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ABSTRACT

Purpose: Von Hippel-Lindau (VHL) disease is a hereditary cancer syndrome expressed in multiple organs caused by
germline alterations of the VHL gene. We have shown VHL deletion in the “stromal” cells of retinal angiomas. The VHL
protein—associated complex is a primary ubiquitin ligase for the ubiquitination of hypoxia-inducible factor (HIF). This
study examines VHL and ubiquitin expression in optic nerve hemangiomas and juxtapapillary angiomas.

Methods: Using microdissection and polymerase chain reaction, four optic nerve hemangiomas (one also had juxtapap-
illary angioma) associated with VHL disease were analyzed for loss of heterozygosity in the VHL gene. In addition,
expression of HIF and ubiquitin was evaluated in these tumors by immunohistochemistry.

Results: All informative optic nerve and juxtapapillary lesions showed loss of heterozygosity in the VHL gene detected in
vacuolated “stromal” cells. Both HIF and ubiquitin were highly expressed in the hemangiomas of all four VHL cases.

Conclusions: Like retinal angiomas and other VHL tumor lesions, VHL gene deletion is found in optic nerve heman-
giomas and juxtapapillary angiomas. These tumor cells also express HIF and ubiquitin, the protein responsible for the

negative regulation of HIF that results in the hypervascularization characteristic of VHL disease.
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INTRODUCTION

Von Hippel-Lindau (VHL) disease occurs in roughly 1 in
36,000 live births and is inherited as a highly penetrant
autosomal dominant trait (ie, with a high individual risk of
manifesting the disease). Von Hippel-Lindau disease is
caused by germline alterations of the VHL gene, which
has been cloned and identified as a tumor suppressor
gene on the short arm of chromosome 3, 3p25.5."* The
major lesions in VHL disease include hemangioblastomas
in the central nervous system, retinal angiomas, clear cell
renal cell carcinomas, pheochromocytomas, pancreatic
tumors, epididymal cystadenomas, endolymphatic sac
tumors, carcinoid tumors, and multiple cysts of the
kidney, pancreas, and epididymis. Retinal angioma and
cerebellar hemangioblastoma are the most frequent and
earliest manifestations of VHL disease. Retinal angioma
has been reported in nearly 60% of patients with VHL
disease.’ VHL gene deletion and alteration are reported in
VHL tumors in various systemic organs. In the eye, VHL
gene deletion is found in the vacuolated clear, or “stro-
mal,” cells of VHL retinal angiomas.*
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Histologic features of VHL tumors are characterized
by their high degree of vascularization and the presence of
a clear cell component.™ Hypervascularization, angiogen-
esis, or both are induced by overexpression of vascular
endothelial growth factor (VEGF). Since the principal
function of VHL protein is the negative regulation of
hypoxia-inducible mRNAs, including VEGF mRNA, inac-
tivation of VHL gene plays a critical role in the angiogen-
esis of VHL tumors. We have detected expression of
VEGF messenger and protein in retinal angiomas associ-
ated with VHL disease." The VHL protein—associated
complex is a primary ubiquitin ligase for ubiquitination of
the o subunits of the hypoxia-inducible factor (HIF).®
Loss of VHL protein function in VHL disease leads to the
accumulation of ubiquitin and HIF-o. during normoxic
condition, which in turn causes constitutive induction of
HIF-responsive genes, including VEGF.’

Optic nerve hemangiomas and juxtapapillary
angiomas are relatively rare, and the prognosis is often
poor. The present study examines VHL gene and ubiqui-
tin expression in optic nerve hemangiomas obtained from
patients with VHL disease.

METHODS

Three pathological specimens with intracranial optic
nerve hemangiomas and one specimen with juxtapapillary
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hemangiomas were collected from four patients with
family histories and clinical diagnoses of VHL disease
(Figure 1). All patients were examined clinically by one of
the authors (E.Y.C.). This study has been approved by the
National Cancer Institute and National Eye Institute
institutional review boards for human subjects.

All pathological specimens were embedded in paraffin
after fixation in 10% formalin. Sections were cut and thor-
oughly reviewed to identify each angiomatous lesion in the
optic nerve. Manual microdissection was performed to
obtain hemangiomas and normal cells separately. In each
case, tumor cells were procured from areas with predomi-
nantly “stromal” cells, and normal cells were procured from
areas without tumor cells and with normal morphology.

Microdissected cells were immediately placed in
DNA extraction buffer containing proteinase K and
subjected to polymerase chain reaction as described
previously.” Briefly, all samples were examined for loss of
heterozygosity (LOH) using the microsatellite markers
D3S1038, D3S1110, and D3S2452 ﬂanking the VHL gene
(Research Genetics, Huntsville, Alabama). A case was
considered informative for a polymorphic marker if
normal tissue DNA showed two different alleles
(heterozygosity). The criterion for LOH was a complete
or near complete absence of one allele in the tumor DNA
as defined by direct visualization.

Deparaffinized sections were then subjected to
immunohistochemical analysis utilizing the avidin-biotin-
peroxidase complex technique. The primary antibodies
were mouse anti-HIF monoclonal antibody (Novus
Biologicals, Littleton, Colorado) and rabbit anti-ubiquitin
proteosome polyclonal antibody (Chemicon International,
Temecula, California). The secondary antibodies were
biotin conjugated horse anti-mouse IgG or goat anti-
rabbit IgG, respectively.

RESULTS

Two specimens were optic nerve only, one specimen was
orbital tissue with optic nerve, and one was an enucleated
eye with optic nerve. The two optic nerve lesions were
surgically removed intracranially from two female patients
(15 and 36 years of age). These patients were asymptomatic,
and these lesions were detected upon screening (Figure
1). The orbital tissue was obtained from a 44-year-old man
who had had an enucleation and radiation treatment for
the affected orbit 22 years previously. Magnetic resonance
imaging showed that he had a progressive intracranial
lesion that was extending from the optic chiasm along the
affected optic nerve to the orbit. He had gradual propto-
sis in the affected orbit that precluded proper fitting of his
eyeglasses, which prompted the surgical removal of the
orbital tissue. The enucleated eye came from a 12-year-
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FIGURE 1

Optic nerve hemangioblastoma involving the optic nerve head in a
patient with von Hippel-Lindau disease.

old girl who had exudative and tractional retinal detach-
ment from the retinal angiomas found in the retinal
periphery as well as on the optic nerve. With the excep-
tion of the youngest patient, who had a normal fellow eye,
all remaining patients had retinal angiomas with good
vision in their fellow eyes.

Histopathologically, all four specimens contained
classic VHL hemangiomas that were either juxtapapillary
angioma (one specimen) or optic nerve hemangioma (four
specimens) in the neural tissues, which matched clinical
observations (Figure 2). The hemangiomas were
composed mainly of densely packed, small capillary-like
vascular channels and small cells with prominent dark
nuclei and little cytoplasm, intermixed with vacuolated
“stromal” cells and glial cells (Figure 2A). Scatter hemor-
rhages were often present inside the VHL lesions.

Three of the four cases were informative and showed
LOH in the cells of the hemangiomas. One case showed
slightly lower intensity in one allele as compared to the
other allele in autoradiography (Figure 3). Retention of
heterozygosity was shown in the normal cells. The one
noninformative case (the orbital tissue specimen) previ-
ously had had a decalcified procedure and did not yield
polymerase chain reaction products.

HIF-1 and ubiquitin were stained intensely in all four
hemangiomas located juxtapapillary and inside the optic
nerve regions. The staining pattern was even throughout
each entire VHL lesion (Figure 4).

DISCUSSION

Although optic nerve lesions associated with VHL are a
rare cause of blindness, they may be associated with
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FIGURE 2
Microphotographs showing optic nerve hemangiomas located inside the
optic nerve (A) and above the lamina cribrosa (asterisk, B) in two patients
with von Hippel-Lindau disease (hematoxylin-eosin, original magnifica-
tion x200).
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FIGURE 3

Autoradiographs showing allelic imbalance indicative of loss of heterozy-
gosity (T) after amplification with VHL gene flanking primers D3S1038,
D3S1110, and D3S656. Matched adjacent normal cells (N) show preser-
vation of both alleles of the VHL gene.

FIGURE 4

Microphotographs showing positive staining for hypoxia-inducible factor-ou
(A) and ubiquitin (B) in two von Hippel-Lindau hemangioblastomas
(avidin-biotin-complex immunoperoxidase, original magnification x200).
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higher morbidity and reduced life expectancy. In a recent
study of 60 eyes with juxtapapillary capillary hemangioma
and VHL, McCabe and associates® observed that these
patients more often presented at a younger age, had
tumors with an endophytic growth pattern, and had bilat-
eral, multiple lesions. Furthermore, in long-term follow-
up, visual acuity was generally worsened in spite of laser
photocoagulation therapy. Our four patients presented
similarly complicated clinical courses and poor outcome.

The morphology of the optic nerve hemangiomas in
our patients more closely resembles central nervous
system hemangiomas than retinal angiomas. Small vascu-
lar components with hemorrhages are prominent, and the
vascular channels seem more closely bundled together,
thus making it difficult to identify the typical vacuolated
“stromal” cells. These features may explain the aggressive
nature of VHL lesions in the optic nerve.

Von Hippel-Lindau disease is a heritable multisystem
cancer syndrome that is associated with a germline muta-
tion of the VHL tumor suppressor gene. Similar to the
“stromal” cells of the VHL tumors in various systemic
organs, the present study has documented LOH of the
VHL gene in the optic nerve hemangiomas. Again, the
“stromal” cells of the hemangiomas are the true neoplas-
tic component of the VHL lesions.

According to the two-hit hypothesis, dominantly
inherited predisposition to cancer entails a germline muta-
tion, whereas tumorigenesis requires a second somatic
genetic alteration." Typically, patients with VHL disease
have inherited an inactive VHL allele from an affected
parent. In other words, they are VHL +/- heterozygous.
Some VHL patients without a positive family history have,
upon further investigation, been found to have a parent
who is mosaic for a VHL mutation.”? This event has been
documented in very early, premalignant lesions in the
kidneys of the patients with VHL disease.""* It is presumed
that mutations that affect one or more other genes are
required for conversion of these premalignant renal lesions
to frank renal cell carcinoma. Tumor development in VHL
disease is linked to inactivation or loss of the remaining
wild-type VHL allele in a susceptible cell or LOH (VHL -/-),
which leads to loss of the VHL gene product, VHL protein.
Indeed, the VHL gene is frequently inactivated, whether as
a result of mutation or hypermethylation, in nonhereditary
clear cell renal carcinomas and hemangioblastomas.” In
these settings, VHL gene alterations are not inherited but
rather occur somatically. The mechanism of tumor devel-
opment at different sites and organs after VHL gene inac-
tivation is still unknown.

The VHL mRNAencodesaVHL protein thatcontains
213 amino acids. Tumor formation by VHL
protein—defective renal cell carcinoma can be suppressed
after restoration of wild-type VHL protein function.'*"
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Therefore, VHL protein is a tumor suppressor protein
based on both genetic and functional criteria. The VHL
protein forms stable complexes in mammalian cells with
other proteins, including elongin B, elongin C, Cul2, and
Rbx."*?! Elongin C and Cul2 regulate protein turnover.
Many proteins that undergo regulated destruction are
first covalently modified by the attachment of a polyubiq-
uitin tail, which serves as a signal for degradation by a
multiprotein complex called a proteasome. The VHL
protein ubiquitin ligase complex polyubiquitinylates and
targets proteasomal degradation and, when oxygen is
present, HIF-a subunits. In the absence of oxygen, HIF-
o subunits accumulate and activate hypoxia-inducible
genes.” During normoxia, translated HIF-o subunits are
hydroxylated, which results in their subsequent ubiquiti-
nation and degradation. During hypoxia, the hydroxyla-
tion is inhibited. The HIF-o. subunits are therefore not
ubiquitinated and thus accumulate, regulating transcrip-
tion of the HIF-responsive genes.” High expression of
HIF and ubiquitin in our patients’ optic nerve heman-
giomas and juxtapapillary angiomas is most likely due to
the failure of ubiquitination in the VHL lesions.

HIF-1 is a heterodimer consisting of a constitutively
expressed HIF-1B subunit and an oxygen- and growth
factor-regulated HIF-1o subunit.” Increased HIF-1 activ-
ity provides a molecular basis for VEGF-induced angio-
genesis and other cancer cell adaptations to hypoxia critical
for the establishment of a primary tumor and the eventual
progression to the lethal phenotype. Retinal angiomas,
central nervous system hemangioblastomas, and renal cell
carcinomas in VHL disease are highly vascular and
frequently overproduce angiogenic factors such as
VEGF.**** The production of HIF mRNA is uncoupled
from changes in ambient oxygen in VHL protein—defective
tumor cell lines. This defect can be corrected by restora-
tion of wild-type VHL protein function.®* Furthermore,
the products of some HIF-1-inducible genes might be
suitable targets for therapeutic approaches to VHL tumors,
including retinal angioma and optic nerve hemangioma.
Recently, Aiello and colleagues® reported successful treat-
ment in a patient with VHL and optic nerve hemangioma
after systemic therapy with VEGF receptor inhibitor
SU5416. On the other hand, Girmens and associates® have
shown that SU5416 is more effective for VHL-associated
macular edema than for hemangiomas. Further clinical
studies with careful monitoring and long-term follow-up of
such treatments are required.
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DISCUSSION

Dr HaNs E. GossNIKLAUS. If one graphs the age at diag-
nosis of retinal von Hippel Lindau (VHL) hemangioma
versus percent of undiagnosed cases, two curves emerge,
similar to the two curves that Knudson found when he
derived his two-hit hypothesis for retinoblastoma. Like
the retinoblastoma gene, the VHL gene is a tumor
suppressor gene. The VHL gene has been mapped to
3p25.5 and cloned. In heritable VHL disease, patients
inherit an inactive VHL allele and the other allele is inac-
tivated or there is loss of heterozygosity (LOH). The VHL
protein ubiquitin ligase complex polyubiquitinylates
hypoxia inducible factor (HIF-o) subunits during
normoxia. During hypoxia, the hydroxylation is inhibited,
HIF-o. subunits are not ubiquitinated, and VEGF is
produced. Abnormalities in the VHL protein result in
absence of ubiquitination, increased HIF-o. subunits
during normoxia and hyperoxia, and VEGF production.
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In this study, Chan and coworkers used laser-capture
microdissection to extract cells from optic nerve VHL
hemangiomas and an enucleated eye with a peripapillary
VHL hemangioma. They demonstrated LOH for the
VHL gene in 3 of 4 cases and found HIF-1 and ubiquitin
overexpression in all four cases, thus indicating loss of
function of the VHL protein. This LOH was present in
the tumor stromal cells, but not in endothelial cells. This
reaffirms Chan’s previous work demonstrating LOH in
the stromal cells of retinal VHL hemangiomas. This work
is an example of how utilization of modern technologies
advances the field of ophthalmic pathology.

Pathologists had previously noted two components in
VHL hemangiomas: endothelial-lined vascular channels
and vacuolated stromal cells. The lesion in retinal VHL
hemangioma is identical to optic nerve hemangioblastoma
and cerebellar hemangioblastoma. The work of Chan and
coworkers definitively shows that the retinal and optic
nerve lesions in VHL are primary stromal cell tumors with
secondary vascularization due to increased VEGF produc-
tion in the tumor. Hence, “hemangioma” and “angioma”
are misnomers and should be supplanted. A better term
is retinal hemangioblastoma, since it is identical to cere-
bellar hemangioblastoma.

The clever work by Chan and coworkers offers the
opportunity for further discussion. What is the cell of
origin in optic nerve hemangioblastoma? Is it intrinsic in
the optic nerve, in the meninges in cases of the heman-
gioblastoma variant of meningioma, or both? Did any of
the patients in the current study develop VHL syndrome?
Also, do the authors recommend intravitreal injection of
VEGEF inhibitors for optic nerve or peripapillary heman-
gioblastoma?

Dr ROBERT N. FraNK. In von Hippel-Lindau syndrome
and in all the other VEGF-related diseases such as
diabetic retinopathy and age-related macular degenera-
tion, it should be noted that the major source of the
VEGEF is not the vascular cells; it is other cells, for exam-
ple neuronal and glial stromal cells of retinal tissue, which
then act secondarily on the vascular endothelium. Dr
Chan’s presentation also emphasizes that its not just
VEGF, but it's what up-regulates VEGF, hypoxia-
inducible factor, which is a transcription factor that hooks
onto the DNA and stimulates it to make more mRNA and
hence VEGF protein. Hence, the injection of a VEGF
inhibitor alone may not be sufficient for therapy. Perhaps
an approachable goal may be to develop technologies to
down-regulate these transcription factors.

Dr RoBeErT B. WELCH. von Hippel-Lindau disease and

the AOS have a long history of association. Almost three-
quarters of a century ago, Dr Harvey Cushing, who was at
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Peter Brigham Hospital, presented a fascinating case at
this meeting. This was shortly after Dr Lindau had
defined the syndrome in 1926. At that meeting, Dr
Wilmer discussed this paper and presented a beautiful
fundus painting by Annette Burgess, our wonderful artist
for so many years at Wilmer. Thirty-four years ago, my
thesis for the AOS was on von Hippel-Lindau disease, in
which T discussed the early lesions and treatment. Dr
Chan is now advancing this disease another step forward
on the molecular level. I hope this will provide us with
new means of therapy, because this is a potentially blind-
ing disease, especially for those with hemangioblastomas
of the optic nerve.

Dr JouN T. FLyNN. It is the hypoxia insult that produces
VEGF that produces the tumor. What if you could treat
these patients with hyperbaric oxygen so that their blood-
oxygen was always saturated at a PAO2 of 120? Would that
damage them vascularly, or could they survive and could
that suppress the tumor?

Dr CHI-CHAO CHAN. I appreciate the thoughtful discus-
sion by Dr Grossniklaus. There are debates on the cell of
origin of optic nerve hemangioblastoma and retinal
hemangioblastoma. Recent publications by Vortmyler
and colleagues have demonstrated that the “stromal” or
VHL cells may be developmentally arrested angioblasts'?
that can co-express erythropoietin (Epo) and Epo recep-
tor (EpoR). These hemangioblastoma cells have the
potential to develop into primitive blood vessels and
erythrocytes (extramedullary hematopoiesis).  The
hypothesis is that deletion of the VHL gene appears to be
primarily responsible for the arrest of differentiation and
possible up-regulation of Epo in EpoR expressing
angiomesenchyme during embryonic development. In
the preliminary study, we also found co-expression of Epo
and EpoR messengers and protein in VHL retinal and
optic nerve hemangioblastoma. Furthermore, we even
detected many “stromal” cells bearing hematogenous and
vascular stem cell markers such as CD31, CD34, and
CD133 in the eyes with VHL disease. So, I agree with the
proposal of Dr Grossniklaus to rename the retinal
angioma or hemangioma associated with von Hippel-
Lindau disease to retinal hemangioblastoma.

All four patients in the current study had VHL
syndrome. Two presented with VHL lesions in the eye,
CNS, and pancreas; one with VHL lesions in the eye,
CNS, head, kidney, pancreas, and adrenal gland; and one
in the eye, head, and kidney.

Macugen (intravitreal EYE001, 3 mg, q 6 wks, x6) had
no effect on retinal hemangioblastoma in five VHL
patients. However, the therapy may decrease retinal hard
exudates and macular edema, and thus may increase
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visual acuity. We suggest that Macugen may be useful as
an adjunct therapy in patients with retinal hemangioblas-
toma to decrease macular thickening and exudates.’

I agree with Dr Frank that we should think about
targeting other cell products in addition to VEGF since
there are other transcription factors that are targeted by
VHL and/or HIF. We have a proposal awaiting NIH
approval where we plan to target Epo and EpoR. The
problem with systemic treatment is that it may affect
erythroid progenitor cells in the bone marrow. This will
have problems of erythrocyte regeneration. We should
consider locally targeted drug treatment or drug delivery.

Dr Welch is the person who defined von
Hippel-Lindau disease for the ophthalmologists; I am
very thankful for his remarks and kind words. Concerning
Dr John Flynn’s comment, hyperbaric oxygen might be
tried and proposed for a new therapeutic protocol.
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