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Abstract

Familial cases of Alzheimer’s disease (AD) with autosomal dominant transmission and early onset have a prevalence
around 1%. Since only a small fraction of them has a monogenic inheritance due to APP, PSEN[, and PSEN2 genes, genetic
studies are ongoing to unravel the missing heritability. By sequencing panels including multiple dementia-related genes, we
identified a novel likely pathogenic mutation in SORL/ in a pedigree including five members affected by AD. This loss of
function mutation may lead to a reduction of SORLI receptor, worsening amyloidogenic burden. As the contribution of
SORL| mutations to heritability of AD is presently not well established, we think that it is very important to signal new
familial (likely) pathogenic SORLI mutations in order to define the actual genetic involvement of SORLI/ in AD

pathogenesis.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease and a major cause of dementia in the elderly
population. AD is clinically characterized by progressive
memory decline and impaired executive functions, including
difficulties in daily activity; behavioral and languages distur-
bances can also be present. Primary pathological hallmarks
of AD include amyloid-p (AP) plaques, neurofibrillary
tangles, and neuronal loss." While AD is mostly sporadic
in its common late-onset occurrence, there are also rare
early-onset (<65 years) autosomal dominant forms that
have a prevalence <1%, with only about 5-10% of them
being linked to three major genes, namely APP, PSENI,
and PSEN2.? Several pedigrees are known showing an
apparently autosomal dominant pattern of inheritance, but
without mutations in these genes, thus raising the need to
unravel additional genetic causes of a missing heritability.
Furthermore, neurodegenerative diseases leading to demen-
tia can show wide phenotypic variability, associated with
several genetic defects.” The recognition of this clinical
and genetic heterogeneity suggests employing extensive
genetic testing, such as next generation sequencing (NGS)

analysis of multiple gene panels, especially in familial
cases and/or in presence of presenile disease onset, to dis-
close genetic determinants of disease.

Here we present the case of a woman affected by AD
with a remarkable family history, whose analysis of APP,
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PSENI, and PSEN2 gave negative results. The patient
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Figure |. Top row: axial, coronal and sagittal FDG-PET images of proband, showing mild reduction in cerebral metabolism in the
lateral and mesial parietal cortex and in the temporal lobe, more evident on the right. Middle row: Voxel-based analysis of FDG-PET
(SSP): the images show the distribution of metabolism projected onto a reference brain atlas. Bottom row show the regions where the
z-score is below 2.5, compared to a population of subjects of the same age. The SSP analysis detects areas of significant reduction in
cerebral metabolism in the parietal lobe and in the precuneus, bilaterally, and in the temporal lobe cortex on the right.

photon emission computed tomography (SPECT) showed
frontal bilateral hypoperfusion and an MRI showed
diffuse and severe cortical atrophy; a FDG-PET
(Figure 2) showed widespread severe reduction in cerebral
glucose metabolism, particularly severe in the parietal, tem-
poral, and frontal regions, consistent with a diagnosis of AD
in the late stage. Primary sensory and motor cortex regions
were typically spared. No CSF biomarkers were available.
A cognitive evaluation showed a severe dementia asso-
ciated with behavioral disturbances at onset, followed by
memory loss (Table 1).

The mother (age of onset 45, death at 52) and two mater-
nal uncles received the diagnosis of early-onset AD.
Maternal grandfather died young without specific informa-
tion about the causes of death.

Table 1 includes demographic, clinical, imaging, and
CSF data of the patients.

Extensive genetic study was carried out by NGS on the
proband. A targeted custom panel of causal and rare/risk
genes known to be associated with dementia was analyzed,
including: APP, PSENI, PSEN2, PRNP, GRN, MAPT,
CHMP2B, FUS, TARDBP, VCP, TREM2, ABCAl, ABCA7,
ADAMI10, AKAP9Y9, APOE, BCL7C, BINI, CALHMI,

CCL2, CCNF, CD2AP, CD33, CHCHDI0, CLU, CSFIR,
CST3, CTSF, CXCR4, DCTNI, EIF4Gl, EPHAI, FLNC,
GABRB3, GBA, GIGYF2, GSN, hnRNPAI, hnRNPA2BI,
ITM2B, LRRK2, NCSTN, NOS3, NOTCH3, NPCI, NPC2,
OPIN, PFNI1, PICALM, PINKI, PLD3, PRKARIB, PRKN,
SCARB2, SERPINII, SIGMARI, SNCA, SNCB, SODI,
SORLI, SORTI, SQSTMI, STH, STXIB, TBKI, TIAl,
TMEMI106B, TSCI, TTR, TUBA4A, TYROBP, UBQLN2,
UNC5C. The study was performed with the Nextera Flex
for enrichment kit (Illumina) coupled with gene-specific
probes (Integrated DNA Technologies) and MiSeq instru-
ment (Illumina). MiSeq Reporter software (Illumina) was
used for alignment (reference human genome UCSC hg19)
and DNA variants were analyzed with Variant Studio soft-
ware (Illumina), in addition to an in-home made bioinformat-
ics pipeline.

While the major AD genes (APP, PSENI, and PSEN2)
were negative, the analysis disclosed the heterozygous
variant NM_003105.5:¢c.199delA, resulting to
R67GfsTer32 at protein level, in SORLI (Figure 3). This
variant, confirmed using standard Sanger sequencing, has
not been previously described in any control or disease
database and it is classified as “likely pathogenic” according
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Figure 2. Axial, coronal and sagittal FDG-PET (top row), SSP analysis (middle row) and z-score maps (bottom row) of proband’s
sister. Images show severe reduction in cerebral metabolism in the parietal, temporal and frontal lobes. SSP analysis confirms the high
significance of the hypometabolism in the associative cortex in parieto-temporal regions and in the frontal lobe, while primary motor
and visual cortex are normal.
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Figure 3. (A, B) Genetic analysis of proband. (A) NGS sequencing results displayed on the genome browser visualization tool
Integrative Genome Viewer (IGV). The A deletion in the AGG codon at position 67 is shown. (B) Sanger sequencing confirming the

deletion with the resulting frame-shift.

to American College of Medical Genetics criteria.’ In par-  (pathogenic moderate) criteria, according to both Varsome
ticular, the variant met the “Effect on protein” PVS1 (patho-  (https:/varsome.com/) and Franklin by Genoox (https:/
genic very strong) and the “Population data” PM2 franklin.genoox.com/clinical-db/home analysis) analyses.
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The proband’s sister also underwent the complete NGS ana-
lysis and the same SORLI variant was detected, strongly
supporting its pathogenic nature. Genotyping of APOE
showed €3/e4 alleles in both patients.

Discussion

SORLI, also known as LR1I or SORLA, encodes a large,
multi-domain, membrane-bound receptor, widely expressed
in the brain. At the plasma membrane, it can follow a signal-
ing or a trafficking pathway.’® As for the trafficking
pathway, it is involved in sorting of different proteins
and, in particular, of amyloid-p protein precursor (ABPP),
guiding intracellular trafficking and processing of this
protein. APPP undergoes a series of trafficking steps
within cells. Nascent ABPP protein is generated in ER, pro-
cessed in the Golgi and transported through secretory vesi-
cles to the cell surface. At the cell surface, most ABPP
molecules are cleaved in the non-amyloidogenic pathway,
while some APPP is internalized by clathrin-mediated endo-
cytosis and directed to endosomes. In late endosomes,
sequential cleavage by the B- and the y-secretases results
in the production of the AP peptide which can then be
secreted in the extracellular compartment or be directed to
lysosomes. SORL1 can bind both APPP and AP and act
as a repressor of Af secretion, both by redirecting ABPP
to the plasma membrane or by targeting AP peptides to
lysosomes for degradation.”

Thus, SORLI can contribute to the reduction of the amy-
loidogenic burden. Therefore, it is not surprising that
reduced expression or altered SORLI activity, induced by
genetic variants in the SORLI gene, might lead to an
increase in A that, in turn, contributes to the pathogenesis
of AD.” In fact, the heterozygous variant NM_003105.5:
¢.199delA is located in exon 1 of SORLI at codon 67 and
causes a protein frame-shift leading to a STOP codon
after 32 amino acids. This 98 amino acid abnormal
peptide is very likely unstable and subjected to degradation,
leading to SORL1 protein reduction, which may be deleteri-
ous for its function, including APPP and AP metabolism.

Endo-lysosomal pathways sustain essential physio-
logical functions in the cells, and several genes coding for
proteins involved in these pathways are associated with
neurodegenerative diseases, as failure of proper protein traf-
ficking and degradation could underlie neuronal dysfunc-
tion.® As for SORLI, although primarily associated with
AD, rare variants have been found in frontotemporal
dementia and Lewy body disease cases,”'® qualifying
SORL1 as a cross-disease gene and underlying the
common pathological pathways which are behind these
brain diseases. '’

SORLI appears to have a strong association with the
occurrence of both late onset, sporadic form of AD and
less frequent, early onset, familial form of AD. The first evi-
dence came from case-control studies based on common

SNP variants present in 6 candidate genes, among which
there was SORLI, for which two associated haplotypes
were identified."' Further genome-wide association
studies showed that SORL1was one of the 20 loci associated
with AD risk with genome-wide significance (p value
threshold: <5 x 107%).'?

Due to the development of NGS, whole exome sequen-
cing allowed the detection of rare (minor allele frequency
<1%) coding variants, evaluated both as single variants or
collapsed in the gene-based analysis.*'® In particular, for
SORLI, truncating variants (creating a Stop codon) and
missense variants defined as pathogenic according
to multiple in silico tools, were detected in several
studies, even reaching the so-called exome-wide signifi-
cance (p value threshold: <2.5 x 10_6), in late-onset AD
(LOAD) as well in early-onset AD (EOAD), with odd
ratios higher than for the common variants previously
studied and increasing from LOAD to apparently sporadic
EOAD to EOAD with positive family histories showing
autosomal dominant patterns.*

Since a number of families with autosomal dominant
inheritance of EOAD are not accounted for by APP,
PSENI, or PSEN2 mutations, a search for additional
genetic causes is required. In a SORLI-centered study, in
7 out of 29 such families, SORLI putative pathological var-
iants were identified, although a segregation analysis could
not be performed, except in one case;'* similarly, in a more
recent study, 6 AD families carrying a SORLI variant have
been reported, autosomal dominant inheritance being
present in 3 of them.'> Anyway, some pedigrees have
been described where rare SORLI variants segregated
with EOAD'*'7 or LOAD.”

In the same line, in our family, five subjects in two
generations were reported as affected by AD, with apparent
autosomal dominant inheritance and positive segregation.

Thus, based on the wide amount of these data, the ques-
tion has arisen whether SORLI may be considered an AD
monogenic causative gene alongside with APP, PSENI,
and PSEN?2, further supporting the central role of amyloido-
genic processing in the etiology of this disorder. Presently,
some critical elements must be taken into account: (i) the
co-occurrence of additional variants in other risk genes
such as ABCA7,'® or modifier genes such as APOE""; (ii)
the existence of several families in which the segregation
is imperfect, with the presence of elderly non affected sub-
jects carrying the variant or affected subjects without the
variant.

There are some limits in this study: (i) The presence in
our patients of one €4 allele in APOE, a well-known risk
factor for AD development, may, on one hand, be consid-
ered to reinforce the effect of the R67GfsTer32 SORLI
variant on the severity of disease but, on the other hand, it
may be a confounding factor as for the causative nature
of the variant. This was also pointed out in previously pub-
lished reports.17 (ii) In addition, functional studies are
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lacking, while they would be of utmost interest to define the
influence of this SORLI variant on ABPP metabolism.

To settle the question whether SORLI can be considered
an AD causative gene, more pedigree-based segregation
studies are needed, together with studies on age-related
penetrance provided with an adequately high number of
patients. In addition, the effect of modifier genes must be
deeply investigated. Accordingly, we think that it is very
important to signal familial cases due to (likely) pathogenic
SORLI variants, such as our pedigree, to add to future ana-
lyses in order to define the real genetic contribution of
SORLI to AD pathogenesis.
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