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y-Secretase, which is responsible for the intramem-
branous cleavage of Alzheimer B-amyloid precursor pro-
tein and the signaling receptor Notch, is a multiprotein
complex consisting of at least four components: preseni-
lin (PS); nicastrin (Nct); APH-1 (anterior pharynx-defec-
tive-1); and presenilin enhancer-2 (PEN-2). Presenilin 1
(PS1) is known to be essential for the stability, interac-
tion, and trafficking of the other PS1/y-secretase compo-
nents. However, the precise functions of the other com-
ponents remain elusive. Here, we investigated the
functions of Nct within the PS1/y-secretase complex. We
demonstrated that the loss of Nct expression in the em-
bryonic fibroblast cells (Nct KO cells) results in dramat-
ically decreased levels of APH-1, PEN-2, and PS1 frag-
ments accompanied by a significant accumulation of
full-length PS1. In the absence of Nct, PEN-2 and full-
length PS1 are subjected to proteasome-mediated deg-
radation, whereas the degradation of APH-1 is mediated
by both proteasomal and lysosomal pathways. Unlike
the case of wild type cells in which the y-secretase com-
plex mainly locates in the trans-Golgi network, the ma-
jority of residual PEN-2, APH-1, and the uncleaved full-
length PS1 in Nect KO cells reside in the endoplasmic
reticulum, which remain associated with each other in
the absence of Nct. Interestingly, significant amounts of
full-length PS1 and PEN-2, but not APH-1, are detected
on the plasma membrane in Nct KO cells, suggesting the
Nct-independent cell surface delivery of the PEN-2-PS1.
Finally, the diminished PEN-2 protein level in Nct-defi-
cient cells can be partially restored by overexpression of
exogenous PS1, APH-1, or PEN-2 individually or collec-
tively, indicating a dispensable role for Nct in control-
ling PEN-2 level. Taken together, our study demon-
strates a critical role of Nct in the stability and proper
intracellular trafficking of other components of the PS1/
y-secretase complex but not in maintaining the associa-
tion of PEN-2, APH-1, and full-length PS1.

An important pathological feature of Alzheimer disease is
the formation of extracellular senile plaques in the brain whose
major constituents are 40—42 amino acid B-amyloid peptides
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derived from sequential proteolyses of B-amyloid precursor pro-
tein (APP)! by B-secretase and +y-secretase (1). Biochemical
evidence demonstrates that y-secretase activity resides in a
high molecular weight multiprotein complex composed of at
least four components: presenilin 1 or 2 (PS1 or PS2), nicastrin
(Nct), APH-1a or b and PEN-2 (2, 3). These four components
are necessary and probably are sufficient for the y-secretase
activity (2—6).

Full-length presenilins (PS1 and PS2) are short-lived multi-
transmembrane proteins that undergo endoproteolytic cleav-
age by an unknown protease (named presenilinase) to generate
stable amino-terminal fragments (NTF) and carboxyl-terminal
fragments (CTF) (7). PS NTF/CTF heterodimer physically in-
teracts with Nct, APH-1, and PEN-2 to assemble in an appro-
priate manner into a functional y-secretase (2, 6). It is gener-
ally accepted that PS1 heterodimers contain the active site,
namely the catalytic core of the y-secretase complex (3, 7).

The PS1/y-secretase complex is a delicately regulated system
in which the four components counterregulate each other and
orchestrate coordinately to fulfill the y-secretase function. PS1
deficiency leads to a reduced level of PEN-2 (8, 9), which is due
to ubiquitin-proteasome-mediated degradation (10, 11). Re-
cently, using biochemical approaches such as RNAi and protein
overexpression, we and others (6, 8) have demonstrated that
PEN-2 is required for the endoproteolysis of PS1 and that
APH-1 plays an important role in stabilizing PS1. In addition
to its role in PS1 endoproteolysis, PEN-2 is also required for the
stability of PS1 fragment (12). On the other hand, Nct and
APH-1 are relatively stable and remain associated even in the
absence of PSs or when PEN-2 level is reduced (13—-15). More-
over, Nct appears to interact more closely with APH-1 because
down-regulation of Nct by small interfering RNA (siRNA) re-
sults in a reduced APH-1 level (15, 16). Based on these obser-
vations, it has been proposed that Nct may first bind to APH-1
to form a Nct-APH-1 precursor subcomplex (17, 18) prior to
further association with PS1 and PEN-2 or with PS1-PEN-2
subcomplex. This model is further supported by the existence of
the Nct-APH-1 subcomplex detected by blue-native gel electro-
phoresis (17). Our recent finding that PEN-2 and PS1 traffic
together, separately from Nct, from the ¢rans-Golgi network

! The abbreviations used are: APP, amyloid precursor protein; Nct,
nicastrin; PS, presenilin; NTF, NH,-terminal fragment; RNAi, RNA
interference; CTF, COOH-terminal fragment; siRNA, small interfering
RNA; ER, endoplasmic reticulum; TGN, ¢rans-Golgi network; KO,
knockout; PS 2KO, PS1/PS2 double knockout; WT, wild type; CHX,
cycloheximide; CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonic acid; APH-1, anterior pharynx-defective-1;
PEN-2, presenilin enhancer-2.

This paper is available on line at http://www.jbc.org
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(TGN) to the cell surface upon treatments with certain y-secre-
tase inhibitors further sustains this notion (19).

Endogenous PS1, Nct, PEN-2, and APH-1 have been de-
scribed to mainly localize to the endoplasmic reticulum (ER)
and Golgi (8, 13), and the properly assembled complex is trans-
ported through the secretory pathway to localize predomi-
nantly in the Golgi and, to a lesser extent, at the cell surface
and in endocytic compartments (21-24). Consistent with the
localization of the active y-secretase complex, AB has been
shown to be generated primarily in the Golgi/TGN (25-27),
although other cellular compartments including ER (25, 27—
29), endosomes (29, 30), and plasma membrane (22, 31) may
also be involved. Recent studies from several groups including
our own have demonstrated that, in the absence of PS1, Nct
fails to be post-translationally glycosylated and the immature
Nct and PEN-2 are sequestered in the ER and not transported
to Golgi/TGN (10, 11, 19, 32). These results suggest that, in
addition to its critical role in the y-secretase activity, PS1 may
regulate intracellular trafficking/maturation of other +y-secre-
tase components as well as the substrate APP (33, 34). Whether
Nect is also important for the proper localization of the y-secre-
tase complex is unclear. In fact, immature Nct remains stable
when other components are disrupted (12, 32, 35), implicating
a possible scaffold function of Nct in retaining other PS1/vy-
secretase components in the proper subcellular locations.

Although it is becoming clear that a proper assembly of
nascent PS1, Nct, APH-1, and PEN-2 within the ER is a pre-
requisite for post-translational maturation, stabilization, and
trafficking of the complex to its final destination, the precise
functions of these components, especially Nct, in these pro-
cesses have only been scarcely elucidated. Given the fact that
Nect forms a subcomplex with APH-1 independent of PS1 and
PEN-2 (14, 17, 18), it is of interest to understand how Nct
deficiency affects the stability, trafficking, and interaction of
the other components of the PS1/y-secretase complex. Since
earlier published studies on the function of Nct within the
v-secretase complex utilized the RNAi approach, which allows
the residual Nct molecules to still exert their functions, the
data as obtained require further validation using cells com-
pletely lacking Nct expression. For example, fibroblast cells
isolated from two independently generated Nct KO mouse
strains (36, 37) both demonstrated undetectable PS1 fragments
accompanied by a significant accumulation of full-length PS1
(36), whereas experiments using the RNAi approach to down-
regulate Nct only revealed a reduction of PS1 fragments but
not the accumulation of full-length PS1 (6, 38). In these Nct KO
mice, it is reported that PS/y-secretase complex was dimin-
ished, resulting in abolished APP processing (36, 37). It is
necessary to further investigate the mechanisms underlying
these processes upon Nct deficiency. Therefore, in this study,
we utilized the embryonic fibroblasts isolated from an Nct KO
mouse line (37) as a model to study the effect of the complete
removal of Nct on the stability, trafficking, and interaction of
each of the endogenous APH-1, PEN-2, and PS1.

MATERIALS AND METHODS

Cell Cultures and Transfection—Embryonic fibroblast cells isolated
from Nct KO mouse (37) and its wild type counterpart (Nct WT) cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and antibiotics. Mouse embryonic stem
cells isolated from PS1/PS2 double knockout (PS 2KO) as well as wild
type mouse (PS WT) (a kind gift from Dr. H. Zheng, Baylor College of
Medicine) were maintained in Dulbecco’s modified Eagle’s medium with
20% fetal bovine serum, non-essential amino acid, ESGRO (Chemicon),
and B-mercaptoethanol. Mouse neuroblastoma (N2a) cells were main-
tained in medium containing 50% Dulbecco’s modified Eagle’s medium
and 50% Opti-MEM supplemented with 5% fetal bovine serum and
antibiotics. The expression constructs encoding PS1, PEN-2, APH-1al,
and Nct have been described previously (7, 8, 35, 39). Transient trans-
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fection was performed using FuGENE 6 (Roche Applied Science) fol-
lowing the manufacturer’s protocol. Nct KO cells stably expressing
human Nct were selected with 0.4 mg/ml hygromycin (39).

Antibodies—Rabbit anti-APH-1a antibody (from Zymed Laboratories
Inc.) was raised against the COOH-terminal region of mammalian
APH-1aL. as described previously (35). Rabbit polyclonal antibodies
Ab14 and PNT2, which recognize the NH, terminus of PS1 (7) and the
first 26 amino acids of PEN-2 (8), respectively, were generated in our
laboratory. The antibody against a-tubulin (Sigma) was purchased, and
anti-Nct antibody 716 and anti-APP COOH-terminal antibody 369 were
described previously (27, 32).

Statistical Comparison of Protein Expression Levels—We used a sim-
ple method to statistically compare the expression levels of various
proteins in different pairs of cell lines. An equal amount of total proteins
from various cell lysates was loaded on the same gel for SDS-PAGE/
Western blot. After exposure, the film was scanned as grayscale with a
resolution of 300 pixels/inch. Protein bands of interest on the image
were measured for the mean gray value after subtracting background
using Scion Image software (Scion Corporation). Three independent
samples were measured for each protein. After normalizing to the wild
type control, protein expression levels in various cell systems were
statistically compared using Student’s ¢ test.

Pharmacological Treatment and RNA Interference—In the presence
of 500 uM cycloheximide (CHX), Nct KO cells were treated with lacta-
cystin (2.5, 10, and 20 uM) or imipramine (10, 40, and 80 uM) to inhibit
the proteasomal or lysosomal activity, respectively. Alternatively, both
Nct WT and Net KO cells were treated with 100 um CHX for different
time periods (0, 1, 2, 4, 6, and 10 h). After incubation, cells were
harvested and lysed in Nonidet P-40 lysis buffer (phosphate-buffered
saline, pH 7.4, 0.5% Nonidet P-40, and 0.5% deoxycholate supple-
mented with protease inhibitors). Equal amounts of proteins then were
analyzed by SDS-PAGE and Western blotting. Down-regulation of
PEN-2 levels in both Nct WT and Nct KO cells using siRNA was
described by Luo et al. (8), and the treatments with CHX for different
time periods were mentioned above.

Subcellular Fractionation—Cells were homogenized using a ball-
bearing cell cracker (40) and then centrifuged at 800 X g for 5 min, and
the resulting supernatant was fractionated by sucrose density gradient
as described previously (25, 27, 41).

Cell Surface Protein Biotinylation—To biotinylate cell surface pro-
teins, cells were washed with ice-cold phosphate-buffered saline con-
taining 1 mM each of CaCl, and MgCl, and incubated at 4 °C with 0.5
mg/ml Sulfo-NHS-LC-biotin (Pierce) for 20 min and the process was
repeated once. Cell lysate was prepared in Nonidet P-40 lysis buffer.
After affinity precipitation with streptavidin beads (Pierce), the bioti-
nylated proteins were eluted with SDS-PAGE sample buffer (Invitro-
gen) and loaded directly on gels for electrophoresis followed by Western
blot analysis with antibodies specific to APH-1, PEN-2, and PS1.

Deconvolution Immunofluorescence Microscopy—Cells were fixed in
2% paraformaldehyde and permeabilized as previously published (42).
They then were incubated with polyclonal antibodies against PS1
(Ab14) at room temperature for 1 h. Subsequent secondary antibody
incubation was carried out using Alexa Fluor 594-conjugated goat anti-
rabbit IgG (Molecular Probe). Specimens were examined, and fluores-
cence images were collected with an Applied Precision DeltaVision
imaging system (Issaquah, WA) coupled to an Olympus (IX70) fluores-
cence microscope. Cross-sectional images of cells were obtained with a
200-nm step width to optimize reconstruction of the center plane image.
Deconvolution was done on a Silicon Graphics Octane® visual worksta-
tion (SGI, Mountain View, CA) equipped with Delta Vision reconstruc-
tion software.

Coimmunoprecipitation—Cells were lysed in 1% CHAPSO-contain-
ing buffer (25 mm HEPES, pH 7.4, 150 mM NaCl, and 2 mm EDTA
supplemented with a mixture of protease inhibitors). After centrifuga-
tion, the supernatants were immunoprecipitated with rabbit preim-
mune serum, anti-PS1 (Ab14), anti-PEN-2 (PNT2), or anti-APH1 anti-
bodies, and analyzed by Western blot using specific antibodies.

RESULTS

Nect Is Essential for the Stability of APH-1, PEN-2, and PS1—
It has been reported that Nct KO results in undetectable pro-
teolytic PS1 fragments (36, 37). Other studies using RNAi to
down-regulate Nct confirmed this observation (6, 15, 16, 38)
and showed a further reduction of PEN-2 and APH-1 (15, 16).
Thus, it is necessary to examine the effect of Nct deficiency in
the expression of the other three components of y-secretase in
a quantitative manner.
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Fic. 1. Nicastrin deficiency destabi- (a)
lizes APH-1, PEN-2, and PS1 frag-
ments. a, the expression levels of y-secre-
tase complex components and APP CTFs
were analyzed in Nct KO, PS 2KO, and
their respective wild-type counterparts
(Nct wt and PS wt, respectively). Antibod-
ies used here were rabbit anti-APH1a an-
tibody, Ab14 (for PS1-full length (FL) and
PS1-NTF), PNT2 (for PEN-2), 716 (for

mNCT —»
iNCT—

PSI-FL—»

nicastrin), and 369 (for APP CTFs). a-Tu- el
bulin was used for loading control.
mNCT, mature Nct; iINCT, immature Nct. PEN2 —
b, statistical comparison of APH-1,
PEN-2, and PS1 (FL and NTF) expression APP-CTFs —

levels. Equal amounts of total proteins
from different cell lysates were used.
Quantitative data represent an average of
three experiments. Student’s ¢ test was
performed for statistical comparison. As-
terisks, different from the respective con-
trol (*, p < 0.05; **, p < 0.01; *** p <
0.001).

We established a quantitative Western blot-based assay sys-
tem to analyze the protein expression level of the specific com-
ponents and compare the levels in the Nct KO and PS 2KO
cells. Consistent with previous notions that the Nct KO exhib-
its similar phenotypes to those of the PS double KO (36), we
found that the levels of PS1 NTF, APH-1, and PEN-2 were
dramatically decreased in Nct KO cells. On the other hand, the
full-length PS1 accumulated to readily detectable levels in the
absence of Nct (Fig. 1). Although PEN-2 levels were reduced in
both Nct KO fibroblasts and PS 2KO cells, APH-1 level was
dramatically reduced in Nct KO cells but remained stable in PS
2KO cells. The latter finding agrees with the previous results
(13, 15) and supports the concept that APH-1 preferably asso-
ciates with Nct rather than PEN-2 or PS1. As expected, the loss
of Nct expression severely impaired the y-secretase activity,
resulting in the accumulation of the APP CTFs (Fig. 1a).

Full-length PS1 and PEN-2 Are Subjected to Proteasome-
mediated Degradation, Whereas APH-1 Is Degraded via Both
Proteasomal and Lysosomal Pathways in Nct KO Cells—To
explore the mechanisms underlying the diminished protein
levels of the other three y-secretase components, we investi-
gated the protein degradation pathways involved in degrading
APH-1, PEN-2, and PS1 in Nct KO cells using proteasome- and
lysosome-specific inhibitors in the presence of an inhibitor of de
novo protein synthesis (cycloheximide). Treating Nct KO cells
for 4 h with 10 or 20 um lactacystin, a specific proteasome
inhibitor, considerably rescued PEN-2 (Fig. 2a, top panel) and
full-length PS1 (Fig. 2a, middle panels), whereas imipramine, a
specific lysosome inhibitor, had little effect on PEN-2 and PS1
degradation. Interestingly, both lactacystin and imipramine
showed significant effects on rescuing APH-1 degradation (Fig.
2a, bottom panel). These data suggest that, in the absence of
Nct, PEN-2, APH-1 and full-length PS1 are subjected to pro-
teasome degradation presumably in the ER, whereas a portion
of APH-1 may escape from the ER and be targeted from the
Golgi to endosomal/lysosomal compartment for further degra-
dation (see below for discussion). We also observed higher
levels of PS1 NTF in cells treated with lactacystin (Fig. 2a,
middle panels).

To further ascertain the kinetics of PS1 stability, cells were
treated with protein synthesis inhibitor cycloheximide for dif-
ferent time periods (Fig. 2b). Despite a reduction in its protein
level, PS1 NTF in Nct KO cells possesses a long half-life similar
to that in Nct WT cells, suggesting that Nct may not be impor-
tant for PS1 NTF stability. In contrast to WT cells, the full-
length PS1 in Nct-deficient cells accumulates to readily detect-
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Fic. 2. PEN-2 and full-length PS1 degradation are subjected to
the proteasomal pathway, whereas APH-1 degradation is sub-
jected to both proteasomal and lysosomal pathways. a, Nct KO
cells were treated for 4 h with Me,SO (DMSO) (lane 2), the proteasomal
specific inhibitor lactacystin (2.5, 10, and 20 uMm; lanes 3-5), or with the
lysosomal specific inhibitor imipramine (10, 40, and 80 uM; lanes 6-8)
in the presence of 500 uM CHX. Nontreated Nct KO cells were used as
control (lane I). Antibodies PNT2, Ab14, and anti-APH-1a were used to
detect PEN-2 (top panel), PS1 (full length (FL) and NTF, middle pan-
els), and APH-1 (bottom panel), respectively. b, Nct WT and Nct KO
cells were treated with 100 um CHX for 0, 1, 2, 4, 6, and 10 h, respec-
tively. PS1 (FL and NTF) levels then were analyzed using antibody
Ab14. ¢, after using siRNA to down-regulate PEN-2 levels in both Nct
WT and Nct KO cells, the cells were treated and analyzed as in b.

able levels and is degraded within 2—-4 h (Fig. 2b). We have
previously shown that down-regulation of PEN-2 in N2a cells
by siRNA increases the stability of full-length PS1 (8). Consist-
ent with the study in N2a cells, full-length PS1 accumulated
and remained stable for up to 10 h upon PEN-2 siRNA treat-
ment in WT fibroblasts (Fig. 2¢, left panel). However, attenua-
tion of PEN-2 function by siRNA in Nct KO cells resulted in
only an initial accumulation of full-length PS1, which then was
quickly degraded (Fig. 2¢c, right panel). These data imply that
Nect may be required for the stability of full-length PS1 polypep-
tide (6). On the other hand, our previous study has suggested a
role for APH-1 in stabilizing full-length PS1 based on the
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Net wt Net KO
Fic. 3. Nct affects subcellular local-
ization of APH-1, PEN-2, and PS1. Nct Vesicles Golgi/ TGN ER Vesicles Golgi TGN ER
KO and WT cells were homogenized and (ARF3, Rab5)  (TGN38, y-adaptin) (Bip)  (ARF3,RabS) (TGN3S,y-adapti) __ (Blp)
then fractionated by sucrose gradient sed-
imentation. Samples were analyzed by PS1-FL— b
Western blotting using anti-APH-1a anti- PS1-NTF —> P .
body (for APH-1), PNT2 (for PEN-2), and
Ab14 (for PS1), respectively. The enrich- - 3
ment of protein markers for various or- PEN-2— o B : e
ganelles across the gradients is indicated. _ _
Asterisk indicates nonspecific cross-reac- APH-I—: . =9 — - Il =+
tive bands. . .
1 2 3 45 6 7 8 9 101112 1 2 3 45 6 7 8910 1112
Streptavidin AP Total lysate Net KO +Net
Cell type: wt wt KO KO wt wt KO KO
Biotinylation: + - + . + - + -
APH-1 — [ v o —"
PS1-FL — T S—
PS1-NTF —» e - - Fia. 5. Marked cell surface localization of PS1 in Nct KO cells.
3 =3 Nct WT cells, Net KO cells, and Nect KO cells stably expressing human
PEN-2 — ” o— m —— nicastrin (+Nct) were immunostained using anti-PS1 antibody Ab14.
- 3 p . . 7 8 After subsequent secondary antibody incubation with Alexa Fluor 594-
1 2

FiG. 4. Cell surface distribution of APH-1 but not PS1 or PEN-2
is diminished in the absence of Nct. Nct KO and WT cells were
incubated in the presence or absence (as a negative control) of biotin
followed by affinity precipitation (AP) using streptavidin (lanes 1-4).
APH-1, PEN-2, and PS1 then were analyzed using Western blot with
anti-APH-1a antibody, PNT2 (for PEN-2), or Ab14 (for PS1-NTF and
PS1-full length (FL)). Five percent of cell lysates was loaded as input
(lanes 5-8).

observation that down-regulation of APH-1 diminishes the ac-
cumulation of full-length PS1 caused by PEN-2 siRNA (8).
Together with the current observation that Nct deficiency de-
stabilizes APH-1 (Fig. 1), we hypothesize that both APH-1 and
Nect, probably in their subcomplex formation, are required for
full-length PS1 stabilization.

The accumulation of full-length PS1 in Nct KO cells is prob-
ably a result of a dynamic balance between reduced PS1 endo-
proteolysis caused by diminished PEN-2 levels and proteasome-
dependent degradation of full-length PS1. The partial instead
of full recovery of full-length PS1 upon proteasome inhibitor
treatment may be a net result of the two opposite effects. An
increased PS1 endoproteolysis resulted from increased PEN-2
level and a reduced full-length PS1 degradation because of
proteasome inhibition. The inhibition of lysosomal degradation
by imipramine, which rescued APH-1 level on the other hand,
exhibited little effect on full-length PS1, suggesting that, in the
absence of Nct, APH-1 alone may not be sufficient for full-
length PS1 stabilization.

Altered Subcellular Localization of APH-1, PEN-2, and PS1
in the absence of Nct—Previous studies have established a role
for PS1 in regulating trafficking of select membrane proteins
including APP, PEN-2, and Nect (10, 11, 19, 32, 33, 34). To
investigate whether Nct may also be involved in subcellular
localization of the other components, we examined the patterns
of the ER and Golgi localization of PEN-2, APH-1, and PS1 in
Nct KO and WT cells using a well established sucrose gradient
fractionation method. Although a large amount of endogenous
PS1 fragments, PEN-2, and APH-1 was localized in the Golgi-
enriched fractions in WT cells (Fig. 3, left panels), PEN-2,
APH-1, and full-length PS1 were largely accumulated in the
fractions corresponding to the ER compartments in Nct KO
cells (Fig. 3, right panels). The observed alteration in subcellu-
lar localization patterns suggests that Nect is required for the

conjugated goat anti-rabbit IgG, cells were examined with deconvolu-
tion microscopy. Arrows show plasma membrane profile of PS1. Arrow-
heads indicate intracellular perinuclear-like staining of PS1.

intracellular trafficking of APH-1, PEN-2, and PS1 from the
ER to Golgi and further supports the notion that complete
assembly and interaction among +y-secretase components are
essential for the trafficking and maturation of the complex.

Differential Cell Surface Localization of Full-length PSI,
PEN-2, and APH-1 in Nct KO Cells—A bulk of available data
indicate that, whereas all four y-secretase components are syn-
thesized and initially assembled in the ER, the mature enzy-
matically active complex seems to reside in late Golgi/TGN
and, to a lesser extent, in the plasma membrane (21-24). Hav-
ing demonstrated that Nct is important for ER exit and steady-
state localization in post-ER compartments of a large fraction
of PS1, PEN-2, and APH-1, we next examined whether Nct
deficiency may exert impacts on plasma membrane delivery
(from the Golgi) of those molecules that have escaped from the
ER. Our results showed that, similar to PEN-2 and PS1 frag-
ments (19), there is a significant amount of APH-1 that appears
on the cell surface in Nct WT cells, whereas in Nct KO cells,
only a negligible amount of APH-1 was detected on the cell
surface by biotinylation (Fig. 4, top panel). Nct deficiency does
not significantly affect the proportion of PEN-2 molecules that
is on the plasma membrane (Fig. 4, bottom panel). Quantitative
analysis of our data showing identical ratios of PEN-2 level in
total lysates versus that of biotinylated PEN-2 between Nct WT
cells and Nect KO cells also supported this conclusion. Interest-
ingly, although PS1 NTFs on the cell surface of Nct KO cells
were not detected, probably because of the very low levels of
PS1 NTFs in these cells, we noticed a significant amount of
uncleaved full-length PS1 accumulated on the plasma mem-
brane (Fig. 4, middle panel).

The cell surface localization of PS1 was corroborated by
immunofluorescence deconvolution microscopic study using
PS1 antibody Ab14. Plasma membrane staining of PS1 was
striking in Nct KO cells (Fig. 5, middle panel). On the contrary,
in WT cells, cell surface PS1 staining is notable (indicated by
white arrows in Fig. 5, left panel), but the majority of PS1
staining is observed on intracellular membranes. Stable ex-
pression of human Nct reversed the intensity of cell surface
PS1 staining in Nct KO cells to a level similar to that in Nct WT
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(@) Input PreIP  PEN-2IP  APH-lalIP

wt KO wt KO wt KO wt KO
PS1-FL —» — —

PS1-NTF — ~ — -

1 2 3 4 5 6 1 8
(b) Input Pre IP Abl4IP  APH-laIP
wt KO wt KO wt KO wt KO

PEN-2 — s

1 2 3 4 5 6 7 8

Fic. 6. Association between APH-1, PEN-2, and PS1 in the
absence of Nct. Nct WT and KO cells were lysed in 1% CHAPSO
buffer. a, association of PS1 with PEN-2 and APH-1. Lysates were
immunoprecipitated with rabbit preimmune serum (lanes 3 and 4),
PEN-2 antibody PNT2 (lanes 5 and 6), or anti-APH-1a antibody (lanes
7 and 8) followed by Western blotting using PS1 antibody Ab14. b,
association of PEN-2 with PS1 and APH-1. Lysates were immunopre-
cipitated (IP) with rabbit preimmune serum (lanes 3 and 4), PS1 anti-
body Ab14 (lanes 5 and 6), or anti-APH-1a antibody (lanes 7 and 8)
followed by immunoblotting using PEN-2 antibody PNT2. 5% total
lysates was used as input (lanes 1 and 2). FL, full length.

cells, confirming the specificity of the immunostaining of PS1
antibody Ab14 (Fig. 5, right panel). The levels of cell surface
biotinylated full-length PS1 were also diminished after stable
transfection of human Nct into Nct KO cells (data not shown).
In addition, cell surface staining of PEN-2 in Nct KO cells was
also evident (data not shown); however, cell surface immuno-
staining of APH-1 has failed in our experiments, probably
because the APH-1 antibody is not suitable for immunofluores-
cence labeling of endogenous mouse APH-1.

Nct Is Not Essential for Association among APH-1, PEN-2,
and PS1—Previous studies have shown that, in the functional
y-secretase complex, the four components are associated with
each other to form a high molecular weight complex (for review,
Ref. see 3). To investigate whether the absence of Nct may
affect the association of the remaining components, we per-
formed coimmunoprecipitation experiments using Nct WT and
KO cells. As shown in Fig. 6a, PEN-2 antibody coimmunopre-
cipitated PS1-NTF in WT cells (lane 5) and full-length PS1 in
Nect KO cells (lane 6), confirming the binding of PEN-2 to both
full-length and fragments of PS1 (8) and further demonstrating
association between PEN-2 and full-length PS1, even in the
absence of Nct. This is further supported by the observation
that PS1 antibody Abl4 was able to coimmunoprecipitate
PEN-2 in both Nct WT and KO cells (Fig. 6b, lanes 5 and 6).
Similarly, anti-APH-la antibody coimmunoprecipated PS1-
NTF and, to a much lesser extent, full-length PS1 in WT cells
(Fig. 6a, lane 7). The APH-1 antibody was still able to coimmu-
noprecipitate full-length PS1, even in the absence of Nct (Fig.
6a, lane 8). Moreover, APH-1a was shown to remain associated
with PEN-2 in both WT and Nct KO cells (Fig. 6b, lanes 7 and 8).
Together, these results suggest that, in the absence of Nct,
APH-1, PEN-2, and PS1 still associate with each other, al-
though PS1 exists in its full-length form in such association.

The Diminished PEN-2 Level in Nct KO Cells Can Be Par-
tially Restored by Overexpressing APH-1, PEN-2, or Full-length
PS1 Individually or Collectively—To study whether reductions
of PS1 fragments, PEN-2, or APH-1 in the absence of Nct can
be rescued, we transiently overexpressed PS1, APH-1, or
PEN-2 (HA-tagged) individually or the three molecules collec-
tively in Nct KO cells. As shown in Fig. 7, the level of endoge-
nous PEN-2 in Nct KO cells was increased by overexpression of
APH-1 (~1.8-fold, lane 3 versus lane 2), PEN-2 (~5-fold, lane 4

Roles of Nicastrin in Controlling PS/vy-Secretase Complex

Nct wt Nct KO
APH-1 - + - - +
PEN-2 - + - +
PS1 - - - + +

Exo PEN-2 —»
Endo PEN-2 —*

o~tubulin —»

1 2 3 4 5 6

Fic. 7. Exogenous (Exo) APH-1, PEN-2 and/or PS1 expression
partially restore endogenous (Endo) PEN-2 level in Nct KO cells.
APH-1, PEN-2, or PS1 expression constructs was transiently trans-
fected into Nct KO cells individually or collectively. Antibody PNT2 was
used to detect both endogenous PEN-2 and exogenous hemagglutinin-
PEN-2. a-Tubulin was used as control.

versus 2), or PS1 (~2-fold, lane 5 versus lane 2). The PEN-2
level was restored to a level comparable to that in WT cells by
overexpression of APH-1, PEN-2, and PS1 collectively (lane 6
versus lane 1). Similar to the endogenous PEN-2, the levels of
endogenous PS1 and APH-1 were also partially rescued but to
various degrees by individually or collectively overexpressing
exogenous APH-1, PEN-2, and PS1 (data not shown). Although
the preceding data clearly demonstrated that Nct is crucial for
maintaining the stability of the other y-secretase components,
this function of Nct may be bypassed by non-physiologically
overexpressing the other components.

DISCUSSION

Among the four y-secretase components, Nct has been sug-
gested as a scaffold protein during complex assembly (3, 15)
because it is relatively stable in PS KO cells or when PEN-2 or
APH-1 expression is down-regulated (by RNAi) (12, 32, 35).
Our present studies from Nct KO cells, as well as results from
Nct RNAi knock-down studies (6, 15, 16, 38), demonstrate that
the protein levels of the other three components are dramati-
cally affected by the level of Nct, further supporting an essen-
tial role for Nct in maintaining the stability of the complex.
Unlike the results from down-regulation of Nct by RNAI (6, 38),
we observed significant accumulation of full-length PS1 in Nct
KO cells, which is probably the result of reduced conversion of
full-length PS1 to its fragments. We speculate that the reduced
endoproteolysis of full-length PS1 to its fragments may be
mediated by the effect of Nct on the stability of PEN-2, which
has been demonstrated to play an essential role in the PS1
endoproteolysis (8) and to be required for the stability of PS1
fragments (12). However, the possibility that Nct may also
directly mediate PS1 endoproteolysis cannot be ruled out and
further experiments are needed to address this issue.

The potential role of Nct in maintaining the stability of the
complex predicts an effect of Nct deficiency on intracellular
trafficking/distribution of other y-secretase components. In this
study, we found that the patterns of intracellular localization of
those molecules are significantly altered when Nct is absent. In
contrast to their predominant Golgi localization in WT cells,
the majority of the non-degraded PS1, PEN-2, and APH-1 are
found in the ER fractions and, to a lesser extent, in the Golgi/
TGN fractions. It is conceivable that a correct conformation of
the complex that is required for exiting the ER and for further
transport along the secretary pathway is not achieved in the
absence of Nct, although the other three components still bind
to each other (Fig. 6 and see below for discussion). The incom-
plete complex that accumulates in the ER may be targeted to
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the proteasome degradation machinery as shown by our study
that the protein levels of PEN-2, APH-1, and PS1 can be res-
cued by the proteasome inhibitor lactacystin (Fig. 2). However,
it is unclear whether the unassociated monomeric polypeptides
or the incompletely assembled PS1-PEN-2-APH-1 complex is
more prone to degradation by the proteasome.

The steady-state level of a protein in the Golgi/TGN is a
combinatory result of the balance between incoming traffic
from the ER and outgoing transport to the plasma membrane.
Whereas our fractionation studies suggested reduced transport
of the three proteins from the ER to the Golgi, we also found
significant amounts of PEN-2 and full-length PS1 along with a
negligible amount of APH-1 on the cell surface of Nct KO cells
(Figs. 4 and 5). Thus, our results suggest a possible role for Nct
in strengthening and retaining the vy-secretase complex in
Golgi. In Nct KO cells, a fraction of the trimeric PS1-PEN-
2-APH-1 assembly escapes from ER-associated proteasome deg-
radation and exits the ER but remains susceptible for dissoci-
ation. However, following detachment from the trimeric
assembly, APH-1 may be discriminated by the sorting machin-
ery in the TGN and targeted to endosomal/lysosomal degrada-
tion, consistent with our demonstration that APH-1 may be
subjected to both proteasomal and lysosomal degradation (Fig.
2). On the other hand, the PEN-2-PS1 subcomplex (43) proceeds
to traffic to the plasma membrane without being retained in
the Golgi. The differential trafficking of PS1-PEN-2 and APH-1
is consistent with our recent report of a coordinate surface
delivery of PS1 and PEN-2, but not NCT, upon vy-secretase
inhibitor treatments (19). Furthermore, the significant accu-
mulation of full-length PS1 at the cell surface raises a possi-
bility that NCT may also affect internalization of full-length
PS1. Taken together, these findings reflect a tighter relation-
ship between PS1 and PEN-2, further supporting the existence
of NCT-APH-1 precursor and PS1-PEN-2 intermediate subcom-
plexes (13, 17, 43).

The above model is based on our observations that APH-1
and PEN-2-PS1 exhibit distinct patterns in subcellular local-
ization, trafficking, and degradation. Accordingly, one would
anticipate that APH-1 may not associate with PEN-2 and PS1
in the absence of its partner Nct. Surprisingly, our coimmuno-
precipitation experiments showed a relatively minor yet clear
binding of APH-1 with both PEN-2 and full-length PS1 in Nct
KO cells. Although this observation is difficult to explain with
our current knowledge, one may speculate that APH-1 binds
PEN-2 and full-length PS1 early in the ER, which stabilizes
both full-length and fragments of PS1 and makes the trimeric
complex competent for ER exit. The presence of Nct further
strengthens the complex and facilitates achieving the confor-
mation conducive for endoproteolysis of PS1. In fact, our pre-
vious results showed that APH-1 plays a role in stabilizing both
full-length and fragments of PS1 (8), providing support to this
model. When APH-1 fails to associate with Nct, the majority of
APH-1 dissociates from the trimeric assembly and gets tar-
geted to ER-associated degradation as well as lysosomal deg-
radation. Alternatively, in the absence of Nct, the majority of
APH-1 may become unavailable to stabilize nascent PEN-2 and
PS1 polypeptides in the ER (and hence affect PS1 endoprote-
olysis). However, a small amount of APH-1 may persist as a
PS1-PEN-2-APH-1 complex in Nct KO cells and contribute to
the existence of the residual PEN-2 and PS1 fragments.

Finally, when exogenous APH-1, PS1, or PEN-2 was ex-
pressed either individually or collectively into Nct KO cells, the
diminished levels of PEN-2 (Fig. 7), APH-1, and PS1 (data not
shown) were partially rescued. These results indicate an im-
portant but dispensable role of Nct in maintaining the stability
of the other components of the y-secretase complex and further
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support the notion that the y-secretase components regulate
each other in a coordinated way (8-16).

Taken together, our results strongly support an essential
role for Nct in stabilizing and in intracellular trafficking of
other y-secretase components during biogenesis as well as fol-
lowing their assembly into a functional multimeric complex.
Nevertheless, extensive future efforts are necessary to eluci-
date the more detailed mechanisms underlying the regulation
and function of the y-secretase.
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