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Angiogenin is a potent inducer of neovasculariza-
ion in vivo. However, like other angiogenic mole-
ules, its specific physiologic roles and mechanisms
egulating its expression remain to be elucidated.
ngiogenin is a liver-derived component of normal
erum whose concentration can increase in various
isease states. This suggests that it might partici-
ate in the acute-phase response. In an initial study
e showed that angiogenin protein and mRNA levels

ransiently increased in mice following an acute in-
ammatory stimulus. We now report that IL-6, a ma-

or inducer of acute-phase proteins, stimulates the
ynthesis and secretion of angiogenin protein in hu-
an HepG2 cells within 24 hr following treatment,

n effect enhanced by dexamethasone. IL-6 also in-
reases the amount of angiogenin mRNA without
ltering its half-life. This increase, suppressible by
ycloheximide, peaks at 12 hr following stimulation
nd returns to basal levels by 48 hr. IL-1 alone
lightly decreases the basal production of angioge-
in protein and mRNA, but essentially abolishes the
esponse to IL-6 in the absence or presence of dexa-
ethasone. This antagonistic effect by IL-1 on IL-6

ctivity is not a result of changes in mRNA stability
or is it dependent on new protein synthesis. Thus,
he combined effects of IL-6, IL-1, glucocorticoids,
nd perhaps other related factors may specifically
ontrol angiogenin expression. Since angiogenin is
egulated in a manner similar to that of acute phase
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Angiogenesis, the creation of a new vascular net-
ork, is essential to the normal physiologic processes
f embryologic development, reproduction and wound
epair (1). In healthy individuals angiogenesis is under
he tight control of both pro- and antiangiogenic mo-
ecular mediators (2). One of these proangiogenic reg-
lators is angiogenin, a 14.1 kDa protein that induces
lood vessel formation in vivo in the chick chorioallan-
oic membrane and rabbit cornea and meniscus (3, 4).
n vitro angiogenin induces endothelial cell prolifera-
ion (5), supports endothelial and tumor cell adhesion
6, 7) and undergoes nuclear translocation (8). Angio-
enin was originally isolated from medium conditioned
y human colon carcinoma cells (1) and antagonists of
ts functions exhibit potent antitumor activity against
his and other types of human tumors implanted into
thymic mice (9–11). Moreover, angiogenin is a com-
onent of normal human and bovine plasma (12, 13)
nd bovine milk (14), and in rodents is predominantly
ynthesized in the adult liver (15, 16).
We observed previously that while angiogenin serum

oncentrations of healthy volunteers fall within a nar-
ow range (274-496 ng/ml), increases up to three-fold
bove the mean could be detected in hospitalized pa-
ients.3 These fluctuations in plasma concentrations
re characteristic of a group of liver-derived proteins
nown as acute phase proteins (APPs) (17). APPs,
hose synthesis is the result of the host response to

njury, infection, neoplasia or immunological perturba-
ions, act in concert to restore the preexisting physio-
ogic state. Since angiogenesis is a major component of
he tissue remodeling which may occur following an
cute insult, investigations were initiated to determine

3 K. A. Olson, K. H. Falchuk, and J. W. Fett, unpublished results.



the potential participation of angiogenin in this pro-
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ess. In an initial study we demonstrated that angio-
enin mRNA levels did indeed rise following injection
f mice with an inducer of acute inflammation (16).
his response was rapid, transient and specifically lo-
alized to the liver. Associated with this induction was
n increase and subsequent fall in the concentration of
erum angiogenin, behavior characteristic of APPs.
The regulation of APP synthesis has also been ex-

ensively studied in vitro using both primary and
ransformed liver cells. Two classes of APPs have been
efined based on their regulation by specific cytokines
nd cofactors (18). The expression of human class 1
roteins such as C-reactive protein, a1-glycoprotein
nd serum amyloid A is increased by interleukin (IL)-1
nd tumor necrosis factor-a (TNF-a). In contrast, the
ynthesis of class 2 APPs, which include human fibrin-
gen, haptoglobin and a1-proteinase inhibitor, is stim-
lated by members of the IL-6 family of cytokines (19).
L-6-type cytokines also synergize with IL-1 to stimu-
ate class 1 proteins while IL-1 inhibits the IL-6-
nduced production of class 2 APPs. Glucocorticoids can
ugment the effects of IL-1 and IL-6 toward both
lasses of proteins. Finally, interferon-g (IFN-g) and
ransforming growth factor-b (TGF-b) are capable of
egulating protein synthesis in cultured primary hu-
an hepatocytes and hepatomas, but their actions are

imited to only a small subset of APPs (20, 21).
This report extends our previous in vivo study and

xamines the effects of several cytokines on the pro-
uction of angiogenin by HepG2 cells. We find that the
attern of responses is consistent with its regulation as
class 2 APP. Thus, angiogenin may play a role in host
efense as it relates to angiogenesis-associated tissue
epair.

ATERIALS AND METHODS

Cytokines and reagents. Natural human TNF-a (108 units/mg)
as from Endogen; human recombinant IFN-g (2.5 3 107 units/mg)
as from Genzyme; porcine platelet TGF-b1 and human recombi-
ant IL-1b ($5 3 108 units/mg) were from R&D Systems; human
ecombinant IL-6 (.2 3 108 units/mg) and fatty acid-free bovine
erum albumin (BSA) were from Boehringer Mannheim. Seakem
TG agarose was obtained from FMC; [a-32P]dCTP (3000 Ci/mmol),

g-32P]dATP (6000 Ci/mmol), and L-[35S]methionine (.800 Ci/mmole)
ere from NEN Life Science Products; protamine sulfate, deoxy-

holate, formalin-fixed Staphylococcus aureus, phenylmethylsulfonyl
uoride (PMSF), dexamethasone (DXM), novobiocin and cyclohexi-
ide (CHX) were from Sigma.

Cell line and culture conditions. Human hepatoma HepG2 cells
American Type Culture Collection no. HB-8065) were maintained in
omplete medium consisting of DMEM supplemented with 10% heat-
nactivated fetal bovine serum, 2 mM L-glutamine and gentamicin.
or experiments, HepG2 cells were grown in complete medium in
ither 12-well cluster plates (Corning Costar) for protein determina-
ions and metabolic labeling experiments or in 6-well plates for RNA
solation.
179
ere washed with DMEM and incubated in serum-free medium
DMEM/0.1% BSA) containing the various cytokines with or without
XM. Culture supernatants were harvested at the times indicated
nd stored at 220°C for subsequent determination of angiogenin
oncentrations. The cells were trypsinized, counted and assessed for
iability by trypan blue exclusion. Angiogenin protein concentrations
ere normalized to cell number and all experiments were performed

n triplicate.

Inhibition RIA. Angiogenin concentrations were determined by
n inhibition RIA (22) with modifications. Samples as well as dilu-
ions of a human angiogenin standard in DMEM/0.1% BSA (60
l/well) were placed into 96-well tissue culture plates (Corning
ostar). Iodinated angiogenin (60,000 cpm/10 ml in PBS/0.25% pro-

amine sulfate; 60 ml/well) followed by rabbit anti-human angiogenin
ntiserum prepared in the Center (1:20,000 dilution in PBS/0.25%
rotamine sulfate; 120 ml/well) were then added to the standards and
amples. After a 2 hr incubation at room temperature, a 90 ml aliquot
rom each well was transferred in duplicate to a 96-well RIA plate
Dynatech) precoated and blocked with affinity purified goat anti-
abbit IgG (100 ml/well at 10 mg/ml; Organon Teknika) and PBS/0.5%
rotamine sulfate (150 ml/well), respectively. Following an overnight
ncubation at room temperature, the wells were washed with PBS/
.05% Tween-20, cut out and counted in an ICN Micromedic 4/600
amma counter. The data were analyzed by four parameter logistics
sing the RIA.AID program (Robert Maciel, Inc.).

Metabolic labeling and immunoprecipitation of angiogenin. An-
iogenin and fibrinogen, as a positive control, were biosynthetically
abeled and immunoprecipitated according to the method of Perlmut-
er et al. (23) with modifications. HepG2 cells were grown to conflu-
nce and washed with DMEM. IL-6 (500 units/ml) was then added to
ppropriate wells in DMEM/0.1% BSA. After a 24 hr incubation,
lates were washed first with Hanks’ buffered salt solution and then
ith methionine-free DMEM/0.1% BSA. Subsequently, monolayers
ere pulsed for 4 hr with L-[35S]methionine in methionine-deficient
edium (100 mCi/ml) and washed with methionine-containing
MEM/0.1% BSA and PBS. Cells were then solubilized in PBS

ontaining 1% Triton X-100, 0.5% deoxycholate, 10 mM EDTA and 2
M PMSF and subjected to two freeze–thaw cycles. Cell lysates were

entrifuged for 2 hr at 40,000 x g and stored at 270°C. For immu-
oprecipitation, 10 mg of the mouse anti-human angiogenin mono-
lonal antibody 26-2F (22) or 20 mg of the IgG fraction of goat
nti-human fibrinogen (Organon Teknika) in 100 ml of 1% Triton
-100, 0.5% SDS, 5 mg/ml BSA and 1 mM PMSF was added to 100
l of cell lysate and incubated overnight at 4°C. Formalin-fixed S.
ureus (100 ml) was then added to each sample. After 1 hr at 4°C the
mmunoprecipitate was recovered by centrifugation, washed with
BS, boiled for 5 min in sample buffer and subjected to SDS/10%
AGE under reducing conditions. Following electrophoresis, the gel
as fixed, impregnated for 15 min with Enlightening (Dupont) and
ried for fluorography on Kodak Xomat-AR film.

Northern blot analysis and half-life determinations. Confluent
epG2 cultures were washed extensively with DMEM and incubated

vernight in DMEM/0.1% BSA. Plates were washed again with
MEM and fresh DMEM/0.1% BSA containing the mediators to be

ested was added to individual wells for the times indicated. Total
ellular RNA was isolated from HepG2 cells by acid guanidinium
hiocyanate/phenol/chloroform extraction (24). RNA was separated
y electrophoresis, transferred onto nylon membranes and hybrid-
zed as described (16). A 511 bp DNA probe specific for human
ngiogenin was used (25) which was labeled by the random hexamer
ethod using [a-32P]dCTP and the Multiprime DNA Labeling Sys-

em (Amersham). Following exposure to Kodak Xomat-AR film at
70°C, relative hybridization intensities were determined using a

canning densitometer (E-C Apparatus Corp.) equipped with a Wa-
ers 740 Data Module (Millipore). As a control for equal loading,
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embranes were stripped and rehybridized with a human b-actin
ligonucleotide probe (40-mer, synthesized by Dr. W. Dafeldecker)
abeled with [g-32P]dATP using a 59 DNA terminus labeling kit (Life
echnologies).
To determine mRNA half-lives, cells were treated with mediators

or 24 hr and then incubated with 0.5 mM novobiocin to arrest
ranscription. Total RNA was isolated after the indicated time inter-
als and transferred to nylon membranes using a Minifold II Slot-
lotter (Schleicher & Schuell) according to Sambrook et al. (26).
ybridization and development of the slot blots were as described
bove for Northern blots.

ESULTS

Effect of IL-6 on angiogenin protein synthesis. IL-6
odulates the synthesis of the broadest range of APPs

nd was, therefore, tested for its capacity to regulate
ngiogenin synthesis in HepG2 cells. Human IL-6 in-
uces a dose-dependent increase in the rate of angio-
enin secreted, causing a ;2-fold stimulation above
asal levels (22 6 2 ng/106 cells/48 hr) at concentra-
ions of IL-6 from 500 to 2000 units/ml (data not
hown). Immunoprecipitable, metabolically labeled
35S]angiogenin protein accumulates in IL-6-treated
ells demonstrating that the cytokine increases its de
ovo synthesis as well as that of fibrinogen, a known
PP (Fig. 1). DXM in combination with IL-1, TNF-a or

L-6 maximally stimulates the expression of many
PPs in vitro and in vivo (27). Likewise, DXM (1 mM)
nhances the IL-6 induction of angiogenin secretion to
evels greater than 3-fold above baseline, while treat-

ent of HepG2 cells with DXM alone does not affect
onstitutive angiogenin synthesis (Table I).

The time course for secretion of angiogenin in the

FIG. 1. Effect of IL-6 on accumulation of metabolically labeled
ngiogenin. HepG2 cells were incubated for 24 hr in the presence or
bsence of IL-6 (500 units/ml), then pulse labeled for 4 hr with
-[35S]methionine. Angiogenin and fibrinogen, as a positive control,
ere immunoprecipitated and visualized by fluorography as de-

cribed in “Materials and Methods.” In addition to angiogenin, the
ynthesis of all three subunits of fibrinogen [a (66 kDa), b (52 kDa)
nd g (46.5 kDa)] is induced by IL-6.
180
resence and absence of IL-6 is shown in Fig. 2. In-
reased concentrations of angiogenin are evident as
arly as 12 hr following IL-6 stimulation, with the
ifference in concentrations between treated and un-
reated cells reaching a maximum after 24 hr. The rate
f secretion is 2.5-fold higher during the first 24 hr

Secretion of Angiogenin in Response to Various Cytokines

Cytokine Concentrationa
Angiogenin secretedb

(% control)

L-1 0.1 108 6 10
1 89 6 8

10 86 6 6
100 60 6 14

1000 71 6 10
XM 1 mM 99 6 4

L-6 500 217 6 33
L-6 1 DXM 500 1 1 mM 323 6 10
L-6 1 IL-1 500 1 1000 116 6 14
NF-a 1 106 6 6

10 95 6 10
100 106 6 6
500 98 6 14

FN-g 10 99 6 17
100 107 6 27

1000 125 6 19
10000 114 6 13

GF-b 5 ng/ml 111 6 10
200 ng/ml 108 6 11

Note. Confluent HepG2 cultures in triplicate were incubated in the
bsence or presence of various amounts of cytokines in DMEM/0.1%
SA, added either individually or in combination. After 48 hr, su-
ernatants were harvested and assayed for angiogenin by RIA.

a Units/ml unless otherwise specified.
b Angiogenin concentrations were normalized to HepG2 cell num-

er and expressed as a percentage of angiogenin secreted by unin-
uced cells 6 S.D.

FIG. 2. Time course of angiogenin secretion in response to IL-6.
epG2 cells in triplicate were incubated in the presence (F) or
bsence (E) of IL-6 (500 units/ml). Culture supernatants were har-
ested at the times indicated and the angiogenin concentrations
ere determined by RIA and normalized to cell number. Each time
oint represents the mean 6 S.D. of three separate experiments.
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ollowing IL-6 stimulation compared to the rate for
nstimulated cells (1.42 versus 0.58 ng/106 cells/hr,
espectively). After 24 hr, the rates are comparable for
oth IL-6 treated and untreated cells (0.88 and 0.76
g/106 cells/hr, respectively). Thus, IL-6 induces a
ransient increase in angiogenin secretion during the
rst 24 hr following stimulation.

Effects of IL-1 and other cytokines on angiogenin
rotein secretion. At several concentrations TNF-a,
FN-g and TGF-b1 do not affect angiogenin secretion
ppreciably (Table I). IL-1, however, downregulates
he basal secretion of angiogenin by ;30% in a
oncentration-dependent manner. Moreover, IL-1 vir-
ually abolishes the IL-6 induction of angiogenin secre-
ion (Table I). These inhibitory effects of IL-1 were not
aused by a decrease in cell viability, which was mon-
tored by trypan blue exclusion.

Effects of IL-6, IL-1 and DXM on angiogenin mRNA.
single 0.8 kb angiogenin mRNA species is observed

n unstimulated and IL-6-treated HepG2 cells by
orthern blot analysis (Fig. 3). As is the case for stim-
lation of angiogenin protein, IL-6 at 500 units/ml

nduces a ;2-fold increase in the steady-state level of
ngiogenin mRNA above unstimulated amounts. This

FIG. 3. Effect of IL-6, IL-1 and DXM on the accumulation of
ngiogenin mRNA. A Northern blot was prepared with RNA isolated
rom HepG2 cells treated for 12 hr with medium alone (lane 1), IL-1
1000 units/ml) (lane 2), IL-6 (500 units/ml) (lane 3), IL-6 1 IL-1
lane 4), IL-1 1 DXM (1 mM) (lane 5), IL-6 1 DXM (lane 6) or IL-6 1
L-1 1 DXM (lane 7). The autoradiogram of the blot, hybridized with
ngiogenin and b-actin probes, is shown (A). In (B) the angiogenin
ignals from the autoradiogram were quantitated by scanning den-
itometry and expressed relative to the signal measured for medium
lone (lane 1). Similar results were obtained in five separate exper-
ments. DXM did not affect basal angiogenin mRNA synthesis (data
ot shown).
181
HX (data not shown), indicating that ongoing protein
ynthesis is required. DXM alone has little or no effect
n the amount of angiogenin mRNA, but together with
L-6 causes a greater than 3-fold increase over the
ninduced state (Fig. 3). Angiogenin mRNA induction
y IL-6 is evident at 4 hr post stimulation, reaches a
aximum after 12 hr and returns to basal levels by 48

r (Fig. 4).
Since IL-1 depresses both basal and IL-6-induced

ngiogenin protein secretion (Table I), its effect on
ngiogenin mRNA was examined. Following a 12 hr
reatment with IL-1 alone, there is a slight yet repro-
ucible decrease in mRNA accumulation compared to
ntreated cells (Fig. 3). However, IL-1 essentially elim-

nates the IL-6 6 DXM-induced increases in angioge-
in mRNA. Thus, the IL-1 antagonistic activity on both
onstitutive and IL-6-stimulated angiogenin expres-
ion is regulated at the pretranslational level. Unlike
he IL-6 stimulatory effect, inhibition of IL-1 on basal
nd IL-6-induced angiogenin mRNA levels are unaf-
ected by CHX treatment (data not shown) and hence
ot dependent on new protein synthesis.

Angiogenin mRNA half-life determinations. As
oth IL-6 and IL-1 appear to regulate angiogenin ex-

FIG. 4. Time course of accumulation of angiogenin mRNA in
esponse to IL-6. A Northern blot was prepared with total RNA
solated from HepG2 cells treated for the designated times with IL-6
500 units/ml). The autoradiogram of the blot, hybridized with an-
iogenin and b-actin probes, is shown (A). In (B) the angiogenin
ignals from the autoradiogram were measured by scanning densi-
ometry and expressed relative to the signal from uninduced cells
lane 1). Similar results were obtained in three separate experi-
ents.
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ression pretranslationally, changes in the stability of
RNA, which may contribute to the effects observed,
ere examined. The rate of degradation of angiogenin
RNA was determined after treatment of cells with

ifferent cytokines followed by the addition of the tran-
cription inhibitor novobiocin (28). Novobiocin was
sed at a concentration of 0.5 mM which inhibits at

east 80% of the 3H-uridine incorporation by HepG2
ells over 24 hr without decreasing cell viability (data
ot shown). The degradation of angiogenin mRNA was
ollowed for 24 hr after novobiocin treatment (Fig. 5).
he half-lives for mRNA from unstimulated, IL-6-
reated- and IL-6 1 IL-1-treated cells are all similar:
.7 hr, 10.1 hr and 9.3 hr, respectively. Therefore,
either the IL-6-induced mRNA accumulation nor the
L-1 inhibitory effect on IL-6 activity can be attributed
o changes in mRNA stability. However, IL-1 treat-
ent increases mRNA degradation (t½ 5 6.7 hr) and

his may contribute to the decreases observed in pro-
ein and mRNA expression caused by IL-1 alone.

ISCUSSION

The fluctuations in serum angiogenin levels that oc-
ur in hospitalized patients as compared to their nor-
al counterparts led us to consider whether angioge-
in could belong to the group of liver-derived proteins
hose synthesis is affected during the host response to

nfection or injury. These so-called APPs function to
ontain and eliminate invading pathogens, repair tis-

FIG. 5. Effects of IL-6 and IL-1 on the half-life of angiogenin
RNA. HepG2 cells were first treated for 24 hr with IL-6 (500
nits/ml, – – –), IL-1 (1000 units/ml, — —), IL-6 1 IL-1 (——) or
edium alone (– — –). Cells were then incubated with novobiocin

0.5 mM). Total RNA was isolated at 0, 1, 3, 6, 12 and 24 hr after
ovobiocin addition and slot blotted as described in “Materials and
ethods.” The angiogenin signals were measured by scanning den-

itometry and expressed as a percentage of the signal at the time of
ovobiocin addition (0 hr). Lines derived from linear regression anal-
sis of the data points (representing the mean from at least two
eparate experiments) are shown. Half-lives are defined as the times
t which 50% of the mRNA remain.
182
al physiologic state (17). To test whether angiogenin
ould be regulated in a manner inherent to APPs, we
erformed initial in vivo experiments in mice (16). Fol-
owing injection of thioglycollate, mice entered into
cute inflammation as reflected in the rapid increase
nd subsequent fall in levels of serum amyloid A com-
onent, the major APP of mice. Concurrently, serum
ngiogenin protein concentrations transiently rose as a
onsequence of upregulation of angiogenin mRNA in
ouse liver. This ;3-fold induction in serum levels of

ngiogenin is typically observed for a subset of APPs
hat includes fibrinogen, haptoglobin and a1-acid gly-
oprotein (29).
Different cytokines, alone and in combination, stim-

late the expression of APPs both in vivo and in vitro,
hich serves to subdivide these proteins into two

lasses (18). Class 1 APPs are induced mainly by IL-1
nd combinations of IL-1 with IL-6 and glucocorticoids.
n contrast, the set of proteins in class 2 is primarily
p-regulated by IL-6-type cytokines alone and in com-
ination with glucocorticoids. In the study described
ere, IL-6 stimulates a ;2-fold increase in the synthe-
is of angiogenin protein in HepG2 cells, while DXM in
ombination with IL-6 induces a greater than 3-fold
ncrease in angiogenin production above basal levels.
ikewise, IL-6 increases the production of the class 2
PPs fibrinogen and a1-antichymotrypsin 2.5- and
-fold, respectively, in HepG2 cells (30). Following IL-6
timulation of HepG2 cells, the rate of angiogenin se-
retion increases 2.5-fold during the first 24 hr but
eturns to uninduced levels thereafter, indicating that
L-6 elicits early, transient events. Furthermore, IL-6
ost likely regulates angiogenin synthesis pretransla-

ionally since angiogenin mRNA accumulation in-
reases following stimulation, with elevations clearly
vident 4 hr after induction.
The effects of cytokines on APP expression are me-

iated primarily at the level of transcription (31,32).
ollowing binding to a membrane receptor, IL-6-type
ytokines transduce signals from the cell surface to the
ucleus via two primary pathways. One involves phos-
horylation and activation of nuclear factor NF-IL6, a
ember of the CCAAT/enhancer binding protein (C/
BP) family, by Ras-dependent MAP kinases. In the
econd pathway Janus kinases phosphorylate the sig-
al transducer and activator of transcription (STAT3)
hich subsequently translocates to the nucleus (33).
here it forms a transcription complex with IL-6 re-
ponsive elements (REs), a process inhibitable by CHX
nd thus dependent on new protein synthesis (34).
imilarly, as noted above, CHX inhibits the IL-6-

nduced accumulation of angiogenin mRNA.
Gene activation by each of these signaling pathways

s mediated by two specific types of IL-6-dependent
Es, which have been identified within the promoter
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y C/EBP-like factors, contain the consensus sequence
9-T(T/G)NNGNAA(T/G)-39 present in genes of both
lass 1 and 2 APPs (33). The sequence 59-TTT-
GTAAT-39 in the angiogenin gene beginning at nucle-
tide -188 relative to the transcription start site (36)
atches this consensus sequence exactly. Additionally,

n the human hemopexin gene a C/EBP-like nuclear
actor binds to the type 1 IL-6RE sequence 59-
TGATGTAAT-39 (37), where the guanine residues
nderlined represent nucleotides essential for DNA
equence recognition. A similar sequence beginning at
ucleotide -61 (59-GTGAGGTTAAT-39), in which the
ssential G nucleotides are conserved, is present in the
ngiogenin promoter region. A separate sequence motif
9-CTGGGA-39, recognized by STAT3 and also present
n both classes of APP genes, characterizes type 2 IL-
REs (35). Two identical sequences beginning at nucle-
tides -337 and -470 are also present in the angiogenin
ene.
Glucocorticoid responsiveness is mediated through

he consensus sequence 59-GGTACANNNTGTTCT-39
38). This sequence is not present in the promoter
egion of the angiogenin gene even though DXM poten-
iates IL-6-stimulated angiogenin production. How-
ver, several regions both upstream and downstream
rom the angiogenin promoter contain sequences re-
embling this motif, such as 59-GGTGATGCTGT-
CT-39 at nucleotide 148. These may serve as en-
ancer elements for glucocorticoids. Even if these
forementioned sequences are not functional binding
ites, potentiation by glucocorticoids of IL-6-mediated
vents is still possible because of the known upregula-
ion of IL-6 receptor subunit mRNA by DXM in HepG2
ells (39).

Combinations of two or more cytokines result in dif-
erent effects on the expression of individual APPs,
hus providing the basis for specific regulation of par-
icular APP responses (30). IL-1 dramatically antago-
izes the increased expression of angiogenin mRNA
nd protein induced by IL-6, although IL-1 alone de-
resses basal angiogenin levels only slightly. Similar
nhibition of basal and IL-6-induced protein and

RNA synthesis by IL-1 has been reported for human
brinogen and C1 inhibitor, and typifies regulation of
lass 2 APPs (30, 40). IL-1 increases the rate of degra-
ation of angiogenin mRNA, which may account in
art for the suppression of basal angiogenin produc-
ion. In contrast, IL-1 in combination with IL-6 does
ot affect the half-life of angiogenin mRNA, implying
hat inhibition is regulated at the transcriptional level.
L-1 may induce a repressor that interferes with the
inding of a transcription complex to an IL-6RE or,
lternatively, an IL-1-induced repressor may bind to a
ene-specific negative element or silencer DNA se-
uence (41). Recently, a splice variant of STAT3 was
183
nternal domain of 50 bp near the C-terminus and acts
s a negative transcriptional regulator (42). This vari-
nt, STAT3b, is tyrosine phosphorylated and binds as
homo- or heterodimer together with STAT3 to the

L-6/IFNgRE in the intercellular adhesion molecule 1
ICAM-1) promoter. The STAT3/STAT3b heterodimer,
owever, fails to transcriptionally activate the ICAM-1
romoter. Furthermore, the IL-1- dependent inhibitory
ctivity is not suppressed by CHX, analogous to what is
bserved with angiogenin, suggesting that a putative
atent repressor may preexist and may be activated by
L-1 posttranslationally.

Other cytokines known to modulate APP expression
uch as TNF-a, INF-g and TGF-b do not appear to
ffect angiogenin protein production in HepG2 cells. It
s possible, however, that they may regulate angioge-
in in other types of cultured cells or in an in vivo
etting. The effects of other members of the IL-6 family
f cytokines, e.g., leukemia inhibitory factor, IL-11,
ncostatin M, ciliary neurotrophic factor and cardiotro-
hin (19), on angiogenin synthesis have not as yet been
xamined. However, they would be expected to also
nduce angiogenin production since all share with IL-6

common receptor (43), which, when activated, leads
o similar effects on APP expression (44).

To summarize, angiogenin is regulated in vitro by
echanisms common for many APPs with a pattern of

esponsiveness reminiscent of class 2 proteins. Angio-
enin also contains 59 recognition sequences that char-
cterize both type 1 and type 2 IL-6REs, although
unctionality of these regions remains to be deter-

ined. These observations, coupled with the in vivo
ata presented previously (16), suggest that angioge-
in plays a role in physiologic responses to trauma or

nfection. Indeed, tissue repair is critically dependent
pon the ingrowth of new capillaries into an injured
ite (1). These vessels supply the nutrients and appro-
riate auxiliary cells central to the healing and tissue
emodeling which accompanies acute phase responses.
hus, APPs that promote angiogenesis are expected to
e early and important participants in these processes.
s an example, fibrin, a cleavage product of the APP
brinogen, provides an insoluble matrix that supports
he growth of vascular and other cell types leading to
ngiogenesis and eventual synthesis of mature connec-
ive tissue (45). Additionally, haptoglobin, which dis-
lays many functions, is also capable of inducing an-
iogenesis (46). Angiogenin can now be added to this
ubgroup of angiogenesis-stimulating APPs. It there-
ore may not be coincidental that all three of these
roteins are representative of class 2 APPs, inducible
y IL-6, whose serum concentrations rapidly rise by 2-
o 4-fold subsequent to tissue injury (16, 29). Several
rior studies have indeed indicated that IL-6 can pro-
ote angiogenesis (47). More recently, IL-6 was shown
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rowth factor by cells in culture, suggesting that IL-6
ay function as an indirect angiogenic factor (48). The

apacity of IL-6 to also induce the synthesis of hapto-
lobin (49) and angiogenin, as this report demon-
trates, lends further support to this contention.
In conclusion, a role for angiogenin in acute inflam-
ation and wound healing is proposed based on both in

ivo and in vitro studies. As such it may contribute to
he angiogenesis-related events inherent to these pro-
esses and could be of potential use as a monitor of the
cute phase reaction.
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