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Abstract: Approaches to develop effective drugs to kill cancer cells are mainly focused either on the
improvement of the currently used chemotherapeutics or on the development of targeted therapies
aimed at the selective destruction of cancer cells by steering specific molecules and/or enhancing the
immune response. The former strategy is limited by its genotoxicity and severe side effects, while the
second one is not always effective due to tumor cell heterogeneity and variability of targets in cancer
cells. Between these two strategies, several approaches target different types of RNA in tumor cells.
RNA degradation alters gene expression at different levels inducing cell death. However, unlike
DNA targeting, it is a pleotropic but a non-genotoxic process. Among the ways to destroy RNA,
we find the use of ribonucleases with antitumor properties. In the last few years, there has been
a significant progress in the understanding of the mechanism by which these enzymes kill cancer
cells and in the development of more effective variants. All the approaches seek to maintain the
requirements of the ribonucleases to be specifically cytotoxic for tumor cells. These requirements start
with the competence of the enzymes to interact with the cell membrane, a process that is critical for
their internalization and selectivity for tumor cells and continue with the downstream effects mainly
relying on changes in the RNA molecular profile, which are not only due to the ribonucleolytic activity
of these enzymes. Although the great improvements achieved in the antitumor activity by designing
new ribonuclease variants, some drawbacks still need to be addressed. In the present review, we will
focus on the known mechanisms used by ribonucleases to kill cancer cells and on recent strategies to
solve the shortcomings that they show as antitumor agents, mainly their pharmacokinetics.
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1. Introduction

The use of proteins as therapeutic agents has exhibited great potential to fight various
diseases and particularly cancer. In comparison with genetic drugs, proteins are better
targetable and thus regulate more specifically the biological processes, reducing side
effects [1,2]. Moreover, the use of proteins as anticancer agents avoids permanent or
random genetic alteration, off-target effects due to persistent gene expression, and the risk
of carcinogenesis [2—4]. Secretory ribonucleases (RNases) are among these proteins with
antitumor activity showing different mechanisms to destroy cancer cells. The last 20 years
have witnessed a significant amount of work devoted to the design of novel RNases with
improved antitumor properties, based on the knowledge gained from the mechanisms
that the natural cytotoxic RNases present. Nevertheless, these non-genotoxic drugs still
have some important drawbacks to overcome. In this review, we describe the known
molecular bases of the cytotoxic action of these enzymes, which go further for their RNA
degrading activity, and we discuss the strengths and challenges associated with their use
as antitumor agents.
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2. Secretory Ribonucleases Display a Vast Array of Functions

Secretory RNases are a vast group of enzymes that were initially considered as mere
non-specific degradative proteins and that today are known to participate in a wide
spectrum of biological activities (a very well-described review of these activities has been
recently provided by Gotte and Menegazzi [5]). These RNases, found in eukaryotic and
prokaryotic organisms, are secreted or accumulate inside cellular structures associated
with secretory pathways, and therefore they can be found in spaces that are not normally
associated with the presence of RNA. Secretory RNases belong to three different groups:
pancreatic-type RNases, that are found in different vertebrate species, T1 RNases, that exist
only in bacteria and fungus, and T2 RNases, that are present in organisms across kingdoms
(for a review, see [6]).

In plants, characterized secretory RNases belong to the RNase T2 family and are
implicated in mediating stress responses to different abiotic and biotic factors such as
wounding, pathogen invasion, or P-starvation [7,8]. In addition, they are also implicated in
housekeeping roles such as recycling rRNA [9], biosynthesis of tRNA-derived small-RNAs
that participate in posttranscriptional regulation of gene expression [10], or maintaining
self-incompatibility in pollination [11,12] (for a review, see MacIntosh and Castandet [13]).
In microorganisms, T2 RNases are involved in different functions such as membrane perme-
ability [14], scavenging of phosphate from RNA [15], perturbing the immune system [16],
or controlling biofilm formation [17].

Finally, in vertebrates, apart from the digestion of rumen bacteria RNA, displayed
by enzymes such as RNase A, pancreatic-type RNases display multiple activities. Some
of them promote the suppression of certain cells, as is the case of the eosinophil-derived
neurotoxin (EDN) that displays neurotoxic activity [18,19] or bovine-seminal RNase (BS-
RNase) that has immunosuppressive, embryotoxic, and aspermatogenic activities [20,21].
Others promote cell survival activities such as the angiogenesis activity displayed by
angiogenin [22,23] and RNase 4 [24] that further promotes neuronal survival under
stress [25]. Among this group, several RNases are also implicated in the host defense
against pathogens. For example, EDN displays chemoattractant effects that modulate the
immune response [26] and human RNaseT?2 has a role in regulating the innate immune
response after bacterial challenge [27]. EDN also has antiviral activity against respiratory
syncytial virus [28]. Eosinophil cationic protein (ECP) or RNase 3 presents antiviral [29,30]
and bactericidal activity [31]. RNase 6 [32,33], RNase 7 [34], and RNase 8 [35] also display
this latter activity. ECP exerts also cytotoxic activity against non-phagocytosable pathogens
such as helminthic parasites [31]. Interestingly, different RNases have antitumor actions.
Among them, we can mention bovine pancreatic RNase A [36], the oligomeric forms
of BS-RNase [37,38], onconase (ONC) [39,40], and amphinases [41] from Rana pipiens,
sialic acid-binding lectins (SBL) from Rana catesbeiana and Rana japonica [42,43], human
RNASET?2 [44], Aspergillus niger ACTIBIND T2 RNase [45], and different T1 RNases of
microbial origin such as barnase and binase [46].

3. Mechanisms of Antitumor Action of Secretory RNases

The mechanisms by which these RNases induce the death of human tumor cells are
diverse and, although not fully understood, for some of them, the RNase activity is not
required. The most widely accepted mechanism of the cytotoxic action for most of these
RNases, partially proved by many studies, consists of a series of steps (for a review, see
Benito et al. [47]) that initiate when these RNases bind to tumor cell membranes and are
internalized. Then, at some point, they translocate to cytosol where they evade mammalian
protein RNase inhibitor (RI) and degrade RNA leading to apoptosis. The primary interac-
tion of these RNases with the membrane cell is, for some of them, nonspecific, produced
through electrostatic attraction between opposite charged groups. Since the membrane
of tumor cells is more negatively charged than that of normal cells [48], the capacity of
interaction with the former is higher for these basic proteins. This is a first mechanism that
explains the selectivity for cancer cells. This mechanism is not, however, general and some
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of these RNases require the presence of a cell receptor. As examples, we can mention a still
unidentified sialilated receptor specific of cancer cells, detected in different animal cancer
cell lines and in the human gastric cancer MKN45 cell line, required for the SBLs’ entry into
them [49] and surface actin present in cancer cells as the anchorage point of ACTIBIND T2
RNase [45]. The presence of a specific receptor for some of these RNases, such as ONC, is
still controversial [50,51].

Finally, the interaction of BS-RNase to the cellular membrane seems to be facilitated
by sulfthydryl-disulfide interchange between cell surface sulthydryl’s and the inter-subunit
disulfides that form the MxM dimer [52].

Not all the antitumor RNases need to internalize to exert their cytotoxic action. It
has been described that Bacillus pumilus RNase (binase) exerts its cytotoxic effect on a
SV40-transformed lung tumor cell line and that non-transformed cells are insensitive to
this RNase [53]. It has been shown that binase does not penetrate SV40-transformed
MLE-12 cells, but they exhibit high sensitivity to the RNase [53]. In addition, RNase A
displays antitumor and antimetastatic activities that are associated with a decrease in
serum miRNAs and an increase in tumor miRNAs [54] (see below).

Once cytotoxic RNases are internalized, their precise intracellular route to a compart-
ment where the RNA is accessible may also explain the specificity of some of them for
cancer cells. This is the case hypothesized for BS-RNase, which is localized in the trans-
Golgi network of malignant but not normal cells [55]. After their membrane translocation,
most of these RNases act on the cytoplasm cleaving the RNA although some of them
also localize at least in part in the nucleus. These are the cases of BS-RNase, which has
also been localized in the nucleolus [55], and binase [53]. Nuclear and more specifically
nucleolus localization is very interesting since this sub-compartment is free of RI [56,57].
Rl is a cytosolic protein of 50 kDa protein that tightly binds to some RNases inhibiting
their activity [58] and therefore acting as a safeguard against extracellular RNases. Indeed,
antitumor RNases by-pass the action of RI.

As stated above, some RNases display antitumor activity independently of their enzy-
matic activity. It has been shown that ACTIBIND T2 RNase and its denatured form have an
anticlonogenic activity on human cancer cell lines and inhibit xenograft tumor development
in mice [45]. This protein acts by interfering with the organization of intracellular actin
network, inhibiting cell motility and invasiveness [45]. This is also the case of its human ho-
mologue RNASET?2. It is described that inactivation through mutation or by denaturation
of human RNASET?2 does not suppress its antitumor activity, indicating that this protein
also has a catalytic-independent role in tumor suppression [44,59]. This protein disrupts
intracellular actin filament and actin-rich extracellular extrusion organization in colon and
melanoma cell lines inhibiting cell migration [60]. Furthermore, RNASET2 displays a non-
cell autonomous oncosuppressive role altering the balance between the pro- and anti-tumor
roles of the innate immune system through acting as an alarmin-like macrophage-mediated
tumor suppressor gene [61]. Figure 1 shows a schematic representation of the different
mechanisms of antitumor secretory ribonucleases.
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Figure 1. Mechanisms of the cytotoxic action of secretory RNases. Different RNases act in the extracellular space, in
the cytosol and even in the nucleus. On the extracellular space, RNases like RNASET?2 interfere with the organization
of extracellular actin network, inhibiting cell motility and invasiveness (1). In other cases, they decrease the circulating
miRNAs attenuating in part the tumor malignancy (2). It is also hypothesized that some of them, like RNASET?2, could be a
regulator of several functional features within the immune system inducing the macrophage mediated tumor suppression
(3). They may also potentially function as ligands for different cell receptors that can or cannot drive their internalization or
affect signal transduction pathways (4). Some of the RNases can translocate into the cytosol and evade the RI. There, some
of them are able to inhibit protein synthesis by cleaving rRNA, tRNA, or mRNA (5). It is demonstrated that some RNases,
like ONC, also can cleave miRNAs and precursors (6). RNases like ACTIBIND T2 disrupt intracellular actin filament and
actin-rich extracellular extrusion organization inhibiting cell migration (7). Finally, some RNases reach the nucleus where
they can cleave nuclear RNA (8) or potentially function as transcription factors-like (9). Because of all these activities, the
RNases alter the pool of cytosolic and nuclear coding and non-coding RNAs inducing cell death.

4. Regulatory RNAs are Key Targets for Different Antitumor RNases

Once inside the cell, most of the cytotoxic RNases cleave and alter the balance of
different types of RNA (Figure 1) even if these molecules interact with proteins forming
ribonucleoprotein complexes that protect them. Initially, the antitumor properties of the
RNases belonging to the vertebrate RNase A family were attributed to their ability to
cleave RNA molecules directly involved in protein synthesis, precluding this process
and inducing cell cycle arrest and apoptosis. BS-RNase and c¢SBL cleave rRNA [62,63]
leading to inhibition of protein synthesis; however, in the last few years, it has become
evident that the RNases-induced cell death shows features different from an indiscriminate
translation inhibition.
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The first evidence that the inhibition of protein synthesis through RNA degradation is
not the only cytotoxic mechanism of vertebrate RNase A superfamily members was early
described for ONC [64], with the report of an up- or downregulation of genes coding for
proteins involved in cell cycle control and transcription factors [65,66]. It was described that
ONC targets rRNAs [50] and tRNAs [67] but also mRNAs [65,68] and microRNAs as well
as their precursors [69-71], which results in changes in the expression of multiple genes,
either promoting their up- or downregulation. These changes can explain the different
apoptotic [72-75] or autophagy [76] processes triggered by ONC although its efficiency and
the effects produced in the cells were described as dependent on the molecular signature
of each tumor cell [77] and thus cell-specific (see below). The global changes in the
expression profile of miRNAs produced by ONC on treated cells have also been studied
using microarray analysis. In three malignant mesothelioma (MM) cell lines, it has been
observed that, from all the miRNAs analyzed, five showed increased expression while 15
showed decreased expression. However, this result was only corroborated by PCR analysis
for miR-17* (3-fold upregulated) and miR-30c (0.4-fold downregulated) [78]. In a latter
work, in MSTO-211H mesothelioma cells, ONC decreased the level of almost all studied
miRNAs. Although again the results could not be corroborated by PCR [71], they allowed
for proposing that miRNA precursors are an ONC substrate. Nevertheless, the use of a
miR-17* mimic and a miR-30c inhibitor significantly decreased the ONC activity and the
expression of NFKB1(p50) and its downstream targets [78]. This result is in agreement
with other works that describe a decrease of NFKB1(p50) [69] and a downregulation in the
steady state and subcellular distribution of NF-kappaB [66,79,80] as a result of ONC action
on the treated cells.

Similar studies of genome-wide profiles of miRNAs in the tumor of mice bearing
Lewis lung carcinoma (LLC) have been performed, after treatment with RNase A, by
high-throughput Sequencing by Oligonucleotide Ligation and Detection (SOLiD™) se-
quencing technology and RT-qPCR by Mironova et al. [54]. The results show an increase of
upregulated miRNAs in the tumor tissue of treated animals compared to untreated control
groups (116 were significantly upregulated and only seven downregulated of the 123 out
of 615 tumor-derived miRNAs that showed level alteration). These results were verified
by stem-loop qPCR. The results also show a significant decrease of miRNAs in the blood-
stream. From these results, the authors hypothesized that RNase A would attenuate in part
the tumor malignancy by altering the profile of blood oncogenic miRNAs. It is known that
increased levels of bloodstream circulating RNAs and miRNAs that are originated in the
tumors accompany tumor progression. Most of these tumor miRNAs circulate in the blood
as stable complexes with Ago2 [44] protecting miRNAs from degradation. Since RNase
A does not cleave the miRNA/Ago2 complex in vitro, authors hypothesize that RNase
A could cleave different non-coding RNAs in the bloodstream generating a set of short
fragments that would compete with miRNAs for binding with Ago2. This would lead to
a displacement of miRNAs from miRNA /Ago2 complexes allowing the degradation of
these miRNAs by RNase A. Among the tumor derived upregulated miRNAs, there were
miRNAs with either tumor suppressor or oncogenic activity. Thus, it is difficult to unam-
biguously ascertain that the effects, described in previous works of the same group, on the
reduction of tumor growth in mice bearing LLC after RNase A treatment [36], are due to
the observed changes in the miRNA profile. Nevertheless, among the 100 top upregulated
tumor-derived miRNAs, the authors found 11 of 12 miRNAs of the let-7 family, which
are described to slowdown tumor progression and that are important for cancer patient
survival [81,82]. The effects of RNase A treatment were attributed to its global action
on the miRNA population. In addition, in the same work, the authors found, from the
tumor-derived tissue samples, that the expression of some genes encoding key molecules
known to be important for miRNA processing were upregulated in response to RNase A
treatment. This led them to propose that RNase A mediates the enhancement of mature
miRNAs expression being a beneficial event that confers to RNase A its tumor-suppressive
function. In the same paper, they demonstrate with in vitro experiments (cell culture of
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primary LLC) that the RNase A activity is necessary for the boost of miRNAs in the tumor
tissue, comparing the effect of the RNase A with that of DEPC-treated enzyme on the
miRNA levels in LLC in culture, measured by stem-loop RT-qPCR. This result is surprising
because, once inside the cell, wild type RNase A is inhibited by RI [47,83], and the amount
of RNase A used in the experiment does not seem enough to saturate it, taking into account
the endocytosis efficiency described for other cytotoxic members of the family [84]. As
described for angiogenin (ANG) [85] (see below), the authors also proposed that RNase
A could act as a transcription factor affecting the expression of miRNA processing genes
and/or that of miRNAs.

5. Effects of Antitumor RNases on Target Cells beyond RNA Degradation

A very interesting aspect of RNases is their potential function as transcription factors-
like and as ligands for different cell receptors that can or cannot drive their internalization
(Figure 1). These roles may be important to understand how the members of the family that
show a very reduced or null ribonucleolytic activity carry out their functions. The RNase
A superfamily is classified in two subgroups, canonical (RNases 1-8) and non-canonical
(RNases 9-13) [86]. The latter subgroup is deficient in RNase activity and, although to date
little is known about their physiological functions, it is believed that they may play a role
in host defense similar to other canonical members, such as EDN or ECP (for a review
see [87,88]). Taking into account the omics results known to date on the cytotoxic action of
RNases, it is likely that some members could behave as transcription factors-like or as cell-
specific ligands that transduce signals to the target cells ultimately affecting the expression
of different coding and/or non-coding RNAs (Figure 1). These roles are well defined for
ANG, which presents a ribonucleolytic activity toward model substrates that is 10~5-107°-
fold lower than that of RNase A [89]. To date, different proteins have been suggested
as receptors for ANG [90,91]. Among them, a putative 170 kDa cell surface protein was
earlier proposed [92], which recently has been identified as Plexin-B2 in a variety of tumor
and non-tumor cells as well as normal and malignant stem and progenitor cells [93]
and, also, as epidermal growth factor receptor (EGFR) in pancreatic cancer cells [94]. In
this latter work, analysis was performed by RNA-deep sequencing and demonstrated a
global pattern of transcriptional changes induced by ANG treatment similar to that of
EGF with a high percentage of overlap (~80%) of affected genes. Gene Set Enrichment
Analysis (GSEA) further showed that both stimuli, ANG and EGEF, significantly enriched
several gene signatures. Thus, ANG elicits signaling events that resemble EGF to control
gene transcription in pancreatic cancer cells [94]. Moreover, previously, by ChIP-on-chip
assay, it was described that a total of 699 genes, which are significantly associated with
tumorigenesis, may be regulated by ANG [95].

This mechanism could be theoretically extended to other members of the RNase A
family. Interestingly, it has been found recently that RNase A, but surprisingly not its
homologous, human pancreatic RNase (HP-RNase), is a ligand of EGFR as ANG. It would
be interesting to know whether other members of this family can act through cellular
receptors because the identification of RNase receptors could provide novel molecular
targets for intervention in cancer therapy.

6. Antitumor RNases Exert Pleiotropic Effects on Cancer Cells

A common observation for many of the results presented above is that many RNases
affect multiple important pathways such as survival, proliferation, invasion, or migra-
tion. Microarray-derived transcription profiling experiments, corroborated by RT-qPCR,
have demonstrated that the ONC upregulation of the transcription regulator, activating
transcription factor 3 (ATF3), plays a central role in the key events elicited by this en-
zyme in ovarian treated cancer cells. ATF3 is networked to other transcription regulators
that together can explain the effects of ONC on cell growth arrest [96]. In addition, in
ONC- treated ovarian cancer cells, the MAPK and the JAK-STAT signaling pathways, both
promoting tumorigenesis, were negatively affected [96]. Interestingly, the mechanism
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mediated by ATF3 is described as cell-type independent since the altered genes and the
negative regulation of the JAK-STAT signaling pathway in ovarian cancer cell lines [96] are
also found equally changed in different MM cell lines, derived from pleural tumors [68].
ONC also presents a very interesting antiviral activity [97-100], beyond RNA degradation,
that is again mediated by ATF3 [96].

Mironova et al., using SOLiD™ sequencing technology validated by RT-qPCR, have
recently carried out a whole transcriptome analysis of the murine LLC after treatment
of the tumor-bearing mice with RNase A [101] with a regime of i.m. enzyme injection
as in a previous work on miRNA profiling [54]. The results show that many of the
differentially expressed genes belong to metabolic pathways involved in carbohydrate,
lipid, fatty acids, amino acids, and nucleotide metabolism with an increase in oxidative
phosphorylation (OXPHOS) after the RNase A treatment, which is considered evidence of
the reversal of the cancerous phenotype [102]. A similar result was previously published
for an engineered HP-RNase, named PES, that has acquired its cytotoxic properties because
it is nuclear-directed, thus evading the action of RI [84,103]. The microarray-derived
transcriptional profiling of PE5 regulated genes on the NCI/ADR-RES ovarian cancer
cell line, corroborated by RT-qPCR analyses, shows that this nuclear-directed RNase (ND-
RNase) causes pleiotropic effects. Among them, the downregulation of multiple genes that
code for enzymes involved in deregulated metabolic pathways in cancer [104] such as those
described as affected by RNase A in the in vivo RN Aseq assay is remarkable. Moreover,
RNase A negatively regulates multiple tumor-promoting pathways, including PI3K/AKT,
TFG-f3, JAK-STAT, and the canonical WNT signaling pathways [101]. Some of them are
also affected by PES5 likely through the downregulation of oncogenes and upregulation
of tumor suppressors, which certainly induce pleotropic effects that affect processes such
as apoptosis and cell proliferation, angiogenesis, and invasiveness and metastasis, but
that remarkably revert the metabolic deregulated pathways in cancer cells [104]. It is also
worth mentioning that ONC also affects the MAPK and the JAK-STAT signaling pathways
both in ovarian [96] and MM [68] treated tumor cell lines. All of the pathways mentioned
control multiple cell processes, thus it is very difficult to find a general and straightforward
relationship between the effects of these three RNases on the signaling pathways and their
selective mechanism of tumor cell killing. Although it is interesting to realize that the
studied RNases produce changes on the same signaling pathways, the final main affected
cell processes may be similar or different depending on the RNase, at least from the present
results. As described above, when comparing the effects of RNase A (in vivo) and those
of PE5 (in vitro) on different type of tumors or tumor cells, a primary effect on reverting
metabolic pathways deregulated in cancer is found. However, different effects are observed
when comparing the results of whole transcriptome analysis by microarray technology
on ovarian cancer cells treated with ONC, that acts in the cytosol, with those of PES that
performs in the nucleus [96]. Very likely, depending on the RNase, where it acts in the cell
and on the tumor signature, the final effects may be different although likely signaled by the
same pathways. To blur further the scenario, the effects of the RNases on the non-coding
RNAs and/or their precursors have to be taken into account. At present, as far as we
know, the single results that show correlation are those related to the effects of RNase A
on the genes involved in the biogenesis of miRNAs and the let-7 family of miRNAs. The
whole transcriptome analysis of the LLC tumor-bearing mice after treatment with RNase
A [101] shows a downregulation of genes encoding suppressors of miRNA biogenesis,
some of them preventing the terminal processing of the let-7 family of miRNAs. This is
in agreement with the studies of genome-wide profiles of miRNAs of mice bearing the
same tumor, which show an upregulation of the let-7 family of miRNAs [54]. In addition,
miRNA-494 binds to the 3'UTR of ATF3 and suppresses the transcription of this factor. In
mice, its overexpression significantly attenuates the levels of ATF3 [105]. Although this
miRNA is not described as directly downregulated by any of the studied RNases and in
particular not by ONC, this could be an example of a link between the effects of RNases on
miRNAs and the changes observed in the expression of different genes after treatment.
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Although experimental data on the antitumor action of the RNases are accumulating,
they are still insufficient for identifying a general way of cell response on the toxic and
tumor-selective action of these drugs. The use of methodologies such us cDNA and miRNA
microarrays, RNAseq and miRNAseq profiling, proteomics and phospho-proteomics,
as well as the study of the RNases internalization pathways and the structures of the
complexes between RNases and their receptors, surely will help to elucidate the complex
mechanisms of RNases action and assist in their use as antitumor drugs, either alone or as
coadjuvant in different regime therapies.

7. Natural and Modified RNases as Antitumor Drugs: Concerns and Opportunities

Many recombinant antitumor RNase variants have been generated over the last 20
years (for a review, see [83,106]). These variants either enhance the natural antitumor
activity of their parental proteins or endow non-cytotoxic RNases with this activity. Among
the protein antitumor drugs, RNases have opened a new way to tackle the cancer pheno-
type. Unlike classical antitumor therapies, they are not genotoxic drugs. Radiotherapy or
chemotherapy inhibit tumor and normal cell proliferation by affecting DNA replication
producing toxic effects and even inducing secondary tumors. On the other hand, RNases
alter the gene expression and regulation either directly by RNA degradation or by acting as
transcription factors-like or ligands of cell receptors resulting in multiple targeting. Other
protein therapies directed to a single cell target are highly specific but sometimes cannot
cope with the multifactorial nature of cancer. The multitarget effect of the RNases can
hamper the appearance of drug resistance although at a risk of a certain loss of selectivity.

The efficacy of RNases as antitumor drugs is also limited by some characteristics
intrinsic to their protein nature. As proteins, they present a remarkable difficulty to cross
the biological barriers, such as the gastrointestinal mucosa or the cell membrane. On the
other hand, they are small size proteins showing short half-lives in sera due to proteases
digestion and rapid renal filtration, requiring multiple administrations and the use of high
doses to reach the necessary concentration in tumors. This administration regime results in
an accumulation of the protein in the kidneys leading to renal toxicity [107]. This is the case
of ONC, which has reached phase III clinical trials as antitumor agent [83,108], that despite
it being a poorly immunogenic RNase, causes damage of proximal kidney tubular cells due
to a highly unspecific uptake in this tissue. This nonspecific uptake leads to a dose-limiting
renal toxicity that limits its clinical application [109-112]. Moreover, the cellular uptake
rate of ONC is only slightly faster than that of fluid-phase, thus the rate of internalization
of ONC limits its effectiveness [113]. Other RNases such as EVade™ RNase or OshadiR
have reached clinical trials but have not gotten over phase Il for the treatment of different
cancers. In the following sections, we will describe the approaches recently developed to
by-pass these concerns.

7.1. Nanocarriers and Nanostructures to Strengthen the Efficiency of Antitumor RNases

As stated above, RNases are small proteins and, therefore, they are easily cleared from
the sera but do not easily by-pass the successive physiological barriers. Even more, they can
be cleaved by proteases from the bloodstream, tumor microenvironment or endo-lysosomal
compartments. A promising strategy to ameliorate the pharmacokinetics, efficiency, and
selectivity of antitumor RNases is the use of nanocarriers that indeed reduces the need
for multiple high dose administrations, resulting in lower adverse effects [114] (Table 1).
Along this line, Xu et al. [115] have conjugated hyaluronic acid (HA) to RNase A (RNase
A-HA) and have complexed it with synthetic lipid-based nanoparticles. This RNase A-HA
inhibits cell proliferation of CD44-overexpressing A549 cells in a dose-dependent manner
because HA increases the electrostatic complexation with cationic lipidoid carriers and
facilitates tumor cell targeting via interaction with CD44 receptor, which is overexpressed
on many solid tumor cell surfaces [115].
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Table 1. Examples of nanocarrier systems used to improve the pharmacokinetic properties of
antitumor RNases.

Nanocarrier System Targeted RNase Action Mechanism Ref
Receptor

Hyaluronic acid Tumor cell targeting

lipid-based NP CD-44 RNase A Decrease excretion [115]
. . Protect against protease
Heparin-Pluronic NS 1 RNase A degradation [116]
nanogel .
Decrease excretion
Methacrylate-

derivatized anionic Enhance its intracellular
dextran reversed by NS RNase A delivery [117]
coating it with Decrease excretion

polyethyleneimine
Enhance cellular uptake
PLG-g-mPEG NS RNase A under hypoxic conditions [1]
Decrease excretion
Improve cellular uptake
Halloysite nanotubes NS Binase and release [118]
Decrease excretion
DNA origami-based NS RNase A Enhance uptake eff%ciency [119]
nanoplatform Decrease excretion

1 NS: Non-specific internalization.

RNase A has also been loaded inside a self-assembled heparin-Pluronic (HP) nanogel
(HPR nanogels) to protect the protein against protease degradation and enhance its in-
tracellular delivery. HPR nanogels are efficiently internalized into HeLa cells inducing
the cell death in an RNase dose-dependent manner. However, in this case, RNase A was
undesirably dropped-off to the extracellular environment before reaching its intracellular
target [116]. In order to prevent the unwanted release from the nanocarrier, Vermonden
and collaborators [117] covalently immobilized RNase A into methacrylate-derivatized
anionic dextran (dex-MA) nanogels through disulfide bonds to release the RNase A into
the reductive cytosolic environment. Moreover, the particle surface charge was reversed
by coating it with the cationic polymer polyethyleneimine (PEI) to trigger their cellular
uptake. Coating of the nanogels with PEI showed high uptake by MDA-MB 231 breast
cancer cells and dose-dependent induction of apoptosis [117].

More recently, Chen and coworkers [1] developed a hypoxia-sensitive nanogel formed
through the self-assembly of azobenzene (Azo) and 3-cyclodextrin (3CD) grafted onto
poly (L-glutamic acid)-graft-poly (ethylene glycol) methyl ether (PLG-g-mPEG). RNase A
could be efficiently loaded into the supramolecular nanogels (nano-RNase) in mild aqueous
conditions. The nanogels enhanced the cellular uptake of the RNase and, under hypoxic
conditions, promoted its intracellular release. In vivo studies showed that nano-RNase
significantly prolonged the stability of the RNase in the circulation. The nano-RNase also
exhibited enhanced antitumor activity compared to free RNase in murine triple-negative
breast cancer models with minimal systemic toxicity. When the nano-RNase was combined
with a nanoformulation of vascular disrupting agents PLG-g-mPEG/combretastatinA4
(nano-CA4), the hypoxic environment of the tumors accelerated the release of RNase and
obtained a tumor suppression rate of 91.7% [1].

The binase antitumor activity has also been enhanced by complexation with natural
halloysite nanotubes (HNTs). Cytotoxicity of the binase immobilized on HNTs against
tumor colon cells increased twice compared to that of the binase alone due to its perfect
absorption by cells and longer release [118].

Finally, in another delivery strategy recently reported by Ding and collaborators [119],
RNase A was loaded into a DNA origami-based nanoplatform. Cancer cell-targeting DNA
aptamers were also integrated into these origami nanosheets in order to enhance its uptake
efficiency. This delivery platform based on DNA origami/RNase A complex showed an
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efficient cellular uptake inside MCF-7 cells and enhanced cancer cell killing mediated by
intracellular RNA degradation compared to free RNase A [119].

7.2. Modification of RNases to Increase Their Pharmacokinetics and Antitumor Potency

In addition to the formulations that use nanocarriers or nanostructures to efficiently
deliver RNases to the target cells, described in the precedent section, genetic or chemical
modification of RNases has also resulted in new variants with a better pharmacokinetic
behavior or effectivity. One of the first approaches used was the fusion or conjugation
of RNases with different antibodies, antibody derivatives [120-122], or antibody mimic
molecules [123]. This is a field of intense research and the reader is addressed to the recent
review [124] for more information.

ONC has been fused to the N-terminal domain of transferrin (TF) (fONC-TFn) in order
to increase its selectivity for tumor cells and reduce its toxic side effects. The expression
level of TF receptor (TfR) in normal cells is low but in tumor cells can increase up to 100-fold
due to the high demand for iron in rapidly growing tumor cells [125]. rONC-TFn can
bind to TfR and increase the cytotoxicity to the tumor cells compared to ONC. Conversely,
the entry of rONC-TFn into normal cells is lower, showing that the specificity of ONC is
significantly enhanced by fusing with TFn [126].

On the other hand, Chlorotoxin (CTX) and ONC have been linked by a disulfide bond
to prepare a CTX ONC conjugate to treat malignant gliomas, a type of tumor with few
treatment options and poor prognosis [127]. CTX is a scorpion derived small peptide that
can selectively bind malignant gliomas through the cell surface matrix metalloproteinase 2
(MMP 2) and annexin 2 overexpressed in these tumors [128,129]. Although TM 601 (113t
labeled CTX) has been used in clinical trials as a drug to treat gliomas [130,131], it is not
strong enough to induce apoptosis in tumor cells. Nevertheless, the CTX-conjugated ONC
showed an improved antitumor effect on both cultured glioma cells and in a mouse model
than the mixture of CTX and ONC [132].

Other recent approaches in the same direction can be exemplified by the modification
of RNase A with the pH-sensitive bifunctional AzZMMMan linker and varying amounts of
a histidine-rich cationic oligomer. These RNase A conjugates show an efficient intracellular
delivery and controlled release without protein inactivation, which results in significant
cytotoxicity for tumor cells [133].

Raines and collaborators [134] covalently conjugated a poly (ethylene glycol) (PEG)
chain to RNase A to reduce its sensitivity to RI and increase its serum half-life. Although
these conjugates showed a lower antiproliferative activity in vitro, PEGylation increased
their serum half-life and nearly eliminated completely the tumor growth in a mouse
xenograft model [134].

To increase the systemic circulation of the RNase A and hence its efficiency, Mo
and colleagues [135] used a reduction-degradable polymeric crosslinked network around
RNase A by means of a neutral monomer (acrylamide, AAm), a cationic monomer (N-
(8-aminopropyl) methacrylamide, APMAAm), and a reduction-labile crosslinker (N,N’-
bis(acryloyl) cystamine) (R-rNC) [135]. Treatment of the triple negative breast cancer cells
MDA-MB-231 with R-rNC produces a rapid release RNase A within the tumor cells under
the intracellular highly reductive conditions and cells are massively killed. In addition,
they constructed a doxycycline (Doc) and R-rNC co-loaded nanocomposite (designated as
Doc/R-rNC/aNG) to eliminate tumor cells and CSCs by combinational delivery. Doc/R-
rNC/aNG has a polymeric nanogel core and a chemically conjugated HA shell. The
polymeric core was formed by polymerization of three monomers, AAm, APMAAmM
and a synthetic azide-decorated monomer (AAm-N3), and an acid-cleavable crosslinker
(glycerol dimethacrylate, GDA). The hierarchically-assembled nanocomposite showed
superior cytotoxicity on MDA-MB-231 mammospheres and enhanced antitumor efficacy
on xenograft tumor mouse model as a result of a prolonged systemic circulation, an increase
of its tumor accumulation, a higher tumor perfusion, and an enhanced cellular uptake [135].
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Crosslinking of the RNases to polymers has also been used to improve their delivery.
RNase A has been linked through the genipin-mediated crosslinking of polyethylenimine
(PEI) with an average molecular weight of 25 kDa (PEI25K), namely RGP [136]. The amino-
rich structure of PEI provides a high positive charge density and promotes the cellular
uptake through the electrostatic interaction with the negatively charged membrane surface
of cancer cells. Moreover, it could also facilitate the endosomal escape through “proton
sponge effect” [137,138]. The RGP nanoparticles were efficiently internalized in HeLa
cells with a delivery efficiency of 97.9% and a 46.2% of cell apoptosis induction [136]. On
the other hand, Ressler and coworkers [139] have reported that esterification of carboxyl
groups of HP-RNase with a diazo compound allows its passage into the cytosol. After
internalization, the nascent esters are hydrolyzed in situ by endogenous esterases. The
process is traceless and allows for keeping the RNase activity and cytotoxicity of the
enzyme, at least in the in vitro assays carried out [139].

Finally, the resistance of RNases to proteases degradation has been recently described
for a cytotoxic variant of human pancreatic-RNase that has been modified through site-
directed mutagenesis to increase its half-life [140]. Researchers have increased the thermal
stability of this RNase around 17 °C by introducing additional disulfide bonds. This RNase
had previously shown to be selectively cytotoxic for tumor cells by introducing an engi-
neered nuclear localization signal into their sequence [141]. However, these modifications
produced an important decrease in their stability compromising their behavior in vivo.
When the stability of this variant was increased by engineering the new disulfide bond, it
showed higher resistance to proteolysis when incubated with proteinase K or with human
sera, while maintaining the cytotoxic activity on OVCAR-8 and NCI-H460 cells [140].

8. Conclusions

Although many of today’s anticancer drugs target the DNA or proteins in tumor
cells, the last 20 years have witnessed an exciting increase of potential antitumor drugs
that target different types of RNAs, from mRNA to the vast array of non-coding RNAs.
The main advantage of these drugs is their lack of genotoxicity. Secretory ribonucleases
are among these drugs due to their natural ability to cleave RNA. They show pleiotropic
effects since they can act on multiple RNAs. This fact avoids the drawbacks presented by
antitumor drugs directed to a single target, which are very specific, but unfortunately often
not strong enough to cope with the heterogeneity of tumors and easily generate resistance.
The mechanisms of antitumor action of secretory ribonucleases are progressively unveiled
but as research goes on one gets aware that some of them remain elusive. Thus, we need
more efforts to gain a deeper understanding of the action of these enzymes on tumor and
non-tumor cells, mainly when their mechanisms are not directly linked to their enzymatic
activity. Nevertheless, the knowledge gained on the action of natural antitumor RNases
has inspired the engineering of secretory ribonucleases to get improved anticancer drugs,
some of which have reached phases II/III of clinical trials. A notably drawback presented
by RNases is their pharmacokinetics related to their protein nature and small size, which
promotes an easy elimination of the body. To bypass this weakness, in the last few years,
different approaches have been proposed, most of them directed at the use of these enzymes
with different nanocarriers. We firmly believe that the advantages of these enzymes as
antitumor drugs together with an effective protection that improves their pharmacokinetic
will allow the production of selective, non-genotoxic antitumor drugs that will be able to
handle with the multifactorial cancer phenotype.

Author Contributions: Writing—original draft preparation, J.C.; M.R.; M.V,; and A.B.; writing—
review and editing, ].C.; M.R.; M.V,; and A.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Universitat de Girona (Spain), Grant No. MPCU2016/18.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2021, 13, 82 12 of 17

References

1.  Si, X;Ma,S,; Xy, Y,; Zhang, D.; Shen, N.; Yu, H.; Zhang, Y.; Song, W.; Tang, Z.; Zhu, X. Hypoxia-sensitive supramolecular nanogels
for the cytosolic delivery of ribonuclease A as a breast cancer therapeutic. J. Control. Release 2020, 320, 83-95. [CrossRef] [PubMed]

2. Lv,J;Fan, Q.; Wang, H.; Cheng, Y. Polymers for cytosolic protein delivery. Biomaterials 2019, 218, 119358. [CrossRef] [PubMed]

3.  Liu, C; Wan, T; Wang, H.; Zhang, S.; Ping, Y.; Cheng, Y. A boronic acid-rich dendrimer with robust and unprecedented efficiency
for cytosolic protein delivery and CRISPR-Cas9 gene editing. Sci. Adv. 2019, 5, eaaw8922. [CrossRef] [PubMed]

4. Leader, B.; Baca, Q.J.; Golan, D.E. Protein therapeutics: A summary and pharmacological classification. Nat. Rev. Drug Discov.
2008, 7, 21-39. [CrossRef] [PubMed]

5. Gotte, G.; Menegazzi, M. Biological Activities of Secretory RNases: Focus on Their Oligomerization to Design Antitumor Drugs.
Front. Immunol. 2019, 10, 2626. [CrossRef]

6. Luhtala, N.; Parker, R. T2 Family ribonucleases: Ancient enzymes with diverse roles. Trends Biochem. Sci. 2010, 35, 253-259.
[CrossRef] [PubMed]

7. Loffler, A.; Abel, S.; Jost, W.; Beintema, ].J.; Glund, K. Phosphate-Regulated Induction of Intracellular Ribonucleases in Cultured
Tomato (Lycopersicon esculentum) Cells. Plant Physiol. 1992, 98, 1472-1478. [CrossRef]

8.  Singh, N.K; Paz, E.; Kutsher, Y.; Reuveni, M.; Lers, A. Tomato T2 ribonuclease LE is involved in the response to pathogens. Mol.
Plant Pathol. 2020, 21, 895-906. [CrossRef]

9.  Hillwig, M.S.; Contento, A.L.; Meyer, A.; Ebany, D.; Bassham, D.C.; MacIntosh, G.C. RNS2, a conserved member of the RNase T2
family, is necessary for ribosomal RNA decay in plants. Proc. Natl. Acad. Sci. USA 2011, 108, 1093-1098. [CrossRef]

10. Megel, C.; Hummel, G.; Lalande, S.; Ubrig, E.; Cognat, V.; Morelle, G.; Salinas-Giegg, T.; Duchéne, A.-M.; Maréchal-Drouard, L.
Plant RNases T2, but not Dicer-like proteins, are major players of tRNA-derived fragments biogenesis. Nucleic Acids Res. 2019,
47,941-952. [CrossRef]

11. Huang, S.; Lee, H.S.; Karunanandaa, B.; Kao, T.H. Ribonuclease activity of Petunia inflata S proteins is essential for rejection of
self-pollen. Plant Cell 1994, 6, 1021-1028. [CrossRef] [PubMed]

12.  McClure, B.; Cruz-Garcia, F; Romero, C. Compatibility and incompatibility in S-RNase-based systems. Ann. Bot. 2011,
108, 647-658. [CrossRef] [PubMed]

13.  MacIntosh, G.C.; Castandet, B. Organellar and Secretory Ribonucleases: Major Players in Plant RNA Homeostasis. Plant Physiol.
2020, 183, 1438-1452. [CrossRef] [PubMed]

14. Maclntosh, G.C.; Bariola, P.A.; Newbigin, E.; Green, PJ. Characterization of Rny1, the Saccharomyces cerevisiae member of the T2
RNase family of RNases: Unexpected functions for ancient enzymes? Proc. Natl. Acad. Sci. USA 2001, 98, 1018-1023. [CrossRef]

15. McGugan, G.C.; Joshi, M.B.; Dwyer, D.M. Identification and Biochemical Characterization of Unique Secretory Nucleases of the
Human Enteric Pathogen, Entamoeba histolytica. J. Biol. Chem. 2007, 282, 31789-31802. [CrossRef]

16. Bruschke, C.J.; Hulst, M.M.; Moormann, R.J.; Van Rijn, P.A.; Van Oirschot, ].T. Glycoprotein Erns of pestiviruses induces apoptosis
in lymphocytes of several species. . Virol. 1997, 71, 6692-6696. [CrossRef]

17.  Fontaine, B.M.; Martin, K.S.; Garcia-Rodriguez, ].M.; Jung, C.; Briggs, L.; Southwell, ].E.; Jia, X.; Weinert, E.E. RNase I regulates
Escherichia coli 2,3'-cyclic nucleotide monophosphate levels and biofilm formation. Biochem. J. 2018, 475, 1491-1506. [CrossRef]

18.  Fredens, K,; Dahl, R.; Venge, P. The Gordon phenomenon induced by the eosinophil cationic protein and eosinophil protein X. J.
Allergy Clin. Immunol. 1982, 70, 361-366. [CrossRef]

19. Durack, D.T.; Ackerman, S.J.; Loegering, D.A.; Gleich, G.J. Purification of human eosinophil-derived neurotoxin. Proc. Natl. Acad.
Sci. USA 1981, 78, 5165-5169. [CrossRef]

20. Tamburrini, M.; Scala, G.; Verde, C.; Ruocco, M.R,; Parente, A.; Venuta, S.; D’Alessio, G. Immunosuppressive activity of bovine
seminal RNase on T-cell proliferation. JBIC |. Biol. Inorg. Chem. 1990, 190, 145-148. [CrossRef]

21. Kim, ]J.S.; Soucek, J.; Matousek, J.; Raines, R.T. Catalytic activity of bovine seminal ribonuclease is essential for its immunosup-
pressive and other biological activities. Biochem. J. 1995, 308, 547-550. [CrossRef] [PubMed]

22.  Gao, X.; Xu, Z. Mechanisms of action of angiogenin. Acta Biochim. Biophys. Sin. 2008, 40, 619-624. [CrossRef] [PubMed]

23. Fett, ].W,; Strydom, D.J.; Lobb, R.R.; Alderman, E.M.; Bethune, J.L.; Riordan, ].F.; Vallee, B.L. Isolation and characterization of
angiogenin, an angiogenic protein from human carcinoma cells. Biochemistry 1985, 24, 5480-5486. [CrossRef] [PubMed]

24. Strydom, D.J. The angiogenins. Cell. Mol. Life Sci. 1998, 54, 811-824. [CrossRef]

25. Li, S.; Sheng, J.; Hu, ] K; Yu, W.; Kishikawa, H.; Hu, M.G.; Shima, K.; Wu, D.; Xu, Z.; Xin, W.; et al. Ribonuclease 4 pro-
tects neuron degeneration by promoting angiogenesis, neurogenesis, and neuronal survival under stress. Angiogenesis 2012,
16, 387-404. [CrossRef]

26. Lu, L.; Li, J.; Moussaoui, M.; Boix, E. Inmune Modulation by Human Secreted RNases at the Extracellular Space. Front. Immunol.
2018, 9, 1012. [CrossRef]

27. Baranzini, N.; Pedrini, E.; Girardello, R.; Tettamanti, G.; De Eguileor, M.; Taramelli, R.; Grimaldi, A.; Acquati, F. Human
recombinant RNASET2-induced inflammatory response and connective tissue remodeling in the medicinal leech. Cell Tissue Res.
2017, 368, 337-351. [CrossRef]

28.  Domachowske, ].B.; Dyer, K.D.; Bonville, C.A.; Rosenberg, H.F. Recombinant Human Eosinophil-Derived Neurotoxin/RNase 2
Functions as an Effective Antiviral Agent against Respiratory Syncytial Virus. J. Infect. Dis. 1998, 177, 1458-1464. [CrossRef]

29. Domachowske, ].B.; Dyer, K.D.; Adams, A.G.; Leto, T.L.; Rosenberg, H.F. Eosinophil cationic protein/RNase 3 is another RNase

A-family ribonuclease with direct antiviral activity. Nucleic Acids Res. 1998, 26, 3358-3363. [CrossRef]


http://doi.org/10.1016/j.jconrel.2020.01.021
http://www.ncbi.nlm.nih.gov/pubmed/31954730
http://doi.org/10.1016/j.biomaterials.2019.119358
http://www.ncbi.nlm.nih.gov/pubmed/31349095
http://doi.org/10.1126/sciadv.aaw8922
http://www.ncbi.nlm.nih.gov/pubmed/31206027
http://doi.org/10.1038/nrd2399
http://www.ncbi.nlm.nih.gov/pubmed/18097458
http://doi.org/10.3389/fimmu.2019.02626
http://doi.org/10.1016/j.tibs.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20189811
http://doi.org/10.1104/pp.98.4.1472
http://doi.org/10.1111/mpp.12928
http://doi.org/10.1073/pnas.1009809108
http://doi.org/10.1093/nar/gky1156
http://doi.org/10.1105/tpc.6.7.1021
http://www.ncbi.nlm.nih.gov/pubmed/8069103
http://doi.org/10.1093/aob/mcr179
http://www.ncbi.nlm.nih.gov/pubmed/21803740
http://doi.org/10.1104/pp.20.00076
http://www.ncbi.nlm.nih.gov/pubmed/32513833
http://doi.org/10.1073/pnas.98.3.1018
http://doi.org/10.1074/jbc.M705975200
http://doi.org/10.1128/JVI.71.9.6692-6696.1997
http://doi.org/10.1042/BCJ20170906
http://doi.org/10.1016/0091-6749(82)90025-2
http://doi.org/10.1073/pnas.78.8.5165
http://doi.org/10.1111/j.1432-1033.1990.tb15557.x
http://doi.org/10.1042/bj3080547
http://www.ncbi.nlm.nih.gov/pubmed/7772040
http://doi.org/10.1111/j.1745-7270.2008.00442.x
http://www.ncbi.nlm.nih.gov/pubmed/18604453
http://doi.org/10.1021/bi00341a030
http://www.ncbi.nlm.nih.gov/pubmed/4074709
http://doi.org/10.1007/s000180050210
http://doi.org/10.1007/s10456-012-9322-9
http://doi.org/10.3389/fimmu.2018.01012
http://doi.org/10.1007/s00441-016-2557-9
http://doi.org/10.1086/515322
http://doi.org/10.1093/nar/26.14.3358

Pharmaceutics 2021, 13, 82 13 of 17

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Rugeles, M.T.; Trubey, C.M.; Bedoya, V.I; Pinto, L.A.; Oppenheim, J.J.; Rybak, S.M.; Shearer, G.M. Ribonuclease is partly
responsible for the HIV-1 inhibitory effect activated by HLA alloantigen recognition. AIDS 2003, 17, 481-486. [CrossRef]

Boix, E.; Torrent, M.; Sanchez, D.; Nogués, V.M. The Antipathogen Activities of Eosinophil Cationic Protein. Curr. Pharm.
Biotechnol. 2008, 9, 141-152. [CrossRef] [PubMed]

Pulido, D.; Arranz-Trullén, J.; Prats-Ejarque, G.; Velazquez, D.; Torrent, M.; Moussaoui, M.; Boix, E. Insights into the Antimicrobial
Mechanism of Action of Human RNase6: Structural Determinants for Bacterial Cell Agglutination and Membrane Permeation.
Int. ]. Mol. Sci. 2016, 17, 552. [CrossRef] [PubMed]

Lu, L.; Arranz-Trullén, J.; Prats-Ejarque, G.; Pulido, D.; Bhakta, S.; Boix, E. Human Antimicrobial RNases Inhibit Intracellular Bacte-
rial Growth and Induce Autophagy in Mycobacteria-Infected Macrophages. Front. Immunol. 2019, 10, 1500. [CrossRef] [PubMed]

Harder, J.; Schroder, J.-M. RNase 7, a Novel Innate Immune Defense Antimicrobial Protein of Healthy Human Skin. J. Biol. Chem.
2002, 277, 46779—-46784. [CrossRef] [PubMed]

Rudolph, B.; Podschun, R.; Sahly, H.; Schubert, S.; Schroder, ].M.; Harder, J. Identification of RNase 8 as a Novel Human
Antimicrobial Protein. Antimicrob. Agents Chemother. 2006, 50, 3194-3196. [CrossRef]

Patutina, O.; Muponosa, H.JI.; Ryabchikova, E.; Popova, N.; Nikolin, V.; Kaledin, V.; Vlassov, V.V.; Zenkova, M. Inhibition of
metastasis development by daily administration of ultralow doses of RNase A and DNase I. Biochimie 2011, 93, 689-696. [CrossRef]

Laccetti, P; Portella, G.; Mastronicola, M.R.; Russo, A.; Piccoli, R.; D"Alessio, G.; Vecchio, G. In vivo and in vitro growth-inhibitory
effect of bovine seminal ribonuclease on a system of rat thyroid epithelial transformed cells and tumors. Cancer Res. 1992,
52,4582-4586.

Lee, J.E.; Raines, R.T. Cytotoxicity of Bovine Seminal Ribonuclease: Monomer versus Dimer.  Biochemistry 2005,
44,15760-15767. [CrossRef]

Ardelt, W.; Mikulski, S.M.; Shogen, K. Amino acid sequence of an anti-tumor protein from Rana pipiens oocytes and early
embryos. Homology to pancreatic ribonucleases. J. Biol. Chem. 1991, 266, 245-251. [CrossRef]

Darzynkiewicz, Z.; Carter, S.P.; Mikulski, S.M.; Ardelt, W.].; Shogen, K. Cytostatic and Cytotoxic Effects of Pannon (P-30 Protein),
A Novel Anticancer Agent. Cell Prolif. 1988, 21, 169-182. [CrossRef]

Ardelt, W.; Shogen, K.; Darzynkiewicz, Z. Onconase and Amphinase, the Antitumor Ribonucleases from Rana pipiens Oocytes.
Curr. Pharm. Biotechnol. 2008, 9, 215-225. [CrossRef] [PubMed]

Kariya, Y.; Tatsuta, T.; Sugawara, S.; Kariya, Y.; Nitta, K.; Hosono, M. RNase activity of sialic acid-binding lectin from bullfrog
eggs drives antitumor effect via the activation of p38 MAPK to caspase-3/7 signaling pathway in human breast cancer cells. Int. J.
Oncol. 2016, 49, 1334-1342. [CrossRef] [PubMed]

Tatsuta, T.; Satoh, T.; Sugawara, S.; Hara, A.; Hosono, M. Sialic acid-binding lectin from bullfrog eggs inhibits human malignant
mesothelioma cell growth in vitro and in vivo. PLoS ONE 2018, 13, e0190653. [CrossRef]

Acquati, F; Possati, L.; Ferrante, L.; Campomenosi, P,; Talevi, S.; Bardelli, S.; Margiotta, C.; Russo, A.; Bortoletto, E.; Rocchetti, R.;
et al. Tumor and metastasis suppression by the human RNASET?2 gene. Int. J. Oncol. 2005, 26, 1159-1168. [CrossRef] [PubMed]

Roiz, L.; Smirnoff, P.; Bar-Eli, M.; Schwartz, B.; Shoseyov, O. ACTIBIND, an actin-binding fungal T2-RNase with antiangiogenic
and anticarcinogenic characteristics. Cancer 2006, 106, 2295-2308. [CrossRef]

Makarov, A.A.; Kolchinsky, A.; Ilinskaya, O.N. Binase and other microbial RNases as potential anticancer agents. BioEssays 2008,
30, 781-790. [CrossRef]

Benito, A.; Rib6, M.; Vilanova, M. Molecular BioSystems; The Royal Society of Chemistry: London, UK, 11 October
2005; pp. 294-302.

Szachowicz-Petelska, B.; Dobrzyriska, I.; Skrodzka, M.; Darewicz, B.; Figaszewski, Z.A.; Kudelski, J. Phospholipid Composition
and Electric Charge in Healthy and Cancerous Parts of Human Kidneys. . Membr. Biol. 2013, 246, 421-425. [CrossRef]

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

Wu, Y.; Mikulski, S.M.; Ardelt, W.; Rybak, S.M.; Youle, R.]J. A Cytotoxic Ribonuclease. Study of the Mechanism of Onconase
Citotoxicity. J. Biol. Chem. 1993, 268, 10686—10693. [CrossRef]

Haigis, M.C.; Raines, R.T. Secretory ribonucleases are internalized by a dynamin-independent endocytic pathway. . Cell Sci. 2003,
116, 313-324. [CrossRef]

Bracale, A.; Castaldi, F.; Nitsch, L.; D’Alessio, G. A role for the intersubunit disulfides of seminal RNase in the mechanism of its
antitumor action. JBIC J. Biol. Inorg. Chem. 2003, 270, 1980-1987. [CrossRef] [PubMed]

Fuentes, H.C.; Kalacheva, N.V.; Mukhametshina, R.T.; Zelenikhin, P.V.; Kolpakov, A.L; Barreto, G.; Preissner, K.T.; Ilinskaya,
O.N. Binase penetration into alveolar epithelial cells does not induce cell death. Biochem. Suppl. Ser. B Biomed. Chem. 2012,
6,317-321. [CrossRef]

Mironova, N.; Patutina, O.; Brenner, E.; Kurilshikov, A.; Vlassov, V.; Zenkova, M. MicroRNA Drop in the Bloodstream and
MicroRNA Boost in the Tumour Caused by Treatment with Ribonuclease A Leads to an Attenuation of Tumour Malignancy. PLoS
ONE 2013, 8, €83482. [CrossRef] [PubMed]

Bracale, A.; Spalletti-Cernia, D.; Mastronicola, M.; Castaldi, F.; Mannucci, R.; Nitsch, L.; D’alessio, G. Essential stations in the
intracellular pathway of cytotoxic bovine seminal ribonuclease. Biocherm. ]. 2002, 362, 553. [CrossRef] [PubMed]

Roth, ].S.; Juster, H. On the absence of ribonuclease inhibitor in rat liver nuclei. Biochim. Biophys. Acta Nucleic Acids Protein Synth.
1972, 287, 474-476. [CrossRef]


http://doi.org/10.1097/00002030-200303070-00002
http://doi.org/10.2174/138920108784567353
http://www.ncbi.nlm.nih.gov/pubmed/18673279
http://doi.org/10.3390/ijms17040552
http://www.ncbi.nlm.nih.gov/pubmed/27089320
http://doi.org/10.3389/fimmu.2019.01500
http://www.ncbi.nlm.nih.gov/pubmed/31312205
http://doi.org/10.1074/jbc.M207587200
http://www.ncbi.nlm.nih.gov/pubmed/12244054
http://doi.org/10.1128/AAC.00246-06
http://doi.org/10.1016/j.biochi.2010.12.011
http://doi.org/10.1021/bi051668z
http://doi.org/10.1016/S0021-9258(18)52427-3
http://doi.org/10.1111/j.1365-2184.1988.tb00855.x
http://doi.org/10.2174/138920108784567245
http://www.ncbi.nlm.nih.gov/pubmed/18673287
http://doi.org/10.3892/ijo.2016.3656
http://www.ncbi.nlm.nih.gov/pubmed/27513956
http://doi.org/10.1371/journal.pone.0190653
http://doi.org/10.3892/ijo.26.5.1159
http://www.ncbi.nlm.nih.gov/pubmed/15809705
http://doi.org/10.1002/cncr.21878
http://doi.org/10.1002/bies.20789
http://doi.org/10.1007/s00232-013-9554-7
http://doi.org/10.1016/S0021-9258(18)82252-9
http://doi.org/10.1242/jcs.00214
http://doi.org/10.1046/j.1432-1033.2003.03567.x
http://www.ncbi.nlm.nih.gov/pubmed/12709057
http://doi.org/10.1134/s199075081204004x
http://doi.org/10.1371/journal.pone.0083482
http://www.ncbi.nlm.nih.gov/pubmed/24386211
http://doi.org/10.1042/bj3620553
http://www.ncbi.nlm.nih.gov/pubmed/11879181
http://doi.org/10.1016/0005-2787(72)90291-2

Pharmaceutics 2021, 13, 82 14 of 17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Furia, A.; Moscato, M.; Cali, G.; Pizzo, E.; Confalone, E.; Amoroso, M.R.; Esposito, F; Nitsch, L.; D’Alessio, G. The ribonucle-
ase/angiogenin inhibitor is also present in mitochondria and nuclei. FEBS Lett. 2011, 585, 613-617. [CrossRef]

Dickson, K.A.; Haigis, M.C.; Raines, R.T. Ribonuclease Inhibitor: Structure and Function. Prog. Nucleic Acid Res. Mol. Biol. 2005,
80, 349-374. [CrossRef]

Smirnoff, P,; Roiz, L.; Angelkovitch, B.; Schwartz, B.; Shoseyov, O. A recombinant human RNASET?2 glycoprotein with antitu-
morigenic and antiangiogenic characteristics. Cancer 2006, 107, 2760-2769. [CrossRef]

Roiz, L.; Smirnoff, P.; Lewin, I.; Shoseyov, O.; Schwartz, B. Human recombinant RNASET2: A potential anti-cancer drug.
Oncoscience 2016, 3, 71-84. [CrossRef]

Acquati, E;; Mortara, L.; De Vito, A.; Baci, D.; Albini, A.; Cippitelli, M.; Taramelli, R.; Noonan, D.M. Innate Inmune Response
Regulation by the Human RNASET2 Tumor Suppressor Gene. Front. Immunol. 2019, 10, 2587. [CrossRef]

Mastronicola, M.R.; Piccoli, R.; D’Alessio, G. Key Extracellular and Intracellular Steps in the Antitumor Action of Seminal
Ribonuclease. JBIC |. Biol. Inorg. Chem. 1995, 230, 242-249. [CrossRef] [PubMed]

Tatsuta, T.; Hosono, M.; Sugawara, S.; Kariya, Y.; Ogawa, Y.; Hakomori, S.; Nitta, K. Sialic acid-binding lectin (leczyme)
induces caspase-dependent apoptosis-mediated mitochondrial perturbation in Jurkat cells. Int. J. Oncol. 2013, 43, 1402-1412.
[CrossRef] [PubMed]

Iordanov, M.S.; Ryabinina, O.P.; Wong, J.; Dinh, T.H.; Newton, D.L.; Rybak, S.M.; Magun, B.E. Molecular determinants of
apoptosis induced by the cytotoxic ribonuclease onconase: Evidence for cytotoxic mechanisms different from inhibition of protein
synthesis. Cancer Res. 2000, 60, 1983-1994. [PubMed]

Juan, G.; Ardelt, B.; Li, X.; Mikulski, S.M.; Shogen, K.; Ardelt, W.; Mittelman, A.; Darzynkiewicz, Z. G1 arrest of U937 cells by
onconase is associated with suppression of cyclin D3 expression, induction of p16INK4A, p21WAF1/CIP1 and p27KIP and
decreased pRb phosphorylation. Leukemia 1998, 12, 1241-1248. [CrossRef] [PubMed]

Tsai, S.; Ardelt, B.; Hsieh, T.-C.; Darzynkiewicz, Z.; Shogen, K.; Wu, ]J. Treatment of Jurkat acute T-lymphocytic leukemia cells by
onconase (Ranpirnase) is accompanied by an altered nucleocytoplasmic distribution and reduced expression of transcription
factor NF-«B. Int. J. Oncol. 2004, 25, 1745-1752. [CrossRef]

Saxena, S.K.; Sirdeshmukh, R.; Ardelt, W.; Mikulski, S.M.; Shogen, K.; Youle, R.J. Entry into Cells and Selective Degradation of
tRNAs by a Cytotoxic Member of the RNase A Family. J. Biol. Chem. 2002, 277, 15142-15146. [CrossRef]

Altomare, D.A.; Rybak, S.M.; Pei, J.; Maizel, J.V.; Cheung, M.; Testa, ].R.; Shogen, K. Onconase responsive genes in human
mesothelioma cells: Implications for an RNA damaging therapeutic agent. BMC Cancer 2010, 10, 34. [CrossRef]

Ardelt, B.; Ardelt, W.; Darzynkiewicz, Z. Cytotoxic Ribonucleases and RNA Interference (RNAi). Cell Cycle 2003,
2,22-24. [CrossRef]

Zhao, H.; Ardelt, B.; Ardelt, W.; Shogen, K.; Darzynkiewicz, Z. The cytotoxic ribonuclease onconase targets RNA interference
(siRNA). Cell Cycle 2008, 7, 3258-3261. [CrossRef]

Qiao, M.; Zu, L.-D.; He, X.-H.; Shen, R.-L.; Wang, Q.-C.; Liu, M.-F. Onconase downregulates microRNA expression through
targeting microRNA precursors. Cell Res. 2012, 22, 1199-1202. [CrossRef]

Iordanov, M.S.; Wong, J.; Newton, D.L.; Rybak, S.M.; Bright, R.K,; Flavell, R.A.; Davis, R.J.; Magun, B.E. Differential Requirement
for the Stress-Activated Protein Kinase/c-Jun NH2-Terminal Kinase in RNA Damage-Induced Apoptosis in Primary and in
Immortalized Fibroblasts. Mol. Cell Biol. Res. Commun. 2000, 4, 122-128. [CrossRef] [PubMed]

Grabarek, J.; Ardelt, B.; Du, L.; Darzynkiewicz, Z. Activation of Caspases and Serine Proteases during Apoptosis Induced by
Onconase (Ranpirnase). Exp. Cell Res. 2002, 278, 61-71. [CrossRef] [PubMed]

Mei, Y.; Yong, J.; Liu, H.; Shi, Y.; Meinkoth, ].; Dreyfuss, G.; Yang, X. tRNA Binds to Cytochrome c and Inhibits Caspase Activation.
Mol. Cell 2010, 37, 668-678. [CrossRef]

Michaelis, M.; Cinatl, J.; Anand, P.; Rothweiler, F; Kotchetkov, R.; Von Deimling, A.; Doerr, HW.; Shogen, K.; Cinatl, J., Jr.
Onconase induces caspase-independent cell death in chemoresistant neuroblastoma cells. Cancer Lett. 2007, 250, 107-116.
[CrossRef] [PubMed]

Fiorini, C.; Cordani, M.; Gotte, G.; Picone, D.; Donadelli, M. Onconase induces autophagy sensitizing pancreatic cancer
cells to gemcitabine and activates Akt/mTOR pathway in a ROS-dependent manner. Biochim. Biophys. Acta Bioenerg. 2015,
1853, 549-560. [CrossRef]

Ramos-Nino, M.E.; Vianale, G.; Sabo-Attwood, T.; Mutti, L.; Porta, C.; Heintz, N.; Mossman, B.T. Human mesothelioma cells
exhibit tumor cell-specific differences in phosphatidylinositol 3-kinase/AKT activity that predict the efficacy of Onconase. Mol.
Cancer Ther. 2005, 4, 835-842. [CrossRef]

Goparaju, C.M.; Blasberg, ].D.; Volinia, S.; Palatini, J.; Ivanov, S.V.; Donington, J.S.; Croce, C.; Carbone, M.; Yang, H.; Pass, H.I
Onconase mediated NFKf3 downregulation in malignant pleural mesothelioma. Oncogene 2011, 30, 2767-2777. [CrossRef]
Nasu, M.; Carbone, M.; Gaudino, G.; Ly, B.H.; Bertino, P.; Shimizu, D.; Morris, P,; Pass, H.I.; Yang, H. Ranpirnase Interferes with
NF- B Pathway and MMP9 Activity, Inhibiting Malignant Mesothelioma Cell Invasiveness and Xenograft Growth. Genes Cancer
2011, 2, 576-584. [CrossRef]

Raineri, A.; Fasoli, S.; Campagnari, R.; Gotte, G.; Menegazzi, M. Onconase Restores Cytotoxicity in Dabrafenib-Resistant
A375 Human Melanoma Cells and Affects Cell Migration, Invasion and Colony Formation Capability. Int. J. Mol. Sci. 2019,
20, 5980. [CrossRef]


http://doi.org/10.1016/j.febslet.2011.01.034
http://doi.org/10.1016/s0079-6603(05)80009-1
http://doi.org/10.1002/cncr.22327
http://doi.org/10.18632/oncoscience.295
http://doi.org/10.3389/fimmu.2019.02587
http://doi.org/10.1111/j.1432-1033.1995.tb20557.x
http://www.ncbi.nlm.nih.gov/pubmed/7601106
http://doi.org/10.3892/ijo.2013.2092
http://www.ncbi.nlm.nih.gov/pubmed/24008724
http://www.ncbi.nlm.nih.gov/pubmed/10766189
http://doi.org/10.1038/sj.leu.2401100
http://www.ncbi.nlm.nih.gov/pubmed/9697879
http://doi.org/10.3892/ijo.25.6.1745
http://doi.org/10.1074/jbc.M108115200
http://doi.org/10.1186/1471-2407-10-34
http://doi.org/10.4161/cc.2.1.232
http://doi.org/10.4161/cc.7.20.6855
http://doi.org/10.1038/cr.2012.67
http://doi.org/10.1006/mcbr.2000.0266
http://www.ncbi.nlm.nih.gov/pubmed/11170843
http://doi.org/10.1006/excr.2002.5568
http://www.ncbi.nlm.nih.gov/pubmed/12126958
http://doi.org/10.1016/j.molcel.2010.01.023
http://doi.org/10.1016/j.canlet.2006.09.018
http://www.ncbi.nlm.nih.gov/pubmed/17084521
http://doi.org/10.1016/j.bbamcr.2014.12.016
http://doi.org/10.1158/1535-7163.MCT-04-0243
http://doi.org/10.1038/onc.2010.643
http://doi.org/10.1177/1947601911412375
http://doi.org/10.3390/ijms20235980

Pharmaceutics 2021, 13, 82 15 0f 17

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Trang, P; Medina, PP; Wiggins, ].E; Ruffino, L.; Kelnar, K.; Omotola, M.; Homer, R.; Brown, D.; Bader, A.G.; Weidhaas, ].B.; et al.
Regression of murine lung tumors by the let-7 microRNA. Oncogene 2009, 29, 1580-1587. [CrossRef]

Takamizawa, ]J.; Konishi, H.; Yanagisawa, K.; Tomida, S.; Osada, H.; Endoh, H.; Harano, T.; Yatabe, Y.; Nagino, M.; Nimura, Y.;
et al. Reduced Expression of the let-7 MicroRNAs in Human Lung Cancers in Association with Shortened Postoperative Survival.
Cancer Res. 2004, 64, 3753-3756. [CrossRef] [PubMed]

Ribo, M.; Benito, A.; Vilanova, M. Antitumor ribonucleases. In Ribonucleases; Nicholson, A.W., Temple, U., Eds.; Springer:
Berlin/Heidelberg, Germany, 2011; Volume 26, pp. 55-88. ISBN 978-3-642-21077-8.

Bosch, M.; Benito, A.; Ribo, M.; Puig, T.; Beaumelle, B.; Vilanova, M. A Nuclear Localization Sequence Endows Human Pancreatic
Ribonuclease with Cytotoxic Activity. Biochemistry 2004, 43, 2167-2177. [CrossRef] [PubMed]

Sheng, J.; Xu, Z. Three decades of research on angiogenin: A review and perspective. Acta Biochim. Biophys. Sin. 2015, 48, 399-410.
[CrossRef] [PubMed]

Cho, S.; Beintema, ].J.; Zhang, J. The ribonuclease A superfamily of mammals and birds: Identifying new members and tracing
evolutionary histories. Genomics 2005, 85, 208-220. [CrossRef]

Sorrentino, S. The eight human “canonical” ribonucleases: Molecular diversity, catalytic properties, and special biological actions
of the enzyme proteins. FEBS Lett. 2010, 584, 2194-2200. [CrossRef]

Lee, H.-H.; Wang, Y.-N.; Hung, M.-C. Functional roles of the human ribonuclease A superfamily in RNA metabolism and
membrane receptor biology. Mol. Asp. Med. 2019, 70, 106-116. [CrossRef]

Shapiro, R.; Vallee, B.L. Site-directed mutagenesis of histidine-13 and histidine-114 of human angiogenin. Alanine derivatives
inhibit angiogenin-induced angiogenesis. Biochemistry 1989, 28, 7401-7408. [CrossRef]

Hu, G.F,; Strydom, D.J.; Fett, ] W,; Riordan, J.F.; Vallee, B.L. Actin is a binding protein for angiogenin. Proc. Natl. Acad. Sci. USA
1993, 90, 1217-1221. [CrossRef]

Skorupa, A.; King, M.A.; Aparicio, LM.; Dussmann, H.; Coughlan, K; Breen, B.; Kieran, D.; Concannon, C.G.; Marin, P.; Prehn,
J.H.M. Motoneurons Secrete Angiogenin to Induce RNA Cleavage in Astroglia. J. Neurosci. 2012, 32, 5024-5038. [CrossRef]

Hu, G.-F; Riordan, J.F;; Vallee, B.L. A putative angiogenin receptor in angiogenin-responsive human endothelial cells. Proc. Natl.
Acad. Sci. USA 1997, 94, 2204-2209. [CrossRef]

Yuxiang, J.; Goncalves, K.A.; Hailing, Y.; Kishikawa, H.; Sun, G.; Yang, H.; Vanli, N.; Wu, Y,; Jiang, Y.; Hu, M.G.; et al. Plexin-B2
Mediates Physiologic and Pathologic Functions of Angiogenin. Cell 2017, 171, 849-864.e25. [CrossRef]

Wang, Y.-N.; Lee, H.-H.; Chou, C.-K.; Yang, W.-H.; Wei, Y.; Chen, C.-T; Yao, J.; Hsu, J.L.; Zhu, C,; Ying, H.; et al. Angio-
genin/Ribonuclease 5 Is an EGFR Ligand and a Serum Biomarker for Erlotinib Sensitivity in Pancreatic Cancer. Cancer Cell 2018,
33, 752-769.e8. [CrossRef] [PubMed]

Sheng, J.; Hu, G.-F; Xu, Z. Abstract 1854: The regulation of angiogenin expression and the genes regulated by angiogenin. Mol.
Cell. Biol. 2016, 76, 1854. [CrossRef]

Vert, A.; Castro, J.; Rib6, M.; Benito, A.; Vilanova, M. Activating transcription factor 3 is crucial for antitumor activity and to
strengthen the antiviral properties of Onconase. Oncotarget 2016, 8, 11692-11707. [CrossRef] [PubMed]

Brand, R.M.; Siegel, A.; Myerski, A.; Metter, E.J.; Engstrom, J.; Brand, R.E.; Squiquera, L.; Hodge, T.; Sulley, J.; Cranston, R.D.; et al.
Ranpirnase Reduces HIV-1 Infection and Associated Inflammatory Changes in a Human Colorectal Explant Model. AIDS Res.
Hum. Retrovir. 2018, 34, 838-848. [CrossRef] [PubMed]

Smith, T.G.; Jackson, ER.; Morgan, C.; Carson, W.C.; Martin, B.E.; Gallardo-Romero, N.; Ellison, J.A.; Greenberg, L.; Hodge, T.;
Squiquera, L.; et al. Antiviral Ranpirnase TMR-001 Inhibits Rabies Virus Release and Cell-to-Cell Infection In Vitro. Viruses 2020,
12,177. [CrossRef]

Hodge, T.; Draper, K.; Brasel, T.; Freiberg, A.N.; Squiquera, L.; Sidransky, D.; Sulley, J.; Taxman, D.]. Antiviral effect of ranpirnase
against Ebola virus. Antivir. Res. 2016, 132, 210-218. [CrossRef]

Squiquera, L.; Taxman, D.J.; Brendle, S.A.; Torres, R.; Sulley, J.; Hodge, T.; Christensen, N.; Sidransky, D. Ranpirnase eradicates
human papillomavirus in cultured cells and heals anogenital warts in a Phase I study. Antivir. Ther. 2017, 22, 247-255. [CrossRef]
Muponosa, H.JL; Patutina, O.; Brenner, E.; Kurilshikov, A.; Vlassov, V.; Zenkova, M. The systemic tumor response to RNase A
treatment affects the expression of genes involved in maintaining cell malignancy. Oncotarget 2017, 8, 78796-78810. [CrossRef]
Zheng, ]J. Energy metabolism of cancer: Glycolysis versus oxidative phosphorylation (Review). Oncol. Lett. 2012,
4,1151-1157. [CrossRef]

Rodriguez, M.; Benito, A.; Tubert, P.; Castro, J.; Ribo, M.; Beaumelle, B.; Vilanova, M. A Cytotoxic Ribonuclease Variant with a
Discontinuous Nuclear Localization Signal Constituted by Basic Residues Scattered Over Three Areas of the Molecule. J. Mol.
Biol. 2006, 360, 548-557. [CrossRef] [PubMed]

Vert, A.; Castro, J.; Ribo, M.; Benito, A.; Vilanova, M. A nuclear-directed human pancreatic ribonuclease (PE5) targets the
metabolic phenotype of cancer cells. Oncotarget 2016, 7, 18309-18324. [CrossRef] [PubMed]

Lan, Y.-E; Chen, H.-H,; Lai, P-E; Cheng, C.-F; Huang, Y.-T.; Lee, Y.-C.; Chen, T.-W,; Lin, H. MicroRNA-494 Reduces ATF3
Expression and Promotes AKI. J. Am. Soc. Nephrol. 2012, 23, 2012-2023. [CrossRef] [PubMed]

Castro, J.; Rib6, M.; Benito, A.; Vilanova, M. Approaches to Endow Ribonucleases with Antitumor Activity: Lessons Learned from
the Native Cytotoxic Ribonucleases. In Anti-Cancer Drugs—Nature, Synthesis and Cell; IntechOpen: London, UK, 2016; pp, 135-168
Maack, T.; Johnson, V.; Kau, S.T.; Figueiredo, ].; Sigulem, D. Renal filtration, transport, and metabolism of low-molecular-weight
proteins: A review. Kidney Int. 1979, 16, 251-270. [CrossRef] [PubMed]


http://doi.org/10.1038/onc.2009.445
http://doi.org/10.1158/0008-5472.CAN-04-0637
http://www.ncbi.nlm.nih.gov/pubmed/15172979
http://doi.org/10.1021/bi035729+
http://www.ncbi.nlm.nih.gov/pubmed/14979713
http://doi.org/10.1093/abbs/gmv131
http://www.ncbi.nlm.nih.gov/pubmed/26705141
http://doi.org/10.1016/j.ygeno.2004.10.008
http://doi.org/10.1016/j.febslet.2010.04.018
http://doi.org/10.1016/j.mam.2019.03.003
http://doi.org/10.1021/bi00444a038
http://doi.org/10.1073/pnas.90.4.1217
http://doi.org/10.1523/JNEUROSCI.6366-11.2012
http://doi.org/10.1073/pnas.94.6.2204
http://doi.org/10.1016/j.cell.2017.10.005
http://doi.org/10.1016/j.ccell.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29606349
http://doi.org/10.1158/1538-7445.am2016-1854
http://doi.org/10.18632/oncotarget.14302
http://www.ncbi.nlm.nih.gov/pubmed/28035074
http://doi.org/10.1089/aid.2017.0308
http://www.ncbi.nlm.nih.gov/pubmed/29936861
http://doi.org/10.3390/v12020177
http://doi.org/10.1016/j.antiviral.2016.06.009
http://doi.org/10.3851/IMP3133
http://doi.org/10.18632/oncotarget.20228
http://doi.org/10.3892/ol.2012.928
http://doi.org/10.1016/j.jmb.2006.05.048
http://www.ncbi.nlm.nih.gov/pubmed/16780873
http://doi.org/10.18632/oncotarget.7579
http://www.ncbi.nlm.nih.gov/pubmed/26918450
http://doi.org/10.1681/ASN.2012050438
http://www.ncbi.nlm.nih.gov/pubmed/23160513
http://doi.org/10.1038/ki.1979.128
http://www.ncbi.nlm.nih.gov/pubmed/393891

Pharmaceutics 2021, 13, 82 16 of 17

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

Costanzi, J.; Sidransky, D.; Navon, A.; Goldsweig, H. Ribonucleases as a Novel Pro-Apoptotic Anticancer Strategy: Review of the
Preclinical and Clinical Data for Ranpirnase. Cancer Investig. 2005, 23, 643-650. [CrossRef]

Vasandani, V.M.; Burris, J.A.; Sung, C. Reversible nephrotoxicity of onconase and effect of lysine pH on renal onconase uptake.
Cancer Chemother. Pharmacol. 1999, 44, 164-169. [CrossRef]

Vasandani, V.M.; Wu, Y.N.; Mikulski, S.M.; Youle, R.J.; Sung, C. Molecular determinants in the plasma clearance and tissue
distribution of ribonucleases of the ribonuclease A superfamily. Cancer Res. 1996, 56, 4180-4186.

Mikulski, S.; Grossman, A.; Carter, P; Shogen, K.; Costanzi, ]. Phase-i human clinical-trial of onconase(r) (p-30 protein) adminis-
tered intravenously on a weekly schedule in cancer-patients with solid tumors. Int. J. Oncol. 1993, 3, 57-64. [CrossRef]
Vogelzang, N.J.; Aklilu, M.; Stadler, W.M.; Dumas, M.C.; Mikulski, S.M. A phase II trial of weekly intravenous ranpirnase
(Onconase), a novel ribonuclease in patients with metastatic kidney cancer. Investig. New Drugs 2001, 19, 255-260. [CrossRef]
Chao, T.-Y.; Lavis, L.D.; Raines, R.T. Cellular Uptake of Ribonuclease A Relies on Anionic Glycans. Biochemistry 2010,
49, 10666-10673. [CrossRef]

Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941-951. [CrossRef] [PubMed]

Wang, X; Li, Y;; Li, Q.; Neufeld, C.I; Pouli, D.; Sun, S.; Yang, L.; Deng, P.; Wang, M.; Georgakoudi, I.; et al. Hyaluronic
acid modification of RNase A and its intracellular delivery using lipid-like nanoparticles. J. Control. Release 2017, 263, 39-45.
[CrossRef] [PubMed]

Choi, ].H,; Jang, J.Y.; Joung, Y.K.; Kwon, M.H.; Park, K.D. Intracellular delivery and anti-cancer effect of self-assembled heparin-
Pluronic nanogels with RNase A. J. Control. Release 2010, 147, 420-427. [CrossRef] [PubMed]

Kordalivand, N.; Li, D.; Beztsinna, N.; Torafio, ]J.S.; Mastrobattista, E.; Van Nostrum, C.F.; Hennink, W.E.; Vermonden,
T. Polyethyleneimine coated nanogels for the intracellular delivery of RNase A for cancer therapy. Chem. Eng. ]. 2018,
340, 32-41. [CrossRef]

Khodzhaeva, V.; Makeeva, A.; Ulyanova, V.; Zelenikhin, P.; Evtugyn, V.; Hardt, M.; Rozhina, E.; Lvov, Y.; Fakhrullin, R.; Ilinskaya,
O. Binase Immobilized on Halloysite Nanotubes Exerts Enhanced Cytotoxicity toward Human Colon Adenocarcinoma Cells.
Front. Pharmacol. 2017, 8, 631. [CrossRef]

Zhao, S.; Duan, F; Liu, S.; Wu, T.; Shang, Y.; Tian, R; Liu, J.; Wang, Z.-G.; Jiang, Q.; Ding, B. Efficient Intracellular Delivery of
RNase A Using DNA Origami Carriers. ACS Appl. Mater. Interfaces 2019, 11, 11112-11118. [CrossRef]

Wezler, X.; Diibel, S.; Schirrmann, T. Antibody fusion proteins with human ribonucleases 1 to 8. Hum. Antibodies 2018,
26, 177-192. [CrossRef]

De Lorenzo, C.; D’Alessio, G. From ImmunoToxins to ImmunoRNases. Curr. Pharm. Biotechnol. 2008, 9, 210-214. [CrossRef]
Schirrmann, T.; Krauss, J.; Arndt, M.A.; Rybak, S.M.; Diibel, S. Targeted therapeutic RNases (ImmunoRNases). Expert Opin. Biol.
Ther. 2008, 9, 79-95. [CrossRef]

Shramova, E.; Proshkina, G.; Shipunova, V.; Ryabova, A.; Kamyshinsky, R.; Konevega, A.; Schulga, A.; Konovalova, E.; Telegin,
G.; Deyev, S.M. Dual Targeting of Cancer Cells with DARPin-Based Toxins for Overcoming Tumor Escape. Cancers 2020,
12,3014. [CrossRef]

Jordaan, S.; Akinrinmade, O.A.; Nachreiner, T.; Cremer, C.; Naran, K.; Chetty, S.; Barth, S. Updates in the Development of
ImmunoRNases for the Selective Killing of Tumor Cells. Biomedicines 2018, 6, 28. [CrossRef] [PubMed]

Nag, M.; Gajbhiye, V.; Kesharwani, P,; Jain, N.K. Transferrin functionalized chitosan-PEG nanoparticles for targeted delivery of
paclitaxel to cancer cells. Colloids Surf. B Biointerfaces 2016, 148, 363-370. [CrossRef] [PubMed]

Qi, J.; Ye, X,; Li, L.; Bai, H.; Xu, C. Improving the specific antitumor efficacy of ONC by fusion with N-terminal domain of
transferrin. Biosci. Biotechnol. Biochem. 2018, 82, 1153-1158. [CrossRef] [PubMed]

Lima, ER.; Kahn, S.A.; Soletti, R.C.; Biasoli, D.; Alves, T.; Da Fonseca, A.C.C.; Garcia, C.; Romao, L.; Brito, J.; Holanda-Afonso, R.;
et al. Glioblastoma: Therapeutic challenges, what lies ahead. Biochim. Biophys. Acta Bioenerg. 2012, 1826, 338-349. [CrossRef]
Kesavan, K ; Ratliff, ].; Johnson, E.W.; Dahlberg, W.; Asara, ].M.; Misra, P; Frangioni, ].V.; Jacoby, D.B. Annexin A2 Is a Molecular
Target for TM601, a Peptide with Tumor-targeting and Anti-angiogenic Effects. J. Biol. Chem. 2010, 285, 4366—4374. [CrossRef]
Deshane, J.; Garner, C.C.; Sontheimer, H. Chlorotoxin Inhibits Glioma Cell Invasion via Matrix Metalloproteinase-2. J. Biol. Chem.
2003, 278, 4135-4144. [CrossRef]

Mamelak, A.; Rosenfeld, S.; Bucholz, R.; Raubitschek, A.; Nabors, L.B.; Fiveash, J.B.; Shen, S.; Khazaeli, M.; Colcher, D.; Liu, A.;
et al. Phase I Single-Dose Study of Intracavitary-Administered Iodine-131-TM-601 in Adults with Recurrent High-Grade Glioma.
J. Clin. Oncol. 2006, 24, 3644-3650. [CrossRef]

Mamelak, A.N.; Jacoby, D.B. Targeted delivery of antitumoral therapy to glioma and other malignancies with synthetic chlorotoxin
(TM-601). Expert Opin. Drug Deliv. 2007, 4, 175-186. [CrossRef]

Wang, X.; Guo, Z. Chlorotoxin-conjugated onconase as a potential anti-glioma drug. Oncol. Lett. 2015, 9, 1337-1342. [CrossRef]
Liu, X.; Zhang, P; He, D.; R6dl, W.; Preifi, T.; Réddler, J.O.; Wagner, E.R.; Lachelt, U. pH-Reversible Cationic RNase A Conjugates
for Enhanced Cellular Delivery and Tumor Cell Killing. Biomacromolecules 2015, 17, 173-182. [CrossRef]

Rutkoski, T.J.; Kink, J.A.; Strong, L.E.; Raines, R.T. Site-specific PEGylation endows a mammalian ribonuclease with antitumor
activity. Cancer Biol. Ther. 2011, 12, 208-214. [CrossRef] [PubMed]

Liu, M.; Shen, S.; Wen, D.; Li, M,; Li, T.; Chen, X.; Gu, Z.; Mo, R. Hierarchical Nanoassemblies-Assisted Combinational Delivery
of Cytotoxic Protein and Antibiotic for Cancer Treatment. Nano Lett. 2018, 18, 2294-2303. [CrossRef] [PubMed]


http://doi.org/10.1080/07357900500283143
http://doi.org/10.1007/s002800050962
http://doi.org/10.3892/ijo.3.1.57
http://doi.org/10.1023/A:1010633004157
http://doi.org/10.1021/bi1013485
http://doi.org/10.1038/nbt.3330
http://www.ncbi.nlm.nih.gov/pubmed/26348965
http://doi.org/10.1016/j.jconrel.2017.01.037
http://www.ncbi.nlm.nih.gov/pubmed/28153764
http://doi.org/10.1016/j.jconrel.2010.07.118
http://www.ncbi.nlm.nih.gov/pubmed/20688114
http://doi.org/10.1016/j.cej.2017.12.071
http://doi.org/10.3389/fphar.2017.00631
http://doi.org/10.1021/acsami.8b21724
http://doi.org/10.3233/HAB-180337
http://doi.org/10.2174/138920108784567254
http://doi.org/10.1517/14712590802631862
http://doi.org/10.3390/cancers12103014
http://doi.org/10.3390/biomedicines6010028
http://www.ncbi.nlm.nih.gov/pubmed/29510557
http://doi.org/10.1016/j.colsurfb.2016.08.059
http://www.ncbi.nlm.nih.gov/pubmed/27632697
http://doi.org/10.1080/09168451.2018.1456318
http://www.ncbi.nlm.nih.gov/pubmed/29629632
http://doi.org/10.1016/j.bbcan.2012.05.004
http://doi.org/10.1074/jbc.M109.066092
http://doi.org/10.1074/jbc.M205662200
http://doi.org/10.1200/JCO.2005.05.4569
http://doi.org/10.1517/17425247.4.2.175
http://doi.org/10.3892/ol.2014.2835
http://doi.org/10.1021/acs.biomac.5b01289
http://doi.org/10.4161/cbt.12.3.15959
http://www.ncbi.nlm.nih.gov/pubmed/21633186
http://doi.org/10.1021/acs.nanolett.7b04976
http://www.ncbi.nlm.nih.gov/pubmed/29547698

Pharmaceutics 2021, 13, 82 17 of 17

136.

137.

138.
139.

140.

141.

Liang, X.; Tang, X.; Yang, J.; Zhang, J.; Han, H.; Li, Q. A genipin-crosslinked protein-polymer hybrid system for the intracellular
delivery of ribonuclease A. Int. |. Nanomed. 2019, 14, 7389-7398. [CrossRef] [PubMed]

Nel, A.E.; Médler, L.; Velegol, D.; Xia, T.; Hoek, EM.V,; Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M.O.
Understanding biophysicochemical interactions at the nano-bio interface. Nat. Mater. 2009, 8, 543-557. [CrossRef]

Behr, ].-P. The Proton Sponge: A Trick to Enter Cells the Viruses Did Not Exploit. CHIMIA Int. ]. Chem. 1997, 51, 34-36.

Ressler, V.T.; Mix, K.A.; Raines, R.T. Esterification Delivers a Functional Enzyme into a Human Cell. ACS Chem. Biol. 2019,
14, 599-602. [CrossRef] [PubMed]

Padrosa, D.R.; Castro, J.; Romero-Casafias, A.; Ribo, M.; Vilanova, M.; Benito, A. Construction of Highly Stable Cytotoxic
Nuclear-Directed Ribonucleases. Molecules 2018, 23, 3273. [CrossRef] [PubMed]

Vert, A; Castro, J.; Ruiz-Martinez, S.; Tubert, P.; Escribano, D.; Ribo, M.; Vilanova, M.; Benito, A. Generation of New Cytotoxic
Human Ribonuclease Variants Directed to the Nucleus. Mol. Pharm. 2012, 9, 2894-2902. [CrossRef]


http://doi.org/10.2147/IJN.S210486
http://www.ncbi.nlm.nih.gov/pubmed/31571857
http://doi.org/10.1038/nmat2442
http://doi.org/10.1021/acschembio.9b00033
http://www.ncbi.nlm.nih.gov/pubmed/30830748
http://doi.org/10.3390/molecules23123273
http://www.ncbi.nlm.nih.gov/pubmed/30544927
http://doi.org/10.1021/mp300217b

	Introduction 
	Secretory Ribonucleases Display a Vast Array of Functions 
	Mechanisms of Antitumor Action of Secretory RNases 
	Regulatory RNAs are Key Targets for Different Antitumor RNases 
	Effects of Antitumor RNases on Target Cells beyond RNA Degradation 
	Antitumor RNases Exert Pleiotropic Effects on Cancer Cells 
	Natural and Modified RNases as Antitumor Drugs: Concerns and Opportunities 
	Nanocarriers and Nanostructures to Strengthen the Efficiency of Antitumor RNases 
	Modification of RNases to Increase Their Pharmacokinetics and Antitumor Potency 

	Conclusions 
	References

