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Abstract

Chronic stress and elevated glucocorticoids (GCs), the major stress hormones, are risk
factors for Alzheimer's disease (AD) and promote AD pathomechanisms, including
overproduction of toxic amyloid-B (AB) peptides and intraneuronal accumulation of
hyperphosphorylated Tau protein. The latter is linked to downregulation of the small GTPase
Rab35, which mediates Tau degradation via the endolysosomal pathway. Whether Rab35 is
also involved in AB overproduction remains an open question. Here, we find that hippocampal
Rab35 levels are decreased not only by stress/GC but also by aging, another AD risk factor.
Moreover, Rab35 negatively regulates AB production by sorting amyloid precursor protein
(APP) and B-secretase (BACE1) out of the endosomal network, where they interact to
produce AB. Interestingly, Rab35 coordinates distinct intracellular trafficking events for
BACE1 and APP, mediated by its effectors OCRL and ACAP2, respectively. Finally, we show
that Rab35 overexpression prevents the amyloidogenic trafficking of APP and BACE1
induced by high GC levels. These studies identify Rab35 as a key regulator of APP
processing and suggest that its downregulation may contribute to stress- and AD-related

amyloidogenesis.
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Introduction

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disease and
cause of dementia. While aging constitutes the highest risk factor for AD ', emerging evidence
indicates that chronic stress and high circulating levels of glucocorticoids (GCs), the main
stress hormones, are also risk factors for the disease 2°. Consistent with epidemiological
studies, recent work has shown that chronic unpredictable stress and GCs induce AD-like
pathology in animal models. These include misprocessing of amyloid precursor protein
(APP), leading to overproduction of toxic amyloid-beta (Ap) peptides, as well as the
accumulation and hyperphosphorylation of Tau protein, leading to its synaptic mislocalization
and downstream synaptic loss and memory impairment >,

In previous work, we showed that GC-induced Tau pathology is precipitated in part by
transcriptional downregulation of the small GTPase Rab35 '2, a master regulator of
endosomal protein trafficking. In particular, we found that Rab35 promotes Tau degradation
via the endolysosomal pathway and that its downregulation by GCs leads to intraneuronal
Tau accumulation 2. AAV-mediated overexpression of Rab35 in the rodent hippocampus
was sufficient to prevent GC-induced Tau accumulation and downstream dendrite and spine
loss '2. These findings demonstrate that GCs precipitate Tau pathology by disrupting Rab35-
mediated endolysosomal trafficking. In addition to its role in Tau degradation, Rab35 also
mediates other protein trafficking events, including retrograde trafficking of mannose-6-
phosphate receptors from endosomes to the trans-Golgi network '® and recycling of T-cell
receptors and cell adhesion molecules to the plasma membrane (PM) in a pathway that
operates in parallel with Rab11-mediated endosomal recycling *'7. Given the multiple
trafficking events regulated by Rab35, it is possible that GC-mediated downregulation of
Rab35 could also impact APP trafficking and contribute to stress-induced Ap production.

Trafficking of APP and B-secretase1 (BACE1) into the endosomal network is an
essential step in AR production 8. BACE1 mediates the rate-limiting cleavage step in the
amyloidogenic processing of APP into AB, and endosomes are major sites of A generation
due to their optimal acidic pH for BACE1 activity '°. Intriguingly, many of the recently identified
genetic risk factors for late-onset AD are linked to endosomal protein trafficking, and have
been shown to induce endosomal dysfunction and prolong the residence times of APP and/or
BACE1 in endosomes 2°2'. The ~60 member family of Rab GTPases are key regulators of
endosomal protein trafficking and have been implicated in the etiology of AD as well as other

neurodegenerative diseases ?2?°. Indeed, a subset of Rabs, including Rab35, were identified
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as regulators of APP processing and AB production in a loss-of-function screen of Rab
GTPases performed in non-neuronal cells ?2. However, it is yet unclear whether Rab35
regulates APP or BACE1 trafficking and Ap production in neurons, and if so, how this function
is impacted by stress/GCs.

Here, we demonstrate that Rab35 levels decrease in the hippocampus in response to
chronic stress and aging, both AD risk factors, suggesting that Rab35 reduction may be a
precipitating factor for AD-related pathomechanisms. Consistent with these observations, we
show that Rab35 inhibits AP production in neurons by stimulating APP and BACE1 trafficking
out of the endosomal network. Interestingly, our findings indicate that Rab35 regulates
distinct trafficking steps for APP and BACE1, mediated by distinct Rab35 effectors (ACAP2
and OCRL, respectively). Finally, we show that high GC levels alter the endosomal trafficking
of APP and BACE1 to increase their interaction and that Rab35 overexpression counteracts
these GC-induced effects. Together, these findings implicate Rab35 as a negative regulator
of amyloidogenic APP processing and suggest that its downregulation could contribute to A

production during aging or after prolonged exposure to stressful conditions.

Results

Rab35 levels are decreased by aging and under chronic stress

Our previous study showed that treatment with high levels of glucocorticoids (GCs)
suppresses Rab35 expression in hippocampal neurons in vivo 2. To test whether chronic
stress has a similar effect, we monitored Rab35 levels in the hippocampi of rats subjected to
a chronic unpredictable stress paradigm for 4 weeks. We found that hippocampal Rab35
levels were decreased by ~60% in stressed rats compared to controls (Fig. 1A-B) and that
this decrease was not observed for other Rabs associated with endocytic protein trafficking
(Fig. 1A-B), in line with our previous findings 2. In parallel, we monitored hippocampal Rab
levels in animals infused with AB, a procedure that is widely used to model early AD
neuropathology in rodents and primates 2528, Infused AP interact with full-length APP to
further stimulate AB production %29-3" and circumvent the need to express human APP
containing mutation(s) that impact its localization and trafficking. Importantly, levels of Rab35,
but not most other endocytic Rabs, were similarly decreased in AB-infused hippocampi (Fig.
1A-B). Since aging is the greatest risk factor for AD and previous studies report increased
amyloidogenic APP processing in the aged brain 3233, we also compared Rab35 expression

levels in hippocampi of young (4 month-old) versus aged (22-24 month-old) rats. Again, we
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observed a significant (~25%) decrease in hippocampal Rab35 levels in the aged animals
(Fig. 1C-D), indicating downregulation of Rab35 expression in this brain region during aging.
To determine whether boosting hippocampal Rab35 levels could inhibit the amyloidogenic
processing of APP in aged animals, we injected 17-19 month-old rats with AAV8 to express
EGFP or EGFP-Rab35 in the dorsal hippocampus. Intriguingly, we found that Rab35
overexpression decreased the levels of APP C-terminal fragments (CTFs) relative to full-
length APP (Fig. 1E-F). These results suggest that Rab35 inhibits APP amyloidogenic
processing and that its reduction during aging and/or stress could contribute to the increased
AB production observed under these conditions.

To investigate whether aging similarly impacts Rab35 levels in the human brain, we
analyzed gene expression data from the Genotype-Tissue Expression (GTEx) Portal, a
collection of data from non-diseased human tissue (https://gtexportal.org/home/). Transcript
levels were normalized to those of IPO8, identified by RefFinder 34 as the most stable gene
across ages and brain regions of this data set. Intriguingly, we found that Rab35 transcripts
were decreased in the hippocampus and frontal cortex from individuals 60-79 years of age
compared to those 20-39 years of age (Fig. 1G-H). These changes were not seen in basal
ganglia or cervical spinal cord, tissues not implicated in stress- and AD-related pathology
(Fig. 1G-H). Together, these findings suggest that Rab35 expression also decreases during
human aging in the hippocampus and frontal cortex, brain regions impacted in AD and by

chronic stress 1-3%,

Rab35 is a negative regulator of APP-BACE1 interaction and AP production

A previous study identified Rab35 as a negative regulator of AB production in a loss-of-
function screen of Rab GTPases in non-neuronal cells ?2. To better understand whether and
how Rab35 regulates AB production, we first examined its effect on the interaction between
APP and BACE1, required for the rate-limiting cleavage step of Ap production. As a readout
of APP-BACE1 interaction, we utilized a previously-published bimolecular fluorescence
complementation (BiFC) assay in which APP is tagged with an N-terminal fragment of Venus
fluorescent protein (APP:VN), and BACE1 with the complementary C-terminal fragment
(BACE:VC)3¢(Fig. 2A). We used flow cytometry to analyze the mean Venus fluorescence
intensity in mouse neuroblastoma (N2a) cells co-expressing APP:VN, BACE:VC, and HA-
tagged Rab GTPases (for Rab gain-of-function), with Alexa Fluor 647-labeled HA antibody

identifying the Rab-expressing cells in which Venus fluorescence was measured (Fig. 2B).
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Compared to average Venus fluorescence across the 16 Rab GTPases investigated (five
Rabs associated with endocytic trafficking are shown in Fig. 2C; all Rabs in Fig. S1A), we
found that Rab35 gain-of-function decreased the Venus signal by 25% indicating reduced
interaction between APP and BACE1 under Rab35 overexpression (Fig. 2C). To confirm
these findings, we performed quantitative fluorescence microscopy of N2a cells co-
transfected with APP:VN and BACE:VC together with mCh, mCh-Rab35, or mCh co-
expressed with an shRNA previously shown to knockdown Rab35 (shRab35) ¥’. Here, Rab35
overexpression again decreased Venus fluorescence by 70% compared to mCh control,
suggesting reduced APP-BACE1 interaction, while Rab35 knockdown increased Venus
fluorescence by 200% (Fig. 2D-E). Finally, we assessed the impact of Rab35 on endogenous
APP-BACE1 interaction in primary rat hippocampal neurons, using the proximity ligation
assay (PLA) in neurons transduced either with mCh or mCh-Rab35. Consistent with the BiFC
experiments in N2a cells, Rab35 overexpression in primary hippocampal neurons
significantly decreased the number of PLA puncta in cell bodies (from 6 to 4.5 puncta/250
um?), representing colocalized APP and BACE1 (Fig. 2F-G). These findings indicate that
Rab35 is an important regulator of APP-BACE1 interaction in neurons.

Given that APP is cleaved by BACE1 primarily in endosomes 9, our findings suggest
that Rab35 may impact APP and/or BACE1 trafficking and localization in the endosomal
network. We therefore examined the effects of Rab35 overexpression and knockdown on
endogenous APP and BACE1 colocalization with Rab11-positive recycling endosomes in
hippocampal neurons. We found that Rab35 overexpression decreased both APP and
BACE1 colocalization with Rab11 in the somatodendritic compartment by nearly one-third,
while Rab35 knockdown had the opposite effect (Fig. S1A-D). Although Rab35
overexpression decreased the density of Rab11 endosomes (Fig. S1E), its gain- and loss-of-
function did not affect endosome size (Fig. S1F), indicating that the observed changes in
colocalization were not due to gross effects of Rab35 on the morphology of Rab11
endosomes. Rather, our findings suggest that Rab35 promotes APP and BACE1 sorting out
of recycling endosomes.

To understand whether regulation of APP-BACE1 interaction by Rab35 has a
functional role in APP processing, we measured levels of APP cleavage products in N2a cells
co-transfected with human APP-GFP and either mCherry alone, mCh-Rab35, or mCh +
siRNAs to knock down Rab35 (siRab35; see Fig. S2A). Here, overexpression of Rab35
significantly decreased (by ~70%) the levels of APP C-terminal fragments (CTFs) relative to


https://doi.org/10.1101/2021.05.10.443354
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.10.443354; this version posted May 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

total APP, while knockdown of Rab35 significantly increased CTFs (by ~300%; Fig. 3A-B). A
decrease in CTFs was also observed in lysates from human induced pluripotent stem cell
(iPSC)-derived cortical neurons lentivirally transduced with mCh or mCh-Rab35 (Fig. 3C-D).
To determine whether levels of APP CTFs correlated to similar changes in Ap production, we
measured Ap40 and Ap42 peptide concentration in medium collected from these human-
derived neurons. Indeed, Rab35 overexpression decreased the levels of both AB40 and Ap42
by 20% (Fig. 3E-F), consistent with an inhibitory role for Rab35 on APP processing through

the amyloidogenic pathway.

Rab35 promotes BACE1 trafficking through the retrograde pathway

Given that Rab35 mediates protein degradation through the endolysosomal pathway 237, we
examined whether Rab35 decreases APP-BACE1 interaction and AP production by
stimulating the degradation of APP and/or BACE1. Using a previously described
cycloheximide (CHX)-chase assay 3738, we found that Rab35 gain- or loss-of-function did not
alter the degradation of APP, APP CTFs, or BACE1 in hippocampal neurons (Fig. S2B-F).
Since Rab35 also regulates the retrograde trafficking of mannose-6-phosphate receptors
from endosomes to the trans-Golgi network (TGN)'3, we next examined whether Rab35
similarly promotes the retrograde trafficking of APP and/or BACE1. Here, we used an
antibody feeding assay in N2a cells, coupled with immunofluorescence microscopy to monitor
the colocalization of internalized APP-GFP or FLAG-BACE1 with the TGN marker syntaxin-
6 at several timepoints after antibody labeling (see Fig. 4A, S3A). We found that Rab35
overexpression did not alter APP colocalization with syntaxin-6 at any timepoint post-labeling
compared to the control condition (Fig. S3B-C). In contrast, Rab35 expression significantly
increased the colocalization of internalized BACE1 with syntaxin-6 at later time points (60
and 90 min; Fig. 4B-E), indicating that Rab35 regulates the retrograde trafficking of BACEA1,
but not APP. To determine whether this trafficking depends on Rab35 activation/GTP binding,
we performed the same assay in N2a cells expressing dominant-negative (DN) HA-Rab35.
Expression of DN Rab35 either reduced or did not affect BACE1/syntaxin-6 colocalization at
the majority of post-labeling timepoints compared to the control condition (Fig. 4B-C).
However, DN Rab35 expression was lower than that of WT Rab35 (Fig. S3D), indicating that
our results likely underestimate the effects of Rab35 inactivation on BACE1 retrograde
trafficking. Nevertheless, these results indicate that Rab35 activation is required for

stimulating BACE1 retrograde trafficking.
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The Rab35 effector and lipid phosphatase OCRL (Oculocerebrorenal Syndrome of
Lowe Inositol Polyphosphate-5-Phosphatase) is required downstream of Rab35 for the
retrograde trafficking of mannose-6-phosphate receptors 3. To test whether Rab35-mediated
retrograde trafficking of BACE1 also requires OCRL, we performed the same antibody
feeding/TGN colocalization assay in the presence of siRNAs against OCRL (siOCRL; see
Fig. S3E). While OCRL knockdown alone did not affect BACE1 colocalization with syntaxin-
6 compared to control siRNAs, it did prevent the Rab35-mediated increase in
BACE1/syntaxin-6 colocalization (Fig. 4D-E). Together, these data indicate that Rab35
stimulates the sorting of BACE1 into the retrograde pathway through its effector OCRL.

To investigate whether Rab35 similarly alters BACE1 trafficking in hippocampal
neurons, we measured endogenous APP and BACE1 colocalization with syntaxin-6 following
Rab35 overexpression and knockdown. Consistent with our data in N2a cells, APP
colocalization with syntaxin-6 was not affected by these manipulations (Fig. S3F-G), while
BACE1/syntaxin-6 colocalization was significantly increased by Rab35 overexpression (Fig.
S3H-I). This increase was not caused by Rab35-mediated alterations in TGN morphology, as
the density and size of syntaxin-6 puncta were unchanged by Rab35 overexpression and
knockdown (Fig. S3J-K).

Rab35 stimulates APP recycling to the plasma membrane

Rab35’s ability to promote the retrograde trafficking of BACE1 to the TGN could be sufficient
for reducing APP-BACE1 interaction in the endosomal network. However, Rab35 also
facilitates the fast endocytic recycling of proteins (i.e. T-cell receptors, p1 integrin) to the
plasma membrane (PM) 17, Stimulating APP and/or BACE1 trafficking into this pathway
would also reduce APP-BACE1 interactions in Rab11-positive endosomes. To determine
whether Rab35 promotes the fast recycling of APP and/or BACE1, we used another antibody
feeding assay to monitor the internalization and PM recycling of APP-GFP and FLAG-BACE1
at four timepoints post-labeling (see Fig. 5A, S4A). Intriguingly, we found that Rab35
overexpression stimulated both APP internalization and recycling to the PM at nearly all post-
labeling timepoints (70, 90, and 120 min) compared to the control condition (Fig. 5B-D).
Rab35 also stimulated BACE1 internalization at the earlier timepoints post-labeling (60 and
70 min; Fig. S4A-C) but did not alter BACE1 recycling to the PM (Fig. S4B, D). Consistent
with these findings, we observed a 40% increase in cell-surface levels of APP, but not

BACE1, in N2a cells expressing Rab35 compared to the control condition (Fig. S4E-H).
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To determine whether APP internalization and recycling steps were dependent on
Rab35 activation, we also performed this assay in the presence of DN Rab35. As anticipated,
the expression of DN Rab35 did not stimulate APP recycling relative to the control condition
(Fig. 5B, D), indicating the dependence of this trafficking step on Rab35 activation.
Surprisingly, the DN construct did stimulate APP internalization at the 90 and 120 min time
points to a similar degree as wild-type Rab35 (Fig. 5B-C), suggesting that Rab35 mediates
APP internalization independently of its activation state.

Fast endocytic recycling has been shown to occur through two distinct pathways,
mediated by Rab35 effectors OCRL and ACAP2 *°. We first tested whether Rab35-mediated
APP recycling to the PM relies on OCRL, using the internalization/recycling assay in N2a
cells transfected with siRNAs against OCRL (Fig. S5A-C). Interestingly, we found that while
OCRL knockdown did not alter Rab35-induced APP internalization, it further increased
Rab35-induced APP recycling at the 120 min time point (by ~50%; Fig. S5A, C). These data
suggest that Rab35-mediated APP recycling does not occur through OCRL, but that OCRL
knockdown frees active Rab35 to interact with other effectors, including the effector
responsible for APP recycling, thereby enhancing this trafficking event. We next tested
whether this effector is ACAP2, again using our antibody feeding assay in the presence of
siRNAs against ACAP2 (Fig. S5D). Here, we found that knockdown of ACAP2 did not alter
APP internalization compared to siRNA control, nor lessen the effect of Rab35 on APP
internalization (Fig. 5E-F), as expected if this sorting step is a GTP-independent function of
Rab35. However, ACAP2 knockdown completely abolished Rab35-enhanced APP recycling
to the PM at the 120 min time point (Fig. 5E, G). These data demonstrate that Rab35
stimulates the sorting of APP into the fast recycling pathway, via GTP-independent
stimulation of APP internalization and active Rab35/ACAP2-dependent stimulation of APP
recycling to the PM. Together, these actions promote APP sorting out of endosomes and
increase its accumulation at the PM, thereby decreasing its amyloidogenic processing.

Finally, we tested whether ACAP2, like OCRL, has a role in Rab35-mediated BACE1
retrograde trafficking. Using our antibody feeding/syntaxin-6 colocalization assay to monitor
BACE1 retrograde trafficking, we found that knockdown of ACAP2 did not alter the Rab35-
mediated increase in BACE1/syntaxin-6 colocalization (Fig. S5E-F). These findings reveal
that Rab35 regulates APP and BACE1 trafficking via distinct mechanisms, stimulating the
retrograde trafficking of BACE1 to the TGN through OCRL, and the fast recycling of APP to
the PM through ACAP2.
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Rab35 counteracts GC-induced amyloidogenic trafficking of APP and BACE1
Although exposure to chronic stress and high GC levels are known to stimulate Ap production
both in vitro and in vivo %442, their effects on APP and BACE1 intracellular trafficking are
largely unexplored. We therefore examined whether high GC levels alter the interaction
between APP and BACE1 within the endosomal network, again using the Venus BiFC assay
in N2a cells (see Fig. 2). Here, we found that treatment with the synthetic GC dexamethasone
(10 pM) significantly increased Venus intensity, indicating that exposure to high GCs
promotes APP-BACE1 interaction (Fig. 6A-B). We next examined whether overexpression of
Rab35 could block this effect, as predicted if GC-induced downregulation of Rab35 underlies
the increased APP-BACE1 interaction. Indeed, Rab35 overexpression blocked the GC-
induced increase in Venus intensity (Fig. 6A-B), suggesting that Rab35 prevents this pro-
amyloidogenic interaction between APP and BACE1.

We next tested whether exposure to high GC levels impacts the APP and BACE1
trafficking pathways mediated by Rab35. Using the aforementioned antibody
feeding/syntaxin-6 colocalization assay, we found that 24h treatment with GC did not alter
BACE1 retrograde trafficking compared to vehicle control (Fig. S6A-B). However, GC
treatment significantly altered the kinetics of APP and BACE1 internalization and recycling
from the PM, as revealed by the antibody recycling assay. In particular, GC treatment
stimulated APP internalization at the 60 min timepoint post-labeling and decreased its
recycling back to the PM at the 90 min time point compared to vehicle control (Fig. 6C-E).
Additionally, GC decreased BACE1 internalization at multiple time points, as well as BACE1
recycling to the PM (Fig. 6F-H). Remarkably, Rab35 overexpression prevented these GC-
induced trafficking deficits and furthermore enhanced APP recycling compared to the control
condition (Fig. 6C, E), similar to its actions in the absence of GC (see Fig. 5). Together, these
findings demonstrate that GC disrupts the endocytic trafficking of APP and BACE1, resulting
in their increased colocalization in endosomes, and that Rab35 overexpression can rescue

these GC-driven effects.

Discussion

Although lifetime stress and exposure to stressful conditions are suggested risk factors for
AD, it has been unclear how chronic stress and high GC levels alter cellular trafficking
pathways to precipitate Tau and amyloid pathology. Our studies indicate that GC-induced

downregulation of the GTPase Rab35, a master regulator of endosomal trafficking, may

10
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contribute to both types of pathology. We previously found that Rab35 mediates Tau
degradation via the endolysosomal pathway, and that its GC-driven transcriptional
suppression leads to Tau accumulation in the hippocampus, inducing synaptic loss and
dendritic atrophy '2. In the current study, we demonstrate for the first time that Rab35
regulates APP and BACE1 trafficking (Fig. 7), and that its suppression by GCs leads to the
accumulation of APP and BACE1 within the endosomal network, increasing AR production.
Importantly, Rab35 overexpression protects against these GC-driven effects by promoting
APP and BACE1 internalization via a putative GTP-independent mechanism, and APP
recycling to the plasma membrane via ACAP2 (see Fig. 7). Overall, our findings suggest that
downregulation of Rab35 may be a precipitating factor in stress/GC-induced amyloid
pathology.

APP misprocessing and overproduction of AR are widely accepted as the triggering
events for AD pathogenesis, underscoring the need to elucidate cellular and molecular
mechanisms of amyloidogenic APP processing. Importantly, previous studies show that AB
is not the only toxic component of the amyloidogenic pathway, as APP B-CTFs (the
intracellular product of BACE1 cleavage), have intrinsic neurotoxic properties and can
promote Tau hyperphosphorylation and accumulation independently of AP, leading to
synaptic degeneration and impaired cognition 3. Accordingly, and in light of the failures of
clinical trials that specifically target AR or molecules involved in its cleavage (e.g. presenilin)*4,
the focus of more recent studies has shifted to illuminating mechanisms of APP and BACE1
trafficking/interaction in the endosomal network 4546, constituting the rate-limiting step for
cleavage of APP into B-CTFs and AB peptides. Targeting the molecular modulators of APP
and/or BACE1 intracellular trafficking could serve as a promising therapeutic approach
against amyloidogenesis #’.

Defects in the endolysosomal pathway are the earliest cellular feature of AD 4849,
suggesting that dysfunction of endosomal trafficking underlies AD pathogenesis. Indeed, the
endosomal network is the major site of AR production, and conditions associated with the
decreased residence of APP or BACE1 in this subcellular compartment typically inhibit AR
generation ?°. Here, we demonstrate that Rab35 decreases the localization of both APP and
BACE1 in recycling endosomes (Fig. 7). For APP, this decrease occurs via Rab35-mediated
stimulation of APP recycling to the PM through the effector ACAP2, similar to Rab35
stimulation of the fast endocytic recycling of other PM-associated proteins, e.g. T-cell

receptors and B1 integrin. Not only does this fast recycling pathway decrease APP

11
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colocalization with BACE1 in endosomes, but it also boosts levels of APP at the PM (Fig.
S4), likely promoting cleavage by a-secretase and thus preventing amyloidogenic
processing. For BACE1, the decrease in endosomal sorting appears to result from Rab35-
mediated retrograde trafficking to the TGN through the effector OCRL 3. Interestingly, two
genes identified as risk factors for late-onset AD (LOAD), namely VPS35 and VPS26, encode
proteins that regulate the retrograde pathway *°. Mutation of these genes is hypothesized to
disrupt APP retrograde trafficking to the TGN, increasing the APP-BACE1 interaction in
endosomes and therefore stimulating AB production °'-%2. Although we did not see any effect
of Rab35 gain-of-function on the retrograde trafficking of APP, we did observe a significant
effect on BACE1 retrograde trafficking, thus reducing BACE1 residence time within
endosomes as well as its exposure to APP. It is conceivable that Rab35 also regulates
BACE"1 trafficking through Arf6, another small GTPase previously reported to mediate
BACE1 endocytosis from the PM into the endosomal network 3. Rab35 and Arfé have been
shown to inhibit one another’s activation in a variety of cellular processes, including cell
migration, vesicle secretion, and cytokinesis °°*%° Thus, Rab35 overexpression could
reduce BACE endocytosis via Arf6 inhibition, preventing BACE1 interaction with APP in
endosomes. However, we find that cell-surface BACE1 levels are unchanged upon Rab35
overexpression, suggesting that Rab35 does not inhibit BACE1 endocytosis. Future studies
should clarify the Arf6-Rab35 signaling relationship in the context of APP and BACE1
trafficking.

An intriguing finding of our study is that Rab35 levels are decreased by several AD
etiopathological factors including advanced age, AB accumulation, and exposure to chronic
stress and/or high levels of the main stress hormones, glucocorticoids (GC). Aging is the
greatest risk factor for AD, and studies have linked aging to an increase in amyloidogenic
APP processing 3233, although the underlying mechanism(s) of APP misprocessing in aged
brain remain unknown. We demonstrate here that Rab35 protein levels are reduced in
hippocampus of aged vs. younger rats, and that Rab35 overexpression protects against
amyloidogenic APP cleavage in aged animals. Our animal findings are in line with human
transcriptomic data in which Rab35 mRNA transcripts are reduced in hippocampus and
cortex of older (60-79 year old) individuals compared to younger (20-39 year old) ones.
Importantly, reduced Rab35 levels are also observed in hippocampus following AB infusion,
a non-transgenic experimental model of AD that mimics early AD neuropathology and further

stimulates amyloidogenic APP processing 2931, In addition to our own observations, other
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studies have reported that Rab35 levels are reduced under conditions associated with AD
risk. For instance, decreased Rab35 levels were observed in the brains of mice expressing
the human ApoE4 allele %6, the strongest genetic risk factor for LOAD. ApoE4 carriers have
a significantly increased probability of developing AD and exhibit greater accumulation of AB
in their brains compared to carriers of other ApoE alleles®’. Another recent human study
reported decreased Rab35 levels in brain-derived exosomes from athletes following mild
traumatic brain injury (TBI)%8, known to elicit AD-like neuropathology and predispose to AD.
Finally, our current in vitro and in vivo studies show that high GC levels and/or chronic stress
reduce Rab35 levels and stimulate the pro-amyloidogenic trafficking of APP and BACE1,
while Rab35 overexpression attenuates these effects. These findings are in line with previous
studies from us and others demonstrating that chronic stress and high GC levels trigger APP
misprocessing and AB overproduction 84042 and offer a novel, Rab35-linked mechanism to
explain how stress/GC precipitate amyloidogenesis. Combined with our previous work
showing the critical role of Rab35 in Tau sorting and degradation '2, these findings suggest
that Rab35 could serve as the molecular link through which chronic stress via GC trigger both
major AD pathomechanisms: AB overproduction and accumulation of hyperphosphorylated
Tau 894059 Altogether, our findings support multiple roles for Rab35 in the intracellular
trafficking of AD-relevant proteins and suggest that downregulation of Rab35 may precipitate
amyloidogenesis. These studies highlight Rab35’s potential relevance for AD brain pathology
and suggest that additional work investigating its roles in AD-related intracellular pathways

could open novel therapeutic avenues for treating AD brain pathology.
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Materials and Methods

Primary neurons and cell lines

Primary neuronal cultures were prepared from E18 Sprague Dawley rat embryos and
maintained for 14 DIV before use, as described previously 3’. Neuro2a (N2a) neuroblastoma
cells (ATCC CCL-131) were grown in DMEM-GlutaMAX (ThermoFisher) with 10% FBS
(Atlanta Biological) and Anti-Anti (ThermoFisher) and kept at 37°C in 5% CO.. During
dexamethasone treatment in N2a cells, FBS in the growth media was reduced to 3%. Human
iPSC-derived neuronal primary cultures were generated using manual rosette selection and
maintained on Matrigel (Corning) 0. Concentrated lentiviruses expressing control-sgRNA or
hu-APP-sgRNA were made using Lenti-X concentrator (Clontech). The iPSC-derived
neuronal cultures were transduced with either control-sgRNA or hu-APP-sgRNA after
Accutase splitting and were submitted to puromycin selection the subsequent day. Polyclonal
lines were expanded and treated with puromycin for 5 more days before banking. Neuronal
differentiation was carried out by plating 165,000 cells/12 well-well in N2/B27 media
(DMEM/F12 base) supplemented with BDNF (20 ng/ml) and laminin (1 pg/ml).
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Pharmacological treatments
Pharmacological agents were used in the following concentrations and time courses:

cycloheximide (Calbiochem, 0.2 ug/ul, 2, 4 or 8h), dexamethasone (Invivogen, 10 uM, 24 h).

Lentivirus production, transduction, and DNA transfection

DNA constructs were described previously 237, APP:VN and BACE:VC constructs were a
gift from Dr. Subhoijit Roy (University of California, San Diego, USA). Briefly, Rab GTPases
were subcloned into pKH3 vector at the EcoRl site to create HA-tagged Rabs. Lentivirus was
produced as previously described 37. Neurons were transduced with 50-150 pl of lentiviral
supernatant per well (12-well plates) or 10—40 ul per coverslip (24-well plates) either at 3 DIV
for shRNA transduction or 10 DIV in gain-of-function experiments. Respective controls were
transduced on the same day for all experimental conditions. Primary neuronal cultures were
collected for immunoblotting or immunocytochemistry at 14 DIV. N2a cells were transfected
using Lipofectamine 3000 approximately 24h after plating, according to the manufacturer’s
instructions. For the bimolecular fluorescence complementation assay, double transfection
of APP:VN and BACE1:VC constructs were performed 48h after transfection with Rab35, to
allow for longer expression of the construct. Cells were then fixed and analyzed 18h after the
APP:VN and BACE1:VC transfection.

Flow cytometry

N2a cells were detached using TrypLE Express (Life Technologies) for 5 min at 37°C,
resuspended in culture medium, and centrifuged (3,000 rpm, 5 minutes, 4°C). The pellet was
washed once with 0.2 mM EDTA and 0.02% BSA in 1x PBS (Flow buffer), centrifuged again,
resuspended in 100 pl of flow buffer, then fixed with 4% paraformaldehyde solution for 15
min. Cells were washed (1x PBS) and resuspended in 1.5 % FBS and 0.05% saponin in 1x
PBS (permeabilization solution), then placed on a shaker for 30 min. Following centrifugation,
the supernatant was discarded, and the cell pellet resuspended in permeabilization solution
with anti-HA-tag Alexa(R)-647 (Cell Signaling Technologies) for immunostaining, then placed
on a shaker for 90 minutes at 4°C. After washing twice with flow buffer, cells were
resuspended in ice-cold Flow Buffer (0,2% FBS, 0.5mM EDTA in PBS), strained through a
35um nylon mesh to promote single-cell suspensions, and kept on ice. Cells and
fluorescence were analyzed by BD Fortessa Cell Analyser and BD FACSDiva software (BD

Biosciences). Unstained cells were used as a control for background fluorescence. Far-red

15


https://doi.org/10.1101/2021.05.10.443354
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.10.443354; this version posted May 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

(APC) and green (FITC) fluorescence were analyzed, as they marked the HA-tag and Venus
fluorescence (APP/BACE1 interaction), respectively. 50,000 events were recorded for each
sample, with two samples for each condition. Flow Cytometry data were analyzed using FCS
Express 6 (DeNovo Software). Median fluorescence intensity of the Venus (APP/BACE)
signal was calculated for the HA+ cells only, thus in double-positive cells. The median Venus
fluorescence intensity of each sample was compared to the median Venus fluorescence of

all samples, thus comparing each condition to the average of the whole population.

Proximity ligation assay

Proximity ligation assay (PLA) was performed in primary hippocampal neurons and N2a cells
according to the manufacturer’s instructions (Duolink, Sigma). Until the PLA probe incubation
step, all manipulations were performed as detailed above for the immunocytochemistry
procedure. PLA probes were diluted in blocking solution. The primary antibody pairs used
were C1/6.1 (anti-APP, Mouse; Biolegend) and anti-BACE1 (Rabbit, Cell Signaling
Technology). All protocol steps were performed at 37°C in a humidity chamber, except for
the washing steps. Coverslips were then mounted using Duolink In situ Mounting Media with
DAPI.

AB Measurements

Human iPSC-derived neuronal cultures were kept for 3 days post-transduction, after which
50% of the media was changed. Then, conditioned media was collected after 72h, centrifuged
at 2,000 rcf for 5 min, and stored at —80°C. AB42 and AB40 levels were measured using V-
PLEX AR Peptide Panel 1 (4G8) Kit (MesoScaleDiscovery, MSD) following the
manufacturer’'s protocol and their concentration was presented as percentage of control
levels, after normalization to total protein in the conditioned media (measured using
ThermoFisher Scientific BCA assay kit).

Animals

Male Wistar rats (Charles River Laboratories, France) were maintained under standard
laboratory environmental conditions (lights on from 8 a.m to 8 p.m, room temperature 22°C,
relative humidity 55%, ad libitum access to food and water). All experimental procedures were
approved by the local ethical committee of the University of Minho and the national authority
for animal experimentation (DGV9457); all experiments were in accordance with the

guidelines for the care and handling of laboratory animals, as described in the Directive
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2010/63/EU. 12-month-old animals were randomly divided into the below three groups:
control, stressed, Ab-infused animals (N = 8-9 per group). For stressed animals, the chronic
unpredictable stress paradigm lasted for 4 weeks and consisted of random application of one
of the following stressors (one stressor per day): (i) rocking platform, (ii) air dryer, (iii) cold
water, and (iv) overcrowding as previously described®. Control, non-stressed animals remain
for their home cages during the stress period. At the end of the stress paradigm, all animals
were implanted with Alzet miniosmotic pumps for i.c.v. delivery of AB1-40 (Eurogentec; 25
Mg/200 pl, 0.5ul per hour) or saline for 14 days. For the AB1-40 or saline infusion, mini-osmotic
pumps (Alzet. Osmotic Pumps, DURECT, 2002 model) and cannulae (Alzet Brain Infusion
Kit) were implanted in the left lateral ventricle using the following coordinates from Bregma:

-0.6mm anteroposterior, -1.4mm mediolateral, -3.5mm dorsoventral according to Paxinos
and Watson ¢'. Pump and cannula implantation were done under anesthesia [75 mg/kg
ketamine (Imalgene, Merial) and 1mg/kg medatomidine (Dorbene, Cymedica)]. For aged rat
study, young (4 month-old) and aged (22-24 month-old) male Wistar rats were used (N=14
per group). For the Rab35 overexpression experiment, another set of male Wistar rats (17
month-old; Charles River Laboratories, Spain) were randomly divided into two groups (N =
4—8 per group) and were bilaterally injected into the dorsal hippocampus with the AAV8-GFP
or AAV8-Rab-GFP virus [coordinates from bregma, according to Paxinos and Watson 50: -
3.0 mm anteroposterior (AP), £1.6 mm mediolateral (ML), and -3.3 mm dorsoventral
(DV)] under anesthesia with 75 mg/ kg ketamine (Imalgene, Merial) and 0.5 mg/kg

medetomidine (Dorbene, Cymedica) as previously described'?.

Western blotting

For western blotting experiments, human iPSC-derived neuronal cultures and N2a cells were
collected in Lysis Buffer (50 mm Tris-Base, 150 mm NaCl, 1% Triton X-100, 0.5% deoxycholic
acid) with protease inhibitor (Roche) and phosphatase inhibitor cocktails Il and Il (Sigma)
and clarified by centrifugation at high speed (10 min, 20,000 g). Rat hippocampi were
homogenized in lysis buffer (50 mm Tris-Base, 150 mm NaCl, 1% Triton X-100, 0.5%
deoxycholic acid, 10 mM MgCl2) or RIPA buffer with protease inhibitor (Roche) and
phosphatase inhibitor cocktails Il and Il (Sigma) and clarified by centrifugation at high speed
(10 min, 20,000 g). Protein concentration was determined using the BCA protein assay kit
(ThermoFisher Scientific) and the same amount of protein was used for each condition, which
was diluted and denatured in 2x SDS sample buffer (Bio-Rad). Samples were subject to

SDS-PAGE, transferred to nitrocellulose membranes using wet (Mini Trans-Blot Cell, Bio-
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Rad), and probed with the primary antibody in 5% BSA/PBS + 0.1% Tween-20, followed by
DyLight 680 or 800 anti-rabbit, anti-mouse (Thermo Scientific) or by HRP-conjugated
secondaries (Bio-Rad). Primary antibodies used for western blotting are included in Table 1.
Membranes were imaged using an Odyssey Infrared Imager (model 9120, LI-COR
Biosciences), and protein intensity was measured using the Image Studio Lite software (LI-

COR Biosciences).

Immunofluorescence microscopy

Immunofluorescence staining in neurons and N2a cells was performed as previously
described ¥'. Briefly, cells were fixed with Lorene’s Fix (60 mM PIPES, 25 mM HEPES, 10
mM EGTA, 2 mM MgCI2, 0.12 M sucrose, 4% formaldehyde) for 15 min, and primary and
secondary antibody incubations were performed in blocking buffer (2% glycine, 2% BSA,
0.2% gelatin, 50 mM NH4Cl in 1x PBS) for 1 h at room temperature. Images were acquired
using a Zeiss LSM 800 confocal microscope equipped with Airyscan module, using a 63x

objective (Plan-Apochromat, NA 1.4; for neurons and N2a cell imaging).

Neuronal image analyses

Images were analyzed and processed using the Fiji software. PLA puncta were counted using
the Multi-point tool, and cell area was measured with Polygon selection tool. Colocalization
analysis between APP (22C11, Millipore) or BACE1 (Cell Signaling) and intracellular
compartments (Rab11, Cell Signaling; Syntaxin-6, Synaptic Systems)in neurons was
determined using the JACoP plugin, in order to obtain the Mander’s coefficient corresponding

to the fraction of APP or BACE1 colocalized with each compartment.

Retrograde trafficking assay

N2a cells were co-transfected with APP-GFP or FLAG-BACE1 and HA or HA-Rab35
constructs. Approximately 48 hours after transfection, cells were starved in serum-free
DMEM for 30 minutes. Cells were then incubated for 30 min at 4°C with 22C11 antibody (anti-
N-terminus of APP, Millipore) or anti-FLAG (Millipore). Antibodies were diluted 1:100 in
complete medium + 1M HEPES. Following antibody incubation, cells were washed with
complete medium + HEPES and either immediately fixed with Lorene’s fixative for 15 min, or
incubated at 37°C for 10, 30, or 60 min and then fixed, followed by washing with 1X PBS. For
immunostaining, cells were permeabilized using Triton X-100 and coverslips were

immunostained with the following primary + secondary antibody pairs: internalized anti-
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22C11 or anti-FLAG + goat-anti-mouse Alexa Fluor-568; anti-Syntaxin-6 (Synaptic Systems)
+ Alexa Fluor-647 to tag the trans-Golgi network (TGN); and anti-BACE1 (for BACE1-
transfected conditions only, Cell Signaling) + Alexa Fluor-488 to tag total BACE1. Cells
overexpressing Rab35 were detected using an anti-HA primary antibody (data not shown;
Rabbit, Cell Signaling; Mouse, Biolegend) + Alexa Fluor-405 secondary antibody. For
analysis, Fiji/lmaged was used to outline each transfected cell and clear the background.
Colocalization analysis between APP or BACE1 and the TGN was determined using the
JACOoP plugin, and the Mander’s coefficient was used for reporting the fraction of APP or
BACE1 colocalized with the TGN.

Recycling assay

N2a cells were co-transfected with APP-GFP or FLAG-BACE1 and HA or HA-Rab35
constructs. Approximately 48 hours after transfection, cells were starved in serum-free
DMEM for 30 minutes. Cells were then incubated for 30 min at 4°C with 22C11 antibody (anti-
N-terminus of APP, Millipore) or anti-FLAG (Millipore). Following antibody pulse, coverslips
were washed with complete medium + HEPES and incubated with goat-anti-mouse
unconjugated antibody (1:50; Invitrogen) for 30 min at 4°C to allow for APP or BACE
internalization. Antibodies were diluted in complete medium + 1M HEPES. Coverslips were
washed with complete medium + HEPES and fixed with Lorene’s fixative for 15 min or
incubated at 37°C for 10, 30, or 60 min and then fixed, followed by washing with 1X PBS.
Coverslips were immunostained with goat-anti-mouse Alexa Fluor-568 for 1hr at RT prior to
cell permeabilization to mark recycled 22C11 or FLAG antibodies, and any remaining surface
antibody was blocked using goat-anti-mouse unconjugated antibody (1:50, 30 min at RT).
Following cell permeabilization, internalized 22C11 or FLAG was marked using goat-anti-
mouse Alexa Fluor-647 secondary antibody. Total BACE1 and HA were tagged as in the
retrograde trafficking assay, andantibody concentrations are the same as
above. Internalization and recycling of APP and BACE1 were determined using Fiji/ImageJ
by outlining each cell and normalizing the fluorescence of (1) internalized APP or BACE1 and
(2) recycled APP or BACE1 to total APP or BACE1. These values were then normalized to

the first control timepoint for APP or BACE1 to determine change over time.

Steady-state surface protein measurement
N2a cells were co-transfected as in the retrograde trafficking and recycling assays.

Approximately 48 hours after transfection, surface APP and BACE1 were labeled with anti-
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22C11 or anti-FLAG antibodies prior to cell permeabilization. Following permeabilization,
coverslips were immunostained for HA (APP-GFP transfected cells) or HA and BACE1 as
described for the retrograde trafficking assay. Fiji/lmaged was used to determine surface APP
and BACE1 by outlining each transfected cell and normalizing the fluorescence of surface
APP or BACE1 to total APP or BACE1.

Bioinformatics analysis

RNA sequencing data across age groups were collected and produced by the Genotype-
Tissue Expression (GTEx) project (https://gtexportal.org/home/). Rab35 transcripts per
million were normalized to IPOS8 transcripts per million for each sample using Microsoft Excel.
IPO8 was chosen as a reference gene because it was the most stable gene tested from the
GTEXx dataset, using RefFinder 3.

Statistical analysis

Graphing and statistics analysis was performed using Prism (GraphPad). Shapiro—Wilk
normality test was used to determine whether data sets were modeled by a normal
distribution. Unpaired, two-tailed t-tests, one-way ANOVA, or two-way ANOVAs were used

with values of P < 0.05 being considered as significantly different.
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Figure Legends

Figure 1. Hippocampal Rab35 levels are decreased by chronic stress and aging. A-B)
Representative immunoblots and quantification of Rab protein levels in the hippocampus of
control (Ctrl), stressed, and AB-infused rats. Blots were probed for the noted Rabs and
tubulin, with values normalized to tubulin and expressed as % of the control condition (dotted
line). Rab14 and Rab35 are reduced by AB, but only Rab35 is significantly reduced by both
stress and AR (**PRab3s coN vs. stressed =0.0075, *PRrab14 coN vs. Ag-infused =0.0228, **PRrab3as con vs. Ag-
infused =0.0069; one-way ANOVA, Dunnet post hoc analysis, n=8—10 animals/condition). C-D)
Representative immunoblots and quantification of Rab35 levels in the hippocampus of young
(4 month-old) and aged (22- 24-month-old) rats. Blots were probed for Rab35 and actin, with
values normalized to actin and expressed as % of young animals. Rab35 expression is
decreased in aged animals (**P=0.0056; unpaired t-test, n=13-17/condition). E-F)
Representative immunoblots and quantification of APP C-terminal fragments (CTFs) relative
to full-length APP in the dorsal hippocampus of rats bilaterally injected with AAV-GFP or AAV-
GFP-Rab35. Blots were probed for APP, Rab35, and tubulin, with values normalized to
tubulin and expressed as % of GFP control condition. Rab35 expression significantly
decreases the ratio of CTFs to full-length APP (**P=0.0019; Welch’s unpaired two-tailed t-
test, n=4-8 animals/condition). G) Schematic diagram of human brain areas used for the
analysis of transcriptome data from the Genotype-Tissue Expression (GTEX) project, created
with BioRender. H) Quantification of Rab35 mRNA transcripts from individuals ages 20-39
years and 60-79 years, normalized to IPO8 (*P=0.0155, **P=0.0003; Mann-Whitney test,
n=6-135 samples/condition), showing the reduction of Rab35 levels in the hippocampus and
frontal cortex, but not basal ganglia and spinal cord, of 60-79 year-old individuals. All numeric

data represent mean + SEM.

Figure 2. Rab35 is a negative regulator of APP-BACE1 interaction. A) Schematic diagram
of bimolecular fluorescence complementation assay, in which APP and BACE1 are tagged
with complementary fragments of Venus fluorescent protein (VN and VC, respectively).
Reconstitution of Venus fluorescence occurs upon the interaction of APP and BACE1. B)
Representative fluorescence-activated cell sorting (FACS) plot of N2a cells co-expressing
HA-Rab35 (HA-Rab35+), APP:VN, and BACE:VC (Venus+), as used for analysis shown in
panel C. C) Quantification of Venus fluorescence intensity in N2a cells overexpressing the

indicated Rab GTPases. Venus fluorescence for each Rab is normalized to Venus
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fluorescence of the entire Rab-expressing cell population (Mean). Rab35 is a negative
regulator of APP-BACE1 interaction (****P< 0.0001; one-way ANOVA, Dunnet post-hoc
analysis, n=2 experiments with ~80,000 cells/condition). D-E) Representative images and
quantification of Venus fluorescence in N2a cells expressing APP:VN, BACE:VC, and either
mCh, mCh-Rab35, or shRab35. Rab35 overexpression and knockdown decrease or
increase, respectively, Venus fluorescence when compared to mCh control (*P=0.042,
***P=0.0001; one-way ANOVA, Dunnet post-hoc analysis, n=21-27 cells/condition). F-G)
Images and quantification for proximity ligation assay (PLA) to detect endogenous APP-
BACE1 interaction in hippocampal neurons expressing mCh or mCh-Rab35. Overexpression
of Rab35 decreases PLA puncta density in neuronal cell bodies compared to mCh control.
Scale bars: 10 ym. All numeric data represent mean + SEM (**P =0.001; unpaired student’s
t-test, n=43-44 cells/condition).

Figure 3. Rab35 expression suppresses amyloidogenic processing of APP. A-C)
Representative immunoblots and quantification of APP CTFs from N2a cells expressing
mCherry, mCh-Rab35, or mCh + siRNAs against Rab35 (siRab35). Immunoblots were
probed for GFP, tubulin, and Rab35, with values normalized to tubulin and expressed as %
of mCh control. Overexpression of Rab35 decreases CTFs relative to full-length APP while
reduced Rab35 levels exhibits the opposite effects on CTFs (**Pmcnctri vs mch-Rab35=0.0006,
**Pmchcti vs mch + sirab3s =0.0029; one-way ANOVA with Welch’s correction, n=9
samples/condition). C-D) Representative immunoblots and quantification of APP CTFs from
iPSC-derived cortical neurons expressing mCh or mCh-Rab35. Blots were probed for APP,
tubulin, and mCherry, with values normalized to tubulin and expressed as % of mCh control.
Overexpression of Rab35 decreases CTFs relative to full-length APP (*P=0.017; unpaired t-
test, n=19-21/condition). E-F) Measurement of A peptides secreted by iPSC-derived human
neurons transduced with mCherry or mCh-Rab35. Values are normalized to total protein and
expressed as % of mCh control. Rab35 overexpression decreases the levels of both AR40
(E) and Ap42 peptides (F)(**Pap40=0.008, **Pag42=0.009; unpaired t-test, n=19-20 samples/

condition). All numeric data represent mean + SEM.

Figure 4. Rab35 stimulates retrograde trafficking of BACE1 via OCRL. A) Schematic
representation of BACE1 internalization assay, in which cell-surface BACE1 was labeled with
FLAG antibody, cells were incubated for 30, 40, 60, or 90 minutes to allow for BACE1

internalization, and finally, cells were immunostained with syntaxin-6 antibodies to label the
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TGN. B-C) Representative images and quantification of BACE1 internalization in N2a cells
expressing FLAG-BACE1 and either HA Control, HA-Rab35 wild-type (WT), or HA-Rab35
dominant-negative (DN). Internalized BACE1 (red) and syntaxin-6 (blue) are shown at 30 and
90 min time points post-labeling. Compared to vector control, overexpression of WT Rab35
increases colocalization of internalized BACE1 with syntaxin-6 at 60 and 90 min time points,
and DN Rab35 prevents this effect (*Pon-30 min=0.0392, **Ppn-40 min=0.0011, **Pwr.60
min=0.0025, ***Pwt.90 min < 0.0001; 2-way ANOVA and Sidak post hoc analysis, n=45-155
cells per condition/timepoint. Time x Rab35 interaction Fe 1253= 8.002, P<0.0001, overall
Rab35 effect F2,1253=10.43, P < 0.0001). D-E) Representative images and quantification of
BACE1 internalization in N2a cells expressing FLAG-BACE1 and HA or HA-Rab35 together
with control siRNA (siCtrl) or siRNA to knockdown OCRL (siOCRL). Internalized BACE1 (red)
and syntaxin-6 (blue) are shown at 30 and 90 min time points post-labeling. Compared to
control, overexpression of Rab35 increases colocalization of internalized BACE1 with
syntaxin-6 at the 90 min time point, and knockdown of OCRL blocks this effect (*PHa+sictr vs.
Rab3s+sictri=0.0151, 2-way ANOVA and Tukey’s multiple comparisons test, n=50-61 cells per
condition/time point. Time x Condition interaction Fse35=3.861, P=0.009). Scale bars: 5 ym;

1um for zoomed insets. All numeric data represent mean £ SEM.

Figure 5. Rab35 stimulates APP recycling to the plasma membrane via ACAP2. A)
Schematic representation of the APP recycling assay, in which APP internalization and
recycling were assessed by labeling cell-surface APP with 22C11 antibody followed by cell
incubation for 60, 70, 90, or 120 minutes, and fixation and immunostaining with secondary
antibodies to detect recycled or internalized APP. B-D) Representative images and
quantification of APP internalization and recycling in N2a cells expressing APP-GFP and
either HA control, HA-Rab35 WT, or HA-Rab35 DN. Internalized and recycled APP are
shown at 60 and 90 min time points post-labeling. Compared to control, Rab35
overexpression increases the ratio of internalized (C) and recycled (D) APP over total APP-
GFP at multiple timepoints (*Pwr-90 min=0.0299, **Ppn-90 min=0.0027, **PpnN-120 min=0.0017, ****P
<0.0001, 2-way ANOVA and Sidak post-hoc analysis, n=53-269 cells per condition/timepoint.
For APP internalization: Time x Rab35 interaction Fe 1897=3.002, P=0.0064, overall Rab35
effect F2,1897=118.9. For APP recycling: Time x Rab35 interaction Fs 1897=3.443, P=0.0022,
overall Rab35 effect F2,1897=26.03). E-G) Representative images and quantification of APP
internalization and recycling in N2a cells expressing APP-GFP and either HA or HA-Rab35,
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together with control siRNA (siCtrl) or siRNA to knockdown ACAP2 (siACAP2). Internalized
and recycled APP are shown at 60 and 90 min time points post-labeling. F) Compared to
control, overexpression of Rab35 increases APP internalization, and ACAP2 knockdown
does not alter this effect (***Prax+sictr vs. Rab3s+siacap2=0.0003, ****PHassictrl vs. Rab3s+sictr1<0.0001,
2-way ANOVA and Tukey’s multiple comparisons test, n=20-48 cells per condition/timepoint.
Time x Rab35 interaction F4310=2.843, P=0.0244, overall Rab35/ACAP?2 effect F2310=39.12,
P<0.0001). G) Compared to control, overexpression of Rab35 increases APP recycling, and
ACAP2 knockdown blocks this effect (*Prax+sictr vs. Rab3s+sicti=0.0457, Prassictrl vs. Rab3s+siACAP2=
0.66, 2-way ANOVA with Tukey's multiple comparisons test, n=20-48 cells per
condition/timepoint. Time x Condition interaction F4310=2.877, P=0.023, overall Condition

effect F2,310=3.279, P=0.039). Scale bars: 5 ym. All numeric data represent mean + SEM.

Figure 6. GC-induced amyloidogenic APP/BACE1 trafficking is blocked by Rab35
overexpression. A-B) Representative images and quantification of Venus fluorescence
intensity in N2a cells expressing APP:VN, BACE:VC, and either mCh or mCh-Rab35, treated
with GC or vehicle control. GC treatment increases Venus intensity in control, but not Rab35-
expressing, cells; the latter exhibit an overall decrease in Venus fluorescence (***Pmch convs
mch 6¢=0.0004, *Pmch con vs mch-Rab3s con=0.028, two-way ANOVA, Tukey post-hoc analysis,
n=3 experiments. Rab35 x GC interaction F1291=5.989, P=0.015, overall Rab35 effect
F1.201=41.35, P<0.0001, overall GC effect F1291=12.19, P=0.0006). Scale bar: 10 ym. C-E)
Representative images and quantification of APP internalization and recycling in N2a cells
expressing APP-GFP and either HA or HA-Rab35, treated with GC or vehicle control. GC
alter APP internalization (D) and recycling (E) kinetics, while Rab35 overexpression prevents
these effects (for D: *Puha+Dmso vs HA-Rab3s+Gc=0.0119, ***Pua+bmso vs HA-Rapb3s+cc=0.0009,
****P<0.0001; 2-way ANOVA with Tukey’s post hoc analysis, n=47-77 cells per
condition/timepoint. For APP internalization: Time x Condition interaction Fgs780=15.81,
P<0.0001. For E: **PuHa+dMs0 vs HA-Rab35+Gc<0.0001, *Ppa+dDMso vs HA-Rab3s+cc=0.0136,
**Pua+bmso vs HA+ac= 0.0011; two-way ANOVA with Tukey’s post hoc analysis, n=47-77 cells
per condition/timepoint. For APP recycling: Time x Condition interaction Fe759=3.556,
P=0.0013). F-H) Representative images and quantification of BACE1 internalization and
recycling in N2a cells expressing FLAG-BACE1 and either HA or HA-Rab35, treated with
GCs or vehicle control. GC treatment decreases BACE1 internalization (G) and recycling (H),
and these effects are blocked by Rab35 overexpression (for G: *Pra+cc vs HA-Rab3s+cc= 0.0491,
***Pha+pmso vs HA+6c=0.0003, ****P<0.0001; two-way ANOVA with Tukey’s multiple
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comparisons test, n=54-76 cells per condition/timepoint. For BACE1 internalization: Time x
Condition interaction Fe765=3.385, P=0.0027. For H: *PHa+DMSO vs HA-Rab3s+cc=0.0487,
***Pya+pmso vs HA+cc=0.0009; two-way ANOVA with Tukey’s multiple comparisons test, n=54-
76 cells per condition/timepoint. For BACE1 recycling: Time x Condition interaction

Fe762=3.504, P=0.0020). Scale bars: 5 um. All numeric data represent mean + SEM.

Figure 7. Working model summarizing the interplay between Rab35 and stress/GC on
APP trafficking and processing. AD etiopathological factors such as advanced age, AR
accumulation or exposure to chronic stress and/or high levels of glucocorticoids (GC), lead
to a significant reduction of Rab35 levels (1). This reduction inhibits APP and BACE1
recycling with the plasma membrane (2), increasing APP-BACE1 association in the
endosomal network and stimulating amyloidogenic APP processing and AB production (3).
Alternatively, high levels of Rab35 promote APP internalization (4) and recycling to the
plasma membrane via the effector ACAP2 (5), and in parallel stimulate BACE1 retrograde
trafficking to the trans-Golgi network via the effector OCRL (6). These trafficking events
reduce APP-BACE1 interaction within the endosomal network, thereby decreasing
production of APP CTFs and AB.

Table 1. List of antibodies used in this study.
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Figure 4
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Table 1

Antibody Manufacturer Concentration
Actin Abcam (#8224) 1:1000
ACAP2 ProteinTech (#14029-1-AP) 1:1000
APP & CTFs Biolegend (APP C1/6.1; #802801)  1:1000
BACE1 Cell Signaling (D10E5; #5606) 1:1000
GFP Invitrogen (#A6455) 1:1000

Abcam (#ab125096)

mCherry Biovision (#5993) 1:1000
OCRL ProteinTech (#17695-1-AP) 1:1000
Rab5 Synaptic Systems (#108011) 1:1000
Rab7 Abcam (#ab50533) 1:1000
Rab8 ProteinTech (#55296-1-AP) 1:1000
Rab11 Cell Signaling (D4F5; #5589) 1:1000
Rab14 Santa Cruz (#sc-98610) 1:500
Rab35 ProteinTech (#11329-2-AP) 1:1000
Tubulin Abcam (#ab4074) 1:5000

Sigma (#T79026)
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