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Abstract. Malignant mesothelioma is a highly aggressive 
tumor with poor prognosis. An effective drug for treatment of 
malignant mesothelioma is greatly needed. Sialic acid-binding 
lectin (SBL) isolated from oocytes of Rana catesbeiana is a 
multifunctional protein which has lectin activity, ribonuclease 
activity and antitumor activity, so it could be developed as a 
new type of anticancer drug. The validity of SBL for treat-
ment of malignant mesothelioma was assessed using three 
malignant mesotheliomas and a non-malignant mesothlial 
cell line. Effectiveness of combinatorial treatment of SBL 
and tumor necrosis factor-related apoptosis inducing ligand 
(TRAIL) was also elucidated and characterized. SBL induced 
tumor-selective cytotoxicity that was attributed to induction 
of apoptosis. Combinatorial treatment of SBL and TRAIL 
showed synergistic apoptosis-inducing effect. Additional 
experiments revealed that Bid was the mediating molecule 
for the synergistic effect in SBL and TRAIL. These results 
suggested that SBL could be a promising candidate for the 
therapeutics for malignant mesothelioma. Furthermore, the 
combinatorial treatment of SBL and TRAIL could be an effec-
tive regimen against malignant mesothelioma.

Introduction

Malignant mesothelioma is a highly aggressive tumor with 
poor prognosis (1). It is commonly accepted that the develop-
ment of malignant mesothelioma is closely associated with 
exposure to asbestos, radiation or simian virus 40 (2). Because 

of the fact that asbestos has been used in thousands of prod-
ucts for a long time all over the world, and estimated latency 
period between exposure to asbestos and diagnosis of meso-
thelioma is 20-40 years, and it is expected that the incidence 
of malignant mesothelioma increases dramatically over 
the next couple of decades (3,4). Malignant mesothelioma 
shows strong resistance to existing chemotherapy, irradiation 
therapy, and operative therapy and extremely poor prognosis 
with median survival and 5-year survival of <1 year and 1%, 
respectively (5,6). Because the benefits of single-agent first-
line or second-line chemotherapy are limited, the current 
standard of care for first-line chemotherapy is cisplatin and 
pemetrexed (a folate inhibitor), the only first-line therapy 
approved by the US Food and Drug Administration for 
patients ineligible for surgery (7).

Sialic acid binding lectin (SBL) isolated from Rana cates-
beiana is a multifunctional protein that has lectin activity, 
ribonuclease activity and antitumor activity. SBL selectively 
agglutinates tumor cells but not normal cells (8-10). The 
selective effect of SBL on cancer cells is due to its selective 
binding to tumor cells, because sialidase treatment of cells 
abolished the tumor cell agglutination and anti-proliferative 
effect induced by SBL (11). We previously reported the 
antitumor effect of SBL in vitro and in vivo (11-14), and the 
mechanism of SBL-inuduced apoptois was studied in human 
leukemia Jurkat cells (15,16). We studied the efficiency of 
SBL on treatment of malignant mesothelioma. We showed 
that SBL suppressed the cell proliferation of malignant meso-
thelioma and exerted synergistic apoptotic effect with tumor 
necrosis factor-related apoptosis inducing ligand (TRAL). 
The synergistic mechanism was analyzed and the potential of 
SBL as a new, active, anticancer reagent is suggested.

Materials and methods

Materials. SBL was isolated in sequential chromatography 
on Sephadex G-75, DEAE-cellulose, hydroxyapatite, and 
SP-Sepharose as described previously (17). Etoposide and 
anti-β-actin antibody were purchased from Sigma-Aldrich, 
(Tokyo, Japan). TRAIL was purchased from R&D Systems 
(Minneapolis, MN, USA). The antibodies utilized were: 
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anti-caspase-9 (MBL, Nagoya, Japan), anti-caspase-8, anti-
caspase-3, anti-Bim, anti-Bik, anti-Bax and anti-Bid (Cell 
Signaling Technology, Beverly, MA, USA), anti-GAPDH 
(Ambion, Austin, TX, USA), anti-ERK1/2 (pT202/pY204), 
anti-ERK1, anti-JNK/SAPK (pT183/pY185), anti-JNK/SAPK, 
anti-p38 (pT180/pY182), and anti-p38 (BD Biosciences, 
Franklin Lakes, NJ, USA), horseradish peroxidase (HRP)-
conjugated anti-mouse IgG (Zymed, South San Francisco, 
CA, USA), and HRP-conjugated anti-rabbit IgG (Cedarlane, 
Hornby, Ontario, Canada). Bid specific siRNA were obtained 
from Ambion.

Cell culture. Malignant mesothelioma cell line NCI-H28 and 
immortalized non-malignant mesothelial cell line Met-5A were 
purchased from American Type Culture Collection (ATCC; 
Manassas, VA, USA). Malignant mesothelioma cell lines 
ACC-MESO-1 and ACC-MESO-4 were obtained from Riken 
Cell Bank (Tsukuba, Japan). H28, MESO-1 and MESO-4 
cells were cultured in RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS). Met-5A was cultured in 
Medium 199 with Earle's balanced salt solution, 75 mM L-Gln, 
and 1.25 g/l sodium bicarbonate, supplemented with 3.3 nM 
epidermal growth factor (EGF), 400 nM hydrocortisone, 
870 nM insulin, 20 mM HEPES, and 10% FBS. All cells were 
cultured with penicillin (100 U/ml) and streptomycin (100 µg/
ml) at 37˚C in 95% air and 5% CO2 atmosphere.

Clonogenic assay. Cells were precultured for 24 h, and treated 
with SBL at various concentration for 48 h. Thereafter, the cells 
were trypsinized, and washed with phosphate-buffered saline 
(PBS), and plated in a 6-well plate (MESO-1, 500; MESO-4 
and H28, 1,000; MeT-5A, 3,000 cells/well, respectively). After 
12 days, the colonies were fixed with 2% paraformaldehyde, 
and stained with 0.1% crystal violet.

Analysis of Annexin V binding and propidium iodide (PI) 
incorporation. Annexin V binding and PI incorporation 
were detected with a MEBCYTO apoptosis kit (MBL). The 
cells were harvested and washed with PBS, then stained with 
fluorescein isothiocyanate (FITC)-labeled Annexin V and PI. 
Fluorescence intensity was determined using a FACScalibur 
flow cytometer (BD Biosciences).

Western blotting. Whole cell lysate was prepared by lysing the 
cells with extraction buffer [150 mM NaCl, 1% Triton X-100, 
10 mM Tris-HCl (pH 7.5), 5 mM EDTA (pH 8.0), 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 tablet/10 ml protease 
inhibitor cocktail (Roche Applied Science, Indianapolis, IN, 
USA)]. Soluble proteins were collected and concentrations 
were measured by DC protein assay kit (Bio-Rad, Richmond, 
CA, USA). Proteins were separated by SDS-PAGE and trans-
ferred to polyvinylidine difluoride (PVDF) membrane (GE 
Healthcare, Little Chalfont, UK). The membrane was blocked 
by 5% fat-free skim milk, then primary and secondary anti-
bodies were added to the membrane, respectively. Bands of 
interest were detected using ECL Western blotting detection 
regents (GE Healthcare).

Calculation of CI values. To assess whether the combination 
effect is synergistic or additive, CI analysis was performed. CI, 

a numerical value calculated as described in equation below 
provides a quantitative measure of the extent of drug interac-
tion.

CI = CSBL,X/ ICX,SBL + CTRAIL, X/ICx, TRAIL

CSBL,X and CTRAIL, X are the concentrations of SBL and 
TRAIL used in combination to achieve x% drug effect. 
ICX,SBL and ICx, TRAIL are the concentrations for single agents to 
achieve the same effect. When the concentration of SBL was 
set to 0.5 µM, treatment with TRAIL carried out in the range 
of 0.1-2.0 ng/ml, and when the concentration of TRAIL was 
set to 1 ng/ml, treatment with SBL carried out in the range of 
0.1-2.0 µM. CI of <, = and >1 indicates synergy, addictively 
and antagonism, respectively.

Detection of the reduction of mitochondrial membrane 
potential (MMP). MMP was assessed using a fluorescent 
probe 5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-benzamid-
azolocarbocyanin iodide (JC-1, AnaSpec, Fremont, CA, USA). 
Cells were cultured in the conditions of each experiment 
and then incubated with JC-1 (2 µM) dye diluted in culture 
medium at 37˚C for 15 min. The cells were washed with PBS 
and analyzed using FACScalibur (Becton-Dickinson).

Knock-down of expression of Bid by siRNA treatment. 
Introduction of siRNA into H28 cells was performed by lipo-
fection method. Bid specific siRNA (10 µM, sense; GGG 
AUGAGUGCAUCACAAATT, antisense; UUUGUGAUGC 
ACUCAUCCCTG) and Lipofectamine were mixed with 
Opti-MEM and added to the cells. After 4-h incubation, the 
medium was replaced with fresh medium and cells were 
cultured for 48 h. Thereafter, cells were harvested, plated in 
fresh dishes, and cultured for 24 h, and then siRNA was intro-
duced again as above. The cells were used for the experiments 
48 h from the final transfection.

Statistical analysis. Results were collected from three inde-
pendent experiments, each performed in triplicate, and data 
are expressed as the mean ± SD. Statistical analysis was 
performed using GraphPad Prism 3.0 and comparisons were 
performed using Student's t-test, one-way or two-way analysis 
of variance (ANOVA), followed by Bonferroni's post hoc tests.

Results

SBL shows anti-proliferative effects on malignant meso-
thelioma cells but not on non-malignant mesothelial 
cells. Anti-proliferative effect of SBL to three malignant 
mesothelioma cell lines (H28, MESO-1 and MESO-4) and 
non-malignant mesothelial cells (Met-5A) was assessed by 
clonogenic assay. At the concentrations 5, 10 and 20 µM of 
SBL, the colony formations of MESO-1 and MESO-4 cells 
were <70, 30 and 5% and 20, 15 and 5%, respectively. In H28 
cells, the colony formation was <5% at all concentrations 
tested, while the colony formation of Met-5A cells were higher 
at 90, 65 and 60%, respectively (Fig. 1). H28 cells were the 
most sensitive in the cell lines tested, and sensitivity was 
observed in the order MESO-1, MESO-4 and Met-5A cells. 
These results indicate that SBL has selective anti-proliferative 
effects on malignant mesothelioma cells.
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SBL induces apoptosis to malignant mesothelioma cells but not 
to non-malignant mesothelial cells. Next, we assessed whether 
the anti-proliferative effect on SBL to malignant mesothelioma 
cells is the resultant of apoptosis or not. Annexin V binding 
was observed in all three malignant mesothelioma cells from 
24-h treatment of SBL in a time-dependent mannner, while 
Annexin V binding was not detected in Met-5A cells (Fig. 2A). 
Then, we analyzed activation of caspases in SBL-treated H28 
and Met-5A cells by western blotting. Apparent activation of 
caspase-8, -9 and -3 was observed from 48-h treatment with 
SBL in H28, but not in Met-5A cells (Fig. 2B). Furthermore, to 
clarify the other factors involved in SBL-induced apoptosis, 
we assessed the expression of proapoptotic Bcl-2 protein 
members by western blotting. There were no alteration in 
expression of Bax, Bid, and Puma, but elevated expression of 
Bim was observed, and maximal at 24 h (Fig. 2C). Transient 
elevation of Bik expression was also observed as early as 6-h 
treatment with SBL. We also analyzed if mitogen-activated 
protein kinases (MAPKs) were activated in the process of 
SBL-induced apoptosis. Elevation of total p38 expression was 
observed from 24-h treatment with SBL. Phosphorylation of 
p38 and JNK was detected from 24- and 12-h treatment with 

SBL, respectively, in a time-dependent manner. On the other 
hand, phosphorylation of ERK was diminished from 12-h 
treatment with SBL. These results indicate that SBL induces 
apoptosis selectively to malignant cells. Moreover, it was 
considered that Bcl-2 family proteins such as Bim and Bik, 
and p38 and JNK may be involved in apoptotic signal caused 
by SBL.

Combinatorial treatment with SBL and TRAIL shows syner-
gistic cytotoxity to H28 cells attributed to enhancement of 
apoptosis. Studies were designed to investigate the effective-
ness of combinatorial treatment with SBL and other anticancer 
reagents. Fas ligand and TNFα reportedly kill not only tumor 
cells but also normal cells, whereas, TRAIL is promising 
because of its high selectively to cancer cells. We analyzed if 
the antitumor effects were enhanced by combinatorial treat-
ment with SBL and TRAIL. Twenty-four-hour treatment of 
SBL (5 µM) and TRAIL (2 ng/ml) alone resulted in loss of 
viability to 66.7 and 70.9%, respectively. Combinatorial treat-
ment with SBL and TRAIL decreased the viability to 24.7% 
(Fig. 3A). When the concentration of SBL was set to 0.5 µM or 
TRAIL was 1 ng/ml, the CI values were 0.63 and 0.68, respec-
tively, which indicate synergistic effect (Table I). To study 
the mechanism of synergistic effect of SBL and TRAIL, we 
tested whether apoptosis is enhanced in combinatorial treat-
ment. Etoposide that enhances TRAIL-induced apoptosis, was 
assessed together as a positive control. Similarly to combinato-
rial treatment with etoposide and TRAIL, Annexin V binding 
was significantly increased in combinatorial treatment with 
SBL and TRAIL in H28 cells, whereas these effects were not 
observed in Met-5A cells (Fig. 3B). Furthermore, activation of 
caspase-8, -9 and -3 was significantly enhanced in combinato-
rial treatment with SBL and TRAIL (Fig. 3C in H28 cells). 
These results suggest that synergistic cytotoxicity of SBL and 
TRAIL are caused by the enhancement of apoptosis.

Synergistic effect of SBL and TRAIL is mediated by Bid. 
Next, we analyzed how the synergistic effects were induced 
in combinatorial treatment with SBL and TRAIL. Some 
anticancer reagents increase the expression of DR4 and DR5 
and shows synergistic antitumor effect with TRAIL. We 
analyzed the expression of DR4 and DR5 in SBL-treated 
H28 cells by western blotting to elucidate the possibility 
if SBL could increase the expression of these receptors. 
Bortezomib that increases the expression of DR4 and DR5 
was used as a positive control. We detected an increase of 
DR4 and DR5 expression in bortezomib-treated cells, but 
there are no increments of DR4 and DR5 expression in SBL- 

Figure 1. Effect of SBL on clonogenic potential of malignant mesothelioma 
cells and non-malignant mesothelial MeT-5A cells. (A) Cells were precul-
tured for 24 h, then treated with increasing doses of SBL (0.2, 2, 5, 10 
and 20 µM) for 48 h. After treatment, cells were washed with medium and 
plated in a 6-well plate (MESO-1, 500; MESO-4 and H28, 1,000; MeT-5A, 
3,000 cells/well, respectively). After 12 days, the colonies were fixed with 
2% paraformaldehyde, and stained with 0.1% crystal violet. (B) Assays 
were done in triplicate, and the average of colony counts is presented.

Table I. Calculation for the combination of SBL and TRAIL.

Combination index (CI)

SBL (0.5 µM)  TRAIL (1 ng/ml)
0.63 0.68

CI values of >1 and <1 indicate drug antagonism and synergism, 
respectively.
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Figure 2. SBL induces apoptosis in malignant mesothelioma cells. (A) Binding of Annexin V in SBL-treated cells (H28, MESO-1, MESO-4 and MeT-5A). 
Cells were treated with SBL (5 µM) for the indicated time. The percentage of Annexin V-positive cells was determined using flow cytometric analysis. Data 
are expressed as the mean ± SD of three independent experiments. *P<0.05 versus control. (B) Caspase activation in SBL-treated H28 and MeT-5A cells. H28 
and MeT-5A cells were treated with SBL (5 µM) for the indicated time. The activation of caspase-8, -9 or -3 was determined by western blotting. β-actin was 
used as a standard to ensure equivalent loading of cell extracts. (C) Effect of SBL on expression of proapoptotic Bcl-2 family proteins. H28 cells were treated 
with SBL (5 µM) for the indicated time. Expression of Bax and BH3-only proteins (Bid, Bim, Bik and Puma) was determined. Bands in the western blotting 
were quantified by densitometry and expressed as a ratio of intensity of bands to β-actin (respective bands/actin). (D) Phosphorylation pattern of MAPKs in 
SBL-treated H28 cells. H28 cells were treated with SBL (5 µM) for the indicated time. Expressions of each protein were detected by western blotting. GAPDH 
was used as a standard to ensure equivalent loading of cell extracts.
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Figure 3. Combinatorial treatment with SBL and TRAIL shows synergistic 
cytotoxity. (A) Cytotoxic effect of combination of SBL and TRAIL in H28 
cells. Cells were treated with SBL (5 µM) and/or TRAIL (1, 1.5 and 2 ng/ml) in 
combination for 24 h. The viability was determined by WST-1 assay. Data are 
expressed as the mean ± SD from three independent experiments in triplicate. 
*P<0.05 versus SBL alone. (B) Binding of Annexin V in combination-treated 
cells. H28 or MeT-5A cells were treated with SBL (5 µM), etoposide (50 µM) 
and/or TRAIL (2 ng/ml) for 24 h. The percentage of Annexin V-positive 
cells was determined using flow cytometric analysis. Data are expressed as 
the mean ± SD of three independent experiments. *P<0.02 versus TRAIL 
alone. (C) Caspase activation in combination-treated H28 cells. Cells were 
treated with SBL (5 µM) and/or TRAIL (2 ng/ml) for 24 h. The activation of 
caspase-8, -9 or -3 was determined by western blotting. β-actin was used as a 
standard to ensure equivalent loading of cell extracts.

Figure 4. Mechanistic analysis of synergistic effect of SBL and TRAIL. 
(A) Effect of SBL on expression of DR4 and DR5. H28 cells were treated with 
SBL (5 µM) and/or TRAIL (2 ng/ml) in combination for 24 h. Expression 
of DR4 and DR5 was determined western blotting. Bortezomib (10 nM), 
known to upregurate DR4 and DR5, was used as positive control. Bands in 
the western blotting were quantified by densitometry, and expressed as a ratio 
of intensity of bands to β-actin (respective bands/actin). (B) Change of MMP 
in combination-treated H28 cells. Cells were treated with SBL (5 µM) and/
or TRAIL (2 ng/ml) for 24 h and then exposed to JC-1 for 30 min. Change 
of MMP was determined using flow cytometric analysis. The percentage of 
cells divided into lower right-hand (LR) quadrant and upper right-hand (UR) 
quadrant is indicated. (C) Bid-mediated synergistic effect in combinatorial 
treatment with SBL and TRAIL. Bid cleavage in combination-treated H28 
cells. Cells were treated with SBL (5 µM), etoposide (50 µM) and/or TRAIL 
(2 ng/ml) for 24 h. The cleavage of Bid was determined by western blotting. 
β-actin was used as a standard to ensure equivalent loading of cell extracts. 
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and/or TRAIL-treated cells (Fig. 4A). These results indicate 
that expression of DR4 and DR5 is not related to enhancement 
of apoptosis in combinatorial treatment with SBL and TRAIL.

Mitochondrial membrane depolarization is an indicator of 
apoptosis. We measured the MMP by using the mitochondrial 
membrane depolarization detector JC- 1. The mitochondrial 
membrane depolarization was significantly enhanced in 
combinatorial treatment with SBL and TRAIL, suggesting 

the involvement of mitochondrial perturbation in a synergistic 
mechanism (Fig. 4B).

Bid, a proapoptotic member of the Bcl-2 family, is cleaved 
by activated caspase-8, and then truncated Bid (tBid) trans-
locates from the cytoplasm to the mitochondria, causing an 
efflux of cytochrome c from the mitochondria. We observed 
truncation of Bid in combinatorial treatment with SBL and 
TRAIL in H28 cells. Fig. 4C showed that tBid was significantly 
increased in combinatorial treatment with SBL and TRAIL, 
similarly to combinatorial treatment with etopside and TRAIL. 
Next, we assessed the contribution of enhanced Bid activation 
to synergistic effect of SBL and TRAIL by the knock-down 
of Bid. Enhancement of Annexin V binding in combinatorial 
treatment with SBL and TRAIL was significantly decreased 
by treatment of Bid siRNA (Fig. 4D and E). Furthermore, the 
enhanced activation of caspase-8 was also diminished by Bid 
siRNA (Fig. 4F). These results indicate that truncation of Bid is 
increased in combinatorial treatment with SBL and TRAIL and 
is plays an important role in synergistic apoptosis execution.

Discussion

In this study, we showed that SBL inhibited cell growth of 
the various malignant mesothelioma cells, but not of the non-

Figure 4. Continued. (D) RNA knock-down of Bid. H28 cells were subjected 
to two sequential rounds of transfection with Bid-specific siRNAs or 
vehicle (control). Bid expression is almost abrogated by the specific RNAi; 
there is no effect on expression of actin. (E) Effect of RNA knock-down 
of Bid on apoptotic facilitation between SBL and TRAIL in H28 cells. 
H28 cells subjected to two sequential rounds of Bid specific RNAi were 
treated with SBL (5 µM) and/or TRAIL (2 ng/ml) for 24 h. Percentage of 
Annexin V-positive cells was determined using flow cytometric analysis. 
Data are expressed as the mean ± SD of three independent experiments. 
P<0.02 versus control transfected with vehicle (*) or TRAIL alone (**). 
(F) Effect of RNAi knock-down of Bid on caspase-8 cleavage facilitated 
by combination of SBL and TRAIL in H28 cells. H28 cells transfected 
with Bid-specific siRNAs or vehicle were treated with SBL (5 µM) and/
or TRAIL (2 ng/ml) for 24 h. Bid expression and caspase-8 activation was 
detected by western blotting. Bands in the western blotting were quantified 
by densitometry, and expressed as the ratio of intensity of bands to β-actin 
(respective bands/actin).

Figure 5. Proposed model for mechanism of apoptosis amplified by SBL and 
TRAIL in H28 cells. SBL catalyzes cleavage of cellular RNAs, and increases 
expression of Bik and Bim, phosphorylation of p38 and JNK MAPKs. On the 
other hand, TRAIL activates DR mediated by death-inducing signaling com-
plex (DISC), which is formed by recruitment of Fas-associated death domain 
protein (FADD) and caspase-8. Caspase-8 activates Bid. These two signals 
induce apoptotic ‘amplification loop’ (thick line) associated with mitochon-
drial outer membrane permeabilization and caspase activation.
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malignant mesothelial cells (Fig. 1). SBL-induced cytotoxity 
was accompanied by typical apoptotic changes, and these 
effects were only seen in malignant mesothelioma (Fig. 2). 
Thus, the new mechanistic and cancer selective properties of 
SBL can be assumed for the candidate for new kind of cancer 
therapy.

Combination therapy has been the standard of care, espe-
cially in cancer treatment, since it is a rational strategy to increase 
response and tolerability, and to decrease resistance. We studied 
here, the validity of the combinatorial treatment with SBL and 
TRAIL. TRAIL represents a promising candidate for the cancer 
therapy, because it causes apoptosis selectively to cancer cells 
(18,19). There are members of receptors for TRAIL including 
death receptors (DRs), DR4 and DR5, mediating induction of 
apoptosis, and the decoy receptors (DcR), DcR1 and DcR2 
which fail to induce apoptosis (20-22). The selectivity of TRAIL 
to cancer cells is attributed to the fact that cancer cells have been 
shown to highly express the death receptors, whereas normal 
cells highly express the DcRs. However, many tumor cells are 
resistant to TRAIL in clinical trials. It is suggested that the low 
efficiency of TRAIL receptor agonists was due to the induced 
resistance (23-26). Efforts have been made to overcome the resis-
tance and to improve the efficacy of TRAIL. There are reports 
that the apoptosis induced by TRAIL is enhanced by some other 
reagents (27,28). Bortezomib enhances the cytotoxity of TRAIL 
by increasing the expression of DR4 and DR5. We assessed the 
possibility that SBL is able to increase the expression of DR4 
and DR5, and clarified that their expressions are not affected 
by SBL treatment (Fig. 4A). Engagement of death ligands to 
death receptors leads to activation of caspase-8, then activated 
caspase-8 transduces two different pathways dependent on cell 
types (29,30). In one pathway the activated caspase-8 directly 
activates effector caspases such as caspase-3 (31,32), in another 
pathway activated caspase-8 evokes mitochondrial perturbation 
through cleavage of Bid, and signal of apoptosis is amplified 
between caspase activation, mitochondria perturbation and 
Bid truncation (33). Cell types can be distinguished between 
type I cells using the former pathway (SKW6.4, H9) or type II 
cells using the latter pathway (Jurkat, CEM) (34). Etoposide 
was reported to sensitize malignant mesothelioma M28 cells 
to TRAIL-induced apoptosis, and this synergic effect requires 
amplification of death signals by cleavege of Bid, suggesting that 
M28 cells belong to type II cells (35). We investigated what the 
mediator of synergistic effect is between SBL and TRAIL. We 
found enhancement of apoptosis and mitochondrial depolariza-
tion in combination-treated H28 cells (Figs. 3 and 4B). Further 
study revealed increased cleavage of Bid, and it was important 
for amplification of apoptosis such as enhancement of caspase-8 
activation in combination-treated cells (Fig. 4C-F). Our results 
also suggested that H28 cells belong to type II cells, because 
the cleavage of Bid enhances the apoptotic signals. Interestingly, 
Abayasiriwardana et al (36) reported that anisomycin, a transla-
tion inhibitor, lowers threshold for mitochondrial perturbation 
through Bim, and suggested that the contribution of JNK for the 
stability of Bim. Nikrad et al (37) and De Wilt et al (38) reported 
that bortezomib sensitizes cells to killing by TRAIL through not 
only the increment of expression of DR4 and DR5 but also the 
regulation of expression of Bcl-2 family including Bik and Bim. 
In the case of SBL, we detected elevated expression of Bik and 
Bim in SBL-treated cells. While anisomysin activated JNK and 

ERK but not p38 MAPKs (36), SBL activated JNK and p38 but 
not ERK (Fig. 2D). These observations suggest that Bcl-2 family 
proteins and MAPK signals play an important role in synergistic 
apoptotic cell death caused by combinatorial treatment.

In conclusion, SBL induced selective apoptosis to malignant 
mesothelioma cells. The combinatorial treatment with SBL and 
TRAIL induced synergistic apoptosis to malignant mesothelioma. 
The predicted mechanism is shown in Fig. 5. The synergistic 
effects were caused through enhancement of Bid cleavage and 
caspase activation. Bcl-2 family proteins and MAPKs may be 
involved in the synergistic mechanism. Eventually, apoptotic 
signal is amplified by amplification loop consisted of caspase 
activation and mitochondria perturbation and truncation of Bid. 
The cytotoxic effects of SBL and/or TRAIL were not observed 
in non-malignant mesothelial cells. Therefore, our results suggest 
that the combination of SBL and TRAIL can be an effective 
treatment for malignant mesothelioma.

Acknowledgements

This study was supported in part by Grant-in-Aid of the 
‘Academic Frontier’ Project (2006-2011) and the ‘Strategic 
Research’ Project (2012-2017) for Private Universities from 
the Ministry of Education, Culture, Sports, Science and 
Technology of Japan.

References

  1. Mutsaers SE: The mesothelial cell. Int J Biochem Cell Biol 36: 
9-16, 2004.

  2. Spugnini EP, Bosari S, Citro G, Lorenzon I, Cognetti F and 
Baldi A: Human malignant mesothelioma: molecular mecha-
nisms of pathogenesis and progression. Int J Biochem Cell Biol 
38: 2000-2004, 2006.

  3. McCormack V, Peto J, Byrnes G, Straif K and Boffetta P: 
Estimating the asbestos-related lung cancer burden from meso-
thelioma mortality. Br J Cancer 106: 575-584, 2012.

  4. Carbone M and Bedrossian CW: The pathogenesis of mesothe-
lioma. Semin Diagn Pathol 23: 56-60, 2006.

  5. Sugarbaker DJ and Norberto JJ: Multimodality management of 
malignant pleural mesothelioma. Chest 113: S61-S65, 1998.

  6. Ceresoli GL, Locati LD, Ferreri AJ, Cozzarini C, Passoni P, 
Melloni G, Zannini P, et al: Therapeutic outcome according to 
histologic subtype in 121 patients with malignant pleural meso-
thelioma. Lung Cancer 34: 279-287, 2001.

  7. Mossman BT, Shukla A, Heintz NH, Verschraegen CF, Thomas A 
and Hassan R: New insights into understanding the mechanisms, 
pathogenesis, and management of malignant mesotheliomas. Am 
J Pathol 182: 1065-1077, 2013.

  8. Ceresoli GL, Zucali PA, Gianoncelli L, Lorenzi E and Santoro A: 
Second-line treatment for malignant pleural mesothelioma. 
Cancer Treat Rev 36: 24-32, 2010.

  9. Liao YD, Huang HC, Chan HJ and Kuo SJ: Large-scale prepara-
tion of a ribonuclease from Rana catesbeiana (bullfrog) oocytes 
and characterization of its specific cytotoxic activity against 
tumor cells. Protein Expr Purif 7: 194-202, 1996.

10. Liao YD, Huang HC, Leu YJ, Wei CW, Tang PC and Wang SC: 
Purification and cloning of cytotoxic ribonucleases from Rana 
catesbeiana (bullfrog). Nucleic Acids Res 28: 4097-4104, 2000.

11. Nitta K, Ozaki K, Ishikawa M, Furusawa S, Hosono M, 
Kawauchi H, Sasaki K, et al: Inhibition of cell proliferation by 
Rana catesbeiana and Rana japonica lectins belonging to the 
ribonuclease superfamily. Cancer Res 54: 920-927, 1994.

12. Nitta K, Ozaki K, Tsukamoto Y, Furusawa S, Ohkubo Y, 
Takimoto H, Murata R, et al: Characterization of a Rana cates-
beiana lectin-resistant mutant of leukemia P388 cells. Cancer 
Res 54: 928-934, 1994.

13. Nitta K, Ozaki K, Tsukamoto Y, Hosono M, Ogawakonno Y, 
Kawauchi H, Takayanagi Y, et al: Catalytic lectin (leczyme) from 
bullfrog (Rana catesbeiana) eggs. Int J Oncol 9: 19-23, 1996.



TATSUTA et al:  LECZYME INDUCES APOPTOSIS TO MALIGNANT MESOTHELIOMA384

14. Nitta K: Leczyme. Methods Enzymol 341: 368-374, 2001.
15. Tatsuta T, Hosono M, Sugawara S, Kariya Y, Ogawa Y, Hakomori S 

and Nitta K: Sialic acid-binding lectin (leczyme) induces caspase-
dependent apoptosis-mediated mitochondrial perturbation in 
Jurkat cells. Int J Oncol 43: 1402-1412, 2013.

16. Tatsuta T, Hosono M, Miura Y, Sugawara S, Kariya Y, Hakomori S 
and Nitta K: Involvement of ER stress in apoptosis induced by 
sialic acid-binding lectin (leczyme) from bullfrog eggs. Int J 
Oncol 43: 1799-1808, 2013.

17. Nitta K, Takayanagi G, Kawauchi H and Hakomori S: Isolation 
and characterization of Rana catesbeiana lectin and demonstra-
tion of the lectin-binding glycoprotein of rodent and human 
tumor cell membranes. Cancer Res 47: 4877-4883, 1987.

18. Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, 
Nicholl JK, Sutherland GR, et al: Identification and characteriza-
tion of a new member of the TNF family that induces apoptosis. 
Immunity 3: 673-682, 1995.

19. Ashkenazi A: Targeting death and decoy receptors of the tumour-
necrosis factor superfamily. Nat Rev Cancer 2: 420-430, 2002.

20. Pan G, O'Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni J and 
Dixit VM: The receptor for the cytotoxic ligand TRAIL. Science 
276: 111-113, 1997.

21. Chaudhary PM, Eby M, Jasmin A, Bookwalter A, Murray J and 
Hood L: Death receptor 5, a new member of the TNFR family, 
and DR4 induce FADD-dependent apoptosis and activate the 
NF-kappaB pathway. Immunity 7: 821-830, 1997.

22. Kawauchi H, Sakakibara F and Watanabe K: Agglutinins of frog 
eggs: a new class of proteins causing preferential agglutination of 
tumor cells. Experientia 31: 364-365, 1975.

23. Kurbanov BM, Fecker LF, Geilen CC, Sterry W and Eberle J: 
Resistance of melanoma cells to TRAIL does not result from 
upregulation of antiapoptotic proteins by NF-kappaB but 
is related to downregulation of initiator caspases and DR4. 
Oncogene 26: 3364-3377, 2007.

24. Younes A, Vose JM, Zelenetz AD, Smith MR, Burris HA, 
Ansell SM, Klein J, et al: A Phase 1b/2 trial of mapatumumab in 
patients with relapsed/refractory non-Hodgkin's lymphoma. Br J 
Cancer 103: 1783-1787, 2010.

25. Herbst RS, Eckhardt SG, Kurzrock R, Ebbinghaus S, O'Dwyer PJ, 
Gordon MS, Novotny W, et al: Phase I dose-escalation study 
of recombinant human Apo2L/TRAIL, a dual proapoptotic 
receptor agonist, in patients with advanced cancer. J Clin Oncol 
28: 2839-2846, 2010.

26. Soria JC, Mark Z, Zatloukal P, Szima B, Albert I, Juhasz E, 
Pujol JL, et al: Randomized phase II study of dulanermin in 
combination with paclitaxel, carboplatin, and bevacizumab 
in advanced non-small-cell lung cancer. J Clin Oncol 29: 
4442-4451, 2011.

27. Duiker EW, Meijer A, van der Bilt AR, Meersma GJ, Kooi N, 
van der Zee AG, de Vries EG, et al: Drug-induced caspase 8 
upregulation sensitises cisplatin-resistant ovarian carcinoma cells 
to rhTRAIL-induced apoptosis. Br J Cancer 104: 1278-1287, 2011.

28. Liu W, Bodle E, Chen JY, Gao M, Rosen GD and Broaddus VC: 
Tumor necrosis factor-related apoptosis-inducing ligand and 
chemotherapy cooperate to induce apoptosis in mesothelioma 
cell lines. Am J Respir Cell Mol Biol 25: 111-118, 2001.

29. Nagata S: Apoptosis by death factor. Cell 88: 355-365, 1997.
30. Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ, 

Debatin KM, et al: Two CD95 (APO-1/Fas) signaling pathways. 
EMBO J 17: 1675-1687, 1998.

31. Hasegawa J, Kamada S, Kamiike W, Shimizu S, Imazu T, 
Matsuda H and Tsujimoto Y: Involvement of CPP32/Yama(-like) 
proteases in Fas-mediated apoptosis. Cancer Res 56: 1713-1718, 
1996.

32. Srinivasula SM, Ahmad M, Fernandes-Alnemri T, Litwack G and 
Alnemri ES: Molecular ordering of the Fas-apoptotic pathway: 
the Fas/APO-1 protease Mch5 is a CrmA-inhibitable protease 
that activates multiple Ced-3/ICE-like cysteine proteases. Proc 
Natl Acad Sci USA 93: 14486-14491, 1996.

33. Takahashi A, Hirata H, Yonehara S, Imai Y, Lee KK, Moyer RW, 
Turner PC, et al: Affinity labeling displays the stepwise acti-
vation of ICE-related proteases by Fas, staurosporine, and 
CrmA-sensitive caspase-8. Oncogene 14: 2741-2752, 1997.

34. Pespeni MH, Hodnett M, Abayasiriwardana KS, Roux J, 
Howard M, Broaddus VC and Pittet JF: Sensitization of mesothe-
lioma cells to tumor necrosis factor-related apoptosis-inducing 
ligand-induced apoptosis by heat stress via the inhibition of the 
3-phosphoinositide-dependent kinase 1/Akt pathway. Cancer Res 
67: 2865-2871, 2007.

35. Broaddus VC, Dansen TB, Abayasiriwardana KS, Wilson SM, 
Finch AJ, Swigart LB, Hunt AE, et al: Bid mediates apoptotic 
synergy between tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and DNA damage. J Biol Chem 280: 
12486-12493, 2005.

36. Abayasiriwardana KS, Barbone D, Kim KU, Vivo C, Lee KK, 
Dansen TB, Hunt AE, et al: Malignant mesothelioma cells are 
rapidly sensitized to TRAIL-induced apoptosis by low-dose 
anisomycin via Bim. Mol Cancer Ther 6: 2766-2776, 2007.

37. Nikrad M, Johnson T, Puthalalath H, Coultas L, Adams J and 
Kraft AS: The proteasome inhibitor bortezomib sensitizes cells 
to killing by death receptor ligand TRAIL via BH3-only proteins 
Bik and Bim. Mol Cancer Ther 4: 443-449, 2005.

38. De Wilt LH, Kroon J, Jansen G, De Jong S, Peters GJ and 
Kruyt FA: Bortezomib and TRAIL: a perfect match for apoptotic 
elimination of tumour cells? Crit Rev Oncol Hematol 85: 363-372, 
2013.


