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Abstract
Monogenic forms of Alzheimer’s disease (AD) have been identified through mutations in genes such as APP, PSEN1, and 
PSEN2, whilst other genetic markers such as the APOE ε carrier allele status have been shown to increase the likelihood 
of having the disease. Mutations in these genes are not limited to AD, as APP mutations can also cause an amyloid form 
of cerebral small vessel disease (CSVD) known as cerebral amyloid angiopathy, whilst PSEN1 and PSEN2 are involved in 
NOTCH3 signalling, a process known to be dysregulated in the monogenic CSVD, cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy (CADASIL). The overlap between AD genes and causes of CSVD 
led to the hypothesis that mutations in other genes within the PANTHER AD–presenilin pathway may be novel causes of 
CSVD in a cohort of clinically suspicious CADASIL patients without a pathogenic NOTCH3 mutation. To investigate this, 
whole exome sequencing was performed on 50 suspected CADASIL patients with no NOTCH3 mutations, and a targeted 
gene analysis was completed on the PANTHER. ERN1 was identified as a novel candidate CSVD gene following predicted 
pathogenic gene mutation analysis. Rare variant burden testing failed to identify an association with any gene; however, 
it did show a nominally significant link with ERN1 and TRPC3. This study provides evidence to support a genetic overlap 
between CSVD and Alzheimer’s disease.
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Background

Cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) is the 
most common monogenic form of cerebral small vessel dis-
ease (CSVD) [1]. It has been originally estimated to have 
a prevalence of 2–4 per 100,000; however, later studies of 
population data from the Genome Aggregation Database 
(gnomAD) estimate that it may be up to 1 in 300 [2, 3]. 
CADASIL predominantly affects the central nervous system 
(CNS) and symptoms include recurrent ischaemic events, 

migraine, mood disturbances, progressive cognitive decline/
vascular dementia, and sometimes seizures [4, 5].

Mutations in NOTCH3 which alter cysteines within 
exons 2–24 encompassing the epidermal growth factor-
like repeats (EGFRs) were originally identified as causal 
in CADASIL patients [6]. The theorised pathogenic role 
is that these mutations result in an odd number of cysteine 
residues in one of the EGFRs, resulting in disrupted disul-
phide bond formation which impacts NOTCH3 signalling. 
Studies have shown that NOTCH3 signalling is important 
in brain and retinal vasculature, where Notch3 deficient 
adult mice showed loss of vessel integrity resulting from 
vascular smooth muscle cell (VSMC) degradation and 
apoptosis [7]. Furthermore, these Notch3 deficient mice 
showed an increased likelihood of haemorrhages and a loss 
of blood–brain barrier function [7, 8]. Notch signalling 
is highly conserved across species and involves interac-
tions with ligands (JAG1, DLL1, DLL2) binding to the 
extracellular domain of the NOTCH3 protein. The protein 
then undergoes a cleavage event by ADAM10 at the S2 
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cleavage site, and then by the ɣ-secretase complex made 
up of Presenilin-1 (PSEN1), Presenilin-2 (PSEN2), Nica-
strin (NCSTN), anterior pharynx defective 1 (APH-1), and 
presenilin enhancer 2 (PEN2) [9]. This second cleavage 
event results in the release of the NOTCH3 intracellular 
domain (N3ICD) into the cytoplasm where it is trafficked 
into the nucleus and can act as a transcriptional regulator. 
NOTCH3 signalling is primarily limited to the VSMCs 
and as such mutations in NOTCH3 cause a gradual degen-
eration of these cells leading to recurrent infarcts and 
gradual development of vascular dementia [10].

Interestingly, the ɣ-secretase complex that is involved 
in the NOTCH cleavage steps and is also known to play 
a role in the cleavage of apolipoprotein precursor protein 
(APP). Along with mutations in PSEN1 and PSEN2, APP 
is one of the most studied genes known to cause Alzhei-
mer’s disease. Mutations in APP have also been associated 
with cerebral amyloid angiopathy (CAA), a condition that 
results in amyloid deposits accumulating around VSMCs 
in the abluminal aspect of the intimal layers of the blood 
vessels [11, 12]. In a similar mechanism to CADASIL, this 
condition can cause cerebral haemorrhages, brain bleeds, 
and dementia [13–15]. Due to the phenotypic overlap of 
these conditions and that the pathways involved are linked 
via the ɣ-secretase complex, we hypothesised that there 
are potential causative mutations in genes within the AD-
presenilin pathway that may be causing a CADASIL-like 
phenotype, or a novel form of CADASIL-related CSVD. 
Therefore, we investigated whether rare and functional 
variants in Alzheimer-related genes from the protein anal-
ysis through evolutionary relationships (PANTHER) AD-
Presenilin pathway were present in patients with suspected 
CADASIL, but without NOTCH3 mutations.

Methods

Patient Cohort

The study cohort comprised patients who were initially 
referred by neurologists to the Genomics Research Centre 
(GRC) diagnostic testing facility for CADASIL testing 
(Targeted NOTCH3 next-generation sequencing). From 
these, 50 samples were selected based on the previous 
testing using the GRC custom 5-gene panel (CACNA1A, 
ATP1A2, SCN1A, NOTCH3, KCNK18) where no causa-
tive mutation was identified in NOTCH3 or in any of the 
other genes on the panel [16]. Ethical approval through 
the Queensland University of Technology (QUT) human 
research ethic council (HREC), and appropriate consents 
for the patient cohort, are already in place (approval num-
ber 1800000611).

DNA Extraction and Whole Exome Sequencing

Genomic DNA was extracted from peripheral blood lym-
phocytes using the QIAGEN QIAcube™ (Venlo, Nether-
lands). Aliquots of DNA were quantified and checked for 
quality using a Thermo Fisher Scientific Nanodrop Spec-
trophotometer 8000 (Waltham, MA, USA) and diluted to 
a concentration of ~ 20 ng/µL for whole exome sequenc-
ing using the Ion AmpliSeq™ Exome RDY-kits (Carlsbad, 
CA., USA) for library preparation, according to manu-
factures’ instructions (MAN0010084). Completed librar-
ies were quantified using QIAGEN Qubit™ v.3 (Venlo, 
Netherlands) and combined at an equimolar concentration 
of 100 pM. Template preparation, enrichment, and chip 
loading were performed using the Ion P1™ Hi-Q™ Chef 
Kit (Cat. Number A27198) and 540 Chips (Cat. Number 
A30011) on the Applied Biosystems Ion Chef (Carlsbad, 
CA, USA) targeted at 200 bp lengths. Sequencing was 
performed using the Ion Proton™ and Ion S5 + platforms 
with sequencing alignment (Hg19) and variant calling was 
completed via the Ion Torrent™ software (Carlsbad, CA, 
USA).

Targeted Candidate Mutation Analysis and Curation

Analysis was completed through merging 50 variant call 
format (vcf) files using the bcf-tools vcf-merge function 
and completing variant annotation using ensemble-vep 
[17]. The merged vcf file was then filtered based on a list 
of 131 genes that are part of the PANTHER Alzheimer 
disease – presenilin pathway (Table 1) from (http:// www. 
panth erdb. org/ list/ list. do? numPe rPage= 200& save= yes& 
searc hModT ype= numpe rpage & listT ype=1). These genes 
were identified through selecting the components part of 
the Alzheimer’s disease – presenilin pathway (Accession: 
P00004) and converting the list to genes and filtering for 
homo sapiens. Candidate variants were filtered based on 
pathogenic in silico prediction tools such as Mutation-
Taster, SIFT, PolyPhen, and PredictSNP2 (which includes 
CADD, DANN, FATHMM, FunSeq2, and GWAVA scores) 
as well as an overall gnomAD MAF < 0.001 [18–22]. Vari-
ants were excluded if there were two or more in silico tools 
that identified the variant as benign/tolerated. Variants 
were further checked in disease and variant databases such 
as ClinVar, dbSNP, and for previous pathogenicity and 
disease-causing curations. Finally, variants were checked 
for the candidacy of causing disease based on gene ontol-
ogy, genetic interactions, and gene expression.

An additional analysis of APOE ε carrier allele status 
was also completed. This involved extracting the rs429358 
and rs7412 variants identified in APOE from WES data for 

http://www.pantherdb.org/list/list.do?numPerPage=200&save=yes&searchModType=numperpage&listType=1
http://www.pantherdb.org/list/list.do?numPerPage=200&save=yes&searchModType=numperpage&listType=1
http://www.pantherdb.org/list/list.do?numPerPage=200&save=yes&searchModType=numperpage&listType=1
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each individual [23]. The rate of each genotype identified 
was then used to determine if there is an increased risk for 
Alzheimer’s disease in this cohort and was compared to 
gnomAD population data.

Burden Testing the Alzheimer’s Disease Gene 
Pathway

Following candidate mutation identification, a rare-variant 
association test using the TRAPD software was also com-
pleted to determine if there was any increase in the number 
of rare variants in the Alzheimer’s disease—presenilin path-
way genes [24]. This test involved using a modified analysis 
pipeline (Fig. 1) of the merged and annotated vcf file with 
just the AD-presenilin genes and counting the number of 
rare variants (gnomAD global MAF < 0.001).

Variants were also filtered in if there was a score of ≤ 0.05 
for SIFT and a score of ≥ 0.8 for PolyPhen had a coverage 
depth of ≥ 20X. To further remove the likelihood of arte-
factual results, there was also a threshold set for an overall 
allele count (AC) < 5 for each variant in the merged vcf file. 
To ensure the same regions of the genes were covered, both 
the gnomAD and CADASIL-related CSVD vcf files were fil-
tered to only include non-intronic variants. The TRAPD bur-
den test scripts initially involved creating a variant (SNP) file 
for both the gnomAD v2.1.1 filtered vcf and the CADASIL 
merged filtered vcf file. The number of alleles for each SNP 
identified was then counted and collated into its associated 
gene count, where a second filter for the gnomAD controls 
was added to make sure that only variants seen in less than 

1 in 1000 gnomAD cases were counted. This was done in 
accordance with the TRAPD burden test guidelines to fur-
ther remove bias from the system. Finally, a burden test was 
run using Fisher’s exact test to identify a greater burden 
in variants identified across genes in the CADASIL case-
cohort versus the control cohort. There were two p values 
calculated for each gene based on either a predicted Mende-
lian autosomal dominant or autosomal recessive inheritance 
pattern.

Results

WES was conducted for 50 patients referred for CADASIL 
testing, but negative for mutations in NOTCH3. Overall, the 
initial analysis of the WES data identified n = 20 mutations 
across n = 15 PANTHER Alzheimer’s disease – presenilin 
pathway genes (Table 2). This included a rare mutation in APP 
in DGR349, where mutations in this gene are known to cause 
Alzheimer’s disease and/or cerebral amyloid angiopathy. There 
were n = 2 mutations in SMPD1 across two separate samples 
(DGR330, DGR332) which encodes for Sphingomyelin phos-
phodiesterase 1. There were also three samples with mutations 
in ERN1 (DGR024, DGR037, and DGR323) which encodes 
for Endoplasmic Reticulum to Nucleus Signalling and TRPC4 
(DGR321, DGR343, DGR366) which encodes for Transient 
Receptor Potential Cation Channel Subfamily C Member 4. 
Mutations in NOTCH1 and NOTCH2 were also identified in 

Table 1  PANTHER 
Alzheimer’s disease – presenilin 
pathway genes used for analysis 
listed in alphabetical order

ACTA1 CDH1 FZD6 MMP12 NECTIN1 TCF7 WNT4
ACTA2 CDH3 FZD7 MMP13 NOTCH1 TCF7L1 WNT5A
ACTB CTNNA1 FZD8 MMP14 NOTCH2 TCF7L2 WNT5B
ACTBL2 CTNNA2 FZD9 MMP15 NOTCH2NLB TRIM2 WNT6
ACTBL3 CTNNB1 GSK3B MMP16 NOTCH3 TRIM3 WNT7A
ACTC1 DVL1 HVEC MMP17 NOTCH4 TRPC1 WNT7B
ACTG1 DVL1P1 JUP MMP19 PCSK1 TRPC3 WNT8A
ACTG2 DVL2 KAT5 MMP2 PCSK2 TRPC4 WNT8B
ACTR2 DVL3 KAT7 MMP20 PCSK4 TRPC5 WNT9A
ADAM17 ERBB4 LEF1 MMP21 PCSK5 TRPC6 WNT9B
AFDN ERN1 LRP1 MMP23B PCSK6 TRPC7
APBB1 ERN2 LRP1B MMP24 PCSK7 WNT1
APBB2 FSTL1 LRP2 MMP25 POTEK WNT10A
APBB3 FURIN LRP3 MMP27 POTEKP WNT10B
APH1A FZD1 LRP4 MMP28 PSEN1 WNT11
APH1B FZD10 LRP5 MMP7 PSEN2 WNT16
APP FZD2 LRP5L MMP8 PSENEN WNT2
BACE1 FZD3 LRP6 MMP9 PVRL1 WNT2B
BACE2 FZD4 MLLT4 N2N RBPJ WNT3
CD44 FZD5 MMP1 NCSTN RBPJL WNT3A
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this analysis showing potential variants of interest in other 
NOTCH family genes.

The ApoE homozygous rs429358 CC variants were seen at 
10 times the rate of the gnomAD population control (Table 3) 
and heterozygous rs7412 CT variants occurred 1.66 times 
more frequently in the case-cohort compared to the general 
gnomAD population observing this genotype [24]. There was 
a total of 10% (n = 5/50) CADASIL referred individuals that 
have the APOE-ε4/ε4 genotype (Table 4). The remaining geno-
types identified that the ε3/ε4 and ε3/ε3 were observed in 42% 
(n = 21/50) and 38% (n = 19/50) respectively of the CADASIL-
CSVD population, while the ε2/ε3 and ε2/ε4 genotypes were 
seen in 8% (n = 4/50) and 2% (n = 1/50) respectively (Table 4). 
Interestingly, this showed that 50% of the CADASIL-related 
CSVD cohort had at least one APOE4 AD risk allele.

Rare variant association testing using the TRAPD soft-
ware failed to identify an increased pathogenic rare variant 
burden in the AD-Presenilin genes within the CADASIL-
like CSVD cohort compared to the GnomAD population that 
passed multiple testing. However, two genes (ERN1 p = 0.0015 
FDR = 0.38; TRPC3 p = 0.015 FDR = 1) were found to be 
nominally significant using the autosomal dominant model 
(Table 5). There was no nominal association identified in the 
recessive model.

Discussion

Candidate mutation analysis based on MAF thresholds 
and in silico prediction tools of the AD-presenilin genes 
identified 20 mutations across 15 genes which were further 
investigated as novel candidates for CSVD. ERN1 may be 
the strongest novel candidate for CSVD pathology as there 
were five variants identified across the CADASIL-CSVD 
cohort that were considered significant, that included the 
three candidate mutations (Table 2). The ERN1 associa-
tion identified from the TRAPD burden test also mimics an 
exome-wide association study of APOE ε4 non-carrier Alz-
heimer’s disease which found a rare synonymous variant in 
ERN1 (rs56201815) as being associated with late-onset Alz-
heimer’s disease (LOAD) [25]. ERN1 encodes for a resident 
transmembrane endoplasmic reticulum (ER) protein which 
has both kinase and endonuclease domains (Fig. 2) that 
works as a key sensor for the ER unfolded protein response 
[26, 27]. This response activates the genes involved in the 
degradation of misfolded proteins, regulating protein syn-
thesis and activating molecular chaperones [27].

Misfolded proteins that aggregate are a common fea-
ture of CSVDs such as CADASIL (NOTCH3 mutations), 

Fig. 1  Analysis pipeline for 
using the TRAPD burden test 
protocol with added pre-pro-
cessing steps. Values in brackets 
are where there are minor differ-
ences completed for each file

TRAPD Analysis Output with dominant and recessive p-values set at a cut-off of 0.05

TRAPD Analysis
gnomAD_filtered_SNP_Count (Control size = 

125748)
CADASIL_filtered_SNP_Count (Case size = 50)

gnomAD_filtered_SNP_Count (maxAF <0.001)

CADASIL_filtered_SNP_Count

Create SNP files for TRAPD Burden test using snponly

gnomAD_filtered_SNP CADASIL_filtered_SNP (AC <= 5)

VEP filter for AD-P Genes, gnomAD MAF 0.001, SIFT <0.05, PolyPhen >0.8, exonic mutations

gnomAD_filtered CADASIL_filtered

Processing of vcf files with VEP

gnomAD v2.1.1 exome file Merged CADASIL vcf
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Collagen, type IV, alpha-related small vessel disease 
(COL4A1 and COL4A2 mutations), and CAA (APP 
– mutations) [29–32]. As such, ERN1 dysfunction may 
result in increased formation and accumulation of mis-
folded proteins, and aggregation in the intra- or extracellu-
lar spaces in the vessel walls contributing to the pathology 
of CADASIL and related CSVD pathologies. Interestingly, 
a previous study found that inhibited expression of ERN1 
reduced the levels of APP in cortical and hippocampal 
areas in AD mice, restoring their learning and memory 

capacity [33]. Whilst the mutations identified have not 
been confirmed to affect function, these studies indicate 
that dysfunctional ERN1 may have a contributory or caus-
ative role in CSVD pathology.

In humans, pharmacological modulation of the ERN1 
protein can counteract metaflammation (ubiquitous low 
levels of inflammation throughout the body) a process that 
is associated with blood vessel–affecting diseases such as 
atherosclerosis, chronic heart disease, and diabetes mellitus 
[34]. ERN1 signalling has also been identified to increase 

Table 2  Mutations identified through targeted WES analysis focussing on the PANTHER Alzheimer’s disease

Genomic 

Mutation Position

(Hg19) Gene

Amino acid 

change

dbSNP

MAF 

(gnom

AD) S PP PS2 CD DN FM FS2 GW

Samples

:

2:170092538G>

A LRP2

NP_004516.2

:p.Arg1578Cy

s rs768876882

0.000

05

D D 87 84 77 72 62 51 DGR019

7:116918397G>

A WNT2
NP_003382.1

:p.Arg299Trp rs148046128

0.000

827 D D 87 84 77 56 62 51 DGR023

9:139401234G>

A NOTCH1

NP_060087.3

:p.Arg1279Cy

s rs182330532

0.000

585

D D 87 82 77 83 61 ? DGR032

11:6412872C>T SMPD1
NP_000534.3

:p.Pro193Thr rs1188654148

0

D D 87 54 72 67 61 51 DGR332

11:6413034G>A SMPD1
NP_000534.3

:p.Gly247Ser rs587779408

0.000

029 D D 87 51 71 79 61 ? DGR330

11:86665934T>C FZD4
NP_036325.2

:p.Asn65Ser rs768413379

0.000

007 D D 87 53 70 72 61 51 DGR345

13:38211716A>

G TRPC4
NP_057263.1

:p.Leu753Ser rs377554360

0.000

043 D D 87 82 71 83 61 51 DGR366

13:38211716A>

G TRPC4
NP_057263.1

:p.Leu753Ser rs377554360

0.000

043 D D 87 82 71 83 61 51 DGR321

21:27372387C>T APP
NP_000475.1

:p.Gly326Ser rs754207226

0.000

007 D D 87 84 72 77 62 50 DGR349

12:132325368G>

C MMP17

NP_057239.4

:p.Asp225As

n rs778858266

0.000

008

D D 87 71 60 83 62 52 DGR070

15:101865244C>

T PCSK6

NP_0012782

38.1:p.Val656

Met rs771085445

0.000

029

D D 77 70 74 62 60 ? DGR026

17:47869354G>C KAT7
NP_008998.1

:p.Arg41Pro rs1006528415

0.000

004 D D 87 52 68 83 62 51 DGR336

17:62121494C>T ERN1
NP_001424.3

:p.Val930Met rs201032188

0.000

1 D D 87 80 70 68 62 ? DGR345

17:62121544T>C ERN1
NP_001424.3

:p.Glu913Gly rs61738538

0.000

58 D D 87 77 71 83 62 ? DGR024

17:62121544T>C ERN1
NP_001424.3

:p.Glu913Gly rs61738538

0.000

58 D D 87 77 71 83 62 ? DGR037

11:101375528G>

A TRPC6
NP_004612.2

:p.Arg58Trp rs117273916

0.000

97 D D 82 82 74 71 61 ? DGR323

13:38211702T>G TRPC4
NP_057263.1

:p.Lys758Gln rs146807006

0.000

574 D D 82 56 60 79 61 51 DGR343

1:22446626G>A WNT4
NP_110388.2

:p.Arg325Cys rs924902688

0

D D 87 56 74 56 61 ? DGR323

1:120539676T>C NOTCH2
NP_077719.2

:p.Asn232Ser rs375605753

0.000

039 D D 87 58 70 74 62 ? DGR007

11:102668051C>

T WTAPP1
NP_002412.1

:p.Asp96His rs148980271

0.000

966 D D 87 65 72 72 61 51 DGR346

Presenilin pathway genes are stratified according to the number of tools showing a damaging/deleterious effect (red), an unknown effect (blue) 
and a benign/tolerated effect (green). In silico pathogenicity prediction tools such as SIFT (S), PolyPhen (PP), PredictSNP2(PS2), CADD (CD), 
DANN (DN), FATHMM (FM), FunSeq2 (FS2), and GWAVA (GW) were used to stratify mutations. Only gene mutations with a MAF < 0.001 
were used for this table
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cell cytotoxicity and apoptosis in neuronal ischaemic injury 
[35]. However, some studies have also identified that ERN1 
signalling also exerts a neuroprotective response which sup-
ports that the ERN1-pathway may be pro-survival in ischae-
mic stroke through the activation of chaperone proteins [36]. 
While this gene did not pass multiple testing using TRAPD 
burden software, this analysis was based on a low sample 
size and ERN1 remains an interesting candidate to inves-
tigate further in CSVD and neurodegenerative phenotypes 
[37, 38].

The amyloid cascade hypothesis for AD is based on the 
accumulation of amyloid-β peptide as the key driver of early-
onset AD [39]. This hypothesis is based on disease-causing 
mutations identified in PSEN1, PSEN2, and APP, as well 
as the ApoE variants found to increase the risk of develop-
ing early onset AD. The role of PSEN1 and PSEN2 in the 

ɣ-secretase complex, as well as APP being a known cause of 
the CAA made these genes interesting targets to investigate 
further in this study. Furthermore, the link between CSVD 
and AD is constantly expanding, with some studies show-
ing that CSVD can occur with AD, indicating that the two 
diseases are interconnected [40, 41]. Within this suspected 
CADASIL cohort, it was observed that five participants 
(10%) had the APOE-ε4/ε4 genotype and 25 participants 
(50%) had at least one APOE-ε4 allele. Interestingly, the 
percentage of APOE-ε4 carriers in the CADASIL-related 
CSVD cohort is in line with what is expected to see in global 
AD patient cohorts which can range from 38.9–64.4% [42, 
43]. This may represent a cause of some of the CADASIL-
related symptoms, as APOE-ε4 carriers show a significant 
decline in cognitive function by age 69, with the strongest 
association being seen in APOE-ε4/ε4 individuals [44]. This 
may mean that some suspected CADASIL patients are pre-
senting with Alzheimer’s disease and may have comorbidi-
ties that mimic a CADASIL phenotype. It would be interest-
ing to investigate this further in other cohorts.

The heterozygous APP p.Gly326Ser mutation may be 
causative of the amyloid-type CSVD, CAA—an autosomal 
dominant condition where amyloid progressively deposits in 
the cerebral blood vessel walls causing degenerative vascular 
changes and spontaneous cerebral haemorrhages, ischaemic 
lesions, and dementia [12]. Furthermore, mutations in APP 
are also well documented to cause AD [45, 46]. The muta-
tion was predicted as disease-causing across all forms of 
in silico pathogenicity prediction tools (SIFT, PolyPhen2, 
MutationTaster, PredictSNP2, CADD, DANN, FATHMM, 

Table 3  Investigation of the 
rate of APOE variants in the 
CADASIL-related CSVD 
cohort compared to the rate 
observed in gnomAD

CADASIL 
cohort

CADASIL rate gnomAD cohort gnomAD rate

rs429358 TT 25 0.5 172283 0.857
TC 20 0.4 26546 0.132
CC 5 0.1 2091 0.010
Total 50 1 200920

rs7412 CC 45 0.9 157082 0.935
CT 5 0.1 10531 0.063
TT 0 0 465 0.003
Total 50 1 168078

Table 4  Distribution of APOE genotypes across the CADASIL-
CSVD cohort

APOE geno-
type

rs429358 
allele

rs7412 allele Number Percentage

ε2/ε2 TT TT 0 0%
ε2/ε3 TT CT 4 8%
ε2/ε4 CT CT 1 2%
ε3/ε3 TT CC 21 42%
ε3/ε4 CT CC 19 38%
ε4/ε4 CC CC 5 10%

Total: 50 100%

Table 5  Statistically significant genes identified from the TRAPD burden test

Abbreviations: HET heterozygous; CH compound heterozygous, HOM homozygous; AC allele count; DOM dominant inheritance pattern; REC 
recessive inheritance pattern; FDR false discovery rate

Gene Case HET Case CH Case HOM Case total 
AC

Control HET Control 
HOM

Control total AC p DOM FDR DOM

ERN1 5 0 0 5 2112 0 2112 0.0015 0.3735
TRPC3 3 0 0 3 1298 0 1298 0.0150 1
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and FunSeq2) and has a MAF of 2.4e−5. The computational 
evidence together with the MAF may be indicative of CAA/
AD. The presence of the white matter hyperintensities that 
were “characteristic of CADASIL” make CAA the most-
plausible cause of CSVD in DGR349. Interestingly, this 
individual also had the heterozygous APOE-ε3/ε4 genotype. 
Together, this may have increased the likelihood of AD or 
CAA in this individual.

Interestingly, three TRPC gene paralogs (TRPC3, 
TRPC4, and TRPC6) were identified within this study. 
TRPC3 was identified as nominally significant through the 
TRAPD burden test although didn’t pass multiple testing. 

Interestingly, this was due to three individuals which had 
the same variant identified (4:122872901A > G) in an 
untranslated region of the gene, so the functional conse-
quence of these is not clear. In contrast, TRPC4 and TRPC6 
were identified with candidate predicted pathogenic vari-
ants (TRPC4 rs377554360 -NP_057263.1:p.Lys758Gln 
and rs146807006—NP_057263.1:p.Leu753Ser; TRPC6 
rs117273916—NP_004612.2:p.Arg58Trp). Further inves-
tigation of these mutations via MutationTaster classified 
the TRPC6 rs117273916 as polymorphism and there-
fore as likely harmless, despite it recognising that splice 
sites may be affected, whilst the TRPC4 mutations were 

Fig. 2  ERN1 protein structure and potential impact of identified vari-
ants. Panel of ERN1 protein structure and role in the unfolded pro-
tein response (UPR) cycle. Panel A. shows the ERN1 protein with 
its topological domains (Lumenal, Transmembrane, and Cytoplas-
mic), functional domains (Protein Kinase and Ribonuc_5_2A), and 
the CDS exonic locations that encode for each domain. The two 
variants identified in this study show the Ribonuc_5_2A functional 

domain may be affected. Panel B. shows the role of ERN1 in the UPR 
cycle and is adapted from Li et. al. (2019) [28]. The Ribonuc_5_2A 
domain at the C-terminal of the protein is involved in splicing XBP1 
mRNA allowing for the protein to be translated to act as a transcrip-
tional regulator of UPR genes. Panel C. predicts the potential down-
stream functional effects of the ERN1 gene variants in splicing XBP1 
mRNA and altering the transcriptional regulation of UPR genes
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classified as disease-causing by MutationTaster software. 
The two TRPC4 mutations (NP_057263.1:p.Lys758Gln 
and NP_057263.1:p.Leu753Ser) were seen in three sepa-
rate individuals where NP_057263.1:p.Leu753Ser was 
identified as pathogenic across all in silico prediction tools 
and NP_057263.1:p.Lys758Gln was identified as patho-
genic across all tools, apart from DANN. Both mutations in 
TRPC4 are within the topological domain of the protein in 
the region that binds to ITPR1, ITPR2, and ITPR3. A role 
for TRPC4 has not been implicated CSVD; however, it has 
been found to play a role in regulating blood–brain barrier 
function and is hypothesised to be crucial for oedema forma-
tion in ischaemic stroke [47–49].

Similarly, there is currently no implicated role of TRPC6 
in CSVD; however, some studies have shown that PSEN2 
is known to interfere with the activity of TRPC6 without 
affecting agonist-induced  Ca2+ release of other  Ca2+ chan-
nels in HEK 293 T cells [47, 50]. As there were three par-
alogous TRPC genes identified either through TRAPD 
association or the candidate mutations approach, it shows a 
potential role of these genes in CSVD and neurodegenera-
tive phenotypes. This may be related to the role they play 
in  Ca2+ homeostasis in cells, something that is found to be 
dysregulated in AD-related pathologies. Furthermore, mem-
bers of the TRPC family are found in rodent and human cer-
ebrovascular tissue, cerebral arteries, and VSMCs, although 
clinical evidence linking these proteins to CSVD is limited 
[47, 51, 52].

Only ERN1 was identified using the WES candidate 
mutation identification approach. The use of rare variant 
association testing using the TRAPD software was unsuc-
cessful in identifying novel associations. In part, this is due 
to one of the limitations of this type of testing in this study 
as there were only 50 probands available for research. Future 
genetic investigations should involve segregation studies 
within families, functional studies using cell lines or animal 
studies to further confirm overlapping molecular processes 
in these diseases. Furthermore, increasing the population of 
the CADASIL-CSVD cohort should also be completed and 
other statistical burden tests should be repeated to utilise 
a more specific control dataset such as the UK Biobank or 
ASPREE dataset [53, 54]. This would allow for a better con-
trol population and may even aid in identifying other novel 
causes of disease [55, 56].

Conclusion

In conclusion, analysis of the PANTHER Alzheimer’s dis-
ease – presenilin pathway genes in the CADASIL-CSVD 
cohort was successful in identifying novel candidate muta-
tions that may be contributing to patient phenotypes. In 
particular, the mutations identified in ERN1 across three 

separate unrelated individuals show a promising novel 
CSVD gene. There was also further evidence for potential 
links between AD and CSVD through the proportion of indi-
viduals shown as carriers for APOE-ε4. This work builds on 
theories of an overlapping genetic mechanism between Alz-
heimer’s disease and CSVD, however further studies need to 
be completed to truly start to elucidate an overlapping role 
between these two diseases.
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