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Abstract. The copper chaperone for superoxide dismutase (CCS) toraisth thes-site AGPP cleaving enzyme (BACE1) and
to the neuronal adaptor protein X311 BACEL1 initiates AGPP processing to produce the amyl@gldA ) peptide deposited in
the brains of Alzheimer’s disease patients. XIdlso interacts directly with APP to inhibit A3 production. However, whether
CCS affects 8PP processing and@production is not known. Here we show that loss of CCS in@g#gs production in both
CCS knockout neurons and CCS siRNA-treated SHSY5Y celldfzaicthis involves increased®P processing at the BACE1

site.

Keywords: BACE1, copper, copper chaperone for superoxidmutase, Cu/Zn superoxide dismutase, muncl8 interacting
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INTRODUCTION

Altered copper homeostasis is strongly implicated
in Alzheimer’s disease. Copper is enriched in amy-
loid plagues and binds to both the amylgidsrotein
precursor (APP) and to amyloid? (Aj3), and copper
binding to A3 can promote its aggregation into amy-
loid fibrils. Moreover, changes in copper metabolism
including copper binding to A are linked to the gen-
eration of reactive oxygen species and to increased ox-
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idative stress in the brains of Alzheimer’s disease pa-
tients (see reviews [1,2]). While copper is an essential
nutrient, the ability of copper ions to exchange elec-
trons makes copper highly toxic and so its intracellular
levels are tightly regulated via a variety of transporters,
chelators, and chaperones[3]. CCS is a copper-binding
protein that delivers copper to several proteins includ-
ing the antioxidant enzyme Cu/Zn superoxide dismu-
tase (SOD1), X-linked inhibitor of apoptosis protein
(XIAP), and possibly BACEL1 [4-6].

A number of lines of evidence suggest that CCS
may impact on APP processing and/Aproduction
in Alzheimer’s disease. Firstly, CCS binds to the in-
tracellular domain of BACE1 and may deliver copper
to BACEL [4]. BACEL1 is a key enzyme required for
the processing of APP to produce A [7]. Secondly,
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CCS binds to the neuronal adaptor protein X &lso
known as munc-18 interacting protein-1) [8]. Xi1
also interacts directly with BPP and overexpression
of X11« inhibits A3 production in ASPP transgenic
mice [9-11]. Finally, modulating SOD1 levels alters
Ag production [12]. However, whether CCS affects
A production is not known.

To address this question, we monitored how loss
of CCS influences neuronalAproduction via anal-
yses of neurons derived from CCS homozygous and
heterozygous knockout, and wild-type littermate mice
(CCS-/-; CCS+/-; CCS+/+) [5]. The levels of both
secreted and intracellularAwere significantly high-
er in CCS-/- compared to CCS+/+ neurons (Fig. 1A).
Moreover, elevated levels of secreted Avere also
detected in CCS+/- neurons and this was significantly
less than in CCS-/- neurons (Fig. 1A). CCS+/- neurons
displayed the predicted 50% reduction in CCS protein
levels (Fig. 1B).

We also assayed how loss of CCS influencedl A
production in SHSY5Y neuroblastoma cells stably ex-
pressing human APP-695 isoform (SHSY5Y-APP);
CCS was depleted by use of siRNAs. The higher levels
of Ag in SHSY5Y-AGPP cells enabled robust determi-
nation of both A%; _40 and A3, _4» isoforms. Two dif-
ferent CCS siRNAs both significantly increased secret-
ed AG1_40 and A3,_4» levels, and increased the level
of intracellular A3;_49; one siRNA (the most potent
at reducing CCS levels; siRNA#7) also increased in-
tracellular A3; 4o levels (Fig. 1C). The two CCS siR-
NAs reduced CCS levels to approximately 10% (CCS
SiRNA#7) and 25% (CCS siRNA#8) of control lev-
els (Fig. 2A). Thus, loss of CCS increaseg frro-
duction in two different experimental systems. Cell
counts revealed no loss of viability in either CCS-/-
neurons or CCS siRNA treated SHSY5Y3RP cells
compared to controls. Likewise no noticeable morpho-
logical changes were observed in CCS depleted cells.

Processing of 8PP by BACE1 andy-secretase re-
leases 4, whereasy- and~y-secretase processing pre-
cludes A3 production [13]. To determine whether
loss of CCS induced changes in expression 6PR
or its major secretases, we probed immunoblots of
CCS+/+ and CCS-/- mouse neurons, and siRNA treat-
ed SHSY5Y-AGPP cells for ASPP, ADAM10 (o-
secretase), BACE1, and presenilinytqecretase com-
ponent). However, loss of CCS did not induce de-
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age sites. To do so we monitored the levels of secret-
ed ectodomain fragments of #P (sAGPP) present

in the culture medium from SHSY5Y-APP cells by
immunoblotting. Processing of #P by BACE1 and
a-secretase induces release of5$R3 and sAGPRy
fragments respectively into the media. siRNA knock-
down of CCS induced significant increases in the lev-
els of both total s8PP and s&PP3; no change in
SAGBPRx levels were detected (Fig. 2B, C).

Our results described here demonstrate that loss of
CCS increases A production and that this is accom-
panied by increased processing gf2P at the BACE1
site. The precise mechanisms by which this occurs
are unclear. Oxidative stress increases BACEL ex-
pression [14-16] but we did not detect any changes
in BACEL levels in either CCS siRNA-treated or CCS
knockout cells. Indeed, although CCS loss can in-
fluence SOD1 activity, there are other routes where-
by SOD1 can obtain copper for its antioxidant activi-
ty [17]. Alternatively, CCS may increase®produc-
tion via an effect on BACEL activity, trafficking, or
its association with APP. The intracellular domain of
BACE1 that binds CCS is known to mediate its traffick-
ing [7,18]. A further possibility is that CCS delivers
copper to BACEL since its intracellular domain binds
a single copper atom and that bound copper modulates
BACE1 activity or trafficking [4]. Copper is known
to influence the activity and trafficking of other pro-
teins [3]. Finally, CCS may influence /P and/or
BACE1 trafficking via its binding to X1&. Overex-
pression of X1 inhibits AG production and X1& is
known to be involved in protein trafficking including
the trafficking of AGPP [9,19-21]. Whatever the pre-
cise mechanism, our results demonstrate a role for CCS
in BACE1 mediated processing of#®P and produc-
tion of AS.
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Fig. 1. Loss of CCS increasessproduction in both CCS knockout neurons (A) and SHSYS5YPP siRNA treated cells (C). (A) Male and
female CCS+/- mice were mated and cortical neurons prepanedE14.5 embryos and cultured as described [22]. Sampes harvested for
analyses at DIV5. Cultures were genotyped by PCR analystieeabmaining carcasses as described [5]. Secreted aadelttar A3;_40
levels were determined using mouse/rat high specificEA.ISA (IBL International) according to the manufactureirsstructions. Secreted
A levels were significantly increased in both CCS-/- and CE8avhpared to CCS+/+ neurons; secretef lavels in CCS-/- neurons were
also significantly increased compared to CCS+/- neurortsadellular A3 levels were significantly increased in CCS-/- neurons. &edrand
intracellular A3 levels in CCS+/+ neurons were 230 pg/ml and 32 pg/ml resggyti (B) Immunoblot showing the levels of CCS in CCS+/+,
CCS+/- and CCS-/- neurons; two different samples are showedch genotype (line in CCS immunoblot indicates remof/gloation of the
blot for clarity but the samples shown are all from the sanwd &hd are presented at the same exposure). Analyses ofgthe sitensities
for CCS in this and other samples (Fig. 2A) were performedestribed [23] and revealed an approximate 50% reductiond8 @vels in
CCS+/- compared to CCS+/+ neurons. Actin levels are showalaading control. CCS was detected using antibody FL-224%5Cruz);
actin using antibody AC-40 (Sigma). (C) Stably expressiS35Y-AGPP cells were prepared by transfection ¢g8P in plasmid pClneo
(Promega) and selection with G418. For siRNA knockdown erpents, G418 was removed and cells transfected with n@etiag control
or CCS siRNAs (On-TARGETplus; Dharmacon) using Lipofedteen2000 (Invitrogen) according to manufacturer’s insiars. 48 hours
post-transfection, the media was replaced with Opti-MEMiftogen) and the cells harvested for analyses after Adu8 hours in culture.
siRNA sequences were: CCS siRNA#7 5-GGAAUCACUUUAACCCUGBA CCS siRNA#8 5'-GGCCAUCCCUUAUCCAAGA-3'. Secreted
and intracellular /81 _40 and A3 _42 levels were determined using TKHS-ELISA kits (Milliporg)aording to the manufacturer’s instructions.
Both CCS siRNAs significantly increased secreteth Aso and A31_42, and intracellular 81 _40 levels; CCS siRNA#7 (which induced a
greater reduction in CCS levels) also significantly inceebmtracellular 431 _42 levels. Secreted and intracellulaBAevels in control cells
were: secreted B;_40 1327 pg/ml; secreted &y _42 316 pg/ml; intracellular &;_40 31 pg/ml; intracellular A8 _42 8 pg/ml. Data were
analysed using one-way ANOVA tests with LSD post-hoc testgtcate significant differences between CCS-/- and CC8+A) and between
control and CCS siRNAs in (B).pf < 0.05; **p < 0.01; ***p < 0.001; not significant (nsyn = 6-8 for individual experiments which were
repeated a further two times; data are normalized to cantéiror bars are SEM.
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Fig. 2. Loss of CCS does not induce detectable changes inghéysstate levels of BPP or its secretases but selectively increases procedsing o
ASPP at the BACEL1 site. (A) Immunoblots of total cell lysatesfrSHSY5Y-AGPP siRNA treated cells and CCS knockout neurons probed for
ABPP, ADAM10, BACEL, and presenilin-1. Two different sampes shown for each treatment/genotype but two further seswpére analyzed
with similar results. Also shown are immunblots for CCS asddoading control, actin. APP was detected using a C-terminal antibody [24],
presenilin-1 using an N-terminal antibody [25], the ADAMAStibody was from Calbiochem and the BACE1 antibody (EEwlad from Sigma.

(B) Immunoblots for total sSBPP, sAGPPx, and sASPP3 in conditioned media from SHSY5Y-8PP expressing cells treated with control or CCS
SiRNA#7. Total sABPP was detected using antibody 22C11 (Millipore),38#x was detected using antibody 6E10 (Covance) andPg
detected using antibody 1A9 that detects thégBR neo-epitope generated after cleavage PR by BACEL [26]. Quantification of signal
intensities on the immunoblots (performed as describef) & shown in (C). CCS knockdown increased totabBA®? and sSPP3 levels but

had no effect on sBPPx levels. The larger relative increase in@RP3 compared to total SBPP levels in CCS depleted cells is consistent with
known AGPP processing events; mosBRP is cleaved by-secretase and not BACEL such thaf###x is the major and sAPP3 the minor
species secreted by cells. Data analysed by t-tpst; ©.05; not significant (ns)a = 3; error bars are SEM.
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