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The ectodomains o f  numerous proteins are released from cells by proteolysis 
t o  yield soluble intercellular regulators. The responsible protease, tumor ne- 
crosis factor-a converting enzyme (TACE), has been identified only in  the case 
when tumor necrosis factor-a ( TNFa) is released. Analyses of cells lacking this 
metalloproteinase-disintegrin revealed an expanded role for TACE in  the pro- 
cessing of other cell surface proteins, including a TNF receptor, the L-selectin 
adhesion molecule, and transforming growth factor-a ( TGFa). The phenotype 
of mice lacking TACE suggests an essential role for soluble TGFa in normal 
development and emphasizes the importance of protein ectodomain shedding 
in  vivo. 

Members of the ADAM (A Disintegrin And 
Metalloproteinase) family of metalloprotein- 
ases are membrane proteins that contain both 
metalloproteinase and disintegrin domains 
(I). The first member to be characterized was 
identified through its ability to mediate cell- 
cell interactions (2). Although a number of 
ADAMs have been identified in both mam- 
mals and invertebrates, and many of these are 
predicted to encode active metalloproteinase 
domains, TACE (ADAM17) is the only 
mammalian metalloproteinase-disintegrin with 
known catalytic function, namely, processing 
of TNF (3, 4). In Drosophila, proteolytic 
processing of the extracellular domain of 
Notch depends on the ADAM kuzbanian (5 ) ,  
and the related ADAM in Caenorhabditis 
elegans, SUP-17, may have a similar role ( 6 ) .  
Thus, ADAMs participate in the proteolytic 
processing of two distinct membrane-an- 
chored proteins. 

Many functionally diverse proteins, in- 
cluding cytokines, growth factors, and their 
receptors, are initially synthesized as mem- 

brane-anchored moieties that are subsequent- 
ly released from the cell by proteolysis (7); 
however, the proteinases mediating specific 
cleavage of these proteins remain undefined 
except in the case of TNF. Despite the diver- 
sity in structure, cell type distribution, mem- 
brane topology, and cleavage site sequence of 
these shed proteins, two lines of evidence 
suggest a common mechanism for ectodo- 
main processing. First, the majority of shed- 
ding events are inhibited by metalloprotein- 
ase inhibitors (7). Second, mutant cell lines 
defective in the release of multiple unrelated 
ectodomains have been isolated (8). The ac- 
tivities of TACE and kuzbanian indicate that 
a common mechanism for ectodomain pro- 
cessing may be ADAM-directed proteolysis. 

The physiological significance of ectodo- 
main shedding remains in most cases unde- 
fined. Various cytokines and growth factors 
are biologically active when retained on the 
cell surface. Thus, surface localization may 
serve to restrict activity to specific microen- 
vironments, whereas release may lead to dis- 
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tal effects. Membrane-anchored ligands are 
also proposed to deliver qualitatively differ- 
ent signals than those provided by the respec- 
tive soluble ligands (9). Shed receptors may 
firther serve to regulate the biological activ- 
ity of these ligands by acting as agonists or 
antagonists, and receptor shedding may addi- 
tionally render cells less responsive to their 
cognate ligands (10). We present evidence for 
a broad role of a single metalloproteinase- 
disintegrin, TACE, in the shedding of a di- 
verse group of membrane-anchored proteins. 
Perinatal and postnatal defects in mice lack- 
ing this enzyme were associated with numer- 
ous epithelial anomalies and revealed an es- 
sential role for a metalloproteinase-disinte- 
grin during mammalian development. 

Essential role for TACE during mouse 
development. Cultured cells homozygous for 
a targeted mutation in TACE 1, 
which deletes the Zn2+ binding domain and 
thus inactivates metalloproteinase activity, 
fail to efficiently release TNF (3). To exam- 
ine the consequences of this mutation in vivo, 
we generated taceAznfAzn mice. Genotype 
analyses of progeny derived from taceAZnli 
intercrosses revealed an underrepresentation 
of mice at 2 to 3 weeks of age 
(Table 1). Lethality could not be attributed to 
a loss of soluble TNF function because mice 
lacking TNF or its receptors (TNFRs) are 
overtly normal (11). The taceAzn mutation 
was also lethal in mice lacking both TNFRs 
@55-I- p75YP), indicating that lethality 
was not due to inappropriate triggering of 
TNFRs by uncleaved TNF (Table 1). Thus, 
lethality associated with the faceAzn mutation 
was TNF independent and suggested an ex- 
panded role for TACE in the processing of 
other membrane-anchored proteins, one or 
more of which is essential for development. 

The majority of taceAz"/Azn mice died 
between embryonic day 17.5 (e17.5) and the 
first day after birth (Table 1) (12). All new- 
born mice could be identified by 
the presence of stunted vibrissae and open 
eyelids (12). Eyelids normally fuse at about 
e16.5 and do not open until about postnatal 
day 14 (P14) (13). In contrast, all taceAznlAzn 
fetuses on e17.5 had open eyelids resulting 
from a failure of eyelid fusion, lacked a con- 
junctival sac, and had attenuated corneas 

Table 1. Cenotyping of progeny derived from taceAznl+ intercrosses. The numbers of  viable progeny 
corresponding t o  each genotype are listed. Additional nonviable t a ~ e ~ ~ " ~ " ~ "  fetuses are indicated in 
parentheses. Most t a ~ e ~ ~ " " ~ "  mice found alive at  birth died within several hours (12). The six surviving 
t a ~ e ~ ~ " ~ " ~ "  mice were either killed or found dead between P I 4  and P21. The genotyping assay could not 
distinguish between +/+ and AZn/+ on a p 5 5 Y -  p 7 5 Y  background. Animal care was in accord wi th  
lmmunex institutional guidelines. e, embryonic; P, postnatal; nd, not determined. 

Background Age Total +/+ AZn/+ I Z n I l Z n  
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Fig. 1. Eye, hair, and skin defects associated with taceAzn mutation revealed in hematoxylin- 
and eosin-stained tissues. Transverse sections of e l  7.5 wild-type (A) and taceAznJAzn (B) eyes 
revealed a failure of fusion between upper (U) and lower (L) eyelids and an attenuated cornea 
(C) in the mutant. The con'unctival sac (CS) was absent in the mutant (bar = 267 km). 
Surviving P19-21 tace"znl"in (D and F) mice and control littermates (C and E) revealed 
abnormal, irregular pigment deposition within pelage hairs derived from the mid-dorsum (D) 
and altered skin morphology evident on stained sections (F). Hair follicles (arrowhead) were 
absent from the adipose layer (AL) of control skin (E) but were randomly distributed within this 
layer in the mutant (F). taceAznIAzn hair follicles were densely distributed, had irregular shapes, 
and contained hairs with disorganized pigment deposits (arrowheads) (bar, 20 pm). Sections 
of the proximal small intestine from wild-type (G) and taceAznlAzn (H) e l  7.5 fetuses revealed 
variably blunted villi ( V )  and a hypercellular, pseudostratified mucosal epithelium arrow 6 displaying less cell polarity (bar, 54 )Lrn). Sections of the lung of wild-type (I) and tace ZnlAZn 

(J) e l  7.5 fetuses revealed impaired differentiation of the bronchiolar epithelium. Bronchioles 
(B) were lined by epithelium that appeared disorganized with variable hypercellularity, 
segmental stratification (arrow), and increased nuclear to cytoplasmic ratio (bar, 27 km). 
Tissue preparation described in (37). 

(Fig. 1, A and B). Those few tac$z"Azn 
mice that survived for several weeks had 
body weights 20 to 40% less than those of 
littermates. Additionally, they displayed var- 
ious degrees of eye degeneration kith appar- 
ent corneal inflammation, perturbed hair 
coats, curly vibrissae, and dense, irregular 
pigmentation patterns within pelage hairs 
(Fig. 1, C and D) (12). Histological sections 
of t ~ c e ~ ~ " ' ~ ~ "  skin from the mid-dorsum re- 
vealed a disorganized distribution and struc- 
ture of hair follicles, which were irregularly 
positioned and oriented, extended into the 
adipose layer, and contained hairs with irreg- 
ular pigment deposition (Fig. 1, E and F). 

Histological examination of t ~ c & ~ " ' ~ ~ "  
fetuses on e17.5 revealed multiple additional 
defects, primarily in epithelial cell maturation 
and organization. Epithelial dysgenesis char- 
acterized by delayed or impaired matura- 
tion was observed in multiple organs, in- 
cluding the intestine, lung, nonglandular 
stomach, thyroid, parathyroid, and salivary 
gland (Fig. 1, G through H) (14). Addition- 
ally, t ~ c e ~ ~ " ~ - ' ~ "  placentas displayed a mild 
attenuation of the spongiotrophoblast layer 
associated with a disorganized and discon- - 
tinuous plate of giant trophoblast cells 
(14). Defects in both the lung and placenta 
may contribute to the lethality observed. 

Impaired release of TGFm in the ab- 
sence of TACE. The eye, hair, and skin 
defects associated with the raceAzn mutation 
are similar to those of mice lacking trans- 
forming growth factor-a (TGFa) (15, 16). 
TGFa is synthesized as a transmembrane pre- 
cursor that is released from the cell surface by 
a metalloproteinase-dependent mechanism 
(8). To determine if the phenotypic similari- 
ties between t a ~ e ~ " " ' ~ ~ "  mice and TGFa- 
deficient mice could reflect a requirement for 
TACE in TGFa shedding, we compared the 
amounts of soluble and cell-associated TGFa 
in cultures of taceAzdAzn and wild-type em- 
bryonic fibroblasts (immortalized by infec- 
tion with a retrovirus encoding ras and myc). 
Release of soluble TGFa by tacemdAzn cells 
was reduced about 95% compared with that 
of wild-type cells (Fig. 2). Amounts of cell- 
associated TGFa in mutant and wild-type 
populations were comparable. Consistent 
with these data from cultured cells, highly 
purified recombinant TACE efficiently and 
correctly cleaved a peptide (1 7) representing 
the TGFa juxtamembrane processing site 
(Fig. 3A). These studies indicate a role for 
TACE in the proteolytic release of TGFa 
from the cell surface. Despite the biological 
activity of membrane-anchored TGFa de- 
fined in vitro (18), soluble TGFa is apparent- 
ly essential for normal hair follicle develop- 
ment and eyelid fusion in vivo. 

The additional epithelial defects observed in 
faceudmn fetuses are similar to those reported 
in mice lacking the epidermal growth factor 
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receptor (EGFR) (19), an obligate receptor for 
EGF, TGFa: amphiregdin: betacellulin: hepa- 
rin-binding EGF, and epiregulin. These ligands 
are all synthesized as tsansmembrane precur- 
sors fsorn which soluble ectodomains are re- 
leased by metalloproteases (8, 20). Hence. 
TACE may also process one or more of these 
other ligands. and this processing may be es- 
sential for normal development. 

Additional ectodomain shedding de- 
fects in cells lacking TACE. The obsei-va- 
tion that TACE is involved in the processing 
of two functionally and structurally unrelated 
proteins. TNF (a type I1 membrane protein) 
and TGFa (a type I membrane protein), sug- 
gested.'that it may have a broad role in 
ectodornain shedding. IVe therefore exam- 
ined its role in the release of the adhesion 
molecule L-selectin and the p75 TNFR in 
fncelzn AZ,, cell populations that expressed 

these proteins endogenously. Shedding of 
both of these proteins is rnetalloproteinase 
mediated. stimulated by activators of protein 
lcinase C (PKC), and thought to have a role in 
the modulation of inflammatory responses 
(21, 22). Although unstimulated wild-type 
and tnceAZn thymocytes expressed corn- 
parable amounts of surface L-selectin, stiinu- 

- EGF +EGF 

u 
wt AZn/AZn wt AZn/AZn 

- EGF +EGF 

Fig. 2. TGFa shedding by wild-type and 
ta~e '~" l '~"  fibroblasts. Wild-type (wt) and 
t a c e ~ z n ~ ~ z n  (AZn/lZn) ras-myc-immortalized 

fibroblasts were cultured in the presence or 
absence of EGF, as indicated, for 24 hours and 
assayed for TGFa in the medium and cell ly- 
sate, as indicated, with a TGFa-specific radio- 
immunoassay (32). Inclusion of EGF in the me- 
dium increases the recovery of TGFa without 
interfering with the radioimmunoassay. Amounts 
of TGFa in the medium were normalized to 
protein concentration in the corresponding cell 
monolayer. Values represent the average of 
two replicates. 

lation of PKC by treating cells with phorbol 
12-AT-myristate 13-acetate (PMA) led to a 
reduction of surface expression only from 
wild-type cells (Fig. 4, A and B). The defect 
in L-selectin shedding by tace"zn'"z" thymo- 
cytes appeared not to result from an inability 
to respond to PMA, because expression of the 
activation antigen CD69 was normally up- 
regulated by PMA in these cells (Fig. 4, C 
and D). Normal expression of the T lineage 
markers CD4 and CD8 by tace"zn'Azn thy- 
rnocytes indicated that development of these 
cells was not grossly affected by the mutation 
(12). A peptide spanning the L-selectin pro- 
cessing site (23) was also correctly cleaved 
by purified TACE (Fig. 3B), further support- 
ing a role for TACE in L-selectin shedding. 

The release of p75 TNFR was examined 
on immortalized wild-type and tnceAZmAzn 
bone masrow-derived monocytic ( D m )  
cells. Wild-type and DRM cells 
expressed similar amounts of surface p75 
TNFR, but a PMA-induced decrease in the 
amount of p75 TNFR on the cell surface was 
only obsei-ved in wild-type DRM cells (Fig. 
4, E and F). Additionally, wild-type DRM 
cells cultured for several hours in the pres- 
ence of PMA: lipopolysaccharide, and inter- 
feron-? released soluble p75 TNFR into the 
medium, whereas none was detected in the 
medium of tnce-'z'L'"z" DRM cultures (12). 
Thus, TACE, initially identified as a TNF 
processing enzyme, also participates in the 
processing of TGFa, L-selectin, and p75 
TNFR. In accord with such a role, TACE is 

A TGFa L-selectin 

1600 
Buffer 

5 

150 

400 
75 - 

Time (min) 

Fig. 3. Digestion of cleavage-site peptides. Pep- 
tides representing the cleavage sites in (A) 
TGFa (ADLLAVVAAS) (33) and (0) L-selectin 
(acetyl-KLDKSFSKIKEGDYN-amide) were incu- 
bated with buffer or TACE, as ind~cated, for 4 
hours at 37°C and then analyzed by HPLC. Both 
pept~des were based on human sequences, ex- 
cept that the methionine four residues down- 
stream from the scissile bond in human L- 
selectin was replaced with lysine, w_hich is 
found in this position in mouse L-selectin, to 
confer greater solubility to the peptide. In each 
case, peak 1 is the substrate. In (A), peak 2 is 
ADLLA and peak 3 is VVAAS. In (B), peak 2 is 
SFSKIKEGDYN-amide and peak 3 is acetyl- 
KLDK. The minor ultraviolet-absorbing species 
generated were not detected by the LCIMS 
procedure (34). 

expressed in all cell types examined (3: 12): 
many of which are not generally significant 
TNF-producing cells. 

hlechanisrn of TACE action. The 
ectodomain-shedding defects in t ~ c e ' ~ " ' ~ ~ "  
cells and the phenotype of t ~ c e ~ ~ " ' ~ ~ "  mice 
provide genetic evidence of a role for TACE 
in the shedding of a structurally and function- 
ally diverse group of membrane-anchored 
proteins. TWO lines of evidence indicate that 
the multiple processing defects in tnceAzn'Azn 
cells result directly from TACE deficiency. 
First, transfection of wild-type TACE into 
tace"zn'"zn fibroblasts increased shedding of 
cotransfected TNF and p75 TNFR (24), in- 
dicating that defective shedding of these pro- 
teins in taceAzn'Azn cells results from a defect 
in TACE and not in sorne linked gene whose 
function may have been affected by the tar- 
geted mutation. Second, although sorne 
ADAM family members may interact bio- 

Log fluorescence intensity 

Fig. 4. L-Selectin and 975 TNFR shedding by 
w~ld-type and taceAzn1 '" cells. Flow cytomet- 
ric analyses of thymocytes from a 2.5-week-old 
ta~e '~" l '~"  mouse (shaded) and from a wild- 
type littermate (unshaded) stained for L-selec- 
tin (A and 0) or CD69 (C and D), after no 
treatment [(A) and (C)] or stimulation with 
PMA (100 nglml) for 30 min [(B) and (D)] Flow 
cytometric analyses of wild-type (unshaded) 
and ta~e '~" l '~"  (shaded) DRM cells stained for 
p75 TNFR after no treatment (E) or st~mulation 
with PMA (100 nglml) for 30 min (F). L-Selectin 
was detected with biotinylated antibody to 
 mu^-selectin (clone MEL-14, PharMingen) fol- 
lowed by streptavidin-conjugated phycoerythrin 
(PharMingen) CD69 was detected with fluores- 
cein isothiocyanate-conjugated antibody to 
muCD69 (clone H1.2F3, PharMingen). p75 TNFR 
was detected with biotinylated antibody to 
murine p75 TNFR (clone TR75-54, Genzyme) in 
conjunction with streptavidin-conjugated phy- 
coerythrin (PharMingen). 
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chemically (25) and oveiexpiessed ADAMs 
lacking a catalytic domain can function as 
dominant negati~es (5). it is uillikely that the 
taceAz" gene product. if expressed at the 
protein lerel (26), is functioniilg as a domi- 
nant negatile with iespect to other ADAIM 
members because taceAZn - mice hare no 
phenotype, and shedding of raiious mem- 
brane pioteins including TNF and L-selectin 
is normal in taceAZn' cells (12) 

These data suggest a critical role foi 
TACE in the processing of multiple pro- 
teins Although TACE could be an obligate 
component of a proteinase cascade. specific 
c l ea~age  of processing-site peptides by 
TACE. and .not by the stiucturally related 
metallopioteinase MMP-3 (27, 28), indi- 
cates that TACE may diiectly plocess mul- 
tiple shed proteins The strong interaction 
between TACE and a TNF peptide (cleav- 
age was 9 times and 2250 times more effi- 
cient than with the TGFa and L-selectin 
peptides respecti~ely) could explain why 
TACE c l e a ~ e s  extracted TNF precursoi 
piotein whereas other apparent native sub- 
strates are not cleared (3, 28) 111 these 
cases. membrane anchoiing may be re- 
quired to productirely align the enzyme 
and its substrate (22 27 29, 30) 

TACE may be a central component of the 
mechanisin by whic11 cells shed membrane 
pioteiils Lethality in mice lacking TACE 
highlights the importance of TACE-directed 
ectodomain shedding duling de~elopment 
Although other ~neta~lo~ioteinases may also 
participate in the sheddmg of these apparent 
TACE substrates. therapeutic inhibitors of 
TNF ielease that taiget TACE may have ac- 
tir ity against other shed proteins 
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Presolar Corundum and Spinel 
in Ordinary Chondrites: Origins 
from ACB Stars and a Supernova 

Byeon-Gak Choi," Gary R. Huss, G. J. Wasserburg, 
Roberto Gallino 

On the basis of anomalous isotopic compositions of oxygen and magnesium, 
14 oxide grains from two primitive meteorites (Bishunpur and Semarkona) have 
been identified as circumstellar condensates. One corundum grain has a high 
180/160 ratio and isotopic compositions of magnesium, calcium, and titanium 
that are compatible with a formation in ejecta of a type II supernova that was 
about 15 times the mass of the sun. The other grains have oxygen, magnesium, 
and titanium compositions that are consistent with a formation around as- 
ymptoticgiant branch (AGB) stars with a range of mass and initial composition. 
The large range of aluminum/magnesium in circumstellar corundum and spinel 
is considered to  reflect various stages of back-reaction between condensed 
corundum and gaseous magnesium in cooling stellar ejecta. 

Presolai giains that weie extiacted from losing AGB stars and in supemora ejecta 
piimitiIe meteoiites existed before the for- The most abundant ciicumstellar condensates 
mation of the solai system Most grains are recorered are calbon-rich phases [diamond 
cilcumstellal condensates that formed in stel- giaphite silicon carbide and titanium carbide 
la1 ejecta They pro\ ide a unique oppoi-tunity (1, 2)] Presolar oxides, which should har e 
to study nucleosyntl~esis in stars and to study been abundant in the solai nebula, har e been 
condensation processes 111 the wind of mass- difficult to identify because of the or ei- 
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