Received: 21 September 2019

Revised: 16 January 2020

Accepted: 18 January 2020

DOI: 10.1111/cas.14330

ORIGINAL ARTICLE

Cancer Science Ri4ina%

Discovery of inner centromere protein-derived small peptides
for cancer imaging and treatment targeting survivin

Takeshi Fuchigami

| Natsumi Ishikawa® | lori Nozaki® | Yusuke Miyanari? |

Sakura Yoshida® | Motohiro Yamauchi® | Ayumi Soejima’ | Mamoru Haratake* |

Morio Nakayama!

'Department of Hygienic Chemistry,
Graduate School of Biomedical Sciences,
Nagasaki University, Nagasaki, Japan

20Okazaki Institute for Integrative Bioscience,

Okazaki, Japan

3Department of Radiation Biology and
Protection, Atomic Bomb Disease Institute,
Nagasaki University, Nagasaki, Japan

“Faculty of Pharmaceutical Sciences, Sojo
University, Kumamoto, Japan

Correspondence

Takeshi Fuchigami and Morio Nakayama,
Department of Hygienic Chemistry,
Graduate School of Biomedical Sciences,
Nagasaki University, Nagasaki, Japan.
Email: t-fuchi@nagasaki-u.ac.jp (T.F.);
nakmorio@gmail.com (M.N.)

Funding information

Grant-in-Aid for JSPS Research Fellow,
Grant/Award Number: 17)11488; Grant-
in-Aid for Scientific Research (C), Grant/
Award Number: 15K09895; Grant-in-Aid for
Young Scientists (B), Grant/Award Number:
21791180

1 | INTRODUCTION

Survivin, the smallest protein (16.5 kDa) among the inhibitor of apop-
tosis protein (IAP) family, is one of the most cancer-specific proteins™?;

Abstract

Survivin belongs to the inhibitor of apoptosis protein family, which is consistently
overexpressed in most cancer cells but rarely expressed in normal adult tissues.
Therefore, the detection and inhibition of survivin are regarded as attractive strate-
gies for cancer-specific treatment. In this study, we designed and synthesized 7-19
residues of inner centromere protein (INCENP)-derived small peptides (INC peptides)
as novel survivin-targeting agents. The INC peptides showed binding affinity for the
human survivin protein (Kd = 91.4-255 nmol LY); INC, .5, Which contains residues
16-22 of INCENP, showed the highest affinity (91.4 nmol LY. Confocal fluorescence
imaging showed consistent colocalization of FITC-INC,, ,, and survivin in cell lines.
Nona-arginine-linked INC,, ., (r9-INC,, ,,) rendered INC,, ., cells penetrable and
strongly inhibited cell growth of MIA PaCa-2 cells (52% inhibition at 1.0 umol L)
and MDA-MB-231 cells (60% inhibition at 10 pmol L) as determined by MTT assays.
The exposure of MIA PaCa-2 cells to 40 pmol L r9-INC,, ,, apparently reduced the
intracellular protein expression levels of survivin. However, cleaved caspase-3 was
significantly increased in cells treated with r9-INC,, ,,, even at 10 umol L', com-
pared to untreated cells. Flow cytometry revealed that r9-INC, ,, strongly induced
apoptosis in MIA PaCa-2 cells. These results indicate that the cytotoxic effects of
r9-INC,, ,, could be mediated mainly through the disruption of survivin-dependent
antiapoptotic functions and partly because of the direct degradation of the survivin
protein. Our findings suggest that INC peptides can act as useful scaffolds for novel

cancer imaging and anticancer agents.

KEYWORDS

anticancer, apoptosis, cancer imaging, peptide, survivin

it is highly overexpressed in most cancers, but barely detected in the
majority of normal cells.® Survivin is involved in at least 2 essential
cellular processes, inhibition of apoptosis and regulation of the cell
cycle.’ Furthermore, it participates in another antiapoptotic effect by
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stabilizing X-linked IAP (XIAP), which strongly suppresses caspase-me-
diated cellular apoptosis, to stabilize XIAP. In addition, survivin inter-
acts with the apoptosis-inducing protein Smac/DIABLO to delay its
release and to inhibit complex formation with XIAP, resulting in the
suppression of caspase-induced apoptosis.2” Unlike other IAPs, sur-
vivin is known as one of the essential components for cell division regu-
lation.™ It forms the chromosomal passenger complex (CPC) with inner
centromere protein (INCENP), Borealin, and Aurora B. Chromosomal
passenger complex plays an important role in the regulation of chro-
mosome-microtubule association, proper spindle assembly, and execu-
tion of appropriate cytokinesis.Z’lo'11

The abnormal expression of survivin in cancers is attributed
to various factors, including microRNAs, p53 mutants, nuclear
factor-kB, receptor tyrosine kinases, and numerous signaling cas-
cades, such as the PI3K/Akt and signal transducer and activator
of transcription-3 (STAT3) pathways.u'13 Numerous reports have
indicated that overexpression of survivin correlates with malig-
nancy, poor clinical outcome, and recurrence of various cancers.*
Recent studies suggest that survivin is involved in the regulation of
cancer stem cells that can increase radiation and drug resistance
of cancers 101

Therefore, survivin has recently attracted interest as a prom-
ising cancer biomarker and a target for diagnostic and therapeutic
agents. Unfortunately, there are currently no clinically available
diagnostic or therapeutic agents targeting survivin. Several strat-
egies for survivin-targeting anticancer therapy are being devel-
oped, including inhibition of survivin expression, destabilization
of the survivin protein, and interaction with other oncoproteins.**
YM155 is a small molecule that regulates the survivin gene promo-
tor to inhibit survivin mRNA expression. It has shown significant
antiproliferative, antimetastatic, and apoptosis induction activi-
ties in preclinical investigations.’**® However, YM155 has failed
to show significant anticancer effects in phase Il clinical trials of
several cancers.!”?! Recent studies have suggested that YM155
anticancer activity is partially due to mechanisms unrelated to
survivin expression suppression, including downregulation of Mcl
and DNA damage.?#2% LY2181308 is an antisense oligonucleotide
targeting survivin mRNA that shows apoptotic effects in cancer
cell lines.?*?> However, a phase Il clinical trial of this agent has
not indicated beneficial anticancer effects in patients with pros-
tate cancer.?® Small molecules targeting the survivin dimeriza-
tion domain can induce survivin destabilization and degradation.
Although several of these small molecules have shown significant
anticancer effects through survivin degradation in vitro and in
vivo, there have been no reports regarding this type of agent pro-
ceeding to clinical studies.?’*° For cancer-specific diagnosis, we
have recently reported several radioiodinated small molecules tar-
geting the survivin dimer site as nuclear medicine imaging agents;
however, these agents have limitations, such as the lack of in vivo
pharmacokinetics and specificity.3'%?

Survivin contains a single N-terminal baculovirus IAP repeat
domain linked to a long C-terminal a-helix coiled domain.®® In

solution, purified survivin exists in a bow tie-shaped dimerization

form.3%34 Both dimer and monomer survivin have been implicated
in the inhibition of apoptosis, although the detailed dimer-mono-
mer balance regulation has not yet been elucidated.®> However,
survivin plays an essential role in CPC as a monomer that binds
to INCENP and Borealin at the C-terminal helical coiled-coil do-
main of survivin.* Accordingly, we suggest that survivin-binding
molecules targeting the C-terminal domain of survivin enable both
monomer and dimer states of survivin, which could not intrinsi-
cally be achieved by survivin dimer-targeting agents. Currently, no
reports of molecules that have binding affinity to the C-terminal
helical domain of survivin are available. As mentioned above, sur-
vivin forms a CPC with INCENP and Borealin; single anomalous
dispersion (SAD) data have revealed that each specific amino acid
sequence of INCENP and Borealin binds to the survivin protein
(Figure 1). According to this report, we hypothesized that INCENP
and Borealin protein segments can be scaffolds for targeting both
monomer and dimer states of survivin. Here, we selected INCENP
protein segments for a pilot study to develop survivin-targeting
agents. Jeyaprakash et al have reported that the first 58 amino
acids of INCENP can form a complex with survivin; several spe-
cific amino acid sequences directly interact electrostatically with
survivin by the SAD method, as indicated in brown letters in
Figure 1.%¢ We designed several INCENP-derived small peptides
(INC peptides) that contain the amino acids directly interacting
with survivin. In the present study, INC peptides were developed
and evaluated as survivin-targeting agents for imaging and for
cancer treatment.

2 | MATERIALS AND METHODS
2.1 | General information

All reagents were commercial products and were used without
further purification, unless otherwise indicated. Fluorescein
isothiocyanate isomer | was purchased from Sigma-Aldrich.
N-9-fluorenylmethoxycarbonyl (Fmoc)-e-Ahx-OH was obtained
from Merck Millipore. Other Fmoc amino acids, HBTU, HOBt,
and Fmoc-NH SAL resin were purchased from Watanabe Chemical
Industries. Mass spectra were obtained with MALDI-time-of-
flight mass spectrometry (TOF-MS) using Ultraflex MALDI-TOF/
TOFMS (Bruker Daltonics). The HPLC analysis was undertaken
using a Shimadzu HPLC system (LC-10AT pump with SPD-10A
UV detector, A = 254 nm). A Multi-mode Reader (Cytation3;
Biotek) was used for measurement of absorbance and

fluorescence.

2.2 | Peptide synthesis

All peptides were synthesized by a stepwise solid-phase method
using Fmoc chemistry with Fmoc-amino acid on 100150 mg Fmoc-

NH-SAL resin (0.55 mmol amine/g resin). The resin was first soaked
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FIGURE 1 Crystal structure of the survivin-Borealin-inner centromere protein (INCENP) core complex and the INCENP protein segment
interacting with survivin. Brown characters indicate amino acids that directly bind to survivin through an electrostatic interaction. INCENP-
derived small peptides (INC peptides) possessing sequences of INCENP protein segments (7-47) were designed as survivin-targeting agents.
2Crystal structure referred from Protein Data Bank (PDB) (2QFA). bCrystal structure referred from PDB (1F3H)

for 18 hours in dimethylformamide (DMF). The Fmoc group was
then deprotected with 20% (v/v) piperidine in DMF. After remov-
ing and washing out piperidine, Fmoc-amino acid (3 equiv), HBTU/
HOBt (3 equiv), and N,N-diisopropylethylamine (DIPEA) (6 equiv)
dissolved in DMF (1.2 mL) were added for the coupling reaction.
For fluorescence labeling, FITC (3 equiv) and DIPEA (six equiv)
were added to the protected resin-bound peptide in DMF and re-
acted for 18 hours. Following completion of labeling, the peptide
was cleaved from the resin using TFA:H,O:triisopropyl silane:1,2-
ethanedithiol (94:2.5:1:2.5 v/v/v/v) for 90 minutes with shaking
at room temperature. After separating the peptide from the resin,
the filtrate was precipitated with chilled diethyl ether. The precipi-
tate was centrifuged at 2500 g for 5 minutes, washed with diethyl
ether 3 times, and centrifuged in between each washing step. The
crude products were purified by HPLC on a Cosmosil C,4 column
(5C,g-AR-1l, 10 x 250 mm; Nacalai Tesque) using a water (0.1%
TFA)-acetonitrile (0.1% TFA) gradient at a flow rate of 2.0 mL/min.
Each peptide was analyzed by MALDI-TOF-MS.

2.3 | Cell cultures

MDA-MB-231 cells (human breast cancer cells) and MCF-10A cells
(human breast nontumorigenic epithelial cells) were purchased
from ATCC. MIA PaCa-2 cells (human pancreatic cancer cells) were
purchased from the Riken BioResource Research Center (BRC).
MDA-MB-231 cells and MIA PaCa-2 cells were cultured in DMEM
(low glucose) supplemented with 10% FBS. MCF-10A cells were
grown in DMEM/F-12 supplemented with 5% horse serum, 20 ng/
mL epidermal growth factor, 10 pg/mL insulin, and 0.5 pg/mL hydro-
cortisone. All media were supplemented with 100 IU/mL penicillin
and 100 pg/mL streptomycin. Cells were maintained in a humidified
5% CO, incubator at 37°C.

2.4 | Saturation binding assay of peptides to
recombinant survivin protein

Recombinant human survivin was expressed and purified as previ-
ously described.?” Kinetic analyses were undertaken with the quartz
crystal microbalance (QCM) system (Affinix Q; Initium). The survivin
protein (40 pug/mL) was immobilized on the gold electrode of the
sensor chip by amide bonds. The sensor chip was set on the QCM
apparatus and soaked in buffer. An 8 uL aliquot of 10-256 pumol Lt
INC peptide was sequentially injected into the cuvette. Frequency
changes were monitored over time. The kinetic analysis was carried
out by AQUA version 1.3 software (Initium).

2.5 | Confocal fluorescence imaging of cells with
FITC-INC,, ,,

Cultured MDA-MB-231 and MCF-10A cells were fixed with formal-
dehyde and permeabilized with Triton X-100. The cells were then in-
cubated with FITC-INC,, ,, (10 pmol LY for 2 hours and later washed
with PBS. Immunofluorescence staining was carried out using mouse
antisurvivin mAb (D8; Santa Cruz Biotechnology) as a primary Ab and
Alexa Fluor 633 goat anti-mouse IgG(H + L) (Thermo Fisher Scientific
Inc) as a secondary Ab. Fluorescence images were captured by a con-
focal laser scanning microscope (LSM710; Carl Zeiss) with excitation
A = 488 nm and emission A = 494-601 nm for FITC, and excitation

A =633 nm and emission A = 639-758 nm for survivin.

2.6 | Western blot analysis

Cells were incubated with or without 1-50 umol L'? of r9-INC,, ,, for

48 hours, harvested, washed with PBS, and lysed for western blot analysis
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to examine the expression levels of survivin and cleaved caspase-3. The
equivalent protein was subjected to 15% SDS/PAGE, electrophoresed,
and transferred on to a PVDF membrane. After blocking with 5% skim
milk in TBS and washing, the membrane was incubated for 12 hours at
4°C with the following mAbs: mouse antisurvivin Ab (D8; Santa Cruz
Biotechnology), mouse anticaspase-3 (3G2; Cell Signaling Technology),
or mouse anti-p-actin Ab (2F1-1; BioLegend). After washing 3 times
with PBS containing 0.1% Tween-20, the membrane was incubated with
peroxidase-labeled secondary Ab (goat anti-mouse IgG-HRP; Santa Cruz
Biotechnology). Chemiluminescent signals on the membranes were de-

tected with the ChemiDoc Touch Imaging System (Bio-Rad).

2.7 | Cell proliferation assay

Cell proliferation was analyzed by MTT incorporation assay. Cells
were plated on multiwell plates and treated with either the experi-
mental compounds or the solvent 1% DMSO alone for 48 hours. MTT
was added to the cells for 4 hours. Cells were then lysed in DMSO.
Proliferation was assessed by measuring optical density readings at
570 nm (correction length, 650 nm) using Cytation3. Percentage vi-
ability was calculated by using 1% DMSO-treated cells as 100%.

2.8 | Flow cytometry

MIA PaCa-2 cells were plated into 6-well plates at 2 x 10° cells per well
and cultured for 24 hours. Then the cells were treated with r9-INC,, ,,
(10 or 50 umol L) or the solvent 1% DMSO alone for 24 hours at 37°C.
After trypsinization, cells were collected and centrifuged at 1000 g
for 5 minutes. Following a PBS wash, cells were suspended in binding
buffer. Cells were stained with annexin V-FITC/propidium iodide (PI)
(MEBCYTO Apoptosis Kit; MBL Life Science) for 15 minutes in the dark.

The cell pellets were analyzed by flow cytometry (BD Biosciences).

2.9 | Statistical analysis

The MTT assay of each cell line, western blot data of survivin protein
in MIA PaCa-2 cells, and western blot data of cleaved caspase-3 were
statistically analyzed using the Kruskal-Wallis test with Dunn’s multi-
ple comparison post hoc test. Western blot data of survivin expression
in MIA PaCa-2 cells were statistically analyzed using Student’s t test as
shown. A P value less than .05 was considered statistically significant.

3 | RESULTS

3.1 | Synthesis and binding affinity assessment of
INC peptides

Residues 7-47 of INCENP bind to survivin through an electrostatic inter-

action.®® Therefore, we designed 7- or 8-residue small peptides derived

from INCENP protein segments (7-47) to discover scaffolds for new
survivin-targeting agents. All peptides were synthesized by Fmoc solid-
phase methods using HBTU/HOBt as coupling reagents. The crude pep-
tides were purified by reversed-phase HPLC. The purified peptides were
identified as target peptides by MALDI-TOF-MS (Table S1).

The binding affinities of the INC peptides to recombinant human
survivin were evaluated by QCM; QCM is a highly sensitive and ac-
curate mass measuring technique based on the linear decrease in
resonance frequency in response to mass increase on a QCM plate
at the nanogram level. This method has been used for the assess-
ment of small molecule binding affinity to biomolecules.®?%7 All
INC peptides bound to survivin, indicating saturation and fitting
well with the one binding site model (Figure S1A-F). The K, values
for each compound were calculated from the frequency changes
of the QCM plate, which ranged from 91.4 to 255 nmol L't and
INC,,,, (DQKLMEF-NH,) showed the highest binding affinity
(Ky=91.4 nmol L)) among the INC peptides, as illustrated in Table 1.

3.2 | Synthesis and binding affinity assessment of
INC,,_,, derivatives

As INC, , ,, has the highest affinity to survivin, we further developed
INC, , ,, derivatives. The peptide synthesis and identification were un-
dertaken following the procedure described above (Table S2). These
INC,,,, derivatives also showed saturation and fitted well with the
one binding site model (Figure S1G-I). Both INC,, ,, and INC,, ,,,
which have longer sequences than INC,, ,,, showed moderate binding
affinities (K, = 248 and 160 nmol [ respectively), as shown in Table 2.
The nnINC, , ,,, with leucine displaced by an unnatural amino acid, cy-
cloleucine, showed comparable binding affinity (K, = 97.1 nmol LY to
survivin with INC,, ,,. However, none of the INC, ,, derivatives had
significantly higher binding affinity to survivin than INC,, ,,.

3.3 | Binding characteristics of INC,, ,,
derived peptides

Next, we undertook a detailed evaluation of INC,,,, based

peptides as survivin-targeting agents for cancer diagnosis and/

TABLE 1 Dissociation constant (Kd) values of inner centromere
protein-derived small peptides (INC peptides) for survivin,
determined by quartz crystal microbalance assay

INC peptides Sequence K, (nmol LY
INC,.1, GPIHLLEL-NH, 214 + 46.3
INCy4.25 DQKLMEF-NH, 91.4+4.86
INCy; 50 LCNMDNKD-NH, 117 + 19.4
INC,. 54 DNKDLVWL-NH, 255+ 23.0
INC3; 35 LVWLEEIQ-NH, 108 £ 14.7
INC;o 47 EEAERMFTR-NH, 135+31.1

Note: Values are mean + SEM (n = 3-5).
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TABLE 2 Dissociation constant (K,) values of inner centromere
protein-derived small peptide (INC),, ,, derivatives for survivin
determined by quartz crystal microbalance assay

INC peptides Sequence?® :<ndmol LY
INC,5 5, CDQKLMEF-NH, 248 + 61.0
INC ¢ 54 DQKLMEFLCNMDNKDLVWL-NH, 160 + 40.3
nnINC,, -, DQKcLMEF-NH, 971+24.3
scINC,, 5, QLDMFKE-NH, >300
FITC-INC,, ,,  FITC-X-DQKLMEF-NH, 66.0+11.9
r9-INC,, », Ac-rrrrrrrrr-X-DQKLMEF-NH,, 68.2+4.44
r9-scINC,4 ,, Ac-rrrrrrrrr-X-QLDMFKE-NH,, >1000

Note: Values are mean + SEM (n = 3-5).
Abbreviations: cL, cycloleucine; X, 6-aminohexanoic acid.

@p-amino acids are denoted in lowercase.

or therapy. First, we prepared a scrambled peptide, scINC,,.
22> Containing the same amino acids as INC,, ,, but in random
order, to assess the sequence selectivity of INC,, ., to survivin
(Table S2). Figure 2 shows the representative QCM sensorgram
of the binding interactions between INC peptides and QCM
electrodes coated with survivin. INC,, ,, strongly responded
to survivin in a dose-dependent manner, whereas scINC,, ,,
showed negligible response to survivin (Figure 2A). The binding
affinity of scINC,,_,, to survivin (K; > 300 nmol LY was much
lower than that of INC,, ,, (Table 2), indicating sequence selec-
tivity of INC,, ,, for survivin recognition. We then evaluated
the response of INC,, ,, to human serum albumin (HSA) to as-
sess the binding interaction of INC,, ,, with other proteins; no
significant response between INC,, ,, and HSA was observed
(Figure 2B). These results indicate that INC,, ,, selectively rec-

ognizes the survivin protein.

A .
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10.00 4 2
3
4 5
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3.4 | Fluorescence microscope imaging of FITC-
INC,; 5,

To assess whether INC,, ,, derived peptides can be used as cancer
diagnostic agents, we synthesized and identified a FITC-labeled INC, ,_
5, derivative (FITC-INC,, ,,), as shown in Table S1. The FITC-INC,, ,,
showed comparable binding affinity for survivin (K, = 66.0 nmol LY
as INC,, ,, (Table 2). The cellular localization of FITC-INC, ,, was ex-
amined using 3 cell lines (MDA-MB-231, MIA PaCa-2, and MCF-10A)
showing varied protein expression levels of survivin. The MDA-MB-231
(human breast carcinoma cell line) and MIA PaCa-2 cells (human pan-
creatic carcinoma) are known to have high expression levels of sur-
vivin, whereas MCF-10A (human breast nontumorigenic epithelial cell
line) has shown low expression levels of survivin.®® First, we confirmed
the high expression of survivin in MDA-MB-231 and MIA PaCa-2 cells,
whereas poor expression of survivin was detected in MCF-10A cells
(Figure S2). The confocal microscopy images displayed significant
FITC-INC, ,, signal in the survivin-positive regions of MDA-MB-231
(Figure 3A) and MIA PaCa-2 cells (Figure S3). Nonetheless, negligible
FITC-INC, ,, fluorescent signals were observed in the MCF-10A cells
(Figure 3B). Furthermore, quantitative line analysis indicated that FITC-
INC,,_,, accumulation in cells correlated well with survivin expression
levels (Figure 3C). However, the accumulation of FITC-INC, , ,, in MCF-
10A cells was significantly lower compared with that in MDA-MB-231
cells (Figure 3D). These results indicate that FITC-INC,, ,, can recog-

nize the cellular survivin protein.
3.5 | Evaluation of r9-INC,, ,, as anticancer agents
Even small peptides may not readily penetrate cell membranes;

therefore, we designed and synthesized cell-permeable p-Arg non-

amer-fused INC,, ., (r9-INC,, ,,), aiming to apply an intracellular

B
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FIGURE 2 Kinetic analyses of the binding between survivin or human serum albumin (HSA) and inner centromere protein-derived small
peptides (INC peptides) using the quartz crystal microbalance apparatus. Time course of the frequency change of the survivin-immobilized
(A) or HSA-immobilized (B) sensor chip, responding to the addition of INC,, ,, (red line) or scINC, , ,, (black line). Various concentrations

of INC,, ,, were added to the cuvette. The resulting overall concentrations of INC,  ,, in the cuvette were as follows: 1, 10 nmol L'%; 2,

25 nmol L'%; 3, 47.5 nmol L'} 4, 81.3 nmol L'} 5, 131.9 nmol L' 6, 207.8 nmol LY 7, 321.7 nmol LY; 8, 492.6 nmol LY 9, 748.9 nmol L2
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FIGURE 3 Representative confocal fluorescence microscopy images of FITC- inner centromere protein-derived small peptide (INC),, ,,
(10 pmol LY and survivin protein expression levels in MDA-MB-231 (A) and MCF-10A cells (B). Cells labeled with FITC-INC,, ,, are shown
in green, and cells stained for survivin protein expression with mAb D-8 to survivin (AF633) are shown in red. Merged images are presented
with colocalization of FITC-INC, ,, accumulation and survivin. Scale bar = 100 pum. Line analysis of fluorescence images of FITC-INC,, ,,
and survivin protein expression levels in MDA-MB-231 (C) and MCF-10A (D) cells (yellow arrow in A and B, respectively). Green line and red

line represent FITC-INC,, ,, and survivin protein level, respectively

survivin-targeting agent. The synthesized r9-INC,, ,, was purified
and identified as shown in Table S1. The QCM assay indicated that
r9-INC,, ,, well-fitted the one binding site model (Figure S1J) and
showed higher binding affinity to survivin (K; = 68.2 nmol LY com-
pared with that of INC,, ,,. The r9-INC,, ,, strongly responded to
survivin in a dose-dependent manner, whereas a scrambled peptide,
r9-scINC,, ,,, showed negligible response to survivin (Table 2 and
Figure S4A). There was no significant response between r9-INC,, -,
and HSA (Figure S4B). These results indicate that r9-INC,, ,, se-
lectively recognizes the survivin protein, as in the case of INC, ,,.
Next, we tested the ability of r9-INC,, ,, to inhibit cell proliferation
by MTT assay. A small molecule survivin inhibitor, 512,%7 was also
used to compare the anticancer effects with r9-INC,, ,,. Three cell
lines (MDA-MB-231, MIA PaCa-2, and MCF-10A cells) were treated
with 1, 10, or 100 pmol Lt r9-INC,, ,, for 48 hours. Interestingly, the
inhibitory effect on cell proliferation by r9-INC, ,, was quite differ-
ent between the cancer cell lines. The proliferation of MDA-MB-231
cells was significantly inhibited (40% and 61% inhibition, respec-
tively) at only high concentrations (10 and 100 pmol L)) of r9-
INC,,,, (Figure 4A). However, the proliferation of MIA PaCa-2 cells
was significantly inhibited, even at 1 pmol L'? of r9-INC,, ,, (52%
inhibition), as shown in Figure 4B. Similarly, S12 showed no prolif-
eration inhibitory effect to MDA-MB-231 cells, whereas it signifi-
cantly inhibited the proliferation of MIA PaCa-2 cells at 1 pmol Lt
(60% inhibition). Overall, r9-INC,, ,, showed stronger antiprolifera-

tive activity against 2 cancer cell lines than S12 (Figure 4A,B). The

scrambled peptide, r9-scINC,, ,,, showed no significant antiprolif-
erative effect on the 2 cancer cell lines (Figure 4A,B). No marked an-
tiproliferative effect of r9-INC,, ,, on MCF-10A cells was observed
(Figure 4C). These results indicate that r9-INC,, ,, has a significant
antiproliferative effect only in cells highly expressing survivinin a se-
quence selective manner, and its antiproliferative effect appears to
be stronger than that of S12. To assess the mechanism of the differ-
ential antiproliferative effect to MDA-MB-231 and MIA PaCa-2 by
r9-INC,, ,,, the survivin protein levels of these cancer cells before
and after treatment with the peptide were examined by western blot
analysis. Neither the treatment with r9-INC,, ,, at a concentration
of 10 pmol L' nor at 40 pmol L™ showed any significant decrease in
the protein expression levels of survivin in the MDA-MB-231 cells
(P>.999 and P = .912, respectively), compared to the vehicle control
(Figure 5A). However, this peptide apparently reduced the protein
level (P =.366) in MIA PaCa-2 cells, although without statistical sig-
nificance (Figure 5B). To assess the intracellular apoptotic events,
the MIA PaCa-2 cells were treated with r9-INC,, ,, and the cell
lysates were subjected to western blot analysis. The results show
that the expression of cleaved caspase-3 was significantly increased
in the cells treated with r9-INC,, ,,, even at 10 umol (I compared
to the untreated cells (Figure 6). Next, we evaluated whether r9-
INC,, ,, showed apoptosis and necrosis effects on cancer cells. MIA
PaCa-2 cells were treated with r9-INC, , ,, for 24 hours, stained with
annexin V-FITC/PI, and examined by flow cytometry. As shown in

Figure 7, the percentage of early apoptosis rates were 52.4% and
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49.6% when MIA PaCa-2 cells were treated with 10 and 50 pmol L™ 4 | DISCUSSION
r9-INC,, ,,, respectively, compared with the control groups. The

late apoptosis and necrosis rates of the cells were 29.4% and 44.2% Survivin is highly expressed in most cancer types but is undetectable
at 10 and 50 pmol Lt r9-INC,, ,,, respectively. These results sug- in nondividing tissues.>*% Accordingly, survivin has been considered
gest that r9-INC,, ,, showed cytotoxicity to cancer cells by inducing an ideal target for the specific diagnosis and treatment of cancers.

apoptosis. Various survivin-targeting agents have been developed, such as
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small molecules and antisense oligonucleotides that suppress sur-
vivin expression, destabilize the survivin protein, or disrupt interac-
tions with other oncoproteins.’* However, there are currently no
available survivin-targeting agents for the diagnosis and treatment
of cancer in clinical practice.

We discovered novel survivin-targeting peptides, derived
from the INCENP protein sequence, that directly interact with the
survivin protein. Our study provides a proof of concept that the
C-terminal helical coiled-coil domain of survivin can be a prospec-
tive target site for drug development. In our study, short peptide
INC, , ,,, consisting of only 7 amino acids, showed the highest bind-
ing affinity to survivin. Although the reason is unclear, it is sug-
gested that residues 16-22 of the INCENP protein are especially
important for the binding to survivin. Our study provided valuable
information for the further development of coiled-coil drug dis-
covery targets for survivin. Confocal microscope images showed
fluorescence signals of FITC-labeled INC,, ,, corresponding to the
expression of survivin protein in the cells (Figures 3 and S3), indi-
cating that INC peptides can be applied to survivin-targeting can-
cerimaging agents. There was a partly inconsistent accumulation of
FITC-INC,,_,, in the survivin-expressing regions in MDA-MB-231
(Figure 3) and MIA PaCa-2 cells (Figure S3), which might be due to

lower binding affinity of the peptide (K; = 66.0 nmol LY for the
survivin protein.

Both dimer and monomer survivin can inhibit caspase-depen-
dent apoptosis.®> Small molecules that bind the survivin dimeriza-
tion interface, such as S12 and LQZ-7F, can be prospective candidate
anticancer agents?”%°; however, these ligands cannot intrinsically
bind to the monomer survivin. As the putative binding site of INC
peptides is located on the C terminus a-helix region of survivin,
these peptides could bind to both dimer and monomer survivin.
Regarding this aspect, INC peptides are superior to binders to the
dimerization interface of survivin. Indeed, r9-INC,, ,, showed rel-
atively higher antiproliferative effects in cancer cells than those of
S12 (Figure 4). Consistent with previous reports,*® our study also
indicated a difference in the antiproliferative activity of r9-INC,, ,,
between MDA-MB-231 and MIA PaCa-2 cells. The antiproliferative
effect of LQZ-7F on cancer cells has been associated with survivin
protein levels. In this study, r9-IN,, ,, showed a stronger antipro-
liferative effect on MIA PaCa-2 cells than on MDA-MB-231 cells.
Survivin protein levels were consistently reduced in MIA PaCa-2
cells, but not in MDA-MB-231 cells (Figure 5). It has been reported
that survivin dimer site ligands cause degradation of survivin by

the proteasome or by autophagy.3®% It is unclear why r9-IN, 4 -,
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induced stronger survivin degradation in MIA PaCa-2 cells than in
MDA-MB-231 cells; however, the stability of survivin in regards to
the proteasome could be cell-type specific. On the contrary, we ob-
served significant apoptotic effects in response to treatment with
r9-INC,, ,, at 10 and 50 pmol L'! concentrations, with increased
expression of cleaved caspase-3 (Figure 6) and increased number
of annexin V-FITC/Pl-positive cells in MIA PaCa-2 cells (Figure 7).
However, treatment with 40 pmol L r9-INC,, ,, could not induce
significant survivin degradation in MIA PaCa-2 cells. Therefore, the
cytotoxicity of r9-INC, ,, might be caused mainly by the disruption
of the survivin-mediated antiapoptosis function and partly because
of the direct degradation of the survivin protein. The antiprolifera-
tive effects of r9-INC, ,, could be responsible for inhibiting the sta-
bilization of XIAP as well as the apoptotic effects of Smac/DIABLO
that can induce the production of cleaved caspase-3.”” In addition,
r9-INC,,,, treatment might interrupt CPC-mediated regulation
of the cell division'® to inhibit cell proliferation. Although the pu-
tative r9-INC,, ,, binding site of survivin (residues 110-117)% has
not been reported as the direct binding site for intracellular proteins
other than INCENP and Borealin, it is possible that the binding of
r9-INC,, ,, could cause a change in the conformation of survivin
that can disturb its interaction with other proteins, such as XIAP and
Smac/DIABLO. Clearly, further studies are needed to develop INC
peptide derivatives with special amino acids, such as unusual and
nonnatural amino acids or peptidomimetics, to overcome the meta-
bolic stability. Nevertheless, we have discovered a novel scaffold for
the development of peptide-based survivin-targeting molecules for
clinically available agents for cancer diagnosis and treatment.

In conclusion, we designed and synthesized small 7-19 residue
peptides as survivin-targeting agents for cancer imaging and ther-
apy. Among them, INC,, ,, showed the strongest binding affin-
ity (91.4 nmol LY to the survivin protein; FITC-INC,,,, showed
consistent localization with survivin expression levels in cell lines.
Exposure to r9-INC,, ,, showed antiproliferative effects with pro-
nounced apoptosis in MIA PaCa-2 cells. Our findings suggest that
INC peptides can be useful scaffolds for novel cancer theranostic
agents.
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