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Abstract
In molecular cancer therapeutics only 10% of known cancer gene products are targetable with current pharmacological
agents. Major oncogenic drivers, such as MYC and KRAS proteins are frequently highly overexpressed or mutated in
multiple human malignancies. However, despite their key role in oncogenesis, these proteins are hard to target with
traditional small molecule drugs due to their large, featureless protein interfaces and lack of deep pockets. In addition, they
are inaccessible to large biologicals, which are unable to cross cell membranes. Designer interference peptides (iPeps)
represent emerging pharmacological agents created to block selective interactions between protein partners that are difficult
to target with conventional small molecule chemicals or with large biologicals. iPeps have demonstrated successful
inhibition of multiple oncogenic drivers with some now entering clinical settings. However, the clinical translation of iPeps
has been hampered by certain intrinsic limitations including intracellular localization, targeting tissue specificity and
pharmacological potency. Herein, we outline recent advances for the selective inhibition of major cancer oncoproteins via
iPep approaches and discuss the development of multimodal peptides to overcome limitations of the first generations of
iPeps. Since many protein–protein interfaces are cell-type specific, this approach opens the door to novel programmable,
precision medicine tools in cancer research and treatment for selective manipulation and reprogramming of the cancer cell
oncoproteome.

Introduction

Intracellular protein–protein interactions govern many
facets of cellular biology and physiology, such as tran-
scription factor (TF) binding to promoters and enhancers,
localization of protein complexes in the cell and specificity
of signal transduction information. Recent comprehensive
analyses across cell types and cancer types have outlined a
vast network of protein–protein associations [1]. Key
protein–protein contacts often act as orchestrators of
molecular function and are capable of remodeling the pro-
tein interaction network, leading to significant switches in
cellular behavior. For example, the self-renewal network in
embryonic stem cells is comprised of multiple TFs; how-
ever, ectopic delivery of only a few TFs to somatic cells
(OCT4, SOX2, MYC, and KLF-4) can restore pluripotency
[168*].

Not surprisingly, protein–protein networks central to
oncogenesis and disease progression are highly altered
during cancer pathogenesis. However, inhibiting these
interactions represents a very significant challenge. Contact
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surfaces responsible for protein–protein interactions are
relatively large (~1500–3000 Å) and grooves or binding
pockets minimal or absent [2]. Unlike targetable cellular
entities such as enzymes or tyrosine kinase receptors, there
are no natural ligands binding to such protein interfaces [3],
which limits the usual topological starting point employed
for discovery pipelines of new small molecule binders.
Consequently, the development of small molecule inhibitors
able to bind such featureless protein interfaces is extremely
difficult.

Mainly, two types of therapeutic agents are currently
exploited in clinical oncology: small molecules drugs
(chemicals, molecular weight (Mw) < 500 Da) and protein-
based therapeutics (also referred to as biologicals; Mw >
5000 Da). Approximately, 80% of human disease targets,
including those involved in intracellular protein–protein
interactions, are beyond the reach of these treatment mod-
alities [4]. Small molecule drugs can easily cross cell
membranes and reach intracellular proteins, and have been
successfully developed as targeted chemotherapy to inhibit
oncoproteins; for example, Imatinib, a kinase inhibitor that
binds to the ATP-binding pocket of BCR-ABL kinase, is
used for the treatment of patients with chronic myeloid
leukemia [182*]. However, single mutations on the target
site can render these drugs inactive and patients rapidly
acquire resistance. Due to their size, small molecule che-
micals cannot target and inhibit large interface surfaces
involved in protein–protein interactions. Also, as only 3000
out of ~25,000 proteins encoded by the human genome

possess hydrophobic pockets, only a small fraction of
potential cancer targets can be inhibited by small molecule
chemicals. Additionally, more than 90% of human proteins
are intracellular or secreted, which makes them difficult to
bind by therapeutics that largely target cell surface proteins
[5]. Intracellular proteins are inaccessible to biologicals,
which are able to target larger surfaces with high specificity
and successful at inhibiting cell surface proteins, but unable
to enter inside cells.

Inhibitory or interference peptides (iPeps) have emerged
as a promising approach for the design of drug candidates.
Peptides (Mw 500–5000 Da) combine the advantages of
chemicals and biologicals: they can target large surface
areas and therefore achieve the high selectivity of biologi-
cals, as well as being able to enter cells and reach intra-
cellular targets as effectively as small molecule drugs. iPeps
are derived from sequences of native proteins mediating
protein-protein interactions, usually comprising a small
number of key residues. Such peptides act as dominant-
negative versions of the endogenous proteins, binding
without functionality and preventing the access and action
of native proteins. Thus, by binding different partners or co-
factors involved in cancer development, iPeps block the
function of the endogenous proteins (Fig. 1) and impair
cancer progression.

In this work, we review advances in the preclinical and
clinical development of iPeps against a range of difficult-to-
drug oncotargets (summarized in Table 1). We have focused
on iPeps designed to inhibit the oncogenic TFs, and the
proteins KRAS, BCL2, and HDM2 involved in intracellular
signaling. In addition, we discuss several limitations
encountered in the use of iPeps including variable cellular
and nuclear penetrability, poor stability in the circulation
and limited bioactivity. Lastly, we outline strategies to
overcome these limitations, which include the use of
unnatural amino acids, conjugation with cell penetrating
sequences, cyclization, and utilization of targeted nano-
particles. In summary, iPeps are capable of a high degree of
chemical versatility against a broad range of targets and thus
hold enormous promise at inhibiting recalcitrant cancer
targets.

Inhibiting oncogenic TFs

MYC (MYC proto-oncogene, BHLH TF)

The MYC oncogene family comprises three members: c-
Myc, N-Myc, and L-Myc, which have similar function but
differ in potency and patterns of expression [6], [106*,
109*, 112*, 148*, 149*, 160*, 167*]. c-Myc (herein
abbreviated as MYC) is a master regulator of gene tran-
scription, controlling the expression of ~30% of genes in the
human genome [118*]. MYC orchestrates a wide range of

Fig. 1 Structural representation of MYC interacting with OmoMYC.
OmoMYC comprises 92 amino acids derived from MYC but differ in
four amino acids positions mapping in the bHLHZip region (red
boxes). Image was constructed by superposition of the crystal struc-
tures of the OmoMYC homodimer (5I50) and the MYC:MAX het-
erodimer structure (1NKP). Only one OmoMYC monomer and MYC
monomer are shown for clarity
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essential cellular processes, such as cell growth, apoptosis,
metabolism, RNA biogenesis, and splicing [7], [107*, 119*,
126*, 142*, 161*]. Oncogenic deregulation of MYC is
observed in the vast majority (~70%) of human malig-
nancies including breast, colon, cervix, lung, bone, brain,
and blood cancers [8], [101*, 120*, 141*, 163*, 175*,
178*], globally accounting for one-seventh of all cancer
deaths [118*]. Furthermore, MYC is overexpressed in
approximately 50% of triple-negative breast cancers
(TNBCs) [127*], one of the most aggressive subtypes of
breast cancer.

MYC is a TF composed of a basic helix–loop–helix
leucine zipper (bHLHZip) DNA-binding domain [110*]. It
does not homodimerize [154*] but forms heteromeric
complexes with its TF partner MAX, among other cofac-
tors, to bind DNA. MYC activates transcription via the
association of the DNA-binding domain with a C-terminal
activator domain [9].

Due to its nuclear localization and featureless protein
structure, MYC is not an easily “druggable” protein [10],
[135*]. Multiple agents have been utilized to inhibit MYC
binding to cofactors or downstream effectors, such as G-
quadruplex regulatory stabilizers, small interfering RNA,
and small molecule inhibitors [11], [150*, 121*, 151*,
171*, 173*, 180*]. However, due to insufficient specificity,
poor tumor site penetration, poor bioavailability, fast
metabolism, and consequent inadequate therapeutic effi-
cacy, the clinical application of these MYC inhibitors has
been hampered [115*].

The safety of inhibiting a target responsible for such
widespread control of essential cellular processes must be
carefully considered. Full myc-knockout animal models
demonstrate embryonic lethality [12]. However, as all stu-
dies to date have focused on the developmental role of the
protein, the significance of MYC inhibition in adult cellular
physiology is less established, and so the consequences of
MYC inhibition for normal tissues during cancer therapy
are hard to predict. In contrast to malignancy, in normal
tissues MYC is tightly controlled and generally expressed at
low levels except in proliferating tissues. A physiological
dose response to cellular MYC concentrations is also seen
in animal models generated to express MYC at a range of
levels where different degrees of MYC reduction have
different impacts [13]. Consequently, partial MYC inhibi-
tion could impact tumorigenesis without substantial mor-
bidity but thorough animal toxicology work and well-
considered dose escalation in early phase trials are still
required.

Peptide-based inhibitors able to block protein–protein
interactions not only have demonstrated high selectivity and
affinity for target sites, but also low toxicity [14], features
that have been harnessed to target MYC. The first attempt to
inhibit MYC function utilizing an interference peptide was

done by Giorello et al. using a 14 amino acid peptide
designated as “H1” derived from the helix 1 C-terminal
region of MYC [15]. The peptide was fused to penetratin to
facilitate the tumor cell penetrability and delivered cytotoxic
activity against MCF7 cells. The H1 peptide was also
administered in vivo after docetaxel treatment to facilitate
nuclear accessibility and showed tumor growth reduction as
well as increased survival in mice bearing HeLa xenografts
[16]. The H1 peptide has also been fused to the cell pene-
trating peptide (CPP) Bac, a basic peptide derived from
bovine neutrophils, and to an elastin-like polypeptide
(ELP), which allowed the control release of H1 after
induction of local hyperthermia in a rat C6 glioma [17]. The
resulting peptide fusion reduced in vivo tumor growth when
administered intravenously at 200 mg/kg.

Currently, the best MYC inhibitory protein characterized
that exhibits strong in vivo antitumoral activity is Omo-
MYC [18]. OmoMYC is a 92-amino acid protein derived
from the MYC bHLHZip region having four point muta-
tions which abolish MYC molecular recognition [18] (Fig.
1). OmoMYC has the ability to bind to MAX directly, but
also forms homodimers, OmoMYC–OmoMYC, which
compete with MYC-MAX heterodimers to bind DNA,
interfering with the normal function of MYC in activating
transcription of downstream oncogenic pathways [19–21],
[157*, 164*, 165*]. Soucek and colleagues have shown that
OmoMYC exhibits proapoptotic activity in myoblasts
abundantly expressing MYC, but not in cells expressing
very low levels of MYC [22], suggesting that MYC
expression levels influence OmoMYC apoptotic activity.
Systemic inhibition of MYC by OmoMYC in KRAS-driven
lung cancer [23], in MYC-induced papillomatosis [19] and
in glioma [24] was also shown to have a profound ther-
apeutic effects, and yet only elicited mild and rapidly
reversible side effects on normal tissues. These minimal
side effects demonstrate the safety and potential applic-
ability of OmoMYC which should contribute to its success
in patients [20, 21]. Very recently, OmoMYC was able to
abrogate the growth of lung adenocarcinomas in mice when
administered intranasally or systemically [25]. These pre-
clinical successes should lead to the entry of OmoMYC into
clinical phases of development in the near future.

We have shown that OmoMYC is able to inhibit the
growth of breast carcinoma cells when injected orthoto-
pically in TNBC animal models having intact immune
systems [26]. In addition to potent tumor inhibition and
induction of Caspase-3 apoptosis, OmoMYC induced a
suppression of the immune checkpoint protein PD-L1.
Moreover, we found that penetrability of the OmoMYC
peptide was a limiting factor for its therapeutic activity in
these cancers [26]. To overcome this, we engineered the
OmoMYC sequence with state-of-the-art cell penetrating
sequences selected from large peptide libraries
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(Phylomers). One such fusion inhibited multiple MYC-
dependent signaling pathways in TNBC cells involved in
cell growth, RNA processing and metabolism, and as
consequence strongly inhibited the growth of TNBC
allografts [26].

Peptidomimetics, including non-peptidic compounds
designed to mimic the binding of a peptide sequence to a
target, are attractive therapeutic agents given their enhanced
proteolytic stability over the native peptide sequence and
their potential to be orally bioavailable [183*]. Several
small molecule peptidomimetics able to disrupt
protein–protein interactions of MYC with its binding part-
ners and DNA have also been reported. The peptidomi-
metics II6B17 and IIA4B20 [184*] inhibit MYC/MAX
dimerization and MYC-induced transformation of chicken
embryo fibroblasts in in vitro assays [108*]. In addition to
OmoMYC, other MYC interference peptides, MYC pepti-
domimetics and small molecules capable of inhibiting MYC
are summarized in Table 1.

HOX (Homeobox) TFs

In mice and humans, HOX genes dictate body patterning
and segmentation during development [27]. HOX genes
encode for 38 different homeobox-containing TFs grouped
into four genomic clusters, HOXA to HOXD [143*, 158*].

In spite of the highly specific in vivo biological functions
of the HOX TFs, these proteins bind with relatively low
affinity to DNA [28], requiring a cofactor to increase their
affinity and specificity. Indeed, the formation of a coop-
erative DNA binding complex including HOX proteins and
the cofactor Pre-B-cell Leukemia Homeobox (PBX) sig-
nificantly increases the affinity and specificity of HOX
proteins for DNA [29].

The importance of HOX proteins in malignancy first
became apparent through observing their involvement in
oncogenic gene fusion events for haemopoietic malig-
nancies [30]. In addition, dysregulation of HOX proteins in
cancer is relatively common, although complex, with dif-
ferent family members showing altered expression in dif-
ferent tumor types (reviewed in ref. [31]). HOX genes are
frequently overexpressed in hematologic malignancies
[122*] and solid tumors [31–34], [102*, 114*, 116*, 133*,
137*, 140*, 145*, 179*]. Direct involvement in cancer
pathogenesis is likely with roles established for HOX-
family members in proliferation, angiogenesis, and metas-
tasis [32], [132*, 136*]. However, examples of suppressive
influences on tumor progression also exist, for example by
HOXA5 in the maintenance of the epithelial phenotype, and
HOXA4 in the inhibition of tumor cell migration [170*].
Thus, HOX-based treatment would need be finessed with
different family members being targeted to treat particular
cancers.

Considering toxicity, some functionalities in normal
adult tissues have been defined for the group such as the
maintenance of adult haematopoietic stem cells by HOXA
proteins [139*], and the control of endometrial receptivity
by HOXA and HOXD proteins [169*]. While potential
toxicities require consideration in clinical development the
governed processes in adults appear relatively limited such
that toxicities should be manageable.

Interestingly, in contrast to pro-malignant roles that tend
to involve HOX:PBX interactions in gene control, tumor
suppressor roles often involve HOX proteins interacting
alone with DNA such as in E-cadherin regulation [170*].
Consequently, targeting the HOX:PBX heterodimer, such
as by HXR9 as discussed below, may yield more selective
therapeutic effects over HOX-targeting alone [147*].

Papadopoulos et al. demonstrated that the ectopic
expression of the C terminus Scr gene containing a Hox
binding site and the YPWM motif causes changes in tissue
fate in Drosophila [152*]. Also, synthetic HOX hexapep-
tide motifs, peptides containing a conserved motif of six
amino acids from the native sequence of HOX proteins,
have been shown to compete in vitro with the
HOX–PBX1complex, disrupting cooperative DNA binding
[35]. Morgan et al. demonstrated that the cell permeable
peptide HXR9 binds to PBX (which interacts with HOX
proteins comprising 1–8 paralogues) and disrupts the
binding of HOX/PBX dimers to the DNA in melanoma cells
resulting in apoptosis induction [32]. HXR9 is an 18 amino
acid peptide [147*] consisting of a duplicate of the Hox
protein hexapeptide motif that interacts with PBX proteins
to confer the interfering function, plus a CPP at the C ter-
minus [36]. The CPP has nine arginine residues, R9, which
facilitates cell entry [32]. In vivo, the intravenous admin-
istration of HXR9 inhibited growth in the B16 melanoma
animal model. The same peptide induced cytotoxicity in the
renal cancer cells CaKi-2 and 769-P [36]. In addition,
HXR9 triggered apoptotic cell death in the non-small-cell
lung cancer cells A549 and H23 and reduced in vivo tumor
growth of A549 xenografts when administered into the
peritoneum or in the tumor [33]. HXR9 also caused apop-
tosis in the ovarian cancer cell line SK-OV3 and inhibited
tumor growth of SK-OV3 xenografts [34]. Moreover,
HXR9 induced apoptosis in breast cancer cell lines, corre-
lating with their higher expression levels of HOX genes, and
HXR9 injected intratumorally retarded in vivo tumor
growth in MDA-MB-231 TNBC xenografts [37]. Further-
more, HXR9 had apoptotic activity in prostate cancer cells
and inhibited in vivo tumor growth of LNCaP xenografts
[38]. Finally, HXR9 drove apoptosis in all malignant
mesothelioma cell lines tested in Morgan’s study, which
correlated with their HOX genes expression levels. The
peptide also reduced in vivo tumor growth of MSTO-211H
xenografts when injected intraperitoneally [39].
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Considering potential toxicities of HXR9, no significant
toxicities have been apparent in studies to date although
adverse effects are frequently not discussed specifically. For
example, HXR9-treated animals showed no weight loss
relative to control animals [185*]. Another study noted lack
of toxicity in mice regarding blood counts and liver his-
tology changes [32]. However, no toxicity reports were
made for mice bearing xenografts from ovarian [34],
mesothelioma [39], prostate cancer [38], meningioma
[186*], melanoma [187*], or breast cancer [37].

A second-generation derivative of HXR9, HTL-001
(HOX Therapeutics Ltd.), has now undergone animal
safety testing with no substantial toxicities identified.
Activity in glioblastoma xenograft models was recently
demonstrated for HTL-001 [40]. Commencement of an early
phase human clinical trial in glioblastoma with HTL-001 is
planned for the second half of 2019 (https://www.hoxthera
peutics.com/our-technology/development-pipeline).

Engrailed TFs

Another important group of players participating in coop-
erative DNA binding with PBX are the gene products of the
ENGRAILED (EN) genes. EN genes were initially dis-
covered as essential genes for embryonic development in
arthropods [41] and later for the patterning of the
midbrain–hindbrain boundary region of the central nervous
system in vertebrates. Knockout mice for En1 and En2
develop dopaminergic neuronal degeneration by caspase-3-
mediated apoptosis [42], [103*, 159*]. En1 loss-of-function
mutations have been linked to progressive cell degeneration
leading to onset of Parkinson’s disease [43] and EN2 has
been associated with autism in genetic linkage studies in
humans [44]. Orthotopic infusion of En1 and En2 proteins
protect dopaminergic neurons from neurotoxins in the
mouse midbrain [42].

Engrailed proteins, as well as HOX proteins and PBX
proteins, contain a ~60 amino acid homeodomain. Also
conserved in EN proteins are four EN-specific domains,
namely EH1, EH2, EH3, and EH5, with EH4 encoding the
homeodomain. The EH2 domain contains a PBX-
interaction motif necessary for cooperative DNA binding
with PBX [35] (sequence: WPAWVY), in which the two
tryptophan residues are essential for such interaction and
binding. Similarly, HOX proteins present a hexapeptide
sequence with two highly conserved tryptophan residues
essential for cooperative DNA binding with PBX (Fig. 2b).

In addition to the fundamental role of EN1 proteins
during embryonic development, mounting evidence points
to a role for these factors as oncogenic drivers. Our group
first reported that EN1 is selectively overexpressed in basal-
like breast cancers [45]. Later, Kim et al. demonstrated that
EN1 is overexpressed in quintuple negative breast cancers

and its presence is associated with reduced overall survival
in patients [138*]. The excretion of EN2 in the urine has
been found to be a useful biomarker for bladder and prostate
cancer [46], [146*]. Thus, selectively blocking the action of
these TFs is of great interest in oncology, given their
implication in the progression of a wide range of human
cancers.

Dynamic simulations have confirmed that EN1-iPeps
acquire helical conformation and mimic the relative motif in
full EN1 protein, suggesting functional interference may be
achieved [47]. Beltran et al. [45] designed different peptides
derived from the human EN1 gene and demonstrated that,
in basal-like breast cancer cells, these peptides were able to
bind PBX1 and PAX6, disrupting cooperative DNA bind-
ing. The peptides mimic the highly conserved hexapeptide
motif present in the EN1 [47] (Fig. 2b). To facilitate
internalization, a nuclear localization signal (NLS) sequence
derived from the Simian Virus 40 (SV40) large T antigen
with cell penetrating properties was added at the N-terminus
of the sequence [48]. Several peptide variants were tested in
this study (EN1-iPeps) which were capable of selectively
reducing cell survival of basal-like breast cancer cell lines
(EN1+) without affecting EN1− cells [45]. Going beyond
the single hit approach of TF inhibition alone, Sorolla et al.
recently reported docetaxel sensitization in vivo in TNBC
employing docetaxel nanoparticles encapsulating EN1-
iPeps [49]. Later, EN1-iPeps engineered with an RGD
cell localizing component were co-delivered with docetaxel
using nanoparticles resulting in in vivo TNBC growth
inhibition [50]. At this stage we are not aware of any EN1-
iPep yet at the trial-ready stage although considerable
optimization work is likely to be ongoing.

Inhibiting intracellular oncoproteins involved in
signaling pathways

A myriad of intracellular proteins involved in cancer pro-
gression, such as the central oncoproteins KRAS, BCL-2,
and HDM2, remain difficult to target pharmacologically.
Intensive research has been done to suppress these cancer-
associated pathways by targeting and inhibiting
protein–protein interfaces via iPep approaches.

KRAS

KRAS and the other RAS isoforms, NRAS and HRAS, are
small GTPases involved in pathways important for cell
growth, differentiation and survival. RAS proteins are
mutated in 30% of all malignancies and are regarded as
important anticancer targets. The KRAS isoform is parti-
cularly relevant in pancreatic cancer as it is mutated in 90%
of the patients [51]. Activating mutations render RAS
constitutively active, which in turn activates RAF and the
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Fig. 2 Structural representation of HOXA9 interacting with PBX1 and
the DNA. a Crystal structure (1PUF) of the homeodomain of HOXA9
(green) interacting with PBX1 (maroon surface representation) and
DNA (gray surface representation). The inset shows the interaction of
the hexapeptide motif of HOXA9 (yellow sticks) with the binding

pocket of PBX1. Crystal structures of the homeodomain of EN1
(2JWT, cyan) and EN2 (3ZOB, magenta) are shown superimposed on
HOXA9. b Alignment of protein sequences of EN1, EN2, and HOX.
Red and bolded text indicates the hexapeptide motifs of each protein

1174 A. Sorolla et al.



downstream survival pathways PI3K and MAPK, inducing
cell growth, proliferation, protein synthesis, and apoptosis
inhibition. Despite their potential as therapeutic targets,
RAS isoforms are difficult to target. Small molecule drug
inhibitors that compete with ATP for its binding pocket on
kinases are successful at blocking kinase activity, but
inhibitors that target GTP binding pockets in RAS have
proven ineffective due to the high-GTP affinity of RAS.
Several drugs with inhibitory activity for KRAS have been
tested preclinically, however, until recently, none had
demonstrated significant therapeutic effect in animals for
subsequent clinical development in humans [52]. Recent
promise has emerged through the use of covalent G12C-
specific small molecule inhibitors targeting the mutated
cysteine associated with the switch II pocket adjacent to the
GTP-binding site. This small molecule inhibited RAS and
cell viability at the nanomolar range of concentrations in
KRASG12C-mutant cell lines [53], [124*]. This work has
culminated in a phase I trial of lead compound AMG 510
(NCT03600883) which produced partial responses in 50%
of evaluable patients with KRAS G12C-mutant non–small
cell lung cancer, and stable disease in the majority of
patients with colorectal or appendiceal cancer [54]. This
trial is ongoing with the duration of observed responses yet
to be determined.

In the past few years there has been mounting interest in
the development of iPeps targeting KRAS. Destabilizing the
interactions between KRAS and its binding partners SOS1
or Raf, are two potential strategies to inhibit KRAS activity.
Cyclic peptides identified from screening a peptide library
against the oncoprotein KRASG12V, the most common
mutation in KRAS, have demonstrated specific binding to
KRAS and inhibition of the Raf-KRAS interaction at
nanomolar concentrations [55]. However, these peptides
lacked antiproliferative activity in cell lines in vitro, pre-
sumably due to lack of cell penetration. Interestingly, Trinh
et al. identified cyclic peptides, also through screening of a
peptide library against the oncoprotein KRASG12V, able to
internalize inside cells and induce apoptosis in vitro, but
these effects were only achieved at very high concentrations
of peptide [56]. Notably, Leshchiner et al. designed peptides
to recapitulate the secondary structure of the KRAS-
interacting α-helix of SOS1. The resulting peptides were
able to bind to wild type and all mutant forms of KRAS
with high affinity (nanomolar range) and displayed similar
antitumoral activity in vitro in both KRAS wild type and in
mutant cell lines, thus generating concerns about the tumor
selectivity of the peptides [57].

Suppression of RAS dimerization represents another
interesting approach for inhibiting RAS activity. Conse-
quently, efforts have been made to identify molecules able
to interact with the α4–β6–α5 region/interface of RAS to
disrupt dimerization. This interface was a previously

unknown region able to inhibit RAS function [58]. Mono-
bodies, small proteins with some antibody-like features,
have been successfully designed to bind to particular pro-
tein domains. The monobody NS1, designed for inhibiting
RAS dimerization, effectively blocked CRAF–BRAF het-
erodimerization and activation [58], and more recently, has
been shown to inhibit Ras-driven tumor growth in mice
[59].

However, in vivo toxicity of inhibitory peptides designed
against KRAS remains largely unassessed. Only Leshchiner
et al. reported lack of in vivo toxicity of SAH-SOS1A in
their Drosophila melanogaster model [57]. Thus, extensive
toxicology assessments need to be performed to validate
therapeutic potential in humans.

BCL-2 (B-cell lymphoma 2)

Proteins of the B-cell lymphoma 2 (BCL-2) family control
the intrinsic pathway of apoptosis. They form homodimers
and heterodimers through BCL-2 homology (BH) domains
inclining cellular balance either to proapoptotic or anti-
apoptotic processes [60]. Since a hallmark of cancer is the
evasion of apoptosis [129*], it is not surprising to find
overexpression of antiapoptotic proteins and under-
expression of proapoptotic proteins in many human malig-
nancies. For example, the anti-apoptotic member BCL-2 is
overexpressed in 90% of follicular B-cell lymphomas [61]
while the proapoptotic member PUMA is deleted in a range
of cancers [62].

The BH3 domain of BCL-2 members, which is essential
for the folding integrity of a hydrophobic pocket with which
BLC-2 proteins interact, is a key domain for the regulation
of apoptosis. BCL-2 and BCL-XL bind the proapoptotic
proteins BAK and BAD utilizing this domain, resulting in
apoptosis inhibition. BH3 domain-derived iPeps have been
synthetized to activate apoptosis and induce tumor regres-
sion. Early work in this area showed promise with stapled
peptides (see section 4.2) such as stabilized alpha-helix of
BCL-2 domains (SAHBD) showing the ability to inhibit the
growth of leukemia xenografts in mice [63].

BH3 peptidomimetics designed to mimic the binding of
the BH3 domain-derived peptides to BCL-2 have demon-
strated significant therapeutic value as BCL-2 antagonists
[156*, 188*]. The peptidomimetic ABT-737 demonstrated
reduction of tumor growth in small cell lung cancer
xenografts through proapoptotic mechanisms [64]. An
orally bioavailable derivative of ABT-737, ABT-263 [65]
(navitoclax), has now successfully navigated clinical trials
for chronic lymphocytic leukemia (CLL), being shown to
reduce lymphocyte counts by over 50% in 90% of patients
with a progression-free survival of 25 months leading to an
FDA approval for this indication in 2016. Thrombocyto-
penia due to BCL-XL inhibition was the major dose-
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limiting toxicity [156*]. Subsequently, a BCL-2-specific
inhibitor has been developed, ABT-199 (venetoclax) [66],
to avoid potential toxicity. Preclinical work with ABT-737
revealed that this drug can induce resistance through the
upregulation of other antiapoptotic proteins [67] and so
there were initial concerns that the even narrower targeting
spectrum of venetoclax may lead to attenuated results.
However, to date activity of venetoclax has been promis-
ing across a range of hematological malignancies with a
response rate of 79% in relapsed CLL and complete
responses in 20%. The potency of activity was evidenced
by the occurrence of three episodes of tumor lysis syn-
drome at higher doses (NCT01328626). More impressive
still, in the randomized Phase III MURANO study, vene-
toclax in combination with the anti-CD20 antibody ritux-
imab, achieved a vastly superior rate of undetectable
minimal residual compared to rituximab and chemotherapy
[68]. Venetoclax is now entering trials for the treatment of
solid tumors, particularly breast (NCT03584009) and
prostate cancer (NCT03751436) in combination with
endocrine agents.

HDM2 (human double minute 2 homolog)

p53 is a key tumor suppressor that induces DNA repair,
and/or apoptosis. p53 function is regulated by human
double minute 2 (HDM2) and HDMX, two proteins that can
inhibit its activity in healthy cells. Overexpression of
HDM2 and HDMX occurring in some cancers dysregulates
the p53-associated pathway. HDM2 is an E3
ubiquitin–protein ligase recognized as an excellent cancer
target. HDM2 binds to p53 with a 15 amino acid region that
folds as an α-helix flanked by highly hydrophobic interfaces
[69]. The HDM2-p53 interaction inhibits the transcriptional
activity of p53 and promotes rapid degradation of p53,
thereby favouring tumor progression. Small molecules or
short peptides able to block HDM2-p53 binding have
emerged as attractive therapeutic agents for malignancies
harboring wild-type p53.

Liu et al. identified the D-peptide inhibitor of p53-HDM2
interaction, DPMIα. Such peptide, encapsulated in lipo-
somes, demonstrated therapeutic activity in glioblastoma
xenografts generated with U87 cells (containing wild-type
p53 and overexpressing HDM2) [70]. However, DPMIα did
not show significant activity in p53-mutant human glioma
U251 cells [70]. Harbour et al. reported αHDM2, a 12
amino acid peptide derived from the p53 sequence that
mediates the binding to HDM2 fused to the cell penetrating
peptide TAT, causing cell death in retinoblastoma and uveal
melanoma cell lines and tumor destruction in an intraocular
retinoblastoma mice model [71]. In contrast with DPMIα,
αHDM2 induced cell death in both wild-type and p53-
mutant CC3A cells [71].

It has been suggested that inhibition of HDM2 is not
fully effective in tumors overexpressing the other p53
negative regulator HDMX due to its ability to also sequester
p53 [72]. Thus, there is an increasing interest in developing
HDMX inhibitors and HDM2/HDMX dual inhibitors.
Bernal et al. developed SAH-p53-8, a peptide with high
affinity for HDMX, which showed robust tumor growth
reduction in a JEG-3 choriocarcinoma xenograft model
[72]. This peptide was ineffective against the p53-mutant
cell line A432 and p53-mutant-induced cell lines HTC116
and SJSA-1 [72]. Chang et al. demonstrated that the stapled
α-helical peptide ATSP-7041 binds and inhibits both
HDM2 and HDMX. This peptide suppressed tumor growth
of SJSA-1 (osteosarcoma) and MCF7 (breast) xenograft
models, both overexpressing HDM2 and HDMX, in a p53-
dependent manner [73]. This peptide was ineffective at
inducing expression of p53-target genes and cell death in
the p53-mutant cell lines SW480 and MDA-MB-435 [73].
Another cyclic polypeptide, MCo-PMI, with a design based
on the naturally occurring cyclized peptides in plants,
antagonized the interaction between p53 and HDM2/
HDMX. This peptide was only active in cells harboring
wild-type p53 HCT116, LNCaP, and JEG3 cells, and
reduced tumor growth of HCT116 xenografts in vivo
[189*]. Recently, ALRN-6924, a dual HDM/HDMX inhi-
bitor developed by Aileron Therapeutics, revealed
improved survival in mice bearing wild-type p53 acute
myeloid leukemia xenografts [74], whereas p53-mutant
leukemia cell lines HL60 and Kasumi-1 were insensitive to
the peptide [74]. This inspired the design of an ongoing
phase I clinical trial (NCT02909972) in patients with
relapsed/refractory acute myeloid leukemia and advanced
myelodysplastic syndrome characterized by wild-type p53.
This agent is also under a phase II trial for relapsed T-cell
lymphoma with preliminary results released in 2018 show-
ing responses in 21% of 14 participants and clinical benefit
in 36% [162*]. Similarly, ALRN-6924 is under evaluation
in a phase I/II clinical trial in patients with wild-type p53
advanced solid malignancies and lymphomas
(NCT02264613). Further to this, combination studies have
also commenced with ALRN-6924 to be given with pacli-
taxel in solid tumors (NCT03725436) and with the CDK4/6
inhibitor palbociclib in MDM2-amplified tumors.

Limitations of interference peptides

Peptides are excellent therapeutic agents, strengths being
high selectivity, potency and safety [75]. Despite the
exciting inhibitory activity of iPeps against intracellular
cancer targets, some intrinsic chemical features such as cell
penetration properties, stability in vivo and potential for
immunogenicity can be optimized. Anticancer peptides can
benefit from a range of chemical modifications (summarized
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in Table 2) to enhance their therapeutic potential facilitating
clinical translation.

Solutions to overcome limitations of multimodal
interference peptides

Enhancing cellular internalization—addition of cell-
penetrating peptides and nuclear localization sequences

Despite peptides being excellent therapeutic agents [75]
they can exhibit limited cellular penetrability and sub-
optimal subcellular localization. These two limitations can
be overcome by the linkage of the therapeutic peptide to a
CPP and/or NLS. CPPs are peptide sequences able to cross
cell membranes and deliver cargoes inside cells, mediating
the entry of peptides, nanoparticles, small molecules, and
nucleic acids. CPPs are usually short cationic and/or
amphipathic peptides able to interact with the highly
negatively charged surface proteoglycans of the cell mem-
brane [76].

The first polycationic molecule described that facilitated
cellular uptake was the trans-activating transcriptional
activator (TAT) from human immunodeficiency virus 1
(HIV-1), which demonstrated cell penetrating activity in
mammalian cells in tissue culture [77], [177*]. Another
peptide, penetratin, was derived from the third helix of the
Antennapedia homeobox peptide which was discovered to
enter neuronal cells facilitating neuronal morphogenesis
[134*]. Comprehensive structural and functional studies

have deciphered the essential amino acids required for the
cellular internalization of these proteins, which resulted in
the generation of the first CPPs. The TAT cell penetrating
sequence and the penetratin peptide contain 13 and 16
amino acids respectively [77, 78].

The TAT CPP successfully mediated delivery of iPep
αHDM2 as mentioned previously [71]. In another study,
conjugation with TAT also conferred a protective role
against cellular degradation on the amphipathic α-helical
anticancer peptide HPRP-A1 in HeLa cells [79]. As for
penetratin, in addition to the aforementioned iPep H1
[15, 16], this CPP promoted intracellular delivery of ther-
mosensitive ELP conjugated to H1 in MCF7 cells [80].

New methodologies based on large screens have led to the
identification of novel peptides with cell penetration char-
acteristics. Phylomer libraries, which comprise hundreds of
billions of peptides present in bacteria and archaea, enabled
the identification of novel functionalised penetrating peptides
(FPPs) [176*]. The screening of Phylomer libraries has been
coupled to high-throughput GFP complementation assays for
the identification of those FPPs exhibiting superior inter-
nalization properties and prevention of endosomal trapping
[144*]. Avoiding endosomal trapping is one of the most
substantial limitations when delivering cargoes into the
cytoplasm which most CPPs in the literature cannot yet
achieve [123*]. Very recently, the FPP 1746 showed
superior cellular internalization compared to TAT in HEK-
293 cells [131*]. The same FPP facilitated the first successful
in vivo delivery of OmoMYC in a TNBC model [26].

Table 2 Peptide limitations and
strategies to overcome the
limitations

Peptide limitation Strategies to overcome
peptide limitations

References

Poor cell membrane
permeability

Cell penetrating peptides [15–17, 26, 45, 48–
50, 56, 71, 77, 79, 80, 100], [177*]

Poor nuclear localization Nuclear localization
sequences

[45, 48–50]

Metabolic instability and short
half-life in circulation

D-amino acid substitution [32, 36, 82]

Un-natural amino acid
substitution

[84, 85], [172*]

Cyclization [57, 86, 87]

Pegylation [111*]

XTEN conjugation [89, 90], [104*]

Encapsulation with
nanoparticles

[49, 50, 93, 95–98]

Rapid clearance Linkage to AG10 [91]

Poor activity Encapsulation with
nanoparticles

[94–96]

Immunogenicity D-amino acid substitution [190*]

Retro-inverso D-peptides [190*]

Pegylation [6, 111*, 191*]

The peptide limitations, the strategies to overcome the limitations and the related references are indicated.
The references marked with * can be found in Supplementary Information
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Conjugation with an NLS is particularly important for
peptides designed to target nuclear TFs. A large number of
different NLS have been reported to facilitate nuclear access
of several protein/peptide cargoes; For example, the NLS
sequence KKKRKV from the SV40 large T-antigen,

successfully mediated internalization of iPeps derived from
the TF EN1 in vitro [45] and in vivo [49, 50] in TNBC
models (Fig. 3). SV40 large T-antigen was also used to
improve the nuclear delivery of the peptides MPG and Pep-
1, which are rich in hydrophobic residues [48].

Fig. 3 Characterization of all the interference peptides to target the
EN1 TF. The table contains the name, the amino acid sequence and the
tridimensional structure prediction determined by using the PEP-
FOLD3 software of all the interference peptides against EN1 designed,
synthetized and published. EN1 peptides were designed based on a

highly conserved region of EN1 centered on the hexapeptide motif and
the N-terminal and C-terminal flanking regions (NF and CF, respec-
tively). All peptides include a nuclear localization sequence (NLS) at
the N-terminus for targeting of the peptide. Additionally, peptides were
constructed with RGD peptides at the C-terminus
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Enhancing the in vivo stability of peptides

One major hurdle for the clinical development of ther-
apeutic peptides is their sensitivity to proteases which
reduce their half-life upon systemic administration [81]. The
most common structural modifications adopted to enhance
peptide stability are chemical modifications in the N- and C-
termini of the peptide backbone (e.g., acetylation of the N-
terminus, amidation of the C-terminus), introduction of D-
amino acids, unnatural (for example, nonproteogenic)
amino acids and peptide backbone cyclization. Engineering
peptides by introducing dextrorotary (D)-amino acids
instead of levorotatory (L) forms is an effective strategy to
avoid proteolytic degradation by proteases. D-amino acids
produce conformational changes in the proteins that make
them less recognizable by L-protein enzymes such as pro-
teases. In addition, D-amino acids residues are not very
common in nature, which makes them immune-inert when
entering the host organism. In addition to increased half-life
and lower immunogenicity, some peptides with D-amino
acid residues have been shown to be more potent and
penetrable into the cell [82], [125*, 172*]. Buckton et al.
demonstrated that four out of five substitutions of L- for D-
stereoisomers in the LB51 peptide increased the cell per-
meability in Caco-2 cells [82]. Veine et al. reported an
increase in potency of 27,000 to 150,000-fold for the affi-
nity of the peptide PhScN for α5β1 integrin, after the
replacement of histidine and cysteine residues for their
respective D-enantiomers [172*]. However, the amino acids
residues to substitute in an iPep need to be carefully con-
sidered. Whilst D-amino acid substitution can increase cel-
lular uptake of CPPs, in other cases, it can make the iPep
unable to bind protein-protein interfaces when these sub-
stitutions are introduced in its active sequence.

Examination of the peptide repository PEPlife clearly
shows that therapeutic peptides containing unnatural amino
acids possess longer half-lives than those containing natural
amino acids [83]. Many therapeutic peptides containing
unnatural amino acids have been approved by the FDA such
as degarelix to treat prostate cancer, semaglutide for type 2
diabetes or carbetocin, an oxytocin analog containing
methyl-tyrosine, to treat postpartum hemorrhage [155*].
Similarly, a recent preclinical study from Oliva et al. reported
that the introduction of cysteine derivatives and 6-
aminohexanoic acid residues protected anti-microbial pep-
tides produced from exopeptidases, increasing their potency
[84]. Further, the substitution of methionine residues by
norleucine and homoserine in the peptide “YSA” targeting
the EphA2 receptor increased the stability in serum of the
peptide and reduced in vivo prostate tumor growth and tumor
vasculature in mice when conjugated with paclitaxel [85].

In addition to unnatural amino acids, peptides can be
cyclized to enhance half-life [75]. This can be done by

different modalities such as the establishment of disulfide
bonds between two cysteines, by adding an amide bond
between the C- and N-terminus of the peptide (head-to-tail
cyclization), or between the side chains of natural (such as
lysine and aspartic acid) and unnatural (such as ring-closing
metathesis) amino acids, a process named side chain
cyclization. These two latter methods are also adopted for
construction of “stapled peptides”. It has been found that a
number of important target protein-protein interactions for
cancer drug development are mediated by peptide sequen-
ces with a α-helix structure [192*, 193*]. In addition to
increasing stability against proteolysis, peptide “stapling”
can help stabilize the alpha-helix conformation of an iPep,
enhancing the binding of the iPep to the target
protein–protein interface. Furthermore, peptide stapling has
also been shown to improve cell penetrability [193*]. The
stabilization of the α-helices of StAx-35R improved binding
to β-catenin and disruption of β-catenin-TCF4 binding
[194*]. The α-stabilized peptide SAHM1 showed success-
ful binding to the NOTCH1-CSL complex as well as the
ability to compete with the co-activator factor of the com-
plex, MAML1. This resulted in repression of NOTCH
signaling and tumor growth regression in a murine
NOTCH-driven leukemia model [195*]. Other examples of
stapled peptides with anti-tumoral activity in vivo include
the Bcl-2 iPep SAHBA [63] and the HDM2/HDMX iPeps
SAH-p53-8 [72], ATSP-7041 [73], and DPMIα [70] (Table 1).
Peptide stapling has been exploited for the design of
HDM2/HDMX iPep drug candidate ALRN-6924, which is
currently undergoing clinical development [74].

Peptide cyclization mediates the stabilization of bioactive
peptides such as toxins rich in cysteines [86]. An interesting
application of cyclization is to keep the integrity and
enhance the selectivity of linear, tumor-targeting peptides
such as RGD peptides. RGD peptides or peptides contain-
ing Arg-Gly-Asp (Fig. 3) are widely used as targeting
ligands for therapeutic agents given their high affinity for
αvβ3, αvβ5, αvβ6, αvβ8, α5β1, and αIIbβ3 integrins over-
expressed in solids tumors and associated vasculature.
Cyclization of RGD peptides improves targeting affinity
and selectivity [87].

Reducing immunogenicity

Immunogenicity of foreign peptides starts with a proteolytic
process carried out by antigen presenting cells (APC). Some
of the small resulting peptides will bind to MHC class II
molecules and they will be then presented on the APC’s
surface to be recognized by a T-cell receptor of CD4+
T cells. This will culminate in T-cell activation and anti-
body production [196*]. Despite the fact that peptides
possess low immunogenicity compared to bigger molecules
such as proteins or antibodies, they still could benefit from
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different strategies to reduce the probability to elicit an
unwanted immunoreaction. Structural modifications such as
D-amino acid residue substitution and reversal of the amino
acid sequence can avoid or delay proteolytic cleavage and
thus mitigate immune system recognition and immuno-
genicity. Both strategies have been applied to peptides used
as blood brain barrier shuttles. The new peptide variants
presented less immunogenicity compared to the native L-
form, while maintaining activity [190*]. Pegylation is also
one of the most used strategies to prevent immunogenicity
of protein therapeutics. Polyethylene glycol (PEG) itself is
immune-inert and in aqueous media prevents the access of
proteases or peptidases to the protein/peptide by steric
hindrance although it also compromises their bioactivity
[197*]. Dharap et al. successfully conjugated PEG to
peptide-drug conjugates composed of camptothecin and
synthetic peptides similar to luteinizing hormone-releasing
hormone and the BCL-2 homolog 3 peptide. The pegylated
conjugates induced more apoptosis than un-pegylated
camptothecin in ovarian cancer cells [191*]. Some ther-
apeutic pegylated polypeptides have been approved by the
FDA for cancer treatment such as PEG-interferon α-2b
(SylatronTM) [111*] for the treatment of stage III melanoma
in 2011 or PEG-asparaginase (Oncaspar®) for acute lym-
phoblastic leukemia in 2005. In all these cases pegylation
conferred less immunogenicity to these peptides [88].

Addition of biomimetic compounds

The addition of biomimetic compounds such as PEG is a
common strategy for camouflaging anticancer peptides from
the immune system. In addition, pegylation increases the
retention time of peptides by increasing their hydrodynamic
properties, which prolongs their half-life in circulation.
Several peptides and proteins already approved for antic-
ancer treatment are conjugated with PEG [111*]. However,
due to the toxicity of PEG in some patients, novel biomi-
metic compounds presenting less immunogenicity have
been developed, such as the polypeptide XTEN [89]. XTEN
conjugation to teduglutide, a glucagon-like peptide-2
(GLP2) analog, resulted in an increase in the half-life of
teduglutide in human plasma [90] and in rodents and
monkey plasma [104*]. Other strategies reported to increase
the half-life of therapeutic peptides are the fusion to
unstructured proteins, to antibody Fc domains, to human
serum albumin [89] and to AG10, a small molecule pre-
senting high affinity to the plasma protein transthyretin [91].

Encapsulation of bioactive peptides with nanoparticles

Another strategy to protect peptides from degradation in
plasma is their encapsulation in nanoparticles. This is of
special interest in the development of tumor peptide

vaccines where the antigens are long polypeptides and
proteolytic degradation must be avoided before immunor-
esponse in target cells can occur [92]. Many nanoparticle
formulations have been described for encapsulating tumor
peptide vaccines including liposomes, polymeric micelles,
polymeric nanoparticles, gold nanoparticles, nanoemul-
sions, and nanogels. Each nanoparticle formulation pos-
sesses advantages and disadvantages [174*]. Polymeric
nanoparticles mediate excellent encapsulation of bioactive
molecules and enhanced proteolytic protection compared
with other nanocarriers. Luo et al. synthetized polymeric
PC7A nanoparticles encapsulating the antigenic peptide
OVA and observed reduction of tumor growth in mela-
noma, colon cancer, and human papilloma virus-E6/E7
tumor models [93].

Apart from delivering tumor peptide-based vaccines,
nanoparticles enable the delivery of proapoptotic or active
proteins in cancer cells [94]. Gold-based nanocapsules are
stabilized through supramolecular interactions between
the nanoparticle, the protein cargo and fatty acid mole-
cules engineered in the core of the capsule. This approach
has the advantage of avoiding proteolytic degradation and
endosomal trapping thereby allowing the delivery of
unmodified proteins. These nanoparticles showed an
effective delivery of caspase-3 and induction of apoptosis
in HeLa cells [95]. Similarly, proteins such as caspase-3
can be covalently linked to a thin polymer shell for sys-
temic delivery in vivo [180*]. Bale et al. engineered
hydrophobic silica nanoparticles to deliver the enzyme
RNase and an anti-phospho Akt antibody intracellularly in
MCF7 cells, avoiding endosomal trapping and inducing
cell death [96].

Polymeric nanoparticles can mediate the encapsulation of
iPeps against TFs in order to modulate gene expression in a
non-viral manner. Our group has encapsulated EN1-iPeps
targeting the TF EN1 in polymeric poly(glycidyl metha-
crylate) nanoparticles in conjunction with docetaxel and
observed a reduction of in vivo tumor growth in a highly
aggressive claudin-low TNBC model [49, 50]. Regarding
the nuclear delivery of synthetic TFs, there are many reports
in the literature demonstrating proof of concept approaches
for effective delivery of synthetic TFs into tumor cells using
nanoparticles. Patel et al. developed the NanoScript plat-
form consisting of gold nanoparticles targeted with NLS
and encapsulating protein-based synthetic TFs able to
increase the expression of a reporter plasmid by over 15-
fold in HeLa cells [97]. Similarly, Liu et al. delivered
encapsulated artificial TF GAL4-VP16 together with a
luciferase reporter plasmid in supramolecular nanoparticles
functionalised with RGD and TAT peptides to HeLa cells
which showed high expression of the reporter gene [98].
Lastly, a focus of intense interest is the nanovehicle-
mediated delivery of reagents for genome engineering in
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cancer, such as designer zinc finger TFs and CRISPR sys-
tems. Our laboratory has successfully delivered
CRISPR–dCas9 systemically into MCF7 xenografts using
dendritic polymers to reactivate the tumor suppressor genes
MASPIN and CCN6 in the tumor site, leading to potent and
long-lasting cancer growth inhibition [99].

Concluding remarks

TFs and other molecules operating through protein–protein
interactions are master regulators of oncogenic gene cas-
cades. Due to their high cellular compartmentalization and
the featureless nature of protein interfaces, their targeting is
challenging. Peptides are a rich source of bioactive com-
pounds that could potentially overcome this problem,
providing novel anticancer therapeutics which target
difficult-to-inhibit oncogenic drivers. Peptides possess high
versatility, specificity, are small, and relatively cheap to
synthesize. Their specificity and selectivity are not com-
promised by de novo point mutations frequently arising in
heterogenous tumors as compared to antibodies. Relevant
studies have witnessed the potential of iPeps to inhibit
central oncogenes such as MYC, HOX, KRAS, BCL-2,
and HDM2/HDMX both in vitro and in vivo. Importantly,
these studies have facilitated the recent therapeutic appli-
cation of iPeps against BCL-2 and HDM2/HDMX in the
clinical setting for the treatment of a wide range of hema-
tologic and solid malignancies. However, iPep technology
will need to overcome certain obstacles to maximize their
therapeutic potential. Many areas of improvement include
cellular penetrability and half-life in circulation for which a
varied range of modifications have been described.
Undoubtedly, further improvements and optimizations of
current iPeps in development will accelerate their transla-
tion to the clinic.

The references marked with an asterix can be found in
Supplementary Information.

Acknowledgements This work was supported by the following grants
awarded to PB: the Australian Research Council (ARC) Future Fel-
lowship FT130101767, the Cancer Council of Western Australia
(CCWA) Research Fellowship and CCWA project grants
APP1083745 and APP1147435, and National Health and Medical
Research Council (NHMRC) grants APP1069308, APP1147528, and
APP1165208. AS acknowledges the postdoctoral fellowship from the
NBCF, PF-15-001 and the research funds from the Raine Medical
Research Foundation. CD acknowledges the Australian Government
Research Training Program (RTP) Scholarship and the Cancer Council
of Western Australia PhD Top-Up Scholarship. STH acknowledges
ARC Future Fellowship FT150100398 and NHMRC project grant
APP1084965. The Translational Research Institute is supported by a
grant from the Australian Government. The authors would like to
acknowledge Dr. Kade Roberts for critical reading and review of
the paper.

Compliance with ethical standards

Conflict of interest AR serves on the advisory board for Roche
Pharmaceuticals. Remaining authors declare that they have no conflict
of interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Li Z, Ivanov AA, Su R, Gonzalez-Pecchi V, Qi Q, Liu S, et al.
The OncoPPi network of cancer-focused protein-protein inter-
actions to inform biological insights and therapeutic strategies.
Nat Commun. 2017;8:14356.

2. Wells JA, McClendon CL. Reaching for high-hanging fruit in
drug discovery at protein-protein interfaces. Nature. 2007;450:
1001–9.

3. Sorolla A, Yeramian A, Valls J, Dolcet X, Bergada L, Llombart-
Cussac A, et al. Blockade of NFkappaB activity by Sunitinib
increases cell death in Bortezomib-treated endometrial carcinoma
cells. Mol Oncol. 2012;6:530–41.

4. Verdine GL, Walensky LD. The challenge of drugging
undruggable targets in cancer: lessons learned from targeting
BCL-2 family members. Clin Cancer Res. 2007;13:7264–70.

5. Hopkins AL, Groom CR. The druggable genome. Nat Rev Drug
Discov. 2002;1:727–30.

6. Sheiness D, Fanshier L, Bishop JM. Identification of nucleotide
sequences which may encode the oncogenic capacity of avian
retrovirus MC29. J Virol. 1978;28:600–10.

7. Shen L, O'Shea JM, Kaadige MR, Cunha S, Wilde BR, Cohen
AL, et al. Metabolic reprogramming in triple-negative breast
cancer through Myc suppression of TXNIP. Proc Natl Acad Sci
USA. 2015;112:5425–30.

8. Han G, Wang Y, Bi WZ. c-Myc overexpression promotes
osteosarcoma cell invasion via activation of MEK-ERK Path-
way. Oncol Res. 2012;20:149–56.

9. Blackwood EM, Eisenman RN. Max—a helix-loop-helix zipper
protein that forms a sequence-specific DNA-binding complex
with Myc. Science. 1991;251:1211–7.

10. Blundell TL, Burke DF, Chirgadze D, Dhanaraj V, Hyvonen M,
Innis CA, et al. Protein-protein interactions in receptor activation
and intracellular signalling. Biol Chem. 2000;381:955–9.

11. Brown RV, Danford FL, Gokhale V, Hurley LH, Brooks TA.
Demonstration that drug-targeted Down-regulation of MYC in
non-Hodgkins lymphoma is directly mediated through the pro-
moter G-quadruplex. J Biol Chem. 2011;286:41018–27.

12. Davis AC, Wims M, Spotts GD, Hann SR, Bradley A. A null c-
myc mutation causes lethality before 10.5 days of gestation in

Precision medicine by designer interference peptides: applications in oncology and molecular therapeutics 1181

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


homozygotes and reduced fertility in heterozygous female mice.
Genes Dev. 1993;7:671–82.

13. Trumpp A, Refaeli Y, Oskarsson T, Gasser S, Murphy M, Martin
GR, et al. c-Myc regulates mammalian body size by controlling
cell number but not cell size. Nature. 2001;414:768–73.

14. Craik DJ, Fairlie DP, Liras S, Price D. The future of peptide-
based drugs. Chem Biol Drug Des. 2013;81:136–47.

15. Giorello L, Clerico L, Pescarolo MP, Vikhanskaya F, Salmona
M, Colella G, et al. Inhibition of cancer cell growth and c-Myc
transcriptional activity by a c-Myc helix 1-type peptide fused to
an internalization sequence. Cancer Res. 1998;58:3654–9.

16. Li L, Sun W, Zhang Z, Huang Y. Time-staggered delivery of
docetaxel and H1-S6A,F8A peptide for sequential dual-strike
chemotherapy through tumor priming and nuclear targeting. J
Control Release. 2016;232:62–74.

17. Bidwell GL 3rd, Perkins E, Hughes J, Khan M, James JR, et al.
Thermally targeted delivery of a c-Myc inhibitory polypeptide
inhibits tumor progression and extends survival in a rat glioma
model. PLoS ONE. 2013;8:e55104.

18. Soucek L, Helmer-Citterich M, Sacco A, Jucker R, Cesareni G,
Nasi S. Design and properties of a myc derivative that efficiently
homodimerizes. Oncogene. 1998;17:2463–72.

19. Soucek L, Nasi S, Evan GI. Omomyc expression in skin prevents
Myc-induced papillomatosis. Cell Death Differ. 2004;11:
1038–45.

20. Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, Sodir
NM, et al. Modelling Myc inhibition as a cancer therapy. Nature.
2008;455:679–83.

21. Sodir NM, Swigart LB, Karnezis AN, Hanahan D, Evan GI,
Soucek L. Endogenous Myc maintains the tumor micro-
environment. Genes Dev. 2011;25:907–16.

22. Soucek L, Jucker R, Panacchia L, Ricordy R, Tato F. Nasi S.
Omomyc, a potential Myc dominant negative, enhances Myc-
induced apoptosis. Cancer Res. 2002;62:3507–10.

23. Fukazawa T, Maeda Y, Matsuoka J, Yamatsuji T, Shigemitsu K,
Morita I, et al. Inhibition of Myc effectively targets KRAS
mutation-positive lung cancer expressing high levels of Myc.
Anticancer Res. 2010;30:4193–4200.

24. Annibali D, Whitfield JR, Favuzzi E, Jauset T, Serrano E,
Cuartas I, et al. Myc inhibition is effective against glioma and
reveals a role for Myc in proficient mitosis. Nat Commun.
2014;5:4632.

25. Beaulieu ME, Jauset T, Masso-Valles D, Martinez-Martin S,
Rahl P, Maltais L, et al. Intrinsic cell-penetrating activity propels
Omomyc from proof of concept to viable anti-MYC therapy. Sci
Transl Med. 2019;11:eaar5012.

26. Wang E, Sorolla A, Cunningham PT, Bogdawa HM, Beck S,
Golden E et al. Tumor penetrating peptides inhibiting MYC as a
potent targeted therapeutic strategy for triple-negative breast
cancers. Oncogene. 2018;38:140–50.

27. Krumlauf R. Hox genes in vertebrate development. Cell.
1994;78:191–201.

28. Gehring WJ, Qian YQ, Billeter M, Furukubo-Tokunaga K,
Schier AF, Resendez-Perez D, et al. Homeodomain-DNA
recognition. Cell. 1994;78:211–23.

29. Neuteboom ST, Murre C. Pbx raises the DNA binding specificity
but not the selectivity of antennapedia Hox proteins. Mol Cell
Biol. 1997;17:4696–706.

30. Alharbi RA, Pettengell R, Pandha HS, Morgan R. The role of
HOX genes in normal hematopoiesis and acute leukemia. Leu-
kemia. 2013;27:1000–8.

31. Bhatlekar S, Viswanathan V, Fields JZ, Boman BM. Over-
expression of HOXA4 and HOXA9 genes promotes self-renewal
and contributes to colon cancer stem cell overpopulation. J Cell
Physiol. 2018;233:727–35.

32. Morgan R, Pirard PM, Shears L, Sohal J, Pettengell R, Pandha
HS. Antagonism of HOX/PBX dimer formation blocks the
in vivo proliferation of melanoma. Cancer Res. 2007;67:5806–13.

33. Plowright L, Harrington KJ, Pandha HS, Morgan R. HOX
transcription factors are potential therapeutic targets in non-
small-cell lung cancer (targeting HOX genes in lung cancer). Br
J Cancer. 2009;100:470–5.

34. Morgan R, Plowright L, Harrington KJ, Michael A, Pandha HS.
Targeting HOX and PBX transcription factors in ovarian cancer.
BMC Cancer. 2010;10:89.

35. Peltenburg LT, Murre C. Engrailed and Hox homeodomain
proteins contain a related Pbx interaction motif that recognizes
a common structure present in Pbx. EMBO J. 1996;15:
3385–93.

36. Shears L, Plowright L, Harrington K, Pandha HS, Morgan R.
Disrupting the interaction between HOX and PBX causes
necrotic and apoptotic cell death in the renal cancer lines CaKi-2
and 769-P. J Urol. 2008;180:2196–201.

37. Morgan R, Boxall A, Harrington KJ, Simpson GR, Gillett C,
Michael A, et al. Targeting the HOX/PBX dimer in breast can-
cer. Breast Cancer Res Treat. 2012;136:389–98.

38. Morgan R, Boxall A, Harrington KJ, Simpson GR, Michael A,
Pandha HS. Targeting HOX transcription factors in prostate
cancer. BMC Urol. 2014;14:17.

39. Morgan R, Simpson G, Gray S, Gillett C, Tabi Z, Spicer J, et al.
HOX transcription factors are potential targets and markers in
malignant mesothelioma. BMC Cancer. 2016;16:85.

40. Morgan R, Primon M, Shnyder S, Short S, Kaur B, Hong B,
Bagwan I, et al. Targeting of HOX-PBX binding in glio-
blastoma multiforme as a novel therapeutic treatment. Cancer
Res. 2019;79(Suppl 13):Abstract nr 5215.

41. Patel NH, Martin-Blanco E, Coleman KG, Poole SJ, Ellis MC,
Kornberg TB, et al. Expression of engrailed proteins in arthro-
pods, annelids, and chordates. Cell. 1989;58:955–68.

42. Alvarez-Fischer D, Fuchs J, Castagner F, Stettler O, Massiani-
Beaudoin O, Moya KL, et al. Engrailed protects mouse midbrain
dopaminergic neurons against mitochondrial complex I insults.
Nat Neurosci. 2011;14:1260–6.

43. Alves dos Santos MT, Smidt MP. En1 and Wnt signaling in
midbrain dopaminergic neuronal development. Neural Dev.
2011;6:23.

44. Benayed R, Gharani N, Rossman I, Mancuso V, Lazar G,
Kamdar S, et al. Support for the homeobox transcription factor
gene ENGRAILED 2 as an autism spectrum disorder suscept-
ibility locus. Am J Hum Genet. 2005;77:851–68.

45. Beltran AS, Graves LM, Blancafort P. Novel role of Engrailed 1
as a prosurvival transcription factor in basal-like breast cancer
and engineering of interference peptides block its oncogenic
function. Oncogene. 2014;33:4767–77.

46. Pandha H, Sorensen KD, Orntoft TF, Langley S, Hoyer S, Borre
M, et al. Urinary engrailed-2 (EN2) levels predict tumour volume
in men undergoing radical prostatectomy for prostate cancer.
BJU Int. 2012;110:E287–92.

47. Gandhi NS, Blancafort P, Mancera RL. Atomistic molecular
dynamics simulations of bioactive engrailed 1 interference pep-
tides (EN1-iPeps). Oncotarget. 2018;9:22383–97.

48. Morris MC, Deshayes S, Heitz F, Divita G. Cell-penetrating
peptides: from molecular mechanisms to therapeutics. Biol Cell.
2008;100:201–17.

49. Sorolla A, Ho D, Wang E, Evans CW, Ormonde CF, Rashwan
R, et al. Sensitizing basal-like breast cancer to chemotherapy
using nanoparticles conjugated with interference peptide.
Nanoscale. 2016;8:9343–53.

50. Sorolla A, Wang E, Clemons TD, Evans CW, Plani-Lam JH,
Golden E, et al. Triple-hit therapeutic approach for triple

1182 A. Sorolla et al.



negative breast cancers using docetaxel nanoparticles, EN1-iPeps
and RGD peptides. Nanomedicine. 2019;20:102003.

51. Bos JL. ras oncogenes in human cancer: a review. Cancer Res.
1989;49:4682–9.

52. Douillard JY, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel
M, et al. Panitumumab-FOLFOX4 treatment and RAS mutations
in colorectal cancer. N Engl J Med. 2013;369:1023–34.

53. Janes MR, Zhang J, Li LS, Hansen R, Peters U, Guo X, et al.
Targeting KRAS Mutant Cancers with a Covalent G12C-Specific
Inhibitor. Cell. 2018;172:578–89 e517.

54. AMG 510 First to Inhibit “Undruggable” KRAS [News in Brief].
Cancer Discov. 2019;9:988–89.

55. Wu X, Upadhyaya P, Villalona-Calero MA, Briesewitz R, Pei D.
Inhibition of Ras-effector interaction by cyclic peptides. Med-
ChemComm. 2013;4:378–82.

56. Trinh TB, Upadhyaya P, Qian Z, Pei D. Discovery of a direct
Ras inhibitor by screening a combinatorial library of cell-
permeable bicyclic peptides. ACS Comb Sci. 2016;18:75–85.

57. Leshchiner ES, Parkhitko A, Bird GH, Luccarelli J, Bellairs JA,
Escudero S, et al. Direct inhibition of oncogenic KRAS by
hydrocarbon-stapled SOS1 helices. Proc Natl Acad Sci USA.
2015;112:1761–6.

58. Spencer-Smith R, Koide A, Zhou Y, Eguchi RR, Sha F, Gajwani
P, et al. Inhibition of RAS function through targeting an allos-
teric regulatory site. Nat Chem Biol. 2017;13:62–68.

59. Khan I, Spencer-Smith R, O'Bryan JP. Targeting the alpha4-
alpha5 dimerization interface of K-RAS inhibits tumor formation
in vivo. Oncogene. 2019;38:2984–93.

60. CFA Warren, Wong-Brown MW, Bowden NA. BCL-2 family
isoforms in apoptosis and cancer. Cell Death Dis. 2019;10:177.

61. Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM.
Cloning of the chromosome breakpoint of neoplastic B cells
with the t(14;18) chromosome translocation. Science.
1984;226:1097–9.

62. Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S,
Donovan J, et al. The landscape of somatic copy-number
alteration across human cancers. Nature. 2010;463:899–905.

63. Walensky LD, Kung AL, Escher I, Malia TJ, Barbuto S, Wright
RD, et al. Activation of apoptosis in vivo by a hydrocarbon-
stapled BH3 helix. Science. 2004;305:1466–70.

64. Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC,
Augeri DJ, Belli BA, et al. An inhibitor of Bcl-2 family pro-
teins induces regression of solid tumours. Nature. 2005;435:
677–81.

65. Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S,
et al. ABT-263: a potent and orally bioavailable Bcl-2 family
inhibitor. Cancer Res. 2008;68:3421–8.

66. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND,
Chen J, et al. ABT-199, a potent and selective BCL-2 inhibitor,
achieves antitumor activity while sparing platelets. Nat Med.
2013;19:202–8.

67. Vogler M, Butterworth M, Majid A, Walewska RJ, Sun XM,
Dyer MJ, et al. Concurrent up-regulation of BCL-XL and
BCL2A1 induces approximately 1000-fold resistance to ABT-
737 in chronic lymphocytic leukemia. Blood. 2009;113:
4403–13.

68. Kater AP, Seymour JF, Hillmen P, Eichhorst B, Langerak AW,
Owen C, et al. Fixed duration of venetoclax-rituximab in
relapsed/refractory chronic lymphocytic leukemia eradicates
minimal residual disease and prolongs survival: post-treatment
follow-up of the MURANO Phase III Study. J Clin Oncol.
2019;37:269–77.

69. Kussie PH, Gorina S, Marechal V, Elenbaas B, Moreau J, Levine
AJ, et al. Structure of the MDM2 oncoprotein bound to the p53
tumor suppressor transactivation domain. Science. 1996;274:
948–53.

70. Liu M, Li C, Pazgier M, Li C, Mao Y, Lv Y, et al. D-peptide
inhibitors of the p53-MDM2 interaction for targeted molecular
therapy of malignant neoplasms. Proc Natl Acad Sci USA.
2010;107:14321–6.

71. Harbour JW, Worley L, Ma D, Cohen M. Transducible peptide
therapy for uveal melanoma and retinoblastoma. Arch Ophthal-
mol. 2002;120:1341–6.

72. Bernal F, Wade M, Godes M, Davis TN, Whitehead DG, Kung
AL, et al. A stapled p53 helix overcomes HDMX-mediated
suppression of p53. Cancer Cell. 2010;18:411–22.

73. Chang YS, Graves B, Guerlavais V, Tovar C, Packman K, To
KH, et al. Stapled alpha-helical peptide drug development: a
potent dual inhibitor of MDM2 and MDMX for p53-dependent
cancer therapy. Proc Natl Acad Sci USA. 2013;110:E3445–54.

74. Carvajal LA, Neriah DB, Senecal A, Benard L, Thir-
uthuvanathan V, Yatsenko T, et al. Dual inhibition of MDMX
and MDM2 as a therapeutic strategy in leukemia. Sci Transl
Med. 2018;10:eaao3003.

75. Fosgerau K, Hoffmann T. Peptide therapeutics: current status
and future directions. Drug Discov Today. 2015;20:122–8.

76. Farkhani SM, Valizadeh A, Karami H, Mohammadi S, Sohrabi
N, Badrzadeh F. Cell penetrating peptides: efficient vectors for
delivery of nanoparticles, nanocarriers, therapeutic and diag-
nostic molecules. Peptides. 2014;57:78–94.

77. Green M, Ishino M, Loewenstein PM. Mutational analysis of
HIV-1 Tat minimal domain peptides: identification of trans-
dominant mutants that suppress HIV-LTR-driven gene expres-
sion. Cell. 1989;58:215–23.

78. Derossi D, Joliot AH, Chassaing G, Prochiantz A. The third helix
of the Antennapedia homeodomain translocates through biolo-
gical membranes. J Biol Chem. 1994;269:10444–50.

79. Hao X, Yan Q, Zhao J, Wang W, Huang Y, Chen Y. TAT
modification of alpha-helical anticancer peptides to improve
specificity and efficacy. PLoS ONE. 2015;10:e0138911.

80. Bidwell GL 3rd, Raucher D. Application of thermally responsive
polypeptides directed against c-Myc transcriptional function for
cancer therapy. Mol Cancer Ther. 2005;4:1076–85.

81. Bruno BJ, Miller GD, Lim CS. Basics and recent advances in
peptide and protein drug delivery. Ther Deliv. 2013;4:1443–67.

82. Buckton LK, McAlpine SR. Improving the cell permeability of
polar cyclic peptides by replacing residues with alkylated amino
acids, asparagines, and d-amino acids. Org Lett. 2018;20:506–9.

83. Mathur D, Prakash S, Anand P, Kaur H, Agrawal P, Mehta A,
et al. PEPlife: a repository of the half-life of peptides. Sci Rep.
2016;6:36617.

84. Oliva R, Chino M, Pane K, Pistorio V, De Santis A, Pizzo E,
et al. Exploring the role of unnatural amino acids in antimicrobial
peptides. Sci Rep. 2018;8:8888.

85. Wang S, Noberini R, Stebbins JL, Das S, Zhang Z, Wu B, et al.
Targeted delivery of paclitaxel to EphA2-expressing cancer cells.
Clin Cancer Res. 2013;19:128–37.

86. Clark RJ, Fischer H, Dempster L, Daly NL, Rosengren KJ,
Nevin ST, et al. Engineering stable peptide toxins by means of
backbone cyclization: stabilization of the alpha-conotoxin MII.
Proc Natl Acad Sci USA. 2005;102:13767–72.

87. Mas-Moruno C, Rechenmacher F, Kessler H. Cilengitide: the
first anti-angiogenic small molecule drug candidate design,
synthesis and clinical evaluation. Anticancer Agents Med Chem.
2010;10:753–68.

88. Avramis VI, Sencer S, Periclou AP, Sather H, Bostrom BC,
Cohen LJ, et al. A randomized comparison of native Escherichia
coli asparaginase and polyethylene glycol conjugated aspar-
aginase for treatment of children with newly diagnosed standard-
risk acute lymphoblastic leukemia: a Children's Cancer Group
study. Blood. 2002;99:1986–94.

Precision medicine by designer interference peptides: applications in oncology and molecular therapeutics 1183



89. Schellenberger V, Wang CW, Geething NC, Spink BJ, Campbell
A, To W, et al. A recombinant polypeptide extends the in vivo
half-life of peptides and proteins in a tunable manner. Nat Bio-
technol. 2009;27:1186–90.

90. Marier JF, Beliveau M, Mouksassi MS, Shaw P, Cyran J,
Kesavan J, et al. Pharmacokinetics, safety, and tolerability of
teduglutide, a glucagon-like peptide-2 (GLP-2) analog, following
multiple ascending subcutaneous administrations in healthy
subjects. J Clin Pharm. 2008;48:1289–99.

91. Penchala SC, Miller MR, Pal A, Dong J, Madadi NR, Xie J, et al.
A biomimetic approach for enhancing the in vivo half-life of
peptides. Nat Chem Biol. 2015;11:793–8.

92. Mundargi RC, Babu VR, Rangaswamy V, Patel P, Aminabhavi
TM. Nano/micro technologies for delivering macromolecular
therapeutics using poly(D,L-lactide-co-glycolide) and its deri-
vatives. J Control Release. 2008;125:193–209.

93. Luo M, Wang H, Wang Z, Cai H, Lu Z, Li Y, et al. A STING-
activating nanovaccine for cancer immunotherapy. Nat Nano-
technol. 2017;12:648–54.

94. Gu Z, Biswas A, Zhao M, Tang Y. Tailoring nanocarriers for
intracellular protein delivery. Chem Soc Rev. 2011;40:3638–55.

95. Tang R, Kim CS, Solfiell DJ, Rana S, Mout R, Velazquez-
Delgado EM, et al. Direct delivery of functional proteins and
enzymes to the cytosol using nanoparticle-stabilized nano-
capsules. ACS Nano. 2013;7:6667–73.

96. Bale SS, Kwon SJ, Shah DA, Banerjee A, Dordick JS, Kane RS.
Nanoparticle-mediated cytoplasmic delivery of proteins to target
cellular machinery. ACS Nano. 2010;4:1493–500.

97. Patel S, Jung D, Yin PT, Carlton P, Yamamoto M, Bando T,
et al. NanoScript: a nanoparticle-based artificial transcription
factor for effective gene regulation. ACS Nano. 2014;8:8959–67.

98. Liu Y, Wang H, Kamei K, Yan M, Chen KJ, Yuan Q, et al.
Delivery of intact transcription factor by using self-assembled
supramolecular nanoparticles. Angew Chem Int Ed Engl.
2011;50:3058–62.

99. Kretzmann JE, Cameron E, Moses C, Sorolla A, Kretzmann A,
Wang E, et al. Tumour suppression by targeted intravenous non-viral
CRISPRa using dendritic polymers. Chem Sci. 2019;10:7718–27.

100. Hoffmann K, Milech N, Juraja SM, Cunningham PT, Stone SR,
Francis RW, et al. A platform for discovery of functional cell-
penetrating peptides for efficient multi-cargo intracellular deliv-
ery. Sci Rep. 2018;8:12538.

1184 A. Sorolla et al.


	Precision medicine by designer interference peptides: applications in oncology and molecular therapeutics
	Abstract
	Introduction
	Inhibiting oncogenic TFs
	MYC (MYC proto-oncogene, BHLH TF)
	HOX (Homeobox) TFs
	Engrailed TFs
	Inhibiting intracellular oncoproteins involved in signaling pathways
	KRAS
	BCL-2 (B-cell lymphoma 2)
	HDM2 (human double minute 2 homolog)
	Limitations of interference peptides
	Solutions to overcome limitations of multimodal interference peptides
	Enhancing cellular internalization&#x02014;addition of cell-penetrating peptides and nuclear localization sequences
	Enhancing the in�vivo stability of peptides
	Reducing immunogenicity
	Addition of biomimetic compounds
	Encapsulation of bioactive peptides with nanoparticles

	Concluding remarks
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




