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Background: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalo-
pathy (CADASIL) is an inherited vascular dementia characterised by recurrent ischemic strokes in the deep
white matter. Mutations in the gene encoding the cell surface receptor, Notch3, have been identified in
CADASIL patients, and accumulation of the extracellular domain of Notch3 has been demonstrated in
affected vessels. Almost all CADASIL mutations alter the number of cysteine residues in the epidermal
growth factor (EGF)-like repeats in the extracellular domain of the protein.

Obijectives: To understand the functional consequences of a recurrent CADASIL mutation on furin
processing, cell surface expression, ligand binding, and activation of a downstream effector CBF1 by the
Notch3 receptor.

Methods: We expressed wild type and mutant Notch3 receptors in cultured cells and examined cell
surface expression of the proteins. We also applied a new flow cytometry based approach to semi-
quantitatively measure binding to three Notch ligands. Additionally, we used a well characterised co-
culture system to examine ligand dependent activation of transcription from a CBF1-luciferase reporter
construct.

Results: These studies revealed subtle abnormalities in furin processing of the mutant receptor, although
both heterodimeric and full length receptors are present on the cell surface, are capable of interacting with
soluble forms of three ligands, Deltal, Deltad, and Jagged1, and retain the ability to activate CBF1 in a
ligand dependent manner.

Conclusions: By comparison with other mutant forms of Notch3, these data indicate that individual
CADASIL mutations can have disparate effects on Notch3 expression and function.

subcortical dementia, migraine with aura, variable

neurological deficits, and affective disorders.'* The
pathological hallmark of the disease is a loss of vascular
smooth muscle cells (VSMC) in the tunica media of small
arteries, and accumulation of granular osmiophilic material
(GOM) that is detected by electron microscopy (EM).’
Although symptoms are largely neurological, evidence of a
systemic vasculopathy is apparent, including widespread
abnormalities in systemic small arteries, aberrant responses
to specific vasoconstrictors such as noradrenaline and
angiotensin II, and reduced nocturnal dip in mean arterial
blood pressure.”® The disorder is inherited in an autosomal
dominant fashion, and shows variable expressivity and age of
onset within families. It is often misdiagnosed in its early
stages, and accurate diagnosis is reliant upon a combination
of family history, cranial magnetic resonance imaging (MRI),
and EM of blood vessels from skin biopsies.” 7 * Focality of the
vascular changes in dermal vessels can confound accurate
pathological diagnosis,” making DNA based diagnosis the
preferred strategy.

In 1996, mutations in the NOTCH3 gene were identified in
10 unrelated CADASIL families."” Notch3 is a member of a
family of large transmembrane receptors that play pivotal
roles in cell fate determination during embryonic develop-
ment, and recent evidence indicates that Notch3 may be
specifically involved in differentiation and maturation of
arterial VSMC." > Notch receptors consist of an intracellular
domain (ICD) required for downstream signal transduction
and an extracellular domain (ECD) involved in ligand
binding. They are predominantly expressed on the cell

CADASIL is a leukoencephalopathy associated with
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surface as heterodimers composed of the transmembrane/
ICD and extracellular fragments that arise from proteolytic
processing of the full length protein at the S1 site by a furin-
like convertase in the trans Golgi.”” The Notch ligands, Delta
and Jagged, are surface associated proteins that are
structurally related to Notch. Ligand binding activates a
series of proteolytic cleavages at the S2 and S3 sites mediated
by the metalloprotease TACE and the presenilinl/gamma
secretase complex, respectively.'*'® Release of the ICD from
the membrane allows it to translocate to the nucleus and
activate the CSL family of transcription factors (CBF1/Su(H)/
LAGI1) (herein referred to as C promoter binding factor-1
(CBF1)),"”* leading to changes in gene expression.””
Although most Notch receptors present on the surface as
heterodimers, a relatively small population of full length
unprocessed protein is present on the surface and is capable
of ligand dependent signalling via a CBFI independent
pathway.*

The extracellular domain of Notch3 contains 34 epidermal
growth factor (EGF) like repeats, each with six invariant
cysteine residues. Most CADASIL mutations lie within the
first five EGF-like repeats, and result in either a loss or gain
of a cysteine residue.””*” Heterozygous expression of the

Abbreviations: CADASIL, cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy; CBF-1, C promoter
binding factor-1; DMEM, Dulbecco’s modified Eagle’s medium; ECD,
extracellular domain; EGF, epidermal growth factor; EM, electron
microscopy; FBS, fetal bovine serum; GOM, granular osmiophilic
material; HA, haemagglutinin; ICD, intrctce”u?ar domain; MI,
myocardial infarction; MRI, magnetic resonance imaging; VSMC,
vascular smooth muscle cell
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mutant proteins leads to attrition in functional VSMC in the
arterial wall, and accumulation of the extracellular domain of
Notch3 in affected vessels.”® It has been suggested that
CADASIL mutations disrupt expression of the protein on the
cell surface, possibly by interfering with the furin dependent
processing step,’’ ** although normal surface expression of
the mutant proteins has also been demonstrated.” ** The
notion that the mutations lead to a defect in proteolysis of the
protein is based on observations of the effects of similar
mutations in other proteins containing EGF-like repeats,
such as fibrillin and the Notch ligand Jagged1.”” ** Impaired
proteolysis of the mutant receptors has also been suggested
by data that indicate accumulation of the Notch3 ECD in
vessels undergoing the characteristic degeneration seen in
CADASIL. Under EM, the GOM that is present in affected
vessels shows peripheral immunoreactivity with antibodies
directed to the Notch3 ECD, indicating that it is derived, at
least in part, from Notch3.® As proteolytic cleavage is crucial
for multiple steps in Notch function, it is important to
distinguish whether the increased Notch ECD immunoreac-
tivity results from intracellular accumulation of improperly
processed receptors or from impaired turnover and degrada-
tion of receptors available at the cell surface.

Expression studies indicate the presence of Notch3 and its
ligands Jaggedl and Jagged2 in VSMCs, while endothelial
cells express Notch4 and Delta4." > Furthermore, NOTCH3
expression is downregulated in response to VSMC mitogens
such as angiotensin II and platelet derived growth factor,
while overexpression of a constitutively active form of Notch3
alters the proliferative capacity of cultured VSMC." Studies
have also demonstrated that activated forms of Notchl and
Notch3 enhance VSMC growth while inhibiting apoptosis
and migration.* Recent data have further identified a role for
Notch3 in arterial differentiation and VSMC maturation."
Thus, Notch3 signalling is likely to be involved in the
regulation of VSMC response to injury and stress in the adult
vessel.

In this report, we identify a new CADASIL family carrying
a classical cysteine substitution mutation, C185R. To clarify
the effect of the mutation on receptor function, we expressed
the mutant protein in culture and assayed expression of the
protein on the cell surface. We show that the mutation affects
the efficiency of furin dependent processing, although it does
not abolish the expression of the heterodimeric receptor on
the cell surface. In addition, the mutant Notch3 protein
retains its capacity to bind to soluble forms of three ligands,
Jaggedl, Deltal, and Delta4, and to undergo ligand induced
CBF1 activation in response to Jaggedl and Deltal ligands.

METHODS AND MATERIALS

Case presentation

The index case was a right handed man who experienced a
sudden onset of left upper extremity numbness progressing
to left hemisensory deficit at 40 years of age. Additional
events over subsequent years led to left hemiparesis, slurred
speech, loss of balance, and personality changes including
new, inappropriate cursing, and emotional lability. By
45 years of age, he had developed signs of dementia with
impaired short and long term memory, and deficits in
attention, insight, and judgement. He had no loss of visual
acuity or symptoms of optic neuritis. Stroke risk factors
included a 20 year, one pack/day smoking history and heavy
alcohol use ending at 46 years of age. There was no remote or
recent history of hypertension, hyperlipidaemia, diabetes,
myocardial infarction (MI), or deep venous thrombosis.
Physical examination revealed left sided upper motor
neurone weakness of the face and upper and lower
extremities. Tone was spastic on the left, with diffuse
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hyper-reflexia and clonus at both ankles. He had an extensor
Babinski sign on the left. Primary sensory function was
intact; however, cortical sensory loss was evident bilaterally.
The patient had a wide, jerky gait with left circumduction.

Cardiolipin antibody was positive, but partial thrombo-
plastin time, antithrombin III, protein C, and protein S levels
were within normal limits. Erythrocyte sedimentation rate
was 13; rapid plasma regain and anti-neuronal antibody titre
were negative. Lipid profile, serum glucose, thyroid panel,
and BI2 level were within normal limits. MRI of the brain
with gadolinium showed thinning of the corpus callosum
and extensive, confluent, bilateral (right greater than left)
periventricular white matter lesions contiguous with the
frontal and occipital horns. There was also mild to moderate
cerebral atrophy. Lumbar puncture was negative for biomar-
kers of multiple sclerosis, and visual evoked potential studies
were also negative for multiple sclerosis. Carotid ultrasound
showed no significant stenosis. Electron microscopy on a
dermal arteriole from a skin biopsy demonstrated numerous
deposits of an amorphous electron dense substance char-
acteristic of CADASIL. Following informed consent from the
patient’s wife and legal representative, a blood sample was
collected for mutation analysis of the NOTCH3 gene.
Sequence analysis revealed a heterozygous missense muta-
tion 631 T—C in exon 4 that results in the substitution of
arginine for cysteine at residue 185 (C185R) in the fourth
EGF-like repeat. This mutation was previously reported in an
unrelated family.”

Family history (fig 1) was positive for migraine headache
in the patient’s mother, two of his sisters, and his niece.
Following additional genetic counselling and informed
consent, mutation analysis was performed for his mother
and younger sister, both of whom were found to carry the
C185R mutation. His mother (I-2) had mild memory loss
resulting from a head injury that occurred in a car accident at
the age of 71 years and stroke at 73 years. His younger sister
(I1-7) had several episodes of postpartum aphasia and right
sided weakness beginning at 30 years of age. At the time of
these events, the results of cerebral MRI and Holter
monitoring were normal, and she was diagnosed with a
complex migraine syndrome. There was no history of
multiple sclerosis, autoimmune disease, or dementia among
family members. Stroke risk factors for I-2 and II-7 included
heavy tobacco use for both; however, neither had a history
of hypertension, hyperlidaemia, or hyperglycaemia. The
patient’s father (I-1) died from MI aged 71 years.

I []
123456 7 8 9 10

Figure 1 Pedigree of the CADASIL family. The arrow indicates the
index case. Black filled symbols indicate family members who carry the
C185R mutation in Notch3. Grey symbols are at risk relatives whorﬁave
not been tested but have symptoms that may be CADASIL related. The
hatched symbol represents an at risk person who has schizophrenia but
no other known symptoms associated with CADASIL. Open symbols are
relatives who have not been tested and do not have a history of CADASIL
symptoms.
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NOTCH3 mutation screening

Genomic DNA was extracted from peripheral blood leuko-
cytes using standard techniques. The 420 bp product repre-
senting exon 4 from the NOTCH3 sequence (Genbank
AF058883) was amplified using primers as previously
reported.” The PCR products were purified using Centricon
columns (Millipore), sequenced by automated cycle sequen-
cing using a PE ABI 377 automated sequencer, and analysed
using PE ABI Factura (version 2.0.1) and Sequence Navigator
(version 1.1) software (Applied Biosystems, Foster City, CA,
USA).

Cloning and mutagenesis of rat Notch3 cDNA

An expression construct encoding the rat Notch3 protein
including a carboxyterminus triple tandem repeat haemag-
glutinin (HA) epitope was developed using a mammalian
expression vector pEF1a-BOS* (pBOS-N3HA) as previously
described.” Using site directed mutagenesis of the pBOS-
N3HA construct (QuikChange Site Directed Mutagenesis kit;
Stratagene, La Jolla, CA, USA), we introduced a point
mutation (C187R) into the rat Notch3 extracellular domain
of EGF-like repeat 4 (analogous to human C185R).

Cell culture

We cultured 293T human embryonic kidney cells and NIH
3T3 mouse embryonic fibroblasts in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Gemini Bio-
Products, Woodland, CA, USA), penicillin (100 U/ml), and
streptomycin (100 pg/ml) at 37°C in 5% CO,. Ltk— mouse
fibroblast cells were cultured in DMEM supplemented with
5% fetal bovine serum and 5% Cosmic calf serum (Hyclone,
Logan UT, USA), penicillin (100 U/ml), and streptomycin
(100 pg/ml) at 37°C in 5% CO,.

Transfection, biotinylation, and immunoblotting

The 293T cells were transfected and biotinylated, and the
biotinylated proteins were captured on streptavidin beads as
previously described.” Proteins were resolved by 6% SDS-
PAGE, transferred to PVDF membranes (Millipore, Bedford,
MA, USA), probed with either 1:1000 anti-HA antibody
(12CA5) or 1:1000 anti-HSP90f (D-19; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and detected with
goat anti-mouse HRP (1:10 000; Jackson ImmunoResearch,
West Grove, PA, USA) or rabbit anti-goat HRP (1:10 000;
Jackson), respectively, and enhanced chemiluminescence
(ECL-Plus; Amersham Pharmacia, Piscataway, NJ, USA).
The films were scanned, and densitometry was performed on
the digital images using ImageJ (version 1.32; National
Institutes of Health, USA) with Fisher’s exact test using
GraphPad InStat (version 3.0; Graphpad Software, San
Diego, CA, USA).

Ligand binding assay

Subconfluent 293T cells in 24 well dishes were transfected
with pBOS-N3HA, pBOS-N3HA-CI87R, or empty pBOS
(50 ng+450 ng  pBSKII+) using Transfast (Promega,
Madison, WI, USA), then, 48 hours following transfection,
the cells were blocked (blocking media: DMEM, 10% goat
serum, 1% BSA) for 1 hour at 37°C, then incubated for 1 hour
at 37°C with either Deltal-Fc (D1Fc) or Delta4-Fc (D4Fc)
conditioned media or Jagged1-Fc (J1Fc) purified ligand (R &
D Systems, Inc, Minneapolis, MN, USA) that had been pre-
clustered with goat anti-human Fc specific FITC conjugated
antibody (Jackson Immunoresearch). D1Fc and D4Fc condi-
tioned media were prepared as described.”” Similar to D1Fc,
D4Fc consists of the extracellular domain of mouse Delta4,
fused in frame to the Fc domain of human IgG. D4Fc
conditioned media were concentrated 1.5-2 fold using
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Centriprep centrifugal filter devices (Millipore) before use.
Appropriate volumes of D1Fc or D4Fc were diluted and pre-
clustered using a 1:50 or 1:25 dilution, respectively, of the
anti-Fc antibody in blocking media, while J1Fc was diluted to
1-3 pg/ml and pre-clustered using a 1:50 dilution of the anti-
Fc antibody.

Flow cytometry

Subconfluent 293T cells in 24 well dishes were transfected
and treated with soluble D1Fc, D4Fc, or J1Fc ligand as
described above. Following incubation with ligand, cells were
washed with cold buffer (PBS, 0.2% BSA, 0.1% sodium
azide). Samples were run on a FACScaliber flow cytometer
(Becton Dickinson Biosciences (BDB), San Jose, CA, USA)
equipped with a 15 mW 488 nm air cooled argon ion laser.
Using CellQuest software (BDB), 10 000 events were
acquired and analysed. Statistical analyses were performed
using one way analysis of variance with GraphPad InStat
(version 3.0).

CBF1 transactivation assay

Subconfluent NIH 3T3 cells in six well plates were co-
transfected using Transfectin transfection reagent (BioRad,
Hercules, CA, USA) with 100 ng of expression constructs
encoding full length receptors (N3HA or N3HA-C187R) or
control vector (pBOS), along with 200 ng of p4x wild type
CBF1--luciferase reporter construct,"* and made up to 1.0 pg
total DNA with empty pBSKII+ vector. For normalisation of
transfection, 10 ng of pRLCMV Renilla luciferase expression
vector was included. Then, 24 hours after transfection, cells
were co-cultured with a monolayer of ligand bearing cells
(Jagged1/L, Deltal/L, Delta4/L, or control L cells) for 24 hours
as previously described.** The Jaggedl and Deltal expressing
Ltk— cell lines have been previously described.” * A stable
Delta4 expressing Ltk— cell line was generated using HAT
selection as previously described for Jaggedl expressing cells,
with the substitution of a myc epitope at the carboxy
terminus.* Cells were lysed 48 hours after transfection, and
CBF1 activation was monitored by levels of luciferase activity
detected by luminometry using a dual luciferase assay kit
(Promega). Statistical analyses were performed using one
way analysis of variance with GraphPad InStat.

RESULTS

Functional characterisation of mutant Notch3

To analyse the functional consequences of this mutation, we
introduced the analogous mutation to C185R into the rat
Notch3 protein using site directed mutagenesis. The rat and
human proteins are over 90% identical, with highest
homology in the EGF-like repeats (92% conservation). Like
the human mutant allele, C187R alters the fifth cysteine
residue in EGF-like repeat 4. Surface expression and
proteolytic processing by the furin-like convertase were
evaluated by transient expression of constructs encoding
wild type (N3HA) and mutant (N3HA-C187R) Notch3
proteins in 293T cells, followed by biotinylation and
immunoblotting with the 12CA5 antibody directed against
the carboxyterminal HA tag (fig 2A, B). Both the unprocessed
full length receptor (~280 kDa) and the processed receptor
(as detected by the ~97 kDa ICD) were detected in whole cell
lysates (fig 2A) and streptavidin precipitates isolated from
biotinylated transfected cells (fig 2B). Notably, in the whole
cell lysates, there was a significant decrease in the relative
abundance of the processed p97 form for N3HA-C187R
compared with the wild type receptor, with the processed p97
representing 8.2% of the total signal in N3HA-C187R versus
29.2% in wild type N3HA, suggesting that the mutation alters
the efficiency of the furin processing step (fig 2A). This did
not translate into striking differences in surface expression,
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however, as both the processed and unprocessed forms were
represented among the streptavidin precipitated proteins
from cells expressing wild type N3HA or N3HA-C187R
(fig 2B). To control for inadvertent cell lysis during the
biotinylation procedure, the streptavidin precipitated proteins
were also probed with antibodies to the intracellular heat
shock protein, HSP90f. Although clearly present in the whole
cell lysates (fig 2C), HSP90B was not detected among the
biotinylated proteins (fig 2D). These data indicate that both
the processed heterodimeric and full length N3HA-CI187R
mutant receptors are present on the surface and available for
ligand interaction.

Given that the extracellular domain of Notch3 mediates
ligand binding, we assessed ligand binding by the mutant
protein in the 293T human embryonic kidney cell line, which
expresses very little endogenous Notch receptor. These cells
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Figure 2 Expression and processing of wild type N3HA and N3HA-
C187R mutant proteins. (A) Expression of wild type N3HA and N3HA-
C187R proteins in transfected 293T cells was detected by immunoblot
analysis of whole cell lysates. Antibody directed toward the C terminal
HA epitope detected both full length ~p280 unprocessed Notch3 protein
and the processed ~p97 heterodimeric form. Densitometry analyses
identify rﬁcﬂ the processed ~p97 form represents 8.3% of the rotorsigna|
(p97/p280+p97) for N3HA-C187R, compared with 29.2% for wild type
N3HA (Fisher's exact test, p=0.0003). No protein was detected in cells
transfected with emp(?/ vector pBOS. (B) Ceﬁ surface proteins on
transiently transfected 293T live cells were labelled with biotin and
captured in streptavidin beads. The antibody detected both the
predominant transmembrane fragment (p97) and the full length ~p280
Notch3 protein among the biotinylated surface proteins from cells
expressing wild type N3HA or mutant N3HA-C187R receptors.
Densitometry analyses did not identify any difference in the relative
amounts of the ~p97 processed form between wild ?/pe N3HA and
mutant N3HA-C187R. No signal was detected in cells transfected with
empty vector pBOS. (C, D) To ensure that the detection of p280 and p97
in the streptavidin precipitates was not through contamination with
intracellular proteins, immunoblot analysis o?the intracellular p84 HSP
was performed using o-HSP9OB. Although HSP90B was defected in
whole cell lysates from each of the trcns?eciecl biotinylated cells (C), it
was not detected among the streptavidin precipi'ra'reci, proteins (D).
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have been used extensively in studies evaluating Notch furin
processing and heterodimeric surface expression,' !
Notch-presenilin interactions and presenilinl induced clea-
vage of activated Notch,** and Notch-ligand interac-
tions.” * To quantify receptor ligand interactions, we used
flow cytometry to assess relative binding of the wild type and
mutant Notch3 proteins. Wild type N3HA and mutant N3HA-
C187R proteins were transiently expressed in 293T cells and
tested for their ability to bind a soluble form of rat Deltal,
D1Fc.”” © *>° Transfected cells were incubated with D1Fc pre-
clustered with anti-Fc-FITC, and ligand binding was mon-
itored by flow cytometry using the mean level of fluorescence
in the FITC channel as the indicator of relative ligand binding
by the cells. In agreement with our previous observations of
other mutant forms of Notch3,” ligand binding was similar
for cells expressing the wild type N3HA and N3HA-C187R
proteins, indicating that the loss of a cysteine residue in the
extracellular ligand binding domain does not abolish DI1Fc
recognition and binding (fig 3A). In addition, we extended
these studies to include Delta4 and Jagged1 ligands. Delta4 is
expressed in the arterial endothelium, while Jagged1 expres-
sion has been observed in both VSMC and endothelial
cells." **°' Thus, in addition to Deltal, Delta4 and Jaggedl
could potentially serve as ligands for Notch3 in the vessel.
Similar to Deltal, flow analyses indicated that the mutant
receptor was not significantly different from the wild type
receptors in terms of its avidity for the D4Fc and J1Fc ligands
(fig 3B, C). The FITC signal is specific to ligand and Notch3
sequences because Notch3 expressing cells treated with
clustered control Fc conditioned media did not exhibit any
binding (data not shown).
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Mean FL1-H

—NNWWA

GOHASGS
Crrrrrri»

6 7 8 910

|
5
D1fc dilution

Mean FL1-H

B
200
160
120
80
40
0

1 2 3 45 6 7 8 910
Concentrated D4fc dilution

Mean FL1-H

Jfc (ug/ml)

Figure 3 C187R mutant Notch3 protein binds soluble ligands. (A-C)
293T cells were transiently transfected with wild type N3HA (triangles),
mutant C187R Notch3 (circles), or empty vector pBOS (diamonds) and
incubated with various dilutions of D1Fc (A) or concentrated D4Fc (B)
conditioned media (1:1, 1:3, or 1:9 dilution), or J1Fc purified ligand (1-
3 pg/ml) (C) that had been pre-clustered with anti-Fc FITC. Samples
were run on a FACScaliber ﬁow cytometer, and relative ligand binding
was assessed by the levels of mean fluorescence (FL1-H) defected in the
FITC channel. No significant differences in binding were defected using
one way analysis ofgvaricmce for the wild type N3HA or mutant
receptors. Error bars reflect the standard deviation of a representative
experiment performed in duplicate.
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As the C187R mutation does not abolish interactions with
ligand, we examined signal transduction to establish if ligand
binding by the mutant receptor translates into an ability to
transmit a downstream signal. NIH 3T3 cells, widely used in
evaluating Notch signal transduction via the CBF1 path-
way,* > #5221 were transiently co-transfected with con-
structs encoding wild type N3HA or mutant N3HA-C187R, as
well as the CBFl-luciferase reporter plasmid, then co-
cultured with Jaggedl, Deltal, or Delta4 expressing L cells.
Jagged1, which has been identified as a functional ligand for
Notch3 (T Haritunians, unpublished observations),*** is
expressed by both VSMC and endothelial cells'' ** and has
been shown to be involved in vascular processes, including
angiogenesis and repair.” > Although not expressed well in
the vasculature, Deltal is co-expressed with Notch3 in
regions of the developing brain and spinal cord”” and has
been shown to interact with and activate both Notchl and
Notch3.>' >*** > Finally, although no functional interactions
have been demonstrated between Delta4 and Notch3 to date,
Delta4 is expressed in the arterial endothelium,* *' and thus
may serve as a potentially significant ligand for Notch3 in the
vasculature. Thus, we chose to evaluate CBF1 activation of
mutant N3HA-C187R in response to Jaggedl, Deltal, and
Delta4 ligands. These studies revealed robust Jaggedl and
Deltal induced CBF1 activation by both wild type Notch3 and
mutant the N3HA-CI87R mutant receptor. Interestingly,
while the mutant receptor activated CBF1 more robustly
than wild type in response to Jagged1, activation from Deltal
was slightly less efficient than wild type Notch3. Delta4 was
unable to induce significant activation above baseline from
either wild type Notch3 or mutant N3HA-C187R (fig 4).
Thus, while N3HA and N3HA-C187R exhibit ligand binding
to soluble forms of all three ligands, our data suggest that
Jaggedl and Deltal are more effective in inducing CBF1
activation of wild type and mutant Notch3 receptors.

DISCUSSION

We describe here a new CADASIL family carrying a C185R
mutation in Notch3, and we found that the analogous
mutation in the rat protein does not interfere with hetero-
dimeric cell surface expression or ligand binding. As
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Figure 4 CBF1 activation of wild-type N3HA and N3HA-C187R
mutant proteins in response fo Jagged1, Deltal, and Delta4 ligands.
NIH 373 cells were transiently co-transfected with plasmids encoding
either wild type N3HA, N3HA-C187R, or vector only (pBOS), and
CBF1-luciferase reporter, were co-cultured 24 hours after transfection
with either Jagged1/L, Deltal/L, or Delta4/L plus parental L cells. Cell
lysates were harvested 48 hours after transfection and assayed for
luciferase activity. N3HA-C187R activated CBF 1 more robustly than wild
type when activated by Jagged1 (**p<0.001), but less efficiently when
activated by Deltal (*p<0.01). When activated by Delta4, both wild
type N3HA and N3HA-C187R were unable to activate CBF1 above
baseline. The activity measured is expressed as the fold activation
induced by ligand expressing cells over that obtained with L cells. The
dashed line at 1.0 represents activation with parental L cells. Error bars
indicate the standard deviation of the mean Eom two experiments
performed in duplicate.

www.jnnp.com

Haritunians, Chow, Lange, et al

CADASIL is a dominantly inherited disorder, it has been
speculated that the mechanism of dominance of the
mutations may be haploinsufficiency for Notch3 because of
impaired expression of the protein as a result of defective
intracellular processing.”’ Arguing strongly against a hap-
loinsufficiency mechanism is the observation that no non-
sense mutations or full gene deletions have been identified in
CADASIL families. Thus, it seems likely that the mechanism
of dominance of CADASIL mutations may involve dominant
negative effects, dominant activating effects, or, potentially,
introduction of a novel function or property to the protein.*

In this report, we show that the presence of a CI87R
CADASIL mutation affects processing at the S1 site of the
mutant protein by the furin convertase in the Golgi, although
the amount of protein present on the surface does not appear
to be affected (fig 2B). These data are consistent with
previous reports of four other mutant rat”> and human
Notch3 forms.* Interestingly, while levels of surface expres-
sion of both the processed heterodimeric and full length
forms of the mutant receptor approximate wild type, whole
cell lysate analyses identify lower amounts of the hetero-
dimeric mutant N3HA-C187R (fig 2A). This result is similar
to studies with another CADASIL mutation, R142C, which
demonstrated reduced expression of the heterodimeric
mutant form in favour of the full length receptor in whole
cell lysates.”’ However, our data do not reveal increased
expression of full length mutant Notch3 at the expense of the
processed form. While the amount of processed receptor on
the surface may be slightly decreased, levels of p280 detected
in whole cell lysates are indistinguishable between the
mutant and wild type receptors. Thus, although the C187R
mutation appears to alter the efficiency of the processing
step, the population of receptors on the cell surface includes
both heterodimeric and full length forms.

EGF-like repeats have been shown to maintain stability
and conformation. In addition, Drosophila Notch EGF-like
repeats 11-12,°' corresponding to Notch3 EGF-like repeats
10-11, have been directly implicated in binding Delta and
Serrate/Jagged ligands.” ** The roles of the remaining EGF-
like repeats remain elusive; however, they appear to be
involved in facilitating ligand interactions.” Our previous
study of four CADASIL-like mutations established that the
mutant proteins retain the ability to recognise and bind
soluble Deltal.”” Recent studies similarly evaluated binding
capabilities of additional CADASIL mutants to soluble
Jaggedl and Deltal.’>>* In agreement with these reports,
we quantitatively demonstrate that although the C187R
CADASIL mutation lies outside the recognised ligand binding
domain, it does not enhance or reduce ligand binding by the
Notch3 receptor to soluble Jaggedl, Deltal, or Delta4 (fig 3).

Having established that the presence of the CI87R
mutation does not interfere with surface expression of the
heterodimeric receptor and binding to Deltal, Delta4, and
Jaggedl ligands, we further evaluated the downstream
signalling capabilities of the mutant receptor to assess
possible signalling defects and potential implications on
VSMC homeostasis. Our data indicate that the C187R
mutation does not lead to loss of CBF1 activation in response
to Jaggedl and Deltal ligands, with the mutant receptor
showing evidence for increased activation. Similar studies of
other CADASIL mutant forms have shown remarkable
variability in signalling to CBF1 from mutant Notch3
receptors, with some mutations impairing activation and
others similar to wild type.’’ **** This is the first study
demonstrating increased signalling from a CADASIL mutant
receptor. Interestingly, neither wild type Notch3 nor mutant
N3HA-C187R was able to activate CBF1 in response to Delta4
in these cells, establishing Jaggedl and Deltal as more
efficient ligands for Notch3 (fig 4).
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Functional studies of mutant Notch3

Studies have, however, shown dramatic accumulation of
the Notch3 extracellular domain within the cerebrovascula-
ture of CADASIL brains, suggesting impaired clearance of the
Notch3 extracellular domain as a possible mechanism for
CADASIL. Recently, it was reported that transgenic mice
expressing a human CADASIL mutation also demonstrate
a similar accumulation of Notch3 ECD and GOM.
Morphological and pathological changes in the transgenic
mice appeared to be dependent on age and were comparable
with those observed in CADASIL patients.*® Dissection of the
molecular pathogenesis of CADASIL should provide insight
into the mechanisms underlying VSMC homeostasis in the
adult vessel and ultimately provide the basis for the
development of targeted therapies for this disorder.
Moreover, because Notch signalling is intimately related to
the activity of the gamma secretase complex including
presenilin, investigations into CADASIL may have a broader
impact on the understanding of adult onset dementias
including Alzheimer’s disease.
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