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Abstract
The current status of peptides that target the mitochondria in the context of cancer is the focus of
this review. Chemotherapy and radiotherapy used to kill tumor cells are principally mediated by
the process of apoptosis that is governed by the mitochondria. The failure of anticancer therapy
often resides at the level of the mitochondria. Therefore, the mitochondrion is a key
pharmacological target in cancer due to many of the differences that arise between malignant and
healthy cells at the level of this ubiquitous organelle. Additionally, targeting the characteristics of
malignant mitochondria often rely on disruption of protein–protein interactions that are not
generally amenable to small molecules. We discuss anticancer peptides that intersect with
pathological changes in the mitochondrion.

The mitochondrion holds importance among cellular organelles in consideration of selective
anticancer therapy because it is the nexus for propagating malignant transformation and
controls cell death. The mitochondrion is a universal target in all cancer cells, and new
information about functional and structural differences between healthy and malignant cells
continues to emerge [1]. Peptides that specifically target malignant mitochondria offer
advantages of low toxicity, high specificity and generally increase the range of interactions
that are difficult to target with small molecules (e.g., protein–protein, protein–lipid and
protein–DNA) [2]. However, the benefits of peptides are offset by difficulties in delivery,
such as degradation by proteases and rapid clearance. As such, the delivery of peptide/
protein therapeutics is almost exclusively by the parenteral route, but the status quo is
actively being challenged by broad efforts (e.g., liposomes, microparticles, nanoparticles,
‘smart’ polymers, hydrogels and chemical modifications to the peptide/protein) to achieve
more convenient routes of administration (i.e., oral, nasal and transdermal) and improved
pharmacokinetics [3–5]. However, peptides, in many cases, are far from passive in the
delivery process and through the maze that is drug delivery (from route of administration to
perhaps a target residing within a specific organelle), peptides are employed as the vehicle,
homing motif and trans-/intra-cellular passport [6].

There is an emerging view in cancer therapy that the way in which a cancer cell dies (i.e.,
immunogenic cell death) is important for a durable response [7]. However, traditional
chemo therapy and immune response are in conflict because chemotherapy (e.g., DNA-
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damaging agents) often induces the substantial destruction of immune effectors [8].
However, targeting the mitochondria may be the key to initiate or manipulate the type of
death a cell undergoes and commit a cancer cell to ‘immunogenic apoptosis’ [9]. Pairing
therapeutic peptides targeting malignant mitochondria with existing small-molecule chemo
therapy could lower dose requirements and curb traditional treatment-associated toxicity
[10]. Thereby, combined therapy could spare the immune system, reduce patient side
effects, sensitize cancer cells to death and establish a durable response [11].

The mitochondrion is now dually famous as both the cellular ‘powerhouse’ and as the
central regulator of the cell death pathway that bears its name. The outer membrane of the
mitochondrion (OMM) is generally permeable to metabolites and ions, while the inner
membrane (IMM) maintains a tightly regulated ion flux. Respiration-driven efflux of
protons across the IMM during oxidative phosphorylation sets up a large electrochemical
gradient composed of a difference in both the voltage (Δψm) and the concen tration of ions
across the membrane (ΔpIon). This electrochemical gradient is the driving force for the
production of ATP. Importantly, the negative interior, called the mitochondrial matrix
(where the citric acid cycle and fatty acid β-oxidation transpire), allows the accumulation of
molecules with cationic character. The intermembrane space (IMS) hosts an array of
cytotoxic proteins that are released upon OMM permeabilization [12].

Newer cancer therapies are expected to kill malignant cells while producing minimal or no
toxicity to normal cells. This expectation is borne out of the tremendous pace at which our
understanding of tumor-specific molecular profiles has occurred in the last decade. The
identification of tumor markers has lead to the development of new selective cancer
therapies such as trastuzumab, which targets the over expression of HER2/neu in 30% of
patients with breast cancer [13]. However, the search is on for more global cancer markers
with the hope of generating a more generic cancer therapy. Peptides could properly be
referred to as ‘smart’ nanoparticles because they are capable of encoding targeting, entry
and therapeutic modality into one customizable unit [14]. To this end, one of the emerging
strategies is the therapeutic targeting of proteins that affect multiple downstream pathways
(i.e., so-called nodal proteins) in cancer signaling [15]. In this respect, the mitochondrion
has become the focus of much interest for cancer therapy as it is the central ‘node’ of cell
death induction (Figure 1) [11].

The mitochondria of tumor cells are structurally and functionally different from those of
untransformed cells [6]. The alterations in malignant mitochondria or the metabolic
pathways governing mitochondrial function vary by cancer type and level of disease
progression [16]. Mitochondrial adaptations that take place in cancer range from subtle (e.g.,
isoform switching) to profound dysfunction [17]; yet, any deviation between healthy and
malignant cells is an opportunity to be therapeutically leveraged. Many of the current and
emerging therapeutic mitochondrial targets are protein–protein/lipid/DNA interactions that
are less amenable to small-molecule intervention. Peptide (and protein) thera peutics, as a
class of drugs, are well suited to exploit the often subtle differences between healthy and
diseased mitochondria. This review focuses on current and potential mitochondrial
anticancer targets in connection with therapeutic peptides.

Mitochondrial cell death pathway
Cell death is generally categorized into either subtypes of stepwise regulated programmed
cell death (PCD) or a passive disintegration termed necrosis [18]. PCD that is intracellular
in origin is known as the intrinsic apoptotic or mitochondrial cell death pathway. However,
the mitochondria ultimately play a key role in all active PCD cell death pathways [18]. Most
cytotoxic anticancer agents, in spite of having diverse mechanisms of action, cause death
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through the mitochondrial pathway [19]. More precisely, death induction signaling from
chemotherapy funnels down to the activation of mitochondrial outer membrane
permeabilization (MOMP), which, in turn, is controlled by the balance between positive or
negative regulators of OMM integrity (Figure 2) [4]. In many cancers (e.g., leukemia,
melanoma and hepatocellular carcinoma), resistance to chemotherapy has been directly
attributed to the overexpression of the anti-apoptotic B-cell lymphoma-2 (Bcl-2) family
members [20].

The Bcl-2 family of proteins are categorized as members with four Bcl-2 homology (BH)
domains (BH1–4) or with only one BH domain, the BH3-only proteins. All of the BH3-only
proteins (e.g., PUMA, NOXA, Bad, Bim and Bid) are classified as pro-apoptotic, while
Bcl-2 proteins with four BH3 domains are anti-apoptotic (e.g., Bcl-2, Bcl-xL, Bcl-w, Mcl-1
and Bfl1) with the exceptions of Bak and Bax. MOMP proceeds by activation and
oligomerization of Bax and/or Bak ‘effectors’ to form pores in the mitochondrial outer
membrane allowing the release of pro-apoptotic factors such as cytochrome c, AIF, second
mitochondria-derived activator of caspase (Smac), endonucleases and HtrA2. Upon release
of the apoptotic factors from the IMS, cytosolic caspases are activated and the cell is
committed to destruction [21].

Bak is constitutively found at the OMM while Bax is cytosolic, until activated, whereupon it
translocates via an N-terminal mitochondrial targeting sequence (MTS) to the OMM. The
anti-apoptotic members of the Bcl-2 family, such as Bcl-2 and Bcl-xL, have been found to
localize at the OMM, the endoplasmic reticulum and nuclear membranes [21]. Bax or Bak
monomers or hetero-oligomers of both proteins form aqueous channels in the OMM. The
activation of Bak and Bax may be initiated by many different stimuli including direct
interaction with p53 [22], BH3-only proteins such as Bid or Bim and post-translational
modifications [23]. Bax inhibition of an IMM potassium channel (mitoKv1.3) also seems to
be crucial to cytochrome c, AIF and Endo G release from the IMS, unlike Smac and HtrA2,
which are released independently of mitoKv1.3 function. It has been suggested that the
release of cytochrome c, AIF, and Endo G are all dependent on a mechanism based on
increased reactive oxygen species (ROS), and that this coincides with the inhibition of the
mitoKv1.3 channel [24]. ROS increase is a central event in the release of cytochrome c from
the IMS, where it is bound to the IMM in association with the unique mitochondrial
phospholipid cardiolipin [21]. However, it remains unclear whether the efflux of cytochrome
c occurs solely by oligomeric Bax and other protein channels, and/or by the activation of a
matrix to cytosol spanning permeability transition pore (PTP) and cristae remodeling
[25,26].

The mitochondrial PTP may generally function as a mitochondrial Ca2+ release channel to
regulate physiological Ca2+ dynamics; however, it also plays an important role in apoptosis.
The PTP is comprised of the TSPO (formerly named peripheral-type benzodiazepine
receptor) located at the outer/inner mitochondrial membrane contact sites, the VDAC, and
the ANT. The anti-apoptotic Bcl-xL interacts with the ANT, and it has been proposed that
this interaction can prevent cell death. In addition, Bcl-2 and Bax may modulate VDAC
activity [24].

In some cases, nonselective toxins kill malignant cells more readily than healthy cells [27].
This phenomenon is analogous to nonspecific cytotoxic drugs that attack common targets
such as DNA or microtubule formation, but which nonetheless kill rapidly proliferating
tumor cells preferentially. A recent study correlates cytotoxic chemotherapy efficacy with
mitochondrial priming of malignant cell mitochondria [28]. However, as for classical
chemotherapy, any agent that is nonselective runs the risk of toxic side effects. The same
reasons that make mitochondria an excellent anticancer target (i.e., cell death and oncogenic
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transformation functions) also suggests indiscriminate mitochondrial toxins will be
unacceptable as chemotherapeutics. The strategy of mitochondrial targeting with intent to
cause dysfunction ought to include a ‘cancerotropic’ modality. Depending upon the
mitochondrial toxin and type of malignancy, the mitochondria of cancer cells may be self-
selecting by way of being in a so-called ‘primed’ state such that the therapeutic index
between healthy and cancerous cells for a nonspecific mitochondrial toxin may be very
broad. This is unlikely to be true across the typical heterogeneity of cancer, however, and
developing selective agents is a prudent course.

Peptide therapeutics can be readily designed to minimize off-target effects in three ways:
first, by including a targeting moiety selective to cancer cells coupled to nondiscriminating
mitochondriolytic entities; second, by using an agent that has a mechanism of action based
on structural and/or functional differences inherent between healthy and malignant
mitochondria; or third, using a therapeutic entity toxic to mitochondria, but that remains
spatially segregated from the mitochondria unless intracellular pathologic conditions
common to cancer cells initiate mitochondrial translocation. Ideally, a combination of these
approaches could be used to minimize off-target effects (Figure 1).

Malignant mitochondria (the tumor signature)
Recognition of a difference between the mitochondrial function of healthy cells and those of
malignant cells was made by Otto Warburg in the late 1920s. Warburg discovered malignant
cells produce ATP via glycolysis even under aerobic conditions (i.e., the so-called Warburg
effect) [12]. Warburg's attempt to attack malignant mitochondria on a bioenergetic basis was
unsuccessful because the glycolytic shift in malignant cells is not (as presumed by Warburg)
due to a fundamental dysfunction of mitochondrial oxidative phosphorylation, but instead
related to changes in metabolic signaling pathways [1]. However, recent discoveries
(including the mitochondrion as a central regulator of cell death) concerning bioenergetic
alterations and malignant transformation have brought Warburg's general strategy back into
favor [12]. In addition to corrupted bioenergetic pathways, mitochondrial proteins
responsible for controlling the processes of apoptosis/necrosis, respiration and mitochondrial
membrane integrity are being exploited for the selective destruction of malignant cells over
healthy cells [11].

Even if mitochondrial function is not funda mentally impaired in cancer cells, mitochondrial
activity is altered by environmental changes (e.g., low oxygen) and genetic reprogramming
[1]. Rapidly expanding tumor cells, in addition to adapting for continued survival, also
exploit adaptive mechanisms to meet the vast energetic requirements for proliferation.
Metabolic reprogramming is a way to increase ATP production in an oxygen-independent
manner while supplying the necessary constituents for anabolism. The shift between
glycolysis and oxidative phosphorylation is controlled by two enzymes, mitochondrial
pyruvate dehydrogenase and lactate dehydrogenase, which control the catabolic fate of
pyruvate [1]. HIF-1 plays a key role in metabolic adaption either to hypoxia itself or through
loss-of-function mutations in oxygen-sensing genes. In connection to pyruvate catabolism,
HIF-1 upregulates PDK1, which inactivates PDH and suppresses oxidative metabolism of
pyruvate in the tricarboxylic acid cycle. This glycolytic shift may also serve to protect
cancer cells from producing cytotoxic levels of ROS [12]. The success of a small-molecule
inhibitor of PDK1 (dicholoro-acetate) has validated targeting cancer energy metabolism.
This drug specifically acts on the mitochondria of cancer cells without disturbing the
physiology of non-malignant cells [29].

Other mitochondrial changes can also attend the metabolic adaptations in malignancy that
impact mitochondrial function and can reinforce metastatic potential. For instance, increased
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superoxide formation (ROS), increased mitochondrial membrane potential, isoform
switching and alterations in ion channel expression levels have been linked to perpetuating
malignancy or chemotherapeutic resistance [30].

Mitochondrial reactive oxygen species
Circumstances dealing with ROS and malignancy often seem contradictory [31]. Increased
ROS levels caused by oncogenic processes and perpetuating tumorigenicity seem
inconsistent with therapeutic ROS generation leading to cell death induction [32]. Elevated
intracellular ROS can lead to the activation of transcription factors (e.g., HIF-1 and NF-κB),
leading to a host of protein expression profiles that contribute to malignancy such as
proliferation, survival and metastasis [31]. This situation leads to a seeming ‘ROS paradox’
where many antineoplastic agents exert their cytotoxic effects through the generation of
ROS [33]. The underlying mechanisms for the essential ROS-mediated killing by
chemotherapeutics and radiation therapy is not well understood [31]. However, increased
ROS magnitude from therapeutic treatment adds to the already high oxidative burden of the
cancer cell overwhelming the antioxidant capacity and, thereby, causing cell death [34].
Moreover, the elevated ROS condition is likely to contribute to cytochrome c mobilization
in malignant cells [35]. Unfortunately, the heterogeneity of cancer cell survival mechanisms
can also operate by strongly suppressing ROS production, as occurs in resistant breast
cancer tumor stem cells [32]. This often occurs through the overexpression of mitochondrial
ROS scavenging enzymes such as peroxiredoxin 3, thioredoxin reductase and/or manganese
superoxide dismutase (MnSOD) [36].

The targeted delivery of a therapeutic fusion protein to the mitochondria has been used to
exploit the production of cytotoxic levels of ROS in cancer models [37]. One such protein
that can generate ROS is FHIT. Across a variety of cancer types, apoptosis is induced by
transfection or transduction of the FHIT gene. The FHIT is a tumor suppressor that exerts its
pro-apoptotic action (in a complex with ferrodoxin reductase) at the mitochondria, by
generating ROS and stimulating calcium uptake [38]. Recently, a HIV-Tat-derived protein
transduction domain fusion with FHIT (TAT–FHIT) was used to induce apoptosis in
hepatocellular carcinoma cells (Table 1) [37].

Mitochondrial DNA
The mitochondrion, like the nucleus, but unlike any other organelle, contains DNA [34]. The
mitochondrial DNA is thought to be particularly vulnerable to ROS-mediated damage due to
its close proximity to ROS production via the electron transport chain and less robust DNA
repair mechanisms, as compared with the nuclear system of DNA repair [39]. The
susceptibility of mitochondrial DNA oxidative damage may be a key contributor to tumor
cell formation where the overproduction of mitochondrial ROS can lead to a vicious cycle
that increases metastatic potential. To this point, tumor cell development is associated with
impaired production of electron transport chain proteins, which, in turn, are less efficient
and generate increased ROS [30,33].

Mitochondrial membrane potential
Tumor progression and expansion has been correlated to increased mitochondrial membrane
potential (Δψm). Within tumor cell sub populations, the higher the Δψm, the more likely the
contribution to tumor progression and expansion [40]. In human epidermoid
adenocarcinoma and hepatoma cancer cells, a higher Δψm defines resistance to cisplatin
[41]. As the Δψm increases, intracellular cationic entities will increasingly permeate the
mitochondria. Therefore, even slight gains in Δψm may confer a greater killing capacity for
cationic agents (including peptidessuch as shepherdin) in cancer cells [40].
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Isoform switching
Malignant cells adapt in many ways, including isoform switching at the mitochondria to
compensate for bioenergetic demands (e.g., M2 isoform of pyruvate kinase [17]) and to
survive harsh environmental conditions [42]. For instance, as a potential way of reducing the
ROS burden, cellular adaptation to low oxygen conditions is often accompanied by isoform
switching of the mitochondrial respiratory chain via activity of the hypoxia transcription
factor, HIF-1 [42]. In some forms of cancer, HIF-1 induces a more efficient COX4-2
expression and the degradation of COX4-1 isoform, thereby allowing respiration to proceed
with less ROS produced as a byproduct [42].

Interestingly, Lecoeur et al. showed that a synthetic HIV-Tat protein (86 residues) inhibits
COX activity in disrupted mitochondria. The HIV-Tat protein also caused loss of Δψm and
cytochrome c release, independent of PTP and Bcl-2 family status [43]. Furthermore, an
acetylated HIV-Tat (residue 28) was shown to stimulate the mitochondrial translocation of
the pro-apoptotic Bim [43]. HIV-Tat may be a useful platform for future investigations into
MOMP/PTP independent targeting of malignant mitochondria. The toxic consequences of
HIV-Tat are related to another mitochondriotoxic HIV protein (HIV-1 viral protein R or
VpR; Table 1), which has been used to target the mitochondria of cancer cells [44].

Mitochondrial ion channels
Potassium channels, components of the permeability transition pore, and mitochondrial
calcium uniporter, are mitochondrial ion channels that have been recognized as
therapeutically important targets in cancer [45]. Peptide toxins have long been used for
pharmacological targeting of ion channels. Some of these may have utility in targeting
aberrantly expressed mitochondrial potassium channels such as the mitoKv1.3 [45]. The
expression profiles of voltage-gated potassium (Kv) channels, which have a role in
controlling membrane potential, are remodeled in the majority of cancers with a correlation
between Kv overexpression and grade of tumor malignancy in certain tumor types [45].
Mitochondrial potassium (MitoK+) channels are also found to play important roles in both
cyto-protection and apoptosis (recently reviewed in [46]). Owing to this, mitoK+ channels
are considered promising therapeutic targets in cancer [47]. The IMM-localized Kv1.3 is the
best characterized mitochondrial Kv, and the Kv1.3 channel (mitochondrial and plasma
membrane) is characterized by a very selective and potent peptide toxin pharmacology [25].

Interestingly, mitoKv1.3 is inhibited by an interaction within the IMS with the OMM
spanning pro-apoptotic Bax, leading to hyperpolarization of the IMM, resulting in increased
ROS production, loss of cytochrome c, propagation of mitochondrial dysfunction and
apoptosis [25]. Bax inhibition of mitoKv1.3 was dependent on a specific, highly conserved
Bax residue, Lys-128. In spite of Bax inhibition of mitoKv1.3 being required for efficient
induction of apoptosis, the absence of the mitoKv1.3 can cause resistance to apoptosis [25].
Szabo et al. recently reported that the action of Bax at the OMM can be substituted by
peptide toxins of the mitoKv1.3 channel [46]. The steadily increasing recognition of the role
of MitoK+ channels in cancer and mitochondrial function puts a new emphasis on the
importance of these channels in the development of targeted anticancer therapy (e.g., the
MitoK+ channel, TASK-3, is indispensable for survival of melanoma cells) [48,49].

After decades of searching, the mitochondrial calcium channel (mitochondrial calcium
uniporter [MCU]) has been newly discovered [50]. Increased expression of the MCU
increases mitochondrial calcium accumulation, and sensitizes cells to apoptotic stimuli [50].
Since calcium is one of the triggers (ROS being another) for PTP opening, this channel is
highly relevant in pathological conditions, such as cancer [51]. The MCU will undoubtedly
be intensely focused on as a target for modulating cell death [51].
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Plasma membrane to mitochondria protein translocation
Tumor cells reprogram intracellular mitochondrial trafficking as a mechanism to escape
apoptosis [52]. Several cell-surface proteins translocate to the mitochondria and elicit
distinct biological functions in malignant cells [52]. For instance, EGFR, MUC1-C (C-
terminal portion of MUC-1) [53] and HER2 aberrantly localize to the mitochondria and
antagonize apop tosis (Figure 2). The EGFR family (e.g., EGFR/ERBB1, HER2/ERBB2
and HER3/ERBB3) are often overexpressed and associated with progression, proliferation
and drug resistance in many forms of cancer [54]. However, EGFR tyrosine kinase inhibitor
(TKI; e.g., gefitinib, lapatinib and erlotinib) and monoclonal antibody anti-EGFR thera
peutic agents have met with only modest efficacy in clinical trials [52]. Unfortunately, the
process of mitochondrial translocation and antagonism of apoptosis by EGFR is actually
enhanced by TKI treatment [55]. At the mitochondria, EGFR interacts with and inhibits the
pro-apoptotic PUMA [55]. The consequences are reduced efficacy of EGFR inhibitors and
increased apoptotic threshold of cancer cells [52]. Interestingly, in clinical trials,
pretreatment (more so than concomitant treatment) of medulloblastoma and glioblastoma
cells with obatoclax (GX15-070), a small-molecule inhibitor of Bcl-xL and Mcl-1, led to a
greater than additive enhancement of TKI lapatinib-induced cell death [56], indicating that
the disruption of the protein–protein interaction between EGFR and PUMA could be an
important therapeutic modality in glioblastoma multiforme and possibly other cancers [55].

Abnormal expression of MUC1 in multiple types of cancers can be targeted with a peptide
inhibitor, GO-203, which is in Phase I clinical trials. GO-203 blocks the pleiotropic MUC1-
C oncogene causing a derepression of ROS production [57,58].

Mitochondrial membranes
One of the key differences between malignant and healthy mitochondria may be the lipid
composition of the OMM [26]. Mitochondrial membrane composition, and the spatial
organization of its components, may fundamentally affect the processes of apoptosis [21].
For instance, in healthy cells the cholesterol content in OMM (and possibly the shape) of the
mitochondria may prevent Bax activation [21]. Cardiolipin, a phospholipid found
exclusively in mitochondrial membranes (primarily the IMM), interacts with the α-helices
of tBid [59]. A protein–lipid complex containing cardiolipin/tBid (also, the protein MTCH2/
MIMP, see section titled ‘MTCH2’) at the OMM are thought to facilitate pore formation by
Bax oligomers [21]. However, the exact protein SAR is not well understood in the context of
proteins becoming embedded in the dynamic mitochondrial membrane environment, making
the precise mechanistic elucidation of MOMP a challenge [21]. As mentioned previously,
Bax and Bak OMM localization in ‘primed’ malignant mitochondria is not random, but
likely coincides with mitochondrial fission sites for optimal MOMP formation [21].

Membrane disrupting mitochondriotoxic peptides—The 96-amino acid HIV-VpR
protein, comprised of three α-helical domains, can integrate into and permeabilize
mitochondrial membranes reducing the Δψm, causing fragmentation and cristae swelling
[60]. In addition, HIV-VpR can influence apoptosis by interactions with ANT, VDAC and/
or Bax [61]. In contrast with other viral proteins that target the mitochondria, the HIV-VpR
lacks a canonical MTS, and its association with mitochondria is also independent of the
translocase of the outer membrane (TOM) complex [62].

An amphipathic tail-anchoring peptide (ATAP) derived from Bcl-2 family member Bfl-1
was effective in inducing MOMP, possibly by homo-oligomerization and pore formation. A
green fluorescent protein-fused ATAP was shown to target the mitochondria (via an intrinsic
MTS) [63]. However, as with other pore-forming peptides, ensuring selective targeting to
tumor cells will be a priority consideration for future therapeutic development.
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Various cationic peptides exhibit an immediate cytotoxic effect against cancer cells, in many
cases by binding and disrupting the plasma membrane [64,65]. However, due to the
difference in potential at the mitochondria versus the plasma membrane, cationic peptides
selectively disrupt mitochondrial membranes at concentrations hundreds of times lower than
what is required to interfere with plasma membrane integrity [66]. As one of the
pathological hallmarks of cancer is a stably increased Δψm, even modest gains in attraction
of cationic mitochondriolytic peptides, although non selective, may confer a greater killing
capacity for cancer cells [40]. A common mitochondriotoxic peptide motif is the
(KLAKLAK)2 (synthetic derivative of a natural antimicrobial peptide), which causes
mitochondrial membrane damage and subsequent triggering of apoptosis. The
(KLAKLAK)2 peptide does not efficiently cross the plasma membranes of eukaryotic cells
and has low toxicity, unless it is coupled to selective targeting domains allowing
internalization by cells [67]. For instance, the RGD-4C-GGD-(KLAKLAK)2 or ‘BHAP’
(HER-2-blocking and apoptosis-inducing peptide; exocyclic AHNP motif fused to
[KLAKLAK]2) hybrid peptides allow targeting to endothelial cells of the angiogenic
vasculature [67] or HER2-positive cells, respectively [68,69].

Screening is also ongoing for oncolytic peptides to be found among antimicrobial or host-
defense peptides. Evolutionarily conserved mitochondriotoxic pore-forming peptides (e.g.,
colicins and translocation domain of diph theria toxin) exhibit a structural similarity to Bax
and Bak [21].

Bcl-2 family—The anti-apoptotic members of the Bcl-2 family (e.g., Mcl-1, Bcl-2 and Bcl-
xL) are often relegated to merely having a redundant role in apoptosis. In recent years,
however, each Bcl-2 family member (anti- and pro-apoptotic) have been found to have their
own specialized niches within the apoptotic program (and in non-apoptotic cellular
functions) [70]. For instance, each anti-apoptotic Bcl-2 family member binds a distinct
subset of the pro-apoptotic Bcl-2 members [71]. This class of mitochondrial proteins is
considered to have tremendous potential for both small-molecule and peptide-targeted
therapies [11]. BH3 domains of pro-apoptotic Bcl-2 family members or small-molecule BH3
mimetics are currently used to neutralize the anti-apoptotic action of Bcl-xL, Bcl-w and/or
Bcl-2, thereby shifting the balance of power on the OMM from anti-apoptotic to pro-
apoptotic to provoke MOMP [72]. BH3 mimetics (e.g., ABT-263 [navitoclax], ABT-737
and GX15-070 [obatoclax]) are currently being evaluated in Phase I/II clinical trials for
patients with hematologic malignancies. However, thrombocytopenia is a major side effect
of this class of drugs due to their ability to antagonize the prosurvival function of Bcl-xL in
platelets [72].

Early work targeting the Bcl-2 family employed a BH3-only domain (Bak) fused to either a
cell-penetrating peptide (CPP; derived from the Antennapedia protein [73]) or recep tor-
specific sequence from LHRH, creating Ant-BH3 or LHRH-BH3, respectively [74]. There
are several variations on conformationally constrained BH3-only domains. For example
‘hydrocarbon-stapled’ peptides containing BH3 domains (stabilized α-helices of Bcl-2
family proteins [SAHBs]; Bim-SAHB) are currently being developed as anticancer agents
[75,76]. In addition, modifications of the BH3 domain using natural and non-natural amino
acids to improve stability and enhance target specificity have been used as with the Bim-
BH3 mimic, 072RB [77]. As certain neoplasias are likely the consequence of mutations or
aberrant regulation exclusively of Bim [78], the restoration of a ‘therapeutic’ Bim is an
attractive possibility.

Bcl-2 itself is not a strictly mitochondrial protein and has several prosurvival functions,
including acting as a pro-angiogenic signaling molecule. Bcl-2 also controls cytoplasmic
calcium levels via its BH4 domain in an interaction with inositol 1,4,5-trisphosphate
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receptors (IP3Rs) on the endoplasmic reticulum. This interaction suppresses pro-apoptotic
calcium signaling and buffers cells against pro-apoptotic stimuli [79]. The apoptotic
suppression by the BH4 domain of Bcl-2 is more potent than that of the well-recognized
prosurvival BH4 domain from Bcl-xL against staurosporine treatment [80]. The BH4
domain of Bcl-2 has been targeted with IP3R-mimetic peptides to trigger pro-apoptotic
calcium signaling in malignant lymphocytes (in chronic lymphocytic leukemia) with
suppressed IP3R Ca2+ signaling [81]. Importantly, different iterations of the IP3R decoy
peptide could alter the magnitude of the released calcium, and the calcium release was
sufficient to kill these apoptosis-resistant lymphocytes [81].

Noxa's role in establishing the rate at which apoptosis occurs, in addition to its key role in
changing the balance of autophagic processes toward cell death rather than survival, could
provide a unique activity for a BH3-only protein if developed as a therapeutic entity [82].
For instance, Noxa influences the kinetics in ABT-737- and TRAIL-induced apoptosis, since
knockdown of Noxa delays the velocity of cell death induction in primary glioblastoma
cultures derived from patient samples and in an in vivo tumor model [83]. In light of Noxa's
ability to alter the rapidity of cell death, specifically targeting Noxa may be a means to
manage the type of cell death a cell undergoes (i.e., immunogenic apoptosis) [84].

Mcl-1 is commonly associated with tumor cell resistance in several cancers and certain
therapies (radiation) can inadvertently cause resistance by increasing Mcl-1 expression
[80,85]. The corollary is that suppression of Mcl-1 restores sensitivity to apoptotic inducers.
Introducing the Mcl-1 BH3 helix was sufficient to inhibit Mcl-1 and permit apoptosis [86]
whereas several attempts to inactivate positive regulators (e.g., GSK-3β) upstream of Mcl-1
have been largely unsuccessful. Mcl-1, however, is not blocked by the BH3 mimetic
ABT-737 [72].

Permeability transition pore—Along with the Bcl-2 family, the members of the PTP
complex control mitochondrial membrane integrity. Therefore, the PTP is a key node for
MOMP [87]. Not surprisingly, dys regulation of the PTP is another mechanism allowing
cancer cells to escape death [88]. The PTP complex spans from the OMM to the matrix and
primarily is thought to include: cyclophilin D, a mitochondrial matrix constituent that is a
peptidyl-prolyl cis–trans isomerase (and target for inhibition of cyclosporine A); the ANT,
an IMM protein, which is an example of isoform switching in cancer, through the
overexpression of a MOMP-resistant isoform ANT2 [87]; and the multifunctional VDAC,
also called mitochondrial porin, which is localized on the OMM and serves as a key
regulator of mitochondrial metabolite flux and apoptosis (Figure 2) [89]. The PTP can also
include the channel-like TSPO (formerly called the peripheral benzodiazepine receptor),
which contacts the VDAC and ANT from the OMM where it is localized and serves to
transport cholesterol and other lipophilic molecules across the IMS, in addition to possibly
facilitating cytosolic to mitochondrial communication [90]. Since TSPO basal expression is
altered in a number of human pathologies including cancer, it is a promising drug target for
a number of therapeutic applications [91]. Another mitochondrial peculiarity that arises in
cancer is the association of hexokinase (HK; isoforms I or II) with the PTP at the surface of
the OMM with VDAC. Upon displacement of HK from PTP interaction (i.e., VDAC) on the
mitochondrial surface by treatment with either small molecules or peptides (e.g., TAT-HK
peptide [92]), MOMP and apoptosis ensues [87,93]. One of the functions of ANT,
particularly relevant in cancer, is the provision of ATP to HK. This promulgates the
pathologic metabolic shift to glucose and stabilizes the closed conformation of the PTP
complex [87].

A peptide derived from the mitochondriotoxic HIV Vpr (Vpr67-82) was fused to a homing/
internalization peptide sequence RGD (cysteine-cyclized peptide frame holds the RGD
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motif in a restricted conformation; also used with (KLAKLAK)2, see above, section
‘Membrane disrupting mitochondriotoxic peptides’) that recognizes the integrin αvβ3
receptor, which is often upregulated in invasive tumor types. This fusion peptide (TEAM-
VP) selectively induced IMM and OMM permeabilization in a mechanism associated with
VDAC and ANT interaction [94]. Interestingly, this group also noted that mitochondrial
fission occurred with administration of TEAM-VP [94].

Two peptide trivalent arsenical agents that target ANT are 4-(N-(S-glutathionylacetyl)
amino) phenylarsonous acid (GSAO) and 4-(N-(S-penicillaminylacetyl)amino (PENAO)
phenylarsonous acid, a cysteine mimetic analog of GSAO that is less prone to cellular
efflux). ANT becomes inactivated upon the interaction between its matrix side cysteine
residues and the arsenical component of GSAO or PENAO. The inactivation of ANT
permits opening of the PTP and mitochondrial depolarization. Both GSAO and PENAO are
currently in Phase I clinical trials for patients with advanced solid tumors [95,96].

VDAC activity can be modulated by a variety of proteins, notably members of the Bcl-2
family. The pro-apoptotic Bax and tBid, upon interaction with VDAC, increase the channel
pore size [97]. In contrast, in cancer, VDAC is usually inhibited by the anti-apoptotic Bcl-2
proteins (e.g., Bcl-2 and Bcl-xL) and HK I and II. Shoshan-Barmatz et al. have developed a
set of VDAC, mimetic peptides to relieve the anti-apoptotic pressure on VDAC [98]. This
resensitizes the malignant cell to death signaling. VDAC-derived peptides have been
optimized to act as VDAC decoys for HK, Bcl-2 and Bcl-xL to restore apoptotic sensitivity
to cancer cells. The addition of a CPP motif to VDAC-mimetic peptides was effective in
several cancer cell lines, including B-cell chronic lymphocytic leukemia patient samples and
chemoresistant cell lines [98]. Pharmacologic manipulation of the PTP/VDAC interactions
may be an avenue to potentiate the efficacy of conventional chemotherapy [98].

Recently, nicotinic acetylcholine receptors (nAChRs) have been found in the OMM and
interact with VDAC to regulate PTP function in response to apoptogenic stimuli (e.g.,
calcium overload or H2O2) [99]. Typically, nAChRs are associated with the cell plasma
membrane in synaptic transmission in the muscle and nervous system [99]. However, with
the discovery of nAChRs at the OMM, paired with the wealth of pharmacological agents
known to modulate this class of channel, it is likely that mitochondrial nAChRs will become
a prime therapeutic target [99].

Mitochondrial fission & fusion dynamics
There is a link between Bak and Bax, proapoptotic members of the Bcl-2 family and the
processes of mitochondrial fission in apoptosis [21]. To this point, Bax, Bak and possibly
Bcl-xL are required for normal mitochondrial dynamics [100]. However, a direct
mechanistic tie remains controversial between MOMP and the processes of mitochondrial
fission. Upon apoptotic induction, the mitochondrial fission protein Drp1 is recruited, along
with Bax, to the OMM. Both active Bax and Bak form foci at mitochondrial fission sites
[21].

One of the mechanisms whereby cancer cells evade death is by exploiting the pathway
known as autophagy, which is used by both normal and cancer cells to sustain metabolism
and adapt to stressful conditions [101,102]. Under conditions of starvation, a cell can
typically engage this lysosomal catabolic route to sustain metabolic demands [103].
Autophagy is, paradoxically, considered both a cell death and cell-survival mechanism;
however, in the context of malignancy the true function of autophagy is thwarted and is
therefore considered an escape route allowing survival [103]. The engagement of this
catabolic pathway is dependent on the mitochondria. Mitochondrial morphology determines
the cellular response to autophagy [104] such that mitochondrial fusion spares the cell from
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death. Elongated mitochondria escape autophagic degradation and exhibit optimized ATP
production. Conversely, when elongation is blocked either genetically or pharmacologically,
the mitochondria consume ATP and trigger starvation-induced death [104]. This autophagic
mitochondrial fusion is driven by phosphorylation events and cytoplasmic retention of the
profission Drp1 [105]. Since mitochondrial fusion is integral to cell survival in the
autophagic pathway, proteins that are central to this process are viable therapeutic targets.
Mitofusins (Mfn1 and Mfn2) and Opa1 are OMM and IMM localized proteins, respectively,
which are essential for mitochondrial fusion [21]. Mfn2 in particular has been focused on as
a therapeutic target because of its role in mitochondrial metabolism and calcium
homeostasis [60,106].

The HIV Vpr (96 residues) has been shown to induce host cell death by increasing OMM
permeability through interactions with VDAC and ANT [94], as well as by disturbing the
OMM integrity [60] as mentioned above. However, HIV Vpr also depletes Mfn2 (an
essential GTPase for the fusion of mitochondrial membranes), leading to mitochondrial
membrane deformation, loss of Δψm and cell death [60]. The loss of functional Mfn2 via
HIV Vpr and consequent reduction in the frequency of fusion among mitochondria suggest
that Vpr may confer a unique therapeutic potential in the context of pathologic autophagy
[60]. The mitofusin proteins are also of interest because they help to coordinate
mitochondria-to-mitochondria docking, as well as tethering the mitochondria and
endoplasmic reticulum together to coordinate calcium flow [60]. The intersection between
mitochondrial dynamics and apoptosis may be a central leverage point for inducing an
immunogenic type of cell death [84].

Pro-apoptotic mitochondrial targeting proteins dysregulated in malignancy
p53—p53 is a critical tumor suppressor protein that is dysregulated in over 50% of cancers
[107]. Recapitulating its function is central to many anti-tumor therapies. Under a wide
variety of cell-stress conditions, p53 accumulates in the nucleus and mitochondria (reviewed
in [108]). At the mitochondria, p53 is found within multiple compartments, such as the
OMM, IMS and matrix [109]. Mitochondrial p53 regulates apoptosis by acting in different
cellular compartments by: directly modifying propensity for MOMP by interacting with
proteins of Bcl-2 family; inhibiting MnSOD activity; and regulating mitochondrial
physiology in proliferative conditions via interaction with mitofilin [110]. Mitofilin is a
multifunctional regulator of mitochondrial architecture and protein biogenesis [111] and has
critical functions in mitochondrial morphology and mitochondrial fusion and fission (as well
as protein import), specifically in the formation of tubular cristae and cristae junctions [112].
Finally, there is increasing evidence for the role of p53 in metabolism regulation and
mitochondrial respiration, which could be a major component of p53 oncosuppressive
function [109,110]. An advantage of targeting p53 to the mitochondria (versus the nucleus)
may be the avoidance of nuclear negative regulators of p53, such as HDM2 and FGF1,
which inhibit p53's nuclear function and are often highly expressed in certain types of cancer
[113]. Recent work in our laboratory has shown that targeting p53 to the OMM of a breast
cancer cell line (T47D) using the MTS derived from Bcl-xL triggered a rapid induction of
apoptosis [114].

c-Abl—Chronic myelogenous leukemia is defined by the expression of the oncoprotein
Bcr-Abl through a reciprocal chromosomal translocation in a hematopoietic stem cell fusing
the ABL and BCR genes [115], creating the constitutively active Bcr-Abl tyrosine kinase.
Bcr-Abl thwarts the normal prodeath functions of c-Abl. c-Abl has been termed a
‘mitochondrial wracking factor’ [116] because active c-Abl translocation to the
mitochondria induces cell death [117,118]. Artificially targeting c-Abl (as a fusion to a
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cryptic MTS) to the mitochondria of leukemia cells (K562) recapitulated c-Abl's pro-
apoptotic function [119].

MTCH2—Recent work has demonstrated the importance of the MTCH2/MIMP that resides
on the surface of the OMM in tBid-mediated apoptosis [120]. MTCH2 facilitates
mitochondrial recruitment of tBid (in conjunction with OMM cardiolipin, see section titled
‘Mitochondrial membranes’) whereupon tBid activates Bax [21]. MTCH2 is a conserved
protein that belongs to the mitochondrial carrier protein family, such as ANT. Unlike ANT,
however, MTCH2 is localized to the OMM instead of the IMM [121]. Peptides derived from
the MTCH2 and tBid binding interface and fused to the Antennapedia CPP were able to
induce apoptosis in cancer cells. While the mechanism of action is not yet clear, it is
interesting that the tBid/MTCH2 interface-derived peptide does not include the BH3 domain
of tBid [120,121].

Upregulated mitochondrial survival factors
MnSOD—The exclusively mitochondrial MnSOD is a key enzyme involved in superoxide
radical scavenging [122]. In the context of oncogenic progression, MnSOD has a bimodal
expression profile (permitting oncogenic levels of ROS to persist but preventing
overwhelming ROS toxicity), where its expression is lower at early stages of malignancy
and higher at later stages [123]. Inhibition of aberrantly elevated MnSOD is considered an
effective strategy to selectively kill cancer cells and diminish resistance to standard
chemotherapy [124]. Mitochondrial p53 inactivates MnSOD, leading to mitochondrial
dysfunction and initiation of apoptosis [122,125]. Additionally, targeting NF-κB with an
inhibitory peptide suppressed MnSOD expression in aggressive breast cancer cell lines
MDA-MB231 and SKBR3 [124].

TRAP-1—TRAP-1 is a mitochondrial-compartmentalized Hsp90-like chaperone that is
strongly cytoprotective [126]. High expression of TRAP-1 is consistently associated with
malignancy and with resistance to chemotherapy, while corresponding healthy tissues
exhibit very low to undetectable levels of TRAP-1 [126]. TRAP-1 associates with
cyclophilin D, a component of the PTP, and inhibits PTP opening (as does aberrantly
localized mitochondrial Hsp90; Figure 2). The ATPase activity of TRAP-1 can be inhibited
by small molecules (e.g., geldanamycin), but none of these inhibitors could access the
mitochondrial compartment. However, a peptide (shepherdin, antagonist of the interaction
between Hsp90 and the IAP survivin) was able to target and inhibit mitochondrial TRAP-1,
inducing MOMP and cell death selectively in cancer cells [126]. Furthermore, the scope of
TRAP-1/mitochondrial Hsp90 inhibition extended to the induction of a mitochondrial
specific unfolded protein response program, which can engage an autophagic type cell death
mechanism [126].

PDK1—In many cancers the transcription and survival factor HIF-1 increases expression of
the mitochondrial PDK1 [11]. PDK1 inhibits pyruvate dehydrogenase, which suppresses the
tricarboxylic acid cycle [12]. Consequently, this reinforces the Warburg effect or glycolytic
shift in cancer cells and may also protect cells from cytotoxic levels of ROS [12]. Inhibition
of this mitochondrial kinase with a small molecule (dichloroacetate [DCA]) has met with
good success with low/no toxicity to non-malignant cells [11]. DCA is an excellent example
of an agent acting specifically on the mitochondria of cancer cells without perturbing the
physiology of non-malignant cells [29].

Survival factors that have special relevance when localized to the mitochondria
Hsp90—Hsp90 is widely regarded as a prosurvival factor in cancer that affects multiple
downstream pathways (i.e., Hsp90 is a ‘nodal’ target [127]). Overexpression of Hsp90 is
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typical in cancer cells, in addition to an activity increase of nearly 100-fold [128]. Hsp90
stabilizes inhibitors of apoptosis such as survivin, inhibits MOMP via cyclophilin D [126],
stimulates nitric oxide production through association with nitric oxide synthase [129] and
has a role in the mitochondrial unfolded protein response [130]. However, small-molecule
antagonists targeting Hsp90 ATPase have a low clinical response in patients [131]. It has
been confirmed that this is primarily due to the inability of the agents to access the
mitochondrial compartment [131]. A pool of mitochondrial Hsp90 was unexpectedly found
localized to the mitochondria in prostate cancer samples while investigating the differential
expression of TRAP-1 in cancer and healthy tissue [126]. As with TRAP-1, the
mitochondrial Hsp90 was undetectable in the normal corresponding tissue. Several peptides
have been developed to target Hsp90, including shepherdin (modeled on the interface
between Hsp90 and the IAP survivin [132]) and Antp-TPR (modeled on the interface
between Hsp90 and Hsp90 cofactor, Hop [133]). It has become clear that targeting the
mitochondrial pool of Hsp90 is key for therapeutic efficacy, with applicability in genetically
disparate tumors, and provides a basis for tumor versus normal tissue selectivity in vivo
[130].

Peptides are uniquely suited to target malignant mitochondria
Current clinical cancer trials with agents targeting the mitochondria include obatoclax
(small-molecule BH3 mimetic) and the mitochondrial PDHK1 inhibitor DCA, but as of yet,
there are no peptides in this category [134]. However, mitochondrial targeting antioxidant
peptides are in Phase II clinical trials for the indication of acute myocardial infarction [135].
Targeted peptides in cancer have primarily centered on tumor vasculature, inhibition of IAPs
[136], monoclonal antibodies, anticancer vaccines [137] and plasma membrane disrupting
peptides [138]. Why are there no peptides targeted to the mitochondria for anticancer
therapy? The technical problems of intracellular delivery and drug optimization are still
formidable obstacles and, until recently, intracellular protein–protein interactions have been
considered to be ‘the most intractable of undruggable targets’ [139].

Peptides have the distinct advantage of being able to discriminate between closely related
targets with high affinity binding, and low or no toxic effects [140]. Evolutionarily refined
natural peptides are a tremendous resource in the pursuit of selective anticancer agents that
have the potential to extend the range of druggable targets beyond the scope of small
molecules. The rapid development of synthetic peptides is a means to harness this
evolutionarily cultivated specificity, subtlety and low toxicity by bridging the problems of
stability and delivery [139]. Nonetheless, therapeutic peptide development is often
complementary to improvement of targeted small molecules. In many cases, high affinity
natural peptides (endogenous protein domains) already exist for many proteins of interest
making library screening often un necessary [140]. Conversely, high affinity natural
peptides can be used to efficiently screen small molecules for activity. For instance, a high-
throughput screen for the anti-apoptotic Bcl-2 family member Bfl-1 used BH3-only domain
binding to assess the displacement efficacy of small molecules [141]. Going a step further,
an iterative process of rational (e.g., BH3-only peptide) design can be used to refine and
optimize target binding as a means to enhance screening for increasingly potent small
molecules [142].

Targeting peptides intracellularly
In order to reach the mitochondria, peptides and proteins must have a means to penetrate the
plasma membrane. Cell-penetrating peptides (also called protein transduction domains) are
highly versatile, nontoxic sequences (as compared with liposomes and polymers) for
intracellular delivery [143]. CPPs generally come in two flavors, either as short amino acid
sequences that are mainly composed of arginine, lysine and histidine (cationic character
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mediates the interaction of the peptide with anionic/acidic motifs on the plasma membrane
in a receptor-independent fashion), or as amphipathic peptides (lipophilic and hydrophilic
tails) that mediate peptide translocation across the plasma membranes. However, the exact
mechanism of uptake is controversial for this type of CPP [143]. Recently, a new class of
CPPs with delocalized lipophilic cations incorporated into the peptide sequence have been
created to specifically facilitate drug delivery to the mitochondria [144]. Finally, CPPs have
been widely used in animal models and can achieve systemic delivery in vivo (therefore
deliverable to any type of cancer) [143]. However, optimization testing is required for every
modification because the orientation of peptide, cargo and linkages can have a significant
impact on therapeutic peptide efficacy [64,143].

Peptide toxicity: immunogenicity
Immunogenicity of protein (and to a limited degree, peptide) therapeutics pose a risk that
can possibly compromise safety and alter pharmaco kinetics and bioavailability of the agent
[145]. The fast growing number of therapeutic proteins and related immunogenicity data
shows that most of them induce formation of anti drug anti bodies. Additionally, in silico
assessment of peptide immunogenicity risk is becoming more common [145]. In the case
where anti drug anti bodies takes the form of neutralizing antibodies, these neutralizing
antibodies have a direct effect on the effector-function of the therapeutic proteins [146]. Of
special concern are fusion proteins composed of a foreign and self-protein, because of the
potential of the foreign moiety to provoke an immune response to the self-protein (epitope
spreading) [147]. Risk of immunogenic response (especially non-human peptides, such as
enfuvirtide) can be mitigated by re-engineering to reduce the size and/or elimination of
MHC-II epitopes [147] through standard humanization techniques. Standard strategies for
increasing half-life can also reduce immunogenicity, such as PEGylation or the introduction
of non-natural amino acids [143].

Conclusion & future perspective
While it is unclear if mitochondrial dysfunction directly contributes to tumorigenesis (or if
mitochondrial dysfunction is co-opted in the process of cancer metabolic transformation),
the key clinical point is that the mitochondria of cancer cells, as opposed to normal cells, are
ripe for selective therapeutic targeting to overcome common mechanisms of resistance and
augment current anticancer strategies [1]. Many of the current and emerging mitochondrial
targets are dependent upon disruption of protein–protein interactions. There has been a
general lack of progress in developing small molecules targeting protein–protein interactions
and, unlike therapeutic monoclonal antibodies, most peptides can function in an intracellular
environment and are more amenable to synthesis/modification and delivery [148]. Currently,
an advancing developmental congruence exists between peptide drug design and delivery
modalities for peptides and proteins. Several recent reviews [3–6] cover important aspects of
these advances and are illustrative of the creative energy being applied to the problems
associated with peptide drug delivery.

Peptides can harness the culmination of evolutionary processes that dictate specificity of
interaction [139]. Using peptides as therapeutics meets the highest standard (and arguably
the most natural) for candidates to achieve the specificity and subtlety of interaction small
molecules cannot. Even between highly homologous binding targets, peptides can
discriminate due to their high-level complexity [149]. Discovery of locations of protein–
protein interaction sites can lead to a further refinement of targeted peptides and/or new
screening targets for small-molecule intervention. Multifunctional (e.g., targeting moiety
combined with bioactive domain) peptides or multivalency (e.g., more than binding
modality) can be readily engineered, while undesirable features (e.g., immunogenicity) can
be virtually eliminated [148]. Peptides offer low toxicity and highly malleable formats for
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creating tunable, multifunctional therapeutics [148]. Peptides have advantages over large
proteins (avoiding the necessity to employ complex cellular systems, problems of
characterization and higher immunogenic potential), small molecules (toxicity, target
promiscuity, poor ability to target protein–protein and protein–lipid interactions) and DNA/
RNA aptamers (require rounds of screening using large libraries and purified target) [139].

Some of the most promising mitochondrial targeted peptides are derivatives of a parent
protein [150]. Moreover, tremendous effort has been channeled into industrial-scale
development and production of synthetic peptides in recent years, ramping up the capability
to make larger and more complex peptides with improved physiochemical properties [148].
Furthermore, proteins, especially enzymes, have been in use as drugs for many years and
biologics are making an increasing contribution to the number of new drug approvals [151].
A variety of US FDA approved biologics have been in use for over three decades, and the
number of biologics continues to steadily increase [152].

Drug efficacy and drug resistance are ultimately reconciled at the level of the
mitochondrion, and many therapeutic efforts define success by achieving Bak/Bax
oligomerization and MOMP [1]. In addition, it is not uncommon for resistance to be
exacerbated by the very agents used to try to kill the malignant cells (i.e., induction of EGFR
mitochondrial localization [52] or radiation therapy-induced resistance via Mcl-1
stabilization [153]). Therefore, strategies that engage the mitochondria directly bypass
problems of resistance and upstream prosurvival pressures [11]. For instance, if malignant
cells overcome therapeutically induced ROS via upregulated anti-oxidant mechanisms or
RAF signaling, targeting MOMP using BH3-only peptides could restore cell death [154].
Another complementary approach is to test the status of the mitochondria (e.g.,
overexpression of anti-apoptotic factors) to tailor therapeutic intervention. Recently, ‘BH3
profiling’ (originally defined as a pattern of mitochondrial apoptotic sensitivity based on
peptides derived from BH3-only proteins [155]) has been performed as a companion
diagnostic for determining the probability of drug efficacy (e.g., bortezomib) across cancer
patients [19]. Combining mitochondrially targeted peptides with conventional chemo
therapy may be a powerful way to reduce the standard chemotherapeutic dose and associated
toxicity, potentiate synergistic killing of tumor cells [156], reduce resistance and elicit an
immunogenic response to the malignant tissue [9].

The term ‘mitocan’ has recently been coined to describe therapeutic agents within the
rapidly developing and burgeoning field of mitochondrial-focused anticancer therapy [157].
In the near future, we can expect peptide therapeutics to comprise an ever larger segment of
the mitocan arsenal.
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Key Terms

Immunogenic apoptosis:

Manner in which a cell dies dictates whether or not an immune response will be mounted
against intracellular antigens. When a dying cell shows phenotypic characteristics, such
as surface exposure of calreticulin, heat shock protein release and secreted ATP, these so-
called ‘danger signals’ on tumor cells can elicit a protective anti-tumor immune response.

Isoform switching: Example of a qualitative variation in gene expression that aids in the
adaptation to a changing environment. Isoforms are proteins generated from diverse
primary sequences that may have unique traits but maintain the same function.

Programmed cell death:

The intrinsic apoptotic or mitochondrial pathway is one subtype of programmed cell
death characterized by mitochondrial outer membrane permeabilization, irreversible loss
of Δψm, release of IMS proteins, and respiratory chain inhibition.

Mitochondrial priming:

Relative mitochondrial apoptotic threshold of a tumor type based on a challenge with
pro-apoptotic BH3-only proteins or a BH3 mimetic. An enhanced clinical response to
standard antineoplastic therapy is correlated with higher mitochondrial priming.
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Key Term

Warburg effect: Cellular metabolic shift to glycolysis and cytosolic lactic acid
fermentation in the presence of oxygen (aerobic glycolysis). Aerobic glycolysis is less
efficient at producing ATP than the mitochondrial oxidation of pyruvate in the
tricarboxylic acid cycle, but confers a proliferative advantage by supplying anabolic
carbons.
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Executive summary

Mitochondrial cell death pathway & malignant mitochondria

■ Cancer therapy is dependent on permeabilization of the mitochondrial outer
membrane. Directly targeting the mitochondria in cancer is an excellent universal
therapeutic strategy, especially because there are ‘targetable’ differences between
malignant and healthy mitochondria.

Peptides are uniquely suited to target malignant mitochondria

■ Therapeutic peptide agents have the potential to open new vistas of traditionally
‘undruggable’ targets (e.g., protein–protein interactions) and offer a subtlety and
specificity of target interaction, which cannot be matched by small molecules, all
while decreasing side effects. Rapid advances in therapeutic peptide design are likely
to soon surmount the major problems of stability and delivery.

The mitochondria & immunogenic apoptosis

■ The type of death a cell undergoes may be central to achieving a durable response
to anticancer therapy. Targeting the mitochondria may be a means to kill cancer
cells, but also be able to modulate the killing to invoke an ‘immunogenic apoptosis’.
Pairing peptide therapeutics with traditional chemotherapy may be a way to preserve
the immune effector cells (by using a sub-immune toxic chemotherapeutic dose) to
achieve tumor killing, while engaging an anti-tumor immune response.
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Figure 1. Targeting the mitochondria of malignant cells with peptides
Selective targeting of the mitochondria of malignant cells can be achieved by engineering
motifs that drive mitochondrial accumulation of the toxic peptide, based on differences that
commonly exist between cancerous and healthy cells. Internalization of the peptides can be
mediated based on the nature of the peptide (e.g., CPPs) and its interaction with the plasma
membrane or via receptor complex endocytosis (e.g., tumor-homing motif). The internal
milieu of malignant cells (e.g., pro-oxidative environment or upregulated enzymes, such as
kinases) can provide the opportunity to customize the mitochondrial targeting of a peptide.
For instance, a cryptic MTS can be employed that requires phosphorylation prior to
mitochondrial trafficking. Depending on the sequence, mitochondriotoxic peptides can be
‘addressed’ to individual or multiple submitochondrial locations.
CPP: Cell-penetrating peptide; IMM: Inner mitochondrial membrane; IMS:
Intermitochondrial membrane space; MTS: Mitochondrial targeting sequence; OMM: Outer
mitochondrial membrane; P: Phosphate.
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Figure 2. Mitochondriotoxic peptides facilitate mitochondrial dysfunction by either direct or
indirect induction of mitochondrial outer membrane permeabilization through Bcl-2 family
interactions, permeability transition pore complex opening or membrane disruption
MOMP initiated by manipulation of Bcl-2 family members converges on Bax and Bak
homo- or hetero-oligomerization in the OMM to form pores that allow the cytosolic release
of IMS proteins such as cytochrome c, Smac and AIF. Bax activation also inhibits the
mitoKv1.3 IMM channel, leading to IMM hyperpolarization and increased ROS production.
Upon PTP opening, there is an unregulated influx of cytosolic solute, loss of Δψm and
mitochondrial swelling. Mitochondrial swelling bursts the OMM and releases the pro-death
IMS proteins. The PTP is minimally comprised of the VDAC, ANT and CYPD. PTP
opening can be suppressed by interaction with anti-apoptotic Bcl-2 family members, HK,
TSPO, and the heat shock proteins Hsp90 and TRAP-1. MOMP and release of IMS
apoptogenic factors can also occur through the direct disruption of membrane integrity.
Therapeutic peptides are represented in red boxes. Solid red lines show peptide target.
Dashed lines indicate peptides that have multiple targets.
AIF: Apoptosis-inducing factor; ANT: Adenine nucleotide translocase; ATAP: Amphipathic
tail-anchoring peptide; Cyt c: Cytochrome c; Endo G: Endonuclease G; HK: Hexokinase;
IMM: Inner mitochondrial membrane; IMS: Intermitochondrial membrane space; MOMP:
Mitochondrial outer membrane permeabilization; MUC1: Mucin 1; OMM: Outer
mitochondrial membrane; OXPHOS: Oxidative phosphorylation; PTP: Permeability
transition pore complex; ROS: Reactive oxygen species; Smac: Second mitochondria-
derived activator of caspases.
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Table 1

Pro-apoptotic anticancer peptides.

Peptide/protein Mitochondrial target Mode of action Ref.

HIV-1 Tat Mitochondrial membranes MOMP [43]

TAT-HK HK isoform 2 associated with OMM Disruption of HK association with OMM
and disinhibition of PTP opening

[92]

TAT-FHIT Ferrodoxin reductase Increased ROS and calcium flux [37]

HIV-VpR VDAC/ANT/Bax-mediated IMM and
OMM permeabilization; reduced
expression of Mfn2

MOMP via disinhibition of PTP complex
and/or Bax activation; interruption of
mitochondrial–endoplasmic reticulum
interaction

[60,61]

TEAM-VP (RGD-VpR) VDAC/ANT-mediated IMM and OMM
permeabilization

MOMP [94]

BHAP (bifunctional: contains an AHNP
anti-HER2 motif and [KLAKLAK]2)

Mitochondrial membranes MOMP [68]

RGD-4C-GG-D(KLAKLAK)2 Mitochondrial membranes MOMP [67,69]

ATAP OMM MOMP [63]

Ant-BH3 Bcl-xL MOMP [73]

LHRH-BH3 Bcl-xL and Bcl-2 MOMP [74]

SAHBs (e.g., BIM-SAHB) Anti-apoptotic and effector (Bak/Bax)
Bcl-2 family proteins at the OMM

MOMP [76]

072RB (Bim-derived peptide fused to
Ant internalization sequence)

(Bcl-xL) but likely other anti-apoptotic and
effector (Bak/Bax) Bcl-2 family proteins at
the OMM

Bax activation and MOMP [77]

IP3R decoy peptides Bcl-2 (on endoplasmic reticulum) Pro-apoptotic calcium release [81]

shepherdin Mitochondrial Hsp90 and TRAP-1 Disinhibition of PTP opening and
mitochondrial depolarization

[132]

Antp-TRP Hsp90 Apoptosis [133]

Ant-tBid (111-125) and Ant-tBid
(59-73)

MTCH2 interaction at OMM Apoptosis [120]

GSAO and PENAO ANT PTP opening and mitochondrial
depolarization

[95]

VDAC decoy peptides Multiple targets: HK, Bcl-2, and Bcl-xL Mitochondrial sensitization to apoptotic
stimuli

[98]

p53-XL (p53 targeted to the OMM) Interaction with Bcl-2 family members:
Bcl-xL, Bak and Bax

MOMP [114]

c-Abl-cMTS (matrix targeted c-Abl) Unknown Apoptosis [119]

GO-203 C-terminal portion of MUC1 Disrupts MUC1-C ROS suppression [58]

Ant or Antp: Antennapedia helix III, also called Penetratin; ANT: Adenine nucleotide translocase; BHAP: Bifunctional, HER2-blocking and
apoptosis-inducing peptide; cMTS: Cryptic mitochondrial translocation sequence; FHIT: Fragile histidine triad; GSAO: 4-(N-[S-
glutathionylacetyl]amino)phenylarsenoxide; HK: Hexokinase; IMM: Inner mitochondrial membrane; IP3R: Inositol 1,4,5-trisphosphate receptor;
LHRH: Luteinizing hormone-releasing hormone; Mfn2: Mitofusin 2; mitoKv1.3: Mitochondrial voltage-gated potassium channel 1.3; MOMP:
Mitochondrial outer membrane permeabilization; OMM: Outer mitochondrial membrane; PENAO: (4-[N-(S-
penicillaminylacetyl)amino]phenylarsonous acid); PTP: Permeability transition pore; ROS: Reactive oxygen species; SAHB: Stabilized α-helices
of Bcl-2 family protein; TAT or Tat: Transactivator of transcription; tBid, truncated Bid; TEAM-VP: Targeted to endothelial apoptogenic
mitochondrio-active VpR-derived peptide; VpR: Viral protein R; Δψm,: Potential difference across inner mitochondrial membrane.
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