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Abstract A cancer cell agglutinin isolated from bullfrog (Rana catesbeiana) eggs
was named R. catesbeiana sialic acid—binding lectin (cSBL), because its agglutina-
tive activity was inhibited by sialic acid—containing glycoconjugates. The lectin was
subsequently found to belong to the vertebrate-secreted ribonuclease family, and
c¢SBL exhibits ribonuclease activity as well as remarkable antitumor effects. Recent
studies have shown that cSBL exerts antitumor effects in vitro and in vivo under
conditions where cSBL cancer-selective apoptosis-inducing effects and no undesired
side effects are observed. Furthermore, cSBL exhibited a preferred synergistic effect
with other drugs. Here, we describe the unique antitumor signal revealed in the latest
c¢SBL studies and the possibility of developing a cancer treatment strategy
using cSBL.

1 Introduction

Advances in modern medicine have reduced the mortality rate of infectious diseases
such as HIV and tuberculosis, as well as improving general health worldwide. As of
2021, the development of newly approved RNA vaccines has shown remarkable
efficacy in the prevention of new infectious diseases, and modern medical care is still
evolving day by day. However, global health is still threatened by diseases such as
cancer, heart disease, and cerebrovascular disease (WHO 2020). Despite the remark-
able advances in cancer chemotherapy in recent years, for example, immune check-
point inhibitors (Robert 2020), cancer is still the leading cause of death in many
countries. It is estimated that as many as ten million cancer-related deaths occurred
in 2020 (Sung et al. 2021). Thus, therapeutic advances in cancer prevention, early
detection, and treatment will improve survival and quality of life for many people
worldwide.
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Sugar chains (glycans) are termed third life chains, coming after nucleic acids and
proteins to play essential roles in living bodies via their various biochemical
interactions. Such as binding with functional molecules (Reily et al. 2019). The
surfaces of cells are covered with innumerable glycans, and the activities of such
glycoproteins or glycolipids can be controlled via glycosylation. Cell-surface gly-
cans can significantly alter their sequence structure during cell differentiation,
maturation, and activation, and function as discriminating molecules (Marth and
Grewal 2008). For example, differentiated cells recognize glycan structures on other
cells and cooperate with each other (Varki 2017). Microorganisms such as bacteria
and viruses use differences in surface glycans to bind to and infect specific cells (Van
Breedam et al. 2014). Furthermore, surface glycan structure also changes signifi-
cantly in cancer cells (Costa et al. 2020). Changes in glycan structure have been
shown to alter the location of cell surface receptors and their susceptibility to ligands,
affecting cell proliferation and invasion (Rodrigues et al. 2018). It also affects the
cancer-surveillance activity of immune cells (Mereiter et al. 2019). Therefore,
glycans are very useful for identifying cells and are thus expected to be utilizable
biomarkers for identifying cancer cells. In fact, many biomarkers currently in clinical
use recognize glycans (Tikhonov et al. 2020). Hence, glycans are currently attracting
much attention, but research on them is somewhat difficult. The structures of sugar
chains are complicated and liable to change due to their sensitivity to environmental
factors, and can even be decomposed. Furthermore, the structure cannot be directly
amplified unlike nucleic acids. Therefore, it is difficult to recognize, analyze, and
quantify certain disease-related glycans, and development of tools for recognizing
glycans is required for their use in diagnosis and treatment.

Lectins are useful tools for targeting difficult-to-handle glycans. Our laboratory
has focused on the identification and analysis of naturally derived lectins for many
years, and has purified and reported some lectins from fish and amphibians. Specif-
ically, sialic acid—binding lectin purified from bullfrog (Rana catesbeiana) eggs
(cSBL) has potential as a cancer treatment due to its antitumor activity via a unique
RNA-degradation mechanism. In this section, we describe in detail the functions of
c¢SBL that have been clarified thus far, including background of the discovery of this
lectin and the possibility of its application in cancer treatment.

2 Discovery of ¢SBL as a Lectin

2.1 Lectins

Lectins are proteins that bind to specific glycan structures and are universally present
in species from animals and plants to microorganisms, and have greatly contributed
to glycan analysis research. Historically, the first lectin identified is considered to be
ricin from castor tree (Ricinus communis) seeds by Stillmark in 1888. Ricin is a
plant-derived protein capable of agglutinating red blood cells, and the name hem-
agglutinins or phytoagglutinins was used at the time (Sharon and Lis 2004). Sumner
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and Howell reported that concanavalin A, a lectin isolated from jack bean
(Canavalia ensiformis), agglutinates cells such as erythrocytes, and this agglutina-
tion was inhibited by sucrose, the first demonstration of the sugar specificity of
lectins (Sumner and Howell 1936). It was predicted that agglutination was caused by
the reaction of concanavalin A with carbohydrates on the cell surface. Since the
1940s, there have been many discoveries of blood type-specific hemagglutinins
(Mikeld 1957; Sharon and Lis 2004). These findings demonstrated the ability of
plant agglutinins to distinguish between erythrocytes of different blood types, and
thus, Boyd and Shapleigh proposed the name “lectins,” from the Latin legere,
meaning to pick out or choose (Boyd and Shapleigh 1954). Subsequently, the term
“lectin” was generalized by Sharon et al. to all sugar-specific agglutinins of
nonimmune origin, regardless of source and blood group specificity (Sharon and
Lis 1972). Goldstein et al. (Goldstein et al. 1980) further defined lectins in detail: “A
lectin is a sugar-binding protein or glycoprotein of non-immune origin which
agglutinates cells and/or precipitates glycoconjugates. Lectins bear at least two
sugar-binding sites, and agglutinate animal and/or plant cells. The specificity of a
lectin is usually defined in terms of the monosaccharide(s) or oligosaccharides that
inhibit lectin-induced agglutination reactions.” Generally, lectin is used as a general
term for substances that have specific binding activity for sugars among proteins or
glycoproteins present in living organisms. With the subsequent research into numer-
ous lectins, numerous pivotal biological functions of lectins have been revealed,
such as immunomodulating effects (Clement et al. 2010), modulation of the intes-
tinal transport system (Yamamoto et al. 2013), and antimicrobial and insecticidal
activities (Dias et al. 2015), among others. Furthermore, many lectins are currently
used as important biological and diagnostic tools. Recently, a lectin array technology
that acquires sugar chain profiles of various biological samples via their reactivity
with multiple lectins has been developed (Hirabayashi et al. 2013), and a new
therapeutic approach that uses lectins to target specific cells using lectin-drug
conjugates (LDC) has also been reported (Shimomura et al. 2018). Thus, novel
research and development using lectins has drawn attention in a wide range of fields,
from technological development to diagnosis and medical treatment.

2.2 Sialic Acid-Binding Lectin from Rana Catesbeiana
Oocytes

In our laboratory, research on frog egg agglutinin was started by Kawauchi et al. in
the mid-1970s (Kawauchi et al. 1975). Initially, crude egg fractions were used, and
samples derived from Japanese brown frog (Rana japonica) and dark-spotted frog
(Rana nigromaculata) eggs showed agglutinative activity with rat ascites cancer
cells (AHI09A) (Yokota et al. 1975). Later, it was found that bullfrog
(R. catesbeiana) egg extract, which belongs to the same genus Rana, contains two
lectins that show different agglutinative activities, one with human blood group A
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erythrocytes, and the other with mouse Ehrlich ascites carcinoma cells and AH109A.
These two lectins were separated by column chromatography, and their binding
specificity, agglutinative activity, and physical and chemical properties were studied.
One of the lectins showed preferential agglutination of cancer cells and displayed
specific binding to sialyl glycoproteins (Sakakibara et al. 1977), and was conse-
quently designated sialic acid—binding lectin, cSBL. In 1987, Nitta et al. isolated
c¢SBL and characterized its lectin activity (Nitta et al. 1987). cSBL preferentially
agglutinates a large variety of tumor cells, but not normal red blood cells, lympho-
cytes, or fibroblasts. This phenomenon correlates with a higher binding activity of
¢SBL with tumor cells. The binding reactivity of cSBL was tested in 20 human and
animal cancer cells and 10 normal cells, and it was observed that the majority of
cancer cells showed high reactivity to ¢SBL, while normal cells (fibroblasts, lym-
phocytes, and erythrocytes) exhibited low reactivity (10-50% reactivity compared to
S-180 mouse ascites cells used as a standard). Tumor cell agglutination induced by
c¢SBL was inhibited by mucin, fetuin, and keratan sulfate, but not by less-sialylated
glycoproteins, such as transferrin. Inhibition by mucin or fetuin was greatly reduced
by the desialylation of the glycoproteins with sialidase. Treatment of tumor cells
with sialidase reduced cSBL-induced agglutination, and sialidase-dependent reduc-
tion of tumor cell agglutination was inhibited by the sialidase inhibitor. However,
tumor cell agglutination was not inhibited by chondroitin sulfate or hyaluronic acid.
Thus, lectin-dependent tumor cell agglutination was considered to be due to the high
density of sialic acid on the cell surface. When the effects of glycosaminoglycans on
the agglutinative activity of cSBL were tested, heparin showed strong inhibitory
effects, and it was speculated that heparin interfered with the binding of ¢SBL to
cells. Polyamines also inhibit cell agglutination, and it has been proposed that they
interact with negatively charged cell surface components, including sialosyl residues
(i.e., the lectin-binding region), resulting in inhibition of agglutination. These results
suggest that tumor cell agglutination occurs because of the recognition of sialic acid—
containing molecules on the cell surface by ¢SBL. The position of the sialic acid—
binding site of cSBL remains unknown, but Irie et al. reported two putative sialic
acid-binding sites on the cSBL structure. One is a site near the N-terminus, where
sialic acid binds mainly via hydrogen bonds, and the other is a loop consisting of
amino acid residues 57-75, where sialic acid binds via hydrophobic interactions.
The binding of sialic acid to the loop was thought to be very weak, and the weakly
bound sialic acid was considered to be easily washed out by soaking in buffer
without sialic acid (Irie et al. 1998). Due to this weak binding to the loop site, and
no reports of cSBL-homologous lectins so far, the lectin activity of cSBL remains
unclear, especially regarding the structure of the binding target. Nevertheless, the
complete amino acid sequence of cSBL was presented by Titani et al. in 1987 (Titani
et al. 1987). The 111-residue sequence was determined by peptide sequencing.
Initially, this protein was considered to be a new type of lectin, as its sequence
was unique and no homology to known protein sequences was found in the database
at the time. However, 3 years later, the sequence of a homolog, Rana japonica egg
lectin (jSBL), was determined, and a homology search with the updated protein
sequence data bank revealed that these amino acid sequences were homologous to
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those of the pancreatic ribonuclease family (vertebrate-secreted RNase family)
(Kamiya et al. 1990). The sequence identities with human angiogenin and pancreatic
RNase, members of the vertebrate-secreted RNase family, were 35% and 37%,
respectively. Similarities were especially apparent in the four proteins (cSBL,
JSBL, human angiogenin, and pancreatic ribonuclease) around His-12, Lys-41,
and His-119, the major active site residues conserved in the ribonucleases, and
around three of the four disulfide bonds. Thus, research created new insights into
cSBL as a ribonuclease.

3 ¢SBL as an RNase

RNase is a ribonucleic-acid-degrading enzyme that is ubiquitous in all cells, and is a
pioneer of enzyme research due to its discovery over 100 years ago and its subse-
quent thorough study. Enzymatically, it is roughly divided into endo- and exo-types,
but there are numerous types present in all species from animals and plants to
microorganisms. Since the number of reports on RNases is still increasing, their
classification method, including naming, has changed frequently. RNase A, which is
reportedly the most studied enzyme in the history of science, is purified from the
bovine pancreas. Although a structural family consisting of RNase A and its
homologs (more than 100 species) has commonly been called the RNase A super-
family (Beintema et al. 1986, 1997), in recent years, the renaming of this superfamily
as the vertebrate-secreted RNase superfamily has been proposed by D’Alessio,
because most are secretory proteins produced by vertebrates (D’Alessio 2011).
RNases can be classified into the vertebrate-secreted (RNase A), T1, T2, H, L, and
P families, among others (Deshpande and Shankar 2002; Fang and Ng 2011).
Vertebrate-secreted RNases are relatively small, containing approximately
130 amino acids. They preferentially cleaved pyrimidines at an optimal pH of 7-8.
This group of RNases has a characteristic peptide motif (CKXXNTF) in the middle
of the sequence and is encoded by a single exon (D’Alessio 2011). They contain two
His and one Lys as catalytic active centers and 6—8 cysteines, forming 3—4 disulfide
bonds (Cho et al. 2005). Sequence identity varies from 20% to nearly 100%, and
their three-dimensional structures are very similar, consisting mainly of three
a-helices and four antiparallel p-sheet structures. This structure is also termed
kidney-shape, as it is reminiscent of a kidney (Raines 1998).

Immediately after cSBL was found to be a vertebrate-secreted RNase, its RNase
activity was investigated (Okabe et al. 1991). The base specificity of cSBL was
studied using eight dinucleotide phosphates as substrates and eight nucleotides as
inhibitors. The base specificities of the B1 and B2 sites of cSBL were U > C and
G > U > A, C, respectively. cSBL was more resistant than RNase A to heat
treatment, guanidine-HCI, and pH-induced denaturation; retaining its native confor-
mation up to at least 70 °C at pH 7.5. Agglutination of AH109A cells by cSBL was
inhibited by nucleotides, indicating that the agglutination sites are related to the
catalytic sites for RNase activity of c¢SBL. In 1992, Liao et al. purified a
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pyrimidine-guanine  sequence-specific RNase (termed RC-RNase) from
R. catesbeiana oocytes, which was found to be identical to cSBL (Liao 1992).
Further study clarified that although c¢SBL lacked a Cys-65—Cys-72 disulfide
bond, the locations of the other three disulfide bonds were similar to those of the
RNase A family. cSBL was found to exhibit RNase activity and catalytic properties
resembling those of bovine RNase A. For example, cSBL hydrolyzed poly-uridylic
acid and poly-cytidylic acid and preferred the former (Nitta et al. 1993). Nitta et al.
thus proposed the name catalytic lectin (leczyme) as a multifunctional molecule with
lectin and enzymatic activity (Nitta et al. 1996). It is also noteworthy that even
though members of human vertebrate-secreted RNase were strongly inhibited by the
human placental RNase inhibitor, the RNase and tumor cell agglutinative activity of
c¢SBL were not affected by the inhibitor (Nitta et al. 1993). This RNase inhibitor-
refractory property has a decisive effect on the antitumor activity of cSBL, described
in detail in Sect. 5.

4 ¢SBL as an Antitumor RNase

4.1 Cytotoxic RNases: Evasion of RNase Inhibitors

To date, many antitumor RNases have been identified in a variety of species,
including plants, bacteria, fungi, and animals, across RNase family types. Well-
known and representative antitumor RNases mainly belong to the vertebrate-
secreted RNase family (D’Alessio 2011). Bovine pancreatic RNase A has been
thoroughly studied from all aspects, including physicochemical, enzymatic, bio-
chemical, and molecular biology. Since RNase A exhibits RNA-degrading activity,
its antitumor activity was investigated more than half a century ago. Although
cytotoxicity was observed at high doses (on the order of mg) (Section et al. 1955;
LeDoux 1955), subsequent studies revealed that no significant activity is observed at
practically low concentrations (de Lamirande 1961; Roth 1963). The major reason
for the restricted antitumor effect of RNase A is the neutralization of its
ribonucleolytic activity by the endogenous cytosolic RNase inhibitor.

Human RNase inhibitor is a 450 residues, 49 kDa protein with an isoelectric point
of 4.7. It contains leucine-rich repeats, forms strong complexes with mammalian
ribonucleases, and plays an important role in controlling the life span of RNA
(Vicentini et al. 1990; Kobe and Deisenhofer 1995). It is the major intracellular
protein making up approximately 0.1% of the total cytosolic protein and is highly
conserved across various mammalian species (Lee and Vallee 1993; D’Alessio and
Riordan 1997). RNase inhibitors form a 1:1 noncovalent complex with mammalian
vertebrate-secreted RNase family members, and the dissociation constant is of the
order of fM, indicating strong affinity (Vicentini et al. 1990; Kobe and Deisenhofer
1996). Therefore, the presence of this inhibitor is inevitably a barrier for RNase-
mediated cytotoxicity. Consequently, cytotoxic RNases must satisfy one of the
following three conditions: (1) insensitive to the RNase inhibitor (Dickson et al.
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2005), (2) present at sufficient levels to saturate the RNase inhibitor thus access
RNA (Leich et al. 2007), or (3) binds to other molecules or localizes in organelles
where RNase inhibitor is not present, such as the nucleus, so binding to RNase
inhibitor is reduced (Gaur et al. 2001; Bosch et al. 2004). Indeed, when RNase
inhibitor-sensitive noncytotoxic RNases such as RNase A are injected directly into
Xenopus oocytes, which lack strong inhibitors of mammalian RNases, they display
cytotoxic activity (Saxena et al. 1991). Currently, onconase, BS-RNase, and PES are
representatives of known cytotoxic RNases that show antitumor activity while
avoiding inhibition by RNase inhibitors.

4.2 Antitumor RNases
Onconase

Onconase (ONC) is a polypeptide containing104 amino acid residues, isolated from
leopard frog (Rana pipiens) eggs by Ardelt et al. (1991) belonging to the vertebrate-
secreted RNase family (Ardelt et al. 1991). The enzyme activity of ONC is only
1/10% to 1/10° of that of RNase A (Boix et al. 1996). However, the cytotoxicity of
ONC is stronger than RNase A, despite its low enzyme activity, due to its mecha-
nism of RNase inhibitor avoidance (Rutkoski and Raines 2008). The antitumor
effect of ONC has been verified in many cancer cells, such as hepatoma, colon
cancer, and leukemia (Wu et al. 1993; Iordanov et al. 2000). ONC has been studied
in clinical trials including patients with malignant mesothelioma, nonsmall cell lung
cancer, renal cell cancer, and others (Mikulski et al. 1995; Vogelzang and Stadler
1999; Costanzi et al. 2005). Unfortunately, due to the establishment of other drugs as
first-line treatment for malignant mesothelioma (combination of pemetrexed and
cisplatin) and the rise of cancer immunotherapy, interest in ONC has diminished,
and it has not been approved as a therapeutic drug until now. However, in the
previously mentioned clinical trials, ONC was confirmed to prolong the survival
period while showing favorable safety, and even now, attempts are being made to
use it in combination with other drugs or to utilize an ONC fusion drug (Smolewski
et al. 2020).

BS-RNase

BS-RNase, a bovine seminal ribonuclease discovered by Hosokawa and Irie, and
Dostal and Matousek in 1972 (Hosokawa and Irie 1971; Dostal and MatousSek 1972;
D’Alessio et al. 1972a), is the sole native dimeric member of the vertebrate-secreted
RNase family (D’Alessio et al. 1972b; Sorrentino and Libonati 1994). RNase
inhibitor binds tightly to monomeric BS-RNase but not to dimeric BS-RNase;
thus, it shows remarkable antitumor activity (Murthy and Sirdeshmukh 1992). The
cancer-selective antitumor effect of BS-RNase has been confirmed in vitro as well as
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in vivo in several cancers, including thyroid cancer, melanoma, and seminoma
(Pouckova et al. 1998; Kotchetkov et al. 2001). Furthermore, Fiorini et al. demon-
strated that BS-RNase exhibits strong antiproliferative and proapoptotic effects in
pancreatic adenocarcinoma cell lines, and that it triggers Beclinl-mediated
autophagy in cancer cells that is ineffective in normal cells (Fiorini et al. 2014).
Although it is not completely understood how BS-RNase binds to cancer cells,
adsorption to negative charges present on the cell surface has been proposed
(Bracale et al. 2002), and BS-RNase has been found to bind to the extracellular
matrix, suggesting that the interaction with the extracellular matrix is important for
cytotoxicity (Mastronicola et al. 1995; Bracale et al. 2002).

PES

In humans, the vertebrate-secreted RNase family contains eight members involved
in RNA clearance and maturation, and immune defense, while some members have
unique physiological effects such as angiogenesis (Koczera et al. 2016). One of the
control mechanisms for these functional RNases is RNase inhibitor interference
(Dickson et al. 2005). Modification of human RNases has also been attempted to
overcome RNase inhibitor obstruction, resulting in cytotoxicity. PES5 is a cytotoxic
artificial RNase 1 (human pancreatic RNase, HP-RNase) variant with five mutated
residues in the N-terminal domain (Arg4Ala, Lys6Ala, GIn9Glu, Aspl16Gly, and
Ser17Asn). These mutations result in the RNase having a discontinuous, unconven-
tional nuclear localization signal (NLS) (Rodriguez et al. 2006). The NLS of PES is
recognized by o-importin, which imports the protein to the nucleus (Bosch et al.
2004). Once inside the nucleus, it degrades nuclear RNA and displays cytotoxicity,
although cytoplasmic RNA is unaffected (Tubert et al. 2011). Despite being sensi-
tive to the RNase inhibitor, PES demonstrates cytotoxicity against several cancer cell
lines (Castro et al. 2011, 2012). PES exhibits cytotoxicity via apoptosis associated
with p21WAFI1/CIP1 pathway induction and the inactivation of JNK in the
doxorubicin-resistant ovarian cancer cell line, NCI/ADR-RES. Furthermore, it has
cytostatic effects, as evidenced by the increase in the number of cells in S and G2/M
cell cycle phases in PES-treated cells (Castro et al. 2011), and the synergistic effects
with doxorubicin were also revealed (Castro et al. 2012). The mechanism observed
in the NCI/ADR-RES cells was found to be different from that observed for ONC.
The effect of PE5 on NCI/ADR-RES cells has also been studied via transcriptome
analysis using microarray technology, revealing that PES induces changes in pleio-
tropic gene expression, especially reducing the expression of genes involved in
cancer cell metabolism (Vert et al. 2016). Moreover, studies have been conducted
to further modify PES5 to improve its therapeutic potential (Vert et al. 2012) and very
recently, one of these variants (NLSPES) demonstrated cancer-selective cytotoxic-
ity. NLSPES reduced migration and invasion of highly invasive breast cancer cells,
accompanied by downregulation of N-cadherin expression, and inhibition of cancer
stem cell (CSC) development, as well as diminishing the self-renewal capacity of
CSCs, suggesting their possible targeting by cytotoxic RNase (Castro et al. 2021).
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4.3 c¢SBL

Since the agglutination activity of cSBL is considered cancer cell-selective and does
not interact with human RNase inhibitors, research on cSBL as an anticancer drug
candidate has been conducted since its discovery. The substantial antitumor effect of
cSBL was first reported by Nitta et al. in 1994 (Nitta et al. 1994a). cSBL significantly
inhibited the proliferation of mouse leukemia P388 and L1210 cells in vitro as well
as sarcoma 180 and Mep II ascites cells in vivo, while 50 mg/kg injection of cSBL,
one-third of the lethal dose for normal mice, did not show any undesired side effects
in the in vivo experiment. Meanwhile, the cSBL-resistant P388 cell variant, RC-150,
was established (Nitta et al. 1994b). The doubling time, tumorigenicity, and lethality
of RC-150 cells were similar to those of parental P388 cells. cSBL agglutinated both
P388 and RC-150 cells, and no difference was observed between the sialidase-labile
sialic acid levels in RC-150 and P388 cells. The 50% inhibitory concentration of
c¢SBL for growth of P388 cells was approximately 3.1-6.2 pM, whereas concentra-
tions as high as 100 pM were ineffective on the growth of RC-150 cells. Analysis
using dansylcadaverine-labeled cSBL showed that the internalization of cSBL was
observed in parent P388 cells, but not in resistant RC-150 cells, indicating the
importance of not only cell-surface binding but also cell internalization. The addition
of benzyl-a-N-acetylgalactosamine (GalNAc) to the culture medium diminished the
effect of cSBL, suggesting that the internalization of ¢cSBL may be mediated by
O-linked carbohydrate chain(s) of the glycoconjugates (Irie et al. 1998). Thus, the
antitumor activity of cSBL is thought to be a result of the coordination between
lectin and RNase activity, i.e., recognition of glycoconjugates containing sialic acids
on tumor cell surfaces and decomposition of RNA required for cell survival,
respectively (Nitta 2001). A few years after the first report of the antitumor effect
of cSBL, Liao et al. reported the cancer-selective cytotoxic effect of cSBL: ¢cSBL
inhibited the growth of several carcinoma cell lines but did not affect healthy human
and mouse fibroblasts (Liao et al. 1996). Subsequently, Hu et al. reported that cSBL
was cytotoxic to human hepatoma cell lines at different degrees of differentiation.
Interestingly, the cytotoxicity of cSBL in different hepatoma cells correlated with the
extent of differentiation, but not the proliferation rate of the cells (Hu et al. 2001a).
Wei et al. reported a similar phenomenon in which retinoic acid (RA) or dimethyl
sulfoxide (DMSO)-induced differentiation resulted in HL-60 cells becoming resis-
tant to cSBL (Wei et al. 2002). These results indicate that differentiation is a
significant factor in the selective cytotoxicity of ¢cSBL. Only a few studies have
compared the effects of ONC and cSBL; however, Tang et al. reported that com-
pared with ONC, cSBL harbors more cancer-selective antitumor activity, as ONC
was toxic to healthy human HS-68 foreskin fibroblasts, whereas cSBL was not (Tang
et al. 2005). Furthermore, Lee et al. showed that cSBL internalization into baby
hamster kidney BHK-21 cells was enhanced by Japanese encephalitis virus (JEV)
infection, which causes enhanced apoptosis in JEV-infected BHK-21 cells, indicat-
ing that cSBL also possesses antiviral activity (Lee et al. 2011). Although there are
some unclear or controversial reported mechanisms of cSBL antitumor activity even
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today, we summarize the signal transduction pathways and related mechanisms of
antitumor activity in Sect. 5.

4.4 Benefits of Antitumor RNase in Cancer Treatment

Vertebrate-secreted RNases are expected to be minimally immunogenic because of
their compact structure and homology with human pancreatic RNase (Costanzi et al.
2005). They also exhibit high thermal stability and strong resistance to protein
denaturants and proteases (Okabe et al. 1991; Notomista et al. 2000; Rosenberg
et al. 2001). These features are considered to be one reason for their potent antitumor
activity in vivo and provide benefits for commercialization. Furthermore, in current
cancer therapies, undesired side effects due to the low cancer cell selectivity of
conventional drugs and the emergence of resistance to these drugs have become
major issues. Recently, attempts have been made to overcome these issues using
molecular-targeted and antibody drugs, but both are still developing fields, and
currently, many conventional drugs are used that target DNA. Antitumor RNases
as anticancer agents is a new cancer treatment strategy that targets RNA. There are
several advantages to this: (1) Cell toxicity of antitumor RNAase has already been
demonstrated for many types of cancer. (2) Many cytotoxic RNases have been
reported to have high cancer cell selectivity, although the mechanisms have not
yet been completely elucidated. (3) They may show synergistic antitumor effects
with other drugs in combination treatment. (4) They have no genetic toxicity, unlike
conventional DNA-damaging drugs or radiotherapy. (5) There are no reports
showing cross-resistance with small molecule compounds, but rather strong cell-
death-inducing effects on multidrug-resistant cells. (6) Antitumor RNases can exert
pleiotropic effects, because they affect multiple RNA substrates, whereas drugs that
target a specific protein have the advantage of being highly specific, but are often
inadequate to adapt to the multifactorial complexity of the cancer phenotype, and are
often accompanied by the emergence of resistance. There is little information about
resistance acquisition in cancer cells against antitumor RNases; thus, it is unclear
whether resistance will appear frequently. However, since RNA is targeted, it may
be possible to overcome resistance through abnormal gene expression. The advan-
tages of using antitumor RNases for cancer therapy are summarized based on the
central dogma in Fig. 1.

5 Antitumor Mechanism of ¢cSBL

5.1 c¢SBL-Induced Apoptosis

The initial antitumor mechanism of ¢cSBL was thought to be inhibition of protein
synthesis via RNA degradation. In fact, reduced incorporation of [*H] leucine was
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Fig. 1 Features of therapeutic strategies. Traditional DNA-targeting therapies, including chemo-
therapy and radiotherapy, are mainly selective for quickly proliferating cells, but are therefore often
also toxic to healthy cells. In addition, since they have genotoxicity, it is necessary to pay attention
to the development of secondary cancers. In many cases, tolerance is induced through abnormal
expression of proteins such as drug efflux pumps. Therapies that target specific molecules, such as
antibody therapy and molecular targeted therapy, have the advantage of being nongenotoxic and
highly selective. However, the nature of cancer is highly diverse, and targeting only a single protein
may be ineffective in some patients. Furthermore, resistance appears due to the acquisition of
mutations in target genes and overexpression of abnormal proteins. RNA-targeting therapy is a new
approach with several advantages, including nongenotoxicity and pleiotropy. It induces cell death
signals by degrading RNA. Although there is little information on resistance and selectivity, it
inhibits gene expression, so it may prevent resistance acquisition by abnormal genetic expression,
including those for concomitant drugs

demonstrated in cSBL-treated cells (Nitta et al. 1994a), and treatment with cSBL
leads to alterations in signal transduction and intracellular protein kinase cascades,
such as decreased intracellular Ca** concentration, decreased protein kinase A
activity, and increased protein kinase G activity (Nitta et al. 1996). However,
subsequent analysis of the antitumor effects revealed that cSBL induced apoptosis.
In early experiments with mouse leukemia p388 cells, it was found that cSBL
induces apoptotic morphological changes, such as nuclear condensation, the disap-
pearance of microvilli, and biochemical changes, such as caspase-8/—3 activation,
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phosphatidylserine externalization, and DNA fragmentation. In addition, increased
expression of the Fas antigen and tumor necrosis factor (TNF) receptor was observed
in cSBL-treated cells (Nitta 2001). Subsequently, cSBL was reported to cause
caspase-7 activation in human breast cancer MCF-7 cells that lack caspase-3, and
apoptosis is prevented by the overexpression of Bcl-XL in the cells (Hu et al. 2001b).

After 2013, our group reported the validity of cSBL in human leukemia cell lines
and the detailed mechanism of cSBL-induced cell death (Tatsuta et al. 2013b). cSBL
degrades cellular RNA and manifests significant cytotoxic effects in several types of
human leukemia cell lines, including MDR cells, when conventional
DNA-damaging clinical agents, such as etoposide and doxorubicin, are not cytotoxic
to these cells. cSBL-induced DNA fragmentation was completely blocked by the
pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl- [O-methyl]-
fluoromethylketone (z-VAD), suggesting that apoptosis is induced in a caspase-
dependent manner. Analysis to identify the cSBL-induced signaling pathway was
performed using a combination of specific caspase inhibitors and mitochondrial
membrane depolarization—detecting reagents. cSBL-induced mitochondrial depolar-
ization was not diminished by z-VAD, whereas TNF-related apoptosis-inducing
ligand (TRAIL)-induced mitochondrial depolarization was completely inhibited by
z-VAD. This indicated that the cytotoxicity of cSBL was induced through caspase-
dependent apoptosis, whereby mitochondrial perturbation occurs as an upstream
event.

Endoplasmic reticulum (ER) stress is also reportedly involved in cSBL-induced
apoptosis (Tatsuta et al. 2013a). cSBL induces the endoplasmic unfolded pro-
tein response (UPR). Additionally, inhibition of caspase-4, the initiator caspase in
ER stress-mediated apoptosis, reduces cSBL-induced apoptosis. In further experi-
ments with specific caspase inhibitors, caspase-9 activation was found to be involved
in caspase-4 activation, at least to some extent; however, because cSBL-induced
mitochondrial membrane depolarization or UPR is unaffected by caspase-9 or
caspase-4 inhibition, respectively, we concluded that mitochondrial perturbations
and ER stress occurred independently in cSBL-treated cells. These results suggest
that cSBL may induce apoptosis via multiple apoptotic pathways, including ER
stress and the mitochondrial pathway. A comparative study using thapsigargin, an
inducer of endoplasmic reticulum stress apoptosis, revealed that the mitochondrial
pathway contributes significantly to cSBL-induced apoptosis (Tatsuta et al. 2013a).

RNase activity has also been shown to be required for ¢SBL cytotoxicity;
however, it remains unclear how cSBL-induced RNA degradation leads to apopto-
sis. In our study conducted on human leukemia (Tatsuta et al. 2013b), malignant
mesothelioma (Tatsuta et al. 2014b), and breast cancer cell lines (Kariya et al. 2016;
Tatsuta et al. 2018a), JNK and p38 mitogen-activated protein kinases (MAPK) were
strongly activated by cSBL treatment, suggesting that these proteins may be
involved in cSBL-induced apoptosis. p38 inhibitors and knockdown of p38 attenu-
ates cSBL-induced cell death (Kariya et al. 2016), indicating that RNA degradation
by cSBL activates these stress kinases, which leads to apoptosis. However, similarly
to inhibition of caspase activation by z-VAD, the inhibition of p38 MAPK did not
completely rescue cSBL-induced cell death. Thus, it is possible that cSBL might be
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involved in a p38- and caspase-independent cell death-inducing pathway, or when
the action of stress kinases and caspases is prevented, RNA breakdown by cSBL
may lead to cell death via a different signal.

5.2 In Vivo Antitumor Activity of cSBL

The in vivo antitumor effect of cSBL was initially investigated using mouse cell
lines. The survival of mice inoculated with cSBL-treated sarcoma-180 cells was
prolonged compared to untreated controls (Nitta et al. 1994a). After inoculation with
sarcoma-180 cells (1 x 10° cells/200 L), the control group had 0% survival at
16 days, whereas the group treated with cSBL (1 mg) had 100% survival at 45 days.
Intraperitoneal administration of cSBL to mice with sarcoma-180 and Mep II ascites
cancer was also performed, and again, continuous administration of ¢SBL for
10 days achieved 100% survival within the experimental period (45 days) without
any undesired side effects. Although there are only a few in vivo studies that evaluate
human cells, Chen et al. investigated the inhibitory ability of cSBL on the growth of
glioblastoma DBTRG cells in a mouse model (Chen et al. 2015). Single subcutane-
ous administration of cSBL on the opposite side of the lower abdominal region to the
tumor significantly inhibited DBTRG cell growth compared to the control under
conditions where no changes in body weight were observed. Furthermore, we
recently established malignant mesothelioma xenografts with H2452 and MSTO
cells (Tatsuta et al. 2018b). In in vivo studies with these grafts on the effect of cSBL,
no obvious toxicities or body weight changes were observed during the experimental
period; however, in both types of xenografts, significant tumor growth suppression
was observed after twice-weekly ¢cSBL (2.5 mg/kg) intratumoral injection for
4 weeks. The effect of cSBL was also superior to that of the current therapeutic
agent, pemetrexed, administered by a previously reported method based on the
maximum tolerated dose (Tonkinson et al. 1999; Kawabata et al. 2014). In H2452
xenografted groups, cSBL showed a tumor-suppressive effect earlier than in the
pemetrexed-treated group, and antitumor effects of pemetrexed were not observed in
the MSTO xenografts.

5.3 Cancer Selectivity

The antitumor effect of cSBL has been examined in several different cancer cell lines
and primary or immortalized nonmalignant cells derived from normal tissues
(Tatsuta et al. 2014c). In general, cSBL suppresses the growth of various types of
cancer cells (carcinoma [cervical, hepatocellular, oral, and breast], sarcoma, glioma,
mesothelioma, leukemia [T-cell, promyelotic, and erythro], and lymphoma), but not
healthy cells (fibroblasts, melanocytes, keratinocytes, mesothelial cells, and mam-
mary epithelial cells). The sensitivities of some cancer cell lines are contradictory
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between reports, but such contradictions may be caused by different experimental
conditions. There is still no clear evidence for why cSBL is selective for cancer cells,
but some hypotheses have been proposed. The binding of cSBL is selective to cancer
cells and abolished by sialic acid—containing molecules, but not by monosialic acids
(Nitta et al. 1987). Since changes in the glycans on cancer cell surfaces can occur
during tumorigenesis (Dennis et al. 1999; Hakomori 2002), and the anion content
(such as sialic acid) on cancer cells may increase (Wang et al. 2009), the particular
sialic acid—containing structure recognized by cSBL may only exist on cancer cell
membranes. It has also been shown that cSBL accumulates in the peripheral region
of the nucleus after being taken up by cancer cells, although the detailed mechanism
is not clear (Kariya et al. 2016). There may be differences in incorporation into cells,
intracellular transportation, and/or localization between cancer cells and healthy
cells. Furthermore, there are various factors that affect the selective cytotoxicity.
As mentioned in Sect. 4.3, it has been suggested that differentiation status (Hu et al.
2001a; Wei et al. 2002) or JEV infection (Lee et al. 2011) are significant factors in
the selective cytotoxicity. These may influence the effect of cSBL through changes
such as the binding and uptake of cSBL. Tseng et al. suggested that the estrogen
receptor is also an essential factor that enables cSBL cytotoxicity, since ¢cSBL
selectively induced cell death in estrogen-receptor-positive breast cancer cell lines
(MCF7 and ZR-75-1), but not in estrogen-receptor-negative breast cancer cell lines
(MDA-MB-231 and ZR-75-30) in their experiment. However, our recent compre-
hensive investigation focusing on breast cancer cell lines with different phenotypes,
such as estrogen receptor-positive, progesterone receptor (PgR)-positive, human
epidermal growth factor receptor type 2 (HER2)-positive, and triple-negative,
revealed that ¢cSBL induces apoptosis in all cancer cell lines tested, including
estrogen-receptor-negative cells, even though it was less effective to healthy cells
(Kariya et al. 2016; Tatsuta et al. 2018a). Therefore, we concluded that the estrogen
receptor is not a significant factor in cSBL selectivity. Investigation of breast cancer
revealed other aspects of the effect of cSBL on the expression of cancer-related
proteins such as epidermal growth factor receptor (EGFR), which we discuss in
Sect. 5.4.

5.4 Effect of cSBL in Cancer-Related Molecules

By investigating breast cancers, we found that cSBL decreases the expression levels
of estrogen receptor, progesterone receptor (PgR), and human EGFR type 2 (HER2)
(Tatsuta et al. 2018a). Furthermore, treatment with ¢cSBL resulted in decreased
protein levels of all ErbB proteins in each breast cancer cell line tested in the
experiment (six cell lines), including EGFR in triple-negative MDA-MB231 and
MDA-MB-468 cells. These results are interesting, because therapies targeting the
hormone receptor or ErbB family could be novel efficient breast cancer treatments
(Masoud and Pages 2017). The cause of estrogen receptor, PgR, and ErbB family
downregulation is currently under investigation. Degradation by proteasomes and/or
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stabilization by heat shock proteins (HSPs) is implicated in the turnover of these
molecules. cSBL causes strong activation of p38, and it has also been reported to
change the localization of HSP70 and HSC70 (Ogawa et al. 2014; Tatsuta et al.
2014a). We speculate that the reduced expression levels of estrogen receptor, PgR,
and Erb B family in cSBL-treated cells may be associated with p38 activation
and/or HSPs.

Most recently, we aimed to identify the key molecules whose expression was
affected by cSBL to further understand the mechanism of action of cSBL using
microarrays. Since cSBL degrades intracellular RNA, it is difficult to analyze gene
expression in cSBL-treated cells. We exposed malignant mesothelioma H28 cells to
low concentrations of cSBL for extended periods of time to obtain cloned cell lines
with altered cell properties. Two clones were selected, and the RNA obtained from
them was used for transcriptome analysis by microarray (Tatsuta et al. 2021).
Microarray analysis detected 927 differentially expressed genes (DEGs). Bioinfor-
matic analysis of these DEGs indicated that there were significant pleiotropic
changes in the expression profiles of several genes, including multiple genes
involved in metabolic pathways in cSBL-resistant cells. Interestingly, all DEGs
involved in metabolic pathways were related to lipid and carbohydrate metabolism.
At present, the significance of this change in carbohydrate and lipid metabolism is
unknown, but these findings are novel insights into cSBL, and it may inform new
methodologies of anticancer strategies using cSBL. In particular, glucose metabo-
lism and the importance of the Warburg effect in cancer has been refocused on
(Liberti and Locasale 2016). Regarding the DEGs, the expressions of some members
of the aldo-keto reductase (AKR) family and the ATP-binding cassette (ABC)
transporter superfamily were markedly downregulated. Among these, it was partic-
ularly interesting that cSBL action reduced the level of AKR1B10, which has been
reported as a candidate biomarker for malignant pleural mesothelioma prognosis.
These findings reveal novel aspects of the effect of cSBL, which may contribute to
the development of new therapeutic strategies for malignant mesothelioma.

5.5 Synergistic Effects with Other Drugs

It has been reported that cSBL has a highly synergistic antitumor effect with other
reagents. Combination treatment of cSBL with interferon y (IFN-y) enhances apo-
ptosis in MCF-7 and SK-Hep-1 cells (Hue et al. 2001a; Tang et al. 2005). Hu et al.
proposed that binding and entry of cSBL may be facilitated by IFN-y, resulting in
severe cell death. Tang et al. found that synergistic cytotoxicity with IFN-y was not
observed in HL-60 cells, and suggested that this is because of the differentiation
status of HL-60. As c¢SBL is thought to be ineffective to the differentiated cells,
differentiation by IFN-y could make HL-60 cells insusceptible in that case.
Combination treatment of cSBL with TRAIL induced synergistic apoptosis. The
synergistic effects were caused by the amplification of an apoptotic signal, which
enhanced the truncation of Bid, a proapoptotic member of the Bcl-2 family, and
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caspase activation, resulting in drastic mitochondrial perturbations (Tatsuta et al.
2014b). Furthermore, the combined effect of cSBL was evaluated with conventional
drugs for malignant mesothelioma, pemetrexed and cisplatin. The combination of
c¢SBL and pemetrexed exhibited a strong synergistic effect that was comparable or
even superior to the standard regimen of pemetrexed and cisplatin. The cytostatic
effect of pemetrexed and the cytotoxic effect of cSBL cooperated without any
repulsion, while the effects of pemetrexed and cisplatin on p21 expression were
counteractive when used in combination (Satoh et al. 2017a). We further analyzed
the combined effect of cSBL using a larger number of drugs, including EGFR-
tyrosine kinase inhibitors. In a multiple drug combination study, pemetrexed + cSBL
and pemetrexed+cisplatin+cSBL were more effective than the other regimens in
terms of antiproliferative and synergistic effects. The pemetrexed + cSBL+TRAIL
combination also showed strong synergy by playing additive roles without interfer-
ence; thus, these combinations may serve as a rational regimen with antiproliferative
mechanisms (Satoh et al. 2017b).

Additionally, as cSBL reduces the expression of EGFR, PgR, and estrogen
receptors, combining cSBL with drugs that target the signaling of these receptors
may provide favorable synergistic effects. Furthermore, since cSBL suppresses the
expression of AKR1B10 and some ABC transporters, which are related to malig-
nancy and resistance of cancers, multidrug combinations including ¢cSBL may
enhance the effects of other drugs and prevent drug resistance.

6 Conclusions and Future Problems

c¢SBL is a multifunctional protein with both lectin and ribonuclease activities,
showing cancer cell-selective antitumor effects via a unique mechanism on various
cancer cells, including multidrug-resistant cells. Furthermore, it has favorable prop-
erties as an anticancer drug, such as minimal immunogenicity and high stability in
blood flow because of its compact structure, homology to human analogs, and
resistance to heat, denaturants, and proteases. cSBL also has synergistic effects in
combination with other drugs and has the potential to suppress the expression of
molecules involved in cancer cell malignancy. A schematic illustration describing
the antitumor effect of cSBL, including the signal induced by cSBL, and its valuable
features for developing new therapeutic strategies are summarized in Fig. 2. The use
of cSBL opens up new possibilities for treatment strategies in addition to currently
limited chemotherapies. It is necessary in future research to further elucidate the
mechanism of antitumor action, especially the factors of cancer cell selectivity of
cSBL, as well as in vivo safety and pharmacokinetic studies for clinical application.
Furthermore, as with other protein-based drugs, the development of stronger cSBL
variants and cSBL fusion drugs using genetic modification techniques may lead to
new therapies. We hope that a more detailed understanding of the antitumor mech-
anism of cSBL will contribute to the development of cancer therapeutics in the
future.
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Fig. 2 Schematic illustration of antitumor effects of cSBL. ¢SBL somehow binds (or adsorbs) to
the cell membrane. Once cSBL internalizes into cells, it localizes near the nucleus and degrades
RNA. The RNA cleavage induces pleiotropic signals including apoptosis signaling. There are some
favorable features of its antitumor activity, such as synergistic effect with other drugs and
downregulation of cancer-related molecules
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