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Understanding of trafficking, processing, and degradation 
mechanisms of amyloid precursor protein (APP) is important 
because APP can be processed to produce -amyloid (A), a 
key pathogenic molecule in Alzheimer’s disease (AD). Here, 
we found that APP contains KFERQ motif at its C-terminus, a 
consensus sequence for chaperone-mediated autophagy (CMA) 
or microautophagy which are another types of autophagy for 
degradation of pathogenic molecules in neurodegenerative 
diseases. Deletion of KFERQ in APP increased C-terminal frag-
ments (CTFs) and secreted N-terminal fragments of APP and 
kept it away from lysosomes. KFERQ deletion did not abolish 
the interaction of APP or its cleaved products with heat shock 
cognate protein 70 (Hsc70), a protein necessary for CMA or 
microautophagy. These findings suggest that KFERQ motif is 
important for normal processing and degradation of APP to pre-
clude the accumulation of APP-CTFs although it may not be im-
portant for CMA or microautophagy. [BMB Reports 2016; 
49(6): 337-342]

INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative 
disease characterized by widespread loss of neurons and syn-
apses, and a progressive loss of memory. Extracellular accumu-
lation of amyloid- (A) in senile plaques is a key pathological 
finding in AD and is regarded as the primary causative factor 
of neurodegeneration (1, 2). A is derived from amyloid pre-
cursor protein (APP) via intracellular proteolytic processing. 
APP is a type I integral membrane protein processed by -, - 
and -secretases. Cleavage of APP by -secretase produces a 
soluble form of APP (sAPP) and a membrane-bound amyloi-

dogenic 99 amino acid -C-terminal fragment (CTF), which is 
then sequentially cleaved by -secretase to produce a 4 kDa 
A fragment and a 57-59 amino acid APP intracellular domain 
(AICD). By contrast, -secretase cleaves APP within the A re-
gion to produce sAPP and a non-amyloidogenic 83 amino 
acid -C-terminal fragment (CTF); this processing precludes 
A production (3, 4). In addition to A toxicity (3), other APP 
fragments such as APP-CTF and AICD also induce neuro-
toxicity (5-7). Hence, a precise understanding of APP process-
ing is important.

Autophagy is a process whereby, cellular constituents are 
degraded and recycled via lysosomes. There are three major 
types of autophagy, namely; macroautophagy, microautophagy 
and chaperone-mediated autophagy (CMA). Macroautophagy 
is the best understood process. Here, substrates are seques-
tered into characteristic double-membraned vesicles, known as 
autophagosomes, then delivered to lysosomes for degradation 
(8). Microautophagy sequesters cytoplasmic material into lyso-
somes by direct membrane invagination of lysosomes or late 
endosomes (9-11). CMA is another type of lysosomal degrada-
tion whereby, substrate proteins are translocated into the lyso-
some by lysosome-associated membrane protein-2 (LAMP2) 
(12, 13).

Macroautophagy degrades various key pathogenic proteins 
in neurodegenerative diseases. These proteins include tau, A, 
APP, -synuclein and huntingtin (14-19). CMA also degrades 
pathogenic proteins including tau, -synuclein and huntingtin 
(20-22). Microautophagy degrades cytosolic proteins by deliv-
ering them to late endosomes and it is also known to degrade 
pathogenic proteins (10, 11, 23); hence, all of these autopha-
gic processes are involved in various neurodegenerative dis-
eases (24).

Although, many pathogenic proteins including tau, -synu-
clein and huntingtin are degraded by CMA (20-22), whether 
APP, or its cleaved products, such as CTFs or AICD, are sub-
strates for CMA or microautophagy remains unknown. Hence, 
we investigated this issue and found that APP contains a 
KFERQ motif in its cytosolic C-terminus, and that this motif is 
important for APP processing.
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Fig. 2. KFERQ-APP exhibits less lyso-
somal colocalization than wild-type 
APP. SH-SY5Y cells were transfected 
with WT-APP-HA or KFERQ-APP-HA, 
and stained with antibodies against HA 
(green) and lysosome-associated mem-
brane protein-2 (LAMP2, red). KFERQ- 
APP shows less colocalization with ly-
sosomes than WT-APP. Arrow head in-
dicates the colocalization of WT-APP 
with LAMP2. Scale bar, 10 m.

Fig. 1. KFERQ-deleted APP increases C-terminal fragment expression and APP secretion. (A) Schematic diagram of amyloid precursor pro-
tein (APP) depicting the endocytosis motif and KFERQ motif at the intracellular C-terminus. (B) Schematic diagram of wild-type APP and 
KFERQ-APP constructs used in the experiments herein. (C) SH-SY5Y cells were transfected with wild-type APP (WT-APP)-HA or KFERQ- 
APP-HA tagged with HA. Western blots for HA using cell lysates show that KFERQ-APP increased APP C-terminal fragment (CTF) protein 
amount. (D) SH-SY5Y cells were transfected with WT-APP-HA or KFERQ-APP-HA and culture media was collected. Western blots for se-
creted APP show that KFERQ-APP increased sAPP and sAPP secretion. -actin was from cell lysates. Each data represent the mean ±
S.E. from three independent experiments. *P ＜ 0.05, **P ＜ 0.01, ***P ＜ 0.001.

RESULTS

The KFERQ motif is important for APP processing
We first searched for KFERQ motifs (13) in the APP sequence 
and identified one in the cytosolic C-terminus (Fig. 1A). Then, 
we generated a KFERQ-deletion construct (Fig. 1B) and ex-
pressed it in SH-SY5Y neuronal cells to investigate expression 
and processing profiles and to validate Hsc70 binding. Interes-
tingly, western blots from cell lysates showed that deletion of 
KFERQ increased CTF expression but had little effect on the ex-

pression of full-length APP (Fig. 1C). Western blots from culture 
media also showed that KFERQ deletion increased the secre-
tion of sAPP and sAPP, the secreted forms of APP (Fig. 1D).

The KFERQ motif is important for targeting APP to lysosomes
SH-SY5Y neuronal cells were transfected with wild-type APP 
and KFERQ-APP, then fixed and immunostained for LAMP2. 
Wild-type APP was well colocalized with LAMP2, a lysosomal 
marker (Fig. 2, arrowheads); however, KFERQ-APP was not 
colocalized with LAMP2, indicating that the KFERQ motif is 
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Fig. 3. The KFERQ motif is not necessary for the binding of Hsc70 to APP. (A) SH-SY5Y cells were transfected with WT-APP-HA or 
KFERQ-APP-HA. Immuno-precipitation with an anti-HA antibody shows that heat shock cognate protein-70 (Hsc70) remains bound to 
KFERQ-APP. (B) SH-SY5Y cells were transfected with wild-type APP intracellular domain (WT-AICD)-HA or KFERQ-AICD-HA. Immuno-
precipitation with an anti-HA antibody shows that heat shock cognate protein-70 (Hsc70) remains bound to KFERQ-AICD. (C) SH-SY5Y 
cells were transfected with wild-type -C-terminal fragment (WT-CTF)-HA or KFERQ-CTF-HA. Immunoprecipitation with an anti-HA anti-
body shows that Hsc70 remains bound to KFERQ-CTF. (D) SH-SY5Y cells were transfected with wild-type -C-terminal fragment 
(CTF)-HA and KFERQ-CTF-HA. Immuno-precipitation with an anti-HA antibody shows that Hsc70 remains bound to KFERQ-CTF. Each 
data represent the mean ± S.E. from three independent experiments. *P ＜ 0.05, **P ＜ 0.01.

Fig. 4. Tau phosphorylation is increased by KFERQ-APP. (A) SH-SY5Y cells were transfected with WT-APP-HA or KFERQ-APP-HA. Western 
blots with an anti-Tau-pS396 antibody shows that phosphorylated tau is increased in KFERQ-APP-expressing cells. (B) SH-SY5Y cells were 
transfected with WT-AICD-HA or KFERQ-AICD-HA. Western blots with an anti-Tau-pS396 antibody shows that phosphorylated tau is increased
in KFERQ-AICD-expressing cells. (C) SH-SY5Y cells were transfected with WT-CTF-HA or KFERQ-CTF-HA. Western blots with an an-
ti-Tau-pS396 antibody shows that phosphorylated tau is increased in KFERQ-CTF-expressing cells. (D) SH-SY5Y cells were transfected with
WT-CTF-HA and KFERQ-CTF-HA. Western blots with an anti-Tau-pS396 antibody shows that phosphorylated tau is increased in KFERQ- 
CTF-expressing cells. Each data represent the mean ± S.E. from three independent experiments. *P ＜ 0.05, **P ＜ 0.01.

required for lysosomal targeting of APP.

The KFERQ motif increases Hsc70 binding
Since Hsc70 binding to its substrate proteins via the KFERQ 
motif is necessary for both CMA and microautophagy, we in-
vestigated Hsc70 binding to wild-type APP and KFERQ-APP. 
SH-SY5Y neuronal cells were transfected with wild-type APP 
and KFERQ-APP, and immunoprecipitation was performed. 
Deletion of KFERQ did not abolish Hsc70 binding, rather in-
creased it (Fig. 3A). Since, APP cleavage products, such as the 

APP-CTFs or AICD, could be substrates for CMA or micro-
autophagy, we further generated constructs expressing CTF, 
CTF, and AICD and performed a similar experiment to the 
one above. Notably, CTFs and AICD bound Hsc70 (Fig. 3B, C 
and D). Deletion of the KFERQ motif in CTFs and AICD did 
not abolish binding of Hsc70, rather increased it.

Phosphorylated tau is increased in cells expressing 
KFERQ-deleted APP
Since KFERQ deletion increased APP-CTFs (Fig. 1 and 3) and 
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we wondered whether it could have potential effects on AD 
pathologies, we checked phosphorylation level of tau. Wes-
tern blots showed that deletion of KFERQ in APP, CTFs and 
AICD increased the phosphorylated tau at Ser396 (Fig. 4).

DISCUSSION

In the present study, we found that APP contains a KFERQ mo-
tif, typically associated with CMA and microautophagy. Dele-
tion of this motif increased CTF levels and sAPP / secretion, 
suggesting that this sequence is important for the regulation of 
APP processing.

Although, many neurodegenerative disease-associated patho-
genic proteins, such as tau, -synuclein and huntingtin, are de-
graded by CMA (20-22), whether APP, another important 
pathogenic protein, or its cleaved products, such as CTFs or 
AICD, are a substrate for CMA or microautophagy has not pre-
viously been addressed. We found here that, APP contains a 
KFERQ motif in its C-terminus (Fig. 1), raising the possibilities 
that APP or its cleaved products could be substrates for CMA or 
microautophagy. Soluble cytosolic proteins are substrates for 
CMA (13), so AICD, which is generated from APP after -site 
cleavage, is freely exposed to the cytosol and could therefore 
be a potential CMA substrate. Since, organelles can be en-
gulfed by direct invagination during microautophagy (9, 10), 
APP or CTFs could be potential substrates for microautophagy 
because of the presence of the KFERQ motif in the cytosolic 
domain.

Interestingly, deletion of KFERQ motif in APP increased CTF 
levels and sAPP/ secretion (Fig. 2), but did not alter the level 
of full-length APP. This finding suggests that, trafficking and 
maturation of APP is normal even in the absence of KFERQ se-
quence at its C-terminus. After APP is endocytosed, APP is nor-
mally sorted and processed to secretase associated cleavage 
pathway or to degradation pathway. However, KFERQ dele-
tion impairs its sorting and processing to degradation pathway 
and increased /-secretase cleavage, resulting in the in-
creased sAPP/ secretion and CTF generation, which is more 
supported by findings that lysosomes are not colocalized with 
APP in the absence of KFERQ motif (Fig. 2). It was reported 
that, APP-CTFs increase neurotoxicity and tau phosphorylation 
by glycogen synthase kinase-3 (7). Increased APP-CTFs by 
KFERQ deletion enhances tau phosphorylation (Fig. 4), sug-
gesting that regulation of normal level of APP-CTF by KFERQ 
motif is important for the maintenance of adequate level of tau 
phosphorylation, which impairment could contribute to AD 
pathogenesis.

Substrate proteins of both CMA and microautophagy contain 
a KFERQ motif that is recognized and bound by heat shock 
cognate protein-70 (Hsc70). This is necessary for further target-
ing to lysosomes and late endosomes (9-13). However, we did 
not detect loss of Hsc70 binding to KFERQ-deleted APP, CTFs 
or AICD (Fig. 3), suggesting that these APP may not be sub-
strates for CMA or microautophagy. APP-CTF is degraded by 

macroautophagy through interactions with LC3 via adaptor 
protein 2 (AP2) (15). This interaction is mediated through the 
AP2 recognition signal sequence, Yxx, which is YKFF in 
APP, as part of the KFERQ sequence. They also showed that 
phosphatidylinositol-binding clathrin assembly lymphoid mye-
loid leukemia protein (PICALM), a risk factor for AD identified 
in a genome-wide association study (25), was recruited to au-
tophagosomes with AP2 and APP-CTF (15). This finding may 
also explain our observation that KFERQ deletion increased 
APP-CTF levels and impaired lysosomal targeting of APP (Fig. 
1 and 2), because KFERQ deletion would likely abolish the in-
teraction with AP2, resulting in impaired targeting to autopha-
go-lysosomes.

Our findings reveal that, KFERQ motif in the C-terminus of 
APP is important for APP processing and degradation although 
it is less important for the typical CMA or microautophagy. 
Future studies will be necessary about whether any putative 
binding partners for KFERQ motif such as AP2 complex works 
in APP processing and how its impairments could affect AD 
pathogenesis.

MATERIALS AND METHODS

Plasmid constructs and antibodies
The wild-type human APP 695 construct and pcDNA5-FRT/ 
TO-HA were kindly provided by Dr. SW Kang. The KFERQ-de-
ficient mutant APP derivative (APPKFERQ) was cloned by PCR 
from wild-type human APP and subcloned into pcDNA5- 
FRT/TO-HA. As CTF, KFERQ-deficient CTF (CTFKFERQ), 
CTF, KFERQ-deficient CTF (CTFKFERQ) are secreted pro-
teins, the APP signal sequence was added to the N-terminus of 
CTF, CTFKFERQ, CTF and CTFKFERQ. AICD and KFERQ- 
deficient AICD (AICDKFERQ) were also cloned by PCR amplifi-
cation and inserted into pcDNA5-FRT/TO-HA. HA tags were 
introduced by subcloning into pcDNA5-FRT/TO-HA. All con-
structs were verified by DNA sequencing (CosmoGenetech, 
South Korea). All APP constructs were detected by western 
blotting and immunochemistry with rat anti-HA (Roche, 
Switzerland).

Cell culture analysis
SH-SY5Y cells were maintained in DMEM (Thermo, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Thermo, USA) 
and incubated in 5% CO2 at 37oC as previously described 
(26). All experiments involving transient transfection were per-
formed using Lipofectamine 2000 (Invitrogen, USA), according 
to the manufacturer’s instructions. For expression of APP con-
structs, cells were transiently transfected with APP or KFERQ- 
deleted APP constructs. Transfected cells were incubated with 
antibiotic-free DMEM media for 4 hours and then the media 
was changed to DMEM supplemented with FBS. After 24 
hours, cells were analyzed by western blotting, immunoche-
mistry or co-immunoprecipitation.
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Co-immunoprecipitation and western blotting
For co-immunoprecipitation, SH-SY5Y cells transiently ex-
pressing various APP constructs (wild type, WT-APPKFERQ, 
CTF, CTFKFERQ, CTF, CTFKFERQ AICD, and AICDKFERQ) 
were lysed with lysis buffer (1% Triton X-100, 20 mM 
HEPESpH7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA, pro-
tease inhibitor cocktail (Calbiochem, USA) and phosphatase 
inhibitor cocktail (Sigma, USA) for 20 min at 4oC as previously 
described with some modifications (27-29). Cell lysates were 
centrifuged at 10,000 g for 20 min at 4oC to remove any in-
soluble material. Co-immunoprecipitation was performed us-
ing an anti-HA (Roche, Basel, Switzerland) antibody with an 
overnight incubation. Immunocomplexes were captured using 
Protein G-Sepahrose (GE Healthcare) followed by three 
washes with lysis buffer. The immunoprecipitated samples or 
5% of the input lysates were used for immunoblotting. MG 
132 (Calbiochem, USA) was used to detect AICD.

For western blotting, protein lysates from SH-SY5Y cells 
transfected with wt-APP, mutant constructs and other cleaved 
fragments were fully solubilized with 1% sodium dodecyl sul-
fate (SDS), 100 mM Tris, pH 8.0. Protein concentrations were 
measured by Bradford protein assay. Equal amounts of protein 
were mixed with sample buffer (62.5 mM Tris, pH 6.8, 1% 
SDS, 2.5% glycerol, 0.5% -mercaptoethanol, and bromophe-
nol blue), boiled at 100oC for 5 min, and stored at −20oC un-
til use. Proteins were resolved by SDS-polyacrylamide gel elec-
trophoresis, and subsequently transferred to polyvinylidenedi-
fluoride membranes (pore size, 0.2 mm; BioRad, USA). After 1 
hour incubation in blocking PBST buffer (0.1% Tween-20 in 
phosphate-buffered saline (PBS)), blots were incubated with 
primary antibodies overnight at 4oC. Blots were washed in 
PBST buffer, incubated with horseradish peroxidase-conjuga-
ted anti-IgG (1:5,000; Pierce, USA), and visualized using en-
hanced chemiluminescence reagents (Amersham, USA) and 
X-ray film. The primary antibodies used for western blotting 
were rat anti-HA (1:5,000; Roche, Switzerland), rat anti-HSC70 
(1:5,000; Covance, USA), mouse anti--actin (1:10,000; Sigma- 
Aldrich, USA), mouse anti-sAPP(1:50; IBL, Japan), and rabbit 
anti-sAPP(1:50; IBL, Japan). 

Immunocytochemistry
For immunocytochemistry, SH-SY5Y cells were plated onto 12 
mm coverslips (Marienfeld, Germany) as previously described 
(30). SH-SY5Y cells were transfected with TREM2 construct or 
mutant plasmids using Lipofectamine 2000. Twenty-four hours 
after transfection, cells were washed with PBS (140 mM NaCl, 
10 mM Na2HPO4, 1.75 mM KH2PO4 in dH2O, pH7.4). Cells 
were fixed in 4% paraformaldehyde for 10 min. After three 
washes in PBS, cells were permeabilized with PBS containing 
0.1% Triton X-100 for 5 min at room temperature. Cells were 
washed three times and blocked with PBS containing 5% bo-
vine serum albumin for 30 min at 37oC. Cells were then wash-
ed three times and incubated overnight with rat anti-HA 
(1:100; Roche, Switzerland) or rabbit anti-LAMP2A (1:100; 

Abcam, UK) primary antibodies. After washing five times with 
PBS, cells were incubated with a secondary antibody coupled 
to TexasRed (Invitrogen, USA) or Alexa FluorⓇ 488 (Invitrogen, 
USA) for 60 min at 37oC. Cells were then washed five times 
and mounted for imaging. Images were acquired using Zeiss 
Axiovert 200 LSM510 confocal microscope workstation equip-
ped with a 63x (numerical aperture, 1.4) objective.
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