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Abstract

Mutations in the PSENI gene, encoding presenilin 1 (PS1), are the most common cause of familial
Alzheimer’s disease(fAD). Since the first mutations in the PSENI gene were discovered more
than 25 years ago, many postulated functions of PS1 have been investigated. The majority of
earlier studies focused on its role as the catalytic component of the y-secretase complex, which in
concert with B site amyloid precursor protein cleaving enzyme 1 (BACEL), mediates the formation
of Ap from amyloid-f protein precursor (ApPP). Though mutant PS1 was originally considered to
cause AD by promoting AP pathology through its protease function, it is now becoming clear that
PS1 is a multifunctional protein involved in regulating membrane dynamics and protein
trafficking. Therefore, through loss of these abilities, mutant PS1 has the potential to impair
numerous cellular functions such as calcium flux, organization of proteins in different
compartments, and protein turnover via vacuolar metabolism. Impaired calcium signaling,
vacuolar dysfunction, mitochondrial dysfunction, and increased ER stress, among other related
membrane-dependent disturbances, have been considered critical to the development and
progression of AD. Given that PS1 plays a key regulatory role in all these processes, this review
will describe the role of PS1 in different cellular compartments and provide an integrated view of
how PS1 dysregulation (due to mutations or other causes) could result in impairment of various
cellular processes and result in a “multi-hit”, integrated pathological outcome that could contribute
to the etiology of AD.
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INTRODUCTION

Alzheimer’s disease (AD), characterized by progressive cognitive decline, is the most
common age-dependent neurodegenerative disorder. Although the disease has been studied
extensively, it is not fully understood, and there are still no effective interventions that slow
the disease process. Although many alterations in various cellular processes have been
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defined in AD, the presence of amyloid plaques, with a core of AP peptides, and
neurofibrillary tangles (NFTs), composed primarily of abnormally phosphorylated tau, are
still required for a diagnosis of AD. The vast majority of AD cases are sporadic (SAD),
without a defined genetic cause, and primarily affect people who are greater than 60 years of
age. However, a much smaller subset of AD cases (~5-10%) are due to autosomal dominant
genetic mutations (familial AD [fAD]) and are often characterized by a more severe and
rapidly progressive dementia. To date, mutations in three genes have been shown cause fAD:
APPthat encodes for amyloid-B protein precursor (ApPP), PSENI that encodes for
Presenilin 1 (PS1), and PSENZwhich encodes for Presenilin 2 (PS2). Mutations in PSEN1
account for the majority of fAD cases (~70%) [1, 2].

Currently, over 180 mutations have been identified in the PSENI gene that span virtually all
regions of this multi-pass transmembrane protein [3]. Given the variability of mutation loci
in PS1, in addition to the complex and diverse medical backgrounds between patients,
individuals with PS1 mutations can present with high degrees of clinical variability. Some
patients with PS1 mutation present in their late 60s with a slow progression of cognitive
decline, while, on the other end of the spectrum, patients with different PS1 mutations can
present as early as their late 20s with rapid and severe global dysfunction involving
autonomic and motor systems [4—7]. PS1 mutations also exhibit histological variability. For
example, depending on the PS1 mutation, amyloid angiopathy can span the spectrum from
mild to severe [8-10]. The presence of other pathological entities such as Pick’s bodies,
Lewy bodies, or posterior cortical atrophy have also been differentially observed with
various PS1 mutations [11-13]. Importantly, however, virtually all cases of PS1 mutation
present with amyloid plaques and NFTs and are thus conferred the diagnosis of AD [14].
The neuropathological congruence of PS1-fAD and sAD, indicates that defining the various
roles of PS1 in neuronal function will likely increase our understanding of the
neurodegenerative processes of AD in general. Indeed, it has been shown that PS1 is
necessary for synaptic function in learning and memory, and it is considered to provide a
neuroprotective effect that may be attenuated as PS1 levels decrease as part of the normal
aging process [15-21]. Therefore, as we consider that PS1 dysfunction is the main culprit of
fAD, inadequate levels of PS1 function may also be a factor in the pathogenesis of AD in
general.

Several different functions of PS1 have been described, all of which, when disrupted by
mutations or diminished levels, could contribute to the pathogenesis of AD. The first
described and most studied function of PS1 defines it as a multi-pass transmembrane, endo-
proteolytically cleaved carboxypeptidase in the intra-membrane gamma secretase complex
(PS1-y-secretase complex). The carboxypeptidase function of PS1, also referred to as the -
secretase function of PS1, has been elucidated by multiple studies. Wolfe et al. [22]
presented clear evidence that PS1 has two transmembrane aspartates at positions D257 and
D385, that are critical to this function, with D257 being essential for endoproteolysis and
D385 being independently essential for -y-secretase activity/ABPP processing regardless of
endoproteolysis. Taken together, PS1 mutations D257A and D385A, which are located in
transmembrane domains 6 and 7, respectively flanking the endoproteolysis site, have the
same dominant negative effect upon ABPP processing as PS1 deletion [22]. Of note, PS1 in
this membrane bound complex associates with three other proteins, Nicastrin, APH-1
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(anterior pharynx-defective 1), and PEN-2 (presenilin enhancer 2), which contribute to the
folding, cleavage, and substrate processing of PS1 [23, 24]. PS1, in this complex, has been
detected in multiple membranes, and cleaves type 1 transmembrane proteins. To isolate PS1
as the source of the protease active site for the -y-secretase complex, Li et al. [25] showed
that potent y-secretase inhibitors, which were chemically engineered to target an aspartyl
protease active site, bound PS1. Overall, these and other studies demonstrate that PS1 is the
carboxypeptidase of the y-secretase complex, with ABPP and Notch being the most
extensively documented substrates, though over 90 other substrates have been postulated
[26]. However, it is important to note that not all interacting proteins may be a substrate
specifically/only for cleavage, and complex-associated PS1 may have functions beyond
carboxypeptidase activity. In addition to its role as a protease, PS1 can function as a calcium
leak channel or a regulator of calcium channels in multiple membranes [27-33], and thus
can mediate numerous cellular processes and signaling pathways that are regulated by
proper calcium flux. Finally, PS1 likely plays a key role as a regulator of vacuolar
metabolism, and, by proxy, general proteostasis. Here we present a brief review of the
diversified functions of PS1 categorized by subcellular locations, followed by a discussion
of how mutant PS1 may disrupt vacuolar processes contributing to the pathogenesis of fAD.
It is noted that PS1 and PS2 are homologous in structure, and are likely similar in many
functions—for example both PS1 and PS2 can function as a carboxypeptidase within the -y-
secretase complex and cleave ABPP with varying Kinetics; however, they also differ in
substrate specificity and location. Importantly, PS2 is far less implicated in disease, so the
mechanisms discussed for PS1 may not be automatically extended to PS2 [34-36].

PS1 AT THE ENDOPLASMIC RETICULUM (ER)

Holoprotein

Although PS1 is translated at the ER along with the other components of the y-secretase
complex, the process of complex’s assembly has not yet been completely defined.
Nonetheless, data indicate that the -y-secretase complex can begin assembly en-route to
and/or at the cis Golgi before being packaged for delivery to the plasma membrane, internal
membranes, or to compartments within the endosomal system [37]. PS1 appears to be most
stable in this complex and can only undergo the endoproteolysis upon association with the
other subunits of the complex, most importantly PEN2 [38]. This endoproteolysis is
considered pre-requisite for PS1 to be active as a protease; to our knowledge no one has
described any proteolytic roles for PS1 holoprotein monomers or putative holoprotein
complexes. Monomeric -y-secretase complex subunits residual in the ER have been shown to
undergo rapid degradation, so it is thought that assembly of the complex likely does not
occur at this location, and that PS1 existing in any manner other than as the holoprotein in
the ER does so as part of the y-secretase complex. In conclusion, PS1 can be found at the
ER, either as part of a functional -y-secretase complex or as a holoprotein, which may
indicate that PS1 holoprotein is stabilized and thus regulated by other means at this location
[39, 40].

While enriched in the ER as part of the -y-secretase-complex, PS1 is also present as a
holoprotein albeit at relatively low levels [41-43]. To our knowledge, PS1 has not been
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reported as a holoprotein in any other compartment except for certain regions of the nuclear
envelope for which no function has yet been defined [44]. Early in the analysis of PS1
trafficking, PS1 holoprotein was found to be enriched in a digitonin-protein extraction of
approximately 180 kDa and was thus presumed to likely form a specific complex in the ER
[39], though these findings have neither been confirmed nor extended (e.g., putative
stabilizing partners have not been identified). However, ongoing studies reveal PS1-
dependent activities in the ER, some of which may be conferred by the holoprotein in certain
cell models [29]. There is evidence that the general abundance and potential activities of PS1
holoprotein are physiologically involved in ER homeostasis, as overexpression of wild-type
PS1 holoprotein levels was shown to alter ER calcium signaling. Although this finding is not
mechanistically specific, it may prove pathogenically noteworthy given the increased
abundance of ER holoprotein levels in postmortem PS1-mutant brain [45].

The mechanisms explaining altered ER calcium signaling with abnormal PS1 holoprotein
levels may be multifaceted, but thus far two hypotheses have been proposed in the literature.
First, PS1 holoprotein was shown to complex with ER calcium channel SERCA (sarco/
endoplasmic reticulum calcium-ATPase) to regulate calcium flux in a -y-secretase
independent manner [28, 46]. The other hypothesis proposes that PS1 may act directly as an
ER leak channel for calcium [47-49], though this phenomenon has been debated [50, 51].
Aside from ER calcium regulation, the holoprotein may have alternative functions with
regard to protein trafficking. Nixon’s research group has presented data showing that the
PS1 holoprotein mediates, by direct binding, the oligosaccharyltransferase N-glycosylation
of vacuolar ATPase, specifically the V0al subunit, as it’s translated into the ER. This
glycosylation event allows for proper trafficking of the proton pump to lysosomes and, thus
mutation or depletion of PS1 resulted in dysfunctional lysosomes [27, 43]. Though this work
mostly focused on the altered physiology of lysosomes, the demonstrated potential of PS1 to
mediate glycosylation may apply to other proteins. Therefore, mutation of PS1 holoprotein
may induce states of ER stress and interrupt other pathways and systems that rely on proper
protein sorting and trafficking. The fact that other groups did not observe improper
glycosylation and trafficking of vacuolar ATPase in PS1 deficient neural stem cells or
Drosophila melanogaster [33, 52], may indicate that diverse cell types rely on PS1
holoprotein differentially and calls for the continued study in neuronal models. Nonetheless,
PS1 may modulate proteostasis within the ER in manners independent of carboxypeptidase
activity and y-secretase complex organization. By these mechanisms and probably more,
mutant PS1 holoprotein likely induces ER stress through various routes which have a strong
potential contribution to fAD etiology, as ER stress with calcium dysregulation is causal of
synaptic dysfunction and cell death [53-55].

complex associated PS1

Multiple groups have detected PS1 N-terminal fragments (approximately 30kDa) and C-
terminal fragments (approximately 20kDa) associated with other y-secretase complex
subunits (PEN2, Nicastrin, and APH) in ER preparations. Annaert et al. [44] demonstrated
that the complex-associated form of PS1 is present in hippocampal neurons within the ER
and ER sub-regions such as the rough ER. Furthermore, this group measured concentrations
of post-endoproteolysis PS1 (NTF/CTF) in puncta of the ER containing sec23p and p58/
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ERGIC-53. Given that sec23p is a coat protein on COPII-coated vesicles, and p58/
ERGIC-53 is a cargo receptor aiding the inclusion of cargo into COPII vesicles [56, 57],
Annaert et al. suggested that proximity of endoproteolyzed PS1 to these regions could
indicate a possible role for PS1-y-secretase complex in ER export [44], though this
supposition has yet to be confirmed. The evidence for ER localized PS1-y-secretase
complex, indicates a physiological role for endoproteolysis and other potential y-secretase
complex-mediated activities at the ER, presumably, in part, cleavage of local type 1
membrane proteins. ER-localized PS1 was present in mouse brain particularly enriched
within domains of the ER called endoplasmic reticulum-mitochondria-associated
membranes (ER-MAMs), which physically tether mitochondria to the ER and provide a
biochemical connection, such as sharing calcium and phospholipids between the ER and
mitochondria in a dynamic balance [42]. In this model, subcellular fractionation revealed
that PS1 is present in the ER and ER-MAM fractions with the other components of the -
secretase complex, which indicate that a functional -y-secretase complex is likely assembled
either at this location or is trafficked to this location from the Golgi network. Furthermore,
AP production at the ER was reduced by -y-secretase inhibition, indicating that PS1 has
demonstrated catalytic activity at the ER and ER-MAM. Though the role of cleaved PS1 at
the ER-MAM is not fully understood, knockdown of wild type PS1 in mouse embryonic
fibroblasts altered the functional levels of ER-MAMSs as measured by specific activities
including upregulated synthesis of cholesterol esters, lipids, and contact sites between the
ER-MAM and mitochondria. These effects, also observed in HelLa cells in which PS1
expression had been knocked down, could be rescued by expression of wild-type PS1 but
not by expression of PS1 mutant D385A, the mentioned mutation that prevents ABPP
processing [22]. This may indicate that the significance of the PS1-y-secretase complex at
the ER-MAM may rely in part upon ABPP processing or cleavage of other substrates.
However, not all, of the alterations in ER-MAM activity noted in cells with PS1
dysregulation were directly mimicked by drug-induced -y-secretase inhibition. These results
indicate that the PS1-y-secretase complex modulates ER-MAM metabolism and activity
(with a subsequent impact on mitochondria), particularly with regard to membrane
composition and homeostasis, in a manner that may be independent of traditional
carboxypeptidase activity [58] (see Fig. 1).

General PS1 expression as a modulator of ER function

The significance of PS1 at the ER has been extended by studies demonstrating physiological
roles for PS1 in maintaining calcium homeostasis which are altered by PS1 deficiency or
mutation. Tong et al. in 2016 [31] demonstrated that mutant PS1 M146L can increase the
proteolysis of the ER calcium sensor, STIM1 (stromal interaction molecule 1). After
localized ER calcium loss, STIM1 senses the depletion and oligomerizes, which initiates a
fusion event between the ER and the plasma membrane as it associates with the Orai
calcium channel at the plasma membrane and allows for restorative uptake of calcium.
Following restoration of calcium stores, STIM1 complexes rapidly dissociate and retreat
from ER-plasma membrane junctions, deactivating the Orai channel [59]. PS1’s action upon
STIML1 at any point, either by the reduction of total amount of STIML1 or interruption of
STIM1 at the point of activation, could inhibit store operated calcium entry. Indeed, Tong et
al. did demonstrate that mutant PS1 (M146L) prevented proper restoration of ER calcium
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stores after ER calcium depletion [31]. They also noted that downstream of enhanced
STIM1 cleavage, their neuronal model exhibited deformity of dendritic spines, characteristic
of a more immature state [31], which would support findings that STIM1 dysfunction/loss of
function is sufficient for improper neuronal transmission. Therefore, by this mechanism,
mutant PS1 may initiate pathogenic cascades critical to the processes of neurodegeneration
and AD development [60]. Furthermore, expression of mutant PS1 has been shown to
increase the activation or expression of calcium channels such as ryanodine receptors (RyR)
and IP3 receptors (IP3R), potentiating their calcium release [32, 61-64]. Interestingly, not
only are RyR present at ER-MAMs discussed above [65], it is also postulated that in the
active state, and only in the active state, IP3Rs associate with STIM1 promoting their
activation [66]. Taken together, PS1 mutations seem competent to cause a nearly synergistic
calcium disturbance in which they can activate the channels for calcium release and inhibit
the ability of STIM1 to modulate calcium uptake.

Mitochondrial health and STIM1 function are also interrelated. STIM1 deficiency has been
shown to cause an increase in the number of mitochondria with tubular morphologies. Loss
of STIM1 was also shown to increase mitochondrial activity such that cells are less resilient
against oxidative stress [67], and so it is plausible that these disturbances can be observed
with STIM1 dysregulation secondary to the presence of mutant PS1. Though a recent study
done by Korkotian et al. [68] did not focus on STIM1, they expanded upon the STIM1-
mitochondria connection. They demonstrated ER calcium dysregulation and reduction of
mature mushroom spines at the dendritic processes secondary to expression of PS1 mutant,
M146V. Furthermore, they showed that mitochondrial uptake of calcium was directly
impacted by the presence of M146V. This mitochondrial calcium uptake, in turn, mediates
the signal for STIM1, and does so through the IP3/IP3R pathway [69]. As part of the
improper flow of calcium into and out of the ER, cytosolic calcium levels have also been
shown to increase with mutant PS1, making neurons more excitable and less stable against
oxidative stress [68], which demonstrates the risk for aggressive neurodegeneration in PS1-
fAD.

The impact PS1 may have on the ER and ER-associating mitochondria has been further
elucidated in Caenorhabditis elegans, using mutants of the PS1 ortholog gene, se/-12. In
these models, mitochondria calcium levels are elevated in the neurons of the se/-12 mutants,
while ER calcium release is increased. Theses abnormalities could be rescued by reducing
ER calcium release or mitochondrial calcium uptake. These data indicate that mutations in
PS1 can increase ER-calcium release and reduce the ability to restore calcium levels via
STIM1. Concomitantly, the increased mitochondrial calcium uptake in these se/-12mutants
correlates with changes in mitochondrial morphology and increases in mitochondrial
respiration, which results in overproduction of reactive oxygen species and toxic oxidative
stress [70]. Lastly, mutant PS1 may be competent to induce ER stress apart from calcium
dysregulation. Cells expressing fAD-linked PS1 mutations demonstrated inhibited activation
and translocation of ER stress transducers and interrupted signaling mechanisms that abate
translation during the unfolded protein response (UPR) [71-73]. ER stress, mitochondrial
dysfunction, and calcium dysregulation have all been proposed as central to AD. Such ER
stress may specifically contribute to decreased tau degradation and increased tau
phosphorylation characteristic of AD [74, 75]. Overall, there is a growing awareness that
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PS1 integrates protein trafficking and membrane dynamics of the ER in multiple ways and
that the presence of mutant PS1 has the potential to significantly impair ER function [53,
76-79].

PS1 AT THE CELL MEMBRANE AND MEMBRANE PROXIMAL VACUOLES

PS1 localizes at the plasma membrane as part of the long-lived and stable intramembrane -
secretase complex. The abundance of PS1 at this location seems to be dynamically linked
with the endocytic activity and trafficking to and from the plasma membrane. PS1 is likely
involved in proteolytic and signal-transduction activities at the plasma membrane or in
traffic to the plasma membrane, most notably with regards to the production of Ap and
Notch signaling. Cleavage of ABPP to the C99 C-terminal fragment (CTF) and finally to AR
can occur at the plasma membrane, or, perhaps more commonly, en-route to the plasma
membrane in endocytic vesicles containing an abundance of BACE and ABPP [37]. PS1 s
enriched in these endocytic compartments and cleaves the intramembrane C99 C-terminal
fragment (CTF) of ABPP generated by BACE cleavage; these vesicles can then fuse with the
plasma membrane and release their contents. For many years, it was considered that mutant
PS1 had a gain in proteolytic activity and preferentially cleaved the C99 CTF of ABPP to
final AP peptides that are longer in length with an increased frequency. It was thought that a
supposed overproduction of longer, aggregate-prone Ap species was the cause of PS1-fAD.
However, studies investigating the kinetics of PS1 cleavage and A production revealed that
normal PS1 acts as a carboxypeptidase, which cleaves ABPP CTF sequentially to shorter and
shorter products, and that most mutant PS1 disrupts this process and inappropriately releases
longer Ap peptides [80, 81]. It has been corroborated that PS1 mutations result mostly in a
loss of ABPP CTF cleavage, as the increase in the AB4/AB4g ratio is often due to drastic
reductions in the ability to produce AB4g [81-83]. Furthermore, the vast majority of the PS1
mutations result in a decreased production of Ap peptides overall [84]. Interestingly, it has
been demonstrated that the presence of a mutant PS1 gene can reduce the Ap peptide
production potential of the co-expressed wild-type PS1 [85] and that this effect is potentially
mediated through direct interaction -y-secretase complexes. This mechanism gives valuable
insight into how PS1 mutation can present in an autosomal dominant manner.

Loss of APP CTF cleavage due to PS1 mutation does carry through to animal models. In an
ABPP transgenic mouse model, V7171, PS1 deficiency was well tolerated and actually
rescued the AP pathology but not the cognitive defects [86], indicating that disease onset is
not directly related to Ap production. Correspondingly, there are cases of PS1 mutation in
human patients where AR production levels are high and/or AB42/AB4 ratios are
significantly increased, but these phenomena do not correlate with an early age of onset [84].
Therefore, it is improbable that the altered trends in Ap production alone are causal in PS1-
fAD. Therefore, a new framework for amyloidopathy in cases of PS1 mutation can include
multiple other hypotheses. For one, PS1 mutation can alter the homeostatic variety of Ap
isoforms that are necessary for proper neuronal health. In addition, PS1 mutation may cause
a build-up of ABPP and C99 CTF in the membrane compartments of neurons that could
interrupt protein trafficking and overload degradative systems. Furthermore, we must
consider the perspective, provided by these data, that the strongest drivers of disease could
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likely be independent of PS1-y-secretase generation of AB, or that aberrant AR generation
and aggregation is a consequence of improper protein regulation as a whole.

Other roles for PS1 at or in relation to the plasma membrane may be protease independent
and involve protein trafficking secondary to modulation of membrane dynamics, such as
organization of plasma membrane domains, protein recycling, endocytosis, endosomal
trafficking, vacuolar maturation, and exocytosis. For example, Tamboli et al. [87] reported
that PS1 could modulate the levels of lipid receptors at the cell surface. Specifically, it was
noted that with PS1 deficiency or y-secretase inhibition, the transmembrane receptor LRP1
(low-density lipoprotein receptor-related protein, which is a postulated y-secretase substrate)
accumulated at the cell surface and in cytoplasmic vesicles proximal to the cell surface. It
should be noted that, in this study, overall LRP1 expression levels were not quantified nor
was it established which stage of LRP1 trafficking was aberrant and if ligand metabolism
was modified [87]. Tamboli et al. [87] also demonstrated that ABPP CTFs accumulated at
the cell surface and in cytoplasmic vesicles after -y-secretase inhibition or PS1 deletion, in
conjunction with reduced endocytosis of LDLR (low-density lipoprotein receptor). Although
alterations in the internalization of LRP1 were not investigated in this study as downstream
consequences of C99 accumulation, it is possible that PS1 deficiency could increase LRP1
cell-surface expression, in part, by inhibiting the initial endocytosis of LRP1, as was argued
by Tamboli et al. [87] to be the case for LDLR. However, this possibility was not confirmed
for LRP1, and, standing alone, does not account for the concomitant increase in a vesicular
label for LRP1 akin to that seen for ABPP-CTF by this group. Furthermore, considering that
LRP1 has a different substrate profile than LDLR, is itself a putative substrate for PS1 [88],
and has a dynamic trafficking and recycling mechanism modulated by ligands and other
interacting proteins [89, 90], we posit that any alterations in the location and expression
levels of LRP1 secondary to PS1 dysfunction could be due to aberrant trafficking at multiple
steps [87].

The dynamics of PS1-mediated LRP1 turnover are important, as LRP1 has been identified as
a highly specific receptor for tau and a potential regulator of tau spread in tauopathies and
AD [91]. To venture a model for how PS1’s impact on LRP1 location and trafficking may
facilitate tau uptake/accumulation in cases of PS1 mutation, we propose as one possibility a
mechanism described in a study of EGFR (epidermal growth factor receptor) turnover in the
context of presenilin single and double knockout [92]. Using fibroblasts deficient in PS1
alone or in PS1 and PS2 (double knock-out), it was demonstrated that EGFR was
endocytosed and ubiquitylated normally, but there was a reduction in the steady state sorting
and trafficking of ligand-bound-EGFR to the lysosome. The majority of endocytosed EFGR
is sorted out from its ligand and recycled to the cell surface, at steady state. So, with this
recycling pathway remaining intact within PS1 deficient cells, while there is delayed
turnover towards the lysosomal pathway, the overall EGFR levels in PS1 deficient cells
increased. Proportionate to this overall increase, more EGFR was expressed at the cell
surface compared to wild-type. Consequently, EGFR signaling was increased and,
importantly, this phenotype, could be rescued by expression of wild-type PS1 but not by
expression of mutant PS1 or wild-type PS2. This endosomal trafficking disruption that
enhanced EGFR signaling, as illuminated /n7 vitro, was evidenced in animal tissues as well
[92]. Importantly, expression of the PS1 D257A mutant in a presenilin-deficient background
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did not rescue the steady-state level of EGFR, which the authors interpreted as an indication
that catalytic y-secretase complex activity may be involved in maintaining physiologically
low EGFR levels. Although treating cells with potent -y-secretase inhibitors significantly
increased accumulation of ABPP CTF, it did not increase EGFR levels by altered endocytic
trafficking like in PS1-null cells. Therefore, Repetto et al. [92] concluded that regulation of
EGFR by PS1 may not simply be determined by the levels of -y-secretase activity or levels of
y-secretase substrate CTF’s. Taking into account the findings of Tamboli et al. [87] and
Repetto et al. [92] we propose that improper turnover of cell surface receptors in PS1
deficiency due to alterations in endocytic trafficking may be mediated by loss of PS1-y-
secretase complexes despite uncertain dependence upon a loss in protease function. These
alterations may not only enhance cascade-mediated signaling, like in the case of EGFR, but
alter the sorting and turnover of other AD-relevant ligands like that of tau as proposed for
LRP1 [91].

It is already established that LRP1’s cysteine-rich EGF repeats and a YWTD B-propeller
domain facilitate dissociation of LRP1 ligands in the sorting endocytic vesicles after uptake
[90], and that LRP1 can be recycled to the cell surface thereafter [93, 94]. This pattern of
rapid recycling is seen with LRP1 uptake of Apolipoprotein E [89] and is similar to the
processing of EGFR, potentially making LRP1 vulnerable to PS1 dysfunction in the same
fashion. If so, one could expect to see the increased cell-surface and vesicular LRP1 label
that was previously reported by Tamboli et al. in the context of PS1 deficiency [87].
However, LRP1 has been noted to have a differential recycling mechanism depending on the
ligand. Laatsch et al. [89] noted that in the case of LRP1 uptake of RAP (receptor associated
protein), LRP1 is not rapidly recycled from the early sorting endosome, but rather, LRP1
and RAP remain associated until they reach a compartment with lower pH such as the late
endosome, from which LRP1 is then recycled. This evidence of a slow recycling route for
LRP1 suggests processing through endocytic recycling compartment (ERC), a network of
tubular endocytic membranes that regulate recycling to the plasma membrane, [95-97]. Yet
LRP1 may only recycle via this pathway when bound to certain ligands, one of which may
be tau. Interestingly, PS1-y-secretase complex function was found by Zhang et al. [98] to be
critical for the protein sorting mechanisms of the ERC, which are regulated by Rab 11, Rab
4, and other proteins [98]. Similar to the dysregulation of EGFR processing in PS1 deficient
cells, this research group noted that PS1 dysfunction did not inhibit endocytosis itself but
noted that endocytic cargo, which in their study were transferrin and ABPP-CTFs, remained
“stuck” in the ERC compartment. Potentially, like was the case with EGFR, cargo from the
ERC did not correctly traffic towards lysosomes or enter a compartment that matured to the
degradative endo-lysosome. Regardless of the recycling route LRP1 takes upon tau
endocytosis, PS1 mutations could disturb tau-bound LRP1 trafficking towards a degradative
route, making the cell vulnerable to endocytic backup and improper recycling of these
proteins.

Due to increased rates of cell surface recycling secondary to interrupted traffic of cargo from
sorting endosomes to lysosomes with mutant PS1 or PS1 deficiency, LRP1 may have a
higher frequency or level of expression at the cell surface, such that more is available on the
cell surface to enhance tau uptake. Given evidence for endosomal back-up or “traffic jams”
with PS1 dysfunction, it is tempting to speculate that tau can be internalized and aggregate
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in endosomal or amphisomal compartments that do not properly fuse with lysosomes for
cargo degradation. Vacuoles swollen with cargo in this manner are characteristic of AD
brain [99, 100]. Furthermore, it was recently demonstrated that if these endosomal
compartments containing tau aggregates are not properly maintained or experience any
damage, they may leak their undigested contents. One could expect endosomal maintenance
mechanisms to be overwhelmed without efficient lysosomal trafficking, resulting in
increased leakage of aggregated tau species, which will then act as seed for endogenous tau
in the cytosol [101].

The endosomal dysregulation induced by PS1 deficiency discussed above, described as
“traffic jams,” are implicated in AD pathogenesis [102]. Backup of degradative cargo and/or
delay in sorting may not only cause protein aggregation, but secondary increases in
exocytosis. Improper retromer endosomal processing of ABPP and/or BACE1 leads to an
accumulation of ABPP-CTF in endosomal membranes, for which the cell seems to
compensate by increasing exosome release of ABPP CTFs [103]. Enhanced LRP1 recycling
to and from the cell surface without lysosomal degradation, as expected in cases of PS1
inhibition or mutation, may likewise increase exosomal release of tau, thereby propagating
its spread (illustrated in Fig. 2). Of note, LRP1 mediates uptake of AP but not via direct
binding [104]. Taking all these data together, as illustrated in Fig. 2, we hypothesize that PS1
is necessary for balance in the endocytic system and that dysregulation caused by mutations
or deficiencies may lead to tauopathy and amyloidopathy in AD as a consequence of altered
membrane dynamics.

Currently no studies exist, to our knowledge, regarding the role of PS1 in mediating tau
propagation, specifically, in mouse models or human cases. However, there are multiple
reports of tauopathy/tau accumulation occurring secondary to PS1 mutations in mouse
models and in human PS1-fAD cases [105-107]. Interestingly, it has been argued that
certain genes involved with late onset AD are involved in endocytic trafficking, among other
factors, may confer progression particularly through the regulation of vesicular tau secretion
and uptake [108]. In mice, conditional PS1 deletion using a Cre/loxP recombinant system
initiated 6 months postnatally (on a PS2 null background) results in AD-like
neurodegeneration with tau hyperphosphorylation, but not plaque deposition [109,110].
Furthermore, in mice with PS1 mutation, with or without a supplemental mutation of the
gene for APP, accumulate hyperphosphorylated tau [111-113]. Further investigation would
be necessary to test any possible contribution of the endocytosis of LRP1 to tauopathy in
cases of aberrant PS1 expression.

PS1 AT COMPARTMENTS OF THE DEGRADATIVE VACUOLAR SYSTEM

The role of PS1 in modulating membrane dynamics is evident in other subcellular
compartments as well, which, aside from the trafficking and sorting discussed earlier, may
further impact the function of degradative vacuoles. PS1 has been postulated to influence
fusion, maturation, and possible genesis of degradative compartments including
autophagosomes, late endosomes/endolysosomes, and autolysosomes (generated by fusion
of cargosequestering autophagosomes and hydrolytic lysosomal compartments) [52, 114—
117] (see effects of PS1 on degradative vacuolar compartments in Fig. 2). PS1-y-secretase
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complex localizes to autophagosomes and lysosomes and it was even postulated to be a
lysosomal hydrolase [118], though this has not been validated by subsequent studies.
However, there are significant data which indicate mutant PS1 or loss of PS1 suppresses
autophagic flux, though the nature of the autophagic disturbances that have been reported
vary, as do the supposed mechanisms [115,119]. For example, work by Lee et al. [27, 43]
demonstrated that, in the context of PS1 deficiency, lysosomal hydrolase capacity was
attenuated secondary to improper acidification of lysosomes. Thus, cells became burdened
with catalytically-incompetent autolysosomes or unfused autophagosomes swollen with
undigested autophagic cargo. Evidence included increased numbers LC3 puncta (an
autophagic membrane protein marker for autophagosomes) and increased LC3BII
immunoblot signal (the lipidated form of LC3 degraded post lysosomal fusion). The increase
in LC3BII on immunoblots was also observed by Neely et al. [119] in PS1 deficient cells.
This increase in LC3BII was postulated to indicate a build-up of autophagosomes.
Interestingly, studies looking at telencephalin (also known as ICAM-5) turnover in PS1
deficient cells also revealed accumulations of LC3-positive compartments which retained
positive labeling for Apgl12p, indicating that these structures were immature
autophagosomes lacking proper closure of the phagophore [115]. Taken together, these data
indicate that autophagosomes may not only accumulate due to improper clearance, but their
formation may be aberrant and perhaps increased coincidently, or as an attempt to
compensate for improper maturation and flux due to PS1 deficiency. In the work by Neely et
al. [119], the increased autophagosome number in PS1 deficient cells was observed along-
side an increase in Lysotracker signal that was used as measure of lysosome number.
However, in the work done by Lee et al. [43] Lysotracker signal was abated in PS1 deficient
cells, as expected given their proposal that loss of PS1 causes improper trafficking of v-
ATPase to lysosomes. Neely et al. [119] did not propose a mechanism to explain the
discrepancy in Lysotracker signals, but this difference may indicate that PS1 differentially
affects degrees of acidification within vacuoles depending on the cell-type. Neely et al. [119]
did confirm, however, that these changes were independent of -y-secretase inhibition with
DAPT. This result might indicate that the PS1-ysecretase-complex influences autophagy and
lysosomal activity in manners that are largely non-proteolytic, and that the PS1 holoprotein
in the ER could significantly impact downstream vacuolar function.

Of note, the majority of the studies described above were done in non-neuronal cell lines and
these exact findings were not replicated in neural stem cells in a study done by Zhang et al.
[52]. However, suppression of autophagy due to PS1 deficiency has been reported in neural
stem cells by Chong et al. in 2018 [116], but this finding was elucidated by a different
mechanism. This work, differing from previous studies, demonstrated decreased expression
of LCBI and Il in the context of PS1 deficiency, indicating reduced autophagic formation,
which was corroborated by a panel of changes in mMRNA transcript levels for genes relevant
to autophagosome and lysosome biogenesis. Lysosomal protein markers were also decreased
in these PS1 deficient neural stem cells, and it was all postulated to be due to loss of normal
interactions between PS1 and ERK/CREB signaling [116]. These studies indicate a role for
PS1 in the function of degradative vacuoles that is conserved in multiple cell lines, but the
discrepancies indicate there are nuances in how that regulation is executed depending on the
cell type. Important insight into how PS1 mutations, as opposed to deletion, may alter this

J Alzheimers Dis. Author manuscript; available in PMC 2021 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deaton and Johnson

Page 12

regulation is modeled in the work by Bustos et al. [114]. Bustos et al. demonstrated that PS1
binds Annexin A2 and other snare complexes to tether lysosomal compartments to
autophagosomes to mediate fusion and degradation of cargo. It was hypothesized by this
group that interaction with other adaptors could provide specificity to the Annexin A2-PS1
complex, such that they would fuse lysosomes and autophagosomes at a physiological
optimum [114]. These tethering functions may not only alter fusion, but association with
cytoskeletal frameworks and trafficking events necessary for fusion [120]. Furthermore,
Annexin A2 has been shown to be involved in the formation of autophagosomes from the
ER [114, 121] providing another route by which PS1 may play a role in the formation of
fusion-competent degradative vesicles. Consideration of altered vesicular biogenesis in the
context of PS1 mutation may tie the work elucidating the aberrant membrane dynamics of
the ER-MAM s together with changes that have been noted in the expression of
autophagosome and lysosome makers upon PS1 deficiency.

PS1 is also involved in regulating Rabs which play a major role in the regulation of vacuolar
trafficking. In addition to potential interactions with Rab 11 in the aforementioned endocytic
system [122], mutant PS1 was demonstrated to reduce Rab 8 expression (without changes in
Rab 8 mRNA transcript levels) which reduced neurite outgrowth and vacuolar transport
from the trans Golgi network to the plasma membrane [123]. Mutant PS1 also altered the
location of Rab 6 and resulted in defective recycling of vesicles from the Golgi to ER [124].
These effects may be mediated by direct PS1-Rab binding or by the putative ability of PS1
to bind Rab GDP dissociation inhibitor (RabGDI) and, as demonstrated by PS1 deficiency
studies, impact the association of Rab GDP with membrane fractions [125].

CONCLUDING REMARKS

It is important to emphasize that the potential mechanisms by which PS1 mutations and loss
of function may alter membrane dynamics, are congruent with the observed pathological
changes that occur in the AD brain. Although the presence of aggregated Ap and NFTs are
established hallmarks of AD, the mechanisms underlying their formation are not fully
understood. Given what has been described above, it is likely that these protein aggregates
may be signs of the underlying disturbances within the ER and vacuolar systems which are
likely as substantial drivers of disease.

The vacuolar disturbances observed in models of mutant PS1 are complicated processes to
study, requiring strong attention to the limitations of using a single label to distinguish
membrane compartments; such caution and rigor may help to explain discrepancies in the
data such as increases or decreases in Lysotracker signal with PS1 deficiency. Additionally,
there remains a need to further evaluate membrane dynamics in neurons expressing various
constructs of PS1 while including additional knockdown models to approximate the partial
loss of function assumed by heterozygous inheritance of PS1-fAD. The catalytic roles of
PS1 may be specific to the protein expression profiles of neurons, and thus mitotic cell
models are limited in their use to model certain AD phenomena and protein species
hallmarks such as hyperphosphorylated tau and NFTs. Additionally, the demands on
membrane metabolism and trafficking in neurons are uniquely commensurate to their
complex architecture and vesicular activity required for signal transduction. It is well-
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documented that PS1 is detectable at virtually all membrane compartments to varying
degrees [37], and study of PS1 seems to demonstrate the degree to which these membranes
are so tightly related, not just biochemically via calcium signaling, but physically, by
docking and/or fusing to or budding from each other while exchanging lipids and proteins
[126]. For example, the presence of PS1 in ER-MAMSs may not only influence calcium
signaling at the ER, but the changes in phospholipid synthesis at these sites that were noted
in PS1 deficiency, might explain data featuring increases in autophagosome compartments in
the context of PS1 dysfunction. Also, the biogenesis of lysosomal compartments and their
supply with hydrolases and necessary membrane proteins are dependent upon healthy ER
and Golgi networks, which in part regulate their membrane dynamics through calcium
signaling [127]. Though the role of PS1 in maintaining calcium homeostasis in the ER was
more mechanistically described in the literature and reviewed above, PS1 mutations have
been demonstrated to significantly alter calcium levels within the Golgi, as well [128]. ER
and Golgi system activities are crucial for anterograde and retrograde trafficking of
endosomal compartments, and it is postulated that endosomal delivery systems may
contribute to the maturation of late endosomes and thus distal generation of lysosomal
compartments [129].

How PS1 may modulate these different vacuolar processes is not well delineated in neurons,
but PS1 deficiency was already shown to modulate TFEB signaling [52, 116] which is in
part activated by calcium signaling [79], in a manner that may inhibit lysosomal biogenesis
[130, 131]. Biogenesis of an isolated membrane compartment is a different mechanism than
lysosomal acidification proposed by Lee et al. [43], but both mechanisms point to loss of
degradative capacity and could present very similarly with experimental read-outs such as
quantification of mature hydrolases or acidic compartments. The generation, trafficking,
fusion, and recycling of vacuoles in the context of PS1 mutation when examined in neuronal
compartments may advance this field of study and explain AD phenomena such as tau
spread and synaptic loss. Though many questions remain, there is strong evidence that PS1
mutations have many AD-related effects far beyond the AP generation hypothesis.
Furthermore, these mutations can also disrupt the capacity for PS1 to maintain physiological
membrane flux in manners that may be independent of its canonical proteolytic activities.
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Fig. 1.

Psgl has multiple roles regulating ER activity both as a holoprotein and as a member of the
y-secretase complex. STIM1 is a calcium sensor that initiates calcium uptake via binding
the Orai calcium channel at the plasma membrane-endoplasmic junction when calcium
levels are transiently low. PS1 can regulate STIM1 activity by proteolysis, which is
enhanced by PS1 mutation. STIML1 function is dependent upon the proper function of IP3R
([1P3 (inositol 1, 4, 5-trisphosphate) receptor] a calcium channel that releases calcium from
the ER calcium when activated by IP3 ligand). IP3R is aberrantly active in the context of
PS1 mutation. This IP3-STIML1 association is dependent upon ER-mitochondria association
and calcium sharing, which is additionally regulated by the presence of PS1 at ER-MAMs.
PS1 also regulates the expression and activity of RyR (ryanodine receptor) calcium channels
which release calcium from the ER. Additionally, PS1 holoprotein can further impact
calcium flux by biding SERCA, sarco/endoplasmic reticulum calcium-ATPase, which pump
calcium into the ER, or PS1 may act as a leak channel itself. PS1 holoprotein has
demonstrated capacity to aid oligosaccharyltransferase in glycosylation of v-ATPase,
demonstrating a means through which PS1 may regulate general ER proteostasis. The role
of PS1-y-secretase at the ER-MAM (endoplasmic reticulum mitochondria associated
membrane) can further impact the calcium balance of mitochondria, influencing their
oxidative balance, and impact ER-MAM dependent activities such as lipid synthesis.

J Alzheimers Dis. Author manuscript; available in PMC 2021 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Deaton and Johnson

A.

Sorting
Endosome

LRP1

\‘ Plasma

Membrane

-

\ f

Endosome

Compartment

J Alzheimers Dis. Author manuscript; available in PMC 2021 April 20.

*
'.*' Fast Slow
: Recycling Recycling
. Endosome Endosome

Budding Late _-¥

Endocytic Recycling

Late
Endosome

Endosome/

Late
MVB
v



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Deaton and Johnson Page 24

B_ Extracellular
LRP1 Mutant Space
/ PS1 Exosome Plasma
Ta Membrane

L ety { :LIWMT
"Q&CC umulated

Endosomes

sotng 9% §
= AN GV(”

.
.
.
---------

Endocytic Recycling
Compartment

0
»
»
.
-
»

o Endosome/
enthnnsnne® MVBE

_____ - Inhibited by i Promoted by
Mutant PS1 Mutant PS1 Cytosol

Fig. 2.
Proposed mechanism for PS1-mediated regulation of endocytosis and the subsequent impact

on LPR1 turnover and tau uptake. A) PS1 is present at the cell surface and within multiple
vacuolar structures. PS1 is postulated to largely localize within endocytic compartments and
regulate their trafficking and fusion. PS1 is also reported to maintain lysosome function
which allows for degradation of endocytic cargo after fusion event which forms the
endolysosome. LPR1 (low-density lipoprotein receptor-related protein-1) binds tau at the
cell surface and is internalized and trafficked to the sorting endosome. At the sorting
endosome, LRP1 can be dissociated from tau and recycled to the surface; unbound tau is
trafficked toward the functional degradative pathway. Alternatively, tau may remain
associated with LRP1 and trafficked to the endocytic recycling compartment (ERC). From
the ERC, tau and LRP1 can enter a maturing endosome and dissociate. LRP1 is recycled to
the plasma membrane via the slow recycling route, whereas tau is retained in an endosomal
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compartment and targeted for degradation. As part of steady state LRP1 turnover, associated
LRP1 and tau can also be internalized at the ERC into an intra-luminal vesicle (ILV) and
trafficked together towards a multivesicular body (MVB), which is also considered a late
endosome. From the MVB tau and LRP1 are degraded after fusion with a lysosome. B)
Mutant PS1, however, inhibits lysosomal clearance and thus potentially return of LPR1
(with or without tau ligand) to the cell surface from the sorting endosome and from the ERC.
Due to inappropriate trafficking, endosomal compartments retain cargo, increasing overall
expression of both tau and LRP1. Tau can then leak from endosomal compartments and act
as a seed for endogenous, cytosolic tau seen in Alzheimer’s disease. To compensate for
disruption of degradative trafficking and vesicular burden, PS1 mutant cells can exocytose
tau that has accumulated in MVBs, thereby propagating tau spread.

J Alzheimers Dis. Author manuscript; available in PMC 2021 April 20.



	Abstract
	INTRODUCTION
	PS1 AT THE ENDOPLASMIC RETICULUM (ER)
	Holoprotein
	γ-secretase complex associated PS1
	General PS1 expression as a modulator of ER function

	PS1 AT THE CELL MEMBRANE AND MEMBRANE PROXIMAL VACUOLES
	PS1 AT COMPARTMENTS OF THE DEGRADATIVE VACUOLAR SYSTEM
	CONCLUDING REMARKS
	References
	Fig. 1.
	Fig. 2.

