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Abstract
Amyloid precursor protein (APP) metabolism is central to Alzheimer’s disease (AD) pathogenesis, but the key etiological driver remains elusive. Recent failures of clinical trials targeting amyloid-β (Aβ) peptides, the proteolytic fragments
of amyloid precursor protein (APP) that are the main component of amyloid plaques, suggest that the proteostasisdisrupting, key pathogenic species remain to be identified. Previous studies suggest that APP C-terminal fragment
(APP.C99) can cause disease in an Aβ-independent manner. The mechanism of APP.C99 pathogenesis is incompletely
understood. We used Drosophila models expressing APP.C99 with the native ER-targeting signal of human APP,
expressing full-length human APP only, or co-expressing full-length human APP and β-secretase (BACE), to investigate
mechanisms of APP.C99 pathogenesis. Key findings are validated in mammalian cell culture models, mouse 5xFAD
model, and postmortem AD patient brain materials. We find that ribosomes stall at the ER membrane during co-translational translocation of APP.C99, activating ribosome-associated quality control (RQC) to resolve ribosome collision
and stalled translation. Stalled APP.C99 species with C-terminal extensions (CAT-tails) resulting from inadequate RQC
are prone to aggregation, causing endolysosomal and autophagy defects and seeding the aggregation of amyloid
β peptides, the main component of amyloid plaques. Genetically removing stalled and CAT-tailed APP.C99 rescued
proteostasis failure, endolysosomal/autophagy dysfunction, neuromuscular degeneration, and cognitive deficits in
AD models. Our finding of RQC factor deposition at the core of amyloid plaques from AD brains further supports the
central role of defective RQC of ribosome collision and stalled translation in AD pathogenesis. These findings demonstrate that amyloid plaque formation is the consequence and manifestation of a deeper level proteostasis failure
caused by inadequate RQC of translational stalling and the resultant aberrantly modified APP.C99 species, previously
unrecognized etiological drivers of AD and newly discovered therapeutic targets.
Keywords: Alzheimer’s disease, Amyloid precursor protein C-terminal fragment (APP.C99), Ribosome stalling,
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Introduction
Proteostasis denotes a cellular state in which protein
synthesis, folding, and degradation are maintained at a
homeostatic state such that an intact yet dynamic proteome is preserved [1, 2]. It is generally believed that the
cellular capacity to preserve proteostasis declines with
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age, contributing to the pathogenesis of age-related diseases [3]. Proteostasis failure manifested as formation
of aberrant protein aggregates, including the amyloid
plaques composed of the β-amyloid (Aβ) peptide in AD
[4, 5], is a defining feature of age-related neurodegenerative diseases [6–8]. Aβ is one of the metabolites of amyloid precursor protein (APP). Although the physiological
function of APP remains incompletely understood [9],
Aβ is known to be derived from the trafficking and processing of APP through the amyloidogenic pathway
[10–12], whereby APP is cleaved by β-secretase (BACE)
to generate soluble APP beta protein (sAPPβ) and APP.
C99, and APP.C99 cleaved by γ-secretase to release Aβ
and APP intracellular domain (AICD). The facts that
heterozygous mutations in the APP and the presenilin
(PSEN1 and PSEN2) genes are sufficient to cause rare,
early onset forms of AD [13], and that PSEN1/PSEN2
are components of the γ-secretase complex [14] provide
compelling evidence that APP abnormality is central to
AD pathogenesis [15], at least in the rare familial cases.
The origin of proteostasis failure and protein aggregate
formation in the more common sporadic cases, however,
is still enigmatic. Studies in various experimental systems
support the idea that cellular co-factors play important
roles in “seeding” protein aggregate formation [16–18].
But the molecular nature of the initial seeding-activities and cellular mechanisms governing their formation
remain largely undefined.
Although previous studies of proteostasis failure in
neurodegenerative disease focused heavily on post-synthesis, mature proteins, recent studies provide compelling evidence that problems of proteostasis can begin
with nascent peptide chains (NPCs) still associated with
translating ribosomes, necessitating the deployment
of ribosome-associated quality control (RQC) pathway
to handle faculty translation products [19–21]. During
translation, ribosome slowdown and stalling can occur
for a number of reasons. Some are functional and serve
to facilitate cellular dynamics, such as co-translational
protein folding, subcellular protein targeting, and mRNA
localization. Others are detrimental and can be triggered
by damaged mRNAs, mRNA secondary structures, insufficient supply of aminoacyl-tRNAs, inefficient ribosome
termination/recycling, or environmental stress [19–21].
Unmitigated ribosome stalling can result in ribosome
collision, which is sensed by the cell as a proxy for aberrant translation and triggers ribosome-mediated quality
control [22]. A key factor involved is the ubiquitin ligase
ZNF598, which recognizes the distinct 40S-40S interface
characterizing collided ribosomes and ubiquitinates specific 40S subunit proteins [23, 24]. This triggers a series
of downstream quality control events, ribosome subunit
separation and recycling by ABCE1 [25], degradation by
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the Ltn1/VCP/NEMF complex of the NPCs still attached
to the 60S subunit [26, 27], and mRNA degradation. As
the QC machinery is typically sub-stoichiometric to ribosomes [28], inefficient QC of the NPC-60S complex can
happen and may lead to the formation of aberrant NPCs
containing C-terminal Ala and Thr additions (CAT-tails)
[29]. Although CAT-tails are hypothesized to function
as degrons to promote the degradation of stalled NPCs
[30], their accumulation can be detrimental to proteostasis [31–33]. So far studies of ribosome stalling, RQC, and
CAT-tailing have been largely limited to single cell organisms and using artificial substrates. Whether they contribute to proteostasis failure in major diseases like AD
is not known.
Here we report a previously unrecognized role of
stalled translation of APP at the ER translocon, arguably
the earliest stage in APP’s lifecycle, in generating cytotoxic species of APP.C99. Our studies in mammalian cell
culture, Drosophila and mouse AD models, and postmortem AD patient brain samples support the notion
that the proper translation and biogenesis of APP.C99
depend on RQC activity, the inadequacy of which can
result in ribosome collision and accumulation of translationally stalled and CAT-tailed APP.C99 species that
impair the endolysosomal and autophagy systems and
seed the formation of amyloid plaques, causing proteostasis failure and AD pathogenesis. Our results establish
defective RQC of stalled APP.C99 translation and generation of aberrantly modified APP.C99 as potentially one of
the earliest pathogenic events of AD.

Materials and methods
Chemical sources

Sucrose (#S0389), Chloroquine (#C6628), Quinine
(#6119–47-7), Tris base (#11,814,273,001), Glycine
(#G8898), SDS (#L3771), Triton™ X-100 (#T9284),
EDTA (#E9884), EGTA (#3889), Dimethyl sulfoxide
(#D8418), Thio-T (#T3516), HHT (#SML1091), Emitine
(#E2375) were purchased from Sigma-Aldrich. Anisomycin (#S7409) was purchased from SelleckChem. DMEM,
high glucose, GlutaMAX Supplement (#10,566,016) was
purchased from GIBCO. Complete™, Mini, EDTA-free
Protease Inhibitor Cocktail (#11,836,170,001) was purchased form Roche. Lipofectamine 3000 (#L3000015),
Lipofectamine RNAi-MAC (#13,778,150), Puromycin
(ant-pr-1) were purchased from Invitrogen. Pierce 16%
Formaldehyde (w/v), Methanol-free (#28,908), RPMI1640 (#11,845,085), RNAse A (#12,091,021) were purchased from ThermoFisher.
Drosophila genetics and husbandry

We used wild type w1118 as control. We obtained the following lines from the Bloomington Drosophila Stock
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Center: elav-GAL4 (B8765), UAS-APP.C99 (B33783),
UAS-APP (B6700), UAS-APP;UAS-BACE (B33798),
UAS-Rab5-GFP (B43336), UAS-KDEL-GFP (B9898),
UAS-LAMP1-GFP (B42714), UAS-Rab5-WT (B43336),
UAS-Rab5-CA (B43335), UAS-Rab5-DN (B9772), UASFip200 (B91226), UAS-ABCE1-RNAi (B31601), UASLcp2-C99 (B33785), UAS-ZNF598-RNAi (B61288),
UAS-Ltn1 (B30116). We obtained UAS-Clbn-RNAi
(v103351) from Vienna Drosophila Stock Center.
We obtained UAS-ABCE1 (F001097), UAS-ZNF598
(F001909), UAS-Pelo (F003036), UAS-Vms1 (F002500)
from FLYORF. T. Littleton provided MHC-GAL4, S. Birman provided TH-GAL4, F. Kawasaki provided UASmito-GCaMP, N. Bonini provided UAS-HspA1L, Eric
Baehrecke provided UAS-ATG1, Paul Taylor provided
UAS-VCP. The indicated UAS RNAi and OE fly lines
were crossed to Mhc-Gal4 or elav-Gal4 driver lines for
muscle or pan-neuronal expression, respectively. Fly culture and crosses were performed according to standard
procedures. Adult flies were generally raised at 25 °C and
with 12/12 h dark/light cycles. Fly food was prepared
with a standard receipt (Water, 17 L; Agar, 93 g; Cornmeal, 1,716 g; Brewer’s yeast extract, 310 g; Sucrose,
517 g; Dextrose, 1033 g).
Climbing assay

10–20 male flies were transferred to a clean empty food
vial. The flies were then allowed to get accustomed to the
new environment for 3–4 min and subsequently measured for bang-induced vertical climbing distance. The
performed was scored as percentage of flies crossing
the 8 cm mark within 12 s. Each experiment was carried
out ≥ 4 times.
Lifespan analysis

Flies were reared in vials containing cornmeal medium.
Flies were anesthetized using C
 O2 and collected at a density of 20 male flies/vials. All flies were kept at humidified, 12 h on/off light cycle at 25 °C. Flies were flipped
into fresh vial every 3 days and scored for death. Each set
of experiment was carried out ≥ 4 times.
Extraction of fly proteins for western blot analysis

Around 5 fly thoraces were homogenized in 80 µl of
either regular lysis buffer (50 mM Tris–HCl, 150 mM
NaCl, 1% Triton X100, protease inhibitors) or Urea buffer
(6 M Urea, 50 mM Tris–HCl, 150 mM NaCl, 0.1% Triton X100, protease inhibitors) on ice. Each sample was
homogenized by a mechanical homogenizer for 30 secs.
The homogenized samples were incubated on ice for
30 min before centrifuging at 15,000 rpm for 20 min
at 4 °C. 30 µl of supernatant was mixed with 10 µl of
4 × Lammaelli buffer (BioRad #161–0747) and boiled
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for 5 min at 100 °C. The protein lysate was cooled, centrifuged and loaded onto 4–12% Bis–Tris gel (Invitrogen
#NP0321) or 16% Tricine gel (Invitrogen #EC66955) with
1 × MES (Invitrogen #NP0002) as running buffer.
Aversive taste memory

Taste memory assay was performed as described previously [34], with slight modifications. Briefly, one-week
old flies were starved for 12–18 h in an empty vial on
wet Kimwipe paper. Flies were later anesthetized using
ice and fixed on a glass slides by applying nail polish to
their wings. 10–15 flies were used for each set of experiment. The flies were then incubated in a humid chamber for 2 h to allow them to recover from the procedure.
The experiment was divided into three phases. The first
phase is the pretest, when the flies were presented with
500 mM sucrose stimuli (attractive tastant) to their legs
using a Kimwipe wick. Flies that showed positive proboscis extension to the stimulus were used for the next
phases. The second phase was the training phase, when
the flies were presented with 500 mM sucrose stimuli at
their legs while simultaneously being punished by applying 10 mM quinine (aversive tastant) on their extended
proboscis. Training was repeated 15 times for each fly.
The last phase is the test phase when the flies were given
500 mM sucrose to their legs at different time intervals
(0, 5, 15, 30, 45, and 60 min), and the proboscis extension
response was recorded. Each experiment was carried
out ≥ 4 times.
Immunohistochemistry

We performed immunostaining analysis of adult fly muscle as previously described [35]. Briefly, fly thoraxes were
dissected and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, cat. no. 15710) in phosphate buffered saline and 0.3% Triton X-100 (PBS-T). The tissues
were then washed three times with PBS-T. The samples were incubated for 30 min at room temperature in
blocking buffer: 0.5% goat serum in PBS-T. The indicated
primary antibodies (anti-Ubiquitin, Abcam ab140601,
1:1000; anti-Rab5, Abcam ab31261, 1:1000; anti-P62,
Abcam ab178440, 1:1000; Anti-DsRed, clontech #632496,
1:1000; 6E10, Biolegend #803001, 1:1000; anti-LAMP1,
DSHB 1D4B, 1:100) were added and samples were incubated overnight at 4 °C. The samples were washed three
times with PBS-T and subsequently incubated with
the indicated secondary antibodies (Alexa Flour 488
(A32723), Alexa flour 594 (A11036), Invitrogen, 1:200)
for 4 h at 4 °C. The tissues were washed three times with
PBS-T and mounted in slow fade gold buffer (Invitrogen).
Immunostaining of adult brains were performed as
previously described [36]. Briefly, we dissected the brain
tissues of adult flies and fixed them on ice for 30–45 min
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in fixing buffer (940 µl of 1% PBS-T and 60 µl of 37% formaldehyde). The tissues were washed three times in 0.1%
PBS-T and blocked overnight at 4 °C in blocking buffer
(1 ml 1 × PBS, 0.1% Triton-X, 5 mg/ml BSA). The tissues were incubated for 16 h at 4 °C with the indicated
primary antibodies (anti-TH, Pel-Freez P40101-150,
1:1000; anti-mcherry Abcam ab167453, 1:1000; antiUbiquitin, Abcam ab140601, 1:1000; 6E10, Biolegend
#803,001, 1:1000; anti-Rab5, Abcam ab31261, 1:1000).
Samples were washed three times with 0.1% PBS-T and
subsequently incubated with the appropriate secondary
antibodies (Alexa Flour 488 (A32723), Alexa flour 594
(A11036), Invitrogen, 1:200) for 4 h at 4 °C. Samples were
mounted in slow fade gold buffer (Invitrogen) and viewed
using a Leica SP8 confocal microscope.
Molecular cloning

The Flag-C99 plasmid was generated by inserting C99
coding sequence with stop codon to the pCMV-Flag-Myc
vector via the NotI/BamHI cloning sites. The following
PCR primers were used to amplify C99 sequence from
pCAX-C99:
C99-NotI-F TCAGCGGCCGCGGATGCAGAATTC
CGACATG.
C99-BamHI-R TCAGGATCCCTAATTCTGCATCTG
CTCAAAG.
No ER Flag-C99-myc was generated by deletion of the
TGA stop codon from Flag-C99 using the following PCR
primers:
Forward GGATCCGAACAAAAACTC.
Reverse ATTCTGCATCTGCTCAAAG.
ER-Flag-C99 was generated by inserting the ER-target
sequence of human APP upstream and in-frame with
Flag-C99 using the following PCR primers:
Forward
CTGGCCGCCTGGACGGCTCGGGCG
GACTACAAAGACCATGAC.
Reverse CAGGAGCAGTGCCAAACCGGGCAGCAT
GGTTAATTCTGACGG.
ER-Flag-C99-myc was generated by deletion of the
TGA stop codon from ER-Flag-C99 using the following
PCR primers:
Forward GGATCCGAACAAAAACTC.
Reverse ATTCTGCATCTGCTCAAAG.
ER-C99 was generated by deleting the Flag sequence
from ER-Flag-C99 using the following PCR primers:
Forward CTTGCGGCCGCGGATGCAG.
Reverse CGCCCGAGCCGTCCAGGC.
ER-C99-VVE-HA was generated by inserting the HA
epitope into ER-C99 using the following PCR primers:
Forward TCCAGATTACGCTGTTGACGCCGCTGT
CACC.
Reverse ACATCGTATGGGTACTCCACCACACCA
TGATGAATG.
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ER-C99-SK-HA was generated by inserting the HA
epitope into ER-C99 using the following PCR primers:
Forward TCCAGATTACGCTATGCAGCAGAACGG
CTAC.
Reverse ACATCGTATGGGTACTTGGACAGGTGG
CGCTC.
ER-C99-YK-HA was generated by inserting the HA
epitope into ER-C99 using the following PCR primers:
Forward TCCAGATTACGCTTTCTTTGAGCAGAT
GCAG.
Reverse ACATCGTATGGGTACTTGTAGGTTGGA
TTTTCG.
Ifn-C99 was generated by substituting the human
APP ER-targeting sequence in ER-C99 with the signal
sequence of Ifn using the following PCR primers:
Forward TTTCAGCTTTGCGTGACTTTGTGTGAT
GCAGAATTCCGACATG.
Reverse AGCTAAGAAATAAGTTGTATAACTCAT
GGTTAATTCTGACGG.
Opn-C99 was generated by substituting the human
APP ER-targeting sequence in ER-C99 with the signal
sequence of Opn using the following PCR primers:
Forward CCTGTTCGGCCTTGCCTCCTGTGATGC
AGAATTCCGACATG.
Reverse CAAAAGCAAACCACTGCCAGTCTCATG
GTTAATTCTGACGG.
ER-C99-3 K-A was generated by mutating the three K
residues in ER-C99 immediately C-terminal of the TM
domain of C99 with three A residues using the following
PCR primers:
Forward AGCACAGTACACATCCATTCATCATG.
Reverse GCTGCCAGCATCACCAAGGTGATG.
Cell lines

HeLa cells and HEK293T cells were purchased from
ATCC. HEK293T cells stably transfected with Aβ42YFP were described before [37]. Cells were cultured
under standard tissue culture conditions (1 × DMEM
medium, GIBCO, 10% FBS, 5% CO2, 37 °C).
Protein extraction from cultured cells and western blotting

HeLa cells were transfected with the respective plasmids. Cells were washed with 1X PBS 30 h post transfection and lysed in lysis buffer (50 mM Tris–HCl, 150 mM
NaCl, 1% Triton X100, protease inhibitors). The cells
were centrifuged at 13,000 rpm for 20 min at 4 °C. Protein analysis was carried out by Bradford method. The
supernatant was then mixed with 4 × protein loading
buffer and loaded onto either 4–12% bis–tris gels using
MES as running buffer or on 16% Tricine gel and immunoblotted onto PVDF membranes. The membranes were
blocked with blocking buffer (5% BSA in TBST) and
incubated with following primary antibodies (Anti-Flag,
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Sigma-Aldrich F1804, 1:2000; Anti-GFP, ProteinTech
66,002, 1:1000; Anti-ubiquitin, Abcam ab140601, 1:1000;
Anti-Actin, Sigma-Aldrich A2228, 1:500; 6E10, Bio Legend 803,001, 1:1000; Anti-Myc, ProteinTech 16,286,
1:1000; Anti-APP C-term (C1/6.1), ThermoFisher
512,700, 1:500; Anti-Calnexin, ProteinTech 1047–2-AP,
1:1000; Anti-RPL22, ProteinTech 25,002-1-AP, 1:1000;
Anti-Sec61B, ProteinTech 15,087-1-AP, 1:2000; Anti-HA,
Sigma-Aldrich 12CA5, 1:3000; Anti-eRF1, Cell Signaling
13,916, 1:1000; Anti-eRF3, Cell Signaling 14,980, 1:1000;
Anti-DDX19B, ProteinTech 18,285-1-AP, 1:1000; AntiZNF598, GeneTex GTX119245, 1:250; Anti-ANKZF1,
ProteinTech 20,447-1-AP, 1:1000; Anti-NEMF, ProteinTech 11,840-1-AP, 1:500; Anti-Ltn1, ProteinTech 28,4521-AP, 1:1000; Anti-RPL7a, ProteinTech 15,340-1-AP,
1:1000; Anti-Rack1, Santa Cruz sc-17754, 1:1000; AntiPSD95, Abcam ab18258, 1:1000). Goat anti-Rabbit IgG
HRP, Santa Cruz sc2004 or Goat anti-Mouse IgG-HRP,
Santa Cruz sc2005 antibodies were used for detection
at 1:10,000 dilution. For data quantification of western
blots, signal intensity was measured and calculated using
NIH Image J.
Special steps were taken during SDS PAGE to better
resolve the different APP.C99 species. We tried to resolve
the gel as much as possible such that the lower protein ladder (10–25) was distinctly separated. This often
required running the gel front until it was just at the bottom of the gel. Care was taken not to run the ~ 10 KD
protein ladder band out as the C99 lower band was just
beyond this molecular weight. The gel was transferred
onto PVDF membrane using regular 1 × Transfer buffer.
The transfer conditions were 350 mA constant for 45 min
for the bis–tris gel or 85 V constant for 1 h.
Membrane fraction isolation

To isolate a crude membrane fraction containing ER, lysosomes and Golgi, cells were washed with 1 × PBS before
incubating with 50 mM Tris–Cl, 150 mM NaCl, 25 mg/
ml digitonin for 10 min at 4 °C. The cells were then centrifuged at 2000 rpm for 10 min. The lysate was then
incubated with buffer containing 1% Triton X100 to solubilize the membrane structures and incubated at 4 °C for
30 min. This was followed by centrifugation at 7000 rpm
for 10 min to pellet the nuclei and supernatant containing membrane protein extract.
Immunoprecipitation

Cells were washed with 1 × PBS 30 h post transfection
and lysed using either lysis buffer or 6 M Urea buffer
(6 M urea, 50 mM Tris–HCL, 150 mM NaCl, protease
inhibitors) as indicated. 5% of the lysate was kept aside
to load as input. The remaining lysate was incubated
with the desired antibody at 4 °C overnight. If using urea
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buffer, the lysate was diluted to 0.5 M urea before incubating with the desired antibody (4 µl of 6E10 (Bio Legend), 2 µl for Sec61B (ProteinTech), and 2 µl for Rpl22
(ProteinTech) antibodies). The following day protein A/G
beads (Santa Cruz sc2003) were added to the antibodylysate mixture and incubated for 2hs at 4 °C. The beads
were then washed with lysis buffer three times and the
wash was removed by centrifugation. The beads were
suspended in 4 × SDS loading buffer and boiled for 5 min
before loading onto bis–tris gels.
Immunostaining of cultured cells

Cells on coverslips were washed with PBS twice and fixed
in 4% paraformaldehyde/PBS solution for 15 min at RT.
Cells were washed repeatedly with 1 × PBS prior to incubating with PBS containing 0.1% Triton X-100 for 20 min.
Cells were then incubated in blocking buffer (1 × PBS,
0.1% Triton X100, 2% BSA) for 30 min. After blocking,
desired primary antibodies (Anti-Rab5, Abcam ab31261;
Anti-LC3, ProteinTech 14,600-1-AP; 6E10, BioLegend
803,001; Anti-Calnexin, ProteinTech 10,427-2-AP; AntiPuromycin, Millipore MABE343; M78, Gift from Dr.
Glabe) were added to the blocking buffer at 1:1000 concentration and cells were incubated with the antibody
solution overnight. After washing with 1 × PBS the following day, cells were incubated in appropriate secondary antibodies for 1 h. Cells were washed again and the
coverslips were mounted on slides using DAPI-containing mounting medium.
MTT assay

HeLa cells were plated one day before transfection with
plasmids and siRNAs as noted in the text. The medium
was changed after overnight transfection. 30 h post
transfections, the DMEM containing 0.5 mg/ml MTT
reagent (Sigma M2128) was added to the cells. The cells
were incubated at 37 °C for 120 min, and the medium was
removed following which the purple formazan crystals
were dissolved using DMSO. After shaking on a shaker
for 30 min to ensure complete dissolution of the crystals,
the resulting absorbance was measured at 570 nm.
Plasmid transfections and siRNA knockdown

Cell transfections were performed by using Lipofectamine 3000 (cat#: L3000015, Invitrogen), and siRNA
knockdown experiments were performed using Lipofectamine RNAiMAX reagent (cat#: 13,778,150, Invitrogen), according to manufacturer’s instructions.
Different plasmids were used for transfection of HeLa
and HEK293T cells using lipofectamine 3000 following
instructions from the manufacturer. Briefly, cells were
plated at 70% confluency the day before in DMEM without antibiotics. On the day of transfection, plasmid DNA
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and lipofectamine reagent were individually mixed in
OptiMEM and then mixed together such that the plasmid/reagent = 1:3. After incubation of 10 min at room
temperature, the plasmid-reagent mixture was added
dropwise to the cells. Medium was changed the following day and cells were analyzed 30 h post transfection.
For siRNA treatments, a similar protocol was followed
with the final concentration of siRNA at 450 pmol for a
10 cm dish (for a 10 cm dish: 10 µg of DNA and 20 µl of
Lipofectamine 3000, for 6 cm dish: 3–5 µg of DNA and
5 µl of Lipofectamine 3000 were added). For siRNA and
plasmid co-transfection, the cells were first treated with
siRNA. 24 h post transfection with siRNA, the medium
was replaced and plasmid DNA transfection was carried
out.
Translocon capture with ConA beads

Proteins were extracted from cells grown on 10 cm culture dishes. Proteins were extracted as indicated either
in Urea buffer or crude membrane preparations. This
was followed by incubating for 2hs at 4 °C with 50 µl of
Con A beads (Sigma-Aldrich GE17-0440–03). The beads
were washed with lysis buffer three times before adding the 4X SDS loading buffer. For RNAse A and EDTA
treatments, membrane fractions were isolated from HeLa
cells transfected with APP.C99 as described before followed by capture with ConA beads. After washing the
beads as described before, the beads were centrifuged
and RNaseA (1 µg/ml) and EDTA (50 mM) were added to
the beads. RNAse A treatment was incubated at 37 °C for
30 min while EDTA treatment was left on ice for 30 min.
An aliquot of untreated beads was included as control.
After the treatment period, the beads were again centrifuged. Supernatants and beads were then separated and
mixed with SDS loading buffer, boiled and loaded onto
4–12% Bis–Tris gel.
Puromycin labeling of ribosome stalled newly synthesized
proteins

At ~ 30 h post transfection, HeLa cells were incubated
with fresh DMEM medium containing HHT (5 µM)
for 10 min at 37 °C. Emetine (100 µM) and Puromycin
(100 µM) were then added to the medium and cells were
incubated further for 15 min at 37 °C. Cells were then
washed and harvested in lysis buffer, following which
proteins were extracted as previously described.
Puromycin labeling of stalled proteins: Puromycin labeling was done as described [38], with slight modifications.
Hela cells were seeded on coverslips in a 6-well plate and
transfected with pCAX-C99 (Addgene #30,146). After
48 h transfection, cells were treated with HHT for 5 min,
thereafter Puromycin (50 µg) and Emetine (100 µg) were
added and cells were incubated for 5–7 min. Once the
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incubation was over, cells were permeabilized by 0.02%
digitonin in Permeabilization buffer (50 mM Tris–HCl,
pH7.5, 5 mM MgCl2, 25 mM KCl, 355 mM cyclohexamide, 10 units RNAseOut and 0.02% digitonin) for 2 min.
Permeabilized cells were washed twice with washing
buffer (permeabilization buffer without digitonin) and
fixed in 4% paraformaldehyde for 30 min. The Permeabilization and washing steps were performed in ice-old
buffers. Cells were then stained with the mOC78 and
Puromycin antibody and observed under the confocal
microscope.
Drug treatments

HeLa cells were treated with the following drug concentration and times as indicated in the main text. Cycloheximide: 50 µg/ml for 4 h; HHT: 5 µM for 10 min; emetine:
100 µM for 15 min; Puromycin: 100 µM for 15 min.
Aβ42‑YFP aggregation assays

Aβ42-YFP cells were described before [37]. The pCAXC99 (Addgene #30,146) plasmid was transfected into
Aβ42-YFP cells using Lipofectamine 3000 according
to the Manufacturer’s manual. 48 h after transfection,
YFP signal was detected under confocal microscope.
For siRNA knockdown experiments, Aβ42-YFP cells
at 50% confluence were transfected with siRNA targeting ANKZF1 (Invitrogen HSS113541), ABCE1 (Invitrogen HSS109285), VCP (Invitrogen HSS123962),
NEMF (Invitrogen HSS113541) and ZNF598 (Invitrogen HSS132049) for 24 h using RNAiMAX (Invitrogen #13778150), according to the manufacturer’s
instructions. Then cells were transfected with pCAXC99 plasmid for further 48 h. The cells were washed with
1 × PBS and fixed with 4% paraformaldehyde for 15 min.
YFP signals were acquired using confocal microscope
(Leica, SP8).
For immunostaining assays, Aβ42-YFP cells were
transfected with ER-FLAG-C99 and FLAG-C99 respectively for 48 h. Cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton
X-100 for 15 min. After blocking with 5% BSA for 1 h,
cells were incubated with anti-FLAG antibody (SigmaAldrich, F7425) at room temperature for 2 h. Slides were
washed three times with PBS and incubated with Alexa
Fluor 633-conjugated secondary antibodies for 1 h at
room temperature. Images were acquired using confocal
microscope (Leica, SP8).
Mouse studies

B6SJL-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799
Vas/Mmjax mice (5xFAD mice) were purchased from
Jackson Laboratory. The mice were bred and housed
in the Stanford University animal facility. All mouse
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experiment-related protocols were approved by the
Stanford’s University School of Medicine’s APLAC
committee.
Lenti-scramble control shRNA viral particles expressing GFP (lenti-GFP) and mouse ZNF598 shRNA lentiviral particles expressing GFP (Lenti-shZNF598) were
purchased from OriGene (CAT#: TL513709V). Viral
titers were > 10E7 TU/ml. Neonatal pups were injected
with either Lenti-GFP or Lenti-shZNF598 at P0/P1 stage
as described before [39]. Briefly, pups were cryo-anaesthetized before injection. Following cessation of any
movement, the pups were placed side up and 2 µl of virus
was injected on each side with a 32 gauge needle (BD catalogue #324,909). The injection site is about 2/5th of the
distance between the eye and the lambda intersection as
described before [39]. Following injection, the pups were
warmed and returned to the cage with the mother for
further care. Mice were sacrificed after 5 months. Brain
samples were dissected and subjected to fixation with
4% PFA and later treatment with 10% and 20% sucrose
for 24 h. Frozen sectioning was performed according
to Stanford Pathology facility protocols. Subsequent
immunostaining was carried out by following standard
procedures.
Synaptosome isolation from mouse brain

Mouse brain tissue was homogenized in cold lysis buffer
(0.32 M sucrose, 5 mM HEPES, complete protease and
phosphatase inhibitors) at 5:1 buffer to tissue (mg) volume using a mechanical homogenizer for 30 s at 800 rpm.
The resulting homogenate was centrifuged at 1000 g at
4 °C for 10 min to separate the nuclei pellet. The supernatant was further centrifuged at 12000 g for 10 min at
4 °C to pellet the synaptosomes. The pellet was further
suspended in 1 × TBS solution and used for SDS gel electrophoresis. The purity of the synaptosomal isolation was
checked by detection of PSD95 protein in the pellet but
not supernatant fraction.
Mouse brain frozen section immunofluorescence staining

Animals were sacrificed by cervical dislocation and
subsequently harvested followed by storing in 4% formalin (Sigma) for 24 h. Tissues were then moved into
10% sucrose solution for 24 h and 20% sucrose for 24 h
sequentially. After processing, tissues were embedded
with OCT. Ten-micrometer sections were fixed in cold
acetone for 10 min and then air dried at room temperature for 1 h. In order to remove OCT, slides were placed
in 1 × PBS wash buffer for 10 min followed by processing with 0.3% PBST. After washing with 1xPBS, excess
wash buffer was wiped off from slide without drying
sections. Tissues were blocked with 5% goat serum for
1 h at room temperature followed by incubating with
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primary antibodies (Anti-IBA1, Novus NBP2-19,019;
Anti-ZNF598, Genetex GTX119245; Anti-Rack1, Santa
Cruz sc-17754; MOAB2, Novus NBP2-13,075; AntiCTSD, ProteinTech 55,021-1-AP; Anti-Lamp1, DSHB
1D4B; Anti-RPL22, ProteinTech 25,002–1-AP) overnight
at 4 °C. Samples were rinsed in wash buffer for 5 min.
After wiping off excess buffer, samples were incubated
with secondary antibodies (conjugated to fluorophores)
in the dark for 2 h at room temperature. After washing
with PBS for 3 times, samples were ready for mounting
with mounting media. Images were taken on a Leica SP8
confocal microscope.
Immunostaining for Cathepsin D (Abcam), 6E10 (Bio
Legend), Rab5 (Abcam), LAMP1 (DSHB), P62 (Abcam),
and IBA-1 (Novus) were performed on frozen brain tissue sections (5 μm). Briefly, the frozen sections were
washed in 1 × PBS, and then permeabilized with 0.5%
Triton X-100 for 15 min, blocked with 3% goat serum.
Slides were incubated with anti-Cathepsin D, 6E10, Rab5,
LAMP1, P62, IBA-1 antibody overnight at 4 °C. Slides
were washed three times with PBS and incubated with
Alexa Fluor 488- and 569-conjugated secondary antibodies for 1 h at room temperature. Slides were washed three
times with PBS and mounted. Images were acquired
using confocal microscope (Leica, SP8). The number of
positive dots labeled by Cathepsin D or LAMP1 were
counted in each cell.
Human subjects

Human tissue samples from patients with AD and controls were provided by the UCSF Neurodegenerative Disease Brain Bank. Demographic information is provided
in Supplementary Table 1. Informed consent to undergo
autopsy was provided by patients and/or their surrogates, following the principles outlined in the Declaration
of Helsinki. Formalin-fixed, paraffin-embedded tissue
blocks from the inferior temporal gyrus and/or middle
frontal gyrus were cut into 8-microns thick sections and
mounted on glass slides.
Paraffin section immunofluorescence staining of human
brain samples

AD and control human brain sections were deparaffinized in xylene and rehydrated through graded ethanol
series. Antigen retrieval was performed by incubating the
slides in a steamer with citrate buffer (pH 6.0) (Sigma)
for 30 min. The slides were then washed for 10 min
in 1 × PBS and incubated in 3% H
 2O2 (in methanol)
for 10 min in order to block any endogenous peroxidase activity. Slides were then washed with 1 × PBS for
10 min. To prevent nonspecific binding and excessive
background, slides were blocked with a serum-free buffer
for 30 min. Primary antibodies (Anti-Rack1, Santa Cruz
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sc-17754, 1:500; Anti-ZNF598, GeneTex GRX119245,
1:250; Anti-ABCE1, Gift from Dr. Hegde; Anti-NEMF,
ProteinTech 11,840-AP, 1:500; Anti-RPL22, ProteinTech 25,002-1-AP, 1:1000; Anti-ANKZF1, ProteinTech
20,447–1-AP, 1:1000) were applied on the slides and
incubated overnight at 4 °C. Slides were washed with PBS
and incubated with secondary antibody (conjugated to
fluorophores) for 2 h at room temperature. After washing
with 1 × PBS, mounting medium was used to mount the
slides. Images were taken by Leica SP8 microscope.
Quantification and statistical analysis

Statistical analysis was performed using GraphPad
Prism 8 (Windows version 8, GraphPad Software,
San Diego, CA, USA). Student’s t test and one-way
ANOVA test with Tukey’s post hoc test were used
for statistical evaluation. All data are represented as
mean ± S.D, with P < 0.05 being considered statistically
significant. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Results
APP.C99‑induced neuromuscular defects in Drosophila

APP.C99 is known to cause neuromuscular toxicity in
mammalian systems [40, 41], and recent studies provided compelling evidence that familial APP and PSEN
mutations have discordant effects on Aβ production but
similar effects on APP.C99, which accumulates in mutant
neurons and exert Aβ-independent toxicity [42–47]. To
study mechanism of APP.C99 pathogenesis, we used
Drosophila as a model system, which has been instrumental for studying APP biology relevant to AD [48–50].
We used a transgene expressing the C99 fragment of
human APP protein retaining the N-terminal ER-targeting signal of APP and with a Myc tag at the C-terminus.
The transgene was tissue-specifically expressed using the
binary UAS-Gal4 system. Flies expressing APP.C99 in the
muscle under Mhc-Gal4 control (Mhc > APP.C99) showed
held-up or droopy wing posture (Fig. 1a), an indication of
indirect flight muscle degeneration [35]. These flies also
exhibited shortened lifespan (Fig. 1b). This result of C99
toxicity in fly muscle resonates with previous studies of
a C99 Tg mouse model, which exhibits inclusion body
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myositis (IBM)-like muscle lesions [51]. We next examined the effect of APP.C99 on muscle cell homeostasis
by monitoring mitochondrial and ER morphology using
genetically encoded reporters mito-DsRed and KDELGFP. Mitochondria were more fragmented in Mhc > APP.
C99 than control flies (Fig. 1c). Strikingly, the ER exhibited more drastic morphological alterations, with large
aggregated ER structures forming in Mhc > APP.C99 flies
(Fig. 1c). Importantly, full-length APP (FL-APP) had similar effect as APP.C99 on ER morphology, whereas deletion of the APP.C99 region from FL-APP significantly
attenuated such effect (Fig. 1d), supporting that the
phenotypes seen with the APP.C99 transgene reflect the
effect of APP.C99 in the FL-APP context. As the aggregated ER structures tended to be in contact with mitochondria, and ER-mitochondria contacts are involved
in Ca2+ transfer from ER to mitochondria [52], we used
a mito-GCaMP reporter to monitor mito-Ca2+ and
observed increased mito-Ca2+ in Mhc > APP.C99 fly muscle (Additional file 1: Fig. S1a), suggesting that APP.C99
affects ER-mitochondrial Ca2+ signaling.
We next tested the neuronal effect of APP.C99 using
the pan-neuronal elav-Gal4 driver. These flies exhibited
reduced locomotor activity (Fig. 1e). Using the larval
neuromuscular junction as a model system for synapse
development and morphogenesis, we found that APP.C99
caused reduced expression of the postsynaptic marker
Dlg, the fly counterpart of PSD95 (Additional file 1: Fig.
S1b), and synapse loss. To correlate the synaptic defects
with animal behavior, we next tested the effect of APP.C99
on learning and memory. We measured the aversive taste
memory, which is controlled by a neural circuit involving dopaminergic input to neurons in the mushroom
body, the memory center of the flies, and downstream
mushroom body output neurons that alter taste response
[34]. Applying sucrose solution (appetitive tastant) to
the tarsi (feet) of a starved, tethered fly induced robust
feeding behavior as measured by the proboscis extension
reflex (PER). Repeated paired application of sucrose to
the tarsi and quinine (aversive tastant) to the proboscis
resulted in significant attenuation of the PER response to
subsequent application of sucrose alone. Pan-neuronal

(See figure on next page.)
Fig. 1 Endolysosomal and autophagy defects contribute to the neuromuscular toxicity of APP.C99 in Drosophila. a Images showing effect of
muscle expression of APP.C99 on wing posture. Bar graph shows penetrance of wing posture defects at different ages (n > 100). b Effect of muscle
expression of APP.C99 on fly lifespan (n = 80). c Immunofluorescent images showing effect of muscle expression of APP.C99 on ER (KDEL-GFP) and
mitochondrial (mito-DsRed) morphology at the larval body wall muscle. Scale bar, 10 µm. d Images comparing effects of FL-APP, APPΔCT, and APP.
C99 on ER and mitochondrial morphology. Scale bar, 5 µm. e Effect of neuronal expression of APP.C99 on locomotor activity (n = 80–100). f Effect of
neuronal APP.C99 expression on learning and memory in the aversive taste memory assay (n = 40–60). g-i Immunostaining and data quantification
showing accumulation of enlarged early endosomes as detected with anti-Rab5 antibody (g), enlarged lysosomes as detected with LAMP1-GFP
reporter (h), and the autophagy receptor p62 (i) in fly muscle expressing APP.C99 (n = 10). Scale bars, 5 µm (h), 10 µm (g, i). j Accumulation of
autophagosome reporter ATG8-mcherry in fly brain expressing APP.C99 (n = 10). Scale bar, 20 µm. k Effect of co-expression of Rab5-WT, -CA, -DN
on APP.C99 induced wing posture defect (n = 80). l Effect of co-expression of Hsp70, Mitf, Fip200, ATG1, and Ref2p/p62 on APP.C99 induced wing
posture defect (n = 80). Error bars, ± SEM; ∗ P < 0.05, ** P < 0.01 in Student’s t-tests
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expression of APP.C99 caused significant impairment of
this taste memory (Fig. 1f ). Similar impairment of taste
memory was also observed in flies producing APP.C99 by
co-expressing FL-APP and β-secretase (BACE1) (Additional file 1: Fig. S1c). Thus, neuronal APP.C99 can cause
memory deficit. Immunostaining of wholemount brain
samples showed wide-spread accumulation of ubiquitin
(Ub)-positive aggregates, indicating proteostasis failure
(Additional file 1: Fig. S1d). To examine the effect of APP.
C99 on the maintenance of specific neuronal types, we
chose the DA neurons that can be identified by immunostaining with the anti-tyrosine hydroxylase (TH) antibody. APP.C99 caused a reduction of DA neuron number
in the PPL cluster (Additional file 1: Fig. S1e). This was
correlated with increased mito-Ca2+ level in APP.
C99-expressing DA neurons (Additional file 1: Fig. S1f ).
These data indicate that the fly APP.C99 model recapitulates many key features of AD.
APP.C99‑induced endolysosomal and autophagy defects

Recent studies indicate that endolysosomal and
autophagy defects may represent some of the earliest
pathogenic events in AD [53]. We found that in APP.
C99-expressing fly muscle (Fig. 1g) or brain (Additional
file 1: Fig. S1g), there was enlargement of Rab5-positive
early endosomes and accumulation of enlarged LAMP1positive lysosomes (Fig. 1h). There was also increased
p62-positive and ATG8/LC3-positive structures, indicating autophagic flux defects (Fig. 1i, j). Consistent with
this notion, APP.C99-derived 6E10-positive aggregates
were found in perinuclear endolysosomal compartments
(Additional file 1: Fig. S1h). APP.C99-induced early endosomal and autophagic flux defects were also observed in
mammalian cells (Additional file 1: Fig. S1i, j), in which
APP.C99 had similar effect as bafilomycin treatment,
which blocks autophagic flux, on p62 and LC3 protein
levels, and it specifically altered lipidated LC3II level by
increasing LC3II/LC3I ratio (Additional file 1: Fig. S1k).
Whether the endolysosomal and autophagic defects
observed in AD are the cause or consequence of the primary drivers of the disease process remains controversial
[54]. We next tested the contribution of the endolysosomal and autophagy systems to APP.C99 pathogenesis. Overexpression of a constitutively active Rab5
(Rab5-CA) fully rescued APP.C99-induced muscle toxicity as measured with the wing posture assay, whereas
a dominant-negative Rab5 (Rab5-DN) had opposite
effect (Fig. 1k). Enhancing autophagy activity by overexpression of Ref2p/p62, an autophagy receptor, ATG1, a
kinase required for the initial formation of autophagosomes, or MITF, a transcription factor that regulates the
expression of autophagy and lysosome-related genes,
also fully rescued C99 toxicity in the fly muscle (Fig. 1l).
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Overexpression of the molecular chaperone Hsp70A1L
had similar effect (Fig. 1l), supporting the importance
of proteostasis failure in APP.C99 pathogenesis. Notably, overexpression of the autophagy regulator Fip200
had no obvious effect (Fig. 1l), which not only served as
a specificity control of the aforementioned genetic interactions but also indicated that APP.C99 might affect
specific steps of the autophagy process. Importantly, the
abnormal wing posture caused by FL-APP was also rescued by genetic manipulation of the endolysosomal and
autophagy systems and Hsp70A1L (Additional file 1:
Fig. S1k), suggesting that endolysosomal and autophagy
defects and proteostasis failure also underlie APP.C99
toxicity in FL-APP context.
ER‑associated stalled translation of APP.C99

Western blot analysis showed that the APP.C99 transgene
produced two major protein bands in the fly neuromuscular tissues. The upper band represented full-length
APP.C99 as it was immunoreactive to antibodies against
the very N-terminal (6E10) and C-terminal (Myc tag)
epitopes, whereas the lower band was only reactive to the
N-term (6E10) antibody (Fig. 2a). To elucidate the molecular nature of the different APP.C99 species, we resorted
to mammalian cell culture studies. HeLa cells exhibited
C99-dependent APP toxicity (Additional file 1: Fig. S2a),
and signal sequence-dependent APP.C99 toxicity (Additional file 1: Fig. S2b), and APP.C99 was localized perinuclearly and enriched in endolysosomal compartments
(Additional file 1: Fig. S2c), suggesting that these cells
can be used to study mechanisms of APP.C99-induced
cytotoxicity.
As in fly neuromuscular tissues, HeLa cells expressing
APP.C99 targeted to the ER with the signal sequence of
human APP produced the full-length APP.C99 (FL-APP.
C99), but also a lower molecular weight (MW) band,
which was reactive with the 6E10 antibody recognizing
the N-terminus of APP.C99, but not the C1/6.1 antibody
recognizing the very C-terminus of APP.C99 (Fig. 2b).
This lower band is not the C83 fragment resulting from
α-secretase cleavage, which would be recognized by the
C1/6.1 but not 6E10 antibody. Similarly, WB analysis of
an ER-targeted C99 with a C-term Myc tag detected two
bands with the 6E10 antibody but a single band with antiMyc, which corresponded to FL-APP.C99 (Fig. 2c).
The lower band could be a processed form of FL-APP.
C99, or an arrested translation product resulting from
ribosome stalling. To distinguish between these possibilities, we performed puromycin (Pum) labeling of stalled
NPCs. It involved a pre-treatment of cells with homoharringtonine (HHT), which blocks formation of the first
peptide bond but allows actively elongating ribosomes
to run off [38]. This was followed by a combined emetine
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Fig. 2 Ribosome stalling during co-translational ER translocation of APP.C99. a WB analysis of APP.C99 proteins from fly muscle expressing an
APP.C99 transgene with a Myc tag at the C-terminus, using the N-term 6E10 and C-term Myc antibodies. b WB analysis of APP.C99 proteins from
HeLa cell expressing APP.C99, using the N-term 6E10 and C-term C1/6.1 antibodies. c WB analysis of APP.C99 proteins from HeLa cell expressing
ER-Flag-C99-Myc, using the N-term 6E10 and C-term Myc antibodies. d Pum labeling of stalled APP.C99 NPCs. Stalled NPCs were labelled with
emetine plus Pum after HHT treatment to let actively translating ribosomes to run off. Pum-labelled protein were immunoprecipitated with
anti-Pum and the presence of APP.C99 was detected with 6E10. The ER protein Calnexin serves as negative control. e Immunostaining of APP.C99
transfected HeLa cells with the amyloid conformation-specific mOC78 antibody and anti-Pum, which labeled stalled NPCs after active ribosomes
were let run off by HHT treatment. Scale bar, 5 µm. f Immunostaining of APP.C99 transfected HeLa cells with 6E10 and mOC78 antibodies in control
and anisomycin treatment conditions. Scale bar, 10 µm. g Immunostaining of APP.C99 transfected HeLa cells with mOC78 and Pum antibodies in
control and anisomycin treatment conditions. Scale bar, 5 µm. h Co-IP assay in untransfected (UNT) and APP.C99 transfected HeLa cells. Lysates
were immunoprecipitated with anti-RPL22 or anti-Sec61B antibodies, and the immunocomplexes were probed with the indicated antibodies.
Immunoblots represent at least 3 independent repeats

Rimal et al. acta neuropathol commun

(2021) 9:169

and Pum treatment to incorporate the tRNA-like Pum
to the very C-termini of ribosome-stalled NPCs to terminate translation. The translation elongation inhibitor
emetine is needed for Pum to be efficiently incorporated
into stalled NPCs [38]. After IP with anti-Pum to pull
down stalled NPCs, followed by probing with 6E10, we
found that both APP.C99 species were Pum-labeled,
supporting that each contained stalled NPCs (Fig. 2d).
The fact that the lower band has the very N-term 6E10
epitope and C-term Pum argues against it being any
kind of processed product. Immunostaining with antiPum antibody showed that stalled NPCs were localized
to the perinuclear ER compartment where some of them
colocalized with the conformation-specific mOC78 antibody (Fig. 2e), which recognizes a discontinuous epitope
consisting of residues 8–12 (SGYEV) and 24–26 (VGS)
in misfolded or aggregated Aβ [55, 56], suggesting that
stalled NPCs adopted abnormal conformation and represented aberrant APP.C99 species. Thus, the translation
of APP.C99 is stalled at two sites: one at or near the stop
codon, another at an internal site ~ 30 AA upstream of
the stop codon based on the size of the lower band. Interestingly, treatment of APP.C99 transfected HeLa cells
with the translation inhibitor anisomycin (Fig. 2f ) significantly reduced the perinuclear mOC78-positive signals,
whereas the signals in the endolysosomal compartment was less affected, suggesting that the stalled NPCs
were synthesized at the perinuclear ER membrane and
later entered the endolysosomal compartment. Treatment with the lysosomal inhibitor chloroquine resulted
in a robust increase of mOC78-positive stalled NPCs
(Fig. 2g), suggesting that the lysosome is actively involved
in the turnover of aberrant APP.C99 species.
One prediction of the translational stalling model
is that both APP.C99 species would exhibit prolonged
interaction with the ribosome and the ER-translocon.
Indeed, both APP.C99 species were present in ribosomes
and we detected their co-IP with 60S ribosome (RPL22)
and translocon (Sec61B) proteins (Fig. 2h). We also used
concanavalin A (ConA) immobilized on agarose beads
to enrich for ER translocon and associated proteins [57],
and found that both APP.C99 species associated with ER
translocon, and that such associations were sensitive to
RNase A or EDTA treatment (Additional file 1: Fig. S2d),
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indicating ribosome/mRNA-ribonucleoprotein (mRNP)mediated translocon engagement.
To estimate the approximate location of the internal
stalling site, we made APP.C99 constructs in which the
HA tag was inserted at various positions after the transmembrane (TM) domain (Additional file 1: Fig. S2e).
Western blot analysis showed that the HA inserted at the
VVE site was present in both APP.C99 species, whereas
the HA inserted at the SK or YK sites were present in FLAPP.C99 but not the internally stalled species (Additional
file 1: Fig. S2f ). Moreover, the internally stalled species
from the VVE insertion was slightly larger than that from
the SK and YK insertions, suggesting that the internal
stalling site is located after the VVE but before the SK
insertion sites.
ABCE1 deficit contributes to APP.C99 ribosome stalling
at the stop codon site

Ribosome stalling at native stop codon sites could be
due to an insufficient supply of ribosome termination
or recycling factors such as ABCE1, eRF1, or eRF3, as
previously shown for ribosome stalling caused by mitochondrial stress during C-I30 translation [58], whereas
stalling at internal sites could happen for various reasons,
e.g., co-translational protein folding, targeting to the
ER, or membrane integration and topogenesis [59], all
of which could contribute to the slowdown and stalling
of APP.C99 translation on the ER membrane. To test the
mechanism of ribosome stalling during APP.C99 translation, we examine the level of termination and recycling
factors in APP.C99 expressing cells. We found decreased
levels of ABCE1, eRF1, and eRF3, whereas DDX19B was
not affected (Fig. 3a). Importantly, overexpression of the
ribosome recycling factor ABCE1 in HeLa cells reduced
the level of stalled APP.C99 as detected by WB (Fig. 3b)
and Pum labeling (Additional file 1: Fig. S3a) of stalled
NPCs. The amount of APP.C99 localized to the perinuclear ER and endolysosomal compartments (Additional
file 1: Fig. S3b) was also greatly reduced. On the other
hand, ABCE1 RNAi increased the level of stalled APP.
C99 (Additional file 1: Fig. S3a) and it altered autophagic
flux as indicated by elevated p62 and LC3 protein levels
(Additional file 1: Fig. S3c), although LC3II/LC3I ratio
was unexpected decreased. Moreover, some higher MW

(See figure on next page.)
Fig. 3 ER targeting and ABCE1 deficiency contribute to stalled translation of APP.C99. a Immunoblots showing altered levels of ABCE1 and eRF1/3
in APP.C99 transfected HeLa cells. b, c Immunoblots showing effect of ABCE1 OE (b) or RNAi (c) on the level of stalled APP.C99. d Immunoblots
showing ABCE1 level in muscle tissue of young and old Mhc > APP.C99 flies. e Effect of ABCE1 OE on the level of stalled APP.C99 in fly muscle. f
Immunostaining and data quantification showing effects of ABCE1 OE on the level of P62-positive protein aggregates in Mhc > APP.C99 fly muscle
(n = 10). Scale bar, 10 µm. g, h Effect of ABCE1 OE on wing posture defect (g) and aversive taste memory (h) of elav > APP.C99 flies (n = 80–100).
i Immunoblots showing the effect of removing signal sequence on the translational stalling of APP.C99. j Immunoblots showing the effect of
alternative signal sequence on the translational stalling of APP.C99. k MTT cell viability assay of HeLa cells transfected with the indicated plasmids.
l Immunoblots showing the effect of replacing APP signal sequence with that of Lcp2 on the translational stalling of APP.C99 in fly muscle. Error
bars, ± SEM; ∗P < 0.05, **P < 0.01. Immunoblots represent at least 3 independent repeats
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species of APP.C99, presumably oligomers, were induced
by ABCE1 RNAi (Fig. 3c). Thus, inefficient ribosome termination/recycling leads to aberrant APP.C99 products.
We next tested the physiological role of ABCE1 in regulating APP.C99 translational stalling and toxicity in vivo.
The wing posture phenotype of Mhc > APP.C99 flies worsened with age (Fig. 1a). This was correlated with an agedependent reduction of ABCE1 protein level (Fig. 3d),
suggesting that loss of ABCE1 protein may contribute to
APP.C99 toxicity. Indeed, overexpression (OE) of ABCE1
effectively rescued the translational stalling (Fig. 3e) and
impaired proteostasis caused by APP.C99 (Fig. 3f ), and
the pathological effects of APP.C99 at the whole animal
level as measured by the wing posture (Fig. 3g) and aversive taste memory (Fig. 3h) assays. Moreover, ABCE1 OE
rescued the synaptic defect caused by FL-APP (Additional file 1: Fig. S3d) and the memory defect of APP/
BACE1 flies co-expressing FL-APP and BACE1 (Additional file 1: Fig. S3e). These data suggest that the ABCE1
deficit is a key contributor of stalled APP.C99 translation and ensuing toxicity, and that the modifying effect
of ABCE1 on APP.C99 toxicity is relevant in the FL-APP
context.
ER‑targeting and membrane topogenesis contribute
to ribosome stalling at the APP.C99 internal stalling site

We next examined the mechanism of ribosome stalling at
the internal site. Strikingly, removal of the ER-targeting
signal, which abolished APP.C99 toxicity as shown earlier (Additional file 1: Fig. S2b), prevented the formation
of the APP.C99 lower band (Fig. 3i) and the mOC78positive aberrant protein species (Additional file 1: Fig.
S3f ). Despite repeated attempts, AICD, the product of
γ-secretase cleavage product of APP.C99, was undetectable in ER-C99 or No-ER-C99 transfected HeLa cells.
Thus the targeting of APP.C99 to the ER is an important event leading to ribosome stalling and generation
of aberrant APP.C99 species, which is the main cause of
APP.C99 toxicity. Interestingly, replacing the ER-targeting signal of APP with that of IFN-γ, which is known to
be competent for ER targeting but inefficient in engaging the Sec61 translocon [60], prevented the internal
stalling (Fig. 3j). On the other hand, the signal sequence
of Osteopontin (OPN), which engages the translocon
efficiently [60], was as effective as the native APP signal
sequence in conferring APP.C99 internal stalling (Fig. 3j).
Consistent with internal stalling being cytotoxic, OPNC99 but not IFN-γ-C99 impaired cell viability (Fig. 3k).
Moreover, replacing the APP signal sequence with that
of fly larval cuticle protein 2 (Lcp2), a secreted protein,
greatly reduced the internal translational stalling of C99
(Fig. 3l), as in the case of IFN-γ-C99 in mammalian cells
(Fig. 3j), and flies expressing Lcp2-C99 under Mhc > Gal4
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appeared indistinguishable from wild type flies in wing
posture, lifespan, etc., supporting the importance of APP
signal sequence to ribosome stalling and toxicity in vivo.
We also tested whether co-translational membrane
topogenesis of APP.C99 might contribute to its translational stalling. Charged residues flanking the TM
domains are known to be involved in the “stop transfer”
and membrane insertion of TM proteins [59]. Mutating
three positively-charged K residues C-terminal of APP.
C99 TM domain partially attenuated the internal stalling as indicated by the reduced lower band: upper band
ratio (Additional file 1: Fig. S3g). Together, these data
suggest that ER-targeting, translocon-gating, and subsequent protein folding and membrane insertion are events
intrinsic to APP.C99 biogenesis and membrane topogenesis that cause ribosome stalling during its co-translational ER translocation.
Engagement of co‑translational quality control machinery
to handle stalled translation of APP.C99

To further dissect the molecular events associated with
stalled translation of APP.C99, we performed immunoprecipitation (IP) of APP.C99 from HeLa cells and probed
for the interaction with ribosome-mediated QC factors.
Such interactions might occur due to either QC factor
recruitment to stalled APP.C99 NPC/ribosome complex,
or persistent association of QC factors with stalled NPCs
after ribosomal release, as previously shown in yeast [33].
We detected robust APP.C99 interaction with ZNF598
(Fig. 4a), one of the earliest sensors of ribosome stalling and collision. Weak APP.C99 interaction with Ltn1
and NEMF, but no interaction with ANKZF1 (Fig. 4a),
was also detected. We next analyzed ConA pull-down
of Sec61 ER translocon for the presence of RQC factors,
reasoning that, should the translation of APP.C99 be
stalled on the ER during co-translational translocation,
it would recruit the RQC machinery to the ER translocon. ZNF598, Ltn1, and ribosome subunit Rpl22 exhibited enhanced associated with Sec61B translocon in APP.
C99-expressing cells (Fig. 4b). Thus, during co-translational import of APP.C99 to the ER, ribosome slowdown
and collision occur, leading to recruitment of the RQC
machinery in an attempt to resolve such stalling events.
Rescue of APP.C99 toxicity by genetic manipulation
of ribosome‑mediated QC

We next tested the function of ribosome-mediated QC
machinery in regulating APP.C99 expression and toxicity. As a sensor of ribosome stalling and collisions,
ZNF598 ubiquitinates ribosomal small subunit proteins
such as Rps10 of collided ribosomes to trigger disassembly of stalled ribosomes and QC of associated NPCs
and mRNAs. In the absence of ZNF598 or its yeast
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counterpart Hel2, ribosomes would ignore stall signals,
or that stalled ribosomes persist long enough and eventually complete translation [26, 61]. In APP.C99-transfected
HeLa cells, ubiquitination of RPS10 was increased in a
ZNF598-dependent manner (Additional file 1: Fig. S4a),
indicating increased ribosome collision. Importantly,
when ZNF598 was knocked down, the level of stalled
APP.C99 was dramatically reduced (Fig. 4c). Conversely,
ZNF598 overexpression moderately increased APP.C99
internal stalling in HeLa cells (Fig. 4c). APP.C99 stalled
at the stop codon site was presumably also reduced by
ZNF598 RNAi, and that the remaining APP.C99 signal
likely corresponded to normal APP.C99 that had successfully finished translation and passed the translocon. Consistently, Pum-labeled stalled NPCs (Additional file 1:
Fig. S4b), and mOC78-positive, aberrant APP.C99 species were greatly reduced by ZNF598 RNAi (Fig. 4d). The
cytotoxicity of APP.C99 as measured by MTT assay was
also reduced by ZNF598 RNAi (Fig. 4e).
We next used Drosophila models to test the effect of
ribosome-mediated QC on APP.C99 translation and
toxicity in vivo. RNAi of the fly ZNF598 homologue
efficiently reduced APP.C99 internal stalling (Fig. 4f ).
A control RNAi transgene (w RNAi) had no such effect
(Additional file 1: Fig. S4c). ZNF598 RNAi resulted in
a reduction of APP.C99 aggregation as indicated by the
decrease of Ub- and 6E10-positive signals (Fig. 4g), suggesting that it rescued proteostasis impairment caused by
stalled APP.C99 products. Moreover, APP.C99-induced
abnormal wing posture was effectively rescued by
ZNF598 RNAi (Additional file 1: Fig. S4d). Boosting ribosome-mediated QC by OE of select co-translational QC
factors, such as Pelo, Ltn1, Vms1/ANKZF1, and VCP also
rescued APP.C99 induced wing posture defect (Additional file 1: Fig. S4d). At the whole organismal level, APP.
C99-induced locomotor defect (Fig. 4h) and shortened
lifespan (Fig. 4i) were both rescued by ZNF598 RNAi.
We further examined the effect of RQC manipulation on APP.C99 toxicity in neuronal settings. APP.C99induced protein aggregation (Additional file 1: Fig. S4e)
and neuronal degeneration (Additional file 1: Fig. S4f )
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were rescued by ZNF598 RNAi. The impairment of aversive taste memory caused by pan-neuronal expression of
APP.C99 was also effectively rescued by ZNF598 RNAi
(Fig. 4j).
We also tested the regulation by ZNF598 of APP.C99related toxicity in the FL-APP context. For this purpose,
we used APP/BACE1 flies. Co-expression of APP/BACE1
in the muscle tissue led to decreased lifespan, which was
rescued by ZNF598 RNAi (Additional file 1: Fig. S4g).
This was correlated with reduced formation of 6E10-positive protein aggregates (Fig. 4k, m). Pan-neuronal
expression of APP/BACE1 induced formation of 6E10and ubiquitin-positive amyloid aggregates (Fig. 4l, m)
and short-term memory defects as measured by the aversive taste memory behavior (Fig. 4n), which were both
rescued by ZNF598 RNAi. Importantly, ZNF598 RNAi
also rescued the early endosomal (Additional file 1: Fig.
S4h) and lysosomal (Additional file 1: Fig. S4i) defects in
APP.C99-expressing fly muscle tissues, supporting that
stalled APP.C99 translation is the underlying cause of the
endolysosomal and autophagic defects. Together, these
data demonstrated that translation stalling is a major
mechanism of APP.C99 toxicity at the cellular, tissue, and
whole organismal levels, with the stalling sensor ZNF598
being a major regulator of such toxicity.
Ribosome‑mediated QC modulates disease phenotypes
in the 5xFAD mouse model and RQC factors are found
at the core of plaques from AD patient brains

To obtain in vivo evidence for the relevance of translation stalling to AD pathogenesis in a mammalian system, we used the 5xFAD mouse model expressing human
APP and PSEN1 with five FAD mutations: the Swedish
(K670N/M671L), Florida (I716V), and London (V717I)
mutations in APP and the M146L and L286V mutations
in PSEN1. This commonly used AD model exhibits early
and robust recapitulation of disease phenotypes associated with intracellular Aβ toxicity [62]. In 5xFAD mouse
brain synaptosome fractions, we found increased levels
of certain RQC factors, including ZNF598 and Rack1,
another sensor of stalled ribosomes [24], suggesting the

(See figure on next page.)
Fig. 4 The ribosome stall sensor ZNF598 critically regulates the translational quality control and toxicity of APP.C99. a Immunoblots showing co-IP
between APP.C99 and ZNF598 and other ribosome-associated QC factors. b Translocon pull-down with ConA beads showing increased ZNF598 and
Ltn1 association with Sec61 translocon in APP.C99 transfected cells. c Immunoblots showing the effect of ZNF598 RNAi or OE on the level of stalled
APP.C99. d Immunoblots showing the effect of ZNF598 RNAi on the level of mOC78-positive aberrant APP.C99 species. Scale bar, 5 µm. e MTT
viability assay showing the effect of ZNF598 RNAi on APP.C99 toxicity. f Immunoblotd showing the effect of ZNF598 RNAi on the level of stalled APP.
C99 in Mhc > APP.C99 fly muscle. g Immunostaining and data quantification showing effect of ZNF598 RNAi on the level of Ub- and 6E10- positive
aggregates in Mhc > APP.C99 fly muscle (n = 10). Scale bar, 10 µm. h Effect of ZNF598 RNAi on locomotor activity in elav > APP.C99 flies (n = 20–25).
i Effect of ZNF598 RNAi on the lifespan of Mhc > APP.C99 flies (n = 80–100). j Effect of ZNF598 RNAi on the aversive taste memory response in
elav > APP.C99 flies (n = 60). k-m Immunostaining (k, l) and data quantification (m) showing effects of ZNF598 RNAi on the level of 6E10-positive
aggregates in the muscle of Mhc > APP; BACE1 flies (k, n = 10), or effect of ZNF598 RNAi on the level of 6E10 and Ub double-positive aggregates in
the brain of elav > APP; BACE1 flies (l, n = 20–25). Scale bars: 10 µm (k), 20 µm (l). n Effect of ZNF598 RNAi on the aversive taste memory response in
elav > APP; BACE1 flies (n = 60–80). Error bars, ± SEM; ∗P < 0.05, ** P < 0.01. Immunoblots represent at least 3 independent repeats
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occurrence of ribosome collision/stalling and engagement of the RQC machinery (Fig. 5a). Intriguingly,
ZNF598, but not ABCE1, was found in plaque-like structures in the hippocampal region of 3-month-old 5xFAD
mice (Fig. 5b).
To examine the functional significance of ribosome
stalling to AD pathogenesis in 5xFAD mice, we used
lenti-viral injection into brain ventricles of newborn pups
to knock down ZNF598, with the knockdown efficiency
verified by WB (Additional file 1: Fig. S5a). Animals were
analyzed at 3 months of age to look for earliest possible
phenotypic outcomes. Compared to control injected
animals, lenti-ZNF598 shRNA injected animals showed
reduced number of amyloid plaque-like structures in the
cortex and hippocampus (Fig. 5c, d). The plaques that
did form were smaller, with less Thio-T-positive, β-sheet
structure-containing materials in the core of the plaques
(Fig. 5c, Additional file 1: S5b). Moreover, ZNF598 RNAi
reduced Cathepsin D- and LAMP1-positive lysosomes
(Additional file 1: Fig. S5c, d), suggesting that ZNF598
RNAi rescued lysosomal defects in 5xFAD mice. There
was also a reduction of IBA1-positive microglia in the
cortex of lenti-ZNF598 shRNA injected brain samples
(Additional file 1: Fig. S5e). These data suggest that ribosome stalling plays an etiological role in the accumulation of defective APP translation products, which trigger
lysosomal and autophagy defects, plaque formation, and
neuroinflammation.
To further test the relevance of the RQC factors to AD
pathogenesis, we stained control and human AD brains
with antibodies against the RQC factors. Strikingly, certain RQC factors such as ZNF598, NEMF, and ANKZF1,
were enriched in DAPI-positive structures at the core of
amyloid plaques (Fig. 5e, Additional file 1: S5f ), whereas
others such as ABCE1 or eRF1, which were down-regulated by APP.C99 (Fig. 3a), were underrepresented in
plaques (Fig. 5e, S5f ). This result suggests that persistent
ribosome stalling or failure to effectively resolve stalled
ribosomes by the RQC machinery may contribute to
plaque pathology by providing RQC remnants that seed
amyloid plaque formation, supporting the importance
of intracellular Aβ in AD pathogenesis [63–65] and the
intracellular origin of amyloid plaques [55]. Interestingly,
in mild cognitive impairment (MCI) patient brain samples, we observed nuclear localization of 6E10 positive
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and ZNF598 positive signals (Additional file 1: Fig. S5g),
consistent with previous observation of stage-specific
nuclear/perinuclear mOC78 positive amyloid signals
[55] and suggesting disease stage-dependent modulation
of APP.C99 and RQC factors.
Potential role of CAT‑tailed aberrant APP.C99 in seeding Aβ
aggregation

We further investigated the molecular mechanism
underlying the seeding of amyloid plaque formation by
defective APP.C99 RQC products. Subsequent to sensing of ribosome collision by ZNF598, stalled ribosomes
are disassembled and NPCs still attached to 60S subunit
are handled by the Ltn1/VCP/NEMF complex. In the
process, stalled NPCs are modified by random addition
of CAT-tails catalyzed by NEMF. To test whether translational stalling of APP.C99 resulted in CAT-tailing-like
modification, we used high percentage Tris-Tricine gel
with MES running buffer, which better separate CATtailed proteins [58]. With this method, we found that
internally stalled APP.C99 expressed in fly tissues could
be separated as a doublet, with the upper band running
as a smear and close to the lower band (Fig. 6a), consistent with CAT-tailing-like modification [29, 35]. The
level of the putative CAT-tailed species was increased
by ZNF598 OE or ABCE1 RNAi but reduced by ZNF598
RNAi or ABCE1 OE (Fig. 6a). Moreover, RNAi of Clbn,
the fly homolog of NEMF/RQC2 required for CATtailing [29, 58], dramatically reduced CAT-tailed and
stalled APP.C99 (Fig. 6a), consistent with NEMF/Clbn
being required for CAT-tailing and a stabilizing effect
of CAT-tails on NPCs [35]. Overexpression of RQC factors VCP, Ltn1, and Clbn, or the no-go decay factor Pelo,
which effectively rescued APP.C99-induced wing posture
defect (Additional file 1: Fig. S4c), had variable effects on
the expression levels of FL-APP.C99 and the unmodified
stalled APP.C99, but invariably reduced the levels of the
CAT-tailed form of stalled APP.C99 (Fig. 6a), supporting the notion that the CAT-tailed forms of stalled APP.
C99 are the toxic species. In elav > APP/BACE1 flies, APP.
C99 produced from FL-APP also ran as upper and lower
bands, and ZNF598 RNAi reduced the level of stalled
and CAT-tailed APP.C99 (Fig. 6b), suggesting that regulation of APP.C99 translational stalling and CAT-tailing by
ZNF598 also occurs in FL-APP context. In 5xFAD mouse

(See figure on next page.)
Fig. 5 ZNF598 regulates disease phenotypes in 5xFAD mouse model. a Enrichment of ZNF598 in the synaptosome fraction of 5xFAD mouse
brain. b Immunostaining showing colocalization of ZNF598 with ribosome large subunit protein Rpl22, but not ABCE1, in MOAB2-labelled plaques
(n = 50). Scale bar, 5 µm. c Immunostaining showing the number and morphology of amyloid plaques in the cortex of 5xFAD mice treated with
lenti-shGFP control (n = 10) or lenti-shZNF (n = 10). Scale bar, 10 µm. d Quantification of plaque density in the hippocampus (Hip), cortex (Cort),
or CA1 region of the hippocampus (CA1). e Immunostaining of sections of AD brains (n = 3) showing deposition of ZNF598, NEMF, RPL22, and
RACK1, but not ABCE1, to the core of amyloid plaques (n = 55–97). Scale bar, 5 µm. Error bars, ± SEM; ∗P < 0.05. Immunoblots represent at least 3
independent repeats
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brain samples, we also observed stalled and putative
CAT-tailed APP.C99 (Additional file 1: Fig. S6a).
We next tested whether aberrant APP.C99 products
resulting from the failed RQC process would seed Aβ
aggregation. For this purpose, we used a HEK293 cell
line stably expressing an Aβ42-YFP construct [37]. Under
normal conditions, the Aβ42-GFP exhibits diffuse, low
level cytoplasmic localization. However, when a seeding agent such as amyloid fibrils prepared from diseases
brains was introduced, Aβ42-YFP formed prominent
aggregates [37]. Introduction of ER-targeted APP.C99
(Additional file 1: Fig. S6b), but not APP.C99 without
ER-targeting signal (Additional file 1: Fig. S6c), strongly
promoted Aβ42-YFP aggregation. This APP.C99-induced
Aβ42 aggregation was regulated by the RQC and CATtailing process, as RNAi of ZNF598 and NEMF, or
ABCE1-OE greatly attenuated the ability of APP.C99 to
induce Aβ42-YFP aggregation (Fig. 6c), whereas RNAi
of ANKZF1 and VCP, factors required for the release
of stalled NPCs from 60S ribosome [66] or turnover
of CAT-tailed NPCs [33], respectively, or the RNAi of
ABCE1, facilitated the ability of APP.C99 to induce Aβ42YFP aggregation (Fig. 6c). These data support the notion
that aberrant RQC products, likely the CAT-tailed APP.
C99 species, help seed Aβ42-YFP aggregation. To further
test this hypothesis, we appended artificial CAT-tails to
Aβ42 to mimic CAT-tailing of internally stalled APP.C99
and observed tail length-dependent facilitation of Aβ42
aggregation as detected by WB analysis as SDS-resistant
high MW species trapped in the stacking gel (Fig. 6d),
and by immunostaining with the aggregate-specific
mOC78 antibody (Fig. 6e) or Amytracker (Additional
file 1 1: Fig. S6d). This was correlated with tail lengthdependent Aβ42 toxicity (Additional file 1: Fig. S6e). We
also appended artificial CAT-tail to “normal” FL-APP.
C99 and observed enhanced aggregation (Additional
file 1: Fig. S6f ). Together, these data demonstrate CATtail-mediated facilitation of aggregation and toxicity by
aberrant APP.C99 species.
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Discussion
Development of effective AD-modifying therapeutics
requires the identification of the earliest pathobiology and the causative factors. This has been a persistent
and elusive goal in the field. Previous studies have heavily focused on Aβ, initially on extracellular Aβ and later
intracellular Aβ. This study highlights an unanticipated
etiological role of CAT-tailed APP.C99 species resulting from ribosome collision/stalling during the synthesis
of APP, a step earlier than the processing of post-synthesis, mature APP. Although RQC is a newly discovered process studied primarily in yeast, its importance
to human health is beginning to be appreciated. Mutations in genes involved in RQC, such as Ltn1, HBS1,
and NEMF, cause neurodegeneration phenotypes in
the mouse [67–69]. Recent work revealed that RQC is
important for quality control of mitochondrial outer
membrane-associated ribosomes [58, 70], and that inefficiency of this process can compromise mitochondrial
homeostasis and contribute to the pathogenesis of Parkinson’s disease [58] and C9orf72-associated ALS/FTD
[35]. These studies revealed that mitochondrial stress
can impair the RQC process by destabilizing the translation termination and ribosome recycling factors including ABCE1, which is rate-limiting in cells [71], resulting
in CAT-tailing-like protein C-term extension known
as MISTERMINATE [58]. Such feedback regulation
offers a mechanistic link between proteostasis failure
and mitochondrial dysfunction, two pathological hallmarks common to all neurodegenerative disease [72].
As APP.C99 selectively accumulates in vulnerable neurons in AD [73] and is known to show increased presence at mitochondria-associated ER membranes [74],
and β-cleavage activity is present at the ER [75–77] or
the endosomes [78], our finding of RQC manipulation
being effective in rescuing APP.C99-related toxicity in
both APP.C99 and FL-APP contexts supports that inefficient QC of ER-associated stalled translation of APP is
critically involved in the generation of toxic APP.C99 species during AD pathogenesis. We note that the ER is key
in the generation of aberrant APP/APP.C99 but it does
not necessarily have to be the only site of processing or

(See figure on next page.)
Fig. 6 Ribosome stall-induced aberrant APP.C99 species seed amyloid β-42 aggregation. a Immunoblots showing effects of genetic manipulations
of RQC and CAT-tailing related factors on the levels of the various APP.C99 species in fly muscle extracts. >  > : FL-APP.C99; * putative CAT-tailed,
internally-stalled APP.C99; > : non-CAT-tailed, internally-stalled APP.C99. b Immunoblots showing the effect of ZNF598 RNAi on the level of stalled
APP.C99 in elav > APP; BACE1 fly brain extract. c Fluorescent images showing induction of Aβ42 aggregation by APP.C99 in HEK293 cells stably
transfected with Aβ42-YFP, and the modifying effect of RNAi or OE of select RQC and CAT-tailing related factors. Fixed cells were directly imaged.
Bar graph shows data quantification. Scale bar, 10 µm. d Immunoblots showing effect of artificial addition of different-lengthed AT tails on the
aggregation of Aβ42. e Immunostainings showing effect of artificial addition of different-lengthed AT tails on the aggregation of Aβ42 in HeLa cells.
6E10 detects all Aβ42, whereas mOC78 detects aggregated Aβ42. Scale bar, 5 µm. Error bars, ± SEM; ∗P < 0.05, **P < 0.01. Immunoblots represent at
least 3 independent repeats
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Fig. 7 Working Model. Diagram depicting events from ribosome stalling at ER translocon to the generation of CAT-tailed aberrant APP.C99 species
that seed amyloid plaque formation

action of CAT-tailed APP or APP.C99 in the disease process. The lysosomes and endosomes or other organelles
may also be involved. ER stress is an early event in AD
and other diseases, we propose that inefficient ER-associated RQC may provide a mechanistic link between
proteostasis failure and ER dysfunction. It remains to be
determined whether MISTERMINATE-related mechanism may contribute to the ABCE1 and eRF1/3 deficits in
APP.C99-expressing cells and whether altered ER-mitochondrial communication is involved. In this respect, it
is worth mentioning that APP.C99 has been shown to
elicit mitochondrial structure, function, and mitophagy
defects [79].
Despite its initial microscopic discovery more than a
century ago by Dr. Alois Alzheimer, the origin of amyloid plaques and key factor(s) that seed plaque formation are still being hotly debated [80], with extracellular
Aβ, intracellular Aβ, and oligomeric Aβ all being implicated. The fact that AD brain extracts or extracts from
cells pre-seeded with AD brain extracts are more potent
than in vitro formed Aβ oligomers in seeding amyloid
plaque formation in vivo supports the involvement of
other cellular factors in seeding amyloid plaques [81].
Our results, especially the observation of DAPI-positive and RQC factor-positive materials in the center of
amyloid plaques found in AD patient brain samples,
and the ability of aberrant, CAT-tailed APP.C99 to seed
Aβ-42 aggregation, support the idea proposed more
than a century ago that amyloid plaques originate from
within degenerating neurons or neuronal processes
[80]. We hypothesize that intrinsic features of APP.C99
translation, including ER targeting, co-translational
translocation, co-translational folding, and membrane
topogenesis, slow down translation and impose higher
demand for co-translational quality control activities.
Inadequacy of ribosome-mediated QC machinery, or
exacerbated ribosome collision by environmental stress

[82], can result in persistent ribosome collision/stalling
and accumulation of faulty APP.C99 translation products
with CAT-tails. If not cleared in a timely manner, these
aberrant APP.C99 species will lead to degeneration of
neuronal cell body or neurites. Due to the unusual stability or aggregation properties conferred by the CATtails, these aberrant APP.C99 species will persist after the
demise of the host cell, recruiting metastable proteins
such as Aβ from the host cell and surrounding cells to
seed extracellular plaque formation (Fig. 7). Although
our use of artificial AT repeats is sufficient to mimic the
effect of aberrant APP.C99 in facilitating Aβ-42 aggregation, future biochemical studies will determine the nature
of the CAT-tails formed on APP.C99 in AD condition, as
amino acids other than A and T can be incorporated into
CAT-tails in flies and mammalian cells [35, 58].
Abnormalities in the endolysosomal and autophagy
systems are prominent features of AD, predating
the appearance of plaque and NFT pathologies [53].
Genome-wide association studies have linked variants
in genes in the endolysosomal and autophagy systems to
risks of developing AD [13]. Independent studies using
different experimental systems have implicated APP.
C99 instead of Aβ as causative of the endolysosomal and
autophagy defects in AD. However, it remains controversial whether the endolysosomal and autophagy defects
are cause or consequence of the primary drivers of the
disease process. In our models, we found early endosomal defects, as well as lysosomal and autophagy defects
in the fly AD models. More importantly, genetic manipulations that reduced the translational stalling of APP.C99
rescued disease phenotypes concomitant with rescue of
the endolysosomal and autophagy defects, supporting
the notion that the endolysosomal and autophagy defects
are caused by the ribosome stalling process, or the resulting CAT-tailed APP.C99. We showed that restoring
the endolysosomal and autophagic system function is
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sufficient to rescue APP.C99 induced disease phenotypes,
suggesting that endolysosomal and autophagy defects are
key mediators of APP.C99 pathogenesis. Future studies
will also address how the aberrant RQC products of APP.
C99 impair endolysosomal and autophagy systems. As
these systems are involved in clearing aberrant APP.C99,
their gradual impairment during disease or aging will
eventually result in a pathological buildup of toxic APP.
C99 species.
Given the emerging evidence supporting APP.C99 as
an etiological trigger of AD pathology, interventions
targeting APP.C99 or its downstream effects on the
endolysosomal and autophagy systems may be considered for therapeutic purposes. With data casting doubts
on the therapeutic prospect of targeting APP-processing enzymes, therapeutic approaches that restore APP.
C99 homeostasis by other means are warranted. In this
regard, modulating ribosome-mediated QC to get rid of
aberrant APP.C99 RQC products, or restoring endolysosomal and autophagy function impaired by aberrant APP.
C99 deserve serious consideration, as such manipulations rescued AD-related synapse and network dysfunction and behavioral outcomes in our AD model studies.
Future studies in patient iPSC-derived AD models will
test whether our findings in transgenic animal models
also apply to disease models with more physiological
APP expression. Finally, boosting ER and mitochondrial
function, which are expected to indirectly reduce the
ribosome stalling of ER translocon-engaged APP.C99,
may also prove to be beneficial.
In conclusion, despite the fact that genetic evidence
strongly supports aberrant APP metabolism in APP
pathogenesis, the pathogenic protein species derived
from APP and their sites of action remain incompletely
defined. Our results identify APP as a physiological substrate of the RQC process whose intrinsic properties
of translational regulation and membrane topogenesis
entail higher RQC activities. Our results further show
that amyloid plaque formation is the consequence and
manifestation of a deeper level proteostasis failure caused
by translationally stalled and CAT-tailed APP.C99 species, previously unrecognized etiological drivers of AD
that are prone to aggregation and cause endolysosomal
and autophagy defects and possibly other cytopathologies of AD. We anticipate that discovery of drugs that
target the translational stalling, RQC and CAT-tailing
processes, or those that compensate for the endolysosomal and autophagic defects caused by aberrant APP.
C99 may lead to novel therapeutics for AD and related
diseases.

Page 22 of 24

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40478-021-01268-6.
Additional file 1: Supplementary figures and supplementary table 1.
Acknowledgements
We are grateful to Drs. A. Nakamura, M. Hegde, S. Juszkiewicz, S. Shao for plasmids and antibodies; Drs. Carlo Condello and Stanley Prusiner for Aβ42-YFP/
HEK cell lines; Drs. E. Baehrecke, S. Birman, N. Bonini, F. Kawasaki, T. Littleton,
P. Taylor, the Vienna Drosophila RNAi Center, FlyORF, and the Bloomington
Drosophila Stock Center for fly stocks; Stanford PAN facility for primer synthesis;
The Neuropathology Lab in the Department of Pathology, Stanford University
School of Medicine, especially Pauline Chu, for help with mouse brain
sectioning and analysis. Drs. O. Brandman, Z. Wu, C. Sitron, Z. Davis for discussions. Special thanks go to J. Gaunce for maintaining fly stocks and providing
technical supports and members of the Lu lab for discussions.
Authors’ contributions
S.R, Y.L, and R.V designed the study, performed the experiments, analyzed data,
wrote the manuscript, and contributed equally. J.G, I.T, S.L, and S.H performed
experiments and analyzed data. L.T.G and S.S performed patient diagnosis.
H.V, C.G, W.W.S, and S.G provided key reagents, equipment, and advice for the
experiments. B.L conceived and supervised the study, performed experiments,
wrote the manuscript, and provided funding. All authors read and approved
the final manuscript.
Funding
This work was supported by the NIH (R01NS084412, R01AR074875,
R01NS083417, R21AG074414 to B.L.). The UCSF Neurodegenerative Disease
Brain Bank receives funding support from NIH grants P01AG019724 and
P50AG023501, the Consortium for Frontotemporal Dementia Research, and
the Tau Consortium.
Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All animals were cared for in accordance with the guidelines of the National
Institutes of Health and procedures were approved by the Stanford University
School of Medicine Institutional Animal Care and Use Committees. Human
tissue samples from patients with AD and controls were provided by the UCSF
Neurodegenerative Disease Brain Bank. Informed consent to undergo autopsy
was provided by patients and/or their surrogates, following the principles
outlined in the Declaration of Helsinki.
Consent for publication
Not applicable.
Competing interests
S.G and B.L are co-founders and Scientific Advisors of Cerepeut Inc.
Author details
1
Department of Pathology, Stanford University School of Medicine, Stanford,
CA 94305, USA. 2 Department of Molecular Biology and Biochemistry, University of California, Irvine, CA, USA. 3 Memory and Aging Center, Department
of Neurology and Department of Pathology, University of California, San
Francisco, CA 94158, USA. 4 Department of Bioengineering and Therapeutic
Sciences, Programs in Human Genetics and Biological Sciences, Eli and Edythe
Broad Center of Regeneration Medicine and Stem Cell Research, University
of California, San Francisco, CA, USA.
Received: 23 September 2021 Accepted: 26 September 2021

Rimal et al. acta neuropathol commun

(2021) 9:169

References
1. Balch WE, Morimoto RI, Dillin A, Kelly JW (2008) Adapting proteostasis for
disease intervention. Science 319(5865):916–919
2. Sala AJ, Bott LC, Morimoto RI (2017) Shaping proteostasis at the cellular,
tissue, and organismal level. J Cell Biol 216(5):1231–1241
3. Hipp MS, Kasturi P, Hartl FU (2019) The proteostasis network and its
decline in ageing. Nat Rev Mol Cell Biol 20(7):421–435
4. Glenner GG, Wong CW (1984) Alzheimer’s disease: initial report of the
purification and characterization of a novel cerebrovascular amyloid
protein. Biochem Biophys Res Commun 120(3):885–890
5. Tanzi RE, Gusella JF, Watkins PC, Bruns GA, St George-Hyslop P, Van Keuren
ML, Patterson D, Pagan S, Kurnit DM, Neve RL (1987) Amyloid beta protein
gene: cDNA, mRNA distribution, and genetic linkage near the Alzheimer
locus. Science 235:880–884
6. Chiti F, Dobson CM (2017) Protein Misfolding, amyloid formation, and
human disease: a summary of progress over the last decade. Annu Rev
Biochem 86:27–68
7. Klaips CL, Jayaraj GG, Hartl FU (2018) Pathways of cellular proteostasis in
aging and disease. J Cell Biol 217(1):51–63
8. Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA (2019)
Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol
15(10):565–581
9. van der Kant R, Goldstein LS (2015) Cellular functions of the amyloid precursor protein from development to dementia. Dev Cell 32(4):502–515
10. Thinakaran G, Koo EH (2008) Amyloid precursor protein trafficking, processing, and function. J Biol Chem 283(44):29615–29619
11. C. Haass, C. Kaether, G. Thinakaran, S. Sisodia, Trafficking and proteolytic
processing of APP, Cold Spring Harb Perspect Med 2(5) (2012) a006270.
12. Zhang YW, Thompson R, Zhang H, Xu H (2011) APP processing in Alzheimer’s disease. Mol Brain 4:3
13. Karch CM, Cruchaga C, Goate AM (2014) Alzheimer’s disease genetics:
from the bench to the clinic. Neuron 83(1):11–26
14. De Strooper B, Iwatsubo T, Wolfe MS (2012) Presenilins and gammasecretase: structure function, and role in Alzheimer Disease. Cold Spring
Harb Perspect Med 2(1):006304
15. Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alzheimer’s disease
at 25 years. EMBO Mol Med 8(6):595–608
16. Peng C, Trojanowski JQ, Lee VM (2020) Protein transmission in neurodegenerative disease. Nat Rev Neurol 16(4):199–212
17. Jucker M, Walker LC (2018) Propagation and spread of pathogenic
protein assemblies in neurodegenerative diseases. Nat Neurosci
21(10):1341–1349
18. Prusiner SB (2013) Biology and genetics of prions causing neurodegeneration. Annu Rev Genet 47:601–623
19. Brandman O, Hegde RS (2016) Ribosome-associated protein quality
control. Nat Struct Mol Biol 23(1):7–15
20. Joazeiro CAP (2019) Mechanisms and functions of ribosome-associated
protein quality control. Nat Rev Mol Cell Biol 20(6):368–383
21. Sitron CS, Brandman O (2020) Detection and Degradation of Stalled Nascent Chains via Ribosome-Associated Quality Control. Annu Rev Biochem
89:417–442
22. Simms CL, Yan LL, Zaher HS (2017) Ribosome Collision Is Critical for Quality Control during No-Go Decay. Mol Cell 68(2):361–373
23. Juszkiewicz S, Chandrasekaran V, Lin Z, Kraatz S, Ramakrishnan V, Hegde
RS (2018) ZNF598 Is a Quality Control Sensor of Collided Ribosomes. Mol
Cell 72(3):469–481
24. Sundaramoorthy E, Leonard M, Mak R, Liao J, Fulzele A, Bennett EJ (2017)
ZNF598 and RACK1 Regulate Mammalian Ribosome-Associated Quality
Control Function by Mediating Regulatory 40S Ribosomal Ubiquitylation.
Mol Cell 65(4):751–760
25. Shao S, von der Malsburg K, Hegde RS (2013) Listerin-dependent nascent
protein ubiquitination relies on ribosome subunit dissociation. Mol Cell
50(5):637–648
26. Brandman O, Stewart-Ornstein J, Wong D, Larson A, Williams CC, Li GW,
Zhou S, King D, Shen PS, Weibezahn J, Dunn JG, Rouskin S, Inada T, Frost
A, Weissman JS (2012) A ribosome-bound quality control complex triggers degradation of nascent peptides and signals translation stress. Cell
151(5):1042–1054
27. Shao S, Hegde RS (2014) Reconstitution of a minimal ribosome-associated ubiquitination pathway with purified factors. Mol Cell 55(6):880–890

Page 23 of 24

28. Kulak NA, Pichler G, Paron I, Nagaraj N, Mann M (2014) Minimal, encapsulated proteomic-sample processing applied to copy-number estimation
in eukaryotic cells. Nat Methods 11(3):319–324
29. Shen PS, Park J, Qin Y, Li X, Parsawar K, Larson MH, Cox J, Cheng Y, Lambowitz AM, Weissman JS, Brandman O, Frost A (2015) Protein synthesis.
Rqc2p and 60S ribosomal subunits mediate mRNA-independent elongation of nascent chains. Science 347:75–78
30. Sitron CS, Brandman O (2019) CAT tails drive degradation of stalled polypeptides on and off the ribosome. Nat Struct Mol Biol 26(6):450–459
31. Choe YJ, Park SH, Hassemer T, Korner R, Vincenz-Donnelly L, Hayer-Hartl
M, Hartl FU (2016) Failure of RQC machinery causes protein aggregation
and proteotoxic stress. Nature 531(7593):191–195
32. Yonashiro R, Tahara EB, Bengtson MH, Khokhrina M, Lorenz H, Chen KC,
Kigoshi-Tansho Y, Savas JN, Yates JR, Kay SA, Craig EA, Mogk A, Bukau B,
Joazeiro CA (2016) The Rqc2/Tae2 subunit of the ribosome-associated
quality control (RQC) complex marks ribosome-stalled nascent polypeptide chains for aggregation. Elife 5:11794
33. Defenouillere Q, Zhang E, Namane A, Mouaikel J, Jacquier A, FromontRacine M (2016) Rqc1 and Ltn1 Prevent C-terminal Alanine-Threonine Tail
(CAT-tail)-induced Protein Aggregation by Efficient Recruitment of Cdc48
on Stalled 60S Subunits. J Biol Chem 291(23):12245–12253
34. Masek P, Worden K, Aso Y, Rubin GM, Keene AC (2015) A dopamine-modulated neural circuit regulating aversive taste memory in Drosophila. Curr
Biol 25(11):1535–1541
35. Li S, Wu Z, Tantray I, Li Y, Chen S, Dong J, Glynn S, Vogel H, Snyder M, Lu B
(2020) Quality-control mechanisms targeting translationally stalled and
C-terminally extended poly(GR) associated with ALS/FTD. Proc Natl Acad
Sci U S A 117(40):25104–25115
36. Rimal S, Sang J, Poudel S, Thakur D, Montell C, Lee Y (2019) Mechanism of
acetic acid gustatory repulsion in drosophila. Cell Rep 26(6):1432–1442
37. Aoyagi A, Condello C, Stohr J, Yue W, Rivera BM, Lee JC, Woerman AL,
Halliday G, van Duinen S, Ingelsson M, Lannfelt L, Graff C, Bird TD, Keene
CD, Seeley WW, DeGrado WF, Prusiner SB (2019) Abeta and tau prion-like
activities decline with longevity in the Alzheimer’s disease human brain.
Sci Transl Med 11:490
38. Graber TE, Hebert-Seropian S, Khoutorsky A, David A, Yewdell JW, Lacaille
JC, Sossin WS (2013) Reactivation of stalled polyribosomes in synaptic
plasticity. Proc Natl Acad Sci U S A 110(40):16205–16210
39. Kim JY, Grunke SD, Levites Y, Golde TE, Jankowsky JL (2014) Intracerebroventricular viral injection of the neonatal mouse brain for persistent
and widespread neuronal transduction. J Vis Exp 91:51863
40. Yankner BA, Dawes LR, Fisher S, Villa-Komaroff L, Oster-Granite ML, Neve
RL (1989) Neurotoxicity of a fragment of the amyloid precursor associated with Alzheimer’s disease. Science 245(4916):417–420
41. Oster-Granite ML, McPhie DL, Greenan J, Neve RL (1996) Age-dependent
neuronal and synaptic degeneration in mice transgenic for the C terminus of the amyloid precursor protein. J Neurosci 16(21):6732–6741
42. Jiang Y, Mullaney KA, Peterhoff CM, Che S, Schmidt SD, Boyer-Boiteau A,
Ginsberg SD, Cataldo AM, Mathews PM, Nixon RA (2010) Alzheimer’srelated endosome dysfunction in Down syndrome is Abeta-independent
but requires APP and is reversed by BACE-1 inhibition. Proc Natl Acad Sci
U S A 107(4):1630–1635
43. Hung COY, Livesey FJ (2018) Altered gamma-Secretase Processing of APP
disrupts lysosome and autophagosome function in Monogenic Alzheimer’s Disease. Cell Rep 25(13):3647–3660
44. Kwart D, Gregg A, Scheckel C, Murphy EA, Paquet D, Duffield M, Fak J,
Olsen O, Darnell RB, Tessier-Lavigne M (2019) A Large Panel of Isogenic
APP and PSEN1 Mutant Human iPSC Neurons Reveals Shared Endosomal Abnormalities Mediated by APP beta-CTFs Not Abeta. Neuron
104(2):256–270
45. Lauritzen I, Pardossi-Piquard R, Bauer C, Brigham E, Abraham JD, Ranaldi S,
Fraser P, St-George-Hyslop P, Le Thuc O, Espin V, Chami L, Dunys J, Checler
F (2012) The beta-secretase-derived C-terminal fragment of betaAPP, C99,
but not Abeta, is a key contributor to early intraneuronal lesions in tripletransgenic mouse hippocampus. J Neurosci 32(46):16243–21655
46. Jiang Y, Sato Y, Im E, Berg M, Bordi M, Darji S, Kumar A, Mohan PS, Bandyopadhyay U, Diaz A, Cuervo AM, Nixon RA (2019) Lysosomal dysfunction in
down syndrome is app-dependent and mediated by APP-betaCTF (C99).
J Neurosci 39(27):5255–5268
47. Lauritzen I, Pardossi-Piquard R, Bourgeois A, Pagnotta S, Biferi MG, Barkats
M, Lacor P, Klein W, Bauer C, Checler F (2016) Intraneuronal aggregation

Rimal et al. acta neuropathol commun

48.
49.

50.

51.

52.
53.
54.
55.

56.

57.
58.

59.
60.
61.
62.

63.
64.

65.

(2021) 9:169

of the beta-CTF fragment of APP (C99) induces Abeta-independent
lysosomal-autophagic pathology. Acta Neuropathol 132(2):257–276
Gunawardena S, Goldstein LS (2001) Disruption of axonal transport and
neuronal viability by amyloid precursor protein mutations in Drosophila.
Neuron 32(3):389–401
Shaw JL, Zhang S, Chang KT (2015) Bidirectional regulation of amyloid
precursor protein-induced memory defects by Nebula/DSCR1: a protein
upregulated in alzheimer’s disease and down syndrome. J Neurosci
35(32):11374–11383
Stokin GB, Almenar-Queralt A, Gunawardena S, Rodrigues EM, Falzone T,
Kim J, Lillo C, Mount SL, Roberts EA, McGowan E, Williams DS, Goldstein
LS (2008) Amyloid precursor protein-induced axonopathies are independent of amyloid-beta peptides. Hum Mol Genet 17(22):3474–3486
Jin LW, Hearn MG, Ogburn CE, Dang N, Nochlin D, Ladiges WC, Martin
GM (1998) Transgenic mice over-expressing the C-99 fragment of betaPP
with an alpha-secretase site mutation develop a myopathy similar to
human inclusion body myositis. Am J Pathol 153(6):1679–1686
Bagur R, Hajnoczky G (2017) Intracellular Ca(2+) Sensing: Its Role in
Calcium Homeostasis and Signaling. Mol Cell 66(6):780–788
Nixon RA (2017) Amyloid precursor protein and endosomal-lysosomal
dysfunction in Alzheimer’s disease: inseparable partners in a multifactorial disease. FASEB J 31(7):2729–2743
Peric A, Annaert W (2015) Early etiology of Alzheimer’s disease: tipping
the balance toward autophagy or endosomal dysfunction? Acta Neuropathol 129(3):363–381
Pensalfini A, Albay R 3rd, Rasool S, Wu JW, Hatami A, Arai H, Margol L,
Milton S, Poon WW, Corrada MM, Kawas CH, Glabe CG (2014) Intracellular
amyloid and the neuronal origin of Alzheimer neuritic plaques. Neurobiol
Dis 71:53–61
J.M. Reyes-Ruiz, R. Nakajima, I. Baghallab, L. Goldschmidt, J. Sosna, P.N.M.
Ho, T. Kumosani, P.L. Felgner, C.G. Glabe, An "epitomic" analysis of the
specificity of conformation-dependent, anti-Ass amyloid monoclonal
antibodies, J Biol Chem (2020).
von der Malsburg K, Shao S, Hegde RS (2015) The ribosome quality
control pathway can access nascent polypeptides stalled at the Sec61
translocon. Mol Biol Cell 26(12):2168–2180
Wu Z, Tantray I, Lim J, Chen S, Li Y, Davis Z, Sitron C, Dong J, Gispert S,
Auburger G, Brandman O, Bi X, Snyder M, Lu B (2019) MISTERMINATE
Mechanistically Links Mitochondrial Dysfunction with Proteostasis Failure.
Mol Cell 75(4):835–848
Spiess M, Junne T, Janoschke M (2019) Membrane Protein Integration and
Topogenesis at the ER. Protein J 38(3):306–316
Kim SJ, Mitra D, Salerno JR, Hegde RS (2002) Signal sequences control
gating of the protein translocation channel in a substrate-specific manner. Dev Cell 2(2):207–217
Kuroha K, Akamatsu M, Dimitrova L, Ito T, Kato Y, Shirahige K, Inada T
(2010) Receptor for activated C kinase 1 stimulates nascent polypeptidedependent translation arrest. EMBO Rep 11(12):956–961
Oakley H, Cole SL, Logan S, Maus E, Shao P, Craft J, Guillozet-Bongaarts A,
Ohno M, Disterhoft J, Van Eldik L, Berry R, Vassar R (2006) Intraneuronal
beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s disease mutations: potential
factors in amyloid plaque formation. J Neurosci 26(40):10129–10140
Wilson CA, Doms RW, Lee VM (1999) Intracellular APP processing and
A beta production in Alzheimer disease. J Neuropathol Exp Neurol
58(8):787–794
Iulita MF, Allard S, Richter L, Munter LM, Ducatenzeiler A, Weise C, Do
Carmo S, Klein WL, Multhaup G, Cuello AC (2014) Intracellular Abeta
pathology and early cognitive impairments in a transgenic rat overexpressing human amyloid precursor protein: a multidimensional study.
Acta Neuropathol Commun 2:61
Kondo T, Asai M, Tsukita K, Kutoku Y, Ohsawa Y, Sunada Y, Imamura K,
Egawa N, Yahata N, Okita K, Takahashi K, Asaka I, Aoi T, Watanabe A, Watanabe K, Kadoya C, Nakano R, Watanabe D, Maruyama K, Hori O, Hibino S,
Choshi T, Nakahata T, Hioki H, Kaneko T, Naitoh M, Yoshikawa K, Yamawaki
S, Suzuki S, Hata R, Ueno S, Seki T, Kobayashi K, Toda T, Murakami K, Irie
K, Klein WL, Mori H, Asada T, Takahashi R, Iwata N, Yamanaka S, Inoue H
(2013) Modeling Alzheimer’s disease with iPSCs reveals stress phenotypes
associated with intracellular Abeta and differential drug responsiveness.
Cell Stem Cell 12(4):487–496

Page 24 of 24

66. Verma R, Reichermeier KM, Burroughs AM, Oania RS, Reitsma JM, Aravind
L, Deshaies RJ (2018) Vms1 and ANKZF1 peptidyl-tRNA hydrolases release
nascent chains from stalled ribosomes. Nature 557(7705):446–451
67. Chu J, Hong NA, Masuda CA, Jenkins BV, Nelms KA, Goodnow CC, Glynne
RJ, Wu H, Masliah E, Joazeiro CA, Kay SA (2009) A mouse forward genetics
screen identifies LISTERIN as an E3 ubiquitin ligase involved in neurodegeneration. Proc Natl Acad Sci USA 106(7):2097–2103
68. Ishimura R, Nagy G, Dotu I, Zhou H, Yang XL, Schimmel P, Senju S,
Nishimura Y, Chuang JH, Ackerman SL (2014) RNA function. Science
345(6195):455–459
69. Martin PB, Kigoshi-Tansho Y, Sher RB, Ravenscroft G, Stauffer JE, Kumar
R, Yonashiro R, Muller T, Griffith C, Allen W, Pehlivan D, Harel T, Zenker
M, Howting D, Schanze D, Faqeih EA, Almontashiri NAM, Maroofian R,
Houlden H, Mazaheri N, Galehdari H, Douglas G, Posey JE, Ryan M, Lupski
JR, Laing NG, Joazeiro CAP, Cox GA (2020) NEMF mutations that impair
ribosome-associated quality control are associated with neuromuscular
disease. Nat Commun 11(1):4625
70. Izawa T, Park SH, Zhao L, Hartl FU, Neupert W (2017) Cytosolic Protein
Vms1 links ribosome quality control to mitochondrial and cellular
homeostasis. Cell 171(4):890–903
71. Young DJ, Guydosh NR, Zhang F, Hinnebusch AG, Green R (2015) Rli1/
ABCE1 recycles terminating ribosomes and controls translation reinitiation in 3’UTRs In Vivo. Cell 162(4):872–884
72. Lu B, Guo S (2020) Mechanisms linking mitochondrial dysfunction and
proteostasis failure. Trends Cell Biol 30(4):317–328
73. Pulina MV, Hopkins M, Haroutunian V, Greengard P, Bustos V (2020) C99
selectively accumulates in vulnerable neurons in Alzheimer’s disease.
Alzheimers Dement 16(2):273–282
74. Pera M, Larrea D, Guardia-Laguarta C, Montesinos J, Velasco KR, Agrawal
RR, Xu Y, Chan RB, Di Paolo G, Mehler MF, Perumal GS, Macaluso FP,
Freyberg ZZ, Acin-Perez R, Enriquez JA, Schon EA, Area-Gomez E (2017)
Increased localization of APP-C99 in mitochondria-associated ER membranes causes mitochondrial dysfunction in Alzheimer disease. EMBO J
36(22):3356–3371
75. Hartmann T, Bieger SC, Bruhl B, Tienari PJ, Ida N, Allsop D, Roberts GW,
Masters CL, Dotti CG, Unsicker K, Beyreuther K (1997) Distinct sites of
intracellular production for Alzheimer’s disease A beta40/42 amyloid
peptides. Nat Med 3(9):1016–1020
76. Chyung AS, Greenberg BD, Cook DG, Doms RW, Lee VM (1997) Novel
beta-secretase cleavage of beta-amyloid precursor protein in the endoplasmic reticulum/intermediate compartment of NT2N cells. J Cell Biol
138(3):671–680
77. Wild-Bode C, Yamazaki T, Capell A, Leimer U, Steiner H, Ihara Y, Haass C
(1997) Intracellular generation and accumulation of amyloid beta-peptide terminating at amino acid 42. J Biol Chem 272(26):16085–16088
78. Rajendran L, Annaert W (2012) Membrane trafficking pathways in Alzheimer’s disease. Traffic 13(6):759–770
79. Vaillant-Beuchot L, Mary A, Pardossi-Piquard R, Bourgeois A, Lauritzen I,
Eysert F, Kinoshita PF, Cazareth J, Badot C, Fragaki K, Bussiere R, Martin C,
Mary R, Bauer C, Pagnotta S, Paquis-Flucklinger V, Buee-Scherrer V, Buee
L, Lacas-Gervais S, Checler F, Chami M (2021) Accumulation of amyloid
precursor protein C-terminal fragments triggers mitochondrial structure,
function, and mitophagy defects in Alzheimer’s disease models and
human brains. Acta Neuropathol 141(1):39–65
80. Gouras GK, Almeida CG, Takahashi RH (2005) Intraneuronal Abeta accumulation and origin of plaques in Alzheimer’s disease. Neurobiol Aging
26(9):1235–1244
81. McAllister BB, Lacoursiere SG, Sutherland RJ, Mohajerani MH (2020)
Intracerebral seeding of amyloid-beta and tau pathology in mice: factors
underlying prion-like spreading and comparisons with alpha-synuclein.
Neurosci Biobehav Rev 112:1–27
82. Wu CC, Peterson A, Zinshteyn B, Regot S, Green R (2020) ribosome
collisions trigger general stress responses to regulate cell fate. Cell
182(2):404–416

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

