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Despite significant progress in our understanding of hereditary neurodegenerative diseases, the list of
genes associated with early-onset dementia is not yet complete. In the present study, we describe a familial
neurodegenerative disorder characterized clinically as the behavioral and/or dysexecutive variant of Alz-
heimer’s disease with neuroradiologic features of Alzheimer’s disease, however, lacking amyloid-§ de-
posits in the brain. Instead, we observed a complex, 4 repeat predominant, tauopathy, together with a TAR
DNA-binding protein of 43 kDa proteinopathy. Whole-exome sequencing on 2 affected siblings and 1
unaffected aunt uncovered a large number of candidate genes, including LRRK2 and SYNE2. In addition,
DDI1, KRBA1, and TOR1A genes possessed novel stop-gain mutations only in the patients. Pathway, gene
ontology, and network interaction analysis indicated the involvement of pathways related to neuro-
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TDP-43 degeneration but revealed novel aspects also. This condition does not fit into any well-characterized
LRRK2 category of neurodegenerative disorders. Exome sequencing did not disclose a single disease-specific

Exome sequencing gene mutation suggesting that a set of genes working together in different pathways may contribute to
the etiology of the complex phenotype.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Individuals with early-onset dementia (aged <65 years) have
mostly either Alzheimer’s disease (AD) or frontotemporal dementia
(FTD). FTD is often associated with motor neuron disease or an
extrapyramidal movement syndrome (Snowden et al., 2011). AD is
characterized neuropathologically by the intracellular deposition of
tau in the form of neurofibrillary tangles (NFTs) and by extracellular
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amyloid-p (AB) deposits (Montine et al., 2012). Early-onset AD is
currently related to 3 major genes (ABPP: amyloid precursor protein
gene; PSENT and 2: presenilin 1, 2), whereas several polymorphisms
are reported as associated to sporadic late-onset AD (Schellenberg
and Montine, 2012). The established term for the group of dis-
eases with FTD is frontotemporal lobar degeneration (FTLD). The
molecular pathologic classification of FTLD is protein-based (e.g.,
tau; TAR DNA-binding protein of 43 kDa, TAR DNA-binding protein
of 43 kDa (TDP-43); and fused in sarcoma protein; Mackenzie et al.,
2010). FTLD mostly associates with TDP-43 proteinopathy or tau-
opathy (Josephs et al., 2011). At least 4 subtypes of FTLD-TDP are
distinguished (Mackenzie et al., 2011). FTLD-tau is classified based
on the predominance of tau isoforms as 3-repeat (R) or 4R pre-
dominant or mixed 3R+4 R types. Pick disease, progressive supra-
nuclear palsy (PSP), corticobasal degeneration (CBD), argyrophilic
grain disease, and globular glial tauopathies are the major forms
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Fig. 1. Overview of the pedigree, brain MRI images, and neuropathology. The pedigree of the family (A), indicating the proband (black arrow), the affected proband’s sister
(arrowhead), and unaffected healthy aunt of the proband (double arrowhead). Filled symbols illustrate affected individuals and stricken out symbols indicate deceased individuals;
squares, men; and circles, women. Gray colored box (I/3) indicates that there is a lack of detailed information on the clinical presentation. Brain MRI images (B) of the proband’s
sister (II-3; Fluid-attenuated inversion recovery). Note the atrophy in the medial temporal lobe. Inmunostaining for pTau (AT8; C—F) and Gallyas silver staining (G—J) representing
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(Kovacs, 2015). A further form, “primary age-related tauopathy”
(PART) encompasses changes considered as normal aging and NFT-
dementia (Crary et al., 2014).

Despite significant progress in our understanding of hereditary
dementias, the list of genes associated with early-onset dementia is
not yet complete. There are reports on early-onset hereditary disor-
ders, where the absence of mutations in known genes suggests that a
novel locus or loci are implicated in their pathogenesis (Clarimon
et al,, 2009; Ferrer et al., 2015; Fujioka et al., 2014). In this study,
we present a kindred with early-onset dementia associated with a
complex neuropathologic phenotype and genomic background.

2. Materials and methods
2.1. Clinical assessment

Clinical evaluation included neurologic, neuropsychological, and
magnetic resonance imaging scans of the brain for 2 individuals. An
unaffected aunt underwent neurologic and neuropsychologic ex-
aminations. The studies were performed with the informed consent
of the family.

2.2. Neuropathology and biochemistry

The neuropathologic study (proband) was performed on
formalin-fixed, paraffin-embedded blocks. Tau analysis in sarkosyl-
insoluble fractions was performed using fresh samples from the
frontal cortex of 2 AD cases, 1 FTLD-tau (4R) case, and frontal cortex
of the proband. For details on methods and applied antibodies see
Supplementary data 1.

2.3. DNA sample preparation and whole-exome sequencing

Exome sequencing was performed on the Illumina HiSeq 2000
platform. Sequence alignment and variant calling was performed
using the pipeline of the Genome Analysis Toolkit (McKenna et al.,
2010). ANNOVAR (Wang et al., 2010) was used for the annotation of
functional variants. We identified regions identical by descent (IBD;
Rodelsperger et al., 2011) in the affected siblings and filtered out
mutations shared with the aunt. To facilitate the ranking of variants
in genomic data sets, integrating information from multiple sources,
we developed a novel tool that we are also making publicly available
at http://paschou-lab.mbg.duth.gr/Software.html. We applied the
Combined Annotation Dependent Depletion method to prioritize the
importance of variants based on natural selection (Kircher et al.,
2014). To combine the different gene lists from various prioritiza-
tion methods, we created a numeric ranked matrix of genes and their
scores from the various rankings assigning a combined score to each
variant. Gene ontology and pathway analysis were performed using
DAVID (Database for Annotation, Visualization and Integrated Dis-
covery) and PANTHER (Protein ANalysis THrough Evolutionary Re-
lationships) database (Huang da et al., 2009; Supplementary data 2).

3. Results
3.1. (Clinical observations

Progressive cognitive decline developed in 4 individuals in 3
generations of this family (Fig. 1A). The clinical phenotype of 3

individuals from the family consisted of behavioral change, mem-
ory impairment, executive dysfunction, and mild extrapyramidal
signs associated with medial temporal lobe atrophy (Fig. 1B),
detectable in the magnetic resonance imaging in 2 individuals. The
duration of illness ranged from 4 to at least 13 years. For details see
online Supplementary data 1.

3.2. Neuropathology and biochemistry

Neuropathologic examination of the proband (IlI-2) revealed an
amygdala-hippocampal-pallido-Luysian-nigral degeneration. The
most prominent neuropathologic alteration was tau pathology
characterized by diffuse neuronal cytoplasmic immunoreactivity,
NFTs, grains, neuropil and white matter threads, oligodendroglial
coiled bodies, and astrocytic plaques (Fig. 1C—F). Except for the
pretangles, these were visible in Gallyas silver staining (Fig. 1G—]).
Immunostaining for different anti-tau antibodies revealed that
most of the tau pathologies were 4R-tau immunoreactive. However,
3R-tau positive NFTs were seen in the hippocampus and entorhinal
cortex and nucleus basalis Meynert but also in the granule cell layer
of the dentate gyrus as well as striatum and substantia nigra. The
distribution of tau immunoreactivities (Fig. 1K) was compatible
with PART (NFT-dementia) overlapping with CBD, PSP, and argyr-
ophilic grain disease. Although 4R-tau pathology clearly predomi-
nated, the presence of subcortical 3R-tau immunoreactive NFTs
were interpreted as an unusual feature. Only in the left side, we
noted hippocampal sclerosis associated with TDP-43 proteinopathy
reminiscent of FTLD-TDP type A (Mackenzie et al., 2011) involving
also the limbic system, frontal cortex, and basal ganglia. Immuno-
staining for AB and a-synuclein was negative in all examined re-
gions. Sarkosyl-insoluble fractions blotted with anti-phospho-tau
Ser422 revealed 2 main bands of 68 kDa and 64 kDa. For details see
online Supplementary data 1.

3.3. Genetic and genomic observations

Sanger sequencing of MAPT, TARDBP, GRN, PRNP, PSEN 1 and 2,
and AGPP genes did not reveal any pathogenic mutation, therefore,
we performed whole-exome sequencing. After sequence alignment
and quality control steps, we were left with a total of 1,375,081
variants observed across the 2 studied patients and their unaffected
aunt (27,599 exonic variants as annotated by the NCBI Reference
Sequence database; online Supplementary data 3 Table S1). We
identified portions of the genome that have been inherited IBD in
the patients and proceeded to filter out those variants that had an
identical genotype in the aunt and sibs, thus reducing the dataset to
121,492 variants (9835 exonic variants as annotated by NCBI
Reference Sequence database including 4483 nonsynonymous, 39
stop-gain and 4 stop-loss variants). For the list of genes harboring,
the longest IBD segments carrying at least one exonic or splicing
variant shared among the affected siblings see Supplementary data
3 Table S2—S3; many of the top 20 genes have been implicated in
AD (e.g., CNTN5, LUZP2, CSMD1, CTNNA3, CDH2).

We found 3 genes carrying novel stop-gain variants inherited
IBD only in the affected sibs: DDI1, KRBA1, and TORIA
(Supplementary data 3 Table S4—S5). However, it was evident that
the genetic etiology of the phenotype could not easily be attributed
to a single gene. We took a closer look on genomic segments
inherited IBD among affected siblings. Most important, we

pretangles in the temporal cortex (C and G), neurofibrillary tangles in the hippocampus CA1 (D and H), oligodendroglial coiled bodies in the white matter (E and I), and astrocytic
plaques in the frontal cortex (F and J). Magnification for panels C-] is x400. Color-coded representation of neuropathologic variables (K). Green dots indicate the regions where few
astrocytic plaques were observed; blue dots indicate presence of thorny astrocytes. Note that only for astrogliosis left and right side of the hippocampus is shown due to asymmetry.
Abbreviation: MRI, magnetic resonance imaging. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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encountered multiple genes that have been previously implicated in
the etiology of neurodevelopmental or neuropsychiatric pheno-
types. On gene ontology analysis (Supplementary data 3 Table S6) a
theme of enrichment in cell adhesion molecules emerged; including
classical cadherins (CDH18 and CDH2), protocadherins (PCDH7 and
PCDH15), and molecules implicated in synaptic transmission (e.g.,
NRXN1, CTNNA3, CNTN5, and associated CNTNAPS5).

Next, we ranked variants inherited IBD in the affected siblings
and not shared by their aunt, to prioritize potentially causative
genes. Applying a novel software tool (http://paschou-lab.mbg.
duth.gr/Software.html), we combined information from multiple
sources including databases predicting variant function, conserva-
tion level, and novelty (Table 1 and Supplementary data 3
Table S7—S8). This analysis highlighted SYNE2, CSMD3, LRRK2, and
NRXNT as the top prioritized genes. Subsequently, variants in LRRK2
and SYNE2 were validated using Sanger sequencing (Supplementary
data 3 Table S9). Pathway analysis among the top 100—500 ranked
genes (Supplementary data 3 Table S10) revealed enrichment in
genes related to cadherin-signaling, nicotinic acetylcholine receptor
signaling, cytoskeletal regulation by Rho GTPase, inflammation
mediated by chemokine and cytokine signaling, VEGF signaling, and
Wnt signaling. Gene ontology analysis on these top 500 ranked
genes revealed significant enrichment in processes related to cell
adhesion, developmental processes, cell structure and motility,
ectoderm and mesoderm development, and neurogenesis
(Supplementary data 3 Table S11). Constructing a network among
the top implicated genes also revealed interactions with AD-
associated genes (Supplementary data 3 Table S12—S15, and
Supplementary data 4).

4. Discussion

Based on the clinical symptoms and neuropsychologic profile,
the predominantly medial temporal but less frontal lobe atrophy,
we interpreted the phenotype in the frame of a behavioral and/or
dysexecutive variant of AD (Dubois et al., 2014; Ossenkoppele et al.,
2015). Neuropathologic examination of the proband did not reveal
the hallmark lesion of AD as characterized by AB-deposition in the
brain but combined features of primary tauopathies. The presence
of astrocytic plaques together with oligodendroglial coiled bodies,
threads, and abundant neuronal cytoplasmic tau immunoreactivity
were interpreted as CBD-like features (Dickson et al., 2002). In
addition, globose NFTs in the basal ganglia, subthalamic nucleus,
and brainstem suggested PSP (KKovacs, 2015). Notably, the lack of
tufted astrocytes and the presence of immunoreactivity for the 3R

isoform of tau in subcortical NFTs are unusual for PSP. Abundant
NFT pathology was seen in the hippocampus and basal nucleus of
Meynert. All subregions of the hippocampus exhibited prominent
neuronal tau pathology, with both 3R and 4R-tau isoform immu-
noreactivity compatible with NFT-dementia or as recently termed
PART (Crary et al., 2014; Jellinger and Attems, 2007). Because of the
age of the proband, this pathology could rather be interpreted as
accelerated brain aging. Alterations in several genes may associate
with tau pathology (Kovacs, 2015), which did not show up as can-
didates. Instead, our whole-exome analysis revealed a complex
genomic background. The top prioritized genes included multiple
genes that have been previously associated with AD and Parkinson’s
disease (PD) with LRRK2 as one of the top candidates. Interestingly,
LRRK2 mutations have been described in association with limbic
NFTs or PSP-like pathology (Poulopoulos et al., 2012; Santpere and
Ferrer, 2009; Wider et al., 2010; Zimprich et al., 2004). In addition,
experimental studies suggest that tau can be a Lrrk2 substrate and
that this interaction can enhance salient features of human disease
(Bailey et al., 2013; Kawakami and Ichikawa, 2015). We also
observed TDP-43 pathology, which has been also described in
LRRK2 gene variations (Covy et al, 2009). Interestingly, the 2
affected siblings carried variant S1647T, a nonsynonymous muta-
tion that has been associated with PD in China (Zheng et al., 2011),
but they did not share haplotype 1647T-2397T which has been
shown to have a protective effect against PD (Wu et al., 2013). The
other variant detected (M2397T) has been recently associated to
multiple system atrophy (Heckman et al., 2014).

The top gene on the list of prioritized variants was SYNE2. Mu-
tations in SYNE1 and SYNE2 (also called Nesprin-1 and 2) are
associated with numerous diseases including autism, cerebellar
ataxia, and muscular dystrophy (Zhang et al., 2007). Interestingly,
evaluation of microarray data of AD using cluster analysis to iden-
tify biomarker genes also found SYNE2 to associate with AD-
phenotype (Guttula et al., 2012).

In addition, we found that the patients shared novel stop-gain
variants inherited in IBD in 3 genes. DDI1 belongs to a family of
shuttle proteins targeting polyubiquitinated substrates for protea-
somal degradation, which is a central component in the patho-
genesis of neurodegenerative diseases (Nowicka et al., 2015). KRBA1
interacts among others with glycogen synthase kinase-3beta
(GSK3B; Pilot-Storck et al., 2010). Interestingly, GSK3B and MAPT
(tau) genes interact in AD (Kwok et al., 2008), furthermore, GSK3B
acts as putative mediator in aberrant hyperphosphorylation of the
tau protein (Jayapalan and Natarajan, 2013). TOR1A is the causative
gene for the DYT1 form of hereditary early-onset generalized

Table 1
Top 10 genes prioritized as potentially implicated in the phenotype under study using our “combined ranked” method
Gene Gene summary Gene name
SYNE2 The encoded protein is a nuclear outer membrane protein that binds cytoplasmic F-actin. Spectrin repeat containing, nuclear envelope 2.
CSMD3 NA CUB and Sushi multiple domains 3.
LRRK2 Member of the leucine-rich repeat kinase family. Mutations in this gene have been Leucine-rich repeat kinase 2.
associated with Parkinson’s disease.
NRXN1 Neurexins function in the vertebrate nervous system as cell adhesion molecules and Neurexin 1.
receptors.
LOC401164 NA. NA.
FRG1 Maps to a location 100 kb centromeric of the repeat units on chromosome 4q35, which are FSHD region gene 1.

deleted in facioscapulohumeral muscular dystrophy (FSHD).
CSMD1 NA.

PCDH15 Member of the cadherin superfamily. Mutations in this gene result in hearing loss and Usher
Syndrome Type IF (USH1F).

CTNNA3 Encodes a protein that belongs to the vinculin/alpha-catenin family. The encoded protein
plays a role in cell—cell adhesion in muscle cells.

LPHN3 This gene encodes a member of the latrophilin subfamily of G-protein coupled receptors

CUB and Sushi multiple domains 1.
Protocadherin-related 15.

Catenin, alpha 3.

Latrophilin 3.

(GPCR). Latrophilins may function in both cell adhesion and signal transduction.

Key: CUB, complement proteins C1r/C1s, Uegf, and Bmp 1; NA, not available.
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dystonia (Leung et al., 2001). A role for torsin A as an endoplasmic
reticulum chaperone protein was suggested; however, neuropath-
ologic studies did not reveal prominent tauopathy as seen in our
case (Paudel et al., 2012).

In summary, we provide a list of candidate genes, which can be
evaluated in early-onset dementia cases still lacking an estab-
lished genetic background. Our findings are concordant with
recent studies suggesting that a set of genes working together in
different pathways may contribute to the etiology of complex
phenotypes.

Disclosure statement
The authors report no conflict of interest.
Acknowledgements

The article was supported by European Commission’s 7th
Framework Programme (GA No 278486, “DEVELAGE”). The authors
thank Prof. Albena Jordanova for the DNA extraction.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version at http://dx.doi.org/10.1016/j.neurobiolaging.
2016.03.012.

References

Bailey, R.M., Covy, ].P., Melrose, H.L., Rousseau, L., Watkinson, R., Knight, ]., Miles, S.,
Farrer, MJ., Dickson, D.W., Giasson, B.L, Lewis, ]., 2013. LRRK2 phosphorylates
novel tau epitopes and promotes tauopathy. Acta Neuropathol. 126, 809—827.

Clarimon, J., Molina-Porcel, L., Gomez-Isla, T., Blesa, R., Guardia-Laguarta, C., Gon-
zalez-Neira, A., Estorch, M., Ma Grau, J., Barraquer, L., Roig, C., Ferrer, I, Lleo, A.,
2009. Early-onset familial lewy body dementia with extensive tauopathy: a
clinical, genetic, and neuropathological study. J. Neuropathol. Exp. Neurol. 68,
73-82.

Covy, J.P, Yuan, W., Waxman, E.A., Hurtig, H.I., Van Deerlin, V.M., Giasson, B.I., 2009.
Clinical and pathological characteristics of patients with leucine-rich repeat
kinase-2 mutations. Mov. Disord. 24, 32—39.

Crary, J.E, Trojanowski, J.Q., Schneider, J.A., Abisambra, J.F., Abner, E.L., Alafuzoff, 1.,
Arnold, S.E., Attems, J., Beach, T.G., Bigio, E.H., Cairns, NJ., Dickson, D.W.,
Gearing, M., Grinberg, LT, Hof, PR, Hyman, B.T, Jellinger, K, Jicha, G.A.,
Kovacs, G.G., Knopman, D.S., Kofler, J., Kukull, W.A., Mackenzie, L.R., Masliah, E.,
McKee, A., Montine, T.J., Murray, M.E., Neltner, ].H., Santa-Maria, 1., Seeley, W.W.,
Serrano-Pozo, A., Shelanski, M.L,, Stein, T., Takao, M., Thal, D.R., Toledo, ].B.,
Troncoso, J.C., Vonsattel, J.P, White 3rd, C.L, Wisniewski, T., Woltjer, R.L.,
Yamada, M., Nelson, P.T., 2014. Primary age-related tauopathy (PART): a com-
mon pathology associated with human aging. Acta Neuropathol. 128, 755—766.

Dickson, D.W., Bergeron, C., Chin, S.S., Duyckaerts, C., Horoupian, D., Ikeda, K.,
Jellinger, K., Lantos, P.L., Lippa, C.F, Mirra, S.S., Tabaton, M., Vonsattel, J.P,
Wakabayashi, K., Litvan, L.Office of Rare Diseases of the National Institutes of, H,
2002. Office of Rare Diseases neuropathologic criteria for corticobasal degen-
eration. J. Neuropathol. Exp. Neurol. 61, 935—946.

Dubois, B., Feldman, H.H., Jacova, C.,, Hampel, H., Molinuevo, J.L, Blennow, K.,
DeKosky, S.T., Gauthier, S., Selkoe, D., Bateman, R., Cappa, S. Crutch, S,
Engelborghs, S., Frisoni, G.B., Fox, N.C., Galasko, D., Habert, M.O., Jicha, G.A.,
Nordberg, A., Pasquier, F, Rabinovici, G., Robert, P, Rowe, C, Salloway, S.,
Sarazin, M., Epelbaum, S., de Souza, L.C,, Vellas, B., Visser, PJ., Schneider, L.,
Stern, Y., Scheltens, P., Cummings, J.L., 2014. Advancing research diagnostic
criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol. 13, 614—629.

Ferrer, 1., Legati, A., Garcia-Monco, J.C., Gomez-Beldarrain, M., Carmona, M.,
Blanco, R., Seeley, W.W., Coppola, G., 2015. Familial behavioral variant fronto-
temporal dementia associated with astrocyte-predominant tauopathy.
J. Neuropathol. Exp. Neurol. 74, 370—379.

Fujioka, S., Boeve, B.F, Parisi, J.E.,, Tacik, P, Aoki, N., Strongosky, A]., Baker, M.,
Sanchez-Contreras, M., Ross, O.A., Rademakers, R., Sossi, V., Dickson, D.W.,,
Stoessl, A.J., Wszolek, Z.K., 2014. A familial form of parkinsonism, dementia, and
motor neuron disease: a longitudinal study. Parkinsonism Relat. Disord. 20,
1129-1134.

Guttula, S.V,, Allam, A, Gumpeny, RS., 2012. Analyzing microarray data of Alz-
heimer’s using cluster analysis to identify the biomarker genes. Int. ]. Alz-
heimers Dis. 2012, 649456.

Heckman, M.G., Schottlaender, L., Soto-Ortolaza, A.l, Diehl, N.N., Rayaprolu, S.,
Ogaki, K., Fujioka, S., Murray, M.E., Cheshire, W.P,, Uitti, RJ., Wszolek, Z.K,,
Farrer, M.J., Sailer, A., Singleton, A.B., Chinnery, P.F,, Keogh, M J., Gentleman, S.M.,

Holton, J.L., Aoife, K., Mann, D.M., Al-Sarraj, S., Troakes, C., Dickson, D.W.,
Houlden, H., Ross, 0.A., 2014. LRRK2 exonic variants and risk of multiple system
atrophy. Neurology 83, 2256—2261.

Huang da, W., Sherman, B.T., Lempicki, R.A., 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4,
44-57.

Jayapalan, S., Natarajan, J., 2013. The role of CDK5 and GSK3B kinases in hyper-
phosphorylation of microtubule associated protein tau (MAPT) in Alzheimer’s
disease. Bioinformation 9, 1023—1030.

Jellinger, K.A., Attems, ]., 2007. Neurofibrillary tangle-predominant dementia:
comparison with classical Alzheimer disease. Acta Neuropathol. 113,
107—-117.

Josephs, K.A., Hodges, J.R., Snowden, J.S., Mackenzie, L.R., Neumann, M., Mann, D.M.,
Dickson, D.W., 2011. Neuropathological background of phenotypical variability
in frontotemporal dementia. Acta Neuropathol. 122, 137—153.

Kawakami, F.,, Ichikawa, T., 2015. The role of alpha-synuclein and LRRK2 in tau
phosphorylation. Parkinsons Dis. 2015, 734746.

Kircher, M., Witten, D.M., Jain, P, O'Roak, BJ.,, Cooper, G.M., Shendure, J., 2014.
A general framework for estimating the relative pathogenicity of human genetic
variants. Nat. Genet. 46, 310—315.

Kovacs, G.G., 2015. Invited review: neuropathology of tauopathies: principles and
practice. Neuropathol. Appl. Neurobiol. 41, 3—23.

Kwok, ].B,, Loy, C.T., Hamilton, G., Lau, E., Hallupp, M., Williams, J., Owen, M]J.,
Broe, G.A., Tang, N., Lam, L., Powell, ].E, Lovestone, S., Schofield, P.R., 2008.
Glycogen synthase kinase-3beta and tau genes interact in Alzheimer’s disease.
Ann. Neurol. 64, 446—454.

Leung, J.C,, Klein, C., Friedman, ]., Vieregge, P., Jacobs, H., Doheny, D., Kamm, C.,
DeLeon, D., Pramstaller, P.P,, Penney, ].B., Eisengart, M., Jankovic, ]J., Gasser, T.,
Bressman, S.B., Corey, D.P., Kramer, P., Brin, M.F,, Ozelius, L., Breakefield, X.O.,
2001. Novel mutation in the TOR1A (DYT1) gene in atypical early onset dystonia
and polymorphisms in dystonia and early onset parkinsonism. Neurogenetics 3,
133-143.

Mackenzie, I.R., Neumann, M., Baborie, A., Sampathu, D.M., Du Plessis, D., Jaros, E.,
Perry, R.H., Trojanowski, ]J.Q., Mann, D.M., Lee, V.M., 2011. A harmonized clas-
sification system for FTLD-TDP pathology. Acta Neuropathol. 122, 111-113.

Mackenzie, LR, Neumann, M. Bigio, E.H., Cairns, NJ., Alafuzoff, I, Kril, ],
Kovacs, G.G., Ghetti, B, Halliday, G., Holm, LE., Ince, P.G., Kamphorst, W,,
Revesz, T., Rozemuller, AJ., Kumar-Singh, S., Akiyama, H., Baborie, A., Spina, S.,
Dickson, D.W., Trojanowski, J.Q., Mann, D.M., 2010. Nomenclature and nosology
for neuropathologic subtypes of frontotemporal lobar degeneration: an update.
Acta Neuropathol. 119, 1-4.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A.,
Garimella, K., Altshuler, D., Gabriel, S., Daly, M., DePristo, M.A., 2010. The
Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 20, 1297—1303.

Montine, TJ., Phelps, C.H., Beach, T.G. Bigio, EH., Cairns, NJ., Dickson, D.W.,,
Duyckaerts, C., Frosch, M.P,, Masliah, E., Mirra, S.S., Nelson, P.T., Schneider, J.A.,
Thal, D.R., Trojanowski, J.Q., Vinters, H.V., Hyman, B.T.National Institute on, A.,
Alzheimer’s, A, 2012. National Institute on Aging-Alzheimer’s Association
guidelines for the neuropathologic assessment of Alzheimer’s disease: a prac-
tical approach. Acta Neuropathol. 123, 1-11.

Nowicka, U., Zhang, D., Walker, O., Krutauz, D., Castaneda, C.A., Chaturvedi, A.,
Chen, T.Y,, Reis, N., Glickman, M.H., Fushman, D., 2015. DNA-damage-inducible 1
protein (Ddi1) contains an uncharacteristic ubiquitin-like domain that binds
ubiquitin. Structure 23, 542—557.

Ossenkoppele, R., Pijnenburg, Y.A., Perry, D.C., Cohn-Sheehy, B.I, Scheltens, N.M.,
Vogel, J.W., Kramer, J.H., van der Vlies, A.E., Joie, RL., Rosen, HJ., van der
Flier, W.M., Grinberg, LT, Rozemuller, AJ., Huang, E.J., van Berckel, B.N.,
Miller, B.L., Barkhof, E,, Jagust, W.]., Scheltens, P., Seeley, W.W., Rabinovici, G.D.,
2015. The behavioural/dysexecutive variant of Alzheimer’s disease: clinical,
neuroimaging and pathological features. Brain 138, 2732—-2749.

Paudel, R., Hardy, J., Revesz, T., Holton, J.L., Houlden, H., 2012. Review: genetics and
neuropathology of primary pure dystonia. Neuropathol. Appl. Neurobiol. 38,
520—-534.

Pilot-Storck, F, Chopin, E., Rual, J.F, Baudot, A. Dobrokhotov, P., Robinson-
Rechavi, M., Brun, C., Cusick, M.E., Hill, D.E., Schaeffer, L., Vidal, M., Goillot, E.,
2010. Interactome mapping of the phosphatidylinositol 3-kinase-mammalian
target of rapamycin pathway identifies deformed epidermal autoregulatory
factor-1 as a new glycogen synthase kinase-3 interactor. Mol. Cell Proteomics 9,
1578—1593.

Poulopoulos, M., Levy, O.A., Alcalay, R.N., 2012. The neuropathology of genetic
Parkinson’s disease. Mov. Disord. 27, 831-842.

Rodelsperger, C., Krawitz, P, Bauer, S., Hecht, J., Bigham, A.W., Bamshad, M., de
Condor, BJ., Schweiger, M.R., Robinson, P.N., 2011. Identity-by-descent filtering
of exome sequence data for disease-gene identification in autosomal recessive
disorders. Bioinformatics 27, 829—836.

Santpere, G., Ferrer, 1., 2009. LRRK2 and neurodegeneration. Acta Neuropathol. 117,
227-246.

Schellenberg, G.D., Montine, TJ., 2012. The genetics and neuropathology of Alz-
heimer’s disease. Acta Neuropathol. 124, 305—323.

Snowden, J.S., Thompson, J.C., Stopford, C.L., Richardson, A.M., Gerhard, A., Neary, D.,
Mann, D.M., 2011. The clinical diagnosis of early-onset dementias: diagnostic
accuracy and clinicopathological relationships. Brain 134, 2478—2492.

Wang, K., Li, M., Hakonarson, H., 2010. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res. 38, e164.


http://dx.doi.org/10.1016/j.neurobiolaging.2016.03.012
http://dx.doi.org/10.1016/j.neurobiolaging.2016.03.012
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref1
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref1
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref1
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref1
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref2
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref3
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref3
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref3
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref3
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref4
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref5
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref6
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref7
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref7
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref7
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref7
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref7
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref8
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref9
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref9
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref9
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref10
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref11
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref11
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref11
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref11
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref12
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref12
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref12
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref12
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref13
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref13
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref13
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref13
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref14
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref14
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref14
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref14
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref15
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref15
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref16
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref16
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref16
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref16
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref17
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref17
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref17
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref18
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref18
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref18
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref18
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref18
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref19
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref20
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref20
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref20
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref20
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref21
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref22
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref22
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref22
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref22
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref22
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref23
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref24
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref24
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref24
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref24
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref24
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref25
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref26
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref26
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref26
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref26
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref27
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref28
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref28
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref28
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref29
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref29
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref29
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref29
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref29
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref30
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref30
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref30
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref31
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref31
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref31
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref32
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref32
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref32
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref32
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref33
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref33

204

Wider, C., Dickson, D.W., Wszolek, Z.K., 2010. Leucine-rich repeat kinase 2 gene-
associated disease: redefining genotype-phenotype correlation. Neurodegener.
Dis. 7, 175—179.

Wu, Y.R, Chang, KH., Chang, W.T,, Hsiao, Y.C,, Hsu, H.C,, Jiang, P.R., Chen, Y.C,
Chao, CY., Chang, Y.C,, Lee, B.H., Hu, EJ., Chen, W.L, Lee-Chen, G.J., Chen, C.M.,
2013. Genetic variants ofLRRK2 in Taiwanese Parkinson’s disease. PLoS One 8,
e82001.

Zhang, Q., Bethmann, C., Worth, N.F, Davies, ].D. Wasner, C, Feuer, A,
Ragnauth, C.D. Yi, Q, Mellad, J.A., Warren, D.T., Wheeler, M.A,, Ellis, J.A,
Skepper, J.N., Vorgerd, M., Schlotter-Weigel, B., Weissberg, P.L., Roberts, R.G.,
Wehnert, M., Shanahan, C.M., 2007. Nesprin-1 and -2 are involved in the

J. Alexander et al. / Neurobiology of Aging 42 (2016) 199—204

pathogenesis of Emery Dreifuss muscular dystrophy and are critical for nuclear
envelope integrity. Hum. Mol. Genet. 16, 2816—2833.

Zheng, Y., Liy, Y., Wy, Q., Hong, H., Zhou, H., Chen, ]., Wang, H., Xian, W.,, Li, J., Liu, Z.,
Pei, Z., Chen, L., 2011. Confirmation of LRRK2 S1647T variant as a risk factor for
Parkinson’s disease in southern China. Eur. J. Neurol. 18, 538—540.

Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, S., Kachergus, ]J.,
Hulihan, M., Uitti, RJ., Calne, D.B. Stoessl, A]., Pfeiffer, RF., Patenge, N.,
Carbajal, LC, Vieregge, P, Asmus, F, Muller-Myhsok, B., Dickson, D.W.,
Meitinger, T., Strom, T.M., Wszolek, Z.K., Gasser, T., 2004. Mutations in LRRK2
cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron

44, 601-607.


http://refhub.elsevier.com/S0197-4580(16)00210-4/sref34
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref34
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref34
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref34
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref35
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref35
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref35
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref35
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref36
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref37
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref37
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref37
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref37
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38
http://refhub.elsevier.com/S0197-4580(16)00210-4/sref38

	Familial early-onset dementia with complex neuropathologic phenotype and genomic background
	1. Introduction
	2. Materials and methods
	2.1. Clinical assessment
	2.2. Neuropathology and biochemistry
	2.3. DNA sample preparation and whole-exome sequencing

	3. Results
	3.1. Clinical observations
	3.2. Neuropathology and biochemistry
	3.3. Genetic and genomic observations

	4. Discussion
	Disclosure statement
	Acknowledgements
	Appendix A. Supplementary data
	References


