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Abstract. Malignant pleural mesothelioma (MPM) is a 
universally lethal type of cancer that is increasing in incidence 
worldwide; therefore, the development of new drugs for MPM 
is an urgent task. Bullfrog sialic acid‑binding lectin (cSBL) 
is a multifunctional protein that has carbohydrate‑binding 
and ribonuclease activities. cSBL exerts marked antitumor 
activity against numerous types of cancer cells, with low 
toxicity to normal cells. Although in vitro and in vivo studies 
revealed that cSBL was effective against MPM, the mecha‑
nism by which cSBL exerts antitumor effects is not fully 
understood. To further understand the mechanism of action of 
cSBL, the present study aimed to identify the key molecules 
whose expression was affected by cSBL. The present study 
established cSBL‑resistant MPM cells. Microarray analyses 
revealed that there were significant pleiotropic changes in 
the expression profiles of several genes, including multiple 
genes involved in metabolic pathways in cSBL‑resistant cells. 
Furthermore, the expression of some members of the aldo‑keto 

reductase family was revealed to be markedly downregulated 
in these cells. Among these, it was particularly interesting 
that cSBL action reduced the level of AKR1B10, which has 
been reported as a biomarker candidate for MPM prognosis. 
These findings revealed novel aspects of the effect of cSBL, 
which may contribute to the development of new therapeutic 
strategies for MPM.

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive 
cancer of the mesothelial cells lining the pleural surface of 
the chest wall and lung (1). The main cause of carcinogenesis 
of this disease is thought to be exposure to an environmental 
carcinogen, asbestos (2); furthermore, the involvement of 
SV40 and exposure to radiation have been suggested as 
cofactors (3,4). The MPM patient prognosis is very poor 
and available therapies have still a limited impact on MPM 
progression (5). Until recently, antifolate and platinum combi‑
nation chemotherapy was the only established treatment (6,7). 
These days, the development of immune‑checkpoint inhibi‑
tors has contributed to the improvement of MPM treatment. 
The data from the phase III trial (NCT02899299) designed to 
evaluate nivolumab plus ipilimumab compared with conven‑
tional chemotherapy (pemetrexed and cisplatin or carboplatin) 
showed a statistically significant overall survival (OS) benefit 
in patients with previously untreated, unresectable MPM, and, 
only recently, the FDA has finally approved nivolumab plus 
ipilimumab for previously untreated unresectable MPM (8). 
Although the nivolumab and ipilimumab combination has 
extended the OS (a median OS of 18.1 months compared to 
14.1 months for platinum‑based standard of chemotherapy) (8), 
the prognosis is still poor, and research such as identification 
of new biomarkers in invasive mesothelioma (9), and search 
for new drugs for MPM (10) have been actively conducted 
for further improvement of MPM care. In particular, the 
development of drugs through different mechanisms of action 
will continue to be required in the future.

A major focus in cancer research is the development of 
new therapeutic agents that induce cell death in malignant 
neoplasms but do not increase inflammation or have signifi‑
cant side effects in normal tissue. Cytotoxic ribonucleases 
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(RNases) are a new field of anticancer drug candidates that 
target RNA and several cytotoxic RNases have been reported 
to have antitumor effects (11,12). The vertebrate‑secreted 
RNase superfamily, also called the RNase A superfamily, 
includes several cytotoxic RNases, such as onconase (ONC) 
from Rana pipience (13) and a variant of human pancreatic 
ribonuclease carrying a nuclear localization signal (PE5) (14). 
Unlike clinically used chemotherapeutic drugs that target DNA 
synthesis and transcription, cytotoxic RNases are believed to 
be non‑mutagenic because they target RNA functions, such as 
RNA translation or gene regulation (15).

Sialic acid‑binding lectin from Rana catesbeiana (cSBL), 
also known as RC‑RNase, is a multifunctional protein that 
binds carbohydrates and has a ribonuclease activity (16‑18). 
It was originally identified as a lectin that recognizes sialic 
acid‑containing complexes (17), and protein sequence analysis 
revealed that it belonged to the vertebrate‑secreted RNase 
superfamily (19). It has previously been identified that cSBL 
has remarkable antitumor activity against many types of 
cancer cells and low toxicity in normal cells (20‑25). This 
effect was observed in not only in vitro experiments but also 
in vivo studies (18,20,26). Our own recent studies revealed 
that cSBL induced apoptosis in cancer cells via the intrinsic 
pathway (27,28), and that the RNase activity of cSBL was 
essential for its antitumor effect (29). The effectiveness of cSBL 
has also been studied for in MPM. We reported that although 
cSBL had very low cytotoxicity in the normal pleural meso‑
thelial cell line Met5A, it efficiently reduced the viability of 
MPM cells including H28, Meso‑1, Meso‑4, H2452 and MSTO 
cells (30,31). We found that pemetrexed + cSBL exhibited a 
strong synergistic effect that was even superior to the standard 
regimen of pemetrexed + cisplatin (31). Furthermore, in vivo 
study revealed that cSBL showed a significant tumor growth 
inhibitory effect in multiple MPM xenograft models without 
any adverse effects, even under conditions where previously 
established pemetrexed administration had little or no 
effect (26). However, the antitumor mechanism of cSBL is still 
unclear, especially when the response of cancer cells to cSBL 
application is concerned.

Despite the potential of RNases in cancer treatment, few 
studies have identified genes whose expression was altered by 
cytotoxic RNases. This may be because the RNA extracted 
from cytotoxic RNase‑treated cells is likely to be degraded 
by the RNA‑catabolizing action of the RNase. Therefore, it 
is technically difficult to assess differentially expressed genes 
(DEGs) in cytotoxic RNase‑treated cells. In recent years, some 
remarkable research breakthroughs have been made in studies 
using microarray analysis. Previous studies using microarray 
technology have been able to determine that ONC caused 
upregulation of activating transcription factor 3 (ATF3), which 
was important for its antitumor effect of ONC (32,33), and 
that PE5 caused pleiotropic effects, including gene expression 
changes mainly related to metabolism (34). These studies 
pioneered the study of gene expression after treatment with 
cytotoxic RNases. However, these findings were reported only 
in conditions in which there was little RNA degradation, that 
is, there was very little antitumor effect. Moreover, no gene 
expression studies have involved cSBL.

To further understand the antitumor effects of cSBL, we 
treated cSBL‑sensitive MPM cells with cSBL to establish 

cSBL‑resistant (cSR) cells. Then, microarray analysis was 
performed to identify significantly altered genes in the 
cSBL‑sensitive and cSR cell lines.

Materials and methods

Reagents. cSBL was isolated from acetone‑dried powder 
of unfertilized bullfrog body‑cavity eggs using sequential 
chromatography with Sephadex G75, DEAE‑cellulose, 
hydroxyapatite, and SP‑Sepharose (Cytiva), as previously 
described (17). For the preparation of ONC, ONC cDNA was 
cloned into the pET‑11d plasmid (Merck KGaA) in conjunction 
with the pelB sequence. BL21 (DE3) pLysS cells (Promega) 
were transformed with the plasmid, and its expression was 
induced by adding isopropyl β‑D‑1‑thiogalactopyranoside 
(0.2 mM) at 34˚C for 72 h. ONC recombinant protein was 
purified from the culture liquid by sequential chromatog‑
raphy with Sephadex G75, DEAE‑cellulose, hydroxyapatite, 
and SP‑Sepharose. Doxorubicin (DOX) was purchased from 
Sigma‑Aldrich. The anti‑caspase‑3 antibody (cat. no. #9662), 
peroxidase‑conjugated anti‑mouse IgG and anti‑rabbit IgG 
antibodies (cat. no. #7074 and #7076, respectively) were 
purchased from Cell Signaling Technology. The anti‑aldo‑keto 
reductase (AKR) 1B10 antibody (cat. no. ab96417) was 
purchased from Abcam (Cambridge, UK) The anti‑β‑actin 
antibody (clone AC‑74, cat. no. A2228) was purchased from 
Sigma‑Aldrich.

Establishment of cSBL‑resistant cell lines. H28 cells were 
purchased from the American Type Culture Collection. For 
the establishment of cSR cell lines, cells were cultured with 
complete medium containing stepwise increasing concentra‑
tions of cSBL. The starting concentration was 0.01 µM in which 
H28 cells could manage to survive, and the final concentration 
was set as 0.5 µM, which is 50 times higher than the initial 
concentration. The cells were passaged approximately 50 times 
to reach the final concentration. These resistant cells were 
proven to be stably resistant even after at least 10 passages in 
drug‑free complete medium. After that, cells were cloned using 
limiting dilution. We confirmed five resistant clones, which 
were designated cSR‑A1, ‑A2, ‑B1, ‑B2 and ‑C1. To ensure that 
these clones were permanent and stable, they were cultured for 
five passages in the presence of 0.5 µM cSBL. For the analyses 
described here, cultures of less than 20 passages after the 
cloning were used. All cell lines were cultured in RPMI 1640 
medium (Nissui) supplemented with 10% fetal bovine serum, 
penicillin‑G (100 U/ml), and streptomycin (100 g/ml) (Thermo 
Fisher Scientific, Inc.). Cells were maintained in a 5% CO2 incu‑
bator at 37˚C under humidified conditions. Cell morphology 
was observed using an IX71 microscope (Olympus).

Colony formation assay. Cells were seeded in 6‑well plates 
(Corning, cat. no. 353046, 1x103 cells per well). After 24 h, 
cells were treated with medium alone or with cSBL (1, 5, 10, 
25, or 50 nM) for 12 days. Then, cells were fixed with para‑
formaldehyde for 15 min and stained with crystal violet for 
10 min. Colonies were photographed by Gel Doc XR system 
(Bio‑Rad Laboratories, Inc.) and counted using Quantity One 
software (Bio‑Rad Laboratories, Inc.). Each experiment was 
performed in triplicate.
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WST‑8 assay. The WST‑8 assay was performed to determine 
the cell viability. Cells (5x104 cells/ml) cultured in 96‑well 
plates (Corning, cat. no. 353072, 100 µl/well) were treated with 
cSBL, ONC, or DOX at the indicated concentrations for 72 h. 
Then, the cells were incubated with Cell Count Reagent SF 
(Nacalai Tesque Inc.) for 1‑4 h. The absorbance of the resulting 
product at 450 nm was measured, and the background absor‑
bance at 650 nm was subtracted. Experiments were conducted 
in triplicate.

Western blotting. Cells (5x104 cells/ml) were cultured in 6‑well 
plates (Corning, cat. no. 353046, 4 ml/well) and treated with 
cSBL or control. 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 deoxycho‑
late, and 0.1% sodium dodecyl sulfate] supplemented with 
complete™ Mini EDTA‑free protease inhibitor cocktail tablets 
(one tablet/10 ml; Roche Applied Science). Soluble proteins 
were collected, and the protein concentration was measured 
using a BCA protein assay kit (Thermo Fisher Scientific, Inc., 
cat. no. 23227) according to the manufacturer's instructions. 
Proteins were separated using 10 or 14% SDS‑PAGE and 
transferred onto Immobilon‑P transfer membranes (Thermo 
Fisher Scientific, Inc.). The membranes were sequentially 
incubated with primary and secondary antibodies diluted in 
Can Get Signal solution (Toyobo Co., Ltd.). Protein bands 
were detected using ECL Prime Western Blotting Detection 
Reagent (Cytiva). The relative density of the protein bands was 
measured using ImageJ 1.51s software (National Institutes of 
Health). Experiments were repeated in triplicates.

Total RNA isolation. Total RNA was isolated from cells using 
TRI Reagent (Molecular Research Center) and purified using 
the SV Total RNA Isolation System (Promega) according to 
the manufacturer's instructions. RNA samples were quanti‑
fied using an ND‑1000 spectrophotometer (NanoDrop 
Technologies), and the quality was confirmed using a 2200 
TapeStation (Agilent Technologies). The RNA integrity 
number equivalent (RINe), which was an index of RNA degra‑
dation, was calculated from the 28S and 18S ribosomal RNA 
band peak values and other band peak values in the electro‑
phoretic image. For the subsequent cDNA labeling, the Agilent 
Low‑Input QuickAmp Labeling kit (Agilent Technologies, 
cat. no. 5190‑2305) was used.

Gene expression microarrays. cDNA was amplified, labeled, 
and hybridized to a 60K Agilent 60‑mer oligomicroarray 
according to the manufacturer's instructions. All hybridized 
microarray slides were scanned using an Agilent scanner. 
Relative hybridization intensities and background hybridiza‑
tion values were calculated using Agilent Feature Extraction 
Software (9.5.1.1). 

Data analysis and filter criteria. Raw signal intensities and 
flags for each probe were calculated from hybridization 
intensities (gProcessedSignal) and spot information (gIsSat‑
urated, etc.), according to the procedures recommended 
by Agilent. [Flag criteria on GeneSpring Software was as 
follows: Absent (A): ‘Feature is not positive and significant’ 
and ‘Feature is not above background;’ Marginal (M): 

‘Feature is not Uniform,’ ‘Feature is Saturated,’ and ‘Feature 
is a population outlier;’ and Present (P): others.]. The raw 
signal intensities of two samples were log2‑transformed and 
normalized by quantile algorithm with the Bioconductor 
preprocessCore library package (35,36). We selected probes 
that called the P flag in at least two samples. To identify 
up‑ and downregulated genes, we calculated Z‑scores (37) 
and ratios (non‑log scaled fold‑change) from the normal‑
ized signal intensities of each probe to compare control and 
experimental samples. Then, we established the following 
criteria for differentially regulated genes: Upregulated 
genes: Z‑score ≥2.0 and ratio ≥1.5‑fold and downregulated 
genes: Z‑score ≤‑2.0 and ratio ≤0.66. Data have been depos‑
ited in NCBI's Gene Expression Omnibus repository (38) 
(http://www.ncbi.nih.gov/geo) under the accession number: 
GSE 162286.

Functional annotation of DEGs in cSR cell lines. DEGs in cSR 
cells were characterized functionally using a hypergeometric 
test to find overrepresented gene ontology terms in the three 
main broad ontologies (biological process, molecular function, 
and cellular component) (39,40). DEGs were also mapped to 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) (41), 
which assigns proteins to pathways, to find overrepresented 
pathways. The analyses were done using the Database for 
Annotation, Visualization, and Integrated Discovery online 
tool (42). 

Network analysis. GeneMANIA (43), an online database that 
identifies other proteins associated with a set of input genes, 
was used to generate protein‑protein interaction (PPI) network 
images. The associations between co‑expression, colocaliza‑
tion, predicted related genes, shared protein domains, genetic 
interactions, and physical interactions were determined using 
GeneMANIA.

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR). mRNA expression of the top five down‑
regulated genes (THY1, AKR1B15, AKR1B10, SLC47A2, and 
CBR1) were examined using RT‑qPCR. Cells (2x105) were 
cultured for 48 h, and total RNA was extracted using an 
AllPrep RNA/Protein kit (Qiagen, cat. no. 80404). cDNA 
was synthesized from total RNA (1 µg) using a SuperScript 
VILO cDNA Synthesis Kit (Invitrogen, cat. no. 11754050). 
RT‑qPCR was performed using a LightCycler 480 system with 
the LightCycler 480 Probes Master Kit (Roche Diagnostics, 
cat. no. 04707494001). PCR primers using a TaqMan/probe 
library assay were designed by the Universal Probe Library 
Assay Design Center (https://www.roche‑applied‑science.
com/sis/rtpcr/upl/acenter.jsp). The expression levels of these 
genes were standardized relative to the mRNA expression 
level of GAPDH (as a housekeeping gene) based on their 
average cycle threshold values.

Statistical analysis. The results from three or more independent 
experiments were expressed as the mean ± standard deviation. 
Statistical analyses were conducted using GraphPad Prism 5.0 
(GraphPad Software, Inc.), and comparisons were made using 
one‑way analysis of variance followed by Bonferroni's post 
hoc test. P<0.05 was considered statistically significant.
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Results

Establishment of cSR cells. cSR cells were established by 
adding different cSBL concentrations at the low range to the 
culture medium. Five clones were obtained by limiting‑dilution 
cloning. The sensitivity of the clones to cSBL was assessed 
using colony formation assay. As shown in Fig. 1A (upper 
panel), no colonies were found in parental H28 cells treated with 
cSBL at concentrations of 25 nM or higher. In contrast, all five 
clones showed resistance to cSBL. We calculated IC50 values 
from dose‑response curves (Fig. 1B). The resistant rate (RR) 
represented the ratio of the IC50 value in cSR cells to the IC50 
value in H28 cells (Fig. 1A, lower panel). cSR‑A1 and cSR‑B1 
had the highest RRs (15.3 and 14.5, respectively); therefore, 
these two clones were utilized in subsequent experiments.

Analysis of cSR cell lines characteristics. The growth curves 
of H28, cSR‑A1, and cSR‑B1 cells were examined (Fig. 2A). 
There was no significant difference in the growth rates among 
these three cell lines. However, cSR cells tended to show 
shrunken morphology in low‑density culture conditions, even 
though no difference was observed in high‑density culture 
conditions (Fig. 2B). The cSBL resistance was then evaluated. 
After treating cells with cSBL, ONC, or DOX for 72 h, the cell 
viability was measured using the WST‑8 assay, dose‑response 
curves were prepared, and the IC50 values and RRs were calcu‑
lated (Fig. 2C). The RRs of cSR cells to cSBL in the WST‑8 
assay were 4.4 (A1) and 4.6 (B1), which were lower than those 
obtained in the colony formation assay. Further, the RRs to 
ONC and DOX were lower than to cSBL; the RRs to ONC 
for cSR‑A1 and cSR‑B1 were 1.6 and 2.0, respectively, and 
the corresponding RRs to DOX were 0.7 and 1.0, respectively. 
Similar to what we observed for cSBL, cSR cells tended to show 
some resistance to RNA‑targeted ONC. However, for DOX, 
a DNA‑damaging anticancer drug, the RRs of cSR cells did 
not exceed 1, i.e., the effect of DOX was not different between 
parent H28 and cSR cells. Since it has been shown that the 
antitumor effect of cSBL was due to the induction of apoptosis, 
we examined whether the cSR cells had reduced apoptosis after 
cSBL treatment. Cells were treated with cSBL (1 or 5 µM) 
for 72 h, and protein was extracted to examine the levels of 
cleaved caspase‑3 (Fig. 2D). There was less cleaved caspase‑3 
in cSBL‑treated cSR‑B1 cells than in H28 cells, but the differ‑
ence was not significant. Taken together, our results indicate 
that cSR cells become resistant to cSBL after long‑term treat‑
ment with low concentrations, but they have relatively weak 
resistance to short‑term treatment with high concentrations. In 
addition, there was no significant difference between H28 and 
cSR cells in terms of proliferation, morphology, or apoptosis 
after treatment with high cSBL concentrations.

Altered gene expression in cSR cell lines. Total RNA was 
extracted from H28, cSR‑A1, and cSR‑B1 cells and RNA 
quality was evaluated. All samples had RINe values of 10.0 
(Fig. S1), indicating that RNA could be extracted in a condi‑
tion when it was hardly degraded. Therefore, these samples 
were used for microarray analyses. A comparison of the 
expression profiles in the cSR‑A1, cSR‑B1, and parental H28 
cell lines revealed that 1254 genes (623 upregulated and 
631 downregulated) were dysregulated in cSR‑A1 cells and 

1,225 genes (608 upregulated and 617 downregulated) were 
dysregulated in cSR‑B1 cells compared to H28 cells. Among 
them, 927 genes (440 upregulated and 487 downregulated) 
were common DEGs out of 37,756 known coding transcripts 
on the microarray (2.46%). The fold change ranged from 
1.5‑ to 934.8‑fold for upregulated genes and 1.5‑ to 755.7‑fold 
for downregulated genes. The top 20 up‑ and downregulated 
genes in cSR cell lines are listed in Table SI.

GO enrichment analysis. To further understand the functional 
relevance of DEGs in cSR cell lines, we performed gene 
ontology analysis. The 927 DEGs were used to extract the 
associated ontologies based on three broad ontology catego‑
ries: ‘biological process,’ ‘molecular function,’ and ‘cellular 
component.’ In all cases, a P‑value ≤0.05 was considered 
statistically significant. The 20 most enriched GO terms for 
the DEGs are listed in Table SII. There were 123 signifi‑
cantly enriched GO terms in the biological process category. 

Figure 1. Effect of cSBL on colony formation in H28 and cSR cells. 
(A) Colony formation assays are performed in the absence or presence of 
cSBL (1 to 50 nM). Representative images from three independent experi‑
ments are shown. IC50 values and RRs of each cell line are indicated below 
the images. (B) Colony numbers in (A) are counted and dose‑response curves 
are depicted. Each data point represents the mean ± SD of three independent 
experiment. The statistical significance of the colony formation of the cells 
compared to the control H28 cells were shown. *P<0.05, **P<0.01 vs. H28. 
cSBL, bullfrog sialic acid‑binding lectin; cSR, cSBL‑resistant; RR, resis‑
tance rate; SD, standard deviation.
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The most significant term was oxidation‑reduction process 
(GO:0055114). Interestingly, the GO terms included not only 
terms related to cancer characteristics, such as cell prolif‑
eration (GO:0008284, GO:0008285), adhesion (GO:0007155, 
GO:0007162), migration (GO:0016477), and apoptosis 
(GO:0006915), but also several metabolic processes related 
to lipids (GO:0006869), cellular protein (GO:0044267), and 
drugs (GO:00171449). In the molecular function category, 36 
functions were enriched, and the most significantly enriched 

term was integrin binding (6.87E‑07). There were several 
other binding functions, including growth factors [IGF 
(GO:0005520), FGF (GO:0017134), TGF (GO:0050431), and 
EGF (GO:0005154)] and other cell membrane molecules 
such as receptors (GO:0005102), heparin (GO:0005102), 
and syndecan (GO:0045545). Thirty‑two components were 
enriched in the cellular component category. The top four 
GO terms in cellular component included ‘extracellular’ 
[extracellular space (GO:0005615), extracellular exosome 

Figure 2. Analysis of cSR cell line characteristics. (A) Growth of H28 and cSR cells. Cells are seeded at 2x105 cells/well and counted at the timepoints 
(3 to 17 days) as indicated. Each data point represents the mean ± SD of three independent experiment. (B) Morphology of H28 and cSR cells. Cells are 
seeded at 1x105 cells/well. After 24 h (low density) or 72 h (high density), cell morphology is observed. Scale bar, 100 µm. (C) Effect of cSBL, ONC, and 
DOX on H28 and cSR cells. Viability of cells treated with the drugs are measured by the WST‑8 assay. IC50 values and RRs are calculated from the depicted 
dose‑response curves. Each data point represents the mean ± SD of three independent experiment performed in triplicates. (D) Apoptosis induction in H28 
and cSR‑B1 cells treated with cSBL. Cells are treated with cSBL (1 or 5 µM), and the expression of cleaved caspase‑3 is detected using western blotting. 
Densitometric quantification is performed using the results of three independent experiments (mean ± SD). The statistical significance of the bands compared 
to the non‑treated control were shown. *P<0.05, **P<0.01 vs. 0 µM cSBL. cSR, cSBL‑resistant; cSBL, bullfrog sialic acid‑binding lectin; ONC, onconase; DOX, 
doxorubicin; RR, resistance rate; SD, standard deviation.
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(GO:0070062), extracellular matrix (GO:0031012), and 
extracellular region (GO:0005576)]. They were followed 
by terms related to the cell membrane, such as cell surface 
(GO:0009986), basement membrane (GO:0005604), and 
plasma membrane (GO:0005886). Altogether, it appears that 
there are many differences between parental H28 cells and 
cSR cells in cellular functions, especially in association with 
cancer characteristics and metabolic processes. Extracellular‑ 
and cell membrane‑associated GO terms were highly enriched 
in the DEGs of cSR cell lines.

Pathway analysis. To analyze the signaling pathways 
affected by DEGs in cSR cell lines, we analyzed DEGs using 
the KEGG database. Table SIII shows the 18 significantly 
affected pathways in cSR cell lines. Among the significantly 
enriched pathways (determined by a hypergeometric test 
where P<0.05), ‘metabolism of xenobiotics by cytochrome 
P450’ was the most significant. Additionally, there were 
several pathways involved in various metabolic processes. 
Fifty‑seven genes were involved in metabolic pathways, all 
related to lipid and carbohydrate metabolism. These results 

Figure 3. The protein‑protein interaction networks of the top 10 up‑ and downregulated DEGs (upper panel) and the 57 genes involved in metabolic pathways 
(lower panel). Different colors represent diverse bioinformatics methods. DEGs, differentially expressed genes.
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prompted our interest in further analysis of the interactions 
among these DEGs.

PPI network analysis. The networks of proteins encoded by 
the top 10 up‑ and downregulated DEGs and the 57 genes 
in the KEGG metabolic pathways were identified using the 
GeneMANIA PPI network (Fig. 3). The color of the line 
represents the type of interaction, and the size of the node 
indicates the degree of interaction in the PPI, where larger 
nodes have more interactions. These data demonstrated there 
were some protein families whose expression was affected 
in cSR cells, such as AKR or UDP‑glucuronosyltransferase. 
However, there were no significant hub proteins in either PPI 
network, suggesting that long‑term exposure of cSBL affected 
gene expression in a pleiotropic fashion. 

RT‑qPCR analysis. As indicated above, we found that the 
expressions of some AKR family members were affected 
in cSR cells (Fig. 3). Two of these genes, AKR1B15 and 
AKR1B10, were among the top three most downregulated 
genes in cSR cells (Table SI). Therefore, we were interested 
in the AKR family, which has been reported to be associated 
with cancer, and conducted subsequent studies focusing on 
highly downregulated genes in cSR cells. In order to confirm 
the reproducibility of the microarray, we compared gene 

expression patterns between parental and cSR cells using 
RT‑qPCR. As shown in Fig. 4, THY1, AKR1B15, AKR1B10, 
SCL47A2, and CBR1 all had reduced expression in cSR‑A1 and 
cSR‑B1 cells. These genes had 22.8‑ to 483.2‑fold decreased 
expression, and this downregulation was similar in both 
cSR‑A1 and cSR‑B1 cells. Although these fold changes were 
different from those observed in the microarray analysis, they 
were in the same direction. Therefore, RT‑qPCR confirmed 
that the microarray experiments were valid and showed that 
the changes were highly significant.

Confirmation of AKR1B10 downregulation using western 
blot. Next, we further examined protein expression of the 
AKR family members that were downregulated in cSR cells. 
We found that the expression of six AKR family genes were 
decreased from 9.1‑ to 562.0‑fold in the microarray analysis 
(Table I). We focused on AKR1B10, which has been reported 
to be associated with cancer (44) and whose antibody was 
commercially available. The expression of AKR1B10 at 
the protein level was confirmed using western blotting. A 
significant decrease in AKR1B10 expression was observed 
in cSR‑A1 and cSR‑B1 cells compared to H28 cells (Fig. 5). 
Therefore, the decreased expression of AKR1B10 as detected 
by the microarray analysis was also observed at the protein 
level.

Figure 4. Expression of THY1, AKR1B15, AKR1B10, SLC47A2, and CBR1 mRNA in H28 and cSR cells. Quantitative RT‑PCR is performed using specific 
primers and GAPDH (control gene). The expression levels of genes are normalized to the level of GAPDH, and the level of the corresponding gene in H28 cells 
(control cell line) is set at 1. Data are presented as mean ± SD of three independent experiment performed in triplicates, and the mean values are indicated 
on the X axis titles. *P<0.05, **P<0.01, ***P<0.001 vs. H28. cSR, bullfrog sialic acid‑binding lectin‑resistant; RT‑PCR, reverse transcription polymerase chain 
reaction; SD, standard deviation; THY1, Thy‑1 Cell Surface Antigen (CD90); AKR, aldo‑keto reductase; SLC47A2, solute carrier family 47 member 2; CBR1, 
carbonyl reductase; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase.
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Further investigation of DEGs other than the AKR family in 
cSR cells. Finally, we further investigated genes that showed 
expression fluctuations based on the results of microarray 
analysis. We found that the expression of some members of 
ATP‑binding cassette (ABC) transporter superfamily was 
decreased in cSR cells (Table SIV). The expression of ABCC2 
was ‑17.3 times lower and ABCA1 was ‑4.7 times lower in cSR 
cells.

Discussion

In this study, we produced cSR cells by treating sensitive H28 
cells with low doses of cSBL over a long period. We also 
succeeded in identifying genes whose expression was altered 
in cSR cells (Table SI). The GO analysis and pathway analysis 
indicated that these genes were related to cell proliferation 
and cell membrane, as well as sugar and lipid metabolism 
(Tables SII and SIII). We also found that AKR1B10 was 
significantly reduced in cSR cells at the protein level (Fig. 5). 
These findings indicate that long‑term treatment of cancer 
cells with cSBL alters many metabolic genes and reduces the 
expression of AKR family genes, revealing a new aspect of the 
antitumor effect of cSBL.

Analysis of cSR cell lines characteristics revealed that 
although cSR cells tended to exhibit shrunken morphology in 
low‑density culture conditions, we could not detect significant 
differences in morphology in high‑density culture conditions, 
proliferation or apoptosis after treatment with high cSBL 
concentrations (Fig. 2). The reason for the morphological change 

observed in low‑density culture conditions is unclear, but we 
speculate that this change may have been caused by changes 
in expression of genes related to the morphology, adhesion 
or migration. Indeed, GO enrichment analysis showed there 
were some enriched GO terms such as cell surface and plasma 
membrane in cellular component category or integrin binding 
in molecular function category. The RRs to cSR were high (15.3 
and 14.5 for cSR‑A1 and ‑B1, respectively) in the colony assay 
but low (4.4 and 4.6 for cSR‑A1 and ‑B1, respectively) in the 
WST‑8 assay (Figs. 1 and 2). By the nature of the experiment, 
the colony assay observed colony forming ability for a relatively 
long time (12 days) in the presence of low concentrations of cSBL 
(1‑50 nM) and the WST‑8 assay monitored survival changes in 
the presence of high concentrations of cSBL (0.01‑10 µM) for 
a short period of time (72 h). This indicates that cSR cells are 
resistant to long‑term treatment with low concentrations of 
cSBL, but under short‑term treatment conditions with relatively 
high concentrations, the apoptosis‑inducing effect of cSBL is 
also observed in cSR cells. In other words, it is suggested that 
even in cSR cells that have acquired resistance by some mecha‑
nism in this long‑term treatment, intracellular RNA is cleaved 
and apoptosis is induced by cSBL treatment exceeding a certain 
concentration. The dramatic mechanism of action that involves 
RNA cleavage may interfere with the ability of cancer cells to 
develop high resistance to cSBL.

Experiments that require RNA extracted from cytotoxic 
RNase‑treated cells, such as RNA expression analysis, are 
difficult to perform. Such experiments often have low accu‑
racy because the extracted RNA is presumably not intact in 
the cells that are treated with cytotoxic doses of RNase, and 
the RNase may degrade RNA even during the cell lysing step. 
However, several recent reports identified DEGs in cytotoxic 
RNase‑treated cells using microarray technology. These 
experiments were carried out in very strict conditions, such 
as including only RNA with acceptable concentrations and 
A260/280 ratios or high RIN values, as it was done in this experi‑
ment (32‑34). Some of the identified genes whose expression 
was affected by cSBL treatment were also identified in a 
microarray examining cells treated with PE5. Since we used 
resistant cells, the identified DEGs may have include genes 
involved in the resistance to cSBL. However, the decrease 
in the AKR family detected here was also observed in the 
short‑term treatment of PE5; PE5 is known to reduce the 
expression of AKR1A1, a member of the AKR family (34). 
Therefore, the downregulation of AKR family members might 
be a universal response of cancer cells to cytotoxic RNase or 
involved in the antitumor effects of cytotoxic RNases. The 
microarray analyses revealed that there were significant pleio‑
tropic changes including those in the expression of multiple 
genes involved in metabolic pathways in cSBL‑resistant cells 
(Table SIII). Some of these metabolic pathway related genes 
are listed among the top 20 list of genes up‑ or down‑regulated 
in cSR cells (Table SI). Among the up‑regulated genes, the 
increase in expression of LIPC which catalyzes the hydro‑
lysis of triglycerides and phospholipids (45), was the highest 
(934.8 fold higher in cSR cells, Table SI). ST6GAL2, which 
showed the third largest change (126.7 fold higher in cSR cells, 
Table SI), is an enzyme that transfers sialic acid from the donor 
of substrate CMP‑sialic acid to galactose containing acceptor 
substrates (46). It is interesting to note that the expression 

Table I. Gene expression changes of AKR family in cSR cells.

Gene symbol Fold changea

AKR1B15 ‑562.0
AKR1B10 ‑548.5
AKR1C1 ‑54.0
AKR1C4 ‑24.7
AKR1B1 ‑11.4
AKR1C3 ‑9.1

aFold change in microarray analysis.

Figure 5. AKR1B10 protein expression in H28 and cSR cells. The expres‑
sion of AKR1B10 in each cell line is detected using western blotting. 
Densitometric quantification is performed using the results of three inde‑
pendent experiments (mean ± SD). ***P<0.001 vs. H28. cSR, bullfrog sialic 
acid‑binding lectin‑resistant; SD, standard deviation.
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level of this enzyme was elevated, because the presence of 
sialic acids at the cell surface is thought to be important for 
the effect of cSBL (20). In this study, because we found that 
the expressions of some AKR family members were affected 
in cSR cells, further investigations were focused mainly on 
strongly downregulated genes in cSR cells.

The AKR superfamily is a family of enzymes that revers‑
ibly reduce carbonyl groups (47). These proteins catalyze a 
variety of metabolic oxidation‑reduction reactions, including 
reduction of glucose, glucocorticoids, small carbonyl metabo‑
lites, glutathione conjugates, and phospholipid aldehydes (48). 
More than 150 proteins belonging to this superfamily are 
classified into 15 families (AKR1 to AKR15) based on the 
similarity of amino acid sequences. Each family is further 
subdivided into subfamilies, which have 60% or higher 
similarity at the amino acid level (47). The largest family, 
AKR1, is subdivided into six subfamilies (AKR1A, AKR1B, 
AKR1C, AKR1D, AKR1E, and AKR1G). In humans, there 
are 14 AKR superfamily proteins, nine of which belong to 
the AKR1 family (49). Our microarray analysis revealed that 
multiple AKR genes were downregulated in cSR cells. In 
addition, when we focused on AKR1B10, which is involved 
in resistance to anticancer drugs and has attracted attention as 
a new target in cancer therapy (49), we found that its expres‑
sion was significantly reduced at the protein level in cSR cells. 
AKR1B10 has been reported to be overexpressed in lung 
cancer (50), liver cancer (51,52), breast cancer (50), pancreatic 
cancer (53), and oral squamous cell carcinoma (54). One of the 
roles of AKR1B10 in cancer cells is to suppress the produc‑
tion of retinoic acid, a cell differentiation‑promoting factor. 
Retinoic acid is produced from retinol via retinal and binds 
to the nuclear receptors, retinoic acid receptor and retinoid 
X receptor, to promote cell differentiation (55). AKR1B10 
is thought to promote cancer cell proliferation and survival 
by reducing retinal to retinol, thereby decreasing intracel‑
lular retinoic acid production (56,57). In addition, AKR1B10 
promotes cancer cell survival by reducing cytotoxic aldehydes 
produced by lipid peroxidation, such as 4‑hydroxynon‑
enal (58,59), and is involved in resistance to anticancer drugs 
such as cisplatin, mitomycin C, anthracyclines (doxorubicin 
and idarubicin), and docetaxel (60‑62). Therefore, AKR1B10 
has potential not only as a cancer biomarker but also as a 
novel therapeutic target for cancer treatment and may promote 
chemosensitization. Although reports on AKR1B10 in MPM 
are very limited, AKR1B10 may also be associated with 
malignancy in MPM, as in the other cancer cases indicated 
above. A study aimed to search for novel biomarkers in 
malignant mesothelioma performed by Mundt et al (63), iden‑
tified that AKR1B10 was one of the prognostic mesothelioma 
biomarker candidates. Patients with high AKR1B10 levels 
had a mean survival time that was 5.5 months shorter than 
that in patients with low AKR1B10 expression levels (5.5 vs. 
11.0 months, respectively; N=14 for high and 13 for low expres‑
sion level). Usami et al (64) established two morphologically 
distinct MPM cell lines, Y‑MESO‑8A (epithelial‑like) and 
Y‑MESO‑8D (spindle‑like) from the same patient. Microarray 
analysis to determine differences in gene expression in these 
cells showed that the expression of AKR1B10 and AKR1C3 
in Y‑MESO‑8D were 17.8 and 6.35 times higher, respectively, 
than that of Y‑MESO‑8A (64). Another report showed that 

under serum starvation conditions, AKT was phosphorylated 
in Y‑MESO‑8D but not in Y‑MESO‑8A (65). However, there 
are no reports related to the function of AKR1B10 in those 
cells. Detailed investigations focusing on the function of 
AKR1B10 in MPM are needed. It is interesting to note that 
decreased AKR1B10 expression was observed at the protein 
level in cells established by long‑term exposure to cSBL. It is 
possible that cSBL could be used to promote chemosensitivity 
to anticancer drugs. Indeed, Toyooka and Hayakawa's group 
has succeeded in developing a novel AKR1B10 inhibitor that 
suppressed cisplatin resistance in non‑small cell lung cancer 
cells. It also blocked the proliferative and metastatic potential 
in these cells (66). Now we are working on the comprehensive 
investigation of the effect of cSBL on AKR family including 
impact of several anticancer drugs in cSR cells,

In addition to AKR1B10, the expression levels of AKR1B1, 
AKR1C1, AKR1C3 and AKR1C4 were reduced in cSR, and it 
has also been reported that they were involved in resistance to 
cisplatin, daunorubicin or DOX (52,67,68). Furthermore, we 
found that the expression of some members of the ATP‑binding 
cassette (ABC) transporter superfamily, which contributed 
to chemotherapeutic resistance, was reduced in cSR cells 
(Table SIV). In humans, there are 49 known ABC genes clas‑
sified into seven different families (A‑G) depending on their 
amino acid sequence (68). They serve a variety of functions 
other than drug resistance and can be expressed as channels, 
receptors and transporters (69). The members involved in 
drug efflux from human cells do not belong to one particular 
family (69). Among the ABC transporters found to be reduced 
in cSR cells, ABCC2 has been reported to contribute to 
resistance against methotrexate, doxorubicin, cisplatin (68), 
and ABCA1 is responsible for transporting cholesterol and 
phospholipids (70), but has also been reported to contribute to 
resistance to Nitidine, a cytotoxic benzophenanthridine alka‑
loid (71). Shukla et al reported that several ABC transporter 
genes were endogenously overexpressed in three MPM cell 
lines as compared to untransformed LP9/TERT1 mesothelial 
cells (ABCB1 in MO, ABCC3 in ME‑26, and ABCA2, ABCC5 
and ABCA7 in HMESO cells) (9). Hudson et al (72) compared 
expression of genes involved in the response to chemotherapy 
between II‑45 rat MPM cells and normal 4/4 RM.4 mesothe‑
lial cells, and between established chemo‑resistant cell lines 
and parental II‑45 cells, respectively. They found that ABCB1 
and ABCG2 were endogenously overexpressed in II‑45 MPM 
cells compared to 4/4 RM.4 normal cells; furthermore, levels 
of ABCB1 in cisplatin resistant II‑45 cells, and ABCC2 
in pemetrexed or combination (cisplatin plus pemetrexed) 
resistant II‑45 cells were significantly increased compared to 
parental II‑45 cells. Those reports indicate that although the 
molecular species which are involved in the chemoresistance 
differ depending on the cell type, ABC transporter superfamily 
members are associated with inherent and acquired drug resis‑
tance in MPM. Furthermore, ABCB5 is now considered as one 
of a therapeutic target in MPM, because ABCB5 is upregu‑
lated in MPM‑initiating cells generated from primary MPM 
samples (73). Our previous studies have shown that cSBL had a 
stronger apoptosis‑inducing effect on multidrug resistant K562 
leukemia cells that overexpressed ABCB1 than on their parent 
K562 cells (27). Since we found that the expression of ABCC2 
was reduced in cSR, it was suggested that cSBL was effective 
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against MPM regardless of intrinsic drug resistance and may 
be able to reduce MPM resistance to chemotherapeutic agents 
that are substrates for ABCC2. Indeed, although the difference 
was not statistically significant in our experimental conditions, 
cSR‑A1 tended to be more sensitive to DOX (Fig. 2).

In conclusion, we found that long‑term treatment with 
cSBL affected malignant mesothelioma cells by dysregulating 
multiple genes. The detected DEGs may include genes other 
than those directly affected by the cSBL application. Currently, 
examinations of the direct effect of cSBL treatment and 
combination research with other drugs are being conducted. 
Because cSBL significantly reduced the expression of AKR 
family members, especially AKR1B10, it may offer new 
possibilities for cancer therapy. We believe that investigation 
of other genes whose expression was changed in cSR cells will 
further elucidate the antitumor effect of cSBL. Furthermore, 
by enhancing the effect of cSBL itself and searching for 
effective concomitant drugs using information obtained in this 
study, our results can be expected to lead to the establishment 
of novel, more effective cancer treatments.
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