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Abstract.13

Background: Variants in Niemann-Pick Type C genes (NPC1 and NPC2) have been suggested to play a role as risk or disease
modifying factors for Alzheimer’s disease (AD).

14
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Objective: The aim of this study was to analyze NPC1 and NPC2 variability in demented patients with evidence of brain
amyloid-� 1–42 (A�) deposition and to correlate genetic data with clinical phenotypes.

16

17

Methods: A targeted Next Generation Sequencing panel was customized to screen NPC1, NPC2, and main genes related to
neurodegenerative dementias in a cohort of 136 demented patients with cerebrospinal fluid (CSF) low A� levels or positive
PET with A� tracer and 200 non-demented geriatric subjects.
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Results: Seven patients were carriers of NPC variants in heterozygosis. Four of them displayed pathogenic variants previously
found in NPC patients and one AD patient had a novel variant. The latter was absent in 200 non-demented elderly subjects.
Five of seven patients (70%) exhibited psychiatric symptoms at onset or later as compared with 43% in non-carriers (p > 0.05).
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Conclusion: The frequency of NPC1 and NPC2 heterozygous variants in patients with CSF evidence of A� deposition is
higher than in the general population.
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INTRODUCTION27

Niemann-Pick Type C (NPC) is a rare neurovis-28

ceral disease characterized by abnormal lysosomal29

storage of lipids. It is an autosomal recessive disorder30

caused by homozygous or compound heterozygous31

mutations in two genes involved in the cholesterol
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trafficking: NPC1 (95% of cases) and NPC2, enco- 32

ding for late-endosomal and lysosomal protein, res- 33

pectively [1]. The disruption in the lipidic metabolism 34

leads to intracellular accumulation of unesterified 35

cholesterol mainly in spleen, liver, and brain, lead- 36

ing to visceral and neurological symptoms [2]. NPC 37

presents with a highly heterogeneous phenotype for 38

both age of onset and clinical features [3]. Some con- 39

ditions are indeed considered “clinical niches” for 40

NPC, where patients with symptoms related to the 41

pathology go overlooked for the presence of more 42

relevant or more recognizable features, i.e., move- 43

ment disorders and early-onset cognitive decline [4]. 44
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For this reason, it is thought that the disease could45

be more frequent than currently estimated (1:12000046

live births) [1], since some cases could be misdiag-47

nosed or diagnosed with delay.48

As highlighted in a survey by the National NPC49

Foundation Inc., 50% of NPC cases has a posi-50

tive family history of neurodegenerative diseases,51

in particular Alzheimer’s disease (AD) [5]. Besides52

clinical similarities, NPC shares also neuropatho-53

logical features with AD, such as the presence of54

neurofibrillary tangles and increased amyloidogenic55

processing [6, 7]. A further intriguing link between56

these two diseases is the cholesterol metabolism, as57

Apolipoprotein E (ApoE), the main cholesterol trans-58

porter in the brain, is the most important genetic risk59

factor for sporadic AD. Also, endosomes abnormali-60

ties and altered endocytic amyloid precursor protein61

(APP) trafficking are reported in early phases of AD62

[8, 9].63

Recently, a few genetic studies have been carried64

out to investigate whether genetic variability of NP65

C1 and NPC2 may influence the risk to develop66

neurodegenerative disorders. In this regard, a higher67

frequency of heterozygous carriers was found in68

cohorts of patients affected by dementia and psy-69

chosis [10–12] as compared with that reported in70

the Exome Variants Project (EVP, 2%) (https://71

evs.gs.washington.edu/EVS/). This body of evidence72

leads to the hypothesis that NPC genes variants are73

causal of NPC in homozygosis, whereas act as risk74

factors for dementia and/or psychosis, similarly to75

glucocerebrosidase gene (GBA) mutations, which are76

causal for Gaucher Disease in homozygosis, but act77

as risk factors for Parkinson’s disease (PD) in het-78

erozygosis [5, 13].79

In this scenario, the aim of the present study was to80

evaluate the presence of variants in NPC1 and NPC281

with a targeted Next Generation Sequencing (NGS)82

panel in a cohort of patients with neurodegenerative83

diseases with evidence of amyloid deposition in the84

brain demonstrated by low cerebrospinal fluid (CSF)85

Amyloid-� 1–42 (A�) levels and/or PET with A�86

tracer, and positive family history for dementia and/or87

psychiatric disorders.88

METHODS89

Population90

Basing on assumption that there is a link between91

A� deposition and NPC, and the evidence that vari-92

ants in NPC genes may be associated with early onset93

dementia, we screened for the presence on NPC1 and 94

NPC2 variants a cohort of 136 demented patients with 95

evidence of A� deposition in the brain, recruited at 96

the Alzheimer Unit of the Fondazione Ca’ Granda, 97

IRCCS Ospedale Maggiore Policlinico, University of 98

Milan (Milan, Italy). Two inclusion criteria were con- 99

sidered: low CSF levels of A� or positivity to PET 100

with A� tracer, and a clear anamnestic familiar his- 101

tory for cognitive neurodegenerative diseases (at least 102

one relative, range 1–8 individuals). Eleven patients 103

had also a positive family history for psychiatric dis- 104

eases. 105

All patients were referred to our Center in sus- 106

picion of dementia. The standard clinical workup 107

comprised detailed medical history, physical, and 108

neurological examination, screening laboratory tests, 109

Mini-Mental State Examination (MMSE); qualita- 110

tive brain magnetic resonance imaging (MRI) or 111

computed tomography (CT). For a better charac- 112

terization, 53 patients underwent also fluorodeox- 113

iglucose positron emission computed tomography 114

(FDG-PET). The presence of significant vascular 115

brain damage was excluded (Hachinski Ischemic 116

Score < 4). All patients underwent lumbar puncture 117

Fig. 1. Flowchart of cohort selection.

https://evs.gs.washington.edu/EVS/
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Table 1
Demographics and clinical information of the cohort

Total AD Other dementias∗∗ Controls
(n = 136) (n = 129) (n = 7) (n = 200)

Gender (male:female) 64:72 62:71 5:2 54:146
Mean age (SD) y 71.6 (7.6) 71.8 (7.6) 74 (6,2) 78.2 (5.6)
Mean Age at onset (SD), y 68.8 (7.6) 68.9 (7.6) 71,4 (6,4) –––
Mean CSF A�42 (SD), pg/mL 466.7 (93.8) 465.3 (94.3) 509,4 (85,7) NP
Mean CSF tau (SD), pg/mL 615.4 (417) 615.6 (420.1) 486,1 (268,3) NP
Mean CSF Ptau (SD), pg/mL 78.3 (37.4) 78.5 (37.6) 68,7 (23,1) NP
Mean MMSE (SD) 21.67 (6.3) 21.41 (6.28) 22 (4,6) 29 (1.0)
APOE status
�4+ 67 66 1 44
�4– 69 63 6 156
Relatives (n) with neurodegenerative 1–8 1–8 1–2 NA

diseases (range)∗
Family history of 11 10 1 NA

psychiatric diseases (n)

SD, standard deviation; y, years; AD, Alzheimer’s disease; NA, not available; NP, not performed. ∗All patients had positive family history
for dementia. ∗∗Lewy Body Dementia (n = 4), Corticobasal Syndrome (n = 2), Progressive Supranuclear Palsy (n = 1).

for the analysis of CSF biomarkers A�, total tau118

(tau), and tau phosphorylated at position 181 (Ptau).119

In case of borderline A� CSF levels (about ± 10% of120

reference value), patients underwent Amyloid-PET121

(n = 19). The diagnosis of AD was made in accor-122

dance with current research criteria [14] (n = 129;123

of which 106 with typical amnestic presentations124

and 23 with atypical presentation, i.e., posterior125

cortical atrophy, frontal variant AD, and logopenic126

aphasia [14]. Seven patients were diagnosed with127

different neurodegenerative disorders: Lewy body128

dementia (n = 4) [15], corticobasal syndrome (CBS)129

[16] (n = 2), and progressive supranuclear palsy (PSP)130

syndrome [17] (n = 1). Demographic and clinical data131

are reported in Table 1 and details of patient selection132

in Fig. 1.133

A cohort of 200 non-demented geriatric subjects134

from the Geriatric Unit of the same Institution was135

enrolled for the frequency estimation of any variant136

found (Table 1). Informed consent was obtained from137

all participants or their caregivers, and the study was138

approved by the local Institutional Review Board.139

CSF analysis140

CSF samples were collected into 15 mL pol-141

ypropylene tubes by lumbar puncture in the L3/L4142

or L4/L5 interspace. Samples were centrifuged at143

2000 r/min for 10 min at 4◦C. The supernatants were144

stored at –80◦C until use. CSF A�, tau and Ptau145

were measured with ELISA kits (Fujirebio, Ghent,146

Belgium). Normal values of biomarkers were: A�147

> 600 pg/mL; tau < 400 pg/mL and Ptau < 61 pg/mL148

[18].

Haloplex target enrichment system 149

A targeted NGS panel was customized to screen 150

NPC1 and NPC2 genes and the main genes related 151

to autosomal dominant forms of cognitive neurode- 152

generative diseases: APP, PSEN1, PSEN2 (causing 153

familial AD), GRN and MAPT [associated with famil- 154

ial frontotemporal dementia (FTD)]. 155

Genomic DNA was extracted from whole blood. 156

Libraries were obtained with HaloPlex HS Target 157

Enrichment System (Agilent Technologies), follow- 158

ing manufacturer’s instructions. 50 ng of gDNA were 159

fragmented using 16 restriction enzymes. Fragments 160

were hybridized to probes targeting exons and 25 bp 161

of exon padding to cover flanking regions: HaloPlex 162

HS probes hybridized to both ends of target DNA, 163

directing circularization. During hybridization, each 164

sample was uniquely indexed in order to pool sev- 165

eral samples per sequencing lane. Following, the 166

circularized hybrids were closed in a ligation step. 167

The DNA-HaloPlex HS Probe hybrids containing 168

biotin were captured on streptavidin beads and the 169

target libraries were amplified by PCR. After purifica- 170

tion, libraries were validated and quantified using the 171

2100 Bioanalyzer (Agilent Technologies). Further, 172

the sequencing pool was loaded on Illumina Cartridge 173

V2 300 cycles and run on Illumina MiSeq platform 174

according to the instruction of the manufacturer. 175

Sequence analysis 176

The fastq NGS data were analyzed using Alissa 177

Align & Call (Agilent Genomics) that aligned the 178

reads to human reference genome and led to vcf anal- 179

ysis files (UCSC hg19, GRCh37, February 2009). 180
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The annotation was performed using the web inter-181

face to Annotate Variation Software (wANNOVAR),182

the Sure Call analysis software v 4.1 and the Alissa183

Interpret software v2.1.1 (Agilent Genomic).184

Sanger sequencing and allelic discrimination185

Variants were validated by Sanger Sequencing:186

DNA was amplified using primers designed to cover187

exons of interest (Eurofins Genomics). Amplicons188

were sequenced on a 3130 Genetic Analyser (Applied189

Biosystem).190

Using a TaqMan allelic discrimination assay191

(Thermo Fisher Scientific), performed on QuantStu-192

dio 12 K Real-time system (Applied Biosystem),193

patients were characterized for ApoE genotype and194

the minor allele frequency (MAF) for each variant195

was determined.196

Chromosome 9 Open Reading Frame 72197

(C9ORF72) analysis198

All samples were genotyped with AmplideX199

PCR/CE C9ORF72 Kit (Asuragen, Inc.). Genomic200

DNA was amplified using a three-primer G4C2-201

Repeat Primed (RP)-PCR configuration, followed by202

fragment sizing on a 3100 Genetic Analyzer (Thermo203

Fisher). ROX 1000 was used for sizing by capillary204

electrophoresis and the size of the PCR products were205

converted to the number of G4C2 repeats using size206

and mobility conversion factor with GeneMapper v207

4.1 software (Thermo Fisher).208

In silico analysis209

The impact of rare variants was assessed by in210

silico predictions using PolyPhen2 (http://genetics.211

bwh.harvard.edu/pph2/) which evaluates the effect212

of missense substitutions on protein sequence and213

structure, and Mutation Taster (http://www.mutati214

ontaster.org/) which accesses the effect of missense215

and nonsense substitutions, and intronic alterations,216

based on the effect on protein sequence.217

Statistical analysis218

Descriptive statistics, including means and stan-219

dard deviations, or counts and percentages were220

calculated. For data measure, analysis of variance221

(ANOVA) was used. If data were not normally dis-222

tributed, non-parametric tests were employed. Fisher223

exact test was performed for allele frequency distri-224

bution.225

Statistical analyses were carried out using Graph- 226

Pad Prism version 6.00 (San Diego, CA). Significant 227

threshold was set at p < 0.05. 228

RESULTS 229

Genetic analysis 230

The NGS approach was completed for all the 136 231

samples investigated in the study and led, unex- 232

pectedly, to the identification of two patients who 233

displayed causal mutations: one in APP (p.V717I) 234

in a male patient diagnosed with AD at 55 years, 235

and one in GRN (p.C157fs), predicted to lead to 236

haploinsufficiency and previously associated with 237

phenotypes of FTD spectrum [19], in a woman diag- 238

nosed with prodromal AD at 76 years of age. After 239

the diagnosis, the patient carrying the APP p.V717I 240

mutation deteriorated fast (last visit at 57 years of 241

age, MMSE = 9/30). Conversely, the patient carry- 242

ing the GRN variant (predicted in silico to lead to 243

haploinsufficiency) worsened slowly (last visit at 79 244

years of age, MMSE = 22/30) and did not show any 245

behavioral disturbance despite the mutation is asso- 246

ciated with FTD. She died at 82 years of age. The 247

remaining 134 patients did not carry causal variants 248

for AD and FTD, including the C9ORF72 expansion, 249

and were considered for subsequent NPC1 and NPC2 250

analysis. The genetic screening revealed that seven 251

patients presented heterozygous variants in NPC1 252

and NPC2 genes, accounting for 5.2% of our pop- 253

ulation (Table 2). 254

There were no significant differences in terms 255

of age at onset between NPC variant carriers and 256

non-carriers. We did not find any homozygous or 257

compound heterozygous pathogenic variant identi- 258

fying a genuine NPC case. 259

Among the seven carriers, three displayed variants 260

previously found in NPC patients (in homozygos- 261

ity or compound heterozygosity): the near-splicing 262

variant c.441 + 1 G > A [20], rs1401300028, located 263

in the consensus donor splice site of intron 4 of the 264

NPC2 (one with CBS and two with AD) and the mis- 265

sense NPC2 p.V30M [21], rs151220873 (in one AD 266

patient). The former was predicted to be disease caus- 267

ing by Mutation Taster. The latter was predicted to 268

be possibly damaging by PolyPhen-2 software, while 269

Mutation Taster categorized it as tolerated. 270

Furthermore, we identified two rare known vari- 271

ants: the missense p.K71R in NPC2 and the nonsense 272

p.Q241X in NPC1, each found in patients diagnosed 273

http://genetics.bwh.harvard.edu/pph2/
http://www.mutationtaster.org/
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Table 2
NPC mutations carriers

Mutation dbSNP Patient Diagnosis Age at APOE Family history for
ID onset (y) genotype

Dementia Psychiatric Parkinsonism
disease

NPC2 c.441 + 1 G > A rs140130028 1 CBS 71 E3/E3 + – –
2 AD∗ 67 E3/E4 + – +
3 AD∗ 72 E3/E4 + – –

NPC2 p.V30M rs151220873 4 AD ∗ 49 E3/E4 – + +
NPC2 p.K71R rs142075589 5 AD 71 E2/E3 + – –
NPC1 p.Q241X rs1064795718 6 AD 71 E3/E3 + – –
NPC1.Y570H / 7 AD 59 E3/E4 + – –

AAO, age of onset; y, years; AD, Alzheimer’s disease; CBS, Corticobasal syndrome. ∗Frontal variant of AD.

A

B

Fig. 2. Novel variant in NPC1. A) NGS reads alignment. B) Sanger validation of the novel variant. The arrow indicates the variant site.
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Table 3
NPC1/2 variant frequencies

Variant, Patients Controls Fisher’s
n (%)∗ n = 134 n = 200 exact test

c.441 + 1 G > A 3 (2.2%) 2 (1%) p = 0.3939
p.V30M 1 (0.7%) 0 p = 0.4012
p.Q241X 1 (0.7%) 0 p = 0.4012
p.K71R 1 (0.7%) 1 (0.5%) p = 0.9999
p.Y570H 1 (0.7%) 0 p = 0.4012
All variants 7 (5.2%) 3 (1.5%) p = 0.0963
∗number of variant carriers, percentage within the cohort.

with AD (Table 2). The former, according to Muta-274

tion Taster Software, is disease causing since it causes275

a premature stop signal and therefore leads to an276

absent or disrupted protein product. The latter was277

predicted, in silico, to have a disease-causing impact278

by Poly-Phen2 and Mutation Taster.279

Noteworthy, a novel variant of uncertain signif-280

icance was found in NPC1 (NM 000271: exon11,281

c.T1708C, p.Y570H) in one patient with AD (Table 2,282

Fig. 2A). Sanger sequencing confirmed the presence283

of the variant (Fig. 2B), which leads to the substi-284

tution of a Tyrosine with a Histidine residue and is285

predicted to be disease-causing by in silico analy-286

sis performed with Mutation Taster software, while287

PolyPhen2 categorized it as polymorphism.288

To test whether the novel variant p.Y570H is a289

common polymorphism or may have a pathogenic290

role, the allelic frequency was investigated in a cohort291

of 200 non-demented geriatric subjects. The vari-292

ant was absent in controls. The remaining variants293

were tested as well: three out of 200 controls (1.5%)294

presented two variants in heterozygosity: two con-295

trols displayed the c.441 + 1 G > A (MAF = 0.005),296

one healthy subject presents the variant p.K71R297

(MAF = 0.0025) whereas no one showed the p.V30M298

and p.Q241X variants. There was no significant dif-299

ference in MAF distribution for the detected variants300

in patients compared with controls (Table 3).301

Apolipoprotein E (APOE) status is shown in302

Table 2. Four out of 7 NPC variant carriers were also303

carrier of the �4 AD risk allele.304

Phenotypic correlations305

Besides cognitive impairment, which was a selec-306

tion criterion for all patients, five carriers developed307

behavioral disturbances, language dysfunctions or308

delusions at onset or during the course of the disease,309

resembling FTD or psychosis as compared with 58310

of 134 in non-carriers (70 versus 43%, p > 0.05). Two311

carriers developed movement symptoms, leading in 312

one case to the diagnosis of CBS with evidence of 313

A� deposition, in consideration of the severity of the 314

extrapyramidal dysfunctions, as compared with 14 of 315

134 non-carriers (28 versus 10%, p > 0.05). 316

All carriers underwent morphological neuroimag- 317

ing study (CT or MRI), which showed frontal 318

atrophy in all cases, associated to temporal atro- 319

phy in six carriers and to parietal atrophy in five 320

of them. Five carriers underwent also functional 321

neuroimaging (FDG-PET) which showed tempo- 322

ral hypometabolism in all of them, associated to 323

frontal hypometabolism in two carriers and parietal 324

hypometabolism in four. In carrier #5, neuroimag- 325

ing revealed marked asymmetry in atrophy and 326

metabolism, characterized by a larger involvement of 327

the left hemisphere (Table 4, Fig. 3), in the absence 328

of language disturbances. 329

DISCUSSION 330

Herein, we showed that the frequency of genetic 331

variants in NPC1 and NPC2 in patients with dementia 332

and instrumental evidence of A� deposition in the 333

brain is higher than in cognitive normal elderly and 334

is associated with the development of behavioral and 335

psychiatric symptoms at onset or during the course 336

of the disease. 337

Regarding the frequency of variants, 5.2% of our 338

cohort carried a variant as compared with 1.5% in 339

healthy geriatric controls, in accordance with evi- 340

dence previously reported in the EVP (2%) and the 341

recent paper by Bremova Ertlz et al. (2020), that 342

estimated the occurrence of NPC heterozygosity of 343

1 : 200 in the general population [22]. This result is in 344

line with previous studies in cohorts of patients with 345

neurodegenerative or psychiatric disorders [10–12] 346

suggesting that NPC variants may influence the sus- 347

ceptibility to neurodegenerative diseases driven by 348

A� deposition. 349

Moreover, we found a novel variant in NPC1, 350

p.Y570H, absent in 200 non-demented geriatric 351

subjects. These results, together with the in-silico 352

analysis, lead us to raise the possibility that the vari- 353

ant may have a causative role for NPC, although a 354

larger study would be needed to exclude it is a very 355

rare polymorphism. In support of a causative role, the 356

carrier had a remarkable positive family history (five 357

relatives over three generations). 358

Notably, our cohort was not exclusively defined 359

by the clinical phenotype but based on instrumental 360
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Fig. 3. Morphological (CT or T2 MRI scans) and functional (FDG-PET scans) neuroimaging of NPC variant carriers.

analyses suggestive of an ongoing amyloid deposi-361

tion in the brain. Therefore, we can speculate on a362

correlation between the presence of NPC1 and NCP2363

variants and the ongoing pathogenic amyloid cas-364

cade, leading to neurodegeneration. In this regard,365

to our knowledge, no studies are available assess-366

ing the exact role of NPC mutations in different367

types of dementia characterized with CSF biomarkers368

and/or amyloid PET to confirm (or exclude) the 369

clinical diagnosis of AD. Genome-wide association 370

studies (GWAS) [23] revealed a significant associ- 371

ation between AD and NPC2, but failed to prove a 372

consistent association with NPC1, probably due to 373

the exclusion of SNPs with low allele frequencies 374

(< 5%) [5] and to the lack of biomarkers supporting 375

the clinical AD phenotype. NPC variants are likely 376
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too rare for being captured in GWAS studies; thus, 377

we cannot exclude that they might play a role in 378

neurodegenerative diseases. 379

Regarding the clinical phenotype, beside cognitive 380

impairment, which was one of the main inclusion 381

criteria, five of seven carriers developed psychosis 382

(70%) as compared with non-carriers (43%), mainly 383

delusions, and two had extrapyramidal symptoms 384

(28%, compared with 10% in non-carriers). Notably, 385

patient #1 did DAT-Scan SPECT that was positive 386

for decreased dopamine transporters in putamen and 387

caudate but had no beneficial effects from treatment 388

with levodopa. 389

As reviewed by Schneider and colleagues [24], 390

several studies have been performed to access clin- 391

ical, biochemical, and neurophysiological features 392

in heterozygous carriers. They reported a total of 393

19 patients with neurodegenerative syndromes (i.e., 394

atypical parkinsonism, dystonia, and dementia), 395

drawing the conclusion that NPC heterozygous muta- 396

tions could be enough to exert a pathogenic effect 397

[25, 26]. Three out of four known variants present 398

in our population were previously found in the het- 399

erozygous status in three genetic screening conducted 400

independently in cohorts of patients from different 401

European countries affected by neurodegenerative 402

diseases. In particular, the p.V30M mutation was 403

found in one patient with PD [10] and one with 404

CBS [11]. The c.441 + 1 G > A variant was present 405

in patients diagnosed with PD, FTD [10], and CBS 406

[11] and in a patient with psychosis [12]. The screen- 407

ing in a cohort of geriatric controls showed the 408

presence of the variant in one subject not showing 409

at present any neurological disorder. This evidence 410

could suggest that NPC heterozygosity might pro- 411

mote neurodegeneration acting in combination with 412

other environmental or genetic factors. The p.K71R 413

variant was instead harbored in one patient diagnosed 414

with FTD [10]. It has, however, to be underlined that 415

all the above studies did not include biomarkers for 416

diagnosis, which was merely clinical and some of 417

them were published before the definition of current 418

AD criteria, which include atypical presentations, 419

particularly the frontal variant, resembling, from a 420

clinical point of view, FTD. Therefore, we can spec- 421

ulate that NPC variants are associated with behavioral 422

and psychiatric symptoms and the evidence of amy- 423

loid deposition. However, the significance threshold 424

was not reached, possibly due to the small size of the 425

cohort of carriers. 426

Two patients also displayed movement symptoms. 427

In this regard, a recent study from Ouled et al. [27] 428
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widely investigated NPC1 genetic variability in a429

large cohort of PD patients aiming to find novel430

genetic association with the disease. However, the431

study concluded that both common and rare variants432

in NPC genes were not associated with PD.433

As already pointed out, all patients recruited had434

low CSF A� levels or evidence of A� deposition435

at PET [18], thus suggesting amyloid deposition in436

the brain. Nevertheless, after the complete workup,437

seven patients were diagnosed with other dementias438

rather than AD. To explain the observed low amyloid439

levels in patients diagnosed with other neurodegen-440

erative diseases than AD, different hypotheses may441

be raised, including: 1) the accuracy of the test is not442

100% and the definition of the threshold for defin-443

ing CSF/PET A� levels “normal” is debatable; 2)444

amyloid deposition may co-occur with other patholo-445

gies. For instance, low CSF amyloid levels have446

been previously reported in carriers of the C9ORF72447

expansion [28], associated with TDP-43 deposition448

in the brain, or in patients with LBD, associated with449

synuclein deposition.450

An unexpected result of the study was the pres-451

ence of two causal mutations, one for AD (APP) and452

another for FTD (GRN). Regarding the former, the453

genetic counselling was not considered at time of454

diagnosis in light of current literature, suggesting an455

onset in the fifth decade of life and a complete pene-456

trance [29]. The patient worsened over two years from457

diagnosis and was then lost at follow up. Regarding458

the latter, it is known that symptoms at presentation as459

well as the age at onset are very heterogeneous [30],460

and presentation with memory disturbances has been461

reported previously [31]. Despite GRN mutations are462

associated with behavioral disturbances, the patient463

never developed such symptoms over time (until the464

last visit, three years prior to death), never meeting465

current criteria for FTD [32].466

In conclusion, this is the first study of NPC1 and467

NPC2 variability in a cohort of demented patients468

with evidence of brain A� deposition. We showed469

that the frequency of NPC1 and NPC2 heterozygous470

variants in patients with CSF or amyloid-PET evi-471

dence of amyloid deposition is higher than in the472

general population and is associated with behavioral473

and psychiatric symptoms. Even though NPC is a474

recessive inherited disorder, growing evidence high-475

lighted the possible pathogenicity of heterozygous476

mutations. As speculated by Bauer et al., heterozy-477

gous mutation in NPC could have a dominant effect478

with reduced penetrance [12]. The high proportion479

of neurodegenerative diseases among NPC families480

further support this hypothesis. Nevertheless, further 481

studies are needed to highlight the connection 482

between NPC, amyloid deposition, and clinical phe- 483

notype. 484
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