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In recent years Alzheimer’s disease (AD) has emerged as a research priority mainly due to an impressive
increase in the average life expectancy in humans, which is associated with debilitating neurodegenerative
disorders. The cardinal feature of the disease is accumulation of the amyloid-p peptide, which is derived from
the sequential proteolytic cleavage of the amyloid precursor protein (APP). SorLA (sorting protein-related
receptor with A-type repeats) is a member of the VPS10p-domain receptor gene family and identified as a
significant sorting receptor that controls the processing and trafficking of APP. This review systematically
discusses information on sorLA associations with AD including the mechanisms that regulate sorLA activity. We
also describe how advances in understanding the mechanisms by which sorLA can reduce the amyloidogenic

pathway may open for novel therapeutic strategies in tackling this devastating disorder.
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Introduction

Alzheimer’s disease (AD) is the most common form of
senile dementia. It is a progressive neurodegenerative
disorder characterized by profound deterioration of memory
and higher cognitive functions. The consistent features of the
disease are amyloid plaques, neurofibrillary tangles and
dystrophic neurites containing hyperphosphorylated tau
(1, Several studies have established the involvement of three
key genes in early-onset (or familial) AD namely amyloid
precursor protein (APP), presenilin 1 (PSEN1), and
presenilin 2 (PSEN2). Similarly, apolipoprotein E (APOE)
E4 allele has been identified as risk factor for late-onset (or
sporadic) AD 2 %1, Recently, genetic analysis revealed that
also sorLA (SORL1) is a potential factor which can modulate
the risk of early as well as late-onset AD (LOAD) [+ 51,

SorLA is a member of the vacuolar protein sorting 10
protein (VPS10p) domain receptor gene family but also

shares structural similarity with the family of low density
lipoprotein receptors (LDLRs). It was identified and
characterized independently using biochemical purification
of proteins from human brain binding to the
receptor-associated protein, and subsequently confirmed by
genetic screening of novel LDLR family members in other
species [67- 8. This 250 kDa protein is encoded by the SORL1
gene located on the human chromosome 11g23/24 1. The
structure of sorLA comprises besides the N-terminal VPS10p
domain and its associated 10 CC-domain, also an
YWTD-repeat containing six-bladed B-propeller domain with
an associated epidermal growth factor precursor like module,
a cluster of 11 complement-type repeat (CR) domains, and a
cassette of six structural elements found in neural
cell-adhesion molecules (fibronectin type Il repeats), a
transmembrane region and a short tail in the cytoplasmic part
(Figure 1.A) [ 10 SorLA is expressed widely in the
mammalian central nervous system (CNS) notably the
cerebral and entorhinal cortex, hippocampus, cerebellum and
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Figure 1. SorLA domain structure and genetic architecture of SORL1 A. Schematic
representation of the full-length sorLA-WT protein showing the mosaic domain structure
encompassing the VPS10p B-propeller with its attached 10CC-domain, the YWTD (3-propeller with
its attached EGF domain, the cluster of 11 CR-domains, the cassette of 6 Fnlll-domains, the
transmembrane (TM) and the tail regions. The numbers below each protein region corresponds to its
encoding exons B. Genomic map of human SORL1 showing the location of some SNPs associated
with Alzheimer’s disease. Orange bars represent the 5’ UTR and 3’ UTR, pink bar represents intronic
regions and red vertical bars represent each of the 48 exons.

brain stem as well as in non-neural tissues like ovary, testis,
liver, adrenal gland, and lymph nodes 1112131,

This highly conserved putative receptor is located mainly
in Golgi bodies, trans-Golgi network (TGN), early
endosomes, and the plasma membrane of the cell 14, SorLA
is transported between TGN and endosomal compartments
by cargo molecules like Adaptor protein 1 (AP1), Adaptor
protein 2 (AP2), Golgi-localized, gamma-ear containing,
ADP - ribosylation factor binding (GGA), Phosphofurin
acidic cluster sorting protein 1 (PACS1), and the retromer
complex 151 Interactions with these adaptors are important
for the implication of sorLA in AD, because deletion of the
binding motifs in the cytoplasmic domain for these adaptors
led to defective routing and altered APP processing [16 17 18,
191 Importantly, several studies have also found a reduced
expression of this sorting receptor in brain of AD patients as
compared to healthy non-demented subjects. Besides the role
in APP transport and metabolism, reports have also
suggested binding of sorLA to ApoE encoded by the risk

gene APOE, adding further evidence that sorLA is part of a
protein network implicated in developing of AD 2. Even
though many studies have been carried out to understand the
role of sorLA in progression of AD there are still many
unanswered questions left. Thus, understanding the
molecular mechanisms of sorLA is instrumental to establish
its potential association with AD and may open new avenues
for therapeutic interventions for curing the intractable
disorder.

In the following, we will provide a summary for the
genetic association of SORL1 with AD, the current
knowledge on regulatory mechanisms that determine the
expression and cellular levels of sorLA protein, and finally
review the existing evidence leading to our model how
sorLA contributes to the control of APP trafficking and
processing.

SorLA genetics and AD
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Table 1. Genetic association studies reporting genetic variants in the SORL1 gene in AD

Year, Author Population Investigated SNPs (found to associate) Citation
2007, Rogaeva et al. North American & European whites,  rs668387, rs689021, (23]
Caribbean Hispanics, African  rs641120, rs1699102, rs3824968, rs2282649
Americans, Israeli Arabs rs1010159
2007, Lee et al. African  American,  Caribbean  rs12285364, rs1784933 24
Hispanic and Non- hispanic whites rs3824966
2007, Meng et al. Subjects from TGEN (Translational ~ rs1699103, rs11218350, rs10892759, (215]
Genomics Research Institute)  rs1792113, rs726601, rs1784931
database and Mayo clinic
2007, Seshadri et al. Framingham cohorts rs1131497, rs726601 il
2008, Bettens et al. Belgian rs560573, rs668387, 251
$689021, rs641120, rs1614735
2008, Lee et al. Japanese 1s2282649, rs668387 (116]
2008, Li et al. Caucasian rs2070045 [
2009, Cellini et al. Italian rs661057, rs12364988, rs641120 (28]
2009, Kaolsch et al. German rs2070045, 18ex26, rs3824968, rs1010159 6l
2009, Kimura et al. Japanese rs2070045, rs3824968, rs2282649, [118]
rs1010159
2009, Tan et al. Chinese Han rs3824968, rs1699102, rs2282649 (29
2009, Beecham et al. Collaborative Alzheimer Project rs11218342, rs11218343, rs1784919, [119]
rs2298814, rs3781835, rs3781838,
r$6589885, rs720099, rs7946599
2009, Feulner et al. German 154935774, rs1614735, rs12576704, (220]
rs10502262, rs3781835
2010, Reynolds et al. Swedish rs668387, rs689021, (221
rs641120, rs2070045, rs3824968, rs2282649
2010, Ning et al. Chinese rs2070045, rs3824968, rs2282649 (301
2011, Cousin et al. French caucasian rs2282649 (9
2012, Alexopoulos et al. Non-hispanic caucasians rs3824968, rs2282649 (222]
2012, Caglayan et al. Whites rs1699102 , rs2070045 %2]
2012, Guo et al. German rs661057, rs668387, (2231
rs689021, rs641120,
rs2070045, 18ex26,
rs1699102, rs3824968
2012, Olgiati et al. Greek - Italian rs668387, rs689021, (1241
rs641120
2013, Lambert et al. European rs11218343 (381
2013, Wen et al. Japanese rs985421, rs12364988, (281
rs4598682, rs3781834,
rs3781836
2013, Izzo et al. Brazilian rs641120 (129
2013, Miyashita et al. Japanese, Koreans and Caucasians rs4598682, rs17125523, rs3737529, B7l
rs3781834
2014, Jin et al. Chinese Han rs985421 27
2014, Xue et al. Chinese Han rs2070045 (126)
2014, Beecham et al. National Institute on Aging (NIA) rs11218343 (227
Alzheimer's Disease Centers (ADCs)
and ADGC-collaborating studies.
2015, Louwersheimer et al. German, Non-hispanics, Dutch rs2070045 (2281
2015, Feng et al. Chinese Han rs1784933 (129]

The first observation suggesting a possible link between
sorLA and dementia was a microarray analysis using
lymphoblasts derived from AD patient showing decreased
levels of SORL1 transcripts. This report was further
substantiated by immunohistochemistry studies, which
demonstrated a decrease in sorLA protein expression in brain
from AD patients 23, This necessitated the need to unravel
the function of sorLA in the human brain, as well as
identifying the mechanism by which sorLA is reduced in
brain and other tissues of AD patients. The landmark finding
in this direction was identification that sorLA acts as a

neuronal sorting receptor that binds APP in vitro and in vivo
and regulates its trafficking and proteolytic processing into
AP - the key feature of AD [?2],

To understand this further, pioneering work by Rogaeva et
al. documented strong allelic and haplotypic association of
SORL1 with sporadic AD in four different populations of
North American and European whites, Caribbean Hispanics,
African Americans and Israeli Arabs [23. This study
encompassing >6000 individuals looked at 29 (numbered 1
to 29 in the following) Single Nucleotide Polymorphisms
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(SNPs) distributed along SORL1 on human chromosome 11
(Figure 1.B). Interestingly, they identified two different sets
of haplotypes associated with SNPs rs668387 (SNP 8),
rs689021 (SNP 9), and rs641120 (SNP 10) in the 5’ end of
the gene, and rs1699102 (SNP 22), rs3824968 (SNP 23),
rs2282649 (SNP 24), and rs1010159 (SNP 25) in the 3’ end
of the gene. This was followed by several epidemiological
and genetic studies, which further confirmed SORL1 as a
susceptible gene for LOAD in a variety of ethnic
populations. One study showed that rs12285364 (SNP 12),
near the 5' region and rs1784933 (SNP 26) in the 3’ region
was associated with AD in a population of African
Americans. In the same study rs12285364 (SNP 12) was
reported to be associated with AD in a Hispanic population
and rs3824966 (SNP 20) in non-Hispanic white individuals
(241, Independent studies confirmed that the five SNPs
rss60573, rs668387, rs689021, rs641120, rs1614735
(corresponding to SNP 6, 8, 9, 10, and 27) also showed
significant associations with LOAD in a well characterized
Belgian population using single SNP analysis 2%, Another
study explored influence of SORL1 through female specific
mechanisms in the involvement of rs661057, rs12364988,
and rs641120 (SNPs 4, 7, and 10, respectively) with LOAD
compared with controls in an Italian population 261, Recently,
a strong association was also established for the SORL1 gene
variant rs985421 with sporadic AD and amnestic mild
cognitive impairment in the Han Chinese population 21, The
same SNP (rs985421) also showed a strong association with
LOAD together with SNP rs12364988 (SNP 7), rs4598682,
rs3781834, and rs3781836 in  neuropathologically
well-characterized Japanese brain donor subjects [?8],
Interestingly, the gene frequency analysis of the data related
to this polymorphism shows a marked difference between
Asian and European populations 21, This finding indicates
the influence of geographical origin and ethnicity on the
distribution of genetic risk factors associated with AD.
Additionally, studies on Asian populations showed a positive
correlation between SNPs rs2070045, rs3824968, rs2282649
and rs1010159 (SNPs 19 and 22-24) and the risk of AD [2%
30, However, some studies have only found weak or no
association at all for SORL1 and Alzheimer’s disease, adding
further evidence to the complicated genetic linkages often
encountered when studying multiple gene disorders like
dementia [31, 32, 33, 34, 35]_

In summary, the literature is extensive and still rapidly
increasing (Table 1), and suggestive of a significant
association in multiple regions of the SORL1 gene. These
findings point to the existence of different AD-associated
haplotypes in different populations, which have lead to a
theory of extensive locus and allelic heterogeneity, with
disease-associated variants located within multiple different
haplotypes 12324, Therefore, a comprehensive meta-analysis

was carried out to reexamine the association of known
SORL1 variants with AD in 2011 81, From this study, seven
markers were consistently found to be significantly
associated with AD after correction for multiple testing
namely rs661057, rs11218304, rs668387, rs689021,
rs641120, rs12285364, and rs2070045 (SNPs 4, 5, 8, 9, 10,
12, and 19, respectively). Furthermore, haplotype analysis
revealed that the most significant association was the C-G-C
alleles for rs668387-rs689021-rs641120 (SNPs 8-9-10)
together with the G allele at rs2070045 (SNP 19) that were
also shown to be positively associated with AD in the initial
report 1231,

Lately, two independent genome wide association studies
(GWAS) identified SORL1 variants that are significant
associated with AD. First, a three stage GWAS was carried
out using samples from Japanese, Korean, and Caucasian
populations. Four SNPs (rs4598682, rs3781834, rs17125523
and rs3737529) showed significant association for the
combined population in the first stage, but in the final stage
only SNP rs3781834 showed a significant association with
LOAD P71 Second, a very large GWAS with >70,000
individuals, by Lambert and colleagues, revealed a strong
confirmatory signal between SNP rs11218343 and LOAD,
providing firm evidence that SORL1 is also associated with
AD in the European ancestry [38],

Very interestingly, a recent study also identified familial
autosomal dominant mutations in SORL1 linked to
early-onset AD (EOAD), suggesting that such pathogenic
mutations may influence AD onset in a similar causative way
as the well-known mutations in APP and PSEN [
However, information about the underlying molecular
mechanisms how these mutations cause AD is still very
limited.

Several studies have tried to identify neuropathological
consequences of different SORL1 variants, however, the
physiological effects modulating AD endophenotypes of the
sorLA mutations have not yet been firmly established.
Magnetic resonance imaging studies showed that variants
of SORL1 are associated with neuropathological measures of
neurodegenerative and cerebrovascular disease [36 401, Some
polymorphisms in SORL1 are also shown to affect the
structural properties of the brain, i.e. general cerebral
atrophy, volume of the medial temporal lobe, hippocampal
atrophy, and white matter hyperintensities [0 41 42
Interestingly, Assareh and colleagues recently established
that these neuroimaging biomarkers associated with SORL1
polymorphisms are moderated by sex [3. Independent
studies using Kaplan-Meir survival analysis and Cox
proportional hazard and linear regression models, also
established that the five SNPs rs1784934, rs676759,
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Table 2. Reports of sorLA expression decrease in LOAD

Year, Author Effect /Findings Method Citation
2004, Scherzer ~ SorLA  shows 25%  Microarray 121]
etal. reduction in AD analysis, WB,
homogenates IHC
2006, Dodson SorLA is decreased 30%  Immunostaining, 7
etal. in sporadic AD WB
2006, Offe Marked reduction in IHC 18]
etal. SorLA expression
2007, Zhao 33 — 56% reduction of WB 19
etal. sorLA in various brain
regions
2007, Sager 55% reduction of sorLA  Quantitative 1501
etal. in AD brains IHC
2009, Ma 36% reduction of sorLA  WB 151
etal. in postmortem CSF
2009, Grear 23%  reduction of gPCR 100]
etal. full-length and of total

sorLA in AD

rs560573, rs593769, and rs11218313 in male samples, and
rs17125558 in female samples, all show significant
association with age of AD onset (AAO) [*4, Earlier studies
have similarly reported association of SNPs rs536360 and
rs556349 *° and SORL1-18ex26 (SNP 21) with the AAO in
different populations 61, Another study using a lifespan
approach in four independently collected samples, found
correlation between changes in white matter microstructure
and expression of certain SORL1 variants during human
neurodevelopmental phases, suggesting that defects in sorLA
may start to affect the brain at a very early stage in the
human lifespan [“. Additionally, Sheshadri and colleagues
found a strong gene-phenotype association between the SNP
rs1131497 and abstract reasoning, starting to shed light on
the relation of the SORL1 gene with cognitive function 11,
All studies taken together provide compelling evidence for a
significant association of sorLA variants and AD, but further
studies are clearly needed to characterize each variant and
identify respective phenotypic outcomes of this gene.

SorLA regulation

The first demonstration of a change in sorLA expression
in AD came in 2004. Here, Lah and colleagues applied
microarray analysis and found an approximately 2-fold
decrease in sorLA transcripts in lymphoblasts from AD
subjects compared to control subjects. They also reported a
25% decrease of sorLA protein expression in AD brain
homogenates 3. This report was soon followed by other
studies most of which showed a conspicuous decrease of
approximately 30-50% in receptor expression in brains from
sporadic AD patients as compared to non-demented controls
[22, 47, 48, 49,50, 511 " 3lthough one study had later difficulties to
reproduce its initial findings 2. Similarly, analysis of
cerebrospinal fluid (CSF) from AD patients identified a
significant decline of 36% in receptor levels, suggesting that
sorLA levels might be a useful biomarker for disease onset
51, However, conflicting studies later showed an increased

level of sorLA in CSF 3% necessitating the need to better
understand the correlation between the brain and the CSF
levels of the receptor. Reports of a decrease in sorLA
expression in AD patients are summarized in Table 2. Taken
together further studies are important to validate the levels of
sorLA accurately in different regions of brain as well as in
different stages of the disease.

The observed decrease of sorLA raised the important
question whether receptor decline is directly linked to disease
onset, or whether a low sorLA level is a consequence of the
disease and ongoing neurodegenerative processes. To
address this relevant question, Dodson et al. documented that
sorLA is unaffected in cases with familial AD 1 indicating
non-involvement of the downstream processes controlled by
the FAD mutations. There has also been biochemical
evidence showing reduced expression of this receptor in
cases of mild cognitive impaired subjects making it more
likely that the decrease in receptor expression occurs early or
even prior to disease onset 5%, This indicates that the loss of
the receptor function is a primary event in the progression of
AD rather than the consequence of the same.

In line with these findings, studies with transgenic mice
with genetically altered sorLA expression have confirmed the
causal role of sorLA in the amyloidogenic pathway and
accelerating plaque deposition. The first report describing the
generation of sorLA deficient mice by Andersen et al.
showed aggravated processing of endogenous APP
accompanied with elevated AP peptide generation compared
to wild-type animals [?2. Later studies using the same sorLA
knockout line but on the PDAPP transgenic background,
provided additional evidence that sorLA also determines the
processing of the human APP in vivo. Additionally, this
study provided evidence of stimulation of the ERK pathway
and adult neurogenesis, which was strongly correlated to the
increased levels of sAPP due to sorLA deficiency in these
mice 4. Similarly, it was also shown that loss of sorLA in
mice expressing APPSWE is involved in the early events of
the pathogenesis of AD, particularly in the conversion of the
precursor molecule to the a-, B-, and y-secretase derived
metabolites, facilitating the forward shift in the onset of AD
551, The latest study when sorLA deficiency was analyzed in
AD10 anti-nerve growth factor mice confirmed that loss of
the receptor exacerbates early amyloid pathology of
endogeneous APP [l Thus, all these studies on the sorLA
knockout mice gave a deep insight not only on our
understanding of the role of this unique receptor as an APP
sorting determinant, but also clearly indicating that sorLA
deficiency poses to be an underlying cause and not a
consequence of the disease onset.

Accordingly, it is imperative to divulge into the molecular
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mechanisms, which operate to regulate this pleiotropic to use the level of sorLA in the CSF as a biomarker for AD

receptor. We briefly mentioned that the relation between in the future. Thus, we need to establish whether low sorLA
sorLA levels in brain and in CSF is not clear. However, levels in the brain is associated with elevated or decreased
understanding this correlation is urgently needed if we wish levels of sorLA secreted to the CSF. In one scenario, it could
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Figure 2. Regulatory pathways
controlling sorLA expression. A.
Shedding of sorLA leading to loss of
neuron-associated receptor activity
is regulated by ROCK2-dependent
phosphorylation of the cytoplasmic
tail, as well as an
endocytosis-dependent  glycosyla-
tion of the ectodomain. B.
Interactions of extracellular stimuli
like BDNF and serotonin with their
cognate receptors at the
plasmamembrane (ie. TrkB and the
serotonin receptor) lead to activation
of signaling pathways that enhance
SORL1 expression. Fatty acids like
DHA and CLA are also speculated to
activate sorLA gene expression by
yet unknown mechanisms. Besides
the direct role in regulation of
SORL1 transcription, regulation can
also occur indirectly by induction of
other genes encoding RNA
molecules that indirectly leads to
changes in SORL1 mRNA levels,
e.g. miRNA or non-coding RNA that
initiates degradation of mMRNA or
leads to alternative splicing of the
mMRNA. C. Regulation at the level of
the SORL1 gene is dependent on
binding of transcription factors (TF)
that either activates (act) or
represses (rep) transcription.
Transcription from different
promoters (I and 1) where the
activity is modulated by the
methylation state of its CpG islands
presents yet another way to control
correct timely and spatial sorLA
expression. The presence of an
enhancer element in exon 17 that
assists in transcriptional activity has
also been described.
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easily be argued that the more sorLA present in the brain, the
more sorLA would also be able to go into the CSF. On the
contrary, if sorLA is unable to be shedded from its neuronal
cell origin, then we could expect to see very little sorLA in
the CSF but an elevated brain profile. Accordingly, it has
become very interesting to study the shedding of sorLA [57.58
59, The complex sorting itinerary of sorLA is instrumental to
the efficiency of sorLA shedding taking place from the cell
surface, and recent studies have identified several
post-translational modifications including glycosylation and
phosphorylation as regulators of sorLA sorting pathways
(Figure 2.A).

SorLA is documented to interact with the Rho-associated
coiled-coil containing protein kinase 2 (ROCK2), which in
turn has been implicated in controlling the metabolism of
APP and AB [%%. The binding of ROCK2 to sorLA leads to
phosphorylation of the receptor at serine-2206 within the
cytoplasmic domain and enhances the shedding of the sorLA
ectodomain [61. Similar, knockdown of this candidate kinase
with siRNA decreased sorLA shedding and lead to increased
intracellular sorLA 61, Accordingly, these studies unraveled
sorLA as a phosphoprotein, where shedding and
consequently the intraneuronal level are regulated through a
phosphostate sensitive mechanism.

Glycosylation is another post-translational modification
known to regulate the shedding of many transmembrane
proteins [62 63 &1 The homology of sorLA with LDL
receptors, which is a group of proteins known to undergo
glycosylation dependent shedding %, suggests that cleavage
and secretion of this receptor may also be regulated by
specific glycan structures [ 6. 671 (Andersen unpublished).
Even though the exact physiological significance of the
resulting soluble ectodomain is unclear, it may control
functions relevant to AD pathogenesis, and influence the
level ending up in circulation and/or CSF.

Besides the obvious effect of leaving less functional
receptor inside the cell available for sorting activities when
sorLA is released from the cell surface, the cleavage of
SorLA also generates a C-terminal fragment that can be
processed by y-secretase [ 68l This cleavage generates a
soluble intracellular domain with a potential function in
regulation of gene expression, which may represent a way to
also control sorLA transcription itself (6%,

Existing literature suggests that genetic factors that may
contribute to the regulation of sorLA only can be assigned a
minor fraction of 14% [ indicating involvement of
extragenous molecules in the process (Figure 2.B). One such
molecule is the brain derived neurotrophic factor (BDNF)
found to increase sorLA expression in cultured neurons and

in vivo "% Another example of an extracellular signaling
molecule that enhances sorLA expression is serotonin, which
is released from the activated platelets and known to act as a
mitogenic signal. A recent study demonstrated that serotonin
enhances sorLA expression and may consequently cause
neointimal hyperplasia by triggering changes in the stages of
differentiation of vascular smooth muscle cells [11,

There have also been several reports suggesting effects on
sorLA regulation by various fatty acids (FA). These
molecules are of particular interest, as the positive effects of
Docosahexaenoic acid (DHA), an essential dietary omega-3
polyunsaturated fatty acid (PUFA) on synaptic membrane
properties, learning and memory along with reducing the AP
induced oxidative stress have been suggested by several
groups 72731, The link between a lipid regulated diet in form
of DHA, and an increase in sorLA levels was demonstrated
in a variety of in vitro and in vivo systems like primary rat
neurons, aged non-transgenic mice, and an aged
DHA-depleted AD mouse model ", However, conflicting
data have also been reported, suggesting the opposite
function that DHA enriched diets either do not modulate the
levels of sorLA in transgenic mouse models of AD [®I or
even reduces sorLA expression in AD patients [6],
Accordingly, further studies are needed to settle how sorLA
is regulated by DHA. Conjugated linoleic acid (CLA) is
another example of a PUFA suggested to influence sorLA
expression 71, Another dietary supplement, citrus pectin
increases the endogenous levels of methanol which in turn
was shown to upregulate SORL1 transcription by
approximately 1.5-fold in white blood cells of healthy human
volunteers after citrus pectin intake [’8l. Another study has
documented that endothelial sorLA is modulated by shear
stress and modified low-density lipoproteins by a p38MAPK
dependent mechanism which accelerates atherogenesis [7l.
These molecules are all examples of extracellular factors that
stimulate sorLA expression, and would obviously be
interesting to study further in order to reveal their
involvement in the pathways of AD progression (Figure 2.B).

Unfortunately, little is known about the molecular
mechanisms how these molecules exert their regulation of
sorLA. Besides a direct role in the induction of SORL1
transcription, it could also be speculated that they work by a
more indirect pathway, e.g. activation of other genes that are
able to regulate sorLA in classical signaling pathways, or
genes that contain precursors at the level of nucleic acid
regulators. Currently, microRNAs (miRNA) have been in
focus for their role in neurodegenerative diseases [0 811,
These small, non-coding RNAs that function in complex
networks can fine tune protein expression. One of the first
studies that demonstrated the abnormal expression of
miRNA in AD was by Lukiw and colleagues [¥2. Certain
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NF«xp sensitive miRNAs, like miRNA-146a, have been
shown to be upregulated in AD brains 83, Thus, it would be
interesting to explore the mechanisms leading to the
upregulation of these miRNAs, and in particular how they
influence expression of SORLL.

Another class of RNA molecules that could target
expression of sorLA, is the non-coding RNA family that
regulates the expression of other protein—coding genes at the
level of transcriptional and post-transcriptional processing.
Recently, the synthesis of a non-coding RNA, termed 51A,
was demonstrated to decrease synthesis of sorLA with
subsequent impairment of APP processing and increased
amyloid secretion. Interestingly, the 51A molecule was
found to be upregulated in post-mortem cerebral cortices
from individuals with AD, suggesting a direct role of this
non-coding RNA in a SORL1-dependent aetiology and/or
progression of this disorder 84,

After the discovery that sorLA is linked to dementia, and
that low receptor expression is associated with onset of AD,
researchers have started to search for regulatory mechanisms
at the level of the SORL1 gene. These studies have included
description of gene regulation by promoter methylation,
identification of enhancer elements, as well as demonstration
of the binding of transcription factors (TF) that function to
either activate or repress SORL1 gene expression (Figure
2.C). Interestingly, splice variants and alternative promoters
may represent yet another way to ascertain the complex
regulation of SORL1 expression, although very little
information about such control mechanisms has so far been
reported.

As one example, the CLA dependent activation of sorLA
expression, was shown to involve a pathway dependent of
PPAR-y [/ a TF well known for its function in cellular
assimilation of lipids via anabolic pathways. The Hypoxia
induced factor-la. (HIF-1a) is another TF that directly
induces SORL1 transcription. Studies using chromatin
immune-precipitation (ChlP) showed a direct binding of
HIF-1o. to a consensus sequence in the proximal SORL1
promoter just upstream of exon 1 [, Other TFs that regulate
the temporal and spatial expression of sorLA have not yet
been reported. However, looking into the vast number of
available ChIP sequencing dataset strongly suggest that
SORLL1 transcription is target of multiple factors adding to an
emerging picture of a very complex regulation of sorLA
activity (Andersen unpublished).

DNA methylation is one of the important epigenetic
markers, which can modify gene regulation pathways
instrumental in Alzheimer’s disease [®¢l. The first report of

DNA methylation patterns of the SORL1 promoter came
from studies in brain and blood of AD patients. It was shown
that DNA methylation of SORL1 is tissue specific and
correlate with observed differences in the expression levels
of SORL1 [¥71. Recently, another study showed a strong
association between CpG methylation sites in the SORL1 loci
and pathological diagnosis of AD. The authors of this study
also found a stronger association of the increased SORL1
transcript expression with tau tangle density as compared to
AP accumulation suggesting that this mechanism account for
some of the observed changes in sorLA expression during
AD 8],

One important function of the observed DNA methylation
may be silencing of one promoter allowing expression of
sorLA from an alternative promoter. This model may explain
the complex expression pattern observed for sorLA, e.g. the
tissue and cell specific expression pattern during
development of the CNS, although the identification of

different transcription start sites have not yet been reported
[11, 12, 13,87, 89]

Besides the wuse of alternative promoters, other
mechanisms of gene regulation include alternative splice
variants not containing all the 48 exons present in the SORL1
gene. The first example of a splice variant of sorLA was
identified in 2009, when Grear et al. suggested the existence
of a receptor variant lacking exon 2 %, Besides its function
encoding the amino acid sequence of a protein, exons may
also act as transcriptional enhancers that regulate gene
expression. Recently, this was suggested as an important
regulatory mechanism for sorLA expression, as it was found
that SORL1 exon 17 shows enhancer activity (Figure 2.C).
Furthermore, this effect is tissue dependent, and showed a
clearly different profile in mouse liver and HeLa cells [°4,

Finally, recent studies have started to address the question,
which of the SNPs in SORL1 that associate with AD are
responsible for the observed decrease in protein expression.
A key study that partly answer that question identified two
SNPs (rs2070045 and rs1699102) that modify the transcript
sequence of the gene and converts it from frequent to rare
codon usage [®2. Cell culture studies confirmed that this
variant reduces the translation efficiency of the receptor,
thereby suggesting a molecular mechanism correlating the
SORL1 genotype and receptor expression in human brain.

In summary these studies support a theory of
post-translational as well as epigenetic mechanisms
underlying the regulation of sorLA, which subsequently
regulate APP processing and thereby amyloid deposition.

SorLA as trafficking receptor for APP
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Figure 3. SorLA dependent mechanisms of APP trafficking and processing. A.
Schematic model of the suggested sorLAeAPP complex formation involving
CR-domains 5-8 of sorLA and the E2 domain of APP. B. Immuno-electron
micrograph showing a high density of sorLA in Golgi bodies of transfected SH-SY5Y
cells. C. SorLA acts as sorting receptor that traps APP in the Golgi, reducing the
speed and number of APP molecules that leave this compartment and enter the
amyloidogenic and the non-amyloidogenic processing pathways. SorLA binding to
APP in the secretory pathway decreases APP dimerization and enables correct
post-translational modifications of the precursor including O-glycosylation. These
functions requires high receptor density in the Golgi provided by the combined
interactions of several retrograde adaptor binding molecules including PACS, GGA,
and retromer that bind the cytoplasmic domain of sorLA, ensuring efficient retrograde
trafficking of the sorting receptor from early and recycling endosomes to the tubular

endosomal network (TEN), trans-golgi-network (TGN), and Golgi.

To understand why neuronal loss of sorLA is linked to
amyloidogenic activity, it is mandatory to understand the
function of sorLA as a trafficking receptor for APP. APP is a
type-1 transmembrane protein widely expressed in neurons
and non-neuronal cells playing a pivotal role in AD
pathogenesis. APP can undergo several regulated processing
steps, leading to the generation of numerous cleavage
products with a multitude of described trophic and toxic
functions %% %I, In the so-called amyloidogenic pathway,
APP is cleaved in its ectodomain by B-secretase releasing the
soluble APPB fragment (sAPPB) and leaving the
B-carboxyl-terminal fragment (B-CTF) associated with the
membrane. However, this fragment is further cleaved by
y-secretase in the lipid bilayer leading to generation of the
AP peptide and the APP intracellular domain (AICD).
Alternatively, in the non-amyloidogenic pathway, APP is
cleaved by a-secretase within the AP domain sequence
resulting in secretion of an extracellular fragment called
sAPPa and APP a-carboxyl-terminal fragment (a-CTF). The

a-CTF is processed by y-secretase to generate AICD and the
p3 peptide that is rapidly degraded but importantly inhibits
the generation of Ap.

The delivery of APP to the amyloidogenic and
non-amyloidogenic  pathways involves intraneuronal
trafficking of APP as well as the secretases, which are all
transmembrane proteins. Furthermore, the processing
pathways show strongly restricted cellular preferences, e.g
o-secretase cleaves APP primary in the secretory pathway
and at the cell surface. In contrast, the amyloidogenic
pathway occurs after APP is internalized from the cell
surface and predominates in the endocytic pathway. Thus,
transmembrane protein sorting can be postulated as one of
the most wvulnerable mechanisms in the progression of
Alzheimer’s disease [ %],

Accordingly, the discovery that a sorting receptor like
sorLA was decreased in AD brains 23, and genetically
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associated with the disease, immediately added focus to
studies of sorLA in membrane transport mechanisms.

The first such analysis carried out by Andersen, Willnow
and colleagues, showed that sorLA activity in transfected
neuronal cells decreases APP proteolysis and thus hinders the
production of AB 2. Furthermore, studies using sorLA
deficient mice showed that receptor activity also decreases
the processing of APP in vivo, and thus established sorLA as
a key etiological agent in Alzheimer’s disease.

At almost the same time, Offe and colleagues showed that
sorLA co-localizes with APP in the endocytic compartments
and that receptor expression decreases A levels in a dose
dependent manner (8, thus providing further evidence for
the hypothesis that sorLA is an active determinant of APP
processing in neurons.

Yet the exact physiological function of sorLA was still
elusive. However, its homology with VPS10p receptors
involved in shuttling of proteins between subcellular
compartments led to the hypothesis that sorLA influences
intracellular transport of APP. To document a role of sorLA
in APP trafficking, a direct interaction of the two proteins
was shown in both living cells and in vitro along with their
co-localization in the endosomal and Golgi compartments
(221, From biochemical analysis of the interaction, it was
found that the carbohydrate domain of APP is bound by the
CR-cluster of sorLA forming a 1:1 stoichiometric complex
71, The binding site in sorLA was later narrowed down to
the central CR-domains (CR5-8) [671 (Figure 3.A).

A second functional binding site in the cytoplasmic
domain of APP (C99) and sorLA was also suggested, as the
tail of sorLA was sufficient to inhibit APP processing [°8l.
However, later studies showed that the tail is not required for
a direct interaction between sorLA and APP, suggesting an
indirect function of the tail domain 7, It could be speculated
that this function involves sorLA-depenent sorting of the
secretases (and not APP), as sorLA also modulates the
interaction between BACE and APP [48],

To determine the mechanism how sorLA activity
depresses APP proteolysis, several studies were carried out
to characterize the cellular localization of sorLA and to
identify the molecules involved in regulation of its cellular
trafficking itineraries.

Mutations of the binding sites in the sorLA cytoplasmic
domain for GGA1, for PACS1, or for the retromer complex —
as well as knockdown studies of these cytosolic adaptors - all
lead to a change in the cellular distribution of sorLA along
the Golgi-Endosomal pathway in agreement with the known

function of these adaptors to convey sorting between these
compartments. Based on these data, a model where sorLA is
mainly located to the Golgi and endosomes was suggested.
However, the exact localization of sorLA in neuronal
subpopulations and cell lines is probably dependent on the
relative expression of individual adaptor proteins. This may
explain why some studies found the majority of sorLA in
endosomes [16 48, 991 whereas other studies showed primarily
receptor localization in the Golgi [ 14 22 99,100, 101] (Figure
3.B).

Importantly, these studies also demonstrated that cells
expressing sorLA with targeted deletion of binding sites for
GGA, PACSL, and retromer show mis-localization of the
sorting receptor itself, and also show changes in the
trafficking of APP [16.18,19,100, 102] '|n this aspect, the retromer
complex is of particular interest as components of this
sorting complex is decreased in AD brains [103 104 and
genetically associated with AD [, Furthermore, studies
using animal models genetically defective in retromer,
provide clear evidence for a proximal role of retromer
dysfunction in AD [104 106. 1071 Stydies from our laboratory
further documented that the FANSHY sequence in the
cytoplasmic domain of sorLA is recognized by the VVPS26
subunit of the retromer complex, important for proper
retrograde trafficking route for the receptor. The lack of this
retromer binding results in sorLA distribution into the tubular
endosomal network whereby sorLA looses its protective
effect against AB production 81, Hence it was shown that
sorLA is the functional bridge, connecting APP with
retromer as these proteins are unable to associate in the
absence of sorLA [l These studies provided hope for
pharmacological intervention aiming at the retromer-sorLA
pathway, and very recently, research by Small and colleagues
identified a pharmacological chaperone that can increase the
stability and function of retromer and hence protect APP
from pathogenic processing [1°81,

Collectively, the literature convincingly suggests sorLA as
an APP sorting determinant by two mechanisms. The main
difference between the two models is the cellular site of
sorLA activity, and as sorLA continuously traffics between
intracellular compartments, the two models are likely not
mutually exclusive, and both mechanisms may contribute to
the anti-amyloidogenic activity of the receptor. It can act as a
retention factor for APP in the Golgi network and inhibit
APP release to its usual processing pathway as it traps APP
from reaching the cell surface where it can participate in the
amyloidogenic and non-amyloidogenic processing in post
Golgi bodies 191, Here, sorLA may also prevent the
formation of APP homodimers, which are the preferred
substrate for B-secretase [1% 1101 Alternatively, sorLA may
also act in the retrograde transport of APP when present in
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endocytic compartments, to assist APP escaping
amyloidogenic cleavages, and shuttle APP back to the TGN
and Golgi vesicles. This intracellular sorting mechanims
prevent accumulation of AP (Figure 3.C). Both models
suggest interaction between sorLA and APP in compartments
with slightly acidic pH in line with recent findings that the
binding indeed is favored at low pH 7],

Post-translational modifications are also known to
influence the sorting and cleavage of APP. Both
phosphorylation and glycosylation has been shown to change
APP processing 111112 An early study shows that APP is
cleaved after maturation by O-glycosylation, which occurs
during the transport of APP through the Golgi complex 1231,
Glycosylation of APP has an impact on the APP processing
pathway in determining its route from Golgi to the cell
membrane 4. The role of sorLA in these modifications is
not yet clear. However, a novel finding from our group
identified that sorLA action in the Golgi may affect APP
glycosylations [¢71. Mutations of fingerprint residues in sorLA
CR-domains 5-7 leads to a novel O-linked glycosylation of
APP, adding evidence to the model that sorLA retains
precursors in the early secretory pathways [67],

Conclusions

Impairment of vesicular transport is a major molecular
mechanism underlying neurodegenerative disorders like
Alzheimer’s disease. Several lines of studies have
conclusively shown that sorLA binds to the precursor protein
and impacts its intracellular transport and processing. As the
receptor deficiency accelerates amyloid accumulation, it is
necessary to identify the regulatory mechanisms for sorLA
leading to decreased receptor expression in AD. Similarly,
extracellular agents could enhance sorLLA expression, but this
can be a risk until we have the complete functional profile of
this receptor. Genetic association studies have uncovered an
association of sorLA variants with risk of AD, suggesting
that sorLA can be used as genetic risk profiling tool for early
diagnosis of the disease. Although much needs to be revealed
before using sorLA for clinical intervention it cannot be
denied that this pleiotropic receptor holds great promise as a
novel diagnostic biomarker and therapeutic tool in AD
research.
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