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lysosomes to the cytoplasmic compartment. It should be noted
that, although TCRVy1.1" T-cell recognition of macrophages
correlates with a Nromp point mutation. the same TCRVyl.1"*
hybridomas can recognize cells such as P388D tumour cells
which do not express the pre-B-cell isoform of Nromp (Table
1; Fig. 2b; ref. 9). However, thesc data provide clear evidence
that the Beg locus controls recognition by tumour-reactive y3'
cells in vitro.

Our data show that TCRVyl.l' T cells respond against
almost all haematopoietic tumour cells in vitro and control
growth of two T-cell leukaemias in vivo, suggesting that 8" cells
mediate tissue-specific tumour immunosurveillance. [n addition,
we demonstrate that the Beg locus, which confers innate resist-
ance to intracellular infections, can control yd recognition in
vitro and may link tumour-reactive yd T cells to yd reactivity
against intracellular parasites. O
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HuMAN  stromelysin-3, a new member of the matrix
metalloproteinase family, is expressed in tissues undergoing the
active remodelling associated with embryonic development, wound
healing and tumour invasion' ™, But like all other members of the
matrix metalloproteinase gene family, stromelysin-3 is synthesized
as an inactive precursor that must be processed to its mature form
in order to express enzymic activity*”. Here we identify stromely-
sin-3 as the first matrix metalloproteinase to be discovered that
can be processed directly to its enzymically active form by an
obligate intracellular proteolytic event that occurs within the con-
stitutive secretory pathway. Intracellular activation is regulated
by an unusual 10-amino-acid insert sandwiched between the pro-
and catalytic-domains of stromelysin-3, which is encrypted with an
Arg-X-Arg-X-Lys-Arg recognition motif for the Golgi-associated
proteinase, furin, a mammalian homologue of the yeast Kex2 pher-
omone convertase®’. A furin-stromelysin-3 processing axis not
only differentiates the regulation of this enzyme from all previously
characterized matrix metalloproteinases, but also identifies pro-
protein convertases as potential targets for therapeutic intervention
in matrix-destructive disease states.

Although previously characterized members of the matrix
metalloproteinase (MMP) family are secreted as inactive
zymogens*’, COS-7 cells stably transfected with ST3 comple-
mentary DNA (COS 4-2) spontaneously expressed ST3 activity
and degraded a,-proteinase inhibitor («PI; a substrate for the
active MMP?®). Proteolysis was completely inhibited by tissue
inhibitor of metalloproteinase-1 or -2 (TIMP-1 or TIMP-2,
respectively) or the synthetic metalloproteinase inhibitor, BB-
94 (ref. 9) (Fig. 14). Immunoprecipitation with ST3 polyclonal
antisera revealed the presence of two major bands in the condi-
tioned medium of ST3-transfected COS cells with approximate

* To whom correspondence should be addressed.
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relative molecular masses of 65K and 45K, respectively (Fig.
1b). The 65K species represents the ST3 zymogen, and the 45K
species was previously identified as the processed mature form
of the enzyme on the basis of an amino terminus homologous
to that of the mature form of known MMPs (that is, Phe 98),
an intact carboxy terminus, and its ability to cleave the bait
region of a,-macroglobulin®. Importantly, ST3 processing to the
active 45K form was similarly observed in ST3-transfected HT-
1080 and MCF-7 (Fig. 1) as well as 293, MDCK and CHO
cell lines, where the sccreted cnzyme was recovered only in its
mature form (n=13).

In the extracellular media, pulse-chase analysis of ST3 pro-
cessing demonstrated that both the 65K zymogen and the 45K
active forms of the proteinases were detected in tandem fashion
by as early as 40 min post-labelling (Fig. 1¢). These results are
consistent with a rapid extracellular processing event, but the
ratio of active ST3 to zymogen did not increase with continued
incubation (Fig. 1¢). Furthermore, the activation of the ST3
zymogen was unaffected by proteinase inhibitors capable of pre-
venting processing of all other MMPs"® (that is, aprotinin,
benzamidine, E-64, «¢,-macroglobulin, TIMP-1/2 or BB-9%4;
data not shown). Although the rapid accumulation of active ST3
in the extracellular milieu and the resistance of the processing
event to extracellular antiproteinases are consistent with an
intracellular activation cascade, MMPs have been assumed only
to undergo activation after secretion®’. However, when pulse-
chase analyses of the intracellular pool of ST3 were examined,
the 45K processed form of the proteinase could be detected
before its secretion into the extracellular medium (Fig. 1¢).

The intracellular maturation of the ST3 zymogen suggested
that the zymogen displays an encrypted domain that initiates
processing. Amino-acid sequence alignments comparing ST3
with other MMPs have identified a non-homologous 10-amino-
acid insert that is sandwiched between the pro-domain and the
N terminus of the active proteinase’ (Fig. 2a). To determine
whether this decapeptide regulates processing, the effect of
switching this domain from ST3 to the homologous region in a
structurally distinct MMP, human fibroblast collagenase'’
(HFC), was assessed. As expected, although wild-type ST3 was
processed to its active form, HFC was secreted as glycosylated
and mnon-glycosylated zymogens® (Fig. 2a,c). After domain
switching, however, the deletion mutant of ST3 (termed ST37'9)
was not processed and secreted only as a single, inactive ~65K
species (Fig. 2b. ¢). In contrast, the insertional mutant of HFC
(termed HFC'') was secreted as a fully processed and active
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FIG. 1 Activation and processing of ST3. a, Detection of ST3 activity.
a4 Pl was incubated alone (lane 1), with supernatants from cells stably
transfected with the control expression vector (lane 2), or the ST3
expression vector in the absence or presence of rTIMP-1 (1 ug mi° Y,
TIMP-2 (1 pg mi~") or BB-94 (5 uM) (lanes 3-6, respectively) and exam-
ined by SDS-PAGE/Coomassie staining. a,Pl, ai-proteinase inhibitor;
a4Pl,, cleaved a4Pl. b, ST3 activation by transfected cell lines. COS,
MCF-7 or HT1080 ceils transiently transfected with a,Pl and either the
control (lanes 1, 3, 5) or the ST3 expression vector (lanes 2, 4, 6) were
analysed by immunoprecipitation with ST3- or a4Pl-specific polyclonal
antisera (upper and lower panels, respectively). The 65K and 45K
species are the zymogen and processed forms of ST3, respectively
(upper panels). Cleaved a4Pl is detected when coexpressed with ST3
in all three cell lines (lower panels; lanes 2, 4, 6) but not in control
transfected cells (lanes 1, 3, 5). ¢, Pulse-chase analysis of ST3 process-
ing in situ. COS-7 cells stably transfected with ST3 were pulse-labelled
with [**S]-methionine for 5 min and chased with unlabetled methionine
for O min (lanes 1 and 6), 20 min (lanes 2 and 7), 40 min (lanes 3 and
8), 60 min (lanes 4 and 9) and 80 min (lanes 5 and 10). Supernatants
(lanes 1-5) and lysates (lanes 6-10) were immunoprecipitated with
anti-ST3 polyclonal antisera. The arrow indicates the position of the
non-glycosylated ST3 precursor.

METHODS. COS-7 cells stably transfected with the control or ST3
expression vector have been described previously®, Serum-free condi-
tioned media was collected from either cell population and incubated
with a4Pl (10 pg ml %) in the absence or presence of MMP inhibitors
for 6 h at 37 °C and analysed as described by SDS-PAGE (7.5%)®. COS-
7, HT-1080 or MCF-7 cells were transiently transfected with the « Pl
and ST3 expression vectors by LipofectAMINE treatment (BRL-GIBCO)
and labelled with [**S]methionine (100 uCi ml™* for 3 h at 37 “C). For
pulse-chase analyses, stably transfected COS-7 celis were labetled with

b
a o
A A ©
M, Mo o gt S
(K) Ky o & @
80— oo ST3
- e e -Pl 45— " e
45— =Pl
- =0, Pl
ae ol B B Senls
12 3 4 5 6 12 34 56
¢ Extracellular Intracellular
Mf
(K)
65— - -
45— o T

0 20 40 60 80
(minutes)

0 20 40 60 80
(minutes)

[**S]methionine (500 pCi ml™*) for 5 min and chased with 10 mM un-
labelled methionine. Cells were lysed in RIPA buffer”® in the presence
of PMSF, E-64, BB-94 and pepstatin. ST3 and «,Pl were immunopre-
cipitated with monospecific polyclonal antisera and processed as
described®.

FIG. 2 A new 10 amino-acid insert in ST3 encodes an intracellular
activation signal. a, Schematic representation of domain swaps
between ST3 and HFC. The 10 amino-acid insert of ST3 (black box) is
located between the pro- (labelled P) and catalytic (labelled ENZ)
domains of ST3. ST37'° is a deletion mutant lacking the insert between
residue Asp 87 and Phe 98 whereas HFC™'° contains this motif inserted
between residue Gln 99 and Phe 100 (ref. 5). b, Processing of ST3 and
HFC mutants. ST3 (lane 1), but not ST37'° (lane 2) was processed to
its mature form. In contrast, HFC was secreted as glycosylated and
non-glycosylated proforms® (lane 3) whereas HFC™'° was processed
completely to the mature enzyme (lane 4). Products were visualized by
SDS-PAGE/fluorography after immunoprecipitation. Brackets indicate
the glycosylated and non-glycosylated forms of HFC. ¢, Enzymic activities
of 8T3, ST37*°, HFC and HFC**°. Shown are 4P| expressed alone (lane
1) or a4Pl coexpressed with ST3 (lane 2) or ST3 *° (lane 3). The cleaved
a4 P! products includes the ~50K fragment (upper arrowhead) and the
~4K fragment (lower arrowhead). Native type | coltagen (lane 4) was
incubated with HFC or HFC'*° (lanes 5 and 7, respectively) or amino-
phenylmercuric acetate-treated HFC or HFC*° (lanes 6 and 8, respec-
tively). Although the HFC zymogen expressed no collagenolytic activity
until activated with the organomercurial, HFC*'® was secreted as the
fully active enzyme. The characteristic 3/4- and 1/4-sized fragments of
cleaved type | collagens are indicated.

METHODS. A sequential PCR strategy was used to generate both ST37*°
and HFC*™? (ref. 23). A 5’ primer containing the ATG codon and a 3’
primer containing the stop codon of ST3 were paired with two comple-
mentary internal primers encoding the deletion of the 10 amino-acid
insert to generate two partial PCR fragments which were annealed and
reamplified to generate ST37'°. HFC™*® was generated in a similar
fashion with the following primers: a 5" and a 3’ primer of HFC, and two
complementary internal primers with a precise insertion of the 10
amino-acid insert of ST3 between Q 99 and F 100 of HFC. The ST *°
and HFC'™® PCR fragments were cloned and sequenced in pCloneAmp
(BRL-GIBCOQ), and cloned into pREP9. DNA transfection and immunopre-
cipitation was as in Fig. 1a. For N-terminal sequence determination,
[H]-leucine-labelled HFC™° was immunoprecipitated with specific
polyclonal antisera, electrophoresed, immunoblotted and sequenced as
described®?*. Collagenolytic activity was analysed after a 12 h incuba-
tion with soluble type | collagen at 25 °C as described”®.
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type I collagenase with a new N terminus immediately down-
stream of the decapeptide at Phe 100 (Fig. 2b, ¢). Thus, despite
the fact that HFC displays only limited homology to ST3', the
10 amino-acid insert carries all of the information necessary to
direct the intracellular processing of the recipient MMP.

The ST3 decapeptide insert contains a tetrad of basic residues
arranged in an Arg-X-Arg-X-Lys-Arg sequence (Fig. 2). Inter-
estingly, recent studies indicate that protein precursors that dis-
play a triad of basic residues arranged in an Arg-X-Lys/Arg-
Arg motif can be cleaved on the C-terminal side of the consensus
sequence within the constitutive secretory pathway by mammal-
ian homologues of the yeast processing protease, Kex2 (refs
6, 7). At least six members of the mammalian precursor process-
ing endoproteases have been identified, but only two of these,
furin and PACE4, are ubiquitously expressed and display pro-
cessing activities for constitutively secreted, Arg-X-Lys/Arg-
Arg-containing precursors®’. Sequence rules established for pre-
cursor cleavage by furin/PACE4-like convertases indicate criti-
cal roles for the basic residues at positions —1, —2 and —4
relative to the scissile bond (that is, P™', P72 and P7*,
respectively)'”''. Thus, the amino-acid sequence requirements
for ST3 processing in COS-7 cells'” were compared in transient
transfection assays where the Arg residues at P™*, P> and P
were substituted. In contrast to wild type ST3, Arg—Lys or
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FIG. 3 Amino-acid sequence requirements for ST3 processing. The
basic residue motif in the 10 amino-acid insert (boxed) of ST3 is shown
in bold letters. Mutations were introduced in each of these residues as
well as the Phe 98 by a sequential PCR-based strategy. ST3 expression
constructs harbouring these mutations were transiently transfected into
COS-7 cells and analysed after immunoprecipitation and SDS-PAGE/
fluorography as described in Fig. 1.

METHODS. Mutations were introduced into the desired positions in ST3
essentially as described for the generation of ST~ in Fig. 2. Mutagenic
primers used are as follows: R97A, CGCAACCGACAGAAGGCGTTCGT-
GCTTTCTGGC; K96D, GCCCGCAACCGACAGGATAGGTTCGTGCTTTCT;
R94K, CTGAGTGCCCGCAACAAGCAGAAGAGGTTCGTG; R94A, CTGAGTG-
CCCGCAACGCACAGAAGAGGTTCGTG; R92A, GATGGGCTGAGTGCC-
GCAAACCGACAGAAGAGG; F98Y, AACCGACAGAAGAGGTATGTGCTTTC-
TGGCGGG. Bold nucleotides indicate the altered codons. These muta-
genic primers were paired with the ST3 3’ primer to generate C-terminal
ST3 fragments carrying the desired mutations by PCR from an ST3
cDNA template®. A PCR fragment coding for the pro-domain of ST3
(M 1-K 96) was generated by amplifying the ST3 cDNA template with
the 5" ST3 primer described previously and the primer,
CGCCTTCTGTCGGTTGCGGGCACTCAGCCCATC, whose complementary
strand encodes D 87-K 96. The M 1-K 96 fragment was annealed to
each of the mutated C-terminal ST3 fragment generated above and
PCR amplified with the 5" and 3’ ST3 primers to generate full-length
ST3 mutants as described in Fig. 2. The resulting PCR fragments were
cloned into pCloneAmp, screened for mutations by DNA sequencing,
and cloned into pREP9 expression vector.
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Arg—Ala mutants at P™* (R94K and R94A, respectively),
Lys—Asp at P72 (K96D) or Arg—Ala at P' (R97A), were all
secreted as unprocessed zymogens (Fig. 3). Although an addi-
tional basic residue at P~ has not been identified in other Arg-
X-Lys/Arg-Arg-containing precursors, mutants containing this
extended recognition sequence have been reported to undergo
more efficient processing'®'"'?. Indeed, an Arg—Ala substitu-
tion at P~® was processed, but only at a rate ~10% of that
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FIG. 4 Processing of ST3 by furin and PACEA4. a, Efficiency of furin and
PACE4 as ST3-processing convertases. ST3 expression vector (1 ug)
was cotransfected with 100 ng control vector (lane 1) or expression
vectors for human furin (lane 2) or PACE4 (lane 3) into COS-7 cells. ST3
products were analysed after immunoprecipitation as described in Fig.
1. b, Inhibition of ST3 activation by a,Pley in situ. COS-7 cells (lanes
1-3) or HT-1080 cells (lanes 4-6) were transfected with the following
expression vectors; ST3 alone (1 pg, lanes 1 and 4), ST3 and a41Plew
(1 pg and 100 ng, respectively; lanes 2 and 5), or ST3 and «4Pl (1 pg
and 100 ng, respectively; lanes 3 and 6). The ST3 products were ana-
lysed following immunoprecipitation as described in Fig. 1. ¢, ST3 pro-
cessing in the furin-deficient cell line, LoVo. LoVo cells were transfected
with expression vector for ST3 (lane 1), or with expression vectors for
ST3 and either furin (1 pg; lane 2) or PACE4 (1 pg; lane 3). Radiolabelled
ST3 products were analysed after immunoprecipitation as described in
Fig. 1. d, Processing of proST3 by soluble furin under cell-free condi-
tions. ProST3 (50 ng) was then incubated alone (lane 1) or with purified
soluble furin (2 units; lane 2) and the mixtures analysed by western
blotting with ST3 polyclonal antisera. To assess ST3 proteolytic activity,
a1PI (200 ng) was incubated alone (lane 3) or with proST3 (20 ng; lane
4), soluble furin (2 units; lane 5), furin-activated ST3 (lane 6) or furin-
activated ST3 and TIMP-1 (50 ng; lane 7). Products were analysed by
western blotting with a,Pl polyclonal antisera.

METHODS. ProST3 was purified from transiently transfected LoVo cells
as described®. Soluble furin expressed in transiently transfected COS-
7 cells was purified and assayed according to ref. 26. Furin-ST3 mix-
tures were incubated for 2 h at 37 °C in 10 mM Tris—HCI, 250 mM NaCl,
1 mM CaCl, and 0.02% Brij 35 (pH 7.0). N-terminal sequence analysis
of furin-processed $ST3 was determined as described® in the absence
or presence of BB-94. ¢ 1Pl hydrolysis was determined under conditions
in Fig. 1 and the antiproteinase immunoblotted with polyclonal antisera
(Calbiochem) as described®.
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observed with the wild-type proteinase (Fig. 3). Finally, given
that substitutions in the P*' position are more readily
tolerated'™"', F98Y was processed comparably to wild-type ST3
(Fig. 3). Under the assumption that insert substitutions did not
significantly perturb the conformation of the Arg 97-Phe 98
cleavage site'>'", these results suggest that ST3 undergoes furin-
or PACE4-mediated processing.

To assess the relative efficiency of furin versus PACE4 in ST3
processing, COS-7 cells were cotransfected with ST3 cDNA and
either furin or PACE4 cDNAs (Fig. 4a). Although COS cells
transfected with either pro-protein convertase express the respec-
tive proteases comparably'*, only furin increased ST3 processing
(Fig. 4a). Furthermore, when ST3-transfected COS-7 or HT-
1080 cells were cotransfected with the Pittsburgh mutant of «,PI
(aPlpiy), a reactive site variant that inhibits furin (but not
PACE4) activity in situ'>", ST3 processing was completely
blocked (Fig. 4b). Consistent with these findings, LoVo cells, a
carcinoma cell line that does not produce functional furin'®, were
unable to process the ST3 zymogen to its active form (Fig. 4¢).
However, when LoVo cells were cotransfected with ST3 and
furin (but not PACE4) ¢cDNAs, processing was reestablished
(Fig. 4¢). Finally, to determine whether furin directly mediates
ST3 processing, a soluble form of the convertase was generated
by deleting the transmembrane domain'*'* and the purified mut-
ant incubated with the ST3 zymogen under cell-free conditions.
At neutral pH, the soluble furin mutant efficiently cleaved the
ST3 zymogen at the Arg 97-Phe 98 junction (as determined by
N-terminal sequencing) to generate the active 45K form of the
proteinase (Fig. 4d).

We have demonstrated that ST3 is processed directly to its
mature active form by the pro-protein convertase, furin. A mam-
malian homologue of the yeast Kex2 pheromone convertase,
furin is a transmembrane serine proteinase concentrated in the
trans-Golgi network®”'*"". Furin efficiently processes serum
proteins, growth factors and membrane receptors containing an
Arg-X-Lys-Arg sequence®’, but an additional Arg residue at
P~°was necessary for the efficient processing of the ST3 zym-
ogen. Apparently, the inclusion of this enhancing signal for
human ST3 processing is evolutionarily conserved because
mouse” and Xenopus'® ST3 homologues each contain the ident-
ical motif. Importantly, a new transmembrane MMP that con-
trols gelatinase A activation also contains a decapeptide insert
with an Arg-X-Lys-Arg motif upstream of its catalytic
domain'®*. Thus, we propose that pro-protein convertases may
serve as important regulators of multiple metalloproteinases
involved in extracellular matrix turnover. The unexpected identi-
fication of furin as an activator of MMPs that are strongly impli-
cated in tumour progression suggests that recently developed
pro-protein convertase inhibitors®'>*" might be developed as
anti-cancer therapeutics. O
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THE peptide angiotensin II is the effector molecule of the renin—
angiotensin system. All the haemodynamic effects of angiotensin
11, including vasoconstriction and adrenal aldosterone release, are
mediated through a single class of cell-surface receptors known as
AT, (refs 1, 2). These receptors contain the structural features of
the G-protein-coupled receptor superfamily’. We show here that
angiotensin II induces the rapid phosphorylation of tyrosine in the
intracellular kinases Jak2 and Tyk2 in rat aortic smooth-muscle
cells and that this phosphorylation is associated with increased
activity of Jak2. The Jak family substrates STAT1 and STAT2
(for signal transducers and activators of transcription) are rapidly
tyrosine-phosphorylated in response to angiotensin I1. We also find
that Jak2 co-precipitates with the AT, receptor, indicating that
G-protein-coupled receptors may be able to signal through the
intracellular phosphorylation pathways used by cytokine
receptors“’s.

To investigate whether angiotensin IT (Ang II) stimulates Jak2
phosphorylation, rat aortic smooth-muscle (RASM) cells were
exposed to Angll, and Jak2 tyrosine-phosphorylation was
measured by two methods. In the first, cell lysates were immuno-
precipitated with a monoclonal anti-phosphotyrosine antibody,
precipitated proteins were separated by gel electrophoresis,
transferred to nitroceliulose and then immunoblotted with a
polyclonal anti-Jak2 antibody (Fig. 1a). In the second protocol,
the order of antibody addition was reversed: the cell lysate was
immunoprecipitated with anti-Jak2 and then immunoblotted
with anti-phosphotyrosine (Fig. 1b). Similar experiments were
done in parallel in which RASM cells were exposed to murine
interferon (IFN)-7, a cytokine that activates phosphorylation
of Jak2 (Fig. 1¢)*°. Within 5 min of exposure to Ang 11, tyrosine
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