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ABSTRACT

Angiogenin is a small polypeptide consisting of 123 amino acids involved in the processes of angiogenesis and
tumorigenesis. This protein plays an important role in various physiological and pathological processes through the
regulation of cell proliferation, survival, migration, invasion, and differentiation.

The lecture presents data on angiogenin production and interaction with various proteins, describes mechanisms of
its action, and shows its biological role in angiogenesis and oncogenesis. The literature search was carried out in
the PubMed, Medline, Elibrary, Scopus, The Cochrane Library, and RSCI search engines.
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PE3IOME

AHTHOTEHUH — HEOOTBIIOH ONUNENTH T, COCTOSAIINI U3 123 aMUHOKHUCIIOT, BOBJICUCHHBIN B MPOIIECCHI AHTHOTCHE-
3a M OHKOTeHe3a. [laHHBIN OeIOK UrpacT BAKHYIO POJIb B PA3IHYHBIX (PU3MOJOTMICCKUX U MATOJOTHYECKHUX TPO-
reccax MoCpeCTBOM PETyJIISIMU NMPonudepaIiy, BEBDKAUBAHNS, MUTPALUH, HHBa3UU U TU(HEPEHIIMPOBKHU KICTOK.

B sexiuu npezcTaBieHsl JaHHBIE O MTOJTYYeHUH, B3aMMOIEHCTBIH aHTHOTeHHHA C PAa3InYHBIMU OEKaMHU, IPUBe-
JICHBI MEXaHU3MBI JICHCTBUS, MTOKa3aHa OHOJIOTWYECKas pOJib B aHTMOTE€He3e M OHKOreHe3e. [IOMCK JIHUTepaTyphl
OCYIIECTBIISUICS B TOMCKOBHIX cuctemax PubMed, Medline, Elibrary, Scopus, The Cochrane Library, PUHLI.

D4 Mikhalev Dmitry E., dm199412@gmail.com

bionneteHb cMbUpPcKo meanLmHbl. 2024; 23 (4): 169-176 169



Mikhalev D.E., Korotenko S.N., Lomovskikh A.Yu. et al.

Angiogenin: biological role, mechanisms of action, and participatio

KiroueBbie ciioBa: AHTMOTCHHH, aHT'MOI'€HE3, KAHIIEPOI'CHE3, OMOJIOrMYECKH aKTUBHEIC BEIICCTBA

KOH(I).]'IP[KT HHTEPECOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIIUAJIBHBIX KOH(bJ'II/IKTOB HUHTEPECOB,

CBA3aHHBIX C Hy6J'II/IKaIII/IeI71 HacTOHIJ.IefI CTaTbHU.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIIIOT 00 OTCYTCTBHM (\MHAHCHPOBAHUS IIPH NPOBEICHHH HUCCIENO0-

BaHUA.

Jnsa murupoBanus: Muxanes J[.E., Koporerko C.H., JlomoBckux A.1O., Baiinuk O./]. AHrHOTeHHH: OHOIOTHYe-
CKasl pOJIb, MEXaHH3MBI JISUCTBUS M y4acTHe B OHKOTeHese. brwoanemens cubupckou meduyunsl. 2024;23(4):169—

176. https://doi.org/10.20538/1682-0363-2024-4-169-176.

INTRODUCTION

Bioactive substances are essential for our bodies.
Since the beginning of the last century, scientists
have been trying to experimentally determine which
substances are responsible for tissue proliferation.
The discovery of growth factors in the late 1970s and
early 1980s prompted the scientific community to view
tissue repair processes in a new light [1-4]. A separate
direction in the study of growth factors has been their
influence on carcinogenesis [5, 6]. Some of these
factors were first isolated from malignant tumors [7, 8].

Currently, dozens of bioactive substances are
known to be involved in the proliferation and
migration of various cell types, including angiogenin
(ANG) [9-12].

MAIN PART

General information. ANG is a member of the
superfamily of ribonucleases (RNase 5) and is a
primary protein consisting of 123 amino acids,
with a molecular weight of 14.1 kDa. Ten types of
ANG have been identified in various mammals and
fish, each exhibiting specific biological activities.
Evidence suggests that ANG (RNase5) and
ribonuclease 4 (RNase4) represent the most ancient
forms of ribonucleases, which appeared in the earliest
vertebrates as part of a protective antimicrobial
system. ANG shares 33% sequence identity and 65%
sequence homology with pancreatic ribonuclease
(RNasel). A common feature of all ribonucleases
is their enzymatic activity toward ribonucleic acid
(RNA) [13].

The protein contains three domains, which serve
as distinct functional sites of biological activity [14,
15]: (a) cellular receptor binding site: it consists of
amino acid residues in the Lys60, Asn68, and Asn109
loop segments, allowing for binding to motor neurons
and endothelial cells [14]; (b) nuclear localization
sequence (NLS), comprising residues [le29-Leu35,

which facilitate nuclear translocation of ANG [14]; (¢)
catalytic site: it includes residues His13, Lys40, and
His114, which creates the catalytic center (P1), where
the phosphodiester bond cleavage occurs [16]. ANG
also has a pyrimidine base binding site (B1) and a
purine base binding site (B2). Blockage of the B1 site
partially explains why ANG reduces ribonucleolytic
activity. These structures are responsible for the
unique ribonucleolytic activity and diverse biological
functions of this protein [15].

Angiogenin production. Since the late 1980s,
scientists have been using various types of fungi as
producers of heterologous proteins [17]. Recently,
the methylotrophic yeast fungus of the Pichia
pastoris genus has gained popularity as a producer
of recombinant proteins. P. pastoris offers several
advantages over E. coli, such as a lack of protein
misfolding, a high level of recombinant protein
secretion into the extracellular space (which simplifies
the purification process), and the ability to perform
post-translational modifications of the produced
proteins [18].

Currently, a Russian patent has been granted for
the synthesis of a recombinant chimeric human ANG
protein using P. pastoris yeast culture [19].

The role of angiogenin in physiological processes.
In healthy individuals, the concentration of ANG in
blood plasma ranges from 274 to 496 ng / ml. Changes
in ANG levels depend on numerous factors, including
gender, age, and body weight. ANG concentrations can
fluctuate under various physiological conditions, such
as during different phases of the menstrual cycle and
pregnancy. Additionally, ANG levels may change due
to pathological processes of different etiology. This fact
is of great scientific interest and opens new horizons for
the early diagnosis of various diseases [20].

At the cellular level, ANG regulates proliferation,
migration, invasion, adhesion, and differentiation of
cells in various experimental cell models [21, 22].
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It has been established that the ANG receptor is
absent on the membrane of fused endothelial cells
in blood vessels and does not induce ribosome
biogenesis [23, 24]. However, high concentrations
of ANG in blood vessels stimulate vascular growth
and tissue repair in cases where endothelial cells
fail to fuse, thereby promoting wound healing when
vascular integrity is compromised [25]. Additionally,
hemodynamic forces are linked to the cell cycle
activity of endothelial cells, which tend to renew very
slowly in adult tissues [26]. Thus, plasma ANG may
control vascular homeostasis by maintaining the self-
renewal of endothelial cells.

Besides stimulating angiogenesis through the
activation of vascular endothelial and smooth muscle
cells, ANG acts as a trigger in processes, such
as tubular structure formation, cell proliferation,
invasion, and migration [27].

According to L.M. Cucci et al. (2021), copper
plays a significant role in ANG mechanism of action
[28]. Copper ions enhance and promote vascular
permeability as well as endothelial cell migration
and proliferation by interacting with several factors
involved in angiogenesis. Copper strengthens the
binding of ANG to endothelial cells and affects the
intracellular localization of the protein. L.M. Cucci et
al. (2021) also suggest that copper can modulate ANG
transcription [28].

Copper increases ANG expression in the HUVEC
cell line, indicating that an increase in the extracellular
copper level during angiogenesis may regulate ANG
levels [29].

Mechanisms of action and biological role of
angiogenin in angiogenesis. Several mechanisms of
ANG action in angiogenesis are known:

1. It exhibits ribonuclease activity.

2. ANG binds to cell receptors.

3. It induces basement membrane degradation.

4. ANG binds to a 170 kDa protein (ANG-binding
protein), subsequently transmitting a signal into the
cell cytoplasm.

5. ANG translocates to the nucleus of the target
cell, enhancing rRNA transcription [27].

Angiogenin-interacting  proteins.  The  first
identified ANG-binding protein is human placental
ribonuclease inhibitor (RNH1), a leucine-rich protein
with a mass of 50 kDa [29]. RNH1 and ANG have
extensive binding interfaces, with key contacts
involving the catalytic residue Lys-40 of ANG and
the C-terminal segment (434-460) of RNH1 [30].
The angiogenic and enzymatic activities of ANG are

inhibited by its binding to RNH1 [30]. The interaction
between cellular ANG and RNHI1 prevents accidental
cleavage of cellular RNA. RNHI has been found to
control the subcellular localization of ANG to regulate
cell growth and survival [30]. Several proteins interact
with ANG, affecting various cellular functions, such
as cell proliferation and survival, including follistatin
[31], histone H3 [33], four and a half LIM domains 3
(FHL3) [32], and ANG receptor expressed in human
endothelial cells [34], or syndecan-4 in astrocytes
[35]. ANG also plays a role in apoptosis regulation,
interacting with p53 [36], MDM2 [37], heat shock
factor 1 (HSF1) [37], and RNH1 [30]. Comprehensive
identification of ANG-interacting proteins may help
create interaction maps and further clarify its roles and
mechanisms.

Under stress conditions, secreted ANG accumulates
in the cytoplasm and nucleoli via a receptor-mediated
endocytosis  mechanism, activating  signaling
pathways, such as PI3K/AKT, SAPK/INK, and
ERK1/2 in various cells. The interaction between ANG
and cell surface complexes can lead to extracellular
matrix (ECM) degradation and activation of matrix
metalloproteinases (MMPs), supporting cell invasion
and migration. Cytoplasmic ANG, under stress, cleaves
tRNA to produce tiRNA, which inhibits translation
initiation by recruiting elF4G/A away from uncovered
mRNA via interaction with the YB-1 translation
silencer. ANG also promotes ubiquitination of p53 by
inhibiting p53 phosphorylation at serine-15, allowing
for subsequent binding to Mdm2. Furthermore, nuclear
ANG enhances mRNA and rRNA transcription under
growth conditions.

Cellular angiogenin regulates nucleic acid
metabolism

It has been established that secreted ANG
accumulates in nucleoli via endocytosis mechanisms
and promotes nucleic acid metabolism by facilitating
the transcription 0f47S pre-TRNA. This occurs through
its binding to ABE (ANG-B-indicating element)
and UCE (upstream control element) regions on the
promoter of ribosomal DNA (rDNA). Secreted ANG
increases the number of actively transcribing rDNA
units and participates in the assembly of the initiation
complex through epigenetic activation, involving
promoter methylation and histone modification [38].

Excess ANG in the nucleus has also been linked
to mRNA transcription regulation. ANG inhibits the
expression of ERRy by binding to the firstexonregion of
the estrogen-related receptor gamma (ERRy) [39]. For
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genome-wide screening and identification of mRNA
regulated by ANG, a chromatin immunoprecipitation
analysis was conducted, identifying a total of 699
genes. This analysis revealed that these genes
significantly enrich oncogenesis pathways. Given that
ANG binds to histone proteins and remodels histone
modifications, it likely acts as a chromatin remodeling
activator by regulating mRNA transcription.

ANG also plays a crucial role in tRNA metabolism
within the cytoplasm. Interestingly, tRNA was the
first molecule used for the enzymatic quantification
of ANG activity [39]. Recent studies have shown
that ANG degrades single-stranded 3°-CCA ends
of tRNA or the anticodon loop, producing tiRNA
(stress-induced small RNA derived from tRNA) in
response to stress (e.g., oxidative, hypoxic, or nutrient
deprivation stress) [40—42]. Modification of specific
tRNA anticodon loops (such as Val AAC, Gly GCC,
and Asp GTC) protects tRNA from ANG-induced
cleavage [42]. Additionally, RNH1 may regulate the
stress-induced subcellular localization of ANG to
control tiRNA production under stress conditions [42].

Angiogenin stimulates basement membrane
degradation

In the tumor microenvironment, extracellular
ANG can reach the surface of endothelial cells, where
it binds to actin and dissociates as a complex known as
AngBP [24, 43]. This complex initiates the synthesis
of plasmin from plasminogen [44]. ANG-induced
changes in the cytoskeleton include: alterations in the
physical properties of F-actin and inhibition of G-actin
polymerization; activation of the plasminogen / serine
protease system and the matrix metalloproteinase
(MMP) system, which are driven by the interaction
between ANG and surface-bound actin [43, 44].

ANG serves as a bridging molecule, facilitating
interactions with proteins, such as uPAR, A2, and the
S100-A10 complex, which are essential for plasmin
formation and cell migration at the interface of lipid
and non-lipid rafts in cell membranes [45, 46]. A
peptide has been identified (ANI-E) that inhibits
the interaction between ANG and actin, as well as
ANG-induced angiogenesis [43]. By activating the
fibrinolytic system in cells, ANG at concentrations >
100 ng / cm? enhances endothelial cell migration and
invasion. Additionally, ANG promotes the adhesion
of various target cells [44]. Thus, ANG contributes
to the degradation of the basement membrane and
ECM. Furthermore, cytoplasmic ANG optimizes the
assembly of stress fibers and the formation of focal

adhesions to facilitate cell migration by interacting
with B-actin, a-actinin-4, and non-muscle myosin
heavy chain 9 [43].

Angiogenin can maintain vascular homeostasis

As previously mentioned, ANG plays a crucial
role in both normal angiogenesis and tumor growth
by interacting with endothelial and smooth muscle
cells. ANG mediates the migration, invasion, and
proliferation of these cells, as well as the formation
of tubular structures. In addition to these functions,
ANG binds to actin in smooth muscle and endothelial
cells, initiating proteolytic cascades that produce
proteases, including plasmin, which facilitate the
degradation of fibronectin and laminin layers in the
basement membrane and ECM. This process supports
the migration of endothelial cells into the perivascular
tissue. Moreover, ANG activates extracellular signal-
regulated kinases 1/2 (ERK1/2) and protein kinase B/
Akt, which promote cell proliferation and invasion
of the basement membrane, further contributing to
angiogenesis. The nuclear translocation of ANG
is a critical step in angiogenesis, as it enhances the
transcription of ribosomal RNA (rRNA) by binding
to the CT-rich ANG-binding element (ABE). This, in
turn, activates other angiogenic factors that promote
the formation of new blood vessels.

Angiogenin in oncogenesis

Tumorigenesis is a multi-step process characterized
by genetic and epigenetic changes in tumor cells, as
well as the creation of supportive conditions in the
tumor microenvironment. It has been shown that ANG
influences almost all stages of oncogenesis, including
the stimulation of tumor cell proliferation, protection
of tumor cells from adverse survival conditions,
enhancement of tumor cell migration and invasion,
and induction of angiogenesis.

Solid tumor cells, under unfavorable conditions,
can reprogram gene expression to adapt to suboptimal
conditions, survive, and continue to grow. ANG, as one
of the stress-responsive proteins, significantly increases
in cell lines of lymphoma, cervical cancer, and human
malignant melanoma under hypoxic conditions [47—
49]. It has been established that hypoxia-inducible
factor-1 (HIF-1), which controls gene expression,
is both necessary and sufficient to activate ANG
expression in cells exposed to hypoxia [50].

ANG is secreted by tumor cells, promoting
the formation of the microenvironment, tumor
proliferation, and growth. This protein can constantly
move into the nuclei of tumor cells regardless of
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their density and contribute to proliferation [22].
Being one of the major angiogenic components of
microvesicles (MV), ANG is released by glioblastoma
and stimulates tube formation by endothelial cells
[51]. Hepatocellular carcinoma cells also secrete
ANG, inducing hepatic stellate cells and remodeling
the ECM composition [52]. Consequently, ANG
facilitates endothelial cell migration to the tumor by
degrading the ECM and the basement membrane.
Mast cells, accumulating in the tumor stroma, also
promote the release of ANG [20]. Another source of
ANG is MVs derived from mesenchymal stem cells
under hypoxic conditions, whose primary function is
the formation of new blood vessels [20]. It has been
shown that ANG induces vascular mimicry in HT1080
fibrosarcoma cells, promoting tumor angiogenesis and
metastasis through blood vessels [24].

Measuring ANG levels in blood serum is advisable
for assessing risk and predicting the progression of
various cancers. ANG serum levels vary depending
on the cancer stage, type, and treatment. For example,
elevated ANG levels in the serum of patients with
solid tumors have been associated with poor prognosis
[20]. It has been found that during the evolution of
prostate epithelial cells from a benign to an invasive
phenotype, ANG levels significantly increase [53].
There are ongoing discussions about the use of ANG
as a clinical marker for detecting tumor recurrence
and evaluating treatment efficacy.

The epithelial-mesenchymal transition (EMT) is a
process in which epithelial cells lose their apical-basal
polarity, change their phenotype to a mesenchymal
state, and exhibit decreased cell — cell adhesion. This
leads to increased adhesion to the ECM, acquiring
invasive and mesenchymal-like properties. In tissues of
squamous cell lung carcinoma, high ANG expression
was positively correlated with mesenchymal marker
expression and negatively correlated with epithelial
markers. Vimentin and TGF-B1 play an important role
in the EMT and are key regulators of mesenchymal
cell migration. ANG overexpression leads to
upregulation of vimentin, TGF-f1, and N-cadherin
and downregulation of E-cadherin and [-catenin,
indicating that ANG promotes lung cancer invasion
and metastasis by inducing the EMT [54].

ANGmay also contribute to tumor cell proliferation,
invasion, migration, and EMT by cleaving mature
tRNAs, forming tiRNAs, which influence cell
proliferation, apoptosis, gene expression, post-
transcriptional modification, kinase activity, and
translation [55].

ANG binds to receptors associated with vascular
endothelial cells, promoting tumor angiogenesis.
Specific binding of ANG to the receptor tyrosine
kinase (RTK) Tie-2 on the surface of endothelial
cells leads to phosphorylation and dissociation of
perivascular Sertoli cells. This facilitates the formation
of'vascular structural migration channels, as well as the
activation and migration of endothelial cells, vascular
remodeling, and the formation of new vascular
branches, which in turn increase blood perfusion flow
[56]. ANG induces angiogenesis in breast cancer tissue
by activating protein kinase B/Akt through binding
to its receptor (FHL3) on endothelial cells or by
entering cells via endocytosis and undergoing nuclear
translocation. Nuclear translocation of ANG is crucial
for angiogenesis initiated by other angiogenic factors
(e.g., vascular endothelial growth factor (VEGF)).
Indeed, if ANG is blocked, these factors may lose
their angiogenic function [57].

ANG is capable of regulating the sensitivity of
malignant tumors to radiation and chemotherapy.
Radiation can destroy blood vessels that supply the
tumor with nutrients and oxygen, playing a vital
role in cancer elimination [57]. Studies show that a
combination of radiation therapy and anti-angiogenic
drugs has a synergistic effect, and ANG inhibitors,
combined with radiation therapy, hold promise in
reducing recurrence rates after tumor radiotherapy and
improving survival [58-60]. However, the specific
molecular mechanisms behind this effect require
further clarification. Research has also shown that ANG
plays a role in resistance to radiation therapy (RT).
Using a set of RayBio human cytokine antibodies,
297 protein levels were simultaneously investigated,
and the conditioned media from HONE1 and HONE1-
IR-resistant nasopharyngeal carcinoma cells were
analyzed. ANG expression was significantly higher in
HONEI1-IR cells treated with 4 Gy radiation, which
induced radioresistance in nasopharyngeal cancer
cells and reduced both recurrence-free and overall
survival in nasopharyngeal cancer patients [61].

ANG is a ligand of the epidermal growth factor
receptor (EGFR) and can act as a biomarker for
predicting sensitivity to the EGFR tyrosine kinase
inhibitor erlotinib in patients with pancreatic cancer.
In this context, ANG is associated with decreased
sensitivity to erlotinib treatment both in vitro and
in vivo. In one patient cohort, high plasma levels of
ANG in pancreatic cancer patients were positively
correlated with the response to erlotinib treatment.
Q93 ANG is necessary for effective EGFR binding
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and activation. Activation of the ANG-EGFR axis
makes tumors more sensitive to erlotinib treatment,
while ANG knockdown reduces sensitivity to
erlotinib treatment and sustains colony formation and
cell viability [62].

CONCLUSION

ANG is a multifunctional protein with diverse
mechanisms of action. On the one hand, it actively
participates in cancer initiation and progression by
promoting tumor neovascularization and regulating
proliferation, invasion, migration, and therapy
sensitivity in various cancer types. On the other hand,
it acts as a reparative agent with anti-inflammatory
properties. The conditions under which ANG wound-
healing properties shift to oncogenic ones remain
unclear, offering prospects for further research in
fundamental oncology.
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