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Abstract

Malignant mesothelioma is an aggressive cancer that results from exposure to asbestos. The

therapeutic options for this type of cancer are limited; therefore, the development of novel ther-

apeutic agents is urgently required. Sialic acid-binding lectin isolated from Rana catesbeiana

oocytes (cSBL) is a novel therapeutic candidate for cancer, which exhibits antitumor activity

mediated through RNA degradation. In the present study, we evaluated the effect of cSBL in

vitro and in vivo. Xenograft-competent H2452 and MSTO human mesothelioma cell lines were

treated with cSBL, and the pathway by which cSBL induces apoptosis was analyzed. In vivo

studies were performed using nude mice inoculated with one of the two cell lines, and the

effects of cSBL and pemetrexed were monitored simultaneously. Furthermore, the phar-

macological interactions between the three agents (pemetrexed, cisplatin and cSBL) were sta-

tistically assessed. It was demonstrated that cSBL treatments caused morphological and

biochemical apoptotic changes in both cell lines. Caspase cascade analysis revealed that an

intrinsic pathway mediated cSBL-induced apoptosis. The administration of cSBL significantly

inhibited tumor growth in two xenograft models, without any adverse effects. Furthermore, the

combination index and dose reduction index values indicated that the cSBL + pemetrexed

combination showed the highest synergism, and thus potential for reducing dosage of each

drug, compared with the other combinations, including the existing pemetrexed + cisplatin regi-

men. cSBL exerted prominent antitumor effects on malignant mesothelioma cells in vitro and in

vivo, and showed favorable effects when combined with pemetrexed. These results suggest

that cSBL has potential as a novel drug for the treatment of malignant mesothelioma.

Introduction

Malignant mesothelioma is an aggressive cancer of the mesothelial cells of serous membranes,

involving the pleural and peritoneal spaces, which results from exposure to asbestos [1–3]. The

mechanisms underlying the induction of DNA damage by asbestos fibers in mesothelial cells

remain unclear. The production and use of asbestos is now forbidden in the majority of
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industrialized countries; however, it is still actively used in many developing countries [4]. As

the time between asbestos exposure and disease diagnosis is>40 years on average, the inci-

dence of mesothelioma is increasing and is projected to peak in the late 2020s, even in devel-

oped countries [5].

Malignant mesothelioma may have an epithelioid, sarcomatoid or biphasic morphology

[6]. The epithelioid type is associated with a longer survival time compared with the biphasic

and sarcomatoid types [7,8]. Although chemotherapeutic approaches are limited for malignant

mesothelioma, it is generally accepted that patients with the epithelioid subtype respond better

to treatment [9,10]. Additionally, other factors, including sex, performance status, disease

stage, serum lactate dehydrogenase level, anemia and leukocytosis, reportedly influence sur-

vival in malignant mesothelioma [11]. However, it is difficult to identify the biological factors

that clearly differentiate between patients with a poor prognosis and those with a more favor-

able prognosis, as long-term survival is rare in malignant mesothelioma [6].

There are few therapeutic options (surgery, radiation therapy, and chemotherapy) for

mesothelioma [1]. The folate antimetabolite pemetrexed is a chemotherapeutic agent, which is

typically used in combination with platinum-containing drugs, such as cisplatin [12,13]. This

combination therapy improves the response rate, progression-free survival, overall survival,

and quality of life of patients with mesothelioma [12]; however, any treatment-induced regres-

sion observed is typically transient, and local tumors rapidly relapse due to the high chemore-

sistance of this cancer type [4]. So far, some progresses were obtained by multimodality

therapy [14]. A median survival time of up to 29 months has been reported for those who com-

plete a trimodal therapy including chemotherapy, surgery, and hemithoracic radiation therapy

[15–18]. Moreover, pleurectomy/decortication with intraoperative photodynamic therapy and

adjuvant pemetrexed-based chemotherapy demonstrated 36 months median survival [19].

However, even with these aggressive approaches, the prognosis of malignant mesothelioma

remains poor. Considering the predicted incidence peak and poor prognosis, as well as the fact

that intrinsic and acquired resistance to existing drugs is common, further research into devel-

oping therapeutic agents for mesothelioma is essential.

There is growing interest in the use of naturally derived molecules as potential cancer thera-

peutics. Lectins, carbohydrate-binding proteins that occur in all organisms, are representative

of such natural compounds that have great potential for cancer therapy. Among them, several

sialic acid-binding lectins (SBLs), including mistletoe lectin (ML1) [20], Maackia amurensis
seed lectin (MASL) [21], Polygonatum cyrtonema lectin (POL) [22] and Haliotis discus discus
lectin (HddSBL) [23], have been reported to have antitumor effects. SBL isolated from Rana
catesbeiana oocytes (cSBL) is a unique compound that has multifunctional activity with lectin

[24,25] and ribonuclease (RNase) [26], as well as antitumor activity [25]. cSBL exerts potent

cytotoxicity in various cancer cell types, but low cytotoxicity in normal cells [27]. Rana cates-
beiana RNase (RC-RNase), an RNase purified from R. catesbeiana oocytes collected in Taiwan

by Liao et al. is identical to cSBL [28,29]. cSBL consists of 111 amino acid residues with four

disulfide bonds [29], and belongs to the vertebrate-secreted RNase family (RNase A superfam-

ily) [30]. It has high thermal stability and strong resistance to protein denaturants [31]. These

features are considered one reason for the potent antitumor activity, and provide benefits for

commercialization. Furthermore, that cSBL does not associate with endogenous mammalian

RNase inhibitors, and that it exerts cytotoxicity in human cancer cells via its RNase activity

[25], has facilitated further research into its antitumor effects. The mechanism of cSBL-

induced cytotoxicity is proposed to be as follows: cSBL binds to the cancer cell surface and is

internalized. It subsequently degrades RNA in the cytosol, leading to the induction of apopto-

tic signaling [27]. In human leukemia Jurkat cells, cSBL was found to activate p38 and JNK

mitogen-activated protein kinase (MAPK) signals and induce apoptosis via the intrinsic

In vitro/vivo antitumor effect of cSBL
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(mitochondrial) pathway [32]. The RNase activity was also determined to be critical for apo-

ptosis induction in MDA-MB231 human breast cancer cells, as an amino acid-replaced mutant

of cSBL that lacked RNase activity did not exhibit the apoptosis-inducing effect, even when

internalized into the cells like native cSBL [33]. The efficacy of cSBL on malignant mesotheli-

oma cells has previously been reported [34,35]; Even though cSBL hardly show cytotoxicity to

normal mesothelial cell Met5A, it efficiently reduced the viability of H28 malignant mesotheli-

oma cells, and exhibited synergistic effects with TRAIL and pemetrexed on these cells.

In our previous study, in vivo experiments with cSBL were performed using mice trans-

planted with related ascites carcinoma, Ehrlich, Mep II and Sarcoma 180 cells. cSBL prolonged

their survival at non-toxic dose levels [25]. However, to date, the effect of cSBL on human

malignant mesothelioma cells in vivo has not been elucidated. In the present study, to assess

the therapeutic potential of cSBL on malignant mesothelioma, we conducted an in vivo study

of cSBL using human malignant mesothelioma cell xenografts, and analyzed its antitumor

effects on these xenograft-competent cells.

Materials and methods

Cell culture

The human malignant mesothelioma cell lines NCI-H2452 (H2452, #CRL-5946) and MSTO-

211H (MSTO, #CRL-2081) were purchased from the American Type Cell Culture Collection

(ATCC; Manassas, VA, USA). The cells were cultured in RPMI-1640 medium (Nissui Pharma-

ceutical Co., Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS, Biosera, Nuaille,

France), 100 U/mL penicillin and 100 μg/mL streptomycin (Life Technologies, Carlsbad, CA,

USA) at 37˚C in an atmosphere of 95% air and 5% CO2.

Animals

Eggs-bearing bullfrogs (domestically caught) and 5-week-old male nude mice (BALB/c nu/nu

Slc) were purchased from Japan SLC, Inc (Shizuoka, Japan). All animal experiments were car-

ried out in accordance with the Guidelines for Animal Experiments of the Tohoku Medical

and Pharmaceutical University (permission number: A16012-cn). Housing condition of the

mice was kept under standard conditions approved by the institutional guidelines with free

food- and water-consumptions.

Reagents

cSBL was isolated using sequential chromatography with Sephadex G75, DEAE-cellulose,

hydroxyapatite and SP-Sepharose, as previously described [24]. Pemetrexed disodium hepta-

hydrate was purchased from LC Laboratories (Woburn, MA, USA). The caspase-3 and cas-

pase-8 antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).

The caspase-9 antibody was purchased from Medical & Biological Laboratories Co., Ltd.

(MBL; Nagoya, Japan). The β-actin antibody was obtained from Sigma-Aldrich (Merck KGaA,

Darmstadt, Germany) and a horseradish peroxidase (HRP)-conjugated anti-mouse IgG anti-

body was purchased from Zymed Laboratories (Thermo Fisher Scientific, Inc., Waltham, MA,

USA). An HRP-conjugated anti-rabbit IgG antibody was purchased from Cedarlane Laborato-

ries (Burlington, Ontario, Canada).

Annexin V staining assay

To investigate the induction of apoptosis, we evaluated Annexin V binding using an MEB-

CYTO apoptosis kit (MBL, Nagoya, Japan) according to the manufacturer’s instructions. Cells

In vitro/vivo antitumor effect of cSBL
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(5×104 cells/mL) were cultured in 6-well plates (2 mL/well) and treated with cSBL (H2452:

1 μM; MSTO: 0.4 μM) for 24–72 h at 37˚C in an atmosphere of 95% air and 5% CO2. Fluores-

cence intensity was subsequently detected using a FACSCalibur™ flow cytometer, and the data

was analyzed using CELLQuest™ software version 6.0 (BD Biosciences, Franklin Lakes, NJ,

USA).

Detection of nuclear fragmentation

Cells (5×104 cells/mL) cultured in a Cell Carrier-96 Ultra Microplate (100 μL/well) were

treated with cSBL (H2452: 5 μM; MSTO: 2 μM) for 6, 24, 48 and 72 h, in triplicate. Then, cells

were stained with 2 μg/mL Hoechst 33342 (Dojindo Laboratories, Kumamoto, Japan) for 1 h.

The resulting images were acquired with the High-Content Analysis System Operetta CLS™
with NA 20X or 40X objectives, and the fragmentation index was calculated using Harmony™
Imaging and Analysis Software 4.6 (PerkinElmer Japan Co., Ltd., Kanagawa, Japan).

Detection of caspase activity

The protein expression levels of activated caspase-3, -8, and -9 were analyzed using western

blot assays. Cells (1×105 cells/mL) cultured in 6-well plates (2 mL/well) were treated with cSBL

(H2452: 5 μM; MSTO: 2 μM) for 1, 3, 6, 24, 48, and 72 h. Whole cell lysates were prepared

using extraction buffer [150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Nonidet

P-40, 0.1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate] supplemented with cOm-

plete™ Mini EDTA-free Protease Inhibitor Cocktail tablets and PhosSTOP phosphatase inhibi-

tor tablets (each 1 tablet/10 mL; Roche Applied Science, Indianapolis, IN, USA). Soluble

proteins were collected, and the protein concentration was measured using a BCA protein

assay kit (Thermo Fisher Scientific, Inc.) according to the manufacturer’s instructions. The

proteins were separated using 10 or 14% SDS-PAGE and transferred onto Immobilon-P trans-

fer membranes (EMD Millipore, Billerica, MA, USA). The membranes were sequentially incu-

bated with primary and secondary antibodies diluted in Can Get Signal1 solution (Toyobo

Co, Ltd., Osaka, Japan). The protein bands were detected using ECL Prime Western Blotting

Detection Reagent (GE Healthcare, Little Chalfont, USA) or Chemi-Lumi One Super (Nacalai

Tesque Inc., Kyoto, Japan).

Caspase enzymatic activity was measured using a Cell Meter™ Multiplexing Caspase-3/7, -8

and -9 Activity Assay Kit (AAT Bioquest, Inc., Sunnyvale, CA). Cells (5×104 cells/mL) cultured

in black 96-well plates (100 μL/well) were treated with cSBL (H2452: 5 μM; MSTO: 2 μM) for

1, 3, 6, 24, 48, and 72 h in triplicate. Substrate solution (100 μL) was added to each well, and

the contents of the wells were mixed using a plate shaker for 30 sec. The cells were incubated at

37˚C in a 5% CO2 atmosphere for 1 h. The luminescence in each well was measured using Infi-

nite™ 200 PRO and i-control™ software (Tecan Japan Co., Ltd., Kanagawa, Japan).

In vivo experiment

H2452 (5×106 cells) and MSTO (2×106 cells) cells were mixed with an equal volume of ice-

cooled Corning™ Matrigel™ Basement Membrane Matrix (Corning, NY, USA), and an aliquot

(100 μL) of suspended cells was subcutaneously injected into the lower backs of the mice. 2–4

weeks after inoculation (day 1), mice bearing tumors of 100–150 mm3 in volume were ran-

domly divided into three groups, with 10 mice in each group. Group 1 was injected with 1 mL/

kg vehicle (PBS) as the control. Group 2 was daily injected intraperitoneally with 100 mg/kg

pemetrexed dissolved in sterile PBS on days 1–5 and 15–19. The method of administration the

dosage of pemetrexed selected were based on the previously reported maximum tolerated dos-

age [36,37]. Group 3 was injected intratumorally with 2.5 mg/kg cSBL, twice weekly for four

In vitro/vivo antitumor effect of cSBL
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weeks. Body weights and tumor sizes were measured twice weekly. Solid tumor volumes were

calculated as follows: 0.4×A×B2, with A and B representing the long and short tumor diameters

(measured in mm), respectively. Tumor growth and body weight changes were evaluated as

the ratio of each value against the baseline (day 1). Fig 1 shows the administration schedule

used in the experiments. Mice were sacrificed by neck dislocation under ether anesthesia when

tumor volumes reached 200 mm3.

Drug combination studies

The effect of combination treatment on cell viability was determined using a WST-8 assay.

Cells (5×104 cells/mL) were cultured in 96-well plates (100 μL/well). The concentration of

pemetrexed, cisplatin, or cSBL was based on the IC50 values obtained in the single-treatment

experiments conducted in our prior study [35]. After 72 h, the cells were incubated with Cell

Count Reagent SF (Nacalai Tesque Inc., Kyoto, Japan) at 37˚C in a 5% CO2 atmosphere for

1–4 h. The absorbance of the resulting product at 450 nm was measured, and the background

absorbance at 650 nm was subtracted. Combination Index (CI) and Dose Reduction Index

(DRI) values were calculated using CompuSyn software (ComboSyn, Inc., Paramus, NJ), as

described by Chou et al [38]. The experiments were conducted in triplicate. CI = 1 indicated

an additive effect; CI<1 indicated a synergistic effect; CI>1 indicated an antagonistic effect.

DRI = 1 indicated no dose reduction, whereas DRI>1 and<1 indicated favorable and unfa-

vorable dose reductions, respectively.

Statistical analysis

The results from�3 independent experiments, each performed in triplicate, are expressed

as the mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism

5.0, and comparisons were made using one-way analysis of variance (ANOVA) or two-way

ANOVA followed by Bonferroni’s post hoc test. A P-value of<0.05 was considered statistically

significant.

Fig 1. A schematic overview of the cancer cell injection and drug administration schedule. The cell suspension (100 μL/

mouse, H2452; 5×106 cells, MSTO; 2×106 cells) was injected subcutaneously into the lower backs of mice. After 2–4 weeks,

mice bearing tumors of 100–150 mm3 were randomly divided into 3 groups with 10 mice per group. Group 1 was administered

PBS as control. Group 2 was injected intraperitoneally with pemetrexed (100 mg/kg) dissolved in sterile PBS on days 1–5 and

15–19. Group 3 was injected intratumorally with cSBL (2.5 mg/kg) twice per week for 4 weeks. Body weights and tumor sizes

were measured twice per week. The endpoint of experiment was when the tumor diameter exceeded 200 mm3.

https://doi.org/10.1371/journal.pone.0190653.g001

In vitro/vivo antitumor effect of cSBL

PLOS ONE | https://doi.org/10.1371/journal.pone.0190653 January 3, 2018 5 / 15

https://doi.org/10.1371/journal.pone.0190653.g001
https://doi.org/10.1371/journal.pone.0190653


Results

cSBL induces apoptosis to H2452 and MSTO cells

In order to investigate the antitumor activity of cSBL on xenograft-competent malignant

mesothelioma cells, H2452 and MSTO cells were treated with cSBL and the antitumor mecha-

nisms were analyzed. The percentage of Annexin V-positive cells was significantly increased in

both H2452 (16.13%, 72 h) and MSTO (40.05%, 72 h) cells (Fig 2A and 2B). In addition, chro-

matin condensation and nuclear collapse were observed in the two cell types treated with cSBL

Fig 2. cSBL induced apoptotic changes in H2452 and MSTO cells. Cells were treated with cSBL for the

indicated times. (A, B) Rate of apoptosis as indicated by the percentage of annexin V-positive cells. (C) Nuclear

fragmentation images were captured using 40X objective; a false-colored image of the nuclei (blue) is shown.

White arrowheads indicate the cells with condensed or fragmented nuclei. (D, E) Fragmentation index indicating

the degree of nuclear fragmentation; a higher index indicates greater occurrence of fragmentation, calculated

using the High-Content Analysis System. All data are expressed as the mean ± SD of three independent

experiments. The statistical significance of these experiments compared with the control is shown as follows:

*P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0190653.g002
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(Fig 2C). Alterations to nuclear morphology were detected by High-Content Analysis Systems

and numerically output as fragmentation indexes. As shown in Fig 2D and 2E, cSBL provoked

significant nuclear morphology changes in time-dependent manner.

cSBL-induced apoptosis is mediated by the intrinsic pathway

To obtain further insight into the mechanisms of cSBL-induced apoptosis in H2452 and

MSTO cells, the activation of three key caspases was analyzed chronologically. The expression

levels of activated caspase-9, -8 and -3 were detected by western blotting, and the substantial

enzymatic activities of these caspases were evaluated by fluorometric analysis. As shown in Fig

3A and 3B, increased levels of activated caspase-9 were observed from 6 h and 1 h in H2452

and MSTO cells, respectively. After that, activated caspase-8 began to be observed from 24 h in

H2452 and 6 h in MSTO cells. The appearance of activated caspase-3 was recorded from 48 h

in H2452 and 24 h in MSTO cells. Consistently, the enzymatic activity of caspase-9 was signifi-

cantly enhanced from 1 h in H2452 and MSTO cells, and the levels of caspase-8 and -3/7

increased almost simultaneously (H2452: 48 h; MSTO: 24 h; Fig 3C and 3D). Thus, caspase-9

was activated prior to caspase-8 and -3, indicating that the intrinsic apoptotic pathway was

involved.

cSBL inhibits cancer cell proliferation without inducing weight loss in

xenograft models

To examine the effects of cSBL on tumor growth in vivo, nude mice were inoculated with

H2452 and MSTO cells. cSBL was administered intratumorally and the effects of pemetrexed

were also assessed according to previously reported experimental conditions [36,37] (Fig 1).

Fig 3. cSBL induced apoptosis in H2452 and MSTO cells via activation of the caspase pathway. Caspase-3, -8,

and -9 activation was detected by western blotting (A, B) or fluorometry (C, D). Fluorometry was performed

independently three times and data are expressed as the mean ± SD. The statistical significance of these experiments

compared with the control is shown in as follows: *P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0190653.g003
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The rate of changes to animal weights and tumor volumes were monitored following the

administration of each agent. As shown in Fig 4A and 4B, body weight changes were not

observed in any of the groups. In the H2452 xenograft model, cSBL and pemetrexed each sig-

nificantly inhibited tumor growth compared with the PBS group (P<0.05), and the cSBL

group showed a growth inhibition effect earlier (after 36 days of treatment) than that of the

pemetrexed group (after 47 days of treatment) (Fig 4C). Conversely, for the MSTO xenograft

group, significant inhibition of cancer growth was observed only in the cSBL-treated group

after 29 days of treatment (P<0.05; Fig 4D).

cSBL and pemetrexed exhibit a strong synergistic effect in H2452 and

MSTO cells

Finally, we performed the in vitro combination study of cSBL with other reagents. In addition

to pemetrexed, cisplatin, an existing drug for malignant mesothelioma usually used in com-

bination with pemetrexed, was chosen for the test reagent. Pharmacological interactions

between these three agents were investigated by evaluating the viability of H2452 and MSTO

cells treated with pemetrexed + cisplatin, cSBL + pemetrexed, and cSBL + cisplatin. The drug

concentration in each combination regimen was based on the IC50 value for each agent previ-

ously determined via single treatments [35]. The viability curves for each drug in single or

Fig 4. cSBL showed in vivo cytotoxicity without inducing loss of body weight. Mice were randomly

divided into 3 groups with 10 mice in each group. Groups 1, 2, and 3 were injected PBS, pemetrexed (100 mg/

kg, intraperitoneally), and cSBL (2.5 mg/kg, intratumorally), respectively. Body weights and tumor sizes were

measured twice per week. Tumor volumes were calculated as follows: 0.4×A×B2, where A and B represent

the long and short diameters (in mm) of the tumor, respectively. Relative body weight (A, B) and relative tumor

volume (C, D) are plotted as the mean of each group ± SD at each timepoint. The statistical significance of

these experiments compared with PBS (*) or pemetrexed (†) is shown as follows: *P<0.05, **P<0.01,

***P<0.001, †P<0.01, †††P<0.001.

https://doi.org/10.1371/journal.pone.0190653.g004
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combination treatments are presented in Fig 5. In H2452 cells, all combinations decreased cell

viability to a greater extent than each single treatment over the whole concentration range.

Similar tendencies were observed in MSTO cells over a wide concentration range, although

the combination effects appeared to saturate at a higher concentration. To evaluate the syner-

gistic effect of each drug combination, CI values were calculated. At each experimental con-

centration (Fig 6A) in H2452 cells, the CI values for all combinations were<1, indicating that

all combinations were synergistic. cSBL + pemetrexed showed the highest synergistic effect at

all concentration points. In MSTO cells, CI values at the highest two concentration points of

all combinations exhibited antagonism rather than synergism; however, cSBL-containing

combinations (cSBL + pemetrexed; cSBL + cisplatin) exhibited high synergism in the mid-low

concentration range. The pemetrexed + cisplatin combination in MSTO cells showed disper-

sion and high CI values at various concentrations. Furthermore, we calculated DRI values, rep-

resenting the index of the fold-number that each drug combination dose could be reduced by

compared with that of each drug alone (Fig 6B). In H2452 cells, all combinations had high

DRI values. In MSTO cells, high DRI values were observed in the cSBL-containing combina-

tions, particularly in the low concentration range. However, the pemetrexed + cisplatin combi-

nation had low DRI values at all concentrations.

Fig 5. Viability curves of H2452 and MSTO cells treated with pemetrexed, cisplatin, and cSBL, either

alone or in combination. Each group of cells was treated with fixed concentration ratios of pemetrexed:

cisplatin:cSBL as follows: 800:100:1 (for H2452 cells) or 3:20:2 (for MSTO cells). Each data point represents

the mean ± SD of at least three independent WST-8 assays. Each sample was plated in triplicate. The y-axis

indicates the viability of cells. The x-axis indicates the concentration of pemetrexed (upper), cisplatin (middle),

or cSBL (lower).

https://doi.org/10.1371/journal.pone.0190653.g005
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Discussion

We previously demonstrated that cSBL induces apoptosis in H28 (sarcomatoid histological

type), MESO-1 and MESO-4 (epithelioid type) cells, but not in normal Met5A mesothelial

cells, by detecting elevated proportions of Annexin V positive cells following cSBL treatment

[34]. Furthermore, from the investigations in which H2452 (epithelioid type) and MSTO

(biphasic type) were utilized, in addition to aforementioned cell lines, higher cancer-selectivity

of cSBL was observed compared with either pemetrexed or cisplatin in their antiproliferative

effects [35]. The antitumor mechanism of cSBL in malignant mesothelioma has been well-doc-

umented in H28 cells; it was revealed that cSBL treatment activates the caspase cascade, the

proapoptotic Bcl-2 family proteins Bik and Bim, as well as JNK and p38 MAPKs, consequently

inducing apoptosis in these cells. However, although the effectiveness of cSBL against mesothe-

lioma in vitro has been reported, the in vivo efficacy of cSBL has not been investigated to date.

Although H28, MESO-1, and MESO-4 cells did not show tumorigenicity in the nude mice

used, we succeeded in establishing malignant mesothelioma xenografts with H2452 and

MSTO cells. First, the antitumor effects of cSBL on these two cell lines were investigated in
vitro. cSBL induced typical apoptotic changes, such as phosphatidylserine externalization,

Fig 6. Pharmacological interactions between pemetrexed, cisplatin and cSBL in H2452 and MSTO

cells. (A) CI values of each combination (CI = 1 indicates an additive effect; CI<1 indicates a synergistic

effect; and CI>1 indicates an antagonistic effect). (B) DRI values of each reagent (DRI = 1 indicates no dose

reduction; whereas DRI >1 and <1 indicate favorable and unfavorable dose-reductions, respectively). Pem or

P, pemetrexed; Cis or C, cisplatin; S, cSBL.

https://doi.org/10.1371/journal.pone.0190653.g006
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nuclear condensation and fragmentation, in both cells in a time-dependent manner (Fig 2).

Moreover, caspase-9 was activated by cSBL treatment earlier and more strongly than caspase-

8, indicating that apoptosis was induced through the intrinsic pathway (Fig 3). In the in vivo
studies, no obvious toxicities or body weight changes were observed during the experimental

period in any group (Fig 4A and 4B). In both types of xenograft, significant tumor growth sup-

pression was observed in cSBL-treated groups compared with control groups. In H2452 xeno-

grafted groups, cSBL showed a tumor-suppressive effect earlier than that of the pemetrexed-

treated group, and the antitumor effect of pemetrexed was not observed in the MSTO xeno-

grafts (Fig 4C and 4D). The reason for the lack of effect by pemetrexed is uncertain; we specu-

late that the high growth rate of MSTO cells in the xenograft model may contribute to this

phenomenon. We were unable to compare the effects of cSBL and pemetrexed directly due to

the differences in the dosing conditions; however, our observations indicate that cSBL could

potentially inhibit the tumor growth of mesothelioma without any toxicity, even if previously

established pemetrexed administration had little or no effect. From these results, it was sug-

gested that cSBL had the capability to inhibit tumor growth in xenografted mice. Thus, cSBL

may be safely used, and further studies are required to determine the maximal tolerated dose

of cSBL in order to optimize its efficacy.

Combination therapy, a treatment modality that combines two or more therapeutic agents

to reduce the risk of drug resistance or adverse effects while simultaneously providing thera-

peutic anti-cancer benefits, is a mainstay of current cancer therapy [39]. In fact, combination

treatments comprising pemetrexed and cisplatin are used for the treatment of mesothelioma

as a standard regimen. We previously demonstrated that the cSBL + pemetrexed combination

exerted stronger cytotoxicity and synergism compared with the pemetrexed + cisplatin combi-

nation in H28 cell lines. The cytostatic effect of pemetrexed and the cytotoxic effect of cSBL

cooperated without any repulsion, although the effects of pemetrexed and cisplatin on cyclin A

expression were counteractive when used in combination [35]. In the present study, we evalu-

ated the generality of the prominent synergistic effect of the cSBL + pemetrexed combination,

utilizing H2452 and MSTO cells, by calculating CI and DRI values. The cSBL + pemetrexed

combination exhibited the highest synergism of the three combinations tested in both cell

lines (Fig 5B). Surprisingly, in MSTO cells, the pemetrexed + cisplatin combination appeared

to be antagonistic rather than synergistic or additive at the most of concentration points tested.

High DRI values (Fig 5C) were calculated for all combinations, except for pemetrexed + cis-

platin in MSTO cells. These results suggest that cSBL + pemetrexed may be a rational treat-

ment combination for several types of malignant mesothelioma. On the other hand, the

current gold-standard regimen for malignant mesothelioma, pemetrexed + cisplatin, may be

ineffective, depending on the cell type, with respect to synergism (i.e., undesired adverse effects

may easily occur in some circumstances, depending on the patient).

Although the combination of pemetrexed and cisplatin has been demonstrated to prolong

the survival of patients with malignant mesothelioma, the median survival is only 12 months,

and the response rate is ~40% [12]. Thus, almost half of all mesothelioma patients are initially

resistant, and all eventually develop resistance [40]. Therefore, researches to improve the

malignant mesothelioma therapy have been actively attempt. The combinations of carboplatin

and pemetrexed, or gemcitabine and cisplatin showed comparable outcomes with pemetrexed

and cisplatin combination in phase- II trials [41–43]. The French Mesothelioma Avastin Cis-

platin Pemetrexed Study (MAPS) demonstrated a statistically significant improvement in the

median overall survival time using a combination of cisplatin, pemetrexed and bevacizumab, a

monoclonal antibody that binds VEGF and blocks its interaction with the VEGF receptor [44].

In addition, several other molecular targeting and immunotherapeutic agents, such as anti-

EGFR signaling agent and anti-programmed cell death 1 (PD-1) antibodies, are currently
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being investigated in clinical trials [43]. In this study, cSBL was demonstrated to induce apo-

ptosis and inhibit tumor cell growth in xenografted mice. CI analysis also evidenced a promi-

nent combinatory effect of cSBL with pemetrexed. As cSBL is a novel candidate anti-cancer

agent that exerts antitumor activity through targeting RNA (which represents a novel class of

potential therapeutic targets), it may provide a new option for the chemotherapeutic treatment

of malignant mesothelioma. This is particularly true among patients with pemetrexed resis-

tance, as cSBL was effective in pemetrexed-resistant cells, as shown in the current study and in

previous report [35].

Conclusions

cSBL induced apoptosis in H2452 and MSTO cells via the intrinsic apoptotic pathway. In vivo,

cSBL treatment inhibited tumor growth in multiple xenograft models without any undesirable

adverse effects. A higher efficacy was achieved by the use of cSBL + pemetrexed in mesotheli-

oma cells compared with pemetrexed + cisplatin. To the best of our knowledge, this is the first

report to demonstrate the antitumor efficacy of cSBL in human malignant mesothelioma

xenograft models. cSBL has potential as a novel treatment for malignant mesothelioma.
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9. Billé A, Krug LM, Woo KM, Rusch VW, Zauderer MG. Contemporary Analysis of Prognostic Factors in

Patients with Unresectable Malignant Pleural Mesothelioma. J Thorac Oncol. Elsevier Inc; 2016; 11:

249–55. https://doi.org/10.1016/j.jtho.2015.10.003 PMID: 26845118

10. Muruganandan S, Alfonso H, Franklin P, Shilkin K, Segal A, Olsen N, et al. Comparison of outcomes fol-

lowing a cytological or histological diagnosis of malignant mesothelioma. Br J Cancer. Nature Publish-

ing Group; 2017; 116: 703–708. https://doi.org/10.1038/bjc.2017.20 PMID: 28196068

11. Campbell N, Kindler H. Update on Malignant Pleural Mesothelioma. Semin Respir Crit Care Med. 2011;

32: 102–110. https://doi.org/10.1055/s-0031-1272874 PMID: 21500129

12. Vogelzang NJ, Rusthoven JJ, Symanowski J, Denham C, Kaukel E, Ruffie P, et al. Phase III study of

pemetrexed in combination with cisplatin versus cisplatin alone in patients with malignant pleural meso-

thelioma. J Clin Oncol. 2003; 21: 2636–44. https://doi.org/10.1200/JCO.2003.11.136 PMID: 12860938

13. Krug LM. An overview of chemotherapy for mesothelioma. Hematol Oncol Clin North Am. 2005; 19:

1117–36. https://doi.org/10.1016/j.hoc.2005.09.010 PMID: 16325127

14. Nelson DB, Rice DC, Niu J, Atay S, Vaporciyan AA, Antonoff M, et al. Long-term survival outcomes of

cancer-directed surgery for malignant pleural mesothelioma: Propensity score matching analysis. J Clin

Oncol. 2017; 35: 3354–3362. https://doi.org/10.1200/JCO.2017.73.8401 PMID: 28817374

15. de Perrot M, Feld R, Cho BCJ, Bezjak A, Anraku M, Burkes R, et al. Trimodality therapy with induction

chemotherapy followed by extrapleural pneumonectomy and adjuvant high-dose hemithoracic radiation

for malignant pleural mesothelioma. J Clin Oncol. 2009; 27: 1413–8. https://doi.org/10.1200/JCO.2008.

17.5604 PMID: 19224855

16. Krug LM, Pass HI, Rusch VW, Kindler HL, Sugarbaker DJ, Rosenzweig KE, et al. Multicenter phase II

trial of neoadjuvant pemetrexed plus cisplatin followed by extrapleural pneumonectomy and radiation

for malignant pleural mesothelioma. J Clin Oncol. 2009; 27: 3007–13. https://doi.org/10.1200/JCO.

2008.20.3943 PMID: 19364962

17. Bölükbas S, Manegold C, Eberlein M, Bergmann T, Fisseler-Eckhoff A, Schirren J. Survival after trimod-

ality therapy for malignant pleural mesothelioma: Radical Pleurectomy, chemotherapy with Cisplatin/

Pemetrexed and radiotherapy. Lung Cancer. 2011; 71: 75–81. https://doi.org/10.1016/j.lungcan.2009.

08.019 PMID: 19765853

18. Weder W, Stahel RA, Bernhard J, Bodis S, Vogt P, Ballabeni P, et al. Multicenter trial of neo-adjuvant

chemotherapy followed by extrapleural pneumonectomy in malignant pleural mesothelioma. Ann Oncol

Off J Eur Soc Med Oncol. 2007; 18: 1196–202. https://doi.org/10.1093/annonc/mdm093 PMID:

17429100

19. Friedberg JS, Simone CB, Culligan MJ, Barsky AR, Doucette A, McNulty S, et al. Extended Pleurect-

omy-Decortication-Based Treatment for Advanced Stage Epithelial Mesothelioma Yielding a Median

Survival of Nearly Three Years. Ann Thorac Surg. 2017; 103: 912–919. https://doi.org/10.1016/j.

athoracsur.2016.08.071 PMID: 27825687

20. Pryme IF, Bardocz S, Pusztai A, Ewen SWB. Suppression of growth of tumour cell lines in vitro and

tumours in vivo by mistletoe lectins. Histol Histopathol. 2006; 21: 285–99. https://doi.org/10.14670/HH-

21.285 PMID: 16372250

21. Ochoa-Alvarez JA, Krishnan H, Shen Y, Acharya NK, Han M, McNulty DE, et al. Plant lectin can target

receptors containing sialic acid, exemplified by podoplanin, to inhibit transformed cell growth and migra-

tion. PLoS One. 2012;7. https://doi.org/10.1371/journal.pone.0041845 PMID: 22844530

22. Liu B, Zhang B, Min M wei, Bian H jiao, Chen L fei, Liu Q, et al. Induction of apoptosis by Polygonatum

odoratum lectin and its molecular mechanisms in murine fibrosarcoma L929 cells. Biochim Biophys

Acta—Gen Subj. Elsevier B.V.; 2009; 1790: 840–844. https://doi.org/10.1016/j.bbagen.2009.04.020

PMID: 19414060

23. Yang X, Wu L, Duan X, Cui L, Luo J, Li G. Adenovirus carrying gene encoding Haliotis discus discus

sialic acid binding lectin induces cancer cell apoptosis. Mar Drugs. 2014; 12: 3994–4004. https://doi.

org/10.3390/md12073994 PMID: 24983642

24. Nitta K, Takayanagi G, Kawauchi H, Hakomori S. Isolation and characterization of Rana catesbeiana

lectin and demonstration of the lectin-binding glycoprotein of rodent and human tumor cell membranes.

In vitro/vivo antitumor effect of cSBL

PLOS ONE | https://doi.org/10.1371/journal.pone.0190653 January 3, 2018 13 / 15

https://doi.org/10.1016/j.humpath.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25824607
https://doi.org/10.1183/09031936.00000811
http://www.ncbi.nlm.nih.gov/pubmed/21737558
https://doi.org/10.1016/j.jtho.2015.12.108
http://www.ncbi.nlm.nih.gov/pubmed/26776867
https://doi.org/10.1016/j.jtho.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26845118
https://doi.org/10.1038/bjc.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28196068
https://doi.org/10.1055/s-0031-1272874
http://www.ncbi.nlm.nih.gov/pubmed/21500129
https://doi.org/10.1200/JCO.2003.11.136
http://www.ncbi.nlm.nih.gov/pubmed/12860938
https://doi.org/10.1016/j.hoc.2005.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16325127
https://doi.org/10.1200/JCO.2017.73.8401
http://www.ncbi.nlm.nih.gov/pubmed/28817374
https://doi.org/10.1200/JCO.2008.17.5604
https://doi.org/10.1200/JCO.2008.17.5604
http://www.ncbi.nlm.nih.gov/pubmed/19224855
https://doi.org/10.1200/JCO.2008.20.3943
https://doi.org/10.1200/JCO.2008.20.3943
http://www.ncbi.nlm.nih.gov/pubmed/19364962
https://doi.org/10.1016/j.lungcan.2009.08.019
https://doi.org/10.1016/j.lungcan.2009.08.019
http://www.ncbi.nlm.nih.gov/pubmed/19765853
https://doi.org/10.1093/annonc/mdm093
http://www.ncbi.nlm.nih.gov/pubmed/17429100
https://doi.org/10.1016/j.athoracsur.2016.08.071
https://doi.org/10.1016/j.athoracsur.2016.08.071
http://www.ncbi.nlm.nih.gov/pubmed/27825687
https://doi.org/10.14670/HH-21.285
https://doi.org/10.14670/HH-21.285
http://www.ncbi.nlm.nih.gov/pubmed/16372250
https://doi.org/10.1371/journal.pone.0041845
http://www.ncbi.nlm.nih.gov/pubmed/22844530
https://doi.org/10.1016/j.bbagen.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19414060
https://doi.org/10.3390/md12073994
https://doi.org/10.3390/md12073994
http://www.ncbi.nlm.nih.gov/pubmed/24983642
https://doi.org/10.1371/journal.pone.0190653


Cancer Res. 1987; 47: 4877–83. Available: http://www.ncbi.nlm.nih.gov/pubmed/3497712 PMID:

3497712

25. Nitta K, Ozaki K, Ishikawa M, Furusawa S, Hosono M, Kawauchi H, et al. Inhibition of cell proliferation

by Rana catesbeiana and Rana japonica lectins belonging to the ribonuclease superfamily. Cancer

Res. 1994; 54: 920–7. Available: http://www.ncbi.nlm.nih.gov/pubmed/8313382 PMID: 8313382

26. Nitta K, Oyama F, Oyama R, Sekiguchi K, Kawauchi H, Takayanagi Y, et al. Ribonuclease activity of

sialic acid-binding lectin from Rana catesbeiana eggs. Glycobiology. 1993; 3: 37–45. Available: http://

www.ncbi.nlm.nih.gov/pubmed/8448385 PMID: 8448385

27. Tatsuta T, Sugawara S, Takahashi K, Ogawa Y, Hosono M, Nitta K. Cancer-selective induction of apo-

ptosis by leczyme. Front Oncol. 2014; 4: 139. https://doi.org/10.3389/fonc.2014.00139 PMID:

24926439

28. Liao Y di. A pyrimidine-guanine sequence-specific ribonuclease from Rana catesbeiana (bullfrog)

oocytes. Nucleic Acids Res. 1992; 20: 1371–1377. https://doi.org/10.1093/nar/20.6.1371 PMID:

1373237

29. Titani K, Takio K, Kuwada M, Nitta K, Sakakibara F, Kawauchi H, et al. Amino acid sequence of sialic

acid binding lectin from frog (Rana catesbeiana) eggs. Biochemistry. 1987; 26: 2189–2194. https://doi.

org/10.1021/bi00382a018 PMID: 3304421

30. Tatsuta T, Sugawara S, Takahashi K, Ogawa Y, Hosono M, Nitta K. Leczyme: a new candidate drug for

cancer therapy. Biomed Res Int. Hindawi Publishing Corporation; 2014; 2014: 421415. https://doi.org/

10.1155/2014/421415 PMID: 24864241

31. Irie M, Nitta K, Nonaka T. Biochemistry of frog ribonucleases. Cell Mol Life Sci. 1998; 54: 775–784.

https://doi.org/10.1007/s000180050206 PMID: 9760986

32. Tatsuta T, Hosono M, Sugawara S, Kariya Y, Ogawa Y, Hakomori S, et al. Sialic acid-binding lectin (lec-

zyme) induces caspase-dependent apoptosis-mediated mitochondrial perturbation in Jurkat cells. Int J

Oncol. 2013; 43: 1402–12. https://doi.org/10.3892/ijo.2013.2092 PMID: 24008724

33. Kariya Y, Tatsuta T, Sugawara S, Kariya Y, Nitta K, Hosono M. RNase activity of sialic acid-binding lec-

tin from bullfrog eggs drives antitumor effect via the activation of p38 MAPK to caspase-3/7 signaling

pathway in human breast cancer cells. Int J Oncol. 2016; 49: 1334–42. https://doi.org/10.3892/ijo.2016.

3656 PMID: 27513956

34. Tatsuta T, Hosono M, Takahashi K, Omoto T, Kariya Y, Sugawara S, et al. Sialic acid-binding lectin (lec-

zyme) induces apoptosis to malignant mesothelioma and exerts synergistic antitumor effects with

TRAIL. Int J Oncol. 2014; 44: 377–84. https://doi.org/10.3892/ijo.2013.2192 PMID: 24297392

35. Satoh T, Tatsuta T, Sugawara S, Hara A, Hosono M. Synergistic anti-tumor effect of bullfrog sialic acid-

binding lectin and pemetrexed in malignant mesothelioma. Oncotarget. 2017; 8: 42466–42477. https://

doi.org/10.18632/oncotarget.17198 PMID: 28476017

36. Kawabata S, Chiang C-T, Tsurutani J, Shiga H, Arwood ML, Komiya T, et al. Rapamycin downregulates

thymidylate synthase and potentiates the activity of pemetrexed in non-small cell lung cancer. Oncotar-

get. 2014; 5: 1062–70. https://doi.org/10.18632/oncotarget.1760 PMID: 24658085

37. Tonkinson JL, Worzalla JF, Teng CH, Mendelsohn LG. Cell cycle modulation by a multitargeted antifo-

late, LY231514, increases the cytotoxicity and antitumor activity of gemcitabine in HT29 colon carci-

noma. Cancer Res. 1999; 59: 3671–6. Available: http://www.ncbi.nlm.nih.gov/pubmed/10446980

PMID: 10446980

38. Chou T-C. Drug combination studies and their synergy quantification using the Chou-Talalay method.

Cancer Res. 2010; 70: 440–6. https://doi.org/10.1158/0008-5472.CAN-09-1947 PMID: 20068163

39. Mokhtari RB, Homayouni TS, Baluch N, Morgatskaya E, Kumar S, Das B, et al. Combination therapy in

combating cancer. Oncotarget. 2015; 8: 38022–38043. https://doi.org/10.18632/oncotarget.16723

PMID: 28410237

40. Røe OD, Szulkin A, Anderssen E, Flatberg A, Sandeck H, Amundsen T, et al. Molecular resistance fin-

gerprint of pemetrexed and platinum in a long-term survivor of mesothelioma. PLoS One. 2012; 7:

e40521. https://doi.org/10.1371/journal.pone.0040521 PMID: 22905093

41. Castagneto B, Botta M, Aitini E, Spigno F, Degiovanni D, Alabiso O, et al. Phase II study of pemetrexed

in combination with carboplatin in patients with malignant pleural mesothelioma (MPM). Ann Oncol Off J

Eur Soc Med Oncol. 2008; 19: 370–3. https://doi.org/10.1093/annonc/mdm501 PMID: 18156144

42. Jänne PA, Simon GR, Langer CJ, Taub RN, Dowlati A, Fidias P, et al. Phase II trial of pemetrexed and

gemcitabine in chemotherapy-naive malignant pleural mesothelioma. J Clin Oncol. 2008; 26: 1465–71.

https://doi.org/10.1200/JCO.2007.14.7611 PMID: 18349397

43. Levin PA, Dowell JE. Spotlight on bevacizumab and its potential in the treatment of malignant pleural

mesothelioma: the evidence to date. Onco Targets Ther. 2017; 10: 2057–2066. https://doi.org/10.2147/

OTT.S113598 PMID: 28435296

In vitro/vivo antitumor effect of cSBL

PLOS ONE | https://doi.org/10.1371/journal.pone.0190653 January 3, 2018 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/3497712
http://www.ncbi.nlm.nih.gov/pubmed/3497712
http://www.ncbi.nlm.nih.gov/pubmed/8313382
http://www.ncbi.nlm.nih.gov/pubmed/8313382
http://www.ncbi.nlm.nih.gov/pubmed/8448385
http://www.ncbi.nlm.nih.gov/pubmed/8448385
http://www.ncbi.nlm.nih.gov/pubmed/8448385
https://doi.org/10.3389/fonc.2014.00139
http://www.ncbi.nlm.nih.gov/pubmed/24926439
https://doi.org/10.1093/nar/20.6.1371
http://www.ncbi.nlm.nih.gov/pubmed/1373237
https://doi.org/10.1021/bi00382a018
https://doi.org/10.1021/bi00382a018
http://www.ncbi.nlm.nih.gov/pubmed/3304421
https://doi.org/10.1155/2014/421415
https://doi.org/10.1155/2014/421415
http://www.ncbi.nlm.nih.gov/pubmed/24864241
https://doi.org/10.1007/s000180050206
http://www.ncbi.nlm.nih.gov/pubmed/9760986
https://doi.org/10.3892/ijo.2013.2092
http://www.ncbi.nlm.nih.gov/pubmed/24008724
https://doi.org/10.3892/ijo.2016.3656
https://doi.org/10.3892/ijo.2016.3656
http://www.ncbi.nlm.nih.gov/pubmed/27513956
https://doi.org/10.3892/ijo.2013.2192
http://www.ncbi.nlm.nih.gov/pubmed/24297392
https://doi.org/10.18632/oncotarget.17198
https://doi.org/10.18632/oncotarget.17198
http://www.ncbi.nlm.nih.gov/pubmed/28476017
https://doi.org/10.18632/oncotarget.1760
http://www.ncbi.nlm.nih.gov/pubmed/24658085
http://www.ncbi.nlm.nih.gov/pubmed/10446980
http://www.ncbi.nlm.nih.gov/pubmed/10446980
https://doi.org/10.1158/0008-5472.CAN-09-1947
http://www.ncbi.nlm.nih.gov/pubmed/20068163
https://doi.org/10.18632/oncotarget.16723
http://www.ncbi.nlm.nih.gov/pubmed/28410237
https://doi.org/10.1371/journal.pone.0040521
http://www.ncbi.nlm.nih.gov/pubmed/22905093
https://doi.org/10.1093/annonc/mdm501
http://www.ncbi.nlm.nih.gov/pubmed/18156144
https://doi.org/10.1200/JCO.2007.14.7611
http://www.ncbi.nlm.nih.gov/pubmed/18349397
https://doi.org/10.2147/OTT.S113598
https://doi.org/10.2147/OTT.S113598
http://www.ncbi.nlm.nih.gov/pubmed/28435296
https://doi.org/10.1371/journal.pone.0190653


44. Zalcman G, Mazieres J, Margery J, Greillier L, Audigier-Valette C, Moro-Sibilot D, et al. Bevacizumab

for newly diagnosed pleural mesothelioma in the Mesothelioma Avastin Cisplatin Pemetrexed Study

(MAPS): a randomised, controlled, open-label, phase 3 trial. Lancet. 2016; 387: 1405–1414. https://doi.

org/10.1016/S0140-6736(15)01238-6 PMID: 26719230

In vitro/vivo antitumor effect of cSBL

PLOS ONE | https://doi.org/10.1371/journal.pone.0190653 January 3, 2018 15 / 15

https://doi.org/10.1016/S0140-6736(15)01238-6
https://doi.org/10.1016/S0140-6736(15)01238-6
http://www.ncbi.nlm.nih.gov/pubmed/26719230
https://doi.org/10.1371/journal.pone.0190653

