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Abstract

ADAM?28, a member of a disintegrin and metalloproteinase (ADAM) family, has two isoforms, membrane-type form
(ADAM28m) and secreted form (ADAM28s). Although ADAM?28 is expressed and synthesized in a precursor form (proADAM2S)
by lymphocytes and some cancer cells, its activation mechanism and substrates remain unclear. Here, we report that proADAM28s
of 65kDa is processed with active matrix metalloproteinase-7 (MMP-7) to 42- and 40-kDa forms which corresponds to active
ADAM28s without propeptide. Processed ADAM?28s digested insulin-like growth factor binding protein-3 (IGFBP-3) in both free
and complex forms with IGF-I or IGF-II, and the digestion was prevented with EDTA, 1,10-phenanthroline, KB-R7785, tissue
inhibitor of metalloproteinases-3 (TIMP-3), and TIMP-4. These data provide the first evidence that proADAM?28s is activated by

MMP-7 and ADAM28 digests IGFBP-3.
© 2004 Elsevier Inc. All rights reserved.
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A disintegrin and metalloproteinase (ADAM) family
are multifunctional cell surface and secreted glycopro-
teins. At present, 34 members of the ADAM family have
been identified in a wide variety of tissues and organism
[1]. Typical functions of ADAM are ectodomain shed-
ding of membrane proteins and adhesive property [2-5].
ADAM28 is expressed by human lymphocytes in
two alternative forms, i.e., membrane-type form
(ADAM28m) and secreted form (ADAM2S8s) [6].
ADAM28 possesses a prototypical domain structure [7],
which is more closely related to snake venom metallo-
proteinases than other ADAMs. The previous report on
catalytic activity of ADAM?28 showed cleavage of my-
elin basic protein [8]. More recently, Fourie et al. [9]
reported that ADAM?28 is implicated in ectodomain
shedding of CD23, a low affinity IgE receptor. In ad-
dition, disintegrin domain of ADAM?28 is a ligand for
leukocyte integrin a4B1 [10,11]. However, information
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about functions of ADAM28 including substrates is still
limited. Like other ADAM species, ADAM2S is syn-
thesized as a zymogen form (proADAM?28), but there is
no study on the activation mechanisms of proADAM?28.

Insulin-like growth factors (IGFs) I and II are potent
mitogens for breast cancer cells [12] and their mitogenic
activity is regulated by IGF binding proteins (IGFBPs)
[13] through modulation of the ligand-receptor inter-
actions [14]. The IGFBP family comprises six proteins
with high affinity for IGFs [15] and several lower affinity
IGFBP-related proteins [16]. Among them, major IGF
transport function is attributed to IGFBP-3, which is
the most abundant circulating IGFBP species [17]. Re-
cent study has indicated that IGFBP-3 is cleaved by
ADAMI12 [18]. In addition, our preliminary studies have
shown that human breast carcinoma tissues and breast
carcinoma cell lines express ADAM28s (Mochizuki
et al. manuscript in preparation), which are also known
to express matrix metalloproteinase-7 (MMP-7) [19].
Thus, it is reasonable to speculate that ADAM28 may
interact with MMP-7 and attack IGFBP-3.
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In the present study, we examined whether pro-
ADAM28s is activated by MMP-7 and IGFBP-3 is
susceptible to ADAM?28s. The data demonstrate for the
first time that proADAM?28s is processed by MMP-7
into active forms, which can digest IGFBP-3.

Materials and methods

Materials. Recombinant human IGFBP-3, EDTA, 1,10-phenan-
throline, aprotinin, IGF-1, IGF-1I, 4-aminophenylmercuric acetate
(APMA), and N-ethylmaleimide were purchased from Sigma (St.
Louis, MO). Tissue inhibitor of metalloproteinases-1 (TIMP-1),
TIMP-2, TIMP-3, and TIMP-4 were provided by Dr. Kazushi Iwata in
Daiichi Fine Chemical (Takaoka, Japan). KB-R7785 was a kind gift
by Dr. Koichiro Yoshino in Carnabiosience (Kobe, Japan). ProMMP-
7 was purified from culture media of CaR-1 cells according to our
methods described previously [20].

Expression and purification of recombinant proADAM?28s. cDNA
fragment encoding the full-length proADAM28s was amplified by
PCR from human lung cDNA library (Clontech, Tokyo, Japan) using
a set of primers: 5-GGAATTCCCCAGCATGTTGCAAGGTCTC-3'
and 5-ACGCGTCGACTCTGAAATGATTTTCCTTCGC-3'. The
PCR fragment encoding proADAM28s was digested with EcoRI and
Sall, and then cloned into pCMV-Tag4a vector (Stratagene, La Jolla,
CA). The pCMV-Tagda construct was further digested with EcoRI
and Kpnl, and the cDNA encoding the full-length proADAM28s with
FLAG tag was cloned into pFASTBacl vector, (Invitrogen, Tokyo,
Japan), generating pFASTBacl/proADAM28s. The vector was
transfected into DH10Bac cells (Invitrogen). The bacmids were iso-
lated and then used to generate baculovirus particles in insect cells
according to the manufacturer’s instructions. Sf9 cells (about 1.0 x 10%/
ml) were infected with pFASTBacl/proADAM28s and cultured for 2
days and the media were harvested. FLAG-tagged proADAM28s was
purified by the immunoaffinity column chromatography of anti-FLAG
M2-agarose affinity gels (Sigma, St. Louis, MO) by eluting with 6 M
urea in 50mM Tris-HCI buffer, pH 7.5, 3M NaCl, 10mM CaCl,,
0.05% Briji 35, and 0.02% NaNj. The eluate was extensively dialyzed
against 50mM Tris-HCI buffer, pH 7.5, 0.15M NaCl, 10 mM CaCl,,
0.05% Briji 35, and 0.02% NaN; (TNC buffer).

Processing of proADAM28s by MMP-7. Purified recombinant
proADAM28s was iodinated using iodogen-coated tube (Pierce,
Rockford, IL) according to our previous methods [21]. '*I-labeled
proADAM28s was incubated with active MMP-7 in molar ratios of
5-30:1 (proADAM28s:MMP-7) for 0-8h at 37°C in TNC buffer.
Five-molar excess amount of TIMP-1 was added to the reaction
mixtures and incubated for 5h to completely block MMP-7 activity.
Processing of proADAM28s molecule was visualized by autoradiog-
raphy after SDS-PAGE (12.5% total acrylamide). Similarly, activa-
tion of '»I-labeled proADAM?28s with APMA or N-ethylmaleimide
was monitored by autoradiography according to the previous
methods [20,22].

Degradation of IGFBP-3 by ADAM?28s. 1IGFBP-3 was first io-
dinated and '®I-IGFBP-3 (100ng) was reacted with ADAM?28s in
molar ratios of 5-30:1 (IGFBP-3:ADAM28s) for 0-16h at 37°C in
TNC buffer. Active ADAM?28s was prepared by incubating with
MMP-7 in a molar ratio of 10:1 (proADAM28s:MMP-7) for 1 h at
37°C and by blocking MMP-7 activity with 5-M excess amount of
TIMP-1. Proteinase inhibitors including EDTA, 1,10-phenanthroline,
aprotinin, TIMPs, and KB-R7785 were incubated with activated
ADAM28s for 30min (or for 1h for TIMPs) at 37°C prior to in-
cubation with 'I-IGFBP-3. Similarly, '*I-labeled IGF-I or IGF-II
was incubated with IGFBP-3 or TNC buffer for 1h and then di-
gested with ADAM28s for 16h at 37°C. The reaction was termi-
nated by boiling for 10min with 2x SDS-sample buffer containing

SmM EDTA and then analyzed by SDS-PAGE (12.5% total poly-
acrylamide). Degradation products of '’I-IGFBP-3 or '*I-IGFs
were visualized by autoradiography.

Release of IGF-I from the IGF-IIIGFBP-3 complex after digestion
with ADAM28s. Microtiter plates with 96-wells (Nalge Nunc Inter-
national, Rochester, NY) were coated with 50 ul IGFBP-3 (100 ng/
well) for overnight at 4°C. Then the plates were washed twice with
phosphate-buffered saline (PBS) containing 0.05% Brij 35 and sub-
sequently blocked with 1% bovine serum albumin (BSA) in PBS for
2h at room temperature. '*I-labeled IGF-I (3 x 10° cpm, 100ng/
well) was incubated in each well for 24h at 4°C to make the '>I-
IGF-I/IGFBP-3 complex. After washing twice with PBS containing
0.05% Brij 35, the complex was digested with ADAM28s (10 ng/well)
in TNC buffer for 8 or 16h at 37°C. Supernatants were collected
and the complex remaining on the wells was dissociated by treatment
with 1 N NaOH. Radioactivity in the supernatants and NaOH-dis-
sociated fractions was counted by vy-counter ARC-600 (Aloka,
Tokyo, Japan).

NH,-terminal sequence analysis. ProADAM?28s (4g) was incu-
bated with MMP-7 in a molar ratio of 10:1 (proADAM?28s:
MMP-7) for 1h at 37°C and MMP-7 activity was blocked with
5-M excess amount of TIMP-1. IGFBP-3 (2ug) was digested with
ADAM28s in a molar ratio of 10:1 (IGFBP-3:ADAM28s) for 16 h
at 37°C. The digestion products were subjected to SDS-PAGE
after termination of the reaction with SmM EDTA. Proteins in the
gels were transferred onto polyvinylidene difluoride membranes and
located by staining with 0.1% Coomassie brilliant blue R-250. The
bands were excised and sequenced by Edman degradation using
Procise 491 Protein Sequencer (Perkin-Elmer Life Sciences, Yoko-
hama, Japan).

Results
Processing of proADAM28s by MM P-7

Purified proADAM?28s showed a single band of
65kDa on the silver stained gel, which corresponds to
the predicted size for the precursor form (data not
shown). When '®I-proADAM28s was incubated with
active MMP-7 in a molar ratio of 10:1 at 37°C for
0-8h, it was processed to lower molecular weight
species of 42 and 40kDa (Fig. 1A). The NH,-terminal
sequence analysis of the 42kDa band showed the se-
quence D' RKVQEHEKYI, indicating the cleavage of
the Lys'*>~Asp!® bond at a position three amino acids
upstream from the metalloproteinase domain. On the

A B
kDa 1 2 3 4 5 kpa 1 2 3 4
T iy i

m - - e gy
51— i = == #a S1- -
36— 36—

Fig. 1. Activation of proADAM?28s by MMP-7. (A) '*I-labeled pro-
ADAM28s (100 ng) was incubated with active MMP-7 in a molar ratio
of 10:1 (proADAM28s:MMP-7) at 37°C. Lanes 1-5, proADAM28s
reacted with MMP-7 for 0, 1, 2, 3, and 8 h, respectively. (B) '**I-labeled
proADAM28s was incubated with active MMP-7 at 37°C for 1h.
Lane 1, proADAM28s incubated with buffer alone. Lanes 2-4, pro-
ADAM28s reacted with MMP-7 in molar ratios of 30:1, 10:1, and 5:1
(proADAM28s:MMP-7), respectively.
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other hand, the NH,-terminal sequence of the 40kDa
band could not be determined because of a small
amount of the protein. As shown in Fig. 1B, pro-
ADAM28s was processed to the doublets of 42 and
40kDa after 1-h incubation with MMP-7 in molar
ratios of 10:1 and 5:1, but not 30:1. These results
demonstrate that proADAM28s is processed by MMP-
7 into the lower molecular weight species without the
propeptide domain. We also tested whether pro-
ADAM?28s can be processed by incubation with
APMA or N-ethylmaleimide, both of which are known
to activate proMMPs [23]. However, no changes of
proADAM28s were observed during the incubation
with these chemicals (data not shown).

Processed ADAM?28s cleaves IGFBP-3 by its metallo-
proteinase activity

IGFBP-3 showed two protein bands of 45 and
40 kDa, which are glycosylated forms of 29 kDa protein
[13]. When IGFBP-3 was incubated for 0-16h with
processed ADAM?28s, both bands of IGFBP-3 were
degraded with time into lower molecular weight species
of 22 and 18kDa (Fig. 2A). A similar digestion pattern
was obtained in a dose-dependent manner after incu-
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Fig. 2. Cleavage of IGFBP-3 by ADAM28s. (A) Time course digestion
of IGFBP-3 by ADAM28s. **I-labeled IGFBP-3 (100 ng) was incu-
bated with ADAM?28s in a molar ratio of 10:1 (IGFBP-3:ADAM?28s)
at 37°C. Lanes 1-5, IGFBP-3 reacted with ADAM28s for 0, 1, 5, 8,
and 16h, respectively. (B) Dose-dependent digestion of IGFBP-3 by
ADAM?28s. '®I-labeled IGFBP-3 was incubated with ADAM28s at
37°C for 16 h. Lane 1, IGFBP-3 incubated with buffer alone. Lanes 2—
5, IGFBP-3 reacted with ADAMZ28s in molar ratios of 30:1, 20:1, 10:1,
and 5:1 (IGFBP-3:ADAM28s), respectively. (C) ADAM?28s was re-
acted with several proteinase inhibitors for 30 min and then incubated
with '»I-IGFBP-3 for 16 h. Lanes 1-4, ADAM?28s reacted with 10 mM
EDTA, 100 uM 1,10-phenanthroline, 100 pM aprotinin, and 1 uM KB-
R7785, respectively. (D) '*I-labeled IGFBP-3 was incubated with
buffer alone (lane 1), proADAM28s (IGFBP-3:proADAM28s=10:1,
lane 2), ADAM28s (IGFBP-3:ADAM28s = 10:1, lane 3) or a mixture
of MMP-7 and TIMP-1, which were reacted in a molar ratio of 1:5
prior to the incubation (IGFBP-3:MMP-7 in the mixture =10:1, lane
4), for 16h at 37°C.

bation in different substrate-enzyme ratios of 30-5:1
(Fig. 2B). NH,-terminal sequence analysis of the 45-,
40-, and 18-kDa bands of IGFBP-3 showed the same
amino acid sequence of G' ASSGGLGPYV, indicating the
NH,-terminus of human IGFBP-3 [24]. On the other
hand, the 22-kDa protein band had an NH,-terminus of
A®YLLPAPPAP, demonstrating the cleavage at the
central domain between the Arg’’—Ala®® bond of IG-
FBP-3. These results suggest that IGFBP-3 is cleaved by
ADAM28s at one site of the Arg”’—Ala® bond. In order
to further study that the IGFBP-3 cleavage is caused by
the ADAM28s activity, we carried out the inhibition
studies. As shown in Fig. 2C, the digestion was com-
pletely inhibited with the divalent cation chelator,
EDTA, and 1,10-phenanthroline, but not with an in-
hibitor of serine proteinases, aprotinin. Importantly, the
activity was also completely blocked with KB-R7785
(Fig. 2C, lane 4), a synthetic ADAM inhibitor [4]. Al-
though MMP-7 alone digested IGFBP-3 (data not
shown), MMP-7 activity was completely inhibited with
5-M excess amount of TIMP-1, the condition used for
activation of proADAM?28s (Fig. 2D, lane 4). In addi-
tion, purified proADAM28s itself had no activity to
IGFBP-3, excluding the possibility of contamination of
other proteinases in the preparation (Fig. 2D, lane 2).
Thus, these data demonstrate that the metalloproteinase
activity of ADAM28s activated by MMP-7 is pre-
requisite for the IGFBP-3 degradation.

Inhibition of ADAM28s by TIMPs and ADAM?28s
cleavage of IGFBP-3 in the complex with IGF-I or IGF-I1

Since the metalloproteinase activities of ADAMI0,
ADAMI12, ADAMI17, and ADAMTS4 are inhibited by
TIMP-1 or TIMP-3[18,25-27], we examined the inhibitor
activities of TIMP-1, TIMP-2, TIMP-3, and TIMP-4 to
ADAM28s. As shown in Fig. 3A, the degradation of
IGFBP-3 by ADAM?28s was completely inhibited by
TIMP-3 and TIMP-4, but not by TIMP-1 or TIMP-2. We
then tested if ADAM?28s digests IGFBP-3 in the complex
forms with IGF-I or IGF-II. Fig. 3B shows that IGFBP-3
in the complex was cleaved by ADAM28s into the 22- and
18-kDa fragments, an identical pattern to that obtained
by the digestion of free IGFBP-3 with ADAM?28s. Under
this condition, neither IGF-I nor IGF-II was susceptible
to the digestion by ADAM?28s, since there were no
changes in the molecular weights of these IGFs after the
incubation with ADAM?28s (Fig. 3C).

Release of IGF-I from the IGF-I/IGFBP-3 complex after
digestion with ADAM?28s

When '>I-IGF-I was incubated in wells coated with
IGFBP-3 or BSA, a large amount of '’ I-IGF-I bound to
IGFBP-3-coated wells but not BSA-coated ones (Fig. 4).
Radioactivity of '*I-IGF-I bound to IGFBP-3 on the
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Fig. 3. Inhibition of ADAM28s activity by TIMPs and ADAM28s
digestion of IGFBP-3 in the complex with IGF-1 or IGF-II. (A) In-
hibition activity of TIMPs against ADAM28s was examined by incu-
bating ADAM28s with two molar excess amount of TIMP-1 (lane 3),
TIMP-2 (lane 4), TIMP-3 (lane 5) or TIMP-4 (lane 6) for 1 h prior to
digestion of '’I-labeled IGFBP-3 for 16h at 37°C. Lanes 1 and 2,
12]-IGFBP-3 incubated with buffer alone and ADAM28s, respectively.
(B) Digestion of IGFBP-3 in the complex by ADAM28s. '*I-labeled
IGFBP-3 was complexed by incubating with SmM IGF-I (lane 3),
50 mM IGF-I (lane 4), 5mM IGF-II ( lane 5) or 50 mM IGF-II (lane 6)
for 30 min at 37 °C and then digested with ADAM?28s in a molar ratio
of 10:1 (IGFBP-3:ADAM?28s) for 16h at 37°C. Lanes 1 and 2, free
12T-1GFBP-3 incubated with buffer alone and ADAM28s, respectively.
(C) Insusceptibility to digestion of IGF-I and IGF-II by ADAM?28s.
Free '»I-IGF-I (50 mM) and '">I-IGF-II (5mM) or '»I-IGFs/IGFBP-
3 complex were digested with ADAM?28s in a molar ratio of 10:1
(IGFs:ADAM28s) for 16h at 37°C. Lanes 1 and 4, free '’I-IGF-I and
I2T-IGF-II incubated with buffer alone, respectively. Lanes 2 and 5,
digestion of the '»I-IGF-I /IGFBP-3 and '*’I-IGF-II/IGFBP-3 com-
plexes with ADAM?28s, respectively. Lanes 3 and 6, digestion of free
I2T.IGF-I and '»I-IGF-II with ADAM28s, respectively.
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Fig. 4. Release of IGF-I from the IGF-I/IGFBP-3 complex after di-
gestion with ADAM28s. Specific binding of '*I-IGF-I to IGFBP-3
was confirmed by incubating '>I-IGF-I in the wells coated with BSA
or IGFBP-3. The 'I-IGF-I/IGFBP-3 complex was digested with
ADAM28s for 8 and 16 h at 37 °C. The radioactivity of '*I-IGF-I was
measured by y-counter. Closed and hatched columns are radioactivity
in NaOH-dissociated fractions and supernatants, respectively. Bars,
SD of triplicate assays.

wells decreased with time after digestion with ADAM?28s
and that in the supernatants increased (Fig. 4). The sum
of the radioactivity was nearly equal to the total radio-
activity bound to IGFBP-3 on the wells. Thus, these data
demonstrate that IGF-I is released from the IGF-I/I1G-
FBP-3 complex after digestion with ADAM28s.

Discussion

Among the ADAM family members, ADAMY [28],
ADAMI12 [22], and ADAMI17 [29] have a furin-recog-

nition site at the end of their prodomains and can be
activated intracellularly by furin and furin-like conver-
tases. On the other hand, activation mechanisms of
other ADAM species including ADAM28 are unknown.
Previous studies have shown that proADAMS and
proADAM?28 are spontaneously activated during the
storage at 4°C and proADAMI12 is activated by the
treatment with N-ethylmaleimide [9,22]. In the present
study, however, proADAM?28s was not activated
spontaneously or by the treatment with N-ethylmale-
imide or APMA, which is a common activator of
proMMPs. In contrast, proADAM?28s could be acti-
vated by the incubation with MMP-7. This activation
was associated with removal of the propeptide of pro-
ADAM28, which was determined by the NH,-terminal
sequence analysis. In addition, it was time- and dose-
dependent on active MMP-7. These data demonstrate
that the activation is due to the proteolytic action of
MMP-7 to proADAM?28s and provide the direct evi-
dence of a novel proADAM activation cascade by
MMP. ProADAM28s was most efficiently activated by
incubation with active MMP-7 in a molar ratio of 10:1
for 1h, but activated ADAM?28s form of 42kDa ap-
peared to be further degraded after longer incubations
or with higher concentrations of MMP-7. Thus, this
activation may require subtle balance between pro-
ADAM28s and MMP-7.

The present study is the first to demonstrate that
ADAM28 cleaves IGFBP-3 at one site between the
Arg”—Ala®® bond present in the central domain of the
molecule. ADAM12s has been reported to degrade
IGFBP-3 into several fragments of 10-20kDa, but no
information is available for the cleavage sites [18]. 1G-
FBP-3 is also susceptible to MMP-1, MMP-2, and
MMP-3, all of which commonly cleave the Tyr*—Leu!'®
bond with other minor cleavage sites at the Leu®*~Arg”’
and Leu'*'-His'* bonds by MMP-1 and MMP-2 [30] or
at the Asn'”-Ala''"” and Glu'”*~Ser'”” bonds by MMP-3
[30]. Since all these cleavage sites are located in the
central domain of IGFBP-3 consisting of amino acid
residues Asn®*—Asn'”? between the NH,- and COOH-
terminal domains, the central domain may form a ter-
nary structure susceptible to proteolytic attacks by
MMPs and ADAM28s. The present study has also
demonstrated that ADAM?28s digests selectively 1G-
FBP-3 in the complex forms with IGF-I or IGF-II
without attacking IGFs. In addition, our study showed
that IGF-I is released from the complex after digestion
of IGFBP-3 by ADAM?28s. These data suggest the
possibility that ADAM?28s can reactivate the activity of
IGFs in the complex with IGFBP-3 through selective
digestion of IGFBP-3.

Although TIMPs are common inhibitors to MMPs,
TIMP-3 is known to inhibit ADAMI0 [24], ADAM17
[25], and ADAMI2 [18] as well as ADAMTS4 [26].
ADAMI10 is also inhibited by TIMP-1 in addition to
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TIMP-3 [24]. In our study, the IGFBP-3-degrading ac-
tivity of ADAM28 was inhibited by both TIMP-3 and
TIMP-4, but not TIMP-1 or TIMP-2. Although the
molecular mechanism of the inhibition of ADAM spe-
cies by TIMPs is not well understood, the present study
provides the first data that in addition to TIMP-3,
TIMP-4 is an inhibitor to ADAM?28.

Previous studies [12,13] have shown that proliferation
of the human breast cancer cells is regulated at least in
part by the IGF signaling. Our parallel studies also
showed that human breast carcinomas and carcinoma
cell lines express ADAM?28s and IGF-induced breast
carcinoma cell proliferation is inhibited under the cul-
ture conditions in the presence of TIMP-3 or KB-R7785
(Mochizuki et al. manuscript in preparation). Breast
cancer cells and tissues are known to express MMP-7
[19] and release the IGFBP-3 fragments with the NH,-
terminus starting with Ala®® [31], which can be produced
through the cleavage of the Arg’’—Ala®® bond by the
action of ADAM28s. Thus, it is of interest to speculate
that ADAM?28 activated by MMP-7 is implicated in the
proliferation of the breast cancer cells by releasing IGF-
I from the IGF-I/IGFBP-3 complex, although such hy-
pothesis remains to be demonstrated by further work at
the cellular and tissue levels.
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