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The Proteasome Is Involved in Angiogenesis
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giogenesis involves a sequence of multiple events of
The proteasome is a recently identified intracellular vascular endothelial cells, including dedifferentiation,

protease whose catalytic active site is a threonine resi- acquisition of migrative and proliferative abilities with
due and has been shown to play key roles in a variety high matrix-degrading activity, and tube formation of
of important intracellular events, including cell cycle the cells. Many factors are involved in positive or nega-progression, the antigen-presenting pathway, and

tive regulations of angiogenesis (1–6). Positive regula-apoptosis. However, its biological significance in
tors of angiogenesis include mitogens such as fibroblastmulticellular organisms is still largely unknown be-
growth factors and endothelial cell growth factor, ma-cause of lack of experimental systems for its study.
trix-degrading enzymes like plasminogen activatorHere we verified potential involvement of the protea-
(PA) and integrins avb3 and avb5. Examples of nega-some in angiogenesis using lactacystin, a specific pro-
tive angiogenesis regulators are thrombospondin-1, an-teasome inhibitor. Lactacystin treatment resulted in
giostatin and endostatin. However, the mechanism ofalmost complete prevention of in vivo neovasculariza-
angiogenesis in cells is not yet fully understood.tion in the developing chick embryo chorioallantoic

membrane. It also inhibited vascular endothelial tube The proteasome is a recently identified intracellular
formation on Matrigel, a model for in vitro angiogene- protease, and its function(s) in cells has been the focus
sis, in a concentration-dependent fashion. Moreover, of recent attention because the protease is being uncov-
it prevented production of plasminogen activator, an ered to play critical roles in a variety of important in-
important protease responsible for induction of angio- tracellular events, including cell cycle progression, an-
genesis, by endothelial cells, which correlated well tigen-presenting pathway and apoptosis (7–9). Cell
with its suppression of intracellular proteasome activ- growth largely depends on cell cycle progression and is
ity. Our studies suggest that the proteasome operates an important phase in the process of angiogenesis. In
in the process of angiogenesis, a phenomenon essential addition, there is increasing evidence suggesting a cor-
in important physiological and pathological settings. relation between apoptosis and angiogenesis. For ex-
q 1998 Academic Press

ample, some angiogenesis inhibitors, including angio-
statin and endostatin, induce dormancy of primary tu-
mors and metastases by indirectly increasing apoptosis

Angiogenesis, the formation of new blood vessels, is in tumor cells (10–12), and antagonists of avb3 exhibit
a fundamental feature in physiological situations like anti-angiogenic activity through direct induction of
embryogenesis and in refractory disease states such as apoptosis in proliferative endothelial cells during an-
growth and metastasis of tumors, rheumatoid arthritis, giogenesis (13, 14). These findings strongly suggest
AIDS and diabetic retinopathy (1–3). This is the reason that the proteasome exerts its functions in the process
why angiogenesis has attracted recent attention. An- of angiogenesis, but the evidence to prove the role of

this protease in neovascularization is not provided.
To verify this hypothesis, we here examined the ef-1 To whom correspondence should be addressed. Fax: /81-3-3823-

fect of lactacystin, a specific proteasome inhibitor (15,2237. E-mail: oikawa@rinshoken.or.jp.
Abbreviations used: PA, plasminogen activator; CAM, chorioallan- 16), on neovascularization in the developing chick em-

toic membrane; EV, ethylene vinyl-acetate copolymer 40; HDMECs, bryo chorioallantoic membrane (CAM), a widely used
human dermal microvascular endothelial cells; FBS, fetal bovine se- in vivo angiogenesis model, and investigated the influ-rum; ECGS, endothelial cell growth supplement; EGF, epidermal

ence of lactacystin on endothelial cell functions associ-growth factor; BSA, bovine serum albumin; IC50, concentration for
half-maximal inhibition. ated with angiogenesis.
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Proteasome activity assay. In parallel with experiments on PAMATERIALS AND METHODS
production, the proteasome activity in the cells was determined using
succinyl-Leu-Leu-Val-Tyr-methylcoumarylamide as described (20).Materials. Ethylene-vinyl acetate copolymer 40 (EV) was a gift After treatment with lactacystin for 18 hr, HDMECs were disruptedfrom Mitsui-DuPond Polychemicals (Tokyo, Japan). Matrigel was by sonication. The extracts were centrifuged at 9200 X g for 20 minpurchased from Collaborative Biochemical Products, Becton-Dickin- at 47C and the supernatants were tested for proteasome activity.son Labware (Bedford, MA). MCDB 131, human recombinant epider- One unit of proteasome activity is defined as the amount hydrolyzingmal growth factor (EGF), heparin and bovine serum albumin (BSA) 1 nmol of the substrate per min at 377C.were purchased from Sigma (St. Louis, MO). Endothelial cell growth

supplement (ECGS) was purchased from Upstate Biotechnology HDMEC proliferation. In the presence of indicated concentra-
tions of lactacystin HDMECs (1 x 104 cells/well) were cultured in the(Lake Placid, NY). Antibiotics were purchased from Gibco (Grand

Island, NY). Fetal bovine serum (FBS) was purchased from Moregate gelatinized 24-multiwell dish containing 1 ml of complete medium.
After 72 hr, the medium containing lactacystin was replaced by fresh(Melbourne, Australia). Human dermal microvascular endothelial

cells (HDMECs) were purchased from Cell Systems (Kirkland, WA). medium without lactacystin. After further incubation for 72 hr, the
cells were refed with fresh medium without lactacystin. Cell numbersLactacystin was isolated as described previously (15).
were counted at the indicated times in a Coulter counter after tryp-CAM assay. CAM assay was conducted as described (17). An EV sinization.pellet impregnated with increasing doses of lactacystin was placed

carefully on the CAM surface of 5-day-old chick embryos, and these
embryos were incubated in a humidified incubator at 377C. After RESULTS AND DISCUSSION
incubation for 2 days, an appropriate volume of 20% fat emulsion
was injected into the chorioallantois to improve visualization of the

We used the CAM assay to examine the effect ofvascular network. Inhibition of angiogenesis was determined by mea-
suring the avascular zone in the CAM. A positive anti-angiogenic lactacystin on neovascularization, because if a test
response was assessed as an avascular zone of §3 mm in diameter. sample could block at least one of angiogenic endothe-

lial functions, the CAM assay has the advantage ofDetermination of tube formation. Tube formation was determined
as described (18). Aliquots (0.2 ml/well) of Matrigel (10 mg/ml) at identifying it as an angiogenesis inhibitor (5, 21). Also,
47C were introduced into 24-multiwell dishes (Sumitomo-Bakelite, the CAM assay can examine a topical effect of a test
Tokyo, Japan) and allowed to polymerize at 377C for 60 min. sample. Lactacystin inhibited angiogenesis in CAM,HDMECs (2 x 104 cells per cm2) were seeded onto gelatinized dishes

causing an avascular zone (Fig. 1b), whereas the vehi-(Iwaki Glass, Tokyo, Japan), and incubated at 377C for 24 hr in a
cle alone, as a control, had no effect (Fig. 1a). The inhi-humidified chamber under 5% CO2 in the presence of the indicated

concentrations of lactacystin in complete medium, composed of bition was dose-dependent (Fig. 1c), a significant avas-
MCDB 131 with 10% FBS, 1% antibiotics, 10 mg/ml ECGS, 10 ng/ml cular zone in half the CAMs examined being observed
EGF and 10 mg/ml heparin. The cells (7.5 x 104 cells/well) were plated with 3.6 mg per egg. Addition of 100 mg of lactacystinonto the Matrigel in 1 ml of complete medium containing the corre-

induced a marked avascular zone in all the CAMs ex-sponding doses of lactacystin, and incubated at 377C in a humidified
chamber under 5% CO2. After incubation for 18 hr, the formation of amined, indicating the role of the proteasome in embry-
tube-like structures of HDMECs was analyzed by phase contrast onic angiogenesis. No apparently adverse effect on the
microscopy (x 100 magnification), and the total lengths of tubular growth of the embryos were observed, as judged by the
structures in five randomly chosen microscopic fields per well were

size of developing embryos during a 2-day experimentalmeasured using a Leica Q500MC image analyzer equipped with
period. Thus the anti-angiogenic effect of lactacystin isQwin image analysis software (Cambridge, UK).
apparently not due to toxicity (see below). One mightPA activity assay. PA activity was determined as described (19).
ask why the growth of the embryos was not affected byHDMECs (1.5 x 105 cells/well) in 1 ml of complete medium were

seeded onto gelatin-coated 24-multiwell dishes (Sumitomo-Bakelite, lactacystin treatment because angiogenesis is im-
Tokyo, Japan), incubated at 377C for 24 h in a humidified chamber portant in embryo development. The reason for this is
under 5% CO2, and then incubated in MCDB 131 containing 0.1% not clear, but it may be due to differences in levels of
BSA with or without ECGS, EGF and heparin in the presence or lactacystin concentrations between the extraembryonicabsence of various concentrations of lactacystin for 18 hr. Then the

CAMs and intraembryos; lactacystin levels in intraem-serum-free conditioned medium was collected by centrifugation for
examination of its PA activity. Reactions were performed at 377C and bryonic tissues might be insufficient to inhibit angio-
pH 7.4 in 0.1 M Tris-HCl containing plasminogen (Daiichi Chemicals, genesis, thereby not suppressing embryo growth.
Tokyo, Japan) and D-Val-Leu-Lys-p-nitroanilide (S-2251; Chromo- Next, we examined the in vitro effect of lactacystin
genix, Mölndal, Sweden), substrates for PA and plasmin, respec-

on tube formation of HDMECs, a process that is a finaltively. At the same time, the cell number of cultures was determined
stage in angiogenesis (22, 23). Exposure to lactacystinwith a Coulter counter after trypsinization. Activity was expressed

in urokinase units (U) per 105 cells. In separate experiments, (Fig. 2b–d) but not the vehicle alone (0.1% dimethyl-
HDMECs (1.5 x 105 cells/well) in 2 ml of complete medium were sulfoxide) (Fig. 2a) resulted in drastic suppression of
seeded onto gelatin-coated 35-mm culture dishes (Iwaki, Tokyo, Ja- the formation of capillary-like structures on Matrigel,pan), incubated at 377C for 24 h in a humidified chamber under 5%

an extract of basement membrane components. Quan-CO2, and treated with lactacystin in the same conditions as those
titative measurements with an image-analyzer showedmentioned above. After 18-hr incubation, cells attached to dishes

were washed two times with phosphate-buffered saline (pH 7.4), and that lactacystin prevented the formation of tube-like
extracted with 0.5 ml of 0.5% Triton X-100 in phosphate-buffered structures, its IC50 being 1.6 mM. This IC50 value is
saline. PA activity in the cell extracts was determined as described comparable to those for its inhibition in other experi-above. Protein concentration was determined with BSA as a standard

ments, such as on the inductions of neuritogenesis (15),according to the manufacture’s instructions (DC protein assay; Bio-
Rad, Hercules, CA). cell cycle arrest (24) and apoptosis (25).
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FIG. 1. Effect of lactacystin on in vivo angiogenesis. CAM-angiogenesis assay was carried out with (b) and without (a) addition of a
lactacystin-containing EV pellet (100 mg per egg). Results show data in a representative experiment. Arrowheads indicate an avascular
zone. Magnification, 2.6 X. (c) Dose-dependent inhibition of angiogenesis by lactacystin. Points indicate the frequencies (%) of avascular
zones exhibiting an anti-angiogenic response. Values in parentheses are numbers of membranes examined. *, põ 0.01; **, põ 0.001 compared
with the value for control CAMs (n Å 34), not showing an avascular zone. Statistical analysis was done by Fisher’s exact probability test.

Intriguingly, secretion of PA is known to contribute PA levels by lactacystin correlates well with its sup-
pression of intracellular proteasome activity as deter-to destruction of the extracellular matrix by endothelial

cells, a process that is essential for angiogenesis. Thus mined by inhibition of ability to hydrolyze succinyl-
Leu-Leu-Val-Tyr-methylcoumarylamide (Fig. 3d), athe effects of anti-angiogenic agents probably involve

their inhibitory effects on extracellular secretion of PA good substrate of the proteasome (20). Moreover, ECGS
upregulated the extracellular and cell-associated PAin vascular endothelial cells (19, 26). Accordingly we

have proposed that any agent that can inhibit endothe- levels of HDMECs to about 300% of the control levels
in untreated HDMECs, and lactacystin at concentra-lial PA production may be an inhibitor of angiogenesis

(5). Independently, other groups have suggested that tions of3 1 mM reduced these upregulated levels to those
of untreated cultures (Fig. 3f, g) but had little or noPA has an important role in induction of angiogenesis

(27–29). Lactacystin markedly inhibited PA secretion effect on the cell number of cultures (Fig. 3e). This is
similar to the inhibition of the proteasomal activityfrom confluent quiescent endothelial cells, HDMECs,

into serum-free conditioned medium without affecting (Fig. 3h). These results imply that net production of
extracellular and cell-associated PA by endothelialcell viability (Fig. 3a, b), and cell-associated PA levels

were inhibited after lactacystin administration (Fig. cells is regulated by proteasome function. The enzy-
matic activity of PA is determined by a balance of both3c). Such inhibition of extracellular and cell-associated
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FIG. 2. Inhibition by lactacystin of in vitro tube formation of endothelial cells on Matrigel. The doses of lactacystin used were 0 mM for
a, 1 mM for b, 3 mM for c and 10 mM for d. Results show representative data. Bar Å 200 mm. e: Length of tubular structures of HDMECs
determined with an image analyzer equipped with Qwin image analysis software. Values are means { S.D. from four separate wells.
Significant difference was based on Student’s t test, *, p õ 0.01; **, p õ 0.001 versus control (in the absence of lactacystin).

levels of PA and its inhibitors, such as plasminogen thesis, elevated PAI synthesis, or both. Further study
will be required for elucidating this mechanism of inhi-activator inhibitor (PAI)-1 (28, 29). Thus it might be

possible that the inhibition of endothelial cell PA pro- bition of PA production.
Next we examined whether lactacystin affects theduction by lactacystin results from suppressed PA syn-
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FIG. 3. Effect of lactacystin on extracellular and cell-associated PA levels in HDMECs. Cells were treated with lactacystin as indicated in
serum-free cultures in the absence (a–d) and the presence of ECGS, EGF and heparin (e–h). After 18-hr culture, cell numbers (a, e), extracellular
PA activity (b, f), cell-associated PA activity (c, g) and proteasome activity (d, h) were measured. Data are means { S.D. from four separate wells.

growth of endothelial cells, because this cell activity is peared to be independent on its antiproliferative effect,
because these experiments were carried out using cellsimplicated in angiogenesis (1–6). As shown in Fig. 4,

lactacystin concentration-dependently inhibited the divi- in the quiescent state (Figs. 2, 3). Thus the proteasome
presumably plays an essential role in the multiple stepssion of growing cultures of HDMECs, the IC50 value being

3.5 mM. This is in marked contrast to its little or no effect of angiogenesis. It may function in controlling the intra-
cellular stability of as yet unidentified proteins requiredon the viability of quiescent HDMECs (Fig. 3a). This inhi-

bition was reversible, since the suppressed growth of to induce angiogenesis.
There is no evidence that lactacystine affects activitiesHDMECs incubated in the presence of lactacystin at up

to 10 mM at 377C for 72 h was reversed by removal of of any enzymes other than the proteasome; lactacystine
inhibits selectively proteasome activity by binding its cat-lactacystin from the cultures. The antiproliferative activ-

ity of lactacystin is not limited to endothelial cells, having alytic active threonine residue, but not inhibit activities
of other proteases, including those of serine-, cysteine-,been shown with various other types of cells (15, 24, 25).

Therefore, growth-arrest by lactacystin may be involved aspartic-, and metallo-proteases (8, 16). This is highly
likely to imply that lactacystine is a selective inhibitor ofin its inhibition of neovascularization observed by CAM

assay (Fig. 1b). However, the blockade of tube formation the proteasome. Nothing is known about the role of other
cellular proteases in angiogenesis in vivo and in vitro, toand PA production of endothelial cells by lactacystin ap-
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