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Abstract

Background—von Hippel-Lindau Disease (VHL) is an autosomal dominant inherited systemic
cancer syndrome. Recently, many advances have contributed to the understanding of VHL
pathophysiology.

Methods—In this article we review recent developments and summarize our findings in VHL
molecular pathology related to retinal and optic nerve diseases.

Results—Loss of heterozygosity (LOH) within the VHL gene is detected in the stromal cells
surrounding the capillary endothelial cells and admixed with glial cells in ocular hemangioblastomas.
This finding is in line with similar findings in VHL-associated CNS hemangioblastoma and renal
clear cell carcinomas. Increases of vascular endothelial growth factor (VEGF), hypoxia induced
factor (HIF), and ubiquitin are found in ocular hemangioblastomas.

Interestingly, tumorlet cells, which are composed of poorly differentiated small cells with prominent
dark nuclei and little cytoplasm, as well as several stem cell markers, such as erythropoietin (Epo),
Epo receptor (EpoR), and CD133, are present in ocular VHL lesions. CXCR4, a CXC chemokine
receptor is also expressed in retinal VHL hemangioblastomas.

Conclusions—These findings imply that VHL cells with LOH of the tumor suppressor gene, most
likely originate from a hematopoietic/vascular lineage. Targeting these proteins and ischemic factors,
not VEGF alone, may be a potential therapeutic approach for VHL-associated ocular
hemangioblastomas.
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Von Hippel-Lindau (VHL) disease occurs in 1/36,000 live births per year.1 VHL has a
remarkable penetrance of over 90% by 65 years of age.1 Of all VHL patients, 49-85% develop
retinal hemangioblastomas, making this ocular sign the most common presentation of the
disease.2:3 VHL-associated retinal hemangioblastomas usually develop at a mean age of 25
years. Recently, in a large series of 406 patients (199 families) with ocular VHL disease, Chew
reported that approximately 8.4% of the eyes had a visual acuity of 20/200 or worse and that
8.1% of these eyes required enucleation.4 However, patients can maintain a relatively normal
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quality of life as well as life span if comprehensive screening methods and timely treatments
are performed.

VHL disease is an autosomal, dominant inherited cancer syndrome. It is caused by a germline
alteration of the VHL gene, a tumor suppressor gene located on chromosome 3p25.5. 6 \VHL-
associated tumors have revealed an allelic deletion within the VHL gene locus. According to
the “Knudson two-hit” model that one allele is constitutively inactivated while the other allele
is subsequently inactivated (second hit) at the somatic level.” Therefore, it is believed that the
pathology is linked to the somatic inactivation or loss of the remaining wild-type VHL allele.
The genetic inactivation leads to malignant tumors in multiple organs including the eye, CNS,
lfigney, inner ear, pancreas, broad ligament, epididymis, and rarely the liver, lung, and ovary.

The VHL mRNA encodes a protein termed VVHL protein (pVHL).8’9 A subdomain of pVHL
binds to elongin C, a protein which nucleates a complex containing elongin B, cullin-2 (CUL2),
and RBX1. This complex targets specific proteins for the polyubiquitylation of the a-subunits
of hypoxia-inducible factor (HIF). A lack of pVHL induces profound intracellular metabolic
changes that closely resemble changes observed under oxidative stress. In pVHL defective
cells, there is a lack of HIF degradation causing the excessive accumulation of this protein.
HIF is primarily used to signal hypoxia and further mediates the upregulation of hypoxia-
induced genes such as vascular endothelial growth factor (VEGF), erythropoietin (Epo),
platelet-derived growth factor (PDGF-g), and transforming growth factor (TGF- a).8 HIF also
activates NF- B and cycline A, thereby producing many cytokines and growth factors. In
addition, HIF can cause the release of fibroblast growth factor (FGF) and epidermal growth
factor (EGF).lO By blocking EGF, the growth of renal cell carcinoma can be inhibited; SiRNA
inhibition of FGF, on the other hand, has been shown to reduce the proliferation of pulmonary
artery smooth muscle cells.10-12 | summary, the VHL protein stimulates a number of
angiogenic factors capable of inducing and promoting the formation of various VHL-associated
lesions such as hemangioblastomas, cysts, and other tumors.

Recent advances in the molecular genetics and pathology of VHL have furthered our
understanding of the disease pathogenesis and have introduced new potential therapeutic
strategies. In this review, we describe our findings on the molecular pathology of ocular VHL
with a focus on the mechanisms behind tumorigenesis and on potential therapeutic strategies
for this disease.

Ocular Clinical Manifestations of VHL

The most common attributes of this disease are associated with maximum morbidity and
mortality including retinal hemangioblastomas (angiomas or hemangiomas), brain and spinal
hemangioblastomas, renal cell carcinomas and cysts, pancreatic cancers and cysts, and
pheochromocytomas.13'14Germline VHL mutations have been identified that result in three
distinct cancer phenotypes: 1) renal carcinoma without pheochromocytoma; 2) renal carcinoma
with pheochromocytoma; and 3) pheochromocytoma alone.15:16 The mutations associated
with the first group of cancer phenotypes, or Type 1, are more commonly deletions and
truncating mutations which cause a predisposition to hemangioblastomas and renal cell
carcinomas. The mutations in the second and third phenotype groups, or Type 2, are more
commonly missense mutations. The cancer phenotypes which belong to Type 2 are further
divided into three subtypes: type 2A, which is detected in hemangioblas-tomas or
pheochromocytomas but is rarely observed in renal cell carcinomas; type 2B, which is detected
in hemangioblastomas, renal cell carcinomas, and pheochromocytomas; and type 2C, which
is detected in pheochromocytomas only. VHL-associated ocular lesions are retinal and optic
nerve hemangioblastomas, and belong to types 1, 2A, and 2B.
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Retinal hemangioblastomas are often the most common and earliest presentation of VHL
disease.3 Usually the hemangioblastomas present as a solitary “vascular” tumor in the superior
temporal region of the peripheral retina in a patient in their mid twenties (Figure 1)_17,18 Upon
ocular examination, the tumor is noted to be accompanied by exudation, subretinal fluid, and
prominent feeder vessels. Vitreous or retinal hemorrhages are uncommon. Retinal tractional
detachment may develop at the end stage of the disease. In Chew’s series, 205 of the 406
patients with VHL developed ocular diseases.# In addition to the retinal hemangioblastomas,
retinal neovascularization was described in 8.3% (17 cases). Intraorbital/intracranial
hemangioblastomas were found in 5.4% (11 cases) of the patients with ocular manifestations.
The differential diagnoses of VHL-associated retinal hemangioblastomas include Coats’
disease, racemose hemangioma (Wyburn-Mason disease), retinal cavernous hemangioma,
retinal microaneurysm, and vasoprolif-erative retinal tumor.219

Optic nerve capillary hemangioblastomas or juxtapapillary capillary hemangioblastomas
associated with VHL are difficult to treat and the visual prognosis is often poor (Figure 2).

0 In Chew’s report, optic nerve hemangioblastomas occurred in 23.4% of the patients with
VHL eye disease and in 11.1% of the 406 patients with VH L.4 These tumors can first present
as small lesions at the optic disk or in the peripapillary region. The optic nerve tumors may
grow very slowly over a number of years. With increased growth and/or vascular leakage,
visual acuity deteriorates with the development of retinal edema, hard exudates, epiretinal
membranes, and even detachment of the macula.21Differential diagnoses of optic nerve
hemangioblastoma include disk edema, papillitis, sarcoidosis, and anterior ischemic optic
neuropathy.22

Ophthalmic Pathology of VHL

Histopathologically, retinal and optic nerve hemangioblastomas are similar to CNS
hemangioblastomas (Figure 3). The tumors can replace the entire layers of the neuroretina and
are composed of many abnormal capillarylike fenestrated channels surrounded by vacuolated
foamy cel Is.3:23-29The vacuolated foamy cells are easily identified in the larger lesions. These
foamy cells contain large intracytoplasmic lipid inclusions that are homogeneous with medium
electron density (Figure 4A).2 The tumors lack endothelial cells and some contain reactive
glial cells (Figure 4B).3723‘29Reactivesg(!ial proliferation occurs most often at the margins of
relatively large hemangioblastomas.z&

Recently, Chan and associates have identified sporadic tumorlet cells characterized by small
cellular clusters, which form angiomesenchymal islands in ocular VHL-associated lesions
(Figure 5).31Tumorlet cells have also been described in VHL-associated CNS
hemangioblastomas as well as in other systemic lesions.32=3%Unlike the solitary tumorlets
observed inthe CNS, ocular tumorlet cells are frequently located adjacent to either small retinal
vessels or admixed within the inner retinal layers. Isolated tumorlet cells are also detected
inside or near the retinal and optic nerve lesions.31

All ocular hemangioblastomas express high levels of VEGF, HIF, ubiquitin, Epo, and EpoR.
23,24, 31\/EGF is detected in the neovasculature of fibrovascular epiretinal membranes, but is
not seen in the vitreous of an eye with VHL disease (Figure 6, A and B).36VEGF, HIF,
ubiquitin, and Epo are closely related to hypervascularization, angiogenesis, or both.37-
40pVHL plays a critical role in the transduc-tion of signals generated by changes in ambient
oxygen tension.371n a normal cell, the pVHL forms stable pVHL-elongin-CUL2 complexes.
These complexes regulate ubiquitin and HIF production and accumulation and thus repress
many proteins such as VEGF, Epo, PDGF, FGF, and EGF. When pVHL is defective, HIF will
not be regulated properly and will act as a transcription factor for downstream target genes
including VEGF and Epo, which are both activated during hypoxia. Upregulation of VEGF
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and its receptors have also been reported in VHL-associated and sporadic CNS
hemangioblastomas.

Several stem cell markers including CD133, Epo, and EpoR have been detected in ocular
hemangioblastomas associated with VHL.31cD133 is a surface molecule expressed on
progenitors from hematopoietic, endothelial, and neural Iineages.42This marker is also specific
for embryonic stem cell-derived progenitor cells.43CcD133 positive cells can be distributed
either diffusely or sparsely within the hemangioblastoma. These CD133 positive cells are
mostly the vacuolated “stromal” cells and tumorlet cells. Immunoreactivity against CD117,
the stem cell factor receptor,44is rarely positive in ocular hemangioblastomas.31

Epo has been reported to regulate various human malignancies via its involvement in tumor
growth, viability, and angiogenesis.45Expression of EpoR has been well documented in
embryonic stem cells and tumors within the CNS, uterus, and 0varies.46Coexpressed Epo and
EpoR have been identified in various VHL-associated lesions including CNS
hemangioblastomas.32‘34However, expression of EpoR is more prominent than Epo in ocular
VHL-associated hemangioblastomas. Moreover, these two proteins are not coexpressed
ubiquitously.:"’1

Pathology of Ocular VHL Hemangioblastomas

Using microdissection and molecular analysis, we have successfully analyzed ocular
hemangioblastomas of 20 patients with VHL, including 16 retinal and 4 optic nerve lesions.
Loss of heterozygosity (LOH) of the VHL gene was clearly identified in the vacuolated
“stromal” cells, but not in the vascular endothelial or reactive glial cells of the 15 retinal and
4 optic nerve hemangioblastomas.23’24’30'310nIy one of the 20 cases was noninformative.
23These findings demonstrate that the tumor cells (vacuolated foamy “stromal” cells) contain
a deletion of one VHL gene wild-type allele. This supports the theory that it is the “stromal”
cells that are genetically altered, whereas the vascular components retain heterozygosity of the
VHL gene locus, in CNS hemangiobalstomas.25Thus, these vacuolated, foamy “stromal” cells
are the true tumor cells of the disease.

In accordance with the findings on HIF and independent protein expression in ocular
hemangioblastomas, the transcripts of HIF target genes such as VEGF and Epo are also detected
in ocular VHL lesions.23:31 Interestingly, we have found an increased expression of VEGF
mRNA correlates with a greater quantity of tumors within the eye as well as with an increased
disease activity through quantitative reverse-transcriptase polymerase chain reaction (RT-
PCR). The high expression of VEGF transcripts produces higher levels of VEGF and, therefore,
may be responsible in part for abundant neovascularization and subsequent tumor growth. In
additionto VEGF, other HIF-induced molecules that are involved in VHL also secrete anumber
of cytokines and growth factors such as TGF, PDGF, FGF, and EGF. Many of these factors
are also related to angiogenesis. These factors may promote the proliferation of vessels within
the tumefactions in the eye and the production of various systemic tumors in other tissues with
VHL disease. Therefore, anti-VEGF therapy alone will not be efficient or sufficient to treat all
VHL-associated lesions in the eye.

In an evaluation of six ocular hemangioblastomas, Epo and EpoR were coexpressed mainly
within the tumorlet cells of VHL-associated lesions. 1Coexpression of Epo and EpoR may
reflect a developmental arrest in CNS angioblasts and in renal immature mesenchymal cells.
This finding implicates progenitor cellular involvement in VHL-associated lesions. 547Based
on our findings, these “vascular” lesions are composed of vacuolated “stromal” and tumorlet
cells with LOH at the VHL genes. These cells may represent potentially immature tumor VHL
cells. Furthermore, there is lack of apoptosis or in situ DNA fragmentation in ocular VHL cells,
which supports the notion that the true neoplastic cells are the vacuolated “stromal” cells.30
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Recently, we have detected expression of both CXCR4, a chemokine receptor that is involved
in the trafficking of hematopoietic progenitors and stem cells, transcript, and protein in VHL-
associated retinal hemangioblastomas.48CXCR4 is another HIF-induced product and is
reported to be downregulated by pVHL under normoxic conditions.4%Under hypoxic
condition, there is HIF-dependent CXCR4 activation. Expression of CXCRA4, therefore, may
play a role in the attraction, migration, development, and regulation of embryonic VHL cells
in the eye.

New Therapeutic Approaches for VHL-Associated Ocular
Hemangioblastomas

The management of patients with VHL is complex because of the progressive and variable
nature of multiple neoplasms in various organ systems. For ocular hemangioblastomas,
conventional treatments include observation, laser photocoagulation, and cryotherapies.ll
2With continued growth of the ocular lesions, either with or without treatment, the retina may
detach and develop proliferative neovascular membranes.%36The neovascular membrane can
be removed surgically, especially in those cases with tractional retinal detachment or those
affecting the macula. Nevertheless, the underlying retinal hemangioblastomas still continue to
produce VEGF and other neovascular growth stimulators.

Knowledge of the molecular genetics behind VHL disease has led to various pharmacologic
agents that block different steps (antiangiogenesis, cycline-depending kinase inhibitor) in the
pathway of pVH L.50_528ystemic or intravitreal injection of anti-VEGF drugs for ocular VHL
has recently been subscribed.4’53'54AIthough macular edema and the retinal hard exudates
are decreased in some cases, ocular hemangioblastomas are not affected by the anti-VEGF
therapies alone.4>41n one study, SU5416, a VEGF receptor inhibitor, failed to reduce the size
of VHL retinal hemangioblastoma in spite of intravenous administration for 7 months.23In
another study, intravitreal injections (every 6 weeks for six doses) of Macugen, a VEGF
inhibitor, did not alter clinical appearances of retinal hemangioblastomas but decreased retinal
exudates and edema in two patients with VHL.4Since VHL cells are responsible for the
production of many other cytokines that cause angiogenesis, a better therapeutic approach may
be to target these cells.

Based on the above molecular and pathologic findings, therapeutic strategies for ocular VHL
may require targeting the tumor cells directly. Inhibition of CXCR4 and Epo/EpoR has recently
been considered in the treatment of some malignancies. Targeting CXCR4 is currently being
tested in a clinical trial for breast carcinoma.” Epo has been implicated as a neurocognitive
protectant used for the treatment of patients with lung cancer.20Stem cell transplantation and
tumor vaccine may be another approach for the treatment of VHL disease.51!528pecific genetic
and molecular analyses of ocular VHL-associated lesions will further our understanding of the
mechanisms behind tumor growth and reinforce our understanding of normal retinal and optic
nerve development as well as tumorigenesis in the eye. VEGF inhibition alone will likely not
be adequate to treat VHL-associated hemangioblastomas in the eye.
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Fig 1.
Funduscopic photograph showing a typical hemangioblastoma in the peripheral retina of a
patient with von Hippel-Lindau disease.
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Fig 2.
Funduscopic photograph showing a hemangioblastoma in the optic nerve head of a patient with
von Hippel-Lindau disease.
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Fig 3.
Macroscopic photograph showing multiple retinal hemangio-blastomas in the eye of a patient
with von Hippel-Lindau disease.
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Fig 4.

A, Transmission electron micrograph showing many electron homogenous globules in the
cytoplasm of a stomal cell (x30,000). B, Microphotograph showing many foamy cells
composing the stroma of a von Hippel-Lindau-associated retinal hemangioblastoma
(hematoxylin & eosin, x400).
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Fig 5.
Microphotograph showing small clusters of tumorlet like cells in a von Hippel-Lindau-
associated optic nerve head hemangioblastoma (hematoxylin & eosin, x400).
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Fig 6.

Microphotographs showing (A) a preretinal neovascular membrane removed from a patient
with von Hippel-Lindau disease (hematoxylin & eosin, x400) and (B) expression of vascular
endothelial growth factor (dark black-bluish color) in the membrane (avidin-biotin-complex
immunoperoxidase, x400).
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