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A B S T R A C T

Von Hippel-Lindau Syndrome (VHL) is a rare genetic disorder characterized by tumors in multiple organs, 
including the kidneys, pancreas, and central nervous system. This comprehensive review discusses the genetic 
basis and clinical manifestations of VHL, as well as recent advancements in understanding the molecular 
mechanisms that lead to tumor formation. The authors highlight the role of hypoxia-inducible factors and the 
ubiquitin-proteasome system in VHL-associated cancer development .The review also discusses the potential 
clinical implications of these findings, such as the development of targeted therapies for VHL-associated cancers. 
However, the authors note the challenges associated with developing effective treatments for this complex 
disease, including limited patient availability for clinical trials due to its rarity .Overall, this review provides 
valuable insights into our current understanding of VHL and offers important avenues for future research aimed 
at improving the diagnosis, treatment, and management of VHL patients. By illuminating the molecular un-
derpinnings of VHL-associated cancers, this work may ultimately help to develop more effective treatments and 
improve outcomes for patients with this challenging disease.

Introduction

Von Hippel-Lindau (VHL) disease is a rare genetic disorder that af-
fects approximately 1 in 36,000 individuals worldwide [1,2]. It is caused 
by mutations in the VHL gene, which is located on 3p25-26. The VHL 
gene is responsible for encoding a protein called pVHL, which plays a 
critical role in regulating cellular metabolism, angiogenesis, and 
apoptosis.

In general, patients with VHL syndrome usually manifest symptoms 
at various ages, depending on the specific manifestations of the disease. 
The age of onset can range from childhood to adulthood. As for a cure, 
there is currently no known cure for VHL syndrome. However, with 
adequate treatment, the progression of the disease can be managed, and 
complications can be minimized. Unfortunately, some patients with VHL 
syndrome may die from complications related to the disease, especially 
if the tumors become malignant or if they affect critical organs. The 
survival rate of individuals with VHL syndrome can vary depending on 
the specific genetic mutation and the extent of tumor involvement. To 
monitor and detect potential tumors or complications early, regular 
surveillance protocols are recommended for individuals with VHL 

syndrome. These protocols typically involve periodic imaging studies 
such as magnetic resonance imaging (MRI) or computed tomography 
(CT) scans. The frequency and type of surveillance may vary depending 
on the individual’s specific situation and the recommendations of their 
healthcare provider.

VHL disease is characterized by the development of multiple benign 
and malignant tumors throughout the body, including hemangio-
blastomas, renal cell carcinomas, pheochromocytomas, and pancreatic 
neuroendocrine tumors [3,4]. The tumors can occur at any age, but are 
most commonly diagnosed in young adults. The clinical manifestations 
of VHL disease can vary widely depending on the individual, and can 
include headaches, vision loss, hearing loss, high blood pressure, 
abdominal pain, and palpitations [5]. The specific symptoms and 
severity of the disease can also vary depending on the type and location 
of the tumors (Fig. 1).

VHL disease is inherited in an autosomal dominant pattern, meaning 
that an individual only needs to inherit one copy of the defective VHL 
gene from one parent to develop the disease. Those with VHL disease 
have a 50% chance of passing it on to their offspring [6]. This rare ge-
netic disorder predisposes individuals to the development of multiple 
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benign and malignant tumors throughout the body due to mutations in 
the VHL gene. As a result, it can lead to a wide range of clinical mani-
festations. Early diagnosis and management of VHL disease are crucial 
for improving patient outcomes and reducing the risk of complications. 
In this review, we summarize the comprehensive discussion of the ge-
netic basis, clinical manifestations, and recent advances in molecular 
mechanisms of VHL syndrome. This is highly beneficial for clinical 
physicians in relevant disciplines, researchers interested in this disease, 
and individuals with potential genetic risks to understand the full 
spectrum of this condition.

The methodology for identifying relevant studies

In this comprehensive review, we employed a systematic search 
strategy to identify relevant studies. Multiple electronic databases, such 
as PubMed, Scopus, and Web of Science, were searched using a combi-
nation of keywords including VHL gene, HIF, VHL disease, and the 
treatment of VHL syndrome, and subject headings related to the topic 
under investigation . The time frame of the literature search was clearly 
defined to reflect the most current evidence available. We searched ar-
ticles published from 1990 to 2023, considering studies within this time 
frame to maintain the relevance and currency of the review. During the 
selection process, we carefully screened the identified studies based on 
predefined inclusion and exclusion criteria. Any studies that did not 
meet the inclusion criteria were excluded from the review. The reasons 
for exclusion may include factors such as inappropriate study design, 
irrelevant outcomes, or insufficient data.

The function of the VHL gene and its encoded protein pVHL

The VHL gene is located on chromosome 3p25-26 and encodes a 
tumor suppressor protein called pVHL. The gene consists of 854 

nucleotides including three exons that span over 11 kilobases of DNA [7] 
(Fig. 2). A splice variant without exon 2 has been identified, however, it 
is thought to lack tumor suppression activity [8]. The pVHL protein has 
two isoforms, pVHL30 and pVHL19, resulting from alternative start 
codons. Both isoforms possess similar characteristics and exhibit 
tumor-suppressor activity in vivo. pVHL30 consists of 213 amino acids 
with a molecular weight of 30 kDa, while pVHL19 lacks a 53-amino acid 
N-terminal pentameric acid repeat domain and predominates in many 
tissues, consisting of 160 amino acids with a molecular weight of 19 kDa 
[9,10]. The term pVHL is commonly used to describe both proteins. The 
structure of pVHL protein mainly comprises three functional domains: 
the β-sheet domain at the N-terminus for substrate binding, the α-helical 
domain in the middle, and the β-sheet domain at the C-terminus for 
dimerization and binding with Elongin C/Elongin B [11]. Although 
pVHL shuttles between the nucleus and cytoplasm, the majority of this 
protein is located in the cytoplasm under steady-state conditions [12]. 
Furthermore, a portion of pVHL can be detected in mitochondria and 
associated with the endoplasmic reticulum [13]. In recent years, 
numerous studies have shown that the expression and function of 
several genes involved in tumorigenesis are regulated by the VHL pro-
tein [14]. 

1. Hypoxia-inducible factor (HIF) genes: Von Hippel-Lindau (VHL) 
protein is an E3 ubiquitin ligase that plays a key role in the degra-
dation of hypoxia-inducible factor-1 (HIF-1). HIF-1 is a transcription 
factor that regulates the cellular response to hypoxia, or low oxygen 
levels. Under normoxic conditions, VHL recognizes and binds to 
hydroxylated proline residues in the oxygen-dependent degradation 
domain (ODD) of HIF-1α, which is then ubiquitinated by a complex 
of VHL, Elongin B/C, and Cullin-2 (Fig. 3). The polyubiquitinated 
HIF-1α is then recognized by the 26S proteasome, which degrades it 
into small peptides. This degradation process prevents the 

Fig. 1. Types and percentages of tumors associated with VHL syndrome.
VHL Syndrome is associated with the development of several types of tumors, including renal cell carcinoma (RCC), hemangioblastoma, and pheochromocytoma. 
Approximately 40-70% of individuals with VHL develop RCC, 60-80% develop hemangioblastomas (usually in the brain, spinal cord, or retina), and 10-20% develop 
pheochromocytomas (tumors that arise from cells in the adrenal glands). Other tumors associated with VHL syndrome include pancreatic cysts and neuroendocrine 
tumors, epididymal cystadenomas, and endolymphatic sac tumors. The percentage of individuals with VHL who develop these tumors varies widely.
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accumulation of HIF-1α and thus limits the activation of HIF-1 target 
genes under normoxic conditions. Under hypoxic conditions, the 
proline residues in the ODD of HIF-1α are not hydroxylated, which 
prevents VHL from binding to HIF-1α. As a result, HIF-1α escapes 

VHL-mediated degradation and accumulates in the cell, leading to 
the activation of HIF-1 target genes. In addition to promoting HIF 
degradation, VHL can also inhibit HIF transcriptional activity by 
interacting with co-repressors such as HDAC1 and TLE1 [15]. 

Fig. 2. The process of VHL gene transcription and translation.
The VHL gene is located on the short arm of chromosome 3 (3p25-26) and consists of three exons, with an open reading frame (ORF) of 854 nucleotides encoding 284 
amino acid residues. The full length of the VHL gene is approximately 4.5 kb and it is distributed within a DNA space of approximately 20 kb. The complete coding 
sequence spans exon 1, exon 2 and part of exon 3 with an open reading frame (ORF) of 854 base pairs encoding a protein of 213 amino acids. The mRNA molecule 
undergoes alternative splicing at exon 2 and exon 3, resulting in two major isoforms: VHL30 and VHL19. The VHL protein contains two major domains: an N-terminal 
alpha domain composed of residues 1–53, which has a structural scaffold with distinct folding arrangements and allows for interaction with other proteins, and a C- 
terminal beta-domain composed of residues 54–213, which contains the highly conserved BC-box motif that mediates substrate binding and facilitates the 
recruitment of Elongin C and B-Cul2 to form the complex.

Fig. 3. The mechanism of HIF-1α expression regulated by pVHL.
pVHL is an E3 ubiquitin ligase that targets HIF-1α for degradation through the proteasome pathway under normal oxygen conditions. Under normoxic conditions, 
pVHL binds to specific hydroxylated proline residues in the oxygen-dependent degradation domain (ODDD) of HIF-1α, which leads to the addition of ubiquitin and 
subsequent degradation of HIF-1α by the proteasome. Under hypoxic conditions, the activity of PHDs is reduced due to a lack of oxygen. As a result, HIF-1α is no 
longer fully hydroxylated, which prevents pVHL from recognizing and targeting HIF-1α for degradation. Therefore, HIF-1α accumulates in the cell and translocates to 
the nucleus. In the nucleus, HIF-1α forms a heterodimer with HIF-1β and binds to hypoxia-response elements (HREs) located in the promoter regions of various genes, 
activating their expression.
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Moreover, VHL can affect HIF mRNA stability and translation, 
leading to changes in HIF protein levels even in the absence of ox-
ygen depletion [16,17]. In addition to VHL protein’s role, HIF is also 
regulated by other factors such as acetylation, methylation modifi-
cations, etc., further fine-tuning the stability and activity of HIF in 
the cell. Studying the regulation relationship between HIF and VHL 
not only provides insights into the cell’s response to hypoxia but also 
helps reveal the impact of hypoxic microenvironment on tumor 
growth and metastasis, offering new therapeutic targets and strate-
gies for related diseases. Overall, the latest findings support the 
critical role of VHL in modulating HIF expression and function and 
highlight the complex interplay between these two molecules in 
regulating cellular responses to hypoxia [18].

2. Cyclin D1: VHL is a tumor suppressor gene that plays a crucial role in 
regulating the cell cycle and preventing uncontrolled cell growth. 
One of the key targets of VHL is Cyclin D1, a protein that promotes 
cell cycle progression by activating cyclin-dependent kinases (CDKs). 
Under normal conditions, VHL binds to and targets Cyclin D1 for 
degradation by the proteasome [19,20]. This prevents the accumu-
lation of Cyclin D1 and keeps the cell cycle in check. However, in the 
absence of VHL, Cyclin D1 levels can become elevated, leading to 
uncontrolled cell growth and the development of tumors. Studies 
have shown that VHL regulates Cyclin D1 through multiple mecha-
nisms. One of these involves HIF pathway, which is activated when 
cells are exposed to low oxygen levels [21]. Another mechanism 
involves the interaction between VHL and the E2F transcription 
factor, which plays a key role in regulating the expression of genes 
involved in cell cycle progression. VHL can bind to E2F and promote 
its degradation, which reduces the expression of Cyclin D1 [22]. 
Furthermore, it is fascinating to see how VHL serves as a crucial 
regulator in maintaining cell cycle homeostasis by targeting Cyclin 
D1 for degradation, ultimately preventing aberrant cell growth and 
tumor formation. These intricate molecular mechanisms highlight 
the importance of VHL in safeguarding cellular integrity and 
emphasize its potential significance in cancer therapeutics.

3. VEGF: Loss of VHL function leads to increased expression of VEGF, 
which can promote the growth and metastasis of tumors. In the 
absence of functional VHL, HIF is constitutively stabilized, resulting 
in persistent activation of VEGF signaling and the formation of highly 
vascularized tumors [23]. This mechanism is particularly important 
in certain types of cancer, such as renal cell carcinoma (RCC), where 
mutations in VHL are commonly found [24]. 

In addition to its role in regulating HIF, VHL also interacts with 
other proteins involved in the regulation of VEGF expression. For 
example, VHL can bind to the RNA-binding protein HuR and promote 
its degradation, leading to a decrease in VEGF mRNA stability [25]. 
VHL can also interact with the E3 ubiquitin ligase Itch and promote 
the ubiquitination and degradation of VEGFR2, the receptor for 
VEGF [26]. In conclusion, in-depth research on the interaction be-
tween VHL and VEGF not only helps to understand the pathogenesis 
of tumors, but also provides important clues for the development of 
new tumor treatment methods. By regulating the activity of VHL and 
VEGF, more effective and targeted tumor treatments may be ach-
ieved in the future, which is of great significance for improving 
treatment outcomes and prognosis. Looking forward to further 
research bringing more breakthroughs and innovations to tumor 
treatment in the future.

4. GLUT1: Glucose transporter 1 (GLUT1) is a membrane protein that 
facilitates the uptake of glucose into cells and is upregulated in many 
types of cancer cells to support their high metabolic demands. It has 
been shown that VHL can bind to GLUT1 and promote its ubiquiti-
nation and degradation, thereby reducing glucose uptake and 
metabolism in cells. This occurs through a mechanism independent 
of HIF, as VHL can directly interact with GLUT1 and target it for 
degradation in a HIF-independent manner [27]. Loss of VHL function 
can lead to increased GLUT1 expression and enhanced glucose 

uptake, which can contribute to the growth and survival of cancer 
cells. This mechanism has been implicated in several types of cancer, 
including RCC and neuroendocrine tumors [28–30]. Recent studies 
have also revealed that VHL can regulate GLUT1 expression through 
other mechanisms, such as modulating the activity of the mTORC1 
signaling pathway or interacting with other proteins such as TFE3 
and PPARγ [31]. Therefore, targeting the VHL-GLUT1 axis could be a 
promising approach for cancer therapy.

5. c-Myc: VHL has been shown to negatively regulate c-MYC expression 
by promoting its proteasomal degradation. This occurs through a 
mechanism that involves VHL binding to the c-MYC protein and 
recruiting an E3 ubiquitin ligase complex to target it for degradation 
[32,33]. Loss of VHL function can lead to increased c-MYC expres-
sion and activation, which can contribute to the development and 
progression of cancer. The regulation of c-MYC by VHL is indepen-
dent of HIF, indicating that VHL may have HIF-independent tumor 
suppressor functions. At the transcriptional level, VHL can inhibit 
c-MYC expression by recruiting histone deacetylases to its promoter 
region or by promoting the degradation of the RNA polymerase II 
subunit Rpb1 [34]. At the translational level, VHL can inhibit c-MYC 
translation by interacting with eukaryotic initiation factor 4E-bind-
ing protein 1 (4E-BP1), which sequesters the mRNA cap-binding 
protein eIF4E and prevents its assembly into the translation initia-
tion complex [35]. Interestingly, recent studies have also suggested 
that c-MYC may in turn regulate VHL expression and function, 
creating a feedforward loop that could contribute to tumorigenesis 
[36,37]. Overall, these findings highlight the multifaceted nature of 
VHL regulation of c-MYC and suggest potential avenues for thera-
peutic intervention in cancers driven by dysregulated c-MYC 
expression

The regulation of pVHL function is complex and involves several 
signaling pathways, including the mTOR, Wnt, and Notch pathways. For 
example, mTOR activation can lead to the stabilization of HIF through 
the phosphorylation of pVHL, which impairs its ability to bind to HIF 
[38]. Similarly, activation of the Wnt and Notch pathways can also lead 
to the stabilization of HIF through the regulation of pVHL function. 
Mutations in the VHL gene lead to the loss of pVHL function, which 
results in the accumulation of HIF and the dysregulation of downstream 
signaling pathways [39,40]. The accumulation of HIF can lead to the 
development of tumors, as HIF promotes cell growth and survival under 
hypoxic conditions. It is fascinating how intricate the molecular mech-
anisms are in tumor development, and targeting specific pathways such 
as the interaction between VHL and VEGF could lead to significant ad-
vancements in cancer treatment. We believe that further research in this 
area will not only enhance our understanding of tumor biology but also 
pave the way for more personalized and effective therapies tailored to 
individual patients. This exciting potential for breakthroughs in cancer 
treatment motivates me to stay informed and hopeful for the future of 
oncology research.

Advancements in the treatment of von Hippel-Lindau (VHL) 
syndrome

Von Hippel-Lindau (VHL) disease affects multiple organs, including 
the brain, spinal cord, kidneys, pancreas, and adrenal glands. The loss of 
VHL function leads to the formation of benign or malignant tumors in 
these organs. Over the past few decades, significant progress has been 
made in the diagnosis and management of VHL syndrome. Early 
detection and surveillance of VHL-associated tumors are crucial for 
improving patient outcomes. Advances in imaging technologies, such as 
MRI and CT scans, have allowed for more accurate detection and 
monitoring of tumor growth. Currently, there is no cure for VHL disease, 
and treatment options are limited to surgery, radiation therapy, and 
drugs that target specific pathways involved in tumor growth (Fig. 4). 
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1. Surgical Treatment: Surgery is the primary treatment for VHL- 
related tumors that are localized and accessible. It involves 
removing the tumor or the affected organ, such as the kidney, ad-
renal gland, or pancreas. In recent years, kidney-sparing surgery has 
also gradually become an important treatment method, mainly 
including partial nephrectomy, kidney reconstruction after ne-
phrectomy, renal artery embolization, etc [41]. In pancreatic 
neuroendocrine tumors, with the continuous improvement of surgi-
cal techniques, portal duodenectomy and pancreaticoduodenectomy 
have become the preferred methods for treating pancreatic neuro-
endocrine tumors [42]. While the development of endoscopic sur-
gical techniques has made the treatment of pancreatic cystic tumors 
safer and more effective. VHL syndrome can also cause the occur-
rence of cerebral vascular tumors and olfactory neuroblastoma. In 
recent years, the development of minimally invasive surgical tech-
niques has made brain surgery safer and more effective [43]. At the 
same time, selective arterial embolization and radiotherapy have 
also gradually been applied to the treatment of cerebral vascular 
tumors [44]. With the continuous improvement of surgical tech-
niques, the safety and effectiveness of tumor resection are constantly 
improving. Overall, these advancements in surgical management 
offer hope for improved outcomes and quality of life for patients with 
VHL syndrome. However, continued research and innovation in this 
field will be necessary to further optimize surgical outcomes and 
reduce the burden of disease for affected individuals.

2. Radiation Therapy: Radiation therapy is used to treat VHL-related 
tumors that are not amenable to surgery, such as those in the brain 
and spinal cord. It uses high-energy radiation to destroy tumor cells 
or prevent their growth [45]. Recent advances in radiation therapy 
have shown promising results in the treatment of VHL-related 
pheochromocytomas, meningiomas and renal cell carcinomas. 
Newer techniques such as proton therapy and stereotactic radio-
therapy have shown potential for effectively treating these tumors 
while minimizing damage to surrounding normal tissue [46]. In our 
view, it is essential to emphasize the importance of close monitoring 

to ensure the safety and efficacy of radiation therapy in VHL syn-
drome. Radiation therapy remains a crucial component in the 
treatment of VHL-related tumors and continues to evolve as a pri-
mary treatment option.

3. Drug Therapy: In addition to surgery and radiation therapy, drug 
therapy has become an important approach to treating VHL syn-
drome. In recent years, there have been significant advances in drug 
therapy for VHL-related tumors, with targeted therapy being the 
most representative. Targeted therapy drugs for renal cell carcinoma, 
such as bevacizumab [47], sunitinib [48], cabozantinib [49], ever-
olimus [50], and pazopanib [51,52], have been widely used in 
clinical practice. They have shown promising results in clinical trials, 
but their effectiveness and safety are still being evaluated. Despite 
these promising findings, drug therapy for VHL syndrome remains 
challenging due to the heterogeneity and complexity of VHL-related 
tumors. 

In April 2021, belzutifan received accelerated approval from the 
U.S. Food and Drug Administration (FDA) for the treatment of adult 
patients with von Hippel-Lindau (VHL) disease-associated renal cell 
carcinoma (RCC) who require systemic therapy but are not eligible 
for surgery [53]. In pretreated ccRCC, belzutifan achieved disease 
control rate of 80% under the recommended dose of 120 mg orally 
daily in phase I trial [54]. In phase 2 trials evaluating patients with 
VHL-associated RCC, belzutifan also showed favorable efficacy in 
terms of overall response rate and disease stabilization among pa-
tients with previously untreated or progressive tumors [55]. Addi-
tionally, the drug exhibited a favorable safety profile. Recently, in 
another phase 2 trial, belzutifan plus cabozantinib has promising 
antitumour activity in 52 patients with pretreated clear cell renal cell 
carcinoma [56]. The approval of belzutifan represents a significant 
advancement in the targeted therapy for VHL disease, providing a 
novel treatment option for patients who previously had limited 
choices. It offers potential benefits in terms of tumor control, 
improved quality of life, and prolonged survival. Looking ahead, 
with more research and development of targeted drugs like 

Fig. 4. The treatments of VHL syndrome.
VHL disease is a complicated disorder that requires a comprehensive treatment approach involving multiple disciplines. For localized tumors, surgery and radiation 
therapy are the primary treatments. However, for more advanced and metastatic tumors, drug therapy, gene therapy, and immunotherapy show promise as new 
treatment options. Further research is necessary to refine these approaches and enhance outcomes for individuals with VHL disease.
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belzutifan, we can expect to see more innovative treatment options 
emerging for VHL syndrome patients. This will help improve their 
quality of life and potentially extend their lifespan. 

In recent years, the development of novel VHL-targeted drugs 
using PROTAC technology (Proteolysis Targeting Chimeras) has 
received widespread attention and quickly become a forefront 
research hot topic. PROTAC technology is an innovative drug design 
strategy aimed at promoting the degradation of disease-relevant 
proteins by using fusion proteins to achieve therapeutic effects. 
PROTAC technology involves designing a specific fusion protein, 
with one end binding to the disease-relevant protein (such as HIF-α) 
and the other end binding to ubiquitin ligase, allowing the fusion 
protein to mark the target protein for degradation [57,58]. Subse-
quently, the fusion protein delivers the target protein to the pro-
teasome for degradation, effectively inhibiting the biological activity 
of the disease-relevant protein and thereby achieving therapeutic 
effects. In VHL syndrome, PROTAC technology can be applied to 
design targeted drugs against HIF-α protein, inhibiting its over-
expression by promoting its degradation, and inhibiting tumor for-
mation. Although research on the application of this technology in 
VHL syndrome treatment is still in its early stages, its success in 
treating other diseases provides a strong foundation for its applica-
tion in VHL syndrome. In the future, with further research into the 
pathophysiology of VHL syndrome and PROTAC technology, it is 
believed that this technology will provide more precise and effective 
treatment options for VHL syndrome patients. Further experiments 
and clinical studies will help validate the feasibility and efficacy of 
PROTAC technology in the treatment of VHL syndrome, laying a 
solid foundation for its future clinical application.

4. Gene Therapy: Gene therapy is a promising approach to treating VHL 
disease. It involves replacing or repairing the mutated VHL gene in 
cells affected by the disease. Several strategies have been developed 
to deliver functional VHL genes to target cells, such as viral vectors 
[58,59], liposomes [60], and nanoparticles [61,62]. Recent research 
on VHL syndrome gene therapy has focused on the use of adenoviral 
vectors to deliver functional VHL genes to cells with VHL mutations 
[63]. Additionally, CRISPR/Cas9 gene editing technology has shown 
promise in correcting VHL mutations in cells [64,65]. These 
gene-based approaches have demonstrated efficacy in preclinical 
studies and are being tested for safety and efficacy in clinical trials. 
Another promising approach is the use of RNA interference (RNAi) to 
target VHL-related pathways [66,67]. RNAi is a natural cellular 
process that regulates gene expression, and RNAi-based therapies 
have shown efficacy in preclinical studies for VHL-related tumors. 
Despite these promising findings, gene therapy for VHL syndrome is 
still in the early stages of development and faces significant chal-
lenges. These challenges include the need for more efficient and 
specific delivery methods, concerns about the long-term safety and 
efficacy of gene therapy, and the high cost of treatment.

5. Immunotherapy: Immunotherapy is a novel approach to treating 
VHL-related tumors that harnesses the power of the immune system 
to recognize and destroy cancer cells [68,69]. Recent studies have 
also explored the use of immunotherapy in VHL-related tumors. One 
type of immunotherapy that has shown promise in treating 
VHL-related tumors is immune checkpoint inhibitors, such as nivo-
lumab [70] and pembrolizumab [71]. These drugs target molecules 
on immune cells that regulate the immune response, allowing the 
immune system to attack cancer cells more effectively. Clinical trials 
of immune checkpoint inhibitors in VHL-related renal cell carcinoma 
(RCC) have shown promising results, with some patients achieving 
durable responses. Another promising approach is the use of vaccines 
to stimulate the immune system to recognize and attack VHL-related 
tumors. Vaccines can be designed to target specific antigens 
expressed by VHL-related tumors, potentially leading to more spe-
cific and effective immune responses. Clinical trials of vaccines in 
VHL-related RCC and hemangioblastomas are currently underway 

[72,73]. However, it is also important to consider that the efficacy of 
immunotherapy can vary depending on the specific subtype of 
VHL-related tumors and the individual response of patients to 
treatment. In addition, ongoing research is focused on developing 
novel immunotherapy approaches that can overcome the challenges 
posed by the immunosuppressive tumor microenvironment in 
VHL-related tumors. By combining immunotherapy with targeted 
therapies or other treatment modalities, there is potential to enhance 
the overall response rates and outcomes for patients with 
VHL-related tumors.

VHL disease is a complex and challenging disorder that requires a 
multidisciplinary approach to treatment. Surgery and radiation therapy 
remain the mainstays of treatment for localized tumors, while drug 
therapy, gene therapy, and immunotherapy offer new and promising 
options for advanced and metastatic tumors. Further research is needed 
to optimize these approaches and improve the outcomes for patients 
with VHL disease.

Advances in diagnostic and monitoring biomarkers for VHL 
syndrome

The diagnosis and monitoring of VHL syndrome can be challenging 
due to the wide range of clinical manifestations and the variable disease 
course. However, recent advances in the identification of biomarkers 
have shown promise in improving the diagnosis and monitoring of the 
disease. 

1. Biomarkers for Hemangioblastomas: Hemangioblastomas are a 
common type of tumor associated with VHL syndrome. To aid in 
diagnosis and monitoring of these tumors, several studies have 
explored the use of circulating biomarkers. For instance, research has 
shown that plasma levels of vascular endothelial growth factor 
(VEGF) are significantly higher in individuals with hemangio-
blastomas compared to healthy controls [74,75]. Another study has 
found that levels of circulating endothelial cells (CECs) and endo-
thelial progenitor cells (EPCs) were elevated in VHL patients with 
hemangioblastomas, suggesting that these cells hold potential as 
useful biomarkers for disease monitoring [76,77].

2. Biomarkers for Renal Cell Carcinoma: Renal cell carcinoma (RCC) is 
a prevalent tumor observed in individuals with VHL syndrome. 
While surgical removal is the conventional method of treating RCC, 
reliable biomarkers for early detection and disease monitoring are 
necessary. Studies exploring circulating biomarkers have found 
promising results. For example, research demonstrated that serum 
levels of matrix metalloproteinase-9 (MMP-9) were significantly 
higher in VHL patients with RCC than those without RCC [78]. 
Additionally, elevated plasma levels of von Willebrand factor (vWF) 
were identified in VHL patients with RCC, suggesting that vWF could 
serve as a valuable biomarker for RCC evaluation [79].

3. Pheochromocytoma is a rare tumor closely associated with VHL 
syndrome. The tumor originates from the chromaffin cells located in 
the adrenal medulla and results in excess production of catechol-
amines, causing hypertension and other related symptoms. Various 
studies have explored potential biomarkers for diagnosing and 
tracking pheochromocytoma in individuals with VHL syndrome. One 
such study found that plasma levels of chromogranin A (CgA) were 
significantly higher in VHL patients with pheochromocytoma than 
those without the condition [80]. Another investigation revealed 
elevated plasma levels of metanephrines and normetanephrines in 
VHL patients with pheochromocytoma, suggesting that these me-
tabolites could serve as valuable biomarkers for disease monitoring 
[81]. Additionally, advancements in imaging techniques and genetic 
testing may play a key role in improving early detection and 
personalized treatment strategies for patients with VHL-related 
pheochromocytoma. These multidisciplinary approaches could 
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ultimately lead to better outcomes and quality of life for affected 
individuals.

4. Biomarkers for Pancreatic Neuroendocrine Tumors: Pancreatic 
neuroendocrine tumors (PNETs) are a rare tumor associated with 
VHL syndrome. The tumors arise from the islet cells of the pancreas 
and can produce excess hormones, leading to symptoms such as 
hypoglycemia and hyperinsulinemia. Biomarkers for the diagnosis 
and monitoring of PNETs in VHL patients are needed. One study 
found that serum levels of neuron-specific enolase (NSE) were 
significantly higher in VHL patients with PNETs compared to those 
without PNETs [82]. Another study showed that plasma levels of 
chromogranin A (CgA) were significantly higher in VHL patients 
with PNETs, suggesting that CgA may be a useful biomarker for 
disease monitoring [83]. While the identification of biomarkers like 
NSE and CgA shows promise in aiding the diagnosis and monitoring 
of PNETs in VHL patients, ongoing research is crucial to explore 
additional biomarkers that can provide a more comprehensive un-
derstanding of disease progression and treatment response. More-
over, advancements in imaging technologies and genetic testing hold 
potential for enhancing the early detection and personalized man-
agement of VHL-related PNETs. By integrating these multidisci-
plinary approaches, healthcare professionals can optimize patient 
care and improve outcomes for individuals with VHL-associated 
pancreatic neuroendocrine tumors.

5. HIF2 and other potential biomarkers: In patients with VHL- 
associated clear cell renal cell carcinoma (ccRCC), HIF2 expression 
has been linked to poor response to targeted therapies, such as 
tyrosine kinase inhibitors (TKIs) like sunitinib and pazopanib[84]. 
High HIF2 levels have been associated with resistance to these 
therapies, suggesting that HIF2 expression could serve as a predictive 
biomarker for treatment response. While HIF2 is often associated 
with treatment resistance, recent studies have shown that acquired 
mutations in the HIF2 gene itself can confer resistance to HIF2 in-
hibitors [85]. These mutations prevent the binding of inhibitors and 
sustain HIF2 signaling, leading to ongoing tumor growth. Therefore, 
monitoring HIF2 mutations could be crucial in identifying patients 
who might develop resistance to HIF2-targeted therapies. Higher 
HIF2 levels have been associated with worse survival outcomes, 
shorter progression-free survival, and increased risk of disease 
recurrence after surgery [86]. Therefore, the expression levels of 
HIF2 could be valuable in predicting the clinical trajectory of 
VHL-associated tumors and informing treatment choices. It is 
essential to recognize that although HIF2 shows promise as a 
biomarker, additional research is required to comprehensively grasp 
its predictive and prognostic significance in VHL disease.

Additional biomarkers, such as VEGF, PDGF, MicroRNAs, and ge-
netic profiling, are also being explored to improve the management 
and treatment outcomes for VHL patients. High levels of VEGF have 
been associated with aggressive tumor behavior in VHL-related tu-
mors [87]. Monitoring VEGF expression or circulating VEGF levels 
may serve as a biomarker for tumor progression and response to 
treatment. Elevated levels of PDGF have been found in 
VHL-associated tumors, and targeting PDGF signaling pathways has 
shown potential as a therapeutic approach [88]. Assessing PDGF 
expression and its correlation with treatment response could help 
predict patient outcomes. Altered expression of specific miRNAs has 
been reported in VHL-related tumors, suggesting their potential as 
biomarkers. For example, miR-210 has been found to be upregulated 
in VHL-associated renal cell carcinoma (RCC) and has been associ-
ated with poor prognosis [89]. Other biomarkers being explored in 
VHL disease include markers of DNA methylation, chromosomal 
abnormalities, and immune response. These biomarkers may 
contribute to the understanding of disease prognosis, treatment 
response, and the development of personalized therapies.

In addition to these studies, researchers have also investigated the 
use of imaging biomarkers for the diagnosis and monitoring of VHL 
syndrome. For example, magnetic resonance imaging (MRI) and 
computed tomography (CT) scans are commonly used to detect and 
monitor the growth of kidney tumors in patients with VHL syndrome. 
Other imaging biomarkers, such as diffusion-weighted MRI, have shown 
promise in detecting and monitoring the growth of pancreatic tumors in 
patients with VHL syndrome. CTCs, miRNAs, and metabolites are 
promising biomarkers that have shown potential in recent studies [90]. 
Overall, the identification of biomarkers for VHL syndrome has the 
potential to improve the diagnosis and monitoring of the disease, as well 
as aid in the development of targeted treatments. In future research, in 
addition to discovering and validating biomarkers for VHL syndrome, 
attention should also be focused on how to effectively translate these 
biomarkers into diagnostic tools and treatment guidance in clinical 
practice. Furthermore, researchers should prioritize exploring new 
treatment strategies and drug targets to achieve more effective man-
agement of VHL syndrome. By integrating biomarkers and novel treat-
ment approaches, we can potentially offer patients more comprehensive 
and personalized medical care to better cope with the challenges posed 
by VHL syndrome.

Optimizing disease management of VHL syndrome patients

The management of VHL disease requires a multidisciplinary 
approach that involves close collaboration between healthcare pro-
viders, patients, and their families [91–93]. Therefore, optimizing the 
management of VHL patients requires a comprehensive consideration of 
treatment strategies, follow-up, and monitoring for different types of 
tumors. 

1. Treatment Strategies: The treatment of VHL-related tumors depends 
on the location, size, and aggressiveness of the tumor, as well as the 
patient’s overall health and preferences. Surgery is the primary 
treatment for localized tumors that are accessible, while radiation 
therapy is used for tumors that are not amenable to surgery. Drug 
therapy, gene therapy, and immunotherapy are emerging ap-
proaches that offer new options for advanced and metastatic tumors, 
but their effectiveness and safety are still being evaluated. The 
treatment of VHL-related tumors should be individualized and based 
on a comprehensive evaluation of the patient’s condition [94].

2. Follow-up and Monitoring: VHL disease is a lifelong condition that 
requires regular follow-up and monitoring to detect and manage new 
or recurrent tumors. The frequency and type of follow-up depend on 
the patient’s age, tumor burden, and risk of developing new tumors. 
For example, patients with VHL-related renal cell carcinoma should 
undergo regular imaging studies, such as MRI or CT scans, to detect 
new or growing tumors. Patients with VHL-related pheochromocy-
toma should undergo regular blood and urine tests to monitor hor-
mone levels and blood pressure. Patients with VHL-related 
pancreatic tumors should undergo regular imaging studies and 
endoscopic ultrasound to detect new or growing tumors [95].

3. Psychological Support: VHL disease not only affects the physical 
health of patients but also takes a toll on their emotional and psy-
chological well-being. In addition to providing psychological support 
through counseling, education, and support groups, it is important to 
address the social and financial burdens that come with managing a 
chronic illness. By offering comprehensive care that includes support 
for the patient’s emotional, social, and financial needs, healthcare 
providers can help improve the patient’s overall quality of life and 
well-being. It is essential to take a holistic approach to care for VHL 
patients, addressing not just their medical needs but also their psy-
chological and social challenges

In summary, the treatment of VHL-related tumors should be indi-
vidualized and based on a comprehensive evaluation of the patient’s 
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condition. Regular follow-up and monitoring are essential to detect and 
manage new or recurrent tumors. In addition to individualized treat-
ment and regular follow-up, it is important to consider the impact of 
VHL disease on the patient’s daily life and relationships. Offering sup-
port services such as occupational therapy, social work assistance, and 
genetic counseling can help patients navigate the challenges of living 
with a chronic illness. Furthermore, involving the patient’s family and 
caregivers in the treatment plan can strengthen the support network and 
improve the patient’s overall well-being. By addressing the physical, 
emotional, social, and practical aspects of VHL disease, healthcare 
providers can provide comprehensive care that enhances the patient’s 
quality of life.

The future outlook for VHL disease research

In recent years, significant progress has been made in understanding 
the molecular mechanisms underlying VHL disease, leading to the 
development of targeted therapies for VHL-associated tumors. In the 
future research, molecular mechanism research in predicting the pro-
gression of VHL disease can further explore the genetic variations and 
epigenetic regulation in tumor cells, as well as the cell signaling and 
metabolic regulation in the tumor microenvironment, to deeply analyze 
aspects such as tumor growth, spread, and drug resistance. For example, 
by studying the regulatory role of the VHL gene in key pathways such as 
angiogenesis and lactate metabolism, its mechanism in the process of 
tumor progression can be revealed, providing more accurate predictions 
for tumor growth, recurrence, and metastasis. In terms of prevention, 
molecular mechanism research can help deepen the understanding of 
the function and regulatory network of the VHL gene, including the 
regulation of processes such as autophagy, angiogenesis, cell adhesion, 
and apoptosis, to discover potential preventative strategies and in-
terventions. By targeting VHL gene mutations and related pathways, the 
onset and progression of VHL-related tumors can be prevented or 
delayed, providing more effective preventive measures for high-risk 
individuals. In personalized treatment, molecular mechanism research 
can help identify the differences in response to specific treatment 
methods among different patients, including chemotherapy, targeted 
therapy, and immunotherapy. Through molecular subtyping and 
biomarker screening, the most suitable treatment plan can be tailored 
for each patient, improving the specificity and effectiveness of 
treatment.

Future trends in research methods and technologies include the use 
of single-cell multi-omics technologies to study tumor heterogeneity and 
evolution, utilizing artificial intelligence and machine learning algo-
rithms to explore potential correlations and patterns in big data for more 
accurate prediction models and personalized medical solutions. Addi-
tionally, the application of tissue engineering and organ-on-a-chip 
technologies can simulate the complex interactions in the tumor 
microenvironment, providing more realistic and reliable models and 
platforms for disease prediction and treatment. Through continuous 
innovation and interdisciplinary collaboration, molecular mechanism 
research will play an increasingly important role in predicting, pre-
venting, and treating VHL disease.

Looking forward, the direction of VHL disease research is likely to 
focus on the following areas: 

1. Understanding the Pathogenesis: One of the key challenges in VHL 
disease research is to better understand the pathogenesis of the dis-
ease. VHL disease is caused by mutations in the VHL gene, which 
normally suppresses the growth of tumors. However, the precise 
mechanisms by which VHL gene mutations lead to tumor formation 
and progression are not fully understood. Future research should 
focus on elucidating the molecular and cellular pathways that are 
involved in VHL-related tumorigenesis, such as hypoxia signaling, 
angiogenesis, and metabolism.

2. Developing Effective Treatments: Another important area of research 
is the development of more effective treatments for VHL-related tu-
mors. While surgery and radiation therapy are effective in control-
ling localized tumors, they have limited effectiveness against 
advanced and metastatic tumors. Drug therapy, gene therapy, and 
immunotherapy are emerging approaches that offer new options for 
advanced and metastatic tumors, but their effectiveness and safety 
are still being evaluated. Future research should focus on identifying 
new targets and pathways for drug development, optimizing gene 
therapy and immunotherapy approaches, and developing better 
biomarkers for patient selection and monitoring.

3. Identifying Biomarkers: Biomarkers are important tools for the 
diagnosis, prognosis, and treatment of VHL disease. Currently, there 
are limited biomarkers available for VHL-related tumors, and their 
accuracy and specificity are often limited. Future research should 
focus on identifying and validating new biomarkers, such as circu-
lating tumor cells, microRNAs, and metabolites, that can provide 
more accurate and specific information about VHL-related tumors.

4. Applying Technological Advances:In the future, VHL syndrome is 
poised to benefit from technological advances like Next-Generation 
Sequencing (NGS). NGS enables more accurate and early diagnosis, 
leading to personalized treatments and targeted therapies. This 
comprehensive genetic analysis can lead to a deeper understanding 
of VHL syndrome’s genetic basis, including the identification of rare 
variants and novel disease-associated genes. This increased knowl-
edge will refine diagnostic approaches and enable personalized 
treatment strategies. Emerging technologies like CRISPR-Cas9 gene 
editing hold promise for the treatment of genetic disorders like VHL 
syndrome. While still in the early stages of development, gene edit-
ing approaches may offer the potential to correct VHL gene muta-
tions directly or modify the expression of genes involved in disease 
progression. Immune-based therapies and the integration of NGS 
data with artificial intelligence can optimize treatment strategies. 
Collaboration and knowledge sharing among researchers are also 
expected to accelerate advancements in VHL syndrome.

In summary, this review consolidates the latest advancements in VHL 
disease research, providing a comprehensive understanding of its mo-
lecular mechanisms, clinical presentations, management strategies, and 
psychosocial considerations. By delving into recent discoveries and 
ongoing research, this review adds to the existing literature and 
knowledge on VHL disease by synthesizing the most up-to-date infor-
mation. This comprehensive overview serves as a valuable resource for 
healthcare professionals, researchers, and patients, ultimately aiding in 
improved diagnosis, treatment, and patient care for individuals affected 
by VHL disease.

VHL disease is a complex and challenging disorder that requires a 
multidisciplinary approach to research and development. The future of 
VHL disease research and development lies in understanding its un-
derlying mechanisms, developing more effective treatments, and iden-
tifying better biomarkers for diagnosis and monitoring. With continued 
research and collaboration, we can improve the outcomes for patients 
with VHL disease and ultimately find a cure for this rare genetic 
disorder.
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A Smed-Sörensen, CK Suzuki, JL Ruas, J Holmberg, C Larsson, C Christofer Juhlin, 
A von Kriegsheim, Y Cao, S Schlisio, Impaired oxygen-sensitive regulation of 
mitochondrial biogenesis within the von Hippel-Lindau syndrome, Nat. Metab. 4 
(6) (2022) 739–758.

[13] P Hudler, M. Urbancic, The role of VHL in the development of von Hippel-Lindau 
disease and erythrocytosis, Genes 13 (2) (2022) 362.

[14] LP Vu, CJ Diehl, R Casement, AG Bond, C Steinebach, N Strašek, A Bricelj, 
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