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Abstract

Background

Von Hippel-Lindau (VHL) is a rare inherited dominant disorder leading to central nervous system hemangioblastomas, clear
cell renal carcinoma, pheo-chromocytoma, and pan-creatic tumors. It affects 1 in 36,000 births, VHL patients are het-erozygous
for a pathogenic VHL mutation in germline. A second mutation in the other al-lele is required for tumor development, resulting
in loss of pVHL function, responsible for degradation of Hypoxia-Inducible Factor (HIF) under normoxia. Without pVHL, HIF
translocates into nucleus, inducing targets of the hypoxia program, among them genes involved in proliferation and angiogenesis.
VHL disease shows variable phenotypic man-ifestations and different severity. A previous study analyzed a severe case of VHL
with an unusually early onset and aggressive progression, carrying a heterozygous Check2 muta-tion. Methods: Cell cultures from
three surgeries of this patient were analyzed, revealing complete loss of pVHL and multiple somatic mutations in different tumor
cells. Using the “Pandrugs” algorithm as a predictive tool and inputting VHL and CHEK?2 as the mutated genes, Olaparib was
identified as the most suitable therapeutic option. Olaparib is a poly (ADP-ribose) polymerase (PARP) inhibitor. Results: In vitro,
olaparib reduced cell viability by 50%, moreover combined with ICI-118,551, a beta-adrenergic receptor blocker, viability was
re-duced by 80%, showing an additive effect. Conclusions.: These findings highlight the role of personalized medicine showing
how tailored treatments can improve clinical outcomes.

Keywords: AVon Hippel-Lindau; Hemangio Blastoma; CCRCC; Beta-Adrenergic Receptor; CHEK?2; ICI-118,551; Olaparib; Per-
sonalized Medicine.

Abbreviations ICI ICI-118,551

The following abbreviations are used in this manuscript: ELST Endolymphatic Sac Tumors

VHL  Von Hippel-Lindau VEGF Vascular Endothelial Growth Factor

CNS  Central Nervous System VEGF-R Vascular Endothelial Growth Factor Receptor
Hb Hemangioblastoma mTOR Mechanistic Target Of Rapamycin
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ccRCC clear cell Renal Cell Carcinoma

HIF Hypoxic Inducible Factor

HUVEC Human Umbilical Vascular Endothelial Cells
PARP Poly [ADP-Ribose] Polymerase

SSBs  Single-Strand Breaks

BER  Base Excision Repair

DSBs  Double-Strand Breaks
Introduction

Von Hippel-Lindau (VHL) disease (ORPHA:892) is an au-
tosomal dominant, rare tumor syndrome caused by germline
mutations in the tumor suppressor gene VHL (NC_000003.12),
located on chromosome 3 (3p25-p26) [1]. With an incidence
of approxi-mately 1 in 36,000 births and nearly complete pen-
etrance (>90%) by the age of 65, patients with VHL develop
hemangioblastomas (Hbs) in the central nervous system (CNS)
[2]. In addition to CNS tumors, visceral lesions such as clear-
cell renal cell carcinoma (ccRCC), pheochromocytomas, and
pancreatic neuroendocrine tumors may also occur in these in-di-
viduals. The CNS tumors typically include hemangioblastomas
in the retina and the craniospinal axis (cerebellum, brainstem,
and spinal cord), with more rare occurrences of endolymphatic
sac tumors (ELSTs) [3,4]. Patients carry VHL mutations in a
heterozygous state across all cells of the body. However, tumor
formation occurs at sites where a second somatic event ("second
hit") inactivates the remaining wild-type VHL allele, resulting in
complete loss of functional VHL protein.

This gene contains three exons: exon 1 includes nucleotides
1-340 (codons 1-113), exon 2 spans nucleotides 341-463 (co-
dons 114—154), and exon 3 covers nucleotides 464—642 (codons
155-213) [5,7]. Affected individuals inherit one mutated VHL
allele from a parent, and disease development typically follows
loss or inactivation of the remaining wild-type allele. Mutations
have been reported in all three exons. Approximately 30-60%
are missense mutations, 20-40% are large intragenic deletions
(ranging from 0.5 to 250 kb), 12-20% are small insertions or
deletions, and 7—11% are nonsense mutations [8].

The natural history of Von Hippel-Lindau (VHL) disease indi-
cates that the average age of symptom onset is around 26 years
(according to Orphanet), with 80% of patients developing at
least one CNS hemangioblastoma (Hb) during their lifetime
[9,10]. In the absence of effective treatments for VHL-related
tumors, repeated surgeries remain the primary approach to man-
aging the disease [11]. However, these recurrent surgeries can
significantly diminish the patient's quality of life [12]. While in-
hibitors targeting VEGF/VEGFR and mTOR have been evaluat-
ed in clinical trials, their efficacy has been limited. In advanced
clear-cell renal cell carcinoma (ccRCC), tyrosine kinase inhibi-
tors like Pazopanib have been used, though resistance often de-
velops as the tumor adapts to the microenvironment [13].

Recently, the selective HIF-2a inhibitor belzutifan has shown
promising short-term therapeutic effects in treating VHL-related
c¢cRCC and its associated symptoms [14]. The progression of
hemangioblastomas tends to be notably faster in symptomatic
tumors, particularly those with cysts. Patients under the age of
20 are more likely to develop new tumors compared to those
older than 40 years. A higher tumor burden may indicate or re-
sult from other aggressive underlying pathological factors.

HR Homologous Recombination
RPMI  Roswell Park Memorial Institute
PBL  Peripheral Blood Lymphocytes
WB Western Blot

HRP  Horseradish peroxidase

LOF  Loss Of Function

Recently, we have published the two sides of the coin on VHL
disease. On one hand, a 72-year-old VHL patient showing any
disease symptoms because she also is carrier of a pathogenic
mutation of another rare disease, Neuronal Ceroid Lipofuscino-
sis (ORPHA: 228360), counteracting this fact the complete pen-
etrance of VHL, and avoiding the tumor growth due to her VHL
pathogenic mutation one each other [15]. On the other hand, the
case followed up, in the present manuscript, shows a patient who
had a notable early onset of the disease (11 years old), showing
a very severe phenotype [16]. Between its 13 and 26, he suffered
up to 6 surgeries with a total of 12 CNS Hbs ressected. A germi-
nal and somatic clinical exome was performed after the surgery
in 2022 and the study revealed the presence of an additonal ger-
minal pathogenic mutation to the already known VHL deletion.
It is a mutation in heterozygous condition at the CHEK?2 gene
in in the germinal line, worsening the pathological condition of
the patient.

The CHEK?2 mutation was inherited by maternal side . The
father and sister of this patient did not carry the CHEK2 gene
mutation, while being both heterozygous for the VHL deletion.
These relatives don’t show such a severe phenotype as in the
case under study.

This case highlights the importance of individualized, large-scale
genetic analyses in inherited rare diseases with atypical clinical
histories, to uncover additional mutations that may contribute to
the observed phenotype. Therefore, a deeper understanding of
tumor pathophysiological features may contribute to more ac-
curate prognostic assessments and enhance the effectiveness of
both surgical and non-surgical interventions, while also opening
new avenues for the development of targeted therapies.

The present work focuses on the molecular analysis and a per-
sonalized therapeutic perspective, with the aim to improve the
health condition of this and other VHL patients whose patholog-
ical issues don’t fit the natural history of the VHL disease.

Once the genetic condition of the patient was uncovered, we
took advantage of the open source PanDrugs algorithm (https://
www.pandrugs.org) which scores gene actionability of the tu-
mor molecular alterations and drug feasibility to provide a per-
sonalized and prioritized evidence-based list of potential thera-
peutic drugs [17].

Olaparib, an oral inhibitor of poly (ADP-ribose) polymerase
(PARP), was indicated as the first choice. Then, in vitro studies
of the primary cultures, treated with Olaparib alone or in com-
bination with ICI-118,551 (ICI), a beta-adrenergic receptor 2
blocker with demostrated therapeutic properties in VHL disease,
showed therapeutic properties since tumor cell viabilty was im-
paired 50% and 80%, respectively [18].

Olaparib (Lynparza) (AstraZeneca, Cambridge, UK), is an oral
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inhibitor of poly (ADP-ribose) polymerase (PARP) , specifical-
ly designed to competitively inhibit NAD+ at the catalytic sites
of PARP1 and PARP2, essential for DNA single-strand breaks
(SSBs) repairing, via the base excision repair (BER) pathway.
By inhibiting this pathway, Olaparib leads to the accumulation
of unrepaired SSBs, which eventually result in harmful dou-
ble-strand breaks (DSBs). In tumors with homologous recombi-
nation HR deficiencies, Olaparib induces synthetic lethality. The
present study examined VHL gene mutations and expression
patterns across the patient’s last three consecutive surgical spec-
imens. In addition, patient-derived cultured cells were treated
with Olaparib as a personalized therapeutic approach, given the
presence of germline mutations in both VHL and CHEK?2.

Materials and Methods

Ethics

The procedure was fully approved by the Ethics Committee of
the National Agency for Research in Spain (CSIC), under refer-
ence number 075/2017. Informed consent was obtained from the
patient for each surgery.

Cell Cultures

Primary cultures of CNS hemangioblastomas (Hb) were estab-
lished from surplus tissue obtained during the patient's last three
surgeries. The samples were mechanically and enzymatically
dissociated and subsequently cultured in RPMI medium sup-
plement-ed with 20% fetal bovine serum (FBS), following the
protocol described in [19]. The tissue used was fresh and not
preserved in RNA later or formalin-fixed. Cells began to prolif-
erate shortly after dissociation and were maintained in culture
until confluence was reached.

Human Umbilical Vein Endothelial Cells (HUVECs) were
cultured in EBM-2 medi-um (Lonza), combined with Single-
Quots™ (Lonza) endothelial growth medium-2 (EGM-2) com-
ponents. The culture medium was additionally enriched with
20% fetal bo-vine serum (FBS), 2 mM L-glutamine, and 100 U/
mL penicillin/streptomycin., 100X anti-biotic-antimycotic, and
Mycozap (all from GIBCO, Grand Island, NY, USA excepting
My-cozap, from Lonza, Basel, Switzerland). The samples had
been collected at three different surgeries, in 2018 (Hb24cib)
and 2020 (Hb38cib), both from spinal cord, and in 2024 (Hb-
73cib) from cerebellum.

Genomic DNA Extraction and Sequencing

Total DNA was isolated from peripheral blood lymphocytes
(PBL) and freshly ob-tained tumor tissue using the QIAamp
Mini Kit (Qiagen, Diisseldorf, Germany), according to the man-
ufacturer's protocol. Library preparation was carried out using a
custom panel designed with SureSelectXT technology (Agilent
Technologies, CA, USA), targeting the exonic regions of clin-
ically relevant genes along with adjacent splicing sites (within
5-20bp). Sequencing was performed on the NovaSeq 6000 Sys-
tem™ (Illumina, CA, USA), a high-throughput next-generation
sequencing platform. Tumor-derived libraries were se-quenced
at an average coverage depth of 500%. The resulting reads were
mapped to the human reference genome (GRCh38/hg38) and
processed through quality control pipe-lines. Variant calling fo-
cused on mutations located within exons and splice-site regions
(minimum 5 bp from exon—intron boundaries).

RNA Extraction, Reverse Transcription, and QPCR

A culture of 3 x 10° primary tumor cells was processed for RNA
isolation using the NucleoSpin RNA purification kit (Mache-
rey-Nagel GmbH&Co, Diiren, Germany), in ac-cordance with
the manufacturer's instructions. Approximately 1 pg of RNA
was reverse transcribed using the Applied Biosystems kit (Ther-
mo Fisher Scientific, Waltham, MA, USA). Quantitative PCR
was conducted with the FastStart Essential DNA Green Master
mix (Roche, Basel, Switzerland) to amplify the VHL gene, with
18S RNA serving as a housekeeping control. Each sample was
analyzed in triplicate, and experiments were performed at least
three times. The primers used for amplification were:

18S Fwd CTCAACACGGGAAACCTCAC; Rev CGCTCCAC-
CAACTAAGAACG, and VHL Fwd. ATCCGTAGCGGTTG-
GTGA; Rev CTCACGGATGCCTCAGTCTT.

Pan Drugs.

PanDrugs (http://www.pandrugs.org) offers a bioinformatics
platform designed to prioritize anticancer drug therapies based
on personalized multi-omics data. The software consolidates in-
formation from 23 primary data sources and maintains 74,087
drug-target interactions derived from 4,642 genes and 14,659
distinct compounds.

For identifying potential therapeutic drugs, we introduced VHL
and CHEK?2 as the target genes mutated in the patient’s germ
line. The system, based on their clinical status and signaling
pathway effect, scores and suggests some drugs indicating its
effect in one or both affected genes. Nevertheless, we searched
for those who showed some activities in both mutations

Western Blot (WB)

Cell lysates were prepared from around 1 million cells cultured
in a P10 plate to analyze proteins in Western Blot. Final protein
concentrations were measured using the Coomassie (Bradford)
Assay Kit (Promega, Madison, WI, USA). Samples were pre-
pared for electrophoresis on Mini-Protean TGX Precast Gels
(4-20% gradient) (BIORAD, Hercules, CA, USA), loading 15
pg per well in a total 20 pl volume. Each sample was loaded
by duplicate in Laemmli Buffer. Separation was performed at
150V for one hour and proteins were transferred to a nitrocel-
lulose membrane (Amersham, GE, Chicago, IL, USA) at 4°C
overnight 25 V in (Tris-Glycine, 10% methanol) buffer. The
membrane was transiently stained with Ponceau red to check the
amount of transferred protein. The membrane was then rinsed
with PBS-Tween (0.05%) and incubated with a blocking solution
consisting of 5% skimmed milk in PBS-Tween-20 for one hour.
Afterwards, it was incubated with mAb anti-von Hippel-Lindau
(Novus Biologicals Cat NB110-10160), Centennial, CO, USA)
1:500 diluted, at 4°C, overnight. Next day, the membrane was
washed and incubated for one hour with HRP-conjugated an-
ti-mouse antibody (Dako, Agilent Technologies) 1:2,000 dilut-
ed. The peroxidase reaction was done with the Super Signal
West Pico Plus kit (Thermo Fisher Scientific) and detection of
the luminescent signal was analyzed by a Gel-Doc (BIORAD).

Cell Treatments

In 96-well plates, 3 experiments were performed for each of the
cell cultures from 3 independent and consecutive surgeries of
the same patient. In each experiment, 7 treatment conditions
were set up, each in quadruplicate. In each well, 5000 cells were
seeded in a total volume of 150uL culture medium. Cells were
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treated for 48 hours with ICI 118.551 (Sigma-Aldrich 1127, San
Louis, Ma, USA) (100uM), Olaparib (50uM and 100uM) (Sig-
ma, Aldrich, SML3705), or the combination of both (ICI 100pM
+ Olaparib 50puM or ICI 100uM + Olaparib 100uM) and via-
bility was measured by the commercial CellTiter-Glo Lumines-
cent Cell Viability Assay kit (Promega). This kit measures the
amount of ATP produced by the cells, and the reaction was made
following manufacturer's instructions. The luminescence result-
ing from the reaction was quantified in the Glo Max®-Multi+
Detection System (Promega).

Statistics

Data are expressed as mean =+ standard deviation (SD). Statisti-
cal analyses were performed using Student’s t-test for compar-
isons between two groups, and two-way ANOVA followed by
Tukey’s multiple comparisons test for analyses involving two in-
dependent variables (performed using GraphPad Prism version
8.0.1). Normality and homogeneity of variances were verified
before applying parametric tests. Differences were considered
statistically significant at p < 0.05, with significance levels indi-
cated as follows: p <0.05, p<0.01, p <0.001, and p < 0.0001."

DNA Analysis in Germline and Hemangioblastoma Primary
Cultures from Different Surgeries of the Same Patient.

A personalized study of tumoral cells grown from VHL surplus
surgeries of an especially severe VHL case, previously published
by us has been followed up. The patient had an early onset of the
disease (11 years old) with a very severe phenotypes suffering up
to 6 CNS surgeries with a total of 12 CNS Hbs resected between
13 and 26 years of age (Table 1).

Genetic analysis revealed a complete deletion of one VHL al-
lele, inherited from the paternal side, spanning from exon 1
(Chr3:10,142,089) to exon 3 (Chr3:10,149,946) [16] (Figure 1).
Additionally, the heterozygous variant ¢.1259+1G>C was de-
tected, which results in the skipping of exon 10, frameshift of
the coding sequence, and premature termination of the resulting
protein (p.Prol336Frameshift*2). Both variants are classified
as highly pathogenic. The surgeries and type of Hbs were as
showed in Table 1, while the mutation segregation of VHL and
the CHEK?2 mutations found after DNA analysis of tumor after
2022 surgeries are depicted in Figure 1.

The timeline of all the surgeries in the members of the family

Results affected by the VHL germinal allelic loss is exemplified in Fig-
Table 1. Description of the different surgeries (year, CNS location and number of resected Hbs) suffered by the patient.
Surgery year Hemangioblastoma
2013 Medulla oblongata (2)
Cervical spinal cord (1)
2018 Conus medullaris
2020 Medulla oblongata (2)
Cervical spinal cord (1)
2021%* Cervical spinal cord (Hb24cib)
2022%* Intramedullary dorsal / spinal cord (D3+D5) (Hb38cib)
2024%* Cerebellum (2) (Hb73cib)

Family segregation

VHLY

VHLY

1I-1

1l -

-1

CHEK2"
-2

VHLY"

-2

Figure 1. Familial pedigree of subject III-1 for the VHL and CHEK2 genes. While the VHL mutation is inherited through
the paternal side, the CHEK2 mutation is passed down through the maternal side.
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Figure 2. A timeline showing all the surgeries in the patient (III-1), his sister (III-2), and his father (II-1), as well as the

ages at which they occurred.

In 2023 a new surgery was carried out, resecting 2 Hbs from
cerebellum. DNA from one of them was extracted and subject-
ed to a clinical exome analysis with a depth of >500 readings.
Then, in addition to the two germinal heterozygous mutations
in VHL and CHEK?2, previously described, a second hit, in the
VHL remaining allele was identi-fied; a somatic 4 bp nucleo-
tide deletion of VHL (¢.402_405del (AATT)), in 34.7% of the
cells. This deletion leads to a frameshift with a premature stop
of the translation process (p.Glul34Aspfs*24). In the previous
clinical exome analysis of the 2022 Hb surgery (Hb65c¢ib), the
second hit in the other allele of VHL was not found, although
other so-matic mutations in genes involved in tumor develop-
ment by LOF were reported. The changes were a deletion in
exon 1 of BRAF at cytoband 7q34 and a deletion in exon 1 of
PTPNI11 at cytoband 12q24.13. These mutations were not pres-
ent in the germline. These different mutations found in tumors
of two consecutive surgeries, mediating less than 1 year among
them, demonstrate a high rate of mutation present in the case
under study. On the other hand, the different mutations found
in the Hbs analyzed point to the in-dividuality, and independent
somatic nature of each Hb.

The second hit differs in different Hbs of the same patient:
VHL expression at RNA and Protein level.

As mentioned, in the last Hb somatic exome analysis, from the
last surgery (Hb73cib), we were able to find the second hit mu-
tation in exon 2 of VHL. At least 35% of the cells, in the surgical
surplus, had a second hit with a mutation VHL ¢.402_405del
(AATT). We wondered whether we could find a second hit in
the primary cultures grown from the previous surgeries. Total
DNA was extracted from the primary cell cultures derived from
the three previous surgeries and the VHL gene was sequenced
without finding any other mutation but the germinal one, the
complete deletion of VHL. Several possibilities may account for
this second hit triggering tumor development: mutations in pro-
moters, enhancers, deep intronic regions, or epimutations in the
pat-tern of VHL DNA methylation. These possibilities cannot be

detected by the DNA exomal approach.

Next, the RNA levels of VHL in cells of the three last surgeries
were analyzed by RT-qPCR. We found RNA expression in all
of them, but at significantly reduced than in HUVECs, a pri-
mary culture of normal endothelial cells used as control. In this
particular case, only one VHL allele could be transcribed, since
the germinal mutation was a complete allele deletion. Thus, the
RNA was coming from the other allele, wild type in the germinal
line. However, since the RNA was coming from Hbs, a second
hit in VHL was predicted to account for the decrease in RNA
expression. From the Figure 3A, representing the RT-qPCR it is
clear the cells from Hbs synthesize RNA from this second allele,
although less than 50%. In addition, a dot plot of gPCR cycles
results is shown in Figure S1.

Hemangioblastoma cells express less RNA of VHL but have
no VHL protein expression.

The next question to find out was the expression of pVHL. If the
cells from the surgeries were expressing RNA from VHL, could
they express, to some extent, pVHL? As observed, WB analysis
showed no pVHL expression, even after long exposure times.
HUVECSs primary culture was used as a positive control show-
ing pVHL band, since this protein is ubiquitously expressed by
all normal cells. It was a complete absence of pVHL according
to the WB analysis (Figure 3B). Although Hb73cib lane shows
much lower load, we exposed the blot for pVHL 5 min and actin
for 1 minute. pVHL never appeared although the band of pVHL
of HUVECs was saturated. Thus, we are sure there is no pro-
tein VHL, in spite of having lower protein content in this lane.
Thus, the RNA de-tected in these cells is not translated into a
complete/stable pVHL. In the last case, Hb73cib, we know that
at least 34% of cells had a second mutation in exon 2, leading
to a stop codon, but in other previous surgeries this second hit,
could not be found. There-fore, Hb cells exhibit a complete loss
of expression in pVHL).
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Figure 3. A. Quantitative PCR results. The mRNA levels decrease of VHL by 38% in the Hb24cib sample and up to 25% in
Hb73cib compared to the HUVECs used for normalization is observed. B. Western blot analysis. It was detected pVHL in
HUVEC:s but not in Hb24cib or Hb73cib cul-tures. Densitometry measurements for pVHL and p-actin control are shown.

Selection of Olaparib as the best candidate by using Pan-
Drugs software.

As commented in materials and methods section. PanDrugs soft-
ware was used to identify potential therapeutic drugs for tumor
cells mutated in VHL and CHEK?2 genes. Among the three drugs
with double intervention, Olaparib was scored as a potential
drug for both mutations.

Olaparib (Lynparza) (AstraZeneca, Cambridge, UK), is an oral
inhibitor of poly (ADP-ribose) polymerase (PARP) [18], spe-
cifically designed to competitively inhibit NAD+ at the catalyt-
ic sites of PARP1 and PARP2, essential for DNA single-strand
breaks (SSBs) repairing, via the base excision repair (BER)
pathway. By inhibiting this pathway, Olaparib leads to the accu-
mulation of unrepaired SSBs, which eventually result in harm-
ful double-strand breaks (DSBs). In tumors with homologous
recombination HR deficiencies, Olaparib induces synthetic le-
thality.

Personalized in vitro treatment of tumoral cells with Olapa-

Control Olaparib 50uM

ICI 100puM

8| 1c1 100pM+Olaparib 50pM

rib.

The aggressive growth rate of hemangioblastomas in this patient,
along with ge-netic findings obtained through next-generation
sequencing (NGS) in the last two sur-gical samples, points to a
high mutation burden. This is likely attributable to the pres-ence
of two germline mutations, one in the VHL gene and another in
the CHEK2 gene. Since in the last years the patient had suffered
almost a surgery per year, he was derived to the department of
genetic oncology, where the possibility of an “off label” treat-
ment of the patient with Olaparib was suggested.

Thus, we decided to test the cell viability of the three differ-
ent primary cultures from the patient last surgeries with 50 and
100uM Olaparib for 48 hours. Light micros-copy images (Fig-
ure 4) show the effect of Olaparib on the tumor cell morpholo-
gy after 48 h of treatment. A notable decrease in the number of
cells attached to the culture dish, especially at 100 [IM can be
observed.

Olaparib 100puM

ICl 100uM-+Olaparib 100uM

Figure 4. Light microscopy images of the Hb73cib cells after 48 hours of Olaparib and ICI-118,551 treatment. A decrease
in the number of cells can be seen, along with a shape change from the more elongated (typical of Hbs) to a more rounded

and apoptotic form.
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Treatment with ICI alone and with the combination ICI/
Olaparib.

Between 2015 and 2021, we have been showing that the treat-
ment with 3-blockers of adrenergic receptors is effective in the
reduction of Hb cell viability, and in their apoptosis induction
[16-19]. The treatment of this patient cells with ICI, a specific
blocker of the B2 adrenergic receptor reduced significantly the

A
OLAPARIB

* =
|
i -I— *
DMSO 10

M HB24cib
W HB38cib

HB73cib

*
i a"
b 100puM

L

0

*
)lap:

120

100

viability of the cells from the cultures of the last surgeries of this
patient, to less than 50%, being the reduction stronger that the
produced by Olaparib at the highest dose assayed (100 uM). The
combination of both reduced cell viability to 25%, even with
the lowest dose of Olaparib, in an additive effect. The viability
decrease from untreated cells was statistically sig-nificant in all
cases (Figure 5).

ICI 118.551

100 | 10
-
*
=k
——— R
_ 1
%
Contre IC1 100uM C1100puM
IMSO 10 +
Olaparib SOuM

W HB24cib
W HB38cib

HB73cib

A L wE

B

Cl 100pM

Figure 5. Cell viability in Hb cells at 48 hours after treatment. Significant changes are observed in the DMSO condition in
Hb24cib and Hb73cib. The treatment with ICI-118,551 in Hbs had a greater effect on viability compared to Olaparib at both
concentrations. The combined effect of both drugs further reduced viability.

The effects of both individual and combined treatments (Figures
5A and 5B) were analyzed by t-test and ANOVA test for each
Hb sample from the last three surgeries. In Hb24cib (first of the
three), treatment with either Olaparib or ICI118,551 alone, as
well as their combination, resulted in statistically significant dif-
ferences compared to control (Figure 5A, 5B; Supplementary
Table 1). In Hb38cib (second of the three), the single treatments
again significantly reduced cell viability relative to the DMSO
control. However, no significant differences were observed be-
tween the two Olaparib doses (50 and 100 pM). Similarly, in
Hb73cib (last surgery), both Olaparib and ICI118,551 indivi-du-
ally led to significant viability reduction, but no statistical differ-
ences were found between the two Olaparib doses.

Discussion

This study investigates the progression of a young patient with
Von Hippel-Lindau (VHL) disease, characterized by an unusu-
ally aggressive and early onset of the disease, diverging from
the typical VHL clinical progression. The patient has undergone
an ex-ceptional number of surgeries from a young age, with a
notable difference in the disease phenotype compared to family
members [16]. Both, the patient and his sister inherited a com-
plete deletion of one VHL allele from the paternal line. While
the sister has dis-played mild clinical symptoms, the patient ex-
perienced a more severe form, suggesting that the aggressive
phenotype in this case may be driven by additional factors be-
yond the typical VHL mutation.

Previous genetic studies, including those analyzing DNA from
the patient's he-mangioblastoma (Hb) and peripheral blood lym-
phocytes (PBL), identified a germline pathogenic mutation in the

CHEK2 gene [16]. CHEK2 is a well-established tumor suppres-
sor gene involved in DNA repair mechanisms. This mutation,
inherited from the mother, coexists with the VHL allele deletion,
which raised the hypothesis that the CHEK?2 mutation might act
as a "second hit" in the pathogenesis of this patient's disease,
contributing to the frequent growth of hemangioblastomas.

To explore this further, we investigated the presence of a second
hit in the VHL gene in various tumor samples from the patient's
last surgeries. Interestingly, exomic analysis of the VHL gene
did not reveal second-hit mutations in the coding regions, except
for the last surgery, where a small deletion was identified in the
second exon of VHL. This suggests that second hits in VHL
may not always occur in exonic regions, but rather in regulatory
or intronic regions, or possibly through epigenetic modifications
such as hypermethylation, which remain undetectable by stan-
dard DNA sequencing techniques.

Western blot (WB) analysis from the most recent surgeries con-
firmed the complete loss of pVHL expression in hemangioblas-
toma cells, supporting the hypothesis that the second hit occurs
in regulatory regions or through epimutations in the VHL gene.
This finding highlights the complexity of VHL gene inactivation
in tumor development, which cannot be fully explained by ex-
omic mutations alone. Despite the CHEK?2 muta-tion not acting
as a direct second hit in the VHL gene, the clinical progression
observed suggests that CHEK2 may act as a modifier, potential-
ly triggering mutations in other genes such as PTEN and RB,
which could accelerate tumor growth. These mutations, ob-
served in earlier surgeries, along with the second exon deletion
of VHL in the last surgery, imply a complex interplay of genetic
events driving tumorigenesis in this pa-tient.
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The study also emphasizes the importance of personalized med-
icine in treating complex tumor diseases like VHL. Through
the use of the PanDrugs software, which integrates the genetic
mutations identified in the patient (VHL and CHEK2), Olaparib
emerged as a promising therapeutic option. Olaparib, a PARP
inhibitor, is FDA-approved for use in cancers with mutations in
DNA repair genes, such as BRCA and CHEK?2 [18], and was
found to effectively reduce cell division in hemangioblastoma
cells from this patient. This finding suggests that Olaparib could
be an effective strategy in treating tumors in VHL patients with
an additional CHEK?2 mutation, targeting the defective DNA re-
pair mechanisms.

In addition to Olaparib, previous research by our group has
demonstrated that p-adrenergic receptor blockers, such as
ICI118,551 (ICI), are effective in reducing tumor viability in
hemangioblastomas and renal carcinomas in VHL patients
[20,21]. The combination of Olaparib and ICI resulted in a near-
ly 80% reduction in cell viability in vitro, indicating a potential
additive effect of both drugs, working independently of each
other. This combination could provide a more effective thera-
peutic approach, targeting both DNA repair mechanisms and the
B-adrenergic pathway, which is involved in tu-mor growth.

Although propranolol, a B-adrenergic receptor blocker, has
shown efficacy in preventing retinal hemangioblastoma growth
in VHL patients, its use is limited by side effects such as chronic
hypotension, particularly in patients with concurrent §1-adrener-
gic receptor blockade [20]. The ICI compound, which specifical-
ly blocks B2-adrenergic receptors without affecting B1 receptors,
presents a promising alterna-tive, potentially minimizing cardio-
vascular side effects [20-22]. As demonstrated in this study, ICI
could be an ideal candidate for clinical trials in VHL disease,
particularly in combination with Olaparib, to delay the growth of
existing tumors and prevent the formation of new ones.

In conclusion, this study highlights the complexity of VHL dis-
ease, especially in cases with additional germline mutations such
as in CHEK2. The combination of Ola-parib and ICI presents a
promising therapeutic strategy, addressing both the genetic and
molecular mechanisms underlying tumor progression in this pa-
tient. Further clinical trials are necessary to confirm the efficacy
of this combination and its potential for broader application in
VHL patients with similar genetic profiles.

Conclusions

1. Impact of Additional Mutations in Rare Diseases. The
combination of muta-tions commonly found in the general
population, such as CHEK?2, with a rare disease like VHL,
results in somatic alterations in Hb tumors within intronic
or epigenetic reg-ulatory regions that remain undetected by
DNA germinal analyses. These changes play a critical role
in triggering mutations in other tumor suppressor genes,
such as PTEN and RB, which contribute to accelerated tu-
mor growth. This highlights the necessity of comprehensive
genetic screening of germinal and somatic tumor DNA that
goes beyond exomic analysis to detect regulatory region

mutations in rare disease cases.

2. Genetic Heterogeneity in Tumor Development. This study
reveals the inde-pendence of genetic mutations across dif-
ferent hemangioblastomas within the same VHL patient,
suggesting that distinct tumor mechanisms may drive tumor
growth. The variability in genetic alterations across tumors
reinforces the complexity of tumor-igenesis in VHL pa-
tients and underlines the importance of analyzing multiple
tumor samples to understand the full spectrum of genetic
alterations involved.

3. Importance of Individualized Genetic Analysis. This case
underscores the sig-nificance of personalized genetic analy-
sis in rare diseases, especially when clinical manifestations
deviate from typical disease progression. It emphasizes the
need for in-depth genetic investigation to uncover addition-
al mutations that may be responsible for the severity of the
phenotype, enabling more precise diagnosis and therapeutic
strategies.

4. Therapeutic Potential of Olaparib and ICI118,551 Combi-
nation. The combina-tion of Olaparib (a PARP inhibitor)
and ICI118,551 (a B2-adrenergic receptor blocker) demon-
strated significant additive therapeutic effects in slowing
tumor growth in vitro. This dual approach targets distinct
molecular pathways involved in tumor proliferation, offer-
ing a promising strategy for the treatment of VHL-associat-
ed tumors, particularly in patients with additional mutations
such as CHEK2. Further studies are needed to evaluate the
clinical application of this combination therapy.

5. Need for Personalized Treatment Approaches. This work
exemplifies the ne-cessity of a personalized medicine ap-
proach, using patient-derived cells as models to tailor treat-
ments. Such individualized strategies, which consider both
genetic back-ground and tumor characteristics, are essential
not only for managing rare diseases like VHL but also for
improving the treatment of common cancers, where person-
alized therapies could significantly enhance treatment out-
comes.
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ICI118,551. Table S1: 2-way Anova, Multiple comparisons.
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