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ABSTRACT: Objective: Intracranial aneurysm (IA) is an expansion of the weakened arterial wall that is often asymptomatic until
rupture, resulting in subarachnoid hemorrhage. Here we describe the high prevalence of familial IA in a cohort of Newfoundland
ancestry. We began to investigate the genetic etiology of IA in affected family members, as the inheritance of this disease is poorly
understood. Methods: Whole exome sequencing was completed for a cohort of 12 affected individuals from two multiplex families
with a strong family history of IA. A filtering strategy was implemented to identify rare, shared variants. Filtered variants were
prioritized based on validation by Sanger sequencing and segregation within the families. Results: In family R1352, six variants
passed filtering; while in family R1256, 68 variants remained, so further filtering was pursued. Following validation by Sanger
sequencing, top candidates were investigated in a set of population controls, namely, C4orf6 c.A1G (p.M1V) and SPDYE4 c.C103T
(p.P35S). Neither was detected in 100 Newfoundland control samples. Conclusion: Rare and potentially deleterious variants were
identified in both families, though incomplete segregation was identified for all filtered variants. Alternate methods of variant
prioritization and broader considerations regarding the interplay of genetic and environmental factors are necessary in future studies
of this disease.

RÉSUMÉ: Prévalence d’anévrismes intracrâniens au sein de familles terre-neuviennes : une analyse clinique et génétique. Objectif : Un
anévrisme intracrânien (AI) consiste en une expansion, souvent asymptomatique, d’une paroi artérielle affaiblie. La rupture qui peut s’ensuivre résultera
en une hémorragie sous-arachnoïdienne. Nous voulons décrire ici la forte prévalence d’AI au sein de familles terre-neuviennes ayant des ancêtres
communs. Nous avons débuté cette étude en étudiant l’étiologie génétique de l’AI chez les membres de ces familles affectés par cette déformation car
l’hérédité des AI demeure encore mal comprise. Méthodes : Nous avons tout d’abord procédé au séquençage entier de l’exome d’un groupe de 12 sujets
appartenant à deux familles dites « multiplexes » présentant des antécédents notables d’AI. À cet égard, une stratégie de filtrage a été mise de l’avant afin
d’identifier des variantes génétiques à la fois peu fréquentes et partagées. Nous avons ensuite privilégié et validé ces variantes filtrées en nous fondant sur
la méthode de séquençage et de ségrégation de Sanger. Résultats : Dans la famille R1352, 6 variantes ont été sélectionnées par filtrage alors que 68
variantes l’ont été dans le cas de la famille R1256, ce qui fait que des tâches additionnelles de filtrage ont été menées. Une fois complétée notre validation
par la méthode de Sanger, les meilleurs sujets ont fait l’objet d’un travail d’analyse au sein d’un groupe de témoins de la population, à savoir C4orf6 c.A1G
(p. M1V) et SPDYE4 c.C103T (p. P35S). À cet égard, aucune variante génétique n’a été détectée parmi 100 échantillons de témoins de Terre-Neuve.
Conclusion : Bien qu’une ségrégation incomplète ait été effectuée pour toutes les variantes filtrées, des variantes génétiques peu fréquentes et
potentiellement délétères ont été détectées au sein de ces deux familles. D’autres méthodes de priorisation des variantes génétiques, de même que des
considérations d’ordre plus général en ce qui a trait à l’interaction entre les facteurs génétiques et les facteurs environnementaux, sont nécessaires si l’on
veut étudier les AI dans le futur.
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INTRODUCTION

Though intracranial aneurysms (IAs) can occur sporadically,
they are more common in individuals that have a family history of
the disease, and on average, familial IAs develop at an earlier
age.1,2 To date, several common variants have been statistically
associated with IA through genome-wide association, candidate
gene, and linkage studies.3 As the next generation sequencing
technology has become more accessible, research groups have
been able to search for rare variants in exomes and explore the
possible modes of inheritance for this disease in families with
non-syndromic IA.4,5 However, no causative variants have been
identified, and our knowledge of the genetic etiology of familial
IA is still limited.

There appears to be a high prevalence of familial IA in the
province of Newfoundland and Labrador (NL), Canada. Over a
5-year recruitment period, we ascertained 53 IA families con-
taining 99 affected individuals. The unique population of NL
has provided geneticists with a wealth of opportunity to study
familial disease. The current population has grown from a group
of initial immigrants of mainly Irish and English descent who
settled in isolated communities around the island in the mid-
1700 s.6 This settlement has led to the relatively high prevalence
of several monogenic disorders, including Bardet–Biedl syn-
drome, Lynch syndrome, and arrhythmogenic right ventricular
cardiomyopathy.7–9 The presence of familial IA in the popula-
tion was first referenced in a case study of familial central
nervous system disorders, which described three families with
seven individuals that had been diagnosed with subarachnoid
hemorrhage (SAH).10 Previous studies have also reported an
increased prevalence of familial IA in similar genetic isolates,
such as the French-Canadian population of Québec and the
Finnish population.11–13

In order to elucidate the genetic risk factors involved with
familial IA development in this province, we investigated the
presence of shared, rare variants in affected family members from
two large kindreds, through the use of whole exome sequencing
(WES). It was predicted that one or more strongly penetrant
variants would be present in each family. Pathogenic variants
identified in this cohort could lead to the identification of
causative genes and affected pathways in other populations.

METHODS

Participant Recruitment and Phenotyping

The Health Research Ethics Board (Reference Number 04.89)
for Memorial University of Newfoundland approved this study, and
all participants provided informed consent. The overall study design
for this pilot study is shown in Figure 1. Our cohort was assembled
through collaboration between Memorial University’s Discipline of
Genetics and the Department of Surgery (Division of Neurosurgery)
at Eastern Health in St. John’s, NL, Canada, which is the only
neurosurgical unit in the province. Patients were referred to our
study if they had presented with either ruptured or unruptured IA.
Diagnosis of IA was confirmed through computed tomography (CT)
imaging of the Circle of Willis or by magnetic resonance (MR)
angiography. Patients were asked whether they had a family history
of IA, and additional family members were then contacted for
participation. At the date of publication, 154 affected individuals and
415 unaffected family members had been consented to this study.

Our database also includes 105 individuals with unknown affection
status. Relatives of patients that provided consent were offered CT
angiography, underwent a comprehensive medical and family his-
tory assessment, and a blood sample was drawn if possible. Geno-
mic DNA was extracted from whole blood using either a simple
salting out method or the Wizard® Genomic DNA Purification kit
(Promega, Madison, WI, USA). For some participants, sufficient
clinical data were obtained (age of diagnosis, rupture status, etc.), but
molecular investigations could not be pursued. These circumstances
included individuals who were deceased prior to participant recruit-
ment, who were consented by proxy by a relative, so that we could
use their clinical data as part of our larger study. As well, participants
living outside the province that did not arrange to have blood
provided were not included in the genetic portion of our study.

For all affected participants, histories encompassed as much
detailed information as possible such as age at diagnosis, number
of IAs, dimensions and location of any IAs, rupture incidence as
well as any courses of treatment provided. Information regarding
two known risk factors, cigarette smoking and hypertension, was
also recorded. Affected participants were ultimately placed into
one of the three categories: familial (≥2 first-degree relatives with
IA), sporadic (no known family history), or equivocal (not
enough data to categorize). Our cohort includes over 50 families
with possible shared genetic risk factors. Eight families contained
four or more affected individuals.

Figure 1: Study design for genetic investigations. Abbreviations:
genomic DNA (gDNA), Newfoundland and Labrador (NL), McGill
University and Genome Quebec Innovation Centre (MUGQIC).
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Selection of Study Families

For this pilot study, we chose to focus on two of the families
that have a particularly strong family history of IA, specifically
eight or more first-degree relatives with IA. Each family has
more than 11 affected family members in total, either living or
deceased. Eligible affected participants for our pilot study must
have had (1) a diagnosis of unruptured IA through CT or MR
imaging, or a history of ruptured IA or SAH and (2) at least one
affected relative (first or second degree) with IA. Exclusion
criteria included (1) individuals that did not provide informed
consent, (2) individuals that did not provide a blood sample for
genetic analysis, and (3) individuals under the age of 18. Pheno-
type characteristics for the 20 affected individuals that met these
criteria are provided in Table 1.

Figure 2 illustrates condensed pedigrees for these two multi-
plex families. A younger generation beyond the four shown
has been documented but was eliminated from our molecular
research, as children were not recruited into the study. For the
purpose of this study, we acted under the assumption that familial
IA reflected an unknown monogenic inheritance pattern, with the

knowledge that additional risk factors play a role in disease
development and rupture. Likewise, due to IA’s variable expres-
sivity and penetrance, unaffected family members were also not
included in initial molecular analyses. They were however used
to test the segregation of candidate variants.

WES Analysis

From the two families, a total of 12 affected individuals were
selected for WES, 5 from R1256 and 7 from R1352 (Figure 2). As
shown in Table 1, the additional eight affected individuals were
excluded from WES as in some cases it was determined through
quality control that there was no sufficient high-quality DNA
needed for robust sequencing. As well, we had limitations with
regard to available personnel and resources, which limited our
study size. WES was completed at McGill University and
Genome Quebec Innovation Center (MUGQIC, Montreal, QC,
Canada). The Agilent SureSelect 50Mb All Exon kit was used
for exome capture and paired-end sequencing was completed on
the Illumina® HiSeq 2000 platform. Following sequencing, initial
bioinformatics analyses were completed at MUGQIC using an

Figure 2: Condensed pedigrees for R1256 and R1352. Study numbers starting with “Z” are located under each affected individual who consented to
participate. III-1 and II-5 of R1352 represent the same individual. Dotted marriage line indicates possible consanguinity. Symbols: squares (males),
circles (females), left side shaded (IA diagnosis), right side shaded (AAA diagnosis), unshaded (unaffected or phenotype unknown), asterisk (exome
sequenced), diagonal line (known to be deceased), shaded triangle (proband).
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in-house pipeline for alignment, variant calling, and annotation.
Further details are provided in the online supplementary methods.

Variant Filtering Strategy

A filtering strategy was developed to eliminate any variants that
were unlikely to play a role in IA pathogenesis. First, annotated
variant lists for each family were grouped by predicted impact. For
the purpose of our analyses, we filtered each type but focused on
variants of high and moderate effect, which excluded synonymous
variation from consideration (low impact). High-impact variants
included splice-site acceptor, splice-site donor, start-lost, frameshift,
stop-gain, stop-lost, and rare amino acid substitution types, while
moderate-impact variants were classified as missense variants,
according to the provided categorization from MUGQIC. Next,
variants with a read depth less than 10× were eliminated. Variants
were then prioritized if they were shared by the majority of affected
individuals in at least one family. Variants were filtered out if they
were present in less than 4/5 exomes in R1256 or less than 6/7
exomes in R1352. Common variants were eliminated next, through
the use of population frequency data from the MUGQIC in-house
control exome set, and the following data sets: dbSNP, ExAC
Browser, NHLBI Exome Variant Server, and Ensembl Genome
Browser.14–17 Variants with a minor allele frequency greater than or
equal to 1% in any of these databases were eliminated. Following
this step, there were still a high number of moderate-effect variants
remaining for family R1256. To suit the parameters and constraints
of this pilot project, an additional step was added to focus solely on
variants found in 5/5 exomes in this family that were also unreported
in variant databases. We modeled the disease inheritance as both
recessive and dominant when filtering the variants in both families.

Validation and Segregation in Families

Sanger sequencing was employed to validate filtered variants
in affected individuals and eliminate any false positive findings.
In this step, an additional five affected family members from

R1256 were included, for whom sufficient DNA was available
(Z1522, Z1471, Z1459, Z1013, and Z1501 in Figure 2). Primer
sequences and specific protocols for polymerase chain reaction
are available upon request.

After a list of top candidates was created, additional measures
of prioritization were applied. Several statistical algorithms for
predicting variant pathogenicity were employed, specifically
PolyPhen2, sorting intolerant from tolerant (SIFT), and genomic
evolutionary rate profiling, which gives a measure of evolutionary
conservation of an amino acid.18–20 All top candidates were then
reviewed manually to ensure that filtering steps were applied prop-
erly and that no obviously benign or common variantswere remain-
ing. Top candidateswere sequenced in a selection of 100 population
controlsamplesfromNL.ThesecontrolDNAsampleswerefromNL
residentswhowere recruited through random-digit dialing as part of
the Newfoundland Colorectal Cancer Registry project.21

RESULTS

Summary of Results

After consolidating our clinical data for the 20 participants in
this study, we were able to generate some basic statistics for our
cohort. This led into the successful completion of WES, which
provided us with 12 exomes for analysis. Through our variant
filtering strategy, 6 genetic variants of interest were prioritized in
family R1352, and 17 were prioritized in family R1256. It was
determined that there were no shared variants between the two
families. Segregation analysis with Sanger sequencing showed that
the missense variant SPDYE4 c.C103T (p.P35S) was present in
10 of the 11 affected individuals from family R1256 and was
absent in 100 control samples from the NL population. This led us
to categorize it as a top candidate in this family. The high-impact
variantC4orf6 c.A1G (p.M1V) was present in six of seven affected
individuals and was absent in 100 control samples as well in family
R1352. The fact that this variant was classified as high impact led
us to categorize it as a top candidate in the family.

Figure 3: Remaining variants in each impact category following application of filtering strategy. αLow-impact variants were excluded from further
analyses beyond filtering. βSelected databases include dbSNP, ExAC Browser, Ensembl Genome Browser, and NHLBI Exome Variant Server.
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Phenotyping of Study Cohort

Based on the data collected in Table 1, we were able to provide
a detailed phenotype for all 20 affected participants in our study.
In the process, several observations were made, and characteristics
of the cohort were defined. For the 20 affected study participants
across both families, the average age of diagnosis was 52.3, while
the age range of initial diagnosis was 29–79. The 79-year-old male
(Z1495) from family R1352 was an outlier in our set, who was
found to have two small IAs during autopsy. Our cohort consists of
16 females (80%) and 4 males (20%). Nine individuals from our
cohort had been previously diagnosed with hypertension, and 13
had cigarette smoking (previously or currently) as a risk factor.
Five of these individuals had both hypertension and a smoking-
related history. These two risk factors were not disclosed for three
individuals (Z1013, Z1040, and Z1651). As well, eight individuals
were reported as having more than one IA, all of whom were
females. There was no clear pattern across each family in terms of
aneurysm size and/or location, as diagnoses were quite variable.

WES and Variant Filtering

After WES, a range of 40–63 million reads were generated for
each library in our set of 12 exomes. The average coverage for the
whole genome was 2.8% (total number of aligned reads/size of
the genome) and the ratio of surviving reads following trimming
to the number of raw reads was 91.85% across all 12 exomes.

Following the application of our stringent filtering strategy,
the number of surviving variants was greatly reduced in each
family. Figure 3 outlines the number of variants remaining after
each filtering step. After step four, only 6 variants in family
R1352 (1 high impact and 5 moderate impact), and 68 variants in
family R1256 (2 high impact and 66 moderate impact) were
prioritized for further investigation (see Supplementary Tables 1
and 2). The 66 moderate-impact variants were filtered further and
reduced to a more manageable list of 15 that were present in 5 of
5 exomes and were apparently novel according to our variant
annotation, leaving us with 17 variants to investigate in this
family (see Supplementary Table 2).

Validation and Segregation

Following Sanger sequencing validation and elimination of
false positives, it was acknowledged that there were no shared
variants between the two families. As well, there were no variants
in the same gene across both families.

In family R1256, two high-impact variants were confirmed: a
frameshift variant in CCDC3 and a splice-site variant in OCIAD1
(Table 2). For this family, we were fortunate to have a high
recruitment rate for affected individuals and their DNA. There-
fore, we were able to sequence these variants in additional
affected relatives. CCDC3 c.425delA (p. Tyr267ThrfsTer21) was
only validated in 5 of 10 sequenced individuals, though it had
been detected in six exomes. This could have been an error in
variant calling and was flagged for further review. OCIAD1 c.G-6
+1A was present in six of eight individuals that were successfully
sequenced for this difficult region of the gene.

Of the 15 moderate impact variants prioritized, validation of
only six was successful (Table 2), as the remainder were located
in a highly polymorphic region of the exome. Missense variants
in DOPEY1, CCDC3, and KNDC1 were confirmed in 7 of 10
affected individuals. MTG1 c.C611T (p.P204L) was found inT
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only 3 of 10, possibly due to sequencing or read depth quality.
We were able to successfully obtain sequence from family
member Z1522 to test the two remaining variants. Therefore,
we were able to validate ZPBP2 c.A622T (p.T208S) in 8 of 11
affected individuals, and SPDYE4 c.C103T (p.P35S) in 10 of 11.
This variant had the highest degree of segregation with IA
incidence, compared to the other candidates. Following sequenc-
ing in unaffected relatives, 8 of 14 individuals had the SPDYE4
variant. Again, this step allowed us to develop a better picture
of the variant segregation but was not used as a filtering step to
exclude variants. Sanger sequencing of 100 population con-
trols also revealed an absence of the SPDYE4 variant, and it
was identified as the top candidate for IA susceptibility in this
data set.

In family R1352, a single high-impact variant, C4orf6 c.A1G
(p.M1V), passed the filtering criteria and was confirmed to be a
true variant following Sanger sequencing; it was present in six of
seven exomes (Table 3). Additional sequencing determined that 5
out of 14 selected unaffected relatives were also carriers of this
variant. This variant had conflicting results with regard to in silico
predictive tools, as it was reported to be benign by PolyPhen2 and
deleterious by SIFT. As this was the only high-impact candidate
remaining in the family, it was chosen to be Sanger sequenced in
the NL population control data set. C4orf6 c.A1G (p.M1V) was
not found in any of the 100 control samples and was identified as
a top candidate in this family.

Additionally, validation proved that three missense variants in
ATP1A4, GIGYF2, and RP1L1 were true positives and were
present in six out of seven exomes (Table 3). Genetic function
was explored for all three variants, using databases such as
UniProt and GeneCards.22,23 All three variants were present in
4–5 unaffected relatives; therefore, the results of sequencing
these individuals did not add any value to variant prioritization.

DISCUSSION

It is apparent that IA is a genetic disorder in the featured
multiplex families, due to the number of closely related affected
individuals and the presence of IA in multiple generations. Other
analyses using this abundance of phenotype data could be
beneficial and could be used to rank phenotype severity. For
example, family members with larger aneurysms or rupture
history could have additional environmental or genetic risk
factors compared to individuals with smaller IA dimensions.
The risk factors of hypertension and smoking could also be
included in the filtering process, and further investigation into
these factors in the unaffected relatives could provide insight into
the complexity of this disease.

The use of a geographically isolated population provides
several advantages to our study. It is widely known that the NL
population is distributed throughout a collection of outports and
that families and neighbors are proficient at maintaining infor-
mation about their genealogy. Isolated populations also have a
more consistent genetic landscape due to low rates of migration
and a reduced number of disease-causing alleles due to the
presence of a genetic bottleneck. They also have a high tendency
to participate in research, which is shown through the strong
recruitment to our study. Clinical data and active participation
from families prove invaluable when completing molecular

investigations in a complex disease background. In light of the
fact that the genetic landscape of NL is isolated and unique, the
variants detected in this study may not be detected at the same
allele frequencies in other populations.24

During the course of this pilot study, manuscripts from Farlow
et al. and Yan et al. were released, which detailed the use of WES
in families affected by IA. Each provided a list of prioritized
variants for further investigation. The data from these studies was
compared to our variant lists, and there was no overlap across
these three studies.4,5

With the aid of next generation sequencing technology, we
were able to identify and prioritize rare variants in our own set of
12 exomes. Following validation, it was confirmed that neither
variant from our filtered list was detected in all affected parti-
cipants from a single family. However, the design of our filtering
strategy provided some room for incomplete segregation. As it is
known that IA can occur sporadically, and is heavily influenced
by lifestyle factors, we chose to examine variants that were
detected in all exomes but also variants that were found in four
of five exomes from R1256 and six of seven exomes from R1352.
The presence of phenocopies could account for the lack of a
shared variant in affected individuals. Unruptured IAs have a
prevalence of approximately 3.2% and thus occur relatively
commonly in the general population.1 This prevalence could be
elevated in our isolated and homogenous population, and it is
possible that some family members with strong environmental
risk factors could have a separate cause entirely.24

Though incomplete segregation was present, further function-
al investigations could be pursued to determine the biological
implications of the C4orf6 and SPDYE4 variants. Currently, there
is limited information about the function of these genes. At this
point in our project, we have concluded that it is unlikely that a
single rare variant is responsible for predisposition to IA in our
cohort from NL. Through our preliminary genetic investigations
in this cohort, several new questions have been stimulated with
regard to the genetic etiology of familial IA. Through the
interpretation of results and structure of the pedigree in family
R1352, we considered the possibility of digenic inheritance in
this disease. For example, in this family, four siblings (Z1039,
Z1040, Z1497, and Z1508) and one half-sibling (Z1507) shared
both C4orf6 c.A1G (p.M1V) and GIGYF2 c.A3494G
(p.H1165R). Individual Z1533 had the GIGYF2 variant, while
Z1651 had the C4orf6 variant. There was no clear connection
between IA severity (size and rupture) and the combination of
these two variants. However, it is an area that could be pursued
further as digenic or polygenic inheritance has been largely
unexplored in familial IA studies. As well, it is likely that there
is genetic heterogeneity in this disease that will result in various
causative IA genes throughout our group of families.

There were several limitations to our study, which can be
improved upon in future analyses of our unique cohort. In any
exome sequencing project, there are technical limitations to
consider. Coverage of the exome can be impacted by DNA
quality and stringent quality control surrounding read depth. It
is also possible that genetic factors influencing IA development
are found outside of the exome entirely. As our knowledge of the
non-coding region of the genome increases, we will be able to
confidently pursue whole genome-wide methods of analysis in
the future. The filtering strategy that we designed for this study
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could also be a limitation. It is possible that our methods were too
stringent for this cohort and the characteristics of the disease. It is
possible that variants involved in IA predisposition are not as
universally rare as we predicted and may have a global minor
allele frequency higher than 1% and are thus less penetrant in
general. As well, there are gaps in the available data that hindered
our ability to interpret and prioritize variants. It is possible that
some of the genes that we prioritized could have IA-related
functionality that is yet unknown.

Overall, this study provided a starting point for further study
of familial IA in a unique genetic isolate. In conjunction with
researchers that are pursuing WES analysis in other populations,
we hope to add to the growing body of knowledge surrounding
this disease. The identification of any common biological path-
ways or gene categories prioritized through different WES
studies could be a significant step forward.
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