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Angiogenin, a member of the pancreatic-like ribonuclease family with a special biological action
(RISBAses), is a basic protein that induces blood vessel formation. Another member of these
special ribonucleases, bovine seminal ribonuclease (BS RNase), displays biological properties,
including aspermatogenic, embryotoxic, antitumor and immunosuppressive activities. The effects
of two angiogenin preparations tested on the biological activities mentioned above are reported
and compared with those of BS RNase and RNase A. In contrast to RNase A, which was ineffective
in all biological activities tested, angiogenin suppressed significantly the proliferation of human
lymphocytes stimulated by phytochemagglutinin or concanavalin A or by allogenic human
lymphocytes (mixed lymphocyte culture). However, angiogenin did not affect the growth of human
tumor cell lines, development of cow and mouse embryos and spermatogenicity in mice. On the
basis of these results, angiogenin is the first monomeric ribonuclease described so far that displays
immunosuppressive activity similar to that of the dimeric BS RNase. The immunosuppressive
activity of angiogenin might synergize with the effect on neovascularization of tumor tissues and
thus contribute to the development of tumor.
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Introduction

The isolation, characterization, amino acid se-
quence and gene structure of angiogenin were
reported in recent years (Fett et al., 1985;
Strydom et al., 1985; Riordan and Vallee,
1988). Angiogenin was isolated from human
HT-29 colon tumor cell-conditioned media
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(Strydom et al., 1985), and later it was also
found in normal human plasma (Shapiro et al.,
1987). Angiogenin shares 55% amino acid se-
quence identity with bovine pancreatic ribo-
nuclease (RNase A), which is a prototype of
the secretory ribonuclease superfamily. An-
giogenin is a single-chain basic protein of 14
kDa that induces angiogenesis in experimental
in vivo models such as the rabbit corneal and
chick embryo chorioallantoic membrane as-
says (Fett et al., 1985). Because of this special
biological action, angiogenin has been assigned
to the RNase group designated as RISBAses
(D’ Alessio et al., 1991).
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Another substance, bovine seminal ribonu-
clease (BS RNase), tested in our laboratory,
also has been included among RISBAses. BS
RNase was isolated from bull seminal vesicle
fluid as a native dimeric protein sharing 80%
amino acid sequence identity with RNase A
(Dostal and Matousek, 1973). Unlike RNase
A, BS RNase displays extraordinary biolog-
ical properties, including aspermatogenic,
embryotoxic, antitumor and immunosuppres-
sive activities (Matousek, 1973; Matousek and
Grozdanovi¢, 1973; Matousek and Stanék,
1977; Vescia et al., 1980; Soucek et al., 1981,
1983, 1986; Tamburini et al., 1990; Laccetti
et al., 1992). Recently, preparations of BS
RNase dimer expressed from synthetic genes
in Escherichia coli were described (de Nigris
et al., 1993; Kim and Raines, 1993). Both cata-
lytic and biological properties of these recom-
binant proteins were indistinguishable from
BS RNase isolated from seminal vesicles.

The most important difference between BS
RNase and RNase A seems to be the dimeric
form, which is unique among the other se-
cretory ribonucleases. The monomer of BS
RNase, similarly to that of RNase A, lacks all
biological activities (Tamburini et al., 1990).
On the contrary, chemically modified RNase
A dimer was reported to exert antitumor activ-
ity (Bartholeyns and Baudhuin, 1976). These
results led to the assumption that the dimeric
form might play an essential role in biologi-
cal activities. However, our preliminary study
showed that angiogenin, a monomeric ribonu-
clease, also displays an immunosuppressive
effect (Matousek et al., 1992).

We report on the immunosuppressive activ-
ities of two angiogenin preparations compared
with the effect of BS RNase and RNase A. We
also tested the effect of these ribonucleases on
the growth of two human tumor cell lines, on
development of cow and mouse embryos and
on spermatogenicity in mice.

Materials and Methods
Ribonucleases

Two preparations of angiogenin were
tested. The first preparation (designated A)
was prepared by Professor P. Binning in
Hoechst AG (Frankfurt, Germany) as a re-
combinant substance from E. coli. The clon-
ing and sequence of cDNA and the gene for
human angiogenin were described by Kurachi
et al. (1985). They used a cDNA library pre-
pared from human liver poly(A) mRNA by us-
ing a synthetic oligonucleotide as a hybridiza-
tion probe. The amino acid sequence of
angiogenin as predicted from the gene se-
quence was in complete agreement with that
determined by amino acid sequence analysis
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of the angiogenin purified from the serum-free
conditioned medium of a human colon adeno-
carcinoma cell line (HT-29) (Strydom et al.,
1985).

The second angiogenin preparation (desig-
nated B) was prepared by expression of a syn-
thetic gene for angiogenin (Tannahill L., Zan-
kel T. and Benner S. A., unpublished data,
1991) in E. coli. The sequence of a gene-
encoding angiogenin was designed using the
program pf (Presnell and Benner, 1988). Over-
lapping DNA fragments were synthesized us-
ing an Applied Biosystems Automated DNA
Synthesizer, ligated and the gene cloned into
the pUN pJL-502 prokaryotic expression plas-
mid. To express angiogenin in E. coli, medium
(adjusted to pH 7.5 with 1 M NaOH) con-
taining (per liter) Bacto-tryptone (Difco, 16 g),
yeast extract (Difco, 10 g) and NaCl (10 g) was
autoclaved and divided into portions (10 X
450 ml, 2-1 shaker flasks). Each was treated
with a solution (0.9 ml) containing MgSO, (1
M), CaCl, (50 mM) and carbenacillin (50 mg/
ml, Sigma). Each flask was then inoculated
with an overnight culture (5 ml) (pJ LAngio/
lon™), and the cells were allowed to grow at
31°C (300 rpm shaking) until the optical den-
sity reached 1.0 (~3.5 hr). The incubator tem-
perature was then increased to 42°C (10 min).
After 3 hr, the cells were recovered by centrif-
ugation (20 min, GS3, 6000 rpm) and frozen.
Cells (11.5 g, from 4.5 1 ferment) were sus-
pended in buffer (10 mM NH,OAc, pH 7.6,
1 mM PMSF) and lysed with a single pass
through a French press.

Angiogenin was isolated from the pel-
lets after centrifugation using the procedure
of Stackhouse (Yoon-Raillard S. A., unpub-
lished data, 1993) and purified by a native
DNA-cellulose column (Sigma, 0.3 g, pre-
equilibrated in 50 mM NaOAc, pH 5.2). The
protein was eluted with a gradient (50 mM
NaOAc, pH 5.2, 0-500 mM NaCl). The frac-
tions containing angiogenin were identified by
gel electrophoresis. This procedure provides
pure protein as judged by SDS-polyacryl-
amide gel electrophoresis (PAGE). Using con-
ditions described by Fett et al., (1985), an-
giogenin was analyzed by high-performance
liquid chromatography (C-18 column, stored
in 50% aqueous acetonitrile), where is be-
haved as authentic material.

BS RNase was isolated from bull seminal
vesicle fluid by precipitation with acetic acid
and ammonium sulphate and subjected to CM
Sephadex C-50 and Sephadex G-100 column
chromatography. The purity of BS RNase was
determined by disc electrophoresis using an
acrylamide gel, starch-gel electrophoresis and
immunoelectrophoresis in agar gel by peak ho-
mogeneity at the last step of separation and
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by the ultracentrifugation pattern (Dostal and
Matousek, 1973). This dimeric native protein
co-migrated during non-reducing SDS-PAGE
with recombinant BS RNase purified from E.
coli (Kim and Raines, 1993).

RNase A was obtained from Boehringer-
Mannheim (Hamburg, Germany) ~70 Kunitz
units/mg 5 X cryst. lyophil. Lysozyme, which
is recommended to be used for the stability of
angiogenin (Bond, 1988), was obtained from
Serva (Heidelberg, Germany) 150,000 units/
mg cryst.

Aspermatogenic activity assay

The effect of various ribonucleases on the
production of sperm in ICR mice was esti-
mated as follows. Left testes of mice (five ani-
mals per group) were injected with 100 ug
of each RNase. Ten days after the treatment,
the mice were killed, isolated testes were
weighed, stained with hematoxilin and eosin
and subjected to histological examination.
Aspermatogenic activity was expressed by the
index weight (i.e., testes weight/body weight
x 10°) by measuring the diameter of semifer-
ous tubules and the width of spermatogenic
layers. Results were recorded as the mean +
SEM and compared with the untreated right
testes of the same mouse. The spectrum of
spermatogenic cells was also investigated.

Embryotoxic activity assay

The cytotoxic effect of various ribonucle-
ases on mouse or cow cryoconserved em-
bryos (8-64 blastomers) was assessed ac-
cording to Riha and L.anda (1989). Briefly, five
to seven embryos washed free of the cryopro-
tecting substance were incubated with various
ribonucleases in 1 ml of MEMD medium sup-
plemented with fetal calf serum (FCS) (20%
v/v). The cultivation Falcon plates (NUNC,
Denmark) covered with paraffin oil were kept
in the atmosphere of N, (90% v/v), CO, (5%
v/v) at 37°C. The mortality of embryos was
assessed 6, 24, 48 and 72 hr after addition of
aribonuclease (100 ug/well); mortality was in-
dicated by a stopping of cell division and sub-
sequent degranulation.

Leukemic cells proliferation assay

The effect of various ribonucleases on the
growth of human leukemic cell lines K-562
and HL-60 (derived from human erythroid leu-
kemia and human myeloid leukemia) was
tested. Briefly, 0.1 ml of tumor cells (10°/ml)
suspended in RPMI 1640 and supplemented
with 10% FCS were cultivated in microtiter
plates (FB type) for 48 hr at 37°C under hu-
midified atmosphere containing CO, (5% v/v).
The inhibitory effect of RNases on the cell
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growth was assessed by measuring the incor-
poration of *H-thymidine into the newly syn-
thetized DNA. Each sample was pulsed 4 hr
before the termination of incubation with 24
kBq of 3H-thymidine of specific activity 980
GBqg/m/mol. The mean value of triplicate
samples was evaluated as cpm, and suppres-
sion of DN A synthesis caused by RNases was
expressed as percentage of control values
(Soucek et al., 1986).

Immunosuppressive activity assay

The effect of various RNases on the prolif-
eration of normal human lymphocytes stimu-
lated in mixed lymphocyte culture (MLC) was
assessed by the method described earlier
(Soucek et al., 1986). Briefly, lymphocytes
were isolated on a Ficoll-paque (Pharmacia,
Uppsala, Sweden) solution gradient from the
heparinized blood of two unrelated humans.
Both cell preparations were mixed (1:1) and
resuspended in RPMI 1640 medium supple-
mented with inactivated human AB serum
(20% v/v). One hundred microliters of lym-
phocyte mixture (10° cells) was set up in mi-
crotiter plates (U type), and 100 ul of vari-
ous concentrations of each ribonuclease was
added in three triplicate samples. After 6 days
of cultivation, the proliferation of stimulated
cells was estimated by measuring the incorpo-
ration of *H-thymidine into the newly synthe-
sized DNA. The labeling of cells was done
under the same conditions as mentioned in the
antitumor activity assay. The mean value of
three replicate samples was evaluated as cpm,
and suppression of DNA synthesis caused by
RNases was expressed as percentage of con-
trol values. In experiments where the stimula-
tion of lymphocytes was induced by mitogens,
10° lymphocytes from one donor were mixed
either with 5 ug of phytohemagglutinin (PHA)
or with 5 ug of concanavalin A (Con A), and
the known concentration of RNase was added
in a total volume of 200 ul of cultivation me-
dium. After 3 days of cultivation, the immuno-
suppressive effect of RNase was evaluated
under the same conditions as mentioned in
MLC test.

Statistical analysis

Results in tables are recorded as the mean
= SEM. The data were analyzed statistically
using Fisher’s -test.

Results
Aspermatogenic activity

In this article, we determined the effect of
angiogenin on spermatogenicity in mice com-
pared with that of BS RNase and RNase A.
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Table 1. Effect of angiogenin, BS RNase and RNase A on spermatogenicity in mice

Index weight of testes

Diameter of seminiferous
tubules (um)

Width of spermatogenic
layers (um)

Injected Non-injected Injected Non-injected Injected Non-injected

Substances injected testes testes testes testes testes testes
Angiogenin

One injection 3.56 = 0.93 3.30 = 0.78 48 + § 46 + 7 136 = 19 142 + 36

Two injections 3.86 = 0.60 3.55 + 0.75 53+4 51 +3 156 = 13 154 = 18
BS RNase 1.26 = 0.41* 3.33 + 0.66 29 + 3% 47 + 3 111 = 19* 143 = 33
RNase A 3.36 = 0.63 3.46 = 0.63 42 = 5 45 + 7 133 = 31 136 £ 9
Values are means = SEM.
*P < 0.01.

The mean values of three parameters (diame-
ter of seminiferous tubules, the weight of the
testes and the width of spermatogenic layers)
are recorded in Table 1 relative to that of the
non-injected right testes of the same mice. Al-
though BS RNase (100 ug/mouse) decreased
significantly, all of the three parameters tested
(mostly spermatogonia and primary spermato-
cytes were present) both angiogenins and/or
RNase A did not affect any of these tests.
When the double dose of angiogenin was in-
jected (2 X 100 ug/mouse), it did not affect
the spermatogenicity in mice. It did cause
non-significant increase in the weight of tes-
tes, in the thickness of spermatogenic layers
and in the diameter of seminiferous tubules.

Embryotoxic activity

We determined also the effect of angiogenin
on the development of mouse and bovine em-
bryos in comparison with the effect of BS
RNase. The results of this testing are shown
in Table 2. The effect of angiogenin on embryo
mortality during 72-hr incubation did not
markedly differ from the control group,
whereas BS RNase caused 100% mortality of
bovine or mouse embryos after 24-hr incu-
bation.

Immunosuppressive activity

Previously, we reported that BS RNase dis-
played immunosuppressive activity in both in
vivo and in vitro experiments, whereas RNase
A was ineffective (Soucek ef al., 1983, 1986).
Here, we assessed the immunosuppressive ac-
tivity of two angiogenin preparations on mito-
gen- and antigen-stimulated normal human
lymphocytes and compared their effect with
that of BS RNase and RNase A. As is shown
in Figs. 1-3, both angiogenin preparations
displayed remarkable immunosuppressive ac-
tivity assessed on PHA, Con A- or MLC-
stimulated lymphocytes, activity very close to
that of BS RNase. RNase A exerted only neg-
ligible activity at the highest concentration
(100 pg/ml). It was reported that lysozyme
can prevent inactivation of angiogenin caused
by its adsorption to container surfaces (Bond,
1988). Addition of lysozyme to the incubation
did not influence the activity of angiogenin
(Table 3). Lysozyme alone also did not affect
the proliferation of stimulated lymphocytes
(unpublished data).

Leukemic cells proliferation activity

We reported earlier that BS RNase potently
inhibits the growth of human tumor cells of a

Table 2. Effect of angiogenin, BS RNase and RNase A on embryo development

Normal medium Medium with Medium with Medium with
Embryo (control) angiogenin BS RNase RNase A
No. of No. of No. of No. of

Development developing Embryo developing Embryo developing Embryo developing Embryo
after Species embryos mortalityt embryos mortality+ embryos mortalityt embryos mortalityt
0 hr* Mice 20 0 ) 12 0 ) 5 0 0) 6 0 (V)]

Bovine 13 0 0) 35 0 (0) 24 0 ©) 11 0 (V]
6 hr Mice 20 0 0) 12 0 ) 5 0 0) 6 0 (V)]

Bovine 11 2 (15) 30 5 (14) 21 3 (13) 9 2 (18)
24 hr Mice 19 1 (5) 12 0 0) 0 5 (100) 5 1 a7n

Bovine 10 3 (23) 24 11 (32) 0 24 (100) 7 4 (36)
48 hr Mice 19 i (&)} 11 1 9 0 5 (100) 4 2 (33)

Bovine 8 S (39) 19 16 (46) 0 24 (100) 6 5 45)
72 hr Mice 19 1 (5) 11 9 0 5 (100) 4 2 33)

Bovine 8 5 39 19 16 (46) 0 24 (100) 5 6 (55)

*Beginning of cultivation.
+Values are number of incidences with percents in parentheses.
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Fig. 1. In two-way mixed lymphocyte cultures (MLC),

10° human lymphocytes from each of two allogeneic unre-

lated donors were mixed and cultured in a total volume

of 0.2 ml RPMI 1640 medium at 37°C in an atmosphere

of 5% CO, for 6 days. The cultures were set up in tripli-

cate. I A, RNase A; @ AngA, angiogenin (Frankfurt);
(] AngB, angiogenin (Zurich); O BS, BS RNase.

lymphoid type in culture (Soucek ez al., 1981).
Recently, we found that the inhibitory effect
of BS RNase on various types of 20 human
tumor cell lines occurs to different extents
(Soucek J. and Matousek J., unpublished data
1993). Here, we chose two representatives of
these cell lines, that is, K-562, a more sensi-
tive, and HL-60, a less sensitive, tumor cell
line for testing the proliferation activity. The
results, recorded in Table 4, show the effi-
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Fig. 2. Human lymphocytes 10° per sample were cultured

with 5 ug PHA in a total volume of 0.2 ml RPMI 1640

medium at 37°C in an atmosphere of 5% CO, for 3 days.

The cultures were set up in triplicate. ll A, RNase A;

@ AngA, angiogenin (Frankfurt); [] AngB, angiogenin
(Zurich); O BS, BS RNase.
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Fig. 3. Human lymphocytes 10° per sample were cultured

with 5 ug Con A in a total volume of 0.2 ml RPMI 1640

medium at 37°C in an atmosphere of 5% CO, for 3 days.

The cultures were set up in triplicate. Il A, RNase A;

@ AngA, angiogenin (Frankfurt); [] AngB, angiogenin
(Zurich); O BS, BS RNase.

ciency of BS RNase on the growth of the both
tumor cell lines, whereas angiogenin and
RNase A were ineffective. Adding of lyso-
zyme to angiogenin did not change this result.

Discussion

Angiogenin and BS RNase belong to a
group of RNases, designated as RISBAses (ri-
bonucleases with Special Biological Action)
(D’ Alessio et al., 1991). Regarding the biologi-
cal effect, each of these RISBAses possesses
a special activity. Angiogenin induces neovas-
cularization, the process leading to the devel-
opment of a vascular network in normal and
malignant tissues (Fett e al., 1985; Vallee et
al., 1985). The non-significant increase in the
weight of testes and in the thickness of sper-
matogenic layers and diameter of seminiferous
tubules observed after intratesticular injection
in injected (and non-injected) testes (colateral
effect) might support testicle vascularization.
BS RNase has been effective in aspermato-
genic, embryotoxic, antitumor and immuno-
suppressive activities (Dostdl and Matousek,
1973; Matousek and Grozdanovi¢, 1973; Ma-
tousek, et al., 1973; Matousek, 1975; Ma-
tousek and Stanék, 1977; Soucek et al., 1983,
1986), whereas RNase A, a prototype of the
superfamily of secretory ribonucleases, is in-
effective in all of these activities, Immunosup-
pressive activity of angiogenin prepared in
Hoechst Aktiengesellschaft was reported ear-
lier (Matousek et al., 1992). Now we assessed
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Table 3. Effect of lysozyme on angiogenin immunosuppressive

activity
. . MLC PHA Con A
Angiogenin L
(pug/ml) -Lys +Lys +Lys +Lys —Lys +Lys
0 100 — 100 — 100 —
10 76 68 79 73 92 93
20 41 43 61 43 72 56
50 — —_ 37 22 32 37
100 28 24 — — — —

MLC-stimulated lymphocytes were cultivated for 6 days and PHA-
or Con A-stimulated lymphocytes for 3 days with various concen-
trations of angiogenin or its combination with 100 x/mi of lyso-
zyme (Lys). Values evaluated by incorporation of *H-thymidine
incorporation into the newly synthetized cell DNA are the mean
of three replicates in two experiments and represent the percent-

age of the control values.

another sample of angiogenin obtained from a
Swiss laboratory (ETH Zentrum, Zurich). We
found identical immunosuppressive activity of
both angiogenin preparations with that of BS
RNase. BS RNase is much closer in structure
to RNase A than to angiogenin. The difference
in effectiveness of BS RNase and RNase A
was believed to be due to the dimeric form of
BS RNase. This hypothesis was confirmed in
other experiments with monomeric BS RNase
substance (Tamburini e al., 1990). Neverthe-
less, the immunosuppressive activity of angio-
genin, a monomeric ribonuclease, shows that
the dimeric form of RNase molecule may not
be essential for this activity.

The effect of addition of lysozyme to angio-
genin, done to prevent the adsorption of an-
giogenin to container surfaces (Bond, 1988),
was also tested. Lysozyme was highly toxic
for cow or mouse embryos (data not shown).
However, in human tumor cells or lym-
phocyte cultures, this toxic effect was not
observed. Nevertheless, the presence of ly-
sozyme in the incubation mixture did not
increase markedly the ability of angiogenin to
inhibit the biological reactions tested. This
suggests that a low stability of angiogenin, ob-
served earlier (Bond, 1988), is not related to
its immunosuppressive efficiency.

Our findings of a new biological property of

angiogenin may initiate further studies with
this very interesting RNase derivative, be-
cause both activities, induction of vascular-
ization and immunosuppressive effect, could
generate synergic effect on tumor develop-
ment.
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