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ProTGFo (transforming growth factor o precursor) maturation
and conversion into soluble TGF« is a complex process that in-
volves three proteolytic steps. One, that occurs co-translationally,
eliminates the signal sequence. Another, occurring at the juxta-
membrane domain, solubilizes TGFw. A third cleavage removes
the N-terminal extension of proTGFa«. This latter step has been
poorly studied, mainly because of the rapid kinetics of this cleav-
age. In the present study, we have designed a strategy to ana-
lyse several aspects regarding this N-terminal cleavage. In vivo
treatment with the hydroxamate-based metalloprotease inhibitors
BB3103 or TAPI-2 (tumour necrosis factor-o protease inhibitor 2)
reversibly induced accumulation of forms of proTGFw that in-
cluded the N-terminal extension. N-terminal shedding was rapid,
and occurred at the cell surface. However, the machinery respon-

sible for the N-terminal cleavage was inactive in other cellular
sites, such as the endoplasmic reticulum. Experiments of
proTGFa expression and maturation in cells deficient in TACE
(tumour-necrosis-factor-o-converting enzyme) activity indicated
that this protease was dispensable for N-terminal processing of
proTGFu in vivo, but was required for regulated cleavage at the
C-terminus. These findings indicate that TACE is not involved in
N-terminal processing of proTGFe, and suggest differences in the
machineries that control the cleavage at both ends of TGFo within
its precursor.

Key words: growth factor, metalloprotease, N-terminal shedding,
secretase, transforming growth factor o (TGF-w).

INTRODUCTION

TGFa (transforming growth factor «) is a soluble protein that was
initially isolated from the culture medium of transformed cells
by its ability to stimulate anchorage-independent cell growth [1].
Later, multiple studies indicated that increased function or expres-
sion of TGFo was associated with the development/progression of
various types of cancer. Thus TGFa has been detected in several
tumours [2,3], and transgenic overexpression of this factor in mice
results in hyperplasia of the mammary gland, and pancreatic and
liver carcinomas [4-6].

TGFa is biosynthesized as a larger transmembrane protein
termed proTGFa (TGFa precursor) [7,8]. This precursor pro-
tein includes several different domains (see Figure 1A) that play
distinct roles in the biology of proTGFa [9]. The ectodomain
of this precursor molecule includes an N-terminal signal sequence
that allows translocation of the nascent polypeptide chain through
the membrane of the ER (endoplasmic reticulum) [7,8], an
N-terminal extension [10], the TGFa region that includes the EGF
(epidermal growth factor)-like module [11] and a linker sequence
that connects the ectodomain to the transmembrane domain. The
intracellular domain is short and has been implicated in proper
sorting and cleavage of proTGFw [12,13].

Three proteolytic events contribute to the full maturation of
proTGFw. The first (cleavage site 1 in Figure 1A) involves co-
translational removal of the signal peptide by signal peptidases
[14,15]. This is expected to be the faster proteolytic processing
of proTGFa and occurs upon entry of the precursor peptide to

the secretory route in the ER. This cleavage generates a form of
proTGFu that contains an N-terminal extension. The two other
processing steps occur between alanine and valine peptide bonds,
and result in either the elimination of the N-terminal proTGF«
extension (processing at cleavage site 2 in Figure 1A), or cleavage
at the C-terminus of TGFa within its precursor (processing at
cleavage site 3 in Figure 1A).

Much attention has been paid to the shedding that occurs in the
linker region at cleavage site 3, and which is responsible for
the solubilization of TGF« [9,16]. Processing at this site is slow
under resting conditions, but may be accelerated by treatments
that affect several intracellular signalling pathways [17-19]. Ana-
lyses of the cellular location where processing at the C-terminus
occurs indicated that the machinery responsible for this shedding
event is only functional at the plasma membrane, but requires
the presence of cytosolic components [12,20]. Studies aimed at the
identification of the proteases responsible for the cleavage of
proTGFa at the C-terminus have shown that metalloproteases
have a predominant role in the control of the shedding of TGF«
[21]. Studies in this direction have indicated that ADAMI17 (a
disintegrin and metalloprotease 17)/TACE (tumour-necrosis-fac-
tor-o-converting enzyme) may act as the major metalloprotease
in the shedding of TGF« [22-24]. Thus, in animals deficient in
TACE activity, release of TGFa is severely reduced [23]. Further-
more, these animals present a phenotype that mimics, in some
aspects, the TGFa-knockout mice [23]. In addition, in vitro
measurements of TGFa release have indicated that efficient
shedding of TGF« requires the activity of TACE [22]. However, a
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serum; GST, glutathione S-transferase; HA, haemagglutinin; HBSS, Hanks balanced salt solution; HEK, human embryonic kidney; PKC, protein kinase C;
TACE, tumour-necrosis-factor-a-converting enzyme; TAPI-2, tumour necrosis factor-« protease inhibitor 2; TBST, Tris-buffered saline with Tween 20;
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Figure 1 Molecular forms of proTGFo expressed by CHO and HelLa cells

(A) Schematic representation of the different domains of proTGFe, and the three cleavage sites. The site recognized by the anti-proTGFo antibody at the C-terminus of the precursor protein is
shown. (B) Pulse—chase experiment of proTGFer. CHO'8 cells were pulsed for 20 min with [®S]cysteine, and then chased for the indicated times. Cell lysates were immunoprecipitated with the
anti-proTGFo antibody, and the precipitates were analysed by SDS/PAGE followed by autoradiography. The position of the molecular-mass markers is indicated at the right, and the molecular mass
of the different proTGFe forms are indicated at the left. (€) Forms of proTGFa in CHO™F and HeLa"®« cells. Lysates were prepared, and precipitated with the anti-proTGFe: antibody, followed by
Western blotting with the same antibody. Where indicated, the precipitates were incubated also with 1 g of the peptide against which the anti-proTGFa was raised. Molecular masses are in kDa.
(D) Generation of anti-proTGFa ectodomain antibodies. The sequence at the top includes the N-terminal extension of proTGFe (grey letters, at the left) and the TGFo: module (black letters). The
vertical white filled arrows indicate the sites of N-terminal cleavage, between residues 38 and 39; and the C-terminal cleavage, between residues 88 and 89 of proTGFa respectively. The horizontal
arrows indicate the position of the primers used to raise DNA fragments from rat proTGF« to generate the GST—ectodomain fusion protein (primers 1 and 4) that was injected into rabbits to generate
antibodies. The antibodies specific to the N-terminus (N-term.) were purified by constructing a GST-N-terminus fusion protein using primers 1and 2; and the antibodies against TGFo were purified
from the same serum using a GST-TGFe fusion protein generated with primers 3 and 4. The resulting antibodies were tested for their specificity by Western blotting using different amounts of
GST-TGFe or GST-N-terminus protein, as indicated in the gels shown. (E) Extracts from CHO or CHO™®« cells were immunoprecipitated (IP) with anti-proTGFe or anti-TGFer antibodies, and then
Western blots were probed with anti-proTGFe (left-hand panel), or anti-TGF« antibodies (right-hand panel). Molecular masses are in kDa. (F) Release of soluble TGFe into the culture medium.
Medium from CHO or CHO™6" cells (conditioned for 24 h) was concentrated and then soluble TGFor was detected in Western blots with the anti-TGFe antibody. Where indicated, PMA (1 M) was
added to the cells for 30 min before harvesting of the culture medium. The asterisks indicate two non-specific bands. Molecular masses are in kDa.

number of observations indicate that other proteases, in addition
to TACE, may control the shedding of TGFa. In fact, even though
the release of TGFu is severely decreased in animals with im-
paired TACE activity, a residual amount of TGF« is found as a
soluble form in the culture medium of fibroblasts derived from
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these animals [23]. Also, in cells derived from animals deficient
in TACE activity, shedding of TGF« can be increased by certain
treatments, such as APMA (4-aminophenylmercuric acetate),
indicating that proteases other than TACE may act in the regu-
lation of the cleavage of proTGF« [25].
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Another cleavage event, occurring at cleavage site 2, removes
the N-terminal extension of proTGFw. This region is glycosylated,
and links the signal sequence to the N-terminus of TGF« [10,26].
Because of the heterogeneous glycosylation that occurs at this
region, several molecular forms of soluble TGFo have been re-
covered from the culture medium of cells expressing this factor,
and being cleaved at site 3 more efficiently than at site 2 [27,28].
The characteristics of the proteolytic machinery that are respon-
sible for the shedding of the N-terminal extension are poorly
known. One of the questions that remains to be elucidated is the
cellular location at which N-terminal cleavage occurs. Pulse—
chase experiments performed in cells that express proTGFa have
indicated that the N-terminal processing activity rapidly removes
the N-terminus of proTGF« [10,17]. This rapid disappearance,
together with the fact that forms of proTGFa with the N-terminal
extension are difficult to detect, has raised the possibility that the
N-terminal shedding may occur shortly after proTGFo biosyn-
thesis, or during transit of the precursor to the plasma membrane
[10,17]. In this respect, a potential cellular site that could partici-
pate in N-terminal proTGFa shedding is the ER. This is sup-
ported not only by the rapid disappearance of the N-terminus of
proTGFe, but also because this compartment contains the proteo-
lytic machinery that processes proTGFu at site 1, removing its
signal sequence. In addition, it is expected that, since N-terminal
cleavage occurs in a luminal space, the N-terminal secretase
and proTGFu should coincide in the ER, at least during their syn-
thesis. However, indirect data indicate that N-terminal shedding
may occur outside this cellular compartment. Thus forms of
proTGFa containing the N-terminal extension have been found
to be sensitive to exogenous elastase, indicating that these forms
may reach the plasma membrane [10]. In addition, since cleavage
at the N-terminus and at the C-terminus occurs between Ala—Val
peptide bonds, and cleavage at the C-terminus occurs at the plasma
membrane [12], the possibility that the same cell-surface protease
may act at both sites has been proposed [22]. In this direction,
recent in vitro experiments have indicated that TACE may be the
major N-terminal processing enzyme [22], and that other secre-
tases, such as ADAM10 may also cleave at this site [29]. However,
TACE is mainly located in intracellular compartments, and only
a minor proportion reaches the plasma membrane [30].

In the present study, we have developed a strategy to overcome
the problem of the rapid removal of the N-terminal extension.
This has allowed us to study the cellular site and the potential
importance of TACE as an N-terminal secretase. We show that the
proteolytic activity that processed proTGFwo at the N-terminus
may act at the cell surface, but not in intracellular compartments,
such as the ER. In addition, we report that the N-terminal secretase
activity is sensitive to certain metalloprotease inhibitors, and that
this inhibition is reversible. Finally, we show that N-terminal
shedding of proTGF« occurs in the absence of TACE. However,
efficient resting and regulated cleavage at the C-terminus of TGF«
requires the presence of active forms of this protease.

EXPERIMENTAL
Reagents and immunochemicals

PMA, PMSF, tosylphenylalanylchloromethane, proteinase K,
1,10-phenanthroline, EDTA, soybean trypsin inhibitor, E64 [N-
(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide], ALLN
(N-acetyl-L-leucyl-L-leucyl-L-norleucinal), CHX (cyclohexim-
ide), brefeldin A, aprotinin, pepstatin, leupeptin and polybrene
were from Sigma. BB3103 and TAPI-2 (tumour necrosis factor-o
protease inhibitor 2) were generously provided by British Biotech
and Amgen-Immunex respectively. G418 was from Invitrogen.
Glutathione—Sepharose was from Amersham Biosciences.

The proTGFa-specific antiserum was raised in rabbits against
a synthetic peptide that included amino acids 71-88 [17]. The
anti-TACE antibody was generated in rabbits against the 14 C-
terminal amino acids of the cytosolic tail of human TACE [31].
Antibodies against proTGFa or TACE were purified by affinity
chromatography using peptide—Sepharose columns as described
in [31].

We also generated two different antibodies against the ecto-
domain of proTGFe, that recognized the N-terminus of proTGF«,
or the EGF-like module that corresponds to TGF«. For this,
rabbits were immunized with a GST (glutathione S-transferase)
fusion protein that included amino acids 23-88 of the ectodomain
of proTGF« (Figure 1D). The antibodies against the N-terminus,
or the TGFa domain, were purified from the antiserum by affinity
chromatography. A first pre-purification step using GST coupled
to Sepharose CL-4B was carried out to remove the anti-GST
antibodies. Three purification rounds were necessary to eliminate
any anti-GST antibodies. The flow-through was then passed over a
column that contained the GST-N-terminus protein (amino acids
23-38 of proTGF«) coupled to Sepharose CL-4B, in order to
purify the corresponding anti-N-terminus antibodies. Then, the
antiserum was passed through a third column that contained
the fusion protein GST-TGFa (amino acids 46—88) coupled to
Sepharose CL-4B, to purify the anti-TGFa antibodies.

The generation in bacteria of the different GST-fusion proteins
was performed according to standard procedures [32]. The oligo-
nucleotides (as numbered in Figure 1D) used to generate the
distinct fusion proteins were: 1, 5-AATGGATCCCTGGAGAA-
CAGCACG-3';2,5-CAGAAGCTTTGCAGCCGCCACGGG-3;
3, 5-AATGGATCCTGCCCAGATTCCCAC-3, and 4, 5'-CAG-
AAGCTTCAGGAGATCTGCATG-3'. The different oligonucleo-
tides were used to generate different DNA fragments from rat
proTGFw by PCR, and these fragments were digested with BamHI
and HindIlI, and subcloned into the pKG vector for the production
of recombinant fusion proteins.

Cell culture and transfections

All cell lines were cultured at 37°C in a humidified air atmos-
phere (5% CO,/95% air). Cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented with
100 units/ml penicillin G and 100 pug/ml streptomycin, and 5 %
(v/v) FBS (foetal bovine serum) [CHO (Chinese-hamster ovary),
M2, TACE~%YA%n and HeLa cells] or 10% (v/v) FBS [HEK-
293T (human embryonic kidney) cells]. CHO cells expressing
proTGFa (CHO™ ™ cells) have been described in [33]. CHO cells
expressing the proTGFo construct tagged with an HA (haemag-
glutinin) peptide at the N-terminus of the mature growth factor,
and the corresponding shedding-defective mutants (M2 cells)
have been described elsewhere [21,34]. For the expression of pro-
TGFo« in HeLa cells, the pVAO vector containing the rat proTGFa«
cDNA was co-transfected with pCDNA3 by calcium phosphate,
and clones were selected with 500 pg/ml G418. The expression of
proTGFe in individual clones was analysed by Western blotting
with the anti-proTGFu affinity-purified antibodies. Expression of
proTGFa in TACE*#V4%" fibroblasts was performed by co-trans-
fection of pVAO-proTGF« with a puromycin resistance vector
(pBabe-puro). After 3 weeks of selection in 2, 3 or 4 pg/ml puro-
mycin, resistant clones were analysed for proTGFo« expression by
Western blotting with the anti-proTGF« antibody.

Retrovirus production and infection

For the generation of retroviruses, HEK-293T cells were plated
in 60-mm-diameter dishes (1.8 x 10° cells in 3 ml of DMEM
with 10 % FBS) and were allowed to attach overnight. At 5 min
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before transfection, 25 uM chloroquine was added to each plate.
The transfection solution contained DNA [2.5 ug of pMD-G, 5 ug
of PNGVL-MLV-gag-pol, 3 g of retroviral vector (pLZR-TACE-
IRES-GFP or pLZR-IRES-GFP alone for the mock transfection)],
61 1 of 2 M CaCl,, and double-distilled water to make it up to
500 pl. After mixing, 0.5 ml of 2x HBSS (Hanks balanced salt
solution), pH 7.0, was added, and the solution was bubbled for
15's. The HBSS/DNA mixture was then dropped on to the cell
monolayers. After 8 h, the medium was replaced with fresh com-
plete culture medium that, 24 to 32 h post-transfection, was again
replaced with 3 ml of fresh virus-collecting medium. At 24 h after
the medium change, the supernatant from transfected cells was
collected and centrifuged at 1000 g for 5 min. At 1 day before
infection, TACE*#VA2-TGF cells were plated in 60-mm-diameter
dishes and allowed to attach. Cells were infected with viral
supernatants containing polybrene at 6 pg/ml. The following day,
the medium was changed for TACE*#"/A%n=TGF« cellg that were
infected overnight, and cleavage studies were performed between
3 and 5 days after the starting of the infection. The amount of
infected TACE was analysed by Western blotting of cell lysates
with the anti-TACE affinity-purified antibodies.

Immunoprecipitation and Western blotting

Cells were washed with PBS and lysed in ice-cold lysis buffer
(140 mM NaCl, 10 mM EDTA, 10 % glycerol, 1 % Nonidet P40,
20mM Tris/HCL, pH 7.5, 1 uM pepstatin, 1 ng/ml aprotinin,
1 ug/ml leupeptin, 1 mM PMSF and 1 mM sodium ortho-
vanadate). After scraping the cells from the dishes, samples were
centrifuged at 10000 g for 10 min at 4°C, and supernatants
were transferred to new tubes with rabbit anti-proTGFo« antibodies
and Protein A—Sepharose. Immunoprecipitations were performed
at 4°C for at least 2 h, and the immunocomplexes were recovered
by a 10 s centrifugation at 10000 g, followed by three washes with
1 ml of ice-cold lysis buffer. Samples were then boiled in electro-
phoresis sample buffer and loaded on 10-15 % gradient SDS/
PAGE gels. After transfer to Immobilon membranes, filters were
blocked for at least 1 h in TBST [Tris-buffered saline (20 mM
Tris/HCl, pH 7.5, and 150 mM NaCl) with 0.2 % Tween 20] and
with 1% BSA and then incubated for 1-12h with the anti-
proTGFa antibody. After washing with TBST, filters were incu-
bated with horseradish-peroxidase-conjugated secondary anti-
bodies for 30 min, and bands were visualized by a luminol-based
detection system with p-iodophenol enhancement as described
previously [35]. Unless otherwise indicated, the blots shown in the
Figures are representative of an experiment which was repeated
at least twice.

Detection of soluble TGF«

CHO or CHO™™ cell monolayers were washed three times
(20 min each) with serum-free culture medium and then incubated
in the same medium with the corresponding treatments. Media
(2 ml) was collected and concentrated through an Amicon Ultra
5000 M, cut-off device (Millipore, Bedford, MA, U.S.A.) to a
final volume of 100 wl. Samples were loaded on an SDS/10-15 %
PAGE gel, and the separated proteins in the gel were blotted on
to PVDF membranes that were probed with the affinity-purified
anti-TGFa antibodies. Visualization of TGFw in the blots was
carried out by using the ECL® (enhanced chemiluminescence)
Plus Western blotting detection system (Amersham Biosciences).

Metabolic labelling

For metabolic labelling, CHO™" cells were plated in 60-mm-dia-
meter dishes and allowed to reach 70-90 % confluence. When
ready for the experiments, cells were shifted to pre-warmed
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cysteine- and serum-free MEM (minimum essential medium).
After two 20-min washes in this medium, cells were labelled for
15-20 min with 200 wCi/ml of [*S]cysteine. The medium was
then replaced with DMEM, and incubations were continued for
the indicated times. Cells were then rinsed, recovered in lysis
buffer by scraping, and centrifuged at 10000 g. Immunoprecipi-
tations were carried overnight with rabbit anti-proTGF« anti-
bodies as described above. Immunocomplexes were recovered
with Protein A—Sepharose, washed and analysed on SDS/10—
15% PAGE gels. Gels were fixed and fluorographed using
Enlightening (DuPont/NEN).

To analyse the fate of proTGFu located at the cell surface, CHO
cells expressing HA—proTGFa were labelled with 500 pCi/ml
of [¥*S]cysteine for 20 min, and the label was chased in com-
plete medium for 30 min. Cells were then washed with cold PBS
and incubated at 4°C with 10 ug/ml of anti-HA antibodies in
PBS containing 5 % BSA for 1 h. Unbound anti-HA antibodies
were washed with PBS, and then cells were incubated for various
periods of time in DMEM at 37°C. At the indicated time points,
cells were lysed, insoluble material was removed by centri-
fugation at 10000 g, and immune complexes were recovered with
Protein A—Sepharose and analysed by SDS/PAGE. To compare
the kinetics of N-terminus processing in wild-type cells and
shedding-defective mutants that express inactive TACE, both cell
types were labelled with 500 1 Ci/ml of [**S]cysteine for 20 min,
and the label was chased in complete medium for various periods
of time in DMEM at 37 °C. At the indicated time points, cells were
lysed, and insoluble material was removed by centrifugation. HA—
proTGFa was immunoprecipitated with anti-HA antibodies, and
immune complexes were analysed as described previously [21].

Protease protection experiments

For protease protection experiments with proteinase K, CHO™"
cells were plated in 60-mm-diameter dishes and were allowed to
reach 90 % confluence. Monolayers were then washed once with
KRH buffer (140 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1.2 mM
MgSO,, 1.2mM KH,PO,, 6 mM glucose and 25 mM Hepes,
pH 7.4) and incubated in 1 ml of this buffer supplemented with
200 pg/ml proteinase K for 30 min at room temperature (22 °C).
After this time, efficient action of the protease was seen by full
detachment of the cells from the dishes. Cells were then recovered
in Eppendorf tubes, and pelleted to remove the proteinase K
solution. After washing the cells three times with PBS containing
2 mM PMSF, cells were lysed in 1 ml of lysis buffer and analysed
for TGFo fragment generation by using the anti-proTGFo anti-
serum and Western blotting.

Quantitative estimation of proTGFo forms

Quantification of the different proTGFa forms in Western blots
was performed by using the NIH (National Institutes of Health)
Image 1.61 software. To graphically represent the values of each
band (15, 17 or 20 kDa), the intensity of each band was measured
densitometrically. Then, the sum of the three bands (15+ 17 +
20 kDa) was taken as 100 %. Next, the percentage intensity of
each band with respect to the total of that sample was calcu-
lated and plotted. Unless otherwise indicated, the data show the
means t S.D. for two different experiments.

RESULTS

Cell-associated molecular forms of proTGFo in CHO¢F
and HeLa™" cells

CHO™ " cells have been used widely to analyse the stepwise
synthesis, maturation and cleavage of proTGF« [10,17,36].
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Pulse—chase experiments indicated that, in these cells, proTGF« is
synthesized initially as a 17/18 kDa protein which is then chased
into 20 and 22 kDa forms (Figure 1B). These bands correspond
to forms of proTGFe that still retain the N-terminal region (Fig-
urelA,and [10,17,36]). At later chase times, these bands disappear
and are converted into a 17 kDa form, devoid of the N-terminal
extension by cleavage at site 2. The 17 kDa form accumulates
at the plasma membrane of CHO™™ cells for over 2 h. This
indicates that the 17 kDa form is very slowly cleaved under resting
conditions (Figure 1B, and [10,17,36]).

To analyse the abundance of the different proTGF« forms under
resting steady-state conditions, we performed Western blotting of
proTGFa in CHO™" and HeLa™"™ cells using the C-terminal
anti-proTGFa antibody (Figure 1C). In this situation, both
CHO™"* and HeLa™" cells accumulated forms of proTGFa of
20, 17 and 15 kDa. A diffuse autoradiographic signal between 20
and 22 kDa was also observed in CHO™"™ cells. The intensity
of the 20-22 kDa region was lower than that of other proTGF«
forms, and the detection by Western blotting of the 20 kDa and,
especially, the 22 kDa forms was variable and difficult. Pre-
incubation of the anti-proTGFoe immunoprecipitates with an
excess of the peptide against which the antiserum was raised, com-
pletely prevented the identification of the 22, 20, 17 and 15 kDa
forms in CHO" " cells (Figure 1C). To analyse further the nature
of the different proTGFa forms, we created antibodies against a
GST-fusion protein that included the N-terminus of proTGFo and
the TGFo domain (Figure 1D). Antibodies specific for each region
were then purified by affinity chromatography using GST-fusion
proteins that contained either the N-terminus or the TGFo module
of proTGF«. The antibodies purified using GST-N-terminus
recognized this protein in Western blots, but failed to react with
GST-TGFa (Figure 1D). Conversely, the anti-TGFa antibody
identified only the GST-TGF« fusion protein, but was unable to
detect the GST-N-terminus fusion protein. Immunoprecipitation
of CHO™™ cell extracts with the anti-TGFa or with the
anti-proTGFa antibodies, followed by Western blotting with
the anti-TGFo (Figure 1E, right-hand panel) or with the anti-
proTGFo (Figure 1E, left-hand panel) antibodies showed that the
anti-TGFa antibody was able to recognize the 17 kDa form, and
also reacted with the 20 and 22 kDa forms. However, this antibody
failed to detect the 15 kDa band, indicating that this form had lost
the TGFo domain within proTGF«. The anti-TGFa antibody also
detected a 6 kDa band in the culture medium of CHO™ cells,
but not in that of wild-type CHO cells (Figure 1F). This was the
sole soluble TGFo band detected in the medium, as has been
reported previously [17]. Under resting conditions, the amount of
this band was discrete, but increased upon treatment with PMA,
a drug previously reported to stimulate proTGF« cleavage with
release of soluble TGF« into the culture medium [17]. Under these
resting conditions, the anti-N-terminus antibody failed to clearly
immunoprecipitate any of the proTGFa bands of CHO™™ cells
(see below, and Figure 2B).

The above data confirmed the presence of multiple cell-
associated forms in CHO™" and HeLa™"™ cells, and indicated
that the 20 and 22 kDa forms were short-lived in CHO™ cells,
being converted into the more stable form of 17 kDa, devoid of
the N-terminal extension.

Hydroxamic-acid-derived metalloprotease inhibitors induce
accumulation of N-terminal-containing forms of proTGFe in vivo

The small amount of 22 and 20 kDa forms limited the study of cer-
tain properties of the shedding event that removes the N-terminal
region. To overcome this, we attempted to pharmacologically
prevent shedding of this N-terminal region to induce accumulation
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Figure 2 Effect of protease inhibitors on proTGF« forms

(R) CHOT™®f« cells were incubated for 4 h with 1,10-phenanthroline (1 mM), EDTA (5 mM),
BB3103 (10 M), leupeptin (10 wg/ml), PMSF (2mM), tosylphenylalanylchloromethane
(TPCK; 10 1eM), aprotinin (10 eg/ml), soybean trypsin inhibitor (STI; 10 g/ml), E64 (20 M),
N-acetyl-L-leucyl-L-leucyl-L-norleucinal (ALLN; 20 M) or pepstatin (2 M). Lysates were
prepared and analysed by immunoprecipitation and Western blotting as described in the text.
The arrow indicates the position of the 20 kDa form that accumulated upon BB3103 treatment.
(B) Immunoprecipitation of the different proTGFe forms with the anti-proTGFe or the anti-TGFa
antibodies in cells treated with BB3103. CHO'®F cells were incubated overnight with BB3103
(10 «M), and then cell extracts were prepared and immunoprecipitated (IP) with the indicated
antibodies. The Western blots were probed with anti-proTGFo antibodies (left-hand panel) or
with anti-N-terminus antibodies (right-hand panel). (G) Action of BB3103 on the 20 and 22 kDa
forms in CHO"6" and HeLa'®" cells. Where indicated, cells were pre-incubated overnight with
10 «M BB3103. Lysates were precipitated with the anti-proTGFe antibody, followed by Western
blotting with the same antibody. Molecular masses are indicated in kDa in all panels.

of the 20 and 22 kDa forms. To this end, we analysed the effect of
several protease inhibitors on the levels of the 20 and 22 kDa
forms. In vivo treatment of CHO™" cells with inhibitors of serine,
cysteine and aspartic proteases were unable to produce accumu-
lation of the 20 and 22 kDa forms (Figure 2A). The cysteine pro-
tease inhibitor E64 had a rather striking effect on the pattern of
proTGFa forms, but since it did not clearly affect the 20 and
22 kDa forms, its action was not evaluated further. In contrast,
the metalloprotease inhibitors significantly affected proTGFo
cleavage. The hydroxamic-acid-derived inhibitor BB3103 in-
creased the amount of the 20 kDa form of proTGFw«, while
decreasing the 17 kDa form (Figures 2A and 2B). The effect of
BB3103 on the 22 kDa form was much less evident. That the 20
and 22 kDa bands corresponded to forms of proTGFa that in-
cluded the N-terminal extension was verified by Western blotting
with the anti-N-terminus antibody. In untreated CHO™™ cells, the
low amounts of the 20 and 22 kDa forms prevented their detection
by the anti-N-terminus antibody (Figure 2B, right-hand panel).
However, in the presence of BB3103, the antibody reacted with
a band of 20 and 22 kDa. These data demonstrate that the forms
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Figure 3 Time course and dose-response of hydroxamic-acid-derived inhibitors on the levels of the different proTGF« forms

(R) Dose-response of the effect of BB3103. CHO'6" cells were incubated overnight with the indicated concentrations of BB3103. The different proTGF forms were analysed by Western blotting as
described above. The graph shows the means + S.D. for two different experiments. (B) Time course of the effect of BB3103. CHO™®« cells were incubated for the indicated times with 10 ..M BB3103,
and proTGFa was analysed by Western blotting. The graph shows the means + S.D. for two different experiments. (C) Dose—effect of BB3103 and TAPI-2 on the different proTGF« forms. CHOT6F«
cells were incubated overnight with the indicated concentrations of BB3103 or TAPI-2, and the effect of these compounds on proTGFe (top panel) or soluble TGFer (bottom panel) was analysed
by Western blotting. For the analysis of soluble TGFe, cells were placed in serum-free medium for 24 h in the absence or presence of the indicated concentrations of the inhibitors. Medium was
concentrated, and TGFa was detected by Western blotting with the anti-TGFo antibodies. The asterisks (*) indicate two non-specific bands. The middle panels graphically represent the percentage
intensity of each band (20 kDa, 17 kDa or 15 kDa) with respect to the total of each sample (15 + 17 + 20 kDa). For this measurement, the intensity of each individual band in a certain sample was
calculated, and the sum was taken as 100 %. Then, the percentage intensity of each band with respect to the total of that sample was calculated and plotted. Results are means + S.D. for two different

experiments. Molecular masses are indicated in kDa for the gels.

that accumulate in the presence of BB3103 correspond to forms
of proTGFa that include the N-terminal region of the precursor.
Interestingly, EDTA and 1,10-phenanthroline had an unexpected
effect, i.e. they caused a decrease of the 17 kDa form together
with an increase of the 15kDa cell-associated fragment. The
action of BB3103 was reproduced in HeLa™" cells (Figure 2C),
indicating that the machinery for N-terminal processing was also
sensitive to this inhibitor not only in hamster, but also in human
cells.

The effect of BB3103 on the N-terminal cleavage of proTGFu«
in vivo was found to be dose- and time-dependent. Inhibition
was observed at concentrations as low as 1 uM, as seen by the

© 2005 Biochemical Society

accumulation of the 20 kDa form (Figure 3A, upper panel).
The intensity of the 20 kDa band augmented progressively with
increasing concentrations, while the amount of the 17 and 15 kDa
bands decreased accordingly. BB3103 had a less evident effect on
the 22 kDa form, which appeared as a faint band of much lower
intensity than the 20 kDa band. It should be noted, however, that
BB3103 caused accumulation in the diffuse zone that extended
into the 20-22 kDa region.

Time-course experiments indicated that BB3103 had already
induced accumulation of the 20 kDa band at 30 min of treatment
with BB3103 (Figure 3B). The amount of the 20 kDa form
increased progressively with time. This increase was rapid



ProTGFe N-terminal shedding 167

between 30 min and 4 h of treatment, and slower at 6 h and beyond
(Figure 3B, lower panel). Concomitantly, the amount of the 17 and
15 kDa forms progressively decreased, except at 24 h of treatment,
a time at which the intensity of both bands raised again. While this
may be due to instability of BB3103 at those large time points,
this appears to be unlikely, since the 20 kDa band was still present
at these time points.

The action of TAPI-2, another hydroxamic-acid-derived inhibi-
tor reported to affect membrane protein ectodomain cleavage
[37], was also analysed and compared with the effect of BB3103.
As shown in Figure 3(C), both compounds similarly affected
15 kDa accumulation along the range of concentrations evaluated.
However, BB3103 preferentially increased the 20 kDa form with
respect to the 17 kDa form at concentrations of 10, 25 and 50 uM
(Figure 3C). TAPI-2 increased the amount of the 17 kDa to levels
above those of the 20 kDa form, especially at 10 uM. At 25 uM
TAPI-2, the proportion of the 20 and 17 kDa forms was almost
identical, while at this concentration BB3103 caused a clear
accumulation of the 20 kDa form, decreasing the 17 and 15 kDa
forms (Figure 3C, top panel). We also analysed medium samples
from cells treated with different concentrations of BB3103 or
TAPI-2 to investigate whether these compounds caused accumu-
lation of species of TGF« other than the 6 kDa form. As expected,
increasing the concentrations of BB3103 or TAPI-2 progressively
decreased accumulation of 6 kDa TGF in the culture medium
of CHO™ ™™ cells (Figure 3C, bottom panel). At 1 uM BB3103
or TAPI-2, a concentration that already caused inhibition of sol-
uble TGFo accumulation in the culture medium, the only soluble
TGFo form detected corresponded to the 6 kDa form.

N-terminal shedding of proTGF« occurs at the plasma membrane

The cellular site at which proTGFa N-terminal cleavage occurs
has not been defined. We contemplated two possible cellular sites:
the ER and the plasma membrane. The ER was considered, since
cleavage at site 1 is expected to occur at this location, and N-ter-
minal shedding happens shortly thereafter. On the other hand, the
possibility that the N-terminal shedding occurred at the plasma
membrane was based on the fact that cleavage of proTGFo at the
C-terminus has been shown to occur at this location, and because
the cleavage at the N- and C-terminal sites occurs between Ala—
Val peptide bonds [12].

With the purpose of elucidating the cellular site where the
machinery for the cleavage at the N-terminus was fully functional,
we performed several types of experiments. We first investigated
whether BB3103 could affect proTGFu retained in the ER. To
this end, we treated CHO™™ cells with brefeldin A, a compound
known to trap proTGF« in the ER [12]. Brefeldin A accumulated
a form of proTGFu that we name ~20 kDa, since it migrated
with a molecular mass very close to the 20 kDa form, but with
slightly faster mobility (Figure 4A). Treatment with BB3103 was
unable to change the mobility of the ~20 kDa form in brefeldin
A-treated cells, indicating that, when trapped intracellularly, the
cleavage activities responsible for the shedding at site 2 are
inactive or inaccessible to BB3103. In this experiment, we also
used proteinase K to assess whether brefeldin A in fact caused
entrapment of proTGFw in intracellular compartments. When
CHO™ cells previously treated with brefeldin A were treated
with proteinase K, the 20 kDa form was resistant to the action
of proteinase K, indicating that in fact the ~20 kDa form was
inaccessible to the protease treatment. In contrast, in control
CHOQO™F cells, the 17 kDa form was converted into a form of an
apparent molecular mass of 15 kDa by proteinase K (Figure 4A).
This form was indistinguishable, by SDS/PAGE, from the 15 kDa
proTGFa tail present in untreated CHO™™ cells, indicating
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Figure 4 ProTGFo N-terminal shedding occurs outside the ER

(A) Action of brefeldin A on proTGFe forms. CHO™®F cells were incubated overnight with
brefeldin A (10 .g/ml), and/or BB3103 (10 .M). Where indicated, proteinase K was added to
the cells (200 w.g/ml) for 30 min at room temperature. The different forms of proTGFe were
analysed by Western blotting. The arrow indicates the position of the ~20 kDa form. (B) CHO
cells expressing HA-tagged proTGFo were labelled with 500 Ci/ml of [®S]cysteine for 20 min
and then chased in complete medium for 30 min. Cells were then washed with cold PBS and
incubated at 4°C with 10 wg/ml of anti-HA for 1h. Unbound anti-HA antibodies were
washed, and the monolayers were incubated in DMEM at 37 °C for the indicated time points.
Immune complexes were recovered and analysed by SDS/PAGE, followed by autoradiography.
(C) CHO™8" cells were incubated overnight with brefeldin A (10 .g/ml), and then chased from
this compound for the indicated times. ProTGFa forms were analysed by Western blotting.
Molecular masses are indicated in kDa in all panels.

that the 17 kDa form was exposed at the plasma membrane. In
CHO™" cells treated with BB3103 to accumulate the 20 kDa
form, treatment with proteinase K eliminated this form, indicating
that the 20 kDa form may reach the plasma membrane. Further
evidence for the latter was obtained by cell-surface immuno-
precipitation experiments in CHO cells expressing an HA-tagged
proTGFa. Cells were labelled for a short period of time with
[**S]cysteine, and then chased for 30 min. Cells were then placed
at 4°C in the presence of the anti-HA antibody to react with cell-
surface HA—proTGFo. After washing the antibody, cells were
again incubated at 37 °C for the times indicated (Figure 4B). Under
these conditions, the anti-HA antibody recognized the 20 kDa and
the 17 kDa forms, indicating that both forms were exposed at the
cell surface.

We also analysed the recovery of N- and C-terminal cleavage
after brefeldin-A-induced entrapment of proTGF« in the ER. In
this experiment, CHO™ ™ cells were treated with brefeldin A over-
night, and the molecular forms of proTGFx were analysed by
Western blotting at different times after release from brefeldin
A. As shown in Figure 4(C), an increase in the ~20 kDa form
occurred at 30 min of chase, and this was accompanied by the
generation of some 15 kDa forms. Increasing the chase time re-
sulted in the decrease of the ~20kDa form together with in-
creased 15 kDa levels, indicative of ~ 20 into 15 kDa conversion.
Interestingly, no 17 kDa was found during the time course of the
chase, indicating that the ~20 kDa conversion into the 15 kDa
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Figure 5 ProTGFo N-terminal shedding is reversible and may occur at the cell surface

(R) CHOT®F« cells were incubated overnight with BB3103 (10 M), and then chased for the indicated times in the absence of the compound. Cell lysates were prepared, and proTGFa forms were
analysed by Western blotting (left-hand panel) and quantitative densitometry (right-hand panel). The right-hand panel shows the means + S.D. for two different experiments. (B) Action of CHX on
the recovery of N-terminal shedding. CHO'6F« cells were incubated overnight with BB3103 (10 .M), and then chased for the indicated times in the absence of the drug. Where indicated, CHX
(10 g/ml) was added to the dishes 30 min before the start of the chase in BB3103-free medium, and CHX was kept throughout the experiment. Cell lysates were prepared, and proTGFe forms
were analysed by Western blotting (upper panel) and quantitative densitometry (lower panels) as described in (A). The lower panels show the means + S.D. for two different experiments. Molecular

masses are indicated in kDa for the blots.

form occurred directly without the need for a previous step in-
volving cleavage at site 2 to generate the 17 kDa form. We
interpret these data as an indication of a more rapid recovery
of the C-terminal shedding event, as compared with N-terminal
shedding recovery.

The above data indicated that proTGFo N-terminal processing
was inefficient in intracellular compartments, and showed that the
20 kDa form could accumulate at the plasma membrane. However,
the data did not indicate whether the N-terminal processing
machinery could act on 20 and 22 kDa forms already present at the
plasma membrane. To address this, CHO™"™ cells were treated
overnight with BB3103 to accumulate the 20 kDa form at the
plasma membrane, and then chased for different times in the ab-
sence of the drug (Figure SA). The amount of the 20 kDa band
decreased over time, reaching steady-state values by 4 h of chase.
The amount of the 17 and 15 kDa forms accumulated in parallel
to the decrease in the 20 kDa form, indicating that the 20 kDa
form was being converted into the 17 and 15 kDa forms.

These results suggested that the effect of BB3103 was re-
versible. However, the possibility that the reversal of the effect
could be due to the synthesis of a new secretase was evaluated by
performing an analogous experiment, but including CHX during
the chase period. In this experiment, CHO™ ™ cells were treated
with BB3103 overnight, then 30 min before the start of the chase
period, CHX was added to half of the dishes, and then cells
were chased for the indicated times without BB3103, and with or
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without CHX, as indicated. As shown in Figure 5(B), addition
of CHX did not prevent conversion of the 20kDa into the
17 kDa form, indicating that protein synthesis was not required,
and that therefore the reversible effect of BB3103 was due to
termination of its inhibitory action on proteases already present.
Even though, in CHO™¥ cells treated with CHX, the amount of
the 22 kDa appeared to undergo a faster decrease than in untreated
cells, quantitative analyses of the proportion of each band with
respect to the others in each sample indicated that the kinetics of
disappearance of the 20 kDa form were analogous in cells being
treated or not with CHX (Figure 5B, lower panels). Therefore the
apparent differences probably reflect decreases in proTGF« syn-
thesis in CHO™™ cells treated with CHX.

Secretases distinct from TACE process proTGF« efficiently
at the N-terminus in vivo

To evaluate in vivo whether TACE was required for the processing
of proTGFu at the N-terminus, we used two types of cells de-
ficient in TACE activity: TACEA%"/2%" cells [23] and the M2 CHO-
derived mutant [34]. The former cell line was transfected with the
rat cDNA coding for proTGF«, and the expression and maturation
of proTGFa in several clones of TACEA*/4% cells expressing
different amounts of proTGFa was analysed by Western blott-
ing (Figure 6A). Expression of proTGFa in TACE**/4% cells
resulted in the accumulation of the 17 kDa form, as occurred in
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Figure 6 ProTGFa N-terminal shedding occurs in the absence of TACE activity

(R) Expression of proTGFa in TACEAZ/A2 cells, Cells were transfected with a vector coding for rat p
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is shown, compared with the expression in CHO®F cells. The immunoprecipitation and the Western blots were performed with the anti-proTGFe: antibody. (B) Action of PKC activation by
PMA on proTGFa cleavage. Where indicated, CHO'6 or TACEAZ/AZ—T6Fe calls were treated with PMA (1 .M, 30 min), and the different proTGFe forms were analysed by Western blotting.
(C) Reintroduction of TACE in TACEAZVAI-TGFe ca||s rescues resting and PMA-induced cleavage. TACEAZ/AN=T6Fe cel|s were infected with a retroviral vector containing TACE (pLZR-TACE), or
with the empty retroviral vector (pLZR), and the expression of TACE was analysed by immunoprecipitation and Western blotting with an antibody that recognizes TACE (lower panel). The location
of TACE is indicated, as well as two additional bands (asterisks) whose identity is unknown. The effect of reintroduced TACE on resting or PMA-induced (1 ..M, 30 min) proTGFo cleavage was
analysed by Western blotting (upper panel). (D) BB3103 causes reversible accumulation of N-terminal containing proTGFe forms in TACEAZYAZ=T6Fx cgljg TACEAZYAZ=TGFe ca|s were incubated
overnight with 10 ..M BB3103, and then chased in the absence of the drug for the indicated times. The different forms of proTGFa were analysed by Western blotting as above. (E) Wild-type or M2
mutant CHO cells expressing HA—proTGFe were labelled for 20 min with [*Scysteine, and then chased for the indicated times in DMEM. Anti-HA immunoprecipitates were analysed by SDS/PAGE

followed by autoradiography. Molecular masses are indicated in kDa in all panels.

CHO™" cells (Figure 6A). However, and in contrast with the
latter, very few 15 kDa forms were present under resting condi-
tions, suggesting that TACE was required for 17 kDa into 15 kDa
conversion, or that these cells cleaved proTGF« poorly at its C-ter-
minus. Furthermore, treatment with activators of PKC (protein
kinase C), such as PMA that causes cleavage of proTGFu« in
CHO™"™ and other cell types, did not affect cleavage of the 17 kDa
form of proTGFe in TACE*#"/4%=T6F« ce]s (Figure 6B).

TACE expression in TACE**Y4% cells has been shown to
increase the recovery of soluble TGFw in the culture media [22].
To assess the effect of TACE expression on the molecular forms
of proTGFa expressed by TACE~#/A#-T6F cellg  these cells
were infected with a retrovirus that contained a vector that in-
cluded the mouse wild-type TACE sequence. Infection resulted
in the expression of TACE in these cells, as detected by
Western blotting with anti-TACE antibodies (Figure 6C, lower
panel). When TACE was reintroduced in TACEA%VA%=T6F« celg,

the 15kDa form of proTGFa was already detectable under
resting conditions. Treatment with PMA resulted in the cleavage
of the 17kDa form, that converted into the 15kDa form
(Figure 6C).

The lack of action of PMA on proTGFx cleavage in
TACEA#/A%n=TGF cells, but the presence of the 17 kDa protein sug-
gested that TACE was required for PMA-induced cleavage at
site 3, but that this metalloprotease could be dispensable for N-
terminal processing of proTGF« in vivo. To analyse whether
the 20 into 17 kDa conversion occurred analogously to that
of CHO™ cells, TACEA#/AZn-TGF« colls were incubated with
BB3103 overnight, and then chased at different time points in the
absence of the metalloprotease inhibitor (Figure 6D). Incubation
with BB3103 resulted in the accumulation of the 20 kDa band
which, upon chase, was converted into the 17 kDa band with
kinetics analogous to those observed in CHO™™ cells (see also
Figure 5A).
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Finally, we also compared the kinetics of the 20 kDa form
in CHO cells and the M2 mutant, both expressing HA-tagged
proTGFa. The M2 cell line has been shown previously to bear
a mutation in TACE that abolishes the activity of this protease
[34]. Wild-type CHO cells and the M2 cells were briefly labelled
with [**S]cysteine, and then chased for different periods of time.
As shown in Figure 6(E), the kinetics of the 20 kDa form were
analogous in both cell types. Taken together, these data indicate
that the N-terminal extension of proTGFa was efficiently pro-
cessed in the absence of TACE activity. However, TACE critically
participated in PKC-induced proTGF« cleavage.

DISCUSSION

ProTGFo maturation and conversion into a soluble factor is a
complex process that involves three proteolytic steps [3,9]. One,
which occurs co-translationally, removes the N-terminal signal
sequence. Another, occurring at the juxtamembrane domain,
solubilizes TGFc, and the characteristics of this proteolytic step
have been extensively studied [11]. However, the cleavage that
removes the N-terminal extension of proTGFo has been poorly
studied, mainly because of the rapid kinetics of this cleavage. In
the present paper, we have designed a strategy that allowed us to
answer several questions regarding this N-terminal cleavage, such
as the cellular site where cleavage occurs, and the in vivo role of
TACE as an N-terminal secretase.

The main purpose of our strategy was to accumulate in vivo
proTGFa forms containing the N-terminal extension. It was also
desirable that such accumulation would be reversible, to facilitate
analysis of the kinetic properties of the N-terminal processing
in vivo. We successfully accumulated proTGFo containing the
N-terminus by using protease inhibitors of the hydroxamic acid
family. This was expected, since the cleavage site of proTGFu«
at its N-terminus is coincident in primary sequence with the
one that occurs at the C-terminus, and the latter is sensitive to
protease inhibitors based on hydroxamates [21]. Furthermore,
in vitro studies have indicated that hydroxamates may inhibit N-
terminal cleavage [29]. However, the machinery for N-terminal
cleavage could behave distinctly in vitro and in vivo. In fact,
even though EDTA has been shown to efficiently prevent C-
terminal processing in vitro [29], this compound had an opposite
effect on proTGFua cleavage at this site in vivo. Thus addition
of EDTA to CHO™" cells provoked processing at the C-ter-
minus of proTGFa, causing accumulation of the 15 kDa form.
Analogously, 1,10-phenanthroline, an unrelated metalloprotease
inhibitor, also caused C-terminal processing of proTGF«. The
basis for not only the failure of these metalloprotease inhibitors
to prevent shedding at this site, but also the acceleration of the C-
terminal shedding in vivo is unknown. However, phenotypically,
these compounds caused detachment of CHO™ " cells from the
substrate. Reports from other groups have indicated that shedding
can be regulated by adhesion [38]. In fact, in the case of heparin-
binding EGF-like growth factor, lack of adhesion has been linked
to resistance to proteolytic processing. It will be interesting to
analyse whether adhesion represents a novel situation that regu-
lates proTGF« cleavage.

In vivo treatment with BB3103 caused a time- and dose-depen-
dent accumulation of the 20 and 22 kDa forms of proTGF«. How-
ever, the accumulation of the two forms was affected differentially.
BB3103 caused a substantial accumulation of the 20 kDa form,
and had a little, but reproducible, effect on the accumulation of the
22 kDa form. These data suggest that, while we could regulate
the 20 kDa conversion into the 17 kDa by BB3103, the drug
was not as effective in causing 22 kDa accumulation. This is
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interesting since pulse—chase experiments indicate that the pro-
portion of both forms was analogous. However, the regulation of
the amounts of the 22 kDa and 20 kDa appear to be different not
only because of the distinct effect of BB3103, but also because
of the Western blotting of steady-state proTGFw that indicated
that the amount of the 22 kDa form was lower than the 20 kDa
form, and was often difficult to detect. Clearly, more studies are
required in order to elucidate the differences in behaviour between
the 22 and the 20 kDa forms.

Comparative analysis of the inhibition profile by using TAPI-2
or BB3103 indicated differences between processing at the N-
and C-terminus of proTGFw. Both agents similarly reduced the
amount of the 15 kDa form, indicating that cleavage at the C-ter-
minus of proTGFa was equally sensitive to both agents. At low
concentrations, i.e. 1 and 10 uM, TAPI-2 caused a parallel in-
crease in the 20 and 17 kDa forms, suggesting that both N- and
C-terminal cleavages were equally sensitive to the action of this
inhibitor. However, at these doses, BB3103 decreased the amount
of the 17 kDa form while increasing the amount of the 20 kDa
form. The distinct in vivo sensitivity suggests that the activities
causing shedding at both sites may be different, with the one act-
ing at the N-terminus being more sensitive to BB3103 than to
TAPI-2. This conclusion falls in line with previous in vitro studies
that indicated differences in the cleavage at both ends of proTGFw«
[29]. Interestingly, in the latter report, multiple soluble
TGFa forms of 6, 15 and 29 kDa accumulated in the culture
medium of R1 Ras-transformed rat liver cells. The presence of
the 15 and 29 kDa forms was taken as an indication of TGFu«
forms cleaved at the C-terminus only. In our experimental model,
however, we only detected 6 kDa soluble TGF«. This soluble form
accumulated in the culture medium of CHO™! cells, and its
amount decreased when cells were treated with hydroxamates.
Our failure to detect 15 and 29 kDa forms in the culture medium
may be due to a higher N-terminal processing efficiency of CHO
cells compared with rat liver cells, or the fact that the proTGF«
used in [29] was HA-tagged at the ectodomain at a position close
to the N-terminal cleavage site.

The cellular site where N-terminal shedding occurred was
unknown. Because of the rapid release of the N-terminus of
proTGFw, the possibility that this shedding event occurred
intracellularly shortly after proTGF« synthesis has been proposed
[10]. Our results indicate that shedding at the N-terminus is likely
to occur at the cell surface by a rapidly acting secretase and not
intracellularly, at least not in the ER. This is interesting, since
the protease responsible for the N-terminal shedding is expected
to be produced together with proTGFa at this cellular site. The
basis for the exclusion of the ER as a site for N-terminal shedding
was supported by the experiments with brefeldin A. This drug
has been reported to allow synthesis of proTGFe, but prevents its
export from the ER [12]. Treatment with the drug caused accumu-
lation of a form of proTGF« with a molecular mass analogous to
that of the 20 kDa, together with some 15 kDa form, and almost
no 17/18 kDa forms. The ~20 kDa band in cells treated with
brefeldin A was insensitive to proteinase K, indicating that this
form was in fact trapped intracellularly and was not exposed at the
plasma membrane. In addition, the ~20 kDa form was insensitive
to BB3103, indicating either that the drug would not be able to
access intracellularly or that indeed the 20 kDa intracellularly
trapped form was insensitive to the N-terminal processing. This
appears to be the more likely possibility, since no generation of
the 17 kDa form was detected in cells treated with brefeldin A.
An interesting conclusion can also be obtained from the data
of cells treated with brefeldin A and then chased in the absence of
this compound. Surprisingly, the ~20 kDa form was converted
into the 15 kDa form without previous generation of the 17 kDa
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form. This indicates that the C-terminal cleavage is more ef-
ficiently recovered than the N-terminal cleavage, and contrasts
with the rapid recovery of N-terminal shedding upon elimination
of BB3103. This finding adds further evidence supporting that the
shedding machineries acting at both cleavage sites are distinct, or
at least distinctly regulated.

Several direct and indirect findings have pointed to the plasma
membrane as the site where the machinery for N-terminal shedd-
ing is fully active. Thus both the N- and C-terminal cleavage
sites occur between Ala—Val peptide bonds, and the C-terminal
cleavage has been shown to occur at the cell surface [12]. More
direct evidence has been obtained by our experiments using
BB3103. In fact, treatment with BB3103 caused an increase in
cell-surface 20 kDa proTGFew, as indicated by its sensitivity to
proteinase K. Since BB3103 is expected to act on surface-exposed
metalloproteases, the accumulation of the 20 kDa form was indi-
cative that the BB3103-sensitive protease was located at the
plasma membrane. In addition, cell-surface immunoprecipitation
experiments indicated that both the 20 kDa and the 17 kDa forms
were present at the cell surface. These data, together with the fact
that, upon accumulation of the 20 kDa form at the plasma
membrane by BB3103, it could be converted into the 17 kDa
form, indicate that both the substrate and the processing enzyme(s)
reside at the plasma membrane. Furthermore, the rapid conversion
of the 20 kDa form into the 17 kDa form together with the in-
sensitivity of the N-terminal shedding to CHX indicates that
recovery of the activity is reversible, and does not depend on
the neosynthesis of the shedding machinery involved.

With regard to the secretase implicated in the N-terminal
shedding of proTGFe, our studies indicated that TACE is not
essential. This is of particular interest since this protease has
been shown to cleave the N-terminal site in vifro with high
efficiency, and has been proposed as the major proTGFa N-
terminal secretase [22,29]. However, our in vivo results using
TACEA#/AZn=TGFe  and M2 cells indicated that TACE, while
being very important for resting and PKC-mediated shedding of
proTGFe, it is dispensable for the shedding at the N-terminus.
Thus Western blotting of proTGFa in TACE*#V/A%-TGFx cellg
under steady-state conditions indicated that the major proTGFu«
form corresponded to the 17 kDa form. This first finding showed
that TACE was dispensable for the N-terminal processing, because
if TACE was required, we would expect accumulation of the
20 and 22 kDa forms. Furthermore, treatment with BB3103
accumulated the 20 kDa form, and this accumulation could be
reversed following a time course similar to that of CHO™™
cells, upon elimination of BB3103. In addition, in M2 cells
that express a mutated inactive form of TACE [34], proTGF«
maturation was indistinguishable from that of wild-type CHO
cells. Therefore, even though TACE appears to be an efficient
in vitro converting protease for the N-terminal shedding, our data
in intact cell lines indicate that other proteases may efficiently
cleave off the N-terminus. Furthermore, our data not only indicate
that TACE is dispensable for N-terminal processing, but also
question whether, in intact cells, TACE is required at all for
this processing. This represents an important point that does
not challenge the former in vitro data, but rather stresses the
importance of complementing in vitro and in vivo studies to better
understand the characteristics of proTGFa maturation and
processing.

An important question that remains to be addressed refers to
the identification of the molecular machinery required for the
N-terminal maturation and processing. In addition to TACE,
ADAMI10 has also been proposed to be able to cleave proTGFu«
at the N-terminus [22,29]. Of the 39 ADAMs known, we have
identified by reverse transcriptase PCR five potential candidates,

ADAMs 9, 10, 12, 15 and 19, that may act as N-terminal sheddases
(P. P. Juanes and A. Pandiella, unpublished work). Experiments of
proTGFa expression in cells from single and multiple knockout
of these ADAMs, when available, will define the importance of
these proteases in proTGFo N-terminal shedding.
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