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 49 

 50 

Abstract: 51 

The β-secretase called BACE1 is a membrane-associated protease that initiates the 52 

generation of amyloid β-protein (Aβ), a key event in Alzheimer’s disease (AD). 53 

However, the mechanism of intraneuronal regulation of BACE1 is poorly understood. 54 

Here, we present evidence that low-density lipoprotein receptor-related protein 1 55 

(LRP1), a multi-functional receptor, has a previously unrecognized function to regulate 56 

BACE1 in neurons. We show that deficiency of LRP1 exerts inhibitory effects on the 57 

protein expression and function of BACE1, whereas expression of LRP-L4, a functional 58 

LRP1 mini-receptor, specifically decreases BACE1 levels in both human embryonic 59 

kidney (HEK) 293 cells and rat primary neurons, leading to reduced Aβ production. Our 60 

subsequent analyses further demonstrate that i) both endogenous and exogenous 61 

BACE1 and LRP1 interact with each other and are co-localized in soma and neurites of 62 

primary neurons, ii) LRP1 reduces the protein stability and cell-surface expression of 63 

BACE1, and iii) LRP1 facilitates the shift in intracellular localization of BACE1 from 64 

early to late endosomes, thereby promoting lysosomal degradation. These findings 65 

establish that LRP1 specifically down-regulates BACE1 by modulating its intraneuronal 66 

trafficking and stability through protein interaction and highlight LRP1 as a potential 67 

therapeutic target in AD.  68 

 69 

 70 

Significance Statement: 71 

The β-secretase called BACE1 is a membrane-associated protease that initiates the 72 



  

4 
 

generation of amyloid β-protein, a key event in Alzheimer’s disease. However, the 73 

mechanism of inraneuronal regulation of BACE1 is poorly understood. We investigated 74 

this issue by focusing on the molecular relationship between BACE1 and low-density 75 

lipoprotein receptor-related protein 1 (LRP1), a multi-functional receptor. Our analyses 76 

revealed that LRP1 specifically down-regulates BACE1 protein expression in human 77 

embryonic kidney (HEK) 293 cells and rat primary neurons by facilitating its 78 

intracellular trafficking from early to late endosomes through protein interaction, 79 

thereby promoting lysosomal degradation. This study thus establishes that LRP1 plays a 80 

previously unrecognized role in negatively regulating BACE1 in neurons. 81 

82 
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 Abnormal accumulation of amyloid β-protein (Aβ) within specific brain regions is 83 

thought to play a primary role in the pathogenetic mechanism of Alzheimer’s disease 84 

(AD) (Hardy and Selkoe, 2002). Recent evidence also supports the view that soluble Aβ 85 

oligomers constitute initiator culprits of AD (Larson and Lesné, 2012). The β-secretase 86 

called β-site APP-cleaving enzyme 1 (BACE1) is a membrane-bound aspartyl protease 87 

that initiates the generation of Aβ by cleaving the amyloid precursor protein (APP) 88 

(Vassar et al., 1999). BACE1 is primarily expressed in neurons in the brain (Vassar, 89 

1999) and is possibly involved in AD pathology (Zhao et al., 2007; Vassar et al., 2014). 90 

Since BACE1 inhibition is highly effective in reducing Aβ production, BACE1 is an 91 

important therapeutic target in AD (Stockley and O’Neill, 2008; Vassar et al., 2014). 92 

BACE1 is known to be regulated at transcriptional, post-transcriptional, translational 93 

and post-translational levels (Rossner et al., 2006; Stockley and O’Neill, 2008; Sun et 94 

al., 2012), but the mechanisms underlying BACE1 regulation in neurons are only partly 95 

understood. Post-translational regulation appears critical, because BACE1 regulation 96 

occurs after the protein is matured and transported through neuronal processes. 97 

Low-density lipoprotein receptor-related protein 1 (LRP1) is a transmembrane 98 

receptor that belongs to the LDL receptor gene family (Cam and Bu, 2006; Lillis et al., 99 

2008; Zlokovic et al., 2010). LRP1 is a very large molecule (~600 kDa) that is cleaved 100 

by furin to generate a non-covalently associated heterodimer consisting of an α-chain 101 

(515 kDa) containing the ligand-binding domains, and a β-chain (85 kDa) containing 102 

the transmembrane domain and the cytoplasmic tail (Cam and Bu, 2006; Lillis et al., 103 

2008; Zlokovic et al., 2010). LRP1 is highly expressed in the brain and exerts multiple 104 

functions, including endocytosis of specific proteins. Many ligands for LRP1 exist, 105 

including apolipoprotein E and α2-macroglobulin, which are also risk factors for AD 106 
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(Ulery and Strickland, 2000; Cam and Bu, 2006; Lillis et al., 2008; Zlokovic et al., 107 

2010). LRP1 is known to act through scaffolding proteins such as Fe65 to play a role in 108 

the endocytosis of APP (Wagner and Pietrzik, 2012), and possibly serves as a substrate 109 

of BACE1 (von Arnim et al., 2005). Interestingly, the LRP1 intracellular domain has 110 

been reported to be important for targeting APP and BACE1 to lipid rafts (Yoon et al., 111 

2007), considered important sites for the generation and accumulation of Aβ (Vetrivel 112 

and Thinakaran 2010; Hicks et al., 2012). Thus, LRP1 may have a role in Aβ production, 113 

possibly through interaction with APP and/or BACE1; however, the exact relationship 114 

between LRP1 and BACE1 remains unclear. LRP1 is also known to play active roles in 115 

Aβ clearance such that it mediates brain-to-blood Aβ clearance at the blood-brain 116 

barrier (Cam and Bu, 2006; Lillis et al., 2008; Zlokovic et al., 2010; Kanekiyo and Bu, 117 

2014). In the current study, we focused on the molecular relationship between BACE1 118 

and LRP1, and discovered that LRP1 down-regulates BACE1 by modulating its 119 

intracellular trafficking and stability through protein interaction in neurons. 120 

 121 

Materials and Methods 122 

Cell culture 123 

 The mouse embryonic fibroblast lines, MEF-1 (LRP1-wild-type (WT)) and PEA-13 124 

(LRP1-knockout (KO)), obtained from American Type Culture Collection, and human 125 

embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagle 126 

Medium (DMEM) supplemented with 10% fetal bovine serum. HEK293 cells were 127 

cultured on collagen I-coated dishes or plates (Iwaki). Primary neuronal cultures were 128 

prepared from cerebral cortices of rat embryos at embryonic day 17, as described 129 

previously (Araki et al., 2000; Motoki et al., 2012). Cells were plated on poly-L-lysine–130 
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coated dishes or plates and maintained in Neurobasal medium containing B27 131 

supplements (Invitrogen).  132 

 133 

cDNA transfection and recombinant adenovirus infection 134 

 HEK293 cells on a 6-well plate were transfected with appropriate cDNAs using 135 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. The cDNA 136 

constructs used were BACE1 and BACE2 with a C-terminal rhodopsin (rho) tag  137 

(generous gifts from Dr. Michael Farzan) (Farzan et al., 2000), LRP-L4 (Takeda et al., 138 

2003) (Fig. 2A), myc-tagged dynamin K44A (a generous gift from Dr. Mark A. 139 

McNiven), and wild-type (WT) APP695 (Takeda et al., 2004). All cDNAs were 140 

subcloned into the pcDNA3.1 vector (Invitrogen). Recombinant adenoviruses 141 

expressing rho-tagged BACE1, WT APP, Swedish mutant APP695 (swAPP) (Motoki et 142 

al., 2012), LacZ (Araki et al., 2000), or LRP-L4 were prepared using an Adenovirus 143 

Dual Expression Vector Kit (Takara Bio) according to manufacturer’s instructions. Rat 144 

primary cultured neurons were infected with each recombinant adenovirus at a 145 

multiplicity of infection (moi) of 5 at 7-8 days in vitro.  146 

 147 

Antibodies 148 

 The antibodies used were as follows: anti-BACE1 (AB5832, Millipore; D10E5, Cell 149 

Signaling; MAB9311, R & D systems; and NBA (Murayama et al., 2005)); anti-LRP1 150 

1704 (Pietrizik et al., 2002); anti-APP R37 (Kametani et al., 1993); anti-rhodopsin tag 151 

1D4 (University of British Columbia) (Farzan et al., 2000; Murayama et al., 2005); 152 

anti-β-galactosidase (LacZ; MP Biomedicals); anti-β-actin (Sigma); anti-myc 153 

(Invitrogen); anti-HA (rabbit: MBL, goat: Abcam); anti-flotillin-1 (IBL); anti-EEA1 154 
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(rabbit: Affinity BioReagents, goat: Biorbyt); anti-γ1-adaptin (Santa Cruz); anti-β-COP 155 

(Thermo Scientific); anti-rab7a (rabbit: Millipore); anti-rab7 (mouse: Abcam); and 156 

anti-GM130 (BD Biosciences). 157 

 158 

Western blot analysis 159 

 Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease 160 

inhibitors. Western blotting of cell lysates was performed using a standard procedure as 161 

described previously (Murayama et al., 2006). Protein band densities were quantified 162 

using an image analyzer LAS-1000 (Fuji Film Co.).  163 

 164 

Co-immunoprecipitation  165 

Membrane proteins were extracted from HEK293 cells co-expressing BACE1 and 166 

LRP-L4 and immunoprecipitated with 1D4 antibody as described previously 167 

(Murayama et al., 2006). Immunoprecipitated proteins were analyzed by Western 168 

blotting with anti-LRP1 antibody. Anti-BACE1 (MAB9311) was used for 169 

immunoprecipitation in co-immunoprecipitation experiments of endogenous BACE1 170 

and LRP1. 171 

 172 

Aβ measurement 173 

 The amounts of Aβ40 in conditioned media were measured using sandwich 174 

enzyme-linked immunosorbent assay (ELISA) kits (Wako), as described previously 175 

(Motoki et al., 2012). 176 

 177 

Immunocytochemistry 178 



  

9 
 

 HEK293 cells or primary neurons cultured on cover slips were fixed with 4% 179 

paraformaldehyde in phosphate-buffered saline (PBS). Fixed cells were permeabilized 180 

and blocked with 0.3% Triton X-100 and 1% horse serum in PBS, and incubated with 181 

primary antibody for 1 h, followed by incubation with Alexa488-conjugated anti-mouse 182 

or anti-rabbit IgG secondary antibody (Molecular Probes) for 1 h. For double 183 

immunolabeling, cells were subsequently stained with a second primary antibody, 184 

followed by incubation with Alexa568-conjugated anti-goat or anti-mouse IgG, 185 

Cy5-conjugated anti-mouse IgG, or DyLight649-conjugated anti-rabbit IgG secondary 186 

antibody (Jackson Immuno-Research Laboratories), as appropriate. For triple 187 

immunofluorescence staining with antibodies against rhodopsin (1D4) and HA tags, and 188 

an antibody against organelle markers (EEA1, rab7a, β-COP, or γ1-adaptin), cells were 189 

first incubated with primary antibodies against the organelle marker followed by 190 

incubation with the appropriate secondary antibody, then with goat anti-HA followed by 191 

incubation with Alexa568-conjugated anti-goat IgG, and finally with 1D4 followed by 192 

incubation with Cy5-conjugated anti-mouse IgG. For triple immunostaining of neurons, 193 

goat anti-EEA1 and rabbit anti-HA antibodies were used. In some cases, CanGet Signal 194 

Immunostain Immunoreaction Enhancer Solution (Toyobo) was used to increase the 195 

sensitivity of the reaction with primary antibodies.  196 

For triple-immunofluorescence staining of neurons with antibodies against BACE1, 197 

LRP1 and organelle markers (EEA1, Rab7, GM130), cells were incubated with 198 

anti-LRP1 followed by incubation with Dylight649-conjugated anti-rabbit IgG, then 199 

with anti-BACE1 (D10E5) pre-labeled with Alexa568 by ZenonTM Rabbit IgG Labeling 200 

Kits (Molecular Probes), and finally with anti-EEA1, anti-Rab7, or anti-GM130 201 

followed by incubation with Alexa488-conjugated anti-goat or anti-mouse IgG. 202 
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 203 

Lipid raft isolation 204 

 Lipid rafts were isolated using sucrose density gradient ultracentrifugation, as 205 

described previously (Motoki et al., 2012). Generally, the lipid raft marker flotillin-1 206 

fractionated into fraction 4 of the 10 fractions collected. 207 

 208 

Cell-surface biotinylation 209 

 Cell surface biotinylation was performed using a Sulfo-NHS-LC-Biotinylation Kit 210 

(Pierce), essentially as described previously (Murayama et al., 2005).  211 

 212 

Cycloheximide chase experiments 213 

 Cells were plated on 6-well plates, incubated in the presence of cycloheximide (100 214 

μM) for up to 12 h, and analyzed by Western blotting, as described previously (Araki et 215 

al., 2006). In co-treatment experiments, cells were co-incubated with cycloheximide and 216 

chloroquine (50 μM).  217 

 218 

Statistics 219 

 All results are presented as means ± SEMs. Data were statistically analyzed using 220 

one-way analysis of variance (ANOVA) followed by a Tukey multiple comparison test 221 

or Student’s t-test with a significance threshold of p < 0.05. 222 

 223 

Results 224 

BACE1 protein expression is increased in LRP1-knockout cells 225 

We first compared the protein expression level of BACE1 in wild-type (WT) and 226 
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LRP1-knockout (KO) cells. Western blot analyses of cell lysates showed that the protein 227 

expression levels of endogenous BACE1 and APP in LRP1-KO cells were significantly 228 

higher than those in WT cells (Fig. 1A, B). The increase in APP level in LRP1-KO cells 229 

is consistent with a previous report (Liu et al., 2007). The specificity of anti-BACE1 230 

antibody (AB5832) was confirmed by comparison with another anti-BACE1 antibody 231 

(D10E5), as presented below (Fig. 3E). Additionally, sandwich ELISAs revealed that 232 

the amount of Aβ40 in conditioned media of LRP1-KO cells was higher than that in 233 

media conditioned by LRP1-WT cells (Fig. 1C). Overexpression of BACE1 or APP in 234 

LRP1-KO and LRP1-WT cells using recombinant adenoviruses resulted in much higher 235 

levels of BACE1 or APP in LRP1-KO than in LRP1-WT cells (Fig. 1D).  236 

It was previously reported that exogenously expressed intracellular domain of LRP1 237 

facilitates lipid raft targeting of BACE1 and APP (Yoon et al., 2007). We compared the 238 

lipid raft distribution of endogenous and overexpressed BACE1 and APP between 239 

LRP1-KO and LRP1-WT cells by sucrose density gradient fractionation. Although the 240 

levels of APP or BACE1 in raft (mainly fraction 4) and non-raft (fractions 7-10) 241 

fractions appeared relatively higher in LRP1-KO than LPR1-WT cells in the blots, there 242 

were no appreciable differences in the distribution pattern of endogenous (Fig. 1E) or 243 

exogenous BACE1 (Fig. 1F) or APP (Fig. 1G), as assessed by the relative level in each 244 

fraction of the total level, between the two cell types. These findings suggest that 245 

endogenous LRP1 does not affect lipid raft association of BACE1 or APP. Interestingly, 246 

consistent with an increased levels of Aβ40 in LRP1-KO cells, an analysis of APP 247 

C-terminal fragments (CTFs) indicated that β’-CTF, a metabolite derived from 248 

β-secretase processing of APP (Zhou et al., 2011; Motoki et al., 2012), predominated in 249 

LRP1-KO cells compared with α-CTF, a product of α-secretase processing of APP, 250 
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whereas α-CTF was more prominent than β’-CTF in LRP1-WT cells (Fig. 1D, G), 251 

implying that APP processing by BACE1 is promoted in LRP1-KO cells. These data 252 

suggest that the steady-state levels, but not lipid raft association, of BACE1 may be 253 

regulated by LRP1. 254 

 255 

LRP1 down-regulates BACE1 protein expression in HEK293 cells and primary 256 

neurons 257 

Having confirmed an essential role of endogenous LRP1 in regulating BACE1 levels, 258 

we next used LRP-L4, a functional LRP1 mini-receptor containing an N-terminal HA 259 

tag (Fig. 2A), to investigate whether exogenously expressed LRP1 can influence 260 

BACE1. Co-expression of BACE1 with the C-terminal rhodopsin (rho) tag and LRP-L4 261 

in HEK293 cells induced a remarkable decrease in the level of BACE1 protein 262 

compared with that in cells expressing BACE1 alone (Fig. 2B), an effect that was 263 

dependent on the expression level of LRP-L4 (Fig. 2C). By contrast, the levels of 264 

BACE2 and APP proteins were not affected by LRP-L4 (Fig. 2B), suggesting a specific 265 

effect of LRP-L4 on BACE1. Similarly, primary cultured neurons co-expressing 266 

rho-tagged BACE1 and LRP-L4 via recombinant adenoviruses showed reduced levels 267 

of BACE1 compared with neurons expressing BACE1 and LacZ. Again, this effect was 268 

found to be dependent on the expression level of LRP-L4, as indicated by a clear 269 

inverse relationship between the amount of LRP-L4 and BACE1 levels (Fig. 2D). These 270 

data suggest that LRP1 negatively regulates BACE1 protein expression in both HEK293 271 

cells and primary cultured neurons. 272 

Furthermore, primary cultured neurons co-expressing Swedish mutant APP (swAPP), 273 

BACE1 and LRP-L4 secreted lower amounts of Aβ40 than those co-expressing swAPP, 274 
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BACE1 and LacZ; this effect was attributable to the remarkable reduction in BACE1 275 

levels (Fig. 2E). In contrast, LRP-L4 and β-chain levels were comparable between 276 

neurons co-expressing BACE1 and swAPP and those expressing swAPP only. In 277 

addition, the levels of both cellular APP and secreted Aβ40 were unaltered in neurons 278 

co-expressing swAPP plus LRP-L4 compared with those expressing swAPP only (Fig. 279 

2E). These data suggest that LRP1 may inhibit Aβ production through down-regulation 280 

of BACE1 in primary cultured neurons. 281 

 282 

Physical interaction and co-localization of BACE1 and LRP1 283 

We next investigated the mechanism by which LRP-L4 down-regulates BACE1. We 284 

analyzed interactions between the two molecules by co-immunoprecipitation, using 285 

HEK293 cells transfected with BACE1 and LRP-L4 or LRP-L4 alone. These 286 

experiments revealed that LRP-L4 was co-immunoprecipitated with BACE1, suggesting 287 

that the BACE1 interacts with LRP-L4 (Fig. 3A). Notably, full-length LRP-L4 rather 288 

than the β-chain primarily immunoprecipitated with BACE1, implying that the 289 

N-terminal extracellular region of LRP-L4 is important for the interaction. 290 

We then performed immunocytochemical analyses to examine whether LRP-L4 291 

influences the intracellular localization of BACE1 in HEK293 cells and primary 292 

neurons. In these experiments, comparable levels of BACE1 were expressed in cells 293 

co-expressing BACE1 and LRP-L4 and those expressing BACE1 alone by adjusting the 294 

amounts of BACE1 cDNA or recombinant BACE1 adenoviruses used for transfection 295 

or transduction, respectively (Fig. 3C, Fig. 4A). BACE1 and LRP-L4 were visualized 296 

using antibodies to the rhodopsin tag (1D4) and hemagglutinin (HA) tag, respectively. 297 

Immunostaining for 1D4 revealed positive granular staining in the cytosol in 298 
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BACE1-expressing HEK293 cells. Interestingly, the size of 1D4-positive granules 299 

appeared to be larger in cells co-expressing BACE1 and LRP-L4 compared to those 300 

expressing BACE1 alone (Fig. 3B). Double-immunofluorescence staining with 301 

anti-1D4 and anti-HA antibodies revealed positive HA immunostaining in the cytosol 302 

and nuclear membrane, and showed that HA immunoreactivity partially overlapped with 303 

that of 1D4, indicating co-localization of BACE1 and LRP-L4 (Fig. 3B). The 304 

HA-immunostaining pattern was comparable between cells expressing BACE1 alone 305 

and those expressing BACE1 and LRP-L4. Similar findings were obtained with primary 306 

neurons expressing BACE1 and/or LRP-L4 as well. Immunostaining for 1D4 showed 307 

that immunopositive granules localized in perikarya and neuritic processes. 308 

Immunostaining for HA showed positive reticular immunoreactivity in perikarya and 309 

neurites. In neurons co-expressing BACE1 and LRP-L4, 1D4 and HA immunoreactive 310 

signals partially overlapped, indicating co-localization of BACE1 and LRP-L4 (Fig. 311 

3D). 312 

Furthermore, co-immunoprecipitation experiments showed that endogenous LRP1 313 

β-chain was co-precipitated with BACE1 by anti-BACE1 antibody, but not by negative 314 

control antibody (Fig. 3E), suggesting that endogenous BACE1 and LRP1 interact 315 

physically with each other. Since native LRP1 α-chain and β-chain are connected 316 

through non-covalent interaction, it is possible that BACE1 physically associated with 317 

such a native form of LRP1. Double immunofluorescence staining using 318 

Alexa568-labeled anti-BACE1 antibody also clearly showed that the 319 

immunoreactivities of endogenous BACE1 and LRP1 overlapped in soma and neurites, 320 

demonstrating their colocalization in these subcellular regions (Fig. 3F).  321 

 322 
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LRP-L4 decreases BACE1 stability and reduces the cell-surface expression of 323 

BACE1  324 

To gain a more in-depth understanding of the inhibitory effect of LRP-L4 on BACE1, 325 

we performed cell-surface biotinylation experiments in which biotinylated proteins were 326 

avidin-agarose precipitated and subjected to Western blotting. In this experiment, levels 327 

of BACE1 in cells expressing BACE1 only were comparable to those in cells 328 

expressing BACE1 plus LRP-L4. The level of mature, cell surface BACE1 in cells 329 

expressing BACE1 plus LRP-L4 was significantly lower than that in cells expressing 330 

BACE1 only (Fig. 4A). This finding suggests that LRP-L4 affects BACE1 protein 331 

levels at the plasma membrane, possibly by altering BACE1 intracellular trafficking. 332 

We surmised that LRP-L4 might affect the stability of BACE1 proteins, and 333 

therefore performed cycloheximide chase experiments. During the 12-h chase period, 334 

BACE1 levels were only slightly reduced in cells expressing BACE1 only, whereas the 335 

levels were markedly reduced (to ~60% of the control level) in cells expressing BACE1 336 

plus LRP-L4 (Fig. 4B). These data suggest that LRP-L4 decreases the stability of 337 

BACE1.   338 

To further examine whether BACE1 down-regulation by LRP-L4 is associated with 339 

endocytosis from the cell surface, we co-expressed mutant dynamin 2 (Dyn2 K44A), 340 

which inhibits endocytosis (McNiven et al., 2000), with BACE1 and LRP-L4. LRP-L4 341 

caused down-regulation of BACE1 even with endocytosis inhibited by expression of 342 

myc-tagged Dyn2 K44A (Fig. 4C). The protein level of BACE1 as well as that of 343 

LRP-L4, especially the β-chain, was higher in cells transfected with Dyn2 K44A than in 344 

cells without Dyn2 K44A, suggesting that inhibition of endocytosis results in the 345 

accumulation of both proteins. These data suggest that down-regulation of BACE1 346 
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caused by LRP-L4 may be independent of endocytosis.  347 

 348 

LRP1 facilitates BACE1 transport from early to late endosomes, promoting 349 

BACE1 lysosomal degradation 350 

We hypothesized that LRP-L4 may alter BACE1 subcellular localization to promote 351 

its degradation, and therefore investigated the subcellular location of BACE1 using 352 

HEK293 cells and primary neurons. To this end, we performed triple immunostaining 353 

with anti-HA, 1D4, and antibodies against early endosomal antigen 1 (EEA1), rab7a, 354 

β-COP or γ1-adaptin, markers of early endosomes, late endosomes, the Golgi apparatus, 355 

and the trans-Golgi network (TGN), respectively. In HEK293 cells co-expressing 356 

BACE1 and LRP-L4, 1D4 and HA immunoreactive signals partially overlapped with 357 

those of EEA1 and rab7a (Fig. 5A). In contrast, in HEK293 cells expressing only 358 

BACE1, 1D4 immunoreactivity clearly overlapped with that of EEA1, but only 359 

marginally with that of rab7a (Fig. 5A). We additionally observed only limited 360 

co-localization of 1D4 immunoreactive signals with those of β-COP or γ1-adaptin in 361 

both cells expressing only BACE1 and those expressing BACE1 and LRP-L4 (Fig. 5B). 362 

The finding that 1D4-positive granules in cells co-expressing BACE1 and LRP-L4 were 363 

larger than those in cells expressing only BACE1 seemed to reflect the different 364 

subcellular locations of BACE1 in these cells.  365 

Moreover, 1D4 and HA immunoreactivity co-localized with that of EEA1 and rab7a 366 

in both soma and neurites of primary neurons co-expressing BACE1 and LRP-L4, 367 

whereas 1D4 was substantially co-localized with EEA1, but not with rab7a, in neurons 368 

expressing BACE1 only (Fig. 5C). Co-localization of 1D4, HA, and β-COP or 369 

γ1-adaptin immunoreactive signals was marginal in neurons co-expressing BACE1 and 370 
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LRP-L4 as well as those expressing BACE1 only (Fig. 5D). The presence of EEA1 and 371 

rab7a immunoreactivity in neuronal processes is consistent with the notion that 372 

endosomal organelles are distributed throughout the soma, dendrites, and axons 373 

(Lasiecka and Winckler, 2011). These data suggest that LRP1 facilitates BACE1 sorting 374 

from early to late endosomes in both HEK293 cells and primary neurons.  375 

We reasoned that LRP-L4 promotes trafficking of BACE1 to lysosomes, where 376 

BACE1 degradation occurs. To clarify this point, we tested the effect of chloroquine, a 377 

lysosomotropic agent, in cycloheximide chase experiments, as described above. 378 

Treatment of HEK293 cells co-expressing BACE1 and LRP-L4 with cycloheximide 379 

plus chloroquine almost completely rescued the reduction in BACE1 levels in cells 380 

treated with cycloheximide only, suggesting that LRP-L4 likely destabilizes BACE1 381 

through increased lysosomal degradation (Fig. 5E). In addition, the reduced level of 382 

full-length LRP1 in cycloheximide-treated cells was only partially recovered by 383 

co-treatment with cycloheximide and chloroquine (Fig. 5E).  384 

Finally, we used triple immunofluorescence staining to analyze the subcellular 385 

localization of endogenous BACE1 and LRP1 in neurons. The results revealed that both 386 

endogenous BACE1 and LRP1 immmunoreactivities were clearly co-localized with 387 

EEA1 in soma and neurites and partially with rab7 mainly in soma (Fig. 6A, B). In 388 

contrast, only limited colocalization of endogenous BACE1, LRP1 and GM130 (a Golgi 389 

marker) was observed in soma (Fig. 6C). These data clearly suggest the association of 390 

endogenous BACE1 and LRP1 in endosomal compartments, particularly early 391 

endosomes, of neurons.  392 

 393 

Discussion 394 
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The mechanisms underlying the regulation of BACE1 in neurons have not yet been 395 

fully elucidated. It was recently shown that BACE1 is transported in axons and 396 

dendrites of neurons, where it likely functions to generate Aβ (Sannerud et al., 2011; 397 

Das et al., 2013; Deng et al., 2013; Buggia-Prévot et al., 2013; Ye and Cai, 2014). 398 

Therefore, it is critical to understand how BACE1 is regulated in axons and dendrites. 399 

BACE1 can be regulated post-translationally by modulation of intracellular trafficking 400 

and degradation (Zhi et al., 2011; Tan and Evin, 2012; Zhang and Song, 2013). It is 401 

known that BACE1 is recycled between endosomes and the TGN or the plasma 402 

membrane (Chia and Gleeson, 2011; Tan and Evin, 2012; Zhang and Song, 2013), and 403 

cleaves APP mainly in acidic endosomal compartments (Stockley and O’Neill, 2008; 404 

Chia and Gleeson, 2011; Tan and Evin, 2012; Zhang and Song, 2013; Vassar et al., 405 

2014). BACE1 degradation appears to occur predominantly through the lysosomal 406 

pathway, although the involvement of the proteasomal pathway has been reported (Qing 407 

et al., 2004; Koh et al., 2005; Tesco et al., 2007, Kandarepas et al., 2013). However, the 408 

mechanisms by which BACE1 is directed to degradation pathways are poorly 409 

understood. Here, we found that LRP1 negatively regulates BACE1 through 410 

protein-protein interactions and showed that this negative regulation is mediated by 411 

modulation of BACE1 intracellular trafficking and stability.  412 

Consistent with the finding that the expression level of BACE1 is increased in 413 

LRP1-KO cells relative to LRP1-WT cells, we observed that LRP-L4 exerts a specific 414 

suppressive effect on BACE1 in both HEK293 and primary neurons. Focusing on the 415 

mechanism of BACE1 down-regulation by LRP-L4, we established that the two 416 

proteins physically interact and co-localize, and found that LRP-L4 affects the stability 417 

of BACE1, possibly through their interaction. The inhibitory effect of LRP-L4 on 418 
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BACE1 expression may be independent of endocytosis. Notably, LRP-L4 influences the 419 

intracellular trafficking of BACE1; it decreases cell-surface expression of BACE1 and 420 

facilitates BACE1 transport from early to late endosomes, thereby promoting lysosomal 421 

degradation. Furthermore, we obtained evidence that endogenous BACE1 and LRP1 422 

interact with each other and are co-localized in endosomal compartments of neurons.  423 

On the basis of these data, we propose the following hypothetical model (Fig. 7): 424 

BACE1 and LRP1 interact with each other and traffic from the TGN to early 425 

endosomes; this trafficking may be independent of endocytosis. BACE1-LRP1 426 

complexes in early endosomes are preferentially sorted into late endosomes in both 427 

soma and neuronal processes of neurons. BACE1 is then degraded in lysosomes, and 428 

LRP1 may possibly be recycled back to the cell surface. Interestingly, it has been shown 429 

that RAP, one of the ligands of LRP1, is transported from early to late endosomes with 430 

LRP1 for lysosomal targeting and LRP1 is recycled back to the plasma membrane 431 

(Laatsch et al., 2012). LRP1 may thus mediate targeting of BACE1 and RAP to 432 

lysosomes by a similar trafficking mechanism. Although it is plausible that BACE1 is 433 

intimately associated with and regulated by LRP1 endogenously, additional evidence 434 

will be required to firmly establish this. Further research is also required to elucidate the 435 

molecular basis of the interaction between BACE1 and LRP1. 436 

It has previously been shown that GGA3, one of the GGA proteins involved in the 437 

transport of cargo proteins from the TGN to endosomes, plays a significant role in the 438 

sorting of BACE1 from endosomes to lysosomes (Tesco et al., 2007). However, it is not 439 

yet clear how GGA3 participates in BACE1 regulation in neurons, especially in 440 

dendrites and axons. Another recent study also reported that snapin, a dynein motor 441 

adaptor, mediates BACE1 retrograde trafficking to lysosomes for degradation (Ye and 442 
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Cai, 2014). Other factors also appear to be involved in BACE1 sorting in endocytic and 443 

recycling pathways, including sorting nexin 6, sorting nexin 12 and sortilin (He et al, 444 

2005; Wahle et al., 2005; Okada et al., 2010; Finan et al., 2011; Zhao et al., 2012). 445 

Further research is also needed to fully understand the mechanisms by which BACE1 446 

sorting to lysosomes is coordinately regulated by interacting proteins, including LRP1 447 

and GGA3, in neurons.  448 

LRP1 has previously indicated to be one of the substrates of BACE1 (von Arnim et 449 

al., 2005; von Einem et al., 2010). However, we observed that BACE1 overexpression 450 

affects neither LRP-L4 and β-chain levels nor the intracellular expression pattern of 451 

LRP-L4. Furthermore, recent searches for BACE1 substrates in neurons using a 452 

proteomic approach did not detect LRP1 (Kuhn et al., 2012; Zhou et al., 2012). 453 

Considering these discrepant findings, LRP1 may have relatively low affinity with 454 

BACE1 as a substrate under physiological conditions. 455 

  Whether LRP1 has a role in the negative regulation of BACE1 and Aβ production 456 

in vivo is an important issue to be clarified. A recent study by Dr. Bu and colleagues 457 

showed that LRP1 deletion in forebrain neurons increases insoluble Aβ levels as well as 458 

amyloid burden in the cortex of APP/PS1 mice (Kanekiyo et al., 2013). They indicated 459 

that a disturbance of LRP1-mediated neuronal Aβ uptake and clearance is responsible 460 

for the exacerbation of Aβ deposition in neuronal Lrp1-KO mice. However, their data 461 

appear to be consistent with the idea that neuronal LRP1 negatively regulates BACE1 462 

and Aβ production, insofar as the exacerbated Aβ deposition in Lrp1-KO mice may be 463 

due, at least in part, to increased neuronal Aβ production. A similar study, however, 464 

showed that lowering LRP1 levels in hippocampal neurons did not significantly alter 465 

Aβ levels and amyloid plaque numbers (Xu et al., 2012). In another study, transgenic 466 
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mice expressing an LRP1 minigene exhibited small increases in the levels of both 467 

soluble and insoluble Aβ in the cortex (Zerbinatti et al., 2004). The reason for these 468 

discordant data is currently unknown.  469 

Lipid rafts are thought to be involved in the generation and accumulation of Aβ 470 

(Vetrivel and Thinakaran 2010; Hicks et al., 2012). Previous studies have pointed to a 471 

possible significant role for exogenously expressed LRP1 C-terminal domain in the 472 

lipid raft targeting of APP as well as BACE1 (Yoon et al., 2007). However, our data 473 

using LRP1-KO cells do not support such a role for endogenous LRP1. A recent report 474 

has indicated that BACE1 cleavage of APP mainly occurs in non-raft fractions in 475 

primary neurons (Motoki et al., 2012). Whether BACE1 association with LRP1 occurs 476 

within or outside lipid rafts of endosomal compartments in neurons would be an 477 

interesting question for future research. 478 

There have been conflicting reports on the expression levels of LRP1 protein in AD 479 

brains. Kang et al. (2000) reported reduced LRP1 expression in AD samples compared 480 

to age-matched controls; however, other studies have reported increased or unchanged 481 

LRP1 expression (Qiu et al., 2001; Causevic et al., 2003; Donahue et al., 2006). 482 

Although there does not appear to be a clear correlation between LRP1 expression and 483 

AD pathology, LRP1 plays significant roles in processes that are directly associated 484 

with the pathological progression of AD. Importantly, LRP1 expressed in brain 485 

capillaries (endothelial cells and pericytes) plays a critical role in clearance of Aβ across 486 

the blood-brain barrier (Lillis et al., 2008; Zlokovic et al., 2010; Kanekiyo and Bu, 487 

2014). LRP1 expressed in other cell types (vascular smooth muscle cells, glial cells, and 488 

neurons) appears to mediate cellular Aβ clearance (Lillis et al., 2008; Kanekiyo and Bu, 489 

2014). LRP1 also mediates anti-apoptotic function in neurons (Fuentealba et al., 2009) 490 
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and has an essential role in synaptic function (May et al., 2004; Liu et al., 2010). 491 

Moreover, LRP1 is capable of influencing neuronal Aβ generation through BACE1 492 

down-regulation, as revealed in the current study. Thus, LRP1 has various beneficial 493 

functions that protect against AD pathology, including lowering Aβ levels in the brain. 494 

Thus, future research into LRP1 biology may aid in developing novel strategies to treat 495 

or prevent AD. For instance, any agent that is capable of up-regulating LRP1 in the 496 

brain may be of therapeutic value to AD. 497 
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 684 

Figure legends 685 

Fig. 1 BACE1 protein expression is increased in LRP1-KO cells relative to WT cells. 686 

(A) Cell lysates of LRP1-KO and WT cells were analyzed by Western blotting with 687 

antibodies against APP, BACE1, and LRP1. (B) Quantification of relative protein levels 688 

in (A). (n=3, *p < 0.05) 689 

(C) The amounts of Aβ40 in 24-h conditioned media from LRP1-KO and WT cells were 690 

measured by sandwich ELISA. (n=3, *p < 0.05) 691 

(D) LRP1-KO and WT cells infected with recombinant adenoviruses expressing LacZ, 692 
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WT APP or rho-tagged BACE1 were maintained for 2 days, and cell lysates were 693 

analyzed by Western blotting as above. APP CTFs were analyzed by 694 

immunoprecipitation-Western blot analysis with anti-APP antibody, as described 695 

previously (Motoki et al., 2012). Images from the same blots were merged in the left 696 

panel.  697 

(E-G) LRP1-KO and WT cells infected with recombinant adenoviruses expressing LacZ 698 

(E), BACE1 (F) or WT APP (G) were subjected to sucrose density gradient fractionation, 699 

as described in Materials and Methods. Each fraction was analyzed by Western blotting 700 

with antibodies against the rhodopsin tag (1D4), APP, BACE1, or flotillin-1. The level 701 

of BACE1 or APP in each fraction was quantified and expressed as a percentage of the 702 

total level in all fractions. For detection of APP CTFs in (G), each fraction was 703 

additionally analyzed by immunoprecipitation-Western blot analysis with an anti-APP 704 

antibody, and the levels of α-CTF and β’-CTF in each fraction were quantified as above. 705 

(n=3)  706 

 707 

Fig. 2 LRP-L4 down-regulates BACE1 in HEK293 cells and primary neurons. (A) 708 

LRP1 constructs. LRP-L4 is a functional LRP1 mini-receptor; an HA epitope was 709 

inserted into LRP-L4 after the signal peptide (SP) at the N-terminus. LRP1 is cleaved 710 

by furin to generate an N-terminal α-chain and a C-terminal β-chain. TM: 711 

transmembrane domain. 712 

(B) HEK293 cells were co-transfected with BACE1 and either LRP-L4 or empty vector. 713 

Similarly, cells were co-transfected with APP and LRP-L4 or BACE2 and LRP-L4. Cell 714 

lysates were analyzed by Western blotting with the indicated antibodies.  715 

(C) HEK293 cells were co-transfected with BACE1 and the indicated amounts of 716 
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LRP-L4 and/or empty vector. Cell lysates were analyzed by Western blotting with 1D4 717 

or anti-LRP1 antibody. Relative BACE1 levels were quantified and graphed.  718 

(D) Primary cultured neurons were infected with adenoviruses expressing BACE1 (5 719 

moi) plus those expressing the indicated amounts of recombinant LRP-L4 and/or LacZ, 720 

and cell lysates were analyzed by Western blotting after 2 days. The graph indicates 721 

relative mature BACE1 levels. m: mature; im: immature. 722 

(E) Primary neurons were co-infected with the indicated adenoviruses expressing 723 

swAPP, BACE1 and/or LRP-L4 (3 moi each), and maintained for 2 days. The total 724 

amount of adenovirus infected was equalized by addition of LacZ adenovirus. Cell 725 

lysates were analyzed by Western blotting as above. The graph indicates relative mature 726 

BACE1 levels. Aβ40 levels in 24 h-conditioned media were determined with sandwich 727 

ELISA. (C-E: n=3 *p < 0.05, **p < 0.01) 728 

 729 

Fig. 3 Physical association and co-localization of BACE1 and LRP-L4.  730 

(A) HEK293 cells were transfected with LRP-L4 and either BACE1 or empty vector. 731 

Protein extracts of membrane fractions were immunoprecipitated with 1D4 antibody, 732 

and the precipitated proteins were analyzed by Western blotting, as described in 733 

Materials and Methods. 734 

(B) HEK293 cells transfected with BACE1 plus LRP-L4, BACE1 only, or LRP-L4 only 735 

were analyzed by double-immunofluorescence staining with 1D4 (green) and anti-HA 736 

(magenta) antibodies. Overlapping 1D4 and HA immunoreactive signals were observed 737 

in cells co-expressing BACE1 and LRP-L4. Scale bar = 10 μm.  738 

(C) Primary neurons were infected with the indicated amounts of recombinant 739 

adenoviruses expressing BACE1, LRP-L4, and/or LacZ. Two days after infection, cell 740 
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lysates were analyzed by Western blotting with 1D4, anti-LRP1, or anti-β-galactosidase. 741 

Comparable BACE1 levels were observed in neurons infected with BACE1 742 

adenoviruses (2.5 moi) only and those infected with BACE1 (5 moi) and LRP-L4 (1.25 743 

moi) adenoviruses. 744 

(D) Primary neurons grown on cover slips were infected with BACE1 plus LacZ 745 

adenoviruses, BACE1 plus LRP-L4 adenoviruses, or LRP-L4 plus LacZ adenoviruses. 746 

Cells were analyzed as in (B). Neurons co-expressing BACE1 and LRP-L4 exhibited 747 

overlapping 1D4 and HA immunoreactive signals in soma and neurites. Scale bar = 20 748 

μm.  749 

(E) Protein extracts of membrane fractions of primary neurons were immunoprecipiated 750 

with anti-BACE1 (MAB9311) or 1D4 (negative control), followed by immunoblotting 751 

with anti-LRP1. The blots were reprobed with anti-BACE1 antibodies (AB5832 and 752 

D10E5). Images from the same blots were merged in this figure.  753 

(F) Primary neurons grown on cover slips were analyzed by double 754 

immunofluorescence staining with anti-LRP1 and Alexa568-labeled anti-BACE1. 755 

BACE1 and LRP1 immunoreactivities were clearly overlapped in both soma and 756 

neurites of neurons. Scale bar = 20 μm. 757 

 758 

Fig. 4 LRP1 decreases BACE1 stability and reduces the cell surface expression of 759 

BACE1. 760 

(A) HEK293 cells were transfected with the indicated amounts of BACE1 and either 761 

LRP-L4 or vector. Cell-surface biotinylation experiments were performed as described 762 

in Materials and Methods. Western blots of total cell lysates and avidin-agarose–763 

precipitated material are shown. Relative BACE1 levels were quantified and graphed.  764 



  

31 
 

(B) HEK293 cells transfected with BACE1 plus LRP-L4 or vector as in (A) were 765 

subjected to cycloheximide chase experiments, as described in Materials and Methods. 766 

After incubation with cycloheximide (CHX) for the indicated times, cells were lysed 767 

and analyzed by Western blotting. Relative BACE1 levels at 0 and 12 h were quantified 768 

and graphed. (A, B: n=3, *p < 0.05, **p < 0.01) 769 

(C) HEK293 cells were co-transfected with BACE1, LRP-L4, and/or Dyn2 K44A as 770 

indicated. The total amount of DNA was equalized by the addition of vector. Cell 771 

lysates were analyzed by Western blotting with appropriate antibodies. Relative BACE1 772 

levels in blots were quantified and graphed. (n=3, *p < 0.05, **p < 0.01) 773 

 774 

Fig. 5 LRP1 induces a shift in the subcellular localization of BACE1 from early to 775 

late endosomes in both HEK293 and primary neurons, likely promoting lysosomal 776 

degradation. 777 

(A) HEK293 cells transfected with BACE1 plus LRP-L4 (B+L) or BACE1 only (B 778 

only) were analyzed by triple-immunofluorescence staining with anti-EEA1/anti-rab7a 779 

(green), anti-HA (red) and 1D4 (blue) antibodies, or double-immunofluorescence 780 

staining with anti-EEA1/anti-rab7a (green) and 1D4 (red) antibodies. Note that 781 

co-localization of HA, 1D4, and EEA1/rab7a immunoreactive signals was observed in 782 

cells expressing BACE1 and LRP-L4, whereas co-localization of signals for 1D4 and 783 

EEA1, but not rab7a, was observed in cells expressing BACE1 only. Scale bar = 20 μm. 784 

(B) HEK293 cells transfected with BACE1 plus LRP-L4 or BACE1 only were analyzed 785 

by triple-immunofluorescence staining with anti-β-COP/anti-γ1-adaptin (green), 786 

anti-HA (red) and 1D4 (blue) antibodies, or double-immunofluorescence staining with 787 

anti-β-COP/anti-γ1-adaptin (green) and 1D4 (red) antibodies, as in (A). 788 
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(C) Primary neurons grown on cover slips were infected with BACE1 plus LRP-L4 789 

adenoviruses or BACE1 plus LacZ adenoviruses. Cells were analyzed as in (A), except 790 

that goat anti-EEA1 and rabbit anti-HA antibodies were used. Neurons co-expressing 791 

BACE1 and LRP-L4 exhibited overlapping 1D4, HA and EEA1/rab7a immunoreactive 792 

signals in soma and neurites, whereas neurons expressing only BACE1 exhibiting 793 

overlapping signals of 1D4 and EEA1, but not rab7a. Scale bar = 20 μm.   794 

(D) Primary neurons infected with BACE1 plus LRP-L4 adenoviruses or BACE1 plus 795 

LacZ adenoviruses were analyzed by triple- or double-immunofluorescence analysis 796 

performed with anti-β-COP/anti-γ1-adaptin, anti-HA and 1D4 antibodies, as in (B). 797 

Scale bar = 20 μm. 798 

(E) HEK293 cells transfected with BACE1 plus LRP-L4 were subjected to 799 

cycloheximide chase experiments, in which cells were co-incubated with or without 800 

chloroquine (CQ) (50 μM). After 12 h, cells were lysed and analyzed by Western 801 

blotting. Relative levels of BACE1 and LRP-L4 were quantified and graphed. (n=3, *p 802 

< 0.05) 803 

 804 

Fig. 6 Subcellular localization of endogenous BACE1 and LRP1 in neurons. (A) 805 

Primary neurons grown on cover slips were analyzed by triple immunofluorescence 806 

staining with anti-BACE1 (red), anti-LRP1 (blue), and anti-EEA1 (green), as described 807 

in Materials and Methods. Overlapping immunoreactivities were significantly observed 808 

in both soma and neurites of neurons.  809 

(B) Triple immunofluorescence staining with anti-BACE1, anti-LRP1, and anti-rab7 810 

exhibited overlapping immunoreactivities mainly in soma of neurons.  811 

(C) Triple immunofluorescence staining with anti-BACE1, anti-LRP1, and anti-GM130 812 
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displayed only limited overlapping immunoreactivities in soma of neurons. 813 

Scale bar = 20 μm. 814 

 815 

Fig. 7 Hypothetical model. In neurons, BACE1 is recycled through the TGN, the 816 

plasma membrane and early endosomes, maintaining relative stable BACE1 levels. 817 

LRP1 complexes with BACE1 and facilitates the transit of BACE1 from early to late 818 

endosomes, promoting lysosomal targeting and degradation of BACE1. BACE1-LRP1 819 

complexes may be sorted directly from the TGN to early endosomes. LRP1 may 820 

possibly be recycled back from late endosomes to the plasma membrane, as in the case 821 

of RAP-LRP1 complexes (Laatsch et al., 2012).  822 

 823 

 824 
















