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Abstract

Object—Central nervous system hemangioblastomas are the most common manifestation of von
Hippel-Lindau (VHL) disease, an autosomal dominant tumor suppressor syndrome that results in
loss of VHL protein function and continuous upregulation of hypoxia-inducible factors. These
tumors are composed of neoplastic stromal cells and abundant vasculature. Stromal cells express
markers consistent with multipotent embryonically arrested hemangioblasts, which are precursors
for hematopoietic and vascular lineages. Notch receptors are transmembrane signaling molecules
that regulate multiple developmental processes including hematopoiesis and vasculogenesis. To
investigate the importance of notch signaling in the development of VHL disease—associated CNS
hemangioblastomas, the authors examined the presence of the four notch receptors and
downstream notch effectors in this setting.

Methods—The authors used surgical specimens obtained from confirmed VHL-associated
hemangioblastomas. Immunochistochemical analysis for the four notch receptors and the
downstream effectors was performed on formalin-fixed paraffin-embedded sections. Western blot
analysis for HES1 was performed on frozen specimens.

Results—All four notch receptors are present in hemangioblastomas. NOTCH1 and NOTCH4
receptors were widely and prominently expressed in both the stromal and vascular cells, NOTCH2
receptor expression was limited to primarily stromal cells, and NOTCH3 receptor expression was
limited to vascular cells. All 4 receptors displayed a nuclear presence. Immunohistochemical
analysis also demonstrated that downstream notch effectors, HES1 and HES5, were uniformly
expressed in tumor stromal and vascular cells, but HES3, HEY1, and HEY2 were not. Strong
HESL1 expression was confirmed by Western blot analysis.

Conclusions—The presence of all four notch receptors and downstream effector molecules
suggests that the notch signaling pathway plays a critical role in the maintenance of the
undifferentiated pluripotent phenotype of these tumors and in the associated vascular response.
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Moreover, the prominent expression of notch receptors in VHL-associated CNS
hemangioblastomas reveals a new and possibly potent therapeutic target.
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Von Hippel-Lindau (VHL) disease is a tumor suppressor gene syndrome resulting from an
inherited mutation in the VHL gene. Tumorigenesis follows after somatic inactivation of the
wild-type allele in specific organ systems.219:30 |n patients with VHL disease, multiple
histologically similar and highly vascular visceral and nervous system tumors will often
develop over a patient's lifetime. Recently, the molecular changes associated with loss of the
VHL protein have been elucidated.1® The VHL protein functions as the recognition subunit
of the E3 Ligase complex that targets specific proteins for “ubiquitylation” and subsequent
proteasome degradation. The best studied of these VHL-targeted proteins are the hypoxia-
inducible factors (HIFs). The loss of functional VHL protein results in continuous elevation
of HIF-1 and -2, with subsequent upregulation of downstream HIF-regulated proteins
including vascular endothelial growth factor (VEGF) and erythropoietin.

The most common manifestation of VHL disease (occurring in 60%—-80% of patients with
VHL disease) is the CNS hemangioblastoma. Patients with VHL disease frequently present
with multiple CNS hemangioblastomas and will develop multiple additional tumors during
their lifetime. Hemangioblastomas of the CNS occur in a highly conserved anatomical
pattern that is almost exclusively limited to the cerebellum, brainstem, and spinal cord.1®
Although CNS hemangioblastomas are classified as benign, they are a significant potential
cause of morbidity and death in patients with VHL disease. Currently, effective treatment
includes resection of clinically significant tumors in eloquent areas of the CNS.
Histologically, hemangioblastomas are composed of 2 predominant cell populations, stromal
and vascular, identifiable by immunohistochemical staining for neuron-specific enolase and
CD31, respectively.!

Notch receptors are a family of transmembrane signaling molecules that undergo an
intracellular cleavage following interaction with one of the notch ligands.” This cleaved ICD
of the receptor contains the C-terminus of the molecule and is translocated to the nucleus
where it acts as a transcription factor to activate the downstream notch effector molecules
such as HES and HEY. Notch receptors are particularly important during development, as
well as in the maintenance of undifferentiated pools of pluripotent progenitor cells including
hematopoietic and vascular cells.14

Previous studies have demonstrated that VHL protein—deficient hemangioblastoma cells
express multiple markers associated with pluripotent embryonic hemangioblasts and are
capable of differentiating into hematopoietic and vascular lineages.>2537 The pluripotency
of VHL disease—associated hemangioblastoma cells and the expression of markers
consistent with embryological hemangioblasts led us to hypothesize that the notch family of
developmental signaling molecules is expressed in these tumors. The purpose of this study
was to characterize notch receptor expression and downstream effector status in VHL
disease—associated CNS hemangioblastomas. All four notch receptors were expressed along
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with downstream effectors HES1 and HES5. These results suggest the importance of notch
signaling in the development of hemangioblastomas, and they identify the notch signaling
cascade as a potential new therapeutic target in the management of VHL disease—associated
hemangioblastomas.

Formalin-fixed, paraffin-embedded surgical specimens of confirmed hemangioblastomas
from patients with VHL disease were obtained according to National Institutes of Health
tissue procurement guidelines. Staining was performed on 7-10 tumors.

Immunohistochemical Analysis

Five-micrometer sections were deparaffinized and rehydrated by standard techniques.
Staining was performed as described?? using the ABC/DAB method (anti-rabbit 1gG and
DAB Kkits, Vector Lab). Primary rabbit antibodies (1 pg/ml each) were as follows: NOTCH1
(ab27526), NOTCH1 ICD (ah8925), NOTCH3 (ah23426), NOTCH4 (ab23427) (all from
Abcam); NOTCH2 (LS-C40783; Lifespan Biosciences); and normal rabbit IgG (011-000—
003, Jackson Immunoresearch). Primary rabbit antibodies (2 ug/ml each) were as follows:
HES1 (AB5702), HESS (AB5708), and HEY2 (AB5716) (all from Millipore); HES3 (LS-
C7390, Lifespan Biosciences); and HEY1 (ab22614, Abcam). Images were obtained using a
Leica DM LB microscope with a Spot Imaging camera and software (Sterling Heights). In
Adobe Photoshop, the background was adjusted using the “Set White Point” feature. No
other manipulations were performed.

Western Blot Analysis

Results

Frozen hemangioblastoma specimens were lysed in T-PER solution plus HALT (Thermo
Scientific) and sonicated for 2 minutes. Ten micrograms of protein/lane were separated on
4%-12% gradient gel and transferred, and membranes were blocked using Superblock with
phosphate-buffered saline (Thermo Scientific) with 0.1% Tween 20. Primary antibodies
were anti-HES1 (ab71559, diluted 1:3000; Abcam) and antiactin (A3853, diluted 1:2500;
Sigma-Aldrich). Following incubation with horseradish peroxidase—conjugated secondary
antibodies, bands were detected using SuperSignal chemiluminescent substrate (Thermo
Scientific) and HyBlot CL film (Denville Scientific).

VVon Hippel-Lindau disease—associated CNS hemangioblastomas were screened by
immunohistochemistry for the presence of the four notch receptors. A representative
hemangioblastoma, displaying expression of all four notch receptors in the same tumor, is
shown (Fig. 1). NOTCHZ1 staining displayed robust cytoplasmic and nuclear
immunoreactivity in both stromal and vascular cells (Fig. 1A); NOTCH2 immunoreactivity
exhibited a more discreet nuclear pattern (Fig. 1B); NOTCH3 staining displayed a distinctly
vascular pattern, with the absence of reactivity in the stromal cells (Fig. 1C); and NOTCH4
expression was similar to NOTCHL1 in that there was widespread staining in both vascular
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and stromal cells (Fig. 1D). These antibodies recognize both the membrane-bound and
cleaved forms of notch, which explains why both cytoplasmic and nuclear staining features
are observed. Although the patterns of expression differ among the notch receptor subtypes,
the intra- and intertumoral patterns for each subtype were consistent. Previous studies have
demonstrated an absence of notch receptors in normal adult brain.#0:43

Additional analysis was performed to more carefully delineate the localization of each
member of the notch family. Both nuclear and cytoplasmic immunoreactivity for NOTCH1
were observed throughout the hemangioblastoma when an antibody recognizing both the
full-length transmembrane and the cleaved intracellular forms of NOTCH1 was used. (Fig.
2A). However, using an antibody raised against the internal cleavage site of the NOTCH1
ICD revealed exclusive localization of the NOTCH1 ICD to the nuclei of both stromal and
vascular cells (Fig. 2B). Nuclear localization of NOTCH2 was primarily observed in the
stromal cells, with minimal reactivity in the vasculature (Fig. 2C). In contrast, NOTCH3
expression was limited to the vascular cells (Fig. 2D). The presence of NOTCH3 in vessels
of different morphologies was readily apparent; both small capillary structures and large
thick-walled vessels expressed NOTCH3 (Fig. 2E). NOTCH4 immunoreactivity localized to
the cytoplasm and nuclei of both stromal and vascular cells (Fig. 2F).

The presence of notch immunoreactivity in the nucleus is strongly suggestive of active notch
signaling. To confirm the observation, an analysis of downstream effector molecules was
performed (Fig. 3). HES1 was strongly detected in the nuclei of both stromal and vascular
cells and was readily apparent by Western blot analysis; HES5 was similar to HES1 but not
as strong; HES3 and HEY 2 staining revealed minimal nuclear reactivity in some stromal
cells; HEY1 was not notable under these conditions. HES1 and HES5 are considered key
notch-dependent downstream effectors, and both are important in nervous system
development,23 whereas HES3 is not necessarily notch dependent, 1% which may explain its
relative absence in this setting.

Discussion

The presence of notch receptors in hemangioblastomas is consistent with the embryonic
markers and pluripotency observed in this setting. Von Hippel-Lindau disease—associated
hemangioblastoma stromal cells simultaneously express markers associated with multiple
developmental lineages including hematopoiesis/erythropoiesis, angiogenesis/
vasculogenesis, and neurogenesis. The notch family of signaling molecules plays critical
functions in all of these processes.’22:36 |n addition, NOTCH1 and NOTCH3 have been
associated with renal cell carcinoma?’-34 and NOTCH2 with pancreatic cancer;18 tumors
also associated with VHL disease. The presence of NOTCH2 in the stromal compartment of
CNS hemangioblastomas is interesting because NOTCH2 also acts to maintain a pool of
neuronal precursors3® and to regulate erythropoiesis.*2 Both neural antigens and tumor-
derived erythrocytes have been detected in hemangioblastomas.-37

The presence of notch in the vasculature of hemangioblastomas is not surprising because
notch receptors are induced by VEGF,12 and VEGF is continuously overexpressed in
hemangioblastomas. Notch receptors are key players in both vasculogenesis and
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angiogenesis.8:9:26:31 |n addition, NOTCH1 and NOTCH4 induce a proangiogenic state and
are associated with development of brain arteriovenous malformations and thick-walled
vessels,2043 similar in morphology to those observed in this study (Fig. 2E). The exclusive
expression of NOTCH3 in the vascular compartment is of interest since NOTCH3 is critical
for proper angiogenesis and is associated with the mural cells of developing vasculature.!3
The NOTCH3-positive blood vessels may represent the component of the vasculature that is
reactive to VEGF stimulus, as this same pattern of NOTCH3 expression has been observed
in angiogenic settings not associated with VHL disease.

The expression of all four notch receptors in VHL disease—associated CNS
hemangioblastomas is noteworthy because during normal development the individual notch
receptor types often have tissue-specific functions or act in a specific temporal sequence.’
Although a source of considerable morbidity with some phenotypic features resembling a
more malignant phenotype (for example, HIF overexpression), CNS hemangioblastomas are
benign tumors. Thus, a picture of the VHL disease—associated hemangioblastoma as a
developmental, rather than oncological, phenomenon has begun to emerge. Referred to as
“developmentally arrested,” the implication is that hemangioblastomas originate from a
subset of pluripotent embryonic cells that are unable to complete their normal
developmental program in the absence of functional VHL protein.2>37 This hypothesis is
supported by the observation that certain cells/tissues require a transient period of hypoxia
and HIF upregulation to progress along their normal developmental path.17:28 As
development progresses and tissue oxygen rises, HIF decreases and subsequent signaling
pathways associated with normoxia emerge.38 In VHL disease, HIF remains elevated,
affected cells are unable to differentiate normally, and these cells may subsequently develop
into a tumor resembling (but not identical to) the embryonic pluripotent cells from which
they arose. The continuous presence of HIF may interfere with the normal differentiation
process by perpetuating notch signaling.8 The presence of HES1 and HESS in
hemangioblastoma stromal cells is consistent with continued notch signaling and the
perpetuation of an undifferentiated state.23:32

The presence of all four notch receptors in CNS hemangioblastomas suggests a novel
therapeutic option in this setting. Inhibition of notch signaling has gained prominence
recently with the development of notch inhibitors and success in model systems.11.:24.34
Several types of notch signaling inhibitors are currently available or in development.3:33.41
Specifically, gamma secretase inhibitors prevent cleavage of the membrane-associated full-
length notch, thereby preventing release of the intracellular signaling portion of the
molecule.33 This class of inhibitor has a well-tolerated clinical safety profile in other
settings.* Other inhibitors interfere with notch ligand binding or with notch ICD
transcription complex formation.19

Notch inhibitors may have an advantage over existing therapies in that they can target both
the tumor cell and the reactive vasculature.39 Previous results that involved anti-notch
strategies in experimental systems have shown efficacy and prevention of the development
of functional vasculature.3 The presence of notch receptors and the downstream effector
HES in the nuclei of both the stromal and vascular compartments of the hemangioblastoma
is important because it indicates that both cell populations may be susceptible to inhibitors
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of notch. Anti-notch therapies have also been useful as a way to specifically target VEGF-
induced vasculature,2! which is a prominent feature of hemangioblastomas.

Conclusions

This study demonstrates the expression and nuclear localization of notch receptors 1-4 in
VHL disease—associated hemangioblastomas. In addition, the presence of the downstream
nuclear effectors HES1 and HESS indicates active notch signaling in this setting. These
findings lend support to the hypothesis that the notch family of signaling molecules
contributes to the development and maintenance of the pluripotent phenotype of these
tumors. The notch pathway may provide a novel therapeutic target for a disease currently
manageable only by surgery.
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Fig. 1.
Immunohistochemical analysis of notch receptors 1 through 4 in a representative CNS

hemangioblastoma. A: NOTCH1 immunoreactivity is distributed uniformly, with
cytoplasmic and nuclear staining observed in both the stromal and vascular cells. B:
NOTCH2 immunoreactivity is confined to the nucleus. C: NOTCH3 immunoreactivity is
strongly expressed in the vascular component of the tumor. D: NOTCH4 immunoreactivity
is similar to NOTCH1, with cytoplasmic and nuclear staining observed in both the stromal
and vascular cells. E: Nonimmune rabbit IgG control. F: Hematoxylin & eosin staining
demonstrates the typical hemangioblastoma appearance with “foamy” stromal cells and
abundant vasculature. All antibodies were raised against the C-terminus of the molecule and
do not distinguish between the full-length and the cleaved forms. Staining for all four Notch
receptors was performed at the same time in the same tumor. Photomicrographs were taken
from the same area of the tumor with the same exposure settings, original magnification x
40. Bar = 100 pm.
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Fig. 2.
Cellular localization of notch receptors. A: NOTCHL1 antibody to the C-terminus recognizes

both full-length and cleaved NOTCH1 and reacts with both cytoplasmic and nuclear Notch.
B: Antibody against NOTCH ICD recognizes only the signaling portion of notch and
localizes to the nucleus. The same area of the same tumor is presented in A and B. C:
NOTCH?2 displays a nuclear localization in stromal cells with only occasional reactivity in
vascular cells. D: NOTCH3 staining from the same area presented in panel C reveals an
exclusively vascular localization. E: Low-magnification image of NOTCH3
immunoreactivity displaying abundant vasculature. NOTCH3-positive vasculature of
multiple morphologies, including large thick- and thin-walled vessels as well as
microvessels, is observed. F: NOTCHA4 reactivity is seen in the cytoplasm and nuclei of both
stromal and vascular cells. Asterisks indicate stromal cells. v = blood vessel. Bar = 20 pm
(A-D, and F); bar = 100 pm (E).
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Fig. 3.
Immunohistochemical staining of Notch downstream effectors in a representative CNS

hemangioblastoma. A: HES1 was observed in the nuclei of both stromal cells and blood
vessels. B: Western blot analysis of 4 hemangioblastomas also demonstrating the presence
of HES1. C: Scattered, faint HES3 immunoreactivity observed in the nuclei of some cells.
D: HESS displaying a pattern similar to HES1 although not as intense. E: HEY 1 staining is
not distinguishable from the negative IgG control (not shown). F: Scattered, faint HEY2
immunoreactivity observed in the nuclei of some cells. Staining for all 5 effector molecules
was performed in the same tumor. Original magnification x 40. Bar = 100 uM.
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