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Mutations in theNOTCH3 gene can lead to small-vessel disease in humans, including the well-characterized
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL),
a condition caused by NOTCH3 mutations altering the number of cysteine residues in the extracellular
domain of Notch3. Growing evidence indicates that other types of mutations in NOTCH3, including
cysteine-sparing missense mutations or frameshift and premature stop codons, can lead to small-vessel
disease phenotypes of variable severity or penetrance. There are currently no disease-modifying thera-
pies for small-vessel disease, including those associated with NOTCH3mutations. A deeper understanding
of underlyingmolecularmechanisms and clearly defined targets are needed to promote the development of
therapies. This review discusses two key pathophysiological mechanisms believed to contribute to the
emergence and progression of small-vessel disease associated with NOTCH3 mutations: abnormal Notch3
aggregation and aberrant Notch3 signaling. This review offers a summary of the literature supporting and
challenging the relevance of these mechanisms, together with an overview of available preclinical ex-
periments derived from thesemechanisms. It highlights knowledge gaps and future research directions. In
view of recent evidence demonstrating the relatively high frequency of NOTCH3 mutations in the popu-
lation, and their potential role in promoting small-vessel disease, progress in the development of therapies
for NOTCH3-associated small-vessel disease is urgently needed. (Am J Pathol 2021, 191: 1856e1870;
https://doi.org/10.1016/j.ajpath.2021.03.015)
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This article is part of a review series on small blood vessel disease in the

brain, addressing current knowledge, new mechanisms, biomarkers, and
therapeutic approaches.
Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is a he-
reditary disease caused by mutations on the NOTCH3 gene
and leading to early onset of progressive small-vessel
disease.1,2

The core clinical manifestations of CADASIL consist of
the early and recurrent onset of cerebral ischemic events
(transient ischemic attacks and ischemic strokes), and pro-
gressive vascular cognitive impairment.1 CADASIL has
been associated with other neurologic symptoms occurring
at varying frequency within affected patients, including
migraines with aura, mood disorders, gait disturbances,
intracerebral hemorrhages, movement abnormalities (eg,
parkinsonism), and seizures.1 For reasons still poorly un-
derstood, there is an important phenotypic variability in the
stigative Pathology. Published by Elsevier Inc
type, severity, and progression of symptoms in patients with
CADASIL, even within members of a same family.1

Despite this important clinical variability, CADASIL is a
progressive disease often leading to dementia, disability,
. All rights reserved.

mailto:dschoemakermarcotte@mgh.harvard.edu
mailto:dschoemakermarcotte@mgh.harvard.edu
mailto:joseph_arboleda@meei.harvard.edu
mailto:joseph_arboleda@meei.harvard.edu
https://doi.org/10.1016/j.ajpath.2021.03.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2021.03.015&domain=pdf
https://doi.org/10.1016/j.ajpath.2021.03.015
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2021.03.015


Notch3 in Small-Vessel Disease
and earlier mortality.3 There is currently no approved
disease-modifying therapy for CADASIL, and treatment is
usually centered around symptom management.4 There is
thus an urgent need for therapies to alter the course of the
disease before the onset of debilitating and potentially fatal
symptoms. Yet, the limited insight into disease pathophys-
iological mechanisms and the current lack of clearly defined
therapeutic targets constitute important obstacles to thera-
peutic developments.
NOTCH3 Mutations in CADASIL: Characteristics
and Epidemiology

CADASIL is caused by mutations on the NOTCH3 gene
located on chromosome 19p13, a gene involved in the
differentiation and maturation of vascular smooth muscle
cells, vascular development during embryogenesis, and
vascular integrity.5e9 The NOTCH3 gene encodes a
2321eamino acid long cell surface receptor,8 a protein
composed of three regions: an extracellular domain (ECD)
regrouping 34 epidermal growth factor-like repeats
(EGFRs) and three cysteine-rich Lin-12/Notch (LNR) re-
peats that interact with membrane-bound ligands of the
Delta or Jagged/Serrate protein families (Jagged 1 and 2 and
Delta-like 1, 3, and 4 in mammals), a single transmembrane
domain, and an intracellular domain containing six ankyrin
repeats (ANK) together with a recombination signal binding
protein for immunoglobulin Kappa J region (RBPJ) asso-
ciation molecule (RAM) and a proline, glutamine, serine,
and threonine rich (PEST) region9 (Figure 1).10e12 The
Notch3 receptor is expressed in mural cells (namely,
vascular smooth muscle cells and pericytes) of small ar-
teries throughout the body, with an apparent predilection for
brain vessels.13e16 Activation of the Notch3 receptor results
in the up-regulation of RBPJ-dependent Notch target gene
expression (HES1, HEYL, HRT1, HRT2, and others),
possibly promoting growth and modulating apoptosis of
mural cells.17
Figure 1 Schematic illustration of the Notch3 receptor. Each epidermal grow
prevalence estimates of cysteine-altering NOTCH3 mutations affecting this EGFR d
Hack et al,12) examining three large exome databases (UK Biobank, Exome Aggrega
heterodimerization domain; LNR, Lin-12/Notch Repeat; PEST, proline (P), glutami
binding protein for immunoglobulin Kappa J region (RBPJ) association molecule
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Over 200 unique CADASIL-causing mutations have been
identified in NOTCH3.10,18 The vast majority of these mu-
tations occur within exons 2 to 24 of NOTCH3, that encodes
the extracellular domain of the Notch3 receptor (Notch3-
ECD).18 Each EGFR of the Notch3ECD normally contains a
highly conserved number and position of six cysteine resi-
dues, forming three disulfide bonds playing a role in the
stabilization of the Notch3ECD.19 CADASIL-causing muta-
tions almost invariably result in the addition or deletion of a
cysteine residue within one of the EGFRs, leading to an odd
number of cysteine residues.20 The unpaired number of
cysteine residues is believed to alter the formation of di-
sulfide bridges, which, in turn, affects the stability of
Notch3ECD and potentially promotes misfolding, aggrega-
tion, and aberrant function of the receptor.19e22 CADASIL
mutations have been described across all 34 EGFRs of the
Notch3ECD, with an increased clustering of pathogenic
mutations around the first to sixth EGFR.20 In addition to
mutations affecting cysteine residues, there are also several
reports of cysteine-sparing missense mutations leading to a
small-vessel disease phenotype.23 A recent review of the
literature suggests that some patients harboring cysteine-
sparing NOTCH3 missense mutations, particularly the
p.R61W, p.R75P, p.D80G, and p.R213K mutations, present
with a clinical syndrome consistent with CADASIL.23 Yet,
there is ongoing debate on whether these mutations are fully
pathogenic and lead to the expression of the full spectrum of
CADASIL phenotypic characteristics.18 Although
CADASIL-causing mutations are for the vast majority het-
erozygous, a few cases with homozygous NOTCH3 muta-
tions have been reported. Patients with homozygous
NOTCH3 mutations appear to present a clinical phenotype
falling within the classic clinical spectrum of CADASIL,
whereas some reports highlight an increased disease severity
in homozygous carriers.24e26 Findings from studies focusing
on the clinical presentation of individuals carrying homozy-
gous NOTCH3 mutations must, however, be interpreted with
caution as it remains difficult to disentangle the effect of
clinical variability from homozygosity in these rare cases.
th factor (EGF)elike repeat (EGFR) is color coded on the basis of pooled
erived from recently published studies (Rutten et al,10; Rutten et al,11; and
tion Consortium; ExAC, and Geisinger DiscovEHR). ANK, ankyrin repeats; HD,
ne (E), serine (S), and threonine (T) rich region; RAM, recombination signal
; TMD, transmembrane domain.
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CADASIL is a rare disease, with an estimated preva-
lence ranging from 1.98 to 4.6 per 100,000 in the general
population.27e29 However, recent work suggests that ca-
nonical cysteine-altering NOTCH3 mutations are far more
prevalent than previously reported.27e29 For instance,
relying on publicly accessible exome databases, recent
studies estimated that the prevalence of cysteine-altering
NOTCH3 mutations ranges from 2.2 to 3.4 per 1000
cases, a prevalence nearly 100-fold higher than previously
available estimates for CADASIL.10e12 The apparent
mismatch between estimates of disease and mutation
prevalence is not well understood, but likely reflects
fluctuating degrees of penetrance or severity associated
with these mutations. This interpretation is consistent with
evidence indicating that not all NOTCH3 mutation carriers
become symptomatic, a statement that applies to both
cysteine-altering, cysteine-sparing mutations and bona fide
NOTCH3 loss-of-function mutations, as discussed later in
the review.11,23,30
Pathophysiological Characteristics of CADASIL

On microscopic examination, CADASIL shares many key
pathophysiological features with sporadic forms of small-
vessel disease, including degeneration of mural cells, small
lacunar infarcts, atrophic myocytes and vascular endothelial
cells, narrowing of the lumen, thickening of vessel wall,
fibrosis, and subcortical white matter rarefication1

(Figure 2). Patients and mouse models with CADASIL
mutations show early alterations in cerebrovascular blood
flow and hemodynamics, which have been proposed as
potentially useful biomarkers for clinical trials.31,32

Another key pathologic hallmark of CADASIL is the
intravascular accumulation of granular osmiophilic material
(GOM) deposits, consisting of microscopic electron-dense
particles found in the basement membrane of arteries, ar-
terioles, and capillaries of patients with CADASIL.33,34

Although its exact composition remains largely unknown,
studies have repeatedly demonstrated that Notch3ECD is a
major component of GOM.14,22,35e37 Although GOM de-
posits are found in other organs of patients with CADASIL,
such as the skin, they are more abundant in the brain.14,37

The accumulation of GOM is considered a pathognomonic
feature of CADASIL and is viewed as a critical pathogenic
mechanism contributing to the degeneration of mural cells
and increased stroke susceptibility in affected patients.38

Yet, mechanisms linking GOM aggregation to cerebrovas-
cular abnormalities and clinical symptoms have not been
fully elucidated.

Another hypothesis holds that NOTCH3 mutations lead to
aberrant signaling or activity of the Notch3 receptor. This
hypothesis is supported by compelling evidence that Notch3
loss of function in humans and mouse models is sufficient to
cause mural cell degeneration and small-vessel disease, even
in the absence of GOM aggregation.16,22,39e43
1858
Similar to the situation in other neurodegenerative dis-
eases, such as familial autosomal dominant Alzheimer dis-
ease, the discussion surrounding pathophysiological
mechanisms in CADASIL has been the subject of much
debate. At least two mechanisms have been proposed to
contribute to vascular degeneration in individuals and ani-
mal models with NOTCH3 mutations and small-vessel dis-
ease: NOTCH3 mutations result in Notch3 receptor
misfolding and aggregation, triggering GOM formation and
affecting vessel structural and functional integrity; and
NOTCH3 mutations alter function of the Notch3 receptor,
leading to mural cell dysfunction and degeneration. The
field has reached the point where enough evidence supports
the plausibility of both the Notch3 accumulation cascade
and the Notch3 signaling abnormality hypotheses. This re-
view focuses on summarizing the literature on the role of
Notch3 aggregation and signaling in CADASIL, as well as
exploring potential clinical implications derived from these
findings.

The Role of Protein Accumulation in CADASIL

Proposed Mechanisms and Supporting Evidence

In CADASIL, Notch3ECD accumulates as microscopic
extracellular aggregates at the plasma membrane of vascular
smooth muscle cells and pericytes and is a core component
of GOM. Deposits of GOM are found in virtually all mouse
models and patients carrying cysteine-altering NOTCH3
mutations and appear at an early stage in the disease, sug-
gesting a central role in the disease process.35,38,44,45

Evidence suggests that the accumulation of Notch3ECD in
CADASIL is linked to alterations in the formation of di-
sulfide bridges caused by the uneven number of cysteine
residues resulting from the mutation, leading to instability of
the receptor’s extracellular domain, misfolding, and
enhanced multimerization properties.19,21 In support of this
hypothesis, Notch3ECD was found to accumulate in disulfide
cross-linked insoluble aggregates and show increased
binding affinity to other proteins.21,46e48 Perhaps serving as
a seeding agent, Notch3ECD was found to aggregate and
colocalize with several extracellular matrix proteins,
including tissue inhibitor of metalloproteinases-3 (TIMP3),
vitronectin, clusterin, endostatin, and latent transforming
growth factor-b binding protein 1, in the vasculature of mice
harboring CADASIL mutations.22,37,47,49,50 It has been
suggested that this aggregation alters normal cellular func-
tion and offers new binding surfaces that further facilitate
toxic aggregation of proteins, eventually generating a
snowball effect.45,47,51,52 In agreement with this notion, the
number, size, and morphology of GOM deposits evolve
through the course of the disease.53 In vitro studies have
demonstrated reduced clearance and decreased solubility of
mutant Notch3 protein complexes compared with wild
type.46 Impaired perivascular drainage54,55 and dysfunctions
in autophagy processes56 are other mechanisms possibly
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Illustration of neuropathologic features in cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL). A: Sagittal 3-T magnetic resonance imaging (MRI) fluid-attenuated inversion recovery image in a 52-yeareold patient with CADASIL, showing
widespread white matter hyperintensity, lacunes, and atrophy. B: Representative hematoxylin and eosin (H&E) staining of the basal ganglia of a deceased
patient with CADASIL, showing vessel wall thickening and dilated perivascular spaces. C: H&E staining of the basal ganglia of a deceased patient with CADASIL,
showing ischemic lesions and white matter rarefication. MRI image kindly provided by Dr. Yakeel Quiroz (Massachusetts General Hospital, Boston, MA), and
postmortem histopathologic images kindly provided by Dr. Diego Sepulveda-Falla (Institut für Neuropathologie Universitätsklinikum Hamburg-Eppendorf,
Hamburg, Germany). Scale bars: 100 mm (B); 730 mm (C).

Notch3 in Small-Vessel Disease
contributing to the extracellular accumulation of insoluble
proteins in CADASIL. Abnormal protein aggregation has
been described as a key pathophysiological mechanism in
other neurodegenerative diseases, including Alzheimer dis-
ease and cerebral amyloid angiopathy.57 It has therefore
been suggested that CADASIL falls within the spectrum of
protein elimination failure angiopathies.55

Some evidence supports the pathogenic role of GOM
aggregation in CADASIL. First, the accumulation of
Notch3ECD is one of the earliest detectable pathologic fea-
tures in mouse models and humans with CADASIL and
appears before the formation of GOM deposits.13,58,59 This
suggests that Notch3ECD accumulation is an early event in
CADASIL that possibly initiates a pathogenic cascade of
protein aggregation, leading to the formation of GOM.
Mouse model studies and in vitro studies have confirmed
that CADASIL mutations promote the abnormal accumu-
lation of Notch3ECD and GOM within the vascula-
ture.21,47,48 Furthermore, the expression level of mutant
Notch3 in mouse models correlates with the age of onset
and severity of Notch3ECD accumulation around vessels.58

Increased levels of TIMP3, a protein found to aggregate
with Notch3ECD in CADASIL, lead to an up-regulation of
voltage-gated potassium channels and a disruption in
myogenic tone and cerebrovascular reactivity through in-
hibition of the disintegrin and metalloproteinase domain-
containing protein 17 (ADAM17).52,60 A transgenic mouse
model overexpressing human TIMP3 displays similar al-
terations in cerebrovascular blood flow and myogenic
response as those observed in a CADASIL mouse model,
suggesting shared mechanisms.52,61 These results support a
mechanistic link between abnormal protein aggregation and
cerebrovascular dysfunctions in CADASIL. Yet, direct
in vitro or in vivo evidence confirming the toxicity of GOM-
The American Journal of Pathology - ajp.amjpathol.org
Notch3ECD or associations with clinical features of
CADASIL is lacking. Filling this knowledge gap requires
the development of methods for GOM-Notch3ECD purifi-
cation and the establishment of relevant experimental par-
adigms to evaluate mural cell dysfunction and degeneration
in the presence of GOMs.

Therapeutic Implications and Preliminary Evidence

If the progression of CADASIL is fully or partly caused by
abnormal protein aggregation, then the use of agents pre-
venting or clearing this aggregation may improve disease
manifestations or progression.

A recent proof-of-concept study by the research team of
Dr. Anne Joutel, pioneer and leader in the field of CADA-
SIL, investigated the therapeutic value of immunotherapy
targeting Notch3ECD.62 For a period of 20 weeks, CADA-
SIL mutant mice (TgNotch3R169C) were peripherally
administered monoclonal antibody raised against human
Notch3ECD, the 5E1 antibody. The 5E1 monoclonal anti-
body showed high affinity and specificity to Notch3ECD,
crossed the blood-brain barrier, and bound to cerebrovas-
cular Notch3ECD deposits. Although treatment with 5E1
antibody did not affect the number or surface area of
Notch3ECD deposits nor the presence of white matter le-
sions, there was a significant improvement in functional
hyperemia in CADASIL mutant mice. After completion of
the treatment, mutant mice presented cerebral blood flow
responses similar to those found in wild-type mice. This
suggests that treatment with 5E1 monoclonal antibody
modulates cerebrovascular function via a mechanism that is
distinct from clearance of Notch3ECD aggregation, possibly
by modulating levels of specific Notch3 species. Future
research is needed to characterize the exact nature of this
1859
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underlying mechanism and determine whether normaliza-
tion of cerebrovascular function improves disease presen-
tation and progression in the longer term. Future studies are
also needed to optimize anti-Notch3ECD antibodies and
regimens and replicate these findings in mouse models
expressing other CADASIL mutations.

TIMP3 and vitronectin are extracellular matrix proteins
found to aggregate with Notch3ECD.47,61 Capone et al61

showed that genetic manipulations reducing TIMP3
expression in a CADASIL mouse model restored cerebral
blood flow responses, but had no effects on white matter
lesions. In contrast, reducing vitronectin expression in the
same CADASIL mouse model improved white matter le-
sions but had no effect on cerebral blood flow.61 Interest-
ingly, in both experiments, improvement in cerebrovascular
reactivity and white matter lesions was not accompanied by
a reduction in Notch3ECD deposition in brain vessels. This
report indicates that manipulating the composition of
extracellular aggregates in CADASIL might have a
beneficial impact on cerebrovascular function and lesions,
but not necessarily through clearance of GOM-Notch3ECD

deposits.
On the basis of the notion that the unpaired number of

cysteine residues linked with CADASIL mutations leads to
the instability of the Notch3ECD and the abnormal aggre-
gation of proteins, a cysteine correction approach by
EGFR domain exclusion was tested in vitro, using pre-
mRNA antisense-mediated skipping of specific NOTCH3
exons.63 Although not all exons were eligible for cysteine
corrective exon skipping, some harboring common
CADASIL-causing mutations, including exon 4, were
found to be eligible.63 Corrected Notch3 skip proteins
maintained normal processing, ligand binding, and ligand-
induced activation properties in vitro.63 The in vitro
transfection of antisense oligonucleotides in vascular
smooth muscle cells of CADASIL patients did not affect
cell viability, nor significantly reduced the expression of
NOTCH3 or downstream target genes.63 However, this
study did not assess whether cysteine-corrective NOTCH3
exon skipping influenced GOM aggregation or cerebro-
vascular disruptions linked to CADASIL. Because cell
models do not mimic pathologic hallmarks of CADASIL,
such as GOM aggregation and mural cell degeneration, the
preclinical efficacy of this approach still needs to be
assessed in subsequent in vivo experimental studies. In
parallel to this experimental study, a recent report
described members of a family carrying the G498C mu-
tation in NOTCH3, a mutation naturally resulting in the
skipping of exon 9 and leading to an effective removal of
the mutation.64 Affected members of this family presented
with a mild CADASIL phenotype, characterized by white
matter hyperintensity on magnetic resonance imaging
(MRI), but no overt disability or cognitive impairment
above the age of 60 years. There was no detectable evi-
dence of GOM accumulation in the vessel walls on elec-
tron microscopic analysis, but the mutant Notch3 protein
1860
had deficient ligand-dependent signaling. Although this
case highlights the viability of exon skipping in a naturally
occurring system, it also highlights the potential impact of
Notch3 signaling as a mechanism contributing to pheno-
typic expression of CADASIL.
Existing Debate and Diverging Evidence

Whether GOM-Notch3ECD aggregation is required for the
development of cerebrovascular abnormalities in CADA-
SIL, including mural cell degeneration and cerebrovascular
dysfunctions is still unknown. Across studies, there is a lack
of direct evidence supporting an association between the
presence and quantity of GOM deposits and the severity of
mural cell degeneration, white matter lesion, or clinical
symptoms.65,66 Analysis of vessels from transgenic mice
expressing mutant NOTCH3 indicates that degeneration of
vascular smooth muscle cells appears before the accumu-
lation of GOM or Notch3ECD.66 Conversely, a different
CADASIL mouse model overexpressing high levels of
mutant Notch3, the tgN3MUT350 mouse, presented impor-
tant GOM deposition but failed to develop other central
disease features, including mural cell degeneration, base-
ment membrane thickening, or changes in cerebrovascular
reactivity and cognition.53,58 The apparent lack of robust
association between GOM and vessel structural or func-
tional integrity in animal studies might be secondary to
limitations of current animal models in accurately repli-
cating the full spectrum of CADASIL pathophysiological
mechanisms or of methods to detect and quantify GOM in
these models.
A different line of evidence suggesting that mechanisms

other than abnormal protein accumulation may play a role in
the development of vascular abnormalities in CADASIL
comes from numerous reports of patients with NOTCH3
mutations presenting small-vessel disease in the absence of
GOM aggregation.30,41,43,67 For instance, Erro et al68

described the case of a patient presenting a nonsense mu-
tation in exon 3 (c.307C>T), a genetic variant characterized
by a premature stop codon resulting in a truncated protein
lacking almost the entire Notch3ECD. The patient presented
several classic CADASIL features, including diffuse white
matter hyperintensity and cognitive impairment, but did not
show GOM deposits on microscopic examination.42,68

Other reports of similar cases are described in more detail
in the section on Notch3 loss of function. These mutations
are not considered to be CADASIL-causing as they do not
result in an odd number of cysteine residues and do not lead
to extracellular GOM accumulation. Yet, these observations
raise questions as to whether GOM deposits are involved in
the pathogenesis of CADASIL or simply represent an
epiphenomenon of the disease, and indicate that mecha-
nisms other than GOM aggregation might, fully or partly,
underlie cerebrovascular abnormalities associated with
certain NOTCH3 mutations.
ajp.amjpathol.org - The American Journal of Pathology
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The Role of Aberrant Notch3 Signaling in
CADASIL and NOTCH3-Associated Small-Vessel
Disease

Proposed Mechanisms and Supporting Evidence

Another potential mechanism underlying vascular abnor-
malities in individuals with NOTCH3 mutations consists of
aberrant Notch3 signaling. The role of Notch3 signaling in
the maturation, maintenance, and function of arteries is well
established.5,6,9,69,70 Notch3 signaling promotes growth and
homeostasis of vascular smooth muscle cells and is a critical
determinant of their fate, possibly via modulation of
platelet-derived growth factor receptor-b signaling and
apoptosis.69,71,72 Considering its crucial role for vascular
integrity, it has been hypothesized that dysregulation in
Notch3 signaling could be involved in cerebrovascular
dysfunction and degeneration in individuals with NOTCH3
mutations.

Important insights into the significance of Notch3
signaling for cerebrovascular integrity have been obtained
from mouse models. Notch3 knockout mice (Notch3�/�)
present important cerebrovascular abnormalities, including
structural arterial defects, loss of vascular smooth muscle
cells, blood-brain barrier leakage, and altered myogenic tone
and cerebrovascular reactivity.6,44,70 These mice show
increased susceptibility to ischemic strokes, which can be
experimentally rescued by the expression of wild-type
Notch3 in vascular smooth muscle cells.22,39 Notch3
knockout mice display a progressive degeneration of mural
cells, with evidence of apoptosis and large gaps in mural cell
coverage in vessels from the brain and the retina.73 The
expression of wild-type Notch3 in these mice was found to
rescue mural cell degeneration.73 In contrast, expression of
the C455R mutant receptor, a mutation affecting the ligand-
binding domain of Notch3 and leading to hypomorphic
signaling, was not able to rescue vascular degeneration. A
different study in mutant mice with inhibited canonical
Notch signaling in vascular smooth muscle cells found
significant defects in patterning of the cerebral vasculature,
including in the circle of Willis and cerebral arteries.74 This
study further corroborated that mice harboring a null mu-
tation in the Notch3 receptor presented a lower mass of
smooth muscle cells within arteries, supporting a link be-
tween the absence of Notch3 signaling and loss of mural
cells.74 Together, these findings support a direct link be-
tween Notch3 signaling and cerebrovascular integrity.
Interestingly, cerebrovascular abnormalities reported in
Notch3 knockout mice align with those found in mice
expressing CADASIL mutations in NOTCH3, except for the
loss of mural cells, a feature that is prominent in NOTCH3
knockout mice but not consistently observed in CADASIL
mouse models.5e7,73

Mouse embryonic fibroblasts expressing homozygous
combinations of the C455R or R1031C mutated CADASIL
alleles show significant reduction in the activity of the
The American Journal of Pathology - ajp.amjpathol.org
Notch3 receptor compared with those expressing heterozy-
gous mutant alleles, suggesting a link between the expres-
sion level of the mutant receptor and Notch3 signaling.22

Furthermore, mice carrying the C455R mutant allele, a
mutation associated with a particularly severe phenotype
and an earlier onset of strokes, displayed a greater reduction
in Notch3 signaling than those carrying the R1031C
allele.22,75 This finding supports an association between
phenotypic severity and Notch3 signaling. However, other
studies investigating the effect of different CADASIL mu-
tations on Notch3 activity point to more complex
findings.76e78 For instance, transgenic mice expressing the
C428S NOTCH3 mutation on EGFR 10 showed impaired
Notch3 function, whereas transgenic mice harboring muta-
tions within EGFR 1 to 6 did not.78 More recently, mice
carrying the archetypal R169C CADASIL mutation were
shown to exhibit an increase in Notch3 activity and a
reduction in vascular lumen diameter, a pathophysiological
feature associated with greater stroke susceptibility.40 Ge-
netic manipulations to reduce Notch3 activity in these mice
prevented the reduction in arterial lumen diameter without
influencing GOM deposition, suggesting a pathogenic role
of the increased Notch3 activity in this model.40 Taken
together, these studies indicate that, although certain muta-
tions appear to leave Notch3 signaling unaffected, others
seem to promote cerebrovascular abnormalities via a
reduction or even an increase in Notch3 signaling. These
divergent findings raise the possibility that distinct
NOTCH3 mutations exert a differential effect on Notch3
signaling and alter cerebrovascular integrity through distinct
mechanisms. Reports of both hypomorphic and hyper-
morphic Notch3 activity in models with NOTCH3 mutations
can be interpreted in the context of a signaling threshold
model (or goldilocks). Such models, which have been used
in the context of other diseases, including cancer79 and
Kabuki syndrome,80 posit that either too much or too little
signaling can lead to pathologic states. It is also important to
note that, to this date, the effect of NOTCH3 mutations on
Notch3 signaling has only been systematically investigated
in a small proportion of all reported CADASIL mutations.
Furthermore, current experimental assays and models might
be limited in their ability to detect or reproduce subtle
signaling abnormalities that might still be relevant for
pathophysiological changes associated with NOTCH3
mutations.

Another important line of evidence supporting the rele-
vance of Notch3 signaling comes from several case studies
on patients with cerebrovascular abnormalities and
NOTCH3 mutations leading to Notch3 loss of function.
Pippucci et al67 described a young patient with a rare ho-
mozygous c.C2898A (p.C966*) null mutation in NOTCH3,
eliminating Notch3 expression and causing important
Notch3 signaling impairment. The patient presented a se-
vere arteriopathy with an early-onset cavitating leukoence-
phalopathy. At the age of 24 years, the patient was aphasic
and dysphagic, and unable to walk independently. Two
1861
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siblings from a consanguineous family carrying a homozy-
gous nonsense mutation within the EGFR 19 of NOTCH3
had a loss of function in Notch3.81 The two siblings pre-
sented a history of childhood-onset strokes, mild cognitive
impairment, hemiparesis, mobility impairment, pseudo-
bulbar palsy, and unmotivated laughing. On MRI exami-
nation, both siblings presented diffuse white matter
hyperintensity and multiple lacunar infarctions. These
unique case reports strongly suggest that drastic Notch3 loss
of function leads to cerebral small-vessel disease and an
ischemic phenotype.

Less drastic bona fide loss-of-function mutations in
NOTCH3, including premature stop codons and frameshift
deletion, have also been reported in heterozygous patients
presenting an inherited small-vessel disease
syndrome.10,41,67,68,82e85 A family with two members pre-
sented a heterozygous NOTCH3 mutation in exon 18
associated with a frameshift and a premature stop codon
within EGFR 24.86 The father, aged 69 years and presenting
cardiovascular risk factors, had no history of migraines,
strokes, or neurologic deficits, but presented extensive white
matter hyperintensity on MRI, lacunar infarcts, and cogni-
tive impairment. At the age of 37 years, the daughter, also
carrying the mutation, presented with a history of migraines,
dizziness, and bilateral subcortical white matter hyper-
intensity. Bentley et al82 described a family with a hetero-
zygous missense C212Y mutation in exon 4 of NOTCH3,
within the EGFR 5. In vitro analysis showed that the mu-
tation resulted in defective Notch3 nuclear signaling. The
affected mother, in her 50s, presented a history of recurrent
ischemic strokes and transient ischemic attacks, migraines,
and cognitive impairment. The two daughters carrying the
mutation, in their 20s and early 30s, presented a history of
migraines. On MRI examination, all of them showed
extensive and confluent white matter hyperintensity
affecting the temporal poles and external capsules, a neu-
roimaging profile consistent with CADASIL. For many of
these reported cases, NOTCH3 loss-of-function mutations
appear to promote cerebral small-vessel disease and follow
an autosomal-dominant mode of transmission, despite the
absence of GOM accumulation. The clinical similarities
between patients with NOTCH3 loss-of-function mutations
and those with classic CADASIL-causing mutations can be
striking and suggest the presence of at least some shared
pathologic mechanisms.

It has previously been argued that NOTCH3 loss-of-
function mutations are nondisease causing.30,86 For
instance, Rutten et al30 described two brothers from the
Netherlands with a NOTCH3 loss-of-function mutation
(c.307C>T). One brother had mild MRI abnormalities,
polyneuropathy, migraine with aura, and recurrent ischemic
strokes at the ages of 50 and 52 years, but no evidence of
GOM on skin biopsy. Despite carrying the same mutation,
his 50-year-old brother experienced migraines but presented
an unremarkable MRI and had no history of stroke or
cognitive impairment. This led the authors to conclude that
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NOTCH3 loss-of-function mutations do not play a signifi-
cant role in the pathophysiology of CADASIL. However, a
few years later, Moccia et al41 described an Italian family
affected by the same mutation in NOTCH3. Family mem-
bers carrying the mutation presented with progressive
parkinsonism, cognitive impairment, a family history of
early stroke, and extensive subcortical and periventricular
white matter hyperintensities on MRI, but with no evidence
of GOM on skin biopsy. The same mutation causing a
CADASIL-like phenotype in a man from the Netherlands
and in multiple members of an Italian family strongly sug-
gests the pathogenicity of such mutation. Although clini-
cally informative and hypothesis-generating, findings
stemming from individual case reports need to be inter-
preted with caution: case studies are limited in their gener-
alizability and do not allow inferring causality. The absence
of GOM on examination in some of these patients could
also be the result of methodological limitations hindering
their detection. Conclusions originating from case studies
need to be assessed and confirmed experimentally.
Converging evidence shows that cysteine-affecting

NOTCH3 mutations in the ligand-binding domain EGFR
10 to 11 lead to both GOM accumulation and defective
Notch3 receptor function, possibly by impeding Jagged1-
induced signaling activity.22,76e78 Reports on the pheno-
typic expression associated with such mutations have been
mixed. Individuals carrying the C455R mutation within the
EGFR 10 present severely reduced ligand-induced Notch3
signaling and a particularly severe cerebral small-vessel
disease phenotype, characterized by an earlier onset of
stroke and widespread MRI abnormalities.22,75 Yet, these
individuals maintained a relatively well-preserved cognitive
and functional status more than two decades after the onset
of strokes.75 A phenotype characterized by milder cognitive
deficits, lower lacunar infarct volume, and higher volume of
white matter hyperintensity has been described.78,87 More
recently, investigation of a French Canadian family with a
NOTCH3 mutation on EGFR 11 revealed an important
variability in the clinical severity of affected family mem-
bers, suggestive of a variable mutation penetrance.88 The
broad clinical spectrum found in these patients raises the
possibility that hypomorphic NOTCH3 mutations have a
variable penetrance, leading to an increased phenotypic
heterogeneity. These findings align with recent evidence
demonstrating that individuals harboring cysteine-altering
CADASIL mutations located in EGFR 7 to 34, outside of
the classic mutational hotspot, can remain asymptomatic for
decades.10,11,87 Although their clinical presentation appears
notably less severe than that of individuals carrying
cysteine-affecting NOTCH3 mutations within EGFR 1 to 6,
other reports indicate that individuals carrying common
NOTCH3 sequence variants within EGFR domains 7 to 34
present more severe neuroimaging markers of small-vessel
disease and a higher risk of strokes when compared with
control subjects.12,89,90 Collectively, these findings support
heterogeneity in the penetrance and severity of small-vessel
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disease phenotypes associated with NOTCH3 mutations,
ranging from nonpenetrant to a CADASIL-like syndrome.11

Considering the relatively high prevalence of NOTCH3
mutations or variants in the general population, these find-
ings also highlight their potential influence on milder forms
of small-vessel disease.

Supporting the role of abnormal Notch3 signaling in ce-
rebrovascular abnormalities, Fouillade et al43 reported the
case of a 53-year-old woman with a cysteine-sparing
NOTCH3 heterozygous missense mutation (c.4544T>C)
in exon 25. This mutation does not target an EGFR nor
leads to the deposition of GOM and, thus, is not viewed as
CADASIL-causing. Yet, the patient presented with a history
of migraine with aura, widespread symmetrical white matter
hyperintensity on MRI, and a family history suggestive of
strokes and dementia. Transcriptional activation assays of
the mutant receptor demonstrated a ligand-independent in-
crease in canonical Notch3 signaling.43 These findings
invoke the possibility of Notch3 signaling hyperactivation
as another potential pathogenic mechanism underlying
small-vessel disease.

Consideration of currently available genetic data indicates
that NOTCH3 has a relatively high probability of being
haploinsufficient in humans, meaning that a single func-
tional NOTCH3 allele may not be sufficient to maintain
normal function. On the basis of data from the gnomAD
database,91 NOTCH3 has an estimated 0.41 probability of
being loss of function intolerant, as the database was ex-
pected to find about 97 loss-of-function variants in a data set
of >200,000 genomes, but found only 22. As a reference,
the probability of being loss of function intolerant score for
NOTCH4 is 0 because loss-of-function mutations are not
constrained by evolution for this gene, whereas the score for
both NOTCH1 and NOTCH2 is 1 because loss-of-function
mutations are almost never tolerated, consistent with their
more widespread expression relative to NOTCH3. Similar
results are obtained when using the observed/expected
score, an additional and more robust measure of gene
constraint, with low values indicating strong intolerance to
loss of function. For NOTCH3, the observed/expected score
is 0.23 (90% CI, 0.16e0.32), which is below the hard
threshold of <0.35 for genes under selection against loss-of-
function variants. Only 23% of the expected loss-of-
function variants for NOTCH3 were observed, suggesting
strong selection against loss-of-function variants. As refer-
ence, the observed/expected scores for NOTCH1 and
NOTCH2 are 0.05 (CI, 0.02e0.1) and 0.06 (CI, 0.03e0.12),
respectively, meaning they are also constrained, whereas for
NOTCH4, the observed/expected score is 0.59 (CI,
0.47e0.74), meaning it is not constrained. This indicates
that NOTCH3 loss-of-function variants observed in humans
with small-vessel disease phenotypes are unlikely to be
neutral polymorphisms, notwithstanding issues of gene
penetrance and expressivity.

In sum, human genetic data suggest that NOTCH3 mu-
tations resulting in aberrant Notch3 signaling can be
The American Journal of Pathology - ajp.amjpathol.org
associated with small-vessel abnormalities and CADASIL-
like phenotypes, even in the absence of GOM-Notch3ECD

accumulation. Findings from human case studies intersect
with those stemming from mouse models in suggesting that
distinct NOTCH3 mutations might exert a differential effect
on Notch3 signaling, with some mutations leading to un-
affected, hyperactive, or hypoactive signaling. It is possible
that, depending on the mutation type and location, NOTCH3
mutations promote vascular abnormalities through different
mechanisms. It is important to stress herein that bona fide
NOTCH3 loss-of-function or cysteine-sparing mutations are
typically not considered to be CADASIL causing because
individuals with these mutations do not present GOM on
microscopic tissue examination, a feature considered central
to the diagnosis of CADASIL.30 Reserving a diagnosis of
CADASIL for individuals with canonical cysteine-altering
NOTCH3 mutations that trigger GOM aggregation might
be helpful in the future for the development of mechanism-
specific therapies. Yet, if such distinction is to prevail, it is
important to agree on a term that encompasses the growing
number of reports describing patients experiencing inherited
small-vessel disease associated with NOTCH3 mutations
that do not affect cysteine residues nor lead to GOM
accumulation. We herein propose that the term NOTCH3-
associated small-vessel disease could serve this purpose.

Therapeutic Implications and Preliminary Evidence

If Notch3 signaling plays a critical role in the emergence of
small-vessel disease or, alternatively, acts as a disease
modifier in patients with specific NOTCH3 mutations, then
therapeutic interventions aiming to normalize Notch3
signaling could modify, prevent, and/or delay disease
progression.

In vitro experiments evaluated the therapeutic potential of a
Notch3 agonist antibody. The monoclonal antibody A13 is
specific to the Notch3 receptor’s negative regulatory re-
gion,73,92 specifically recognizes human Notch3, and shows
no cross-reactivity to mouse Notch3, human Notch1, or
human Notch2.73,92 The A13 binds a linear epitope in Lin12/
Notch repeat-1 under native and denaturing conditions and
activates Notch3 by perturbing the interaction of Lin12/Notch
repeat-1 and heterodimerization domain-2.92 The A13 anti-
body activates Notch3 independently from the presence of
ligands driving the expression of transcriptional targets.

The C455R mutation in NOTCH3 results in both a strong
abrogation of Notch3 signaling and GOM accumulation
within the vessel wall in both humans and mice carrying the
mutation,22,75 two proposed pathophysiological mecha-
nisms underlying small-vessel abnormalities in CADASIL.
The effect of the A13 agonist antibody was tested in vitro in
isogenic human embryonic kidney cell lines expressing the
human Notch3 receptor (wild type or C455R mutant) and in
cells expressing the human Jagged1 ligand under the regu-
lation of a tetracycline-inducible promoter.73 The A13
antibody induced the activation of both the wild-type and
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C455R mutant Notch3 receptor. These results demonstrate
that the A13 antibody effectively activates the Notch3 re-
ceptor, even in the presence of a mutation known to impair
Jagged1-induced signaling, confirming that the antibody
works via a noncompetitive mechanism. Treatment of cells
expressing wild-type and/or mutant C455R Notch3 with the
A13 agonist antibody led to a robust increase in Notch3ECD

in the cell culture supernatant. As expected, treatment with a
g-secretase inhibitor compound E reduced Notch3 signaling
mediated by the A13 antibody but had no effect on levels of
Notch3ECD released into the supernatant. More importantly,
Notch3 signaling, measured using a gene reporter assay,
was significantly and strongly correlated with levels of
Notch3ECD in the cell culture supernatant, suggesting that
the antibody treatment led to Notch3ECD release in the su-
pernatant through modulation of Notch3 signaling.

The preclinical efficacy of the A13 agonist antibody was
further assessed in mice carrying the C455R mutation in
NOTCH3.73 These mice typically show progressive mural
cell loss and degeneration.22 A 5-week treatment with the
A13 agonist antibody doubled mural cell coverage of retinal
arterioles in 6-weekeold mice.73 Antibody penetration
across the blood-retinal barrier and into the central nervous
system was demonstrated using perfusion with a fluo-
rescently labeled A13 antibody.73 Target engagement was
confirmed by immunohistology, showing increased levels of
transcriptionally active cleaved Notch3 intracellular domain
using the V1662 antibody (Genentech, South San Francisco,
CA) and by increased levels of Notch3ECD in the plasma,
measured via an in-house enzyme-linked immunosorbent
assay.73,93 These results suggest that inducing Notch3
signaling in mural cells is effective in preventing mural cell
loss in C455R mutant mice, a finding that provides critical
proof-of-concept demonstration of the feasibility and effi-
cacy of our approach. It is also noteworthy that the use of
this Notch3 agonist antibody may allow tackling both hy-
pothesized pathologic mechanisms contributing to
NOTCH3-associated small-vessel disease and CADASIL by
simultaneously modulating Notch3 signaling and promoting
clearance of Notch3ECD. Direct experimental investigation
of this possibility is now warranted.

Existing Debate and Diverging Evidence

There has been much debate on the significance of Notch3
loss of function and signaling as a cause for small-vessel
abnormalities associated with NOTCH3 mutations.

Experimental studies in mouse models casted early
doubts on the relevance of Notch3 signaling as a factor
contributing to the pathophysiology of CADASIL.
Although homozygous Notch3 knockout mice (Notch3�/�)
develop significant postnatal defects in mural cell matura-
tion and arterial function,5e7,70 they do not develop char-
acteristic accumulation of GOM in the vasculature.94 In
addition, previous studies concluded that eliminating the
expression of wild-type Notch3 in wild-type or CADASIL
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mutant mice did not exacerbate white matter degenera-
tion.95,96 These findings have been interpreted as evidence
that Notch3 signaling is not sufficient to account for
CADASIL phenotypic characteristics. Another line of con-
tradicting evidence comes from multiple reports of pre-
served Notch3 signaling in mouse models carrying
CADASIL mutations located in the mutational hotspot
EGFR 1 to 6.76,77,95,97 The preserved Notch3 activity
associated with several common CADASIL mutations was
further corroborated by in vitro studies showing that
mutated Notch3 receptors retain normal cell surface
expression, ligand binding, and signaling properties.98,99 On
the basis of these findings, it has been proposed that
CADASIL-causing mutations do not impair Notch3
signaling and that the small-vessel disease pathology in
CADASIL is instead linked to a neomorphic or toxic effect
associated with the abnormal accumulation of GOM-
Notch3ECD.21

The progressive nature of CADASIL is a factor poten-
tially contributing to inconsistencies in findings related to
Notch3 activity. Hypomorphic Notch3 activity becomes
critical at a more advanced age and may not be detectable in
younger mice harboring the R1031C CADASIL muta-
tions.22 Evidence of white matter degeneration also appears
at a later stage in CADASIL mouse models. For instance, in
a mouse model with the archetypal R169C CADASIL
mutation, the vacuolation of white matter tracts is observ-
able at approximately 20 months.96 The later appearance of
vascular abnormalities in CADASIL mouse models is
consistent with the adult onset of symptoms in most patients
with CADASIL.1,2 Therefore, studies examining younger
mice may have failed to detect signaling abnormalities
associated with NOTCH3 mutations or to observe vascular
abnormalities linked to Notch3 deficiency. It is also possible
that discrepancies in findings are linked to differences in the
investigation of vascular integrity in these models or that the
phenotype is nonuniform, with some NOTCH3 mutant
mouse models presenting vessels with normal mural cell
coverage and others completely devoid of it.6,7,16,22 Finally,
available animal models and ligand-dependent assays are
limited in their ability to accurately capture the effect of
different mutations on the activity of the Notch3 receptor.
For instance, a previous report concluded that the archetypal
R169C mutation had no effect on Notch3 signaling and that
signaling was not related to pathology.96 Years later, the
same research group demonstrated that a mouse model
carrying the same mutation presented an increase in Notch3
signaling, which, in turn, was related to pathologic fea-
tures.40 The development and validation of more sensitive
methods or models to explore canonical and noncanonical
signaling pathways might allow uncovering signaling
abnormities not previously detected. Also possibly recon-
ciling seemingly conflicting conclusions, growing evidence
now indicates that distinct NOTCH3 mutations may exert a
differential effect on Notch3 processing and signaling ac-
tivity, with mutations in or near the ligand-binding domain
ajp.amjpathol.org - The American Journal of Pathology
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(EGFR 10 to 11) leading to a reduced signaling and other
mutations leading to a preserved or increased activity.76e78

Historically, the notion that NOTCH3 loss-of-function
mutations could play a role in small-vessel disease lacked
widespread acceptance because reports of clinically affected
individuals carrying such mutations were scarce. Over time,
many cases and families carrying bona fide NOTCH3 loss-
of-function mutations have been described, including clear
evidence of dosage effects, with homozygote mutation
carriers presenting more severe disease than heterozygotes
carriers.41,67,81,82,86 Yet, the small-vessel disease phenotype
described in individuals with bona fide NOTCH3 loss-of-
function mutations appears more variable and often milder
than that of many CADASIL patients.11,30,87 This obser-
vation brings up the mechanistic question as to why loss-of-
function mutations might lead to a milder and more variable
clinical presentation than point mutations impacting
cysteine residues at particular locations of the Notch3 re-
ceptor. It is possible that the intravascular accumulation of
GOM associated with cysteine-affecting mutations confers
toxic effects that contribute to disease pathophysiology and
exacerbate its severity. It is also conceivable that cysteine-
altering mutations result in dominant negative effects that
diminishes Notch3 signaling.46 This highly relevant
knowledge gap that needs to be addressed experimentally.
Comprehensive efforts are also needed in the field of
CADASIL to systematically and adequately characterize
Notch3 function across all reported NOTCH3 mutations, as
to determine the frequency and extent of signaling
abnormalitieseassociated theses mutations. Such efforts
have been informative in related fields, including familial
Alzheimer disease due to PSEN1 mutations.100 However,
the broad characterization of Notch3 function across muta-
tions first relies on the validation and optimization of assays,
allowing the detection of subtle Notch3 signaling abnor-
malities that might be of pathophysiological relevance.
Discussion

On the basis of a wealth of experimental, clinical, and ge-
netic studies, it appears that NOTCH3 mutations can lead to
a variable phenotype of cerebral small-vessel disease. The
spectrum of small-vessel disease associated with NOTCH3
mutations can be regrouped under the umbrella of
NOTCH3-associated small-vessel disease, a term herein
proposed as a way to encompass both classic CADASIL
cysteine-altering NOTCH3 mutations and NOTCH3 muta-
tions not traditionally viewed as CADASIL causing. In
some cases, they lead to an inherited small-vessel disease
phenotype of variable severity. Specifically, the current re-
view of the literature suggests that NOTCH3 mutations
leading to small-vessel disease can be regrouped into at least
three categories.

The first category corresponds to classic CADASIL
NOTCH3 mutations impacting the number of cysteine
The American Journal of Pathology - ajp.amjpathol.org
amino acids in one of the EGFRs of the Notch3 receptor’s
extracellular domain (Notch3ECD), with mutations affecting
the EGFR 1 to 6 seemingly resulting in a more severe
clinical phenotype.10,11,18,87 The pathologic hallmarks of
these classic CADASIL mutations not only include the
degeneration of mural cells and other vascular abnormal-
ities, but also the accumulation of GOM in vessel wall.
Growing evidence demonstrates that GOM contains several
proteins, including the Notch3ECD.22,33e35 Hence, it has
been hypothesized that the primary mechanism of action for
these CADASIL-causing mutations consists of a toxic gain
of function, or neomorphic activity, leading to protein
misfolding and associated with the abnormal accumulation
of Notch3ECD as well as other proteins within the vascula-
ture.21,101 Although it has been argued that classic CADA-
SIL NOTCH3 mutations do not affect Notch3 signaling,
current evidence suggests that mutations in or near the
ligand-binding domain of Notch3 (EGFR 10 to 11) can
result in loss of function. At least one CADASIL-causing
mutation, the R169C mutation located in the mutational
hotspot (EGFR 1 to 6), was recently shown to lead to
Notch3 hyperactivation.40 These findings indicate that
CADASIL NOTCH3 mutations differ with respect to their
consequences on signaling activity. Yet, CADASIL
NOTCH3 mutations might not represent the full spectrum of
NOTCH3 mutations promoting the emergence of small-
vessel disease, and other mutations on the NOTCH3 gene,
some of which result in compromised Notch3 function, also
promote cerebral small-vessel disease.

The second category consists in NOTCH3 loss-of-function
mutations, including premature stop codons and frameshift
deletion. These mutations are typically not considered to be
CADASIL-causing because they do not trigger GOM ag-
gregation and do not involve cysteine residues in one of the
EGFRs. Yet, a review of numerous case studies suggests that
NOTCH3 loss-of-function mutations can nonetheless lead to
an inherited small-vessel disease phenotype, sharing similar-
ities with CADASIL, but of variable severity or
penetrance.41,42,67,83,84 The last category consists of NOTCH3
hyperactivation mutations. This category is not as well
documented and mainly stems from the description of a
family with a cysteine-sparing NOTCH3 missense mutation
(p.L1515P) leading to the receptor’s hyperactivation via
destabilization of the Notch3 negative regulatory region
located between the LNR repeats and the transmembrane
domain.43 Family members carrying the mutation present
with inherited cerebral small-vessel disease, without GOM
accumulation. It is important to mention that other cysteine-
sparing NOTCH3 mutations have also been described in the
literature, with evidence that, at least some of them, lead to
CADASIL-like features, including white matter lesion,
migraine, increased stroke susceptibility, and GOM accu-
mulation.23 Yet, it appears that only a proportion of these
mutations lead to GOM aggregation, and Notch3 signaling
activity has rarely been investigated in these mutations.
Future studies should aim to clarify pathophysiological
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mechanisms underlying vascular abnormalities in individuals
with cysteine-sparing NOTCH3 missense mutations in the
presence or absence of GOM deposits.

To summarize, available evidence indicates that
NOTCH3 mutations leading to toxic gain of function, loss of
function, and hyperactivation can cause small-vessel disease
in humans, regardless of the type of mutation or whether
GOM deposition is present. On the basis of this observation,
it can be hypothesized that Notch3 signaling functions as a
signaling threshold (or Goldilocks) pathway in the context
of small-vessel disease, where either too much or too little
signaling promotes mural cell degeneration through down-
stream effects on the expression of genes and proteins
relevant to cell survival (Figure 3). This hypothetical model
is based on previously published experimental findings
exploring the effects of Notch3 signaling inhibition and
hyperactivation on downstream gene expression and cell
survival.16 Experiments in primary mural cell cultures
showed that ligand-mediated induction of Notch3 signaling
by 10- to 12-fold protected mural cells from apoptotic
triggers. In contrast, hypoactivation or hyperactivation of
Notch3 signaling via experimental manipulations led to
pericyte degeneration and death via apoptosis. Eight genes
were found to consistently respond to both hypoactive and
hyperactive Notch3 signaling, including Jagged1, Heyl,
Hey1, Hey2, PCSK6, TESC, HMOX1, and Tnfrs10a. These
genes are shown in the middle panel (Figure 3B) under the
physiological signaling label, and their expression is
Figure 3 Notch3 signaling thresholds model. A: Hypothetical model of the Not
of Notch3 hypoactivation and hyperactivation on mural cell survival. States of h
mural cell degeneration and apoptosis (Arboleda-Velasquez et al,16). The optim
illustrated by dashed lines. B: Candidate genes found to be specifically respons
Velasquez et al,16).
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assumed to be involved in promoting mural cell survival.
Nine genes were found to specifically respond to hypoactive
Notch3 signaling, and nine other genes were found to
respond to hyperactive signaling (Figure 3B). These genes
are potentially involved in modulating cellular degeneration
and apoptosis in the context of Notch3 hypoactive or hy-
peractive states. These results corroborate the critical role of
Notch3 signaling in the regulation of mural cell fate and
apoptosis under a signaling threshold model. Although
further validation of this hypothetical model is required, this
hypothesis is consistent with insights previously published
by Braune and Lendahl,79 suggesting that dysregulated
Notch signaling can lead to disease states.
Notch3 signaling normalization can represent a useful

therapeutic target for NOTCH3-associated small-vessel dis-
ease. However, this focus on signaling by no means implies
that the accumulation of GOM-Notch3ECD in CADASIL is
not relevant to its pathophysiology. These hypotheses are not
mutually exclusive, and in some cases, the same mutation
may operate via combined mechanisms. For instance, the
C455R CADASIL mutation, a mutation characterized by an
earlier onset of strokes, leads to both Notch3 loss of function
and GOM accumulation.22,75 It is also possible that Notch3
signaling acts as a modulator of disease susceptibility, by
influencing the risk for small-vessel disease. The validity of
these hypotheses needs to be investigated experimentally.
There is an important need for the optimization of experi-
mental models and methods to obtain highly sensitive and
ch3 signaling Goldilocks based on previously published analysis of the effect
ypoactivation or hyperactivation in Notch3 signaling were associated with
al level of Notch3 signaling, associated with a state of cell survival, is
ive to each signaling state of the Notch3 Goldilocks are listed (Arboleda-
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specific measurements of Notch3 signaling and aggregation.
Because these cases have captured the attention of medical
researchers, past clinical research has mostly focused on
cysteine-affecting NOTCH3 mutations within EGFR 1 to 6,
leading to the severe and classic CADASIL phenotype.
Future studies are now needed to systematically characterize
clinical manifestations and pathophysiological characteristics
associated with cysteine-affecting NOTCH3 mutations
outside of the mutational hotspot for CADASIL, including
mutations affecting the ligand-binding domain of Notch3 and
leading to abnormal signaling activity, as well as with other
types of NOTCH3-associated small-vessel disease.

Findings summarized in this review suggest that
NOTCH3 mutations exert a differential influence on Notch3
signaling and might influence the risk of small-vessel dis-
ease through distinct, but possibly convergent, pathophysi-
ological mechanisms. Aberrant Notch3 signaling and
abnormal protein aggregation in GOM are two mechanisms
possibly contributing to the pathophysiology and clinical
presentation of individuals with NOTCH3 mutations and
small-vessel disease. Further proof of the validity of these
hypotheses necessitates the systematic examination of their
therapeutic values, and future studies are needed to assess
the preclinical utility of hypothesis-driven therapeutics tar-
geting these mechanisms. With recent evidence highlighting
the higher than previously estimated prevalence of
NOTCH3 mutations and variants, as well as their potential
role in promoting cerebral small-vessel disease, such ther-
apies could allow reducing the burden of strokes or vascular
cognitive impairment in the population.
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