KLinsen

OBM Neurobio/ogy LIDSEN Publishing Inc.

Review

Sporadic and Hereditary Hemangioblastoma: The Role of Endothelial
Cells

Alberto Feletti * *, Elena Bianchini > 1, Anna De Gaetano 3, Lara Gibellini * Sara De Biasi ®, Giacomo
Pavesi 1, Anna Vittoria Mattioli 2, Milena Nasi 2, Andrea Cossarizza 4, Marcello Pinti ¥ T~

1. Department of Neurosciences, Neurosurgery Unit, Azienda Ospedaliero-Universitaria di
Modena, Modena, Italy; E-Mails: alberto.feletti@gmail.com; g.pavesi@ausl.mo.it

2. Department of Surgery, Medicine, Dentistry and Morphological Sciences, University of Modena
and Reggio Emilia, Modena, Italy; E-Mails: elena.bianchini@unimore.it;
annavittoria.mattioli@unimore.it; milena.nasi@unimore.it

3. Department of Life Sciences, University of Modena and Reggio Emilia, Modena, Italy; E-Mails:
anna.degaetano@unimore.it; debiasisara@yahoo.it; marcello.pinti@unimore.it

4. Department of Medical and Surgical Sciences for Children and Adults, University of Modena
and Reggio Emilia, Modena, Italy; E-Mails: lara.gibellini@unimore.it;
andrea.cossarizza@unimore.it

t These authors contributed equally to this work.
* Correspondence: Marcello Pinti; E-Mail: marcello.pinti@unimore.it
Academic Editor: Antonio Meola

Special Issue: Tumors of the Central Nervous System

OBM Neurobiology Received: November 26, 2018

2019, volume 3, issue 1 Accepted: February 19, 2019

doi:10.21926/obm.neurobiol. 1901021 Published: March 04, 2019
Abstract

Hemangioblastomas (HBs) are benign, highly vascularized tumors of the central nervous
system. Approximately 75% of HBs are sporadic, while 25% are associated with von Hippel—
Lindau (VHL) disease. HBs consist of two main components: a rich capillary network
composed of vascular endothelia and pericytes, within large vacuolated stromal cells, which
harbor the genetic defect. The mechanism by which the VHL gene product (pVHL) causes HB
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is not completely clear. Wild-type pVHL is involved in the response to hypoxia, targeting HIF-
a for ubiquitination and degradation in the presence of oxygen, but not under hypoxic
conditions. Thus, it is postulated that mutated pVHL stabilizes HIF-1a even under normoxic
conditions, resulting in upregulation of cellular proliferative and angiogenic genes that
promote tumorigenesis. In addition to VHL mutations, a variety of genes and microRNAs that
promote angiogenesis and cell proliferation have been implicated in the pathogenesis of HB.
To date, no biomarkers for the prediction of HB onset, recurrence, or progression have been
identified. We recently proposed the quantification of circulating endothelial cells (CECs)
and their progenitors, circulating endothelial progenitors (CEPs), as potential biomarkers for
monitoring the presence of HB and its recurrence after surgical resection of the tumor. In
this review, we discuss the possible role of these cells in the onset of HB and the technical
challenges for their accurate identification and quantification.

1. Introduction

Hemangioblastomas (HBs) are biologically benign, highly vascularized tumors that account for
1%—2.5% of all intracranial tumors and 7%—-12% of posterior fossa neoplasms in adults [1]. The
majority of HBs evolve as solitary sporadic lesions. However, in 25% of cases they are associated
with von Hippel-Lindau (VHL) disease (OMIM 193300), an autosomal dominant multi-organ
neoplastic syndrome, with complete penetrance, and variable expression, caused by mutations in
the tumor suppressor VHL gene [2, 3]. Affected patients may develop visceral tumors, such as
clear cell renal carcinomas, pheochromocytomas, renal and pancreatic cysts, neuroendocrine
tumors, epididymal cystadenomas, and ovarian cysts, and central nervous system (CNS)
malignancies, such as cerebellar, brainstem and spinal hemangioblastomas, retinal angiomatosis,
and endolymphatic sac tumors. The disease has a prevalence of 2—-3 per 100 000 and an estimated
incidence of between 1 in 36 000 and 1 in 52 000 live births [4, 5]. All mutation carriers usually
develop clinical features by 65 years of age [6]. Although VHL disease was recognized as a specific
syndrome in the early 1900s [7-9], it was not until 1993 that Latif identified the VHL gene on the
short arm of chromosome 3 (3p25-26) [10]. The VHL gene encodes the VHL protein, which is
mainly responsible for hypoxia-inducible factor-1 alpha (HIF-1a) degradation under normoxic
conditions.

The symptoms of HBs depend on the location of the tumor. Cerebellar HBs more commonly
present with headache, ataxia, nausea, vomit, dysmetria, and hydrocephalus. Brainstem HBs cause
dysarthria, dysphagia, bradycardia, dyspnea, anorexia, and hiccups. Hyposthenia, hypo- or
paresthesia, and pain are typical symptoms of spinal cord HBs [11]. Magnetic resonance imaging is
the best diagnostic technique, through which HBs are visualized as a contrast-enhancing mass,
eventually associated with a cyst or syrinx. In VHL disease, surgery is reserved to those patients
who suffer symptoms, or in cases of HBs showing progressive growth in a potentially dangerous
location. If the tumor is completely removed, there are usually no recurrences. However, new
lesions may occur in VHL patients due to the natural history of the disease.
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Although many studies have elucidated the details of the molecular pathways involved in the
development of HBs in patients affected by VHL, the genetic bases of sporadic HBs are still largely
unclear, and new hypotheses have also been proposed for VHL-related HBs.

2. Hemangioblastomas and Their Genetic Basis

The genetic basis of HBs has been partially clarified. VHL-related HBs are thought to be caused
by the combination of a first, inherited mutation in the tumor suppressor VHL gene and a second,
acquired mutation, according to Knudson’s two-hit hypothesis. The VHL tumor suppressor gene is
located on the short arm of chromosome 3 (3p25-26), and is expressed in several tissues both
inside and outside of the CNS [12].The VHL gene coding sequence, consisting of approximately 14
500 base pairs, is formed by three exons, each comprising 712 nucleotides [13]. Two forms of VHL
MRNA exist, differing in the presence or absence of exon 2, thus encoding two distinct VHL
proteins, both of which function as active oncosuppressors [14]. Germ-line and sporadic mutations
of the VHL gene involve all three exons, and encompass missense mutations along with non-sense
mutations, micro-deletions/insertions, splice site mutations and large deletions [12]. Some studies
also suggest that hypermethylation of the promoter region of VHL is a possible epigenetic
mechanism of protein inactivation [15, 16]. Hypermethylation can occur in normally unmethylated
sites that are rich in 5’-CG-3’ sequences known as CpG islands.

The role of the VHL gene in the development of sporadic HBs has been debated, with several
studies showing that VHL mutation does not cause sporadic HBs, while others indicate the
involvement of the VHL gene [17, 18]. However, recent observations have confirmed that sporadic
HBs may also be associated with cryptic VHL inactivation [19].

In addition to the VHL gene, other genetic alterations have also been implicated in the
tumorigenesis of HBs. Comparative genomic hybridization studies showed that DNA losses at 6q
are frequent alterations in HBs [20]. Other studies confirmed that loss of heterozygosity (LOH)
occurs concurrently at 6g and 3p in almost 70% of cases, suggesting that a tumor suppressor gene,
namely ZAC1, located at 6q is involved in the development of HB [21, 22]. The ZAC1 gene, which
encodes an inducer of cell cycle arrest and apoptosis, is characterized by LOH in a significant
number of sporadic HBs [20]. Moreover, in 90% of analyzed sporadic HBs cases, the ZAC1 gene
promoter is hypermethylated.

3. Molecular and Cellular Features of Hemangioblastomas

As stated previously, HBs are benign CNS tumors occurring either sporadically or associated
with VHL syndrome. It has been shown that mutations in the VHL gene leading to loss of its
functions are involved in the pathogenesis of HBs in familial [23] as well as most sporadic cases
[19].

Although genetic defects in VHL predispose individuals to HBs, the mechanisms by which the
VHL gene product (pVHL) causes neoplastic transformation have not been fully elucidated. In the
presence of oxygen, the wild-type pVHL degrades HIF-a by ubiquitination. In contrast, under
hypoxic conditions, the wild-type pVHL does not recognize and bind to HIF-1a, thus preventing its
degradation. Similarly, it is postulated that mutated pVHL stabilizes HIF-a, resulting in downstream
upregulation of cellular proliferative and angiogenic genes, such as vascular endothelial growth
factor and platelet-derived growth factor, which promote tumorigenesis [24]. Moreover, in
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addition to VHL mutations, a variety of genes and microRNAs (miRNAs) have been implicated in
the pathogenesis of HBs, all of them being functionally involved in cell proliferation and
angiogenesis promoting pathways [25].

Histologically, HBs consist of two main components: a rich capillary network (composed of
vascular endothelia and pericytes) within large vacuolated stromal cells, which harbor the genetic
defect [12]. However, their cytological origin is uncertain and controversial. It has been
hypothesized that the stromal cells are derived from embryonic, developmentally arrested
hemangioblasts [26], which are multipotent common precursors of hematopoietic and endothelial
cells [27]. More recently, a subpopulation of stage-specific embryonic antigen-1 positive cells has
been detected. These cells are characterized by the capability of differentiating into stromal-like
cells and vascular cells in the presence of the specific HB niche, and deemed to be the tumor-
initiating cells in both sporadic and familial HBs [28]. Concerning vascular cells, it has been
suggested that they undergo intensive reactive angiogenesis within the pseudo-hypoxic (pVHL-
deficient) environment of the tumor [29]. However, de novo tumor-derived vasculogenesis has
been reported, corroborating the hypothesis that hemangioblasts represent the neoplastic cells
from which HBs originate [29].

4. Circulating Endothelial Cells and Their Progenitors

Circulating endothelial cells (CECs) and their progenitors, circulating endothelial progenitors
(CEPs), are non-hematopoietic cells present in the blood. They are characterized by different
origins: indeed, CECs arise from the mature endothelium of the vessel wall in response to a
damaging stimulus, whereas CEPs are derived from the bone marrow and participate in vascular
repair and homeostasis [30].

Phenotypically, there is a lack of consensus about the surface markers that unambiguously
distinguish CECs from CEPs, mainly because they cannot be characterized by a single marker [31].
Thus, a combination of markers is required. Several markers occur on both cell types, including
CD34, CD31, CD146 and CD309, while CD133 is the sole antigen that seems to be expressed on
CEPs alone and is subsequently lost in mature CECs [32]. Accordingly, CECs and CEPs are usually
defined by the expression of endothelial markers (such as CD34, CD31 and CD146) together with
the absence of the pan-hematopoietic marker CD45 within viable, nucleated blood cells [33]; the
addition of the progenitor marker CD133 allows discrimination between the two populations.
Other properties that differentiate CECs from CEPs are the ability of CEPs to form colonies in vitro
with high proliferative potential, and the uptake of acetylated low-density lipoproteins [30].

In healthy individuals, detection of CECs and CEPs in the peripheral blood is a rare event
because renewal of the endothelial layer takes place continuously, but at a low replication rate of
0%—-1% per day [34]. Thus, one of the major challenges to the quantification of these cells is
represented by their low frequency in the blood. The recent, extraordinary advances and
standardization of the technologies available for identifying, quantifying and characterizing rare
populations of circulating cells [35, 36] have made the detection of CECs and CEPs possible. In
particular, immunomagnetic isolation and fluorescence-activated cell sorting have been
successfully employed for cell isolation, while flow cytometry has allowed multiparametric analysis
[34].
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Although rarely found in healthy individuals, increased levels of CECs and CEPs have been
detected in patients affected by several pathological conditions, encompassing cardiovascular,
autoimmune and neoplastic disorders, and correlate with disease severity [37-41]. These
observations suggest that CEC and CEP numbers could be used in clinical practice as non-invasive,
blood-based markers for detecting a variety of diseases and monitoring their clinical course,
although the achievement of a consensus on the value of the identification and enumeration of
CECs and CEPs for this purpose remains to be established.

5. Endothelial Cells in Hemangioblastomas: A Possible Predictive Role?

Although benign, HBs can be a significant source of neurological morbidity or even mortality
following intratumoral hemorrhage or cystic expansion of the tumor. Surgical resection of
symptomatic or progressing lesions is the preferred treatment modality and can be curative,
although observation is reasonable for asymptomatic lesions with minimal growth [24].
Unfortunately, no biomarkers have yet been identified to predict the onset, recurrence, or
progression of HB.

Although the studies supporting CEC and CEP enumeration and monitoring as candidate
biomarkers are limited, the data obtained so far are promising. Bhatt et al. investigated mature
CECs and CEPs, along with their ratio, in renal cell carcinoma (RCC), a condition often associated
with VHL disease other than HBs [42]. A significant increase in CEPs was observed either in
patients with VHL disease and RCC or in those with sporadic RCC compared to patients with VHL
disease without RCC and healthy. Moreover, CEPs decreased after surgery in patients with non-
metastatic sporadic RCC. Overall, these observations paved the way for the use of CEP counts as a
monitoring strategy for patients with VHL syndrome [42].

In addition, more recently, we implemented a flow cytometric method for accurately
qguantifying CECs and CEPs in the peripheral blood of a cohort of nine patients with HB (8 VHL-
affected, 1 with sporadic HB), before and after surgery, in order to assess their use as direct
markers of the presence of the tumor [43]. We took advantage of a high-speed, acoustic focusing
flow cytometry technique to detect staining of a panel of markers encompassing CD276, a tumor
endothelial marker that characterizes a subset of CECs arising specifically from the tumor
endothelium [44-46]. A higher percentage of CEPs was detected in HB patients before surgical
resection of the tumor in comparison to that in healthy individuals, and the level decreased in HB
patients one month after surgery, corroborating the hypothesis that baseline CEP percentage and
kinetics could be a valid tool for monitoring HB onset and recurrence [43].

It is well-established that co-treatment with antiangiogenic drugs prevents the rapid
mobilization of pro-angiogenic bone marrow-derived CEPs, and their subsequent tumor
colonization [47, 48]. Thus, the aforementioned findings could have important clinical implications
with the potential to be translated from the bench to clinical practice. However, treatment with
antiangiogenic agents could importantly limit the use of CEPs as a reliable marker in surgically
non-resectable HBs.

6. Concluding Remarks and Future Perspectives

Most of the studies aimed at clarifying the role of genetics in the tumorigenesis of HBs have
focused on the VHL gene. Its biallelic inactivation is the cause of the development of the tumor in
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patients affected by VHL disease. Although it is now accepted that the VHL gene also has a role in
sporadic cases, and recent studies indicate crucial contributions of other genes in the
tumorigenesis of sporadic HBs. These alterations affect several pathways downstream of the VHL
protein and are involved in neovascular formation.

Moreover, recent studies showed a correlation between the presence of HBs and CEP levels,
indicating a possible involvement of CEPs in the formation of HBs and a potential new predictive
marker. We propose that these cells can be used as non-invasive, blood-based predictors by
employing high-sensitivity flow cytometric techniques, which will overcome challenge presented
by the rarity of CEPs in the peripheral blood and the need for multiparametric analysis to
unambiguously identify these cells. Confirmation of the predictive role of CEPs for monitoring HBs
could pave the way to the establishment of a diagnostic tool useful for neurosurgeons involved in
the treatment and cure of HB.
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