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Abstract

The y-secretase complex is composed of at least four components: presenilin (PS1 or PS2),
nicastrin (NCT), anterior pharynx-defective 1 (Aph-1), and presenilin enhancer 2 (pen-2). In this
study, using knockout cell lines, our data demonstrated that knockout of NCT, as well as knockout
of Pen-2, completely blocked y-secretase-catalyzed processing of CTFa and CTF, the C-
terminal fragments of B-amyloid precursor protein (APP) produced by a-secretase and B-secretase
cleavages, respectively. Interestingly, in Aph-1-knockout cells CTFa and CTFp were still
processed by -y-secretase, indicating Aph-1 is dispensable for APP processing. Furthermore, our
results indicate that Aph-1 as well as NCT is not absolutely required for Notch processing,
suggesting that NCT is differentially required for APP and Notch processing. In addition, our data
revealed that components of the y-secretase complex are also important for proteasome- and
lysosome-dependent degradation of APP and that endogenous APP is mostly degraded by
lysosome while exogenous APP is mainly degraded by proteasome.
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One of the hallmarks of Alzheimer's disease (AD) is the abnormal production and
accumulation of p-amyloid peptide (AB) in the brain. According to the amyloid hypothesis,
the ratio of the long AP species, AB42, versus the short AB40 (AB42/AB40) has been
considered to play a critical role in AD (Hardy & Selkoe 2002). An increased AB42/Ap40
ratio appears to correlate with early-onset familial AD cases caused by presenilin mutations
(Kumar-Singh et al. 2006). Ap is derived from the amyloid precursor protein (APP) by
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successive action of the - and -y-secretases. APP can be processed via two pathways, the
non-amyloidogenic pathway or the amyloidogenic pathway. In the non-amyloidogenic
pathway, APP is first cleaved by a-secretase to release a soluble N-terminal ectodomain and
a membrane anchored C-terminal fragment (CTFa); in the amyloidogenic pathway, APP is
first cleaved by B-secretase to remove the N-terminal fragment and generate a membrane-
anchored C-terminal fragment of APP (CTFp). Both CTFa and CTFp are then subsequently
cleaved within the transmembrane domain by y-secretase to produce a common APP
intracellular domain (AICD) and lead to the generation of a p3 fragment from CTFa and the
full-length Ap from CTFB (Xu 2009). Since the y-secretase-catalyzed cleavage determines
the C-termini of AP species and the ratio of AB42/AB40, dissecting the biological and
biochemical nature of y-secretase is important for understanding the mechanism of Ap
formation. Thus far at least four polypeptides have been identified as necessary components
for -y-secretase activity (Dries & Yu 2008; Zhang et a/. 2014). These four components are
presenilins (PS1 or PS2), nicastrin (NCT), anterior pharynx-defective 1 (Aph-1), and
presenilin enhancer 2 (Pen-2). Mutation of the two conserved aspartyl residues in PS1 and
PS2 results in the loss of y-secretase activity (Wolfe 1999), and affinity labeling experiments
have demonstrate that y-secretase inhibitors bind directly to PS1 (Esler et al. 2000; Li et al.
2000); therefore, the nine transmembrane protein presenilin (PS1 or PS2 isoforms) is
thought to function as the catalytic subunit of y-secretase (Wolfe 2002). The identification
of a substrate-binding domain in NCT strongly suggests that NCT functions as the substrate
receptor (Shah et al. 2005). Using siRNA technology, studies suggested that the seven
transmembrane protein Aph-1 is required for stabilization of the PS1 endoproteolysis
products PS1IN and PS1C (Francis et al. 2002; Lee et al. 2002; Steiner et al. 2002) and that
the two transmembrane protein Pen-2 is required for endoproteolysis of PS1 (Takasugi et al.
2003; Luo et al. 2003). However, recent studies have shown that Pen-2 is dispensable for
endoproteolysis of PS1 (Mao et al. 2012; Holmes et al. 2014). One study also showed that
NCT is not absolutely required for y-secretase activity (Zhao et al. 2010). To further
determine the role of each component of the -y-secretase complex in y-secretase activity, we
used knockout cell lines to examine the effect of deletion of each component on the
processing of CTFa and CTFp. Our data demonstrated that knockout of Pen-2, as well as
NCT, almost completely blocked the processing of both CTFa and CTFp. However,
knockout of Aph-1 had no significant effect on the processing of CTFa and CTF,
indicating Aph-1 is dispensable for APP processing. Furthermore, our results revealed that
NCT is differentially required for y-secretase-catalyzed processing of APP and Notch. In
addition, our data suggest that the components essential for y-secretase-dependent APP
processing are also important for APP degradation.

Materials and methods

Cell culture

Mouse embryonic fibroblast (MEF) cells established from PS1/PS2-double knockout
(PS1/277) cells (Herreman et al. 2000), PS1-knockout (PS17/7) cells (De Strooper et al.
1998), PS2-knockout (PS27/7) cells (Herreman et al. 1999), Pen-2-Knockout (Pen27/~) cells
(Bammens et al. 2011), and wild-type mouse embryonic fibroblasts were all kindly provided
by Dr. Bart De Strooper (Center for Human Genetics, Belgium). Nicastrin-knockout (NCT
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=17 cells (Li et al. 2003) and Aph-1abc-triple-deficient (Aph-17/-, deficient in all three
Aph-1a, Aph-1b, and Aph-1c isoforms) cells (Chiang et al. 2012) were kindly provided by
Dr. Tong Li (John Hopkins University). The wt-7 cells (N2a cells stably expressing wild-
type presenilin 1 [PS1wt] along with Swedish mutant APP [APPsw]) were kindly provided
by Drs. Sangram S. Sisodia and Seong- Hun Kim (University of Chicago). All cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 2 mM
L-glutamine (Lonza, Walkersville, MA, USA), 100 units/mL penicillin (Lonza), and 100
ug/mL streptomycin (Lonza).

Inhibitors and reagents

Antibodies

Plasmids

Proteasome inhibitor MG132 was purchased from Peptides International (Louisville, KY,
USA). Gamma-secretase inhibitors compound E and L685, 458 and proteasome inhibitor
lactacystin were purchased from EMD Millipore (Billerica, MA, USA). Lysosome inhibitors
chloroquine, leupeptin, and NH4CI were purchased from Sigma (St. Louis, MO, USA). The
general caspase inhibitor, benzyloxycarbonyl-Val- Ala-Asp-fluoromethylketone (Z-VAD-
fmk) was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Complete protease
inhibitor cocktail tablets were purchased from Roche Applied Science (Indianapolis, IN,
USA). Lipofectamine LTX with plus reagent was purchased from Invitrogen (Carlsbad, CA,
USA).

Anti-PS1C, anti-NICD (#4147, which specifically recognizes the processed Notch), anti-
caspase3, and anti-caspase-6 were purchased from Cell Signaling (Danvers, MA). Anti-NCT
was from Sigma-Aldrich (St. Louis, MO, USA). Polyclonal antibodies anti-Aph-1alL and
anti-PEN-2N were from Covance (Emeryville, CA, USA). Anti-Aph-1bc was from NOVUS
(Littleton, CO, USA). Polycolonal antibody C15 was raised against the last 15 amino acids
at the very C terminal of APP (Zhao et al. 2004). Anti-myc antibody, C-Myc (9E10), was
purchased from Santa Cruz (Dallas, TX, USA). Anti-GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was from EMD Millipore.

Plasmid expressing the truncated ectodomain and myc-tagged Notch molecule (NotchAE)

containing the murine Notch-1 leader peptide (1-23 amino acids) (Kopan et al. 1996) was

kindly provided by Dr. Raphael Kopan (Washington University) and Dr. Masayasu Okochi
(Osaka University, Japan). The plasmid APPsw, which expresses a C-terminal myc-tagged
Swedish mutant APP (APPsw) (Thinakaran et al. 1996), was kindly provided by Dr. Gopal
Thinakaran (University of Chicago).

Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR was carried out as described previously (Hao ef a/. 2010). Total RNA was isolated
from MEF cells mentioned above using an RNeasy mini-prep kit (Qiagen, Hilden,
Germany). cDNA was synthesized from 2 ug total RNA using the ThermoScipt RT-PCR kit
(Invitrogen). The cDNA products were amplified using GeneAmp PCR core reagents
(Applied Biosystems, Foster City, CA, USA) and a Stratagene Mx3000P thermocycler
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(Agilent, Santa Clara, CA, USA) with the following program: 5 min at 95°C followed by 28
cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for
45 s followed by a final extension for 7 min at 72°C. The primers used were as follows:
Aph1la, forward 5'-ACGGAAGATCACCCAT-3" and reverse 5’-
TGTCAGAAGGTGACTCCCA-3"; Aphib,c, forward 5’-
CCTGACGCATCTGGTGGTG-3" and reverse 5'-GTTCCAAGATACAGGGG-3'; and
NCT, forward 5-TCTTCTCACACATGCACGCC-3" and reverse 5'-
CATGGGATCTGTGTGCATCC-3". The PCR products were analyzed by electrophoresis on
a 2% agarose gel.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described previously (Tan ef a/. 2008; Zhao et al. 2010). MEF cells
were cultured for 24 h. Conditioned media (CM) were supplemented with an inhibitor
cocktail (Millipore) containing AEBSF (4-[2-aminoethyl] benzenesulfony! fluoride
hydrochloride) at a final concentration of 1 mM. The CMs were analyzed with a mouse
AB4o-specific ELISA kit (Invitrogen), according to the manufacturer’s instructions.

Cell-free assay

In vitro AICD (APP intracellular domain) generation was determined by cell-free assay
using the protocol reported by Tesco et al (Tesco ef a/. 2005a). MEF cells were grown at a
density of 150,000 cells/cm? for 24 h. Cells were scraped in 1 ml buffer A (50 mM HEPES,
150 mM NaCl, 5 mM 1,10-phenanthroline monohydrate [PNT], pH=7.4) and homogenized
by passing them through 25-gauge 5/8 needles 10 times. The homogenate was centrifuged at
10,000 x g for 15 min at 4°C. The membrane fraction obtained was washed once with buffer
A and centrifuged at 10,000 x g for 5 min at 4°C. Total protein was measured in the
membrane fraction, and protein aliquots were incubated with 50 pl buffer B (50 mM
HEPES, 150 mM NaCl, 5 mM PNT, cocktail protease inhibitor, chloroquine (10 uM),
pH=7.0) for 2 h at 37°C in the presence or absence of L685, 458 to induce the production of
AICD. After incubation, samples were centrifuged at 10,000 x g for 15 min at 4°C. The
supernatants were collected and analyzed by Western blot using anti-APP-CTF antibody,
C15.

SDS-PAGE and Western blotting

For analysis of endogenous APP processing, 10 h after splitting, cells were incubated
overnight in the presence or absence of the following inhibitors compound E (5nM), L685,
458 (0.5 pM), lactacystin (10 uM), MG132 (5uM), chloroquine (10 uM), leupeptin (5 pg/
ml), and NH4CI (ImM). For analysis of the exogenous APP and Notch processing, the cells,
24 h after splitting, were transfected with plasmids expressing APPsw or NotchAE with
lipofectamine LTX. Ten hours after transfection, inhibitors were added and the cells were
further incubated overnight. Cell lysis and Western blot analysis were carried out as
described previously (Zhao et al. 2004). Briefly, cells were lysed with sonication for 20 s on
ice in Western blot lysis buffer (50 mM Tris—HCI, pH 6.8, 8 M urea, 5% mercaptoethanol,
2% SDS, and protease inhibitor mixture). After addition of 4 x SDS sample buffer and
boiling at 100°C for 7 min, samples were subjected to SDS-polyacrylamide gel
electrophoresis (SDS PAGE, 16% for APP CTFs; 14% for PS1 C terminals, caspases, and
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GAPDH; 10% for Notch and C-Notch; 6% for APP). The membranes were probed with
appropriate antibodies as described in figure legends.

Statistical analysis

Results

Data are expressed as mean + SEM and assessed for significance by Student's ¢test. When P
> 0.05, differences were considered not significantco.

All methods used are approved by University of Tennessee (Registration #309-13).

Aph-1 is dispensable for y-secretase-catalyzed processing of CTFa

To determine the role of the components of the -y-secretase complex in APP processing
activity, we examined the effects of deletion of each component of the complex on the
processing of CTFa.. As shown in Fig. 1a, as expected, in the absence of inhibitor, almost no
CTFa was detectable in wild type (wt) cells (lane 9). However, when the cells were treated
with transition state y-secretase inhibitor L-685,458, a significant amount of unprocessed
CTFa was accumulated (lane 10). As reported previously (Herreman et al. 2000), a dramatic
accumulation of unprocessed CTFa was observed in the PS1 and PS2 double knockout
(PS1/277) cells (compare lanes 13 and 14) regardless of the presence or absence of -y-
secretase inhibitor. Similarly, significant accumulation of CTFa was also observed in
nicastrin-knockout (NCT~") cells (lanes 3 and 4) and Pen-2-knockout (Pen2~/-) cells (lanes
5 and 6) regardless of the presence or absence of y-secretase inhibitor.

However, in contrast to knockout of NCT or Pen-2, a significant decrease in the level of
CTFa was detected in the Aph-1-knockout (Aph-17/") cells in which all three murine Aph-1
alleles—termed Aph-1a, Aph-1b, and Aph-1c-were knocked out (Fig. 1a, lane 1). More
interestingly, the decrease in the level of CTFa was completely blocked by -y-secretase
inhibitor (lane 2). In addition, we also observed that knockout of PS2 had almost no effect
on the turnover of CTFa (lane 11) and this decrease in CTFa in PS2-knockout (PS2777)
cells was completely inhibited by y-secretase inhibitor (lane 12). This result indicates that
knockout of PS2 did not cause significant reduction in y-secretase activity. However, a
significant amount of CTFa was detected in the PS1-knockout (PS177) cells in the absence
of inhibitor (lane 7), indicating a substantial reduction in y-secretase activity.

Previous studies have reported that CTFs of APP undergo degradation by a proteasome-
dependent mechanism distinct from -y-secretase (Nunan et al. 2001; Nunan et al. 2003;
Skovronsky et al. 2000). To determine whether the decrease of CTFa detected in the Aph-1-
knockout cells is indeed due to -y-secretase, we examined the effect of proteasome inhibitor
on the turnover of CTFa. As shown in Fig. 1b, treatment of cells with proteasome inhibitor
MG132 caused a slight increase in the level of CTFa in Aph-171" cells (compare lane 2
with lane 1). A similar result was also observed in PS1-knockout cells (compare lane 8 with
lane 7) and wt cells (compare lane 14 with lane 13). However, the extent of the increase in
CTFa caused by MG132 is much less than that caused by -y-secretase inhibitor (compare
Fig. 1b with 1a). These results indicate that, similar to wt cells, the turnover of CTFa in the
Aph-17/~ cells is mainly catalyzed by y-secretase activity. In addition, MG132 showed no
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significant effect on the level of CTFa in NCT~/~ cells (compare lanes 4 with lane 3),
Pen-27~ cells (compare lane 6 with lane 5), nor PS1/27/~ cells (compare lane 12 with lane
11). It was noted that no CTFp was detected in these experiments, suggesting a possibility
that the mouse endogenous APP was mostly processed via the a-secretase pathway and that
the low level of CTFP was undetectable under our experimental conditions.

If the turnover of CTFa in Aph-17/~ cells were catalyzed by y-secretase activity rather than
by random degradation, the AICD produced by y-secretase activity would be detectable.
However, AICD was not detected in the experiments shown in Fig. 1a and b, possibly due to
rapid degradation of this peptide in living cells [Cupers, 2001 #7150]. Thus, we performed a
cell-free assay using the procedure described previously (Tesco et al. 2005b). As shown in
Fig. 1c, in the absence of -y-secretase inhibitor, a significant amount of AICD was readily
detected in membrane prepared from wt (lane 5), Aph-17~ (lane 7), and PS27/~ (lane 9)
cells, and the generation of AICD in these cells was strongly inhibited by y-secretase
inhibitor L-685,458 (lanes 6, 8, and 10). Similarly, in wt-7 cells, both AICD-myc and
AICDendo, produced from exogenous APP with a myc-tag and endogenous APP,
respectively, were detected at very high levels (lane 15) and inhibited by L-685,458 (lane
16). However, this AICD was not detected in NCT~/~, Pen2~/~, and PS1/27/~ cells regardless
of the presence or absence of y-secretase inhibitor (lanes 1 to 4, and lanes 13 and 14). These
results strongly indicate that the turnover of CTFa in Aph™~ cells is catalyzed by -y-
secretase activity. AICD was hardly detected in PS17/~ cells (lanes 11 and 12), suggesting
that PS1 accounts for the majority of the -y-secretase activity. To further ascertain whether
APP is indeed processed by y-secretase in Aph-17 cells, we performed an ELISA to
determine the formation of Ap in these cells. As shown in Fig. 1d, a large amount of AB4g
was detected in the media of wt and PS27/~ cells. Interestingly, a significant amount of AB4g
(> 50% of that detected in wt cells) was also detected in Aph-17/~ cells when PS1/27/~ cells
were used as a negative control. This result provided further strong support to the notion that
APP is indeed processed by y-secretase activity in Aph-1~~ cells. On the other hand, only a
low, but still significant, level of AB4g (< 20% of that detected in wt cells) was detected in
PS17/~ cells, and a very low level of AB4q (< 8% of that detected in wt cells) was also
detected in NCT~~ and Pen2~/~ cells.

Aph-1c protein is undetectable in Aph-labc-triple deficient cells under the experimental

conditions

Since the Aph-17/~ cells were created by knockdown of Aph-1c in Aph-1a/b double
knockout cells using shRNA technology (Chiang et al. 2012), one concern is whether the -
secretase activity detected in Aph-17/~ cells results from incomplete knockdown of Aph-1c.
To address this issue, we performed a RT-PCR assay to determine the mRNA level of
Aph-1c using primers corresponding to the coding regions of Aph-1c. As controls, similar
RT-PCR was also performed for Aph-1a and NCT. As shown in Fig. 1e, as expected, neither
NCT mRNA nor Aph-1a mRNA was detected in NCT~/~ and Aph-17/ cells, respectively.
However, as shown in the second panel of Fig. 1e, a fine PCR band was detected in Aph-17~
cells, indicating the presence of a trace amount of residual or partially cleaved Aph-1c
mRNA in Aph-17/~ cells. Thus, we further determined the protein levels of Aph-1c and
other components in these knockout cells used. As shown in Fig. 1f, Western blot analysis
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using specific antibodies confirmed the absence of PS1, PS2, NCT, and Pen-2 as well as
Aph-1 (Aph-1a, Aph-1b, and Aph-1c) proteins in the corresponding knockout cells.
Specifically, the fact that antibody specific to Aph-1b/c did not detect any signal in Aph-17/~
cells suggests that the Aph-1c gene was efficiently silenced by shRNA technology.

Components of the y-secretase complex might also play a role in regulating APP CTF
degradation by proteasome and lysosome

It was noted from the above experiments that treatment with proteasome inhibitor MG132
caused an increase in the level of CTFa in wt, Aph-17-, and PS17/~ cells. However, MG132
showed no effect on the level of CTFa in NCT~~, Pen-2/~, and PS1/2~/~ cells. These
results suggest that knockout of different components might have different effects on the
proteasome-dependent turnover of CTFa. APP and its processing products have also been
reported to be subjected to lysosome degradation (Eisele et al. 2007; Vingtdeux et al. 2007).
Thus, next, we examined the effects of other proteasome and lysosome inhibitors on the
turnover of CTFa in these knockout cells. As shown in lanes 2 and 3 of the top four panels
of Fig. 2a, as expected, both of the y-secretase inhibitors, compound E (compE) and
L-685,458, caused accumulation of unprocessed CTFa in wt, PS17/~, PS2~/~, and Aph-17/~
cells. When the cells were treated with proteasome inhibitors MG132, strong accumulation
of CTFa resulted in wt, PS17/~, and Aph-17~ cells (lane 5), but lactacystin in comparison,
caused a lesser accumulation of CTFa in PS17/~ and Aph-17/ cells (lane 4), and CTFa was
hardly detectable in wt cells (lane 4). Neither MG132 nor lactacystin had a detectable effect
on the CTFa level in PS27/~ cells (Panel 3, lanes 4 and 5). When the cells were treated with
the lysosome inhibitors chloroquine, leupeptin, and NH4CI, significant accumulation of
CTFa was observed in wt, PS17~, PS27/~, and Aph-17/~ cells. In addition, it was noted that
in the presence of lysosome inhibitors, specifically, chloroquine and leupeptin, the APP
intracellular c-terminal domain (AICD) produced by y-cleavage of CTFa become detectable
in wt cells, PS27/~ cells, and to a lesser extent in Aph-17/~ cells. These results suggest that
lysosome is the major site for CTFa degradation. In addition, the detection of AICD in the
presence of lysosome inhibitors indicates that these lysosome inhibitors have no effect on y-
secretase catalyzed processing of CTFa. As shown in the bottom three panels of Fig. 2a, the
proteasome inhibitors lactacystin and MG132 had no effect on the level of CTFa in
PS1/27/=, NCT~/~, and Pen2~/~ cells. Lysosome inhibitors caused a slight increase in the
level of CTFa in these cells. These results indicate that CTFa was not significantly
degraded by either proteasome or lysosome activity in these cells.

As mentioned above, possibly because mouse endogenous APP was mostly processed via
the a-secretase pathway, the level of endogenous CTF was too low to be detected under
our experimental conditions. To determine the effects of knockout of each -y-secretase
component on the processing of CTFp, we transiently transfected these cells with a plasmid
expressing myc-tagged human Swedish mutant APP (APPsw) in the presence or absence of
different inhibitors. As shown in Fig. 2b, recombinant APP was detected in all transfected
cells. As shown in the top panel, in the wild type-cells, endogenous CTFa (CTFa[endo]) as
well as CTFa-myc and CTFB-myc produced from exogenous myc-tagged APPsw, were
accumulated in the presence of the y-secretase inhibitors compound E (lane 4) and
L-685,458 (lane 5). Similarly, -y-secretase inhibitors caused accumulation of unprocessed
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CTFa-myc, and CTFa(endo) was also clearly detected in Aph-17/~, PS27/~, and PS17/~
cells. These results indicate that y-secretase inhibitors had similar effects on both exogenous
and endogenous APP in these cells, excepting that CTFp-myc was hardly detected in these
cells. In wt cells, the accumulation of CTFa(endo), CTFB-myc, and CTFa-myc was also
detected when cells were treated with the lysosome inhibitors chloroquine and leupeptin,
and to a lesser extent with NH4CI (lanes 8-10). However, mainly CTFa-myc and CTFp-
myc, but almost no CTFa.(endo), were accumulated in the presence of proteasome inhibitors
lactacystin (lane 6) and MG132 (lane 7). In PS17/~, PS27/~, and Aph-17/~ cells, both
CTFa(endo) and CTFa-myc were detected at various levels in the presence of these
proteasome and lysosome inhibitors. However, almost no CTFB-myc was detected in these
cells, with the exception of MG132-treated Aph-1~/~ cells (fourth panel, lane 7). A small
amount of CTFa-myc was detected in PS1~/~ cells in the absence of any inhibitors (second
panel, lane 3), indicating a low y-secretase activity in these cells in comparison with that in
PS27/~ cells.

It was interestingly noted that in PS17/=, PS27/=, and Aph-17/ cells, treatment with
proteasome inhibitors lactacystin and MG132 mainly caused accumulation of CTFa-myc
(Fig. 2b, lanes 6 and 7), whereas lysosome inhibitors mostly caused accumulation of
CTFa(endo) (lanes 8-10). These data revealed an interesting finding that exogenous APP
was primarily degraded by proteasome, and the endogenous APP was mostly degraded by
lysosome. This notion was further supported by the fact that exogenous full-length APP
(both mature and immature forms) was detected at high levels in the presence of proteasome
inhibitors in all cells (lanes 6 and 7). In contrast to the PS1~/~, PS27/~, and Aph-17/~ cells,
neither proteasome nor lysosome inhibitors had a significant effect on the levels of
CTFa(endo) and CTFa-myc in PS1/27/~ cells (fifth panel), NCT~/~ cells (sixth panel), nor
Pen2~/~ cells (seventh panel), indicating that APP CTFs were not significantly degraded by
these organelles in these cells. A small amount of CTFB-myc was also detected in these
cells, specifically in cells treated with MG132 and lysosome inhibitors (lanes 7-10). The
above results clearly indicate that the effects of proteasome and lysosome on the turnover of
full-length APP and APP CTFs vary in different knockout cells.

v-secretase-catalyzed CTFa processing in Aph-17/~ cells is independent of proteasome
and lysosome activity

Data presented in Fig. 2a show that AICD was detected in Aph-17/~ cells as well as in wt
and PS27/~ cells in the presence of lysosome inhibitors, indicating that -y-secretase activity
was not affected by these lysosome inhibitors. In other words, y-secretase-catalyzed
processing of CTFa is independent of lysosome activity in these cells. To further determine
whether the -y-secretase inhibitors compound E and L-685,458 caused accumulation of
CTFa in Aph-17~ cells was not due to inhibition of proteasome or lysosome activity, we
performed the following experiments. As shown in Fig. 3a, the amount of CTFa
accumulated in cells treated with both compound E and MG132 (lane 7) was roughly the
sum of the CTFa detected in cells treated with compound E (lane 2) and MG132 (lane 4),
separately. A similar result was also observed when L-685,458 was used in combination
with MG132 compared with L-685,458 and MG132 alone (compare lane 9 with lanes 3 and
4). During the course of the experiments, it was noted that treatment with MG132 could
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induce the activation of caspase, which has been implied in the turnover of APP CTFs
(Weidemann et al. 1999). This raised the question as to whether inhibition of caspase
activation would lead to further accumulation of CTFa in cells treated with MG132. Indeed,
a greater amount of CTFa was observed in MG132-treated cells in the presence of pan
caspase inhibitor Z-VAD (compare lane 6 with lane 4). When these cells were further treated
with compound E, an even greater amount of CTFa was accumulated (compare lane 8 with
lane 6). A similar result was also observed when L-685,458 was added with MG132 and Z-
VAD (compare lane 10 with lane 6). These results indicate that -y-secretase inhibitor and
proteasome inhibitor have an additive effect on the accumulation of unprocessed CTFa
through different mechanisms. Furthermore, it was noted that in addition to regular PS1C
produced by normal endoproteolytic processing of PS1, a short C-terminal fragment of PS1,
CaspPS1C, which was produced by caspase activity (Zeng et al. 2015), was detected in cells
treated with MG132 (lanes 4, 7, and 9), and the formation of CaspPS1C was completely
inhibited by the addition of pan caspase inhibitor Z-VAD (lanes 6, 8, and 10).

Next, we examined the additive effect of -y-secretase inhibitors and lysosome inhibitors on
the accumulation of unprocessed CTFa.. As shown in Fig. 3b, the amount of CTFa
accumulated in the cells treated with both compound E and chloroquine (lane 6) was
roughly the sum of the CTFa detected in cells treated with compound E (lane 2) and
chloroquine (lane 4), separately. A similar result was also observed when cells were treated
with L-685,458 and chloroquine (compare lane 7 with lanes 3 and 4). Likewise, leupeptin
exhibited a similar additive effect on CTFa accumulation when used in combination with
compound E (compare lane 8 with lanes 2 and 5) and L685, 458 (compare lane 9 with lanes
3 and 5). These data indicate that -y-secretase inhibitor-caused accumulation of CTFa in
Aph-17'~ cells is not due to inhibition of proteasome or lysosome, i. e., y-secretase-
catalyzed CTFa processing in Aph-17/ cells is independent of proteasome and lysosome
activity.

Aph-1, as well as nicastrin is, dispensable for y-secretase-catalyzed processing of Notch

Data presented above demonstrate that Aph-1 is not absolutely required for y-secretase-
catalyzed APP CTF processing, while NCT and Pen-2 are crucially essential for this
process. In addition to APP, Notch is another well-characterized substrate of -y-secretase. We
next examined the effect of knockout of different components of the y-secretase complex on
the processing of Notch. To do so, cells were transfected with a plasmid expressing
NotchAE, the ectodomain-truncated and myc-tagged Notch containing the murine Notch-1
leader peptide (1-23 amino acids) (Kopan et al. 1996) in the presence or absence of y-
secretase inhibitor L-685,458. As shown in Fig. 4a, recombinant NotchAE was detected with
anti-myc antibody at various levels in wild-type and knockout cells, possibly due to different
transfection efficiency. As shown in the middle panel, NICD, which is produced by y-
secretase from NotchAE, was detected in wild-type cells (lane 13), PS27/~ cells (lane 9), and
PS17/~ cells (lane 7), Aph-17"~ cells (lane 1), and NCT~/~ cells (lane 3), and the formation of
this NICD was strongly inhibited by the addition of L-685,458 (lanes 2, 4, 8, 10, and 14).
However, this NICD was not detected in PS1/27/~ cells (lane 11) nor Pen2~/~ cells (lane 5).
These results revealed an interesting finding that, under our experimental conditions, NCT is
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crucially essential for y-secretase-catalyzed APP CTFs processing, but is not absolutely
required for -y-secretase-catalyzed Notch processing.

Generation of NICD from NotchAE is not affected by proteasome and lysosome inhibitors

Data presented in Fig. 2 demonstrate that CTFa was also degraded by proteasome and
lysosome in a -y-secretase-independent mechanism. Next, we determined whether Notch is
also subjected to proteasome and/or lysosome degradation and whether proteasome and
lysosome inhibitors have any effect on NICD formation. As shown in the middle panel of
Fig. 4b, y-secretase inhibitors compound E (lane 4) and, specifically, L-685,458 (lane 5)
strongly inhibited the formation of NICD from NotchAE. However, the level of NICD in
proteasome inhibitors-treated cells was slightly increased (lanes 6 and 7), likely due to the
protection of NICD from degradation, while the lysosome inhibitors showed no effect on the
generation of NICD (lanes 8-10). In addition, the level of unprocessed NotchAE was also
slightly increased in proteasome inhibitor-treated cells (top panel, lane 6 and 7), suggesting
that, though to lesser extent, NotchAE also underwent proteasome degradation. Taking
together, these data suggest that both NotchAE and NICD undergo proteasome degradation,
but the proteasome and lysosome inhibitors have no effect on y-secretase-catalyzed
processing of Notch.

Recovery of PS1C does not necessarily restore the y-secretase activity toward APP in NCT

I~ cells

Previous study revealed that Pen-2, Aph-1, and NCT are not necessary for endoproteolytic
processing of PS1, but are required for stabilization of the PS1 endoproteolytic processing
products PSIN and PS1C (Mao et al. 2012). Thus, it is speculated that the loss of y-
secretase activity toward CTFa and CTFp might have resulted from the instability of
endoproteolytic products of PS1 in NCT~/~ and Pen2~/~ cells. As shown in the top panel of
Fig. 5, in the absence of MG132, PS1C was detected in wt cells (lane 9), in PS27/~ cells
(lane 5), and, to a lesser but significant extent, in Aph-17/~ cells (lane 1). A very low level of
PS1C was detected in NCT~/~ cells at (lane 3), and only a trace amount of PS1C was
detected in Pen-2 cells (lane 7). As expected, no PS1C was detected in PS17/~ cells (lane
11). This result confirmed again that Pen-2 is crucial for stabilizing PS1C. This result also
revealed that Aph-1 is less important for stabilizing the endoproteolytic products of PS1.

When the cells were treated with MG132, a significant decrease in the level of PS1C and a
concomitant significant increase in the level of CaspPS1C produced by caspase activity were
detected in wt cells (lane 10), PS27/~ cells (lane 6), and Aph-17/~ cells (lane 2). In the
presence of MG132, CaspPS1C was also detected in NCT~/~ and Pen2~/~ cells (lanes 4 and
8). However, in contrast to wt, PS27/~, and Aph-17/~ cells, the increase in CaspPS1C was not
associated with a decrease, but rather an increase in the regular PS1C in NCT~/~ cells
(compare lane 4 with lane 3) and Pen-27/ cells (compare lane 8 with lane 7). Interestingly,
as shown in the bottom panel, the high levels of unprocessed CTFa(endo), CTFa-myc, and
CTFB in NCT~/~ and Pen2~/~ cells were not affected by the addition of MG132. These
results indicate that recovery of PS1C does not necessarily restore y-secretase activity
toward CTFa and CTFp. In other words, Pen-2 and, specifically, NCT, as essential
components of y-secretase, must play a direct role in y-secretase activity in addition to their
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roles in stabilizing PS1 proteolytic products. In this regard, NCT has been proposed to
function as a substrate receptor (Shah et al. 2005).

Discussion

Previous studies using reconstitution and knockdown approaches have suggested that the
four proteins, presenilin (PS1 or PS2), NCT, Aph-1, and Pen-2, are necessary and sufficient
for y-secretase activity (Edbauer et al. 2003; Kimberly et al. 2003; Takasugi et al. 2003).
However, this view was challenged by a recent study showing that Notch was processed in a
v-secretase-dependent manner in NCT-deficient cells, suggesting that NCT is not absolutely
required for -y-secretase activity (Zhao et al. 2010). In the current study, by taking advantage
of the availability of all cell lines deficient in one of the four components of the y-secretase
complex, we performed a series of experiments to attempt to address this controversial issue.
Using these cells, our results demonstrated that knockout of PS2 had almost no effect on
APP CTFs processing and that, in contrast, knockout of PS1 strongly inhibited APP CTF
processing as determined by the turnover of CTFa, as well as the formation of AICD and
ABa4o. These observations confirmed that PS1 accounts for the majority of y-secretase
activity that catalyzes the processing of APP CTFs. In addition, our results revealed several
interesting findings. First, our data demonstrate that, in contrast to NCT ™/~ and Pen-2~/~
cells, in which no significant CTFa turnover and only a small amount of AB4g was detected,
similar to wt cells, a low level of CTFa and significant amount of AICD were detected in
Aph-17/~ cells. Also, the turnover of CTFa and the formation of AICD were strongly
inhibited by y-secretase inhibitor, suggesting that the turnover of CTFa and the formation of
AICD in Aph-17~ cells, as well as in wt cells, were catalyzed by y-secretase. In addition,
another y-secretase substrate, Notch, was also processed in a -y-secretase-dependent manner
in Aph-17/= cells. Furthermore, based on the levels of AB4g determined by ELISA, it is
assumed that over 50% of -y-secretase activity was retained in Aph-17 cells. Although it
cannot be ruled out that the trace amount of the residual Aph-1c, which was not detectable at
the protein level under our experimental conditions, may contribute to a small portion of the
y-secretase activity in Aph-17 cells, all these observations strongly suggest that Aph-1 is
not absolutely required for y-secretase activity. In addition, albeit at a very low level, the
detection of ABg by ELISA in NCT~~ and Pen-27/~ cells suggests that deletion of one of
these two components does not completely abolish y-secretase activity. Thus, it is very
likely that Aph-1, NCT, and Pen-2 are all required for achieving maximal y-secretase
activity; however, Aph-1 is less crucial than NCT and Pen-2 for the enzymatic activity in
this y-secretase complex.

It is proposed that -y-secretase harbors both endopeptidase-like and carboxypeptidase-like
activities, catalyzing a series of sequential cleavages of APP and leading to the generation of
AP peptide. In this model, APP is first cleaved at the e-cleavage site by endopeptidase-like
activity to release the APP intracellular c-terminal domain, AICD, and generate the
membrane-bound, long AB4g peptide, which is further sequentially chopped down roughly
every three residues by carboxypeptidase-like activity to produce the secreted Ap4g and
AB42 and other minor, shorter AB species (Xu 2009). Previous studies suggest that Aph-1
might function as a scaffold involved in y-secretase complex assembly and maturation
(LaVoie et al. 2003; Luo et al. 2003) and in the binding of substrate (Chen et a/. 2010; Mao
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et al. 2012). In determining the specific roles of different isoforms of Aph-1 in y-secretase-
catalyzed APP processing, recent studies further suggest that Aph-1 mainly affects the
carboxypeptidase-like activity that catalyzes the sequential cleavages following the initial
cleavage at the e-site and determines the C-termini of AP species; specifically, y-secretase
complexes containing the Aph-1b isoform favor the generation of longer A peptides
(Serneels et al. 2005; Serneels et al. 2009; Acx et al. 2014). This notion might provide
justification for our finding that Aph-1 is dispensable for the endopeptidase-like activity of
y-secretase that catalyzes the initial cleavage of CTFs at the e-site, which is a decisive step
in y-secretase-catalyzed APP processing (Xu 2009).

The second important finding of the current study is the differential requirement for NCT in
y-secretase-catalyzed processing of APP and Notch. To elucidate the specific function of
NCT, a well-designed study revealed that the extracellular domain of NCT is essential for
recognition of the substrate of y-secretase, suggesting that NCT functions as a receptor of
substrate (Shah et al. 2005). However, a recent study showing that cells deficient in NCT
were capable of processing Notch and, to a lesser extent, APP in a y-secretase-dependent
manner raised a question as to whether NCT is absolutely required for -y-secretase activity
(Zhao et al. 2010). Using the same NCT~/~ cells and the same truncated Notch-expressing
plasmid as used in Zhao et al’s study, our results revealed a similar finding that Notch was
processed by -y-secretase activity in the absence of NCT. In addition, our results revealed
that Aph-1 was also not absolutely required for Notch processing. However, in contrast to
the previous study, our data demonstrate that knockout of NCT completely abolished y-
secretase-catalyzed processing of CTFa and CTFp produced from both endogenous and
recombinant APP.

These controversial observations might have resulted from the use of different experimental
systems. Specifically, in the previous study, a transiently-expressed truncated APP (C99), an
artificial CTF, was used as a y-secretase substrate to determine the effect of knockout of
NCT on the formation of AICD from C99. In contrast, in the current study, we examined the
processing of CTFa and CTFp produced either from endogenous APP or recombinant full-
length APP. After synthesis, full-length APP undergoes multiple post-translational
modifications including N- and O-glycosylation, phosphorylation, and tyrosine sulphation,
and these modifications not only affect the trafficking but also the processing of APP along
the secretory pathway as well as the endocytotic pathway (Jiang et al. 2014). It is not known
whether the overexpressed C99 also undergoes similar post-translational modification and is
processed at the same subcellular locations as full-length APP. Whether possible differences
in post-translational modification and trafficking may account for the discrepancy between
results of the current study and that reported by Zhao et al awaits further investigation.
Nevertheless, the data presented in this study strongly suggest that NCT is crucially essential
for -y-secretase-catalyzed processing of CTFa and CTF produced from full-length APP, but
that NCT is not absolutely required for Notch processing. Supporting our finding, a recent
study reported that mutations in NCT differentially affect AB production and Notch
processing (Pamrén ef al. 2011). Thus, this differential requirement for NCT in -y-secretase-
catalyzed processing of APP and Notch suggests NCT as a therapeutic target for developing
a strategy to restrict AP formation in AD without impairing Notch signaling.
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The third notable finding of the current study is that components of the y-secretase complex
essential for y-secretase-catalyzed APP processing are also important for proteasome- and
lysosome-dependent degradation of APP derivatives. Previous studies have reported that, in
addition to -y-secretase-catalyzed processing, APP and CTFs of APP are also subjected to
proteasome and lysosome degradation (Nunan et al. 2001; Skovronsky et al. 2000;
Vingtdeux et al. 2007; Watanabe ef a/. 2012; Wang et al. 2015). In the current study, as
shown in Fig. 1 and 2, our data demonstrate that proteasome inhibitor MG132 and,
specifically, lysosome inhibitors chloroquine, leupeptin, and NH4CI caused marked
accumulation of unprocessed APP CTFs in wild-type cells. A similar effect of these
inhibitors on the accumulation of APP CTFs was also observed in PS17/~, PS27/~, and
Aph-17/~ cells, which all expressed the y-secretase activity that catalyzes the processing of
APP CTFs. However, the effects of these inhibitors on the accumulation of the APP CTFs
was less significant in PS1/27/~, NCT~/~, and Pen2~/~ cells, in which no y-secretase-
catalyzed APP processing was observed. These findings strongly indicate that presenilin
(PS1 or PS2), NCT, and Pen2, which are essential for -y-secretase-catalyzed APP processing,
are also important for proteasome- and lysosome-dependent degradation of APP CTFs. One
possibility is that y-secretase activity is involved in the proteasome- and lysosome-
dependent degradation of APP CTFs. However, this is very unlikely in light of the fact that
y-secretase inhibitors and the proteasome and lysosome inhibitors exhibited additive effects
on the accumulation of APP CTFs. Recent studies reported that presenilin is necessary for
efficient protein degradation by lysosome in a -y-secretase-independent manner (Lee et al.
2010; Coen et al. 2012; Neely et al. 2011; Zhang et al. 2012). In this regard, it is noteworthy
that our results suggest that lysosome plays a major role in degradation of APP CTFs.
Therefore, the inefficient degradation of APP CTFs in PS1/27/~ cells is likely due to
impaired lysosome function caused by deficiency of presenilin. Since NCT and Pen-2 are
essential for stabilizing presenilin (Mao et al. 2012), the ineffective lysosomal degradation of
APP CTFs in NCT~/~ and Pen2~/~ cells might have resulted from the instability of presenilin
in these cells. It is also noted that the level of PS1C in Aph-17/~ cells is much higher than
that in NCT~/~ and Pen2~/~ cells, and this might account for the fact that lysosomal
degradation of APP CTFs was observed in Aph-1~/~ cells. However, it cannot be ruled out
that NCT and Pen-2 may be directly involved in PS1-regulated lysosome function rather
than simply stabilizing PS1C. In addition, our results strongly suggest that endogenous and
exogenous APPs undergo degradation by different mechanisms, i.e., endogenous APP
mainly undergoes lysosome-dependent degradation, whereas, exogenously expressed APP is
primarily degraded by proteasome.
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AD Alzheimer’s disease

AB amyloid beta

AICD amyloid precursor protein intracellular domain
Aph-1 anterior pharynx-defective 1

Aph-17/~ Aph-1-knockout

APP amyloid precursor protein

APPsw Swedish mutant amyloid precursor protein
CTF c-terminal fragment

CTFa(endo) endogenous CTFa

NCT nicastrin

NCT/- nicastrin knockout

NotchAE n-terminal truncated Notch

Pen-2 presenilin enhancer 2

Pen27/- Pen-2-knockout

PS1 presenilin-1

PS17/~ presenilin-1 knockout

PS1/27/- presenilinl/2 double knockout

wt wild-type

pPS2 presenilin-2

PS27/- presenilin-2 knockout
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Figure 1.
Aph-1 is dispensable for y-secretase catalyzed APP processing. Cells were cultured in the

presence and absence of y-secretase inhibitor L-685,458 (a) or MG132 (b) overnight, lysed,
and subjected to 16% SDS-PAGE and Western blot analysis using antibody C15 that was
raised against the very c-terminal 15 residues of APP. The membranes were also reprobed
with anti-GAPDH to indicate even loading of the samples (bottom panels). All data
presented in this study are representative of at least three independent experiments. (c) Cell-
free assay for /in vitro generation of AICD. AICDendo: AICD produced from endogenous
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APP; AICDmyc: AICD produced from myc-tagged exogenous APPSw in a wt-7 stable cell
line, which was used as a positive control. (d) Effect of knockout of different components of
y-secretase on AP formation. Aliquots of CM samples of knockout cells were subjected to
ELISA to detect AB4o. A significant amount of AB4o was detected in Aph-17~ cells, as well
as in wt cells. Low amount AB,q was also detected in PS17/~ cells, and even lower AR, was
detected in NCT™~ and Pen-27/~ cells. V=3, *p< 0.01; **p < 0.001. (e) Western blot
analysis of protein levels of y-secretase components in knockout cells. (f) RT-PCR analysis
of NCT and Aph-1 genes in corresponding knockout cells. Note: Since Aph-1c is the
duplicate of Aph-1b in mice, the antibody against Aph-1b also detects Aph-1c, and the RT-
PCR primers used are also common to both Aph-1b and Aph-1c.
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Figure 2.
Components of the -y-secretase complex also play a role in regulating APP degradation by

proteasome and lysosome. (a) Effects of -y-secretase, proteasome, and lysosome inhibitors
on the accumulation of unprocessed endogenous CTFa.. The first lane is the vehicle-treated
control. The last lane is the sample prepared from wt-7 cells treated with y-secretase
inhibitor compound E (compE) used as standards of CTFB-myc and CTFa-myc. (b) In lanes
3-10, cells were transfected with human APPsw expression plasmid. In lane 2, cells were
transfected with unrelated protein LacZ. In lane 1, cells were mock transfected with an
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empty vector. Lane 11 is the sample prepared from wt-7 cells treated with compound E used
as standards of CTFB-myc and CTFa-myc. All APP CTFs were detected using C15. (c)
Quantitative analysis of the formation and turnover of APP-CTFs. Results are expressed as
the mean (x SD) of three independent Western blot results shown in Fig. 2B.
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Figure 3.
y-secretase, proteasome, and lysosome inhibitors have an additive effect on CTFa

accumulation in Aph-17/ cells. (a) Cells in lanes 2-10 were cultured in the presence of -
secretase inhibitors and proteasome and caspase inhibitors either individually or in
combination. Top panel, immunoblot probed with C15; second panel, immunoblot probed
with anti-caspase-3 to detect the formation of the active form of caspase-3; third panel,
immunoblot probed with anti-caspase-6 to determine the reduction of pro-caspase-6 due to
activation; fourth panel, immunoblot probed with anti-PS1C, which reacts with both regular
PS1C and the caspase-produced CaspPS1C (#5643 from Cell Signaling); the immunoblot in
the fourth panel was also reprobed with anti-GAPDH to indicate relative loading of samples
(bottom panel). Lane 11 is the sample from wt-7 cells cultured in the presence of compound
E. (b) Cells in lanes 2-10 were cultured in the presence of -y-secretase inhibitors and
lysosome inhibitors either individually or in combination. Top panel, immunoblot probed
with C15; bottom panel, this immunoblot was reprobed with anti-GAPDH. Lane 11 is the
sample from wt-7 cells cultured in the presence of compound E.
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Figure 4.
Aph-1 and nicastrin are not essential for y-secretase catalyzed processing of Notch. (a)

Aph-1-/- cells were transfected with a plasmid expressing N-terminal truncated Notch with
a C-terminal myc tag. Top panel, immunoblot probed with anti-myc to detect the
unprocessed recombinant Notch. Middle panel, immunoblot probed with antibody, which
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specifically recognizes the N-terminus of NICD generated by -y-secretase processing.
Bottom panel, immunablot in the middle panel reprobed with anti-GAPDH. (b) Proteasome
and lysosome have no significant effect on Notch metabolism. Top panel, immunoblot
probed with anti-myc to determine the levels of NotchAE in the presence of different
inhibitors; middle panel, immunoblot probed with anti-NICD; bottom panel, immunoblot in
middle panel was reprobed with anti-GAPDH.
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Figure 5.
Recovery of PS1C does not necessarily restore the y-secretase activity toward APP in NCT

== cells. Knockout cells were cultured in the presence or absence of MG132. Up panel,
immunoblot probed with anti-PS1C that recognizes both regular and caspase produced
PS1C; bottom panel, immunoblot probed with C15. Lane 12 is the sample prepared from
wt-7 cells treated with compound E used as standards of CTFp-myc and CTFa-myc.
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