
Because GK1.5 effectively ameliorates vari- 
ous autoimmune syndromes, we adminis- 
tered the antibodv in an identical manner to 
a control group of mice made diabetic by a 
large bolus of streptozotocin (but not re- 
ceiving transplants) to investigate the possi- 
bility that we were treating an autoimmune 
component of streptozotocin-induced dia- 
betes (17-19). None of the animals in this 
group showed signs of recovery (Fig. 2). 

Earlier studies had shown that long-term 
stable endocrine allografts could be rejected 
if large numbers of splenocytes syngeneic to 
the allograft were administered to the recipi- 
ent (24). Thus recipient B6 mice that had 
maintained their allografts for more than 
150 days after GK1.5 treatment were chal- 
lenged with donor-specific allogeneic NJ 
spleen cells in an attempt to cause rejection 
of the allograft. The dose of spleen cells used 
to cause rejection was titrated and, as dem- 
onstrated in Fig. 3, "tolerance" could be 
broken, and long-standing islet grafts were 
rejected in four of five animals when 
5 x lo7 A/J spleen cells were administered 
intraperitoneally. Thus, continued long- 
term unresponsiveness is not due to the 
deletion of antigen-reactive effector lympho- 
cytes or to the lack of target alloantigens on 
the islet grafts. 

To hrther understand the mechanism (or 
mechanisms) by which treatment with anti- 
body to L3T4 allowed the long-term survi- 
vors to maintain their allografts, we consid- 
ered the possibility that a persistent "hole in 
the T cell repertoire" after regeneration of 
the T helper subpopulation might result in a 
subsequent inability to recognize the alloan- 
tigens on the islet allografts. Lymph node 
cells of nayve mice contain a large propor- 
tion of precursor T cells capable of respond- 
ing to MHC alloantigens (approximately 
1:20) (27). Therefore, if holes in the T 
helper repertoire existed, syngeneic B6 
lymph node cells from naYve recipients 
should provide replacement for allorecogni- 
tion of the "tolerated" A/J allografts. When 
long-term allograft survivors were given in- 
travenous injections of 10' to lo7 syngeneic 
(B6) lymph node lymphocytes from naive 
recipients, there was no ensuing graft rejec- 
tion. 

Preliminary adoptive transfer studies sug- 
gest that active suppression may be responsi- 
ble for the long-term allograft acceptance. 
However, the underlying mechanism of 
graft acceptance is not established. These 
experiments demonstrate that transient re- 
moval of the helper-inducer T cell subset can 
lead to indefinite allograft survival and un- 
derscore the im~ortance of this subset dur- 
ing tissue rejection. Such studies suggest a 
rationale for similar tolerance induction 
studies in primates and may lead to the 
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Tissue Distribution and Developmental Expression of 
the Messenger RNA Encoding Angiogenin 

New blood vessel growth occurs during normal fetal development and in diseases such 
as cancer and diabetes. The polypeptide angiogenin induces new blood vessel growth in 
two biological assays and may play a role in the vascular development of the fetus and 
in the neovascularization that accompanies diseases and wound healing. A complemen- 
tary DNA probe for human angiogenin was used to  examine the tissue distribution of 
angiogenin messenger RNA (mRNA) in the developing rat and in selected trans- 
formed cell lines. Angiogenin mRNA was detected predominantly in adult liver but 
was also detectable at  low levels in other tissues. The expression of the angiogenin gene 
in rat liver was found to  be developmentally regulated; mRNA levels were low in the 
developing fetus, increased in the neonate, and maximal in the adult. The amount of 
angiogenin mRNA in human HT-29 colon carcinoma and SK-HEP hepatoma cells 
was not greater than that in normal rat liver. These results demonstrate that 
angiogenin is predominantly expressed in adult liver, that the pattern of angiogenin 
gene expression is not temporally related to vascular development in the rat, and that 
the transformed cells studied do not contain more angiogenin mRNA than does 
normal liver. I f  angiogenin activity is controlled at  the transcriptional level, the results 
of this study suggest that the primary function of angiogenin in vivo may be in 
processes other than the regulation of vascular growth. 

A NGIOGENIN, A POLYPEPTIDE WITH 

a molecular size of 14 0, was orig- 
inally isolated from conditioned me- 

dia of the HT-29 human adenocarcinoma 
cell line (1). Angiogenin is an inducer of 
vascular growth in the chick chorioallantoic 
membrane and the rabbit cornea and has 
been suggested to be a mediator of vascular 
development (2). At the amino acid level, 
angiogenin has significant homology with 
pancreatic ribonuclease and catalyzes the 
cleavage of 28s and 18s ribosomal RNA 
(3). The significance of the ribonuclease 

activity of angiogenin is unclear. Angio- 
genin contains a signal peptide characteristic 
of secreted proteins, but the site of synthesis, 
the stimulus for secretion, and the site of 
action of angiogenin are unknown. The 
human dngiogenin gene has been cloned 
and sequenced (4), but the tissue distribu- 
tion and developmental regulation of angio- 
genin gene expression have not been de- 
scribed. This report details an analysis of 
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angiogenin gene expression, as assessed by 
messenger RNA (mRNA) levels, in the 
develo$mg rat and' in selected transformed 
human cell lines. 

As the original complementary DNA 
(cDNA) clone for angiogenin was not avail- 
able, we cloned the cDNA from a hgt l l  
adult human liver cDNA library (Clontech 
Laboratories, Palo Alto, California) using 
oligonucleotide probes complementary to 
the published angiogenin nucleotide se- 
quence (4). Primary screening of 300,000 
recombinants with two 99-nucleotide 
probes complementary to the nucleotides 
encoding amino acids 30 to 62 and 92 to 
123 of human angiogenin yielded 26 recom- 
binants that strongly hybridized to both 
probes. The five recombinants that were 
further evaluated also hybridized to a third 
oligonucleotide complementary to the an- 
giogenin signal peptide sequence. These re- 
combinants were purified and each con- 
tained an insert of 650 to 700 bp. One 700- 
bp insert was subcloned into the plasmid 
vector pBSM13' (Stratagene, San Diego, 
California), and an Eco RI fragment con- 
taining the insert was isolated fo; use in the 
expression studies. Double-stranded se- 
quencing (5) with forward and reverse M13 

Fig. 1. The tissue distribution of mRNA encod- 
ing angiogenin was examined in the rat. RNA 
from adult rat organs was isolated by the guani- 
dine isothiocyanat~esium chloride method 
(22), and poly(A)+ RNA was obtained by using 
oligo(dT) cellulose (23). Poly(A) + RNA (5 to 10 
pg) was fractionated on a 1% denaturing agarose 
gel and transferred to a nylon membrane (Nytran, 
Schleicher & Schuell, Keene, New Hampshire) in 
lox sodium chloride and sodium citrate (SSC). 
The angiogenin cDNA was labeled with 
[32~]dCTP by the random hexamer method (24), 
and the filters were hybridized at 42°C for 12 to 
20 hours in a solution containing 5x SSC, 50% 
brmamide, 1 x Denhardt's solution, 50 mM tris 
(pH 7.5), 0.05% sodium pyrophosphate, dena- 
tured salmon sperm DNA (0.1 mglml), and 1% 
SDS. Filters were washed twice in 2 x SSC, 0.1% 
SDS, and 0.05% sodium pyrophosphate at room 
temperature, then twice in 0.1 x SSC, 0.1% SDS, 
and 0.05% sodium pyrophosphate at 60°C, and 
then exposed to Kodak XAR film for 48 hours 
with double intensdjmg screens. The mRNA 
sizes were determined by comparison with an 
RNAstandard (Bethesda Research Laboratories). 

primers as well as oligonucleotide primers 
complementary to the coding region of the 
cDNA con6rmed that the insert encodes 
human angiogenin. 

The tissue specificity of angiogenin gene 
expression was assessed by Northern blot 
analysis of polyadenylated [poly(A)+] RNA 
(Fig. 1). In the adult rat, angiogenin is 
expressed predominantly in the liver as a 
single poly(A)+ RNA 1 kb in size. Angio- 
genin is also detectable in poly(A)+ RNA 
isolated from other tissues, including kid- 
ney, lung, heart, small intestine, colon, adre- 
nal, ovary, spleen, and brain. Densitometric 
analysis de&onstrates that the angiogenin 
mRNA in liver is 20 to 100 times greater 
than that observed in nonhepatic tissues. 

The tissue distribution of  angiogenin 
mRNA in the newborn rat was compared 
with that in the adult (Fig. 2). Angiogenin is 
easily detectable in total RNA from liver, 
but no angiogenin mRNA is detectable in 
total RNA from nonhepatic tissues of neo- 
natal or adult rat. Furthermore, no angio- 
genin mRNA is detectable in poly(A)+ 
RNA from newborn rat brain or heart. 

The developmental pattern of angiogenin 
gene expression in the liver was studied by 
Northern analysis of poly(A)+ RNA from 
rat liver at five stages of development (Fig. 
3). Angiogenin message is undetectable in 
the body of the 10-day rat embryo and is 
expressed at low levels in 15-day and 19-day 
fetal rat liver. Densitometric analysis re- 
vealed that angiogenin mRNA content in 
the liver increases by a factor of 10 between 
day 19 of gestation and postnatal day 2. The 
angiogenin mRNA content increases further 
during growth to adulthood to twice that 
found in the neonate. 

We have also studied angiogenin gene 
expression in selected cell lines (Fig. 4). As 
noted earlier, angiogenin was originally pu- 
rified from the conditioned media of HT-29 
colon carcinoma cells. Angiogenin rnRNA is 
detected in HT-29 cells as a 1.1-kb mRNA. 
Densitometric analysis suggksts that the an- 
giogenin mRNA content of HT-29 cells is 
approximately twice that of normal rat colon 
when normalized to a-tubulin. SK-HEP 
cells, derived from a human hepatoma, also 
contain angiogenin mRNA & quantities 
similar to those seen in HT-29 cells. The 
angiogenin mRNA content of adult rat liver 
is at least three times that of either HT-29 or 
SK-HEP cells. Bovine capillary endothelial 
cells in culture did not contain angiogenin 
message. Although the human angiogenin 
cDNA is homologous to the rat angiogenin 
gene as demonstrated by Northern analysis, 
it is possible that the bovine gene is not 
sutliciently homologous to the human gene 
to be detected. This appears unlikely since 
even under conditions of low stringency no 

mRNA could be detected in bovine capillary 
endothelial cells. 

Angiogenesis is a complex process that 
involves proteolysis of the basement mem- 
brane, as-well endothelial cell migration 
and proliferation (6). Several peptides, in- 
cluding angiogenin, acidic fibroblast growth 
factor (acidic FGF) (3, basic fibroblast 
growth factor (basic FGF) (8), and trans- 
forming growth factor-a (TGF-a) (9), are 
capable of inducing vascular growth in bio- 
logic assays such as the chick chorioallantoic 
membrane assay (acidic and basic FGF) and 
the hamster cheek pouch assay (TGF-a). 
These proteins have been postulated to reg- 
ulate vascular growth in vivo. However, the 
known properties of angiogenin differ mark- 
edly from those of the other angiogenic 
growth factors. Basic FGF and acidic FGF 
are potent endothelial cell mitogens and 
appear to act through specific membrane 
receptors (1 0, 11 ). Similarly, TGF-a binds 
to the epidermal growth factor receptor and 
is mitogenic for murine lung microvascular 
endothelial cells and pulmonary artery endo- 
thelial cells in primary culture. Angiogenin 
has not been reported to be mitogenic for 
fibroblasts or endothelial cells (12), and no 
receptors for the protein have been de- 
scribed. Our data on angiogenin gene 
expression further highlight the differences 
at the mRNA level between angiogenin and 
other angiogenic polypeptides. Angiogenin 
mRNA is detectable in all tissues studied but 
is most abundant in the adult rat liver. The 
levels of expression in HT-29 adenocarci- 
noma and SK-HEP hepatoma cell:. are low- 
er than that of normal rat liver, and no 
angiogenin mRNA could be detected in 
bovine capillary endothelial cells. In con- 
trast, basic FGF mRNA is undetectable by 
Northern analysis in all tissues except bovine 
hypothalamus, but is present at high levels 
in bovine capillary endothelial cells and SK- 
HEP cells (13). In addition, while TGF-a 
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Fig. 2. (A) The tissue distributio~l of angiogenin 
mRNA in newborn (n) rat was compared to that 
in the adult (a). Northern blots with 10 pg of 
total RNA per lane from adult and newborn rat 
organs were prepared as described in Fig. 1. (B) 
The same filter was washed and rehybridized to a 
[32P]dCTP-labeled 1.3-kb chicken a-tubulin 
cDNA. The molecular weights of 28s and 18s 
ribosomal RNA are shown at left. 
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mRNA has been detected at low levels in rat 
liver, brain, and kidney, expression is 10 to 
20 times greater in transformed Fisher rat 
embryo cells (14). Finally, acidic FGF 
mRNA has to this date been detected only 
in brain (15). Thus angiogenin mRNA ap- 
pears to be considerably more abundant and 
widely distributed in tissues than mRNAs 
encoding other angiogenic proteins. 

On the basis of its ability to induce vascu- 
lar growth in chick chorioallantoic mem- 
braie and rabbit cornea, angiogenin has 
been described as "organogenic" (2)-that 
is, capable of inducing formation and 
growth of a vascular system in vivo. Thus, 
the developmental pattern of angiogenin 
gene expression seen in these studies was 
unanticipated. In the developing fetus 
where vascular growth is rapid, and where 
one would expect increased expression of 
genes encoding angiogenic polypeptides, 
angiogenin mRNA levels are low or unde- 
tectable. In adult tissues where new vascular 
growth is slow [as shown by endothelial cell 
turnover times of approximately 100 to 
1000 days in adult mouse organs (16)], 
angiogenin mRNA is detectable in all tissues 
examined and is particularly abundant in the 
liver. A markedly different developmental 
pattern has been described for TGF-a in the 
rat, where mRNA is abundant in the first 
week of gestation and declines to undetect- 
able levels by day 13 (1 7). If angiogenin 
activity is regulated at the transcriptional 
level, the developmental pattern of angio- 
genin gene expression in the rat suggests 
that angiogenin does not mediate vascular 
growth during fetal development. If angio- 
genin is an inducer of vascular growth, then 
its activity in the adult must be tightly 
regulated at the post-transcriptional level, 
because angiogenin mRNA is actively ex- 
pressed in adult tissues in which vascular 
growth is virtually absent. The recent dem- 
onstration that human placental ribonucle- 
ase inhibitor binds to igiogenin and abol- 
ishes its activity (18) suggests that angio- 
genin may indeed be regulated, at least in 
part, at the post-transcriptional level. Post- 
&anscriptional control occurs with both ba- 
sic FGF and acidic FGF (11, 19), but 
mRNA levels are reported to be low in all 
tissues examined even when the vrotein 
content is high. At the present time, neither 
a specific assay for angiogenin nor an anti- 
body to angiogenin is available. Thus, the 
possibility that angiogenin activity is regu- 
lated at a post-transcriptional level cannot 
currently be examined. 

As noted, angiogenin is predominantly 
expressed in the adult liver. Since the pro- 
tein has a signal peptide (3), it could be 
secreted and act in an endocrine fashion on 
distant tissues. Alternatively, hepatic angio- 
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Fig. 3. (A) The angiogenin mRNA content of 
rat liver was examined during development. 
Poly(A)+ RNA from 10-day rat embryo bodies, 
15-day and 19-day fetal rat liver, and neonatal and 
adult rat liver was isolated as described in Fig. 1. 
Each mRNA (10 pg) was fractionated on a 1% 
denaturing agarose gel, transferred, hybridized, 
and washed as described in Fig. 1. The molecular 
weight of 28s (4.5 kb) and 18s (1.8 kb) ribosom- 
al RNA are shown at left. (81 The same filter 
washed and rehybridized to a [ ZP]dCTP-labeled 
1.3-kb chicken a-tubulin cDNA. 

genin could regulate vascular growth selec- 
tively in the liver by paracrine mechanisms. 
The liver is unique among mammalian or- 
gans in its ability to undergo active growth 
in response to injury (20), and the vascular 
endothelium proliferates rapidly during he- 
patic regeneration (21). Thus, angiogenin 
could participate in processes primarily in- 
volving the liver. 

Another potential role for angiogenic 
polypeptides is in the neovascularization of 
solid tumors. If these proteins stimulate 
vascular growth in tumors, then one might 
expect increased angiogenic protein or 
mRNA content (or both) in transformed 

A Angiogenin kb ! 
4.5- 

Fig. 4. (A) The angiogenin mRNA content of 
selected cell lines was compared to that in normal 
tissues. Northern blots of poly(A)+ RNA were 
prepared and hybridized to angiogenin as de- 
scribed in Fig. 1. (B) The same filter washed and 
rehybridized to chicken a-tubulin. The locations 
of 28s and 18s ribosomal RNA are shown at left. 
BCEC, bovine capillary endothelial cells. 

cells. For example, basic FGF mRNA is 
found in greater amounts in SK-HEP cells 
than in normal tissues (13). We do not find 
a similar relation between angiogenin 
mRNA content in the transformed cell lines 
examined and in tissues. Although HT-29 " 
colon carcinoma cells have about twice the 
angiogenin mRNA content found in normal 
rat colon. neither HT-29 or SK-HEP cells 
have as much angiogenin mRNA as normal 
rat liver. Thus, in contrast to basic FGF, 
increased angiogenin gene expression is not 
uniformly detected in the transformed cell 
lines studied. If angiogenin mediates tumor 
neovascularization, these results suggest that 
a post-transcriptional mechanism-controls 
the process. 

The biological role of angiogenin is still 
unknown. The data presented in this report 
show that angiogenin mRNA content in 
cells is not temporally correlated with vascu- 
lar growth in the developing rat. If angio- 
genin is important in regulating vascular 
growth, complex post-transcriptional mech- 
anisms must exist to regulate angiogenin 
activity. Until hrther studies of the in vivo 
distribution and sites of action of angio- 
genin protein are reported, the biological 
role of this protein will remain unclear. 
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