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The small-vessel disorder cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) arises from mutations in the human gene encoding
NOTCH3 and results in vascular smooth muscle cell degenera-
tion, stroke, and dementia. However, the structural changes in
NOTCH3 involved in CADASIL etiology are unclear. Here, we
discovered site-specific fragmentation of NOTCH3 protein in
pathologically affected vessels of human CADASIL-affected
brains. EM-based experiments to pinpoint NOTCH3 localiza-
tion in these brains indicated accumulation of NOTCH3 frag-
mentation products in the basement membrane, collagen fibers,
and granular osmiophilic material within the cerebrovascula-
ture. Using antibodies generated against a disease-linked neo-
epitope found in degenerating vascular medium of CADASIL
brains, we mapped the site of fragmentation to the NOTCH3 N
terminus at the peptide bond joining Asp80 and Pro81. Cleavage
at this site was predicted to separate the first epidermal growth
factor (EGF)-like domain from the remainder of the protein. We
found that the cleavage product from this fragmentation event is
released into the conditioned medium of cells expressing
recombinant NOTCH3 fragments. Mutagenesis of Pro81 abol-
ished the fragmentation, and low pH and reducing conditions
enhanced NOTCH3 proteolysis. Furthermore, substitution of
multiple cysteine residues of the NOTCH3 N terminus activated
proteolytic release of the first EGF-like repeat, suggesting that
the elimination of multiple disulfide bonds in NOTCH3
accelerates its fragmentation. These characteristics link the
signature molecular genetic alterations present in individuals
with CADASIL to a post-translational protein alteration in
degenerating brain arteries. The cellular consequences of

these pathological NOTCH3 fragments are an important area
for future investigation.

Cerebral small-vessel disease has emerged as a key neuro-
pathological factor in age-related brain disorders. As a leading
cause of stroke (1–4) and dementia (5–8), vascular disease of
the brain is caused by numerous complex factors, including
genetic factors. The most common genetic causes of cerebral
small-vessel disease are mutations in NOTCH3, which result in
cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL)3 (9, 10). In a vast
majority of CADASIL patients, NOTCH3 mutations alter the
number of cysteines in the ectodomain of the gene product (11).

NOTCH3 is a receptor protein that is expressed in vascular
smooth muscle cells of brain arteries (12). Its structure, which is
highly similar to related Notch receptors (13), includes a large
N-terminal extracellular domain that is enzymatically proteo-
lyzed within its membrane-spanning domain (14). The extra-
cellular domain remains attached to the C-terminal domain via
protein-protein interactions. On exposure to ligands at the cell
surface, NOTCH3 is again enzymatically cleaved, releasing the
intracellular C-terminal domain that functions within the
nucleus to alter transcription (13, 15).

All CADASIL-causing mutations in NOTCH3 thus far have
been mapped to the N-terminal extracellular domain, which is
composed of a tandem series of 34 epidermal growth factor
(EGF)-like domains (9, 11, 16). The NOTCH3 ectodomain that
harbors these mutations accumulates in the cerebral blood ves-
sels of CADASIL patients (12) and is a component of granular
osmiophilic material (GOM) (17), a characteristic ultrastruc-
tural pathological feature. A leading hypothesis is that struc-
tural changes caused by CADASIL mutations in the EGF-like
domains of the ectodomain lead to accumulation of NOTCH3
protein that, by unknown mechanisms, results in smooth mus-
cle cell failure (18).

The potential structural changes in NOTCH3 that are
induced by point mutations have not been extensively charac-
terized. With uncommon exceptions (19, 20), point mutations
that cause CADASIL do not cause changes in signaling proper-

This study was supported by National Institutes of Health Grants NS099783
and NS099160 (to M. M. W.), R35GM130292 (to L. Q.), HL108842 (to S. G. K.;
awarded to Dr. Jimo Borjigin), and T32-HL125242 and T32 GM007863 (to
K. Z. Y.) and United States Department of Veterans Affairs Grants BX003855
and BX003824 (to M. M. W.). This work was also supported by the Frankel
Cardiovascular Center Summer Undergraduate Fellowship Program (to
J. L. F. and S. R. G.), CADASIL Together We Have Hope, and members of the
international CADASIL community who made donations used in this study.
The authors declare that they have no conflicts of interest with the con-
tents of this article. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Insti-
tutes of Health.

This article contains Fig. S1.
1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: 7725 Medical Science Bldg.

II Box 5622, 1137 Catherine St., Ann Arbor, MI 48109-5622. Tel.: 734-763-
5453; Fax: 734-936-8813; E-mail: micwang@umich.edu.

3 The abbreviations used are: CADASIL, cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopathy; EGF, epider-
mal growth factor; GOM, granular osmiophilic material; AD, Alzheimer’s
disease; APP, amyloid precursor protein; EGFP, enhanced GFP; TEM, trans-
mission EM; TCEP, tris(2-carboxyethyl)phosphine.

croARTICLE

1960 J. Biol. Chem. (2020) 295(7) 1960 –1972

Published in the U.S.A.

https://orcid.org/0000-0002-6714-7563
https://orcid.org/0000-0001-8229-0184
https://orcid.org/0000-0002-5670-2496
https://www.jbc.org/cgi/content/full/RA119.007724/DC1
mailto:micwang@umich.edu
https://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.007724&domain=pdf&date_stamp=2020-1-4


ties (21). But point mutations in recombinant NOTCH3 ect-
odomain have been shown to alter NOTCH3 homophilic inter-
actions (22). It is likely therefore that undiscovered molecular
changes in the NOTCH3 protein are found in CADASIL blood
vessels and that these structural alterations trigger new patho-
logical processes.

In other disorders, post-translational processing of disease
proteins has been the subject of enormous degrees of attention.
For example, A� from amyloid plaques in Alzheimer’s disease
(AD) is derived from enzyme-mediated cleavage of the amyloid
precursor protein (APP) (23). The importance of this event is
underscored by the ability of A� to aggregate and oligomerize,
which deleteriously affects neuronal and vascular cell homeo-
stasis (24). The enzymatic machinery required to generate A�
from APP includes �-secretase, an enzyme complex that is also
required for physiological processing of NOTCH proteins and
driving Notch cell signaling by regulated proteolysis (25).
Impaired physiological enzymatic cleavage of NOTCH3 in
CADASIL is not suspected because the ectodomain (but not the
C-terminal intracellular domain) of NOTCH3 accumulates in
CADASIL vessels (12). Pathological cleavage or modification of
the NOTCH3 protein has not yet been described to our knowl-
edge. Here, we describe the discovery of non-enzymatic frag-
mentation of NOTCH3 in CADASIL vessels and characterize
the molecular underpinnings of this disease-related process.

Results

Novel monoclonal antibodies against NOTCH3 protein react
with CADASIL blood vessels

NOTCH3 has been shown to accumulate in the vasculature
of CADASIL brains. Our laboratory has previously generated
polyclonal antibodies that preferentially recognize pathological
forms of NOTCH3 in diseased cerebral blood vessels (26). To
define specific disease-relevant NOTCH3 epitopes, we gener-
ated monoclonal antibodies in rabbits against an N-terminal
peptide of the NOTCH3 ectodomain containing the first EGF-
like domain. Two of the monoclonal antibodies that reacted
with the immunogen and demonstrated disease-relevant rec-
ognition are described herein: UMI-D and UMI-F. In immuno-
histochemical studies, both UMI-D and UMI-F intensely and
broadly stained the degenerating medial layer of CADASIL lep-
tomeningeal vessels and the penetrating white matter blood
vessels (19 of 19 CADASIL samples; Fig. 1, A–D and G–J).
Moreover, we saw little to no antibody recognition of normal-
appearing leptomeningeal and penetrating white matter blood
vessels of 10 control patients (Fig. 1, E, F, K, and L). In controls,
only sporadic thickened vessels demonstrated reactivity with
these antibodies. We compared the staining patterns of UMI-D
and UMI-F with that of a NOTCH3 antibody generated against
EGF-like repeats 17–21 (1E4; EMD Millipore). We observed
that UMI-D and UMI-F resulted in stronger staining than 1E4
in all CADASIL tissues stained, but not in control tissues (Fig.
2).

To ultrastructurally localize the antigen, we performed
transmission EM (TEM) and immunogold labeling with both
antibodies, UMI-D and UMI-F, on two post-mortem human
brain samples from CADASIL patients and one control patient.

Numerous GOMs were identified in the extracellular space
around smooth muscle cells in both CADASIL samples (Fig.
3A), whereas none were visualized in the control sample by
TEM.

In both CADASIL samples, UMI-F immunoreactive antigen
was found in the extracellular space, including the basement
membrane (Fig. 3B), collagen fibers (Fig. 3C), and GOMs (Fig.
3D). We randomly selected three to four blood vessels from
each patient and quantified the proportion of GOMs that con-
tained immunogold labeling. We found that 19 of 62 (30.7%)
and 10 of 36 (27.8%) GOMs had immunolabeling with UMI-F in
each CADASIL patient sample, respectively. We obtained sim-
ilar findings for UMI-D, where localization of antigen was con-
centrated in structures of the extracellular matrix (Fig. S1,
A–C). Quantification of GOMs from 3– 4 vessels/patient
revealed that 62 of 154 (40.3%) and 6 of 28 (21.4%) GOMs dem-
onstrated immunogold reactivity with UMI-D in each patient
sample. Interestingly, GOMs of smaller cross-sectional area
occasionally demonstrated increased amounts of gold labeling
(Fig. S1D). The control patient sample consistently demon-
strated decreased sporadic reactivity with UMI-D and UMI-F
that was localized to the basement membrane. Each immuno-
gold labeling experiment was repeated at least two times for
each antibody with similar findings.

A series of experiments were pursued to determine the target
of these antibodies. UMI-D and UMI-F failed to react with
reduced, purified recombinant NOTCH3 ectodomain frag-
ments on dot blots and Western blots. UMI-D and UMI-F also
did not react in immunohistochemical experiments with
recombinant NOTCH3 ectodomain proteins overexpressed in
293 cell lines. In contrast, we discovered that UMI-D reacted
with recombinant NOTCH3 ectodomain protein that was
treated with a combination of heat and acid, but not either
alone (Fig. 4A). This led us to investigate whether UMI-D tar-
gets a proteolytic fragment of NOTCH3.

To test whether UMI-D targets a fragmentation site, we gen-
erated recombinant constructs encoding pieces of the
NOTCH3 sequence used for immunization to the C terminus
of GFP; we then analyzed the ability of UMI-D to bind to
recombinant GFP fusion proteins on Western blots. UMI-D
was found to readily bind to proteins ending in Asp80 but failed
to interact with proteins ending in Gln77, Leu78, and Glu79 (Fig.
4, B (left) and C). GFP fusion proteins terminating with Pro81,
Cys82, His83, or Ser84 were not strongly bound to UMI-D (Fig. 4,
B (right) and C). NOTCH3 sequences ending in Asp80 that were
fused at the N terminus of GFP did not react with UMI-D.

Peptides corresponding to the same region of NOTCH3 were
used to confirm the target specificity of UMI-D. Fig. 4D shows
that UMI-D binds to peptides ending in Asp80. UMI-D again
failed to recognize synthetic sequences missing the Asp80 resi-
due and did not bind to peptides with extended sequences
beyond Asp80. Furthermore, we observed that N-terminal dele-
tions did not affect UMI-D. An independent NOTCH3 mAb
1E7 recognized all of the peptides tested. In total, these immu-
noblotting studies indicate that UMI-D recognizes a neo-
epitope resulting from cleavage of NOTCH3, C-terminal to
Asp80.
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UMI-F did not bind proteins in Western blotting experi-
ments but exhibited the same peptide-binding specificity as
UMI-D (Fig. 4D), suggesting that both UMI-D and UMI-F rec-
ognize the same linear sequence that contains C-terminal
Asp80. Together, these studies demonstrate a novel NOTCH3
fragmentation site C-terminal to Asp80 in human CADASIL
tissue samples.

The NOTCH3 cleavage product can be found in both the
intracellular and extracellular space

To determine whether the cleavage process occurs inside or
outside the cell, we transfected recombinant constructs for Fc-
NOTCH3 proteins containing the first two EGF-like repeats
into 293 cells. Cell lysates and conditioned medium of trans-
fected cells were collected and analyzed by Western blotting.
We identified the presence of NOTCH3 cleavage product both
in the cell lysate and in the medium (Fig. 5A). The intensity of
UMI-D–reactive cleavage product normalized to the Fc tag was
20-fold higher in the lysate compared with the medium (Fig.
5B), supporting the possibility that cleavage occurs inside and

outside cells. All experiments were performed at least three
times with similar results.

The role of proline 81 in NOTCH3 fragmentation

To characterize the cleavage process responsible for
NOTCH3 fragmentation in living cells, we transfected recom-
binant constructs into 293 cells to generate Fc-NOTCH3 pro-
teins containing the first EGF-like domain (Fc-E1), the first two
EGF-like domains (Fc-E2), the first three EGF-like domains
(Fc-E3), or the first eight EGF-like domains (Fc-E8) at the C
terminus. Conditioned medium of transfected cells was col-
lected and analyzed by immunoblotting. In addition to the
expected Fc fusion protein (Fig. 6A, bottom, lane marked WT),
each group generated a common Fc fragment of a size corre-
sponding to protein resulting from fragmentation at Asp80,
which was reactive with UMI-D (Fig. 6A, top, lanes marked
WT). This demonstrates that overexpressed NOTCH3 protein
is cleaved in living cells at the same position as in CADASIL
tissues and that cleavage at Asp80 does not require the entire
NOTCH3 protein.

Figure 1. Localization of novel NOTCH3 antigens by monoclonal antibodies UMI-D and UMI-F in CADASIL arteries. UMI-D (A, B, E–G, H, K, and L) and
UMI-F (C, D, I, and J) were used for immunohistochemical localization of NOTCH3 antigen in frontal lobe of 19 genetically verified CADASIL and 10 control
brains. Photographs were captured of representative leptomeningeal vessels (LM; A–F) of the gray matter and of penetrating arteries of the white matter (WM;
G–L) at the magnifications shown. Both antibodies demonstrated staining in the medial layers of cerebral arteries in CADASIL patients (A–D and G–J) but not
in pathologically normal vessels from controls (E, F, K, and L).
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The ability to detect cutting of NOTCH3 sequences in cell
culture allowed us to investigate residues required for cleav-
age at the Asp80–Pro81 bond. The aspartate-proline
sequence has been shown to be susceptible to cleavage in
other proteins (27–32). To determine the importance of
Pro81 for NOTCH3 cleavage, we mutated this residue to ala-
nine in the same NOTCH3 fusion constructs (Fc-E1, -E2,
-E3, and -E8). Cells transfected with P81A mutant proteins
synthesized similar amounts of full-length protein but gen-
erated markedly reduced levels of truncated protein that
reacted with UMI-D (Fig. 6A, lanes marked DA).

We also mutated Pro81 to the each of the remaining 19 amino
acids and studied the formation of the NOTCH3 fragment rec-
ognized by UMI-D in a mutant Fc-E3 that normally exhibits
high levels of fragmentation; we found that cleavage and neo-
epitope formation was strongest with proline at the cleavage
site but also occurred with cysteine and modestly with alanine,
leucine, and glycine substitutions (Fig. 6B). Other amino acid
substitutions did not generate the neo-epitope (Fig. 6B). These
studies demonstrate that proline at the cleavage junction is crit-
ical for efficient NOTCH3 cleavage and resultant UMI-D neo-
epitope generation.

NOTCH3 protein can be non-enzymatically cleaved by acidic
and reducing conditions

Low pH can trigger the autocatalytic cleavage of proteins
(27–30, 32). To test the effect of acidic conditions on NOTCH3
protein, purified Fc-E2 was incubated in buffers at different pH.
There is increased NOTCH3 fragmentation detected by the
UMI-D antibody (Fig. 7A) in progressively more acidic condi-
tions. Similarly, when the reducing agent (disulfide bond
breaker) TCEP at neutral pH was added to Fc-E2, there was a
dose-dependent increase in fragmentation of NOTCH3 as
detected by UMI-D (Fig. 7B). Longer fragments of NOTCH3
proteins with either three EGF-like repeats (Fc-E3) or eight
EGF-like repeats (Fc-E8) also demonstrate increased N-termi-
nal fragmentation under reducing conditions (Fig. 7C). Because
all of the reactions occurred with purified proteins, we conclude
that exogenous enzymes are not required for NOTCH3 frag-
mentation in acidic and reducing conditions.

Effect of NOTCH3 mutations on protein fragmentation

Mutations that cause CADASIL create an odd number of
cysteines that may affect disulfide bonding of NOTCH3 pro-
tein. Because chemical reduction increases NOTCH3 frag-

Figure 2. Comparison of NOTCH3 staining by monoclonal antibodies
UMI-D and UMI-F and a standard NOTCH3 antibody (1E4, EMD Milli-
pore). UMI-D (A, B, G, and H), UMI-F (C, D, I, and J), and 1E4 (E, F, K, and L)
were used for immunohistochemical localization of NOTCH3 antigen in
the frontal lobe of four genetically verified CADASIL (A–F) and four control
brains (G–L). Representative photographs were captured from serial sec-
tions of representative leptomeningeal vessels at the magnifications
shown. UMI-D and UMI-F (A–D) reacted more strongly with NOTCH3 in
CADASIL leptomeningeal vessels, compared with 1E4 (E and F). UMI-D and
UMI-F demonstrated little to no staining in the medial layers of cerebral
arteries in control patients (G–J), whereas 1E4 demonstrated increased
staining of control vessels (K and L).

Figure 3. Subcellular localization of UMI-F–reactive antigens. Two CADA-
SIL brain samples were processed for transmission EM. Cross-sections of
CADASIL cerebral blood vessels (A) demonstrated the presence of multiple
GOMs (black arrows) found in between the basement membrane (BM) and
vascular smooth muscle cell (SMC) plasma membrane (black arrowheads) in
CADASIL. We also identified red blood cells (RBC) and endothelial cells (EC) by
TEM. The same two CADASIL samples were processed for immunogold label-
ing in parallel. Samples were labeled with UMI-F (B–D), followed by UltraSmall
secondary (Electron Microscopy Sciences) and silver enhancement (Aurion).
UMI-F demonstrated binding to antigen in the extracellular space: basement
membrane (B; BM), extracellular collagen fibers (C), and GOMs (D). Clusters of
gold labeling are marked with white arrows. Approximately 30% of GOMs
from randomly selected vessels showed labeling (compare B and D). Labeling
experiments were done at least two times with similar results.
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mentation, we investigated the fragmentation of NOTCH3
at Asp80 in cysteine mutants in Fc-E3. Constructs containing
zero, one, two, four, five, or six cysteine mutations in EGF1
were transfected into cells, and proteins from the condi-
tioned medium were evaluated for fragmentation at Asp80.
Only mutants containing five or six cysteine-to-serine muta-
tions exhibited increased N-terminal fragment generation

compared with WT NOTCH3 (Fig. 8A, compare summed
fragmented products (top) with total protein (bottom)). The
promotion of fragmentation by multiple cysteine mutations
was also observed for GST-tagged NOTCH3 protein. In this
case, the addition of a reducing agent, TCEP, cooperated
with multiple cysteine mutations to increase N-terminal
fragmentation of the bacterially produced protein (Fig. 8B).

Figure 4. Characterization of novel NOTCH3 antigens recognized by UMI-D and UMI-F. A, UMI-D reactivity against NOTCH3 under chemical stress.
Purified, recombinant WT NOTCH3 ectodomain fused to Fc was exposed to either heat or acid (50 mM HCl) for up to 18 h, as indicated. Proteins were then dotted
onto nitrocellulose that was probed using UMI-D. B, UMI-D reactivity against NOTCH3 fragments fused to the C terminus of GFP. cDNA clones were prepared
to generate GFP ending with a series of NOTCH3 sequences. On the left, the base sequence is shown at the top. Letters indicate the C-terminal extent of the
clone. For example, the Q clone contains GWVGERCQ; the L clone contains GWVGERCQL, and so forth. The P clone encodes GWVGERCQLEDP, which blocks
the Asp80 residue with a proline. On the right, GFP extension clones were prepared to encode the base sequence at the top, terminating in Asp80 (clone
D), Pro81 (clone P), Cys82 (clone C), and so forth. 293 cells were transfected with each clone, and lysates were probed with UMI-D (top panels) or GFP. C,
map of NOTCH3 showing location of sequences used in B. The top panel shows the large scale map of human NOTCH3, which is divided into a series of
EGF-like domains. The area of focus is the EGF-like domain 1, which terminates in the Asp80 residue. A summary of binding is shown to the right. The
bottom line depicts an N-terminal fusion of the target sequence, which does not bind to UMI-D (data not shown). D, dot blot analysis of UMI-D and UMI-F
targets. Peptides were synthesized that correspond to sequences around the end of EGF-like domain 1 of NOTCH3. The sequences are shown on the
right. Each peptide was spotted onto replicate membranes that were then probed with the antibodies indicated. 1E7 was generated against the first
peptide but binds to all of the tested molecules and serves as a protein-spotting control. All experiments were conducted at least four times with similar
results.
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Discussion

Novel molecules found to accumulate in disease tissues provide
possible mechanistic insights and potential treatment targets.
Here, we describe a new process by which a vascular disease mol-
ecule is produced: non-enzymatic fragmentation of NOTCH3 that
occurs in affected blood vessels of the cerebral small-vessel disor-
der CADASIL. Characterization of the cleavage event both in cells
and with purified proteins suggests that the reaction occurs in cells
and is also influenced by the redox states of NOTCH3.

UMI-D and UMI-F antigen localization

UMI-D and UMI-F broadly stain the medial layer of CADA-
SIL vessels while sparing normal-appearing age-matched con-

trol vessels. Compared with a NOTCH3 antibody designed
against a different part of the ectodomain (1E4; EMD Milli-
pore), UMI-D and UMI-F appear to be more specific for protein
from pathological vessels, suggesting that NOTCH3 fragmen-
tation is a process localized to diseased vessels (Fig. 2).

At the ultrastructural level, both UMI-D– and UMI-F–
reactive antigens localize to extracellular regions, including the
basement membrane, collagen fibers, and GOMs (Fig. 3 and
Fig. S1). GOMs are ultrastructural features that are highly spe-
cific to CADASIL. Classically, GOMs are extracellular, elec-
tron-dense, granular deposits that are visible on EM, often
found between neighboring vascular smooth muscle cells. The
exact composition of GOMs remains unclear, but it is thought
that the ectodomain of NOTCH3 is a major component (17).
Our immunolabeling studies suggest that in addition to the full
ectodomain of NOTCH3, an N-terminal fragment of the
NOTCH3 ectodomain also accumulates within GOMs. We
occasionally found increased immunolabeling in GOMs with
smaller cross-sectional areas (Fig. S1D) and closely within
the perimeter of larger GOM cross-sections. Future studies
will be required to see whether accumulation of this
UMI-D– and UMI-F–reactive NOTCH3 fragment prefers
the surface of GOMS and whether GOMs contribute to
CADASIL pathophysiology.

One model of CADASIL proposes that matrisome changes
play an important role in disease. The matrisome refers to pro-
teins that make up or interact with the extracellular matrix.
Recent studies demonstrated that mutant NOTCH3 multim-
erizes and interacts with several key extracellular matrix pro-
teins that abnormally accumulate in CADASIL, such as tissue
inhibitor of metalloproteinase 3 and vitronectin (18). Addi-
tional extracellular matrix proteins found to accumulate in
CADASIL vessels include clusterin, endostatin, and LTBP1 (19,
33). UMI-D– and UMI-F–reactive antigens localize to struc-
tures of the extracellular matrix, such as the basement mem-
brane, collagen fibers, and GOMs. Further studies will be
required to determine whether matrisome proteins interact
with the UMI-D– and UMI-F–reactive truncated fragment of
NOTCH3 and whether such matrisome changes affect and/or
contribute to the cerebrovascular dysfunction seen in CADA-
SIL patients.

NOTCH3 fragmentation

Juxtamembrane NOTCH3 protein cleavage has been
described as a key step in ligand-dependent signaling (34, 35).
However, cleavage of the protein in the extracellular EGF-like
domains has yet to be described until now, to our knowledge. By
use of specific monoclonal antibodies that recognize a
NOTCH3 cleavage product (UMI-D and UMI-F), we now dem-
onstrate the first example of in situ NOTCH3 post-transla-
tional modification that is localized to the regions of the
cerebrovasculature that are affected in CADASIL. The co-reg-
istration of cellular pathology and NOTCH3 fragmentation in
post-mortem human tissue from CADASIL patients is consis-
tent with a pathological role of NOTCH3 cleavage in CADA-
SIL. Additional studies will need to be performed to clarify the
role of the NOTCH3 cleavage product in disease progression,

Figure 5. Identification of NOTCH3 fragmentation product in both intracel-
lular and extracellular spaces. 293 cells were transiently transfected with
recombinant plasmids encoding Fc fused at the C terminus to NOTCH3 frag-
ments containing 2 EGF-like domains. After transfection, proteins from both the
conditioned medium of the 293 cells and the 293 cell lysates were purified by
protein A–agarose pulldown and analyzed for UMI-D reactivity. In A, the NOTCH3
cleavage product as detected by UMI-D was identified in both the cell lysate and
the medium. In the merged image, UMI-D reactivity (top) is shown in green, and Fc
reactivity (middle) is shown in red. B, demonstrates that the intensity of UMI-D–
reactive cleavage product normalized to the Fc tag was roughly 20-fold higher in
the lysate compared with the medium. All experiments were conducted at least
three times with similar results. Error bars, S.D.
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in particular whether the fragmentation is, in addition to a
marker of disease, also a participant in pathogenesis.

Mechanism of fragmentation

In an in vitro NOTCH3 overexpression system, NOTCH3
cleavage product was found both intracellularly (in the cell
lysate) and extracellularly (in the conditioned medium; Fig. 5, A
and B). However, ultrastructural localization using immuno-
gold labeling demonstrated accumulation of the NOTCH3
cleavage product primarily in the extracellular matrix com-
pared with inside vascular smooth muscle cells (Fig. 3 and Fig.
S1). This difference could be explained by rapid degradation of
intracellular NOTCH3 cleavage product in human tissue
and/or efficient secretion of cleavage product into the extracel-
lular matrix.

Although our experiments cannot exclude enzymatic pro-
cessing of NOTCH3, our studies focusing on biochemical char-
acterization of N-terminal NOTCH3 cleavage show that pro-
tein cleavage occurs in the absence of enzymes. In these
experiments, cleavage of purified Fc-NOTCH3 protein was
observed. In further support of non-enzymatic NOTCH3
cleavage, a systematic search of the proteolytic database MER-
OPS does not reveal a known peptidase capable of fragmenta-
tion of NOTCH3 at the defined target sequence. In addition,
the use of multiple broad-spectrum protease inhibitors failed to
demonstrate prevention of fragmentation. Extensive mutagen-
esis of the NOTCH3 sequence at the cleavage site demon-
strated that the proline is very important; only cysteine substi-
tution was able to sustain a similar amount of cleavage. Drawing
upon studies of other proteins, it appears that several indepen-
dent molecules from multiple species are non-enzymatically

cleaved at Asp–Pro bonds, including several isoforms of mucin
(28, 29), endothelial nitric-oxide synthase (27), pre-�-inhibitor
(32), green mamba toxin MTX2 (30), and herpes simplex virus
type 1 (HSV-1) glycoprotein D (gD) (31). Moreover, the Asp–
Pro bond has been described as chemically labile, particularly in
mildly acidic conditions (27–30, 32). The most parsimonious
explanation for NOTCH3 fragmentation is thus chemical labil-
ity of Asp–Pro bond within the context of the larger NOTCH3
polypeptide. Of interest, with the exception of endothelial
nitric-oxide synthase, all of these proteins are secreted, and it
appears that some of the cleaved proteins are cut in the acidic
environment of the secretory pathway (29). Further, like
NOTCH3, the mucins are cysteine-rich proteins, and in the
case of MUC5AC, the cleavage occurs in a cysteine-enriched
domain (28).

Enhancement of fragmentation and cysteine alterations

The apparent non-enzymatic processing of NOTCH3 can be
accelerated in purified protein preparations by at least three
factors. First, acidic conditions increase the degree of fragmen-
tation. The pH transition point corresponds to the pKa of
aspartic acid, potentially implicating the protonation state of
Asp80 as a determining factor; however, it is recognized that
many additional pH-dependent changes outside of aspartates
could influence protein chemistry. Second, fragmentation of
NOTCH3 appears to be facilitated by reducing conditions, as
both thiol and non-thiol reducing agents increase purified
NOTCH3 cleavage. Third, cysteine mutations in NOTCH3
regulate the fragmentation of the protein. This was not evident
when a single cysteine mutation was introduced; however, the
addition of multiple cysteine mutations yielded even more

Figure 6. Mapping and sequence specificity of NOTCH3 fragmentation of protein produced in cells. Proteins were produced by transfection of 293 cells
with recombinant plasmids encoding Fc fused at the C terminus to NOTCH3 EGF-like domains. The number of EGF-like domains is x for each Fc-Ex construct.
After transfection, protein was concentrated by incubation with protein A–agarose. The captured proteins were analyzed by Western blotting using UMI-D to
detect a band at the size expected after cleavage between EGF-like domains 1 and 2 at Asp80. Fc-E1 was used as a size control. In A, secreted proteins from cells
transfected with constructs listed were concentrated using protein A beads, eluted, and analyzed for generation of UMI-D reactivity at the size corresponding
to Fc-E1. The blots were also probed for Fc to demonstrate capture of protein. In B, Fc-E3 proteins were mutated at NOTCH3 residue 81 (normally Pro81) using
constructs containing multiple cysteine mutations in EGF-like repeats 1 and 2. As in A, cells were transfected and then tested for UMI-D–reactive protein. Fc
blots verified the successful production of secreted protein. All experiments were conducted at least four times with similar results.
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NOTCH3 fragmentation, suggesting that higher degrees of
protein structure alteration achieved by elimination of more
than one disulfide bond are required to accelerate
fragmentation.

The ability of reducing agents and multiple cysteine muta-
tions to induce site-specific cleavage is highly relevant to
CADASIL, a disorder that features mutations involving cys-
teine residues. A clear increase in fragmentation at residue 80 is
noted in NOTCH3 proteins that are treated with reducing
agents, and this is cooperatively enhanced by mutation of mul-
tiple cysteine residues. These data support a role of disruption
of secondary structure of NOTCH3 in the promotion of
NOTCH3 fragmentation. Interestingly, we found that confor-
mations of NOTCH3 that result from multiple disulfide bond
disruptions (26) are present in CADASIL vessels. Whereas sin-
gle mutations in NOTCH3 failed to result in disease-related
epitope formation, chemical reduction that potentially results
in multiple disulfide reductions was sufficient to produce pro-
tein with disease structure. Moreover, it has recently been pro-
posed by others that several forms of NOTCH3 could exist in
mouse tissues engineered to express CADASIL mutant protein
(36). We have proposed a model in which NOTCH3 mutations,
which include changes in cysteine number, lead to the presence

of multiple disruptions of cysteine disulfide bonds, which is a
prerequisite for pathology of vessels. One model consistent
with these studies is that fragmentation is a key pathological
event that occurs following multiple disulfide disruptions.

NOTCH3 fragmentation and the spectrum of mutations in
CADASIL

When we examined the fragmentation of NOTCH3 in a
cohort of individuals with NOTCH3 mutations dispersed over
the extent of the protein, there was a very good correlation
between the location of the mutation and the generation of the
neo-epitope (Fig. 9). This correlation suggests that CADASIL
mutations close to the cleavage site could increase the proba-
bility of protein fragmentation. In fact, recent data suggest that
mutations of the N-terminal regions of the protein confer more
serious disease than mutations in the C-terminal regions (16).
Further investigations using models of protein fragmentation
that are increased in efficiency are needed to understand the
influence of mutations in the N terminus (compared with the
C terminus); of particular interest are the precise details
about how mutations that occur at a distance away from the

Figure 7. The effect of pH and redox state on fragmentation of NOTCH3
at Asp80. A, purified protein (Fc-E2) was exposed to buffers at specific pH for
1 h at 37 ºC, boiled in reducing sample buffer, and electrophoresed on gels.
Western blot analysis was performed using UMI-D to detect fragmentation
(top) and Fc to detect total protein input (bottom). There was a clear increase
in fragmentation at modestly acidic conditions. B, the same purified protein
was exposed to a series of TCEP concentrations for 1 h at 37 ºC and analyzed
as in A. There was a consistent increase in fragmentation with increasing
concentration of TCEP. C, purified proteins with different numbers of EGF-like
repeats were exposed to TCEP or vehicle prior to Western blot analysis as in A.
All proteins exhibited increased fragmentation with TCEP incubation. All
experiments were performed four or more times and showed the same
findings.

Figure 8. Assessment of fragmentation of NOTCH3 at Asp80 in cysteine
mutants of NOTCH3. A, cysteines were mutated to serines within the first
EGF-like repeats of NOTCH3 in Fc-E3 fusions (Fc fused to the first three EGF-
like repeats of NOTCH3). The number of cysteines mutated in each protein is
indicated above each lane; the cysteine-to-serine mutations were located as
follows. Lane 1, cysteine 1; lane 2, cysteines 2 and 3; lane 4, cysteines 1–3 and
6; lane 5, cysteines 1–3 and 5 and 6; lane 6, all six cysteines. After transient
transfection, the proteins from conditioned medium of 293 cells were puri-
fied by protein A–agarose pulldown and analyzed for UMI-D reactivity (top)
and total Fc reactivity (bottom) to assess the effects of progressively larger
numbers of cysteine mutations. Higher numbers of mutations resulted in
both a shift of molecular weight up and in the total reactivity to UMI-D nor-
malized to Fc. B, several GST-E2 (GST fused to the first two EGF-like repeats)
fusion proteins were prepared in E. coli with progressively increased numbers
of cysteine to serine mutations. The E1 sample contains GST fused to the first
EGF-like repeat, as a size marker for the cleavage product. The E2 sample is
GST-E2. The E2* sample is GST-E2 with a single mutation, P81A, in human
NOTCH3. The 2� mutant (2x mut) contains serine substitutions for the fifth
and sixth cysteines of EGF-like repeat 1. The 4� mutant (4x mut) contains
serine substitutions for four cysteine residues: the fifth and sixth cysteines of
EGF-like repeat 1 and the first and second cysteines of EGF-like repeat 2. After
purification using GSH magnetic beads, proteins were analyzed as in A,
except that some protein was treated without detergent with TCEP first
before electrophoresis. Protein yields were assessed using GST Western blot-
ting. There was an increase in fragmented protein with more mutations that
was enhanced by the addition of TCEP prior to adding sample buffer. All
experiments were performed four or more times with similar findings.
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cleavage site may propagate structure perturbations that
influence chemical fragmentation of NOTCH3 at the N
terminus.

Future investigations and key questions
Fragmentation of a disease-related protein into peptides in

dementing disorders is most notable in Alzheimer’s disease,
which features a multiple-step enzymatic cleavage of the APP
into A� and a growing group of other fragmentation products
(23). A� has emerged as a key therapeutic target of Alzheimer’s

disease by virtue of its impressive accumulation in plaques of
Alzheimer’s brains (37–39). However, A� has not yet yielded
therapeutic advances, and several clinical trials aimed at clear-
ance of A� have not been successful (40).

As such, reflection on a potential parallel to AD should stim-
ulate caution in ascribing the predicted NOTCH3 fragmenta-
tion product as a key molecule in cerebral small-vessel disease.
Several key questions remain. First, does the NOTCH3 frag-
mentation result in vascular changes in vivo? (In AD, it has been

Figure 9. Relationship between NOTCH3 protein fragmentation in cerebral vessels and location of cysteine-altering mutations. The reactivity strength
to UMI-D (A) or UMI-F (B) was assessed in a blinded fashion. Slides were then rank-ordered and plotted against the location of the mutations in the NOTCH3 ORF
found in each sample.
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proposed by some that A� is simply a consequence of protein
fragmentation and partitioning of the protein.) Second, what is
the prevalence of the NOTCH3 cleavage product in non-CA-
DASIL vessels? (In AD, doubt has been cast because a large
proportion of individuals without AD have accumulation of
plaque containing A�.) Third, is another form of NOTCH3 that
is linked to fragmentation (e.g. the C-terminal remnant of
NOTCH3) important for CADASIL pathology? (In AD, failure
of antibody therapy suggests the possibility that other parts of
APP may be important in disease.) Fourth, it will be important
to isolate and sequence the protein that accumulates in CADA-
SIL. This has been done in AD; for cerebral small-vessel dis-
eases, the precise molecular sequence of the fragmentation
product will be important for experimental modeling of the
disorder.

In contrast to A�, which is generated from APP by a sequen-
tial enzymatic process, the predicted NOTCH3 fragment does
not appear to result from a catalytic process. Therefore, design
of drugs that interfere with production of the NOTCH3 cleav-
age fragment may be challenging because an enzyme cannot be
targeted. On the other hand, a more comprehensive under-
standing the structural elements of NOTCH3 that favor cleav-
age, such as reducing conditions, could lead to strategies that
may have an impact on disease.

The discovery of antibodies to NOTCH3 fragments as
described here is a positive development toward therapy.
Recent studies have demonstrated the promise of anti-
NOTCH3 mouse mAb therapies in preclinical mouse models
(36). The new reagents described here thus could be refash-
ioned for diagnostic and therapeutic purposes in the future.

Conclusions

We show that the protein mutated in CADASIL, NOTCH3,
undergoes a novel spontaneous cleavage that is independent of
proteases. The cleavage event co-registers with degenerating
vascular medium, is ultrastructurally localized to the extracel-
lular matrix, and is accelerated by reducing conditions and
mutations affecting cysteine residues of NOTCH3. This newly
described post-translational alteration of a small-vessel disease
protein presents new molecular insight into an increasingly
important site of human brain disease and expands the role of
pathological protein alterations in neurodegeneration.

Experimental procedures

Chemicals and reagents

Unless noted, chemicals were obtained from Sigma, and cell
culture reagents were purchased from Invitrogen.

Monoclonal antibodies against NOTCH3

Rabbits and rats were used to generate NOTCH3 antibodies.
As described in a prior study that used polyclonal antibodies to
NOTCH3 (26), animals were immunized with peptides from
the N-terminal EGF-like repeat of human NOTCH3: ACLCP-
PGWGERCQLED. Splenic lymphocytes from immunized rab-
bits were fused to form hybridomas that were cloned and
screened for secretion of antibodies exhibiting binding to the
immunizing peptides (performed by Epitomics). Avidly bind-

ing antibodies were further selected based on their ability to
detect protein in the medium of vessels from CADASIL
patients. Two of these antibodies, UMI-D and UMI-F, exhib-
ited similar characteristics and were used extensively in this
study (see “Results”). Rat monoclonal 1E7 was generated by
immunization of rats with the peptide ACLCPPGWGERC-
QLEDP followed by selection of hybridoma clones that recog-
nize NOTCH3 peptides, CADASIL arteries, and NOTCH3
protein on immunoblotting. These procedures were performed
by Genscript.

Immunohistochemistry

Formalin-fixed control frontal lobe sections were obtained
from the Alzheimer’s Disease Center at the University of Mich-
igan and the Brain Bank of the National Institute for Develop-
mental and Childhood Disorders at the University of Maryland.
CADASIL frontal lobe tissue obtained at autopsy has been
described previously (41–43). 5-�m sections were analyzed
using chromogenic immunohistochemical staining using rab-
bit monoclonal antibodies after citrate-induced antigen
retrieval, as described previously (41–43). Staining was fol-
lowed by hematoxylin counterstaining. Human vascular anti-
gen integrity in control tissue blocks was confirmed by analysis
with the mouse mAb BRIC231 (anti-H; Santa Cruz Biotechnol-
ogy, Inc.).

TEM and immunogold labeling

Brain tissues previously fixed in 10% buffered formalin were
cut into 1 mm � 2-mm pieces and fixed overnight in 2.5%
glutaraldehyde, 4% formaldehyde in 0.1 M Sorenson’s buffer
(Electron Microscopy Sciences). The following day, the tissues
were rinsed in 0.1 M Sorenson’s buffer and fixed in 1% osmium
tetroxide and 2% uranyl acetate for 2 h each. The samples were
then dehydrated in a graded ethanol series (50, 70, 85, 95, and
100% � 2) for 10 min each. Tissues were washed with acetone
three times for 15 min each and infiltrated with Embed resin
(Epon812, DDSA, NMA, DMP30). After incubating at 60 °C for
48 h, the blocks were submitted to the Microscopy and Imaging
Core Facility at the University of Michigan, where samples were
sectioned on an ultramicrotome (Leica) to obtain 70-nm sec-
tions. Grids were stained with uranyl acetate/lead citrate, and
high-resolution images were acquired with a JEOL 1400-plus
EM.

For immunogold labeling, brain tissues were dehydrated in
ethanol (50 and 70%) for 10 min each and infiltrated with LR-
White resin according to the manufacturer’s instructions (Elec-
tron Microscopy Sciences). Polymerization was performed at
50 °C for 24 h. Sections of �70-nm thickness were collected on
Formvar-coated nickel grids (Electron Microscopy Sciences).
Samples were hydrated with TBS buffer (150 mM NaCl and 20
mM Tris, pH 7.6) and treated with 20 mM glycine to quench any
remaining formaldehyde. The tissues were then incubated with
blocking solution (1% BSA, 0.1% Tween 20 in TBS buffer) for 30
min and incubated overnight at 4 °C with 1:25 (v/v) monoclonal
rabbit UMI-F or 1:50 (v/v) monoclonal rabbit UMI-D antibody
in blocking solution. The next day, the grids were washed on
drops of TBS three times at 5 min each and then incubated with
1 h with a goat anti-rabbit IgG antibody conjugated to UltraS-
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mall 0.2-nm gold nanoparticles (Electron Microscopy Sci-
ences). Grids were washed three times in TBS buffer and three
times in double-distilled H2O. Silver enhancement was done
according to the manufacturer’s protocol (Aurion). Grids
were washed in H2O three times for 5 min each. Sections were
stained for 10 min in 2% uranyl acetate and 10 min with lead
citrate (Electron Microscopy Sciences). Images were acquired
using a JEOL 1400-plus electron microscope.

DNA constructs

Fragments of NOTCH3 cDNA were fused to either GST,
mouse Fc (IgG), or EGFP in frame to enable production of
recombinant NOTCH3 proteins; vectors utilized include,
respectively, pGEX (GE Healthcare), pSecTag (Invitrogen), and
pEGFP (Clontech). NOTCH3 fragments, derived from full-
length NOTCH3 (44), were generated using PCR with restric-
tion recognition sequences engineering into primers to enable
standard ligation-mediated cloning. Mutants were also gener-
ated by PCR, but for some mutations, nested PCR was required.
All plasmids were sequenced to confirm the expected coding
sequences.

Transfections, mammalian cell line generation, and
recombinant NOTCH3 protein generation

Human HEK293 cells were grown to over 70% confluence
and then transfected using Lipofectamine Plus (Life Technolo-
gies, Inc.) or PolyJet (SignaGen) according to the manufactu-
rer’s instructions (43, 44). DNA was mixed with plasmids that
encode puromycin resistance, and the transfected pool of cells
was selected by supplementing growth medium with the anti-
biotic; this process generally yielded dozens of clearly separated
cell colonies, which were transferred into individual wells (26).

Colonies were transferred to larger wells, and the condi-
tioned medium was screened for production of appropriate
recombinant protein by Western blotting for the Fc portion on
the target protein. Productive colonies were expanded by split-
ting, and prior to medium collection, the supernatant was
switched to Opti-MEM, which allowed accumulation of the
target proteins in an antibody-free medium (Life Technologies)
(26).

Pooled medium was then passed over protein A–agarose col-
umns for single-step purification of recombinant Fc-NOTCH3
fragment fusions. The proteins were eluted at pH 4.5 and
immediately neutralized in Tris buffer. All proteins were dia-
lyzed against PBS, and their purity was validated by silver stain-
ing (26).

Small-scale recombinant protein expression and purification
was performed by transfection of Fc-tagged NOTCH3 deletion
constructs. After an overnight incubation with serum contain-
ing Dulbecco’s modified Eagle’s medium growth medium,
Opti-MEM was placed over cells. The conditioned medium was
then mixed with protein A–agarose beads to purify Fc fusion
proteins.

GST fusions were produced in Escherichia coli strain BL21.
Induction by isopropyl 1-thio-�-D-galactopyranoside was used
to enhance protein production. E. coli cell pellets were soni-
cated, and the lysates were then mixed with GSH-conjugated
magnetic beads. After washing the loaded beads, proteins were

eluted with GSH. The proteins were then dialyzed against PBS,
and successful purification was validated by silver staining.

Protein analysis

All protein treatments were performed in PBS with supple-
mental hydrochloric acid or TCEP, as noted for specific exper-
iments. At the end of each treatment, proteins were denatured
in sample buffer containing �-mercaptoethanol and boiled at
100 °C for 5 min. All samples were separated on standard SDS-
polyacrylamide gels and electroblotted to nitrocellulose. West-
ern blot analysis was performed with antibodies as indicated,
followed by incubation with infrared fluorophore–labeled sec-
ondary antibodies (Rockland) (45). Bands were detected using a
LI-COR Odyssey infrared scanner. For relative analysis of
cleavage of Fc proteins, expression levels were normalized to
signals obtained using secondary antibodies against mouse Fc.
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