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Although genetic underpinnings of several neurological dis-
orders like epilepsy have been described as early as fourth cen-
tury BCE in the Corpus Hippocraticum,1 discoveries in stroke
have been more recent. One of the first reports demonstrat-

ing the importance of hered-
ity in stroke pathogenesis
occurred in 1974 with the gen-

eration of the stroke-prone spontaneously hypertensive rat.2

This strain was created using selective breeding and has en-
dured as a valuable asset in contemporary stroke research.
Nonetheless, half a century later, the precise genetic determi-
nants even in this single, highly specific rodent stroke pheno-
type have not been completely elucidated despite immense
advances in next-generation sequencing and genome
mapping.3,4 In humans, the role of genetics in stroke is expo-
nentially more complex. Stroke is heterogeneous, as are its pre-
disposing risk factors, which also have their own genetic con-
tributors. Genetics may either mediate or moderate stroke via
multiple mechanisms. Genome-wide association studies since
2007 have identified several common loci and variants that
typically account for a small proportion of the heritable risk
of stroke, stroke subtypes, or conventional stroke risk factors.5

Monogenic stroke has classically resided on the other end of
the continuum, where rare variants in a single gene are often
thought to cause diseases. Here, the genetic alteration may con-
tribute to inherited syndromes where stroke is the primary phe-
notype (eg, cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy [CADASIL]), or
multisystem disorders that include stroke as a manifestation
(eg, sickle cell anemia).6 The causative paradigm in mono-
genic stroke has evolved over the past decade with increas-
ing recognition of variability in penetrance, expressivity, and
potential for modulation by risk factors and other genes.7-10

Simply put, variants may be more frequent than formerly es-
timated, resultant clinical phenotypes may have broader ranges
than previously appreciated, only a subset of patients may
manifest disease, and the pathobiology may vary with other
genetic and nongenetic/environmental factors. Ultimately,
these differences may also inform which therapies are likely
to be most effective in different patient subgroups. Thus, sys-
tematically dissecting these nuances in monogenic stroke has
important implications for both public health and precision
medicine–driven biomarker/drug development.

In this issue of JAMA Neurology, Cho et al11 evaluate key
questions of penetrance, expressivity, and modulation of
monogenic stroke in a methodologically rigorous study of
454 756 UK Biobank participants with whole-exome sequenc-
ing data. They focus on pathogenic variants in the 3 most com-
mon monogenic cerebral small-vessel diseases (cSVDs):

NOTCH3, HTRA1, and COL4A1/2. NOTCH3 variants are the pre-
dominant cause of CADASIL, the most common monogenic
cSVD.12,13 Htra1 is a protein that colocalizes with Notch3’s ex-
tracellular domain; variants in HTRA1 cause CADASIL2 and ce-
rebral autosomal recessive arteriopathy with subcortical in-
farcts. COL4A1/2 encodes a type IV collagen α protein expressed
in basement membranes of blood vessels with pathogenic vari-
ants resulting in lacunar stroke or intracerebral hemorrhage.
Earlier work in smaller cohorts (predominantly focused on
NOTCH3) suggest that pathogenic variants are more frequent
than expected based on prevalence of disease phenotype.9,14

Some studies identify differences in penetrance, expressiv-
ity, and a globally increased risk of stroke and/or vascular
dementia.7-10,14,15 Cho et al11 reported consistent findings:
pathogenic variants in all 3 genes were markedly more fre-
quent than expected based on prevalence of clinical disease
phenotypes thought to be caused by these variants. This was
most notable in NOTCH3 where 1 in 467 patients were hetero-
zygous variant carriers vs the estimated prevalence of CADA-
SIL (4:100 000) yielding a more than 50-fold difference. HTRA1
variants had a frequency of 1 in 832, and COL4A1/2 variants
were detected at a rate of 1 in 1353. These participants were nei-
ther universally nor uniformly symptomatic.

The large sample size in the current study enabled a
uniquely broad and detailed evaluation of these 3 key cSVD
genes and their association with stroke phenotypes; it is the
largest study on these genes by more than 2-fold, to my knowl-
edge. The results are balanced between confirmatory vs novel/
hypothesis generating. In all 3 genes, the study supports pre-
vious data of lower penetrance rates and overestimated variant
pathogenicity.8,10,14,15 A significant proportion of asymptom-
atic carriers were identified when evaluating for prevalence and
incidence of cSVD (median follow-up, 12.6 years). Expressiv-
ity for each gene was also highly variable, with differences in
disease severity and clinical phenotypes. NOTCH3 variants had
the most phenotypic variability with greater odds of both
prevalent and incident types of cSVD including ischemic stroke,
hemorrhagic stroke, all-cause dementia, vascular dementia,
and higher white-matter hyperintensity volume. Most NOTCH3
pathogenic variants result in a gain or loss of cysteine in epi-
dermal growth factor repeats (EGFr) in the proteins’ extracel-
lular domain; pathogenic variants on EGFr position 1 to 6 have
been associated with higher CADASIL disease severity10,15 but
were present in 2% of NOTCH3 variant carriers in this study.
HTRA1 variant carriers had greater odds of migraine with aura,
ischemic stroke, and larger white-matter hyperintensity vol-
ume. The reported association of COL4A1/2 variants with
greater odds of any stroke was driven by intracerebral hem-
orrhage. Although presence of pathogenic variants in these
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genes can no longer be considered a universal harbinger of un-
avoidable severe monogenic cSVDs, this study suggests that
they may warrant identification and close clinical attention be-
yond patients diagnosed with CADASIL given their strong as-
sociations with other cSVD phenotypes.

In large part, the novelty and future impact of this work
lies in the authors’ evaluation of whether and how genetic and
cardiovascular risk factors influence monogenic ischemic
stroke. They focused on NOTCH3 and HTRA1 since increased
stroke risk with COL4A1/2 was due to intracerebral hemor-
rhage. Although common genetic variants in other diseases are
reported to affect penetration of monogenic conditions by act-
ing as modifiers,13 this was not the case for NOTCH3 or HTRA1.
The ischemic stroke polygenic risk score (PRS) in this cohort
was associated with greater stroke risk in all participants. How-
ever, it affected only noncarriers of NOTCH3 and HTRA1; there
was no additive interaction between PRS and variant carrier
status. Thus, genetic propensity to common ischemic stroke
as measured by PRS did not further increase stroke risk in par-
ticipants with monogenic variants. In both genes, stroke risk
conferred by variants was equivalent to a several-fold stan-
dard deviation increase in PRS. However, PRS may mask vari-
ant-level epistasis and does not account for common/
currently unidentified genetic variants or focus on candidate
genes that may have a pathophysiologic basis for acting as
NOTCH3 or HTRA1 modifiers. These limitations may be real;
a previous heritability estimate in 151 patients with CADASIL
suggested modifying effects of unmeasured genetic factors that
were distinct from NOTCH3.16

In striking contrast, cardiovascular risk (calculated by the
comprehensive Framingham Cardiovascular Risk Score) in-
creased stroke risk in NOTCH3 and HTRA1 variant carriers. Like
PRS, cardiovascular risk unsurprisingly was independently as-
sociated with ischemic stroke risk in all participants. How-
ever, unlike PRS, there was a clear statistical additive interac-
tion between cardiovascular risk and variant status. Hazard
ratios for ischemic stroke were markedly lower in carriers with
low cardiovascular risk (range, 2.07-3.34) and noncarriers with
high cardiovascular risk (range, 3.32-3.35) vs participants who
were both carriers and had high cardiovascular risk (range,
6.22-7.82). It would be tempting to infer, given these associa-
tions, that treatment of cardiovascular risk could dramati-
cally reduce disease burden in variant carriers and forms of
monogenic stroke. However, a fallacy akin to post hoc ergo

propter hoc applies; while logical (and perhaps even likely), it
is premature to conclude either causation or treatment re-
sponse. Mechanisms of how these variants cause stroke are in-
completely understood. The molecular basis for interactions
with cardiovascular risk profiles remains unknown but im-
portant to elucidate. Only 22 patients in this study were car-
riers of NOTCH3 EGFr 1-6 (associated with severe CADASIL) and
we cannot know if/how much cardiovascular risk reduction
would benefit this subpopulation. The foundation developed
by Cho et al11 creates a launchpad for future research to ex-
plore these critical questions regarding molecular mechanisms/
interactions, intermediate phenotypes, causation, and treat-
ment response.

This study advances a paradigm shift away from the tra-
ditional dogma of monogenic disease that has long suggested
that little (short of developing gene-targeted therapy) can be
done about the genetic hand that has been dealt. The poten-
tial to reduce disease burden in monogenic stroke by harness-
ing cardiovascular risk is a powerful prospect. Developing tar-
geted therapies remains important; indeed, given the markedly
higher-than-expected prevalence of these variants, it is pos-
sible that non-CADASIL stroke phenotypes may benefit from
molecularly targeted treatments. However, equally exciting is
the potential impact of relatively low-cost interventions that
are available immediately and can be implemented early, such
as smoking cessation and controlling hypertension, hyperlip-
idemia, and diabetes. From the patient perspective, it pro-
vides agency; instead of being sentenced to inevitable cSVD,
early medication and lifestyle interventions may meaning-
fully reduce risk. Knowledge of genetic predisposition may cre-
ate a needed sense of urgency for primary prevention and com-
pliance and could change and harmonize current practice
patterns for these monogenic diseases. On the clinician end,
if cardiovascular risk factor reduction could decrease (by 2-fold
or more) the risk of stroke in variant carriers, this could have
important implications for early screening and vigilant treat-
ment. Whether or not this will pan out in future studies re-
mains to be seen. Currently, these hypotheses are unproven.
But for now, even if the complex mechanisms and effects of
NOTCH3 EGFr 1-6 vs 7-34 variants are incompletely under-
stood, it seems plausible that paying attention to basic details
such as glucose, cholesterol, and blood pressure may yield un-
expected and greater dividends in the monogenic stroke popu-
lation than previously realized.

ARTICLE INFORMATION

Author Affiliations: Barrow Neurological Institute,
Department of Neurology, St Joseph’s Hospital &
Medical Center, Phoenix, Arizona; Barrow
Neurological Institute, Department of Translational
Neuroscience, St Joseph’s Hospital & Medical
Center, Phoenix, Arizona; Barrow Neurological
Institute, Department of Neurosurgery, St Joseph’s
Hospital & Medical Center, Phoenix, Arizona.

Corresponding Author: Ruchira M. Jha, MD, MSc,
Barrow Neurological Institute, Departments of
Neurology, Translational Neuroscience,
Neurosurgery, St Joseph’s Hospital & Medical
Center, 240 W Thomas Rd, Phoenix, AZ 85013
(ruchira.jha@barrowneuro.org).

Published Online: October 27, 2022.
doi:10.1001/jamaneurol.2022.3994

Conflict of Interest Disclosures: Dr Jha reported
grants from National Institutes of Health/National
Institute of Neurological Disorders and Stroke,
Barrow Neurological Foundation, and Chuck Noll
Foundation during the conduct of the study and is a
paid consultant for and serves on the advisory
board of Biogen. No other disclosures were
reported.

REFERENCES

1. Mai LL. Genetic disease I: history and
mechanisms. In: Ember CR, Ember M, eds.

Encyclopedia of Medical Anthropology. Springer US;
2004:391-407, doi:10.1007/0-387-29905-X_45.

2. Yamori Y. Importance of genetic factors in
stroke: an evidence obtained by selective breeding
of stroke-prone and -resistant SHR. Jpn Circ J. 1974;
38(12):1095-1100. doi:10.1253/jcj.38.1095

3. Rubattu S, Volpe M, Kreutz R, Ganten U, Ganten
D, Lindpaintner K. Chromosomal mapping of
quantitative trait loci contributing to stroke in a rat
model of complex human disease. Nat Genet. 1996;
13(4):429-434. doi:10.1038/ng0896-429

4. Jacob HJ, Lindpaintner K, Lincoln SE, et al.
Genetic mapping of a gene causing hypertension in
the stroke-prone spontaneously hypertensive rat.

Opinion Editorial

E2 JAMA Neurology Published online October 27, 2022 (Reprinted) jamaneurology.com

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a University of Maryland - Baltimore User  on 11/01/2022

mailto:ruchira.jha@barrowneuro.org
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2022.3994?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.3994
https://dx.doi.org/10.1007/0-387-29905-X_45
https://dx.doi.org/10.1253/jcj.38.1095
https://dx.doi.org/10.1038/ng0896-429
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.3994


Cell. 1991;67(1):213-224. doi:10.1016/0092-8674
(91)90584-L

5. Malik R, Chauhan G, Traylor M, et al; AFGen
Consortium; Cohorts for Heart and Aging Research
in Genomic Epidemiology (CHARGE) Consortium;
International Genomics of Blood Pressure
(iGEN-BP) Consortium; INVENT Consortium;
STARNET; BioBank Japan Cooperative Hospital
Group; COMPASS Consortium; EPIC-CVD
Consortium; EPIC-InterAct Consortium;
International Stroke Genetics Consortium (ISGC);
METASTROKE Consortium; Neurology Working
Group of the CHARGE Consortium; NINDS Stroke
Genetics Network (SiGN); UK Young Lacunar DNA
Study; MEGASTROKE Consortium. Multiancestry
genome-wide association study of 520,000
subjects identifies 32 loci associated with stroke
and stroke subtypes. Nat Genet. 2018;50(4):524-537.
doi:10.1038/s41588-018-0058-3

6. Boehme AK, Esenwa C, Elkind MSV. Stroke risk
factors, genetics, and prevention. Circ Res. 2017;120
(3):472-495. doi:10.1161/CIRCRESAHA.116.308398

7. Adib-Samii P, Brice G, Martin RJ, Markus HS.
Clinical spectrum of CADASIL and the effect of
cardiovascular risk factors on phenotype: study in
200 consecutively recruited individuals. Stroke.
2010;41(4):630-634. doi:10.1161/STROKEAHA.109.
568402

8. Hack RJ, Gravesteijn G, Cerfontaine MN, et al.
Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy
family members with a pathogenic NOTCH3 variant
can have a normal brain magnetic resonance
imaging and skin biopsy beyond age 50 years. Stroke.
2022;53(6):1964-1974. doi:10.1161/STROKEAHA.121.
036307

9. Cho BPH, Nannoni S, Harshfield EL, et al.
NOTCH3 variants are more common than expected
in the general population and associated with
stroke and vascular dementia: an analysis of
200 000 participants. J Neurol Neurosurg Psychiatry.
2021;92(7):694-701. doi:10.1136/jnnp-2020-325838

10. Rutten JW, Hack RJ, Duering M, et al. Broad
phenotype of cysteine-altering NOTCH3 variants in
UK Biobank: CADASIL to nonpenetrance. Neurology.
2020;95(13):e1835-e1843. doi:10.1212/WNL.
0000000000010525

11. Cho BPH, Harshfield EL, Al-Thani M, Tozer DJ,
Bell S, Markus HS. Association of vascular risk
factors and genetic factors with penetrance of
variants causing monogenic stroke. JAMA Neurol.
Published online October 27, 2022. doi:10.1001/
jamaneurol.2022.3832

12. Joutel A, Corpechot C, Ducros A, et al. Notch3
mutations in CADASIL, a hereditary adult-onset

condition causing stroke and dementia. Nature.
1996;383(6602):707-710. doi:10.1038/383707a0

13. Debette S, Markus HS. Stroke genetics:
discovery, insight into mechanisms, and clinical
perspectives. Circ Res. 2022;130(8):1095-1111. doi:
10.1161/CIRCRESAHA.122.319950

14. Ferguson AC, Thrippleton S, Henshall D, et al.
Frequency and phenotype associations of rare
variants in 5 monogenic cerebral small vessel
disease genes in 200,000 UK biobank participants.
Neurol Genet. 2022;8(5):e200015. doi:10.1212/
NXG.0000000000200015

15. Rutten JW, Van Eijsden BJ, Duering M, et al. The
effect of NOTCH3 pathogenic variant position on
CADASIL disease severity: NOTCH3 EGFr 1-6
pathogenic variant are associated with a more
severe phenotype and lower survival compared
with EGFr 7-34 pathogenic variant. Genet Med.
2019;21(3):676-682. doi:10.1038/s41436-018-0088-
3

16. Opherk C, Peters N, Holtmannspötter M,
Gschwendtner A, Müller-Myhsok B, Dichgans M.
Heritability of MRI lesion volume in CADASIL:
evidence for genetic modifiers. Stroke. 2006;37(11):
2684-2689. doi:10.1161/01.STR.0000245084.35575.
66

Editorial Opinion

jamaneurology.com (Reprinted) JAMA Neurology Published online October 27, 2022 E3

© 2022 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a University of Maryland - Baltimore User  on 11/01/2022

https://dx.doi.org/10.1016/0092-8674(91)90584-L
https://dx.doi.org/10.1016/0092-8674(91)90584-L
https://dx.doi.org/10.1038/s41588-018-0058-3
https://dx.doi.org/10.1161/CIRCRESAHA.116.308398
https://dx.doi.org/10.1161/STROKEAHA.109.568402
https://dx.doi.org/10.1161/STROKEAHA.109.568402
https://dx.doi.org/10.1161/STROKEAHA.121.036307
https://dx.doi.org/10.1161/STROKEAHA.121.036307
https://dx.doi.org/10.1136/jnnp-2020-325838
https://dx.doi.org/10.1212/WNL.0000000000010525
https://dx.doi.org/10.1212/WNL.0000000000010525
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2022.3832?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.3994
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2022.3832?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.3994
https://dx.doi.org/10.1038/383707a0
https://dx.doi.org/10.1161/CIRCRESAHA.122.319950
https://dx.doi.org/10.1212/NXG.0000000000200015
https://dx.doi.org/10.1212/NXG.0000000000200015
https://dx.doi.org/10.1038/s41436-018-0088-3
https://dx.doi.org/10.1038/s41436-018-0088-3
https://dx.doi.org/10.1161/01.STR.0000245084.35575.66
https://dx.doi.org/10.1161/01.STR.0000245084.35575.66
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2022.3994

