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Abstract Human angiogenin is translocated to the nucleus of human umbilical vein endothelial cells in a
time-dependent manner. Exogenous angiogenin appears in the nucleus in 2 min, reaches saturation in 15 min when
85% of the internalized angiogenin is in the nuclei, and remains associated with the nucleus for at least 4 h. Endothelial
cells cultured at low density have a much higher capacity to translocate angiogenin to the nucleus than do those
cultured at high density. This observation is consistent with previous findings that both the ability of endothelial cells to
proliferate in response to angiogenin and the expression of an angiogenin receptor on the cell surface depend on cell
density. Nuclear 125I-angiogenin is not degraded and is neither spontaneously dissociated nor replaced by unlabeled
angiogenin. It is, however, released by deoxyribonuclease I, but not by ribonuclease A, suggesting that angiogenin binds
to DNA in the nucleus. These results suggest that in addition to acting as a ribonuclease, angiogenin may play a role in
regulating gene expression by direct binding to DNA. J. Cell. Biochem. 76:452–462, 2000. r 2000 Wiley-Liss, Inc.

Key words: human angiogenin; angiogenesis; human endothelial cells; nuclear translocation; cell density

Angiogenin belongs both to a class of direct
inducers of angiogenesis [Bussolino et al., 1997]
and to the ribonuclease superfamily [Riordan,
1997]. Its angiogenic activity relies on its inter-
action with endothelial cells, as well as on its
activity as a ribonucleolytic enzyme [Shapiro et
al., 1986]. Angiogenin is pleiotropic to endothe-
lial cells. It binds to a 170-kDa receptor [Hu,
1997] and to a 42-kDa binding protein [Hu et
al., 1993] on the endothelial cell surface, in-
duces cell proliferation [Hu, 1997], activates

cell-associated proteases [Hu and Riordan,
1993], and stimulates cell migration and inva-
sion [Hu et al., 1994]. It also mediates cell
adhesion [Soncin, 1992] and promotes tube for-
mation by cultured endothelial cells [Jimi et al.,
1995]. All these individual cellular events are
necessary components of the process of angio-
genesis. Intervention at any of these steps would
provide a means to control the activity of angio-
genin. Indeed, the cytosolic ribonuclease inhibi-
tor, which abolishes the ribonucleolytic activity
of angiogenin [Shapiro and Vallee, 1987], and
the cell surface binding protein of angiogenin,
as well as anti-angiogenin monoclonal antibod-
ies, are all potent antagonists of its angiogenic
activity [Hu et al., 1993].

A striking feature of angiogenin is that it
normally circulates in human plasma with a
concentration range of 250–360 ng/ml [Bläser
et al., 1993; Shimoyama et al., 1996]. In mouse
plasma, it has a half-life of ,5 min [Vasandani
et al., 1996]. The plasma concentration rises in
a number of pathological conditions and in pa-
tients with a variety of tumors [Li et al., 1994;
Shimoyama et al., 1996; Barton et al., 1997;
Chopra et al., 1997, 1998]. The presence of
angiogenin in plasma suggests, on the one hand,
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that it plays an important role under normal
physiological circumstances but, on the other
hand, that attempts to neutralize it to control
unwanted angiogenesis might be both compli-
cated and inefficient. The identification of
nuclear translocation of angiogenin in endothe-
lial cells and the demonstration of its necessity
for angiogenesis [Moroianu and Riordan,
1994a,b] provide several additional opportuni-
ties for controlling the activity of angiogenin.
Inhibitors that target the process of nuclear
translocation would not encounter the poten-
tial problems caused by circulating angiogenin
in plasma. Since translocation of angiogenin
from the exterior of the cell to the nucleus is a
multistep process that involves internalization,
transport across the cytoplasm, and entrance
into the nucleus, blocking any one of these
steps would result in inhibition of nuclear trans-
location as well as cell proliferation and angio-
genesis. Neomycin, an aminoglycoside antibi-
otic, has been shown to block nuclear
translocation of angiogenin in endothelial cells,
thereby abolishing its angiogenic activity [Hu,
1998].

Internalization of angiogenin by endothelial
cells is energy- and temperature-dependent,
suggesting receptor-mediated endocytosis [Mo-
roianu and Riordan, 1994a]. Transport of inter-
nalized angiogenin across the cytoplasm seems
to involve an endosomal route that is indepen-
dent of the microtubule network and lysosomal
processing [Li et al., 1997]. A nuclear localiza-
tion sequence (NLS) has been identified on an-
giogenin and shown to be necessary for nuclear
translocation and angiogenesis [Moroianu and
Riordan, 1994c). Angiogenin variants with an
altered NLS have full ribonucleolytic activity
and capacity to bind to the endothelial cell
surface, but they do not undergo nuclear trans-
location and are not angiogenic [Moroianu and
Riordan, 1994a]. Requirement of an NLS sug-
gested that translocation of angiogenin to the
nucleus occurs by a classic nuclear pore route
and is mediated by an NLS-binding protein.
Despite the preliminary knowledge outlined
above, very little is known about the details of
the process by which angiogenin is endocy-
tosed, transported to the nuclear membrane,
released into the nucleus, localized to the nucleo-
lus, and bound to its ultimate target molecules.

It is also unknown what angiogenin does in
the nucleus. It seems that angiogenin exerts its
characteristic ribonucleolytic activity upon its

arrival in the nucleus. Recently, a DNA aptamer
for angiogenin was obtained by a screening
procedure known as ‘‘systematic evolution of
ligands by exponential enrichment’’ and was
shown to inhibit both the ribonucleolytic and
angiogenic activities. Interestingly, this aptamer
is co-translocated to the nucleus of endothelial
cells with angiogenin, suggesting that it exer-
cises its inhibitory activity in the cell nucleus
[Nobile et al., 1998].

Understanding the mechanism of nuclear
translocation of angiogenin in endothelial cells
might lead to the design of more efficient angio-
genesis inhibitors. We have begun to address
these issues by establishing a quantitative as-
say for nuclear translocation of angiogenin in
human endothelial cells by means of ligand
iodination and subcellular fractionation. This
has allowed us to characterize the kinetics of
nuclear translocation, subcellular distribution,
and dissociation of nuclear angiogenin.

MATERIALS AND METHODS
Materials

Angiogenin was prepared as a human recom-
binant protein [Shapiro et al., 1988]; acidic
fibroblast growth factor (aFGF) and basic fibro-
blast growth factor (bFGF) were from Promega
(Madison, WI); human endothelial serum-free
medium (HE-SFM) was from G-BRL-Life Tech-
nologies; fetal bovine serum (FBS) was from
Hyclone (Logan UT); excellulose GF-5 desalt-
ing columns and Iodo-Beads iodination re-
agents were from Pierce (Rockford, IL); Na125I
(17.4 Ci/mg) and methyl-3H- thymidine (6.7 Ci/m
mol) were from Dupont/NEN; heparin (MW
6,000), ribonuclease A (RNase A), deoxyribo-
nuclease I (DNase I) and micrococcal nuclease
were from Sigma Chemical Co. (St. Louis, MO);
complete protease inhibitor cocktail was from
Boehringer-Mannheim (Indianapolis, IN).

Cell Culture

Human umbilical vein endothelial (HUVE)
and human umbilical artery endothelial
(HUAE) cells were purchased from Cell Sys-
tems as primary cultures isolated from human
umbilical veins and arteries, respectively. The
cells were cultured in HE-SFM supplemented
with 10% FBS and 10 ng/ml bFGF at 37°C
under 5% humidified CO2 and were split 1:4 for
subculture. Cells between passages 5 and 10
inclusive were used for all experiments. Cell
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numbers were determined with a Coulter
counter, and cell viability was measured by the
trypan blue dye exclusion assay.

Iodination of Angiogenin

125I-angiogenin was prepared with the use of
Iodo-beads. One Iodo-bead was added to 175 µl
of 0.114 M phosphate buffer, pH 6.5, containing
0.5 mCi Na125I and incubated at room tempera-
ture for 5 min. Angiogenin, 50 µg in 25 µl H2O
was added, and the mixture was incubated at
room temperature for another 15 min. The reac-
tion was terminated by removing the Iodo-
bead, and iodinated angiogenin was separated
from free iodine by a GF-5 desalting column
equilibrated in 0.1 M phosphate buffer, pH 6.5.
Fractions of 0.5 ml were collected, and the
radioactivity in each fraction was determined
with a gamma counter. Angiogenin iodinated
by this procedure has a specific activity of 1–2 3
106 cpm/µg and contains 5–6% dimeric form, as
demonstrated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
autoradiography. The areas corresponding to
the monomeric and dimeric forms of 125I-angio-
genin were incised and radioactivities deter-
mined by a gamma counter.

Cell Proliferation

Cells were seeded in attachment factor (from
Cell Systems Corp.)-coated 35-mm dishes in
HE-SFM at 5 3 103 cells/cm2. Angiogenin
samples (1 µg/ml) were added immediately af-
ter the cells were seeded. The cells were incu-
bated at 37°C in humidified air containing 5%
CO2 for 48 h. At the end of this time, the
medium was aspirated and the cells were
washed once with 1 ml phosphate-buffered sa-
line (PBS) and detached with 0.25 ml of trypsin-
versene (0.05%) solution. Cell numbers were
determined with a Coulter counter.

Nuclear Translocation

Cells were seeded at 5 3 103/cm2 in 35-mm
dishes and cultured in HE-SFM supplemented
with 20 ng/ml bFGF at 37°C under 5% humidi-
fied CO2 for 24 h. The cells were washed three
times with prewarmed (37°C) HE-SFM and in-
cubated with angiogenin (50 ng to 1 µg/ml) at
37°C for 30 min. Immunofluorescent staining of
nuclear angiogenin was performed as described
previously [Moroianu and Riordan, 1994a].

Briefly, fixed cells were washed 3 times with
phosphate-buffered saline containing 30 mg/ml
bovine serum albumin (BSA) for 10 min at 37°C
and incubated with 50 µg/ml of anti-angiogenin
monoclonal antibody in PBS containing 5 mg/ml
BSA at 37°C for 1 h. The cells were then washed
5 times with PBS 1 5 mg/ml BSA at 37°C and
incubated with fluorescein isothiocyanate-la-
beled goat F(ab8)2 anti-mouse IgG at 1:100 dilu-
tion in PBS 1 5 mg/ml BSA for 1 h at 37°C.
After incubation, the cells were washed 5 times
with PBS 1 5 mg/ml BSA, once with PBS and
then mounted in 50% glycerol. Fluorescence
was observed with a Nikon Labphot fluorescent
microscope. Photographs were taken with a
Nikon AFX-II autoexposure system. When 125I-
angiogenin was used, the cells were washed 3
times with PBS after incubation. Membrane-
bound 125I-angiogenin was dissociated by wash-
ing with PBS, pH 3.0; cytosol-accumulated 125I-
angiogenin was collected by solubilizing the
cells with 0.5% Triton X-100 in PBS, pH 7.5;
distilled H2O was added to the remaining mate-
rial (nuclei 1 extracellular matrix) and the
swollen nuclei were separated from extracellu-
lar matrix by gentle pipetting. Nuclei isolated
by this method are essentially free of extracellu-
lar matrix [Savion et al., 1981]. However, since
125I-angiogenin is known to bind extracellular
matrix components [Badet et al., 1989], an alter-
native method was also used to obtain the
nuclear fraction to ensure that the nuclei iso-
lated were not contaminated by 125I-angiogenin
dissociated from extracellular matrix. Cells
were detached by scraping with a rubber cell
scraper and centrifuged at 800g for 5 min. The
cell pellets were washed once with cold PBS
and lysed with 0.5% Triton X-100 in PBS con-
taining 31 complete protease inhibitor cocktail
at 4°C for 30 min. The cell solubilizates were
centrifuged at 1,200g to pellet the nuclear frac-
tion that was washed twice with PBS. Radioac-
tivity in each fraction was determined with a
gamma counter. The integrity and quality of
the nuclei were evaluated by light microscopy.
Similar results were obtained with the two
nuclei isolation procedures.

RESULTS
Angiogenin Is Translocated to the Nucleus

of HUVE Cells

HUVE cells were chosen for this study be-
cause they are relatively easy to culture and
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have been shown to be most responsive upon
stimulation of exogenous human angiogenin
[Hu et al., 1997]. Nuclear translocation of hu-
man angiogenin in HUVE cells was first visual-
ized by indirect immunofluorescence. Immuno-
fluorescent staining with an anti-angiogenin
monoclonal antibody showed that exogenous
angiogenin accumulates in the nucleus of prolif-
erating HUVE cells after 30-min incubation at
37°C (Fig. 1). No nuclear angiogenin was de-
tected in controls that were not exposed to
exogenous angiogenin or were stained with a
nonimmune monoclonal antibody (data not
shown).

Nuclear Translocation of Angiogenin in HUVE
Cells Is Rapid

A more quantitative assay would be neces-
sary to characterize the translocation kinetics,
subcellular distribution of internalized angio-
genin, and dissociation of nuclear angiogenin.
These issues are pertinent to the mechanism of
nuclear translocation and were addressed by
means of ligand iodination and subcellular frac-
tionation. We first established that iodinated
angiogenin behaves in the same manner as

unlabeled angiogenin in cell proliferation as-
says. Angiogenin-induced cell proliferation in-
volves binding of angiogenin to its receptor,
propagation of proper intracellular signals, as
well as nuclear translocation of angiogenin and
is, therefore, an appropriate measure of the
biological function of angiogenin. Table I shows
that both 125I- and 127I-angiogenin actively in-
duce HUVE cell proliferation. Cell number in-
creases induced by 1 µg/ml of 125I- and 127I-
angiogenin are 34% and 38% over the control,
respectively, not significantly different from the
26% increase induced by the same concentra-
tion of unlabeled angiogenin.

Having demonstrated that endothelial cells
do not distinguish between iodinated and unla-
beled angiogenin, we determined the time
course of nuclear translocation of angiogenin in
HUVE cells by the use of 125I-angiogenin. As
shown in Figure 2, exogenous angiogenin rap-
idly translocates to the nucleus of HUVE cells
in a time-dependent manner. Nuclear 125I-
angiogenin was detected after 2-min incuba-
tion, increased progressively, reached a maxi-
mum at 15 min, and remained unchanged for at
least 4 h.

Fig. 1. Immunofluorescent detection of
nuclear angiogenin in human umbilical vein
endothelial (HUVE) cells. Cells were incu-
bated with 1 µg/ml of human angiogenin for
30 min at 37°C and immunostained with anti-
angiogenin monoclonal antibody 26-2F and
fluorescein isothiocyanate-labeled goat F(ab8)2
anti-mouse IgG. 3100.

TABLE I. Mitogenic Activity of Iodinated Angiogenin*

Control Angiogenin 125I-Angiogenin 127I-Angiogenin

Cell number 45,900 6 1,700 57,600 6 1,500 61,300 6 2,800 63,200 6 3,100
% of control 100 126 134 138

*Human umbilical vein endothelial (HUVE) cells, seeded at 50,000 cells per dish on attachment factor-coated 35-mm dishes
in HE-SFM and stimulated with various forms of angiogenin (1 µg/ml) at 37°C for 48 h [Hu et al., 1997]. Cells were released by
trypsinization and cell numbers were determined with a Coulter counter. Data are the mean of quadruplicates from one of the
two repeated experiments.
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Nuclear Translocation of 125I-Angiogenin
Depends on Cell Density

Endothelial cells express an angiogenin recep-
tor and respond to exogenous angiogenin only
when they are in sparse culture [Hu et al.,
1997]. We investigated the effect of cell density
on nuclear translocation by measuring the
amount of nuclear angiogenin in the cells cul-
tured under various densities. As shown in
Table II, the ability of HUVE cells to translo-
cate angiogenin to the nucleus decreases as the
cell density increases. Cells cultured at a den-
sity of 20,000 cells per cm2 have only 10% of the

radioactivity of those cultured at 5,000 cells per
cm2. These results confirm the previous observa-
tions that nuclear translocation of angiogenin
involves binding to its receptor on the cell sur-
face and that nuclear translocation is required
for angiogenin to induce cell proliferation. We
also found that nuclear translocation of angio-
genin is largely diminished when the cells were
cultured in the presence of 10% FBS (Table III).
FBS has been shown to inhibit angiogenin-
induced 3H-thymidine incorporation and prolif-
eration of HUVE cells [Hu et al., 1997].

Subcellular Distribution of Angiogenin
in Endothelial Cells

Table IV shows that after a 30-min incuba-
tion, up to 85% of the cell-associated 125I-
angiogenin is found in the nuclear fraction both
in HUVE and in HUAE cells. Little angiogenin
is in the cytosolic fraction, suggesting that an-
giogenin is not released into the cytosol after
internalization. The transport machinery is de-
signed such that angiogenin is not trapped in
the cytosol, where a tight binding protein for
angiogenin—ribonuclease inhibitor—exists.
These data are in agreement with our previous
results, which showed that angiogenin is trans-
ported from the cell surface to the nucleus in a
lysosome- and microtubule-independent man-
ner [Li et al., 1997].

Fig. 2. Nuclear translocation of angiogenin is rapid. Human
umbilical artery endothelial (HUAE) cells, 100,000 cells per
35-mm dish, were cultured in CS-5.0 for 20 h, washed once
with human endothelical serum-free medium (HE-SFM) and
continued in culture in HE-SFM for another 20 h. 125I-angio-
genin, 200 ng/ml, was added to the cells and incubated for
different periods of time. Nuclear fractions were isolated and
radioactivity was determined. The radioactivity at 60 min was
considered as 100%. Data shown are means of duplicates.

TABLE II. Nuclear Translocation of
125I-Angiogenin Is Cell Density Dependent*

Density
(cells/cm2) Cell No.

Nuclear
125I-angiogenin

(cpm)

Nuclear
125I-angiogenin

per 103 cells
(cpm)

5,000 50,000 3,200 6 200 64
10,000 100,000 2,530 6 300 25
15,000 150,000 1,900 6 200 13
20,000 200,000 1,300 6 10 6.5

*Human umbilical vein endothelial (HUVE) cells, at differ-
ent densities, were incubated with 1 µg/ml 125I-angiogenin
at 37°C for 30 min. Nuclear fractions were isolated, and
125I-angiogenin was determined with a gamma counter.
Data shown are means and ranges of duplicates of each
sample in a representative experiment.

TABLE III. Effect of Culture Conditions on
Nuclear Translocation of Angiogenin*

Culture condition

Nuclear
125I-angiogenin

(cpm)

CS-5.0a 110 6 20
HE-SFM 1 10% FBS 1

20 ng/ml bFGF 590 6 10
HE-SFM 1 20 ng/ml bFGF 3,000 6 400

HUVE, human umbilical vein endothelial; HE-SFM, hu-
man endothelial serum-free medium; FBS, fetal bovine
serum; bFGF, basic fibroblast growth factor; aFGF, acidic
fibroblast growth factor.
*HUVE cells, seeded at 50,000 per 35-mm dish, were cul-
tured under the conditions indicated, at 37°C 24 h, washed
with prewarmed HE-SFM (37°C) three times and incu-
bated with 1 µg/ml 125I-angiogenin for 30 min at 37°C in
HE-SFM. Nuclear fractions were isolated, and radioactivi-
ties were determined with a gamma counter. Data shown
are means and ranges of duplicates of each sample in a
representative experiment.
aComplete medium for human endothelial cells from Cell
Systems containing 10% FBS, 50 ng/ml aFGF, and 50 µg/ml
heparin.
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Nuclear 125I-Angiogenin Is Intact

SDS-PAGE and autoradiography analysis
show that the predominant species of nuclear
angiogenin has a molecular weight of 14 kDa
(Fig. 3). Nuclear 125I-angiogenin appears to be
identical among the nuclear fractions prepared
after 15 min (lane A), 1 h (lane B), and 4 h (lane
C) translocation. The band at 28 kDa repre-
sents approximately 20% of the total radioactiv-
ity in the nuclear fraction and appears to be a
dimeric form of angiogenin that is generated
during iodination by an unknown reaction. Io-
dinated angiogenin has approximately 6% di-
meric form. The reason for preferential enrich-
ment of angiogenin dimers in the nucleus is
unknown. In any event, there was no sign of
degradation, confirming that nuclear transloca-
tion is independent of lysosomal processing [Li
et al., 1997]. These results also suggest that the
function of nuclear angiogenin, no matter what
it is, requires its structural integrity.

Effect of Heparin and FGFs on Nuclear
Translocation of Angiogenin

Angiogenesis is induced by an array of angio-
genic molecules [Hanahan and Folkman, 1996]
whose interrelationship remains unclear. FGFs
are prototypical angiogenic proteins that also
undergo nuclear translocation [Zhan et al., 1992;
Bouche et al., 1987] in endothelial cells for
angiogenesis [Moroianu and Riordan, 1994b].
However, the nuclear translocation process of
angiogenin seems to be independent of that of
aFGF and bFGF. As shown in Table V, nuclear
translocation of 125I-angiogenin was inhibited
by 61% with a 20-fold molar excess of unlabeled
angiogenin but unaffected by the same molar

Fig. 3. Nuclear-accumulated angiogenin is intact. Human um-
bilical vein endothelial (HUVE) cells were cultured at 50,000
cells per 35-mm dish and incubated with 200 ng/ml 125I-
angiogenin at 37°C in human endothelial serum-free medium
(HE-SFM) for 15 (A), 60 (B), and 240 min (C). Nuclear fractions
were isolated and subject to sodium dodecyl sulfate–polyacryl-
amide gel electrophorisis (SDS-PAGE) and autoradiography.

TABLE V. Effect of Heparin and FGFs on
Nuclear Translocation of Angiogenin*

Competitors

Nuclear
125I-angiogenin

(cpm)
% of

Control % Inhibition

None 620 6 20 — —
Heparin (10

µg/ml) 560 6 20 90 10
Heparin (100

µg/ml) 390 6 30 63 37
aFGF

(1 µg/ml) 690 6 40 111 —
bFGF

(1 µg/ml) 670 6 10 108 —
Angiogenin

(1 µg/ml) 240 6 40 39 61

aFGF, acidic fibroblast growth factor; bFGF, basic fibro-
blast growth factor; HUVE, human umbilical vein endothe-
lial; HE-SFM, human endothelial serum-free medium.
*HUVE cells, 50,000 cells per 35-mm dish, were cultured in
HE-SFM 1 20 ng/ml bFGF for 24 h, washed with pre-
warmed HE-SFM for three times and incubated with 50
ng/ml 125I-angiogenin in the absence or presence of the
competitors at 37°C for 30 min. The nuclear fraction was
isolated and radioactivity was determined. Data shown
were from a representative experiment and are the means
and standard deviations of quadruplicates of each sample.

TABLE IV. Subcellular Distribution
of Internalized 125I-Angiogenin*

Cells

125I-angiogenin (cpm)

Cell
surface % Cytosol % Nucleus %

HUVE 350 6 10 4 900 6 40 11 6,850 6 400 85
HUAE 300 6 20 3 980 6 20 12 7,100 6 250 85

HUVE, human umbilical vein endothelial; HUAE, human
umbilical artery endothelial.
*125I-angiogenin, 500 ng/ml, was incubated with 50,000
cells cultured in 35-mm dishes at 37°C for 30 min. Cells
were washed and fractionated, and radioactivity in each
subcellular fraction was determined. Data shown are means
and standard deviations of six replicates in a representa-
tive experiment.
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excess of either aFGF or bFGF. Heparin binds
to angiogenin [Soncin et al., 1997] and appears
to be an important regulator of angiogenesis. At
concentrations of 10 and 100 µg/ml, it inhibits
nuclear translocation of angiogenin by 10% and
37%, respectively.

Dissociation of 125I-Angiogenin From the Nucleus

Nuclear-bound angiogenin undergoes little
spontaneous dissociation. No appreciable
amount of 125I-angiogenin is released from iso-
lated nuclei during 1-h incubation in PBS ei-
ther in the absence or in the presence of 10
µg/ml unlabeled angiogenin or RNase A (Table
VI). Incubation for 3 and 24 h results in the
release of only about 5% and 40% of the nuclear
125I-angiogenin, respectively, under all three

conditions. This finding indicates that angio-
genin is tightly bound in the nucleus and that
the binding molecule is not RNA. Nuclear-
bound 125I-angiogenin is released by DNase I in
both a time-dependent (Table VI) and dose-
dependent (Fig. 4) manner.Asignificant amount
of angiogenin (870 cpm, 21% of total) is already
released by 1-h incubation with 10 µg/ml DN-
ase I. Increasing the incubation time to 2 and 3
h results in the release of 1,350 and 1,530 cpm
125I-angiogenin from the nuclei, respectively,
that is, 33% and 37% of the total nuclear 125I-
angiogenin. Complete dissociation occurs with
24-h incubation. Specific release of nuclear 125I-
angiogenin by DNase I indicates that angio-
genin binds to DNA in the nucleus. However,
the nonlinear relationships between angio-
genin release and incubation time or DNase I
concentration suggest that the binding sites for
angiogenin in the nucleus are heterogeneous.

Surprisingly, micrococcal nuclease failed to
release 125I-angiogenin from the nucleus. To
confirm that micrococcal nuclease digested DNA
of the isolated nuclei, the DNA was metaboli-
cally labeled with 3H-thymidine before 125I-
angiogenin was added to allow nuclear translo-
cation to take place. Table VII shows that
unlabeled angiogenin and RNase A release nei-
ther 125I-angiogenin nor 3H-thymidine, as ex-
pected. However, whereas both DNase I and
micrococcal nuclease release 3H-thymidine, only
DNase I releases 125I-angiogenin. It is unknown
why micrococcal nuclease fails to release angio-
genin from the nucleus.

DISCUSSION

Nuclear translocation of polypeptide growth
factors in their target cells [Levine and Prys-
towsky, 1995] has been recognized and termed
the ‘‘third messenger’’ [Laduron, 1994] that pro-

Fig. 4. Release of nuclear bound 125I-angiogenin by DNase I is
concentration-dependent. Human umbilical vein endothelial
(HUVE) cells, 50,000 cells per 35-mm dish, were incubated
with 0.2 µg/ml of 125I-angiogenin at 37°C for 30 min. Nuclear
fractions were isolated and incubated with 1, 2, 5, 10, and 50
µg/ml DNase I, respectively, in phosphate-buffered saline (PBS)
containing 10 mM CaCl2 and 5 mM MgCl2 for 3 h. Radioactivity
released into the supernatant was determined with a gamma
counter. Data shown are means of duplicates.

TABLE VI. Release of Nuclear Bound 125I-Angiogenin*

Agents

Released 125I-angiogenin (cpm)

1 h 2 h 3 h 24 h

PBS 0 150 6 10 210 6 60 1,760 6 160
Angiogenin (10 µg/ml) 0 170 6 30 260 6 20 1,440 6 220
RNase A (10 µg/ml) 120 6 10 140 6 50 160 6 30 1,680 6 400
DNase I (10 µg/ml) 870 6 110 1,350 6 50 1,530 6 230 4,110 6 320

PBS, phosphate-buffered saline; HUVE, human umbilical vein endothelial.
*HUVE cells, 50,000 cells per 35-mm dish, were incubated with 200 ng/ml of 125I-angiogenin for 30 min. The nuclear fraction
was isolated and incubated with enzymes for various lengths of time. Radioactivity in the supernatant was determined with a
gamma counter. Data shown are the means and ranges of duplicates of each sample. Total counts of 125I-angiogenin in the
isolated nuclei from one dish was ,4,000 cpm.
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vides specificity to polypeptide-induced gene
activation and transcription events [Jans, 1994].
More than 20 growth factors, cytokines, and
hormones have been reported to undergo
nuclear translocation. Among them, certain an-
giogenic polypeptides constitute a unique group
in that nuclear translocation in endothelial cells
appears to be essential for their angiogenic
activities [Moroianu and Riordan, 1994b]. An-
giogenin is particularly interesting in this re-
gard, since its activity depends both on nuclear
translocation and on its ribonucleolytic activity.
Presumably, angiogenin elicits its ribonucleo-
lytic action only after it reaches the cell nucleus.
Compounds that inhibit either the nuclear
translocation process or the ribonucleolytic ac-
tivity but not both have been shown to abolish
its angiogenic activity [Hu, 1998; Nobile et al.,
1998]. An inhibitor of nuclear translocation has
a distinct advantage in controlling unwanted
angiogenesis. Because it targets an intracellu-
lar action of angiogenin in endothelial cells, it
would provide both the sensitivity and the selec-
tivity needed to make an angiogenesis inhibitor
suitable for clinical use. It would be more effec-
tive than a direct angiogenin antagonist would
be because it obviates neutralization of all circu-

lating angiogenin. However, since it would only
inhibit induced proliferation of endothelial cells
without any significant effect on basal level and
spontaneous proliferation, it would have greater
selectivity than would more general inhibitors
of endothelial cell growth. Understanding the
details of nuclear translocation would be criti-
cal for designing inhibitors of this process or for
modifying existing ones. The results reported
in this article indicate a fascinating process
used by angiogenin for its nuclear translocation.

Nuclear translocation of angiogenin is re-
markably fast. It takes only 2 min for exog-
enous angiogenin to appear in the nucleus of
HUVE cells. Among the growth factors and
cytokines reported to undergo nuclear translo-
cation, only growth hormone does so with a rate
comparable to that of angiogenin [Lobie et al.,
1994a]. The rapid accumulation of angiogenin
in the endothelial cell nucleus suggests that
angiogenin is able to evoke its nuclear function
within a few minutes. Hormones and growth
factors elicit acute responses that occur within
seconds after binding to their receptor, such as
activation of the tyrosine kinase activity of the
receptor. However, hormones and growth fac-
tors also elicit much slower responses that oc-
cur after many hours, such as the initiation of
DNA synthesis. Activation of early-response
genes such as c-fos, c-jun, and c-myc occurs
within the first 30 min of exposure to growth
factors. Fast translocation of angiogenin would
ensure its availability in the nucleus for such
responses. As an angiogenic protein whose ribo-
nucleolytic activity is necessary and seems to
act in the cell nucleus, a fast translocation
would be more advantageous than the slow
translocation used by other growth factors. For
example, 125I-epidermal growth factor (EGF)
was reported to accumulate in the nuclei of
bovine corneal endothelial cells only after a lag
period of 4 h, taking 24 h to reach saturation
[Savion et al., 1981]. 125I-Prolactin was found in
the nucleus of rat Nb2 node lymphoma cells
only after 3-h incubation at 37°C [Rao et al.,
1995]. The mechanism by which angiogenin is
translocated to the nucleus might, therefore, be
different from that used by other proteins.
Nuclear translocation of angiogenin has been
demonstrated to be independent of lysosomes
and microtubules [Li et al., 1997]. However,
lysosome inhibitors increased the accumula-
tion of nuclear 125I-EGF up to 25-fold [Savion et
al., 1981]. That neither bFGF nor aFGF inhib-

TABLE VII. Release of 125I-Angiogenin and
3H-Thymidine From Nucleus*

Enzymes

Released
125I-angio-

genin (cpm)

Released
3H-thymidine

(cpm)

PBS 100 6 10 100 6 10
RNase A

(10 µg/ml) 110 6 10 110 6 10
Angiogenin

(10 µg/ml) 80 6 10 110 6 10
DNase I

(10 µg/ml) 710 6 40 5,600 6 260
Micrococcal

nuclease
(10 µg/ml) 150 6 10 3,140 6 170

PBS, phosphate-buffered saline; HUVE, human umbilical
vein endothelial.
*HUVE cells, 50,000 per 35-mm dish, were metabolically
labeled with 1 µCi of 3H-thymidine for 24 h. The cells were
washed three times with HE-SFM and incubated with 200
ng/ml of 125I-angiogenin for 30 min. The nuclear fraction
was isolated and incubated with different enzymes at room
temperature for 6 h in PBS containing 5 mM CaCl2 and 10
mM MgCl2. One-half of the supernatant was used to deter-
mine 125I with a gamma counter; the other half was used to
determine 3H by liquid scintillation counting. Data shown
are means and ranges of duplicates of each sample in a
representative experiment.

Angiogenin Binds to DNA 459



ited nuclear translocation of 125I-angiogenin also
suggests a unique pathway only for angiogenin.

Another remarkable finding is that up to 85%
of the cell-associated angiogenin is in the
nucleus of HUVE cells. This percentage of
nuclear angiogenin is much higher than that
found for prolactin or bFGF. Thus, only 30% of
internalized and 5% of total cell-associated pro-
lactin is in the nucleus of node lymphoma cells
after 3 h [Rao et al., 1995] and no more than
40–50% of the total internalized bFGF was in
the nucleus of venular endothelial cells after 8
h [Hawker and Granger, 1992]. That most of
the internalized angiogenin is in the nucleus,
rather than in the cytosol, also implies an impor-
tant function of nuclear angiogenin. Data on
subcellular distribution indicate that transpor-
tation across the cytoplasm occurs via a vesicu-
lar route that avoids any unnecessary contact
between angiogenin and the cytosolic ribonucle-
ase inhibitor.

Translocation of angiogenin reaches satura-
tion in 15 min and the amount within the
nucleus remains unchanged for at least 4 h.
During this period, no increase in cytosolic an-
giogenin is observed. Therefore, when the
nucleus is saturated with angiogenin, the cell
either needs to shut down its translocation ma-
chinery to prevent any new angiogenin from
being taken up, or it must actively transport
nuclear angiogenin out of the cells to maintain
such a balance. Given the lack of spontaneous
dissociation of angiogenin from the nuclear frac-
tion, the first possibility seems more likely.

Cell density is the most important factor for
the capacity of cells to translocate angiogenin
into the nucleus. Previous studies have shown
that nuclear angiogenin was detected only in
proliferating endothelial cells [Moroianu and
Riordan, 1994a]. In agreement with these re-
sults, we observed that nuclear translocation of
125I-angiogenin decreased progressively with in-
creasing cell density. The positive correlation
between the ability of cells to translocate angio-
genin to the nucleus and the expression of a cell
surface receptor for angiogenin implies a role
for the receptor in the nuclear translocation
process. A receptor-mediated endosomal route
has been postulated for nuclear translocation of
a number of polypeptides including insulin, in-
terleukin-1a, EGF, prolactin, and growth hor-
mone [Lobie et al., 1994a]. However, it seems
that only early endosomes are involved in the

translocation of angiogenin, since late endo-
somes usually fuse with lysosomes and their
transportation requires a microtubule network
[Matteoni and Kreis, 1987]. The fact that micro-
tubule-disrupting agents and lysosomal inhibi-
tors do not affect nuclear translocation of angio-
genin suggests that the route for angiogenin
diverges from that for other polypeptides at the
point of early endosomes.

Receptors for multiple polypeptide ligands
have been reported to be nuclear-associated,
including growth hormone, insulin, prolactin,
angiotensin II, nerve growth factor, platelet-
derived growth factor, EGF, and FGF [Lobie et
al., 1994b]. We do not know whether the angio-
genin receptor is co-translocated to the nucleus
with angiogenin. Heparin, a molecule to which
many angiogenic proteins bind, inhibits nuclear
translocation of angiogenin in a seemingly dose-
dependent manner. However, it is unknown
how this inhibition occurs and whether heparin
interferes with the binding of angiogenin to its
receptor. Angiogenin has been shown to medi-
ate cell-adhesion of both tumor and endothelial
cells via a cell-surface proteoglycan. However,
this proteoglycan does not appear to be the
same as the receptor responsible for cell prolif-
eration. Moreover, angiogenin-mediated cell ad-
hesion does not require nuclear translocation of
angiogenin.

Polypeptides in the nucleus have been
thought to provide the necessary specificity of
transcriptional events in a manner analogous
to steroid hormone-induced transcription, where
the receptor for the steroid hormone is an inte-
gral component of the transcription complex
[Beato, 1989]. Kinase activation in the target
cells does not lend specificity, even if necessary
for signal transduction. A mutant aFGF with
deletion in its NLS failed to stimulate DNA
synthesis and cell proliferation in vitro, al-
though it could still bind to the FGF receptor
and induce intracellular receptor-mediated ty-
rosine phosphorylation and c-fos expression [Lin
et al., 1996]. Mitogenic activity was regener-
ated by attaching an NLS from histone 2B at
the N-terminus such that the chimeric protein
could undergo nuclear translocation. Nuclear
angiogenin is critical for angiogenin-induced
cell proliferation and angiogenesis. However,
how it acts and where it binds in the nucleus
remain unclear. The release of nuclear angio-
genin by DNase I indicates that angiogenin can
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bind to DNA in the nucleus. However, it is
unclear whether angiogenin acts directly on
DNA to regulate gene transcription, although it
is possible to envisage such a mechanism that
might be coupled to the characteristic ribonu-
cleolytic activity of angiogenin that leads to
processing of the transcribed RNA.
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