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Abstract 23 

Mutations in amyloid β precursor protein (APP) gene alter APP processing, either 24 

causing familial Alzheimer’s Disease (AD) or protecting against dementia. Under normal 25 

conditions beta-site APP cleaving enzyme 1 (BACE1) cleaves APP at minor Asp1 site to 26 

generate C99 for amyloid β protein (Aβ) production, and predominantly at major Glu11 site to 27 

generate C89, resulting in truncated Aβ production. We discovered that A673V mutation, the 28 

only recessive AD-associated APP mutation, shifted the preferential β-cleavage site of BACE1 29 

in APP from the Glu11 site to the Asp1 site both in male and female transgenic mice in vivo and in 30 

cell lines and primary neuronal culture derived from timed pregnant rats in vitro, resulting in a 31 

much higher C99 level and C99/C89 ratio. All other mutations at this site, including the 32 

protective Icelandic A673T mutation, reduced C99 generation and decreased the C99/C89 ratio. 33 

Furthermore, A673V mutation caused stronger dimerization between mutant and wild-type APP, 34 

enhanced the lysosomal degradation of the mutant APP and inhibited γ-secretase cleavage of the 35 

mutant C99 to generate A , leading to recessively-inherited AD. The results demonstrate that 36 

APP673 regulates APP processing and the BACE1 cleavage site selection is critical for 37 

amyloidogenesis in AD pathogenesis, and implicate a pharmaceutical potential for targeting the 38 

APP673 site for AD drug development.  39 

40 
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Significant statement 41 

BACE1 is essential for A  production. We discovered that A673V mutation shifted the 42 

BACE1 cleavage site from the Glu11 to the Asp1 site, resulting in much higher C99 level and 43 

C99/C89 ratio. All other mutations at this site of APP reduced C99 generation and decreased the 44 

C99/C89 ratio. Furthermore, A673V mutation resulted in stronger dimerization between mutant 45 

and wildtype APP, enhanced the lysosomal degradation of the mutant APP and inhibited γ-46 

secretase cleavage of the mutant C99 to generate A , leading to recessively-inherited AD. The 47 

results demonstrate that APP673regulates APP processing and the BACE1 cleavage site 48 

selection is critical for amyloidogenesis in AD pathogenesis, and implicate a pharmaceutical 49 

potential for targeting the APP673 site for AD drug development.  50 

51 
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Introduction 52 

Deposition of amyloid β protein (Aβ) to form neuritic plaques is the unique 53 

neuropathological feature of Alzheimer’s Disease (AD). Aβ is derived from amyloid β precursor 54 

protein (APP). Under normal conditions, the majority of APP proteins are processed in the non-55 

amyloidogenic pathway: cleaved first by α-secretase at Leu17 site of Aβ domain to generate the 56 

secreted sAPPα and the membrane-bound C83 (Esch et al., 1990). C83 is subsequently cleaved 57 

by γ-secretase to generate CTFγ and p3 fragment, precluding Aβ production (Song et al., 1999; 58 

Zhang et al., 2000; Qing et al., 2008). In the amyloidogenic pathway, APP is cleaved first by β-59 

secretase at Asp1 site to generate the secreted sAPPβ and the membrane-bound fragment C99. 60 

C99 is further cleaved by γ-secretase to generate CTFγ and Aβ. β-cleavage is a rate limiting step 61 

and the β-secretase cleavage product C99 is directly associated with the overall production of 62 

heterogeneous Aβ species (Li et al., 2006; Sun et al., 2012).  63 

 64 

BACE1 cleaves APP at two β-secretase sites. Under physiological conditions BACE1 65 

predominantly cleaves APP at the major Glu11 site within Aβ, yielding the non-amyloidogenic 66 

C89 and resulting in truncated Aβ production; whereas it cleaves APP at the minor Asp1 site, 67 

generating C99 and leading to Aβ generation (Deng et al., 2013). Enhancing BACE1 cleavage of 68 

APP or shifting its preferential cleavage site from Glu11 to Asp1 resulted in higher C99 and Aβ 69 

production and hence facilitated neuritic plaque formation under pathological conditions (Mullan 70 

et al., 1992; Sun et al., 2006b; Sun et al., 2006a; Deng et al., 2013; Ly et al., 2013; Zhang et al., 71 

2014). 72 

 73 
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While most AD cases are sporadic with late onset at the age of 65 years and older, less 74 

than 1% are early-onset familial AD (FAD) cases. The FAD cases are caused by mutations in 75 

APP, presenilin 1 (PSEN1) orpresenilin 2 (PSEN2) genes. More than 30 FAD-associated APP 76 

point mutations have been discovered on 17 residues which are in close vicinity of secretase 77 

cleavage sites. These mutations have been shown to cause FAD by altering APP processing, 78 

including enhancing C99 production (Swedish mutation KM670/671NL) (Mullan et al., 1992; 79 

Felsenstein et al., 1994; Perez et al., 1996), inhibiting non-amyloidogenic α-cleavage of APP 80 

(Arctic mutation E693G) (Nilsberth et al., 2001; Stenh et al., 2002; Sahlin et al., 2007), 81 

increasing Aβ42 level or the ratio of Aβ42 to Aβ40 (London mutation V717I and Florida mutation 82 

I716V) (Goate et al., 1991; Eckman et al., 1997; De Jonghe et al., 2001), or accelerating Aβ40 83 

fibril formation (Dutch mutation E693Q and Iowa mutation D694N) (Wisniewski et al., 1991; 84 

Van Nostrand et al., 2001). Our laboratory further demonstrated that APP Swedish mutation 85 

strongly shifted the BACE1 cleavage site from the Glu11 site to the Asp1, resulting in a higher 86 

C99/C89 ratio and promoting Aβ generation (Deng et al., 2013). 87 

 88 

All the known pathogenic mutations in the APP gene are dominantly-inherited except an 89 

A673V mutation (APPrIta) identified in an Italian family (Di Fede et al., 2009). This alanine to 90 

valine missense mutation occurs at the 673rd amino acid position of APP770 (i.e. the second 91 

amino acid of A ) and acts in a recessively-inherited manner in AD pathogenesis. APPrIta 92 

mutation increased Aβ production and the resulting mutant AβA2V displayed altered 93 

oligomerization, aggregation and toxicity (Di Fede et al., 2009; Benilova et al., 2014; Maloney et 94 

al., 2014). However, the mechanism underlying the recessive inheritance of this mutant remains 95 

elusive. The unique recessiveness of this APP mutation might provide insights into how altered 96 
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APP processing and possible quantitative change of A  accumulation leads to Alzheimer’s 97 

development. Intriguingly, a recently identified mutation at the same site changing alanine into 98 

threonine (APPIce) was shown to be protective against AD in the Icelandic population (Peacock 99 

et al., 1993; Jonsson et al., 2012), highlighting the close involvement of altered APP processing 100 

in AD pathogenesis. In this study we demonstrated that the alanine at the 673rd amino acid 101 

position of APP770 was critical for regulating β-secretase cleavage site selection and the 102 

BACE1-mediated amyloidogenesis in AD pathogenesis.  103 

 104 

 105 

 106 

107 
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Materials and Methods 108 

Plasmid constructs. Mutations of APP were introduced into the cDNA coding sequence of 109 

APP695 by PCR-based site-directed mutagenesis and the mutated cDNAs were cloned into 110 

expression vector pcDNA4-mycHis (Invitrogen). Human APPWt, APPrItaor APPSwe cDNAs were 111 

also cloned into an inducible mammalian expression vector pIND (SP1)/Hygro to generate 112 

pIND-APPWt, pIND-APPrIta and pIND-APPSwe. pIND (SP1)/Hygro vector contains modified 113 

ecdysone response elements and SP1 enhancers. Plasmid pVgRXR expresses the heterodimeric 114 

ecdysone receptor (VgEcR) and the retinoid X receptor (RXR) (Invitrogen). Endoplasmic 115 

reticulum (ER) retention signal was introduced into pcDNA4-APPWt-ER and pcDNA4-APPrIta-ER 116 

by mutating QMQN in the C-terminal tail of APP to KKQN. To generate plasmid pFlag-APP, the 117 

coding sequence of the FLAG tag was inserted between the signal peptide and the 118 

luminal/extracellular domain of APP695, and the resulting DNA was cloned into pcDNA4-myc-119 

His. For pulse-chase assay, APPWt and APPrIta were cloned into pSNAP (New England Biolabs). 120 

cDNAs coding for C99, C89, and C83 with a methionine in the N-termini were cloned into 121 

pcDNA4, confirmed by DNA sequencing and expressed in HEK293 cells as CTF markers. CTFs 122 

derived from APP processing can be resolved by the co-migration with these markers. 123 

 124 

Immunoblot analysis. Cells were lysed in RIPA-DOC lysis buffer (1% Triton X100, 1% 125 

sodium deoxycholate, 0.4% SDS, 0.15M NaCl, 0.05M Tris-HCl, pH 7.2) supplemented with 126 

complete mini protease inhibitor cocktail tablet (Roche Diagnostics). The samples were resolved 127 

by SDS-PAGE on 8% tris-glycine or 16% tris-tricine gels, then transferred to ImmobilonTM –FL 128 

polyvinylidene fluoride (PVDF) membranes (Millipore). C20, a rabbit antibody against the last 129 

20 amino acids of APP C-terminus, was used to detect APP and its CTF products (Ly et al., 130 
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2013). β-actin was detected using monoclonal antibody AC-15 (Sigma). The membranes were 131 

incubated with IRDye 800CW-labelled goat anti-mouse or anti-rabbit antibodies in PBS with 132 

0.1% Tween-20 at 22°C for 1 h, and visualized on the Odyssey system (LI-COR Biosciences). 133 

All quantifications were performed using the LI-COR Odyssey system or Image J. To perform 134 

co-immunoprecipitation, plasmids coding for FLAG-APP and C99Wt or C99A2V were co-135 

transfected into HEK293 cells, and the detailed procedure was performed as described (Eggert et 136 

al., 2009). 137 

 138 

Intracranial injection and immunoprecipitation. All the protocols of animal procedure were 139 

approved by UBC ACC (The University of British Columbia, Animal Care Center). AAV-9 140 

viruses expressing human APPWt or human APPrIta at the titer of ~2X1012GC/ml were generated 141 

by Vector Core, University of Pennsylvania, USA. The brains of 3 neonatal male and 3 female 142 

mice within 12hrs were intracranially injected with 1ul of the virus into the ventricle. Two weeks 143 

after injection, pups were euthanasia. Half brains were homogenized in lysis buffer (10mM Tris 144 

pH7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA,) supplemented with complete protease 145 

inhibitors (Roche). After centrifugation, the supernatant was added to the C20 antibody 146 

immobilized on protein-G agorose bead), and incubated at 40C for overnight. Proteins were 147 

eluted from the beads by boiling in SDS sample buffer. 148 

 149 

Cell culture and transfection. HEK293 cells (RRID:CVCL_0045) were cultured in Dulbecco’s 150 

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1mM sodium 151 

pyruvate, 2 mM L-glutamine, 50U/mL penicillin G sodium and 50 g/mL streptomycin sulfate 152 

(Invitrogen). PC12 cells (RRID: CVCL_0481) were cultured in DMEM supplemented with 15% 153 

FBS. Stable cell lines were maintained in media containing zeocin (50 g/mL). All cells were 154 

maintained at 37°C in an incubator containing 5% CO2. For transfection, cells were grown to 155 
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70% confluence in a 35 mm plate and transfected with 2 g plasmid DNA with 4uL of 156 

Lipofectamine 2000 Reagent (Invitrogen). To establish APP-inducible cell lines, BACE1-stable 157 

cell line 293B2 cells were co-transfected with pVgRXR and pIND-APPWt, pIND-APPrIta or 158 

pIND-APPSwe. Activation of the exogenous APP gene transcription in the transfected cells was 159 

dependent on the binding of a heterodimer of VgEcR and RXR receptors in the presence of a 160 

ligand such as the ecdysone analog ponasterone A (Invitrogen). The expression level of APP 161 

variants was controlled by the different dosages of ponasterone A treatment (Li et al., 2006).  162 

 163 

Primary neurons and virus transduction. E18 cortical neurons derived from pregnant rats 164 

were maintained in neurobasalmedium supplemented with B27 in poly-D-lysine coated plates. 165 

For each 35mm dish, 4ul of viruses expressing either human APPWt or human APPrIta at the titer 166 

of ~2X1012GC/ml were added to the culture on DIV 3. Half of the medium was replaced with 167 

fresh medium every three days. Chloroquine (CHL, from Sigma) (100μg/ml) or solvent control 168 

(H2O) was added to the neurons on DIV 9, and cells were harvested for immunoblot assay after 169 

overnight CHL treatment. 170 

 171 

Pharmacological treatments of cells. L-685,458 (Sigma), a potent -secretase inhibitor, was 172 

dissolved in DMSO and applied to cell culture medium at 1 M final concentration for 3h. 173 

Cycloheximide (CHX, from Sigma), an inhibitor for protein translation, was used at 100μg/ml 174 

for the indicated times to inhibit APP synthesis. Chloroquine (CHL, from Sigma) is a lysosomal 175 

degradation inhibitor. MG132 (from Millipore) is a potent, reversible, and cell-permeable 176 

proteasome inhibitor. To determine the effect of APP mutations on APP degradation, HEK293 177 

were treated with CHL at 100 M or MG132 at 10 M.  178 
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 179 

Aβ enzyme linked-immunosorbent assay (ELISA). Conditioned medium form cell culture was 180 

collected and protease inhibitors and AEBSF (Roche) were added to prevent Aβ degradation. 181 

The concentration of Aβ42 was detected using β-amyloid 1-42 Colorimetric ELISA kit 182 

(Invitrogen) according to manufacturer’s instructions. For enrichment of Aβ immobilized on the 183 

ELISA plate, 300μl of the total ~1ml conditioned medium was added to the plate. After 184 

incubation at room temperature for 3h, the medium was replaced by another 300μl of the same 185 

conditioned medium to repeat the 3h reaction. After all the medium was applied to the plate, 186 

secondary antibody was added. Conditioned media from PC12 cells without any overexpression 187 

were used as control to avoid Aβ contamination.   188 

 189 

Statistical Analysis. The numbers of replication for each experiment were at least three times as 190 

indicated in the figure legends. All results are expressed as mean ± SEM. Two-tailed Student’s t 191 

test was used to analyze the difference between two groups; and multiple comparison test was 192 

analyzed by ANOVA followed by post-hoc Newman-Keuls test unless otherwise specified in 193 

figure legends.  194 

 195 

196 
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Results 197 

APPrIta mutation shifted BACE1 cleavage site and increased A  production 198 

To investigate the effect of the Italian APP A673V mutation (hereafter referred as APPrIta) 199 

on APP processing, adeno-associated virus (AAV) carrying human APPWt and APPrIta were 200 

injected into neonatal mouse brains. After immunoprecipitation, APPrIta displayed clear C99 201 

overexpression but not C89, and APPWt apparently produced more C89 than C99 (Fig. 1A), 202 

suggesting that A673V mutation shifted the major BACE1 cleaving site in APP from the Glu11 203 

site to Asp1 site. A similar result was also reported previously (Kimura et al., 2016). 204 

 205 

To confirm the in vivo results in vitro and to further investigate the mechanism, we 206 

transfected APPWt, APPrIta or APPSwe into PC12 cells, a rat pheochromocytoma cell line 207 

expressing readily detectable endogenous BACE1. APP CTFs including the α-secretase product 208 

C83 and BACE1 products C89 and C99 were examined by Western blot with C20 antibody. 209 

APPrIta and APPSwe significantly increased C99 levels to 228.8%±6.9% and 209.1%±9.8% 210 

respectively, when compared to APPWt (p<0.001) (Fig. 1B). Additionally, APPrIta also exhibited 211 

much weaker C83, suggesting the reduction of α-cleavage of APP (Fig. 1B). To examine the 212 

effec of A673V mutation on A  production, APP variants were overexpressed in PC12 cells, and 213 

conditioned media were analyzed using A  ELISA assay. APPrIta and APPSwe increased the A 40 214 

levels to 12.8±0.2 and 56.4±0.5 folds, respectively (p<0.05) (Fig.1C), and enhanced A 42 levels 215 

to 2.96±0.09 and 6.73±0.10 folds, respectively (p<0.05) (Fig.1D). The data suggested that the 216 

A673V mutation enhanced APP processing at the Asp1 β-site cleavage and promoted subsequent 217 

Aβ generation as compared to APPWt.  218 

 219 
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Under physiological conditions, the majority of APP undergoes -secretase pathway with 220 

C83 (CTFα) being the predominant form of APP CTFs. Increasing BACE1 expression causes the 221 

majority of APP undergoing -secretase pathway, resulting in CTFβ (C89 and C99) being 222 

predominant forms of APP CTFs (Deng et al., 2013). C89 and C99 are generated by BACE1 223 

cleavage of  APP at two -secretase sites, Glu11(also known β’-site) and Asp1 (also known as β-224 

site) respectively and the Glu11 is the major -secretase site to processing wildtype APP under 225 

normal conditions (Deng et al., 2013). To specifically assess BACE1 cleavage of APPrIta, APP 226 

plasmids were transfected into a BACE1-stable cell line 293B2. Consistent with our previous 227 

report, the major CTFs in APPWt expressing cells was C89 derived by BACE1 cleavage at Glu11 228 

site (Fig. 1E). The Swedish mutation APPSwe (APP K670N/M671L) altered BACE1-cleavage site 229 

selection, resulting in the Asp1 site as the preferential β-secretase cleavage site and C99 as the 230 

major product (Fig. 1E). Similar to the Swedish mutation, the A673V mutation in APPrIta also 231 

shifted β-secretase cleavage site from the normally predominant Glu11 site to Asp1 site, leading to 232 

C99 as the predominant β-secretaseproduct (Fig. 1E). More strikingly, the A673V mutation was 233 

more potent than the Swedish mutation on shifting preferential β-secretasesite from the Glu11 to 234 

Asp1, resulting in even higher C99/C89 ratio, 7.51±0.17 fold for APP695rIta and 3.15±0.06 fold 235 

for APP695Swe (p<0.05) (Fig. 1E). These data unequivocally demonstrate that the 236 

A673Vmutation shifts the preferentialβ-secretasesite from the Glu11 to Asp1, and the effect on the 237 

β-secretase site selection is even stronger than the Swedish mutation.  238 

 239 

To confirm the enhanced C99 production from APPrIta by BACE1 was due to the higher 240 

cleavage efficiency at this site, but not the weak C89 and C83 production which may spare more 241 

full-length APPrIta for BACE1 to cleave at the Asp1 site, in vitro kinetics assay was performed by 242 
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recombinant BACE1 and an artificial substrate spanning from residue 639-681 (with Asp1 site 243 

between 671 and 672) (Fig. 1F).  As expected, the recombinant BACE1 did not cleave neither 244 

the wild type nor the rIta substrate at neutral pH. At pH4, which was an optimal pH for 245 

recombinant BACE1 activity, the rIta substrate showed much faster reduction than the wild type 246 

substrate, suggesting that the rIta mutant was a better substrate of BACE1. Therefore, this 247 

mutation in full-length APP may directly enhance BACE1 cleavage at the Asp1 site. However, it 248 

should be noted that we did not detect the cleaved products from these artificial substrates by 249 

using anti-GFP antibody. This could be because the cleaved fragments were not stable in vitro at 250 

lower pH, or, the fragments were further degraded by the recombinant BACE1 when they were 251 

mixed with BACE1 in the solution. The latter circumstance, if true, is unlikely to happen in cells 252 

because intracellular BACE1 is anchored at the membrane, and the N-terminal fragments of APP 253 

arefree in the lumen of organelles, and quickly secreted out of the cells, which is the reason why 254 

secreted APPβ is used as an indicator of β-cleavage.   255 

 256 

As BACE1 cleaves full length APP at Glu11 site within C99 region, it may also cleave 257 

C99 at the same site, which could alter the C99/C89 ratio. To examine whether such effect 258 

contribute to C99/C89 ratio in our cell-based system, several APP mutants were generated to 259 

abolish C99 (M671V (Vetrivel et al., 2011)) and/or C89 (Y681A) from APPWT, APPSwe and 260 

APPrIta. In APPWT (Fig. 1G), M671V did not reduce C89, and Y681A only slightly increased 261 

C99, which may be derived from full-length APP spared from Glu11 cleavage. Another APP 262 

mutation (E682V) inhibiting Glu11 cleavage displayed similar effect on CTF pattern (Vetrivel et 263 

al., 2011). For APPrIta and APPSwe (Fig. 1H), the Y681A mutation did not cause significant 264 

increase of C99, presumably because APPrIta and APPSwe (producing wild type C99) do not 265 
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produce much of C89 by BACE1, and there was not much of full-length APP being spared from 266 

Glu11 cleavage. Together, sequential cleavage of APP and C99 by BACE1 might happen, but it 267 

does not essentially alter C99/C89 ratio. Therefore, the C99/C89 ratio indicates the portions of an 268 

APP variant being cleaved at Asp1 site and at Glu11 site. The cleavage preference may reflect the 269 

energy barrier for BACE1 cleavage. The lower barrier, the faster cleavage and the more of CTF 270 

production; and inhibiting one of the two sites (Asp1 and Glu11) does not essentially alter the 271 

cleavage kinetics at the other one. 272 

 273 

To determine whether APPrIta expression levels affect β-cleavage site selection and Aβ 274 

generation, an inducible APP expression system (Li et al., 2006) was introduced to 293B2 cells 275 

to control APP expression at different levels. While the expression levels of APP variants are 276 

similar (p>0.05), APPrIta consistently displayed the highest C99/C89 ratio, 16.7±2.8 folds, 277 

compared to 3.2±0.2 folds of APPSwe relative to APPWT (Fig. 2A-C). These data indicated that the 278 

effect of A673V mutation on -cleavage shift from Glu11 to Asp1 was intrinsic and independent 279 

of the expression level of APP. Meanwhile, although APP levels followed a linear pattern upon 280 

the induction of expression, A 40 and A 42 levels reached plateau for all the APP variants  281 

(Fig. 2D, E). Consistent with the result in PC12 cells, A 40 and A 42 levels in APPrIta were 282 

significantly lower than APPSwe, but higher than APPWt, whether A  levels reached plateau or not 283 

(p<0.05). The data suggested the intrinsic nature of A673V mutation on A  generation. 284 

 285 

To investigate the mechanism underlying the altered β-cleavage site selection by the 286 

A673V mutation, we generated APP-ER retention plasmids by mutating APP C-terminal 287 

sequence QMQN to KKQN in APPWt, APPrIta and APPSwe plasmids. The KKXX-COOH motif 288 
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(where X refers to any amino acids) retains nascent APP in the ER in the default structure, 289 

excluding the influence from possible intracellular trafficking and further modification of these 290 

APP variants upon exit from the ER.  When expressed in 293B2 cells, both APPSwe-ER and 291 

APPrIta-ER generated a remarkable amount of C99, with 11.8±2.7 folds for APPSwe-ER and 4.0±0.9 292 

folds for APPrIta-ER compared to APPWt, whereas APPWt-ER produced trace amount, if any, of 293 

C99. C89 and C83 were hardly detected. (Fig. 2F). These results suggest that the nascent APPSwe 294 

and APPrIta are structurally more susceptible to β-cleavage at Asp1 site. Although it remains not 295 

clear at this stage whether later trafficking and modifications alter this susceptibility, the higher 296 

C99 generation from the nascent mutants in the ER may partly contribute to the higher total C99 297 

and Aβ production of APPrIta and APPSwe. 298 

 299 

Wildtype APP suppressed amyloidogenic processing of APPrIta 300 

In order to examine the β-cleavage under the APPWt/rIta heterozygous state, we co-301 

expressed non-tagged APPWt or APPrIta (APPWt-NT and APPrIta-NT) with APPWt-GFP or APPrIta-302 

GFP in 293B2 cells. Using this way, CTF-GFP from APP-GFP variants were easily separated 303 

with the CTF-NT from APP-NT variants, and the effects of one of the two variants on another 304 

could be unambiguously demonstrated. Surprisingly, APPrIta-GFP significantly increased 305 

C99/C89 ratios of APPWt-NT and APPrIta-NT. By contrast, APPWt-GFP overexpression only 306 

reduced C99/C89 ratio of APPrIta-NT but not that of APPWt-NT (Fig.3A-B).  APPWt-GFP also 307 

proportionally reduced C99 and C89 from APPWt-NT, which could be due to competition for 308 

BACE1 cleavage. A dosage course further demonstrated that APPWt-GFP gradually 309 

downregulated C99, and decreased C99 to C89 ratio of APPrIta-NT. In contrast, APPrIta-GFP 310 

increased both C99 and C99/C89 ratio of APPrIta-NT Fig. 3C).  311 
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 312 

The enhanced coIP between APPWt and APPrIta (Fig. 3D) suggested that APPWt was more 313 

likely to form oligomers with APPrIta than APPWt itself, and the APPWt/APPrIta hetero-314 

oligomerization may account for the altered BACE1 cleavage preference in APPrIta (Kaden et al., 315 

2008). Moreover, C99rIta also displayed stronger coIP with APPWt than C99Wt (Fig. 3E), 316 

implicating that A2V mutation in C99 promoted the oligomerization through the Aβ region, but 317 

not allosterically through the E1 or E2 dimerization domains of APP. 318 

 319 

Given that the APP dimers and C99 dimers inhibit γ-cleavage and Aβ production (Eggert 320 

et al., 2009) and  the production of Aβ was lower in APPrIta than APPSwe, despite of similar C99 321 

levels between the two mutants (Fig. B-E), we examined whether the γ-secretase cleavage of 322 

C99 was affected by this mutation. C99Wt (also produced from APPSwe) and C99A2V were 323 

expressed in HEK293 cells and the cells were treated with each of γ-secretase inhibitor (GSI) L-324 

685,458, lysosome inhibitor chloroquine (CHL) and proteasome inhibitor MG132 for 3 hours 325 

(Fig. 3F). In order to equalize C99Wt and C99rIta levels without inhibitor treatment, we 326 

transfected about 10 times more of C99rIta expression vector, which suggest that the catabolism 327 

of C99rIta was much stronger than that of C99Wt. Regarding γ-secretase inhibition, C99Wt level 328 

was increased by 183.6%±11.3% but C99rIta was only 53%±4.3%. By contrast, MG132 hugely 329 

increased C99rIta by ~25 folds and increased C99Wt by a much milder ~8 folds. Hence, as 330 

compared to C99Wt, C99rIta was more efficiently degraded by proteasome, and only a relatively 331 

small portion was cleaved by γ-secretase (Fig. 2D). Consistently, when the same amount of basal 332 

C99 proteins was expressed in HEK293 cells, Aβ40 secretion from C99rIta-expressing cells was 333 

only 36.0%±3.5% of that from C99Wt-expressing cells (p<0.05; Fig. 3G). Both changes of C99 334 
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level upon γ-secretase inhibition and Aβ production revealed a weaker γ-cleavage of C99rIta 335 

compared to C99Wt. The weaker γ-cleavage of C99A2V, which is at least partially due to potent 336 

proteasome degradation, is presumably the most important mechanism underlying the 337 

disproportional Aβ and C99 productions from APPrIta, as compared to APPSwe.  338 

 339 

APPrIta mutation directed mature APP to its lysosome-dependent degradation 340 

The maturation of APP is required for APP processing and Aβ generation (Perez et al., 341 

1999; Steinhilb et al., 2001). We found that APPrIta proteins displayed significantly less mature 342 

form (53%±5%) than APPWt (p<0.05) (Fig. 4Aand B). To examine whether the A673V mutation 343 

affected APP maturation, Pulse chase assay was performed for overexpressed APPWt and 344 

APPrItain HEK293 cells (Fig. 4C-D). The reduction of APPrIta did not show apparent difference 345 

from that of APPWt, suggesting that the A673V mutation did not affect the maturation or the ER 346 

exportation of the nascent immature APP.  347 

 348 

Next we examined whether the weak mature form of APPrIta was due tofaster degradation. 349 

HEK293 cells were transfected with APPWt or APPrIta and then treated with proteasome inhibitor 350 

MG132 or lysosome inhibitor chloroquine (CHL) (Fig, 4E). The mature forms of both APPWt 351 

and APPrIta were accumulated upon acute lysosomal inhibition by CHL but not the proteasomal 352 

inhibition by MG132 (Fig, 4E and F). Moreover, the accumulation of mature APPrIta was stronger 353 

than that of mature APPWt (1.31±0.09 folds for APPWt vs 3.38±0.28 folds for APPrIta) (Fig. 3F), 354 

indicating that mature APPrIta underwent faster lysosome-dependent degradation. The weaker 355 

mature APPrIta and the CHL-induced rescue of mature APPrIta were also observed in primary rat 356 

neurons transduced with viruses expressing APPWt or APPrIta(Fig.4G). While APPrIta arrested in 357 
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trans-Golgi network (APPrIta-TGN) displayed similar amount of mature form with APPWt-TGN,  358 

the mature form of APPrIta arrested at the plasma-membrane (APPrIta-PM) appeared to be much 359 

weaker compared to APPWt-PM (Fig. 4H and I). It is very likely that a significant amount of 360 

mature APPrIta is directly transported to the lysosome from the trans-Golgi network for 361 

degradation instead of being targeted to the plasma-membrane. 362 

 363 

Residue 673 of APP was critical for BACE1 cleavage of APP 364 

Our data had shown that the recessive Italian mutation A673V altered the preferential 365 

BACE1 cleavage site, resulting in higher C99/C89 ratio and promoting C99 production. 366 

Meanwhile a newly-identified missense mutation of alanine to threonine on the same residue 367 

(A673T) in the Icelandic population, in contrast, was protective against AD development 368 

(Jonsson et al., 2012), suggesting that the amino acid at position 673 of APP might be critical for 369 

BACE1 cleavage site selection for APP processing. To examine this issue, we generated 370 

additional APP expression plasmids carrying different missense mutations at 673rd amino acid 371 

position of APP770, with replacing the alanine at 673 site with negatively charged aspartic acid 372 

(D), positively charged arginine (R), hydrophobic leucine (L), hydrophobic and structurally rigid 373 

proline (P), hydrophilic glutamine (Q) or serine (S). It was worth mentioning that the serine (S) 374 

was selected for its similarity of alanine in the aspects of structure and hydrophilicity.  Similarly, 375 

we replaced the alanine at the 2nd amino acid position of C99 (position 673 in APP770) with 376 

aspartic acid (D), arginine (R), leucine (L), proline (P), glutamine (Q) or serine (S) to explore the 377 

effect of residue 673 in C99. Some of the amino acid substitutions altered migration rate of C99 378 

markers on SDS-PAGE, implying an SDS-resistant structural change (Fig. 5A). Substitution of 379 

the alanine at 673 with D, P, Q, R, or S almost abolished C99 generation (Fig. 5B). In APPA673L, 380 



 
APP A673 mutations and BACE1 cleavage on AD pathogenesis 

19 
 

BACE1 produced weak but clearly detectable C99A2L (A2 in C99 was A673 in APP770) (Fig. 381 

5B) that co-migrated with C99A2L marker (data not shown). Meanwhile, C89 (without the 382 

mutation site) from the APPA673L mutant was hugely decreased as compared to wild type and 383 

other artificial mutants, resulting in high C99A2L/C89 ratio (Fig. 5B), which was similar to 384 

A673V. L is the only residue structurally similar to V among the six substituting amino acids. 385 

Presumably short alkane side chains at the position 673 of APP suppress BACE1 cleavage of 386 

APP at the Glu11 site. Therefore, with the exception of the pathogenic A673V mutation that 387 

enhances C99 production, all other artificial mutations inhibited instead of enhancing BACE1 388 

cleavage at Asp1 site and suppressed C99 production.  389 

 390 

Next, we examined the β-cleavage of the Icelandic mutant A673T in 293B2 cells (Fig. 5C) and 391 

PC12 cells (Fig. 5D). Interestingly, this mutation only mildly reduced C99 and C99/C89 ratio in 392 

both cell lines and suppressed Aβ40 and Aβ42 secretion from PC12 cells by about ~60% and ~40%, 393 

respectively (Fig. 5D-F). Thus, APP amino acid at position 673 is critical for BACE1 cleavage 394 

and a single amino acid change at residue 673 can change BACE1 cleavage site preference to 395 

Asp1 or Glu11, resulting in either increasing or decreasing C99 and Aβ generation. 396 

 397 

 398 

399 
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Discussion 400 

The A673V mutation in APP gene is the only known recessive mutation causing AD.  401 

Both parental linkages of the proband were heterozygous carriers and the heterozygous family 402 

members did not show any AD symptoms by the age of 88. By contrast, the homozygous 403 

proband developed dementia symptoms by the age of 36 and died at 46, and his homozygous 404 

sister also showed mild cognitive impairment (Giaccone et al., 2010). All other FAD-associated 405 

mutations in APP are dominant and the majority result in increasing Aβ level. However, how the 406 

mutations affect APP processing leading to AD pathogenesis remains elusive. A recently 407 

identified APP mutation (A673T) was shown to be inversely correlated to AD incidence, which 408 

implicated a protective role of this mutation. Thus, different mutations on the same site could 409 

have opposite effects on AD occurrence due to its differential effect on APP processing. Under 410 

physiological condition, the wildtype APP protein is preferentially cleaved by BACE1 at the 411 

Glu11 -secretase site to generate C89 and truncated A . In this report, we clearly showed thatthe 412 

recessive Italian A673V mutation altered the -secretase cleavage site selection, resulting Asp1 413 

site as the preferential site for the mutant APPrItaprotein. By facilitating BACE1 cleavage at Asp1 414 

site, this A673V mutation produced more A  substrate C99. The effect on BACE1 cleavage site 415 

shifting by A673V mutation is even stronger than that by the Swedish mutation, resulting in 416 

much higher C99/C89 ratio. On the other hand, BACE1 cleavage at the Asp1 site was 417 

compromised by theprotective Icelandic A673T mutation. Therefore, the difference in β-cleavage 418 

is in perfect agreement with the opposite effects of these two mutants on AD pathogenesis.  It 419 

should be noted that the ratios of C99/C89 presented do not necessarily reflect the real relative 420 

amount of C99 to C89 generated by BACE1, because the catabolism of CTFs was not blocked. 421 

CTFs could be degraded or further processed by proteasome, lysosome, γ-secretase, α-secretases, 422 
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etc. If these catabolism pathways have a preference to one of C99 and C89 over the another, the 423 

ratio of C99/C89 can no longer indicate the BACE1 cleavage preference. Nonetheless, our 424 

conclusion that the A673V mutation enhances C99 and suppresses C89 productions is based on 425 

the comparison with the C99 and C89 from APPWt, and is therefore not affected by the 426 

preferential catabolism of different CTFs. 427 

 428 

The cleavages of BACE1 at the Asp1 and Glu11 sites in a certain APP variant are very 429 

likely independent of each other. This is evident concerning the fact that inhibition of C99 did 430 

not affect C89 and vice versa. Hence, the ratio of C99 to C89 is not necessarily a consequence of 431 

the “competition” of the two sites for BACE1 cleavage. It may rather reflect the relative energy 432 

barriers for BACE1 to cleave APP at the two sites that are pre-set for each APP variant. The 433 

higher energy barrier results in lower cleavage efficiency, and lower C99 or C89 generation.  434 

 435 

While the A673V mutation markedly increased C99 production and significantly 436 

suppressed C89, it was pathogenic only in homozygotes. By contrast, the APP mutation E682K 437 

having a similar effect as A673V but with milder C99 increase is autosomal-dominant (Zhou et 438 

al., 2011). The decreased pathogenic effect of A673V mutation might be due to the impaired 439 

processing of C99rIta into Aβ compared with C99Wt; the higher tendency of oligomerization 440 

suppressing β-cleavage of full-length APPrIta and γ-cleavage of C99rIta (Eggert et al., 2009); the 441 

faster degradation of mature APPrIta reducing the amount of APP as BACE1 substrate; or the 442 

hugely reduced C89 diminishing Aβ 11-x. Aβ 11-x were also suggested to be toxic Aβ species 443 

(Pike et al., 1995; Cai et al., 2001; Barritt and Viles, 2015). In the heterozygotes, the overall 444 

effect of all the above mechanisms caused by A673V mutation may suppress A  production; 445 
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however, both alleles at this site need to be mutated to increase A  production to trigger AD 446 

pathogenesis.  447 

 448 

Our data demonstrates that the amino acids adjacent to the Asp1 site is critical for 449 

directing BACE1’s preferential cleavage site selection. A single amino acid change at residue 450 

673 can affect β-cleavage of APP and γ-cleavage of C99. Valine substitution (recessive Italian 451 

mutation) enhances C99 production, whereas threonine (Icelandic mutation), aspartic acid, 452 

proline, glutamine, arginine, or serine substitution inhibits C99 generation. These data indicate 453 

that the position of APP 673 appears to serve as a “switch” governing the BACE1-mediated 454 

amyloidogenesis. The differential effects of the pathogenic Italian A673V mutation and the 455 

protective Icelandic A673T mutation on β-cleavage site selection further highlight the key roles 456 

of β-cleavage in AD pathogenesis. Given the importance of position 673 in controlling BACE1-457 

mediated amyloidogenesis, targeting this site to direct BACE1 cleavage away from Aβ-458 

generating Asp1 site without affecting other functions of BACE1 could be promising strategy for 459 

AD drug development.  460 

 461 

 462 

463 
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Figures 609 

 610 

Figure 1. Effects of APP A673V (rIta) mutation on APP processing and Aβ generation.(A) 611 
APPWt and APPrIta AAV were transduced into the brains of 3 neonatal mice and CTFs were 612 
analyzed after immunoprecipitation. PBS was injected into two mice as control. In the “control 613 
IP”, only lyis buffer, but not brain lysate was added to the C20 antibody immobilized on protein-614 
G beads. cDNAs coding for C99, C89 and C83 with a Methionine in the N-termini were cloned 615 
into pcDNA4, confirmed by DNA sequencing and expressed in HEK293 cells as CTF markers. 616 
(B) APP695WT, APP695rIta and APP695Swe plasmids were transfected into PC12 cells. APP and 617 
its CTFs were detected by C20 antibody. C99 levels in APP variants were normalized to that in 618 
APPWT. (C, D) Aβ40 and Aβ42 in the conditioned media of PC12 cells expressing APPWT,  619 
APPrIta and APPSwe were quantified by ELISA and expressed as pg/ml .(E) 293B2 were 620 
transfected with APP695Wt, APP695rIta or APP695Swe plasmids, and CTF markers and cell lysates 621 
were blotted for APP, BACE1 and CTFs. C99/C89 ratios in APP mutants were normalized to that 622 
of APPWt. (F) In vitro BACE1 cleavage kinetics. APP fragments spanning from 639 to 681 (β-623 
site between M671-D672) with or without the rIta mutation at A673 was inserted between GFP 624 
and FLAG-His tags, and expressed in bacteria. The recombinant proteins were purified with His 625 
tag beads. 0.35μg of recombinant proteins in 35μl buffered solutions were incubated at 37°C 626 
with or without 2.1μl recombinant BACE1 (R&D, 500μg/ml) at difference pHs for the indicated 627 
times. The Western blot bands by anti-FLAG antibody were quantified and plotted. (G). APPWt 628 
and APPWt carrying M671V (to inhibit Asp-1-cleavage) and/or Y681A (to inhibit Glu-11-629 
cleavage) mutations were expressed in 293B2 cell, and the whole cell lysates were blotted for 630 
CTFs, full-length APP and BACE1. (H) APPrIta with or without the Y681A mutation and 631 
APPSwe with or without the Y681 mutation were expressed in 293B2 cells and whole cell 632 
lysates were blotted for CTFs, APP and BACE1. For all statistic data, values represented 633 
mean±SEM, n=3 technical replicates, by one-way ANOVA with post-hoc Newman-Keuls tests. 634 
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 635 
 636 
 637 
 638 

 639 
 640 
Figure 2. The A673V mutation altered APP processing independently of expression level 641 
and enabled BACE1 to cleave nascent APP. To determine whether APPrIta expression levels 642 
affect β-cleavage site selection and Aβ generation, an inducible APP expression system (Li et al., 643 
2006) was introduced to 293B2 cells to control APP expression at different levels. (A) pIND-644 
APPWt, pIND- APPrIta and pIND-APPSwe were transfected into 293B2 cells. After ponasterone 645 
A treatment at different concentration, cell lysates were blotted for full-length APP, CTFs and 646 
BACE1. Full-length APPs (B), CTFs (C), Aβ40 (D) and Aβ42 (E) were quantified. (F)APPWt, 647 
APPSwe and APPrIta bearing the KKQN ER retention signal were expressed in 293B2 cells. C99s 648 
were quantified. For all statistic data, values represented mean±SEM, n=3 technical replicates, 649 
by one-way ANOVA with post-hoc Newman-Keuls tests. 650 

 651 

652 
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 653 
Figure 3. Enhanced dimerization suppressed C99 production from APPrIta and γ-cleavage 654 
of C99rIta. Non-tagged APPWt (APPWt-NT) (A) or APPrIta (APPrIta-NT) (B) were co-655 
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expressed with GFP, or APPWt-GFP, or APPrIta-GFP in 293B2 cells and the cell lysates were 656 
blotted for CTFs-NT, APPs and BACE1. The ratios of C99-NT/C89-NT were plotted. (C) 657 
APPrIta-NT (non-tagged APPrIta) plasmid was co-transfected into 293B2 cells with increasing 658 
amount of either APPWt-GFP or APPrIta-GFP plasmid. C20 antibody was used to detect APPs and 659 
CTFs derived from APrIta-NT, and 9E10 for BACE1. Protein bands for full-length APPWt/rIta-GFP 660 
and full-length APPrIta-NT were quantified, and the ratios of APPWt/rIta-GFP/APPrIta-NT were 661 
indicated. The ratios of C99rIta in APP-GFP expressing cells to C99rIta in cells without APP-GFP 662 
expression were plotted. The ratios of C99rIta/C89 over the APPWt/rIta-GFP dosage courses were 663 
plotted as well.  (D) Flag-APPWt plasmid and empty vector were transfected with APPWt-GFP or 664 
APPrIta-GFP. The immunoprecipitated Flag-APPWt by the FLAG-beads and the co-precipitated 665 
APP-GFPs were both detected with C20 antibody. (E) Flag-APPWt and empty vector were 666 
transfected with C99Wt or C99A2V. The immunoprecipitated FLAG-APPWt by the FLAG-beads 667 
and the co-precipitated C99s were detected with C20 antibody. (F) pcDNA4-C99WT or -668 
C99A2Vwith a signal peptide were co-transfected with pEGFP plasmid (as an internal control for 669 
transfection) into HEK293 and then treated with indicated catabolism inhibitors overnight. 670 
DMSO: control solvent; GSI: γ-secretase inhibitor L-685,458; CHL: lysosome inhibitor 671 
chloroquine; MG132: proteasome inhibitor. GFP was used for transfection efficiency control and 672 

-actin was used as for protein loading control. C99 level was quantified and compared between 673 
C99WT and C99A2V. (G) Conditioned medium was collected to determine the amount of A 40 in 674 
HEK293 with C99WT(WT) and C99A2V (A673V) overexpression. For all statistic data, values 675 
represented mean±SEM, n=3 technical replicates, by one-way ANOVA with post-hoc Newman-676 
Keuls tests. 677 
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Figure4. Lysosome-dependent degradation of mature APPA673V. (A) Plasmid pcDNA4-685 
APPWt, pcDNA4-APPrIta or pcDNA4-APPSwe were transfected into HEK293 cells. The nascent 686 
APP (imAPP) and modified APP (mAPP) in cell lysate were resolved on 8% glycine SDS-PAGE 687 
gel and detected by C20 antibody. (B) The ratios of mAPP/imAPP in (A) were quantified and 688 
normalized to that in APPWt. (C, D) APPWt-SNAP and APPrIta-SNAP were overexpressed in 689 
HEK293 cells and pulse-labeled. After indicated chasing time, cells lysate was blotted for  690 
pulse-labeled APP with streptoavidin (green) and total APP with C20 (red). The maturation rate 691 
(as indicated by the reduction of pulse-labeled immature APP) of APPWt and APPrIta were plotted 692 
after normalization with total APP. (E) pcDNA4-APPWt and pcDNA4-APPrItawere introduced 693 
into HEK293 cells and then treated with10μM MG132 or 100μM CHL for 45 minutes.  694 
(F) Mature APP protein levels were quantified. Values represented mean±SEM, n=3 technical 695 
repeats, by ANOVA with post-hoc Newman-Keuls test. (G) Viruses expressing human APPWt or 696 
APPrIta were tranduced into primary rat neurons on DIV 3, and neuronal cells with overnight 697 
treatment of CHL orsolvent H2O (Ctrl) were harvested for blotting of full-length APP on DIV 10. 698 
Ratios of mature APP to immature APP were plotted. (H) The SDYQRL trans-Golgi targeting 699 
motif (Wong and Hong, 1993) was fused to APPWt or APPrIta, and the fusion proteins were 700 
expressed in HEK293 cells, full-length APPs were blotted with C20 antibody, and the levels of 701 
mature APP variants after normalization with immature APP variants were plotted. (I) The NPTY 702 
internalization signal (Perez et al., 1999) was deleted from APPWt and APPrIta to retain them on 703 
the plasma-membrane (PM). The resulting APP variants with a FLAG tag fused to the N-termini 704 
after signal peptide removal were overexpressed in HEK293 cells. Full-length APPs were blotted 705 
with anti-FLAG antibody as the NPTY motif was within the epitope of C20 antibody. Levels of 706 
mature APP variants after normalization with immature APP variants were plotted. For (G)-(I), 707 
values represented mean±SEM, n=2 technical repeats, by two-way ANOVA with Newman-708 
Keuls tests. 709 
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 713 

Figure 5. Effects of amino acid substitution of A673 on β-cleavage. (A) C99 with the 714 
indicated mutations at position 2 (position 673 in full-length APP) displayed altered gel mobility 715 
on SDS-PAGE. (B) A673 in APP were substituted with V, D, L, P, Q, R or S, and mutants were 716 
expressed in 293B2 cells. C99 levels were quantified. (C) APPWt, APPIce were expressed in 717 
293B2 cells, and CTFs were quantified. (D) APPWt, APPIce were expressed in PC12 cells, and 718 
C99s and C89s were quantified. Secreted Aβ40 (E) and Aβ 42 (F) were measured by ELISA. 719 
Values represent mean±SEM, n=3 technical repeats, by one-way ANOVA with post-hoc 720 
Newman-Keuls tests. 721 
 722 












