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Abstract. Angiogenin is a potent inducer of new blood vessel formation. It binds to high-affinity endothelial
cell-surface receptors and, with lower affinity, to extracellular matrix. Angiogenin is the only angiogenic factor
known to exhibit ribonucleolytic activity. It belongs to the pancreatic RNase superfamily of proteins. Angiogenin
isthe only member of the superfamily able to stimulate angiogenesis. Although the catalytic activity of the protein
is rather weak, it is critical for its angiogenic properties. Angiogenin is specifically endocytosed by endothelial
cells and transported to the nucleus, where it accumulates in the nucleolus. Also, the nuclear location of the
angiogenic factor appears to be necessary for its angiogenic activity. The mechanism of action of the protein
seems to be unusual, since it does not fit into the current paradigm of how exogenous regulatory polypeptides,
including other angiogenic factors, work. Here, the role of transport of angiogenin from the cell-surface into the

nucleolus and of its intracellular/nuclear mode of action in stimulation of angiogenesis is discussed.
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Complexity of Angiogenesis

Angiogenesis is the growth of new blood vessels,
namely the formation of new capillaries from existing
ones'> 3. This process is fundamental for differentia-
tion during embryogenesis and organ devel opment, and
in the healthy adult organism for processes involved in
wound healing and formation of the endometrium, cor-
pus luetum and placenta. Normal angiogenesis is self-
-limiting and strictly regulated. Persistent unregul ated
angiogenesis occurs under pathological conditions dur-
ing the progression of inflammatory arthritis, diabetic
retinopathy, psoriasis and cancer. It is very well do-
cumented that the invasive phase of solid tumor devel-
opment (rapid growth and ability to form metastasesin
different organs) beginswhen new blood vessel s appear
in the primary tumor, i. e. the transition from the pre-

vascular to the vascular phase of tumor growth'® 2,
Angiogenesis starts by local degradation of the vascular
basement membrane and interstitial matrix by endothe-
lia cells. Then endothelial cells migratein the direction
of the angiogenic stimulus. Subsequently, they prolife-
rate and form new capillary loops.

Angiogenesis depends upon a balance of angiogenic
simulators (e. g. VEGF, bFGF, aFGF, angiogenin, TNF-a
and TGF-(a/B) and inhibitors (e.g. trombospondin-1,
interferon a/pB, platelet factor-4, 16 kDa N-terminal
fragment of prolactin, angiostatin and endostatin)®2
The new blood vessel formation is actually a complex
of many processes involving a number of growth fac-
tors and cytokines responsible for differentiation, pro-
liferation, migration, adhesion and other events that are
necessary for angiogenesis to occur®’. Moreover, al of
these processes often have to act in a changing micro-
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enviroment of surrounding tissues. Their significant
role in the regulation of angiogenic processes has been
established in different in vitro and in vivo experimental
models, including athymic, transgenic and knockout
mice'2.

Angiogenin and Angiogenesis

Angiogenin has been recognized as a tumor-associ-
ated angiogenic factor. Originaly it was found in con-
ditioned culture medium from human colon adenocar-
cinoma cells as a potent inducer of new blood vessel
formation in the chicken embryo chorioallantoic mem-
brane (chick CAM assay) and rabbit cornea®. In addi-
tion, results of anti-angiogenin experimental therapy
have shown that it is an in vivo angiogenic factor® ° %,
It was found that the protein could easily stimulate
neoangiogenesis in tumors secreting it. It should be no-
ticed that the concentration of angiogenin and the level
of its MRNA are increased in cells of certain histologi-
cal types of human tumors*. Under physiological con-
ditions, angiogenin is present in milk and circulates in
human plasma at a concentration of about 300 ng/ml*> 8,
Its turnover rate is very fast, with a haf-life <5 min.
The high concentration of the protein in human plasma
is somewhat unexpected. Angiogenin can induce most
of the events necessary for the formation of new blood
vessals. It binds specificaly to endothelia cells and
stimulates cell migration and invasion. The protein is
able to promote cell proliferation and differentiation,
and it also mediates cell adhesion and activates cell-as-
sociated proteases™ > . The angiogenic factor in-
duces plasminogen activator and, thereby, the plasmin
system promoting migration and tubular morphogenesis
of endothelial cells.

Human angiogenin has been characterized as a he-
parin-binding protein as well. Studies performed on
HT-29 human colon adenocarcinoma cells and an-
giogenin suggest that the protein could aso be a sub-
strate for tumor cell adhesion®. It can bind to the tumor
cell proteoglycans and to endothelial cells aswell asto
their extracellular matrix, forming a connection be-
tween tumor cells and the endothelium.

Angiogenin is a 14.1 kDa, basic protein, which is
amember of the pancreatic ribonuclease superfamily*.
Human angiogenin resembles human pancreatic
RNase: their amino acid sequences are about 35%
identical, including the active site residues®*. An-
giogenin is the only member of the superfamily exhi-
biting angiogenic activity. The enzymatic, ribonucle-
olytic activity of angiogenin isrelatively weak, but it is
essential for its ability to induce angiogenesis'.
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Exogenous angiogenin is transported into the nucleus
of endothelial cells?®. The nuclear translocation results
in accumulation of the protein in the nucleolus. The
ability of angiogenin to be transported from the cell
surface into the nucleus and then to the nucleolus ap-
pears to be necessary for its angiogenic activity. These
observations concerning the nuclear localization and ri-
bonucleolytic activity make the mechanism of action of
the protein very unusual in comparison to many other
exogenous regulatory polypeptides able to induce sig-
nal transduction®® 14 31,

Specific Receptors and Signaling

Angiogenin binds specifically to the cell-surface of
endothelial cells. Beside proteoglycans, the protein in-
teracts with two specific binding sites/receptors: 1) en-
dothelial cell surface smooth muscle-type a/actin (or an
a-actin-like protein) (42 kDa, Ky = 5x1071° M)26: 19. 27
and 2) an endothelial cell-surface 170 kDa polypeptide
(K¢ not measured)®® 44, The 170 kDa membrane-asso-
ciated receptor appears on human endothelial cells
when they grow in very sparse cultures. It should be
noticed that, although angiogenin as such is a rather
weak stimulator of cell proliferation in vitro, it is able
to increase the level of both DNA synthesis and pro-
liferation of endothelial cells, but mainly in sparse cell
cultures (20-25% over control). Only under such con-
ditions is the 170 kDa protein detectable and does an-
giogenin exhibit specific binding to it8. Actin, anti-
-actin antibody or short peptides resembling angiogenin
binding sites on actin inhibit angiogenesis induced by
angiogenin in the chick CAM assay® %, They also
suppress the establishment of human distinct tumor
cells implanted into athymic mice as efficiently as
monoclonal anti-angiogenin antibody® 1° 34, Actin and
anti-actin antibody also inhibit the nuclear localization
of angiogenin?®. This suggests that the actin or actin-
-like protein found at the cell surface of endothelial
cellsis afunctional angiogenin signal-mediating recep-
tor. Although none of these receptors are similar to
receptors of other known growth factors and cytokines
able to induce proliferation or differentiation of endo-
thelial or other cells, the data available demonstrate that
the observed biologica activity of angiogenin can be
mediated by these two proteins. The role of 170 kDa
receptor in mediating angiogenin activity in vivo is not
clear and is under investigation. Angiogenin contains
two sites for specific binding to actin/actin-like protein,
namely residues 58-70 and 108-111* %, It should be
noticed that these residues are essential for its an-
giogenic activity, since mutated molecules with
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changes in these short sequences do not bind to actin
or actin-like protein at the endothelial cell-surface and
they are not active in vitro or in vivo. It must aso be
mentioned that it is not clear a all how actin can be
localized at the cell surface and that this is still con-
troversia.

It was also reported that copper and zinc increased
binding of the angiogenic factor to endothelial cells™.
Metal-ion affinity chromatography and atomic absorp-
tion spectrometry showed the direct interaction of the
protein with copper and zinc ions. Since copper is
a known modulator of angiogenesis in vivo, it may be
engaged in the regulation of angiogenin activity.

Binding of angiogenin to the cell surface of endo-
thelial cells leads to activation of phospholipase C
(PLC)* % and phospholipase A2 (PLA2)3. Activation
of PLA2 by angiogenin aso results in increased secre-
tion of prostacyclin by endothelial cells.

Nuclear Transport

It has been demonstrated in immunofluorescence
studies with anti-human angiogenin monoclona anti-
body that angiogenin is transported to the nucleus when
it is added to in vitro growing endothelia cells?®.
After binding to the cell-surface, human angiogenin is
internalized by receptor-mediated endocytosis and is
then localized in the nucleus (finally accumulating in
the nucleolus) of the proliferating (subconfluent) endo-
thelia cells. No nuclear angiogenin is detectable in the
nuclei of nonproliferative (confluent) cells. This indi-
cates that the transport of angiogenin to the nucleus/nu-
cleolus is specific to proliferating endothelial cells and
does not occur in confluent, nonproliferating cells.
Binding of exogenous angiogenin to specific binding
sites at the cell surfaceiscrucial for its endocytosis and
nuclear localization. Thus, angiogenin mutants unable
to bind specifically to endothelial cell-surface receptors
are not internalized and are not detectable in the nuclei
of treated cells™ 2 2,

Angiogenin contains a signal in its amino acid se-
guence mediating import of the molecules into the nu-
cleus. Such a signa, called the nuclear localization se-
guence (NLS), was found at the N-termina end of
human angiogenin — residues 31-35: RRRGL?. The
angiogenin NL S peptide (aNLS) issimilar to other NLS
peptides found in many nuclear proteins®®. When linked
to non-nuclear proteins, it isableto direct these proteins
towards the nucleus®. The import of angiogenin from
the cytosol to the nucleus is a saturable process, be-
cause the synthetic aNL S peptide as such inhibits the
nuclear transport of angiogenin and albumin-aNLS
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conjugate when added in excess to digitonin-per-
meabilized CPAE and HUAE cells® %, It might be
concluded that this inhibitory effect is due to titering
out a cytosolic nuclear import-mediated receptor by
synthetic aNLS peptides. Thus, the nuclear import re-
ceptor could not bind to the cargo (angiogenin) via its
NLS in order to bring it into the nucleus. Such a mech-
anism based on a NLS-receptor has already been de-
scribed for different nuclear proteins containing differ-
ent types of NLS?®. Moreover, when the R33A mutant
of the aNL S peptide was used instead, the nuclear im-
port of angiogenin and reported non-nuclear aNL S-con-
taining protein was not affected®®. As expected, the
R33A mutant of angiogenin was not imported to the
nucleus, either. However, when the wild type of aNLS
was crosslinked to the angiogenin R33A mutant, the
nuclear translocation and nucleolar accumulation were
restored®. Therefore, it appears that angiogenin NLS
belongs to the strong and classical type of NLS** %,
Deletion mutagenesis and reporter localization studies
with aNLS have defined the residue R33 as essential
for nuclear import. This residue is conserved in al
species analyzed. Since the aNLS is able to transport
non-nuclear proteins also to the nucleolus, it shows that
the angiogenin nuclear localization signal is a nucleolus
targeting sequence as well? 2 2 An important obser-
vation was the finding that translocation of angiogenin
to the nucleus in permeabilized endothelial cells does
not occur at 4°C%. This demonstrates that the import of
the angiogenic factor to the nucleus is most likely an
energy-dependent active transport mechanism, and that
it does not enter the nucleus by free diffusion, which in
principle could be the case, because of the low mole-
cular weight of the protein (ions, metabolites and mac-
romolecules smaller than 60 kDa can cross the nuclear
envelope by diffusion through channels provided by
nuclear pore complexes, the only known gates for nu-
cleocytoplasmic transport, located in the nuclear en-
velope®). All these findings imply that the import of
angiogenin from the cytosol to the nucleus is NLS-de-
pendent, carrier-mediated and energy-dependent, like
a large number of karyophilic macromolecules (pro-
teins and ribonucleoparticles) actively transported into
the nucleus™. Interestingly, it was recently reported that
activation of PLC is required for the nuclear trandoca-
tion of angiogenin, but not for its internalization™. Evi-
dence obtained in these studies also suggests that in-
hibition of PLC might lead to accumulation of the
protein in the cytosol with simultaneous decrease in
nuclear angiogenin. This indicates that import of the
protein from the cytosol to the nucleus is regulated by
angiogenin itself, since it activates PLC by binding to
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endothelial cell-surface receptors. So far, PLC is the
only known enzyme able to regulate nuclear transloca-
tion of the angiogenic factor. Inhibitors of tyrosine ki-
nases, phosphotyrosine phosphatases and protein kinase
C (PKC) did not inhibit nuclear translocation of an-
giogenin®®, but they can block the nuclear import of
a number of proteins involved in gene activation and
transcription?® %,

In nonpermeabilized endothelial cells, nuclear an-
giogenin was detectable when the angiogenic factor
was added to the cells at concentrations of 50-100
ng/ml. At these concentrations, the protein appeared in
the nucleus after 5-10 min and reached saturation level
after 3060 min of incubation at 37°C* %, This rapid
kinetic of the nuclear localization process of angiogenin
observed in immunofluorescent studies indicates an ef-
ficient transport mechanism of the protein from the
cell-surface to the nucleus or nucleolus.

Since angiogenin islocalized in the nucleus when it
is externally added to cells, the question arises as to
where the protein crosses the membrane in order to gain
access to the cytosol. Receptor-mediated endocytosis
and NLS-mediated nuclear import of angiogenin are
believed to be the first and last steps in the transport of
the protein from the cell surface into the nucleus. It
should be mentioned that transport of exogenous an-
giogenin to the nucleus of unpermeabilized endothelial
cellswas not affected by agents (col chicine, nocodasole
or taxol) disrupting the microtubular part of the cytos-
keleton?® %, This observation seems to be significant,
since transport of endocytosed ligands to early endo-
somes does not require an intact microtubule network,
whereas transport to late endosomes and lysosomes
does. Therefore, it may be concluded that translocation
of angiogenin across the membrane takes place during
the early steps of the internalization process, since the
transport of the protein from the cell-surface into the
nucleus does not depend on the cellular membrane traf-
fic mediated by microtubules. This suggests that the
early endosomes may be the place where the protein
crosses the membrane in order to enter the cytosol.
Treatment of endothelial cells with lysosomotropic
agents such as chloroquin, ammonium chloride and ba-
citracin, which decrease the degradation potential of
lysosomes by increasing the internal pH, or by leupep-
tine, an inhibitor of the main lysosoma protease ca
thepsin B, did not significantly change the efficiency of
nuclear transport of endocytosed angiogenin®. Thus,
lysosomal functions are most likely not involved in this
process. Although these data provide some evidence
that trandocation of angiogenin to the cytosol takes
place in early endosomes, direct proof remains to be
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obtained. It is not excluded that cytoskeleton-inde-
pendent vesicular transport between different compart-
ments, including the nucleus can exist. In any event,
wherever and however angiogenin crosses the mem-
brane or is delivered by intracellular vesicles directly
to the nucleus, it must be a strictly regulated process,
because the protein can be cytotoxic when provided in
excess into cells*.

Intranuclear Mode of Action

Although the catalytic site of the angiogenic factor
is not required for nuclear localization to occur, it is
critical for its angiogenic properties. Angiogeninisari-
bonucleolytic enzyme, but its specificity and potency
differ markedly from other members of the pancreatic
ribonucleases™ 1 #4, It is probably due to the lack of
one of the four-disulphide loops of RNase A. Instead,
the corresponding residues of the angiogenic factor
form part of the cell-surface binding region™ * ¢
A number of studies have provided evidence that the
catalytic activity of angiogenin is a crucial component
of the molecular mechanism of how angiogenin induces
neovascularization. A specific substrate for angiogenin
has still not been identified. On the other hand, an-
giogenin, or its proteolytic fragment containing mainly
the catalytic site both show ribonucleolytic activities
toward tRNA*, 28S and 18S rRNA and dinucleoside
phosphates™ ** %, Therefore, it seems reasonable to
believe that the putative substrate is localized in the
nucleolus, where angiogeninisfinally located. It should
be noticed that the nucleolus not only contains riboso-
mal RNA, but, as has recently become evident, several
nonribosomal RNA processing and assembly functions
are aso located there. If so, it is not excluded that
a different kind or kinds of RNA present in this intra-
nuclear structure might be a potential specific target for
the catalytic action of angiogenin. It must be kept in
mind that angiogenin mutants with destroyed NL S have
full enzymatic activity and the capacity to bind to their
receptors at the cell surfaces of endothelial cells. They
are endocytosed (and possibly transocated into the cy-
tosol), but they do not localize in the nucleus/nucleolus
and they do not induce angiogenesis in the chick CAM
assay® %, Together, this demonstrates that the ribonucle-
olytic activity of the protein acting in an appropriate intra-
cellular location might berequired for its angiogenic activity.

Evolutionary Implications

The transport of regulatory polypeptides from the
exterior of the cell into the cytosol/nucleoplasm has
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been controversial, since it does not fit well into the
current paradigm of how growth factors or growth fac-
tor-related proteins work™ # 3!, These proteins have
been recognized as regulatory agents operating at the
cell surface inducing phosphorylation cascades and
other second messengers without the capability of
penetrating through the hydrophobic barrier of the cel-
lular membrane to enter the cytosol/nucleoplasm,
where they could exert additional activity. Consistent
with this, a ligand-receptor complex is internalized by
receptor-mediated endocytosis and finally degraded in
the lysosomal compartment or recycled back to the cell
surface. Apart from bacterial and plant protein toxins?,
there are only a few examples of exogenous proteins
(see below), where transport from the cell-surface into
cells has been convincingly proved, although in most
cases the molecular mechanisms as well as the place of
membrane transl ocation are not well defined. Recently,
an increasing amount of evidence has been accumu-
lated demonstrating that some growth factors or growth
factor-like proteins can, at least in certain cells, be
transported from the cell-surface into the nucleus
(aFGF, bFGF, IL-1a, Schwannomaderived growth fac-
tor, HIV-Tat protein, Antennapedia homeoprotein, lac-
toferrin and heregulin are some examples)? > 22 3 38
40, 43, 4648 This indicates that some proteins can act in
different cellular compartments and likely exhibit dis-
tinct action therein.

It has already been hypothesised that the transport
of different angiogenic factors into the nucleus/nucleo-
lus of endothelial cellsisan essential step in the mecha-
nism of angiogenesis® *. According to this hypothesis,
angiogenic factors not only signal to the nucleus by the
activation of intracellular messengers®, but also by the
direct transport of themselves into the nucleus®. How-
ever, among angiogenic polypeptides, only in the cases
of bFGF, aFGF and angiogenin has nuclear transport
been convincingly shown®, So far, thereis no convinc-
ing evidence that VEGF, TNFs, TGFs and others can
be transported from the exterior of the cell into the
nucleus. Therefore, the nuclear transport appearing as
specific to a few angiogenic factors is not easy to un-
derstand in the context of current knowledge concern-
ing signal transduction as well as protein membrane
trand ocation mechanisms. Apparently, certain growth
factors and related polypeptides are able to make such
ajourney from the cell-surface to the nucleus, but the
rest of them probably are not. If so, it is tempting to
speculate that this may reflect a step in evolutionary
development from intracellular factors operating in the
nucleus, targeting directly from the cytosol to some
regulatory sites on the genome, for instance, to exogen-
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ous growth factors and cytokines. Such a fully intra-
crine pathway of cellular (intracellular) signaling has
been recognized in the case of the single-cell euka-
ryote®. Therefore, those polypeptides which are able to
enter cellsand, in parallel, induce phosphorylation cas-
cades as a consequence of activation of specific cell-
surface receptors might represent a sort of intermediate
in evolution from fully intracellularly acting proteinsto
exclusively extracellularly operating growth factors,
cytokines and protein hormones, which have lost the
capability of being transported to the nucleus. Polypep-
tide agents with such a dual mode of action might still
be well integrated into the regulatory systems present
in a highly organized multicellular organism. Although
the proposed phylogenesis of polypeptide growth fac-
torsis very speculative, it might be interesting to con-
sider it, because it may help to understand why some
of the exogenous regulatory proteins can be detected in
nuclei of mammalian cells. Perhaps nuclear transport is
not a necessary event in the stimulation of angiogenesis
for al of the known angiogenic factors (since they
might be able to evoke similar effects using different
mechanisms). Finally it should be noticed and con-
sidered that: 1) HIV-Tat protein and Antenapedia ho-
meoprotein are examples of leaderless secretory tran-
scription-like factors, which have been shown to reach
the nucleus of target cells when added exogenously®;
2) aFGF can enter the nucleus as an endogenous and as
exogenous protein. This growth factor contains a NLS,
and at least its import from the cytosol to the nucleus
is dependent on it. The transport of aFGF from the
cell-surface to the nucleus requires binding to FGF ty-
rosine-kinase receptors and the presence of the aFGF
NLS as well. Binding of the growth factor to specific
receptors also induces phosphorylation cascades and
expression of early genes*®8; 3) bFGF is synthesised
in four different forms, generated by alternative initia-
tion of trandation (18, 20, 22, 24 kDa)®. Only the 18
kDa bFGF is released from cells producing it and, as
an exogenous protein, it aso bindsto the FGF tyrosine-
kinase receptor, activating second messengers and the
transcription of early genes, while high molecular
forms of the growth factor are detectable exclusively in
the nucleus as endogenous proteins. The 18 kDa form
of bFGF isa so transported to the nuclear compartment,
but only as an exogenous protein, so export from the
cell, prior to nuclear transport, seems to be required for
its nuclear localization* “. An interesting feature of
aFGF and bFGF aswell asof HIV-Tat and Antenapedia
homeoprotein isthat all of them are produced as |eader-
less proteins, like other cytosolic and nuclear polypep-
tides. Therefore, the export mechanism for these poly-
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peptides appears to be different from the classical ER-
Golgi secretory pathway® " 2,

It seems that angiogenin might also be included in
this category of exogenous regulatory polypeptides
with an intracellular mode of action. Because of its
enzymatic activity®? and threedimensional relationship
to ribonuclease A, the protein might be another import-
ant example of the origin of extracellularly acting
growth factor-like polypeptides from fully intracellu-
lar/nuclear forms.

A Possible New Therapeutic Target

It is believed that neoangiogenesis can be a very
promising target for anticancer therapy that might protect
againgt the invasive phase of tumor development* 1°,
Since angiogenin is an important player in the regula-
tion of the growth of new blood vessels, it is therefore,
reasonable to utilize the intracellular steps of an-
giogenin action as new targets for the therapeutic pur-
pose of preventing pathological angiogenesis. The
study already mentioned™ can be an example of such
an approach, although additional control experiments
and techniques that are more advanced concerning de-
tection of nuclear angiogenin could still improve it.
Hence, as was reported, an aminoglycoside antibiotic,
i. e neomycin, interfering with the activity of PLC,
was able to inhibit angiogenin-induced angiogenesisin
the chick CAM assay through its inhibition of the nu-
clear tranglocation of angiogenin in endothelial cells.
Neomycin did not inhibit the ribonucleolytic activity of
the protein even at high concentration (50 pM), in the
presence of which the angiogenic activity was aready
abolished. In the CAM assay 20 ng of the antibiotic per
egg inhibited de facto angiogenin-induced angiogen-
esis. This indicates that the mechanism of the nuclear
transport of angiogenin is a promising therapeutic tar-
get and it should not encounter the difficulties associ-
ated with circulating angiogenin. On the other hand, the
quoted studies may indicate that it is possible to de-
velop neomycin and/or its analogs as anti-angiogenin
therapeutic agents.
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