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Abstract

To elucidate whether new proteases are involved in the processing of amyloid precursor protein (APP), we examined catalytically
active ADAM12 and ADAM19 as candidates a-secretases. The overexpression of ADAMI19 in HEK?293 cells resulted in an increase
in sAPPa. Therefore, we suggest that ADAMI19 has a constitutive a-secretase activity. We examined regulated o-secretase activity by
adding phorbol 12-myristate 13-acetate (PMA), but no regulated activity was found. To verify that endogenous ADAMI19 has an
APP o-secretase activity, we examined whether the constitutive level of a-secretase activity was reduced by RNA interference with
ADAMI9 in A172 cells. The amount of secreted sSAPPa decreased by about 21% following RNAI. These results suggest that ADAM19

has a constitutive a-secretase activity for APP.
© 2006 Elsevier Inc. All rights reserved.
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One of the hallmarks of Alzheimer’s disease (AD) is the
formation of senile plaques composed mainly of amyloid -
peptide (AP), a 4 kDa small peptide. AP is derived from
amyloid precursor protein (APP) through an amyloidogen-
ic pathway. In this pathway, APP is cleaved proteolytically
by B- and y-secretases. In the alternative, non-amyloido-
genic pathway, APP is cleaved within the AP sequence by
a-secretase, releasing the ectodomain fragment referred to
as soluble APP o (sAPPa) from the cell surface. Then the
transmembrane stub is cleaved by y-secretase to generate
a soluble p3 fragment instead of AP. To avoid the forma-
tion of senile plaques, suppressing the generation of AP is

Abbreviations: AD, Alzheimer’s disease; AP, amyloid B-peptide; APP,
amyloid precursor protein; sAPPa, soluble APP o; ADAM, a disintegrin
and metalloprotease; PMA, phorbol 12-myristate 13-acetate; TRANCE,
TNF-related activation-induced cytokine.
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important to the amyloid cascade hypothesis that the A
molecule initiates the pathological cascade of Alzheimer’s
disease [1]. The activation of o-secretase presents one
potential therapeutic target.

a-Secretase belongs to a disintegrin and metalloprotease
(ADAM) family; ADAMY9, ADAMI10, and ADAM17 are
identified as putative a-secretases [2-4]. ADAMs comprise
a family of type I membrane proteins that contain multiple
conserved domains, including a signal peptide, prodomain,
metalloprotease domain, disintegrin domain, cysteine-rich
domain, EGF-like domain, transmembrane domain, and
cytoplasmic domain. ADAMs mediate the ectodomain
shedding of various membrane anchored signaling and
adhesion proteins. The initial ectodomain shedding of
ADAMs triggers the subsequent cleavage of the remaining
C-terminal stubs, referred to as regulated intramembrane
proteolysis (RIP), to release the intracellular domain of
the protein. This fragment can induce transcription.
ADAMs mediate constitutive and regulated shedding.
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There is sufficient evidence that ADAMSs are related to
a-secretase proteolysis to produce APP. Koike et al., indi-
cated that ADAMY has both constitutive and regulative
a-secretase activity by the coexpression of mouse ADAM9
and human APP in COS-7 cells [2]. Hotoda et al., cloned a
new secreted form of human ADAMY9, hADAMOs, the
EGF-like domain of which contains a stop codon, then
coexpressed hADAMOs with human APP in COS cells,
providing evidence that hADAMOYs has regulated activity
[5]. On the other hand, there are no differences in Ap and
p3 in cultured hippocampal neurons from ADAMO9-defi-
cient or wild-type mice [6]. This result might be due to com-
pensation by or redundancy with other o-secretases, or
with other molecules that might be necessary to uncover
a physiologically relevant function.

In 1999, the overexpression of ADAMI10 in HEK?293
cells indicated that ADAMI10 has constitutive and regulat-
ed a-secretase activity [3]; however, APP processing is nor-
mal in embryonic fibroblast cells from ADAMI10 deficient
mice [7]. In spite of that, double transgenic mice expressing
ADAMI10 and APPV7171 showed reduced formation of
AP and no AP deposition in plaques, as well as an allevia-
tion of impaired long-term potentiation and cognitive
deficits [8]. These results suggest that the activation of
a-secretase leads to a predominance of the non-amyloido-
genic pathway and avoids A} deposition even in AD model
mice. The mechanism of regulation of these two pathways
remains unknown, but a conspicuous function for a-secre-
tase in the amyloidogenic pathway is apparent.

Disruption of the ADAMI17 gene completely abolishes
the regulated but not the constitutive a-cleavage in primary
embryonic fibroblasts [4]. However, the overexpression of
ADAMI17 in HEK293 cells shows that it also acts as a
constitutive a-secretase [9]. Therefore, these contradictions
were thought to be attributable to the difference in cell types.

In a previous report, Asai et al., showed that these three
ADAMs act as constitutive and regulatory a-secretases in
COS-7 cells, although their suppression by siRNA was
incomplete with substantial activities remaining in A172
glioblastoma cells [10]. Other evidence that ADAMI10 defi-
cient mice have unchanged protein levels of ADAM9 and
ADAMI17 has been reported [7]. The data imply the exis-
tence of a new protease acting as an a-secretase. To eluci-
date whether other proteases are involved in this process,
we examined catalytically active ADAMI12 and ADAMI19
as candidates for APP secretases.

Materials and methods

Cell culture. HEK293 (human embryonic kidney) and A172 (human
glioblastoma) cells were cultured in DMEM (Sigma) supplemented with
10% fetal bovine serum (Gibco). The cells were maintained at 37 °C in a
5% CO, atmosphere in a tissue culture incubator.

Vector and constructs. Human ADAMI12 or ADAMI19 was inserted
into pcDNA3.1/V5-HisA (Invitrogen), the site of which was digested by
EcoRV and Xbal, after the addition of GCCACC as a Kozak sequence
and excluding the stop codon. The V5 epitope tag was fused at the
C-terminus.

Constitutive a-secretase activity. HEK293 cells were transiently trans-
fected with vector, hADAMI2 or hADAMI19 ¢cDNA using lipofection
with FuGENE"6 Transfection Reagent (Roche). Two microgram of DNA
was used to transfect one 6 cm dish of 40-50% confluent cells. Forty-eight
hours later, the cells were washed twice with PBS and 1.5 ml of serum-free
DMEM was added. Following incubation for 6 h, the cells and medium
were collected.

Regulated a-secretase activity. HEK293 cells were transiently trans-
fected with vector, hADAMI12 or hADAMI19 cDNA using lipofection
with FuGENE"6 Transfection Reagent (Roche). Eight microgram of
DNA was used to transfect one 10 cm dish of 50-60% confluent cells. The
cells were replated in 6 cm dishes 24 h after transfection, washed twice
with PBS, and 1.5 ml of serum-free DMEM was added with or without
30 nM phorbol 12-myristate 13-acetate (PMA) (Wako). Forty-eight hours
after transfection, the cells and medium were collected. All samples con-
tained 0.1% DMSO.

Cell collection and medium concentration. Cells were lysed on ice in
TNE lysis buffer (25 mM Tris—HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA,
and 1% NP-40) containing a protease inhibitor mixture. Cell disruption
was completed by freezing and thawing three times. Following centrifu-
gation at 16,000g for 10 min at 4 °C, the protein concentration in the
supernatant was quantified by a DC Protein Assay Kit (Bio-Rad).

The medium was concentrated by precipitation with 10% trichloro-
acetic acid (TCA). The total proteins obtained from medium or 20 pg of
proteins from cell lysates were used for Western blot analysis.

Western blot analysis. Samples were separated by 10% SDS-PAGE,
and then transferred to PVDF membranes (Immobilon-P, Millipore). The
membranes were soaked in 5% non-fat dried milk in TPBS (PBS with
0.05% Tween) for 1 h, and then incubated overnight with primary anti-
bodies dissolved in TPBS containing 0.1% BSA and 1 mM NaNj; at 4 °C.
After washing three times with TPBS for 5 min, the membranes were
incubated with a horseradish peroxidase (HRP)-conjugated secondary
antibody (Cell Signaling Technology) for 1 h at room temperature. The
membranes were rinsed three times with TPBS for 5 min, and the antigen-
antibody complex was detected by enhanced chemiluminescence using a
Luminescent Image analyzer LAS-3000 (Fujifilm). The magnitude of the
signal was digitized using Multi Gauge Ver.2.3 (Fujifilm).

The antibodies used in this study are as follows: 1:1000 of 6E10 (SIG-
NET), 1:1000 of actin (Sigma), 1:5000 of anti-VS5 antibody (Invitrogen).

RNA interference. Stealth RNAs specific to hADAM19 were designed by
the program offered by Invitrogen. Stealth RNA is 25 bp-blunt-end-dsRNA
chemically modified to eliminate the nonspecific stress response of inter-
feron. We confirmed the specificity of these sequences in BLAST. Fifty
percentage confluent A172 cells were transfected with hADAMI19 stealth
RNA or control random RNA (100 pmol per 6-cm dish) using Lipofect-
amine 2000 (Invitrogen) and OPTI-MEM 1 (Gibco). The medium was
exchanged 6 h after transfection. The cells were washed once with PBS, and
1.5 ml of DMEM was added 36 h after transfection; 8 h later, the cells and
medium were collected. Cells were divided into two fractions for protein
assay and RT-PCR, and the medium was concentrated with 10% TCA.

The target sequences used in this study are as follows:

sequence 1
sense: GGGCCAACACCUUAUUUACAGAUCU
anti-sense: AGAUCUGUAAAUAAGGUGUUGGCCC
sequence 2
sense: CCUCGUGGCUGAUUAUUUAGAGUUU
anti-sense: AAACUCUAAAUAAUCAGCCACGAGG

We used stealth RNAi Negative Control Low GC Duplex (Invitrogen)
as a negative control.

RT-PCR. Total RNA from each culture was isolated by extraction with
guanidine thiocyanate/phenol/chloroform, treated with RNase-free DNase
(TaKaRa) for 30 min at 37 °C to eliminate any contaminating DNA,
extracted with phenol/chloroform, and precipitated with 2-propanol. The
amount of RNA was determined spectrophotometrically by the absorbance
at 260 nm. RNA was reverse transcribed using oligo (dT) primer by RT-
PCR with a ThermoScript™ RT-PCR System (Invitrogen) according to the
manufacturer’s instructions. Primers specific for each gene were used to



C. Tanabe et al. | Biochemical and Biophysical Research Communications 352 (2007) 111-117 113

detect each mRNA prepared by RT-PCR. Amplification with specific
primers was carried out in a Mastercycler gradient (Eppendorf) with an Ex-
Taq polymerase PCR kit (TaKaRa) for 40 cycles with 30 s at 96 °C dena-
turation, 30 sat 58 °C annealing, 30 sat 72 °C extension profile in the case of
ADAM; and for 30 cycles with a 30 s at 96 °C denaturation, 30 s at 58 °C
annealing, 18 s at 72 °C extension profile in the case of B-actin. Amplifica-
tion of the mRNA for the housekeeping gene B-actin was used as an internal
quality standard. Amplified products were electrophoresed in 8% acrylam-
ide gels, and visualized by ethidium bromide staining.
The primer sequences were as follows:

hADAMO9

sense: 5S-TTGCCACAGACCCGGTATGT-3;

anti-sense: 5-CTCTCCCATCATCGTGATTC-3;
hADAMI10

sense: S-GGCAATGTGCAGGTTCTATC-3;

anti-sense: 5-GGTTTAGGAGGAGGCAACTT-3;
hADAMI17

sense: 5-GTTTGAGACTGCCCAGAAGA-3;

anti-sense: 5-CAAGGAGAAAACCAGGACAG-3;
hADAMI19

sense: 5-GCCCATTGACACCACTATCATC-3;

anti-sense: 5-GGAGTGTTGATCACCTTTCGC-3;
B-actin

sense: 5-GTGACATTAAGGAGAAGCTGTGC-3;

anti-sense: 5S-TCTCCTTCTGCATCCTGTCGGC-3

Co-immunoprecipitation. HEK293T cells overexpressing vector or
human ADAM19 were solubilized in TNE lysis buffer containing 1 mM
PMSF and protease inhibitor mixture. The homogenate was passed
through a 20-gauge needle (20 times). The cells were rotated for 20 min
and centrifuged at 100,000g for 30 min at 4 °C. The same protein con-
centration of the supernatant was transferred to new tubes and precleared
using Protein A-Sepharose beads (Amersham Biosciences) for 1 h at 4 °C
and immunoprecipitated overnight using V5 antibody (Invitrogen). The
antibody-bound complexes were isolated by incubation with Protein A
Sepharose beads for 2 h and washed three times using the TNE lysis
buffer. The protein complexes were eluted in 2x SDS sample buffer and
analyzed by Western blot with a polyclonal APP antibody directed to the
C-terminus of APP.

Results

Effects of ADAMI12 and ADAMI19 ¢cDNA transfection on
the constitutive a-secretase activity in HEK293 cells

First, we selected ADAMI12 and ADAMI19 as candi-
dates for APP secretases from catalytically active human
ADAMs expressed in brain. To find out whether these
ADAMs have a-secretase activity, we overexpressed them
in HEK293 cells. The release of sAPPa into the medium
was detected by Western blot analysis. The results are
shown in Fig. 1A. Quantitative analysis of an immunoblot
with 6E10 showed that HEK 293 cells transiently expressing
ADAMI9 released 2.01 times as much sAPPa as control
cells (Fig. 1B). In contrast, cells expressing ADAMI12
released SAPPa at a level that was almost the same as the
control.

However, the percentage of the active form of ADAMI12
was lower than that of ADAMI19 (Fig. 1C). This conver-
sion from the pro to active form might account for the dif-

ference in catalytic activity between ADAMI12 and
ADAMI19.

Effects of ADAMI12 and ADAMI9 on the regulated
a-secretase activity in HEK293 cells

A number of studies have shown that treatment with
phorbol esters such as phorbol 12-myristate 13-acetate
(PMA) activates PKC and results in an increase in sAPPa
secretion from cells [3,4]. It has been reported that PKC-
dependent a-secretase competes with B-secretase for the
cleavage of APP in the trans-Golgi network [11]. To clarify
whether these ADAMs have a regulated a-secretase activi-
ty, cells were treated with 30 nM PMA for 2 h. Consistent
with previous reports, we observed an increase in sAPPa
secretion by PMA treatment (Figs. 2A and B); however,
there was no difference according to the ratio of PMA addi-
tion to ADAM only (Fig. 2C). These results suggest that
these ADAMs do not possess a regulated o-secretase activ-
ity. We confirmed that the expression levels of active
ADAMs did not change (Fig. 2D).

Reduction in the constitutive o-secretase activity by RNA
interference of hRADAMI9 in A172 cells

To verify that internal ADAMI9 has an a-secretase
activity, we examined whether the constitutive a-secretase
activity was reduced by RNA interference of ADAMI19
in A172 cells. In the present study, we used the same cell
line as used in a previous report [10]. After reference to
the program ‘siDirect’, we chose several effective sequences
as shown in Methods. Finally three sequences were selected
with the program offered by Invitrogen. To screen for effec-
tive sequences, we used HEK?293 cells stably expressing
hADAMI19. The three RNAs effectively, but not complete-
ly, repressed the expression of hADAMI19 as detected by
Western blot for the V5 epitope added to the C-terminus
of the ADAMI19 transgene. We used two of these RNAs
in this experiment. As shown in Fig. 3, the amount of
secreted sAPPa was decreased in 21% by the addition of
sequence 2. The same results were obtained using sequence
1 (data not shown). We determined the specificity to hAD-
AMI19 by semi-quantitative RT-PCR in Fig. 3C. These
sequences did not interfere with the expression of ADAMO9,
10, or 17.

Direct interaction of ADAMI19 with APP

To further support that ADAM19 has an APP a-secre-
tase activity, we confirmed the direct interaction between
APP and ADAMI19. HEK293T cells overexpressing
ADAM19 was immunoprecipitated with anti-V5 antibody.
APP was co-immunoprecipitated by the anti-V5-antibody
(Fig. 4A, lane 4), which was absent in the control
(Fig. 4A, lane 3). Total lysates were used as a positive con-
trol (Fig. 4, lanes 1 and 2). Immunoprecipitation was com-
pleted as shown in Fig. 4B.
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Fig. 1. Constitutive a-secretase activity in HEK293 cells. (A) Cells were transfected with control, ADAMI12 or ADAM19 vectors. Following incubation
for 6 h, the medium was collected and sAPPa content was determined by Western blot analysis with 6E10. (B) Relative a-secretase activity compared with
the control was calculated from (A) adjusted for the protein content of the cell lysate. Values represent means + SE Statistical significance between control
and ADAM-transfected cells were determined by two-tailed Student’s #-test, and values of p < 0.001 were considered significant. A value of p = 0.06 was
obtained for ADAMI12. (C) Cells were collected and the amounts of expressed ADAMSs were determined by Western blot analysis with anti-V5 antibody.

The same membrane was stripped and determined with anti-actin antibody.

Discussion

We have shown that the overexpression of ADAMI9
increases sAPPa secretion in HEK?293 cells. Moreover,
the suppression of endogenous ADAMI19 expression by
RNAIi decreases the secretion of sAPPa by A172 cells.
These results suggest that ADAMI19 has a constitutive o-
secretase activity for APP.

ADAMI12, which is highly homologous to ADAMI9,
produced no statistically significant o-secretase activity.
We could observe the activation of ADAM12 in this system;
however, the conversion to the active form was less effective
in the case of ADAMI12 than ADAMI19 (Fig. 1C). Since the
prodomain of ADAMI12 remains noncovalently associated
with the rest of the molecule after cleavage [12], it is intrigu-
ing to consider whether this prodomain plays some role such
as an activation regulator or a receptor.

Next, we determined the regulated activity of these
ADAMs in HEK293 cells by PMA treatment. Increases
in the secretion of sAPPa were observed, but were thought
to be due to other a-secretases such as ADAMY, 10 or, 17.
We suggest that ADAM12 and ADAM19 do not have a
regulated activity. The transcriptional level of ADAM

was slightly elevated by PMA treatment, although the
activation of ADAM was regulated at a certain level in
cells.

We demonstrated with the RNAi experiment that the
constitutive APPa-secretase activity in A172 cells is due
to ADAMI19. The percentage (21%) is relatively low com-
pared with other a-secretase activities, but this phenome-
non is observed only in Al172 glioblastoma cells.
Therefore, it is difficult to say which ADAM is the true
o-secretase mainly acting in normal brain. Considering that
the remaining activity was about 13% in a previous study
[10], ADAMI19 may contribute about 20% of the a-secre-
tase activity in A172 cells. Since purified ADAMI19 did
not digest o-secretase substrates (MCA-HQKLVF-
FAK(DNP)-NH,, Suc-HQK-MCA, and Suc-HHQ-
MCA) in vitro (unpublished results), it might be possible
that ADAMI19 activates a-secretase activity indirectly by
activating other ADAM:s.

In the present study, we have shown ADAM19 as a new
a-secretase for APP. This extends the availability of thera-
peutic targets. However, the concern remains that the acti-
vation of a-secretase could induce side effects by shedding
substrates other than APP. ADAMI19 is associated with
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Fig. 2. Regulated a-secretase activity in HEK293 cells. (A) Cells were transfected with control (lanes 1 and 4), ADAMI2 (lanes 2 and 5) or ADAM19
(lanes 3 and 6) vectors, and incubated for 2 h with (lanes 4-6) or without (lanes 1-3) 30 nM PMA in serum-free DMEM. All samples contained 0.1%
DMSO. The medium was collected and sAPPa content was determined by Western blot analysis with 6E10. (B) The relative a-secretase activity compared
with the untreated control is shown in (A) adjusted for the protein content of the cell lysate. Values represent means + SE of five experiments. (C) The
influence of PMA treatment on the increase in SAPPa secretion was compared with the control (A). Values represent means + SE of five experiments.
Statistical significance between the control and ADAM were determined by use of two-tailed Student’s z-test; the results were not significant. (D) Cells
were collected and the expressed ADAMs were measured by Western blot analysis with anti-V5 antibody. The same membrane was stripped and

determined with anti-actin antibody.

the proteolytic processing of neuregulin [13] and TNF-re-
lated activation-induced cytokine (TRANCE) [14]. Neu-
regulin and ADAMI19 are simultaneously expressed in
the nervous system during development, and ADAMI19
participates in the proteolytic processing of B-type neureg-
ulin, which is involved in neurogenesis and synaptogenesis
[13]. Wong et al., have reported a potential role for
ADAMI19 in shedding TRANCE in cells where both mol-
ecules are highly expressed [14]. TRANCE is expressed

most highly in thymus and lymph nodes, but not in non-
lymphoid tissues [15]. These findings suggest that the
upregulation of ADAMI19 is also available as a therapeu-
tic target in adult brain. Recent study has shown that ace-
tylcholinesterase inhibitors promote the trafficking of
ADAMI10, 17, and APP to the cell membrane and
enhance a-secretase activity with few side effects [16]. This
implies the importance of the location that APP shedding
occurs.
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Fig. 3. RNA interference of ADAMI19 in A172 cells. (A) Cells were
transfected with 100 nM negative control RNA (lane 1) or stealth RNA
sequence 2 (lane 2). The medium was treated for 8 h, collected and the
sAPPo content was determined by Western blot analysis with 6E10. (B)
The relative o-secretase activity compared with the control from (A)
adjusted for the amount of protein in the cell lysate. Values represent
means + SE of six experiments. Statistical significance between negative
control and RNAIi samples were determined by use of two-tailed Student’s
t-test, with a value of p <0.05 considered significant. (C) The transcrip-
tional levels of ADAMs were determined by semi-quantitative RT-PCR
analysis of RNA isolated from cells transfected with negative control
RNA (lane 1) or stealth RNA (lane 2). Results are shown for hADAM19
(30 cycles), B-actin (20 cycles), hADAMOY, 10, and 17 (30 cycles). Amplified
products were electrophoresed in 8% acrylamide gels.

It has been reported that part of APP and BACEI
exists in lipid rafts, a cholesterol and sphingolipid
enriched fraction. Cholesterol depletion affects APP prote-
olysis and reduces AP generation [17]. The localization of
mADAMI19 in lipid rafts is critical for its ectodomain
shedding [18]. Human ADAMI19 and its mouse analog
are highly similar sharing 84.6% identity in protein
sequence. Therefore, hADAMI19 probably exists in lipid
rafts. We expect that ADAM19 is involved in APP prote-
olysis in lipid rafts.
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Fig. 4. Direct interaction of ADAMI9 with APP. (A) HEK293T cells
were immunoprecipitated with anti-V5 antibody and Western blotted with
anti APP (lanes 1 and 3, mock transfection; lanes 2 and 4, with ADAM19
cDNA transfection). (B) Expression of ADAMI19 was confirmed by the
Western blotting with anti-V5 (arrowhead). Lanes are the same as (A).
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