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Abstract The retromer is an evolutionary conserved
multiprotein complex involved in the sorting and retrograde
trafficking of cargo from endosomal compartments to the
Golgi network and to the cell surface. The neuronal retromer
traffics the amyloid precursor protein away from the
endosomes, a site where amyloid precursor protein is enzy-
matically cleaved into pathogenic fragments in Alzheimer’s
disease. In recent years, deficiencies in retromer-mediated
transport have been implicated in several neurological and
non-neurological diseases, including Parkinson’s disease, sug-
gesting that improving the efficacy of the retromer trafficking
pathway would result in decreased pathology. We recently
identified a new family of small molecules that appear to
stabilize the interaction between members of the retromer
complex and enhance its function in neurons: the retromer
pharmacological chaperones. Here we discuss the role of these
molecules in the improvement of retromer trafficking and
endosomal dysfunction, as well as their potential as therapeu-
tics for neurological and non-neurological disorders.
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Endosomes, Retromer, and Alzheimer’s Disease

A common emerging theme in the research field of age-related
neurodegenerative diseases is that of endosomal dysfunction
[1]. Specifically in Alzheimer’s disease (AD), primary evi-
dence pinpointing the endosome as the intracellular site of
dysfunction was described in a seminal series of histological
studies performed by Cataldo et al. [2]. They showed that
endosomes in the entorhinal cortex and the cornu ammonis
subfields of the hippocampal formation are abnormally en-
larged during the earliest stages of disease. Remarkably, the
distribution of abnormally enlarged endosomes was nearly
diagnostic of the disease, with very little overlap in the size
of endosomes observed in age-matched controls. Additional-
ly, they showed that carrying the apolipoprotein E4 gene
variant, the strongest genetic risk factor for late-onset AD,
further enhanced endosomal enlargement, and that abnormal
enlargement did not occur as part of normal aging. The near
uniformity of the abnormality in patients with late-onset “spo-
radic” AD suggests a convergence of pathogenic mechanisms
leading to endosomal enlargement. In the case of AD, this is
particularly important as the endosomal compartment of the
cell is one of the main sites where amyloid precursor protein
(APP) interacts with (3-site APP-cleaving enzyme 1
(BACEL1), initiating a pathogenic process leading to the accu-
mulation of a number of putatively neurotoxic proteolytic
fragments, including beta-amyloid (Af3), the main component
of the amyloid plaques found in AD brains. The fact that
enlarged endosomes represent a cell-biological phenotype of
AD has recently been validated in neurons derived from
patients via induced pluripotent stem cells technology [3].
Endosomes are a hub of membrane trafficking, and mecha-
nistically it can be assumed that they become enlarged either
because of accelerated delivery, via cell-surface endocytosis
or by reducing the transport of molecules out of endosomes.
Taken together, these observations establish that endosomal
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dysfunction is a pathogenic mechanism, and validate
endosomal transport as a “cell biological” target for drug
discovery.

As we will discuss below, proteins and mechanisms that
modulate the endosomal residency time of APP, BACEI, and
other key molecular players, and hence their physical interac-
tion, could thus regulate the production of Af and have
implications for AD. One such mechanism is the retromer-
dependent retrieval of transmembrane proteins, such as APP,
from endosomes to the trans-Golgi network and the plasma
membrane. We will begin by looking in some detail at these
key molecular entities, as their basic biology is important to
further understand their roles in neuronal AD-related
retromer-mediated trafficking.

APP is a type I transmembrane protein that can undergo
proteolytic processing in different ways by different sets of
enzymes—in normal healthy conditions, a minor pathway
leads to amyloid plaque formation (the amyloidogenic path-
way), while the other major pathway does not (the
nonamyloidogenic pathway). In the nonamyloidogenic path-
way, APP is cleaved first by «-secretase to yield a soluble
N-terminal fragment (sAPPx) and a C-terminal fragment
(xCTF). The sAPP«x fragment may be involved in the
enhancement of synaptogenesis, neurite outgrowth, and neu-
ronal survival, and is considered to be neuroprotective [4]. In
the amyloidogenic pathway, APP is cleaved first by BACEI
(a transmembrane aspartic protease), yielding a soluble
N-terminal fragment (sAPPf3) and a membrane-bound
C-terminal fragment (3CTF). BCTF is then acted upon by
y-secretase yielding a membrane-bound C-terminal fragment
and a soluble N-terminal fragment, A@. AP can then accu-
mulate in the extracellular space of the brain, where it can
form oligomers, insoluble fibrils, and amyloid plaques if
they are insufficiently cleared, as observed in advanced AD.
The progression to AD is thus determined by the proportion
of APP that is processed by the pathways initiated by
BACE! (i.e., amyloidogenic) and «-secretases (i.e.,
nonamyloidogenic). APP is constitutively actively sorted
and trafficked through membrane compartments of the cell.
After internalization from the cell surface and while it tempo-
rarily resides in endosomes, APP is most likely to interact and
be cleaved by BACELI [5]. Previous studies have shown that
retromer-related defects reduced trafficking of APP out of
endosomes and caused an elevation in A3 levels in vivo
[6, 7]. That said, a recent study performed on HEK293 cells
using an RNA interference approach suggests that A(340 is
generated predominantly in the TGN [8]; however, in this case
no other APP proteolytic fragments were studied. Yet another
study suggests that APP and BACEI can physically interact at
the plasma membrane level and along the late secretory path-
way and result in APP proteolysis [9]. So there is still con-
flicting evidence in the literature regarding the intracellular
compartment(s) where the amyloidogenic processing of APP

takes place; however, many of the studies suggesting a
nonendosomal locus of amyloidogenic APP processing have
been performed in experimental conditions that do not resem-
ble the normal physiological neuronal state. Nevertheless, one
aspect of AB production is clear: the more time APP and
BACEI reside and interact with each other in any given
cellular compartment under the right conditions (e.g., an acid-
ic pH for optimal BACE1 enzymatic activity), the more Af3 is
likely to be produced by the cell. This interplay will be
determined by the dynamic trafficking routes of each of these
molecular components separately. While we know that
retromer regulates APP trafficking, less is known about the
role of retromer affecting BACE!1 transport. BACE1 also
shuttles between different membranous subcellular compart-
ments [9], hence raising the critical, and still unanswered,
question of how both these important AD molecular players
come in closer contact and trigger amyloid-related AD
pathophysiology.

Another key player in the regulation of APP processing at
the endosomal level is a sorting protein-related receptor con-
taining low-density lipoprotein receptor class A repeats
(SorLA). Like APP, SorLA is a type I transmembrane protein
that is expressed in neurons and is a critical participant in the
intracellular transport and processing of APP. Through its
Vps10-like structural similarity, SorLA binds to the retromer
complex and serves as an adaptor protein for the trafficking of
APP from endosomes to the TGN [10]. It has been shown that
SorLA levels are reduced in affected brain areas in patients
with AD [10], and that overexpression of SorLLA redistributes
APP to the Golgi apparatus thereby reducing the residency
and interaction time of APP and BACEI in the early
endosomes. Consequently, A3 levels are decreased in SorLA
overexpression conditions. These findings became more rele-
vant when variants in SORLI (coding for SorLA) associated
with late-onset AD were identified a few years ago [11].

The retromer complex was first identified in yeast, medi-
ating the retrieval of the acid hydrolase receptors from
endosomes (vacuoles in yeast) to the Golgi apparatus [12].
Further studies showed that the function and components of
the retromer complex is evolutionary conserved across spe-
cies. Retromers are heteropentameric protein complexes com-
posed mainly of 2 components: 1) a structural component
made of a dimer of sorting nexins (SNX), which mediates
the binding to lipids in the endosomal membrane; and 2) a
core cargo recognition element, a heterotrimer comprised of
‘vacuolar protein sorting’ (VPS) proteins Vps35-Vps29—
Vps26. Vps35 is the core component of the complex, which
then binds Vps26 (there are 2 isoforms: Vps26a and Vps26b),
Vps29, and the SNX proteins [13, 14]. This core trimeric
complex binds to be-transported transmembrane proteins
while they reside in endosomal membranes. Most relevant to
AD, these transmembrane proteins are typically receptors,
such as VPS10 domain-containing receptors [e.g., SorLA,

@ Springer



14

Berman et al.

Sortilin, and sortilin-related VPS10 domain containing recep-
tor (SORCS)1, SORCS2, and SORCS3], and the mannose-6-
phosphate receptor. These receptors often bind other proteins,
which are trafficked together with their receptors. To date, the
most disease-relevant among these trafficked proteins is APP.
A few years ago, by using model-guided microarray tech-
niques, our laboratory first identified deficiencies in the levels
of the core retromer component Vps35 in the hippocampus of
AD brains, suggesting a possible involvement of retromer
function and trafficking in the pathogenic processing of APP
[15]. In addition, protein levels of Vps26 were also reduced in
the entorhinal cortex of patients with AD. In parallel in vitro
cell culture studies, reductions of Vps35 levels by using
siRNA in HeLa cells increased the production of A340 levels,
while overexpression of Vps35 led to decreased production.
Further in vivo studies showed that Vps26 knockdown mice
exhibit altered hippocampal-dependent memory function and
long-term potentiation, and retromer-deficient flies expressing
human APP and BACEI showed an increase in neuronal loss
[7]. This neuronal loss was accompanied by accumulation of
A, suggesting a functional correlation between retromer and
APP processing and trafficking.

These data, together with that of other laboratories, led to
the hypothesis that increasing the levels and stability of the
retromer complex would improve its function and rescue
deficiencies in the trafficking and transport cellular machinery.
From a more molecular and structural point of view, it has
been observed that knocking down just 1 protein of the
Vps35-Vps29-Vps26 heterotrimer core complex leads to
secondary reductions in the other retromer members, suggest-
ing that the interactions among the individual proteins are not
only important for complex function, but also for its stability
and half-life. We hypothesized that increasing the interaction
between the retromer proteins would increase complex stabil-
ity and enhance retromer-mediated trafficking and transport.
Moreover, we hypothesized that small molecules could
achieve these goals.

Small Molecules as Retromer Chaperones

Most proteins in all cell types in the human body turn over
regularly. If such proteins have a mutation, or become targets
of a pathological mechanism, they may be degraded more
rapidly, thereby lowering the steady-state levels below those
needed to maintain a healthy living cell. In the context of
pharmacology, the term “chaperone” refers to small molecules
that stabilize an already native folded macromolecule (usually
a protein) by binding to it and stabilizing it against thermal
denaturation and proteolytic degradation [16]. Pharmacologi-
cal chaperones are designed specifically to bind to their target
proteins, acting as a sort of molecular ‘glue’, holding various
parts of the protein structure together. The greatest challenge
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in isolating effective pharmacological chaperones is that most
pathogenic proteins do not possess natural binding sites. Prior
knowledge of a protein’s 3-dimensional (3D) structure pro-
vides a tractable solution to this problem, as this information
can be used to identify a protein’s potential “docking sites”, to
which chaperones can bind [17]. Noteworthy, a recent study
introduced a novel high-throughput method for the identifica-
tion of pharmacological chaperones, particularly those related
to protein—protein interactions. The investigators were able to
generate a novel compound library enriched with pharmaco-
logical chaperones, which could potentially obviate the need
to predetermine the 3D structure of a targeted protein, relying
on the observation that short x-helical peptide segments,
spanning 2-3 helical turns, often play key roles in protein—
protein interactions [ 18]. Most of the work up to now has been
focused on chaperoning unstable mutant proteins, but there is
no reason, in principle, to use chaperones to stabilize the
normal form of a protein and thereby increasing its steady-
state cellular levels, as we have done with the mammalian
retromer complex.

Relying on the already known 3D structure of the complex
formed between the retromer core proteins Vps35 and Vps29,
our team performed a computerized virtual in silico screen that
identified several small molecules that were predicted to bind
to specific pockets created at the interface of the Vps35—
Vps29 interaction. We decided to focus on the Vps35—
Vps29 complex interaction based on the results of our initial
thermal stability assays, which showed that the interface be-
tween these 2 members within the retromer core complex was
the weakest link within the complex as a whole [19]. Of the 10
docking sites we found on the Vps35—Vps29 protein complex,
6 were located at the interface between the 2 proteins, sug-
gesting that any ligand binding at these sites would most likely
interact with residues from both, possibly providing stabiliza-
tion to the entire complex. Nonetheless, we screened all 10 of
the sites against the entire library of compound structures. The
docking procedure allowed full flexibility in the conformation
of'the ligand and limited flexibility in the conformations of the
amino acid side chains in the binding sites. Only 4 of the 10
predicted docking sites on the Vps35—Vps29 complex gener-
ated computed interaction scores with test molecules worth
testing in the secondary in vitro screen. Each of these four sites
was at the interface of the 2 proteins. Further in vitro thermal
stabilization screenings followed by in vivo studies in primary
neuronal cultures led to the identification of 2 chaperones,
named R55 and R33 (both thiophene thiourea derivatives;
Fig. 1), which were able to stabilize the retromer complex
against thermal denaturation and were also able to increase the
levels of the retromer complex in hippocampal neurons [19].
We specifically focused on hippocampal neurons because the
hippocampal formation is a brain structure enriched in
retromer proteins and hippocampal cultured neurons have
been previously used to investigate retromer-mediated
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Fig. 1 Space-filling diagram depicting the retromer chaperone RS5
docked at its interface pocket between vacuolar protein sorting (Vps)29
(in orange) and Vps35 (in gray). R55 is predicted to make interactions
with side chains from both proteins (multicolored surfaces). R55 has the
systematic chemical name thiophene-2,5-diylbis(methylene)
dicarbamimidothioate dihydrochloride. Binding studies using microscale
thermophoresis established its Kd for the retromer core complex to be
about 5 pM [19]

trafficking of APP. These small molecules were found to
enhance the function of retromer in neurons, as indicated by
the shifting of the localization of APP and SorLA out of
endosomes. We were also able to show that the retromer
pharmacological chaperones resulted in an APP fragment
profile indicative of a reduced BACE] cleavage, characterized
by a reduction in the BACEIl-dependent fragments (3CTF,
sAPPf3, AP40, and AP42) and a concomitant increase in
sAPP«x [19]. Documenting a reduction in BACE1-dependent
processing biochemically confirmed the microscopic observa-
tion that the pharmacological chaperones reduce endosomal
APP levels, indicating that the chaperones enhance retromer’s
function, at least for APP. These results confirmed our hy-
pothesis, namely that increasing the interaction between
retromer proteins would increase the stability of the complex
as a whole and enhance retromer-mediated trafficking func-
tion. To our knowledge, this is the first class of small mole-
cules that can apparently act as pharmacological retromer
chaperones by stabilizing a multiprotein complex and improv-
ing its physiological function.

The retromer chaperones show decent in vitro water solu-
bility and cell penetrability. Many of the in vivo properties of
the retromer chaperones such as blood-brain barrier perme-
ability, bioavailability, and effective doses and administration
regimes/routes are yet unknown. Unpublished data from the
National Cancer Institute and preliminary data from our lab-
oratory show that these molecules are relatively nontoxic to
mice. Further studies aimed at characterizing the effects of the
retromer chaperones on retromer complex stability and on
APP processing in vivo are actively under way.

This novel class of retromer chaperones can, in principle,
traffic APP away from a pathogenic towards a nonpathogenic

processing pathway, generating a profile of proteolytic frag-
ments that mimics a fragment profile generated by a mutation
in APP shown to be protective against AD [20]. This type of
pharmacological intervention would differ substantially from
the current approaches aimed at targeting solely the produc-
tion of A for example by inhibiting BACE1, or by blocking
A3 toxicity as in the case of antiamyloid immunotherapies
and anti-A3 aggregation agents. The retromer pharmacolog-
ical chaperones are designed to treat defects in the cellular
biology rather than a single molecular deficiency. By acting
upstream of endosomal APP processing, the retromer chaper-
ones are able to improve APP trafficking by normalizing
cargo flow towards the Golgi and also perhaps towards the
plasma membrane. This “whole-cell” therapeutic approach
may prove to be safer and more effective than those that only
aim at targeting an individual molecule or step in the disease
process.

Somehow unexpectedly, retromer has been recently linked
to another pathological feature of AD, namely microglia ab-
normalities [21]. Glia abnormalities were actually first de-
scribed by Alois Alzheimer, and together with amyloid
plaques and neurofibrillary tangles, is a third histological
feature of the disease that bears his name. A recent study
found that Vps35 is deficient in microglia harvested from
AD brains and that retromer in microglia is required for the
normal cell surface delivery of 2 microglia-enriched recep-
tors—Trem2 and CD36 [21]. AD-linked variants have been
found in the gene encoding Trem?2 [22], and the normal cell
surface delivery of CD36 is required for the microglia-
meditated A-clearing effects. We are currently exploring if
the retromer chaperones would be effective at improving the
glia-related trafficking phenotype, as we have shown in neu-
ronal cells.

Retromer in Other Diseases

In principle, improving endosomal sorting and increasing the
trafficking of APP away from its pathogenic locus toward a
more neuroprotective route is worth exploring as a potential
therapeutic strategy. If viable, this therapeutic approach would
not only turn out to be beneficial for AD, but perhaps also be
useful for other disorders where endosomal dysfunction has
been described, for example PD [23]. Several studies have
recently implicated the retromer complex itselfin PD [24-26].
To date, a dozen genes have been implicated in PD, including
a point mutation (D620N) in Vps35, which results in autoso-
mal dominant familial PD [27, 28]. This PD-linked Vps35
mutation does not seem to affect the stability of the core
Vps35-Vps26—Vps29 retromer complex per se, nor appears
to affect the function of the complex in endosome-to-Golgi
cargo retrieval. However, the mutation seems to impair the
ability of retromer to bind and recruit the Wiskott—Aldrich
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Table 1
links to the retromer pathway

Potential therapeutic use of the retromer chaperones in human disease. List of neurological and non-neurological diseases with established

Pathogenic link* Established pathway® Animal models

Alzheimer’s disease* +++ APP endosomal trafficking +++
Parkinson’s disease*® + 4+ Vps35 mutations, impaired autophagy +

Down’s syndrome* + SNX27 dysfunction ++

HSP* + Retromer/WASH complex interaction +

Cerebral lipofuscinosis™* + Deficient retromer recruitment machinery +

Nieman Pick type C1* +/— ESCRT-mediated endosomal cholesterol trafficking +

Type 1I diabetes ++ SORCSI (Vps10 family) dysfunction ++
Osteoporosis’ + Vps35 deficiency, deregulation of RANK signaling +

HSP = hereditary spastic paraplegia; APP = amyloid precursor protein; Vps = vacuolar protein sorting; WASH = Wiskott—Aldrich Syndrome Protein and
SCAR Homolog; ESCRT = Endosomal Sorting Complex Required for Transport; SORCS1 = sortilin-related VPS10 domain containing receptor;

RANK = Receptor activator of nuclear factor-kappa B
*Neurological disease

T Non-neurological disease

¥ The number of plus symbols depicts the amount/strength of experimental evidence associated in cach discase with the role of the retromer complex/

pathway

¥ A short description of the molecular/cellular pathway affected in each disease is shown. For further details please refer to the cited bibliography in the

main text

Syndrome Protein and SCAR Homolog (WASH) complex to
endosomes, thereby affecting processes that rely in WASH-
mediated trafficking to the plasma membrane. Interestingly, this
particular PD mutation has been found to impair the formation
of autophagosomes and the clearance of autophagy substrates,
resulting in a clear neurodegenerative phenotype [27].

In recent years, the list of diseases involving retromer and/
or retromer-related proteins/pathways has grown substantially,
and this trend seems to continue. Retromer-related dysfunc-
tions have been reported not only in neurological disorders
such as Down syndrome [29, 30], hereditary spastic paraple-
gia [31], cerebral lipofuscinosis [32], prionopathy [33], and
Nieman Pick type C1 disease [34], but have also been linked
to non-neurological disorders such as type II diabetes [35, 36],
osteoporosis [37], retinal degeneration [38], and Legionella
disease [39] (see Table 1). Several of these diseases have a
clear pathological molecular link to retromer; in other cases,
the connection is less clear and more tangential. Fortunately,
the existence of several animal models for most of these
retromer trafficking-related disorders would allow us to test
if improving the retromer pathway either by genetic overex-
pression of one, or several, of the retromer components, or by
the use of the pharmacological chaperones would result in an
amelioration of the different pathologies in vivo.

Two points that emerge by looking at the list of diseases are
worth noting. First, most retromer-associated diseases are
disorders of the nervous system, which suggests that neurons,
and/or glia cells, are particularly dependent on retromer func-
tion and are differentially sensitive to its dysfunction. Second,
in all cases, the disease is caused by a loss rather than a gain of
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retromer function. This agrees with observations in yeast,
neuronal culture, and animal models that have shown that,
whereas a slight loss of retromer function has dramatic path-
ological consequences, increasing retromer levels seems to be
either beneficial or innocuous [40]. This speaks to the concern
that increasing retromer levels in many cells, be it genetically
or pharmacologically, might have negative side effects. We
note that chaperones are, in principle, different from other
common pharmacological agents, which typically act by
inhibiting key enzymes or receptors. It is possible that a slight
increase in the normal flow through the endosome might not
be necessarily deleterious. Obviously, this prediction must be
empirically tested in future studies.

Conclusions and Perspectives

Endosomal dysfunction seems to be a unified “cell biological”
defect in AD—one that is a convergent point of multiple up-
stream molecular mechanisms, and also seems to occur before
amyloid pathology [41]. Endosomal dysfunction, character-
ized by enlarged endosomes, is likely mediated by endosomal
transport and trafficking defects. Retromer has emerged as a
master regulator of endosomal transport [42]. And in this way,
by targeting the retromer, we are targeting the unified cell
biology of AD.

Our newly described retromer pharmacological chaperones
provide, at the very least, proof-of-principle that the
multiprotein retromer complex can be targeted pharmacolog-
ically. There is, of course, a long road ahead to determine
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whether this first crop of compounds, or analogues designed
around them, will successfully make it through the stringent
efficacy and safety testing of preclinical drug discovery. How-
ever, even if they fail, the successes to date should justify a
continued focus on endosomal transport as a cell biological
target for drug discovery in AD.
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