membranes were produced to replicate these amphipathic features [120]. Of
these, the most successful is (KLAKLAK), (KLA peptide), which displayed significant anti-
microbial activity at 1% the concentrations needed to kill mammalian cells [120]. Because
of its selectivity for anionic membranes of prokaryotes, the KLA peptide is poorly
permeable to eukaryotic plasma membranes and needs to be fused to CPPs and/or TTPs to
promote cellular uptake and tumor targeting. Once inside the cell, the KLA peptide will
disrupt mitochondria. Fusing the KLA peptide with a tumor-homing motif like RGD
(RGD-4C) resulted in the apoptotic cell death of cancer cells [121]. Another approach, while
less tumor specific, included fusing cationic sequences to the KLA peptide to promote
plasma membrane insertion. When coupled to a cationic peptide transduction domain
(PTD-5), the KLA peptide became a potent inducer of apoptosis [122]. Attachment of a cell
penetrating domain (R7 or RRRRRRR) to the KLA peptide increased cellular uptake and
efficient apoptosis in tumor cell lines and human xenografts [123]. The I1Csq of R7-KLA
ranged from 3-25 uM in different cancer cell lines, while KLA alone had I1Cgq values >100
UM [123]. For specific tumor targeting, a prostate-specific membrane antigen (PSMA)
targeting peptide (PTP) was conjugated to the KLA peptide and induced dose-dependent
death of human prostate cancer cell lines by apoptotic (~10uM PTP-KLA) and oncotic/
necrotic (~25 uM PTP-KLA) mechanisms. The PTP-KLA fusion peptide exploited the
expression of the PSMA on prostate cancer cells for targeted delivery of the KLA peptide
[124]. Along the same line, fusing the NH2-terminus of TCTP (human translationally
controlled tumor protein) to the KLA peptide resulted in TCTP-KLA which displayed an
ICs between 7-10 UM and caused regression of lung carcinomas implanted in mice [125].
These examples show the potential use of TTPs fused to a cytotoxic peptide, which on its
own has no selective tumor-homing capacity, to produce a highly efficacious, tumor cell
killing complex.

Direct modifications to the KLA peptide or encapsulation in nanoparticles are being
explored to develop the cytotoxic and tumor-targeting activity of the peptide, while reducing
potential toxic “off-target” effects. The addition of 3-triphenylphosphonium cations (TPPs)
improved the ability of the KLA peptide to target to mitochondria and induce apoptosis (i.e.
30uM caused 60% mortality of HeL a cells), increasing the biological activity of the peptide
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[126]. The formation of a pH-responsive nanocomplex consisting of GCS-g-DMA (glycol
chitosan graft with 2,3-dimethylmaleic acid) and KLA peptide resulted in release of the
KLA peptide in response to increasing acidic pH, and the accumulation of the KLA peptide
in murine tumors [127]. In order to produce a nanosystem to target tumor vasculature, the
KLA peptide was fused to a TTP (CGKRK peptide) and multivalent presentation achieved
using iron oxide nanoparticles. The complex targeted mitochondria and induced apoptosis,
causing significant tumor regression in a murine model of glioblastoma [128].

4. CONCLUSIONS AND CHALLENGES

The application of peptide therapeutics in the treatment of cancer is not a new field but one
that has resurged in the recent years with the discovery of new tumor-targeting markers and
naturally occurring or synthetic cytotoxic peptides. Features of tumors that could facilitate
the targeting and uptake of peptides include the increased negative charge of the plasma
membrane of tumor cells and the leakiness of the tumor vasculature. Taking advantage of
tumor-specific membrane differences, AMPs are proving to be effective anti-cancer agents
that cause cell lysis and induce apoptosis, with a lower risk of developing resistance.
Similarly, pore-forming cytotoxic peptides based on transmembrane sequences from
apoptosis-inducing Bcl-2 proteins or BH3 peptides/mimetics, which interfere with the
binding of anti- and pro-apoptotic Bcl-2 proteins, can promote mitochondrial-mediated
apoptosis of tumor cells, specifically those overexpressing pro-survival proteins. However,
neither AMPs nor Bcl-2 family-derived peptides can directly target tumors via tumor-
specific markers. Such targeting is mediated by TTPs that in most part do not have inherent
cytotoxic activity but can deliver drugs or cytotoxic peptides directly to tumors. Among the
most effective TTPs are those bearing RGD or NGR motifs that bind to receptors
overexpressed on endothelial cells of tumor vasculature. Modifications of these TTPs can
elicit changes in the tumor environment to promote the accumulation of higher
concentrations of anti-cancer agents or drugs within tumors. The combinations of TTPs with
cytotoxic peptides or drugs in nanoparticles or as part of a self-assembled complex could
produce the “magic bullet” that specifically targets and eradicates tumor cells.

The challenges to produce efficient and specific tumor-eradicating peptides not toxic to
normal tissue are severalfold. AMPs or cytotoxic “pore-forming” peptides (like those based
on the Bcl-2 family) are promising anti-cancer agents that can be effective against tumor
cells at low concentrations non-lethal to normal tissue. However, AMPs or “pore-forming”
peptides have no selective tumor targeting capacity. While, AMPs were initially thought to
“punch holes” in membranes, the realization is that a more complex mechanism of action is
involved. Whether this mechanism is based on structural properties, the formation of a
channel or pore, or just thinning of the membrane has yet to be understood. Other issues that
need to be addressed include determining potential toxicity or “off-target” effects,
improving stability (in serum) or bioavailability, assessing pharmacokinetic properties and
ensuring delivery to tumor cells. Delivery is among the most important concerns. The need
to improve selectivity of AMPs or pore-forming peptides for cancer cells may require a
better understanding of the structure-activity relationship of these molecules. The fusion of
cytotoxic peptides with TTPs is a logical direction that has proven effective, reducing
concentrations needed to achieve cytotoxic ICgq values. To produce the next generation of
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TTPs that bind more specifically to target surface molecules on tumor cells or tumor
vasculature requires new discovery tools. In this regard, the screening of phage-displayed
peptide libraries has already proved productive with the identification of the RGD and NGR
motifs. Other approaches include the bioinformatics-driven design of a peptide library based
on the solved crystal structures of proteins in which virtual docking of peptides is
incorporated and new ligands for receptor targets can be identified. The ultimate goal,
however, is to bring the use of peptide therapeutics into the clinic. As shown in Table 1,
most cytotoxic peptides, like the antimicrobial peptides, are in pre-clinical stages of testing
and have yet to enter human clinical trials for cancer. The critical and validating research
findings that result from testing in vitro cancer cell lines and in vivo mouse tumor models
are just the initial steps leading to the translational studies that will, if successful, positively
impact upon the survival rates of cancer patients.
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ABBREVIATIONS
AMP Anti-microbial peptides
Antp Antenapedia
Bcl-2 B-cell Lymphoma 2
BH Bcl-2 homology
CCP Cell penetrating peptide
CendR Cendrule
CopA3 Coprisin analog peptide A3
ECM Extracellular matrix
EPR Enhanced permeability and retention
ER Endoplasmic reticulum
GCS-g-DMA Glycol chitosan graft with 2,3-dimethylmaleic acid
HD Human alpha defensin
HNP Human Neutrophil Peptide
Muc 1 Mucin 1
NGR Asparagine/Glycine/Arginine
NRP-1 Neuropilin-1
PC phosphatidycholine
PE Phosphatidylethanolamine
PEG Poly (ethylene glycol)
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pHLIP pH (low)-dependent Insertion Peptide
PS Phosphatiydserine
PSMA Prostate-specific membrane antigen
PTP PSMA targeting peptide
PTD-5 Peptide transduction domain
RGD Arginine/Glycine/Aspartic acid
Tat Trans-activating transcriptional activator
TCTP Human translationally controlled tumor protein
TNF Tumor necrosis factor
TPP 3-triphenylphosphonium
TTP Tumor targeting peptide
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A. B. C.
Antimicrobial/Pore-forming Peptides Cell Permeable Tumor Targeting
Cecropin A-Magainin 2 TAT, Antennapedia NGR, RGD

Hybrid, Bax a5 helix

RARAR
LSRR

Fig. 1. Classes of Therapeutic Peptides
Current therapeutic peptides can be classified into three major divisions. A) Anti-microbial

peptides (i.e. magainins or cecropins) or pore forming peptides (i.e. derived from the Bcl-2
family of apoptosis mediators) are targeted to characteristic features of certain membranes
and typically incorporate into the membrane to form pores, affecting both membrane
stability and membrane potential. B) Cell penetrating peptides, for example the Tat peptide
derived from HIV, are usually arginine rich and inert to the cell. These may enter cells
directly through membranes (as shown), or use an endocytic mechanism (C) to incorporate
within the cell, and are often tethered to another more active compound or peptide, making
this a “Trojan horse” class. C) Targeting peptides, such as RGD or NGR peptides, are
specific for a plasma membrane component overexpressed by the tumor vasculature. These
peptides are typically used to target a secondary chemotherapy agent or a biological
preferentially to tumors.
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Fig. 2. Schematic of poretypes
Models of the (A) barrel-stave and (B) toroidal pores that can be formed by anti-microbial or

pore-forming peptides are shown. Models of pores were generated using SketchUp
(Google). The layers represent the outer and inner membranes with the cylinders indicating
the peptides.
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B. Human a- C. Human B- D. Pleurocidin E.RGD
Defensin 1 Defensin 1 i Peptide

A. Magainin 2

T J

Fig. 3. Solved structures of peptidesused in pre-clinical and clinical trials
(A) The structure of the Magainin 2 a-helical peptide is shown and was derived from pdb ID

of 2MAG. (B) Human a-defensin 1, a mostly a-sheet peptide has a pdb ID of 3LO9. (C)
Human B-defensin 1 peptide has a pdb ID of 2NLS. (D) Pleurocidin structure is from pdb 1D
1764. (E) The RGD peptide is based on pdb ID 1FUL.
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Representative List of Pre-Clinical and Clinical Trials of Therapeutic Peptides

PEPTIDE NAME

THERAPEUTIC USE

CLINICAL DEVELOPMENT PHASE

REFERENCES/CLINICAL TRIAL SITE

Group | Peptides

Cecropin A and B Cancer:
Leukemia Pre-Clinical Hui et al., 2002
Bladder Pre-Clinical Suttmann et al., 2008

Pleurocidin Cancer: breast Pre-Clinical Hilchie et al., 2011

Magainin2 Cancer:
Bladder Pre-Clinical Lehmann et al., 2006
Anti-microbial:
Diabetic foot ulcers Phase I11 MarcoChem Corporation

B-defensin Anti-microbial: Eastern Virginia Medical School/Merck
Inflammatory Biomarker | Phase IV

a5-a6 Bax peptide | Cancer: apoptosis | Pre-Clinical | Valero et al, 2010

BH3 domain | Cancer: apoptosis | Pre-Clinical | Walensky et al, 2004

KLAKLAK | Cancer: glioblastoma | Pre-Clinical | Agemy et al, 2011

Group || Peptides

Tat Cancer Pre-Clinical
HIV: vaccine Phase I, 1l Istituto Superiore di Sanita

Group |11 Peptides

RGD (Cilengitide, Cancer:

Delta 24-RGD, Delta X

24-RGD 4C, RGD- Brain Phase | M.D. Anderson and others

KS) Phases I1, Erasmus Medical Center and others
Ovarian Phase | University of Alabama at Birmingham
Head and Neck Phase I and 11 Merck, Chang Gung Memorial Hospital
Prostate Phase 11 University of Michigan Cancer Center
Lung Phase I and I1 Merck, University Hospital Mannheim
Melanoma Phase 11 M.D. Anderson

NGR (NGR-hTNF) Cancer:
Ovarian Phase I1 MolMed S.p.A.
Mesothelioma Phase I1, 11 MolMed S.p.A.
Lung Phase I1 MolMed S.p.A.
Sarcoma Phase I1 MolMed S.p.A.
Colon Phase 11 MolMed S.p.A.
Hepatic Phase I1 MolMed S.p.A.
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