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ARTICLE INFO ABSTRACT

The great therapeutic potential of peptides has not yet been achieved, mainly due to their remarkably short in
vivo half-life. Although conjugation to macromolecules has been an effective way of improving protein in vivo
half-life, the steric hindrance of macromolecules usually reduces the in vivo efficacy of peptides. Here we report a
complex delivery system made from PsTag polypeptide, polyglutamic acid chain, matrix metalloproteinase 2
(MMP2)-degradable domain and cationic cell penetrating peptide for anticancer peptide delivery. Clear evidence
was shown in vitro and in vivo to demonstrate that this multifunctional protein fusing a pro-apoptotic KLAKL-
AKKLAKLAK (KLA), named PAK, can increase circulation time in blood, enhance accumulation at tumor sites,
eliminate the PsTag domain and the polyanionic sequence when triggered by tumor overexpressing MMP2, and
then expose the cell penetrating peptide to realize the potent cellular uptake of KLA. Treatment of tumor-bearing
mice with PAK could markedly induce tumor cells apoptosis and inhibit tumor growth, with no significant
adverse effects. These results suggest our fusion protein can be a potential delivery system for peptide delivery in
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cancer treatments.

1. Introduction

Over the years peptides have evolved as promising therapeutic and
diagnostic agents. Currently, there are approximately 60 peptide-based
therapeutics on the market and more than 500 therapeutic peptides in
preclinical development, with cancer treatment being one of the most
explored therapeutic areas [1,2]. Because anticancer peptides have a
lower tendency for development of resistance by tumor cells compared
to conventional chemotherapies, increasing attention has been paid to
peptide-based cancer treatment [3-6]. Anticancer peptides also have
many unique advantages, such as small molecular weight, tumor-pe-
netrating ability, low immunogenicity, good biocompatibility, and ease
of synthesis and modification [7,8]. Unfortunately, peptides generally
have a short in vivo half-life, which severely limits their clinical appli-
cation [9]. Developing anticancer peptides with extended half-life but
reduced side effects is still an important part of cancer research.

Pharmacokinetic extension is no longer just a way to create im-
proved second-generation biologicals but plays a vital role for current
development of biopharmaceutical drugs. Coupling of polymers such as
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polyethylene glycol (PEG) to bioactive agents has been proven to be an
effective approach for prolonging the in vivo half-lives of the agents
[10-13]. Moreover, PEGylated drugs possess passive tumor target-
ability via the enhanced permeability and retention (EPR) effect at
tumors [14]. However, PEGylation has several potential safety pro-
blems, such as formation of antibodies against polymer itself and the
very low degree of biodegradability of the PEG polymer, which can lead
to adverse effects, such as vacuolation of the kidney epithelium [15,16].
To circumvent these problems, PsTag polypeptides have been invented.
These uncharged and unstructured hydrophilic, biodegradable amino
acid sequences can be fused to biomolecules using recombinant DNA
technology and can reduce the rapid kidney clearance in a similar ap-
proach to PEG, based on an increased hydrodynamic radius [17-19].
However, they still do not solve the problems of the steric hindrance of
macromolecules, which particularly influences the bioactivity of pep-
tides.

One way to eliminate steric hindrances and decrease adverse effects
is to exploit an inactive prodrug that is specifically activated at the
tumor site. It is well known that tumor cells can remodel the tumor
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microenvironment, which in turn can further influence the behavior
and state of tumor cells [20,21]. There is a significant difference be-
tween the microenvironment of tumor cells and normal cells, such as
abnormal blood vessels, oxidation, perfusion, pH and metabolic status
[22,23]. Matrix metalloproteinase 2 (MMP2), which plays a significant
role in extracellular matrix (ECM) degradation, promotes tumor cells to
migrate out of the primary tumor to form metastases [24-26]. Due to
the high expression of MMP2 at almost all tumors, it is possible to
design a prodrug that can be specifically activated to destroy tumor
cells through introducing a cleavage site of MMP2 [27-29].

The goal of this work was to develop a general strategy that com-
bined the aforementioned features to produce powerful therapeutic
drugs for cancer therapy.

To test this strategy, we employed a typical cationic amphipathic
peptide, KLAKLAKKLAKLAK (KLA) [30,31]. After internalization of
KLA into the eukaryotic cell, disruption of the mitochondrial membrane
was triggered, which resulted in leakage of cytochrome ¢ and induction
of cell apoptosis [32]. To elevate cell uptake efficiency, KLA was fused
with several cationic cell-penetrating peptides (CPPs), such as poly-
arginine and Tat peptides [33,34]. Although the uptake efficiency of
CPP-KLA was significantly increased, there were two weaknesses of
CPP-KLA use as a drug: its short half-life and poor tumor selectivity. In
addition, due to the antimicrobial activity of KLA, expression and
purification as recombinant peptides in prokaryocyte expression sys-
tems were considered to be almost impossible.

Therefore, we designed a multifunctional fusion protein, named
PAK, that includes (1) PsTag for enhanced circulation time in the blood,
deactivation of KLA and passive tumor targetability via the EPR effect;
(2) a polyanionic sequence to neutralize CPP; (3) a sensitive cleavage
sequence of MMP2 for specific activation at tumor sites; (4) a CPP to
deliver KLA into the cells and (5) KLA as cytostatic/cytotoxic compo-
nent (Fig. 1). Deactivation was crucial not only for bioactivity but also
for the production in Escherichia coli (E. coli), because active KLA was
too toxic for E. coli cells to be acquired. Here, we demonstrated that the
genetic fusion of this protein to a model peptide enhanced delivery to
the tumor, minimized the nonspecific toxic effect and improved the
pharmacokinetic properties without compromising its anticancer ac-
tivity. These findings showed that our method had potential to greatly
advance the therapeutic applications of peptides.

PsTag
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2. Materials and methods
2.1. Construction of expression plasmids and preparation of the molecules

The DNA coding sequence of the complete fusion protein PAK
contained the following components: a PsTag polymer of 216 amino
acids, a polyglutamic acid chain of 8 negatively charged amino acids
(the neutralizing part of CPP), a sequence of MMP2 cleavage site
(PLGLAG), a positive charge CPP of 8 arginine, and a KLA domain with
cytostatic activity followed by one cysteine residue, which is the only
cysteine in the entire sequence. Based on the PAK sequence, the coding
sequence of the control fusion protein PK replaced the MMP2 cleavage
site with flexible linker GGGGS. The coding sequences of PAK and PK
were synthesized by GenScript (Nanjing, China) (Table S1). The two
genes were digested with restriction enzymes BamH I and Hind III and
ligated into the expression vector pET28a (+), generating pET28a-PAK
and pET28a-PK. Then, the two constructs were maintained in E. coli
Top10 with kanamycin as selection pressure for subsequent expression
in E. coli BL21 (DE3).

The recombinant E. coli strains were cultured in LB medium with 1%
kanamycin (100 ug/mL), and the cells were grown at 37 °C until ODgg0
reached approximately 1.0. Then, IPTG (Sigma-Aldrich, St. Louis, MO,
USA) was added to the medium to a final concentration of 0.6 mg/L,
and cells were cultured at 37 °C for an additional 8 h. The supernatant
was collected after ultrasonic crushing of the cells, and the protein was
purified using a Q anion exchange resin (GE Healthcare, Pittsburgh, PA,
USA), followed by an additional Ni®>* affinity chromatography (GE
Healthcare, Pittsburgh, PA, USA). Expression levels of each re-
combinant protein were analyzed by SDS-PAGE (12%) and Western
blot. The Western blot was probed with a mouse anti-His-Tag antibody
(1:1000 dilutions; GenScript, Nanjing, China) as the primary antibody
and HRP-conjugated goat anti-mouse Ig antibody (1:5000 dilutions,
GenScript, Nanjing, China) as the secondary antibody. The protein
concentration was determined using the Bradford Protein Assay Kit
(Thermo Fisher, Massachusetts, USA).

High purity (> 90%) peptides were obtained from GL Biochem Inc.
(Shanghai, China). The amino acid sequence of peptides was as follows:
Rg-KLA, RRRRRRRRGG (KLAKLAK), and Rg-KLAC, RRRRRRR-
RGG(KLAKLAK),GGC. The two amino acid GG were used as a bridge to
impart peptide flexibility and minimize potential steric interactions
between the targeting peptide and the proapoptotic peptide.
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Fig. 1. Construction of the recombinant PAK.

Schematic representation of the DNA/protein sequence of PAK and a summary of its intended functions.
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Table 1
Construction of the three molecules.
Molecule  Long-acting Linker Functional
domain domain
PAK PsTag216 GGEEEEEEEEPLGLAGRRRRRRRRGG ~ KLA
PK PsTag216 GGEEEEEEEEGGGGSRRRRRRRRGG KLA
Rg-KLA - RRRRRRRRGG KLA

2.2. Characterization of recombinant fusion proteins

Reverse-phase HPLC: The sample solution in PBS was diluted to 5%
v/v acetonitrile, 0.065% v/v trifluoroacetic acid (TFA) and 80 pL was
subjected to a SepaxGP-C18 column (Sepax Technologies, Inc.) using a
high-performance  liquid  chromatography  system  (Agilent
Technologies, Santa Clara, CA, USA) equipped with an autosampler.
The mobile phase consists of two buffers: Buffer A (distilled H,O,
0.065% TFA) and Buffer B (acetonitrile, 0.065%TFA). The C18 column
was first adjusted to an isocratic 5% v/v acetonitrile-water gradient for
10 min, followed by a 5%-60% (v/v) acetonitrile-water gradient over
25min, at a total solvent flow-rate of 1 mL/min. Absorbance was
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detected at 219 nm using a UV detector.

Circular dichroism spectra (CD): The CD spectra of proteins
(0.1 mg/mL in PBS) were detected by a Jasco-720 spectropolarimeter
(Jasco, GroB-Umstadt, Germany) over a wavelength range of
190-260 nm using a 0.2 cm cell.

Mass spectroscopy: The mass spectra of the protein were measured
as previously described [17].

Size exclusion chromatography: Analytical SEC of the molecules
was measured as previously described [17]. The apparent molecular
masses were estimated by interpolation from a calibration line
(R% = 0.9991) (Fig. S1) obtained with the reference proteins thyr-
oglobulin, BSA, ovalbumin, ribonuclease A and vitamin B12 (all from
Sepax Technologies, Inc.).

2.3. Engyme cleavage assay

Proteins were diluted to 0.5 mg/mL in an assay buffer (20 mM Tris,
150 mM NaCl, 10 mM CaCl,, pH 7.5) and placed on ice. The active
human recombinant MMP2 (Merck, Darmstadt, Germany) was added to
a final concentration of 0.2 ng/uL, and the reaction mixture was cul-
tured at 37 °C. At various time points for up to 8 h, 80 puL aliquots were
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Fig. 2. The characterization of the recombinant fusion proteins.
(A) SDS-PAGE and (B) Western blotting (lane 1: PAK; lane 2: PK) of the recombinant fusion proteins. (C) Purity analysis of PK and PAK by RP-HPLC. (D) Secondary
structure of PK and PAK by CD. (E) Absolute molecular weight of PAK by MALDI-TOF mass spectrometry. (F) Hydrodynamic volume of PAK, PK and Rg-KLA by SEC-
HPLC. (G) PAK or Rg-KLA was added to serum, and the amounts of PAK and Rg-KLA remaining in serum were quantitated by RP-HPLC at indicated time points. (H)
Pharmacokinetic plasma profile of PAK intravenously injected in BALB/c mice (n = 10 per group). (I) Hemolysis assay of PAK and Rg-KLA using BALB/c mouse red
+ SD of three replicates. . (For interpretation of
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(A) Plasma samples were analyzed for immunogenicity according to the protocol given in the Experimental Section (Supplementary Material). Plasma samples were
serially diluted (1: 500- 1: 10000). (B) Data was shown for a plasma dilution at 1: 1000. (C) Analysis of cytokine induction in human PBMCs after treatment with PBS,
PAK, Rg-KLA or LPS. LPS (10 ug/mL) was used as positive controls. Cytokines that regulate the innate immunity, IL-1f, TNF-a and IL-6, were detected. (Data are

means * SD from n = 6 per group. *P < 0.05, **P < 0.001).

removed from the reaction wells, immediately mixed 1:4 with SDS gel
loading buffer (5 X concentrated), and boiled for 5 min. Samples were
subjected to electrophoresis on 15% Urea-SDS-PAGE gels for 90 min at
110V.

2.4. Cell lines and cultures

A375 (human melanoma cell), HepG2 (human hepatoblastoma
cell), MCF7 (human breast cancer cell), BGC823 (human gastric cancer
cell) and LO2 (human hepatocytes cell) cell lines were obtained from
the American Type Culture Collection (ATCC, Manassas, USA) and were
cultured in DMEM medium with 10% fetal bovine serum (FBS) and 1%
antibiotics (penicillin 100 IU/mL, and streptomycin 100 pg/mL). Cells
were cultured at 37 °C with 5% CO,.

2.5. Cytotoxicity and apoptosis assays

For cytotoxicity assays, cells were seeded in 96-well plates
(5,000 cells/well) of complete DMEM supplemented with 10% FBS and
incubated at 37 °C. After 12h, the cells were treated with different
concentrations (ranging from 0 to 40 uM) of PAK, PK, or Rg-KLA for
72h. Then, 10puL of Cell Counting Kit-8 (CCK-8) solution
(MedChemExpress, NJ, USA) was added to each well for 3hat 37 °C.
The sample was measured at 450 nm using a microplate reader (Thermo
Fisher, Massachusetts, USA).

To determine the effects of MMP2 on the activity of PAK, the
A375 cells were seeded in 96-well plates (5,000 cells/well) at 37 °C.
After 12h, the supernatant was discarded and fresh complete DMEM

41

containing SB-3CT (final concentration 1 pg/mL; MedChemExpress, NJ,
USA) and PAK (final concentration ranging from 0 to 40 uM) was added
to the cells for 72h. The LO2cells were seeded in 96-well plates
(5,000 cells/well) at 37 °C. After 12h, the supernatant was discarded
and fresh complete DMEM containing the digested product of PAK
(final concentration ranging from 0 to 40 uM) was added to the cells for
72h. The product of digestion was obtained after 4 h of MMP2 enzyme
digestion of PAK in vitro. Then, 10 pL of CCK-8 solution was added to
each well for 3hat 37 °C. The sample was measured at 450 nm using a
microplate reader.

For the analysis of apoptosis, A375 cells were seeded in 6-well plates
(50,000 cells/well) of complete DMEM supplemented with 10% FBS
and incubated at 37 °C. After 12h, the cells were incubated with PAK
for 72hat 37 °C. Subsequently, the cells were harvested and washed
twice with cold HBSS and then resuspended in 1 x binding buffer at a
concentration of 1 x 10° cells/mL. Each 100 pL solution (1 x 10° cells)
was incubated with 5 pL of Annexin V-FITC and 5 pL of PI for 15 min at
RT in the dark. Then, 400 uL of 1 X binding buffer was added to each
sample tube and the apoptotic cells were assessed using a FACSCalibur
flow cytometer (BD Bioscience, San Jose, CA, USA).

2.6. Protein of MMP2 in cell lines and detection of apoptotic signaling
proteins

To analyze protein of MMP2 in different cell lines, A375, HepG2,
MCF7, BGC823 and L02cell lines were cultured in complete DMEM
supplemented with 10% FBS and incubated at 37 °C in a 5% CO, at-
mosphere for 24 h, harvested, and lysed in a RIPA buffer (50 mM Tris
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Fig. 4. Enzymatic digestion of PAK by MMP2.

(A) PAK and PK were digested with MMP2 within 4 h at 37 °C and were monitored by Urea-SDS-PAGE (lane 1: PK; lane 2: PK & MMP2; lane 3: PAK; lane 4: PAK &
MMP2, lane 5: Rg-KLA). (B) The digestion of PAK was further analyzed by RP-HPLC. (C) Mass spectrometry of Rg-KLA fraction further obtained by preparative HPLC
and synthetic Rg-KLA peptide.
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Fig. 5. In vitro cytotoxicity of PAK.

(A) Western blot analysis to detect the expression level of MMP2 protein in MCF7, A375, HepG2, BGC823 and L02 cell lines. (B) Selective cytotoxicity of PAK among
different cell lines. A375, HepG2, BGC823, MCF7 and LO2 cells were treated with indicated products for 72 h at varying concentrations. (C) After pretreatment of SB-
3CT, A375 cells were treated with indicated products for 72h at varying concentrations. (D) LO2 cells were treated with indicated products for 72h at varying
concentrations. Data are represented as mean *+ SD of three independent experiments.
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Table 2
In vitro antitumor effects of the three molecules.
1Cso (UM) Cell Line
A375 HepG2 BGC823 MCF7 Lo2
PAK 11.05 = 0.73 19.21 = 0.62 23.92 = 0.82 25.65 + 0.86 NA*
PK NA NA NA NA NA
Rg-KLA 9.76 = 0.92 14.15 = 0.36 25.54 = 0.77 15.70 = 0.63 14.35 * 0.74
@ NA: Not Available. Data are means + SD of three independent experiments.
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(A) After incubating with FITC-labeled PAK (20 pM) for 48 h, A375 and L02 cells were harvested and subjected to flow cytometry. (B) Confocal fluorescence images
and line-scan profiles of fluorescence intensity for A375 cells incubated for 48 h with 20 uM PAK-FITC. Nuclei were stained by DAPI (blue). Scale bars, 20 um. (C) The
fluorescence images of A375 cells after incubation with FITC-labeled PAK (20 uM) under different conditions as indicated. Nuclei were stained by DAPI (blue). Scale
bars, 100 um. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

(pH 7.4), 150 mM NaCl, 1%NP-40, 0.25% sodium deoxycholate, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, and 2mM phe-
nylmethylsulfonyl fluoride) with protease inhibitors (Sigma-Aldrich, St.
Louis, MO, USA). Subsequently, the total cell proteins were electro-
phoresed in a 10% SDS-PAGE followed by transfer to polyvinylidene
difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). After
blocking with 5% (w/v) nonfat dry milk, the blots were probed with
antibodies recognizing MMP2 and B-actin (all from Cell Signaling
Technology, MA, USA) overnight at 4 °C.

To detect the apoptotic signaling proteins induced by PAK,
A375 cells were treated with either 5 puM, 10 uM or 20 uM PAK for 72 h,
harvested, and lysed in a RIPA buffer (Mention above). Subsequently,
the total cell proteins were electrophoresed in a 10% SDS-PAGE fol-
lowed by Western blot as described above. Cytochrome C, Cleaved
Caspase-3, Cleaved Caspase-9 and p-actin were obtained from Cell
Signaling Technology. The secondary antibodies were both horseradish
peroxidase (HRP) conjugated goat anti rabbit IgG (GenScript, Nanjing,
China). Signals were detected by chemiluminescence reagents
(Beyotime Institute of Biotechnology, Shanghai, China) and imaged
with a Tanon 5200 Imaging system (Shanghai, China).

2.7. Cellular uptake and internalization of PAK in A375 cells

20 uM of FITC-labeled proteins were used for intracellular uptake
assays. To analyze the internalized efficiency of PAK, cells were in-
cubated with FITC-labeled proteins at 37 °C for 48 h and harvested, and
the cells were assessed using a FACSCalibur flow cytometer (BD

43

Bioscience, San Jose, CA, USA). For analysis of intracellular uptake,
cells were incubated with FITC-labeled proteins at 37 °C for 48 h, fixed
with paraformaldehyde, and counterstained with DAPI (Beyotime
Institute of Biotechnology, Shanghai, China) for the nucleus.
Fluorescent images were observed with a confocal laser scanning mi-
croscope (CLSM, LSM800, Zeiss, Germany) and processed using the
ZEN imaging software. To determine the effects of MMP2 on the ac-
tivity of PAK, A375 cells were seeded in 6-well plates (50,000 cells/
well) at 37 °C for 12h and treated with MMP2 inhibitor SB-3CT at a
final concentration of 1 ug/mL. PAK-FITC with a final concentration of
20 uM was added to the cells for 48 h. The medium was then discarded,
and the cells were washed with HBBS three times, fixed with paraf-
ormaldehyde, and counterstained with DAPI for nucleus. The FITC
fluorescence images were recorded with a fluorescence microscope
(IX73, Olympus, Japan).

2.8. Mitochondrial membrane potential evaluation

A375 cells were seeded in 6-well plates at 50,000 cells per well at
37 °Cfor 12 h and treated with PAK at 20 uM for 72 h. Subsequently, the
cells washed with HBSS, JC-1 (Beyotime Institute of Biotechnology,
Shanghai, China), a potential sensitive dye, was added to a final con-
centration 10 pg/mlL, and then the cells were incubated at 37 °C. After
30min, the A375cells were washed twice with HBBS. Excitation
spectra at 525 nm (JC-1 monomers) and 595 nm (JC-1 aggregates) were
analyzed using a confocal laser scanning microscope (CLSM, LSM800,
Zeiss, Germany).
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(A) After pretreatment of SB-3CT, A375 cells were incubated with PAK (20 uM) for 48 h. Then, A375 cells were stained with JC-1 (Green: monomers, Red: ag-
gregates). Scale bars, 50 um. (B) Western blot analysis to detect the expression of Cytochrome C, Cleaved Caspase-3 and Cleaved Caspase-9 in A375 cells after PAK
treatment. (C) A375 cells were treatment with Rg-KLA or PAK (5uM, 10 uM and 20 uM), and level of apoptosis was measured by flow cytometry. (D) Relative cell

densities of viable and apoptotic Annexin V positive cells were compared to untreated control cells. Data are mean

+

SD of three independent experiments. . (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.9. Hemolysis assay

Fresh blood was collected from BALB/c mouse in anticoagulant
tubes contain EDTA.K,. The blood sample was washed three time with
HBSS and diluted to 2% (v/v) RBC suspension. Various concentration of
Rg-KLA and PAK were incubated with RBC suspension at 37 °C for 1 h.
Then, the supernatant was prepared by centrifugation at 1000 x g for
5min and the release of hemoglobin was analyzed at 540 nm using a
microplate reader (Thermo Fisher, Massachusetts, USA). The RBC sus-
pension was incubated with 1% (v/v) Triton X-100 as the positive
control, and the absorption of hemoglobin was set to 100%.

2.10. Animals and tumor xenograft model

All animal care and experimental protocols complied with the
Laboratory Animal Management Regulations in China and the ethical
committee at China Pharmaceutical University. All animals were used
in accordance with the procedures approved by the Beijing Vital River
Laboratory Animal Technology Inc. and Use Committee (license No.
SCXK (su) 2016-0003). Animal studies are reported in compliance with
the ARRIVE guidelines [35]. The tumor xenograft model was generated
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by subcutaneous injection of A375 cells (5 x 10° cells per mouse) in the
right flanks of 6-week-old BALB/c nu/nu mice.

2.11. Pharmacokinetic study of PAK

Female BALB/c mice (n = 5) were treated with PAK (1 pmol/kg)
intravenously via the tail-vein. At 0.25h, 0.5h, 1h, 2h, 4h, 8h, 24h,
and 48h post injection, a blood sample was obtained from the eye
socket vein in mice. The sera concentrations of PAK were measured
with a His-Tag ELISA Detection Kit (L00436; GenScript, Nanjing,
China). Serum drug data were analyzed with PKSolver (China
Pharmaceutical University, Nanjing, China) [36].

2.12. In vivo fluorescence imaging of protein accumulation in tumors in
animal models

When the tumor size reached about 200 mm?®, 20 nmol of Cy5-la-
beled proteins was injected intravenously through the tail vein. Mice
were anaesthetized by intraperitoneal injection of chloral hydrate.
Fluorescence imaging was performed using the IVIS imaging Spectrum
System and analyzed with IVIS Living Imaging 3.0 software. After
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(A) Cy5-labeled PAK were intravenously administered into A375 tumor-bearing mice. In vivo NIR fluorescence images were obtained at different time points. (B)
Tumor tissue and major organs (brain, heart, lung, liver, kidney, and spleen) from A375 xenograft-bearing mice were collected at 8 h after receiving the PAK-Cy5

injection. The organs were weighted and measured for Cy5 fluorescence. Data are mean =+

SD (n = 3). ***P < 0.001. (C) Histologic sections of tumor tissue and

major organs were obtained and recorded with a fluorescence microscope. The cell nuclei were stained with DAPI (blue). Scale bars, 100 um. . (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

imaging, tumors and vital organs (heart, liver, spleen, lung, and kidney)
were isolated for frozen tissue sections, and counterstained with DAPI
for the nucleus. Subsequently, these tissue sections were observed
under an Olympus fluorescence microscope (IX73, Olympus, Japan).

2.13. In vivo antitumor effects of PAK

When the tumor size reached approximately 100mm?3, mice
(n = 20) were randomly divided into 4 groups (n = 5 per group) and
treated with Saline, Cisplatin (5 mg/kg, every week), Rg-KLA (1 umol/
kg, every 3 days), and PAK (1 umol/kg, every 3 days) by intraperitoneal
injection. Before each administration, the tumor volumes were mea-
sured with a digital caliper and calculated according to the formula:
tumor volume (mm?) = 0.5 X (length of the tumor) x (width of the
tumor)?. Body weights of mice were recorded every day during the
treatment to evaluate the systemic toxicity.

The tumors were obtained at the end of treatment, and frozen tissue
sections were prepared for TUNEL staining. Meanwhile, the vital organs
(heart, liver, spleen, lung, and kidney) were isolated and stained with H
&E for histological analysis. Additionally, blood was collected to assay
liver enzymes and hematological parameters by Servicebio Inc.
(Nanjing, China).

2.14. Statistical analysis

Data are expressed as the mean = SD. All statistical analyses were
performed using ORIGIN 9.0 (OriginLab Corporation, Northampton,
MA, USA) and GRAPHPAD PRISM 5 (GraphPad Software Inc., San
Diego, CA, USA). The statistical analysis was determined using one-way
ANOVA and Student's t-test. “**P < 0.001, P < 0.01, and "P < 0.05
was considered significant.
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3. Results

3.1. Expression in E. coli, purification, and characterization of recombinant
PAK

To design a particularly expressible multifunctional protein, a PsTag
polypeptide of 216 amino acids was fused through a neutralizing part of
CPP (polyglutamic acid chain of 8 amino acids), followed by a cleavage
sequence of MMP2 and a cationic CPP (polyarginine Rg), to the pro-
apoptotic peptide KLA (Fig. 1). In addition, the specific cleavage se-
quence (PLGLAG) we chose for MMP2 was a site that had low cleavage
activation by nontumor proteases [25,37]. A single cysteine at the C-
terminus of this multifunctional protein served as the coupling site for
thiol-based labeling, which could be used not only to label the fluor-
escent probe but also to label other functional molecules for further
development. The amino acid sequences of PAK and two other control
molecules we designed were shown in Table 1.

Due to the shielding effect of PsTag polypeptides, the fusion proteins
could be expressed in E. coli, with undetectable production of inclusion
bodies, and were purified by two-column chromatography steps. The
PsTag fusion proteins showed relatively slow electrophoretic migration
in SDS-PAGE (Fig. 2A) and Western blot (Fig. 2B) with SDS-PAGE
molecular weights of about 60 kDa instead of the expected 24.6 kDa.
This behavior revealed reduced binding of SDS, consistent with the
previous study [17,19,38]. The purities of products were determined by
RP-HPLC (Fig. 2C). Both profiles exhibited a single homogenous peak,
validating the monodisperse character of each protein product. The
secondary structures of fusion proteins were measured by CD, and the
corresponding waveforms exhibited a remarkably negative minimum at
198 nm, characteristic of an unfolded polypeptide with random coils in
the secondary structure (Fig. 2D). Mass spectrometry (Fig. 2E) revealed
a single homogenous peak of the expected mass (24630.1 Da measured
vs. 24636.2 Da). However, mass spectrometry of the PEGylated protein
typically yielded a broader peak, on account of the heterogeneity of
PEG polymers. To further determine the effect of the PsTag on the
apparent molecular weight, the fusion proteins were detected by SEC-
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HPLC (Fig. 2F). Referring to the standard curve (Fig. S1), we found that
the apparent molecular mass of PAK was 108.6 kDa, larger than its
actual 24.6 kDa. The PAK in aqueous solution had an average hydro-
dynamic diameter of 4.8 + 0.2nm (Fig. S2). This finding was typical
for PsTag fusion proteins and could be explained by an extended and
unstructured conformation, which made PsTag fusion proteins appear
as larger molecules in SEC-HPLC [39]. In addition, to investigate the
proteolytic protection effect of PsTag, PAK was evaluated in vitro by
incubation with serum, showing resistance to serum proteases for at
least 24 hat 37 °C (Fig. 2G and Figs. S3-4). As expected, Rg-KLA had
low stability in serum (10% of Rg-KLA remaining at 24 h) (Fig. 2G and
Fig. S3). On the other hand, PAK was stable up to 72 h after incubation
(Fig. S5). Most peptides have short in vivo t; » (2-30 min) owing to fast
renal clearance and enzymatic degradation by proteases [9]. Similar to
PEG, PsTag polypeptides also increased the in vivo t;,» of Rg-KLA to
5.05 = 0.26 h by means of a shielding mechanism (Fig. 2H). Rg-KLA
showed very strong hemolytic properties, while PAK exhibited much
reduced hemolytic activity (Fig. 2I). To test the immunogenicity of this
fusion protein, mice were injected with PAK and Rg-KLA every two days
for 20 days. The IgG antibody titers specific for corresponding proteins
were measured for each mouse, two weeks after the last immunization
(Fig. 3A and B). Not surprisingly, all mice injected with Rg-KLA gen-
erated powerful immune responses independent of adjuvant
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SD (n = 5). (C) Tumor weights at the end of treatment. Horizontal bars represent mean values. (D) Body weights were measured
SD (n = 5). (E) Frozen tumor tissues sections were performed with TUNEL assay. Scale bars,

coadministration. In contrast, PAK showed a remarkably reduced im-
munogenicity. Furthermore, production of early innate cytokines tumor
necrosis factor (TNF)-a, interleukin (IL)-1p and IL-6 in primary human
peripheral blood mononuclear cells (PBMCs) after incubation with PAK
or Rg-KLA. Unlike PAK, Rg-KLA could trigger cytokine responses,
compared with the negative control (PBS) (Fig. 3C). These data in-
dicated that our protein was not strongly immunogenic.

3.2. Engzymatic digestion of PAK by MMP2

To better expound the design strategy and confirm the functionality
of the cleavage site, the cleavage assessments were implemented by the
enzymatic digestion with pretreatment of active MMP2. After treatment
with MMP2 at various time points for up to 8 h, the enzyme-digested
products were monitored by Urea-SDS-PAGE, and we observed that
PAK could be digested completely after 4hat 37 °C (Fig. S6). Com-
paring PAK to PK (uncleavable control), a new band emerged at the
same location as the Rg-KLA peptide in the PAK lane (Fig. 4A). To
further verify the MMP2-responsiveness, the digestion products were
monitored by RP-HPLC and mass spectrometry. The peak of PAK
completely disappeared, while new peaks emerged at a location similar
to the Rg-KLA peptide when PAK was treated with 0.2ng/pL MMP2
(Fig. 4B). The mass of the digestion products released from PAK was
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3346 Da instead of the controlled Rg-KLA 3104 Da (Fig. 4C). The extra
242 Da was likely due to the three amino acid residues, -LAG-, re-
maining from the substrate -PLGLAG-after MMP-2 digesting. Fig. 4
clearly showed that the MMP2-cleavable protein did not lose its
“cleavability” after fusion with both PsTag and Rg-KLA at its two ends.

3.3. In vitro cytotoxicity of PAK

To assess the ability of PAK to exert selective cytotoxicity in normal
cells and tumor cells, protein expression levels of MMP2 were examined
first in cultured A375, HepG2, MCF7, BGC823 and L02 cell lines. Unlike
in the LO2 cell lines, the MMP2 protein was overexpressed in the cancer
cell lines (Fig. 5A). Then, we detected the cytotoxic effects of PsTag and
PAK in vitro using the CCK-8 assay. As shown in Fig. S7, the PsTag
polypeptide had no significant cytotoxicity at a low concentration of
0.4 uM or even at a higher concentration of 50 UM against various cells.
PAK inhibited the viability of the cancer cells in a time- and dose-de-
pendent manner (Fig. S8 and Fig. 5B). The ICs, values of PAK ranged
from 11 to 25 uM among these four cancer cell lines, similar to those of
Rg-KLA (Fig. 5B). However, the LO2 cells, which showed low expression
of MMP2, were tolerant to cytotoxicity by PAK at the same con-
centrations. In addition, treatment with PAK produced cytotoxic effect
in multiple tumor cells, whereas PK alone did not (Fig. 5B). The ICsq of
these molecules against various cell lines was shown in Table 2.

Moreover, pretreatment of A375 cells with SB-3CT, a potent and
selective inhibitor of MMP2, inhibited the cytotoxicity by PAK
(Fig. 5C). On the other hand, after digestion with MMP2, the digested
products of PAK induced a cytotoxic effect in LO2 cells, and the level
was similar to Rg-KLA (Fig. 5D). These results further suggested that the
cytotoxicity of PAK was selectively activated by MMP2.

3.4. MMP2-dependent cellular uptake

To evaluate the internalization efficiency of this multifunctional
protein, A375 cells and LO2 cells were incubated with the PAK fusion
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SD (n = 5). *P < 0.05; ***P < 0.001; n.s., not significant.

protein which was labeled with maleimide- FITC dye at the single cy-
steine, and then analyzed by flow cytometry. The MMP2- cleavable
protein demonstrated the potent cellular uptake in A375 cells (Fig. 6A).
On the other hand, less uptake efficiency was observed in LO2 cells
(Fig. 6A). Confocal imaging exhibited that the Rg-KLA-FITC domain was
efficiently internalized into A375 cells (Fig. 6B). Similar results were
observed in MCF-7 cells (Fig. S9). Moreover, pretreatment of A375 cells
with SB-3CT inhibited the internalization of PAK to A375 cells (Fig. 6C).
Similarly, intracellular PAK was barely observed when A375 cells were
cooled to 4 °C (Fig. 6C). The pretreatment of MMP2-responsive fusion
protein with MMP2 eliminated the PsTag domain and the polyanionic
sequence, exposed Rg, and increased the cellular uptake in LO2 cells
(Fig. S10). Thus, it can be summarized that PAK can realize potent KLA
internalization by tumor cells in MMP2-rich environments. This protein
reserved its “ability to be activated” after fusing with PsTag to form a
macromolecule. After destroying the charge interaction and cleaving
the linker simultaneously, this protein could release its masking do-
mains to expose CPP.

3.5. PAK induced mitochondrial damage and cellular apoptosis

To measure whether PAK could induce injury of the mitochondrial
membrane, we detected the mitochondrial membrane potential of the
treated A375cells through fluorescent probe JC-1. The results of
fluorescence microscopy demonstrated that untreated A375 cells had
strong red fluorescence (JC-1 aggregation) and weak green fluorescence
(JC-1 monomer). As expected, the PAK-treated A375 cells exhibited a
remarkable decrease in the red fluorescence and enhanced green
fluorescence signals due to obvious injury of the mitochondrial mem-
brane (Fig. 7A). After pretreatment with SB-3CT, the PAK-treated
A375 cells showed weak green fluorescence similar to untreated
A375 cells.

KLA was considered to induce cell apoptosis by disrupting the mi-
tochondrial membrane and activating proteins such as caspase-3 and
caspase-9 [31,32]. We performed Western blot to verify the activation
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of mitochondria-mediated apoptotic pathway. As shown in Fig. 7B,
treatment of A375 cells with PAK led to the significant leakage of cy-
tochrome c from the mitochondria and the cleavage of caspase-3 as well
as cleavage of caspase-9 compared with the control group. These
findings were further validated by a flow cytometry assay using the
Annexin V-FITC/Propidium Iodide staining. After PAK or Rg-KLA
treatment, the growth of the A375 cells was dramatically decreased in a
concentration-dependent way and induced prominent apoptosis
(Fig. 7C and D).

3.6. In vivo fluorescence imaging of PAK accumulation in tumor tissue

To further prove the ability of PAK in tumor accumulation, we de-
tected its distribution in vivo with fluorescent imaging in mice bearing
the A375 xenograft. Strong signals were monitored in the tumor sites of
mice injected with Cy5 dye-labeled PAK 8 h after injection (Fig. 8A). Ex
vivo analysis also revealed that a substantial amount of PAK was se-
lectively localized to the tumor (Fig. 8B). The vital tissues were further
observed by histologic section, and higher fluorescence intensity could
be found in the tumor, which was consistent with ex vivo analysis
(Fig. 8C). The results indicated that PAK could effectively accumulate in
the tumor tissue and had a long half-life in plasma up to the accumu-
lation to tumor tissue.

3.7. Antitumor effects of PAK

The antitumor effects of tumor targeting and microenvironment-
responsive PAK were evaluated in mice bearing the A375 xenograft.
Based on the pre-experiment data and literature reported, 1 pmol/kg
dose of PAK was selected and administered every 3 days (Fig. S11)
[30,34,40]. After 4 weeks of treatment, the tumor volumes of the PAK-
treated group were remarkably inhibited compared to the cisplatin-
treated group (P < 0.01), Rg-KLA-treated group (P < 0.001) and
saline-treated group (P < 0.001) (Fig. 9A and B). In addition, the tu-
mors were isolated at the end of treatment, and the tendency of tumor
weights was consistent with tumor volumes (Fig. 9C). Except for the
cisplatin-treated group, body weights were not remarkably changed
among experimental groups during the treatment period (Fig. 9D). The
constant weight loss after treatment of cisplatin indicated there was
significant system toxicity in vivo. Histological examinations, after
staining with H&E of dissected tumors from the PAK-treated mice ex-
hibited the existence of extensive necrotic areas, indicating that PAK
showed potent antitumor effects in vivo (Fig. S12). The number of
TUNEL-positive apoptotic cells in tumor tissue treated with PAK was
also remarkably increased, compared to those treated with saline and
Rg-KLA (Fig. 9E), indicating that PAK remarkably induced tumor cell
apoptosis in vivo. All mice in the experiment survived during the
treatment period (data not shown).

One of the main problems of current antitumor treatments is the
adverse effects on normal tissues. To study whether PAK induced side
effects, blood and serum chemistries, and histopathological lesions
were examined at the end of treatment. No apparent histological
changes at vital tissues or organs were observed after treatment with
PAK (Fig. 10A). However, inflammatory cell infiltration at the liver and
renal tubular injury at the kidney were observed after treatment with
cisplatin. Serum levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were detected at the end of treatment. Except
for the cisplatin-treated group, there were no remarkable differences
among treatment groups and serum ALT and AST levels were within the
normal range (Fig. 10B), revealing no toxicity to the liver function.
Besides, treatment with PAK did not change the hematological para-
meters, including red blood cell (RBC) count, white blood cell (WBC)
count, platelet (PLT) count, and hemoglobin (HGB) count (Fig. 10C),
which suggested that there was little influence on the myeloid function
after PAK treatment. More importantly, the typical chemotherapy drug
cisplatin caused many hepatitis, renal tubule necrosis and significant

48

Cancer Letters 452 (2019) 38-50

bone marrow suppression in mice [41,42]. By contrast, PAK potently
inhibited tumor growth in vivo without adverse effects to the liver,
kidney and bone marrow. Collectively, these results confirmed the
therapeutic potential of PAK in cancer therapy.

4. Discussion

Although conjugation to PEG and albumin are effective strategies
for peptides and proteins, the multifunctional protein-tagged system
would complement these strategies by extending half-life and reducing
side effects of anticancer peptides. Moreover, uptake of PEGylated
drugs into solid tumors is promoted by the EPR of tumors resulting from
poor structural integrity, leaky tumor blood vessels and lack of lym-
phatic vessels. This EPR effect facilitates the selective permeability and
retention of macromolecules (larger than 40 kDa) in solid tumor tissues
[43,44]. The PEGylated liposome-encapsulated form of doxorubicin
(Doxil), which can reduce cardiac toxicity, is the first FDA-approved
nano-drug [45]. Besides maintaining potency and EPR effect, our
system has some advantages over traditional PEGylation and genetic
fusion strategies. (1) Our products are homogeneous and can be easily
purified and characterized. (2) The three-dimensional structure of the
fusion partner HSA needs to be maintained [46]. Unlike HSA fusion
peptides, PsTag itself is an unstructured polypeptide. (3) Because of
“ability to be activated” of our fusion protein, we anticipate our acti-
vated peptide (< 3% the size of HSA conjugates) to be able to penetrate
solid tumors efficiently [9]. (4) Owing to the design of polypeptide, our
products are unable to induce an immunogenic response. (5) The pro-
blem of the steric hindrance of macromolecules is not exist in our mi-
croenvironment-responsive fusion protein. (6) Kidney vacuolar degen-
eration, which is easily caused by PEGylated drugs, is not observed in
this study.

Moreover, the anti-cancer mechanism of PAK is summarized as
follows: Once to be injected into the circulation, the macromolecules
(larger than 40 kDa) can be accumulated in tumor tissue through the
EPR effect [44]. The PLGLAG peptide sequence can be hydrolyzed by
the overexpressed MMP2 in tumor tissue [47]. Then the Rg-KLA was
released and internalized into tumor cells through the arginine-rich
cell-penetrating peptide. When the KLA was successfully delivered into
tumor cells, it can cause mitochondrial disruption by triggering mi-
tochondrial outer membrane permeabilization and swelling, resulting
in the generation of relatively high levels of reactive oxygen species
(ROS) and release of cytochrome c [32,48]. This liberated cytochrome c
recruits and activates caspase-9, which in turn activates the executioner
caspases, caspase-3 and caspase-7 [49,50]. Therefore, the activated
caspases kill the tumor cells by proteolysis of vital cellular substrates.

CPP-mediated internalization of proapoptotic peptides into cells is
highly efficient and results in the cell cytotoxicity [30,51]. Nonetheless,
it does not differentiate the cell types and nonselectively enters into the
various cell types [52,53]. Therefore, when fused with CPP, proa-
poptotic peptides may cause undesirable side effects to the livers and
kidneys by internalization into the cells during blood circulation. To
solve these problems, another strategy is to fuse KLA directly to a tar-
geting peptide ligand, which makes the fusion peptides homing to the
tumor tissues [30,34]. Of course, this strategy can be a good solution to
nonselective problems of KLA, but the entire molecule still has only a
few dozen amino acids causing its half-life to be short. Moreover, nu-
merous cationic peptides with anticancer activity can also cause he-
molysis, which influence further development [54]. Intermittent , to |,
amino acid replacement is an approach for effective reduction of the
peptide helicity as well as the hemolytic activity [55]. Similarly, the
approaches that reduce the hemolytic activity of peptides and enhance
their in vivo t; » are still sought.

Although not clearly addressed in this study, we speculate that our
strategy could potentially be applicable for tumor-targeted delivery of
liposomes, proteins, imaging agents and small molecule drugs.
Furthermore, PAK itself can be employed as a targeting ligand, after
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being conjugated traditional chemotherapeutic drugs, for tumor-tar-
geted delivery of drugs in cancer therapy. This should broaden the
utility and scope of our system.

In conclusion, we presented a strategy for tumor-targeted peptide
delivery through multifunctional protein-tagged peptide. It was shown
that the microenvironment-responsive fusion protein achieved en-
hanced tumor accumulation and pharmacokinetics and could inhibit
tumor growth after cellular internalization of the anticancer peptide.
This unusual potency was complemented by expanded hydrodynamic
radius, minimal hemolytic activity, low immunogenicity, stability in
mammalian serum, and simple use by fusing with a peptide of interest.
The PAK fusion protein developed in this study was a promising, tumor
targeting and microenvironment-responsive proapoptotic drug for
cancer therapy. Nevertheless, meticulous work is needed for future
research to acquire a clear understanding of the universality of this
strategy.
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