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ABSTRACT
Targeted tumor and efficient, specific biological drug delivery in vivo has been
one of the main challenges in protein-based cancer-targeted therapies. Mitochondria
are potential therapeutic targets for various anti-cancer drugs. We have previously
reported that protein kinase Cα-mediated phosphorylation of Toxoplasma gondii
GRA8 is required for mitochondrial trafficking and regulating the interaction of
the C-terminal of GRA8 with ATP5A1/SIRT3 in mitochondria. Furthermore, SIRT3
facilitates ATP5A1 deacetylation, mitochondrial activation, and subsequent antiseptic
activity in vivo. Herein we developed a recombinant acidity-triggered rational
membrane (ATRAM)-conjugated multifunctional GRA8 peptide (rATRAM-G8-M/AS)
comprising ATRAM as the cancer-targeting cell-penetrating peptide, and essential/
minimal residues for mitochondrial targeting or ATP5A1/SIRT3 binding. This peptide
construct showed considerably improved potency about cancer cell death via
mitochondria activity and biogenesis compared with rGRA8 alone in HCT116 human
carcinoma cells, reaching an IC50 value of up to 200-fold lower in vitro and 500-fold
lower in vivo. Notably, rATRAM-G8-M/AS treatment showed significant therapeutic
effects in a mouse xenograft model through mitochondrial metabolic resuscitation,
and it produced negligible immunogenicity and immune responses in vivo. Thus, these
results demonstrate that rATRAM-G8-M/AS represents a useful therapeutic strategy
against tumors, particularly colon cancer. This strategy represents an urgently needed
paradigm shift for therapeutic intervention.

INTRODUCTION

of more effective anti-cancer therapies. Therapeutic
approaches that target mitochondria are considered to
provide novel means to combat cancer and to reduce
associated mortality and even to reverse the oncogenic
process. Such metabolic intervening measures, called
“metabolic resuscitation”, employ either nutritional or
pharmacological agents to improve mitochondrial function
[2, 4, 7, 8]. However, the underlying mechanisms for the
metabolic resuscitation induced by the dense granule
protein GRA8 of Toxoplasma gondii (T. gondii) in tumor
cells are yet to be investigated [8].
We previously discovered that protein kinase Cα
(PKCα)-phosphorylated T. gondii GRA8 is transferred to
the mitochondria and interacts with mitochondrial SIRT3.
SIRT3 undergoes deacetylation with ATP synthase F1

Cancer is the primary cause of mortality worldwide,
and in the United States cancer related deaths are second
only to heart disease related mortality [1]. Metabolism
is important not only in cancer development but also
in its prevention [2, 3]. Cancer cells have high rates of
metabolism and require adenosine triphosphate (ATP) for
their survival, proliferation and growth. ATP production in
mitochondria is regulated acetylation and deacetylation of
many mitochondrial enzymes and NAD-dependent protein
deacetylase sirtuin-3 (SIRT3) present in mitochondria
plays an important role in this process [4–6]. Therefore,
deciphering how the metabolic regulators in cancer cells
are specifically changed would help in the development
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subunit alpha (ATP5A1) and regulates mitochondrial
activity to contribute to antiseptic activities in vivo [8, 9].
ATP5A1 codes for one of the subunits of ATP
synthase complex in mitochondrial membrane. During
cellular respiration, an electrochemical gradient of
protons across the mitochondrial inner membrane is
generated due to the activity of electron transport chain.
Coupling of this electrochemical gradient across the inner
membrane with the mitochondrial ATP synthase activity
drives ATP synthesis, a process called during oxidative
phosphorylation (OXPHOS). Notably, acetylation status
of many mitochondrial proteins controls the synthesis
of ATP. Thus, deacetylation of the ATP5A1 subunit of
ATP synthase complex directly enhances ATP synthesis,
and indirectly affects ATP production by decreasing the
flux through fatty acid oxidation pathway [10–13]. In
the absence of SIRT3, mitochondrial proteins become
hyperacetylated, have reduced activity, and lead to
mitochondrial dysfunction [10]. Deacetylated ATP5A1 is
involved in several mitochondrial functions, and SIRT3 is
able to orchestrate the overall alterations in mitochondrial
function, that is necessary for the growth of cancers. SIRT3
can act like a tumor suppressor as well as an oncogene, and
thus modulate cell death by affecting the main regulatory
factors and their signaling pathways in cancer [5, 6, 14,
15]. Thus, the GRA8-mediated cellular mechanisms that
regulate mitochondrial metabolism could be exploited in
therapeutic approaches against tumors similar to strategies
that have been used against sepsis [2, 8, 16].
Proteins and peptides have significant application
as biological therapeutics. Presently, small-molecule
drugs comprise majority of the pharmaceutical market;
unlike these commonly used small-molecule drugs, the
naturally occurring or derived proteins and peptides can
have significantly better selectivity because their ability to
interact with their corresponding targets is dependent on
several points of contact [17, 18]. In addition, enhanced
selectivity has the potential to lower toxicity and side
effects. Inasmuch as it is possible to design peptides
to affect a wide range of targets, there are numerous
possibilities of applying peptide therapeutics in several
fields including endocrinology, immunology, oncology,
and infectious disease [8, 18, 19]. In this study, we built
upon the discoveries of the minimal peptide moieties for
mitochondrial targeting and ATP5A1/SIRT3 binding,
previously reported to be important in therapeutic
approaches [8].
Despite significant progress in the therapeutic
development of peptides and proteins, measures to
improve their systemic stability as well as site-specific
delivery still need to be worked-out. Furthermore, one
of the main obstacles in the clinical development of cellpenetrating peptides is their lack of target specificity
[18, 20, 21]. To examine this problem, we investigated
the developed strategies using GRA8 peptides that are
coupled with cancer-targeting peptides (CTPs). The
www.oncotarget.com

tumor microenvironment has unique characteristics, that
are used by the CTPs for improving cancer cell targeting
specificity.
We investigated the multifunctional GRA8 peptide
for mitochondrial metabolic reprogramming and its
conjugation with the acidity-triggered rational membrane
(ATRAM) to provide a better and effective strategy
for delivering the anti-cancer therapeutics. Notably
[1], Design and expression of ATRAM-conjugated
multifunctional GRA8 peptide to target tumor cells in vitro
and in vivo [2], rATRAM-GRA8-M/AS induced HCT116
cell death by mitochondrial activation [3], rATRAMGRA8-M/AS showed antitumor activity in HCT116
xenografts.

RESULTS
rGRA8-induces colon cell death via PKCαSIRT3-ATP5A1 pathways
PKCα-phosphorylated GRA8 associates with
mitochondrial SIRT3; SIRT3 associates with ATP5A1
and controls its activity by affecting acetylation status
[8, 9]. Deacetylated ATP5A1 participates in several
mitochondrial functions, and SIRT3 can orchestrate the
overall changes in mitochondrial function, that are critical
for cancer growth [14, 22]. We determined whether
rGRA8 or its mutants caused cell death by MTT assay
in various cancer cell lines. Figure 1A and 1B show that
WT rGRA8 caused cell death in human colon-cancer
cell lines (HCT116 and HT-29) in a time-dependent
manner, but rGRA8 mutants (rGRA8 T220A mutant
lost both PKCα-mediated GRA8 phosphorylation and
mitochondrial trafficking; rGRA8 N mutant (aa 1-241)
lost GRA8-SIRT3/ATP5A1 interaction but retained the
both PKCα-mediated phosphorylation and mitochondrial
trafficking) failed to do so. Similar to the treatment of
macrophages [8], the treatment of HCT116 cells with WT
rGRA8 significantly elevated the interaction of rGRA8
to mitochondrial SIRT3, ATP5A1 and ATP5C1 as well as
increased ATP5A1 deacetylation by immunoprecipitation
(IP) and immunoblot (IB) (Figure 1C). However, in the
PKCα or SIRT3-deficiency cells, GRA8 binding with
those proteins and acetylation patterns disappeared using
shRNA lentiviral transduction. Therefore, WT rGRA8
induces cell death in human colon-cancer cells via
mitochondrial metabolic resuscitation pathways.

ATRAM-conjugated GRA8 peptide designed to
target tumors
Our earlier work on interaction of GRA8 revealed
that the 40-amino acid sequence (aa 183–222) or 28-amino
acid sequence (aa 242–269) at the C-terminus of GRA8 is
sufficient for mitochondrial targeting or ATP5A1/SIRT3
interaction, respectively [8]. Thus, the transduction-domain
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of HIV-1 Tat protein was added to the 9–10-amino acid
sequence of GRA8 as a retro-inverso peptide, known as
the Tat-GRA8 peptide, for intracellular delivery to prevent
proteolytic breakdown [22, 23] (Tables 1 and 2). These
peptides were tested for their potential minimal residues
of GRA8 for mitochondrial targeting and ATP5A1/SIRT3
interaction in 293T cells. At 12-h post-transfection with
GST-GRA8 or treatment with rGRA8, 293T cells or bone
marrow derived macrophages were incubated with Tat alone
or different Tat-GRA8 peptides followed by subcellular
fractionation to determine the mitochondrial localization
of GRA8. This showed that the Tat-GRA8 (aa 213–222)
peptide was capable of effectively blocking mitochondrial
targeting within the incubation period of 6 hours, while
the Tat peptide per se was unable to do so (Figure 2A).
Furthermore, the Tat-GRA8 (aa 260–269) peptide was able
to efficiently block the GRA8-ATP5A1/SIRT3 interaction
within 6 h of incubation as determined by GST-pull-down
assay in 293T cells (Figure 2B and Supplementary Figure
1). Thus, these data revealed the minimal region on GRA8
for mitochondria targeting (aa 213–222) and ATP5A1/
SIRT3 binding (aa 260–269).
The ATRAM showed a strong binding to cancer cells
in acidic environment, thereby underscoring its superior

CTPs [20, 21]. Thus, we designed the ATRAM-conjugated
multifunctional GRA8 peptide for targeting tumors and
activating mitochondrial metabolism (Figure 2C). To assess
the function of the ATRAM-conjugated multifunctional
GRA8 peptide in cancer cells, we produced His-tagged
rATRAM-GRA8-M/AS and its mutants in bacteria and
purified by affinity chromatography as previously described
[8, 19]. The purified rATRAM-GRA8-M/AS (10 kDa) was
confirmed by SDS-PAGE and immunoblotting (Figure
2D). No significant cytotoxic differences in macrophages
were observed for rATRAM-GRA8-M/AS or its mutants
compared with the vector controls in BMDMs using MTT
assay (Figure 2E). Therefore, the ATRAM-conjugated
multifunctional GRA8 peptide is expected to be specific
for cancer cells by regulating cancer cell mitochondrial
metabolism.

rATRAM-GRA8-M/AS shows mitochondrial
activity and biogenesis in HCT116
We verified whether rATRAM-GRA8-M/AS
had rGRA8-mimetic pharmacological and biological
profiles [8]. Consistent with the activity of rGRA8
alone, rATRAM-GRA8-M/AS also caused cell death in

Figure 1: The rGRA8 treatment increases the HCT116 cell death by mitochondria pathways. (A and B) The various cancer

cells were incubated with WT rGRA8 (20 μg/ml) and its mutants for the indicated times and then cell viability measured with MTT assay
(upper) and subjected to IB with αATP5A1, αSIRT3, or αActin (lower). (C) HCT116 cells were transduced with lentivirus-shRNA-NS or
lentivirus-shRNA-PKCα or SIRT3 (MOI = 100) with polybrene (8 μg/mL) (right) for 2 days. The cells were incubated with WT rGRA8
for the indicated times and subjected to IP with αLys-AC or αHis and IB with αATP5A1, αATP5C1, αSIRT3, αPGC-1, αPKCα, or αActin.
The data are representative of five independent experiments with similar results. Statistical significance was determined by Student’s t-test
with Bonferroni adjustment; **P < 0.01, ***P < 0.001 compared with rVector-treated.
www.oncotarget.com
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Table 1: Amino acid sequences of T. gondii GRA8
Gene

Accession no

TGME49_254720

XP_002369526.1

Sequence
MALPLRVSATVFVVFAVFGVARAMNGPLSYHPSSYGASYP
NPSNPLHGMPKPENPVRPPPPGFHPSVIPNPPYPLGTPAGMP
QPEVPPLQHPPPTGSPPAAAPQPPYPVGTPGMPQPEIPPVHR
PPPPGFRPEVAPVPPYPVGTPTGMPQPEIPAVHHPFPYVTTTT
TAAPRVLVYKIPYGGAAPPRAPPVPPRMGPSDISTHVRGAIR
RQPATATTTTTTRNVLLRTAILAAAAATLIALFRQRPLFTEG
VRMFPDFQYRFTVQTTQN

Table 2: Sequences of T. gondii GRA8 peptide
Name
Tat
Tat-GRA8-(183-222)
Tat-GRA8-(183-192)
Tat-GRA8-(193-202)
Tat-GRA8-(203-212)
Tat-GRA8-(213-222)
Tat-GRA8-(242-269)
Tat-GRA8-(242-250)
Tat-GRA8-(251-259)
Tat-GRA8-(260-269)

Sequence (From N to C)
RRRQRRKKRGY
RRRQRRKKRGY-G-RTTTTTTATAPQRRIAGRVHTSIDSPGMRPPVPPARPPAA
RRRQRRKKRGY-G-PVPPARPPAA
RRRQRRKKRGY-G-TSIDSPGMRP
RRRQRRKKRGY-G-PQRRIAGRVH
RRRQRRKKRGY-G-RTTTTTTATA
RRRQRRKKRGY-G-NQTTQVTFRYQFDPFMRVGETFLPRQRF
RRRQRRKKRGY-G-ETFLPRQRF
RRRQRRKKRGY-G-QFDPFMRVG
RRRQRRKKRGY-G-NQTTQVTFRY
assessing its therapeutic potential in vivo. rATRAMGRA8-M/AS proteins were localized in tumor cells in
several organs as detected by IB. This localization was
sustained for up to 2 days and slowly dissipated by the 3rd
day (Supplementary Figure 2A).
We evaluated the antitumor activity of rATRAMGRA8-M/AS in xenograft mice containing HCT116
cells. rATRAM-GRA8-M/AS (20 µg/kg, intraperitoneal
injection) treatment inhibited the growth of tumors in mice
initially with growing tumors (Figure 4A) and actively
growing tumors (Figure 4B). In addition, we tested
whether rATRAM-GRA8-M/AS was pharmacologically
effective in vivo by determining the profiles of
mitochondrial target protein-binding and ATP synthesis
activity to assess its potential clinical applicability.
Consistent with the CLP-induced sepsis model [8],
treatment with rATRAM-GRA8-M/AS considerably
enhanced the association of rGRA8 with ATP5A1, SIRT3,
and ATP5C1. Furthermore, the deacetylation of ATP5A1
and mitochondrial protein synthesis increased in tumor
lysates by IB (Figure 4A, bottom). Remarkably, rATRAMGRA8-M/AS had an IC50 of 20 μg/kg that was a 500-fold
improvement in IC50 compared with that of 10 mg/kg
for rGRA8 alone in vivo (Figure 4A and Supplementary
Figure 2B).
To clarify the roles of PKCα, SIRT3, and ATP5A1
in rATRAM-GRA8-M/AS-induced antitumor activity,
we generated PKCα-, SIRT3-, and ATP5A1-deficient
HCT116 cells using specific lentiviral shRNAs. We

HCT116 cells in a dose-dependent manner. Remarkably,
rATRAM-GRA8-M/AS had an IC50 of 0.1 μg/ml, which
was a 200-fold improvement in IC50 compared with that of
20 μg/ml found for rGRA8 alone (Figure 3A).
Furthermore, no significant differences in cytotoxicity
were observed between mutants rATRAM-GRA8-M
(lost ATP5A1/SIRT3 binding but retained mitochondrial
targeting) or rATRAM (lost both mitochondrial targeting
and ATP5A1/SIRT3 binding) and vector controls in
HCT116 cells (Figure 3B). This finding indicates that
GRA8 regions for both mitochondrial targeting and
ATP5A1/SIRT3 are essential for cancer cell death.
Thereafter, we examined the mitochondrial
metabolism parameters of rATRAM-GRA8-M/AS. As
shown in Figure 3C–3E, rATRAM-GRA8-M/AS enhanced
the complex V OXPHOS activity by MitoTox complex
V OXPHOS activity assay kit, mitochondrial mass by
TMRE-mitochondrial membrane potential analysis by
flow cytometry, and mtDNA/nDMA ratio-dependent
mitochondrial DNA content by PCR analysis via SIRT3
and PKCα in HCT116 cells. Thus, rATRAM-GRA8-M/AS
acts as a selective and potent metabolic-modulatory agent
by mitochondria-targeted metabolic resuscitation.

Antitumor activity of rATRAM-GRA8-M/AS in
HCT116 xenografts
We examined the pharmacokinetics and
pharmacodistribution of rATRAM-GRA8-M/AS before
www.oncotarget.com
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then assessed the tumor-suppressive effects of shPKCα,
shSIRT3, and shATP5A1-HCT116 cells in xenograft
mice treated with rATRAM-GRA8-M/AS. Reduction
in tumor size and delay in tumor growth by rATRAMGRA8-M/AS was dependent on PKCα, SIRT3, ATP5A1
(Figure 4C–4E and Supplementary Figure 3A), and the
acetylation status of ATPA1 K506 and K531 (Figure 4F
and Supplementary Figure 3B) in the HCT116 coloncancer xenograft model.
An important factor in developing therapeutic
proteins is immunogenicity because of both safety and
efficacy are closely linked with it [24]. We therefore
assessed the immunogenicity of rATRAM-GRA8-M/AS
by measuring the generation of anti-rATRAM-GRA8-M/
AS antibodies in mice immunized with this peptide. After
three successive injections with rATRAM-GRA8-M/
AS, the production of IgG antibodies was determined

using ELISA (enzyme-linked immunosorbent assay).
Ovalbumin was employed as a positive control. There
was negligible production of specific anti-rATRAMGRA8-M/AS antibodies, as compared to ovalbumin
induced production of antibodies (Supplementary
Figure 3C). In addition, proinflammatory cytokine
production induced by rATRAM-GRA8-M/AS was
negligible in mice with tumors. There was no difference
between the negative control and rATRAM-GRA8-M/
AS administered mice in the serum levels of IL-1β,
TNF-α and IL-6, (Supplementary Figure 3D), indicating
that rATRAM-GRA8-M/AS triggers insignificant
immunogenicity and immune responses in BALB/c
mice. Thus, rATRAM-GRA8-M/AS is a biocompatible
biomaterial and rATRAM-GRA8-M/AS-mediated
mitochondrial metabolic resuscitation is crucial for its
antitumor activity.

Figure 2: Design and expression of ATRAM-conjugated multifunctional GRA8 peptide-based protein. (A) Subcellular

fractionation of 293T cells are expressing GST-GRA8 WT or incubation with WT rGRA8 (1 μg/ml) BMDMs and treated with several TatGRA8 peptide (10 µM) for 6 h. Mitochondrial and cytosolic fractions were fractionated and analyzed for expression of GST by IB. Purity of
the fractions was assessed by blotting for VDAC (mitochondrial protein) and Actin (cytosolic protein). (B) At 12 hr post-transfection with
mammalian GST-GRA8 constructs together with V5-ATP5A1, or Flag-SIRT3 and 293T cells treated with several Tat-GRA8 peptide (10
µM) for 6 h. 293T cells were used for GST pulldown, followed by IB with αV5 or αFlag. WCLs were used for IB with αGST, αV5, αFlag
or αActin. (C) Schematic in design of ATRAM-GRA8-M/AS and its mutants. (D) Bacterially purified 6xHis-rATRAM-GRA8-M/AS and
its mutants were analyzed by Coomassie blue staining (left) or immuno blotting (IB) with αHis (right). (E) BMDMs were incubated with
rATRAM-GRA8-M/AS and its mutants (20 μg/ml) for the indicated times and then cell viability measured with MTT assay. The data are
representative of four independent experiments with similar results (A, B, D, and E).
www.oncotarget.com
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DISCUSSION

[1], design and expression of ATRAM-conjugated
multifunctional GRA8 peptide to target tumor cells in
vitro and in vivo [2], rATRAM-GRA8-M/AS induced
HCT116 cell death by mitochondrial activation [3],
rATRAM-GRA8-M/AS showed antitumor activity
in HCT116 xenografts. We found that the ATRAMconjugated multifunctional GRA8 peptide might be

The present study found a novel therapeutic
approach for cancer on the basis of rATRAM-GRA8-M/
AS-mediated mitochondrial metabolic resuscitation. This
represents a major paradigm shift in cancer therapy and
an urgently needed therapeutic intervention. Notably

Figure 3: The rATRAM-GRA8-M/AS-induced the HCT116 cell death by mitochondria activation. (A and B) HCT116

cells were incubated with WT rGRA8 or rATRAM-GRA8-M/AS and its mutants for the indicated times and then cell viability measured
with MTT assay. (C–E) HCT116 cells were transduced with lentivirus-shRNA-NS or lentivirus-shRNA-PKCα or SIRT3 (MOI = 100) with
polybrene (8 μg/mL) (right) for 2 days. The cells were stimulated with rATRAM-GRA8-M/AS for 1 day and subjected to enzymatic activity
of OXPHOS V (C), Mitotracker fluorescence signals assessed by a flow cytometric analysis. Bar graph indicates the mitochondrial mass
MFIs (D), or mtDNA content in BMDMs measured by quantitative real-time PCR. The mtDNA content was normalized to nuclear DNA
(E). Statistical significance was determined by Student’s t-test with Bonferroni adjustment; **P < 0.01, ***P < 0.001 compared with controltreated. The data are representative of five independent experiments with similar results.
www.oncotarget.com
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exploit in therapeutic interventions against tumors.
Furthermore, a proof-of-concept was provided by our
work, for therapeutic strategies that are host-directed and
that manipulated GRA8-induced host metabolic networks
in cancer.
There is an increase in research focused on CTPs.
ATRAM provides a method for providing therapeutic
cargoes and a stronger binding with cancer cells in acidic
environment. This underscores its superior cell-targeting
capabilities compared with both pH (low)-insertion peptides
and proteins with the cytotoxic TAT-conjugated oxygendependent degradation domain of HIF-1α under hypoxic
conditions of the tumor microenvironment [20, 21, 25].

The rATRAM-GRA8-M/AS peptide has prospective
therapeutic uses; however, it does not have the necessary
requisites of antitumor agents as a viable alternative to
conventional chemotherapy. Many of the protein and
peptide-based therapeutics have drawbacks such as
reduced bioavailability and higher metabolic lability.
Moreover, most of these biologicals have relatively large
molecular sizes and many side-groups that are charged
and ionic, making these molecules to be less lipophilic,
and hindering their absorption [26, 27]. Intraperitoneal
administration of these peptide therapeutics bypasses the
problem with absorption, even though factors limiting
their bioavailability remain. These limiting factors include

Figure 4: The rATRAM-GRA8-M/AS showed an antitumor activity in HCT116 xenografts. (A and B) Schematic of the
xenograft model treated with or rATRAM-GRA8-M/AS or its mutants (upper). HCT116 cells were subcutaneously injected into the flanks
of nude mice. The length and width of the tumors were measured using calipers, and the tumor volume was calculated every third day
for 30 days. At day 15 after administration, the mice were euthanatized, and the interaction with GRA8, levels of acetylation of ATP5A1,
or expression of OXPHOS were analyzed (A, lower). Representative images of tumors from mice treated with rATRAM-GRA8-M/AS
or mutants on day 15 (right). (C–F) HCT116 cells were transduced with lentivirus-shRNA-NS or lentivirus-shRNA-PKCα, SIRT3, or
ATP5A1 with polybrene (C–E) or HCT116-expressed ATP5A1 WT and mutant cells were subcutaneously injected into the flanks of nude
mice. Individual tumor volumes from each mouse from each group were averaged and plotted against the number days postinoculation.
Statistical significance was determined by two-way analysis of variance (ANOVA) with Tukey’s posttest; *P < 0.05, **P < 0.01, ***P < 0.001
compared with rVector. Each group contained ten mice. The data are representative of two independent experiments with similar results.
www.oncotarget.com
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MATERIALS AND METHODS

fast metabolism, subunit dissociation, conformational
changes, systemic proteolytic enzymes, opsonization,
non-covalent complex formation with blood products, and
modification of labile and reactive side-groups [18, 28].
Oral administration increases patient compliance;
because of this, there is significant interest in devising
systems that permit the protein and peptide therapeutics
oral delivery [29]. Further analyses are required to
determine noninvasive delivery methods and suitability
of rATRAM-GRA8-M/AS designed to bypass the issues
related to therapeutic targeting and systemic lability for
use in patients with colon cancer.
Peptide-based biologicals have significant potential
as immunotherapeutic agents against several malignant
cancers. Many studies [30–33] have approached the
peptide-based cancer therapeutics development and their
delivery by mirroring the corresponding functional sidegroups and domains of proteins having highly specific
functions as immuno-regulators. Cancer immunotherapy
using peptide-based therapeutics likely overcome the
present problems of reaching only low levels inside the
tumors and also the off-target effects in relation with the
use of soluble checkpoint-blocking antibody. Besides,
a clear knowledge of the systemic interactions among
various peptides and immune systems is presently lacking.
Furthermore, one should keep in mind that in the case of
human use, the relevant mechanism and the efficiency of
the increased permeability and retention are heterogeneous
and still controversial [34–36]. The present work not only
focusses in comprehensive manner on the categories,
design and applications of peptide-based therapeutics for
cancer, but also elaborates on the importance of peptides in
the regulation of mitochondrial functions. Tumor-targeted
peptide-immunotherapeutics potentially have many
‘plus points’ and these include the following: they are
economically beneficial as they reduce the cancer burden
effectively; it is feasible for manufacturing these peptide
therapeutics in clinical-grade, in accordance with ‘good
manufacturing practices’; and these peptide therapeutics
are suitable for the treatment of solid tumors. Peptidebased immune therapeutics can be better employed with
significant clinical breakthroughs, by exploiting the
effects of amino acid chain length of the peptides and their
formulations on the peptide immunogenicity. Moreover,
there are certain important challenges that remain to be
addressed to improve the next-generation development of
peptide immunotherapeutics. These include: adapting the
peptide synthetic procedures for large-scale production,
safe and effective target-oriented delivery, and effective
immunotherapy of cancers. In conclusion, in order to
effectively maximize the anti-cancer effectiveness of
immunotherapies, it is important to combine their efficacy
for tumor-targeting as well as specificity for tumor immune
cell type. The prospect of treating cancers using the nextgeneration peptide-immunotherapeutics will be dependent
on the results of translational and clinical trials in future.
www.oncotarget.com

Ethics statement
All animal experimental procedures were reviewed
and approved by the Institutional Animal Care and Use
Committee (protocol 2016-0221 and 2017-0218) and
by the Institutional Review Board (HYI-17-227-1)
of Hanyang University. All animal experiments were
performed in accordance with the Korean Food and Drug
Administration guidelines.

Mice and cell culture
Wild-type C57BL/6 and BALB/c mice were purchased
from Orient Bio (Gyeonggi-do, Korea). Primary bone
marrow–derived macrophages (BMDMs) were isolated
from C57BL/6 mice and cultured in DMEM for 3–5 d
in the presence of M-CSF (R&D Systems, 416-ML), as
described previously [19]. HEK293T cells (ATCC-11268;
American Type Culture Collection), human colon cancer cell
line HCT116 (ATCC-CCL247), HT-29 (ATCC-HTB-38),
HepG2 (ATCC-HB-8065), Hep3B (ATCC-HB-8064), MCF7
(ATCC-HTB-22), and MDA-MB-231 (ATCC-HTB-26) were
maintained in DMEM (Invitrogen) containing 10% FBS
(Invitrogen), sodium pyruvate, nonessential amino acids,
penicillin G (100 IU/ml), and streptomycin (100 μg/ml).
Transient transfections were performed using Lipofectamine
3000 (Invitrogen) in HCT116, or calcium phosphate
(Clontech) in 293T, according to the manufacturer’s
instructions. HCT116 stable cell lines were generated using
a standard selection protocol with 400–800 μg/ml of G418.

Recombinant ATRAM-GRA8 Mito-ATP5A1/
SIRT3 protein
To
obtain
recombinant
purified
protein,
ATRAM
amino
acid
residues
(GLAGLAGLLGLEGLLGLPLGLLEGLWLGLELEGN),
mitochondria targeting seq. (ATATTTTTTR), and
ATP5A1/SIRT3 binding seq. (YRFTVQTTQN) were
cloned with an N-terminal 6xHis tag into the pRSFDuet-1
Vector (Novagen) and induced, harvested, and purified
from Escherichia coli expression strain BL21(DE3) pLysS
as described previously [8, 19], in accordance with the
standard protocols recommended by Novagen. rGRA8 was
dialyzed with permeable cellulose membrane and tested
for lipopolysaccharide contamination with a Limulus
amebocyte lysate assay (BioWhittaker) and contained <
20 pg/ml at the concentrations of rGRA7 protein used in
the experiments described here.

Reagents and antibodies
The target shRNA plasmid DNA human PKCα
(RHS4531-EG5578) and SIRT3 (RHS4531-EG23410) were
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Table 3: Lists of plasmid used in the study
Name
pET23b-Vector
pET23b-GRA8 WT (1-269)
pET23b-GRA8 T220A
pET23b-GRA8 N (1-241)
pEBG-GRA8 WT (1-269)
pcDNA3-ATP5A1
pcDNA3- ATP5A1 (K506, 531R)
pcDNA3-SIRT3
pET23b-ATRAM-G8-M/AS
pET23b-ATRAM-G8-M
pET23b-ATRAM

Expression
Bacterial expression
Bacterial expression
Bacterial expression
Bacterial expression
Mammalian expression
Mammalian expression
Mammalian expression
Mammalian expression
Bacterial expression
Bacterial expression
Bacterial expression

pGIPZ-shPKCα

Human

pGIPZ-shSIRT3

Human

pGIPZ-shATP5A1

Human

purchased from Open Biosystems. Specific antibodies against
ATP5C1 (PA5-29975) was purchased from Invitrogen. Abs
specific for ATP5A1 (51), SIRT3 (14.45), VDAC (B-6),
SDHA (B-1), UQCRC2 (G-10), COX IV (D-20), PGC-1β
(E-9), Tfam (H-203), PKCα (C-20), Actin (I-19), V5 (H-9),
Flag (D-8), His (AD1.1.10), Lys-AC (AKL5C1), and GST
(B-14) were purchased from Santa Cruz Biotechnology.

References
[8]
[8]
[8]
[8]
[8]
[8]
[8]
[8]
In this study
In this study
In this study

In this study

In this study

In this study

abnormal responses in cell by Peptron (Korea). The amino
acid sequences of the peptides in this study are described
in Table 2. The endotoxin content, as measured by the
Limulus amebocyte lysate assay (BioWhittaker) and
contained less than 3–5 pg/ml at the concentrations of the
peptides used in experiments.

GST pulldown, immunoblot, and
immunoprecipitation analysis

Plasmid construction
The plasmid encoding full-length of the GRA8,
ATP5A1, and SIRT3 plasmid were previously described
[8]. The list of the plasmids in this study are described in
Table 3.

GST pulldown, immunoprecipitation, and
immunoblot assays were performed as described
previously [8, 19]. For GST pulldown, cells were
harvested and lysed in NP-40 buffer supplemented with
a complete protease inhibitor cocktail (Roche). After
centrifugation, the supernatants were precleared with
protein A/G beads at 4°C for 2 h. Pre-cleared lysates
were mixed with a 50% slurry of glutathione-conjugated
Sepharose beads (Amersham Biosciences), and the

Peptides
Tat-conjugated GRA8 peptides were commercially
synthesized and purified in acetate salt form to avoid
www.oncotarget.com

Tag or Clon ID
His
His
His
His
GST
V5
V5
Flag
His
His
His
V2LHS_218226,
V2LHS_87125,
V2LHS_170435,
V2LHS_170433
From Horizon Discovery
Dharmacon
V3LHS_365648,
V3LHS_347987,
V3LHS_365650
From Horizon Discovery
Dharmacon
V2LHS_192755,
V2LHS_218429,
V3LHS_375667,
V3LHS_375664
From Horizon Discovery
Dharmacon
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binding reaction was incubated for 4 h at 4°C. Precipitates
were washed extensively with lysis buffer. Proteins bound
to glutathione beads were eluted with SDS loading buffer
by boiling for 5 min.
For immunoprecipitation, cells were harvested and
then lysed in NP-40 buffer supplemented with a complete
protease inhibitor cocktail (Roche). After pre-clearing
with protein A/G agarose beads for 1 h at 4°C, wholecell lysates were used for immunoprecipitation with the
indicated antibodies. Generally, 1–4 μg of commercial
antibody was added to 1 ml of cell lysates and incubated at
4°C for 8 to 12 h. After the addition of protein A/G agarose
beads for 6 h, immunoprecipitates were extensively
washed with lysis buffer and eluted with SDS loading
buffer by boiling for 5 min.
For immunoblotting, polypeptides were resolved
by SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to a PVDF membrane (Bio-Rad). Immuno
detection was achieved with specific antibodies. Antibody
binding was visualized by chemiluminescence (ECL;
Millipore) and detected by a Vilber chemiluminescence
analyzer (Fusion SL 3; Vilber Lourmat).

in a QuantStudio™ 3 (ABI). The mtDNA content was
normalized to the nucleic DNA content.

Mitochondrial membrane potential
measurements
The mitochondrial membrane potential (ΔΨm) of
intact cells was measured as described previously [38]
with modifications. TMRE (tetramethylrhodamine, ethyl
ester; 200 nM, Molecular Probes-Invitrogen, T669)
was added to the cell suspension. Cells were incubated
at 37°C for 30 min in the dark. ΔΨm was measured by
flow cytometry, and data were analyzed using the FlowJo
software. TMRE fluorescence was measured using the
FL2 channel (582 nm).

Complex V activity assay
The activity of complex V was determined using the
MitoTox Complex V OXPHOS Activity Microplate Assay
kit from Abcam (ab109907, Cambridge, MA, USA), as
described previously [38]. The activity of complex V was
measured by monitoring the change in absorbance at 340
nm over a period of 1 hour at 30°C. Oligomycin (Sigma,
O4876) was used as a positive control for the assay.

Cellular fractionation
Cytosol and mitochondria were isolated from
cells using a Mitochondria Fractionation Kit (Active
Motif, 40015) or as described previously [8]. Subcellular
fractionated proteins were lysed in buffer containing 2%
SDS and boiled with 2× reducing sample buffer for SDSPAGE.

Mouse model xenograft
Female athymic nude mice 4 to 6 weeks in age
(Central Lab. Animal, Korea) were used for the tumor
xenograft experiments, as previously described [37].
Briefly, HCT116 is a KRAS proto-oncogene mutant,
used in colon cancer tumorigenicity screening studies and
metastasis model. HCT116 is positive for transforming
growth factor beta (TGFβ) 1 and TGFβ2 expression [39].
HCT116 cells were harvested from the culture flask and
suspended in culture medium. Animals were injected with
1 × 106 HCT116 cells suspended in 0.1 mL cell medium
subcutaneously into the right axillary region and observed
for 7–10 days with a tumor volume measurement. The
treatment was initiated when the tumor size reached an
average volume of 200 or 600 mm3. The tumor volume
was measured every third day with skin calipers and
calculated as the tumor length × tumor width2 × 0.5, and
represented in mm3. All animals were maintained in a
specific pathogen-free environment.

MTT assay
Cell viability relative to non-treated group was
measured by MTT assay, as described previously
[8]. After incubating for the indicated time points,
5 mg/ml of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) solution was added in the
place of media, and cells were incubated for further 4 h.
Then, all the media was removed and the same volume
of dimethyl sulfoxide (DMSO) solution was added
for 15 min to dissolve the formazan. Using UV/VIS
spectrophotometer, each well of the plate was measured
at 540 nm to measure relative cell viability.

Mitochondrial DNA quantification
To quantify mtDNA copy number, we measured
the mitochondrial (mt) to nuclear (n) DNA ratio, as
described previously [37]. Pyruvate kinase (Pklr) was
used as a marker for nDNA and NADH dehydrogenase
subunit 1 (mt-Nd1) for mtDNA. Real-time PCR reactions
were performed according to the manufacturer’s
instructions (QuantiFast SYBR green PCR master mix;
Qiagen, 204052), and thermal cycling was performed

www.oncotarget.com

Statistical analysis
All data were analyzed using Student’s t-test
with Bonferroni adjustment or ANOVA for multiple
comparisons, and are presented as mean ± SD. Statistical
analyses were conducted using the SPSS (Version 12.0)
statistical software program (SPSS). Differences were
considered significant at p < 0.05.

71

Oncotarget

Author contributions

8. Kim YR, Kim JS, Yun JS, Kim S, Kim SY, Jang K, Yang
CS. Toxoplasma gondii GRA8 induces ATP5A1-SIRT3mediated mitochondrial metabolic resuscitation: a potential
therapy for sepsis. Exp Mol Med. 2018; 50:e464. https://
doi.org/10.1038/emm.2017.308. [PubMed]

JSK, DL, DK, SJM, EC, and WS performed molecular
and animal experiments and also analyzed data. CSY
designed and conceptualized the research, supervised the
experimental work, analyzed data, and wrote the manuscript.

9. Law IK, Liu L, Xu A, Lam KS, Vanhoutte PM, Che CM,
Leung PT, Wang Y. Identification and characterization of
proteins interacting with SIRT1 and SIRT3: implications
in the anti-aging and metabolic effects of sirtuins.
Proteomics. 2009; 9:2444–2456. https://doi.org/10.1002/
pmic.200800738. [PubMed]

ACKNOWLEDGMENTS
This work was supported by the NRF
grant funded by the Korea government (MSIP)
(2016R1D1A1A02937312 and 2019R1I1A2A01064237);
a grant from the KHIDI, funded by the Ministry of Health
& Welfare, Republic of Korea (HI17C0888) and a Health
Fellowship Foundation. We would like to thank all
members of the Infection Biology Lab for critical reading
and discussion of the manuscript.

10. Anderson KA, Hirschey MD. Mitochondrial protein
acetylation regulates metabolism. Essays Biochem. 2012;
52:23–35. https://doi.org/10.1042/bse0520023. [PubMed]
11. Finley LW, Haas W, Desquiret-Dumas V, Wallace DC,
Procaccio V, Gygi SP, Haigis MC. Succinate dehydrogenase
is a direct target of sirtuin 3 deacetylase activity. PLoS One.
2011; 6:e23295. https://doi.org/10.1371/journal.pone.0023295.
[PubMed]

CONFLICTS OF INTEREST

12. Cimen H, Han MJ, Yang Y, Tong Q, Koc H, Koc EC.
Regulation of succinate dehydrogenase activity by SIRT3
in mammalian mitochondria. Biochemistry. 2010; 49:304–
311. https://doi.org/10.1021/bi901627u. [PubMed]

The authors declare that they have no conflicts of
interest.

REFERENCES

13. Ahn BH, Kim HS, Song S, Lee IH, Liu J, Vassilopoulos A,
Deng CX, Finkel T. A role for the mitochondrial deacetylase
Sirt3 in regulating energy homeostasis. Proc Natl Acad Sci
USA. 2008; 105:14447–14452. https://doi.org/10.1073/
pnas.0803790105. [PubMed]

1. Nagai H, Kim YH. Cancer prevention from the perspective
of global cancer burden patterns. J Thorac Dis. 2017; 9:448–
451. https://doi.org/10.21037/jtd.2017.02.75. [PubMed]

14. Finley LW, Haigis MC. Metabolic regulation by SIRT3:
implications for tumorigenesis. Trends Mol Med. 2012;
18:516–523. https://doi.org/10.1016/j.molmed.2012.05.004.
[PubMed]

2. Zhu Z, Wang Z, Zhang C, Wang Y, Zhang H, Gan Z, Guo
Z, Wang X. Mitochondrion-targeted platinum complexes
suppressing lung cancer through multiple pathways
involving energy metabolism. Chem Sci (Camb). 2019;
10:3089–3095.
https://doi.org/10.1039/C8SC04871A.
[PubMed]

15. Reinecke F, Smeitink JA, van der Westhuizen FH. OXPHOS
gene expression and control in mitochondrial disorders.
Biochim Biophys Acta. 2009; 1792:1113–1121. https://doi.
org/10.1016/j.bbadis.2009.04.003. [PubMed]

3. Porporato PE, Filigheddu N, Pedro JMB, Kroemer G,
Galluzzi L. Mitochondrial metabolism and cancer. Cell Res.
2018; 28:265–280. https://doi.org/10.1038/cr.2017.155.
[PubMed]

16. Icard P, Fournel L, Wu Z, Alifano M, Lincet H.
Interconnection between Metabolism and Cell Cycle in
Cancer. Trends Biochem Sci. 2019; 44:490–501. https://
doi.org/10.1016/j.tibs.2018.12.007. [PubMed]

4. Sousa B, Pereira J, Paredes J. The Crosstalk Between Cell
Adhesion and Cancer Metabolism. Int J Mol Sci. 2019;
20:1933. https://doi.org/10.3390/ijms20081933. [PubMed]

17. Craik DJ, Fairlie DP, Liras S, Price D. The future of peptidebased drugs. Chem Biol Drug Des. 2013; 81:136–147.
https://doi.org/10.1111/cbdd.12055. [PubMed]

5. Zou X, Zhu Y, Park SH, Liu G, O’Brien J, Jiang H, Gius
D. SIRT3-Mediated Dimerization of IDH2 Directs Cancer
Cell Metabolism and Tumor Growth. Cancer Res. 2017;
77:3990–3999. https://doi.org/10.1158/0008-5472.CAN16-2393. [PubMed]

18. Bruno BJ, Miller GD, Lim CS. Basics and recent advances
in peptide and protein drug delivery. Ther Deliv. 2013;
4:1443–1467. https://doi.org/10.4155/tde.13.104. [PubMed]
19. Koh HJ, Kim YR, Kim JS, Yun JS, Jang K, Yang CS.
Toxoplasma gondii GRA7-Targeted ASC and PLD1 Promote
Antibacterial Host Defense via PKCalpha. PLoS Pathog. 2017;
13:e1006126. https://doi.org/10.1371/journal.ppat.1006126.
[PubMed]

6. Torrens-Mas M, Oliver J, Roca P, Sastre-Serra J.
SIRT3: Oncogene and Tumor Suppressor in Cancer.
Cancers (Basel). 2017; 9:90. https://doi.org/10.3390/
cancers9070090. [PubMed]
7. Reitsema VA, Star BS, de Jager VD, van Meurs M, Henning
RH, Bouma HR. Metabolic Resuscitation Strategies to Prevent
Organ Dysfunction in Sepsis. Antioxid Redox Signal. 2019;
31:134–152. https://doi.org/10.1089/ars.2018.7537. [PubMed]

www.oncotarget.com

20. Kalmouni M, Al-Hosani S, Magzoub M. Cancer targeting
peptides. Cell Mol Life Sci. 2019; 76:2171–2183. https://
doi.org/10.1007/s00018-019-03061-0. [PubMed]

72

Oncotarget

21. Gao W, Chan JM, Farokhzad OC. pH-Responsive
nanoparticles for drug delivery. Mol Pharm. 2010; 7:1913–
1920. https://doi.org/10.1021/mp100253e. [PubMed]

32. Bol KF, Schreibelt G, Rabold K, Wculek SK, Schwarze JK,
Dzionek A, Teijeira A, Kandalaft LE, Romero P, Coukos G,
Neyns B, Sancho D, Melero I, et al. The clinical application
of cancer immunotherapy based on naturally circulating
dendritic cells. J Immunother Cancer. 2019; 7:109. https://
doi.org/10.1186/s40425-019-0580-6. [PubMed]

22. Kim YR, Koh HJ, Kim JS, Yun JS, Jang K, Lee JY, Jung
JU, Yang CS. Peptide inhibition of p22phox and Rubicon
interaction as a therapeutic strategy for septic shock.
Biomaterials. 2016; 101:47–59. https://doi.org/10.1016/j.
biomaterials.2016.05.046. [PubMed]

33. Liu L, Chen Q, Ruan C, Chen X, Zhang Y, He X, Zhang
Y, Lu Y, Guo Q, Sun T, Wang H, Jiang C. PlatinumBased Nanovectors Engineered with Immuno-Modulating
Adjuvant for Inhibiting Tumor growth and Promoting
Immunity. Theranostics. 2018; 8:2974–2987. https://doi.
org/10.7150/thno.24110. [PubMed]

23. Yang CS, Lee JS, Rodgers M, Min CK, Lee JY, Kim HJ,
Lee KH, Kim CJ, Oh B, Zandi E, Yue Z, Kramnik I, Liang
C, et al. Autophagy protein Rubicon mediates phagocytic
NADPH oxidase activation in response to microbial
infection or TLR stimulation. Cell Host Microbe. 2012;
11:264–276. https://doi.org/10.1016/j.chom.2012.01.018.
[PubMed]

34. Newick K, Moon E, Albelda SM. Chimeric antigen receptor
T-cell therapy for solid tumors. Mol Ther Oncolytics. 2016;
3:16006. https://doi.org/10.1038/mto.2016.6. [PubMed]

24. De Groot AS, Scott DW. Immunogenicity of protein
therapeutics. Trends Immunol. 2007; 28:482–490. https://
doi.org/10.1016/j.it.2007.07.011. [PubMed]

35. Al-Matary YS, Botezatu L, Opalka B, Hones JM, Lams RF,
Thivakaran A, Schutte J, Koster R, Lennartz K, Schroeder
T, Haas R, Duhrsen U, Khandanpour C. Acute myeloid
leukemia cells polarize macrophages towards a leukemia
supporting state in a Growth factor independence 1
dependent manner. Haematologica. 2016; 101:1216–1227.
https://doi.org/10.3324/haematol.2016.143180. [PubMed]

25. Harada H, Hiraoka M, Kizaka-Kondoh S. Antitumor effect
of TAT-oxygen-dependent degradation-caspase-3 fusion
protein specifically stabilized and activated in hypoxic
tumor cells. Cancer Res. 2002; 62:2013–2018. [PubMed]

36. Prabhakar U, Maeda H, Jain RK, Sevick-Muraca
EM, Zamboni W, Farokhzad OC, Barry ST, Gabizon
A, Grodzinski P, Blakey DC. Challenges and key
considerations of the enhanced permeability and retention
effect for nanomedicine drug delivery in oncology. Cancer
Res. 2013; 73:2412–2417. https://doi.org/10.1158/00085472.CAN-12-4561. [PubMed]

26. Newstead S. Recent advances in understanding proton
coupled peptide transport via the POT family. Curr Opin
Struct Biol. 2017; 45:17–24. https://doi.org/10.1016/j.
sbi.2016.10.018. [PubMed]
27. Aungst BJ. Absorption enhancers: applications and
advances. AAPS J. 2012; 14:10–18. https://doi.org/10.1208/
s12248-011-9307-4. [PubMed]

37. Yuk JM, Shin DM, Song KS, Lim K, Kim KH, Lee SH,
Kim JM, Lee JS, Paik TH, Kim JS, Jo EK. Bacillus
calmette-guerin cell wall cytoskeleton enhances colon
cancer radiosensitivity through autophagy. Autophagy.
2010; 6:46–60. https://doi.org/10.4161/auto.6.1.10325.
[PubMed]

28. Jauset T, Beaulieu ME. Bioactive cell penetrating peptides
and proteins in cancer: a bright future ahead. Curr Opin
Pharmacol. 2019; 47:133–140. https://doi.org/10.1016/j.
coph.2019.03.014. [PubMed]
29. Maher S, Brayden DJ. Overcoming poor permeability:
translating permeation enhancers for oral peptide delivery.
Drug Discov Today Technol. 2012; 9:e113–e119. https://
doi.org/10.1016/j.ddtec.2011.11.006. [PubMed]

38. Yang CS, Kim JJ, Lee HM, Jin HS, Lee SH, Park JH, Kim
SJ, Kim JM, Han YM, Lee MS, Kweon GR, Shong M,
Jo EK. The AMPK-PPARGC1A pathway is required for
antimicrobial host defense through activation of autophagy.
Autophagy. 2014; 10:785–802. https://doi.org/10.4161/
auto.28072. [PubMed]

30. Zhang L, Huang Y, Lindstrom AR, Lin TY, Lam KS, Li
Y. Peptide-based materials for cancer immunotherapy.
Theranostics. 2019; 9:7807–7825. https://doi.org/10.7150/
thno.37194. [PubMed]

39. Rajput A, Dominguez San Martin I, Rose R, Beko A, Levea
C, Sharratt E, Mazurchuk R, Hoffman RM, Brattain MG,
Wang J. Characterization of HCT116 human colon cancer
cells in an orthotopic model. J Surg Res. 2008; 147:276–
281. https://doi.org/10.1016/j.jss.2007.04.021. [PubMed]

31. Gao S, Yang D, Fang Y, Lin X, Jin X, Wang Q, Wang X,
Ke L, Shi K. Engineering Nanoparticles for Targeted
Remodeling of the Tumor Microenvironment to Improve
Cancer Immunotherapy. Theranostics. 2019; 9:126–151.
https://doi.org/10.7150/thno.29431. [PubMed]

www.oncotarget.com

73

Oncotarget

