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Abstract

Background and Objectives

While somatic mutations have been well-studied in cancer, their roles in other complex traits are
much less understood. Our goal is to identify somatic variants that may contribute to the
formation of saccular cerebral aneurysms.

Methods

We performed whole-exome sequencing on aneurysm tissues and paired peripheral blood.
RNA sequencing and the CRISPR/Cas9 system were then used to perform functional vali-
dation of our results.

Results

Somatic variants involved in supervillin (SVIL) or its regulation were found in 17% of aneurysm
tissues. In the presence of a mutation in the SVIL gene, the expression level of SVIL was
downregulated in the aneurysm tissue compared with normal control vessels. Downstream
signaling pathways that were induced by knockdown of SVIL via the CRISPR/Cas9 system in
vascular smooth muscle cells (vSMCs) were determined by evaluating changes in gene ex-
pression and protein kinase phosphorylation. We found that SVIL regulated the phenotypic
modulation of vSMCs to the synthetic phenotype via Kriippel-like factor 4 and platelet-derived
growth factor and affected cell migration of vSMCs via the RhoA/ROCK pathway.

Discussion

We propose that somatic variants form a novel mechanism for the development of cerebral
aneurysms. Specifically, somatic variants in SVIL result in the phenotypic modulation of
vSMCs, which increases the susceptibility to aneurysm formation. This finding suggests a new
avenue for the therapeutic intervention and prevention of cerebral aneurysms.
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Glossary

BWH = Brigham and Women’s Hospital; HSP27 = heat shock protein 27; KLF4 = Kriippel-like factor 4; LIMK = LIM kinase;
MMM = matrix metalloproteinase; PDGF = platelet-derived growth factor; ROCK = Rho-associated, coiled-coil-containing
protein kinase; RT-qPCR = reverse transcription quantitative real-time polymerase chain reaction; VEGF = vascular endothelial

growth factor; vSMCs = vascular smooth muscle cells.

Cerebral aneurysms are present in 1%-3% of the general
population and cause significant morbidity and mortality
when they rupture.' The development of an aneurysm is
thought to be multifactorial with interactions between envi-
ronmental risk factors and predisposing genes. Known risk
factors for the development of cerebral aneurysm include
hypertension, smoking, increasing age, female sex, and family
history." Cerebral aneurysms often carry a familial occurrence,
although no inheritance pattern has been identified to date.
Genome-wide association studies have identified polymor-
phisms in several genes, including SOX17 (8q11.23), and
CDKN2A-CDKN2BAS (9p21.3-23.1), to be associated
with aneurysms.”* These genes have been implicated in
mediating inflammatory pathways, vascular remodeling,
and cell adhesion.”® However, despite the success of the
genome-wide association studies in identifying the com-
mon polymorphisms, which explain more than half of the
disease heritability of 41% based on twin studies, there
remains a significant role for nonheritable causes.”* While
somatic mutations are largely studied in the context of
neoplasms, a small number of studies have examined so-
matic mutations in vascular diseases including fusiform
aneurysms and arteriovenous malformations.>® Given the
significant proportion of nonheritability and the mostly
sporadic nature of saccular cerebral aneurysms, we hypothe-
sized that somatic variants in the intracerebral arteries contribute
to the formation of saccular cerebral aneurysms.

Methods

Patient Selection

This study has been conducted in accordance with the ethical
standards and has been approved by the Institutional Review
Boards at the Brigham and Women’s Hospital (BWH), Albany
Medical Center, Beijjing Sanbo Brain Hospital, Emory Univer-
sity, Helsinki University Hospital, Lahey Hospital and Medical
Center, Ochsner Medical Center, Sutter Health, University of
California at Los Angeles, University of California at San
Francisco, University of Colorado, University of Texas Health
Sciences Center, and University of Texas Southwestern. In-
formed consent was obtained from all patients. Samples were
de-identified and sent to the coordinating center (BWH) where
they were processed. Tissues from intracranial aneurysms from
30 patients were obtained during surgical clipping of the an-
eurysms. Paired blood samples from each patient were also
collected. Clinical data including age, sex, race, smoking history,
and a history of hypertension were obtained. This study was
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performed according to the Strengthening the Reporting of
Genetic Association Studies guidelines.”

Whole-Exome Sequencing

Tissue samples were placed immediately in RNAlater
(Ambion) and stored at —80°C until DNA extraction.
DNA was extracted from tissue samples using the AllPrep
DNA/RNA kit (Qiagen) according to the manufacturer’s
protocol. DNA was extracted from peripheral blood leu-
kocytes using the AutoGenFlex Star system (Autogen,
Holliston, MA) with the AutoGenFlex STAR FlexiGene
Reagent kit (Autogen) and the AutoGenFlex Blood DNA
Finishing kit (Autogen).

‘Whole-exome sequencing was performed at the Broad Institute
(Cambridge, MA) on paired aneurysm and blood samples.
Libraries for whole-exome sequencing were constructed as
previously described.® Libraries were sequenced on Illumina
HiSeq 4000 instrument with 151-bp paired-end reads.

Somatic Variant Calling

Alignment was performed with the Burrows-Wheeler Aligner’
using the hg19 reference genome. Samples were then processed
with the bcbio-nextgen v0.9.7 pipeline following best practices
for exome sequencing. The minimum read length for mapping
was set to 25. MarkDuplicates was performed on the aligned
BAM file. After the mapping, we used ensemble calling for
genomic variants with S variant callers (GATK v3.5.0/Mutect2,
Mutect v1.1.7, Freebayes v1.0.2, VarDict v2016.02.19, Strelka
v2.9.10)'*" on the regions in which the minimum depth of
coverage is more than 4. Thirty matched aneurysm blood
samples were used where blood samples were used as controls.
From the results, we selected variants present in at least 2 of the
S callers with parameters for each program as follows: (1)
Mutect v1.1.7: -U ALLOW_N_CIGAR READS -read filter
NotPrimaryAlignment; (2) Freebayes: —min-repeat-entropy 1
-min-alternate-fraction 0.1  —pooled-discrete ~ —pooled-
continuous -report-genotype-likelihood-max -allele-balance-
priors-off. Then, the variants were filtered by bcftools with
“ALT = ‘<*>" || QUAL > S” options; (3) Vardict: -c1-S2-E 3
-g 4 -Q 10; (4) Mutect2: -ploidy 1 -U LENIENT VCF_
PROCESSING -read_filter BadCigar —read_filter NotPrimar-
yAlignment; and (5) Strelka: default settings. Each caller was
run with parameters set in bebio to minimize the likelihood that
ambiguous variants such as low variant quality scores and ab-
normal genotypes would remain. If some variant callers have
variants with missing data, those variants were excluded unless
the variants were detected by more than 2 other callers.

Neurology.org/NG
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Multiallelic variants were split into multiple single-allele variants
when normalizing vcf files for ensemble calling.

The effects of the sequence variants were annotated using
the SnpEff v4.3T.'* The final set of mutations were ana-
lyzed and visualized with Maftools R package v2.2.10.1°
Gene set enrichment analysis was performed for the genes
containing somatic variants via functional profiles of
Gene Ontology in clusterProfiler R package v3.14.3."¢
The p values were adjusted with the Benjamini-Hochberg
method, and false discovery rate <0.1 was considered
statistically significant.

RNA Sequencing and Analysis

RNA was extracted from available remaining aneurysm tissue
in 10 patients and from 5 normal middle cerebral arteries
obtained from patients without known aneurysms who un-
derwent epilepsy surgeries. The details of the data processing
and statistical analysis are presented in the eMethods (links.
Iww.com/NXG/AS63).

Preparation of the Cas9-sgRNA Plasmid

Two 20-bp sequences of 6 sgRNA were designed for targeting the
SVIL gene. The designed oligonucleotides are summarized
in eTable 1 (links.lww.com/NXG/AS63). The oligonu-
cleotides were annealed to form double-stranded duplexes
for ligation, and the annealed sgRNA oligonucleotides were

Table 1 Clinicopathologic Characteristics of 30 Patients
With Cerebral Aneurysm Used for Exome

Sequencing

Characteristic N (%)
Age - median (range) 537 (30-84)
Female sex—no. (%) 21 (70)
Race—n/N (%)

White 22 (73)

Black or African American 3(10)

Hispanic 4(13)

Asian 14
Smoking

Never 12 (40)

Past or current 18 (60)
Location of aneurysm—no./total no. (%)

Middle cerebral artery 12 (40)

Anterior communicating artery 7 (23)

Posterior communicating artery 6 (20)

Other 5017)
Ruptured 18 (60)
2 Median.

Neurology.org/NG

ligated into precut pCas vectors. The Cas9-sgRNA plas-
mids were then purified.

Vascular Smooth Muscle Cell Culture

Vascular smooth muscle cells (vSMCs) were grown in
smooth muscle cell medium (ScienCell) supplemented with
10% fetal bovine serum, 1% smooth muscle cell growth sup-
plement, and 1% penicillin/streptomycin at 37°C under 5%
CO,. vSMCs were seeded into 24-well plates and were
transfected with Cas9-sgRNA plasmids (1 pg) using lip-
ofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Cells were harvested 24 hours after
transfection and analyzed with reverse transcription quanti-
tative real-time polymerase chain reaction (RT-qPCR) and
Western blot (see eMethods, links.lww.com/NXG/AS563).

Phospho-Kinase Array

Total protein (500 pg) was incubated overnight with the
Human Phospho-Kinase Array (R&D Systems), which was
spotted with antibodies for 43 human kinases. Signal de-
tection was performed according to manufacturer’s instruc-
tions. The signal intensity of each spot was determined by
Image] (the NIH) software.

Statistical Analysis

Statistical analysis was performed by using the student t test to
determine statistical significance. p values <0.05 were con-
sidered statistically significant. Calculations were performed
using Prism (Graphpad Software, San Diego, CA).

Standard Protocol Approvals, Registrations,
and Patient Consents

Institutional Review Board approval was obtained for this
study. Informed consent was obtained from the patients
included.

Data Availability
The Mutation Annotation Format file for all 30 patients is
given in Supplemental Data, links.lww.com/NXG/A563.

Results

Patient Demographics

Table 1 summarizes the patient demographics. The mean age
for the cohort is 54 + 13 years, with a 70% female predominance.
The most common location of the aneurysm is the middle
cerebral artery (N = 12), followed by anterior communicating
artery (N = 7) and posterior communicating artery (N = 6).

Identification of Somatic Variants

Whole-exome sequencing was performed on tissue samples
and on matched blood samples from 30 patients. The average
target read coverage was 85x (range, 65-106x) for all samples,
88x (range, 72-106x) for blood samples, and 82x (range,
65-98x) for aneurysm samples. A total of 411 nonsilent
mutations within exon regions were found in 374 genes.
Figure 1 shows the breakdown of variants and the type of
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Figure 1 Somatic Variants From Whole-Exome Sequencing
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(A) The top 25 genes with somatic var-
jiants observed in more than 2 samples
from aneurysm tissues in 30 patients.
The gene, SVIL, was found to have the
highest number of somatic mutations
(N = 4 missense mutations, N = 1 syn-
onymous mutation [not shown] in the
transcription factor binding site for
EP300 on SVIL). (B) Variant classification
and single-nucleotide variant class in
the patients. There were 9.4 mutations
per patient sample (median 7, range
1-29) with the most common variant
being a missense mutation. (C) Overall
distribution of 6 different conversions
of all variants. SVIL = supervillin.

mutations in the patients. The most common somatic mu-
tations were missense mutations, followed by in-frame dele-
tions, frame shift deletions, and nonsense mutations. On
average, there were 13.7 mutations per patient (median 10.5,
range 3-37). The highest number of somatic variants were
found on chromosome 1 (42 variants), followed by chro-
mosome 2 (30 variants) and chromosome 4 (27 variants).

Somatic variants in the top 25 genes accounted for 27 (90%) of
the mutation-positive patients (Figure 1). The most common
variant was p.Leul374Arg (rs199726033), a missense somatic
mutation found in 4 patients (13%) in the supervillin gene
(SVIL) that is predicted by SIFT'” to be deleterious and by
Polyphen'® to be possibly damaging. The average allele fre-
quency of rs199726033 was 0.1424, and the variant was found
only in White female patients. When comparing the allele
frequencies of this variant at known allele frequencies in The
Genome Aggregation Database (gnomAD v2.1.1), the fre-
quencies were higher in patients with aneurysms than in Eu-
ropean population frequencies (allele frequency = 0.0916).

Neurology: Genetics | Volume 8, Number 6 | December 2022

One other patient had a synonymous variant, p.Pro2168 =, on
SVIL that is predicted by GWAS4D ' to affect the transcription
factor binding site for EP300 and decrease binding with a motif-
altering p value of 1.85 x 107>, EP300 is a transcription factor
that has been shown to be involved in vascular smooth muscle
cell (vSMC) phenotypic switching”® and has been shown to
acetylate Kriippel-like factor 4 (KLF4), which increases its
transactivation function.”' There were therefore S patients
(17%) with variants related to SVIL. Variants in isthmin 2,
lysine methyltransferase 2c, myelin transcription factor 1-like,
nuclear receptor corepressor 1, and parathyroid hormone 2
were observed in 3 patients each.

GO Enrichment Analysis

To understand the overall significance of the mutations and
possible functional module involvement, we performed a gene
ontology (GO) enrichment analysis of the genes with variants
(Table 2). We found that mutations in categories including the
vascular endothelial growth factor (VEGF)-activated receptor
activity, VEGF binding, DNA-binding transcription activator

Neurology.org/NG


http://neurology.org/ng

Table 2 GO Enrichment Analysis

No. of
ID Description p Value FDR patients Gene
G0:0005021 Vascular endothelial growth 0.000213 0.0471 2 KDR, FLT4, and PDGFRA
factor-activated receptor activity
G0:0038085 vascular endothelial growth factor 0.000213 0.0471 2 KDR, FLT4, and PDGFRA
binding
G0:0001228 DNA-binding transcription 0.000232 0.0471 18 SOX11, SOX12, MYT1L, ST18, NRF1, MYOD1, FOXJ3, HOXD13, TP73, FOSL2,
activator activity, RNA polymerase BHLHAT5, BCL11B, DLX2, EBF3, E2F3, TBR1, MYOCD, POU4F2, ZNF292, and
Il-specific CARF
G0:0015298 Solute:cation antiporter activity 0.000291 0.0471 5 SLC9A5, SLCIB1, SLC24A4, CLCN3, and SLC8A2
GO0:0003779 Actin binding 0.000497 0.06436 13 WASF2, TTN, SYNET, PKNOX2, FRG1, FMN2, ESPNL, SVIL, PHACTR1, TLN1,

ADSS1, PICK1, CROCC, MYO5A, SPTBN5, MTSS2, CORO1A, HOMER?2,
and PFN2

FDR = false discovery rate.

GO enrichment analysis of genes with somatic variants in 30 aneurysm tissues yielded 5 significant functional modules that represent 80% (N = 24) of the

patient cohort.

activity, RNA polymerase II-specific, solute:cation antiporter
activity, and actin binding were identified as enriched in the
molecular function domain (Figure 2A). Figure 2B shows
genes belonging to each GO term. Genes belonging to these 5
dysregulated modules were found in 80% of patients. No sig-
nificant GO term was found in the cellular components and
biological processes domains.

Phenotypic Switching of vSMCs in Saccular
Cerebral Aneurysms

To examine the role of phenotypic modulation of smooth
muscle cells in cerebral aneurysms, we used RNA sequencing
results to examine differential expression between aneurysms
and control arteries of the markers associated with phenotypic
modulation (Figure 3). Previous studies have shown that syn-
thetic vSMCs have a decreased expression of the contractile
proteins a-SMA and SM22a and an increased expression of
matrix metalloproteinases (MMP2, MMP9), KLF4, and platelet-
derived growth factor (PDGF).** KLF4 and PDGF have been
shown to induce the phenotypic switch from the contractile to
the synthetic phenotype,” while MMP2 interacts with newly
formed extracellular matrix and contributes to the migration of
vSMCs.>* PDGF-BB, which is a soluble protein, is reported to
act as an environmental factor that regulates vSMC phenotype.”
We found that there was a significantly decreased expression of
a-SMA and SM22a and a significantly increased expression of
MMP2 and MMP9 in aneurysm tissue relative to control vessels
indicative of a phenotypic switch to the synthetic phenotype, but
no significant changes in KLF4 or PDGF-B expression.

SVIL Induces Phenotypic Switching in Vascular
Smooth Muscle Cells

To detect whether the somatic variants in SVIL were associated
with gene expression changes in aneurysm tissue, mRNA level
of the gene was measured in patients with variants in SVIL and
in control vessels (Figure 4A). It was observed that mRNA
levels were significantly decreased in all aneurysm tissues with

Neurology.org/NG

SVIL mutations, compared with middle cerebral artery con-
trols. In all patients in the aneurysm group, the expression level
was less than 30% of that for the control group.

The CRISPR/Cas9 system was used to test the effects of the
SVIL knockdown in vSMCs. To determine gene editing effi-
ciency of various sequences, we designed 6 SVIL sgRNA se-
quences and cloned SpCas9 vectors (eFigure 1A and eTable 1,
links lww.com/NXG/AS563). The sgRNA 5 sequence was used
to edit SVIL in this study because SVIL mRNA level decreased to
the lowest level in this sequence compared with other sequence
candidates (eFigure 1B). The target site was PCR amplified, and
the T7E1 cleavage assay was performed (eFigure 1C). Cleavage
bands indicated that the SVIL loci were modified in the
transfected vSMCs. We also confirmed a significant de-
crease in SVIL mRNA and protein levels in vSMCs with
SVIL knockdown compared with controls with scramble
vectors using RT-qPCR and Western blot (Figure 4B).

We next confirmed whether SVIL induces the expression of
phenotypic switching marker genes in vSMCs (Figure 4C).
The phenotypic switch in vSMCs from a contractile state to a
synthetic state is considered to play an important mechanism
in the remodeling and maintenance of the arteries. We found
that SVIL knockdown in vSMCs significantly elevated the
mRNA and protein of KLF4, PDGF, MMP2, MMP9, a-SMA,
and SM22a, which were confirmed by RT-qPCR and Western
blot (Figure 4C). The elevation in KLF4, PDGF, MMP2, and
MMP9 are consistent with the phenotypic switch to the
synthetic phenotype, which is associated with an increased
migration and proliferation.

While these results suggest that the SVIL-dependent in-
duction of KLF4, PDGF, MMP2, and MMP?9 are required for
the phenotypic switch in vSMCs, the mechanism that regu-
lates the vSMCs phenotypic switch remains unclear. To in-
vestigate the role of protein kinase phosphorylation in SVIL

Neurology: Genetics | Volume 8, Number 6 | December 2022
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Figure 2 GO Analysis
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sgRNA-treated cells, we used the Human Phospho-Kinase
Array to profile specific phosphorylation of 43 human kinases
in SVIL sgRNA-treated cells (eFigure 2A, links.lww.com/
NXG/AS63). It is well-known that phosphorylation of pS3 at
Ser46 transactivates apoptosis-related genes** and increases
the affinity of p53 for KLF4.>® It has also been shown that
although KLF4 typically induces SMC dedifferentiation to the
synthetic phenotype, it has the opposite effect of inhibiting
SMC proliferation when cooperating with p53.%° We showed
that SVIL deficiency leads to decreased phosphorylation of

Neurology: Genetics | Volume 8, Number 6 | December 2022

pS3 at Ser46 (eFigure 2B), which would result in loss of the
inhibitory function of KLF4 on SMC proliferation. This shows
that SVIL promotes proliferation via the p53/KLF4 pathway. In
addition, phosphorylation of proline-rich Akt substrate of 40 kDa
(PRAS40) at Thr246 disinhibits mTORC1, which promotes cell
proliferation”” and activates MMP2 and MMP9.*® We showed
that SVIL deficiency leads to an increased phosphorylation of
PRAS40 at Thr246 (eFigure 2C). This suggests that SVIL acti-
vates MMP2 and MMP9 via PRAS40. Finally, heat shock protein
27 (HSP27) regulates the rearrangement of actin polymerization

Neurology.org/NG
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Figure 3 Differential Expression of Phenotypic Switching Genes in Cerebral Aneurysm Tissue
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and migration in vSMCs® and is phosphorylated by PDGF-BB.*
SVIL sgRNA-treated cells were observed to increase phosphor-
ylation of HSP27 (eFigure 2D). Our results indicate that an
increased PDGF may increase phosphorylation of HSP27 to ef-
fect the increased migration of vSMCs by actin polymerization.

Effects of SVIL on Migration of Vascular Smooth
Muscle Cells

Two cytoskeleton-associated proteins, cofilin and HSP27,
are known to control actin polymerization and enhance
migration in smooth muscle cells.”” The phosphorylation of
HSP27 suggested the possibility that SVIL affects the cellular
migration of vSMCs via actin polymerization. Because cofilin
is downstream of the RhoA signaling pathway, we in-
vestigated whether SVIL affected the migration in vSMCs
through the RhoA signaling pathway. mRNA levels of RhoA
and downstream effectors of RhoA such as Rho-associated,
coiled-coil-containing protein kinase (ROCK) were mea-
sured in vSMCs (eFigure 3, links.lww.com/NXG/AS63).
We found that SVIL knockdown did not affect the mRNA
level of RhoA, whereas the mRNA level of ROCK was sig-
nificantly increased in SVIL-suppressed vSMCs compared
with those in controls. We next found that SVIL knockdown
in vSMC:s significantly elevated the proteins for ROCK and
LIM kinase (LIMK) which were confirmed by Western blot
(Figure SA). ROCK can directly activate LIMK, which leads
to the phosphorylation of cofilin resulting in filament stabi-
lization and increased migration.>' We therefore investigated
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the changes in F-actin microfilaments in vSMCs using con-
focal laser scanning microscopy (Figure SB). The F-actin in
SVIL sgRNA-treated cells was increased compared with
scrambled sgRNA-transfected cells, which served as the
control. SVIL sgRNA-treated cells also had a larger cell area
than the control cells. These results suggest that SVIL has
distinct morphological effects on the vSMCs. We also con-
firmed that migration was significantly increased in SVIL
sgRNA-treated cells via the wound healing assay (Figure SC).
We next evaluated whether the effects of ROCK were de-
pendent on SVIL. We treated scrambled sgRNA-treated
vSMCs or SVIL sgRNA-treated vSMCs with Y27632, an
inhibitor of ROCK. Y27632 leads to decreased protein levels
of ROCK and LIMK in SVIL-suppressed vSMCs (Figure SA),
which shows that SVIL is an upstream regulator of ROCK.
We confirmed a significant decrease in F-actin filaments in
SVIL sgRNA-treated cells with ROCK inhibitor compared
with those in controls with only SVIL sgRNA-treated cells.
Y27632 induced dramatic changes in cell shape (Figure SD).
The cell migration rate of the cells was also reduced by
Y27632 (Figure SE). Our results show that SVIL deficiency
may lead to the migration of vSMCs by the upregulation of
ROCK, and downregulation of ROCK inhibits the ability
to migrate. In summary, our results indicate that SVIL affects
the phenotypic switching of vSMCs to the synthetic pheno-
type with increased cell proliferation and migration via the
p53/KLF4, PRAS40/MMP2, MMP9, PDGF/HSP27, and
RhoA/ROCK pathways.
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Figure 4 SVIL Knockdown in Vascular Smooth Muscle Cells Affects Genes Involved in Phenotypic Modulation
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(A) The mRNA levels of SVIL in aneurysm tissues where somatic mutations were found in the SVIL gene compared with control middle cerebral artery by
reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR). (B) The mRNA and protein levels of SVIL using SVIL sgRNA (sequence 5) by
RT-qPCR and Western blot. (C) Comparison of mRNA and protein levels of markers related to phenotypic switching after SVIL sgRNA delivery by RT-gPCR and
Western blot. Error bars represent means + SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). SVIL = supervillin.

Discussion

While somatic variants have been extensively studied in the
context of cancers, few studies have been conducted to ex-
amine the role of somatic variants in other disease processes.
In this study, we found sporadic mutations in SVIL in 17% of
cerebral aneurysm tissue and demonstrated the role of SVIL in
the modulation of vSMC phenotype.

SVIL is a gene on chromosome 7 that encodes a 205-kDa
actin-binding protein that binds to myosin II and F-actin in

Neurology: Genetics | Volume 8, Number 6 | December 2022

cells and plays a role in the regulation of cell-cell adhesion and
extracellular matrix adhesion,®” as well as in the cytoarchi-
tecture of plasma membrane™ in various cell types. However,
its role in vSMCs in general, and in cerebral aneurysms par-
ticularly, is unknown. The phenotypic switching of vSMCs
has been implicated in a number of vascular lesions including
aortic aneurysms, atherosclerosis, and hypertension.34 We
therefore investigated the changes in markers of phenotypic
switching in cerebral aneurysms and determined the role of
SVIL in the phenotypic switching of vSMCs by using the
CRISPR/Cas9 system to knockdown SVIL.
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Figure 5 SVIL Stimulates Cell Migration
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assay. LIMK = LIM kinase; ROCK = Rho-associated, coiled-coil-containing protein kinase; SVIL = supervillin; VSMC = vascular smooth muscle cells.

Similar to aortic aneurysms and atherosclerosis,** we found
that MMP2 and MMP?9 are elevated in cerebral aneurysms,
while a-SMA and SM22a are decreased, indicating that
phenotypic switching is critical in the formation of cerebral
aneurysms. Although it has been shown that KLF4 has a key
role in the phenotypic switching of vSMCs in aortic
aneurysms>> and that PDGF-B is upregulated in dissecting
thoracic aneurysms® and abdominal aortic aneurysms,®’
we found levels of KLF4 and PDGEF-B to be unchanged in
cerebral aneurysms compared with those in control
intracranial vessels.

With the suppression of SVIL, we found changes in vSMCs
that are indicative of phenotypic switching, including in-
creased KLF4, PDGF, MMP2, and MMP9. However, unlike
mature cerebral aneurysms and vSMCs in aortic aneurysms
and atherosclerosis, a-SMA and SM22a are increased rather
than decreased. Environmental factors may play a role in this
difference. Shear stress decreases the expression of a-SMA
and SM22a,® which may explain the decreased expression in
aneurysm tissue but not in the vSMCs in vitro. Our results
indicate that suppression of SVIL alone is not sufficient to
decrease the expression of a-SMA and SM22a but creates a
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vulnerable genetic profile, which may require additional en-
vironmental factors such as shear stress for the disease phe-
notype to manifest.

The increase in KLF4 and PDGF in SVIL-suppressed
vSMCs and the unchanged KLF4 and PDGF in aneurysm
tissue suggest that there may be a temporal component to
the phenotypic switching of vSMCs. It has been shown
that in atherosclerosis, the phenotypic modulation of
vSMCs away from the contractile phenotype shifts over
time with a continuous change in gene expression rather
than an abrupt change from one phenotype to another.*”
A study of young and old mice with aortic aneurysms had
demonstrated a time-dependent modulation in phenotype
where markers such as Mmp2 were expressed in the early
stages of disease while other markers such as Tnfrsf11b do
not appear until later in older mice.** Given that KLF4
and PDGF are involved in proliferation while MMPs are
involved in migration*' and the degradation of the ex-
tracellular matrix and vascular wall,** these results suggest
that proliferation via the KLF4 and PDGF pathways play a
less important role in a mature aneurysm with already
differentiated vSMCs.
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We found that suppression of SVIL leads to an increased
expression of ROCK, which regulates F-actin filaments and
increases the migration rate of the vSMCs. We also confirmed
the recovery of the RhoA/ROCK signal and migration of
vSMCs with the suppression of ROCK by Y27632. ROCK is
known to change the morphology of cells through the for-
mation of actin filaments.** However, the effects of the SVIL
on actin cytoskeleton with RhoA/ROCK signaling in vEMCs
remains unknown. Our results indicate that the cooperation
between SVIL and ROCK is required to regulate cell migra-
tion. ROCK inhibitors may therefore be a potential new
therapy in the treatment of intracranial aneurysms.

GO Enrichment Analysis

Gene set enrichment analysis was performed to determine
whether the somatic variants in aneurysm tissue are enriched
in biologically relevant functions. We found 5 statistically
significant GO sets, which account for variants in 80% of
patients (N = 24), the majority of which are consistent with
what was previously known regarding aneurysms. VEGF is a
family of protein growth factors important in angiogenesis
and vasculogenesis and has been implicated to play a role in
cerebral aneurysm wall remodeling where its expression level
is increased in aneurysm wall and in serum in patients who
harbor intracranial aneurysms.** VEGF induces collagenases,
causing endothelial changes by the breakdown of the tunica
media and extracellular matrix, accelerating the degradation
of this layer and the progression of aneurysm formation.*’
Polymorphism in the VEGF gene has also been implicated to
play a role in the development of intracranial aneurysms.**
This suggests that somatic variants that involve VEGF
binding and activated receptor activity may play a role in the
pathogenesis of cerebral aneurysms by downstream signaling
changes. Another significant gene set was actin binding,
which includes SVIL. This family of proteins has been pro-
posed to regulate actin filament growth, stability, and disas-
sembly.*> Because this family can affect vascular smooth
muscle cell plasticity by regulating cytoskeleton structure,
our result implies that their dysfunction can lead to blood
vessels that are more vulnerable to hemodynamic stress,
making them more prone to intracranial aneurysms. The
other 2 modules, DNA-binding transcription activator ac-
tivity RNA polymerase II-specific and solute:cation anti-
porter activity, are composed of many subfunctions, so it is
difficult to determine their direct relationship to aneurysms.
Our pathway enrichment results imply that somatic genetic
variations altering gene function result in downstream effects
associated with vascular remodeling, angiogenesis, cellular
adhesion, and actin binding. These variants may drive local
progression of aneurysms not observed in other normal
vascular tissue and explain variations not previously identified
by genome-wide association studies.

Relationship to Environmental Factors

The association between aneurysms and environmental fac-
tors such as smoking and hypertension has been previously
demonstrated.*®* Smoking has been shown to be associated
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with somatic mutations in bronchial epithelial cells, which are
thought to be related to the development of lung cancer.*®
Although we did not find an association between smoking or
hypertension with the top somatic variants (data not shown),
it is possible that the somatic mutations seen are related to
smoking and/or hypertension. Nevertheless, this does not
change our findings regarding the somatic variants and the
formation of aneurysms.

The main limitation to our study is the small number of
participants, although to date, this is the largest representative
cohort for analysis of whole-exome sequencing comparison of
aneurysm tissue and matched blood samples. Because of the
small sample size, we could not examine the risk of rupture.
Because of the generally minute size of the aneurysm tissue
samples, we did not have additional aneurysm tissue available
for further confirmation with Sanger sequencing. However,
we have used the ensemble approach to variant calling to
increase the accuracy of the whole exome sequencing, al-
though more stringent thresholds for filtering low-quality
variants could be applied.*” Moreover, it has been shown
that whole exome sequencing has a high concordance rate of
>99% with Sanger sequencing.50 Because somatic variants
have not been well-studied in complex traits outside of
cancer where they are major determinants of cancer patho-
genesis and treatment response, it is possible that these
variants are the secondary result of some underlying path-
ophysiologic process in the arterial wall rather than causal.
However, we have shown that suppression of SVIL leads to
the phenotypic modulation of vSMCs, suggesting that the
variants in SVIL are likely causal. But, as discussed earlier,
SVIL would not be the sole factor involved in the patho-
genesis of aneurysms but a contributor. Other contributors,
including other somatic variants found, would merit further
study. Furthermore, exome sequencing would not have in-
cluded all possible regulatory variations, although it provides
a more targeted approach to identifying potential protein
coding somatic changes. In addition, using control vessels
from patients with epilepsy is not ideal because this patient
population may harbor genetic disorders. However, this
would only bias our results toward the null. Finally, we have
focused our attention on SVIL in vSMCs. There may be
important contributions from the other 2 major vascular cell
types, endothelial cells and fibroblasts, which will require
further study.

In conclusion, the comparison of cerebral aneurysm and
matched serum samples allow for the identification of po-
tential driver somatic mutations of cerebral aneurysms. The
most common somatic variants occurred in the SVIL gene,
which we have shown to contribute to the pathogenesis of
cerebral aneurysms via phenotypic modulation of vascular
smooth muscle cells. We have demonstrated functionally
relevant somatic variants in a large proportion of saccular
cerebral aneurysms. Because somatic variants are typically
implicated in the pathogenesis of neoplasms rather than
vascular diseases, these findings change the fundamental way
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in which the pathogenesis of saccular cerebral aneurysms is
viewed. Future studies using animal models will be needed to
further confirm these findings and to find other pathways
involved in the pathogenesis of aneurysms. The results of
these studies may provide candidates for a disease-modifying
therapy for the noninvasive treatment and prevention of
saccular cerebral aneurysms.
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