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Abstract: The metabolic fate of the amyloid precursor
protein (APP) is one of the key factors in the pathogenesis
of Alzheimer’s disease (AD). A complex cellular mecha-
nism regulates the rate at which the precursor is cleaved
by a-secretase and released as soluble protein in the
extracellular space. We show here that a-secretase con-
stitutes the common final effector of several independent
means of stimulation of soluble APP (sAPP) release. The
release of SAPP by a-secretase resembles that of several
other membrane-bound proteins with soluble counter-
parts, a process that is sensitive to matrix metallopro-
tease inhibitors. The hydroxamic acid-based compound
KD-IX-73-4 inhibits phorbol ester-mediated sAPP release
from COS cells with an IC5, of 8 uM, consistent with
previous data for the same compound against leukocyte
L-selectin shedding. Beyond direct protein kinase C
(PKC) activation we show that KD-IX-73-4 inhibits also
receptor-mediated sAPP release induced by carbachol in
SH-SY5Y cells and by bradykinin in human skin fibro-
blasts, with the latter being a PKC-independent mecha-
nism. Altogether these data suggest that all pharmaco-
logical means of stimulating sAPP release converge to a
hydroxamic acid-based inhibitor-sensitive proteolytic en-
zyme. Moreover, because KD-IX-73-4 was effective in
the inhibition of stimulated but not constitutive sAPP
release, these data suggest the existence of different
enzymes regulating the two metabolic pathways leading
to sAPP secretion. Key Words: Alzheimer’s disease—
a-Secretase—Protein kinase C—Amyloid precursor pro-
tein—Hydroxamic acids—Metalloprotease inhibitors.
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The hallmark of Alzheimer’s disease (AD) brains is
the deposition of neuritic plaques whose major compo-
nent is theB-amyloid protein (A3), a self-aggregating
peptide of 39—42 amino acids. The peptide is derived
from a ubiquitous precursor protein named amyloid pre-
cursor protein (APP) (Tanzi et al., 1987; Weidemann et
al., 1989).

APP is a type | integral membrane protein that follows

terminus by one or morey-secretases constitutes the
amyloidogenic pathway for processing of APP and leads
to the production of 8 and its release from the cells
(Haass et al., 1992; Shoji et al., 1992; Seubert et al.,
1993). In addition, APP is cleaved by a proteolytic
activity known asa-secretase, releasing the ectodomain
into the extracellular space. Proteolytic processing of
APP by a-secretase occurs within the sequence gf A
thus precluding the formation of the amyloidogenic frag-
ment (Esch et al., 1990; Sisodia et al., 1990; Anderson et
al., 1991).

Several integral membrane proteins are known to be
released from the lipid bilayer by proteolysis. These
include cell adhesion molecules and leukocyte antigens
such as leukocyte L-selectin, CD14, and CD43; receptors
and ligands such as tumor necrosis facto(TNF-«)
and its receptors; ectoenzymes such as angiotensin-
converting enzyme (ACE); and protein whose function is
yet unknown, such as APP (for review, see Hooper et al.,
1997).

The enzymes responsible for the cleavage of these
proteins are generally named membrane-protein secre-
tases, and they have some features in common. In par-
ticular, these enzymes are sensitive to inhibition by hy-
droxamic acid-based compounds, originally designed as
inhibitors of matrix metalloproteases (Spatola et al.,
1992; Gearing et al., 1994). These compounds bind at the
active site and coordinate the essential zinc ion, but
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marked differences exist between the inhibition of the Cell cultures and experimental treatments

matrix metalloproteases and these secretases. The use of Primary human skin fibroblasts, obtained from the Cell
such a class of inhibitors has recently allowed the isola- Repository at the IRCCS Centro S. Giovanni di Dio-FBF,
tion and purification of the enzyme that regulates T&lF-  Brescia, Italy, and COS-1 cell lines were cultured in Eagle’s
release [TNFa-converting enzyme (TACE) (Black et minimum essential medium supplemented with 10% fetal calf
al., 1997; Moss et al., 1997)]. The enzyme responsible S€rum, penicillin/streptomycin, nonessential amino acids, and
for the nonamyloidogenic pathways in AD may also be a 1'icine buffer (20 nM, pH 7.4) at 37°C in 5% C¢J95% air.
member of this family of secretases, and examples of The _neuronal cell line SI_—l-SY-5Y was cultured in the same
inhibition of a-secretase by hydroxamic acid-based medium supplemented with 1Mpyruvate. Confluent mono-
compounds have been described (Arribas et al 1996_Iayers of cells were washed twice with phosphate-buffered
Parvgthy et al., 1938b) " 'saline (PBS) and once with serum-free culture medium before

treatments. Phorbol 12,13-dibutyrate (PdBu) and KD-IX-73-4
Our knowledge of the APR-secretase pathway has were dissolved in dimethyl sulfoxide as stock solutions of,

expanded in the past 10 years to unravel a compleX egpectively, 5 il and 20 mg/ml. Carbachol (CCh) was dis-
cellular mechanism coupled to various extra- and intra- solved and diluted to the working concentration in serum-free
cellular signals that regulates the rate at which APP is Eagle’s minimum essential medium at the time of use. Brady-
cleaved bya-secretase and released as soluble proteinkinin (BK) was prepared as stock solution (1M in PBS.
into the extracellular space (reviewed by Checler, 1995), Controls receiving vehicle alone were included in all experi-
and the activation of such a pathway constitutes, even ments. Cells were preincubated for 10 min at room temperature
with its limitations, a key target for the pharmacological with KD-IX-73-4 and then stimulated with PdBu, CCh, or BK
modulation ofB-amyloid metabolism. for 2 h at37°C.

Direct activation of protein kinase C (PKC) by phor-
bol esters can induce an increase in amount of soluble
APP (sAPP) released by cells in culture (Buxbaum et al.,

1992; Gillespie et al., 1992.’ Bergamaschi et al., 1.995) and centrifuged at 13,0a9for 5 min to remove detached cells
and a decrease offArelease in the extracellular medium and debris. Proteins in the medium were quantitatively precip-
(Buxbaum et al., 1993; Hung et al., 1993; Jacobsen et al.,jiateq by the deoxycholateftrichloroacetic acid procedure as
1994). The nonamyloidogenic pathway can also be stim- previously described (Bergamaschi et al., 1995). Cell mono-
ulated by G protein-coupled cell surface receptor through |ayers were washed twice with ice-cold PBS, lysed on the tissue
the activation of complex signal transduction pathways culture dish by addition of ice-cold lysis buffer [SONNTris-
that include PKC-dependent and -independent mecha-HCI (pH 7.5), 150 ™M NaCl, 5 mM EDTA, and 1% Triton
nisms (Nitsch and Growdon, 1994; Checler, 1995; X-100], and scraped with a rubber spatula. An aliquot of the
Nitsch et al., 1995). cell lysate was used for protein analysis with the Bio-Rad
In the present study we have examined the effect of Bradford kit for protein quantification.
KD-IX-73-4, a hydroxamic acid-based inhibitor, de-
scribed and characterized toward the activity of L-
selectin shedding enzyme in activated human nel‘!troph'lstained by loading an equal volume of samples of conditioned
(Feehan et al., 1996), on ARPsecretase processing in  yedium standardized to total cell lysate protein concentra-
different cell lines and with different stimuli. Here we  {jon. proteins were subjected to sodium dodecyl sulfate—
establish that botl-secretase and the L-selectin “shed- polyacrylamide gel electrophoresis (10% gel) and then trans-
dase” have similar sensitivity to inhibition by KD-IX-  ferred to a polyvinylidene difluoride membrane (NEN-Du
73-4, suggesting at least a mechanistic homology be- Pont). For the detection of the secreted APP, either mono-
tween the two enzymes. Moreover, we demonstrate thatclonal antibody 22C11 (Boehringer-Mannheim) or 6E10
both PKC-dependent and -independent pathways leading(Senetek) was used, and the blots were incubated overnight
to SAPP release converge on the same proteolytic en-at 4°C. Detection was carried out by incubation with alkaline
zyme, which therefore becomes the limiting step for phosphatase-conjugated goat anti-mouse IgG (Kirkegaard
different pharmacological means of stimulation of the and Perry Laboratories, Gaithersburg, MD, U.S.A.) for 1 h.
nonamyloidogenic processing of APP. T_he b_Iots were then washed extens_lvely, and sAPP was
visualized using an enhanced chemiluminescence method
(NEN). The same immunoreactive bands detected by anti-
MATERIALS AND METHODS body 22C11 were detected in western blots by antibody
Materials 6E10 and were also immunoprecipitated by antiserum

All culture media, fetal calf serum, and supplements were ER331-16 (M.R., unpublished data). Both 6E10 and
obtained from GIBCO Life Technologies (Paisley, U.K.). Elec- ER381-16 recognize epitopes in the first 16 amino acids of
trophoresis reagents were obtained from Bio-Rad (Hercules, AB. a site that constitutes the C terminus of sAPP cleaved at
CA, U.S.A). KD-IX-73-4 {N-[L-[2-(hydroxyaminocarbonyl)- the a site; therefore, the identified bands can be assumed to
methyl]-4-methylpentanoyl]-3-(2'-naphthyl)alanylk-alanine- be thea-secretase-cleaved form of SAPP.
amide}was a kind gift of Dr. Takashi Kei Kishimoto of Boehr- Cell lysates (1Qug of total protein per lane) were subjected
inger Ingelheim (U.S.A.). All other reagents were of the highest to sodium dodecyl sulfate—polyacrylamide gel electrophoresis
grade available and were purchased from Sigma Chemical Co.followed by western blot with antibody 22C11 for the identi-
(St. Louis, MO, U.S.A.) unless otherwise specified. fication of steady-state levels of cellular APP.

Harvesting of cells and preparation of conditioned
medium
Conditioned medium was collected aft2 h of incubation

Immunodetection of APP
Normalization of protein loading on each blot was ob-
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FIG. 1. Effect of KD-IX-73-4 on PdBu-induced sAPP release from COS cells. A: Cells were preincubated for 10 min with vehicle alone
(lanes 1 and 2) or with the indicated concentrations of KD-1X-73-4. Following the preincubation time the cells were treated with 200 nM
PdBu (except lane 1) for 2 h at 37°C. Proteins released into the conditioned medium were collected and subjected to western blot with
sAPP-specific antibodies. B: Densitometric analysis of western blots expressed as percentages of basal release (vehicle treatment) and
as mean *= SEM (bars) values of three independent experiments. C: Levels of intracellular steady-state APP determined with antibody
22C11 on 10 png per lane of total lysate protein.

Densitometry and statistics hibitory profile of KD-IX-73-4 on sAPP release. Cells
Western blot analysis was performed by calculating the were preincubated for 10 min with KD-1X-73-4 at con-
relative intensity of the immunoreactive bands after acquisition centrations ranging from 0.2 to 5@g/ml (Fig. 1) and
of (tjhe bl<|)t imat?e through 2 l\rl]ikon CCD videocamera module g hsaquently either with vehicle or with 20MrPdBu.
and analysis means of the Image 1.47 program (Wayne . .
Rasband,)/Rese)grch Service Branch,gNationaIpIns?titute E)f M{en- Western blot ana!yS|S demonstrated that thg S.'”."!J'ta'
tal Health, National Institutes of Health, Bethesda, MD, N€ous treatmentwith KD-IX-73-4 produced an inhibition
U.S.A.). The relative densities of the bands were expressed asOf SAPP release mediated by direct PKC activation by
arbitrary units and normalized to data obtained from the control PdBu, inhibition that is dependent on the concentration
sample assayed under the sample conditions. Controls wereof the compound. The maximal inhibition was obtained
processed in parallel with stimulated samples and always in- for a concentration of KD-IX-73-4 of 5@ug/ml, corre-
cI_ud_ed in the same blot. I_Dreliminary experi_mer_lts with serial sponding to~100 uM. At such a concentration the
dilutions of secreted protein allowed determination of the op- peptide inhibitor reduced the PdBu-mediated SAPP re-

timal linear range for the chemiluminescence reaction. Statis- . .
tical analysis was done by one-way ANOVA followed lease to basal levels but, even at higher concentrations

when significant, by two-tailed Studenttstest or multiple-  (data not shown), did not inhibit further the constitutive
comparison test, where appropriate; a valugof 0.05 was level of SAPP release from COS cells. We estimated the
considered significant. ICsq Of KD-IX-73-4 to be~8 uM, which is in the same
order of magnitude of the I§g estimated in experiments
RESULTS on neutrophils versus the L-selectin sheddase (Feehan et

al., 1996). We next turned to two other cellular models
with the purpose of studying the effect of the inhibitor on
receptor-mediated sAPP release.

We examined the effect of KD-1X-73-4, a hydroxamic
acid metalloprotease inhibitor, on the activity@fecre-

tase in three different cell types and following different R .
secretory stimuli. yp g Receptor binding studies have shown that SH-SY5Y

First we investigated the effect of the inhibitor on CellS express muscarinic receptors of the ml and m3
phorbol ester-mediated SAPP release from COS cells. Subtype (Serra et al.,, 1988; Lambert et al., 1989). Treat-
Soluble a-secretase-derived APP is released into the Ment with increasing concentrations of CCh results in a
conditioned medium of COS cells as a protein with an concentration-dependent increase in sAPP release from
apparent molecular size of 120 kDa (Fig. 1A). The re- these cells with a maximally effective concentration of 1
lease of SAPP was stimulated in a concentration- MM (data not shown). Western blots show that SAPP is
dependent manner following treatment of COS cells with released into the conditioned medium as a doublet with
PdBu (data not shown). At a concentration of 20@ n  an apparent molecular mass of 100-120 kDa (Fig. 2A).
PdBu the treatment elicited an increase of SAPP releaseThe protein pattern is consistent with other previous
of approximately twofold that of basal levels (135%). reports (Lahiri et al., 1994; Parvathy et al., 189&nd
The same concentration was used to determine the in-likely reflects the expression of the three major isoforms

J. Neurochem., Vol. 72, No. 6, 1999



ROLE OF a-SECRETASE IN RECEPTOR-MEDIATED APP METABOLISM

2467

p<0.05 p<0.05

1 I 1
SAPP 3
2
s
g
W
*
B
— @

PdBu - - + + - -
CCh - - - - + +
KD - + - + - + - + - + - +

FIG. 2. Inhibition of carbachol-induced sAPP release by KD-IX-73-4 (KD) in SH-SY5Y neuroblastoma cells. A: Cells were preincubated
for 10 min with vehicle alone (lanes 1, 3, and 5) or with 50 ug/ml KD. Following the preincubation time the cells were treated with 200
nM PdBu (lanes 3 and 4) or 1 mM CCh (lanes 5 and 6) for 2 h at 37°C. Proteins released into the conditioned medium were collected
and subjected to western blot with sAPP-specific antibodies. B: Densitometric analysis of western blots expressed as percentages of
basal release (vehicle treatment) and as mean = SEM (bars) values of three independent experiments. C: Levels of intracellular
steady-state APP determined with antibody 22C11 on 10 ug per lane of total lysate protein.

of APP, i.e., the two KPI-containing isoforms and the repeated also in the presence of KD-IX-73-4 at the con-
695-amino acid isoform (M.R., unpublished data). centration of 5Qug/ml. Figure 3 shows that, as found in
Cells were treated fo2 h with 200 ™M PdBu in the COS cells and in SH-SY5Y cells, the treatment with the
presence or absence of KD-I1X-73-4 at a concentration of inhibitor restores to basal levels the release of sAPP
50 wg/ml, as inferred from the previous experiments. following direct stimulation of PKC. It is interesting that
Following the same experimental scheme cells were the PKC-independent secretory effect of BK is blocked
treated with 1 vl CCh in the presence or absence of 50 by addition of KD-IX-73-4, with a complete inhibition of
pg/ml KD-1X-73-4. As shown before with COS cells the stimulated sAPP release. Finally, and consistent with the
treatment with PdBu elicited an increase of SAPP releaseresults obtained with the other cell lines, we did not
of approximately twofold over basal levels. Similar re- observe inhibition of constitutive release of SAPP from
sults were obtained with 1 kh CCh. The inhibitory human skin fibroblasts following KD-1X-73-4 treatment.
effect of KD-IX-73-4 at the concentration of 50g/ml Finally, in all cellular systems none of the treatments
was confirmed also in the neuronal cellular model (Fig. altered grossly the steady-state levels of cellular APP
2), where the inhibitor was able to block completely the (Figs. 1C, 2C, and 3C).
effect of CCh and PdBu, returning the level of sAPP
release to basal values. As seen before with COS cells,
constitutive release of sAPP was not affected by the
treatment with KD-1X-73-4. Increasing evidence suggests thasecretase, possi-
The third cellular model considered for our studies bly the limiting enzyme in the nonamyloidogenic pro-
was human skin fibroblasts. These cells express endog-cessing of APP, may be part of a family of proteases,
enously BK receptors of the B2 subtype (Tippmer et al., named generally secretases or sheddases (Hooper et al.,
1994; Racchi et al., 1998). The treatment of these cells 1997), that release soluble ectodomains of integral mem-
with BK results in a concentration-dependent increase of brane proteins. We provide evidence here that the secre-
SAPP level with a maximal effect of BK obtained at a tory processing of APP is sensitive to inhibition by the
concentration of 1uM and resulting in an increase of hydroxamic acid-based compound KD-1X-73-4, previ-

DISCUSSION

SAPP level over basal values of 1.5 to twofold (Racchi et
al., 1998). We have also shown that the effect of BK in
this cellular system is not dependent on activation of
PKC (Racchi et al., 1998). Therefore, this cellular model
and secretory stimulus are an example of PKC-
independent receptor-mediated activation ofdhsecre-

ously shown to be an effective inhibitor of L-selectin
shedding in human neutrophils (Feehan et al., 1996). Our
experiments with COS cells indicate that the inhibition
of phorbol ester-mediated SAPP release obtained using
KD-1X-73-4 is dependent on the concentration of the
compound, and the results are remarkably similar to

tase pathway. Using a treatment protocol similar to those those obtained by Feehan et al. (1996) studying L-

detailed before, fibroblasts were treated for 2 h with 1
uM BK. At the same time the cells were also treated with
200 M PdBu as a positive control. The treatments were

selectin shedding in human neutrophils. Thed€alcu-
lated in the latter experiments ranged from 4.5 taN3,
depending on the experimental model used, whereas in

J. Neurochem., Vol. 72, No. 6, 1999
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FIG. 3. Inhibition of bradykinin-induced sAPP release by KD-IX-73-4 (KD) in human skin fibroblasts. A: Cells were preincubated for 10
min with vehicle alone (lanes 1, 3, and 5) or with 50 ug/ml KD. Following the preincubation time the cells were treated with 200 nM PdBu
(lanes 3 and 4) or 1 uM BK (lanes 5 and 6) for 2 h at 37°C. Proteins released into the conditioned medium were collected and subjected
to western blot with sAPP-specific antibodies. B: Densitometric analysis of western blots expressed as percentages of basal release
(vehicle treatment) and as mean = SEM (bars) values of three independent experiments. C: Levels of intracellular steady-state APP
determined with antibody 22C11 on 10 ug per lane of total lysate protein.

our case we estimated angy®f 8 uM, suggesting a high  (1998). Two different (although possibly related) en-
degree of similarity betweem-secretase and the L- zymes may therefore play roles in the constitutive and
selectin shedding enzyme. The use of other inhibitors in regulated secretion of SAPP, and the lack of an inhibitory
different experimental conditions has also suggested effect of KD-IX-73-4 on sAPP constitutive secretion
similarity between ACE secretase ancsecretase. Sim-  may derive either from a differential access to the site(s)
ilar potencies have been described for the effect of bati- of activity of the constitutive and activated enzyme or a
mastat and other related compounds comparing ACE difference of specificity of the compound for the two
secretase inhibition ang-secretase inhibition (Parvathy related enzymes. The existence of different enzymes or
et al., 1998,b). Thus, our data provide further compel- different subcellular localization of the same enzyme
ling evidence that these proteolytic enzymes/activities was inferred by the studies of Marambaud et al. (1997)
are mechanistically related. It seems more likely that that demonstrated the differential effect of proteasome
they are not the same protease but belong to a largeinhibitors on the constitutive and phorbol ester-stimu-
family of related enzymes with distinct limited cleavage lated sAPP release. We indirectly proposed a distinction
specificity. Recent data show that potencies of some between constitutive and regulated sAPP release follow-
hydroxamic acid-based compounds toward TACE differ ing the demonstration that a defective PKC activity in
2 orders of magnitude compared with the activity toward fibroblasts from AD patients (Govoni et al., 1993) was
a-secretase, suggesting that the two enzymes may becorrelated with a reduced constitutive release of sAPP
distinct (Parvathy et al., 1988 On the other hand, ithas (Bergamaschi et al., 1995). We subsequently demon-
also been demonstrated that PKC-stimulated cleavage ofstrated that specific inhibition of PK€Ccould result in
APP is defective in knockout cells for the TACE gene complete abolishment of PdBu-mediated sAPP release
(Buxbaum et al., 1998; Merlos-Suarez et al., 1998), thus but that only 30—40% of constitutive secretion was af-
suggesting thaii-secretase and TACE may be the same fected by the treatment, suggesting therefore that the
enzyme. It is, moreover, important to note that basal constitutive secretion was partially independent from
formation and release of sAPP are not affected by the PKCa (Benussi et al., 1998). Our current results contrib-
TACE knockout, supporting the existence of distinct ute to the demonstration that different enzyme activities
enzymes regulating constitutive and stimulated sAPP (with different sensitivity to inhibitors) are involved in
release, with the latter being possibly identical to TACE the constitutive and regulated secretion of sAPP.
(Buxbaum et al., 1998). One of the common features of the activity of secre-
In our experimental system we never observed inhibi- tases is that it can be up-regulated by phorbol esters, and
tion by KD-IX-73-4 below the basal levels for all three this is true concerning the processing of many of the
cell lines studied and for all of the treatments. These protein substrates used as examples, including APP
observations are partially in disagreement with data ob- (Buxbaum et al., 1990; Arribas et al., 1996; Hooper et
tained with batimastat and related compounds (Parvathyal., 1997). In addition, concerning specifically APP, large
et al.,, 1998); however, they are consistent with the numbers of experiments on cells in culture have demon-
interpretation of the data obtained by Buxbaum et al. strated that cell surface receptors for neurotransmitters
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(Nitsch et al., 1992) and peptides (Nitsch et al., 1998; to be controlled following the design of the appropriate
Racchi et al., 1998) can accelerate the processing andexperimental approach.

release of SAPP and that the rate of formation ¢& A In summary, our study clearly identifies tlhesecre-
appears to be inversely related to the release of sAPPtase activity sensitive to KD-IX-73-4 as the common
(Hung et al., 1993; Jacobsen et al., 1994). Assuming the final effector of PKC-dependent and -independent phar-
excess of3-amyloid production is a major player in the macological stimulation of SAPP release. The differential
pathogenesis of AD, then the pharmacological modula- effect on constitutive and stimulated SAPP release awaits
tion of APP metabolism becomes one of the key targets @ more detailed characterization, yet it could be envis-
in the search for a therapeutic tool. All of these strategies aged that normal levels of constitutive SAPP release may
have the ultimate goal to modulate APP metabolism be sufficient to maintain the putative neurotrophic and/or
toward an increased production of solublesecretase- neuroprotective functions of APP. Therefore, the devel-

derived APP and a consequent reductionBedmyloid ~ opment of a selective compound with lack of activity
production. against the constitutive pathway may reduce concerns

Modulation by muscarinc agonists is one of the exam- raised for its chronic therapeutic use.
ples of receptor-mediated sAPP release (Nitsch et al.,
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