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Abstract

Purpose—To better understand the histogenesis of ocular hemangioblastomas associated with von
Hippel-Lindau (VHL) disease.

Methods—We found that co-expression of Epo and EpoR may mediate developmental stagnation
and induce proliferation of hemangioblastoma. All lesions were frozen and/or fixed in formalin and
embedded in paraffin. The specimens were sectioned and subjected to routine histology,
immunohistochemistry and molecular analyses. Avidin-biotin-complex immunoperoxidase was
used to evaluate the expression of erythropoietin (Epo), Epo receptor (EpoR), CD31, CD34, CD117,
and CD133. Ocular hemangioblastoma cells were microdissected in order to determine expression
of Epo and EpoR transcripts using reverse transcription-polymerase chain reaction.

Results—Tumorlet-like cells were identified in retinal and optic nerve hemangioblastomas. Co-
expression of Epo and EpoR at both protein and messenger levels was detected in many
hemangioblastoma cells. In addition, ocular VHL lesions expressed several stem cell markers
including CD133 to various degrees.

Conclusions—The data suggest that VHL disease-associated ocular hemangioblastomas are
comprised of developmentally arrested stem cells including hemangioblasts, endothelial, and
neuronal progenitor cells. We found that co-expression of Epo and EpoR may not only mediate
developmental stagnation, but may also induce proliferation. Suppression of the growth of AC133/
CD133 positive stem cells might be considered as one of the therapeutic targets for VHL-associated
hemangioblastoma.

von Hippel-Lindau disease (VHL) is an autosomal dominant, multisystem neoplastic syndrome
that results from a germline mutation in the VHL gene [1,2]. Germline mutations in the VHL
gene lead to the development of several tumors and cysts in many organs. Affected individuals
are at risk of developing retinal and CNS hemangioblastomas, endolymphatic sac tumors, renal
cysts, clear cell carcinomas, pheochromocytomas, pancreatic cysts, neuroendocrine tumors,
epididymal cystadenomas, and broad ligament cystadenomas [3-8]. Retinal and CNS
hemangioblastomas are the most common, and are most frequently, the earliest manifestations
of VHL.

VHL, a tumor suppressor gene, is located at chromosome 3p25.5 [9,10]. According to

Knudson’s two-hit hypothesis, tumor formation is initiated first by inactivation of the wildtype
VHL allele [11,12]. The ensuing loss of VHL protein function interferes with the formation of
the VHL protein complex (VHL protein bound with other proteins including elongin B, elongin
C, and cullin 2). This protein complex determines the ubiquitin-dependent proteolysis of large
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cellular proteins. The aberrant formation of the VHL protein complex induces the cell to
upregulate the hypoxia-inducible factor (HIF) signaling pathway thereby resulting in
overexpression of several hypoxia-inducible genes such as vascular endothelial growthfactor
(VEGF), erythropoietin (Epo), and platelet derived growth factor (PDGF) [13,14]. We have
also previously demonstrated abundant expression of HIF, ubiquitin, and VEGF in VHL-
associated retinal and optic nerve hemangioblastomas [15,16].

The roles played by Epo and erythropoietin receptor (EpoR) in the pathogenesis of VHL have
been investigated [17,18]. Similar to VEGF, VHL protein may negatively regulate Epo in the
non-hypoxic microenvironment of a hemangioblastoma [19,20]. Some rare VHL patients have
polycythemia, a condition which has previously been attributed to Epo production by VHL
cells [21]. Some polycythemic cases with high Epo levels, such as patients with Chuvah
polycythemia, have been found to carry a mutation at the VHL allele [22-25]. Mesenchymal
tumorlets composed of poorly differentiated small cells with prominent dark nuclei and little
cytoplasm are frequently found in CNS hemangioblastomas [26]. Recently, it has been
suggested that arrested angioblast cells, such as tumorlets, along with co-expression of Epo
and EpoR may be a developmental origin of hemangioblastomas in the CNS [18,26]. In this
study, we examined the expression of Epo, EpoR, and other stem cell markers in VHL-
associated retinal hemangioblastomas.

Ocular hemangioblastoma lesions from four eyes and two optic nerves were collected from six
patients with familiar hereditary VHL disease. All patients were examined clinically by one
of the authors (EYC) at the National Eye Institute (NEI). Both the National Cancer Institute
and NEI Institutional Review Boards approved this study for human subjects in adherence with
the tenets of the Declaration of Helsinki.

All pathological specimens (eyes and optic nerves) were frozen and/or fixed in formalin. The
frozen portions were embedded in optimal cutting temperature (OCT; Sakura Tissue Teck,
Torrance, CA) compound and the formalin-fixed portions were embedded in paraffin. The
specimens were then sectioned through the lesions and subjected to routine histology,
immunohistochemistry, and molecular analyses as described previously [15]. The avidin-
biotin-complex immunoperoxidase technique was applied to the frozen sections. The primary
antibodies were against Epo (Oncogen, Cambridge, MA), EpoR (CalBioChem, Cambridge,
MA), CD31 (Biodesign, Kennebunk, ME), CD34 (Becton Dickinson, San Jose, CA), CD117
(Biodesign), CD133 (Miltenvi Biotec, Auburn, CA), and control IgG. The secondary
antibodies were biotin-conjugated horse anti-mouse 1gGs. The substrate was an avidin-biotin-
peroxidase complex (Vector Labs, Burlingame, CA), the chromogene used was
diaminobenzidine, and the counterstaining is methyl green. The positive color should be black
bluish.

The hemangioblastoma cells were carefully microdissected from the frozen sections for Epo
and EpoR mRNA using reverse transcription-polymerase chain reaction. Briefly, RNA was
isolated from manually collected hemangioblastoma cells or by using the PicoPure RNA
isolation kit (Arcturus, Mountain View, CA). The reverse transcription reaction was performed
using Superscript I RNase H- Reverse Transcriptase (Life Technologies, Rockville, MD). The
PCR primers for Epo were sense, 5-TCT ATG CCT GGA AGA GGA TGG AGG TCG-3'and
antisense, 5'-TGC GGA AAG TGT CAG CAG TGA TTG TTC-3'. For EpoR, there primers
were sense, 5'-CAC AAG GGT AAC TTC CAG CTG TGG CTG TA-3'and antisense, 5'-CAT
TTG TCC AGC ACC AGA TAG GTA TCC TGG-3'. The PCR reaction mixture contained
cDNA, 400 nM of 32P |abeled sense and antisense primer, 400 nM of dATP, dCTP, dGTP, and
dTTP, and 0.5 unit of AmpliTag Gold Polymerase (Perkin Elmer, Branchburg, NJ) in a final
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volume of 10 pl of 1 X Tag polymerase buffer containing 1.5mM MgCl,. The PCR was carried
out for 40 cycles at 94 °C for 45 s, 63 °C for 1 min and 72 °C for 2 min. The PCR products
were visualized following polyacrylamide gel electrophoresis and autoradiography.

RESULTS

Tumorlet-like cells in ocular VHL hemangioblastomas

The four eyes and two optic nerves revealed classic hemangioblstomas with characteristic
features of VHL associated tumors. The ocular lesions were best visualized in the formalin-
fixed, paraffin-embedded sections. Microdissected hemangioblastoma cells showed loss of
heterozygosity at the VHL gene locus in all six specimens. This finding confirmed our previous
reports of VHL gene deletion in ocular VHL lesions [15,16,27].

The hemangioblstomas were characterized by an admixture of small capillary-like vascular
channels surrounded by large vacuolated cells (Figure 1A, Figure 2A, and Figure 3A) and small
cells with prominent nuclei and scanty cytoplasm without vacuolation (Figure 1B-D). The
presence of small capillary-like vascular channels surrounded by large vacuolated cells is the
main morphology observed in hemangioblastomas [4,15,16,27]. The small cells shared similar
morphology to the “tumorlet” cells seen in CNS hemangioblastoma [26]. However, unlike
CNS tumorlet cells, these cells were closely associated with, or adjacent to, either small retinal
vessels or small clusters admixed in the inner retinal layer (Figure 1B,D). Therefore, we refer
to these cells as “tumorlet-like cells.” Also, reactive glial proliferation was observed at some
large tumor margins (Figure 2A). Similar observations have been described previously [27].

Detection of stem cell markers in ocular VHL hemangio-blastomas

Positive CD31 staining outlined the vascular endothelial cells. CD34 staining was detected
mostly along the vascular channel walls (Figure 2B). Although CD31 and CD34 cells
overlapped in most areas, CD34 positive cells outnumbered CD31 positive cells. CD133, a
transmembrane protein expressed on hematopoietic, endothelial, and neural progenitor cells
[28], was positive in all cases. The CD133 positive cells were diffusely or scantily distributed
within the individual hemangioblastoma (Figure 2C,Figure 3B,D). Many VHL cells and
tumorlet-like cells stained positively; however, the vascular walls were not always positive.
Interestingly, CD117, the c-kit tyrosine kinase receptor and the stem cell factor receptor [29],
was sparsely positive or completely negative in some hemangioblastomas (Figure 2D, Figure
3C).

Expression of Epo and EpoR in ocular VHL hemangioblastomas

Epo and EpoR expression was observed in the VHL lesions in six specimens. Among these
specimens, the staining of EpoR was more intense and diffuse as compared to Epo in most
areas (Figure 4A). Epo and EpoR were expressed mainly in tumorlet-like cells or near
“premature” VHL cells. In a few rare instances, Epo and EpoR staining were not located in the
same areas. Epo and EpoR transcripts were detected in microdissected tumor cells (Figure 4B).

DISCUSSION

Ocular hemangioblastomas associated with VHL are composed of tumorlet-like cells that stain
positively for stem cell markers. These cells seem to represent “immature” VHL cells. These
“immature” cells may be similar to the tumorlets seen in arrested hemangioblastoma [26]. Here,
we demonstrated for the first time that ocular VHL lesions express several important stem cell
markers. These markers exhibit expression patterns similar to those found in brain tumors such
as medulloblastoma and malignant glioma [30,31].
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CD133 (AC133 antigen, human prominin 1; OMIM 604365) was first described in 1997 as an
antigen to which the AC133 monoclonal antibody binds, and a glycosylated 5-transmembrane
protein of unknown function [32]. When discovered, the antigen was thought to be a
hematopoietic stem cell-specific marker expressed on various types of leukemia and some
lymphoma cells [33-35]. However, CD133 expression was also detected in undifferentiated
epithelium, retinoblastomas, teratocarcinomas, hemangioblastomas, and kidney and brain
tumors [30,32,36,37]. Furthermore, in addition to hematopoietic stem cells, CD133 has been
identified in different stem cells [28,38,39]. Thus, this glycoprotein has become a specific
marker for various stem and progenitor cell populations including endothelial, hematopoietic,
and neural tissue. Recent studies on a cancer stem cell in human malignant tumors have
demonstrated that clonal populations of neoplastic cells exhibit marked heterogeneity with
respect to proliferation, self renewal, and differentiation [31,39,40]. This cell-type in the brain
represents a minority of the tumor cell population and expresses the cell surface marker CD133
[38]. Expression of CD133 in VHL lesions is consistent with that stem cells are a component
of ocular hemangioblastomas.

CD117, the stem cell factor receptor (SCF), is the c-Kit proto-oncogene [29,41]. c-Kit is the
cellular homolog of the viral oncogene v-Kit [42]. CD117 is expressed in normal hematopoietic
progenitors of the erythroid, granulomonocytic, and megakaryocytic cells in normal bone
marrow. CD117 is present in mast cells, melanocytes, and some carcinoma cell lines as well.
Hematopoietic stem cells co-express CD117 and CD133 on their surfaces [43]. Expression of
CD117 is highly specific for acute myelogenous leukemia [44]. The lack of CD117 positive
cells in our cases suggests that VHL cells may not have myeloid or neural crest lineage.

CD34, a heavily glycosylated Type | transmembrane protein, was first detected in hemapoietic
and lymphopoietic progenitors [45,46]. Despite some controversy, CD34 has been used as a
conventional stem cell marker for hematopoietic and endothelial cell populations [47,48].
CD34 has been demonstrated in VHL lesions of cerebellar hemangioblastoma and in
endolymphatic sac tumors [49-51]. The current study illustrated CD34 positive cells in ocular
VHL lesions. These cells seem to closely follow the vascular and Epo/EpoR distribution
patterns observed in ocular hemangioblastomas. CD34 positive cells in ocular
hemangioblastomas may include the angiogenic precursors that have been well documented
in VHL lesions [15,52-54]. Therefore, CD34 stains immature neovascular endothelial cells,
which are typically negative for the CD31 marker.

Epo is reported to regulate various human malignancies by its involvement in tumor growth,
viability and angiogenesis [55]. In erythropoiesis, Epo prevents apoptosis of Eporesponsive
erythroid precursor cells and stimulates their proliferation and differentiation into erythrocytes.
The binding of Epo to EpoR leads to the activation of a transcriptional factor, STAT5, which
then induces mitosis of the erythroid precursor cells [56]. Expression of Epo and EpoR has
been reported in embryonic stem cells and tumors found in the CNS, uterus, and ovaries [55,
57,58]. The signaling pathways of Epo and EpoR are involved in tumorigenesis. Epo
contributes to the growth, viability, and angiogenesis of malignant cells and capillary
endothelial cells in the tumors by protecting them from apoptosis and stimulating them to
proliferate. However, these cells do not regulate the number of EpoR sites as in erythroid
differentiation; therefore, Epo appears to cause unlimited proliferation. Co-expression of these
two proteins may reflect a developmental arrest in CNS angioblasts and renal immature
mesenchymal cells and indicate that progenitor cells are involved in VHL lesions [18,59].
Similar to VHL-associated CNS hemangioblastoma and renal clear cell carcinoma, this study
showed expression of Epo and EpoR, particularly EpoR, in ocular hemangioblastomas.
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summary, this study illustrates tumorlet-like cellsand CD133, CD34, and Epo/EpoR positive
lIs in ocular VHL hemangioblastomas. These findings suggest that these cells may represent

potentially immature tumor VHL cells within the eye. These tumorlet-like cells require further
investigation. Our data may contribute to a better understanding of the tumorigenesis involved

in
ce

ocular VHL hemangioblastoma and, by suggesting the possible use of CD133/AC133+ stem
ll-targeting therapy, may help to identify better strategies in the management of this disease.
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Figure 1.

Tumorlet cells in ocular hemangiobalstoma. A: A classical VHL hemangioblastoma was
composed of many vacuolated “stroma” cells (arrows) located between small vessels. B: Small
tumorlet cells (arrow) were located adjacent to well-defined retinal vessels. C: Isolated small
cells or tumorlet-like cells (arrow) were observed in a retinal hemangioblastoma. D: Several
islands of tumorlets (arrows) are identified in an optic nerve hemangioblastoma. Sections were
stained with hematoxylin & eosin; the original magnifications were 400x. The scale bars
represent 50 pm.
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Figure 2.

Stem cell markers in a retinal hemangioblastoma. Many positive cells (black bluish color) are
stained with CD34 and CD133 (arrow). Only occasional positive CD117 cells (arrow) are seen.
The upper left panel was stained with hematoxylin & eosin. The other panels represent avidin-
biotin-complex counterstained with methyl green. The original magnifications of the upper
and lower panels were 100x and 200x, respectively. The scale bars represent 40 um.
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Figure 3.

Stem cell markers in another hemangioblastoma. Positive cells (black bluish) for CD133
(arrows) highlight the VHL cells. Only a few positive CD117 cells (arrow) are seen. The upper
left panel was stained with hematoxylin & eosin. The other panels represent avidin-biotin-
complex counterstained with methyl green. The original magnifications of the upper and lower
panels were 200x and 400x, respectively. The scale bars represent 50 um.
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Figure 4.

Epo and EpoR in retinal hemangioblastoma. A: microphotographs show the expression of Epo-
and EpoR-staining cells (black bluish color, arrows) on the VHL lesion. The images labeled
epo and epoR were reacted with primary antibodies, respectively, against epo and epoR,
secondary biotin-conjugated antibodies, and avidin-biotin-peroxidase complex, and
counterstained with methyl green. The original magnification was 200x. The scale bar
represents 40 um. B: Autoradiography showed expression of Epo mRNA and EpoR mRNA
from VHL cells in two cases analyzed by RT-PCR (lanes 1 and 2). Lane 3 is a negative control,
in which microdissected RNA was omitted. The primer sequences are from [18]. Both RT-
PCR primer pairs spanned at least one intron. The expected products for Epo, EpoR, and 18S
are 276 bp, 224 bp, and 459 bp, respectively. The RNA from the isolation of the microdisscted
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cells was digested with DNase 1 for several hours. The RT-PCR resulted in a single band of

the expected size from an mRNA template. This indicates that there is no genomic DNA
contamination, which would create a band of a larger size if intronic sequences were present.
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