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Abstract

Early-onset dementia (EOD), with symptom onset before age 65, has a strong genetic burden. Due to genetic

and clinical overlaps between different types of dementia, whole-exome sequencing (WES) has emerged as an appro-
priate screening method for diagnostic testing and novel gene-finding approaches. We performed WES and C9orf72
repeat testing in 60 well-defined Austrian EOD patients. Seven patients (12%) carried likely disease-causing variants

in monogenic genes, PSEN1, MAPT, APP, and GRN. Five patients (8%) were APOE4 homozygote carriers. Definite

and possible risk variants were detected in the genes TREM2, SORL1, ABCA7 and TBK1. In an explorative approach,

we cross-checked rare gene variants in our cohort with a curated neurodegeneration candidate gene list and identi-
fied DCTN1, MAPK8IP3, LRRK2, VPS13C and BACE1 as promising candidate genes. Conclusively, 12 cases (20%) carried
variants relevant to patient counseling, comparable to previously reported studies, and can thus be considered
genetically resolved. Reduced penetrance, oligogenic inheritance and not yet identified high-risk genes might explain
the high number of unresolved cases. To address this issue, we provide complete genetic and phenotypic information
(uploaded to the European Genome-phenome Archive), enabling other researchers to cross-check variants. Thereby,
we hope to increase the chance of independently finding the same gene/variant-hit in other well-defined EOD
patient cohorts, thus confirming new genetic risk variants or variant combinations.
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Background

Early-onset dementia (EOD), with symptoms appearing
before the age of 65, such as early-onset Alzheimer’s dis-
ease (EOAD) and frontotemporal dementia (FTD), rep-
resents about 1-2% of all dementia cases [1]. EODs are
typically thought of as disease forms with highly pene-
trant genetic contributions [2—4]. The disease commonly
aggregates within families in these patients, with 10—15%
showing an autosomal dominant pattern of inheritance
[5]. Nonetheless, although a high heritability is known,
a monogenetic cause or clear genetic risk factor is only
identified in a small part of these cases. In recent studies
of EOD cases, whole-exome sequencing (WES) yielded
an overall diagnostic rate of ~16-30% [6—9]. Neverthe-
less, clinical genetic testing is not routinely performed
for EOD, and WES remains poorly studied as a potential
genetic diagnostic tool for late-onset neurodegenerative
disorders. In this study, we systematically assessed the
genetic background of EOD by comprehensive genetic
screening of 60 clinically well-characterized patients
using WES, copy number variation (CNV) analysis and
C9orf72 repeat-primed PCR-analysis.

Our objectives were as follows: (i) to evaluate the
genetic burden in the patients caused by mutations in
monogenic disease genes and established risk factors, (ii)
to suggest possible new candidate genes for EOD, (iii) and
to share detailed genotypic and phenotypic data with the
scientific community in a publicly accessible database.

Results

Genetic findings are presented according to the implica-
tion of the variant on an individual basis. In this context,
we structured our patient cohort into three categories:
(i) causal variants and variants that contribute to a large
extent to the disease and whose carriers are therefore
considered to be resolved from a genetic-diagnostic per-
spective (carriers of variants relevant for diagnostics), (ii)
variants in established risk genes that confer medium to
low risk for an individual to develop dementia (carriers
of well-established and potential new risk variants) and
(iii) potential disease-contributing variants in non-clas-
sical dementia genes (possible new candidate genes for
dementia). Essential clinical and genetic characteristics of
all 60 patients are shown in Table 1. A detailed clinical
description of each patient is given in Additional file 1.

Carriers of variants relevant for diagnostics

We defined carriers of variants relevant for diagnos-
tics as those carrying mutations that explain the onset
of disease to a large extent. These variants confer high
age-dependent penetrance. Patients and family mem-
bers carrying these variants should be offered genetic
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counseling. This group includes carriers of pathogenic
and likely pathogenic variants in autosomal dominant
AD genes as defined by the American College of Medi-
cal Genetics and Genomics and the Association for
Molecular Pathology (ACMG) [10]. We also included
individuals homozygous for the APOE4 allele in this
category. Although this genotype is not fully penetrant
and cannot be classified as causal for EOD, the lifetime
risk of carriers for developing cognitive deficits at age
85 is estimated to be approximately 80% [11].

In total, we identified 12 patients (20%) in this group,
seven carrying pathogenic variants in the autosomal
dominant genes PSEN1 (n=2), MAPT (n=1), APP
(n=3) and PGRN (n=1) and five homozygous APOE4
allele carriers (highlighted in bold in Table 1).

Notably, testing the C9orf72 repeat length revealed
no pathological repeat expansion in our cohort.

The identified mutations in these pathogenic and likely
pathogenic variants correspond with the clinical diagnosis.

Carriers of well-established and potential new risk variants
We defined carriers of well-established risk variants
as those harboring variants conferring low to medium
risk for dementia, i.e., variants that increase risk but
are not causal for disease. Overall, 33% of our study
cohort were carriers of established risk variants, which
includes APOE4 heterozygote- and TREM2 risk variant
carriers (n=20). Eighteen patients were heterozygote
carriers of the APOE4 allele. Two patients (EOD-2 and
EOD-36) carried the well-established TREM2 risk vari-
ants p.(R47H) and p.(R62C), respectively, [12, 13].

We defined potential new risk variants as rare vari-
ants with unknown significance in established risk
genes. We identified three patients carrying missense
variants in two genes, ABCA7 [p.(P972S) in EOD-18]
and SORL1 [p.(M1005R) in EOD-44 and p.(G1536) in
EOD-46]. Both genes have been widely described as
implicated in late- and early-onset forms of AD [14,
15]. However, none of the three variants has yet been
reported in association with dementia. SORLI1-p.
(G1536S) is reported to be very frequent in the Ash-
kenazi Jewish population, with 1 out of 130 individuals
carrying this variant in the heterozygous state as indi-
cated in the gnomAD database (allele count: 40/10370;
MAF:0.0038). Interestingly, located only one amino
acid next to G1536S, another variant, p.(G1535N),
has previously been described to cause a maturation
defect of the protein, leading to reduced expression and
excretion deficiency [16]. Both ABCA7-p.(P972S) and
SORL1-p.(M1005R) have not been reported in the gno-
mAD vyet.
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Possible new candidate genes for dementia

Next, in a more exploratory approach, we investigated
whether non-classical dementia genes might contrib-
ute to disease risk. We compiled a list of 564 genes
described in the literature as linked to different forms
of neurodegeneration. This list included, for example,
suggested but unproven candidate genes in various neu-
rodegenerative diseases, low-risk genes from genome-
wide association studies, or candidate genes from animal
or functional studies (for the complete list of genes, see
Additional file 1: Table S2). Those genes were then cross-
checked with all rare, predicted protein-altering variants
(MAF <0.01%) present in our patients. We subsequently
selected candidate genes based on one of the following
criteria: (i) repeated occurrence of the same variant in
different patients, (ii) occurrence of different variants in
the same gene in different patients or (iii) variants with
a strong association with pathways involved in demen-
tia pathogenesis. Here, we identified hits in five genes
(DCTN1, JIP3 aka MAPKSIP3, LRRK2, BACE1l and
VPS13C).

The patients’ genetic and clinical information are
abbreviated as follows: sex (male/female); diagnosis (Dg);
age at onset (AAQ); family history (FH); interpretation
of the variant according to ACMG (ClinVar); genotype
counts in the Genome Aggregation Database (gnomAD).

Whenever possible, we carried out genetic tests on
symptomatic relatives of patients. Unfortunately, there
were no more symptomatic relatives who were alive (e.g.,
EOD-17, EOD-37), or the patients were not in contact
with them (e.g., EOD-15). For ethical reasons, we did not
perform genetic testing on the (asymptomatic) offspring
unless the asymptomatic offspring specifically requested it.

DCTN1

We identified four patients with rare missense variants
in the dynactin subunit 1 gene (DCTN1). (i) EOD-15:
p-(E740K); male; Dg: AD; AAO: 64; FH: positive (sis-
ter and cousin: AD); gnomAD: 1/251.410. (ii) EOD-26:
p-(P994A); female; Dg: AD; AAO:56; FH: negative; Clin-
Var: VUS in a case of distal motor neuronopathy; gno-
mAD: not present. (iii) EOD-33: p.(S174L); female, Dg:
AD; AAO:42; FH: unknown; ClinVar: VUS in a patient
with no disclosed clinical details; gnomAD: 1/221.382
(iv) EOD-58: p.(R141C); female; Dg: mixed dementia
(AD+VD); AAO: 57; FH: negative; ClinVar: VUS; gno-
mAD: not present.

Autosomal dominant mutations in the DCTN1 gene
cause Perry syndrome, characterized by Parkinsonism,
psychiatric symptoms, weight loss and central hypoten-
sion (OMIM#168605) [17, 18]. However, patients with
pathogenic DCTN1 mutations may exhibit more diverse
phenotypes, such as progressive supranuclear palsy- and/
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or FTD-like syndromes as well as distal hereditary motor
and sensor neuropathies [18]. DCTNI, which encodes
p150glued, is the largest subunit of the dynactin complex
and is involved in microtubule binding and molecular
transport [19]. An interesting link to monogenic demen-
tia has recently been revealed, as DCTN1 has been found
in a yeast two-hybrid screen to directly interact with APP
and tau (encoded by MAPT), suggesting that these three
proteins are linked at a molecular level [20]. Also sup-
portive of the role of DCTN1 in EOD is that three of four
of our variants are listed in clinico-genetic databases.
p-(S174L), p.(P994A) and p.(R141C) in ClinVar, (VUS)
and p.(S174L), listed in the in-house database of the
Institute of Human Genetics in Munich. Here, two out of
25.000 individuals (one with hereditary motor and sensor
neuropathy and one with ALS) were found to carry the
p.(S174L) variant. All pathogenic mutations described
so far for Perry syndrome cluster in exon 2, within the
CAP-Gly domain. The variants identified in our patients
are all located outside this domain, in exon 8, p.(R141C);
9, p-(S174L); 19, p.(E740K) and 28, p.(P994A), respec-
tively, and thus cannot be considered as pathogenic for
Perry disease. However, there have also been reports of
DCTN1-variants linked to FTD and ALS variants outside
the CAP-Gly domain [18].

JIP3; MAPKS8IP3

We identified two patients with rare missense variants in
the C-jun-amino-terminal kinase interacting protein 3
(JIP3), aka mitogen-activated protein kinase 8 interact-
ing protein 3 (MAPKS8IP3) gene. MAPKSIP3 is an adap-
tor protein of the kinesin-1 complex and is essential for
axonal transport in neurons [21-23]. (i) EOD-17: a direct
splice AG > GG variation in intron 22 adjacent to exon 23
(GRCh37/hgl9: g.chr16:1816528 A>G; c. 2817-2A>G,
NM_015133); male; Dg: AD+PD; AAO: 60; FH: posi-
tive (mother, maternal aunts, grandmother: unspecified
dementia; cousin: EOAD); gnomAD; not present. Tran-
scriptome analysis of the patients’ blood RNA revealed
aberrant splicing between exons 22 and 23, which indi-
cates that this variant causes a loss of function (LoF)
(Additional file 1). (ii) EOD-26: p.(R696H); female; AD;
AAOQO: 56; FH: negative; gnomAD: not present. Notably,
the same patient also carried the DCTN1-p.(994) vari-
ant (see above). De novo missense mutations cluster-
ing in specific protein regions were recently identified
in patients with childhood-onset developmental delay
and epilepsy [24, 25]. Notably, according to gnomAD,
eleven out of >140.000 individuals are predicted to carry
heterozygous LoF variants in MAPKSIP3, indicating
that pathogenic variants associated with developmental
delay are not caused by LoF but rather gain of function
variants. In line with these considerations, our patients
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showed no signs of developmental delay or structural
brain abnormalities.

Recent observations suggest a role of MAPKS8IP3 in
neurodegeneration. Mice lacking Mapk8ip3 show an
accumulation of lysosomal vesicles containing amyloid
processing enzymes and increased production of toxic
species of amyloid beta (AP) [26]. Furthermore, most
indicative of a potential role of MAPKS8IP3 in dementia
is the significant association of rare LoF variants with the
disease, as revealed by a large-scale WES study includ-
ing ~7.000 AD patients [27]. It is, therefore, tempting
to speculate that reduced protein levels confer risk in
neurodegeneration.

LRRK2

Leucine-rich repeat kinase 2 (LRRK2) is a major causa-
tive gene of late-onset familial Parkinson’s disease (PD)
(OMIM#607060). Remarkably, some of the clearly PD
associated mutations have also been found in patients
suffering from atypical PD and tauopathies [28-33].
Three patients in our cohort were identified to carry
rare variants in the LRRK2 gene. Two patients carry
the same LRRK2 variant. (i) EOD-20: p.(L2466H);
male; Dg: AD; AAO: 57; FH: unknown; (ii) EOD-37:
p-(L2466H); female; Dg: AD, AAO: 52; FH: positive
(mother, unspecified dementia); gnomAD: 1/250,300.
Although both patients originate from Serbia, they
do not seem closely related as the number of shared
SNPs is not higher than in any other pair of unrelated
individuals (<7% of rare variants with MAF <0.01%).
p.(L2466H) has been identified in previous PD case—
control studies, but no clear association with PD has
been established [34]. (iii) EOD-53: p.(M24591); male;
Dg: AD; AAO: 57; FH: negative; gnomAD: not pre-
sent. Recent work has revealed that LRRK2 phospho-
rylates a subgroup of 14 endogenous RabGTPases. [35,
36]. Consistent with Rab proteins comprising disease-
relevant substrates, all established high penetrant
PD-causing mutations enhance LRRK2-mediated Rab
protein phosphorylation and measuring Rab10 phos-
phorylation has become a reliable readout for patho-
genic LRRK2 mutations[37]. To address the question of
whether p.(L2466H) increases LRRK2 kinase activity,
we assessed Rab10 phosphorylation in neutrophils and
monocytes derived from peripheral blood of the male
patient (EOD-20) carrying the p.(L2466H) variant and
his asymptomatic mother, who also carries this variant,
using quantitative multiplexed immunoblot analysis, as
recently described [38, 39]. In addition, we employed a
cellular HEK293 overexpression system of LRRK2 vari-
ants to directly assess the impact of the LRRK2 L2466H
variant on endogenous Rab10 phosphorylation at Thre-
onine 73 in comparison to LRRK2 wildtype and LRRK2
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R1441G as a kinase-activating controls as previously
described [37]. LRRK2 dependent Rab10 phosphoryla-
tion was neither observed in patient derived peripheral
blood neutrophils nor in the cellular HEK293 assay
(Additional file 1). These results are in keeping with
a recent large-scale overexpression study, where 100
LRRK?2 variants were tested, including L2466H [37].
These functional results and the fact that the LRRK2
p-(L2446H) lacks genetic association with PD, make
it unlikely that p.(L2466H) promotes disease in the
same way as typical high susceptibility PD variants, i.e.,
increasing Rab phosphorylation. Notably, the fact that
the non-affected mother, who died at the age of 83, also
carries the variant indicates that p.(L2466H) cannot
be fully penetrant. Both p.(L2466H) and p.(2459I) are
located in the C-Terminal part of the protein within the
WD40 domain. Taken together, our data do not sup-
port a clear pathogenic effect of p.(L2466H), at least
concerning kinase function. However, it would be inter-
esting to investigate whether p.(L2466H) or p.(M2459I)
might exert a pathogenic effect via a non-kinase-acti-
vating mechanism.

BACE1

One patient was found to carry a novel variant in the
[B-site APP-cleaving enzyme 1 (BACE1) gene. (i) EOD-
8: p.(M476T); male; Dg: bvETD; AAO: 56; FH: negative;
gnomAD: not present. BACEL is a key enzyme in the
formation of the APpeptide. It cleaves APP to generate
a C-terminal fragment (B-CTEF). The p-CTF fragment is
then further processed by the y-secretase to produce Ap
fragments.

Interestingly, especially since the variant is located in
the transmembrane region, p.(M476T) replaces a hydro-
phobic amino acid (methionine) with a polar amino acid
with an uncharged side chain (threonine). The trans-
membrane domain is necessary for the access of BACE1
enzymatic activity to the cellular APP substrate [40].
Although mutations in the APP gene near the [3-secretase
sites can cause autosomal dominant AD [41-43], to date,
no gene variations in the BACE1 gene have been directly
linked to the disease. However, in a recent study, epige-
netic changes in the BACE1 gene were associated with
AD. A highly significant hypomethylation of the BACE1
enhancer region in prefrontal cortex neurons of AD
patients was linked with increased expression of BACEI.
Intriguingly, these changes occurred early in the disease
process and can be assumed to have a major impact on
pathogenesis [44]. This suggests that genetic determi-
nants, possibly via epigenetic factors, might also increase
the risk for AD.
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VPS13C

We identified four patients with rare variants in the vacu-
olar protein sorting-associated protein 13C (VPS13C).
(i) EOD-14: p.(V1434I); male; Dg: AD/ logopenic variant
primary progressive aphasia (IpPPA); AAO:61; FH: nega-
tive; gnomAD: not present. (ii) EOD-43: p.(I1050V); male;
Dg: AD; AAO:63; FH: negative; gnomAD: 22/281516.
(iii) EOD-8: p.(S3253G); male; Dg: bvFTD; AAO: 56; FH:
negative; gnomAD: 5/281508. This patient also carried
the BACE1- p.(M476T) variant. (iv) EOD-49: p.(12429T);
male; Dg: FTD/nfPPA; AAO:58; FH: negative; gnomAD:
not present. VPS13C is involved in the regulation of
mitochondrial function and the regulation of PINK1/
PRKN-mediated mitophagy. Bi-allelic LoF variants in
the VPS13C gene cause autosomal recessive, early-onset
PD. Several indications point to the role of VPS13C in
dementia. Bi-allelic VPS13C PD patients show a strong
association with early cognitive decline [45]. Further-
more, rare heterozygous VPS13C variants were recently
found to be associated with DLB [46]. We performed a
survey for associations of rare VPS13C variants with
disease phenotypes using UK biobank data, including
50.000 individuals [47]. Interestingly, the strongest asso-
ciation was found with dementia (p<2x10-3) (https://
ukb-50kexome.leelabsg.org/gene/VPS13C); However, it
has to be mentioned that only 60 cases with dementia
were included in this calculation.

Age at disease onset (AAO)
Next, we investigated whether the groups defined in this
study showed differences in their AAO.

We found a highly significant earlier AAO in “Carri-
ers of variants relevant for diagnostics” section (n=12,
median AAO=51, IQR=48-54) compared to the rest
of the cohort (n=48, median AAO=58, IQR=55-61;
p<0.0001). There was also a non- significant ten-
dency towards an earlier AAO in carriers of autosomal
dominant variants PSEN1, APP, PGRN, and MAPT
(n=7, median AAO=49, IQR=44-54) compared to
APOE4 homozygous patients (n=5, median AAO=53,
IQR=50-56), (p=0.39, Fig. 1). The subgroup of
APOE4 homozygote carriers showed significantly ear-
lier AAO compared to carriers of established risk vari-
ants (APOE4/4: n=5, median AAO=53, IQR=50-56
vs. risk variants: =16, median AAO =58, IQR=55-61,
p=0.036, adj. p=0.138) and the rest of the cohort with-
out established variants (no variant: #=32, AAO=58,
IQR=55-62; p=0.048, adj. p=0.138), though signifi-
cance was lost after correcting for multiple comparisons.

Comparison of the AAO in carriers of established risk
variants (including APOE4 heterozygote and TREM2-
R47H carriers, n=16) revealed no difference in their
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Fig. 1 The boxplot compares the AAO in patients carrying autosomal
dominant variants (a.d., n=7), APOE4/4 carriers (n=5), established
risk variants (n=16) and those without established variants (n=32).
Significantly earlier onset was found in the a.d. group compared
to the risk variant (p=0.003) and no variant (p=0.002) group. Note
that the difference to APOE4 homozygote carriers was statistically
not significant (p=0.385). Significance was lost when correcting
for multiple testing comparing APOE4/4 carriers to patients carrying
risk variants (p=0.036, adj. p=0.138) and to patients with no variant
(p=0.048, adj,p=0.138) No difference was found between carriers
of risk variants) compared to the rest of the cohort (p=0.849).
Statistical analysis was performed using Mann-Whitney U test
and corrected for multiple testing using the Holm-Sidak method;
boxplots represent median, quartiles and outliers according
to the Tukey method; a.d.=autosomal dominant variants in PSENT,
MAPT, APP, GRN; APOE4/4 = APOE4 homozygote carriers; risk
variant= patients with established risk variants, including TREM2
p.(R417H) and APOE4 heterozygotes; no variant=patients
with no established risk variants nor variants in established risk
genes (including patients with potential new risk variants and new
candidate gene variants for dementia). Note that one patient, EOD-2,
who carries two established risk variants (heterozygous APOE4
and TREM2 p.(R62C) and one autosomal dominant variant MAPT
p.(P636L), was only assigned to the group of autosomal dominant
carriers

AAO to the rest of the cohort (#=32; median AAO=58
in both groups; p=0.85). Notably, the patients also car-
rying variants relevant for diagnostics (n=12) were
excluded from the analysis of risk variants.

Family history

Next, we were interested in whether the groups, as
defined in this study, show differences in their family
history of dementia. For this purpose, all patients were
given a score between 1 and 4 as per Goldman et al. [5,
48], where 1 represents the strongest degree of a familial
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background of dementia and 4 the weakest. Patients with
an unknown family history were rated as 4.5 (see “Mate-
rials and methods” section).

Carriers of autosomal dominant mutations showed
the highest degree of positive family history, with 43%
(n=3/7) having the highest score of 1, defined as the
presence of at least three affected family members in
two generations. Two patients scored 3, defined as one
other affected family member with young-onset demen-
tia within the family; of note, one patient within this
group, EOD-18, carried an APP duplication, which had
been confirmed to have occurred “de novo” This patient
had no family history of dementia. Thus, one should keep
in mind that a negative family history does not automati-
cally imply the absence of a highly penetrant mutation.
Not unexpectedly, APOE4 homozygote carriers showed
only moderate familial background of dementia. Three
out of five patients scored 3.5, defined as one other
affected family member with an age of onset above 65.
This reflects the well-known semi-dominant inheritance
mechanism of the APOE4 allele: first-degree relatives
(parents and children) inherit only one APOE4 allele
which, in its heterozygote state, is associated with only
moderate disease risk (odds ratio ~3) and usually late
disease onset (Fig. 2).
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Fig. 2 The bar graph shows the relative frequency of strong FH
(Goldman score 1-2), moderate to low FH (3-3.5) and negative

or unknown FH (4-4.5) in patients with autosomal dominant variants
(a.d.; PSENT, MAPT, APP duplication/missense mutation, GRN),
APOE4/4: Homozygote APOE4 carriers; risk variant: well-established
risk variants (TREM2, APOE4) and no variants in established risk genes
or of unknown significance
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Discussion

In this study, we conducted a comprehensive analysis of
high and moderate genetic risk factors in an Austrian
cohort of early-onset dementia (EOD).

For this, we performed extensive genetic screening
using WES, copy number variation (CNV) analysis and
C90rf72 repeat-primed PCR-analysis. We identified 12
patients (20%) with high penetrant risk variants whom
we defined as “Carriers of variants relevant for diag-
nostics” section (these include pathogenic variants in
APP, MAPT, PSEN1, GRN and the APOE4/4 genotype).
In this group, we also included APOE4 homozygotes,
although this genotype is not highly penetrant and there-
fore does not have the same diagnostic significance as
causal variants in autosomal dominant genes. However,
their lifetime risk for developing dementia or cognitive
impairment is considerably high, with estimates rang-
ing from 30 to 50% [49] and up to over 80% in 80-year-
olds [11]. Additionally, amyloid deposition was shown
to start earlier in life than in non-carriers and genotyp-
ing is recommended when considering recently approved
anti-amyloid monoclonal antibodies [50]. For most of
our patients (80%), we could not find highly penetrant
mutations or the APOE4/4 genotype, thus leaving the
overwhelming part of our patients “genetically unex-
plained” This is in accordance with previous WES stud-
ies in EOD, where a diagnostic yield of only 16-30%
has been observed [6-9]. Notably, detection of CNVs
from WES data has limitations, especially regarding the
detection of small CNVs, making a reliable detection dif-
ficult. Although we used specific software applications
(CNV read-depth analysis tool ExomeDepth; [51]) and
manual evaluation of the coverage in highly penetrant
genes, we cannot exclude that we have missed deletions
or duplications, particularly of single exons or genes.
Variants conferring a high lifetime risk are generally con-
sidered “diagnostically relevant’, and patients should be
informed. However, there is uncertainty and lack of clear
guidance with regards to what penetrance, respectively,
lifetime risk, a variant should be categorized as relevant
for patient counseling. Nevertheless, classifying variants
as ‘diagnostically relevant’ is an important category and
will become more and more relevant, in view of emerging
disease modifying therapies and potentially other action-
able choices with regards to family planning and lifestyle
choices.

Additionally, we describe patients with established
risk variants (TREM2, APOE4 heterozygotes) and rare
variants in known risk genes (ABCA7 and SORLI),
which have not yet been described in the literature
(carriers of well-established and potential new risk
variants). Although no reliable assumption about their
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pathogenicity can be made at this stage, it is plausible
that some of them could confer increased risk. The rar-
ity of these missense variants and their incomplete pene-
trance makes it difficult to assess how they may influence
a disease as heterogeneous as dementia. Here, it is also
important to evaluate whether they act through a loss or
gain of function in order to determine their pathophysi-
ological mechanisms. Testing these variants in larger
case—control cohorts is necessary to answer this ques-
tion. However, it should be mentioned that a reliable
statement can only be made if variants are tested in their
population-specific cohorts, such as SORL1-p.G1536S,
which is almost exclusively present in the Ashkenazi Jew-
ish population.

As expected, carriers of mutations in autosomal domi-
nant genes showed the earliest age of onset and the
strongest familial background compared to the other
patients. 70% (n=5/7) of them had Goldman scores
from 1 to 3, but only 31% (n=>5/16) of “risk variant car-
riers” and 16% (n=5/32) of “no variant carriers” scored
in this range. The weaker familial background in these
groups may indicate that oligogenic inheritance mecha-
nisms may play a more important role in these patients,
as previously suggested for AD [52-55]. In this respect, it
is interesting to highlight patient EOD-2, whose disease
onset was at 44 years of age, the second youngest in the
entire cohort. He carried three disease variants; the likely
causal variant MAPT-p.(P636L), the established risk vari-
ant TREM2-p.(R62C) and an APOE4/3 genotype. It is
tempting to speculate that additive effects may contrib-
ute to this exceptionally early disease onset.

Finally, in a more exploratory approach, we aimed to
search for potential new risk genes. For this purpose,
we compiled a list of 564 genes that were previously
considered genetically or functionally related to neuro-
degeneration (Additional file 1: Table S2). We then pri-
oritized those genes in which variants were found in at
least two patients or strongly associated with pathways
involved in dementia pathogenesis. We nominate five
genes (DCTNI1, JIP3/MAPKSIP3, LRRK2, BACE1 and
VPS13C) as promising candidates. However, it must be
clearly stated that no statistical evidence can be provided
for any of these five genes. In addition, due to our selec-
tion criteria and the small size of the cohort, very rare
variants that possibly contribute to disease risk may have
been missed in our analysis. A major problem in identify-
ing new disease genes is the tremendous number of vari-
ants and variant combinations in any given individual. At
best, statistical proof is possible when the same variant
or variant combinations are found repeatedly in different
patients. Assuming that new potentially pathogenic vari-
ants, as described here, rarely occur, appropriately large
cohorts are needed to have a chance of a second finding.
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We believe that one way of addressing this problem is to
provide unabridged sequencing results along with clinical
information to the scientific community. Our approach
is to deposit all of our exome data in the European
Genome-Phenome Archive (EGA), making it accessible
to all qualified users. Thereby, we hope to increase the
chance that the same gene/variant-hit might be found
independently in other well-defined EOD patients, thus
confirming new genetic risk variants or variant combina-
tions. We acknowledge that no definite conclusions on
pathogenicity of our proposed candidate genes can be
drawn from the present study, and we emphasize that the
nomination of these candidate genes is intended as a sug-
gestion and impetus for further research.

Altogether, we present 60 EOD patients that have been
extensively studied, both genetically and clinically. We
show that in only 20%, the underlying disease cause can
be explained with high probability by high-penetrant
mutations (PSEN1, MAPT, APP, and GRN) and homozy-
gosity of the APOE4/4 genotype These variants are rel-
evant for supporting the diagnosis, patient counseling
and, eventually, also for future therapeutic interventions.
Carrier status of such genotypes also correlates with early
disease onset and, in the case of autosomal dominant
variants, the strongest family history in this cohort.

In addition, we present potentially novel risk variants
in established and new genes. Our cohort’s clinical and
genetic data will be made publicly available to allow other
researchers to perform an independent analysis. Thus,
we hope that potentially new genetic risk variants can be
confirmed.

Materials and methods

Patients

Participants were recruited from the memory outpatient
clinic of the Department of Neurology of the Medical
University of Vienna from July 2017 to February 2022.
Written informed consent, including publication of data
in scientific journals and deposition in scientific data-
bases, was obtained from all participants during the
inclusion in two existing registries: Dementia Registry
RDA MUYV (EK 1323/2018) and the BIOBANK MUYV (EK
2195/2016).

The inclusion criterion was the diagnosis of any type
of dementia with symptom onset before 65 years. The
diagnosis of AD was based on the National Institutes of
Health recommendations and the Alzheimer’s Associa-
tion criteria [56].

Patients were diagnosed with posterior cortical atrophy
(PCA) according to the 2017 Consensus classification of
posterior cortical atrophy [57].

The diagnosis of behavioral frontotemporal demen-
tia (bvFTD) was based on recommendations of the
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International Behavioral Variant FTD Criteria Consor-
tium (FTDC) [58]. Diagnosis of primary progressive
aphasia (PPA), particularly semantic variant PPA (svPPA),
non-fluent/agrammatic variant PPA (nfPPA) and logo-
penic variant PPA (IpPPA) followed the guidelines of an
international group of PPA investigators [59]. Vascu-
lar dementia (VD) was diagnosed according to the 1993
recommendation of the National Institute of Neurologi-
cal Disorders and Stroke and Association Internationale
pour la Recherche et I'Enseignement en Neurosciences
(NINDS-AIREN) [60]. Diagnosis of mixed dementia fol-
lowed the 2010 IWG-2 criteria [61]. Lewy Body dementia
(LBD) was diagnosed according to the 2017 consensus
report of the Dementia with Lewy Bodies Consortium
[62]. Amyotrophic lateral sclerosis (ALS) diagnosis was
based on the 2020 Goldcoast Criteria [63]. The diagno-
sis of a corticobasal syndrome (CBS) followed the 2013
criteria by Armstrong et al. [64]. All 60 patients with an
objective cognitive decline underwent a thorough stand-
ardized diagnostic examination, including physical and
neurological evaluation, neuropsychological testing,
magnetic resonance imaging (MRI) of the brain and basic
laboratory testing. We extended our diagnosis with a
biomarker-based approach for a subset of patients. Levels
of AB(;_43), PTaug;p) and tTau were measured with com-
mercially available enzyme-linked immunosorbent assays
(ELISA) (Innotest hTAU-Ag, Innotest phosphoTAU
181p, Innotest beta-Amyloid 1-42) [65, 66].

CSF analyses of established AD biomarkers (Ap1-42,
tTau, pTau) were available in 49 patients, amyloid-PET
imaging was performed in 50 patients, and 43 patients
underwent both diagnostic methods. Unfortunately, in 4
patients (EOD-11, EOD-25, EOD-33 and EOD-54), it was
not possible to perform biomarker testing.

The CSF-biomarker thresholds were as follows: tTau:

. <300 pg/ml (21-50y)
« <450 pg/ml (51-70y)
+ <500 pg/ml (71y and older)

pTau (;41p): <61 pg/ml

AB(;_49):>500 pg/ml.

Amyloid positivity was defined by CSF and/or Amy-
loid-PET Imaging. In cases where both examinations
were available or discordant results were obtained, PET
determined amyloid status. Family history was catego-
rized by the modified Goldman score [5, 48], indicating
a strong to weak familial background of dementia on a
scale from 1 to 4, respectively. Patients with unknown
family histories were rated as 4.5. All clinical details are
shown in Additional file 1: Table S1.

All patients were of European origin.
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The project was approved by the Ethics Committee
of the Medical University of Vienna (EK 2137/2019) on
December 10th, 2019.

Whole-exome Sequencing (WES)

WES was performed on genomic DNA from 60 EOD
index patients using standard protocols followed under
stringent quality control, as previously described.
Briefly, exomic sequences were enriched in solution and
indexed with SureSelect Human All Exon v5 and v6 kits
(Agilent Technologies). Sequencing was conducted as
100-bp paired-end runs on an Illumina HiSeq4000 or
NovaSeq6000 systems. Raw data processing involved
(i) read alignment against the human assembly GRCh37/
hg19 using a Burrows—Wheeler-Aligner, (ii) variant call-
ing using Samtools and (iii) variant annotation using
Custom-Perl-scripts. At least 95% of targeted exome
bases were covered to a depth of 20X or greater in all
samples. Copy number variants (CNVs) were called
using the Exome Depth algorithm (version 1.1.10) [51].
Called variants included missense, nonsense, splicing,
and frameshift variants, together with CNVs. To prior-
itize variants, minor allele frequency (MAF) in Genome
Aggregation Database MAF<0.01% was applied. First,
we explored variants from genes where mutations have
been reported to cause autosomal dominant neurodegen-
erative dementias (PSEN1, PSEN2, APP, GRN, MAPT,
VCP, CHMP2B, FUS, TARDBP, TBK1 and PRNP). Addi-
tionally, as the, to date, best-known genetic risk factor
known for AD, the APOE4 genotype was collected, and
APOE4/4 homozygotes were determined as geneti-
cally resolved. Second, we selected variants in genes that
have already been associated with an increased risk of
suffering AD or FTD (ABCA7, SORL1, TREM2). Vari-
ants from WES were classified as (i) pathogenic (P), (ii)
likely pathogenic (LP), and variants of unknown sig-
nificance (VUS) according to the ACMG criteria. VUS
unrelated to dementia and (likely) benign variants were
not reported. Third, we attempted to prioritize poten-
tial candidate genes beyond the variants reported in a
diagnostic setting. We first generated a candidate gene
catalog of 564 genes, including low susceptibility genes
from dementia-GWAS studies, genes from WES stud-
ies and selected genes strongly associated with neurode-
generation in functional and animal studies (Additional
file 1: Table S2). We then searched for rare (MAF <0.01%)
non-synonymous (missense, indel, splice-site, frameshift,
nonsense) variants in each exome dataset and intersected
those genes with the candidate gene list. Decisive crite-
ria for selecting candidate genes were, among others,
the repeated occurrence of the same variant in different
patients or the occurrence of different variants in the
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same gene in different patients. To provide all rare vari-
ants to the scientific community, we deposited VCEF files
of exome datasets of each patient (MAF <0.01%) to the
European Genome-phenome Archive database (EGA)
(https://www.ebi.ac.uk/ega/home). Qualified users can
receive a password on request to access the data. The
complete WES data sets are also available on request by
contacting the corresponding author, Elisabeth Stog-
mann (elisabeth.stoegmann@meduniwien.ac.at).

C90rf72 testing

Flanking and repeat-primed (RP) PCRs for the sizing
of alleles and the detection of C9orf72 (G4C2) hexanu-
cleotide expansion polymorphism were performed using
FAM-labelled primers as previously described [67]. Final
detection and sizing of PCR products were performed
on the ABI 3500 Instrument (Applied Biosystems) using
GeneScanTM LIZ600 size standard v.2.0. (Applied Bio-
systems). To ensure technical and methodological accu-
racy, a positive control DNA with a proven C9orf72
expansion (> 1500 repeats) was included in the analysis.

RNA sequencing (Additional file 1: Fig. $2)

RNA was isolated from whole blood using the PAXgene®
Blood RNA System (BD, Franklin Lakes, USA). Accord-
ing to the manufacturer’s recommendations, RNA was
extracted using the PAXgene Blood RNA Kit (Quiagen,
Venlo, Netherlands). RNA sequencing was performed
using the TruSeq Stranded mRNA kit (Illumina, San
Diego, USA) for library preparation and a NovaSeq6000
sequencer.

Rab10 phosphorylation analyses of the LRRK2-L2466H
variant (Additional file 1: Fig. S1)
Monocytes and Neutrophils were isolated from periph-
eral human blood by immunomagnetic negative selec-
tion using the EasySep Human Monocyte/Neutrophil
Isolation Kit and Easy 50 EasySep Magnets (STEMCELL
Technologies) following the manufacturer’s protocol.
Cells were treated with or without the specific LRRK2
kinase inhibitor MLi-2 at 200 nM for 30 min. Quanti-
tative multiplexed immunoblotting was performed as
previously described [68] using antibodies against total
LRRK2, pSer935 LRRK2, total Rabl0, MJFF-pRAB10
(pT73) and GAPDH. Immunoblots were quantified for
phospho-Thr73 Rab10/total Rabl0 ratio using Odyssey
CLx Western Blot imaging.

HEK293 cells were transiently transfected with constructs
expressing either wild-type (wt), Flag-LRRK2[G2019S],
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Flag-LRRK2-R1441G and Flag-LRRK2-R1441G mutant.
24 h post-transfection cells were lysed and analyzed by
immunoblotting with the antibodies indicated above [69].
Membranes were developed using Odyssey CLx Western
Blot imaging.

Statistics

Differences in AAO between groups were evaluated
using Mann—Whitney U test followed by correction for
multiple testing by the Holm-Sidak method. All calcu-
lations were performed using GraphPad Prism version
8.0.1
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The online version contains supplementary material available at https://doi.
0rg/10.1186/540246-023-00499-z.

Additional file 1. Additional clinical, laboratory and genetic information.
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