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Endothelial apoptosis is a pivotal process for angiogenesis during
embryogenesis as well as postnatal life. By using a retrovirus-
mediated signal sequence trap method, we identified a previously
undescribed gene, termed ARIA (apoptosis regulator through mod-
ulating IAP expression), which regulates endothelial apoptosis and
angiogenesis. ARIA was expressed in blood vessels during mouse
embryogenesis, as well as in endothelial cells both in vitro and in
vivo. ARIA is a unique protein with no homology to previously
reported conserved domain structures. Knockdown of ARIA in
HUVECs by using small interfering RNA significantly reduced en-
dothelial apoptosis without affecting either cell migration or
proliferation. ARIA knockdown significantly increased inhibitor of
apoptosis (cIAP)-1 and cIAP-2 protein expression, although their
mRNA expression was not changed. Simultaneous knockdown of
cIAP-1 and cIAP-2 abolished the antiapoptotic effect of ARIA
knockdown. Using yeast 2-hybrid screening, we identified the
interaction of ARIA with 20S proteasome subunit �-7. Thereafter,
we found that cIAP-1 and cIAP-2 were degraded by proteasomes in
endothelial cells under normal condition. Overexpression of ARIA
significantly reduced cIAP-1 expression, and this reduction was
abolished by proteasomal inhibition in BAECs. Also, knockdown of
ARIA demonstrated an effect similar to proteasomal inhibition
with respect to not only expression but also subcellular localization
of cIAP-1 and cIAP-2. In vivo angiogenesis studied by Matrigel-plug
assay, mouse ischemic retinopathy model, and tumor xenograft
model was significantly enhanced by ARIA knockdown. Together,
our data indicate that ARIA is a unique factor regulating endothe-
lial apoptosis, as well as angiogenesis, presumably through mod-
ulating proteasomal degradation of cIAP-1 and cIAP-2 in endothe-
lial cells.

Angiogenesis is the process of forming new blood vessels
through sprouting and budding of new capillaries from existing

blood vessels. Endothelial cells constitute the inner layer of blood
vessels and have critical roles in angiogenesis under both physio-
logical and pathological conditions. Because of the central role of
angiogenesis in ischemic cardiovascular diseases, as well as in
cancer, modulating this process is a promising approach to treat
these diseases. In fact, enhancing angiogenesis by administration of
growth factors or cell transplantation to treat ischemic diseases and
reducing angiogenesis by inhibiting VEGF to treat cancer have
been clinically used and demonstrated considerably beneficial
effects (1–4). However, use of these therapies is not yet satisfactory,
and improvement is certainly needed. To develop better therapeu-
tic angiogenesis, it is crucial to understand its detailed molecular
mechanism, including unknown factors regulating endothelial cell
function.

Membrane proteins, as well as secreted proteins expressed in
endothelial cells, are known to have specific and critical roles in the
regulation of endothelial function and angiogenesis (5–7). To
identify novel factors regulating endothelial function and angio-
genesis, we performed a signal sequence trap screening that spe-

cifically traps genes encoding secreted and membrane proteins.
Here, we characterize a previously undescribed gene, named ARIA
(apoptosis regulator through modulating IAP expression). ARIA is
expressed in endothelial cells both in vitro and in vivo, as well as in
blood vessels, during mouse embryogenesis. Knockdown of ARIA
expression in human umbilical vein endothelial cells (HUVECs)
significantly reduced apoptosis by increasing inhibitor of apoptosis
(cIAP)-1 and cIAP-2 protein expression. In vitro and in vivo studies
indicate a significant role for this factor in angiogenesis.

Results
Isolation of ARIA. To isolate novel factors regulating endothelial cell
function and angiogenesis, we have employed a signal sequence trap
using a cDNA library prepared from human microvascular endo-
thelial cells. One gene we have isolated demonstrated significant
expression in endothelial cells, whereas no expression was observed
in nonendothelial cells (Fig. 1A). We named this gene ARIA and
further analyzed its function in endothelial cells. ARIA was also
expressed in vascular smooth muscle cells, as well as in hemato-
poietic cells such as macrophages, lymphocytes, and mast cells,
although those expression levels appeared to be much lower than
in endothelial cells (Fig. 1 B and C). In adult mouse tissues, ARIA
was expressed in all tissues examined, and the highest expression
was observed in lung and spleen (Fig. 1 D and E). In situ
hybridization of ARIA in embryonic day 9.5 (e9.5d) mouse embryo
demonstrated its expression in blood vessels (Fig. 2 A and B). ARIA
was expressed as early as e7.5d, and its expression was maintained
at least until e15.5d (Fig. 2C). These results suggest that ARIA
might be a previously undescribed factor regulating endothelial cell
function and angiogenesis.

Expression of ARIA in Vitro and in Vivo. Full-length human and mouse
ARIA cDNAs were isolated as described in Materials and Methods.
The sequences of these genes have been submitted to the GenBank
database under accession nos. EU025066 (human ARIA) and
EU025067 (mouse ARIA). The amino acid sequences of both
human and mouse ARIA contained a putative transmembrane
domain (Fig. 3A). Overall amino acid sequence homology between
human and mouse ARIA was �61%. However, when focusing on
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the C-terminal region, including the putative transmembrane do-
main, their homology was �91%, suggesting that this region may
have an important role in ARIA function. When expressed in HeLa
cells, recombinant proteins tagged with FLAG of both human and
mouse ARIA migrated at �60 kDa, which is significantly larger
than the predicted molecular mass (�24 kDa), suggesting that

ARIA undergoes posttranslational modification (Fig. 3B). We
generated anti-mouse ARIA antibody by using a mixture of 3
epitopes of mouse ARIA. This antibody successfully detected
endogenous ARIA in mouse endothelial cells (py4.1), but did not
cross-react well with human ARIA, and failed to detect it in
HUVECs (Fig. 3B). Immunocytochemistry using anti-FLAG an-
tibody demonstrated that human ARIA was expressed in cytosol,
as well as on plasma membrane (Fig. 3C). A FLAG epitope tag was
added at the C terminus for the detection of recombinant protein.
Because no signal was observed without permeabilization treat-
ment with Triton X-100, the C terminus of membrane-bound
ARIA is likely located in the intracellular region (Fig. 3C). En-
dogenous mouse ARIA detected by the anti-ARIA antibody was
also localized both in cytosol and on plasma membrane in py4.1
mouse endothelial cells (Fig. 3C).

Immunohistochemistry of ARIA in mouse lung and spleen
demonstrated its expression in endothelial cells, as well as in
vascular smooth muscle cells, bronchial epithelial cells, a subset of
lymphocytes, and macrophages (Fig. 3D). These in vivo expression
profiles of ARIA were consistent with the in vitro expression
analysis.

ARIA Regulates Endothelial Apoptosis. To investigate ARIA function
in endothelial cells, we prepared 2 independent siRNAs to knock
down ARIA expression. Negative control siRNA (scramble
siRNA) was used as a control. We have confirmed effective
transfection of siRNA in HUVECs by electroporation, as well as by
using RNAiMAX reagent (Fig. S1A). Both ARIA siRNAs (KD1
and KD2) effectively knocked down ARIA mRNA expression in
HUVECs by electroporation (Fig. 4A) and by using RNAiMAX
reagent (Fig. S1B). When apoptosis was induced by serum and
growth factor depletion, ARIA knockdown resulted in significant
reduction of endothelial apoptosis as compared with cells trans-
fected with the scramble siRNA (Fig. 4B). In contrast, ARIA
knockdown did not affect either endothelial cell migration or
proliferation (Fig. S2), suggesting that ARIA is closely involved in
the regulation of endothelial apoptosis.

Also, analysis of the expressional regulation of ARIA revealed
that some cytokines such as TNF-� and TGF-� decreased ARIA
expression in endothelial cells (Fig. S3).

ARIA Regulates Endothelial Apoptosis by Modulating cIAP-1 and
cIAP-2 Expression. To elucidate the molecular mechanism respon-
sible for the antiapoptotic effect of ARIA knockdown, signals and
molecules regulating cell apoptosis were analyzed by immunoblot-
ting. Phosphorylation of MAPK families, as well as Akt, was not
affected by ARIA knockdown (Fig. S4A). We also observed that
reactive oxygen species production assessed by dichlorodihy-
drofluorescein (DCF) fluorescence was not affected by the ARIA
knockdown (Fig. S4B). Finally, we identified that cIAP-1 (Birc2)
and cIAP-2 (Birc3) protein expression was significantly increased in
HUVECs as a result of ARIA knockdown (Fig. 4C). In contrast,
X-linked IAP (XIAP) was not increased by ARIA knockdown (Fig.
4C). Simultaneous knockdown of cIAP-1 and cIAP-2 abrogated
the antiapoptotic effect of ARIA knockdown (Fig. 4D). Knock-
down of cIAP-1 and cIAP-2 was confirmed at the protein level, as
well as at the mRNA level (Fig. S5). These results indicate that
ARIA regulates endothelial cell survival through modulating
cIAP-1 and cIAP-2 expression.

Despite their increased protein expression, mRNA level of both
cIAP-1 and cIAP-2 was not increased by ARIA knockdown (Fig.
S5C). These results suggest that ARIA probably modulates cIAP-1
and cIAP-2 expression at the protein level in endothelial cells.

ARIA Modulates Proteasomal Degradation of cIAP-1 and cIAP-2. To
identify the binding partner of ARIA in HUVECs, we have
performed yeast 2-hybrid screening using the highly conserved
C-terminal region of human ARIA as bait. One positive clone

Fig. 1. Messenger RNA expression of ARIA. (A) Northern blot analysis of ARIA
in primary cultured human endothelial cells and other cultured human cells. Cells
examined were HUVEC, human aortic endothelial cells (HAEC), human coronary
artery endothelial cells (HCAEC), human lung microvascular endothelial cells
(HMVEC-lung), human dermal microvascular endothelial cells (HMVEC-dermis),
HeLa, human hepatoma cells (Hep-G2), human astrocytes, human keratinocytes,
human aortic smooth muscle cells (HASMC), and human coronary artery smooth
muscle cells (HCASMC). (B) RT-PCR analysis of ARIA. Little expression of ARIA was
observed in vascular smooth muscle cells, but not in HeLa or Hep-G2 cells. (C)
Northern blot analysis of ARIA in mouse cell line MTN blot (BD Clontech). ARIA
was expressed in some of hematopoietic cells. (D) Northern blot analysis of ARIA
in mouse tissues. (E) RT-PCR analysis of ARIA in mouse tissues.

Fig. 2. Expression of ARIA during mouse embryogenesis. (A) Whole-mount
in situ hybridization of ARIA in e9.5d mouse embryo. ARIA was expressed in
blood vessels during embryogenesis as indicated by arrows (ARIA-AS). Nega-
tive control using sense cRNA probe (ARIA-S) did not show significant signals.
In situ hybridization of TIE-2, expressed almost exclusively in endothelial cells
and early hematopoietic cells, was performed for a positive control of the
blood vessel expression. (B) Sections of embryo from the whole-mount in situ
hybridization. ARIA expression was observed in intersomitic arteries, dorsal
aorta (black arrows), and blood vessels on the yolk sac (white arrows). (Scale
bars, 100 �m.) (C) Relative expression of ARIA in the whole embryos at
indicated embryonic day.
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encodes 70 aa of C-terminal region of 20S proteasome subunit �
(PSMA)-7. PSMA-7 is one of the subunits constituting cylinder-
shaped 20S core proteasome and is located at the outer rings
flanking an internal pair of � rings (8). We confirmed their
interaction by coprecipitation of HA-tagged PSMA-7 and FLAG-
tagged ARIA expressed in bovine aortic endothelial cells (BAECs)
(Fig. 5A).

Although it has been reported that IAPs undergo proteasomal
degradation on apoptotic stimuli in thymocytes (9), it is unclear
whether they are also degraded by proteasomes in endothelial cells,
especially under normal conditions. Interaction of ARIA with the
proteasome subunit urged us to investigate its function in the
proteasomal degradation of cIAP-1 and cIAP-2. We first explored
whether cIAP-1 and cIAP-2 are degraded by proteasomes in
endothelial cells under normal conditions. Inhibition of protea-
somes by MG132 significantly increased cIAP-1 and cIAP-2, but
not XIAP, expression in HUVECs, indicating that cIAP-1 and
cIAP-2 are indeed degraded by proteasomes in endothelial cells
under normal conditions (Fig. 5B).

In contrast, treatment with MG132 failed to further increase
cIAP-1 and cIAP-2 expression in HUVECs when ARIA was
knocked down (Fig. 5C). These results suggest that proteasomal
degradation of cIAP-1 and cIAP-2 was reduced by ARIA knock-

down. Also, overexpression of ARIA significantly reduced cIAP-1
expression in BAECs (Fig. 5D). Notably, this effect of ARIA
overexpression was abolished by proteasome inhibition, indicating
that ARIA positively regulates the proteasomal degradation of
cIAP-1 in endothelial cells (Fig. 5D). Because our antibody did not
recognize bovine cIAP-2, we could not assess cIAP-2 expression in
BAECs.

We then investigated expression and subcellular localization of
cIAP-1, cIAP-2, and XIAP in HUVECs by immunocytochemistry.
Interestingly, they demonstrated distinct subcellular localization;
cIAP-1 was in cytosol, cIAP-2 was largely in nucleus, and XIAP was
in both cytosol and nucleus in the control HUVECs (Fig. 5E).
When proteasomal degradation was inhibited by MG132, cIAP-1
accumulated in the perinuclear region with the appearance of small
structures, whereas cytosolic expression of cIAP-2 was evenly
enhanced (Fig. 5E). Expression and subcellular localization of
XIAP were not significantly affected by MG132 treatment. Of note,
expression, as well as subcellular localization of cIAP-1 and cIAP-2
in ARIA-knocked-down HUVECs were very similar to those in the
control cells treated with MG132 (Fig. 5E).

To examine whether ARIA is involved in the proteasomal
degradation specifically for cIAP-1 and cIAP-2, we investigated the
effect of ARIA knockdown on the expression of other proteins

Fig. 3. Protein expression of ARIA. (A) Amino
acid sequences of human and mouse ARIA. Puta-
tive membrane domain is surrounded by a solid
line. The same amino acids between human and
mouse ARIA are highlighted, and similar amino
acids are indicated by open boxes. (B) Human and
mouse ARIA tagged with FLAG was expressed in
HeLa cells and followed by immunoblotting us-
ing anti-FLAG M2 antibody (arrow). Recombi-
nant as well as endogenous mouse ARIA was
detected by anti-mouse ARIA antibody (arrow
and arrowhead, respectively). (C) Human ARIA
tagged with FLAG at its C terminus was expressed
in HUVECs as shown by immunocytochemistry
using anti-FLAG M2 antibody. Expression of hu-
man ARIA-FLAG was detected in cytosol as well as
on plasma membrane when cells were perme-
abilized with 0.1% Triton X-100. Endogenous
mouse ARIA detected by the anti-ARIA antibody
was also localized both in cytosol and on plasma
membrane in py4.1 cells. (Scale bars, 100 �m.) (D)
Expression of ARIA in mouse lung and spleen.
ARIA expression was detected in bronchial epi-
thelial cells (arrowheads), artery (black arrow),
and vein (white arrow) in lung. In blood vessels,
ARIA was expressed in both endothelial and vas-
cular smooth muscle cells. ARIA was also ex-
pressed in blood vessels in spleen (black arrow). A
subset of lymphocytes (white arrows) as well as
macrophages (arrowhead) expressed ARIA in
spleen. (Scale bars, 100 �m.)
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targeted by the proteasomal degradation. As shown in Fig. S4,
ARIA knockdown did not affect the protein expression of Bcl-2
and p53, well-known targets for proteasomal degradation (10).
Also, ARIA knockdown did not affect the protein expression of
survivin, I�B-�, or p21WAF1/CIP, all of which are targets for pro-
teasomal degradation (Fig. S6) (10, 11). Survivin is another mem-
ber of the IAP family of proteins, whose expression is regulated by
proteasomal degradation in a cell cycle-dependent manner (12).
Therefore, ARIA seems to modulate proteasomal degradation
specifically for cIAP-1 and cIAP-2.

Taking these data together, ARIA positively regulates pro-
teasomal degradation of cIAP-1 and cIAP-2, and, thus, ARIA
knockdown enhances endothelial cell survival by increasing
cIAP-1 and cIAP-2 expression.

ARIA Regulates Angiogenesis both in Vitro and in Vivo. Because
endothelial apoptosis is closely involved in angiogenesis (13. 14), we
investigated the ARIA function in angiogenesis. Somewhat unex-
pectedly, ARIA knockdown caused a small reduction of tube-like
structures of HUVECs on Matrigel at an early time point (12 h)
(Fig. 6A). Fewer apoptotic endothelial cells were observed when
ARIA was knocked down (Fig. 6A). Nevertheless, 96 h after
plating, significantly greater tube-like structures were preserved in
ARIA-knocked-down HUVECs (Fig. 6B).

We then investigated the effect of ARIA knockdown in in vivo
angiogenesis. Knockdown of ARIA expression by the mouse
ARIA siRNA was validated in py4.1 mouse endothelial cells (Fig.
S7A). A pair of Matrigel plugs containing either scramble or ARIA
siRNA were implanted into mice at the bilateral flank, as shown in

Fig. 4. ARIA-knockdown reduced endothelial cell apo-
ptosis by modulating cIAP-1 and cIAP-2 expression. (A)
ARIA expression was successfully knocked down by the 2
independent siRNA (KD1 and KD2). *, P � 0.05 versus cells
transfected with the negative control scramble siRNA (n �
5 each). (B) ARIA-knockdown significantly reduced HUVEC
apoptosis induced by serum and growth factor depletion.
Tunel-positive cells were counted in an equal area and
corrected by the total cell number. *, P � 0.01 versus cells
transfected with the scramble siRNA (n � 4 each). (C)
ARIA-knockdown increased cIAP-1 and cIAP-2 but not
XIAP expression in HUVEC. *, P � 0.05 versus cells trans-
fected with the scramble siRNA (n � 7 each). (D) Simul-
taneous knockdown of cIAP-1 and cIAP-2 completely
abolished the anti-apoptotic effect of ARIA-knockdown.

*, #, P � 0.01 versus cells transfected with only the scram-
ble siRNA. ##, P � 0.01 versus cells transfected with
only KD1. ###, P � 0.01 versus cells transfected with only
KD2. ##, ###, NS versus cells transfected with only the
scramble siRNA (n � 7 each).

Fig. 5. ARIA modulates proteasomal degrada-
tion of cIAP-1 and cIAP-2. (A) HA-tagged PSMA-7
and/or FLAG-tagged ARIA were expressed in
BAECs. HA-PSMA7 and ARIA-FLAG were immuno-
precipitated by anti-HA antibody and anti-FLAG
M2 antibody, respectively. Coprecipitation of HA-
PSMA7 and ARIA-FLAG was observed. (B) Protea-
some inhibition with MG132 significantly in-
creased cIAP-1 and cIAP-2, but not XIAP, expression
in HUVECs. Similar results were obtained by 3 in-
dependent experiments. (C) However, when ARIA
was knocked down, proteasome inhibition failed
to further increase cIAP-1 and cIAP-2 expression.
Similar results were obtained in 2 independent
experiments. (D) Overexpression of human ARIA
significantly reduced cIAP-1 expression in BAECs.
Proteasome inhibition with MG132 abrogated this
effectofARIAoverexpressiononcIAP-1expression.
Similar results were obtained in 2 independent
experiments. (E) Expression and subcellular local-
ization of cIAP-1, cIAP-2, and XIAP in HUVECs. An
effect of ARIA knockdown similar to proteasomal
inhibition was observed with respect to expression
as well as subcellular localization of cIAP-1 and
cIAP-2. (Scale bar, 100 �m.) Similar results were
obtained in 3 independent experiments.
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Fig. S8, followed by extraction at day 8. Extracted Matrigel plugs
containing scramble siRNA were mostly pale, whereas plugs con-
taining ARIA siRNA appeared yellowish (Fig. S8). ARIA expres-
sion in CD31-positive endothelial cells was significantly knocked

down in the plugs containing the ARIA siRNA (Fig. S7B). H&E
staining, as well as CD31 immunostaining of sections, revealed
significantly enhanced angiogenesis by ARIA knockdown
(Fig. 6C).

We further investigated the in vivo effect of ARIA knockdown
on angiogenesis by using the mouse ischemic retinopathy model.
Neovascularization in the retinas of ischemic retinopathy was
enhanced, and the formation of neovessels detected by lectin
staining in the surface of retinas was significantly increased by
intravitreal injection of ARIA siRNA (Fig. 6 D and E). Also, fewer
apoptotic endothelial cells were observed in the retinas injected
with ARIA siRNA as compared with the scramble control (Fig.
S9A). ARIA expression was considerably knocked down in the
retinas injected with ARIA siRNA (Fig. S9B). These findings
strongly suggest that ARIA knockdown enhances retinal angiogen-
esis by reducing endothelial apoptosis as presumed through the in
vitro studies.

We further examined the role of ARIA in angiogenesis in vivo
by using the tumor xenograft model. Intratumoral injection of
ARIA siRNA significantly enhanced tumor growth as compared
with the scramble control (Fig. 6F). ARIA expression was consid-
erably knocked down in the tumor xenografts injected with ARIA
siRNA (Fig. S9C). The number of microvessels was also signifi-
cantly increased in the tumors injected with ARIA siRNA
(Fig. 6G).

Together, our data indicate the potentially important role of
ARIA in angiogenesis, presumably through modulating endothelial
apoptosis.

Discussion
Angiogenesis is critically involved in the pathophysiology of isch-
emic cardiovascular diseases, as well as tumorigenesis; thus, regu-
lating angiogenesis is a promising approach to treat such diseases.
In this study, we described a molecular identification and charac-
terization of a previously undescribed gene, termed ARIA. ARIA
is expressed preferentially in endothelial cells, and knockdown of
ARIA reduces endothelial apoptosis in vitro and enhances angio-
genesis in vivo.

Members of the IAP family appear to act as ‘‘guardians’’ of the
cell death machinery by directly binding to and neutralizing
caspases, as well as by modulating the death signaling through TNF
receptors (15–17). On apoptotic stimuli, IAPs autoubiquitylate
themselves, and are rapidly degraded by proteasomes in thymocytes
(9, 18). In the present study, we demonstrated a significant role of
proteasomal degradation to determine the basal expression level of
cIAP-1 and cIAP-2 in endothelial cells without apoptotic stimuli.
Also, we revealed that knockdown of ARIA increased cIAP-1 and
cIAP-2 expression, presumably through reducing their proteasomal
degradation. Therefore, our data define not only a previously
undescribed factor regulating endothelial apoptosis but also a
previously undescribed pathway regulating cIAP-1 and cIAP-2
expression in endothelial cells.

We presume that the interaction of ARIA with PSMA-7 might
have an important role in the regulation of cIAP-1 and cIAP-2
proteasomal degradation. Indeed, it has been reported that inter-
action of MDM2 with PSMA-3, as well as interaction of Tax with
PSMA-4, has crucial roles in the proteasomal degradation of
retinoblastoma protein and NF-�B, respectively (19, 20). Interac-
tion with PSMA-3 has also been reported to be important for the
proteasomal degradation of p21WAF1/CIP (21).

Endothelial apoptosis is known to have an important role in
angiogenesis (14, 22–24). Endothelial apoptosis is observed in
various physiological and pathological conditions such as wound
healing, scar formation, atherosclerosis, and diabetic eye disease in
the adult, as well as in developing capillaries during embryogenesis
(22). In the present study, we demonstrated that knockdown of
ARIA enhanced endothelial cell survival in vitro and angiogenesis
in vivo, although it reduced in vitro tube formation of HUVECs at

Fig. 6. ARIA regulates angiogenesis in vitro and in vivo. (A) ARIA knockdown
reduced HUVEC tube formation on Matrigel at an early time point (12 h). *, P �
0.01 versus cells transfected with the scramble siRNA. Similar results were ob-
tained in 3 independent experiments. Apoptotic cells on Matrigel were detected
by Hoechst 33342 nuclear staining. Fewer apoptotic cells showing bright and
condensed nuclei indicated by arrows were observed in ARIA-knocked-down
HUVECs. (B) However, tube-structures were well preserved in ARIA-knocked-
downHUVECsata later timepoint (96h)ascomparedwiththecontrol cells.*,P�
0.01 versus cells transfected with the scramble siRNA. Similar results were ob-
tained in 2 independent experiments. (Scale bars, 200 �m.) (C) H&E staining as
well as CD31 immunostaining of sections demonstrated significantly enhanced
angiogenesis in the Matrigel plugs containing ARIA siRNA (ARIA-KD). (Scale bars,
100 �m.) CD31-positive endothelial cells were counted in an equal area. *, P �
0.01 versus the scramble control (n � 5 each). (D) Ischemic retinopathy was
induced as described in Materials and Methods. Neovascularization (white ar-
rows) was enhanced in retinas injected with ARIA siRNA. (Scale bar, 0.5 mm.) (E)
Neovessels at the surface of retinas were detected by lectin staining (black
arrows). The area of neovessels was significantly greater in the retinas injected
with ARIA siRNA than in control. *, P � 0.05 versus the scramble control (n � 5
each). (Scale bar, 100 �m.) (F) Either scramble or ARIA siRNA was injected intra-
tumorally at days 0, 4, and 8. The relative tumor volume (percentage of tumor
volumeonday0) ispresented inthegraph.*,P�0.05versus tumors injectedwith
the scramble siRNA (n � 6 each). (G) The number of CD31-positive microvessels
(arrows) was significantly greater in the tumors injected with ARIA siRNA than in
control. Arrowheads indicate the scars made by needle at the time of siRNA
injection. *, P � 0.05 versus the scramble control (n � 6 each). (Scale bar, 100 �m.)
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an early time point. These results suggest that endothelial apoptosis
might have a biphasic function in angiogenesis. Endothelial apo-
ptosis is probably essential for the initial lumen formation, but once
the capillary network has been formed, inhibition of endothelial
apoptosis might contribute to maintain it and prevent the involution
of the newly formed network.

ARIA function in nonendothelial cells still remains unclear.
Because IAPs have crucial roles in the cell survival and death in
wide variety of cells, including hematopoietic cells (25–27), ARIA
may also regulate the apoptosis of hematopoietic cells.

We demonstrated the significant proangiogenic effect of
ARIA knockdown by the in vivo experiments such as Matrigel-
plug assay, the ischemic retinopathy model, and the tumor
xenograft model. Because these present studies are not per-
formed by gene knockout using the ES cell system, but by gene
knockdown using siRNA methods, we should cautiously con-
clude that ARIA has the in vivo function as an apoptosis-
stimulating and antiangiogenic gene. Further studies using the
knockout mice will be required to really define the proapoptotic
and antiangiogenic function of ARIA in vivo.

In the ischemic animal models, administration of growth factors
induces new vessel formation at early time point, but many of them
regress as growth factors diminish over time (28). Thus, enhancing
endothelial cell survival is very important to maintain growth
factor-induced angiogenesis. Because ARIA appears to be ex-
pressed preferentially in endothelial cells, inhibition of ARIA might
be a feasible approach for enhancing, as well as supporting, growth
factor-induced angiogenesis, and ARIA might be an attractive new
target for pharmacotherapeutic agents to treat ischemic diseases.

Materials and Methods
Cloning of ARIA. Signal sequencetrappingwasperformedaspreviouslydescribed
(29). Nucleotide sequencing of one clone (ARIA) demonstrated no significant
homology to genes identified before. The GenBank database was searched by

using this partial nucleotide sequence to obtain human and mouse ARIA contig-
uous sequences. The nucleotide sequence of the 5� end of human ARIA cDNA was
determined by 5�-rapid amplification of cDNA ends. Last, full-length cDNA of
human and mouse ARIA was obtained by RT-PCR, and the nucleotide sequence
of both strands of cDNA was analyzed at least twice.

In Situ Hybridization. Whole-mount in situ hybridization was performed using
digoxigenin-labeled cRNA as previously described (30). After all procedures,
embryos were embedded in OCT, snap-frozen, and sectioned. Sections were
counterstained with eosin.

Western Blot Analysis. Cell lysates were prepared in RIPA buffer, and then
Western blot analysis was performed as previously described (31). For proteaso-
mal inhibition, cells were treated with 10 �M MG132 (Calbiochem) for 6–8 h in
the growth medium.

Mouse Ischemic Retinopathy Model. Ischemic retinopathy in neonatal mice was
produced in C57BL/6J mice as previously described (32–34). Briefly, postnatal day
(P)7 mice were exposed to 75 � 2% oxygen for 5 days (P7–P12) and then placed
in room air for 5 days (P12–P17); 1 �g of scramble or ARIA siRNA was injected
intravitreally immediately after placing in the room air. Methods are described in
more detail in SI Materials and Methods.

Tumor Model. B16 melanoma cells were s.c. inoculated in mice followed by the
intratumoral siRNAinjection.Methodsaredescribed inmoredetail inSIMaterials
and Methods.
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