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Hereditary tumor predisposition syndromes pose a challenge for early detection and timely treatment of tumors. In von
Hippel-Lindau disease, desirable personalized surveillance programs are lacking due to insufficient data on
genotype-specific risk profiles of individual mutations. To describe neoplastic risk profiles for carriers of pathogenic and
likely pathogenic VHL germline mutations, our observational study recruited 1,350 participants from 40 centers
worldwide. 432 different VHL germline mutations were observed, with p.Asn78Ser, p.Arg161Ter, p.Arg161GIn,
p.Arg167GIn, p.Arg167Trp and p.Tyr98His being the six most frequent, occurring in a total of 493 carriers (36.5%) and in
>30 patients each. Age-related penetrance risks for retinal hemangioblastoma, central nervous system
hemangioblastoma, renal cell carcinoma, pancreatic neuroendocrine tumors and pheochromocytoma/paraganglioma
in carriers of the most frequent VHL mutations were assessed. In addition, the number of organs affected, the frequency
of surgery and the outcome are reported. Pairwise comparisons of the age-dependent tumor penetrance of these six
mutations showed that 47 out of 90 pairs were significantly different. The most significant associations were found in
p.Tyr98His (n = 19), followed by p.Arg161Ter (n = 10). All pairwise comparisons of mutations affecting different codons
showed at least one significant (P < 0.05) difference, except for p.Asn78Ser vs p.Arg161Ter. Thus, tumor risk varied by VHL
mutation type and location, but did not differ between the truncating mutation p.Arg161Ter and the missense
mutation p.Asn78Ser. Our study demonstrates the importance of mutation-specific phenotype prediction. With
appropriate validation, the data have important implications for risk assessment and decision making in tumor

prevention for carriers of the respective VHL mutations.

Keywords: von Hippel-Lindau disease; genotype-phenotype; tumor risk profiles; personalized preventive medicine

Introduction

Germline inactivation of the von Hippel-Lindau (VHL)
tumor suppressor gene causes the autosomal-dominant
inherited von Hippel-Lindau tumor disease. Affected
individuals are at risk of developing various
VHL-related manifestations, including retinal
hemangioblastoma/angioma (RA), central nervous
system hemangioblastoma (CNS-Hbl), clear cell renal
cell carcinoma (ccRCC), pancreatic neuroendocrine
tumors (pNETs), pheochromocytoma/paraganglioma
(PPGL) and endolymphatic sac tumors (ELSTs) (Lonser
et al. 2003). Research on VHL disease has provided
important molecular data for understanding the
pathogenesis of not only hereditary ccRCC, but also the
much more common sporadic ccRCC. In bhoth, sporadic
and hereditary ccRCC, VHL inactivation results in the
stabilization of hypoxia inducible factors, HIF-la and
HIF-2a, and activation of hypoxia-response signaling
pathways that, in certain tissues, promote tumor
development (Gossage et al 2015, Kaelin 2022). The
discovery that carcinogenesis is driven by HIF-2a has
recently led to the development of a clinical HIF-2a
antagonist  (belzutifan) for the treatment of
VHL-associated ccRCC, CNS-Hbl and pNET (Jonasch et al
2021) and advanced sporadic ccRCC (Jonasch et al. 2024).

In VHL disease, a broad spectrum of pathogenic VHL
mutations has been observed, ranging from single
nucleotide variants to loss of the entire gene,
contributing to the wide range of phenotypic
manifestations of the disease. Previous studies have

focused on genotype-phenotype correlations, but
mainly compared mutation types (e.g., point mutations
versus intraexonic deletions and/or large deletions) or
regions of affected codons, limiting our knowledge of the
risk profiles for individual mutations (Gallou et al. 2004,
Maranchie et al. 2004, Ong et al. 2007, Franke et al. 2009,
Nordstrom-O’Brien et al. 2010, Hong et al. 2019, Qiu et al.
2020, Chiorean et al. 2022). Classically, VHL whole-gene
deletions, nonsense variants, frameshifting insertions
and deletions (indels) and certain splice variants have
been associated with ccRCC and Hbl (VHL type 1), while
missense mutations have been associated with PPGL
(type 2 VHL) (Maher et al. 2011). Type 2 disease can be
further divided into type 2A (includes Hbl), type 2B
(includes ccRCC) and type 2C disease with only PPGL.
However, many variants have been reported to cause
both, type 1 and type 2 disease (Tabaro et al. 2016) and,
although rare, patients with nonsense variants have
presented with type 2 disease with early-onset PPGL
(Zhang et al. 2015). Thus, due to the limited cohort size,
discrepancies in observational data and our incomplete
understanding of the mechanistic effects of the variants,
desirable, widely accepted, personalized surveillance and
therapy plans for carriers of various VHL mutations are
lacking, although some have been proposed (Tirosh et al.
2018).

With advances in technology and with longitudinal
follow-up of cohorts, the opportunity arises to
prospectively describe disease courses for different
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VHL mutations. As part of prognosis research
(Hemingway et al. 2013), this knowledge provides the
basis for future research and ultimately for
personalized medicine. To this end, we have
established a broad multicountry VHL registry with
diagnostic and treatment data to establish a genotype-
specific phenotype map in VHL germline mutation
carriers.

Materials and methods

Study design

The VHL Risk Profile Registry is a multicenter cohort of
patients with germline VHL mutations led by the
University Hospital of Freiburg in cooperation with 39
centers worldwide and registered with the DRKS -
German clinical trials registry, DRKS00032577. The
study has been approved by the Ethical Committee of
the Medical Faculty of the University of Freiburg and by
the equivalent committees among participating centers.
To be included in the registry, patients had to have a VHL
germline mutation confirmed by molecular genetic
testing.

Participating centers

We invited colleagues of whom we knew about their
dedication to clinical and/or genetic research in this
field to contribute to this registry. All participating
centers adhere to international guidelines for VHL
(Daniels et al. 2023), including molecular genetic
diagnosis,  ophthalmoscopy including complete
peripheral retinal examination, radiologic imaging with
contrast-enhanced magnetic resonance imaging (MRI) of
the brain and spinal cord, and MRI and/or CT of the
abdomen. All centers have agreement regarding laser
beam coagulation of any RA and the principles of
symptoms and/or tumor sizes indicating surgical
removal of Hbl of the brain, spinal cord and abdominal
tumors. The search for VHL gene mutations was
performed using an EDTA blood-derived DNA sample
by Sanger sequencing for intraexonic variants and
MLPA analysis for large deletions/rearrangements or
by next-generation sequencing multigene panels. Only
patients with molecular genetically confirmed variants
class4 and 5 (likely pathogenic and pathogenic) according
to American College of Medical Genetics and Genomics
(ACMG) and the Association for Molecular Pathology
were accepted for participation in the registry
(Richards et al. 2015, NGS in PPGL Study Group et al.
2017).

Data

A database was set up based on a pre-defined catalog of
data items including genetics, diagnosis of tumors
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including treatment procedures and outcome. Clinical
data included age, sex and vresults from
ophthalmoscopy, CT scans and/or MRI of the brain,
spinal cord and abdomen. Treatment data included
surgery details and outcome. Such investigations were
established in all participating centers for VHL patients
according to the international guidelines.

VHL-associated tumors included RAs, CNS-Hbls, ccRCCs,
PNETSs, PPGLs and ELSTs (Lonser et al. 2003). All tumors
were confirmed by state of the art imaging and, if
removed, additionally by histopathology. All data were
collected until November 2023, with a second systematic
review of all participating centers until January 1, 2024.
All data have been independently checked by at least six
colleagues of the Freiburg team and at least four
colleagues from the Sao Paulo team. Patients i) without
clinical data (n = 20) and ii) without molecular screening
analysis of the VHL gene (n = 23) were excluded from the
analysis, resulting in a total of 1,350 participants. In
addition to tumor manifestations, outcomes of interests
were: the occurrence of metastases of ccRCC, pNET or
PPGL, loss of function of one or both eyes and/or ears,
permanent severe CNS deficits, kidney failure, steroid
dependency and postoperative endocrine or exocrine
pancreas dysfunction.

Statistical analysis

Data from participants were described using the mean
(SD) for continuous variables and frequency (proportion)
for categorical variables.

For mutations observed in at least 30 participants, we
performed detailed analyses in order to define relevant
mutation-specific differences (Oakes 2001). This included
estimation of age-related penetrance using Kaplan-Meier
estimator, the calculation of number of affected
(bilateral) organs and of treatment procedures, and a
description of outcome data.

In Kaplan-Meier analysis, participants without
respective manifestations were censored at the age of
their last visit. Log-rank test was used for pairwise
comparisons of age-related penetrance curves for
different VHL variants and Cox regression to estimate
the instantaneous risk for the manifestation (hazard
ratio; HR).

For comparison of distributions of various characteristics
across VHL variants, a X?-test for binary variables or
Kruskal-Wallis rank sum test for count variables was
conducted.

P values less than 0.05 were considered nominally
statistically significant. To correct for multiple testing, P
values of logrank test were adjusted using the
Benjamini-Hochberg approach (Benjamini & Hochberg
1995). All analyses were conducted using the GraphPad
Prism 9.3.1 or using the R software (https://www.r-project.
org/).
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Results

Study population

The International VHL Risk Profile Registry (as of April 1,
2024) contained data from 1,350 patients with confirmed
germline class 4 or 5 variants of the VHL gene and who
had clinical data available to perform deep phenotyping
for VHL syndrome. Worldwide, 40 centers in 21 countries
contributed to the registry (Table 1 and Supplementary
Table 1 (see section on Supplementary materials given at
the end of the article)). Age distribution at final
observation of the participants was 40.2 (+16.7) years.
There were 704 (52.1%) females. 107 participants died by
age 50.6 (£16.2) years. In 90.3% of the deceased for whom
the cause of death was known (n = 72), VHL was listed as
its cause. Detailed data based on ophthalmoscopy, CT and/
or MRI of the CNS and the abdomen were available for
PPGL in 1,338 (99.1%), ccRCC in 1,333 (98.7%), pNET in
1,333 (98.7%), CNS-Hbl in 1,322 (97.9%) and RA in
1,315 (97.4%) of the participants.

Germline VHL variants

196 different germline mutations of the VHL gene have
been found in the 1,350 participants (Supplementary
Table 2). In addition, 236 participants had large
deletions/rearrangements of 1-3 exons; these are each
counted separately, since a previous analysis showed
different breakpoints (Franke et al. 2009). Pathogenic

Table 1
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(class 5) variants were found in 1,202 participants,
whereas 148 participants carry variants classified as
likely pathogenic (class 4). Missense mutations were
present in 907, truncating mutations in 443 participants.

The six most frequent distinct mutations are c.233A>G
(p.Asn78Ser), present in 30 participants, c.481C>T
(p.Argl61Ter), present in 42, c.482G>A (p.Argl61GIn),
present in 43, c.500G>A (p.Argl67GIn) present in 68,
c.499C>T (p.Argl67Trp), present in 84, and c.292T>C
(p.Tyr98His), present in 226 participants. All these six
are pathogenic variants (class 5). In all, 493
participants carrying the six most frequent mutations
comprise 36.5% in this new international VHL registry.
The p.Tyr98His mutation is endemic in the Black Forest,
South Germany; such participants were contributed by
five centers only. Participants of the other five mutations
have been contributed by 9-21 different centers (Table 2);
the maximum of contributed participants per center for
these five mutations was eight (p.Argl67GIn) to
25 (p.Argl67Trp).

Of the less frequent mutations, 164 are present in 1-5
participants, 18 in 6-10 participants, seven in 11-20
participants and one in 22 participants (Supplementary
Table 2).

Clinical manifestations and interventions

Of the 1,350 participants, 654 (48.4%) had RAs, among
whom 205 (31.3%) had bilateral involvement. CNS-Hbls

Characteristics of 1,350 participants with germline VHL mutations (ACMG variants class 4 or 5).

Characteristics

Frequency
(number, %) Age in years at last visit (mean, SD)

Overall 1,350 (100) 40.3 (+16.7)
Female sex 704 (52.1) 42.1 (£16.3)
Geographic region

Asia (5 centers)* 8 (7.3) 35.2 (£12.7)

Europe (23 centers)* 1 009 (74.7) 42.4 (+16.6)

North America (3 centers) 0 (4.4) 29.3 (+17.5)

South America (9 centers)* 183 (13.6) 34.7 (+16.0)
VHL mutations

Missense mutations 907 (67.2) 40.7 (x17.3)

Truncations/deletions 443 (32.8) 39.3 (£15.4)

(including frame shift mutations
and splice site mutations)

Disease manifestations

Frequency Age in years at first diagnosis Age >65 years at first diagnosis

(number, %) (mean, SD) (number, %)
Retinal hemangioblastoma 654 (48.4) 34.2 (¥15.7) 25 (3.8)
Intracranial haemangioblastoma 618 (45.8) 33.0 (x13.5) 18 (2.9)
Spinal hemangioblastoma 608 (45.0) 36.0 (¥13.9) 18 (3.0)
Renal cell carcinoma 399 (29.6) 37.5 (+12.0) 7 (1.8)
Pancreatic neuroendocrine tumor 248 (18.4) 39.8 (+13.7) 11 (4.4)
Pheochromocytoma/paraganglioma 527 (39.0) 28.4 (£16.1) 13 (2.5)
Endolymphatic sac tumor 47 (3.5) 32.5 (¥13.4) 0

*Turkey, China, India, Singapore, Thailand. 'Belgium, France, Germany, UK, Italy, Netherlands, Poland, Portugal, Russia, Serbia, Sweden,

Switzerland. *Argentina, Brazil, Chile.
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Table 2 Clinical characteristics of the six most frequent VHL mutations.

p.Asn78Ser p.Arg161Ter p.Arg161Gin p.Arg167GIn p.Arg167Trp p.Tyr98His
Registrants (n) 30 42 43 68 84 226
Contributing centers (n) 9 12 10 21 18 5
Age at last check-up Mean 42.0 35.7 32.0 39.6 36.8 48.0
SD 15.1 141 15.1 14.8 15.9 19.2
Involved organs/organ systems (%) 0 33 14.3 4.7 8.8 15.5 19.9
1 133 11.9 46.5 11.8 27.4 27.4
2 333 28.6 18.6 36.8 22.6 36.7
3 40.0 35.7 18.6 20.6 14.3 14.6
4 6.7 9.5 11.6 17.6 14.3 1.3
5 3.3 0.0 0.0 4.4 6.0 0.0
Mean 24 2.1 1.9 24 2.0 1.5
SD 1.0 1.2 1.1 1.3 1.5 1.0
Bilaterally involved organs (n, %) 14 (46.7) 14 (33.3) 18 (41.9) 30 (44.1) 27 (32.1) 40 (17.7)
Operations per registrant (%) 0 23.3 38.1 7.0 23.5 25.0 43.8
1 10.0 9.5 41.9 235 23.8 34.1
2 30.0 19.0 233 221 26.2 13.7
3 133 11.9 18.6 8.8 9.5 53
4 3.3 4.8 23 8.8 4.8 2.2
5 6.7 4.8 7.0 7.4 1.2 0.0
6 3.3 24 0.0 1.5 24 0.4
7 33 0.0 0.0 0.0 24 0.0
8 33 7.1 0.0 4.4 1.2 0.4
9 0.0 0.0 0.0 0.0 1.2 0.0
10 3.3 0.0 0.0 0.0 1.2 0.0
11 0.0 24 0.0 0.0 1.2 0.0
Mean 2.6 2.2 1.9 2.1 2.1 0.9
SD 25 2.7 1.3 2.0 23 1.2
Outcome: lost organ function (n, %) 13 (43.3) 16 (38.1) 14 (32.6) 30 (44.1) 26 (31.0) 40 (17.7)

were found in 815/1,350 participants (60.4%); of these,
618 (75.8%) had intracranial Hbls and 608 (74.6%) had
spinal Hbls. ccRCCs were found in 399/1,350 (29.6%)
participants, with 221 (55.4%) having bilateral tumors.
PNETs were noted in 248/1,350 (18.4%), PPGLs in
527/1,350 (39.0%) and ELSTs in 47/1,350 (3.5%)
participants (Table 1). The high percentage of PPGL
may be explained by the high number of p.Tyr98His
carriers in our international VHL registry.

Unilateral vision impairment occurred in 186/654 (28.4%)
participants with RAs, and bilateral retinal involvement
with more than 50% vision reduction/complete blindness
was identified in 32/654 (4.9%) participants. Enucleation
of one or both eyes was performed in 36/654 (5.5%)
participants. In participants with CNS-Hb], permanent
severe neurological deficits occurred in 168/815 (20.6%)
participants. Metastases were present in 42/399 (10.5%)
participants with ccRCC, in 17/248 (6.9%) participants
with pNET and in 11/527 (2.1%) participants with PPGL.

CNS-Hbl surgeries were performed in 556/815 (68.2%)
participants, with 279 (50.2%) having more than one
operation. Renal surgery including ablative treatment
(thermoablation/cryotherapy) was performed in 292/
399 (73.2%) participants with ccRCC; bilateral
procedures were performed in 140 of these 292
participants (47.9%). Of the 292 participants undergoing
ccRCC treatment, 90 (30.8%) had tumor recurrence in the

same kidney requiring re-intervention. Among the 140
participants who required intervention for bilateral
ccRCC, 16 (11.4%) experienced endstage renal failure
and required dialysis with subsequent Kkidney
transplantation in three participants. Of the 248
participants with pNETs, 89 (35.9%) had tumor
enucleation or Whipple operation. Of the 527
participants with PPGL, 153 (29.0%) had two or more
operations and 36 (6.8%) became steroid dependent.
ELSTs were found in 47 participants, 42/47 (89.4%) had
unilateral and 5/47 (10.6%) had bilateral hearing loss,
three received a cochlear implant. 3.8% of RAs, 2.9% of
intracranial Hbls, 3.0% of spinal Hbls, 1.8% of ccRCCs,
4.4% of pNETSs and 2.5% of PPGLs were diagnosed at age
65 years or older.

Risk profiles in participants with one
of the six most frequent VHL mutations

We analyzed in detail clinical data of the 493 participants
with the six most frequent mutations: p.Asn78Ser,
p.-Argl6lTer, p.Argl61Gln, p.Argl67GIn, p.Argl67Trp
and p.Tyr98His (Fig. 1, Table 2). The following clinical
parameters were chosen to phenotypically characterize
mutations: i) penetrance; ii) number of involved organs/
organ systems; iii) bilateral tumors in paired organs; iv)
number of treatment procedures per patient; and v)
outcome, for which we summarized eyes and ears
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Figure 1

Penetrance curves for each of the six most frequent VHL mutations per tumor manifestation. Penetrance for age at diagnosis was estimated using the
Kaplan-Meier estimator. The curves partially show distinct courses which are statistically significant (Supplementary Table 3).
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without function, presence of metastases, hemodialysis/
transplantation, postoperative pancreatic insufficiency,
steroid-dependency and/or permanent severe CNS
deficits. Pairwise comparisons for each of the six
mutations resulted in 15 pairs for each parameter.

Penetrance

We observed highly significant differences in age-related
penetrance (Fig. 1). Pairwise comparison of the
penetrance curves across the six tumor manifestations
(6 x 15 = 90 pairs) revealed 47 pairs to be nominally
significantly (P < 0.05) different, of which 43 remained
significant after multiple testing correction (Pagjust < 0.05),
including 29 pairs with P < 0.0001 (Supplementary
Table 3). All pairwise comparisons of mutations
showed at least one significant (P < 0.05) difference,
except for p.Asn78Ser versus p.Argl6lTer and
p-Argl67Trp versus p.Argl67Gln, as reflected by their
respective similar penetrance curves (Fig. 1). Most
significant associations with P < 0.0001 were found in
p-Tyr98His (n = 19), followed by p.Argl61Ter (n = 10).
Compared to patients carrying the p.Tyr98His mutation,
carriers of other mutations were at higher risk for many
of the VHL-associated tumors. For instance, we observed
that p.Argl161Ter carriers had an 81-fold higher risk for
ccRCC (HR = 81, 95% confidence interval (CI) 30-221). This
result, however, should be interpreted with caution due
to sparseness of data (Greenland et al. 2016). Only for
PPGL, the risk in p.Arg161Ter (HR 0.4, 95% CI 0.1-0.9) and
p-Asn78Ser (HR 0.3, 95% CI 0.1-0.9) carriers was reduced
in comparison to p.Tyr98His carriers.

Number of the involved organs

The number of organs involved (Table 2) per registrant
(range: 0-5) varied significantly among the six most
frequent mutations (P = 1.0E-07), with the highest
number in those with the p.Asn78Ser and p.Argl161GIn
mutations (mean 2.4) and the lowest number in those
with the p.Tyr98His mutation (mean 1.5).

Bilaterally involved organs

Bilateral tumors in paired organs occurred in 143 of the
493 most frequent mutations carriers (29.0%) with
significantly varying proportions (P = 1.3E-05). 47% of
p.-Asn78Ser carriers had bilateral organ involvement
compared to only 18% of p.Tyr98His carriers (Table 2).

Number of operations

Total number of operations/treatment procedures per
registrant (range 0-11) revealed also significant
differences among the participants with the six most
frequent mutations (P = 4.1E-10; Table 2). p.Asn78Ser
carriers had the most frequent procedures, with mean
2.6 procedures per patient, compared to the lowest in
those with p.Tyr98His, with mean 0.9 procedures per
patient.
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Outcome

Outcome scoring for permanent impairments including
blindness of one or both eyes, persistent severe
neurological defects, need of dialysis, metastases due to
ccRCC, pNETs or PPGL, postoperative pancreatic
insufficiency, steroid dependency and deafness of one or
both ears revealed statistically significant differences
among carriers of the six most frequent mutations
(P = 5.8E-5). The worst outcome was again observed in
participants with p.Asn78Ser (43% of participants), and the
best in those with p.Tyr98His (18%, Table 2).

Discussion

By this newly established multicenter, multinational
registry comprising 1,350 individuals with VHL germline
mutations, we studied mutation-specific risk profiles with
respect to different tumor manifestations, organs
involved, performed treatments and outcomes. We
addressed this issue by analyzing clinical phenotypes
and outcomes in carriers of the six most frequent VHL
mutations present in a third of our participants and found,
by collaboration of 40 centers, significant differences in
many of the analyzed aspects. All previous studies on VHL
genotype-phenotype correlations have mainly focused on
age-related penetrance; in contrast, and for the first time,
we also evaluated the number of affected organs,
treatment procedures and outcomes.

Although not influencing clinical decision making, VHL is
still classified as type 1 or 2 disease based on the frequency
of ccRCC and PPGL (Nielsen et al. 2016). Patients with
truncating mutations or exon deletions tend to develop
a type 1 phenotype, whereas type 2 VHL is characterized
by missense mutations, an observation supported by
several publications, including recent ones (Tamura
et al 2023). Our study has shown that such
generalizations must be considered with caution.
Although mainly missense substitutions at the surface of
PVHL are thought to cause type 2 disease (predominantly
PPGL) (Stebbins et al. 1999, Ong et al. 2007), we were still
surprised by the distinct type 1 phenotype (ccRCC and Hbl)
of the missense mutation p.Asn78Ser (a ‘deep’ missense
mutation located at the protein core) (Ong et al 2007)
contributed by nine centers from eight countries.
Remarkably, missense mutations affecting the highly
conserved amino acids 74-90 (Woodward et al 2000)
and including surface missense mutations have
previously been associated with ccRCC risk (Gallou et al
2004). Notably, p.Arg167GIn (a surface missense mutation)
had a similar risk of intracranial Hbl to p.Asn78Ser. In
addition, even after adjustment for multiple comparisons,
p-Argl61GIn had a significantly higher PPGL penetrance
compared to p.Argl67Trp and p.Argl67GIn, suggesting
that even among surface missense variants phenotypes
are different. Moreover, the variants p.Arg64Pro,
p-Val84Leu, p.Phe119Leu and p.Leul88Val are classically
considered to be VHL type 2C variants (PPGL only)
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(Clifford et al. 2001, Hoffman et al. 2001). However, we
found VHL manifestations other than PPGL in at least one
carrier of all these amino acid substitutions, raising the
question of the existence of an isolated type 2C phenotype
that would allow omitting surveillance for other
manifestations (Supplementary Table 4). In VHL disease,
correlations of distinct specific mutations are limited to
those which have been identified with founder effects
(Green et al. 1986, Lamiell et al 1989, Brauch et al
1995). A well-characterized mutation is the p.Tyr98His
mutation (Brauch et al 1995), which is endemic in the
Black Forest and was described as a type 2A mutation, with
PPGL and CNS-HbI as the typical manifestations (Brauch
et al. 1995, Nielsen et al. 2016, Maher & Sandford 2019).
However, we show that carriers of p.Tyr98His have a
lower risk of developing PPGL and intracranial Hbl than
those with missense mutations affecting amino acids 161
and 167. Our analyses suggest that different VHL variants
have different organ-specific cellular and molecular
functions that explain their different tumor propensity.
The best known function of pVHL is as a ubiquitin ligase
for HIF transcription factors (Gossage et al 2015). VHL
alleles have been shown to differ in the extent of HIF
downregulation, with relative HIF levels highest in
mutations causing type 1 disease and lower in type 2
disease (Clifford et al. 2001, Hoffman et al. 2001, Kaelin
2022). However, although p.Arg161GIn and p.Argl67GIn
show no significant difference in penetrance curves for
cCcRCC, RA, pNET and spinal Hb, their risk for intracranial
Hbl and PPGL differs. All five analyzed missense mutations
show, after correction for multiple testing, overlapping
penetrance curves for RA and spinal Hbl. For pNET and
ccRCC, p.Tyr98His has a significantly lower risk, whereas
for PPGL, p.Asn78ser has the lowest risk. These
observations implicate organ-specific involvement in
unknown subcellular and molecular functions of these
variants beyond HIF degradation, which require further
investigation. It would be instructive to carry out similar
analyses for all VHL mutations. However, since most VHL
variants are rare, it is doubtful that enough patients will
ever be sequenced to reliably predict neoplasia risk for
each possible VHL variant. As experimental approaches
for characterizing variant effects improve (Findlay 2021),
large genotype-phenotype maps, such as ours, will become
increasingly important for correlating and validating
experimental findings. This combination of approaches
may, in the future, lead to the development of mutation-
specific tumor surveillance and therapy that is highly
sought after by patients.

Limitations

A limitation of our study is the retrospective nature of
data collection. Even with a worldwide collaboration of
40 centers, however, sample size and clinical information
(e.g., missing age of diagnosis) are limited. More detailed
analysis was thus not possible.
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Conclusions

Our results, derived from the analysis of the largest
available cohort with VHL germline mutations (to our
knowledge), reveal previously unknown mutation- and
organ-specific differences in tumor penetrance, number
of organs affected, number of surgeries and outcome.
Further research, e.g., the correlation of large
genotype-phenotype maps with experimental research,
may be needed to obtain reliable neoplasia risk estimates
for carriers of different VHL mutations. Our study
emphasizes the importance of mutation-specific tumor
prediction. These data have important implications for
risk assessment and decision making in tumor prevention
for carriers of the respective VHL mutations.
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This is linked to the online version of the paper at
https://doi.org/10.1530/ERC-24-0260.
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