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Abstract

The extracellular accumulation of amyloid g (Ap) fragments of amyloid precursor protein (APP)
in brain parenchyma is a pathological hallmark of Alzheimer’s disease (AD). APP can be cleaved
into AP on late endosomes/multivesicular bodies (MVBs). E3 ubiquitin ligases have been linked to
AP production, but specific E3 ligases associated with APP ubiquitination that may affect
targeting of APP to endosomes have not yet been described. Using cultured cortical neurons
isolated from rat pups, we reconstituted APP movement into the internal vesicles (ILVs) of MVBs.
Loss of endosomal sorting complexes required for transport (ESCRT) components inhibited APP
movement into ILVs and increased endosomal Ap42 generation, implying a requirement for APP
ubiquitination. We identified an ESCRT-binding and APP-interacting endosomal E3 ubiquitin
ligase, ubiquitination factor E4B (UBE4B), that regulates APP ubiquitination. Depleting UBE4B
in neurons inhibited APP ubiquitination and internalization into MVBs, resulting in increased
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endosomal AB42 levels and increased neuronal secretion of AB42. When we examined AD brains,
we found levels of the UBE4B-interacting ESCRT component, hepatocyte growth factor—regulated
tyrosine kinase substrate (Hrs), were significantly decreased in AD brains. These data suggest that
ESCRT components critical for membrane protein sorting in the endocytic pathway are altered in
AD. These results indicate that the molecular machinery underlying endosomal trafficking of APP,
including the ubiquitin ligase UBE4B, regulates A levels and may play an essential role in AD
progression.

Summary Statement.

This work identifies an endosome-associated E3 ubiquitin ligase, UBE4B, that regulates APP
ubiquitination and is involved in a discrete step in endocytic APP trafficking that affects its
pathogenic cleavage and secretion of Ap fragments via a noncanonical pathway.

Keywords

endocytosis; ubiquitination factor E4B (UBE4B); membrane trafficking; multivesicular body
(MVB); Alzheimer’s disease (AD); amyloid B (Ap)

Introduction

Amyloid precursor protein (APP)L and its cleavage product, amyloid beta (AB), have been
implicated in the pathogenesis of neurodegenerative diseases such as Alzheimer’s disease
(AD), amyloid angiopathy, and vascular dementia 1-4. These diseases present a significant
burden to patients, caregivers, and healthcare systems 156, Despite decades of investigation,
there are currently no disease-modifying treatments >~7 and only a few established
biomarkers 8.. Post-mortem examination of AD brains often reveals marked neuronal death
and pathology that includes extracellular accumulation of protein aggregates (i.e. plaques).
These plaques, predominantly composed of AB, are thought to precede neuronal loss 24 and
may correlate with cognitive decline 11, AB is produced in neurons 1214 and can
accumulate both intra- and extra-neuronally. The relative contributions of A intraneuronal
accumulation, increased AP secretion/parenchymal deposition, and decreased extraneuronal

AP clearance to disease-producing amyloid burden are the subject of active investigation
3,15

Endocytic trafficking of APP has been linked to the production and secretion of Ag 15-21,
The abnormal endosomal morphology and increased endosomal Ap accumulation observed

1Abbreviations

Alzheimer’s Disease (AD)

Amyloid Beta (AB)

Amyloid Precursor Protein (APP)

B-site amyloid precursor protein cleaving enzyme 1 (BACE-1)
Endosomal Sorting Complexes Required for Transport (ESCRTS)
Hepatocyte growth factor regulated tyrosine kinase substrate (Hrs)
Internal Vesicles (I1LVs)

Multi-vesicular body (MVB)

Plasma Membrane (PM)

Presenilin-2 (PS2)

Ubiquitin-interaction motifs (UIM)
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in post-mortem examination of AD brains suggests that endosomal dysfunction may play a
role in the pathogenesis of AD 22-24, APP resides on the cell surface and is internalized into
endosomal compartments. The fate of membrane proteins that move through this pathway
depends on whether they enter the internal vesicles (ILVs) of the late endosome/multi-
vesicular body (MVB) or remain on the limiting MVB membrane 25-30, Membrane proteins
that are internalized into 1LVs of MVBs can be degraded upon MVB-lysosome fusion 30:31
or can be secreted extracellularly upon MVB-PM fusion 32-34, APP can be internalized into
ILVs of the MVB 17.18.20.3536 The efficiency of APP movement into ILVs likely determines
the time it spends in proximity to the endosome-associated p- and y-secretases and therefore
the propensity for Ap fragment formation in endosomes.

Ubiquitination of membrane protein cargo is required for engagement of the Endosomal
Sorting Complexes Required for Transport (ESCRT), a molecular machinery that allows for
membrane protein movement into ILVs 30:31.37-40 The ESCRT machinery has been
implicated in APP trafficking at endosomes, although evidence for their role in Ap
generation is conflicting!7-19. ESCRT complex proteins contain ubiquitin-interaction motifs
(UIM) that enable engagement with ubiquitin moieties present on cargo proteins for sorting
into ILVs of MVBs 30:3741.42 Therefore, involvement of ESCRTs in APP endosomal
trafficking suggests that APP is ubiquitinated to allow for ESCRT interactions. APP
ubiquitination is associated with APP accumulation on the endosomal membrane 17:43-45
and changes in the production of Ap species. Although E3 ubiquitin ligases have been
previously linked with amyloid production 434446, a specific E3 ligase associated with APP
ubiquitination that would affect its endosomal disposition has not been isolated.

We utilized a cell-free assay that reconstitutes ILV formation to identify an E3 ligase
responsible for ubiquitinating APP. We confirmed that the ESCRT machinery is required for
movement of APP into ILVs of MVBs and that loss of ESCRT components results in
enhanced endosomal generation of Ap42. More importantly, we identified UBE4B as an E3
ubiquitin ligase that interacts with APP and can regulate APP ubiquitination. We observed
that loss of UBE4B results in enhanced AP generation in endosomes and increased Ap
secretion from neurons. Furthermore, we found that levels of the UBE4B-interacting ESCRT
component Hrs are significantly decreased in mild-moderate AD brains and that levels of
UBEA4B show a decreasing trend in AD patient samples. These data suggest that efficient
endocytic trafficking of APP may be important for regulating intra- and extra-neuronal Ap
levels, that UBE4B can ubiquitinate APP and enable its endocytic trafficking and secretion,
and that Hrs and UBE4B levels may be altered in aging and age-related diseases.

Experimental Procedures

Materials—

Antibodies were purchased from the following commercial sources: C-terminal APP
(Sigma; A8717; 5 pug/mL for immunablotting (IB); 50 pug/mL for immunocytochemistry
(ICC), N-terminal APP (Millipore; 22C11; 10 ug/mL for ICC), MAP2 (Millipore, AB5622;
5 pug/mL); Rab7 (Invitrogen; # D95F2; 2.5 pg/pL for ICC, 0.25 ug/mL for IB), EEA1
(Thermo Fisher; Cat. # PA5-17228; 2.5 pg/uL for ICC, 0.25 pg/mL for 1B), BACE-1 (Cell
Signaling; D10ES5; 1 ug/mL), Presenilin 2 (Abcam; ab51249; 1:1000),quan Actin (Sigma;
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A2066; 0.3 ug/mL), UBE4B (Abcam; ab126759; 0.3 ug/mL for IB; ab97697), Ubiquitin
(Enzo; P4D1; 1 pg/uL), Hrs (Axxora; A-5; 1 ug/uL), EGFR (Invitrogen; Cat # PA1-1110;
1:200), phospho Tau (Abcam; ab109390; 1:1000).

DNA Constructs—

Plasmids encoding for short hairpin RNAs directed against UBE4B
(CCGGTGGACCAACTGACGGATATTTCTCGAGAAATATCCGTCAGTTGGTCCATTT
TTG; TRCN0000338294) and a scrambled shRNA
(CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTT
; SHCO002) were purchased from Mission shRNA (Sigma).

Cell Culture—

Mammalian Cell Culture——TLA-HEK 293T cells (ATCC) were cultured as a
monolayer in 10-cm dishes as previously described in2°. The cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM, Mediatech), containing 10% Fetal Bovine
Serum (FBS, Sigma) under 5% CO, at 37°C. To passage the cells, cells were removed from
the plate using 0.05 mM trypsin/EDTA. Similarly, SK-N-AS (ATCC) cells were cultured as
a monolayer in 10-cm dishes. SK-N-AS cells were maintained in Roswell Park Memorial
Institute (RPMI, Mediatech), containing 10% FBS and 1% L-Glutamine (Life Technologies)
under 5% CO, at 37°C. Before each experiment, cells were passaged by removing them
from the plate using 0.05 mM EDTA.

Primary Neuron Culture——Primary cortical neurons were obtained from E21 rat
embryos (both male and female), as described 47-50. Animal procedures were performed in
accordance with National Institutes of Health Guidelines for the care and use of laboratory
animals and approved by the Animal Welfare Committee at the University of Texas Health
Science Center at Houston, TX, USA. Briefly, cortical brain tissue was extracted from rat
embryonic brains, enzymatically dissociated, and seeded (8 million cells/plate) on 10-cm
plates coated with 50 pg/mL Poly-D-Lysine (Millipore). Neurons were maintained in
Neurobasal medium (Life Technologies), 2% B27 (Life Technologies), 1% Glutamax (Life
Technologies), and 1% Penicillin-Streptomycin (Sigma) under 5% CO, at 37°C. Neuron
medium was replenished every 4 days. Experiments were carried out using neurons at 5-7
days /n vitro unless otherwise specified.

Immunocytochemistry—

Neurons (1e6) were plated on coverslips coated with Poly-D-Lysine. After 5 days, neurons
were fixed with 4% paraformaldehyde for 15 minutes at room temperature, and treated with
100mM glycine in PBS for 10 minutes. Fixed neurons were permeabilized with 0.1% Triton
X-100 in PBS for 10 minutes, blocked with 10% normal goat serum in PBS for 1 hour, and
subsequently incubated with primary antibodies overnight at 4 °C. The following day cells
were washed with PBS (3X for 5 min) and incubated with secondary antibodies for 1 hour at
room temperature. Slides were washed 3x with PBS and mounted using DAPI mounting
medium. Images were obtained by fluorescent microscopy with a Leica TCS SPE
microscope and analyzed using ImageJ (NIH).
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Discontinuous sucrose gradient for endosome enrichment—

Neurons, [5-7 days in vitro (DIV)] were washed with PBS, scraped, and centrifuged (1500 x
g, 10 min). Cell pellets were resuspended in 100 uL of homogenization buffer (HB; 20 mM
HEPES pH 7.4, 0.25 M sucrose, 2 mM EGTA, 2 mM EDTA, and 0.1 mM DTT) containing
protease inhibitors. Cells were then sonicated 3 times (10 pulses of 1 second at output
control 3; Branson Sonifier 250, VWR Scientific), and centrifuged at 2000 x g for 10
minutes. The supernatant (Postnuclear supernatant, PNS) was collected, volume increased to
440 pL with HB, and loaded at the bottom of a 2ml ultracentrifugation tube and overlaid
with three layers of sucrose: 35% sucrose (660 L), 25% sucrose (440 pL), and 8% sucrose
(500 pL) as described in °1. All sucrose-containing solutions contained imidazole (3mM)
and EDTA (1mM, pH 7.4). The gradient was centrifuged (150,000 x g for 1 hour, model
TLS55; Beckman Coulter). After centrifugation, 200 L fractions were collected from the
top of the gradient (10 steps per gradient). Fractions were diluted using at least 1:1 in HB
and membranes were pelleted by centrifugation (150,000 x g for 30 min). Membrane
fractions were used in cell-free reactions or for immunoblotting.

Cytosol preparation—

Mammalian cytosol: Rat brain cytosol was produced as described 2. Neurons were
scraped and centrifuged (2000 x g for 5 min at 4°C), resuspended in HB with protease
inhibitors (112 pM PMSF, 3 uM aprotinin, 112 pM leupeptin, 17 uM pepstatin), and
sonicated 3 times (8 pulses of 1 second at output control 2; Branson Sonifier 250, VWR
Scientific). The resulting lysate was centrifuged (2000 x g for 10 min at 4°C) and the
supernatant was further centrifuged (100,000 x g for 1 hour at 4°C). The supernatant was
collected as cytosol and protein concentrations were calculated using a Bradford assay
(Pierce). The cytosol was divided into 75 g aliquots and stored at —80 °C.

For immunodepletion experiments, rat brain cytosol (100 ug) was incubated with antibody
(1 pg) and a protease inhibitor cocktail overnight (end-over-end rotation at 4°C). Samples
were then incubated with washed protein A agarose beads (15 pL) for 2 hours at 4°C.
Following centrifugation (1000 x g for 3 seconds), immunodepleted supernatant was
collected as cytosol and protein concentrations were calculated using a Bradford assay. The
cytosol was divided into 75 pg aliquots and stored at =80 °C.

Yeast cytosol: Saccharomyces cerevisiae deletion strains (Dharmacon) were plated on
YPD plates (500 mL ddH20 containing: 10 g bactopeptone, 5 g yeast extract, 8 g agar, 25
mL 40% dextrose) with G418 (500 pg/mL), and incubated overnight at 30°C. The parental
strain was cultured without G418. Colonies were inoculated in 5 mL of YPD medium (500
mL ddH20 containing: 10 g bactopeptone, 5 g yeast extract, 25 mL 40% dextrose) and
incubated overnight on a shaker at 30 °C. A secondary culture of YPD medium (100 mL)
was inoculated with the overnight culture and grown until ODggq reached 0.8-1.0. Cells were
collected (3000 x g for 10 min) and washed with ddH»0O, followed by TP buffer (20 mM
Tris, pH 7.9; 0.5 mM EDTA, 10% glycerol; 50 mM NaCl, 112 pM leupeptin, 3 M
aprotinin, 112 uM PMSF, and 17 uM pepstatin). The final pellet was resuspended in 100 L
of TP buffer. Cells were lysed using acid-washed glass beads (1 min vortex-1 min incubation
on ice, 5 times). Lysate was centrifuged (3000 x g for 10 min), and the supernatant was
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collected and further centrifuged (100,000 x g for 60 min) to collect cytosol in the
supernatant. Protein concentrations were calculated using a Bradford assay. The cytosol was
divided into 160 pg aliquots and stored at —80 °C.

Immunoprecipitation—

For immunoprecipitation experiments, neurons were scraped from a plate using a rubber
scraper, and centrifuged (1500 x g for 10 mins). The cell pellet was resuspended in 100 uL
of RIPA Buffer (10 mM Tris-C1 pH 8, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-1000,
0.1% sodium deoxycholate, 140 mM NaCl) containing protease inhibitors, lysed (1 hour at 4
°C with end-over-end rotation) and centrifuged (20,000 x g for 10min). Cell lysate (100 ug)
was incubated with antibody (1 pg) and a protease inhibitor cocktail overnight (end-over-end
rotation at 4 °C). Samples were subsequently incubated with washed protein A agarose
beads (15 pL) for 2 hours at 4°C. After 2 hours, beads were washed (3x with PBS) prior to
resuspension in sample buffer for immunoblotting.

Cell-free endosomal maturation assay—

Reconstitution of endosomal maturation (and formation of inwardly-budded vesicles) was
performed as previously described 25:27:53 with modifications. Early endosomes from
primary neurons were obtained from a discontinuous sucrose gradient (as described above)
and resuspended in HB. Endosomal membranes (starting material, 5 uL) were either
incubated on ice or were trypsin-treated (10 uL of 0.25 pg/uL trypsin; 4 °C for 30 min). For
reactions containing rat brain cytosol, a standard reaction (50 pL) contained 15 pL
endosomal membranes, 6 uL ATP regeneration system (2mM MgATP, 50 ug/mL creatine
kinase, 8mM phosphocreatine and 1mM DTT of final concentrations), 75 g of rat brain
cytosol and HB to a total reaction volume of 50 pL. For reactions containing Saccharomyces
cerevisiae cytosol, a standard reaction (50 L) contained 15 uL membranes, 6 uL ATP
regeneration system, 160 pg of Saccharomyces cerevisiae cytosol and HB to a total reaction
volume of 50 pL. Saccharomyces cerevisiae cytosol did not contain detectable levels of APP
(data not shown).

All experimental reactions were incubated for 3 h at 37 °C, followed by trypsin-treatment
(10 pL of 0.25 pg/uL trypsin; 30 min at 4 °C). After trypsin treatment, experimental
reactions were centrifuged (20,000xg: 30 min at 4 °C) while control reactions remained on
ice. Control reactions were resuspended in sample buffer for SDS-PAGE. For experimental
reactions, supernatant was aspirated, and the pellet was resuspended in sample buffer for
biochemical examination by SDS-PAGE. Resultant blots were probed with an antibody that
recognizes the C-terminal epitope of APP (Sigma). All experimental reactions were
normalized to starting endosomal controls to obtain the reaction efficiency. To obtain
reaction efficiency, the amount of APP on starting membranes added to each reaction was
compared to the amount of APP in reactions that contained membranes, cytosol, ATP and
had been subsequently cleaved by trypsin. Typical reaction efficiencies were 30-60% and
are shown in the figures and/or their respective figure legends. For experiments examining
the generation of AB42, Following the 3-hr incubation, experimental reactions were
centrifuged (20,000xg for 30 min at 4 °C) and resulting pellets were resuspended in HB for
analysis by ELISA (described below, section 4.10).
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Cell Transfection and lentivirus production—

ELISA—

TLA-HEK 293T cells were grown at 37 °C as described in 4.3. They were transfected with
third-generation lentiviral packaging plasmids (pMLg/pRRE, pRSV-Rev, pMD2.g;
Addgene) and target DNA using Lipofectamine 3000 (Thermo Fisher), according to
manufacturer’s instructions. After 48h, viral media was collected from TLA-HEK293T
cells, passed through a 0.22 ym PVDF filter (VWR), and incubated with cortical neurons
(DIV 1) at a 1:3 ratio with neuronal media. After 24h, viral media was removed and neurons
were incubated with filtered conditioned media for 48h prior to experimentation.

The murine AB42 enzyme-linked immunosorbent assay (ELISA) kit (Life Technologies)
was used according to manufacturer’s instructions. For analysis of endosomal Ap42,
endosomal membranes generated from each reaction of the cell-free assay were resuspended
in 50 uL HB, sonicated (2 x 10 pulses), diluted 1:1 with buffer, and loaded onto the bottom
of an ELISA well. Each experiment was performed at least 3 times. For experiments
measuring Ap42 secretion, 100 uL of conditioned medium was diluted 1:1 with buffer and
loaded onto wells. Each conditioned media sample was measured in duplicate. Values
generated by ELISA were normalized to the protein concentration present in lysate from
each trial.

Preparation of human lysate—

All human tissue samples were kindly provided by Dr. Julia Kofler and obtained from the
University of Pittsburgh neurodegenerative brain bank with appropriate ethics committee
approval (Committee for Oversight of Research and Clinical Training Involving Decedents).
The studies abide by the Declaration of Helsinki principles. Human Brain neocortex tissue
from Control (n=8) or AD patients (n=13) (Supplemental Table 2) were homogenized and
lysed in buffer containing 1% NP-40, 1 mM PMSF, cOmplete (Roche), and PhosSTOP
(Roche). Following centrifugation, the supernatant was removed, and protein concentration
was measured via a Bradford Assay. Protein (50pg) was diluted 1:1 in 2X Laemmli Sample
Buffer (Bio-Rad, 161-0737) supplemented with 4% p-mercaptoethanol and then heated to
100 °C for 5 minutes. Following sample preparation, proteins were separated using a 4-15%
Mini-PROTEAN TGX 15-well gels (Bio-Rad, cat. #4561083). Protein bands were
subsequently transferred to a nitrocellulose membrane and probed with anti-UBE4B, anti-
APP, anti-EGFR, anti-Bace-1, anti-Presenilin 2, anti-Hrs, anti-phsphoTau, and anti-Actin.
Blots were then probed with HRP-conjugated goat anti-rabbit secondary antibody (1:5000,
Vector Laboratories, cat. PI-1000) or goat antimouse secondary antibody (1:5000, Vector
Laboratories, cat. PI-2000) and imaged using a Bio-Rad ChemiDoc Imager.

Cryo-electron Microscopy—

Cryo-electron microscopy was performed as previously described in 2. Briefly, endosomal
fractions 3-5 (containing late endosomal membranes) and endosomal fractions 7-9
(containing early endosomal membranes) were isolated as described above and collected.
Endosomal Fractions (n=1 sample/group) were applied to freshly glow-discharged (30 s) 2/2
Quantifoil on 200 mesh copper grids. After 30 s, excess buffer was blotted and the sample
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was immediately plunged into ethane cooled to liquid N2 temperature. Cryo-preserved grids
were stored in liquid N2 until use. Cryo-electron microscopy was performed on a FEI Polara
G2 equipped with a Gatan K2 Summit direct electron detector. Multiple areas of the grid
were chosen at random and 8 x 8 montages were collected at 4700x in low dose/photon
counting mode using SerialEM. Endosomes were examined for fragmentation and to ensure
they were intact.

Statistical Analysis——Statistical analysis was performed by a blinded investigator
using Prism 7 software, similar to described in 2°. Prior to analysis, samples were tested for
normality using the Shapiro-Wilk test, and found to be normal. If the samples followed a
normal distribution, then either a Paired t-test, unpaired t-test, or a one-way ANOVA
followed by post-hoc analysis (Tukey or Dunnet’s test) were performed. If the samples were
not normal, then the Kruskal-Wallis analysis was performed. A p-value of < 0.05 was
considered statistically significant with an n=>3.

Measuring APP movement into the endosomal lumen

Endogenous APP expression was confirmed in cultured cortical neurons isolated from E17
rat pups (Fig. 1a). Endosomal subpopulations were separated from these neurons using a
discontinuous sucrose gradient (Fig. 1b) °1:°4, The Refractive index (RI) of each fraction
was measured and is shown below the blot. Immunoblotting was used to examine the
gradient fractions for markers for endosomal compartments (EEA1 for early endosomes,
Rab7 for late endosomes) as well as APP, B-site amyloid precursor protein cleaving enzyme
1 (BACE-1), and the y-secretase component Presenilin-2 (PS2). We observed two distinct
endosomal peaks that localized with either markers for early endosomes (Fig. 1b, fractions
7-9, enriched in EEAL) or mixed/late endosomal markers (Fig. 1b, fractions 3-5, enriched in
Rab7). APP was enriched in both of these peaks, while the APP-modifying secretases
BACE-1 and PS2 were enriched in the mixed endosome peak (Fig. 1b). In addition, we
probed for other markers on our gradient, including a marker for the plasma membrane
(Na/K ATPase), an endoplasmic reticulum marker (GRP78/BiP), and a mitochondria marker
(Tomm20) (Supplemental Fig. 1a). Our findings indicate that minimal levels of Na/K
ATPase and Tomm20 are detected in early endosome fractions. In contrast, the ER marker,
Grp78 is present in early endosome fractions. These data suggest our early endosome
fractions co-fractionate with ER, but not plasma membrane-derived membranes and only
minimally co-fractionate with mitochondria.

To determine whether APP in early and mixed/late endosome populations was localized on
the endosomal limiting membrane or in IFVs of MVBs, we used a cell-free assay that
reconstitutes MVB formation and membrane protein movement from the limiting endosomal
membrane into IFVs of MVBs (Fig. 1c) 2>27. To determine the localization of APP with
respect to the endosomal limiting membrane, early endosome fractions (fractions 7-9, Fig.
1b) or mixed/late endosome fractions (fractions 3-5, Fig. 1b) were incubated with or without
trypsin, as this protease digests the exposed intracellular fragment of APP that has not been
internalized into MVBs (Fig. 1c, lane 2). Samples were analyzed via immunoblotting using
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APP antibodies directed against the intracellular APP epitope. We observed that APP was
resistant to trypsin digestion in the mixed/late endosome fraction (Fig. 1d, lane 2 compared
to lane 1), suggesting that some APP had accumulated inside the membrane-bound
endosome. In contrast, the intracellular epitope of APP was no longer detected upon trypsin
treatment in early endosomal fractions (Fig. 1d, lane 4 compared to lane 3), suggesting that
APP is mostly localized on the early endosomal limiting membrane. Incubation of APP-
containing early endosomes with ATP and cytosol at 37°C results in formation of IFVs 25:27
and internalization of APP into IFVs results in protection of the intracellular epitope of APP
from subsequent trypsin cleavage (Fig. 1c, lane 3). Ultrastructural examination of mixed and
early endosomal membrane factions was performed to ensure the endosomes were intact and
not disrupted/fragmented during the homogenization process of the cell-free sorting assay
(Supplemental Fig. 1b). We next used this approach with early endosome-enriched fractions
to investigate the requirements for APP movement into endosomal IFVs.

ESCRT components enable APP movement into the endosomal lumen

Early endosome membranes (fractions 7-9, Fig. 1b) were used as the donor membranes in
cell-free MVB reconstitution assays (Fig. 1c) to examine the mechanisms underlying APP
movement from the endosomal limiting membrane into IFVs. As previously described 2527,
membrane protein movement into IFVs depends on cytosolic components (supplemental
Fig. 1c) and yeast cytosol is sufficient to support membrane protein internalization into
MVBs 25, We took advantage of a yeast deletion strain library to examine whether each
complex of the ESCRT machinery is required for efficient movement of APP into MVBs.
Cytosol derived from yeast strains deleted of ESCRT proteins (AselA, vps234, snf8A, and
vps244) was used in cell-free reactions in place of wild-type (parental) cytosol. Our data
show that deletion of a component from each of the four ESCRT complexes (/selA for
ESCRT-0, vps23A for ESCRT-I, snf8A for ESCRT-II, and vps24A for ESCRT-III,
supplement table 1) significantly decreased APP protease protection compared to parental
cytosol (Fig. 2a) suggesting that components of ESCRT-0-111 are required for APP
movement into ILVs.

To confirm that the mammalian version of the ESCRT-0 component, Hepatocyte growth
factor regulated tyrosine kinase substrate (Hrs), is required for inward endosomal budding of
APP, we immunodepleted Hrs from rat brain cytosol (Fig. 2b) and used this cytosol in place
of control cytosol to examine APP protease protection in cell-free reactions. APP protease
protection was significantly decreased in reactions containing cytosol immunodepleted of
Hrs compared to reactions containing control cytosol immunodepleted with a nonspecific
antibody ®° (Fig. 2c). These data suggest that the mammalian ESCRT-0 component Hrs is
required for APP movement from the endosomal limiting membrane into IFVs of MVBs.

Because BACEL and -y-secretase can be present on endosomes, we hypothesized that
inefficient internalization from the MVB limiting membrane would result in increased APP
cleavage and therefore increased levels of Ap fragments in the endosome lumen. To
determine whether the decrease in APP internalization into MVBs corresponds to an
increase in endosomal Ap42 levels, we measured ApP42 levels in endosomal reactions
incubated with control cytosol treated with a nonspecific antibody®® or with cytosol
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immunodepleted of Hrs using an EFISA. We observed significantly higher levels of Ap42
within endosomes from reactions containing Hrs-immunodepleted cytosol compared to
reactions containing 1gG control cytosol (Fig. 2d). There is a significant correlation between
APP internalization upon Hrs depletion using an anti-Hrs antibody and AB42 generation
(r?=0.972; slope=-0.184; p<0.05) while control depletion using a non-specific 1gG antibody
resulted in no significant correlation between APP internalization and Ap42 levels
(r?=0.338; slope=0.006; p=0.30). These data suggest that inhibition of APP internalization
into MVBs results in increased levels of AB42 within endosomes, presumably due to
enhanced cleavage of APP into AB42 on the endosomal membrane.

The endosomally-associated E3 ligase, UBE4B, supports efficient movement of APP into
the endosomal lumen.

ESCRT complexes are recruited to endosomal membranes to enable the sorting and
movement of ubiquitinated membrane proteins into endosomal 1LVs 26:31,37,38,42,56,57,
ESCRT proteins contain UIMs that enable engagement with ubiquitin moieties present on
membrane proteins, implying that APP is ubiquitinated prior to sorting into ILVs. We
previously identified UBE4B as an endosomal-associated ubiquitin ligase 26:58:59 required
for movement of the epidermal growth factor receptor (EGFR) into endosomal membranes.
To determine whether UBE4B might play a role in APP movement into ILVs, we
immunodepleted UBE4B from rat brain cytosol (Fig. 3a) and examined the protease
protection of APP in cell-free reactions. Interestingly, immunodepletion of UBE4B
significantly decreased the protease protection of APP compared to control reactions (Fig.
3b), suggesting that UBE4B is required for efficient movement of APP from the endosomal
limiting membrane into ILVs.

To determine whether the decrease in APP internalization into ILVs, observed in the absence
of UBE4B, corresponds to an increase in AB42 levels, we examined Ap42 levels within
endosomes incubated with cytosol immunodepleted of UBE4B or control cytosol treated
with a nonspecific antibody 5. We observed significantly increased levels of endosomal
AB42 (Fig. 3c) in reactions containing cytosol depleted of UBE4B. These data suggest that
in the absence of UBE4B, like in the absence of ESCRT components, the decreased
efficiency of internalization may result in increased levels of AB42 within endosomes
presumably due to enhanced cleavage of APP into AB42 on the endosomal membrane.

While MVBs can fuse with lysosomes enabling degradation of ILV contents, MVB-plasma
membrane 80 fusion is an alternate itinerary for MVBs that may underlie secretory events
15.32-34 Having observed increased endosomal AB42 in the absence of UBE4B, we
examined whether decreased expression of UBE4B resulted in enhanced AB42 secretion
from neurons. Cortical neurons were infected with either a lentivirally expressed shRNA
directed against UBE4B or a scrambled control (Fig. 3d). After 48 hours, the neuronal media
was collected and AB42 levels were measured using ELISA. UBE4B depletion resulted in
significantly increased Ap42 levels in the media surrounding neurons suggesting increased
neuronal secretion of the amyloidogenic peptide (Fig. 3e). There is a significant correlation
between APP internalization upon UBE4B depletion using an anti-UBE4B antibody and
AB42 generation (r2=0.973; slope=—1.267; p<0.05) while control depletion using a non-
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specific 1gG antibody resulted in no significant correlation between APP internalization and
AB42 levels (r2=0.031; slope=0.008; p=0.44). Together, these results suggest that inhibition
of UBE4B decreases APP movement into MVBs and may lead to enhanced cleavage of APP
into AP on the limiting membrane of endosomes. Further, loss of UBE4B leads to
significantly increased levels of AB42 within neuronal endosomes and increased secretion
into the surrounding media.

UBEA4B interacts with and ubiquitinates APP.

Because U-box E3 ubiquitin ligases physically interact with their substrates for ubiquitin
transfer 61-65 we posited that UBE4B might interact with APP. We observed that UBE4B
co-immunoprecipitated with APP in lysate from neuron-like SK-N-AS cell (Fig. 4a)
suggesting that UBE4B interacts with APP and could therefore act to transfer ubiquitin to
APP. To assess whether UBE4B expression can regulate APP levels in neurons, we depleted
UBEA4B in primary cortical neurons (Fig. 4c) and observed a significant increase in total
APP levels in neuronal lysate (Fig. 4d). This result would be predicted if UBE4B is involved
in efficient APP movement to the lysosome. To examine whether UBE4B can affect APP
ubigiuitination /n situ, after depletion of UBE4B from primary neurons (Fig. 4c) we
examined the levels of ubiquitin that were co-immunoprecipitated with APP (Fig. 4e). Since
UBEA4B depletion results in increased APP levels (Fig. 4d), we used a ratio measure to
ensure that we accounted for the increase in APP levels produced by UBE4B depletion.. We
observed significantly decreased levels of ubiquitin associated with immunoprecipitated
APP in neurons depleted of UBE4B compared to control neurons (Fig. 4f). When we
analyzed the raw ubiquitin levels after immunoprecipitation with APP, we found that
ubiquitin levels are significantly decreased in ShUBE4B treated neurons compared to
neurons treated with a scrambled control (Fig. 4g). These data suggest that UBE4B can
regulate the ubiquitination and levels of APP in neurons.

UBE4B and Hrs levels in AD patients.

To determine whether UBE4B levels are altered with disease progression in AD patients,
protein levels for UBE4B, APP, EGFR, BACE-1, Presenilin 2, Hrs, phospho-Tau, and actin
were assessed via immunoblotting in human AD patient brains (neocortex, n=13) compared
to age-matched controls (n=8) (Figs. 5a and 5b, and supplemental Table 2 for patient
information). In human AD patients, BACE-1 and Phospho-Tau levels were significantly
increased compared to age-matched controls (Fig. 5a and 5b), consistent with pathology.
APP, EGFR, and PS2 levels were not significantly altered compared to controls (Fig. 5a and
5b). Interestingly, Hrs levels were significantly decreased in AD patients compared to age-
matched controls whereas UBE4B levels (p=0.18) were not significantly different in AD
patients compared to age-matched controls (Fig. 5a and 5b). These data suggest that
molecular components critical for membrane protein sorting in the endocytic pathway are
altered in AD.

Discussion

The identity of the subcellular compartment(s) involved in the disease-causing cleavage of
APP into AB is controversial 36667 however recent literature points to endosomes as a key
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cellular compartment in which APP is pathologically cleaved into A@ 3:15.17,20.22-24,36,66-70,
Endosomal dysfunction may be key to AD pathogenesis as abnormal endosomal
morphology and increased endosomal A burden has been observed in the brain of
individuals with dementia?2-24, The serial cleavage of APP by BACE-1 and the y-secretase
complex results in the production of multiple Ap peptides 31566, Both APP and BACE-1
can co-localize on endosomes 17:68, and BACE-1 and the y-secretase complex are
enzymatically active at this site 17:20.67.68 BACE-1 has optimal activity at the low pH found
in endosomes 36, and BACE-1 inhibitors tethered to endosomes result in decreased APP
processing into AR 70, These observations suggest that APP may be cleaved on endosomal
membranes resulting in endosomal Ap production. Given the topology of APP on the
endosomal membrane, amyloidogenic APP cleavage into AB would result in Ap
accumulation in the lumen of the endosome 9. Our data show that a pool of AB is generated
and secreted from MVBs, suggesting an important role for the endocytic pathway in AD,
and providing a potential pathway for Ap secretion into the extraneuronal space.
Additionally, our results confirm the role of ESCRT proteins in APP trafficking and
introduce the E3 ubiquitin ligase, UBE4B, as a new molecular player regulating APP
trafficking.

Integral membrane proteins such as APP can exit neurons on membranes that bud from the
plasma membrane 0 either following initial biosynthesis, or following internalization from
the PM and subsequent retromer-dependent 71-74 trafficking to the trans-Golgi network
(TGN) via the late endosome. Alternatively, membrane proteins may exit the cell following
trafficking to late endosome/multivesicular body (MVB) and movement into the MVB’s
internal vesicles, which can then be secreted as exosomes upon MVB-PM fusion 32-34, APpP
and its cleavage products have been identified on extracellular vesicles from a variety of cell
lines 15:32-34 hyt these studies have not established whether these APP-containing vesicles
originate from MVB-PM fusion as opposed to simple membrane budding from the PM into
the extracellular space. Our data show that deletion of the molecular machinery involved in
efficient APP trafficking into ILVs of MVBs results in increased generation of Ap at
endosomes and increased secretion of AP from neurons, suggesting that MVB-PM fusion is
likely involved in the secretion of a pool of AB.

The ESCRTS have been previously implicated in APP trafficking, however there is
conflicting evidence for a role of ESCRTSs in the sorting of APP at endosomes and the
secretion of Ap 17-19, Depletion of early ESCRT components (e.g. ESCRT-0 or -I, Hrs and
Tsg101, respectively) decreases AP secretion in some experimental models 1819, whereas
the same manipulation results in greater AB secretion in other models 17. These studies were
performed in non-neuronal cell lines (HEK293 and HeLa cells, respectively) which may
account for the differences detected. To clarify the role of the ESCRT proteins in APP
trafficking, we used primary neuronal cultures and observed that components of all ESCRT
complexes are required for efficient internalization of APP in ILVs of MVBs, and loss of the
ESCRTSs results in greater Ap generation, consistent with the observations of Morel et al. 17
Additionally, we have found a significant decrease in Hrs levels in AD patient cortical
biopsies, suggesting that the trafficking machinery is important for AD disease progression.
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ESCRT-dependent endocytic trafficking implies that APP is ubiquitinated to enable ESCRT
interaction. We have identified a specific endosome-associated E3 ubiquitin ligase, UBE4B,
that can affect APP ubiquitination. Interestingly, the E3 ligase FBL2 has also been reported
to ubiquitinate APP resulting in decreased internalization from the PM and increased
proteasomal degradation 4446, However, events required for PM internalization and/or
proteasomal degradation may differ 40 from those required for endocytic trafficking. Our
observation that UBE4B affects APP ubiquitination and facilitates its movement into I1LVs
suggests that APP ubiquitination by UBE4B is at least partly responsible for APP
downregulation. Because we are aware that UBE4B depletion results in increased APP
levels, we used a ratio measure to ensure that we accounted for the increase in APP levels
produced by UBE4B depletion. However, as stated above UBE4B is not the only ubiquitin
ligase capable of ubiquitinating APP. FBL2 ubiquitinates APP at the PM, leading to
increased proteasomal degradation 4446, while MGRNL1 is involved in the ubiquitination of
APP from endosomes into the Golgi 6. Therefore it is possible that the increased levels of
APP produced by UBE4B depletion may lead to increased ubiquitination by other ubiquitin
ligases that route APP into other compartments of the cell. Together, our data provide
evidence for molecular mechanisms that may underlie the role of the endocytic pathway in
AP generation and secretion.

Interestingly, the processes of ubiquitination/deubiquitination must be coordinated with the
sorting machinery because removal of ubiquitin from cargo proteins occurs prior to cargo
movement into internal MVB vesicles, but not before cargo recognition by ESCRTs 7°. We
have observed that UBE4B binds to APP and BACE-1 binds APP 20 such that BACE-1 may
provide a mechanism by which one of its binding partners, the deubiquitinating enzyme
USP8 76, may be brought into close proximity to APP for deubiquitination. We have
previously shown that UBE4B and USP8 can work in concert to add and remove ubiquitin
from a substrate 26, Thus, we hypothesize that USP8 and BACE-1 could act to
deubiquitinate APP, allowing BACE-1 to cleave APP on the MVB limiting membrane and
enable internalization of APP and/or APP fragments (depending on the length of APP
exposure to BACE-1).

Previous studies suggest a neuroprotective role for UBE4B in spinocerebellar ataxia type 3,
another neurodegenerative disease characterized by an increase in polyglutamine repeats /.
In this study, UBE4B expression promoted the degradation of a pathological form of
ataxin-3 7, similar to what we observed for APP. Thus, if UBE4B acts as a neuroprotectant
59.78-80 the lack of UBE4B in disease may render neurons particularly sensitive to insult.
While we have found no significant difference in UBE4B levels of AD patient cortical
biopsies compared to controls, it is possible that since we only sampled a small part of the
cortex, and UBE4B levels may be heterogeneously affected in disease state, we did not
observe significantly altered protein levels. It would be interesting to determine whether
UBE4B levels are specifically decreased in areas known to be highly affected by AD (e.g.
hippocampus, cortex). Moreover, UBE4B may not be the only ubiquitin ligase that can
affect APP trafficking. For example, MGRNL is involved in the processing of APP in the
Golgi %6 and, to the extent that the biosynthetic or retromer pathways play a role in in
regulating APP and Ap levels, this ligase may also play a role in APP trafficking.
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We have identified UBE4B as an endosomally-associated E3 ligase that is present in the
human brain and interacts with APP. We have shown that UBE4B down regulation leads to
increases in AP generation and secretion. The requirement for UBE4B in APP sorting into
internal MVB vesicles suggests that, in the presence of mutations that delay APP trafficking,
such as ESCRT downregulation, or in mutations observed in familial AD that increases the
interaction between APP and the secretases (e.g. APP Swe/Ind), enhanced UBE4B activity
might promote internalization of full-length APP into MVBs before it is cleaved by the
secretases into pathogenic AB. If a hyperactive UBE4B mutant®! can increase full-length
APP sorting into the MVB, in the presence of mutations that delay APP trafficking into
MVBs, this could represent a novel target and a potential therapeutic strategy.
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Highlights

. APP can be cleaved into AB on late endosomes/MVBs

. Loss of ESCRT components inhibited APP movement into internal vesicles of
MVBs and increased endosomal AB42 generation

. An endosome-associated E3 ubiquitin ligase, UBE4B, regulates APP
ubiquitination

. Depletion of UBE4B resulted in increased endosomal AB42 levels and
increased neuronal secretion of Ap42

. Levels of UBE4B were trending towards a decrease and levels of the UBE4B-
interacting ESCRT component, Hrs, were significantly decreased in AD
brains.
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Figure 1. APP movement through endosomal compartments can be reconstituted in vitro.
Primary cortical neurons from E17 rat pups were isolated and cultured for 5-7 days, a) 5-7

DIV rat cultured neurons were stained with fluorescent antibodies against APP, MAP2 (a
neuronal marker), and DAPI (a nuclear stain). APP colocalizes with MAP2 in cortical
neurons. Scale bar = 25 um. b) Post-nuclear supernatant was loaded at the bottom of a
discontinuous sucrose gradient. After centrifugation, fractions were pelleted and analyzed by
immunoblot. The Refractive index (RI) of each fraction was also measured and is shown
below the blot. Fractions were probed for an early endosome marker (EEA1), a late
endosome marker (Rab7), APP, BACE-1, and Presenilin 2 (Ps2). Gels were cut to probe for
EEA1 and APP above 75kDA, between 75kDA and 37kDA to probe for BACE1, and below
37kDA to probe for Rab7 and PS2 c¢) Schematic of the reconstitution of APP protein sorting
from endosomal membranes. (1) Partially purified endosomes isolated from fractions 7-9 of
the discontinuous sucrose gradient can be detected by immunoblotting using an intracellular
epitope-specific antibody. (2) Incubation of these endosomes with trypsin removes the
intracellular epitope of the receptor that protrudes from the plasma membrane, resulting in a
loss of signal for that epitope on an immunoblot. Incubation of endosomes with ATP and
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cytosol (isolated from rat brain [75ug] or Saccharomyces cerevisiae [160ug]) at 37 °C
results in formation of internal vesicles and protection of the intracellular APP epitope from
subsequent trypsin d) APP in the mixed endosomal populations (fractions 3-5) was resistant
to trypsin digestion. In contrast, APP present on early endosomal fractions (fractions 7-9)
was susceptible to trypsin cleavage. Representative blots are shown.
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Figure 2. Inward budding of APP into MVBs is dependent on ESCRT proteins.
Early endosomal membranes were isolated from rat neurons as described in Fig. 1c. and

cell-free reconstitution experiments were performed as in Fig. 1d. a) Reactions incubated
with cytosol isolated from ESCRT-deficient strains (hsed, vps234, snf84, vps244)
significantly decrease protease protection of APP compared to cytosol isolated from a
parental strain (lane 4-7 compared to lane 3). For these experiments, n=4 and P values were
as follows: parental to /sed (p=0.0243), parental to vps234 (p=0.0024), parental to snf8A
(p=0.0031), parental to vps24A (p=0.0116). Isolated early endosomal membranes (as in Fig.
1c, lane 1), known as starting material, (SM, Lane 1)) and SM digested with trypsin to
remove the C-terminal epitope of the receptor (Lane 2) were used as controls, b) Rat brain
cytosol was immunodepleted of mammalian Hrs or a non-specific 1gG control by
immunoprecipitation. ¢) Rab brain cytosol immunodepleted of Hrs or an 1gG controls was
incubated with APP-containing neuronal early endosomes. Depletion of Hrs decreased
protease protection of APP compared to control reactions (n=3, p=0.0041). Endosomal
membranes (Lane 1) and endosomal membranes digested with trypsin to remove the C-
terminal epitope of the receptor (Lane 2) were used as controls. d) Rat brain cytosol was
immunodepleted of mammalian Hrs or a non-specific 1gG control by immunoprecipitation
and incubated with APP-containing neuronal early endosomes. After incubation, endosomes
were collected and analyzed for AB42 using ELISA. Depletion of Hrs increase Ap42 levels
within endosomes compared to control (n=3, p=0.0032). Data represents the mean +/- S.D.
normalized to the control. *Denotes P < 0.05 (one-way ANOVA for A, paired t-test for b-c).
Representative blots are shown.
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Figure 3. Inward budding of APP into MVBs is dependent on UBE4B.
Early endosomal membranes were isolated from rat neurons as described in Fig. 1c. and

cell-free reconstitution experiments were performed as in Fig. 1d. a) Rat brain cytosol was
immunodepleted of mammalian UBE4B or a non-specific 1gG control by
immunoprecipitation. b) Rat brain cytosol immunodepleted of UBE4B or an 1gG controls
was incubated with APP-containing neuronal early endosomes. Depletion of UBE4B
decreased protease protection of APP compared to control reactions (n=4, p=0.0121).
Endosomal membranes (Lane 1) and endosomal membranes digested with trypsin to remove
the C-terminal epitope of the receptor (Lane 2) were used as controls. ¢) Rat brain cytosol
was immunodepleted of mammalian UBE4B or a non-specific 1gG control by
immunoprecipitation and incubated with APP-containing neuronal early endosomes. After
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incubation, endosomes were collected and analyzed for Ap42 using ELISA. Depletion of
UBE4B increases Ap42 levels within endosomes compared to control (n=3, p=0.0082). d)
shRNA against UBE4B was lentivirally delivered to primary cortical neurons. Protein levels
for UBE4B were assessed via immunoblotting. UBE4B is significantly inhibited in neurons
treated with shRNA against UBE4B compared to control (n=5, p= 0.0313). Gels were
probed for UBE4B first followed by Actin. e) shRNA against UBE4B or a scrambled control
was lentivirally delivered to primary cortical neurons. After 48 hours, conditioned media
was analyzed by ELISA for Ap42 levels. Depletion of UBE4B leads to increased levels of
secreted Ap42 compared to control cells (n=3, p=0.0042). Data represents the mean +/-
S.D. normalized to the control. *Denotes P < 0.05 (paired t-test for a-e). Representative blots
are shown.
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Figure 4. UBE4B interacts with and ubiquitinates APP.
a) Lysate from SK-N-AS cells was incubated with anti-UBE4B antibody and protein A

beads. APP co-immunoprecipitates with UBE4B, but not with a non-specific 1gG control. b)
shRNA against UBE4B was lentivirally delivered to primary cortical neurons. Protein levels
for UBE4B, APP, and actin were assessed via immunoblotting. c) UBE4B is significantly

inhibited in neurons treated with ShRNA against UBE4B compared to control (n=3,
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p=0.0026). d) UBE4B depletion leads to significantly increased levels of APP (n=3, p=
0.0244). Gels were probed for UBE4B first, followed by APP and actin. €) Lysate obtained
from cells infected with shUBE4B or scrambled shRNA (from Fig. 2b—d) were subjected to
immunoprecipitation with an APP antibody. Protein attached to beads was analyzed via
immunoblotting for APP and ubiquitin levels. IP gels were probed for APP followed by
ubiquitin f) Depletion of UBE4B leads to decreased ubiquitination of APP compared to IgG
control (n=3, p=0.0385). g) Raw ubiquitin levels are significantly decreased in ShUBE4B
treated neurons compared to neurons treated with a scrambled control after
immunoprecipitation with APP (n=3, p=0.0354). Data represents the mean +/- S.D.
normalized to the control. *Denotes P < 0.05 (paired ratio t-test for b, d, and e).
Representative blots are shown.
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Figure 5. UBE4B and Hrs protein levels in AD patient samples. .
a,b)) Protein levels for UBE4B, APP, EGFR, Bace-1, Presenilin 2, Hrs, phospho-Tau, and

actin were assessed via immunoblotting in human AD patient brains (n=13) compared to
age-matched controls (n=8) (see supplemental Table 2 for patient information). Bace-1
(p=0.05) and phospho-Tau (p=0.0002) significantly increase in AD patients compared to
age-matched controls. APP, EGFR, and PS2 levels show no change in AD patients compared
to age-matched controls. Hrs levels (p=0.0306) are significantly decreased in AD patients
compared to age-matched controls and UBE4B levels (p=0.18) are trending towards a
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decrease in AD patients compared to age-matched controls. Representative blots are shown.
Gels were probed for UBE4B, followed by Bace-1, Actin, and pTau. Another gel was
probed for APP, PS2, EGFR, and actin. Last gel was probed for Hrs and actin. Data
represents the mean +/- S.D. normalized to the control. *Denotes P < 0.05 ( unpaired t-test
for b).
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