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Abstract SBL/RC-RNase was originally isolated from frog
(Rana catesbeiana) oocytes and purified as a novel sialic acid-
binding lectin (SBL) that displayed strong anti-cancer activity.
SBL was later shown to be identical to a ribonuclease (RC-
RNase) from oocytes of the same species. The administration of
SBL/RC-RNase induced apoptosis (with nuclear condensation
and DNA fragmentation) in mouse leukemia P388 cells but did
not kill umbilical vein endothelial or fibroblast cells derived
from normal tissues. The cytotoxic activity of SBL/RC-RNase
was inhibited by desialylation of P388 cells and/or the co-
presence of free bovine submaxillary mucin. FACS analysis
showed that SBL/RC-RNase was incorporated into cells after
attachment to cholesterol-rich microdomains. Addition of the
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cholesterol remover methyl-(3-cyclodextrin reduced SBL/RC-
RNase-induced apoptosis. Apoptosis occurred through the
caspase-3 pathway following activation of caspase-8 by SBL/
RC-RNase. A heat shock cognate protein (Hsc70) and a heat
shock protein (Hsp70) (each 70 kDa) on the cell membrane
were shown to bind to SBL/RC-RNase by mass spectrometric
and flow cytometric analyses. Quercetin, an inhibitor of Hsc70
and Hsp70, significantly reduced SBL/RC-RNase-induced ap-
optosis. Taken together, our findings suggest that sialyl-
glycoconjugates present in cholesterol-rich microdomains form
complexes with Hsc70 or Hsp70 that act as triggers for SBL/
RC-RNase to induce apoptosis through a pathway involving
the activation of caspase-3 and caspase-8.
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Abbreviations

FACS Fluorescence-activated cell sorting
GSL Glycosphingolipid

HSC70 70-kDa heat shock cognate protein
HSP70 70-kDa heat shock protein

MBCD Methyl (3-D-cyclodextrin

NHDF Normal human epidermal fibroblast
NHEM Normal human epidermal melanocyte
NHEK Normal human keratinocyte cell
RC-RNase Rana catesbeiana ribonuclease
SBL Sialic acid-binding lectin
Introduction

Ribonucleases (RNases) from oocytes of the amphibian (frog)
genus Rana have unique cytotoxic activities and are being
investigated as innovative drugs in ongoing clinical trials.
Studies along this line were initiated by the discovery in
1987 of a sialic acid-binding lectin (SBL) purified from Rana
catesbeiana (American bullfrog) oocytes that displayed
strong anti-proliferative activity against cancer cells [1]. SBL
is a basic protein that consists of 111 amino acids (levels of
Arg and Lys are high) with a pyroglutamyl residue at the N-
terminus [2]. The primary structure of SBL did not show
strong homology to those of 3,450 known proteins in a data-
base comparison. SBL agglutinated a variety of tumor cells
(but not normal lymphocytes, fibroblasts, or erythrocytes),
and such agglutination was inhibited by the co-presence of
highly sialylated acidic glycoproteins [1].

An RNase with a primary structure similar to that of
SBL was subsequently isolated from R. catesbeiana liver
[3]. SBL was shown to be a member of a RNase super-
family and to possess both enzymatic and sialic acid-
binding activities [4-7]. An RNase isolated from oocytes
of the Northern leopard frog (Rana pipiens), termed
“onconase” or “ranpirnase” [8], was found to display
apoptotic activity and 50 % primary structural homology
with SBL [9]. An RNase isolated from R. catesbeiana
oocytes (termed “RC-RNase”) showed cytotoxic properties
similar to those of onconase [10-12]. The primary struc-
tures of SBL and RC-RNase were found to be identical,
and the term “SBL/RC-RNase” is used to distinguish this
structure from those isolated from R. catesbeiana liver.

The administration of onconase/ranpirnase was re-
cently shown to down-regulate NFkB level and matrix
metalloprotease-9 activity in malignant cells [13, 14].
SBL/RC-RNase was found to activate caspase-3 and down-
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regulate the levels of Bcl-2 and estrogen receptor genes in
breast tumor cells [15, 16]. Three-dimensional structural anal-
yses of SBL/RC-RNase and onconase helped explain the
differences between their anticancer properties and that of
pancreatic RNase A [17-20]. In addition to ongoing studies
of the regulatory activities of amphibian oocyte RNases in
cytosol, it is important to elucidate the target molecules that
interact with RNases on the cell surface and the mechanisms
whereby RNases are taken up by the cytosol of malignant
cells. Such information will clarify the ability of these RNases
to specifically kill cancer cells without harming normal cells.

Research to date on SBL/RC-RNase has been focused
on specific aggregation of cancer cells and the inhibitory
effects of the co-presence of sialomucins. Many types of
signal transduction molecules within cells are enriched in
glycoconjugates such as the gangliosides found in
cholesterol-rich microdomains at the cell surface. In this
study, we evaluated the importance of sialic acids and
used specific inhibition assays to survey the macromole-
cules present in cholesterol-rich microdomain fractions that
interact with SBL/RC-RNase. Mass spectrometric analyses
indicated that heat shock cognate protein 70, heat shock
protein 70, and ganglio-series gangliosides are potential
trigger molecules for the uptake of SBL/RC-RNase and
consequent induction of apoptosis.

Materials and methods
Cell lines and materials

Murine leukemia P388 cells were obtained from the Cell Re-
source Center of the Biomedical Research Institute of Devel-
opment, Aging and Cancer, Tohoku University, Sendai, Japan.
Human erythroleukemia K562 cells and promyelocytic leuke-
mia HL-60 cells were from the Japanese Cancer Research
Resources Bank, Tokyo, Japan. R. catesbeiana specimens were
from Nippon Bio-Supply Center Co., Tokyo, Japan.
Phenylmethylsulfonyl fluoride (PMSF) was from Wako Pure
Chemical Co., Tokyo, Japan. Heparin-agarose gel was from
Cosmo Bio Co., Tokyo, Japan. Sephadex G-75 was from GE
Healthcare Japan, Tokyo, Japan. A standard protein marker
mixture for sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), 3,3’,5,5 -tetramethylbenzidine, and
polyvinylidene difluoride (PVDF) membrane were from ATTO
Co., Tokyo, Japan. Cell Counting Kit-8 including 2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8), and
3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate
(CHAPS) were from Dojindo Co., Kumamoto, Japan. RPMI
1640 medium was from Nissui Pharmaceutical Co., Tokyo,
Japan. Fetal calf serum was from Life Technologies Co., Carls-
bad, CA, USA. Penicillin-streptomycin was from Roche
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Diagnostics K. K., Tokyo, Japan. Trypan blue solution was
from Nacalai Tesque, Inc., Kyoto, Japan. GloMax Multi De-
tection System was from Promega, Madison, WI, USA. UV
absorbance plate reader, ImmunoMini NJ-2300, was from
Biotec Co., Tokyo, Japan. Alamar Blue was from Kyowa
Hakko Kogyo Co. Tokyo, Japan. Aphidicolin was from Wako
Pure Chemical Industries, Osaka, Japan. Anti-HSP70 and anti-
HSC70 antibodies were from Stressgen, Victoria, B.C., Cana-
da. HiTrap protein G column was from GE Healthcare Japan.
FACSCalibur was from Nippon Becton Dickinson Co., Tokyo,
Japan.

Purification of SBL/RC-RNase and generation of polyclonal
antibody

R. catesbeiana oocytes were collected by laparotomy. Lipids
in the yolk were removed by filtration of a homogenate with
cold acetone, and the precipitate was powdered by evapora-
tion. Acetone-dried egg powder (50 g) was homogenized with
1 L of 150 mM sodium chloride and centrifuged at 9,000 x g
for 30 min. The crude supernatant was saturated with ammo-
nium sulfate to 40 % (w/v) concentration, centrifuged as
above, dialyzed against distilled water, and lyophilized into
powder. The powder (2 g) was dissolved with 10 mL of 1 mM
phosphate-buffered saline (PBS) (pH 6.0), and the supernatant
was collected by centrifugation at 27,500 x g for 1 h at 4 °C.
SBL/RC-RNase was purified by successive isolations from
the crude supernatant by application of DEAE-sepharose,
heparin-sepharose, and hydroxyl apatite [1].

For the generation of polyclonal antibody against SBL/RC-
RNase, 1 mg purified SBL/RC-RNase (0.5 mL) in PBS was
mixed with 1 mg complete Freund’s adjuvant, and the emul-
sion was injected subdermally in the abdomen of Japanese
white rabbits 3 times at monthly intervals. Blood containing
polyclonal antibody was collected from the ear vein and
applied to a HiTrap protein G column to isolate the IgG
fraction.

Cytotoxicity and cell viability assays

P388 cells were maintained in RPMI 1640 medium supple-
mented with heat-inactivated fetal calf serum (10 %, v/v),
penicillin (100 TU/mL), and streptomycin (100 pg/mL) at
37 °C in an atmosphere of 95 % air/5 % CO,. Cells (2x 10*,
in 90 pL solution) were seeded into a 96-well flat-bottom
plate and treated with various concentrations (0—50 pg/mL) of
SBL/RC-RNase (10 uL) for 4 to 24 h. Cytotoxic activity and
cell viability/growth were evaluated by trypan blue (0.5 % (w/
v)) exclusion [21, 22] and WST-8 (10 pL) assays, respective-
ly. Reductions in the proportion of living cells were assayed
by measurement of absorbance at wavelength 450 nm (refer-
ence, 600 nm) using the GloMax Multi Detection System.

Fluorescence-activated cell sorting (FACS) analysis

Detection of SBL/RC-RNase on the surface or in the cytosol
of P388 cells: Cells (2x10%) were cultured in 6-well dishes
with SBL/RC-RNase (1 uM) for 1 h at 4 °C, washed with
PBS, and incubated for 30 min at 4 °C or 37 °C for detection
of SBL/RC-RNase at the cell surface or cytosol, respectively.
Cells were then treated with anti-SBL/RC-RNase polyclonal
antibody (100 pL, 0.2 mg/mL in PBS) for 30 min at 4 °C,
washed twice with PBS, and incubated with fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit secondary an-
tibody at a dilution of 1:500 in PBS (100 uL) at 4 °C for
30 min. SBL/RC-RNase localization on the cell surface was
detected by flow cytometry (FACSCalibur) with excitation
wavelength 488 nm and emission wavelength 530 nm
[23-25].

Detection of heat shock protein 70 and heat shock cognate
protein 70 on the cell surface: Cells (2% 10°) were treated with
anti-mouse heat shock protein 70 kDa (Hsp70) and anti-
mouse heat shock cognate protein 70 kDa (Hsc70) mAbs at
a dilution of 1:1000 in PBS (100 pL, 1 pg/mL) for 30 min at
4 °C, washed twice with PBS, and incubated with FITC-
conjugated goat anti-rabbit IgG and goat anti-rat IgG antibod-
ies (100 puL, 0.5 pg/mL in PBS) for 30 min at 4 °C. Cell
surface expression of Hsp70 and Hsc70 was detected by flow
cytometry (FACSCalibur).

Caspase activation and inhibition assays

Caspase activation assay: Cells (5x10°) were cultured with
SBL/RC-RNase (3 uM) for 24 h at 37 °C. The activation of
caspase-3 and caspase-8 was evaluated using hydrolyzed ar-
tificial substrate CPP32 and FLICE colorimetric protease
assay kits, respectively. Cells were extracted with Triton X-
100 lysis buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1 %
SDS, 10 mM NaF), incubated for 10 min at 4 °C, and centri-
fuged at 10,000 x g for 1 min. The lysate was mixed with
substrate buffer containing 10 mM dithiothreitol and 200 uM
p-nitroanilide (pNA) for 2 h at 37 °C according to the man-
ufacturer’s protocol. Caspase activation induced by SBL/RC-
RNase was determined by measurement of absorbance at
405 nm.

Caspase inhibition assay: To confirm that caspase-3 and -8
were activated by administration of SBL/RC-RNase, their
respective inhibitors conjugated with pNA (DEVD-pNA and
IETD-pNA substrate; final concentration 200 M) were co-
incubated for 1 h at 37 °C, and the pNA amount was quanti-
fied by measurement of absorbance with an ImmunoMini NJ-
2300 plate reader. For the inhibition assay, cells were prein-
cubated with two other inhibitors of caspase-3 and -8, Z-Asp-
Glu-Val-Asp-fluoromethylketone (Z-DEVD-fimk) and Z- Ile-
Glu-Thr-Asp-fluoromethylketone (Z-IETD-fmk), respectively,
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for 1 h at 37 °C, followed by incubation with SBL/RC-RNase
(3 uM) for 24 h. The activities of caspase-3 and -8 were
quantified as described above.

Depletion of cholesterol-rich microdomains
by methyl-3-D-cyclodextrin (M{3CD) treatment

Cells (2% 10°) were grown in a 6-well plate for 24 h at 37 °C,
and the medium was replaced by fresh medium with or
without M3CD (3.1 or 12.5 mM). Cell surface cholesterol
was completely depleted by treatment with M3CD for 1 h
[26]. To determine whether cholesterol-rich microdomains
were essential for induction of apoptosis, SBL/RC-RNase
(3 uM) was incubated with M3CD-treated or -untreated cells
for 24 h at 37 °C. Cell viability and caspase-3 activity were
measured as described above.

DNA fragmentation

Cells (2x10°) were cultured with SBL/RC-RNase (2-20 uM)
for 24 h at 37 °C, harvested, and lysed by lysis buffer (20 uL
Tris—HCI (50 mM, pH 7.8), 0.5 % (w/v) sodium-N-
lauroylsarcosinate, 10 mM EDTA). RNase A and proteinase
K (each 1 pL, 1 mg/mL) were added to the crude extract and
incubated for 30 min at 50 °C. DNA was precipitated by
treatment with isopropyl alcohol and ethanol, loaded onto a
1.8 % agarose gel, and subjected to electrophoresis.
Fragmented DNA was visualized by staining with 0.002 %
(w/v) ethidium bromide under UV illumination at 330 nm.

Detection of binding triggers of SBL/RC-RNase
in low-density, detergent-insoluble membrane fractions

Cells (2x107) were harvested and centrifuged. Pelleted cells
were suspended in 1 mL of 1 % Triton X-100 containing TNE
buffer (10 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM
EDTA) with 75 U aprotinin and 2 mM PMSF and lysed by
standing for 30 min on ice. The lysed cells were Dounce
homogenized with a tight-fitting piston for 10 strokes and
centrifuged for 5 min at 3,000 x g to remove large cellular
debris. The supernatant was subjected to sucrose density-
gradient centrifugation [27], and 1 mL supernatant was mixed
with 1 mL of 85 % sucrose (w/v) in TNE buffer. The resulting
diluent (2 mL) was placed at the bottom of a 12-mL centrifuge
tube and overlaid successively with 5.5 mL of 35 % sucrose in
TNE and 5.5 mL of 5 % sucrose in TNE. The tubes were
centrifuged using a Beckman SW40Ti rotor at 250,000 x g for
17 h at 4 °C. A series of 1-mL aliquots from top to bottom of
the tube were collected.

A 500-uL sample from each tube, associated with low-
density, detergent-insoluble membrane, was precipitated with
500 pL trichloroacetic acid, centrifuged at 16,000 x g for
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30 min, and washed 3 times with 1 mL cold ethyl ether to
eliminate trichloroacetic acid. The precipitate was dissolved
in 10 uL sample buffer (62.5 mM Tris—HCl (pH 6.8)
containing 10 % glycerol, 2 % SDS, 5 % mercaptoethanol,
and 0.0025 % bromophenol blue). Proteins were separated
by SDS-PAGE [28] and electrotransferred to a PVDF
membrane [29]. The membrane was soaked in 2 % Triton
X-100 and incubated with SBL/RC-RNase (40 pg/mL) for
1 h. Targets on the membrane were detected by incubation
with anti-SBL/RC-RNase polyclonal antibody followed by
HRP-conjugated goat anti-rat IgG (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). The trigger for SBL/RC-
RNase was detected by exposure to X-ray film (Fuji Film
Co., Tokyo, Japan) using an enhanced chemical lumines-
cence western blotting detection kit (GE Healthcare Japan)
[30].

The protein in the fifth tube, containing the low-density,
detergent-insoluble membrane fraction, was subjected to
SDS-PAGE. The gel at the position of the SBL/RC-
RNase trigger as detected by the above assay was cut
out and transferred into a plastic tube. The gel was
dehydrated in 100 uL CH;CN for 10 min at 37 °C and
dried by vacuum centrifugation for 5 min. The dried
residue was successively extracted with (i) 50 % CH3CN
and 0.1 % trifluoroacetic acid (with centrifugation); (ii)
15 % isopropyl alcohol/20 % formic acid/25 % CH3CN/
40 % H,O0; (iii) 80 % CH3CN. Each of these extracts was
dried successively in a tube, and the residue was dissolved
in 6 ulL ultrapure water. Aliquots were used for protein
identification by an API QSTAR pulsar hybrid mass spec-
trometer system connected to a micro-liquid chromato-
graph (Magic 2002, Michrom BioResource, Auburn, CA,
USA) [31]. The micro-LC conditions were as follows:
Magic C18 column (0.2 mm, inner diameter x 50 mm);
elution with 0.1 % formic acid (solvent A) and 0.1 %
formic acid in 90 % CH3;CN (solvent B) using a program
of 3 % solvent B for 2 min, gradient at 2.1 %/min for
45 min, 100 % solvent B for 5 min, flow rate 2.5 mL/
min. The mass spectrometer system consisted of a
nanoelectrospray ionization source and quadrupole time-
of-flight MS. The mass accuracy was 0.1 mass unit. The
MS conditions were as follows: ion spray voltage 3.0—
3.8 kV, electron multiplier voltage 2,200 V for MS and
MS/MS analyses; nitrogen 10 collision gas and collision
energy 20-55 eV for MS/MS analysis. The micro-LC
conditions were as follows: Magic C18 column (0.2 mm,
inner diameter x 50 mm); elution with solvent A and
solvent B using a program of 3 % solvent B for 2 min,
gradient at 2.1 %/min for 45 min, 100 % solvent B for
5 min, flow rate 2.5 mL/min. The trigger protein for SBL/
RC-RNase was identified by micro-LC/MS (QSTAR)
using the PROWL (ProFound) search engine 2 and the
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NCBI database [32]. The major ion peaks of the total ion
chromatogram were further analyzed to obtain the amino
acid sequences of the tryptic peptides by LC/MS/MS
using the Mascot search engine under the same conditions
(QSTAR with Magic micro-liquid chromatograph) and the
same database.

Statistical analysis

The results of experiments are presented as mean + standard
error (SE). Differences in means were evaluated by two-tailed
Student’s ¢-test, with P values<0.05 considered to be statisti-
cally significant.
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Fig. 1 Cytotoxic activity and cell binding of SBL/RC-RNase. a Cell
viability (%) (vertical axis) was quantified by WST-8 assay. Cancer cells:
P388, K562, HL60 (leukemia), Raji, Daudi (Burkitt’s lymphoma), and
MCEF7 (breast cancer). Normal cells: epidermal fibroblasts (NHDF),
epidermal melanocytes (NHEM), and keratinocytes (NHEK). SBL/RC-
RNase (3 uM) was administered to each cell line. Error bars: SE
calculated from three different cell preparations assayed individually. *,
P<0.01 in comparison with control (white bar). b Binding of SBL/RC-
RNase to cells as in Panel a was analyzed by flow cytometry. Cells were
treated with 3 uM SBL/RC-RNase and incubated with anti-SBL/RC-
RNase polyclonal antibody and FITC-conjugated goat anti-rabbit IgG,

and fluorescence was detected by flow cytometry (FACSCalibur). Panel
INC P388: incorporation of SBL/RC-RNase into P388 cells (2x10°)
cultured with 3 pM SBL/RC-RNase for 1 h at 4 °C. The cells were
washed with PBS, incubated for 1 h at 4 °C (dotted line) or 37 °C (solid
line), treated with anti-SBL/RC-RNase antibody for 30 min at 4 °C,
washed twice with PBS, and incubated with FITC-conjugated goat anti-
rabbit secondary antibody at a dilution of 1:500 in PBS (100 pL) for
30 min at 4 °C. The peak positions of the dotted and solid lines indicate
cells before and after treatment with SBL/RC-RNase (3 uM) for 30 min,
respectively
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Results

Antiproliferative effect of SBL/RC-RNase on leukemic cell
lines

SBL/RC-RNase effectively reduced the viability of leu-
kemic cell lines such as P388, K562, and HL60, but
had no effect on the viability of human breast cancer
MCF7 or Burkitt’s lymphoma Daudi or Raji. SBL/RC-
RNase treatment did not kill normal human cells de-
rived from epidermal fibroblasts (NHDF), epidermal
melanocytes (NHEM), or keratinocytes (NHEK)
(Fig. 1a). FACS analysis using anti-SBL/RC-RNase an-
tibody showed that administered SBL/RC-RNase at-
tached to the membranes of P388 and K562 cells but
not to those of Raji or NHDF cells (Fig. 1b). SBL/RC-
RNase was incorporated into the cytoplasm through
binding to the cell surface (Fig. 1b, panel INC P388).
These findings were consistent with those shown in
Fig. la; i.e., SBL/RC-RNase bound to P388 and K562
cells and reduced cell viability, whereas SBL/RC-RNase
did not bind to lymphoma Raji or normal tissue-derived
NHDF and had no effect on the viability of these cells.

Apoptotic effect of SBL/RC-RNase on P388 cells

Chromatin condensation of P388 cells was observed by stain-
ing with Hoechst 33342 after treatment with 3 pM SBL/RC-
RNase for 24 h (Fig. 2a, panel SBL/RC-RNase). In addition to
morphological changes of nuclei in P388 cells, DNA frag-
mentation as indicated by the appearance of ladders was
induced in a time-dependent manner by SBL/RC-RNase ad-
ministration (Fig. 2b, lanes 0 to 48). In P388 cells pretreated
with sialidase, SBL/RC-RNase administration did not induce
DNA fragmentation (Fig. 2b, lane Sia). SBL/RC-RNase
bound to P388 and K562 cells and induced DNA fragmenta-
tion. In contrast, SBL/RC-RNase did not bind to Raji or
NHDF cells and did not induce DNA degradation of these
cells (Fig. 2c). Consideration of these findings together with
those shown in Fig. la, and the fact that cell lines whose
viability was reduced by SBL/RC-RNase were detected by
WST-8 assay, indicate that both nuclear condensation and
DNA fragmentation occurred. Reduction of cell viability is
hereafter considered as equivalent to the degree of apoptosis
induced by SBL/RC-RNase.

Importance of sialyl-glycoconjugates for the cytotoxic effect
of SBL/RC-RNase on P388 cells

The inhibitory effect of 3 uM SBL/RC-RNase on P388 cell
viability (Fig. 3a, black bar) was enhanced ~40-50 % in the
co-presence of bovine submaxillary mucin (BSM), heparin, or
heparan sulfate (Fig. 3a, bars BSM, Hepa, and HepS), whereas
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Fig. 2 Induction of nuclear condensation and DNA fragmentation (lad-
der formation) by SBL/RC-RNase. a Nuclei of P388 cells treated (right
panel) or not treated (control; left panel) with 3 pM SBL/RC-RNase.
Cells were cultured for 24 h and observed by Hoechst33342 staining
using fluorescence microscopy (excitation and emission wavelengths 350
and 461 nm). b Cells were treated with SBL/RC-RNase (3 uM) and
cultured for 048 h (numbers at top). DNA ladders were detected by
agarose-electrophoresis stained with ethidium bromide under UV light.
Sia: sialidase-pretreated cells were incubated for 24 h with SBL/RC-
RNase (3 uM). M: molecular marker for DNA fragment (100-bp DNA
ladder). ¢ DNA electrophoresis pattern extracted from SBL-RC-RNase-
treated cells. Cancer cells (P388, K562, Raji) and normal cells (NHDF)
were treated with SBL/RC-RNase (3 or 20 uM) for 24 h. C: control (not
treated with SBL/RC-RNase)

asialo-BSM and sialic acid had no significant enhancing effect
(Fig. 3a, bars asialo-BSM and Sia). These findings were
consistent with those for inhibition of DNA fragmentation.
BSM, heparin, and heparan sulfate inhibited DNA ladder
formation induced by SBL/RC-RNase (Fig. 3b). SBL/RC-
RNase administration reduced cell viability in a dose-
dependent manner, whereas the viability of sialidase-treated
cells (Fig. 3c, striped bars) was 15 % or 30 % higher than that
of untreated cells (Fig. 3¢, white bars). These findings suggest
that SBL/RC-RNase bound to sialic acid-containing complex
glycoconjugates on the cell membrane and that desialylation
reduced the apoptotic effect of SBL/RC-RNase.
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Fig. 3 Inhibition of the cytotoxic A

effect of SBL/RC-RNase on P388 100
cells by co-treatment with free
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a White bar: negative control (no 80 |
SBL/RC-RNase treatment). Black
bar: positive control (SBL/RC-
RNase treatment without
glycoproteins). Hepa: heparin;
HepS: heparan sulfate; Sia: sialic
acid. Saccharides and
glycoproteins were co-incubated
with 3 uM SBL/RC-RNase with
25 ug/mL glycoproteins (BSM,
asialo-BSM) or 50 pg/mL
glycans (Hep, HepS). Sialic acid 0
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was administered at a
concentration of 50 pug/mL. Error
bars: SE from three independent
experiments. *, P<0.01 from
comparison with negative control.
**, P<0.01 from comparison B
with positive control. b Inhibition
of SBL/RC-RNase-induced DNA
fragmentation by the co-presence
of sialyl-glycoproteins.
Abbreviations as in panel a. ¢
Recovery of cell viability against
SBL/RC-RNase by pretreatment
with sialidase. Shaded bars:
pretreatment with 1 U sialidase
prior to administration of SBL/
RC-RNase (0-3 uM). White
bars: no sialidase pretreatment.
Error bars: SE from three
different cell preparations assayed
individually. *, P<0.05

Cholesterol-rich microdomains contain apoptotic ligands
of SBL/RC-RNase that activate caspase-3

The inhibitory effect of SBL/RC-RNase on viability of P388
cells was significantly reduced by treatment with the choles-
terol inhibitor MBCD (40 % reduction for 3.1 pg/mL M3CD;
50 % reduction for 12.5 pg/mL MBCD) (Fig. 4a, shaded
bars). MPBCD disrupts the construction within the cell mem-
brane of cholesterol-rich microdomains, which contain many
types of glycosphingolipids (GSLs) and glycoproteins. The
above findings suggest that desialylation of cells reduces the
cytotoxicity of SBL/RC-RNase because SBL/RC-RNase
binds to glycoconjugates located in cholesterol-rich microdo-
mains that are involved in apoptotic cascade signaling within
the cell. SBL/RC-RNase administration activated caspase-3,
an effector of apoptosis (Fig. 4b, black bar), and such activa-
tion was inhibited in a dose-dependent manner by the co-
presence of MBCD (Fig. 4b, gray bars). MBCD in the absence
of SBL/RC-RNase had no effect on caspase-3 activity
(Fig. 4b, white bars).
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These findings indicate that apoptotic-trigger molecules for
SBL/RC-RNase are located in cholesterol-rich microdomains
on the P388 cell surface and are essential for induction of
caspase-3 activity by SBL/RC-RNase.

Activation of caspase-8 by SBL/RC-RNase is suppressed
by removal of sialic acids

Inhibition assays showed that caspase-8 as an initiator of
caspase-3 was activated in a time-dependent manner by
SBL/RC-RNase administration (Fig. 5a). Levels of activated
caspase-8 increased during 3 h following SBL/RC-RNase
administration, and the removal of sialic acids from the cell
surface reduced the activation (Fig. 5¢). The addition of the
caspase-8 inhibitor Z-IETD-fmk increased cell viability fol-
lowing SBL/RC-RNase administration (Fig. 5b, gray bars)
and reduced the activity of caspase-3 as an effector of apopto-
sis (Fig. 5b, bold line). Taken together, these findings suggest
that SBL/RC-RNase causes apoptosis through a caspase-8 to
caspase-3 pathway.
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Fig. 4 Inhibition of the cytotoxic
effect of SBL/RC-RNase on P388
cells by pretreatment with
MBCD. a Cell viability (%)
(vertical axis) was quantified by
trypan blue exclusion assay.
White bars: viability of cells nont
treated with SBL/RC-RNase and
treated or not with M3CD. Black
bar: SBL/RC-RNase alone
(control). Shaded bars: cells
pretreated with M3CD (3.1 or
12.5 pug/mL) and then treated with
SBL/RC-RNase. b Caspase-3
activity was measured by
absorbance at 405 nm. Black bar:
cells treated with SBL/RC-RNase
(3 uM) but not MBCD (positive
control). Gray bars: cells
pretreated with M3CD (3.1 or
12.5 pg/mL) and then treated with
SBL/RC-RNase (3 uM). White
bars: caspase-3 activity of cells
not treated with SBL/RC-RNase
(negative controls). Error bars:
SE from three different cell

preparations assayed individually. 1.2
*, P<0.01 from comparison with >
control (black bar) -*;‘ 0.8
-4(-‘_) —~~
© E 06
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Expression of heat shock proteins on the cell membrane

SBL/RC-RNase clearly bound to a 70-kDa band in fractions 4 to
7, which contained Triton X-100-insoluble cell membrane
(Fig. 6a). Mascot analysis identified the protein as 70-kDa heat
shock cognate protein (Hsc70). Minor components identified
were 4F2 cell surface antigen heavy chain (CD98) (Mr 90,180)
and guanine nucleotide-binding protein (Mr 41,010).

In addition to Hsc70, heat shock protein 70 (Hsp70)
bound to SBL/RC-RNase and was present in the Triton
X-100-insoluble fractions derived from P388 cells by
sucrose density ultracentrifugation (data not shown).
FACS analysis showed that Hsp70 was also localized
on the cell membrane (Fig. 6b). Binding of SBL/RC-
RNase to Hsp70 on the cell membrane was inhibited by
the co-presence of free Hsp70 in an ELISA plate. The

@ Springer

100
80 |
9\./ 60 -
=
S o}
>
20
LN
MBCD  (ug/mL) 0
SBL/RC-RNase -+

SBL/RC-RNase

OouM 3uM
0 31125 0 3.1 125

binding of frog RNase to Hsp70 (concentration 10 pg/
mL) was significantly (~3-fold) stronger than that of
bovine pancreatic RNase (Fig. 6¢c, circles vs. squares).
The co-localization of SBL/RC-RNase and Hsc70 on the
cell surface was demonstrated using fluorescence-
conjugated antibodies against SBL/RC-RNase and
Hsc70 (Fig. 6d).

The heat shock protein inhibitor quercetin suppresses
apoptotic activity of SBL/RC-RNase

Pretreatment of P388 cells with 5 uM quercetin reduced the
expression of Hsp70 and Hsc70 by 60 % and 20 %, respec-
tively (Fig. 7a). SBL/RC-RNase-induced apoptosis was 20 %
lower in cells pretreated with 5 uM quercetin than in non-
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Fig. 5 Activation of caspases
was induced by SBL/RC-RNase
administration. a Time course of
caspase-8 activity induced by
administration of 3 uM SBL/RC-
RNase. b Co-inhibition of
caspase-3 and SBL/RC-RNase-
induced cytotoxicity by
administration of caspase-8
inhibitor Z-IETD-fmk. Caspase-8
and -3 activities were measured as
described in Materials and
methods, “Caspase activation and
inhibition assays” section. White
bars: viability of cells not treated
with Z-IETD-fmk or SBL/RC-
RNase. Black bars: cells treated
with SBL/RC-RNase only. Gray
bars: cells co-treated with SBL/
RC-RNase (3 uM) and Z-IETD-
fink (1040 uM). *, P<0.01 from
comparison with control (black
bar). ¢ Inhibition of SBL/RC-
RNase-induced caspase-8
activation by pretreatment with
sialidase. Cells were pretreated or
not with sialidase (1 U), then
treated with SBL/RC-RNase, and
caspase-8 activity was measured
as described above. *, P<0.01
from comparison with negative
control. ** P<0.01 from
comparison with positive control.
Error bars: SE from three
different cell preparations assayed
individually
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pretreated cells (Fig. 7b, column 2 vs. 4). DNA ladder forma-
tion caused by SBL/RC-RNase in non-pretreated cells
(Fig. 7c, lane 2) was reduced by pretreatment with 5 uM
quercetin (Fig. 7c, lane 4). These findings suggest that SBL/

RC-RNase bound to heat shock proteins and that this molec-
ular interaction was not only a physicochemical phenomenon
but also a physiologically-influenced cytotoxic effect acting as
a trigger for SBL/RC-RNase.
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Fig. 6 Expression of Hsc70 and Hsp70 on the P388 cell surface. a
Results of western blotting. Following lysis of cells, detergent-insoluble
fractions were obtained by sucrose density gradient centrifugation as
described in Materials and methods, “Detection of binding triggers of
SBL/RC-RNase in low-density, detergent-insoluble membrane fractions”
section. Protein (10 pg) from each fraction was subjected to SDS-PAGE
and transferred onto a PVDF membrane. Left: detection of SBL/RC-
RNase receptor protein by treatment with SBL/RC-RNase, anti-SBL/RC-
RNase antibody, and HRP-conjugated goat anti-rabbit IgG. Right: detec-
tion of HSC70 by treatment with its primary and secondary antibody as
described in Materials and methods. b Expression of Hsp70 and Hsc70
was quantified by flow cytometry. Cells were treated with anti-Hsc70
mAD or anti-Hsp70 mAb and FITC-conjugated goat anti-mouse IgG, and
fluorescence was detected by flow cytometry (FACSCalibur). ¢ Specific
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binding of Hsp70 to SBL/RC-RNase. Various concentrations of Hsp70
(0.1-10 pg/mL) were placed on an ELISA plate, and SBL/RC-RNase
(circles) or bovine pancreatic RNase A (squares) (each 50 pg/mL) was
added. Bound RNases were detected by anti-SBL/RC-RNase or anti-
bovine pancreatic RNase A polyclonal antibody as primary antibody
and horseradish peroxidase-conjugated anti-rabbit IgG goat antibody as
secondary antibody. Absorbances from reaction products were detected
using an ImmunoMini NJ-2300 plate recorder. d Detection of SBL/RC-
RNase and Hsc70 on the cell surface. Cells were treated with SBL/RC-
RNase and anti-SBL/RC-RNase antibody, anti-Hsc70 antibody, and
Alexa 488 goat anti-rabbit IgG antibody or Alexa 568-conjugated goat
anti-mouse IgG antibody. Merge: partial co-localization of SBL/RC-
RNase and Hsc70 on the cell surface
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Fig. 7 SBL/RC-RNase-induced A
cytotoxicity was reduced by
inhibition of Hsc70 and Hsp70
biosynthesis. a Reduced
expression of Hsc70 and Hsp70
on the P388 cell surface by
culturing with the heat shock
protein inhibitor quercetin (Quer).
Gene expression levels of Hsc70
and Hsp70 were reduced after
quercetin treatment, as detected
by quantitative RT-PCR. b The
reduction in cell viability induced
by 3 uM SBL/RC-RNase was
recovered by co-culture with

5 uM quercetin. ¢ Inhibition of
SBL/RC-RNase-induced DNA
fragmentation by the co-presence
of quercetin. The numbers of
samples loaded onto agarose gel
for electrophoresis are described
in panel b. Error bars: SE from
three different cell preparations 80
assayed individually. *, P<0.01
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Discussion

Despite earlier studies of the molecular basis of apoptosis
induction by frog oocyte RNases [19], little is known regard-
ing the receptors or trigger molecules of the RNases for
induction of anticancer activity.

Starting with our original 1987 studies [1, 2], we have
investigated the role of glycoconjugates that contain sialic
acids as triggers for apoptosis by SBL/RC-RNase. We have
observed that the amount of sialic acids on cancer cells varies
depending on the cell line and that different cell lines show
differing sensitivities to SBL/RC-RNase; e.g., P388, K562,
and HL-60 cells undergo apoptosis following SBL/RC-RNase
treatment, whereas SBL/RC-RNase does not cause apoptosis
or any other effect in MCF7, Daudi, or Raji cells or in cell
lines derived from normal tissues. These differing sensitivities
are presumably due to differences in cell surface components.

Our present findings indicate that contact with molecules
on the cell surface promotes incorporation of SBL/RC-RNase
into the cytoplasm (Fig. 1b) prior to occurrence of apoptosis
(with nuclear condensation) (Fig. 2a) or DNA fragmentation
(ladder formation) (Fig. 2b, c¢). We are currently investigating
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the specific role in cytotoxicity of pyroglutamic acid (5-
pyrolidone-2-carboxylic acid) located at the N-terminus of
SBL/RC-RNase [2]. The properties arising from
pyroglutamylation at the N-terminus of amphibian RNase
differ from those for bovine pancreatic RNase A [33], and
the role in cytotoxicity of post-translational modifications of
this protein have not been well studied. These are essential
points for elucidating the cytotoxic mechanisms of proteins
such as amyloid-f3, which is accumulated in the brains of
patients with Alzheimer’s disease [34].

We found that the increased P388 cell viability (Fig. 3a) and
decreased DNA fragmentation (Fig. 3b) caused by SBL/RC-
RNase administration occurred through desialylation and the
co-presence of sialomucin. These findings suggest that cell sur-
face sialyl-glycoconjugates function as receptors for SBL/RC-
RNase that allow cellular uptake (endocytosis) leading to apo-
ptosis induction. A recent study by Chao et al. showed that
specific amino acid residue-modified bovine RNase A induced
cytotoxicity against Chinese Hamster Ovary (CHO) cells, and
that cellular uptake increased through binding to heparan sulfate
and chondroitin sulfate of proteoglycans on the cell surface [35].
We found that binding of SBL/RC-RNase to P388 cells was
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specifically inhibited by the co-presence of heparin, heparan
sulfate, or sialyl-glycoprotein (BSM). The co-presence of a
monosaccharide, sialic acid, did not inhibit SBL/RC-RNase
cytotoxicity. Thus, some form of acidic saccharides, e.g.,
glycoconjugates, may be necessary for recognition of SBL/RC-
RNase. This concept is supported by the observation that DNA
ladder formation in P388 cells was inhibited by the co-presence
of acidic glycans such as sialomucin, heparin, and heparan
sulfate (Fig. 3b). Deconstruction of cholesterol-rich microdo-
mains by pretreatment with the cholesterol inhibitor M3CD
[26] inhibited the cytotoxic activity of SBL/RC-RNase, indicat-
ing that sialyl-glycoconjugates were a trigger for SBL/RC-
RNase localization at these microdomains (Fig. 4a).

SBL/RC-RNase-induced apoptosis was shown to be trig-
gered by caspase-3 activation (Fig. 4b, black bar). Reduction
of caspase-3 activation by SBL/RC-RNase resulted from de-
construction of cholesterol-rich microdomains by MCD
treatment (Fig. 4b, gray bar). SBL/RC-RNase was activated
through binding with sialyl-glycoconjugates in cholesterol-
rich microdomains and was incorporated into cells to activate
caspase-3, which induced apoptosis (Fig. 4b). Caspase-8 was
activated by SBL/RC-RNase administration, and apoptosis
was inhibited by pretreatment with the synthetic peptide Z-
IETD-fmk (a specific inhibitor of caspase-8), indicating that
SBL/RC-RNase-induced apoptosis occurred through a
membrane-associated pathway involving both caspase-8 and
-3 (Fig. 5b). Desialylation of cells also inhibited caspase-8
activation by SBL/RC-RNase (Fig. 5¢).

Heat shock protein (an acute stress protein) and heat shock
cognate protein were found in the Triton X-100-insoluble frac-
tions of P388 cells; these fractions also contained GSL-enriched
microdomains. SBL/RC-RNase bound to these heat shock pro-
teins even though they are not sialic acid-containing glycopro-
teins (Fig. 6a). These findings indicate that the binding of SBL/
RC-RNase to heat shock proteins (Hsc70 and Hsp70) is based on
protein-protein interaction rather than protein-glycan interaction.
FACS analysis showed that Hsc70 and Hsp70 were located on
cell membranes (Fig. 6b). Binding of SBL/RC-RNase to Hsp70
was stronger than that of bovine RNase (Fig. 6¢).

The 70-kDa heat shock protein family has two major
members, the inducible Hsp70 and the constitutive Hsc70.
Both Hsp70 and Hsc70 are intracellular proteins and function
as molecular chaperones, playing important roles in folding
and transporting newly synthesized peptides [36, 37]. Hsp70
expression is also an important mechanism whereby cells
adapt to stress. Recombinant Hsc70 was recently reported to
interact directly with TLR4 in macrophages. It appears that
extracellular Hsc70 activates “inert” immunity to induce pro-
inflammatory cytokine expression [38].

Previous studies indicated that heat shock proteins, in their
role as molecular chaperones involved in protein folding, form
complexes with gangliosides, and that the ganglioside/Hsp70
complex is formed through the N-terminal ATPase and the C-
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terminal peptide-binding domains [39, 40]. Hsp70 and its
structural homologue Hsc70 are most likely present in
cholesterol-rich microdomains of P388 cells in similar fash-
ion. Our immunohistochemical experiments showed that heat
shock proteins are localized on the cell membrane and may
function as indirect receptors for SBL/RC-RNase (Fig. 6d). A
complex of SBL/RC-RNase, sialyl-glycoconjugates, and heat
shock proteins in the cholesterol-rich microdomain of P388
cells promoted apoptosis, and this promoting effect was
blocked by pretreatment with quercetin, a specific inhibitor
of heat shock protein synthesis (Fig. 7).

Studies since 2009 on specific RNA-binding protein
families have shown that Ser- and Arg-rich mRNA
splicing factors have carbohydrate-binding activity,
whereas small nuclear ribonucleoproteins interact with
carbohydrate-binding proteins such as galectin-1 and -3
[41-43]. This concept is supported by our observation
of specific sialyl-glycoconjugate-binding activity by
SBL/RC-RNase. We are currently attempting to charac-
terize the glycoproteins that act as receptors of SBL/RC-
RNase. Further elucidation of the relationship between
quantitative expression of sialyl-glycoconjugates and
heat shock proteins on the cell surface and SBL/RC-
RNase-induced apoptosis will increase our understand-
ing of the cell surface receptors of cytotoxic proteins
and promote new concepts of synergistic mechanisms
for apoptosis induction.
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