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ROLE OF RIBONUCLEASES

IN THE REGULATION OF IMMUNE RESPONSE

Ribonucleases (RNases) perform many different functions in living systems. They are responsible for the formation
and processing of various ribonucleic acids (RNAs), including the messenger RNA and all types of microRNAs, and de-
termine the duration of the existence of different RNAs in the cell and extracellular environment. RNases are ubiqui-
tously expressed in many tissue types. This short review discusses the major types and main functions of RNases, their
homeostatic functions, influence of transcription, immunomodulation, and the role of extracellular RNases in the im-
mune defense mechanisms.
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Ribonucleases (RNases) perform a variety of func-
tions in living systems. They are responsible for the
formation and processing of various ribonucleic ac-
ids (RNAs), including the messenger RNA (mRNA)
and all types of microRNAs (miRNAs), and deter-
mine the duration of the existence of different
RNAs in the cell and extracellular environment [1].
RNases are ubiquitously expressed not only in the
metabolic tissues, such as the adipose tissues and
skeletal muscles but also in the immune system or-
gans. Living organisms contain a huge number of
enzymes that hydrolyze many types of RNAs. The
physiological function of most of them remains un-
known. Among many functions, some RNases are
known to exert an antitumor effect [2]. Some RN-
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ases can also demonstrate antitumor activity apart
from the participation in enzymatic hydrolysis of
RNA molecules. Such activity is realized through
immune mechanisms of antitumor protection [3].
Moreover, some RNases have ambiguous effects on
tumor growth. For example, ribonuclease 5 (angio-
genin) in the cell cytoplasm hydrolyzes ribosomal
RNA, blocks protein synthesis, and induces apop-
tosis. However, when it translocates to the nucleus,
this RNase is involved in the processing of ribo-
somal RNA and stimulates proliferation, angiogen-
esis, and tumor growth [4]. RNases can affect gene
activity by influencing the formation and destruc-
tion of numerous non-coding RNAs, including
miRNAs. Many effects of RNases are realized via
signaling pathways of the immune response [3] and
their influence on the polarization of macrophages
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[5]. The functions of RNases in maintaining the re-
dox state of the extracellular microenvironment are
important for the survival of tumor cells.

This short review analyzes the major types of
RNases, a family of ancient extracellular RNases,
and intracellular RNases topography. The main
functions of RNases related to their activities, ef-
fects on transcription, and biological and immune
defense are also discussed.

Types of RNases

RNases are the RNA-processing or degrading en-
zymes, which cleave the phosphodiester bonds in
the RNA molecules. The hypotheses regarding dif-
ferent types of RNase activity and the presence of
extracellular RNA communicators have been dis-
cussed [6].

Fig. 1 presents the major types of RNases that
play an important role in host immune protection.
The RNase A superfamily derives its name from
bovine enzymes [3]. The RNase A is a family of
vertebrate-specific genes demonstrating significant
divergence in a short time, similarly to proteins as-
sociated with immunity. In humans, this family in-
cludes eight functional members (RNases 1—8).

RNase 1 has the highest catalytic activity and tis-
sue abundance of all pancreatic RNases and has
been detected in many body fluids [7]. In humans
and mice, it circulates in the peripheral blood plas-
ma at a concentration of ~0.5 ug/mL. The main
source of plasma RNase is vascular epithelium, and
the optimal value of enzyme activity (pH 7.3) is
close to blood pH [8], indicating that the activity of
this RNase may be manifested in the vascular bed.

Both RNase 2 and RNase 3 are among the main
secretory proteins stored within the eosinophil
granules, accounting together for about one-third
of the total protein content [9]. Note that the com-
ponents of eosinophilic granules were first isolated
to induce neuronal degeneration. These RNases
emerged from a gene duplication event about
50 million years ago and underwent a divergence
at an extremely rapid evolution rate. Particularly,
RNase 2 is an eosinophil-derived neurotoxin
(EDN). EDN has a high affinity with cattle RNase
A [10]. It exhibits high RNase activity and is ex-
pressed in blood cells such as monocytes and den-
dritic cells. RNase 3 is an eosinophilic cationic pro-
tein (ECP) accumulated in the secretory granules.
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During the drift of RNase 3 from a common
RNase 2/3 ancestor, the protein acquired much
higher cationicity (pI > 10) [11].

RNase 4 belongs to the pancreatic RNase family.
RNase 4 is produced by epithelial cells of the uri-
nary tract. There, the kidney’s collecting duct is
a source of RNase 4 production, where it is regu-
lated by insulin receptor activation and down-
stream phosphatidylinositol 3-kinase/AKT (PI3K/
AKT) signaling [12].

RNase 5 (angiogenin, Ang) is a representative of
the RNase superfamily, members of which possess
substrate specificity and divergent functional ca-
pacities, where angiogenesis is commonly attrib-
uted to angiogenin. The distinct structure of angio-
genin contains an endothelial binding motif which
in combination with endonuclease activity produc-
es a potent stimulus for blood-vessel formation.
Angiogenin is a 14.4 kD soluble protein, first iso-
lated from the culture medium conditioned by co-
lon carcinoma (HT-29) cells [13].

It is a small 123-amino acid protein that in hu-
mans is encoded by the ANG gene. The corres-
ponding nucleotide sequences of angiogenin show
33% sequence identity and 65% homology with
pancreatic RNase 1 (RNase A) and represent the
most ancient form of the RNase superfamily. As the
name implies, Ang is related to angiogenesis, in
particular in tumors. Although there seems to be
a contradiction with its proven antitumor activity,
the answer lies in its special, compartment-depen-
dent activity.

RNase 6 (family member k6) is a secreted anti-
microbial peptide that was discovered as a human
ortholog of bovine RNase K2 [14]. The RNase K6
catalytic activity is relatively weak compared to
other canonical RNases being almost 40 times lo-
wer than that of RNase 2 (EDN) against yeast
tRNA. This enzyme is unique in the RNase A fami-
ly because of the second catalytic site that enhanc-
es the specificity of polynucleotide substrate clea-
vage. RNase 6 is a protein of myeloid origin and is
expressed by monocytes, macrophages, and neu-
trophils. Similarly, RNase 6 in mice is detected in
monocytes and macrophages of the genitourinary
tract during E. coli invasion [15].

RNase 7 was first discovered in human skin and
subsequently detected in other epithelial surfaces,
including the respiratory and urogenital tracts [16].
The RNase 7 gene is constitutively expressed and
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Fig. 1. Major types of RNases that play an important role in host immune defense.

the protein is abundantly secreted in mucosal tis-
sues. Its expression is also induced by growth fac-
tors, UV rays, and bacterial products. The molecu-
lar mechanisms of this induction are poorly un-
derstood. The published data suggest that
mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3 AKT (PI3K/AKT) signaling
pathways regulate RNase 7 expression [17].

RNase 8 is a secretory ribonuclease; orthologs of
its gene were found only in primate genomes.
RNase 8 is a divergent paralog of RNase 7, lysine-
enriched, highly conserved, and expressed in nor-
mal and diseased skin. RNase 8 gene expression
was observed in adult human lung, spleen, and tes-
ticular tissue [18].

A family of ancient extracellular RNases

RNase T2 is built of 256 amino acid residues and has
a molecular weight of 26 kDa. Human RNase T2
contains seven a- and eight f-chains, and two active
sites (CAS motifs I and II), which are important for
catalytic activity [19]. RNase T2 is widespread in li-
ving organisms, from viruses to mammals. It is dis-
covered in different tissues, particularly in emb-
ryonic and immune cells. In humans, RNase T2 is
the only identified enzyme in the T2 family [20].
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RNase L is an 84 kDa protein with 741 amino ac-
ids. It is an interferon-induced enzyme that plays
a key role in the antiviral activity of interferons [21].

Bovine seminal RNase (BS-RNase) is a member
of the RNase superfamily produced by the bovine
seminal vesicles, a 27 kDa homodimeric enzyme
[22]. It is the only RNase with a quaternary struc-
ture, representing a mixture of two dimers. Owing
to its natural dimeric form, BS-RNase can elude the
blockage of the cytosolic RNase inhibitor (RI) in case
of cellular internalization following endocytosis.
In the most common form, the active site is formed
by an exchange of the N-terminal segment.

RNase III enzymes were first described in 1968
by Zinder and colleagues [23]. All RNase III mole-
cules exhibit specificity for dsSRNA. RNase III en-
zymes are involved in RNA metabolism in many
organisms, from phages to animals. Three struc-
tural classes of RIII molecules have been described.
The first class is represented by E. coli RNase II1, the
second by Drosha, and the third by Dicer. RNase
Dicer is a large protein (~200 kDa), first identified
in drosophila. The structure of Dicer in mammals,
despite the difficulties with protein crystallization,
was established by biochemical and crystallogra-
phic studies.
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Ranpirnase (Onconase (ONC)) is a cytotoxic
amphibian RNase, a basic protein consisting of 104
amino acid residues, first isolated from the oocytes
of the leopard frog Rana pipiens [24]. 30% of the
amino acid sequence coincides with the RNase A
sequence. The three catalytic residues of RNase A
are homologous to ranpirnase. The enzyme has the
ability to avoid the effects of RI and is resistant
to proteolysis [25].

Intracellular RNase topography

A set of RNases is secreted or concentrated within
cellular structures associated with the secretory
pathway, vacuole, lysosomes, mitochondria,
or other organelles [19]. Thus, these enzymes are
usually located in spaces that are not associated
with the presence of RNA. The localization of these
enzymes shows that they are linked to the regula-
tion of endogenous and exogenous RNAs in va-
rious subcellular structures [26]. After crossing the
membrane, most RNases cleave RNA in the cyto-
plasm, although some enzymes, such as BS-RNase,
are localized at least partially in the nucleus. Intra-
cellular RNase T2 is mainly concentrated in lyso-
somes, mitochondria, vacuoles, and other orga-
nelles. RNase 2 is localized in the secondary gra-
nule matrix of eosinophils.

Functions of RNases

RNases are a large number of enzymes that catalyze
the hydrolysis of many different RNA substrates.
Initially, it was believed that the main function of
RNases is the cleavage and removal of RNA mole-
cules that have already performed their function.
However, later it turned out that RNases perform
a huge number of biological functions (Fig. 2),
some of which remain undiscovered. RNases mod-
ify the function of genes, affecting the maturation
of various types of coding and non-coding RNAs,
and exert antitumor, antibacterial, and antiviral ac-
tivities. An important role of RNases in the body’s
defense reactions, in particular, immune reactions,
has been established, on some of which we will fo-
cus our attention.

Homeostasis support

The experimental and clinical data suggest that
RNases play a role in host immunity and contribute
to the maintenance of tissue homeostasis and steril-
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ity of body fluids. These enzymes are involved in
different metabolic transformations of exogenous
and endogenous RNAs. Secreted under the inf-
luence of cellular damage conditions, they trigger
signaling processes and therefore can be attributed
to alarmins. They can alter cellular RNA metabo-
lism, specifically target noncoding RNAs, or induce
signal transduction in a catalytically independent
manner [27].

RNases are involved in the development of higher
organisms through their enzymatic activity. Some
RNases perform important physiological functions
both at the cellular and whole-body levels [6, 28].
The use of a model of mouse embryo fibroblasts
deficient in RNase L has revealed that RNase L con-
trols adipocyte differentiation by regulating the ex-
pression of CHOP-10 (a negative regulator of adi-
pogenesis) [29].

The important role of RNases in carcinogenesis
and tumor growth has been demonstrated. Human
RNase 1 (hRNase 1) plays a critical role in the re-
moval of extracellular RNA, innate immune pro-
cesses, homeostasis, and host protection [30]. How-
ever, its role in carcinogenesis remains unclear.
It has been shown that hRNase 1, regardless of ri-
bonucleolytic activity, enriches the population of
stem cells and enhances the tumor-initiating abi-
lity of breast cancer cells. hRNase 1 plays a role in
the digestive system by digesting food RNA and
regulates homeostasis, inflammation, and innate
immunity [6, 31].

The innate immune response serves not only as
a first-line defense in protection from infection.
It is also directly involved in the regeneration pro-
cess, which is associated with maintaining homeo-
stasis, modulating wound healing, and ensuring
functional tissue integration [32]. In this context,
a specific set of pattern recognition receptors (PRR)
[33], such as Toll-like receptors, are known to play
a key role not only in protecting the host (through
regulation of the innate and adaptive immune sys-
tems) [34] but also in the regulation of different
phases of wound healing and regeneration.

Role in transcription

An important aspect of the action of RNases is their
potential function as transcription-like factors and
ligands for various cellular receptors that can trig-
ger or limit their internalization [35]. Secreted ex-
tracellular Ang enters the cell through a 170 kD
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Fig. 2. Main functions of RNases

surface cell receptor, which facilitates its nuclear
translocation. In the nucleus, Ang acts as a trans-
cription factor in rRNA biosynthesis and pro-
cessing.

The intracellular isoforms of RNase T2 can tran-
scriptionally inhibit the expression of certain genes
dependent on RNA cleavage [36]. AU-rich ele-
ments (ARE) and GU-rich elements (GRE) located
in the 3’-untranslated region of mRNA can regulate
mRNA stability at the posttranscriptional level
[37]. Genome-encoded ARE and GRE products
such as c-Myc, epidermal growth factor, prosta-
glandin-endoperoxide synthase 2, c-Jun proto-on-
cogene, and c-Fos proto-oncogene are closely as-
sociated with tumor growth, cell growth, resistance
to apoptosis, angiogenesis, invasion, and metastasis
[38]. Although RNase T2 has the function of spe-
cifically recognizing and cleaving AU or GU phos-
phodiester bonds in single-stranded RNAs, it can
be assumed that intracellular RNases T2 can selec-
tively recognize and cleave AU or GU bonds in
ARE or GRE-mRNA [39].

The first evidence that blocking protein synthesis
by RNA degradation is not the only cytotoxic
mechanism of action of the RNase A superfamily
was obtained for ONC [40]. The data on increasing
or decreasing activity of genes encoding cell cycle
proteins and transcription factors were also dis-
cussed. ONC has been shown to target rRNAs [41],
tRNAs [42], mRNAs [43], and microRNAs as well
as their precursors [44]. RNase 7 can selectively in-
hibit TH2 cytokine production by suppression of
GATA3 transcription factor activation [45].
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Dicer is an RNA-binding protein (RBP) that
plays an important role in fine-tuning gene expres-
sion. Small noncoding RNA produced by Dicer tar-
gets mRNA and forms a complex that affects tran-
scription at the post-transcriptional level [46].
RNase Dicer forms a complex with TAR-binding
proteins to cleave pre-mRNA hairpins and generate
mature miRNAs or small noncoding RNAs of ap-
proximately 22 nucleotides in length. Functional
strands of mature miRNAs are loaded into the
RNA-induced silencing complex (RISC) together
with Argonaute proteins, and the RISC can induce
post-transcriptional silencing through mRNA
complementation. A decreased gene expression oc-
curs through the translational repression with or
without mRNA cleavage, depending on whether
the miRNA is fully or partially complementary to
the target mRNA. A deficiency or abnormal expres-
sion of the Dicer protein is associated with serious
developmental abnormalities, cardiovascular di-
seases, and cancer [47].

Biological defense

RNase T2, or omega-1 secreted by Schistosoma
mansoni eggs, can induce polarization of CD4" T
cells to Th2 through dendritic cells [48]. Interest-
ingly, omega-1 can alter the structure of the cyto-
skeleton and the function of dendritic cells after its
absorption by these cells. The inhibition of RNase
activity prevents the polarization of Th2 cells [48].

RNase L is an interferon-induced nuclease that,
upon activation, destroys all RNA within the cell.
RNase L is ubiquitously expressed not only in the
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immune system organs but also in the metabolic
tissues, such as the adipose tissues and skeletal
muscles [29]. Using mouse embryo fibroblasts de-
ficient in RNase L, it was reported that RNase L
controls adipocyte differentiation via regulating
the expression of CHOP-10, a negative regulator
of adipogenesis.

The RNase T2 family has been shown to selec-
tively cleave tRNA or rRNA under oxidative stress
[49]. The expression of RNase T2 increases in re-
sponse to tissue damage or oxidative stress [50, 51].
After tissue damage, RNase T2 is secreted and in-
volved in host resistance against viral RNA or
alarm signaling, tissue remodeling, and reparation
[2]. The specific fragments (tRFs), derived from
tRNA molecules, were found in the protein com-
plex ARGONAUTE (AGO) in humans and plants
[49]. RNase T2 participates in many physiological
processes, such as proliferation, ribosome bioge-
nesis, angiogenesis, apoptosis, and the regulation
of immune response [52]. The secretion of RNase
T2 is altered in many physiological and pathologi-
cal states, for example, autoimmune diseases and
cancer [53].

Immune defense

The components of the host’s immunity

RNase T2 prefers GU or AU bases in single-stran-
ded RNA, forming two nucleotide fragments
with adenosine or guanosine terminal 2’3’-cyclic
phosphate and uridine residue [19]. These cleavage
products fill both TLR8 binding pockets, activa-
ting the innate immune cells to express PRR
and pathogen-associated molecular structures
(PAMP) derived from pathogens or damaged
cells [54].

RNase 3 shares neurotoxic and antiviral activi-
ties with RNase 2 [55], but it has unique bacteri-
cidal properties [56]. RNase 3, along with its high
cationicity, has an aggregation-prone region that
promotes protein self-aggregation and mediates the
agglutination of bacterial cells. RNase 3 activation
and chemotaxis of fibroblasts may be involved in
tissue repair. Eosinophil degranulation is activated
by IL-5, leukotriene B4 (LTB4), platelet-activating
factor (PAF) [57], or the P13K/MAPK pathway [58].

RNase 4 is constitutively secreted into the urine,
and the neutralization of its antibacterial activity
with RNase 4-specific antibodies facilitates the
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propagation of uropathogenic E. coli. Possibly,
monocytes and macrophages are additional sources
of RNase 4 in the urinary tract [12, 59].

RNase 6 contributes to the mechanism of host
protection [60]. The RNase 6 in mice was detected
in monocytes and macrophages of the genitouri-
nary tract during E. coli invasion [15]. RNase 6 in
humans and mice has bactericidal activity against
gram-positive and gram-negative microorganisms.
The mechanism of RNase 6 antibacterial action re-
sembles RNase 3 in that it causes agglutination and
depolarization of membranes in gram-negative
bacteria.

RNase 7 activity of the skin is increased in chro-
nic inflammatory skin diseases such as atopic der-
matitis and psoriasis [61]. Both of these diseases
are characterized by infiltration of activated T cells
into the epidermis, where they release Th2 cytokines.

RNase 8 exhibited a broad spectrum of potent
antibacterial activity against various bacteria [62].
The high activity of RNase 8 indicates that this an-
timicrobial protein can contribute to innate immu-
nity and protect the body from infection. RNase 8
has prominent antibacterial activity and possibly
plays a role in amniotic sterility.

Dicer is an essential enzyme for the maintenance
of physiology [46]. It has an important role in the
processes of regulation of gene expression, DNA
damage response, cell growth and differentiation.
Dicer serves as a multifaceted guardian entity to
protect hosts by repressing viral replication and
mitigating symptom induction [63].

Immune modulation

RNase 7 functions as an immunomodulatory mo-
lecule, enhancing inflammation and chemotaxis in
acne and skin wound healing [64]. Finally, more
and more evidence suggests that RNase 7 acts as an
alarmin, turning its own DNA released from killed
host cells into a danger signal that rapidly activates
interferon genes and antimicrobial agents. RNase
7 acts as an immunomodulator, facilitates micro-
bial cleansing, and stimulates autoimmunity in
chronic inflammatory processes of the skin by fa-
cilitating the recognition of its own DNA by plasma
dendritic cells [65].

The transfection of the exogenous circular RNA
(circRNA), a product of the corresponding RNases,
into mammalian cells can effectively induce innate
resistance to a viral infection [66]. The endogenous
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circRNA tends to form incomplete RNA duplexes
and serves as an inhibitor of dnRNA-activated pro-
tein kinases (PKR) associated with innate immu-
nity [67]. During tumorigenesis, chromosomal
translocations can produce new aberrant circRNAs,
so-called f-circRNAs. They can be transmitted to
immunocytes and then induce an antitumor im-
mune response [67]. Some exosomal circRNAs
may function as tumor antigens, regulating antitu-
mor immunity. Exosomes can be easily detected in
serum and tissue fluids and used as potential tumor
biomarkers [68]. Along with circRNA-enriched
exosomes, exosomal circRNAs play a potential role
in modulating intercellular contacts and the cellu-
lar microenvironment [69]. Exosomal circRNAs
have been shown to play an important role in the
homeostasis and functioning of T-regulatory
(Treg) cells [70]. New data suggest that exogenous
circRNA may also act as potent adjuvants by indu-
cing T and B cell activity, antibody production,
and antitumor immunity [66].

To sum up, different types of RNases are rep-
resented by protein molecules with different
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[HCTUTYT eKCIlepyMeHTaIbHOI TAaTO/IOTi1, OHKOJIOT 1 paffio6ioorii
im. P.€. KaBenrbkoro HAH VYkpainn, Knis, Ykpaina

POJIb PUBOHYK/IEA3 ¥ PETYJIAIII IMYHHOT BIATTOBIT

Pub6onykneasu (PHKa3n) BukoHytoTh pisHOMaHiTHI $GyHKIIT B )XMBUX cucTeMax. Bonu BifnosifaooTs 3a popMyBaHHA
ta nponecuHr pisaux PHK, Bxmiouatoun mPHK Ta mikpoPHK, Ta BusHauaroTh TpuBanicTh icHyBaHH:A pisHux PHK
B K/IiTMHI Ta no3akniTuHHOMY cepeosuili. PHKasu excpecyroTbcs MoBCIOAHO B TKaHMHAX PisHUX TUIIB. B njbomy
cTUCIOMY orrAni posranyTo ocHoBHi Ty PHKas ta ixni ¢pynkuii, Brms PHKa3 Ha TpaHcKpumiio ta iMyHOMORY-
JIIOBAHHA, a TAKOX pojib no3akniTuHHNX PHKa3 B MexaHisMax iMyHHOTO 3aXuCTY.

Knrouosi cmoBa: PHKa3snu, romeoctarnyna GyHKIIis, BIVIMB HA TPAHCKPUIILIiIO, IMYHHUI 3aXVCT.
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