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Isolation and purification of novel peptides derived from
Sepia ink: Effects on apoptosis of prostate cancer cell PC-3
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Abstract. Novel prostate cancer therapeutics are in high
demand. In order to identify potential therapeutic targets,
protein from sepia ink was hydrolyzed by utilizing pepsin in
an orthogonal array design. Pepsin hydrolysate (SH) obtained
at optimal conditions exhibited the highest antitumor activity.
Subsequently, a novel antitumor peptide, which was termed SHP,
was isolated through ultrafiltration, gel filtration chromatography
and reversed phase high-performance liquid chromatography.
The amino acid sequence of SHP was identified as Leu-Lys-
Glu-Glu-Asn-Arg-Arg-Arg-Arg-Asp with a molecular mass of
1371.53 Da. The results of the proliferation assay revealed that
SHP significantly inhibited the proliferation of PC-3 cells in a
time- and dose-dependent manner. Acridine orange/ethidium
bromide staining indicated significant SHP-induced apoptosis.
Furthermore, Annexin V/PI double-staining assays revealed that
the percentage of early- stage apoptotic cells increased from 8.85
to 29% following PC-3 exposure to 5, 10 and 15 mg/ml SHP for
24 h. SHP-induced apoptosis was accompanied by the activation
of cellular tumor antigen p53 and caspase-3, the upregulation of
apoptosis regulator BAX, and the downregulation of apoptosis
regulator Bcl-2. These findings suggest that SHP is a novel
inducer of apoptosis in vitro and merits further investigation as a
possible therapeutic agent for the treatment of cancer.

Introduction

Prostate cancer (Pca) is not only the most frequently diagnosed
cancer in men (excluding skin cancer), but it is also the second
leading cause of cancer-related deaths of men in the western
world (1).

Watchful waiting, active surveillance radical prostatec-
tomy, and radiotherapy are currently the main treatments for
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non-metastatic Pca. These treatments, however, are not suitable
for metastatic Pca. Further, no definitive strategy regarding the
treatment choice (which drug/drug family to apply first) has
been devised. Effective medical management with the highest
efficacy and a lowest frequency of side-effects is the major
goal of therapy (2,3).

The development of novel and potent therapeutics that
selectively target the growth of tumor cells, but do not affect
normal cells, during the treatment process, is an important
goal. Bioactive peptides isolated from marine animals, such
as the sea hare, cod, squid, plaice, tuna dark muscle, japonicas
backbone, salmon, Nemipterus, and shrimp shell (4,5), exhibit
anti-tumor activity via inhibition of of cell proliferation in vitro.

Sepia is a genus of cuttlefish (in the Cephalopoda class)
thatutilizes a dark ink as a defensive weapon when threat-
ened. In traditional Chinese medicine, sepia ink has been
used for thousands of years to maintain hemostasis (6).
Bioactive materials from sepia ink possess anti-oxidant (7,8),
anti-retrovirus (9), anti-bacterial (10), anti-hypertensive (11),
and most importantly, anti-tumor activities. For example,
squid ink ameliorates chemotherapeutic injury induced by
cyclophosphamide in mice and rats (12-15). Moreover, in the
1990s, Japanese researchers discovered that bioactive mate-
rials obtained from sepia ink have anti-tumor activity (16,17)
and the glycosaminoglycan-like polysaccharides are also
potential candidate compounds for the prevention of tumor
metastasis (18). Furthermore, a peptidoglycan isolated from
squid ink w inhibits the proliferation of DU-145 and PC-3 Pca
cells via apoptosis and antitumor mechanisms, resulting in an
increased expression of caspase-3 mRNA, with concurrent
decreases in the expression of Bcl-2 mRNA, and lower COX-2
and VEGF protein content levels (19). Enzymolysis was
recently applied to obtain a tripeptide from sepia ink that was
found to inhibit the proliferation of Pca cell lines and induce
apoptosis through a Bcl-2/Bax-mediated mechanism (20,21).

Certain peptides improve immune responses, inhibit tumor
angiogenesis and metastasis of tumor cells, directly eradicate
tumor cells, induce tumor cell apoptosis, and arrest the cell
cycle (22). In the present study, the preparation conditions of
pepsin hydrolysates from sepia ink was optimized and subse-
quently its anti-tumor activity was analyzed. Furthermore, the
amino acid sequence of a novel bioactive polypeptide (SHP)
isolated from the pepsin enzyme extract was determined and
its ability to induce apoptosis was investigated. The results
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of this study provide a basic theory for developing novel
anti-tumor agents against Pca.

Materials and methods

Meterials. Sepia ink (sepia esculenta) was purchased from
Nanzhen Market (Zhoushan, China), and authenticated by Prof.
Sheng-Long Zhao (Zhejiang Ocean University, Zhoushan,
China).

Pepsin was purchased from Shanghai Ruji Biological
Technology Co., Ltd., China. Sephadex G-25 was purchased
from YTHX Biotechnology Co., Ltd. (Beijing, China). The
ultrafiltration membrane was purchased from Shanghai Mosu
Scientific Equipment (China). Acetonitrile was of LC grade and
purchased from Oceanpak Scientific Co., Ltd. (Sweden). CCK-8
assay kit was purchased from Dojindo Laboratories (Japan).
Annexin V-FITCC cell apoptosis test kit was purchased from
Best Bio (Beijing, China). Rabbit polyclonal antibodies against
p53, Caspase-3, Bcl-2, Bax and HRP-conjugated secondary anti-
bodies were purchased from Celling Signaling (Beijing, China).
PVDF membrane was purchased from Bio Rad (USA). All other
reagents used in the experiment were of the analytica grade.

Preparation of enzym hydrolysate of Sepia ink. The sepia
ink was separated manually and homogenated by high-speed
tissue-masher (Shanghai YouYi limited company, Shanghai,
China), as described previously (23). The optimum hydrolysis
condition was determined using an orthogonal array design
(Table T). An additional orthogonal array design (L16(4%)) was
applied to optimize the enzymolysis conditions, which consisted
of material/distilled water, pH, enzyme dose, enzymolysis
temperature, and enzymolysis time. The hydrolysates prepared
with Pepsin were inactivated at 95°C for 15 min and centrifuged
at 12,000 rpm/min for 10 min (Hitachi Koki Co., Ltd., Japan).
Supernatants were lyophilized and stored at -20°C.

Purification of anti-cancer peptides from Sepia ink hydro-
lysate (SH). SH solutions were fractionated into five groups
using four different molecular weight cut-off membranes
of 10, 5, 3, 1 kD at 0.2 MPa, 25C. Fractions were collected
and named as SH-1, SH-2, SH-3, SH-4, and SH-5 and their
MW ranges were: <1, 1-3, 3-5, 5-10 and >10 kDa, respec-
tively. Lyophilized SH-2 (120 mg) was re-suspended in 2 ml
distilled water and loaded onto a Sephadex G-25 gel filtration
column (2.6x65 cm), which was pr-equilibrated and eluted
with distilled water at a flow rate of 1.8 ml/min. The elution
solution was collected at 2 min intervals and monitored at
220 nm; three peaks (SH-2-1, SH-2-2, SH-2-3) were pooled
and lyophilised. A subfraction of SH-2-2 was further separated
by reversed-phase high Performance Liquid Chromatography
(RP-HPLC, Agilent 1260 HPLC, Agilent Ltd., USA) on a
Xbridge BEH130 C18 column (4.6x250 mm, 5 ym particle
size, Waters Scientific, USA) with a linear gradient of aceto-
nitrile at a flow rate of 1.0 ml/min, which was equilibrated
by 0.1% trifluoroacetic acid (TFA) in water. The elution
(SHP) was monitored at 220 nm, collected, and lyophilized.
Finally, the amino acid sequences of the purified peptides was
sequenced on a Shimadzu PPSQ-31A automated gas-phase
sequencer (Shimadzu, Kyoto, Japan). The purified peptides
were dissolved in 10 ul of a 37% CH,CN (v/v) solution and
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then applied to TFA-treated glass fiber membranes, precycled
with Polybrene (Shimadzu Corporation).

Cell culture. Prostate cancer cells line PC-3 was obtained from
the China cell bank of the Institute of Biochemistry and Cell
Biology and cultured in F12 medium (Gibco, USA) supple-
mented with 10% Fetal Calf Serum (FCS), 100 U/ml penicillin
G sodium, and 100 mg/ml streptomycin sulfate in a humidified
5% CO, atmosphere at 37°C.

Cell proliferation assay. Cell proliferation was analyzed by Cell
Counting Kit-8 (CCK-8) assay, Briefly, exponentially growing
cells, at a density of 1x10* cells/100 ul well in 96-well plates,
were treated with different concentrations (5, 10, 15, 20 mg/ml)
of SHP in complete medium or medium alone. CCK-8 was
added to each well containing 200 yul of the culture medium 24,
48, and 72 h later and were then incubated at 37°C in a humidi-
fied 5% CO, atmosphere for 4-5 h. Absorbance was measured
at 450 nm by a microplate reader (Bio-Rad, USA). All experi-
ments were performed in triplicate and repeated three times.
The percentage inhibition of cell proliferation was calcu-
lated as follows:
inhibition(%) = [(OD

OD ey men )/(OD 01— OD )% 100%]

control control
Morphologic observations. The apoptotic morphologic
changes were observed through the AO/EB staining (Acridine
orange/Ethidium bromide) method, as described previ-
ously (24). PC-3 cells in logarithmic growth phase were plated
at a final concentration of 1x10° cells/well and incubated for
24 h. Adherent cells were inoculated with 2 ml/well of varying
concentrations (5, 10, and 15 mg/ml) of SHP. F12 medium
(10% FCS) was used as a control. The supernatant was aspi-
rated and a AO/EB mixture [20 ul, containing 100 xg/ml AO
and 100 ug/ml EB in phosphate buffered saline (PBS)] was
added to the cells for 24 h and observed under a fluorescence
microscope (Olympus, Japan).

Cell apoptosis analysis. PC-3 cells were seeded in six-well
plates, grown for 24 h before, exposed to SHP (0,5, 10,
15 mg/ml) and collected 24 h later, centrifuged, washed twice
with cold PBS and stained with annexin V-FITC and PI at
room temperature for 15 min in the dark. After incubation,
1X binding buffer was added to each tube and then the cells
were immediately analyzed by FACS Calibur flow cytometry
(Becton Dickinson, NY, USA).

Western blot analysis. PC-3cells (2x10° cells/ml) were
co-cultured with different concentrations of SHP and harvested
after 24 h. The cells lysates were prepared with RIPA buffer
(20 mmol/I (PH7.5), 150 mmol/l1 NaCl, 1% Triton X-100, sodium
pyrophosphate, and EDTA) and collected via centrifugation.
Equal amounts of protein were subjected to electrophoresis
on 10 or 12% sodium dodecyl sulfate-polyacrylamide gels
and transferred to a PVDF membrane. The membrane were
incubated with primary antibody (p53, Bax, Bcl-2, Caspase3,
[B-actin) in 0.1% BSA at 4°C overnight after blocked 5% dried
skilled milk, then rinsed, incubated with secondary antibody
at room temperature for 2 h, and rinsed again. Signals were
detected by enhanced chemiluminescence (ECL).
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Table I. Orthogonal array design mateix L16(4%) and experimental results for optimization of the enzymolysis conditions

(C=10 mg/ml).

Order A B C (Ulg) D (C°) E (h) IR (%)
1 1(1:0) 1(2.0) 1 (300) 1 (30) 1(2) 36.69
2 1 2(2.5) 2 (600) 2 (35) 2(4) 3842
3 1 330 3 (900) 3 (40) 3(6) 37.14
4 1 43.5) 4 (1200) 4 (45) 4(8) 39.32
5 2(1:1) 1 2 3 4 32.94
6 2 2 1 4 3 37.75
7 2 3 4 1 2 27.78
8 2 4 3 2 1 34.16
9 3(1:2) 1 3 4 2 32.75
10 3 2 4 3 1 3943
11 3 3 1 2 4 41.38
12 3 4 2 1 3 36.95
13 4(1:3) 1 4 2 3 29.92
14 4 2 3 1 4 30.21
15 4 3 2 4 1 3447
16 4 4 1 3 2 29.38
K1 37.393 32.575 35.800 32.408 35.688
K2 33.158 36.453 35.695 35970 32.083
K3 37.628 35.193 33.565 34.723 35.440
K4 30.995 34.952 34.112 36.072 35.962
Best level A3 B2 Cl D4 E4
R 6.632 3.878 2.235 3.665 3.879
R order A>E>B>D>C
PS, A, the material water radio; B, pH; C, the enzyme dose; D, temperature; E, time. IR, the poliferation inhibition.
Statistical analysis. One- and two-way analysis of variance =24 h
(ANOVA) was used to compare the mean of each experiment. C 459 PC-3 cells 10 mg/ml
Significant differences between the means of parameters were p=
assessed by using Tukey's test (P<0.05). All experimental data E
was analyzed using SPSS18.0 statistical software. < 30 4

£
Results £

CEL 15 4
Optimization by orthogonal experimental design. Orthogonal g ] I I I l
experimental design is a collection of mathematical and statis- <
tical techniques based on the orthogonal Latin square theory 0-

. . SH-1 SH-2 SH-3 SH-4 SH-5

and group theory (25); it has been adopted as the primary Eractions ho.

tool for determining the best processing conditions. As
such, we used an orthogonal experimental method (L16(4°))
to determine the best condition to hydrolyze sepia ink with
pepsin (Table I). The factors affecting the cell proliferation of
the hydrolysate were listed in a decreasing order as follows:
A>E>B>D>C, where the material/distilled water (A) was
found to be the most important factor affecting the cell prolif-
eration inhibitory activity of the hydrolysates. The optimum
extraction condition was determined to be A3B2CI1D4E4,
that is, material/distilled water 1:2, pH was 2.5, enzyme dose
300 U/g, enzymolysis temperature 45°C, and enzymolysis time
8 h. The material/distilled water (A) of sepia ink exhibited
a significant effect (P<0.05) on the cell proliferation. Other
factors, however, had no significant influence on the cell

Figure 1. Inhibited proliferation of pepsin hydrolysates(SH)-treated
PC-3 cells. PC-3 cells were treated with 10 mg/ml SH. Cell proliferation was
measured using a CCK-8 assay at 24 h after SH treatment. SH-2 exhibited the
highest activities on PC-3 cells. All results were triplicates of mean + SD, and
each experiment performed in triplicate (n=3).

proliferation inhibitory effects. Purification characterization
of anti-cancer peptides.

Fractionation of sepia ink hydrolysate (SH). Our results revealed
that co-culture of the sepia ink hydrolysate fractions (10 mg/ml)
inhibited the proliferation of PC3 (28.75+2.13, 29.54+0.94,
32.79+1.27, 12.56+1.21%, respectively) (Fig. 1). Based on these
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Figure 2. Gel filtration chromatography of SH-2 on a sephadex G-25 column, and right panel represented the inhibition on the proliferation of PC-3 cells.
SH-2-2 demonstrated the highest anti-tumor activity. All results were triplicates of mean + SD, and each experiment performed in triplicate (n=3).
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Figure 3. The high performance liquid chromatography (HPLC) chromato-
gram of SH-2-2.

results, we utilized the SH-2 fraction for the reemaining experi-
ments as it had the greatest effect on PC3 cells growth (Fig. 2).
SH-2 was separated into three subfractions (SH-2-1, SH-2-2, and
SH-2-3). Among these subfractions, SH-2-2 (10 mg/ml) exhib-
ited the highest inhibitory activity on cell proliferation (SH-2-1,
33.89+1.53%; SH-2-2, 48.26+1.24%; SH-2-3, 40.99+2.03%).
Isolating peptides from SH-2-2 by RP-HPLC.

SH-2-2 purification was initiated using gel chromatography,
followed by separation with RP-HPLC, and then samples
constituting the peak I were collected (Fig. 3). We found that
peak I possessed significant anti-Pca activity, and named
it SHP. Its peptide sequence was obtained by N-terminal
amino acid sequencing using an Applied Biosystema
494 protein sequencer and determined to be Leu-Lys-
Glu-Glu-Asn- Arg-Arg-Arg-Arg-Asp with a molecular mass
of 1371.53 Da.

SHP inhibits the cell proliferation of PC-3 cell lines. We
assessed the inhibitory effect of SHP on the proliferation of
PC-3 cells in a CCK-8 assay (Fig. 4). SHP inhibited the growth
of PC-3 cells in a time- and concentration-dependent manner
and exhibited significant inhibitory effects at concentrations
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Figure 4. Inhibition proliferation of SHP-treated PC-3 cells. PC-3 cells were
treated with 5, 10, 15,20 mg/ml SHP. Cells proliferation was detected by using
CCK-8 at 24, 48, and 72 h after SHP treatment. All results were expressed
as mean + SD, each experiment performed in triplicate (n=3), "Significant
difference (P<0.05) between treatments with the same concentration.

of 5, 10, 15, 20 mg/ml after SHP treatment for 24,48, and 72 h
(P<0.05).

Morphologic observation by acridine orange and ethidium
bromide (AO/EB) staining. Acridine orange and ethidium
bromide (AO/EB) staining was used to identify the morpho-
logic changes in PC-3 cells following co-culture with SHP (5,
10, 15 mg/ml) for 24 h. The results demonstrated that SHP
induced clear morphologic changes normally associated with
cellular apoptosis. Fig. 5; cells stained green represent viable
cells, whereas yellow staining represents early apoptotic
cells and reddish or orange staining represents late apoptotic
cells. PC-3 cells treated with 5 mg/ml SHP showed clear
changes in cellular morphology, including membrane bleb-
bing, chromatin condensation, and fragmented nuclei (26).
Similar features were observed in PC-3 cells treated with
10 and 15 mg/ml SHP, but late-stage apoptotic activity-related
apoptotic bodies were also observed. Taken together, these
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Figure 5. Morphologic observation with acridine orange/ethidium bromide (AO/EB) staining. PC-3 cells were treated without (A) and with SHP at
5 mg/ml (B) , 10 mg/ml (C), 15 mg/ml (D). -, indicates viable cells; ---, indicates early apoptotic cells; -, indicates late apoptotic cells. Each experiment was
performed in triplicate (n=3) and generated similar morphologic features. Original magnification 400x.
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Figure 6. Flow cytometry analysis of PC-3 cells by double-labeling with Annexin-V fluorescein isothiocyanate (FITC) and PI. Quadrants: Lower left-the live
cells. Lower right-the early apoptotic cells. Upper left-the necrotic cells, and Upper right-late apoptotic cells. Percentages of early apoptotic cells were: (A)
control cells: 2.55+1.53%; (B) SHP (5 mg/ml): 8.85+1.24%; (C) SHP (10 mg/ml): 17.00+1.85%; (D) SHP (15 mg/ml): 29+1.96%. One representative FACS assay

of three independent experiments was presented.
results show the concentration-dependency of SHP for cancer
cell apoptosis.

Cellular apoptosis analysis by flow cytometry. To confirm the
observed induction of cell apoptosis by SHP, we performed

flow cytometry using the Annexin V-FITC/PI assay (Fig. 6,
lower right quadrants represent the early apoptotic cells
[Annexin V binding and propidium iodide (PI) negative]. As
shown in Fig. 6A, the majority of normal cells appeared in the
Annexin V-negative section (lower left quadrants) and PC-3
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Figure 7. PC-3 cells were treated with the indicated concentrations (5, 10, 15 mg/ml) of SHP, after 24 h, the cells were harvested, the lysates were subjected to
SDS-PAGE followed by immunoblotting for-actin, p53, Caspase-3, Bcl-2, Bax. The-actin was as the control (C-1). For the relative changes of proteins in p53,
Caspase-3 in the (C-2), (C-3), and for the changes in the ratio of Bcl-2, Bax in the (C-4). “Significant difference (P<0.05) vs. control.

cells treated with SHP (5, 10, and 15 mg/ml) increased the
Annexin V-positive cell population from 8.85 to 29% (lower
right quadrants).

Effects of SHP on apoptosis-related proteins in PC-3 cells. To
understand the mechanisms by which SHP induced apoptosis
we examined the expression of proteins typically associ-
ated with apoptosis, such as p53, caspase-3, Bcl-2, and Bax
(Fig. 7). The results indicated that SHP induced an increase
in p53 expression and caspase-3 protein levels (P<0.05).
Moreover, Bcel-2 levels were significantly downregulated
(P<0.05), whereas Bax expression was enhanced and the ratio
of Bcl-2/Bax protein levels was decreased. These findings
clearly indicate that SHP induces apoptosis in PC-3 cells via
the mitochondrial apoptotic pathway.

Discussion

The uniqueness of the marine environment, the diversity of
marine creatures, and the novelty of the structures of active
substances utilized by marine organisms has become the foun-
dation for novel research and development of marine biologic
active substances. In recent years, more and more extracts
from marine creatures have been confirmed to suppress
tumor growth. Pettit reported that one of seven peptides from
the sponge Phakellia sp., suppressed mouselymphoma P388
cells, with an EDy, of 5 mg/ml (23). Ma reported that a peptide
isolated from Bullacta exarata, possessed anti-Pca activity (26).
Yong et al and Wang et al reported that anticancer peptides
from the protein hydrolysate of Mytilus coruscus (27,28).

In the present study, we isolated polypeptides via the hydro-
lysis of sepia ink and demonstrated that one of these polypeptides,

SHP, exhibited anti-Pca proliferation and apoptosis-inducing
effects in human Pca PC-3 cells, in vitro. Although a number
of reports indicate that extracts from sepia ink have anti-tumor
properties (19-21). This is the first report to demonstrate that
polypeptides extracted from sepia ink induced apoptosis in
cancer cells. Our results clearly demonstrated that PC-3 cells
treated with SHP presented with the typical cellular morphologic
changes associated with apoptosis, such as membrane blebbing,
chromatin condensation, fragmented nuclei, and apoptotic
bodies. Moreover, Annexin V/PI double-staining assays revealed
that the percentage of early apoptotic PC-3 cells increased from
8.85 to 29.00% following treating with SHP. These results
suggest that SHP inhibits the proliferation of PC-3 cells
indirectly via mechanisms related the induction of apoptosis.
Therefore, we subsequently investigated the mechanisms of
SHP-induced apoptosis in PC-3 cells.

Our data showed an upregulation of the Bcl-2/Bax ratio.
Moreover, we found that p53 expression and caspase-3 protein
levels were increased. Bcl-2 family proteins play an important
role in the cellular apoptosis pathway. Bcl-2 and Bax, repre-
sentative pro-apoptotic and anti-apoptotic genes, respectively,
in the Bcl-2 family are strongly correlated with the induction
of apoptosis (29). Moreover, the Bcl-2/Bax ratio appeares
to be themost critical factor for inducing apoptosis (30).
Interestingly, p53, a typical tumor suppressor gene, might
affect the BCL-2/Bax ratio, thus regulating cell apoptosis
indirectly (31). Studies have shown a correlation between
p53 levels and apoptosis-related gene (anti-and pro-) proteins
expressed during cell apoptosis (32,33) and that pS3 played a
key role in the activation of apoptosis though the mitochon-
drial apoptosis pathway (34). Caspases are alsoinvolved in the
induction of apoptosis as either an initiator (caspase-3) or an
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effector (caspase-9) (35,36). Taken together, our results suggest
that SHP induced apoptosis in PC-3 cells. How SHP could
be used to specifically inhibit tumor growth without causing
a systemic imbalance in the normal cellular environment,
however, remains unknown.

In summary, our study revealed the optimized preparation
conditions for pepsin hydrolysate from sepia ink and its ability
to induce the apoptosis of PC3 cells. Our results clearly demon-
strate that the bioactive peptide SHP, whose peptide sequence
is LKEENRRRRD has a significant inhibitory effects on the
proliferation of PC-3 cells in a concentration- and time-depen-
dent manner, and can induces PC-3 cells apoptosis in vitro.
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