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Proteins of avian egg albumin have been suggested to play various biological roles during the

development of chick embryo to confer protection. Recently, we have shown that ovotransferrin (OTf),

the second major protein in egg albumin, undergoes thiol-linked autocleavage at distinct sites upon

reduction. This study explores the physiological significance of OTf autocleavage by examining the

effect of the reduced autocleaved OTf (termed rac-OTf) on modulation of cell proliferation, lethality,

and apoptosis in two human cancer cell lines, colon cancer (HCT-116) and breast cancer (MCF-7).

The rac-OTf was prepared by reduction of OTf with a non-thiol reductant (TCEP), to avoid reductive

alkylation and produce highly soluble fragments. Unlike OTf, rac-OTf remarkably inhibited the

proliferation of cancerous MCF-7 and HCT-116 cells in a dose-dependent manner, with the greatest

effect on HCT-116, but had no effect on normal human mammary epithelial cells (HMEC).

Cytofluorometric and trypan blue exclusion analyses indicated that rac-OTf exhibits cytotoxicity to

HCT-116 in a dose-dependent fashion. The cytotoxic mechanism of rac-OTf against cancer cells

was found to be induction of apoptosis as judged by changes in cell morphology, annexin-V binding,

collapse of mitochondrial membrane potential, and caspase-9 and -6 activation, indicating the

involvement of the mitochondrial pathway. This finding is the first to describe the reduction-

dependent autocleaved OTf as an anticancer molecule, providing insights into a novel physiological

function of OTf, suggesting its therapeutic potential in the treatment of human cancers and health

benefit in nutraceuticals.
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INTRODUCTION

Eggs are biological reactors that contain all necessary mole-
cules to produce chick life and thus represent an excellent example
of nature’s original functional food. Particularly, egg albumen is
loaded with many bioactive proteins, which intriguingly interact
to protect the chick embryo, that are known to promote optimal
health and have long been thought to play important roles in
disease prevention and health promotion. However, the biologi-
cal functions of key proteins of egg albumen are still poorly
understood. Hence, we are facing a big challenge to uncover the
biological activities of key proteins of egg albumen as well as the
basis of their molecular activation and to formulate novel
candidates for health foods and therapy.

Recent studies identified several proteins involved in complex
biological processes that have more than one function in an
organism (1,2). This was partially attributed to the apparent abi-
lity of several proteins to self-proteolyze as a way to activate them-
selves and thus have multiple functions within one polypeptide
chain. This posttranslational modification, that is, autocleavage,

includes proteins with different types of functions within different
organisms from microorganisms to man (3-5). Autocleavage of
proteins was found to be necessary for diverse biological pro-
cesses such as regulation of blood pressure, cell cycle, develop-
ment, apoptosis, and cytoprotection (3, 4). Most of these
autocleavage processes are redox-regulated, particularly under
reducing conditions (6-8). These include disulfide reduction-
induced autocleavage of hedgehog proteins (4) and milk plasmi-
nogen (6) that are known to play pivotal roles in the development
of embryos and conversion to antitumor molecule, respectively.

The profound clue that protein disulfide manipulation plays a
role in tumor pathology came from studies that identified anti-
tumor disulfide kringle domains (angiostatins) of plasminogen
found inmilk and other secretions (9,10). Angiostatin consists of
kringles 1-4 (K1-4) plus 85% of kringle 5 (K5) of plasminogen.
The antitumor activation occurs through the reduction of one or
more disulfide bonds within plasmin(ogen) by a reductase se-
creted by cancer cells PC-3, HT1080, HCT 116, and MDA-
MB231 (10, 11) or by a free sulfhydryl donor such as dithio-
threitol (DTT) (6). In addition to the K1-4 species (generated by
plasmin autoproteolysis under reducing condition), disulfide
kringles K1-5 and angiostatin K1-3 have also been identified.
All of these angiostatin-related kringle domains exert similar
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antitumor activities including apoptosis induction with various
degrees of effectiveness (12).

Among the disulfide kringle-containing proteins, ovotransfer-
rin (OTf) is a major protein in hen egg albumin with a molecular
mass of 78 kDa (686 residue), containing 15 disulfide cross-
links (13). OTf belonging to the transferrin (Tf) family include
serum transferrin (Tf), milk lactoferrin (Lf), and avian OTf. The
global structures ofOTf andTfs are identical, differing only in the
nature of their attached glycan chain and their pI values (13).
Besides the implication in the transport of iron to the target cells,
Tfs are proposed to be involved in a large number of cellular
events in which they act as event triggers or receptor activators.
These physiological processes include the stimulation of cell
proliferation (14), tumoral processes (15, 16), and promotion of
endothelial cell invasion (17). OTf expression level in chicken
serum also increases in inflammation and infection (18).

As far as “anti-tumor disulfide kringle modules” are con-
cerned, we have recently shown that reduction with thioredoxin
or DTT triggered autocleavage of OTf, thus releasing its two
kringle modules (19). The reduction-dependent autocleavage of
OTf occurred primarily at four distinct sites flanking the two
disulfide kringles, leading to the liberation of the two kringle
domains and fragments containing different NH2 and COOH
termini (19).

The accumulating evidence indicates that OTf seems always to
be associated with processes involving redox-related signals.
Particularly, it is known that redox imbalance as a result of
dependence on “aerobic glycolysis” rather than “respiration” is a
universal property of malignant cells, and it has been suggested
that cancer is caused by impairedmitochondrial metabolism (20).
Alterations in the respiratory function have been associated with
an increase in the mitochondrial energy metabolism or reactive
oxygen species (ROS) production (21). A selectively cleaved form
of OTf was found to be induced by oxidative inflammation in
macrophage of goldfish (22) and chicken (18).Human and bovine
lactoferrins were shown to inhibit tumor-induced angioge-
nesis (23) and to suppress tumor growth and metastasis
(16, 24-26). Furthermore, tumor cells generally have higher
levels of transferrin receptor-1 (TfR1) than their normal counter-
parts (27). Lactoferrin was also found to be associated with
neurodegenerative disorder (28). The individual kringle (K1-4
and K5) domains released from human plasmin(ogen) upon
reduction, which exhibit antiproliferative activity (29), have been
shown to share structural similarity with the kringle pockets of
OTf (13). In our recent studies we observed that OTf exposed to
reducing condition undergoes conformational changes in the
vicinity of its two kringle regions and is subsequently auto-
cleaved (19), whereas the autocleaved OTf was found to possess
superoxide dismutase (SOD)-like activity (30). SOD is an im-
portant antioxidant enzyme that has recently been found to
inhibit cancer cells (31). Protein antioxidant-defense activation
processes are often triggered by redox modification of a cysteine
side chain, which is known to play a major role in redox sensing
and the antioxidant response of SOD (32). Therefore, thiol-
specific modification at key cysteine residues may be the molec-
ular switch in generating various kringle forms of OTf with
particular effect on cellular functions. Specifically, we anticipate
that the reduced autocleaved form of OTf may confer antiproli-
ferative activity toward cancer cells in a fashion similar to the
multifunctional plasminogen.

It is the purpose of this study to examine the effect of reduction-
induced autocleavage of OTf on the viability of cancer cells. For
this, a non-thiol reducing agent, TCEP, was employed to reduce
OTf under acidic condition to avoid DTT reduction-induced
aggregation. In this study, we present the first demonstration that

the reduced auto-cleaved OTf (termed rac-OTf) selectively in-
hibits proliferation and induces apoptosis of human colon (HCT-
116) and breast (MCF-7) cancer cells.

MATERIALS AND METHODS

Materials. Ovotransferrin, purchased from Inovatech BioProducts
Inc. (Abbotsford, Canada), was recrystallized and chromatographically
(Sephadex G-50) purified to >98% as judged by its extinction coefficient
at 280 nmandWestern blotting using polyclonal antibody. SephadexG-25
was a product of Amersham-Pharmacia Biotech (Tokyo, Japan). Fetal
bovine serum (FBS), phosphate-buffered saline (PBS), dimethyl sulfoxide
(DMSO), trypan blue (TB), propidium iodide (PI), protease inhibitors
cocktail, and tris(2-carboxyethyl)phosphine (TCEP) were from Sigma
(St. Louis, MO). Camptothecin was from Funakoshi (Tokyo, Japan).
E-MEM medium, McCoy 5a medium, nonessential amino acids, and
sodium pyruvate were from ICN (Costa Mesa, CA). The CyQuant cell
proliferation assay kit (C-7026) and the Live/Dead viability/cytotoxicity
kit (L-3224) for animal cells were from Molecular Probes (Invitrogen
Japan, Tokyo). The ApoAlert annexin V-EGFP apoptosis kit (K-2019)
and ApoAlert caspase-9/6 fluorescent assay kit (K-2015) were from BD
Pharmingen (San Diego, CA). The mitochondria permeability detection
kit (AK-116) was from BioMol (Allemagne, Germany). Unless otherwise
stated, all other chemicals were of analytical grade.

Cell Lines and Cultures. Human breast cancerMCF-7 (ATCCHTB-
22) and human colon cancer HCT-116 (ATCC CCL-247) cell lines were
obtained from American Type Culture Collection (Rockville, MD). Nor-
mal primary human mammary epithelial cells HMEC (immortalized with
ectopic expressionof human telomerase reverse transcriptase, hTERT)were
a kind gift from the National Cancer Center Research Institute (Tokyo,
Japan). MCF-7 and HCT-116 cells were maintained in E-MEM media
(with nonessential amino acids and sodium pyruvate) and McCoy’s 5a
media, respectively, both supplemented with 10% fetal bovine serum (FBS)
and antibiotics (penicillin and streptomycin). HMEC cells were maintained
in MEGM Bullet kit (Takara, Tokyo, Japan) containing the following:
epithelial cells basal medium (MEBM), bovine pituitary extract, hydro-
cortisone, human epidermal growth factor, insulin, and antibiotics with 1%
FBS.Working cultures were maintained at 37 �C in a humidified incubator
with 5% CO2, and the medium was changed every other day.

Preparation of the Reduced Autocleaved OTf (rac-OTf). The
reduced autocleaved form of OTf was prepared by reduction with 0.2 mM
TCEP in 20mM citrate-phosphate, pH 4.0, for 6 h at 37 �C. The reaction
was followed by Sephadex G-25 gel filtration chromatography (NAP-5,
Pharmacia Biotech Inc.) to remove TCEP. Protein peak was dialyzed
(3 kDa cutoff) against distilled water and centrifuged (5000g for 10 min),
and the resulting supernatant was freeze-dried. The pH profile of reduc-
tion-induced autocleavage of OTf was assessed in 20 mM McIlvaine
buffer, pH 3.0-8.0, containing 0.2mMTCEPorDTT and 10 μMOTf for
6 h at 37 �C. The TCEP- and DTT-induced autocleavage of OTf was
analyzed on nonreducing and reducing SDS-PAGE.

Cell Proliferation Assay. Proliferation of HMEC, MCF-7, and
HCT-116 cells was determined with the CyQuant Cell Proliferation Assay
kit. Cells were seeded at 2500 cells/cm2 in the appropriate medium and
incubated at 37 �C for 24 h without treatment. Cells were treated by
changing the culture medium with a medium containing different con-
centrations of OTf or rac-OTf (0-1000 μg/mL) and incubated at 37 �C for
48 h. The CyQuant assay was performed according to the manufacturer’s
instructions. After addition of the CyQuant Dye solution to the free-
ze-thawed cell pellets, fluorescence was measured from four parallel wells
per sample at excitation and emission of 485 and 538 nm, respectively, in
an automatedmicroplate fluorometer, FluoroskanAscent FL (Labsystems,
Helsinki, Finland) with on-board software. After subtraction of controls
and blank values from each sample, relative fluorescence units (RFU)
read-outs, of two independent experiments, were used to calculate the
proliferation index according to the following formula:

proliferation index ¼ RFU treated cells� ð1=RFU mock cellsÞ
Cytotoxicity Assay. The viability ofHCT-116 cells (2.0�106 cells/mL)

treated for 4 h with OTf or rac-OTf was determined using the trypan
blue (0.2% TB solution) exclusion test. The percentage of dead cells is
calculated as (number of stained cells/number of total cells)� 100.
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The viability of HCT-116 cells treated with rac-OTf was also deter-
mined using a highly sensitive assay, the Live/Dead viability/cytotoxicity
kit (Molecular Probes). The kit contains two components, calcein-AM
(cal-AM) and ethidium homodimer (EthD-1). Calcein-AM penetrates the
membrane of live (vital) cells, whereas esterases in the cytoplasm render it
fluorescent (green). Ethidium homodimer is not able to penetrate intact
cell membranes but adheres to nucleic acids of damaged (dead) cells (red
fluorescent cells). The cells (8.0� 106 cells/mL) were treated for 4 h with
different concentrations of rac-OTf. Dead cells subjected to 75% ethanol
killing for 1 h were used as a positive control. The cells were stained with
the dye solution in a 96-well black fluoroplates, and the fluorescence
intensity was measured by excitation at 485 nm and detection at 642 nm
(red) and 538 nm (green). Live and dead cells were presented as differential
staining of the green RFU (stains all cells, live or dead) and the red RFU
(stains only dead cells). Intensities were calculated from four parallel wells
per sample after subtraction of controls and blank values from each
sample. The treated cells were also photodocumented, before and after
detachment, by phase contrast microscopy.

Annexin-V and PI Apoptosis Assay. Apoptosis was analyzed by
double-fluorescence staining methods of cells with annexin V-EGFP and
PI, using a microplate fluorometer and an inverted fluorescent micro-
scope. Labeled annexin-V enables visualization of cells in the early- tomid-
apoptotic state. The HCT-116 cells were treated for 3.5 h with rac-OTf
(250 μg/mL) or camptothecin (4 μg/mL), as a positive apoptosis control,
washed in PBS, and stained with EGFP conjugated annexin-V or PI.
The cells were washed twice with binding buffer and then analyzed by the
Fluoroskan Ascent FL fluorescence microplate reader by excitation at
485 nm and detection at 590 nm (PI, red RFU) and 538 nm (annexin V,
green RFU). Fluorescent intensities were calculated from four parallel
wells per sample after subtraction of controls and blank values from each
sample. Cells were also examined with an inverted fluorescent microscope
(Olympus CKX41, Olympus Optical Inc., Tokyo, Japan). Images of
various fields in each well were captured at 10� magnification.

Measurement of Mitochondrial Membrane Potential (ΔΨm).
The ΔΨm was measured with the mitochondria permeability detection
kit, by using the cationic fluorescent dye, JC-1 (BioMol, Allemagne,
Germany). The HCT-116 cells were treated with rac-OTf (250 μg/mL) or
camptothecin (4 μg/mL) in McCoy 5a medium for 3.5 h. At the end of
treatments, the culture medium was removed and the cells were loaded
with 1� dye in assay buffer for 15 min at 37 �C in a 5% CO2 incubator in
24-well plates. Cells were rinsed twice with assay buffer, and fluorescent
intensities were measured from four parallel wells per sample by a Fluo-
roskan Ascent FL fluorescence microreader by excitation at 485 nm
and emission at 590 nm (red) and 538 nm (green). After subtraction of
controls and blank values from each sample, relative fluorescence units
(RFU) read-outs were used to calculate the dissipation of mitochondria
potential expressed as green/red RFU ratios. Cells were also examined
with an Olympus inverted fluorescent microscope (Olympus CKX41),
excited at 485, Em=525 (for JC-1 green) and Em=590 (for JC-1 red).
Images of various fields in each well were captured with the digital camera
at 10� magnification.

Assessment of Caspase-9/-6 Activities. Intracellular activity of
caspase-9 and -6 was measured using a fluorometric assay kit (BD
Biosciences) according to the manufacturer’s instructions. In brief, the
HCT-116 and MCF-7 cells treated with OTf, rac-OTf (250 μg/mL), or
camptothecin (4 μg/mL) in culture medium for 24 h were lysed to collect
their intracellular contents. A 50 μL portion of the cell extracts was added
to 57 μL of reaction mixture consisting of 2� assay buffer and substrate
(LEHD-AMC) with and without caspase inhibitor, incubated at 37 �C for
1 h in a 96-well black fluoroplate. The release of aminomethylcoumarin
was measured, from three parallel wells per sample, using a Fluoroskan
Ascent FL fluorescencemicroreader (excitation at 380 nm and emission at
460 nm). A portion of the cells was loaded into a hemocytometer and
counted under a microscope for estimation of total cell count per
treatment. The catalytic activities are expressed as relative fluorogenic
units (RFU) per 106 cells and as fluorescence change over control.

RESULTS

TCEP Generates Highly Resolved OTf Autocleavage Frag-

ments. Recently, we have shown that thioredoxin is a natural

reductant for OTf self-catalyzed cleavage, whereas DTT can be
used as the in vitro reductant. However, the autoproteolytic
fragments produced by the dithiol DTT lacked resolved Cys
residues, and insoluble OTf aggregate was predominant (19). In
addition, DTT is known to be inactive as a reducing agent at
acidic pH. To explore the biological role of the OTf autoproces-
sing, autocleavage was induced by a non-thiol reductant (TCEP)
to avoid reductive alkylation and produce soluble fragments. As
shown in Figure 1, compared to the low-resolution bands
produced by DTT (Figure 1B), TCEP induced autocleavage of
OTf into many fragments at neutral and alkaline pH values and
specifically at pH 4.0 produced a slightly lesser number of bands
but with higher intensities and good resolution (Figure 1Aa,b). In
addition, TCEP-induced autocleavage OTf was completely solu-
ble at any pH condition, whereas TCEP-induced autocleavage
did not cause changes in the absorbance (at 500 nm) of the OTf
solution. Interestingly, TCEP-induced autocleavage OTf at pH
4.0, but not DTT reduction, showed clear bands with similar
autoproteolytic patterns when resolved on either reducing or
nonreducing SDS-PAGE (Figure 1Ba,b), indicating the lack of
scrambled intermolecular disulfides.

It is well-known that the extracellular pH of tumors is acidic
and that the proton pump (Hþ-ATPase) at the plasmamembrane
contributes to the maintenance of such acidic pH (33, 34). In
parallel, cancer cells are known for their high secretion of
disulfide-reducing agents and enzymes (35,36). Hence, we antici-
pate that the reduced autocleaved form of OTf may confer
antiproliferative activity toward cancer cells in a fashion similar
to the multifunctional plasmin (9,10). Therefore, the autocleaved
OTf prepared under acidic condition (termed rac-OTf) was used
in the following cell-based antitumor bioassays against two
different cancer cells, HCT-116 and MCF-7, known for their
overexpression of a thioredoxin-thioredoxin reductase system
and extracellular acidic pH (33, 37, 38).

Figure 1. Electophoretic patterns of reduction-induced autocleavage of
OTf: (A) pH profile of the autocleavage of OTf incubated with 200 μM
TCEP (a) or DTT (b) at 37 �C for 6 h at different pH values (pH 3.0-8.0);
portions were then applied to SDS-PAGE; (B) portion of OTf reduced at pH
4.0 by either TCEP (rac-OTf) or DTT applied to a reducing (a) or
nonreducing (b) SDS-PAGE.
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Rac-OTf Specifically Inhibits the Proliferation of Human Cancer

Cells. In contrast to the marginal effect of intact OTf (Figure 2A),
rac-OTf caused a significant suppression of proliferation in both
human breast (MCF-7) and human colon (HCT-116) cancer cell
lines in a dose-dependent manner up to 500 μg/mL and then
reached a plateau (Figure 2B). The rac-OTf showed no remark-
able effect on the proliferation of normal human breast cell line
HMEC (Figure 2B). The antiproliferation effect of rac-OTf
displayed the most potency against HCT-116 compared with its
effect on MCF-7. These results demonstrate that the rac-OTf
confers antiproliferative activity against cancer cells and are in
agreement with previous reports on different anticancer proteins,
which are known toundergo autocleavage upon reduction (6,39).

Rac-OTf Is Cytotoxic to Human Cancer Cells. In an attempt to
address whether the antiproliferative effect of rac-OTf is unique
to growth inhibition or a cytotoxic action, we thus assessed its
effect on the viability of themost sensitive cells, HCT-116 (Figure 3).
To ensure the validity of our investigation, two methods of
evaluation were employed: the traditional vital cytoplasmic stain
(TB exclusion) assay (Figure 3A) and a highly sensitive fluore-
scence-based cell viability assay (live/dead cytotoxicity) assay at
different concentrations of rac-OTf (Figure 3B). In the TB
exclusion assay, the intact OTf (250 μg/mL) exhibited a very
weak effect (Figure 3A, OTf), whereas rac-OTf dramatically
reduced viability of HCT-116 carcinoma cells in a dose-depen-
dent manner; however, at 250 μg/mL viability was decreased to
45% (Figure 3A). Rac-OTf did not exhibit cytotoxicity against
normal HMEC cell line, whereas its effect was almost similar to
mock-treated cells (Figure 3A, inset). When the fluorescence-
based assay was employed, rac-OTf showed potent cytotoxic
activity in a dose-dependent manner, as indicated by the decrease
in green (live) against red (dead) fluorescence (Figure 3B). It
should be noted that the difference in the values between the two
cytotoxicity methods employed in this study (Figure 3) is attrib-
uted to the basis of each assay and the level of fluorescence

signals. In the traditional TB exclusion, live cells exclude the dye
as the membrane is impermeable, but dead cells uptake the dye
due to the lack of an intact cell membrane, whereas the data are
directly presented as blue-stained dead cells. In the fluorescence-
based assay, the kit comprises two probes: cal-AM and EthD-1,
whereas EthD-1 is not able to penetrate intact cellmembranes but
adheres to nucleic acids of damaged (dead) cells to red-fluorescent
product. Cal-AM usually produces a low signal of fluorescence
because it needs to be hydrolyzed (activated) intracellularly by
esterase to a green-fluorescent product (calcein); thus, green
fluorescence is an indicator of esterase activity (live and dead
cells) as well as cells that have intactmembrane. Furthermore, the
values in fluorometric assays are also affected by intrinsic cellular
autofluorescence background, commonly caused by NADH,
riboflavin, and flavoenzymes. The emission of these autofluor-
escent molecules is broad (500-700 nm) when excited in the blue
(485 nm) region and overlaps emission of the used fluoro-
chrome (40). Because the effect of the intact OTf on the prolif-
eration (Figure 2A) and viability (Figure 3) was remarkably
weaker than the effect of rac-OTf, the antitumor activity could
be attributed to the released autoproteolytic fragments rather
than the remaining unproteolyzed OTf (30%) in the rac-OTf
preparation (Figure 1Aa, pH 4.0).

Morphological observation of HCT-116 cells indicated signi-
ficant morphological differences between cells treated with rac-
OTf, intact OTf, and mock-treated cells (Figure 4). Of particular
interest, HCT-116 cells treated with rac-OTf, whether confluent
(Figure 4A) or nonadherent cells (Figure 4B), exhibited charac-
teristics of cells undergoing apoptosis with comparable effect to
that of the apoptosis inducer (camptothecin). It is worth noting
that rac-OTf did not exhibit cytotoxicity against normal HMEC
cell line,whereas its effectwas almost similar tomock-treated cells

Figure 2. Antiproliferative activity of OTf (A) and rac-OTf (B) against
human colon (HCT-116) and human breast (MCF-7) carcinoma cells in
comparison with its effect on normal human mammary epithelial cells
(HMEC). Cells cultured for 24 h were treated by different concentrations of
protein (0-1000 μg/mL) and incubated at 37 �C for 48 h. The CyQuant
proliferation assay was performed in a fluoromicroplate by measuring
fluorescence at excitation and emission of 485 and 538 nm, respectively.
Proliferation index was calculated as described under Materials and
Methods. Values shown represent the mean of two experiments from four
parallel wells per sample in each experiment.

Figure 3. Viability of human colon cancer HCT-116 cells treated with rac-
OTf assessed by trypan blue exclusion (A) and live/dead fluoroassay (B).
Cells were pretreated for 4 h with intact OTf or different concentrations of
rac-OTf. Total cell count was obtained by hemocytometer count under a
microscope. In (A) the dead cells were estimated as [number of TBpositive
cells/number of total cells] � 100. The inset shows the viability of normal
human HMEC cells treated with rac-OTf. In (B) the cytotoxicity is
represented as a ratio of green (live)/red (dead) fluorescence. In both
assays, treatment with rac-OTf resulted in a statistically significant reduc-
tion in cell viability (P < 0.001 vs no treatment group). The effect of
uncleaved OTf (OTf) at 250 μg/mL is shown on the left (open bars) of the
graphs. Values are the mean of three experiments from four parallel wells
per sample in each experiment.
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(Figure 3A), which is in a good agreement with its effect on
proliferation (Figure 2B). To examine whether apoptotic killing is
a relevant operative mechanism in the cytotoxic activity of rac-
OTf against cancer cells, several bioassays were employed.

Antitumor Activity of Rac-OTf Is an Apoptosis-Mediated Ac-

tion. The annexin V-EGFP (stain phosphatidylserine residues)/
PI (stain DNA) dual staining assay was used to detect apoptotic
cells. Positive staining with annexin V-EGFP (green RFU)
correlates with loss of membrane polarity (exposure of phospha-
tidylserine to the outer surface). In contrast, PI can enter cells only
after loss of membrane integrity. Thus, dual staining with
annexin-V and PI allows clear discrimination between unaffected
cells and apoptotic cells. As shown in Figure 5, upon treatment of
HCT-116 cells with camptothecin and rac-OTf, the green fluor-
escence (annexin-V positive) was increased 3.7- and 3.6-fold,
respectively, over that of mock-treated cells (Figure 5A). In
parallel, treatment with camptothecin and rac-OTf showed
increase in the PI fluorescence to 13.5- and 21-fold, respectively,
over that of mock-treated cells (Figure 5B). The results indicate
that cells treated with rac-OTf were in the early stage of apoptosis
(annexin-V positive), and a considerable number of cells were in

the late stage of apoptosis (PI positive). The annexin-V fluore-
scent staining of rac-OTf-treated cells, compared to the mock-
and camptothecin-treated cells, was further confirmed by fluore-
scent microscope (Figure 5C).

Rac-OTf Induces the Loss of Mitochondrial Membrane Poten-

tial (ΔΨm). ΔΨm was monitored in rac-OTf-treated HCT-116
cells using the cell-permeant, cationic fluorescent dye JC-1. Once
inside a healthy nonapoptotic cell, the JC-1 dye enters the active
mitochondria, where it aggregates and fluoresces red-orange.
When the mitochondrial ΔΨm collapses (in apoptotic cells), the
dye is distributed throughout the cell as a monomeric form that
fluoresces green. As shown in Figure 6A, the proportion of JC-1-
positive cells (green) relative to the mock-treated cells was
increased following rac-OTf treatment with comparable effect
to the camptothecin-treated cells. A fluorescent microscope was
also employed to visualize the intracellular levels of the aggre-
gated (red-orange) and monomeric (green) JC-1 dye (Figure 6B).
Treatment with rac-OTf showed a decreased number of cells with
active mitochondria (Figure 6B, white arrows) and increased
green fluorescent cells, indicating the collapse of mitochondria
Δψm, whereas it is the point of the commitment of apoptosis.

Rac-OTf Induces the Activation of the Death Signals Caspases.

The activation of caspase-6 and -9 plays the central role in the
apoptotic death signal. The effect of rac-OTf on the activation of
caspase-6 and -9 was investigated in HCT-116 as well as MCF-7
cells (Figure 7). The intracellular activities of caspase-6 and -9
were greatly increased by treatment with rac-OTf or camptothe-
cin in both cancer cell lines (Figure 7A). Upon exposure to rac-
OTf, the activity of cytosolic caspase-6 and -9 increased to 2.5-
fold in HCT-116, whereas in MCF-7 the activity increased to
7-fold that of mock-treated cells (Figure 7B). Although cells
treated with OTf showed some increase in caspase activities, the
activities were much pronounced in rac-OTf-treated cells, even

Figure 4. Effects of rac-OTf on HCT-116 cancer cell morphology. Cells
were treated with OTf, rac-OTf, and camptothecin (Campto), an apoptosis
inducer, for 4 h before (A) and after (B) detachment. Mock cells were
treated with medium lacking additive as control. Cell morphology was
observed by phase contrast microscopy at 100� (A) and 400� (B)
magnification. Attached cells (A) treated with rac-OTf, OTf, and camp-
tothecin displayed cell shrinkage, a rounded morphology, and increased
detachment (black arrows). Nonadherent cells (B) treated with rac-OTf
and camptothecin displayed blebs (white arrows), characteristic of apop-
tosis.

Figure 5. Induction of HCT-116 apoptosis by rac-OTf. Apoptosis was
determined by staining the cells with annexin V-fluorescein (A) and
propidium iodide (B). Data are expressed as relative fluorescence units of
green (A) and red (B) fluorescence per 106 cells, after treatment with rac-
OTf or camptothecin for 4 h. Values are the mean of two experiments from
four parallel wells per sample in each experiment. Visualization of apoptotic
cells (annexin-V positive) is also observed by fluorescent microscope at
200� magnification, and representative results are shown (C).
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greater than the camptothecin-treated cells. Taken together, the
results indicate that the reduction-induced autocleavage is a
molecular switch responsible for the generation of a cytotoxic
OTf form against cancer cells, whereas the lethal action operates
through a mitochondria-mediated apoptotic pathway.

DISCUSSION

Our recent study demonstrated that the reduced autocleaved
OTf exhibits more potent SOD-like activity (30). A surprising
aspect is the absolute conservation throughout the autocleavage
sites upstream of the kringle domains, which also falls within a
region of the highest degree of sequence conservation in all
transferrins (19). This redox-mediated autocleavage may be an
important regulatory point in the physiologic and pathologic
settings of OTf. This autocleavage mechanism of OTf mimics the
process in which multiple antitumor kringles (angiostatins) are
generated from plasmin(ogen). The goal of this study was to
determinewhether the reduced autocleavedOTfwould inhibit the
growth of cancer cells.

This work demonstrates, for the first time, that the autoclea-
vage of OTf is a key process in the generation of multiple
fragmentswith antitumor activity toward colon and breast cancer
cells. The approach was facilitated by the autocleavage induced
by a non-thiol reductant (TCEP), which producedhighly resolved
fragments (Figure 1). Interestingly, the acidic pH 4.0 generated
a highly resolved autocleavage pattern of OTf when resolved
on either reducing or nonreducing SDS-PAGE, indicating
the correct intramolecular disulfide rearrangement in the self-
cleaved domains.These results are consistentwith thewell-known

extracellular acidic pH, which was maintained by the mem-
brane proton pump (Hþ-ATPase), and the extracellular disul-
fide-reducing condition of cancer cells (41, 42). Whereas the
uncleaved OTf showed marginal effect (Figure 2A), the rac-OTf
inhibited the proliferation, dose dependently, of two human
cancer cell lines, breast (MCF-7) and colon (HCT-116) cancers,
without remarkable effect on the normal HMEC cells
(Figure 2B). Particularly, rac-OTf exhibited remarkable cytotoxi-
city, dose dependently, against the most sensitive cancer cells,
HCT-116, whereas it had no effect on normal HMEC cells
(Figure 3A, inset).

The induction of apoptosis by defense peptides has been
described in several cell types (15, 20, 43). Microscopic observa-
tion demonstrates that rac-OTf induced apoptosis of either
adherent or nonadherent HCT-116 cells with similar effect to
the apoptosis inducer camptothecin (Figure 4). A rapid onset of
apoptosis of HCT-116 was confirmed by increased binding of
annexin-V to phosphatidylserine exposed on the membrane of
apoptotic cells and by fluorescence staining of cells with propi-
dium iodide (Figure 5). In addition, we found that rac-OTf was
able to cause loss inmitochondrial membrane potential (ΔΨm) of
HCT-116 (Figure 6). These results suggest massive induction of
apoptosis by rac-OTf comparable to the effect of camptothecin.
Central to the execution of apoptosis is the permeabilization of
the mitochondrial membrane with subsequent release of several
pro-apoptotic factors into the cytosol (44). One of these factors,
cytochrome c, alters the conformation of the cytosolic protein
apoptotic protease activating factor-1 (APAF-1), whereupon this
protein oligomerizes with pro-caspase-9 into the so-called apop-
tosome. Pro-caspase-9 is then autoproteolytically processed to
caspase-9 and subsequently activates the executioner caspases,
caspases-3, -6, and -7 (45,46). The activation of cytosolic caspase-
6 and -9 by rac-OTf in two cancer cell lines,HCT-116 andMCF-7

Figure 6. Dissipation of mitochondrial membrane potential of HCT-116 by
rac-OTf. Membrane potential (ΔΨm) of mitochondria was determined by
staining the cells with a redox-sensitive fluorescent probe that fluoresces
red-orange when ΔΨm is active and fluoresces green when ΔΨm is
collapsed. (A)Data are represented as relative fluorescence units of green/
red ratios per 106 cells, after treatment with rac-OTf or camptothecin for
3.5 h. Values are the mean of two experiments from four parallel wells per
sample in each experiment. (B) Collapse of mitochondria ΔΨm was also
visualized by fluorescent microscopy at 200� magnification. Arrows
indicate cells with active ΔΨm.

Figure 7. Caspase-9/-6 activation in HCT-116 andMCF-7 carcinoma cells
by rac-OTf. Intracellular activity of caspase -9 and -6 was determined using
cleavage assay of fluorometric substrate (LEHD-AMC) in lysates of treated
cells with camptothecin, OTf, or rac-OTf for 1 h. Controls (Ctrl) contained
mediumwithout additive. Total cell count per each treatment was estimated
in a hemocytometer under a microscope. The caspase activities are
expressed as relative fluorogenic units (RFU) per 106 cells (A) and as
fluorescence change over control (B). Values are the mean of three
experiments from four parallel wells per sample in each experiment.
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(Figure 7), demonstrates that its cytotoxic action is mediated
through mitochondria-mediated apoptotic pathway.

In conclusion, our results explore the importance of autopro-
cessing under reducing condition on the novel antitumor action of
OTf, with particular emphasis on its defense role in the highly
redox active milieu of cancer cells. The susceptibility of two
different carcinoma cells to the rac-OTf was associated with
apoptosis through the mitochondria pathway. As shown in our
earlier study, the unique autoprocessing of OTf was attributed to
the generation of multiple structural motifs strictly confined to
both kringle domains (19). Cleavage ofOTfoccurred essentially at
four distinct autocleavage motifs, flanking the two kringle do-
mains of the N-lobe (nKGL) and C-lobe (cKGL). Mass spectro-
metry (MS/MS) analysis of the autoproteolytic peptides showed
that all fragments were virtually generated by cleavage at the
N-terminus of a Thr residue in the conserved “SCHT” and “CHT
or HST” sequences, which correspond to the sequences 114-117,
210-212, 453-456, and 542-544, respectively, of OTf. The
absolute conservation of the SCHT motif upstream of the two
kringles and the HTT or HST motif downstream of the kringles
thus perfectly releases the two kringles (residues 114-211 for
nKGL and 455-543 for cKGL) or the central domain between
them with one or both kringles, which may constitute a conserved
regulatory domain. Hence, the reduction-mediated autoproces-
sing may be an important regulatory point in the physiologic and
pathologic settings, allowing a portion of OTf to release biologi-
cally functional domains present in all members of the Tfs
family (19) as reported in plasminogen (29). This finding is worthy
when considering that the extracellular pH of tumors is
acidic (33,34), and cancer cells are known for their high secretion
of reducing agents and enzymes (36, 41). We found the autopro-
teolytic fragments are tightly associated with each other and were
difficult to isolate without severe structural damage; therefore,
further genetic work will be required to determine the roles of the
individual peptides in the anticancer action of OTf. The initial
surprise occasioned by the novel discovery of this study that
reduction-dependent autoprocessing converts OTf into an antic-
ancer molecule thus seems likely to be joined by additional
surprises as the role of the individual fragments is further
elucidated. Eventually, the findings presented in this studyprovide
new information on a novel biological function ofOTf and offer a
fascinating opportunity in the potential use of the reduced OTf in
functional foods and as therapy for the treatment of cancers.

ABBREVIATIONS USED

OTf, ovotransferrin (hen egg albumin); rac-OTf, reduced auto-
cleaved OTf; DTT, dithiothreitol; TCEP, tris(2-carboxyethyl)-
phosphine (non-thiol reducing agent); ROS, reactive oxygen
species; TB, trypan blue; PI, propidium iodide; cal-AM, cal-
cein-AM; EthD-1, ethidium homodimer; JC-1, 5,50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide.
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