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Proteolytic processing of amyloid precursor protein (APP) C-terminal
fragments (CTFs) by y-secretase underlies the pathogenesis of Alz-
heimer’s disease (AD). An RNA interference screen using APP-CTF
[99-residue CTF (C99)]- and Notch-specific y-secretase interaction as-
says identified a unique ErbB2-centered signaling network that was
predicted to preferentially govern the proteostasis of APP-C99. Con-
sistently, significantly elevated levels of ErbB2 were confirmed in the
hippocampus of human AD brains. We then found that ErbB2 effec-
tively suppressed autophagic flux by physically dissociating Beclin-1
from the Vps34-Vps15 complex independent of its kinase activity.
Down-regulation of ErbB2 by CL-387,785 decreased the levels of
C99 and secreted amyloid-g in cellular, zebrafish, and mouse models
of AD, through the activation of autophagy. Oral administration of an
ErbB2-targeted CL-387,785 for 3 wk significantly improves the cogni-
tive functions of APP/presenilin-1 (PS1) transgenic mice. This work
unveils a noncanonical function of ErbB2 in modulating autophagy
and establishes ErbB2 as a therapeutic target for AD.

ErbB2 | Alzheimer’s disease | Ap | C99 | autophagy

myloid plaques are the primary cause of neurodegeneration

in the brains of patients with Alzheimer’s disease (AD) (1).
Amyloid plaques are composed of amyloid-p (Ap) peptides that
are produced by stepwise cleavages of amyloid precursor protein
(APP) by B- and y-secretase (2). Therapeutic approaches toward
treatment of AD developed in the past decade have centered on
the prevention of AP production (3). The majority of these
studies focused on either the augmentation of a-secretase ac-
tivity, which can reduce the production of A, or the inhibition of
B-/y-secretase activities (4). Unfortunately, the nonselective in-
hibition of p-secretase and y-secretase results in unavoidable side
effects due to the interference of other physiological substrates
of B-secretase and y-secretase (5, 6).

ErbB2 is a member of the epidermal growth factor receptor
(EGFR)/ErbB family [which consists of four closely related re-
ceptor tyrosine kinases (ErbB1-4, also known as HER1-4)] and
is tightly associated with neuritic plaques in AD (7). The corre-
lation between EGFR/ErbB signaling and AD pathogenesis has
been well documented in various studies (8-10). Ras GTPase
activation mediates EGF-induced stimulation of y-secretase to
increase the nuclear function of the APP intracellular domain
(AICD) (11). Consistent with the role of EGF signaling in AD,
the intracellular mediators downstream of EGF signaling (which
include Grb2, ShcA, and Abl) directly or indirectly interact with
APP (12); these findings support the correlation between EGFR/
ErbB-dependent signaling and AD susceptibility.

Autophagy controls the clearance of misfolded proteins and
damaged organelles, and plays an essential role in maintaining
neuronal functions (13, 14). Previous studies have demonstrated
that autophagy is instrumental to the clearance of proteins related
to neurodegenerative diseases; these proteins include polyglutamine

www.pnas.org/cgi/doi/10.1073/pnas.1618804114

aggregates in Huntington’s disease, Lewy body-like a-synuclein ag-
gregates in Parkinson’s disease, and neurofibrillary tangles in AD
(15-18). A previous study has shown that activated ErbB1 can inhibit
autophagic flux to promote tumor progression and that inhibition of
ErbBl1 kinase can restore the autophagy activity to suppress tumor
growth in lung cancer (19). By the same token, ErbB1 kinase in-
hibition by means of oral feeding of Gefitinib successfully alleviated
memory impairment, but did not significantly alter Ap load, in
transgenic AD mice (20). However, whether further ErbB2 inhibition
could increase autophagic flux remains elusive.

Recent studies have discovered a number of chemical and
genetic y-secretase modulators that can regulate Af production
while exerting negligible effects on the y-secretase-mediated
processing of Notch (21-26). These findings thus warrant a sys-
temic screen of novel genetic modifiers encoded in the human
genome whose functions can selectively govern y-secretase—
mediated APP processing. We developed bioluminescence res-
onance energy transfer (BRET)-based cellular assays to sys-
tematically quantify the protein—protein interactions between
y-secretase and its substrates, either APP C-terminal fragment
[APP-CTF; 99-residue CTF (C99)] or extracellular domain
truncated Notch (NAE), in response to the deficiency of a particular
kinase or phosphatase encoded in the human genome. This RNA
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interference (RNAI) screen led us to identify an ErbB2-interacting
network that plays a critical role in governing the substrate avail-
ability of y-secretase. Our findings provide direct evidence that in-
hibition of ErbB2 expression can enhance C99 clearance, thereby
effectively decreasing AP production through activating autophagy.
Our data further support the notion that defective autophagy is
instrumental to proteinopathy-induced neurodegeneration. The
present study also delineates an ErbB2-targeted therapeutic strat-
egy (e.g., CL-387,785, an EGFR/ErbB2 inhibitor) that could render
cognitive improvement without eliciting complications associated
with undesirable Notch inhibition (e.g., y-secretase inhibitors) for
the next-generation treatment of AD.

Results

An shRNA Screen Identified Candidate Genes That Differentially
Regulate the Proteolysis of APP-C99 and NAE. We previously iden-
tified c-Jun N-terminal kinase and extracellular signal-regulated
kinase as positive and negative regulators of y-secretase activity,
respectively (27, 28). We sought to determine whether additional
kinases or phosphatases could differentially modulate the in-
teraction between APP-C99 and presenilin-1 (PS1, the catalytic
subunit of y-secretase) without affecting the interaction between
NAE and PS1. We first established and validated cell-based
BRET assays to measure the interactions between y-secretase
and its substrates quantitatively (Fig. 1 A-D). The specificity of
these BRET assays can be confirmed by the introduction of an
untagged protein partner to disrupt the targeted protein—protein
interaction responsible for the BRET signal. Consistent with this
notion, the expression of untagged PS1 or untagged nicastrin
(NCT) can interfere with the interaction between Renilla lucif-
erase (RL)-tagged PS1 (RL-PS1) and yellow fluorescent protein
(YFP)-tagged NCT (NCT-YFP) (Fig. 14), whereas untagged
PS1 or Gal4VP16 (GV)-tagged C99 (C99-GV) can hinder the
interaction between RL-PS1 and C99-YFP (Fig. 1B), and
whereas untagged PS1 or untagged NAE-GV can compete off the
interaction between RL-PS1 and NAE-YFP (Fig. 1C), to suppress
the corresponding BRET signal. In a control cell line over-
expressing RL-YFP fusion protein, which generates a constant
BRET signal, untagged NCT, C99-GV, and NAE cannot alter the
RL-YFP-emitted BRET signal (Fig. 1D), further substantiating
the specificity of the BRET signals corresponding to the PSI1-
NCT, PS1-C99, and PS1-NAE interactions. These BRET cell
lines were then subjected to RNAI screens with the human kinase
and phosphatase subset, which contains 5,667 validated shRNA-
encoding lentiviral clones targeting 777 human kinases and
237 human phosphatases (SI Materials and Methods and Dataset
S1). If the targeted gene is involved in modulating the interaction
of PS1-C99 or PS1-NAE, its down-regulation would reduce the
BRET signal. By selecting those genes whose down-regulation
resulted in a decrease greater than 20% in PS1-C99-elicited
BRET signal and changes less than 20% in PS1-NCT-e¢licited and
PS1-NAE-elicited BRET signals, we identified 44 candidate genes
that preferentially influence the interaction of PS1 and C99.
Further analysis using STRING software [version 10 (29)] at the
highest stringency (0.9 confidence index) to highlight the inter-
connected signaling transducers that are involved in the regulation
of y-secretase substrate selectivity, a subnetwork of 14 genes was
identified for experimental confirmation (Fig. 1E and Datasets S2
and S3). ErbB2 was chosen to be further validated for its role in
the pathogenesis of AD primarily due to its multiple connections
to other candidate genes in this network and the wealth of avail-
able chemical inhibitors. The biochemical characteristics associ-
ated with ErbB2 thus made it an appealing target for the
translational study to determine the underlying mechanism.

The Expression Levels of ErbB2 Are Significantly Elevated in AD

Brains. To correlate the ErbB2-elicited regulation of y-secretase
with AD pathogenesis, we examined the levels of ErbB2 in brain
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Fig. 1. shRNA screens for identifying genetic modifiers that govern the
protein—protein interaction of PS1-NCT, PS1-C99, and PS1-NAE. The gener-
ation of cell-based BRET assays for detecting the interactions of PS1-NCT,
PS1-C99, and PS1-NAE is described in Materials and Methods. The specificity
of BRET cells was determined by transiently transfecting cells with an empty
vector (Mock), untagged PS1, untagged NCT, C99-GV, or NAE-GV to compete
in protein-protein interaction. (A) Specificity of PS1-NCT-BRET cells.
(B) Specificity of PS1-C99-BRET cells. (C) Specificity of PS1-NAE-BRET cells.
(D) Positive BRET control cells that express the RL-tagged YFP fusion protein
were transiently transfected with an empty vector, untagged NCT, C99-GV,
or NAE-GV. Data are shown as the mean + SD from three independent ex-
periments, and were analyzed by Student’s t tests. **P < 0.01. (E) PS1-C99-
BRET cells and PS1-NAE-BRET cells were subjected to shRNA screens. Candi-
date genes were identified based on their differential effects on the BRET
signals of PS1-C99-BRET, PS1-NAE-BRET, and PS1-NCT-BRET cells. Analysis
using STRING software resulted in the identification of 14 connected genes
that preferentially affect the interaction between PS1 and C99.

homogenates derived from either normal individuals or patients
with sporadic AD. Significantly higher levels of ErbB2 expression
in hippocampal regions of patients with AD were observed
compared with aged-matched normal controls, whereas the lev-
els of EGFR exhibited no significant difference between AD
brain and age-matched control brain samples (Fig. 2 4 and B).
Furthermore, the levels of ErbB2 in whole-brain homogenates
were significantly higher in newborn mice than in young (3-mo-
old) and old (15-mo-old) mice (Fig. 2C). Consistently, the ex-
pression of ErbB2 in human brain was gradually decreased with
increasing age (Fig. 2D). Our data were thus in line with the
notion that the expression of ErbB2 is abundant during the em-
bryonic development of both the central and peripheral nervous
systems and gradually declines in adult human brain (Human
Protein Atlas, www.proteinatlas.org) (30, 31). These preliminary
results suggest that the recurring ErbB2 in aged brain could be a
disease-driving instigator for sporadic AD.

Inhibition of ErbB2 by CL-387,785 Can Differentially Promote the
Clearance of €99 Without Affecting Notch Signaling. To examine
the substrate-specific y-secretase cleavages, we generated a
HEK293-derived cell line (CG) that was stably cotransfected
with a tetracycline-inducible C-terminally Gal4/VP16-tagged C99
and a Gal4 promoter-driven luciferase reporter gene. We also
generated another HEK293-derived cell line (NG) that was stably
cotransfected with a tetracycline-inducible C-terminally Gal4/
VP16-tagged NAE and a Gal4 promoter-driven luciferase re-
porter gene (Fig. 34). Both the CG and NG cell lines exhibited
decreased y-secretase—dependent luciferase signals in the presence
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Fig. 2. Levels of ErbB2 are positively correlated with age-related sporadic
AD, but are reduced in normal adult mouse and human brain. (A and B)
Human hippocampal regions were analyzed by Western blotting with anti-
EGFR(ErbB1), anti-ErbB2, and anti-actin antibodies. *P < 0.05. N.S., not sig-
nificant. (C) Mouse whole-brain lysates were examined by Western blotting
with anti-ErbB2 and anti-actin antibodies. The levels of EGFR and ErbB2 were
normalized with the level of actin. The quantitative data are shown as the
mean + SEM, and were analyzed by Student’s t tests. *P < 0.05. (D) Human
whole-brain lysates were analyzed by Western blotting with anti-ErbB2 and
anti-actin antibodies. The age and gender of the individuals whose brain
homogenates were derived are denoted. F, female; M, male. () Human
hippocampal regions were analyzed by Western blotting with anti-
p62 antibody. The quantitative data of p62 are shown as the mean + SEM,
and were analyzed by Student’s t tests. **P < 0.01. (F) Correlation between
the levels of p62 and ErbB2 was calculated by Pearson'’s correlation.

of N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl
ester (DAPT), a known y-secretase inhibitor, in a dose-dependent
manner (Fig. S1 4 and B), suggesting that y-secretase in CG and
NG cells exhibited comparable catalytic properties.

To determine whether ErbB1 or ErbB2 receptor tyrosine kinase
activity is essential for the differential modulation of C99 cleavage,
we first examined the luminescence signals in CG and NG cells
treated with various ErbB1/2 inhibitors. Our data showed that only
CL-387,785 (ErbB1/2 dual), but not AGS825 (ErbB2-selective),
Gefitinib (ErbBl-selective), or Lapatinib (ErbB1/2 dual), effec-
tively blocked the processing of C99 (in CG cells), but not NAE
(in NG cells) (Fig. 3B and Fig. S1 C-J). Furthermore, using C99-
YFP-overexpressing HEK293 cells, we found that treatments with
CL-387,785 concomitantly decreased the levels of ErbB2, C99,
and AICD (Fig. 3C).

To address how ErbBl and ErbB2 could act in a differential
mode upon the coexistence of C99 and NAE, we generated a
HEK293 cell line that stably coexpressed ErbBl1, ErbB2, cyan
fluorescent protein (CFP)-tagged C99, and YFP-tagged NAE.
Consistently, ErbB2 knockdown, but not ErbB1 knockdown, was
sufficient to induce a concomitant reduction in the levels of C99 and
AICD (Fig. 3D). This finding was further confirmed with the data
that RNAi-mediated down-regulation of ErbB2 resulted in a se-
lective decrease in C99 signaling (CG cells), but not Notch signaling
(NG cells), phenocopying CL-387,785-induced effects (Fig. 3 E
versus B). Furthermore, HEK293 cells that are cotransfected with
YFP-tagged C99 and His-tagged ErbB2 exhibited a significant ac-
cumulation of C99 and AICD compared with the mock-transfected
cells (Fig. 3F). However, both the overexpression and down-

Wang et al.

regulation of ErbB1 can induce a concomitant accumulation of
C99 and AICD (Fig. 3 D and F), suggesting that the reduction of
C99 and AICD by CL-387,785 might not be transduced through
ErbBl. Given that treatments with CL-387,785 primarily result in a
very selective decrease in the protein level of ErbB2, but not ErbB1
(Fig. 3C), and that only ErbB2 knockdown can phenocopy the ef-
fect of CL-387,785, our findings strongly favor a model in which
ErbB2 modulates the availability of C99 and AICD.

Depletion of ErbB2 Promotes the Autophagic Clearance of C99 and
AICD. We previously proposed that autophagy plays a central role in
the maintenance of intracellular Ap production (14). We hypoth-
esized that ErbB2 may affect the autophagic clearance of in-
tracellular C99 and AICD. To confirm the ErbB2-mediated
modulation of autophagy, we examined the ErbB2-induced accu-
mulation of C99 and AICD in response to RNAi down-regulation
of autophagy-related 5 (ATGS) gene, an essential component for
the elongation and formation of autophagosomes (32). ATGS also
forms a multimeric complex with ATG12 and ATG16 to mediate
the lipidation of microtubule-associated protein 1A/1B light chain 3
(LC3) and the membrane tethering of LC3 onto the surface of
autophagosomes (13). The conversion of cytosolic LC3 (LC3-I) to
lipidated and membrane-bound LC3 (LC3-II), along with the ap-
pearance of LC3 puncta, has been characterized to be the marker
for autophagosomes and molecular indicators of autophagy in-
duction (13). Using HEK293 cells that overexpressed ErbBl,
ErbB2, CFP-tagged C99, and YFP-tagged NAE, we demonstrated
that the reduction in C99 and AICD elicited by ErbB2 knockdown
could be rescued by concurrent down-regulation of ATGS (Fig.
4A). Furthermore, using a CFP-LC3-overexpressing HEK293 cell
line, we found that ErbB2 knockdown induced significant accu-
mulation of CFP-LC3 puncta, whereas the short hairpin ErbB2
(shErbB2)-induced formation of CFP-LC3 puncta was blocked by
ATGS knockdown (Fig. 4 B and C). Consistently, ErbB2 down-
regulation increased LC3-II production, which can be reversed by
concurrent ATGS knockdown (Fig. 4D). Together, our data suggest
a novel role of ErbB2 in modulating autophagy.

We then sought to distinguish the potential cross-talk between
ErbB2 and ErbB1 in modulating autophagy, given that ErbB2 forms
heterodimers with ErbB1. Using a HEK293 cell line that stably
overexpressed ErbB1, ErbB2, CFP-tagged C99, and YFP-tagged
NAE, we determined the levels of sequestosome-1/p62 and LC3-I/II
in response to either ErbB1 or ErbB2 knockdown. Accumulated
evidence has demonstrated that p62 is a cargo receptor protein that
delivers ubiquitinated substrates and misfolded proteins for auto-
phagic clearance through its interaction with LC3 (33). Inhibition of
autophagy can thus lead to a significant accumulation of p62 and a
decrease in the LC3-II/ ratio, two phenotypic abnormalities com-
monly seen in degenerating neurons in AD and related neurode-
generative diseases (33, 34). Our data showed that although down-
regulation of ErbBl1 resulted in significant accumulation of p62 and
an increase in the LC3-II/I ratio, depletion of ErbB2 caused a sig-
nificant reduction in p62 with a concomitant increase in the LC3-1I/1
ratio (Fig. 4E), suggesting that inhibition of ErbB2 is sufficient to
induce autophagy. Interestingly, despite the accumulation of
C99 and AICD caused by RNAi-mediated down-regulation of
ErbBl1 (Fig. 3D), suppression of ErbB1 can still effectively decrease
Ap40 production (Fig. 4F). More importantly, down-regulation
of ErbB2 had a much stronger impact than down-regulation of
ErbB1 on the production of secreted Ap40 (Fig. 4F). In HEK293
cells that overexpressed C99-YFP, treatments with CL-387,785
led to a significant reduction in p62 and a concurrent increase in the
LC3-II/LC3-I ratio (Fig. 4G), indicative of autophagy induction.
Consistent with the effect induced by ErbB2 knockdown, depletion of
ErbB2 by CL-387,785 effectively decreased secreted Ap40 production
(Fig. 4H). Together, these results point toward a novel ErbB2-
dependent pathway that governs the autophagic clearance of APP-
C99 to modulate Af production.
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Fig. 3. Alterations in the levels of ErbB1 and ErbB2 can reciprocally govern the steady-state levels of C99/AICD and NAE/Notch intracellular domain. The
generation of cell-based assays for detecting y-secretase activity is described in Materials and Methods. (A) Characterization of APP-C99-based (CG) and NAE-

based (NG) y-secretase assays. Luc, luciferase. (B) Adherent CG and NG cells

(20,000 cells per well) were treated with 1 pM ErbB1/2-selective tyrosine kinase

inhibitors, as indicated, in the presence of 1 pg/mL tetracycline at 37 °C for 24 h. The luminescence signals emitted by cells treated with vehicle alone (0.1%
DMSO) were referred to as 100% relative luminescence signals. The luminescence signals generated by y-secretase-mediated proteolysis of C99 (CG) or NAE
(NG) were determined using the Steady-Glo luciferase assay reagent. (C) HEK293-overexpressing C99-YFP cells were treated with 1 pM ErbB1/2 tyrosine kinase
inhibitors, as indicated, at 37 °C for 24 h. Clarified lysates were analyzed by Western blotting and quantified by ImageJ (NIH). (D) HEK293-overexpressing
ErbB1, ErbB2, CFP-tagged C99, and YFP-tagged NAE cells were infected with gene-targeting shRNA-encoding lentivirus (shErbB1 or shErbB2) at 37 °C for 48 h.
Clarified lysates containing equivalent amounts of proteins were examined by Western blotting and quantified by ImagelJ. Ctrl, control; NICD, Notch in-

tracellular domain. (E) CG and NG cells were infected with gene-targeting

shRNA-encoding lentivirus at 37 °C for 48 h following induction with 1 pg/mL

tetracycline for 24 h. Cells infected with empty lentivirus (w/o) or LacZ-targeting shRNA lentivirus (shCtrl_a and shCtrl_b) were included as controls. Data are
shown as the mean + SD from three independent experiments, and were analyzed by Student’s t tests. *P < 0.05. (F) HEK293 cells overexpressing C99-YFP

were infected with control lentivirus or lentivirus encoding either His-tagged

blotting with anti-GFP antibody to visualize the levels of C99-YFP and AICD-

experiments, and were analyzed by Student’s t tests. *P < 0.05. (G) IMR32 cel
well plates and treated with 1 uM CL-387,785 or DAPT at 37 °C for 24 h.

ErbB1 or His-tagged ErbB2 at 37 °C for 72 h, and were then analyzed by Western
YFP simultaneously. Data are shown as the mean + SD from three independent
Is overexpressing C99-YFP were grown with 2 mL of fresh culture medium in six-
The cell extracts were analyzed by Western blotting. (H) C99-YFP-expressing

IMR32 cells (160,000 cells per well) were seeded onto six-well plates and cultured at 37 °C for 24 h, and then infected with ErbB1- or ErbB2-targeting shRNA

lentivirus for an additional 48 h. Infection mixtures were replaced with 2 mL
additional 24 h. The cell extracts were analyzed by Western blotting with a

Inhibition of ErbB2 Significantly Alleviates the Production of C99 and
AICD in Neuroblastoma Cells. To substantiate the critical role of
ErbB2 in the homeostasis of APP processing and Af production, we
examined the level of secreted Ap40 in conditioned media derived
from cells treated with CL-387,785 or infected with lentiviral vectors
encoding either ErbBl- or ErbB2-targeting shRNAs. Chemical
depletion of ErbB2 by CL-387,785 significantly reduced the levels of
C99, AICD, and secreted Ap40 in IMR32 neuroblastoma cells
overexpressing C99-YFP (Figs. 3G and 4J). These findings were
further confirmed by the data that RNAi-mediated down-regulation
of ErbB2 (shErbB2) significantly reduced the levels of C99, AICD,
and secreted Ap40 in C99-YFP-expressing IMR32 cells, whereas
ErbB1 knockdown (shErbB1) induced a slight increase in the ac-
cumulation of C99 and AICD but a marginal reduction in Ap40
(Figs. 3H and 4K).

ErbB2 Interferes with the Formation of the Beclin-1-Vps34-Vps15
Complex. A great number of studies have previously demon-
strated that the Beclin-1-Vps34-Vps15 multimeric complex can
govern the nucleation of autophagy, as evidenced by the increased
interaction between Beclin-1 and the Vps34-Vpsl5 complex in
response to either starvation or rapamycin treatments (19, 35, 36).
Given that Beclin-1 has been shown to interact physically with
ErbB2 (37), we thus reasoned that ErbB2 could bind to Beclin-1
and modulate the autophagic flux to control the autophagic

E3132 | www.pnas.org/cgi/doi/10.1073/pnas.1618804114

of fresh culture medium, and infected cells were then incubated at 37 °C for an
nti-GFP antibody.

clearance of C99 and AICD. To determine the molecular mech-
anism underlying the ErbB2-mediated regulation of autophagic
flux, we examined the interaction between ErbB2 and Beclin-1
and the formation of the Beclin-1-Vps34-Vpsl5 complex, along
with the levels of p62 and LC3-I/II, in the presence or absence
of rapamycin. Consistent with the finding that ErbB2 acts as
a negative regulator of autophagy, overexpression of ErbB2 in
HEK?293 cells caused p62 accumulation and decreased autophagic
flux (LC3-II/I ratio) (Fig. 4I). When treated with rapamycin,
ErbB2-overexpressing HEK293 cells exhibited inefficient p62
degradation and a lower LC3-II/I ratio compared with the
rapamycin-treated, mock-transfected control (Fig. 4). These
findings suggest that overexpression of ErbB2 can withstand the
initiation of rapamycin-induced autophagy. Consistent with this
notion, endogenous ErbB2 in HEK293 cells associated with
Beclin-1 in the basal state as well as in the rapamycin-treated
state, whereas there was no detectable interaction between
EGFR and Beclin-1 in the presence or absence of rapamycin
(Fig. 54). Moreover, ErbB2 knockdown can strengthen the in-
teraction between Beclin-1 and the Vps34-Vpsl5 complex (Fig.
5B), suggesting that ErbB2 may act as a gatekeeper for the
formation of the Beclin-1-Vps34-Vpsl5 complex to maintain
the autophagic flux at a basal state. It was previously reported
that expression of N-terminally truncated ErB2 (ErbB2AE) can
render autophagy-induced apoptosis (38, 39). We also found that
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Fig. 4. ErbB2 controls the proteostasis of C99 and AICD through the autophagy-lysosomal pathway. (A) HEK293 cells coexpressing ErbB1, ErbB2, CFP-tagged €99, and
YFP-tagged NAE were infected with lentivirus encoding shRNA targeting LacZ (Ctrl), ErbB2, or ErbB2 plus ATG5 for 48 h. Clarified lysates containing equivalent
amounts of proteins were analyzed by Western blotting. The quantitative data are shown as the mean + SD from three independent experiments, and were analyzed
by Student’s t tests. *P < 0.05. (B-D) HEK293 cells overexpressing CFP-LC3 were infected with lentivirus encoding shRNA targeting LacZ (Ctrl), ErbB2, or ErbB2 plus
ATGS for 48 h. The autophagy induction was analyzed by fluorescence confocal microscopy. The number of CFP-LC3 puncta per cell was quantified. The levels of LC3-I,
LC3-ll, and GAPDH were analyzed by Western blotting. (Scale bar, 10 pm.) (E and F) HEK293 cells overexpressing ErbB1, ErbB2, CFP-tagged €99, and YFP-tagged NAE
were infected with lentivirus encoding shRNA targeting LacZ (Ctrl), ErbB1, or ErbB2 for 48 h. Infection mixtures were replaced with 2 mL of fresh culture medium, and
infected cells were then incubated at 37 °C for an additional 24 h. The levels of LC3-I, LC3-Il, and p62 were analyzed by Western blotting and quantified by ImageJ (66).
Conditional media were harvested and processed for determination of secreted AB40 using a colorimetric AB40-specific ELISA kit. (G and H) HEK293 cells over-
expressing C99-YFP were treated with vehicle (DMSO) or 1 uM CL-387,785 at 37 °C for 24 h and analyzed by Western blotting. Conditional media were harvested for
determination of secreted Ap40. The quantitative data are shown as the mean + SD from three independent experiments, and were analyzed by Student’s t tests. *P <
0.05. (/) HEK293 cells were infected with control lentivirus (Ctrl) or lentivirus encoding 6x His-tagged ErbB2 and then treated with vehicle (DMSO) or 200 nM rapamycin
at 37 °C for 3 h. Clarified lysates containing equal amounts of proteins were analyzed by Western blotting and quantified by ImageJ. The quantitative data are shown
as the mean + SD from three independent experiments, and were analyzed by Student’s t tests. *P < 0.05. (J) IMR32 cells overexpressing C99-YFP were grown with
2 mL of fresh culture medium in six-well plates, and treated with 1 1M CL-387,785 or DAPT at 37 °C for 24 h. Conditional media were harvested and processed for
determination of secreted AB40 using a colorimetric A40-specific ELISA kit. (K) C99-YFP-expressing IMR32 cells (160,000 cells per well) were seeded onto six-well plates
and cultured at 37 °C for 24 h, and then infected with ErbB1- or ErbB2-targeting shRNA lentivirus for an additional 48 h. Infection mixtures were replaced with 2 mL of
fresh culture medium, and infected cells were then incubated at 37 °C for an additional 24 h. The conditioned media were harvested and processed for determination

of secreted AB40. Data are the mean + SD from three independent experiments,

in HEK293 cells overexpressing FLAG-tagged Beclin-1, over-
expression of constitutively active ErtbB2AE resulted in even greater
attenuation in the binding of Beclin-1 to the Vps34-Vpsl5 complex
than wild-type ErbB2 (wtErbB2) did (Fig. 5C). The ErbB2-Beclin-1
complex did not contain Vps34-Vpsl5 (Fig. 5D), suggesting that
overexpression of ErbB2 can disrupt the assembly of autophagy ini-
tiation complexes. This notion was corroborated by the observation
that overexpression of ErbB2AE resulted in a greater accumulation
of C99 and AICD than wtErbB2 did in C99-YFP-expressing
HEK?293 cells (Fig. 5E). Using fluorescence confocal microscopy, we
further demonstrated that wtErbB2 and mutant ErbB2AE are
colocalized with Beclin-1 at the basal state (Fig. 5F). Together, our
data suggest that ErbB2 actively governs autophagic flux through
limiting the availability of Beclin-1 to the Vps34-Vps15 complex.

Monomeric and Kinase-Dead ErbB2 Can Interact with Beclin-1. To
determine whether the ErbB2 kinase activity is required for its
role in the regulation of autophagic flux, we examined the in-
teraction between Beclin-1 and the Vps34-Vpsl4 complex in
response to the overexpression of wtErbB2 or a kinase-dead
(KD) mutant ErbB2 (K753M). HEK293 cells overexpressing
wtErbB2 or KD-ErbB2 (K753M) exhibited comparable binding
with Beclin-1, suggesting that the binding of ErbB2 with Beclin-1
is kinase-independent (Fig. 64). To verify the physical interaction
between ErbB2 and Beclin-1 further and to rule out the potential

Wang et al.

and were analyzed by Student’s t tests. *P < 0.05.

involvement of other ErbB isoforms, we used CHO-K1 cells that do
not express ErbB1, ErbB3, or ErbB4 for further studies (40). Over-
expression of WtErbB2 or a KD and monomeric mutant ErbB2
[ErbB2-VVI/AAA(966-968) (41)] in CHO-K1 cells was induced, and
the interaction with Beclin-1 was analyzed by coimmunoprecipitation
using anti-Beclin-1 antibody. We found that monomeric mutant
ErbB2-VVI/AAA binds to Beclin-1 and attenuates Beclin-1’s asso-
ciation with the Vps34-Vps15 complex as effectively as wtErbB2 does
(Fig. 6 B-D). Consistently, overexpression of ErbB2-VVI/AAA in
C99-YFP-expressing HEK293 cells caused a significant accumulation
of C99 and AICD comparable to what wtErbB2 did (Fig. 6E). These
data unequivocally suggest that monomeric ErbB2 is sufficient to
bind Beclin-1 and regulate the autophagic flux in a kinase-
independent manner.

CL-387,785 Treatments Significantly Reduce the Levels of C99 and
AICD in a Zebrafish Model of Amyloidopathy. To determine
whether ErbB2 mediates selective modulation of the proteostasis
of C99 in vivo, we generated a zebrafish model of amyloidopathy,
in which embryos express green fluorescent protein (GFP)-
tagged C99 (Fig. 7A4). Previous studies have used zebrafish as an
in vivo model to validate the biological efficacy of Ap-lowering
drugs, and attribute the drug-elicited developmental defects on
somitogenesis to attenuated Notch signaling (42). The expression
of GFP-tagged C99 was driven by cytomegalovirus promoter and a
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Fig. 5. ErbB2 physically interacts with Beclin-1 and disrupts the formation of the tripartite Beclin-1-Vps34-Vps15 complex. (A) HEK293 cells were treated with
vehicle (DMSO) or 200 nM rapamycin at 37 °C for 3 h. Clarified lysates were immunoprecipitated with anti-Beclin-1 antibody (¢BECN1). Immobilized proteins
were analyzed by Western blotting with anti-ErbB1, anti-ErbB2, anti-Vps15, anti-Vps34, and anti-Beclin-1 antibodies. IP, immunoprecipitation.
(B) HEK293 cells overexpressing YFP-tagged ErbB2 were infected with lentivirus encoding shRNA targeting LacZ (Ctrl) or ErbB2 (shErbB2) at 37 °C for 72 h.
Clarified lysates with equal amounts of proteins were subjected to immunoprecipitation with «BECN1. Immobilized proteins were analyzed by Western
blotting with anti-ErbB2, anti-Vps15, anti-Vps34, and anti-Beclin-1 antibodies. The quantitative data are shown as the mean + SD from three independent
experiments, and were analyzed by Student’s t tests. *P < 0.05. (C and D) HEK293 cells expressing FLAG-Beclin-1 were infected with control lentivirus (Ctrl) or
virus encoding either YFP-tagged ErbB2 or YFP-tagged ErbB2-AE. Clarified lysates were then immunoprecipitated with anti-FLAG (C, aFlag) or anti-GFP (D,
aGFP) antibody. The quantitative data in C are shown as the mean + SD from three independent experiments, and were analyzed by two-way ANOVA. *P <
0.05. (E) HEK293 cells expressing C99-YFP were infected with control lentivirus (Ctrl) or lentivirus encoding either His-tagged ErbB2 or His-tagged ErbB2AE at
37 °C for 72 h, and were then analyzed by Western blotting and quantified by ImageJ. The quantitative data are shown as the mean+ SD from three in-
dependent experiments, and were analyzed by two-way ANOVA. *P < 0.05. (F) HEK293 cells overexpressing CFP-Beclin-1 were infected with control lentivirus
(Ctrl) or lentivirus encoding YFP, YFP-tagged ErbB2, or YFP-tagged ErbB2AE at 37 ° for 72 h, and were visualized by fluorescence confocal microscopy to
determine expression and localization. Approximately 100 cells of each group were analyzed by Imaris 3D software to measure the percentage of colocal-
ization between CFP-Beclin-1 and recombinant ErbB2-YFP (wt or mutant), and then analyzed by two-way ANOVA. *P < 0.05. (Scale bar, 10 pm.)

flanking human f-globin chimeric intron. The coexpression of
Pp2A-GFP fusion protein was used as an injection and expression
control. Using this C99-expressing zebrafish model of amyloid-
opathy, we found that embryos treated with CL-387,785 exhibited
a concomitant clearance of C99 and AICD (Fig. 7B). Consistent
with previous findings, we also observed severe developmental
defects in DAPT-treated zebrafish embryos, as evidenced by a
curved trunk due to the concomitant blockade of Notch signaling
by pan-inhibition of y-secretase (43). In stark contrast to the
DAPT-treated zebrafish embryos, CL-387,785—-treated embryos
exhibited normal somite development with wild-type trunks and
tails (Fig. 7C), suggesting that Notch signaling-dependent somi-
togenesis is not affected by CL-387,785 treatment. These findings
suggest that preferential depletion of C99 by CL-387,785 could be
developed further as a novel therapeutic approach for AD with
minimal side effects.

E3134 | www.pnas.org/cgi/doi/10.1073/pnas.1618804114

Inhibition of ErbB2 Significantly Alleviates the Production of Ap and
Renders Cognitive Improvement in APP/PS1 Transgenic Mice. To
correlate the increased level of ErbB2 with defective autophagy in
AD brain, we validated that lysates derived from the hippocampus
regions of patients with AD contain a significantly increased ac-
cumulation of autophagic cargo receptor p62 compared with age-
matched controls (Fig. 2F), suggesting that ErbB2-triggered
autophagic deficiency is tightly associated with AD pathogenesis
(Fig. 2 A and F). We further confirmed the biological efficacy of
CL-387,785 on a murine model of AD. The dosing regimen of CL-
387,785 (5 mgkg-d™") did not induce any significant adverse ef-
fects on those APPswe/PS1AE9 double-transgenic mice, as evi-
denced by no significant difference in the body weight of animals
treated with CL-387,785 or vehicle alone (Fig. S2). Treated
APPswe/PS1AE9 transgenic mice, along with their wild-type litter-
mates, were subjected to spatial learning and memory testing by the
Morris water maze after 11 d of daily dosing. We found that
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Fig. 6. Monomeric and oligomeric ErbB2 binds to Beclin-1 independent of its
kinase activity. (A) HEK293 cells were infected with control lentivirus (Ctrl) or
lentivirus encoding either His-tagged ErbB2 or His-tagged ErbB2-K753M, and
were then immunoprecipitated with «BECN1. (B) CHO-K1 cells were infected
with control lentivirus (Ctrl) or lentivirus encoding either His-tagged ErbB2 or
His-tagged ErbB2-VVI/AAA(966-968). Clarified cell lysates were analyzed by
Western blotting using anti-His (for ErbB2), anti-phospho-HER2/ErbB2
(Tyr1248), and anti-GAPDH. (C) Clarified lysates derived from infected CHO-
K1 cells expressing ErbB2 or ErbB2-VVI/AAA were incubated with a cross-linker
[bis(sulfosuccinimidyl)suberate, 1 mM; Thermo Fisher Scientific] at room tem-
perature for 2 h, and were then analyzed by Western blotting with anti-His
antibody (for ErbB2). These results confirmed that the mutant ErbB2 (ErbB2-
VVI/AAA) exists as a monomeric form and lacks kinase activity. (D) CHO-K1 cells
were infected with control lentivirus (Ctrl) or lentivirus encoding either His-
tagged ErbB2 or His-tagged ErbB2-VVI/AAA (966-968), and were then immu-
noprecipitated with «BECN1, followed by Western blotting with antibodies
against Beclin-1, Vps34, Vps15, and His tag. (E) HEK293 cells overexpressing
C99-YFP were infected with control lentivirus (Ctrl) or lentivirus encoding ei-
ther His-tagged ErbB2 or His-tagged ErbB2-VVI/AAA at 37 °C for 72 h, and
were then analyzed by Western blotting. Clarified lysates containing equal
amounts of proteins were analyzed by Western blotting and quantified by
ImagelJ. The quantitative data are shown as the mean + SD from three in-
dependent experiments, and were analyzed by Student’s t tests. *P < 0.05.

APPswe/PS1AE9 transgenic mice administered with CL-387,785
exhibited significantly enhanced spatial learning after 16 d of daily
dosing (Fig. 84). After 3 wk of daily dosing, AD mice treated with
CL-387,785 exhibited a dramatic cognitive improvement compared
with vehicle-treated AD mice on the probe test with an invisible
platform (Fig. 8B). Western blotting analysis of the brain homog-
enates of these APPswe/PS1AE9 transgenic mice further revealed
that treatments with CL-387,785 induced a significant reduction in
the levels of ErbB2, p62, and APP-CTF, concomitant with an in-
crease in the ratio of LC3-II to LC3-I and a steady level of total
APP (Fig. 8 C and D). Using coimmunoprecipitation, we verified
that treatments with CL-387,785 in APPswe/PS1AE9 mice inhibited
the phosphorylation of EGFR(ErbB1), and drastically suppressed
the interaction between ErbB2 and Beclin-1 (Fig. 8 £ and F),
consistent with its effect on restoring autophagic flux. Most im-
portantly, APPswe/PS1AE9 mice treated with CL-387,785 exhibited
an ~40% reduction in the levels of AB40 and AP42 in the brain
(Fig. 8G). Collectively, we were able to confirm the molecular
mechanism underlying the ErbB2-mediated regulation of auto-
phagy using a number of cellular models that specifically address
the delicate nature of protein—protein interactions involved in the
ErbB2-modulated autophagic clearance of C99 and AICD. The
mechanistic evidence was further validated in human brain tissues, a
zebrafish model of amyloidopathy, and an APP/PS1 transgenic mouse
model of AD, which is essential for us to be able to correlate our
findings to the disease processes in human AD samples and to evaluate
the biological efficacy of a selected drug candidate for its potential in
clinical applications. Our findings thus unveil a noncanonical function
of ErbB2 in the regulation of autophagic flux that contributes to the
proteostasis of APP-C99, and thereby identify a therapeutic target
for the development of anti-AD drugs with minimal side effects.
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Discussion

The “amyloid cascade hypothesis,” which states that the extracel-
lular deposition of A in the brain of patients with AD initiates the
pathogenic cascade leading up to full-blown neurodegeneration, has
been dominant in AD research as the primary etiological scenario
occurring in AD brain for the past 25y (1, 44, 45). Enormous efforts
have been invested in finding effective disease-modifying cures for
AD by alleviating Ap-elicited neurotoxicity, but to no avail. A recent
report showcased results from a phase 1b trial of aducanumab
immunotherapy demonstrating that patients with prodromal or mild
AD exhibit a positive outcome in cognition assessments after being
treated with aducanumab for 1 y (46). The promising outcomes
from aducanumab immunotherapy again support the notion that
AP neurotoxicity likely plays a critical role in the early stage of AD
pathogenesis. However, results from two other phase 3 trials of Ap
immunotherapies, solanezumab and bapineuzumab, do not meet
the end points on the cognitive improvement for patients with mild
to moderate AD (47, 48), suggesting that the intrinsic characteristics
associated with AB monoclonal antibodies would dictate their bi-
ological efficacy as AD immunotherapy. There is also an urgent
need to identify novel pharmacological targets for AD therapies, in
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Fig. 7. CL-387,785 can effectively reduce the levels of C99 and AICD without
perturbing Notch-dependent somite development in a zebrafish model of
amyloidopathy. (A) Schematic presentation of the DNA construct encoding
recombinant C99-GFP-P2A-GFP. Cl, chimeric intron; CMV, human cytomega-
lovirus promoter; P2A, porcine teschovirus 2A peptide. (B) Zebrafish embryos
at the one-cell stage were injected with C99-GFP-P2A-GFP plasmid and treated
with the indicated compounds from 48 h postfertilization (hpf) to 72 hpf at
28 °C. Clarified lysates derived from treated embryos were analyzed by
Western blotting with anti-GFP (for C99, €83, AICD, and P2A-GFP plasmid in-
jection control), anti-AB1-16 (6E10, for full-length C99), and anti-GAPDH. The
asterisk indicates unidentified bands. WT, wild type. (C) Phenotypes of C99-
expressing zebrafish embryos treated with the indicated compounds were
imaged by bright-field microscopy and fluorescence microscopy. The number
of embryos exhibiting a curved trunk at 72 hpf was recorded (n = 90).
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Inhibition of ErbB2 by CL-387,785 significantly improved learning and memory in APP/PS1 transgenic mice. (4) Fifteen-month-old mice were given

daily oral doses of vehicle (DMSO) or 5 mg/kg CL-387,785 for 20 d. Escape latencies from days 11-20 are shown as the means + SEM, and were analyzed by
two-way ANOVA (*P < 0.05) (n = 4). P, probe test. (B) Tracking maps and time spent in each of the four quadrants for 90 s on day 21. Data are shown as the
means + SEM, and were analyzed by two-way ANOVA (*P < 0.05). T indicates the target quadrant where the invisible platform is located. Western blotting (C)
and quantitative results (D) of the right brains of mice after drug treatment are shown. The quantitative data are shown as the mean + SEM, and were
analyzed by Student'’s t tests. *P < 0.05. (E and F) Homogenized brain lysates from the DMSO or CL-387,785 treatment group were mixed and immunoprecipitated
with «BECN1. (G) Homogenized brain lysates were dissolved in 5 M guanidine HCl and processed for determination of Ap40 and AB42 using colorimetric Ap40-
and Ap42-specific ELISA kits. Data were normalized to total protein concentration, and analyzed by Student’s t tests (mean + SEM, *P < 0.05).

addition to anti-Ap approaches. We and others have proposed that
autophagic clearance of proteinopathy in AD would be an ideal
alternative target (14, 33, 34). This notion is substantiated by the
autophagy-related pathology found in AD brain evidenced by ab-
normal acidified lysosomes, accumulated amyloid plaques, and Tau
fibrils (49). Furthermore, the down-regulation of PS1 can result in
impaired lysosome function, reduced p62 expression, and defective
Tau proteostasis (50, 51). On the other hand, dysfunction of auto-
phagy elicited by decreased Beclin-1 expression leads to increased
levels of intraneuronal and extracellular Af in an AD mouse model
(52), whereas induction of autophagy by rapamycin can reduce
AP42 accumulation, Tau hyperphosphorylation, and oxidative
stress to ameliorate cognitive impairment in AD transgenic mice
(53). Most intriguingly, a small-molecule enhancer of autophagy
(SMER?28) is found to suppress the production of Ap and APP-
CTFs effectively, without significant changes in the levels of
APLP1 and Notch signaling (54). Our findings that augmentation
of autophagic flux by ErbB2 inhibition can preferentially reduce
the steady-state levels of C99 and secreted AP thus favor a model
in which autophagy could be an alternative pharmacological target
for the development of novel AD therapies.

E3136 | www.pnas.org/cgi/doi/10.1073/pnas.1618804114

Members of the ErbB receptor tyrosine kinase family are
highly expressed in the central nervous system of vertebrates,
where they are essential for neural development (55-57). ErbBs
form various homodimers and heterodimers to activate down-
stream signaling pathways upon ligand binding (58, 59). A recent
study showed that activated ErbB1 can inhibit autophagy by
mediating tyrosine phosphorylation of Beclin-1 to modulate
Vps34 kinase activity (19). On the contrary, ErbB1 also works as
an autophagy initiator by interacting with Rubicon in a kinase-
independent manner (60). Our data revealed that either over-
expression or knockdown of EGFR/ErbB1 simultaneously in-
creased the levels of C99 and AICD (Fig. 3 D and F), suggesting
that ErbB1 might play dual roles in the regulation of autophagy
pending different cellular contexts. In the present study, we
provided direct evidence demonstrating that ErbB2 can actively
govern the proteostasis of the uncleaved y-secretase substrate (C99)
and the cleaved product (AICD) (Fig. 3 D, F, and H), most likely
through modulation of autophagic flux. Our findings suggest that
ErbB2 can cause disassembly of the Beclin-1-Vps34-Vps15 complex,
and thereby inhibit the initiation of autophagy. Down-regulation
of ErbB2 through the use of CL-387,785 or shErbB2 rescues the
formation of the Beclin-1-Vps34-Vps15 complex. Reduction of
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ErbB2 not only decreases C99 and AICD but also concomitantly
attenuates AP production without significantly affecting the physio-
logical function of y-secretase (unchanged Notch signaling). None-
theless, our findings are in line with the current concept that aberrant
autophagic flux is key to the proteinopathy-elicited pathogenesis of
neurodegenerative diseases (14, 61). The aberrant expression/activa-
tion of ErbB2 may thus predispose toward the development of AD.

The APP-CTFs and AICD also contribute to the pathogenesis
of AD in various in vivo models (62, 63). Because Ap-elicited
neurotoxicity can initiate the pathological propagation of AD (3,
64), the detrimental effects elicited by APP-CTFs, including C99,
can synergistically exacerbate Af-induced neurotoxicity to give
rise to the fully developed AD pathology (65). A previous study
showed that phosphorylated ErbBl1 mediates Ap42-induced
memory loss in AD transgenic mice and that treatments with an
ErbBl1 kinase inhibitor can rescue memory loss, but not Ap aggre-
gation (20). However, the ErbB1 kinase inhibitor is only effective in
disassociating the phosphorylated ErbB1 from Beclin-1 to prevent
ErbBl-mediated phosphorylation of Beclin-1 and reactivate auto-
phagy (19). At a resting state in the absence of EGF signal,
ErbB1 does not interact with Beclin-1 and plays no significant role in
the regulation of autophagy initiation, which might be the reason
why ErbB1 kinase inhibition cannot promote the clearance of Ap
(19, 60) (Figs. 54 and 8E). On the other hand, the concomitant
inhibition of ErbB1 kinase and depletion of ErbB2 by CL-387,785 in
our study provide the optimal augmentation of autophagy to trigger
simultaneous cognitive improvement and Af clearance.

This work presents direct evidence suggesting that ErbB2 in its
monomeric form is sufficient to dictate the autophagy-mediated
clearance of APP-C99 and that selective down-regulation of
ErbB2 can significantly reduce AP production without affecting
the processing of Notch, a physiological substrate of y-secretase.
Intriguingly, the overexpression of either a KD ErbB2 monomer
or constitutively active ErbB2 can induce the dissociation of
Beclin-1 from the Vps34-Vpsl5 autophagy initiation complex,
and thus prevent the autophagic clearance of APP-C99, resulting
in simultaneous accumulation of APP-C99 and AICD. Consis-
tently, both the chemical inhibition of ErbB2 by CL-387,785 and
the RNAi-mediated genetic depletion of ErbB2 can rescue the
formation of the Beclin-1-Vps34-Vpsl5 autophagy initiation
complex to propagate the autophagic clearance of APP-C99,
leading to a significant reduction in Af and a marked improve-
ment in cognitive function (Fig. 8). Our work also demonstrates
that the homeostasis of APP processing and Af production can be
selectively manipulated without compromising the physiological
functions of other y-secretase substrates, such as Notch.

This newly identified function of ErbB2 plays a more prom-
inent role in hindering autophagy initiation than the EGFR/
ErbB1 does, because monomeric ErbB2 can effectively disas-
semble the Beclin-1-Vps34-Vpsl5 complex. Given that acti-
vated EGFR/ErbB1 can bind and phosphorylate Beclin-1 (19),
our present study thus suggests a novel molecular basis by which
ErbB2 may act as a scaffold of Beclin-1 to keep autophagy activity
at a resting state in the absence of EGF signal. These findings thus
favor a model in which ErbB2 could work as the gatekeeper of
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autophagic flux (Fig. S3). In accordance with the increased levels of
ErbB2 in the hippocampus of patients with sporadic AD, it is very
likely that the ErbB2-mediated suppression of autophagy chroni-
cally contributes to the accumulation of APP-CTFs, leading to the
uncontrolled increase in Af production and the consequent demise
of hippocampal neurons during the pathogenesis of sporadic AD.
Our data also suggest that ErtbB2 might play a more prominent role
than EGFR/ErbB1 does in the progression of AD, because EGFR/
ErbBl1 expression is not significantly changed in AD brain (Fig. 2).

In conclusion, we have identified a critical function of onco-
genic receptor tyrosine kinase ErbB2 in its monomeric form and
provide proof-of-concept evidence suggesting that increased
levels of ErbB2 in the hippocampus could potentially be estab-
lished as a diagnostic marker of sporadic AD. Our data unveil
the molecular basis that positions ErbB2 in the driver’s seat to
maintain autophagy at a resting state. These findings also favor a
model in which ErbB2 serves as the negative regulator of auto-
phagy initiation and implicate ErbB2 as an alternative thera-
peutic target for novel AD therapies.

Materials and Methods

Study Approval. This study was approved by the Institutional Review Board of
the Alzheimer’s Disease Center, University of California, Davis. Informed
consent to share research tissue after death was obtained from all patients.
The procedures for the animal study were approved by the Academia Sinica
Institutional Animal Care and Utilization Committee (protocol ID 11-02-131).

Statistics. Quantitative analysis of immunoblots was conducted with Image J
(NIH) software (66) by determining the relative intensity of the immunore-
active bands after acquisition of the blot image with the BioSpectrum 600
Imaging System (UVP). The raw immunoblots used for the quantitative and
densitometric analyses were included in Dataset S4. Colocalization analysis
was performed using Imaris 3D software (Bitplane). Statistical analyses were
performed using two-way ANOVA. A value of P < 0.05 was considered significant.

Online Supplemental Material. Detailed descriptions for additional methods
are provided in S/ Materials and Methods.
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