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ABSTRACT

Backgrounds The incidence of germline mutations

in the newly discovered cryptic exon (E1') of VHL gene
in patients with von Hippel-Lindau (VHL) disease and

in patients with paraganglioma or pheochromocytoma
(PPGL) is not currently known.

Methods We studied a large international multicentre
cohort of 1167 patients with a previous negative
genetic testing. Germline DNA from 75 patients with

a single tumour of the VHL spectrum ('Single VHL
tumour’ cohort), 70 patients with multiple tumours of
the VHL spectrum ("Multiple VHL tumours’ cohort), 76
patients with a VHL disease as described in the literature
('"VHL-like" cohort) and 946 patients with a PPGL were
screened for E1' genetic variants.

Results Six different genetic variants in E1" were
detected in 12 patients. Two were classified as
pathogenic, 3 as variants of unknown significance and

1 as benign. The rs139622356 was found in seven
unrelated patients but described in only 16 patients out
of the 31 390 of the Genome Aggregation Database
(p<0.0001) suggesting that this variant might be either
a recurrent mutation or a modifier mutation conferring a
risk for the development of tumours and cancers of the
VHL spectrum.

Conclusions VHL E1" cryptic exon mutations contribute
to0 1.32% (1/76) of "VHL-like" cohort and to 0.11%
(1/946) of PPGL cohort and should be screened in
patients with clinical suspicion of VHL, and added to
panels for Next Generation Sequencing (NGS) diagnostic
testing of hereditary PPGL. Our data highlight the
importance of studying variants identified in deep
intronic sequences, which would have been missed by
examining only coding sequences of genes/exomes.
These variants will likely be more frequently detected and
studied with the upcoming implementation of whole-
genome sequencing into clinical practice.

INTRODUCTION
Von Hippel-Lindau (VHL) disease is an autosomal-
dominant renal cancer predisposition syndrome’

responsible for the development in affected
patients of renal cysts or clear cell carcinomas, and
other features as retinal or central nervous system
haemangioblastomas, pancreatic cysts or neuro-
endocrine tumours, endolymphatic sac tumours
and pheochromocytomas and/or paragangliomas
(PPGLs). A germline mutation (including gross dele-
tion) is identified in one of the three exons of VHL
in almost all affected patients.” Nevertheless, some
patients with clinically diagnosed VHL disease, but
without identified VHL germline mutation, have
been reported.’ One of the tumour types of the
VHL tumour spectrum, PPGL, are rare neuroen-
docrine tumours with a great genetic heterogeneity
and the highest heritability rate with about 40% of
genetically determined forms.*’ Indeed, to date,
approximately 17 susceptibility genes have been
reported but two thirds of identified mutations are
found in SDHB, SDHD and VHL genes.®”’

Recently, a cryptic exon of VHL gene, named
E1°, has been discovered. A germline mutation in
the first intronic region which results in creation
of a cryptic exon designated E1” was found in one
large family with a typical VHL disease and without
any alteration in the other VHL exons.® VHL gene
is one of the major PPGL susceptibility genes but,
to date, E1’ exon has not been included in PPGL
target gene panels.

Hence, our objective was to assess the preva-
lence of E1’ germline mutations in two interna-
tional cohorts of patients: first, in 221 patients
with a single or multiple tumours suggesting a
VHL disease and then in 946 with a PPGL but
without an identified mutation in the three VHL
exons or in the main PPGL susceptibility genes,
respectively.

METHODS

Patient’s selection

A total of 1167 patients were analysed, divided into
four different groups:
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Table 1  Main clinical and tumour characteristics of the different

cohorts

Total patients n=1167
VHL-like, n=76 patients

Age at first diagnosis mean (min-max) 45.4 (20-76)
Multiple haemangioblastomas 16 (21%)
Haemangioblastoma with another VHL tumour 28 (37%)
One VHL tumour and family history of VHL tumour 32 (42%)
Multiple VHL tumours, n=70 patients
Age at first diagnosis mean, (min-max) 55 (11-81)
Three or more VHL tumours 3 (4%)
Two VHL tumours 67 (96%)
Single VHL tumour, n=75 patients
Age at first diagnosis mean (min-max) 34.6 (11-78)
Clear cell renal cell carcinoma 3 (4%)
Cerebral haemangioblastoma 27 (36%)
Retinal haemangioblastoma 10 (13.3%)
Other tumours 35 (46.6%)
PPGL, n=946 patients
Age at first diagnosis mean (min-max) 43 (8-94)
Benign PPGL 869 (92%)
Single benign PPGL 771 (82%)
Multiple benign PPGL 98 (10%)
Metastatic PPGL 77 (8%)
Single metastatic PPGL 67 (7%)
Multiple metastatic PPGL 10 (1%)
Familial PPGL 17 (2%)

PPGL, paraganglioma; VHL, von Hippel-Lindau.

» 946 patients with PPGL but without germline mutation in
major PPGL susceptibility genes (‘PPGL cohort) (table 1 and
online supplementary table S1).

» 76 patients with a VHL disease as defined in the litera-
ture,”” that is, patients with multiple haemangioblastomas,
or a single haemangioblastoma with another tumour of
the VHL spectrum, or one tumour of the VHL spectrum
(excepted epididymal and renal cysts) and family history of
VHL tumour but no germline VHL gene mutation (‘VHL-
like’ cohort).

» 70 patients with multiple tumours of the clinical spectrum
of VHL disease but who did not fill the definition of a VHL
disease and who had no germline VHL mutation (‘Multiple
VHL tumours’ cohort).

» 75 patients with a single tumour of the VHL spectrum
without VHL mutation occurring at a young age (‘Single
VHL tumour’ cohort) (table 1 and online supplementary
table S2).

Germline DNA from ‘VHL-like’, ‘Multiple VHL tumours’
and ‘Single VHL tumour’ cohorts had been previously tested for
VHL gene by Sanger sequencing or Next Generation Sequencing
and large rearrangements by MLPA or QMPSF. The procedures
used for PPGL diagnosis were in accordance with international
guidelines.'* !

Moreover, a control cohort of 198 European subjects without
VHL manifestation was analysed in order to determine the
frequency of variant in the general population.

Each patient signed a written informed consent for genetic
analyses.

Direct sequencing of the E1’ cryptic exon of VHL on germline
DNA

Sanger sequencing on germline DNA of E1” was performed as
previously described.® Variants interpretation was performed
by using different criterions: ACMG criteria,'* allele frequency
in databases, phenotype of patients and tumour analysis as

described below.

VHL gene analysis in tumour

Tumour DNA was extracted from frozen or paraffin embedded
tumour by the QIAamp DNA minikit (Qiagen). Loss of heterozy-
gosity (LOH) was evaluated by (1) Sanger sequencing of the E1’
cryptic exon of VHL by mutation-specific primers and (2) micro-
satellite analysis on D3S1537, D351038, D3S1317 D3S3547,
D3S3727 as previously described.”® '* VHL gene deletion on
tumour DNA was assessed with the SALSA MLPA P016 VHL
probemix (MRC-Holland).

CA9 immunochemistry

Immunohistochemistry was performed as previously described
on 6 um slides cut from paraffin-embedded tumours with anti
CA9 antibody (1/1500, ab15086, Abcam)." Antigen retrieval
was performed by boiling slides in Tris-EDTA buffer (pH9) for
45 min. Revelation was performed using Histogreen as a chro-
mogen. Images were acquired with a Leica DM400B micro-
scope with Leica Application Suite software V.2.8.1 and a Leica
DFC420C camera.

PNMT and VHL RT-qPCR

RNA was extracted from paraffin embedded tumours of six
control PPGL (3 NF1-related, 2 RET-related and 1 TMEM127-
related PPGL), 5 VHL- related PPGL (all carrying a missense
mutation in VHL gene) and patients #3 and #10 PPGL by using
the Maxwell 16 LEV RNA FFPE Purification Kit (Promega).
RNA was quantified and its purity assessed with a NanoDrop
ND-1000 spectrophotometer (Labtech). RT PCR was performed
on 1000 ng of RNA with iScript cDNA Synthesis Kit iScript
(BioRad). Then, as described in,'® pre amplification of PNMT,
VHL, GAPDH and 18§ on complementary DNA was performed
with SsoAdvanced PreAmp Supermix (BioRad). Because of RNA
fragmentation, all primers were designed to amplify amplicons
smaller than 100 bp. We used two VHL primer sets. The first set
amplified the VHL transcript including exons 1 and 2 (E1-E2)
(F: 5'- CATCCACAGCTACCGAGGTC-3" overlapping exons
1 and 2 and R: 5-GTGTGTCCCTGCATCTCTGA-3" located
on exon 2). The second set amplified the VHL transcript with
exon 1 and the cryptic exon (E1-E1') (F: 5'-GCATCCACAGC-
TACCGAGTC-3' overlapping exon 1 and the cryptic exon and
R: 5-AGTCTCCCCAGGAGGAATGT-3' located on the cryptic
exon). Quantitative PCR was performed on VHL (E1-E2),
PNMT, GAPDH and 18S by SYBR Green Master MixSybrGreen
(BioRad) on the C1000 Touch (BioRad) and VHL (E1-E1') was
amplified by PCR in parallel with GAPDH. All experiments were
performed in duplicate three times.

Statistical analysis

Statistical analysis was carried out with GraphPad software.
Differences between allele's frequency in gnomAD and our
cohort of patients and relative risk were assessed by y?2 tests. A
p<0.05 was considered significant.

RESULTS
We analysed the germline DNA of 1167 patients from France,
Spain, Canada and the USA. We identified a rare germline
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Figure 1 VAL E1' variants identified: mutations identified in patient #10 on the germline DNA and somatic DNA (A); location of germline variants found
in VHL E1'(B).

genetic variant (minor allele frequency <1%) in the E1° VHL
cryptic exon in 12 patients (190). One of these patients was clas-
sified as “VHL-like’ (1 of 76 patients, 1.3%), 2 as ‘Multiple VHL
tumours’ (2/70 patients, 2.9%), 1 as ‘Single VHL tumour”’ (1/75
patients, 1.3%) and 8 belonged to the ‘PPGL cohort (8/946,
0.8%) (table 2). Among these 12 patients, we identified 6
different variants, 4 in the E1” and 2 at the intron-exon junction
and we considered only two variants as pathogenic mutations
(figure 1). None of these variants was found in a control cohort
of 198 European subjects without VHL manifestations.

Seven patients (patients #2 to #8) (0.6%) carried the same rare
variant of uncertain significance (VUS), ¢.340+578C>T which
is referenced in dbSNP as rs139622356 and has been previ-
ously reported in the Genome Aggregation Database (gnomAD).
The five remaining patients carried different E1” variants. One
of them (patient #9) harbours the ¢.340+617C>G muta-
tion previously described in the original paper.® Patient #12
carried the ¢.340+866C>A VUS, which is referenced in dbSNP
(rs536631685) and 1000 Genomes, but not in the Genome
Aggregation Database (gnomAD). Finally, three novel VUS of
the E1” VHL cryptic exon were discovered in the three remaining
patients. None of the four patients with a PPGL and an E1” VUS
have developed VHL spectrum tumour(s) during their follow-up
and none of them had family history of VHL disease (table 2);
however, segregation analysis was only performed in patient #9.
The proband’s mother did carry the variant and had a pancreatic
cyst and multiple vertebral body haemangiomas which both are
evocating of VHL disease.'”

Among the remaining 11 patients, 3 tumours were available,
2 as paraffin embedded samples (patients #1, #10) and 1 as a
frozen tumour (patient #3). None of them presented a LOH
at VHL locus and the mutated allele was lost as determined by

Sanger sequencing in tumour #1. In tumour DNA of patient
#10, which harbours the ¢.340+682T>C variant, we identi-
fied a second variant in the exon 3 of VHL (c.482G>A; p.Ar-
g161GIn), known to be pathogenic (figure 1). This somatic
mutation was previously described in this patient.’® In the
absence of LOH, this exon 3 variant may function as the second
VHL hit in this tumour. No other mutation of the VHL gene was
identified in tumour DNA of patient #3.

To validate and classify these different VUS, we carried out
different functional studies on available tumour tissues. We first
performed immunohistochemistry to study the expression of
CA9, known to be expressed at the membrane of tumour cells in
case of VHL inactivation.'” A membranous positive CA9 immu-
nostaining has been previously reported in VHL-related PPGL,
haemangioblastoma, endolymphatic tumours and ccRCC."* 2% %!
We observed a cluster of tumour cells with a positive membra-
nous CA9 immunostaining only in the PPGL of patient #10
(figure 2A) which can be seen in VHL-related PPGL." Then,
we assessed the expression of PNMT gene, which is one of
the most downregulated genes in VHL-related PPGL,** ** by
RT-qPCR. As expected, the PPGL of patient #10 exhibited
a significant low expression of PNMT mRNA, comparable to
the VHL-tumours used as controls. On the contrary, the level
of PNMT expression was equivalent to control tumours in the
PPGL of patient #3, which produced both epinephrine and
norepinephrine. Finally, we analysed the expression of VHL
gene by RT-qPCR. We assessed the expression of two different
VHL mRNA: the mRNA containing the exons 1 and 2 (E1-E2),
which will lead with the exon 3 to the expression of the two
main VHL proteins (pVHL213 and pVHL160) and VHL mRNA
containing the exon 1 and E1' (E1-E1'), which was previously
described as increased in tumour or in lymphoblastoid cell lines
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Figure 2 CA9 immunochemistry in patients tumours with a VHL E1' mutation showed a membranous immunostaining on a cluster of cells in patient #10
PPGL (A). PNMT and VHL (E1-E2 transcript) genes expression by RT-qPCR in patients #3 and #10 showed a low expression of the two genes in patient #10

tumours (B).

of patients with E1' mutation. In normal condition, this VHL
E1-E1' mRNA is degraded by nonsense-mediated decay (NMD),
and in this pathological condition, NMD may be overwhelmed.
The PPGL of patients #3 and #10 showed expression of VHL
E1-E1' mRNA which was absent in controls, suggesting that the
two variants change the VHL mRNA splicing (figure 3). More-
over, the PPGL of patient #10 showed a low expression of
VHL E1-E2 mRNA comparable to the VHL-related PPGL used
as control (figure 2B). Altogether, these data provide evidence
that this VHL E1' mutation (¢.340+682T>C) is a pathogenic
mutation that combined with the second mutation (c.482G>A;
p-Arg161GlIn) induce tumorigenesis.

Finally, 23 patients carry the ¢.340+648T>C (rs73024533)
variant, previously described in dbSNP, at an heterozygous state.
The allele frequency of rs73024533 in our cohort is comparable
to that of the gnomAD database and of our control cohort of
198 European subjects (1.9% vs 1.3% and 1.3%, respectively,
p=0.0536).

DISCUSSION

E1’ mutations were previously described by Lenglet ez al in eight
families, either with erythrocytosis or VHL disease. These muta-
tions led to an abnormal VHL mRNA with the insertion of the
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Figure 3  Expression of E1-E1" transcript of VHL gene showed expression
only in patients #3 and #10.

E1’ in the transcript and to mRNA degradation by NMD and to
global defect in VHL protein expression.®

In our large international study, we identified four new germ-
line variants in E1” VHL gene and we classified two of them
as pathogenic, representing 1.3% of ‘VHL-like’ cohort (1/76
patients) and 0.11% of ‘PPGL cohort (1/946 patients). Our
patients did not have all the manifestation of VHL disease.
However, in the single patient in whom a familial genetic
screening was performed (patient #9), the proband’s mother
had her first screening (cerebral and medullary MRI and abdom-
inal CT scan) at the age of 70 years old, which diagnosed one
pancreatic cyst and multiple vertebral body haemangiomas.
Interestingly, multiple vertebral body haemangiomas are rare in
VHL disease but have been described in patients with Chuvash
polycythemia, a disease secondary to a recurrent germline bial-
lelic mutation in VHL gene (c.598C>T, p.Arg200Trp).** Our
data suggest incomplete penetrance of E1’ VHL mutations, as
it was previously described for the SDHA gene-another PPGL
susceptibility gene- mutations that exhibit a relatively high allele
frequency in gnomAD.25

We have identified the same variant ¢.340+578C>T
(rs139622356) in seven patients, but our tumour analyses were
not able lead to the classification of this variant in a pathogenic
variant. Indeed in one tumour with this variant, we identified
the E1-E1' mRNA which suggest that the variant is pathogenic.
However, epinephrine secretion and PNMT expression of this
tumour are strong indicator against the diagnosis of VHL-related
PPGL.>® Moreover, we identified this variant in 0.6% of our

cohort, which is 10 times more frequent in our cohort than in
reference databases. Indeed, this variant is described in 0.05% of
gnomAD subjects (7/1167 vs 16/31 390, p<0.0001). It is note-
worthy that in Tuscan and Iberian subjects reported in the 1000
Genomes project, the frequency of this rs139622356 is 0.9%.
All these data suggest that this variant could be either a patho-
genic variant that is not implicated in the PPGL of our patient
because of the lack of LOH/second VHL mutation, or a modifier
variant contributing potentially to an 8.5-fold risk (95% CI 4.4
to 14.3, p<0.0001) for development of PPGL or VHL tumours.
Hence, more functional analyses and more tumours analyses will
be required to achieve a definitive conclusion.

Our study demonstrates that E1” VHL variants are rare events
in ‘VHL-like’ and ‘PPGL’ patients, but nearly as frequent as the
VHL mutation rate in exons 1 and 2 in patients with PPGL (in
the molecular genetic laboratory of Hopital Européen Georges
Pompidou-Paris-France VHL mutation rate in exon 1 has been
reported to be 0.74% (p=0.062), in exon 2: 0.18% (p=0.99)
and in exon 3: 0.92% (p=0.0264),” or as frequent as in exons
of other PPGL susceptibility genes (for instance, the mutation
rate in exon 1 of SDHD is 0.43%). However, because patients
with well-established VHL pathogenic mutations were excluded
from our cohort, the current frequency may be an underesti-
mation. As the identification of VHL variants has important
implications for management and follow-up of patients and
relatives, we suggest that E1” cryptic exon should be added to
NGS diagnostic panels. Considering the genetic heterogeneity of
PPGLs and the high rate of detectable driver mutations in these
tumours,'’ a low frequency of variants in any given new gene/
exons is not unexpected. However, the interpretation of these
E1' variants might be difficult and more functional analyses has
to be designed in order to validate these variants. Finally, our
study underlines the importance of variants identified in deep
intronic sequences, which would have been missed by examining
only coding sequences of genes/exomes. These variants will likely
be more frequently detected and studied in the next future with
the upcoming implementation of whole-genome sequencing into
clinical practice.
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Supplementary Table S1: Individual clinical and tumor characteristics of patients in "PPGL" cohort. M: male, F: female, HN: head and neck PPGL, TAP:

thoracic, abdominal or pelvic PPGL, PCC: pheochromocytoma, NA: not available.

Numb Age at diag ic Sex Single or multiple PPGL Mali PPGL Localization of PPGL Family history of PPGL
PPGL1 54 NA Single HN
PPGL2 NA NA Multiple pPCC
PPGL3 16 NA Single TAP
PPGL4 76 NA Single pcC
PPGL5 44 NA Single PCC
PPGL6 47 NA Single PCC
PPGL7 47 NA Single PCC
PPGL8 38 NA Single HN
PPGL9 59 NA Single PCC

PPGL10 74 NA Single HN

PPGL11 42 NA Single PCC

PPGL12 52 NA Single pPCC

PPGL13 13 NA Multiple TAP

PPGL14 8 NA Single pPCC

PPGL15 45 NA Single PCC

PPGL16 47 NA Single PCC

PPGL17 26 NA Single PCC

PPGL18 45 NA Single PCC

PPGL19 44 NA Single PCC

PPGL20 35 NA Single Yes HN

PPGL21 44 NA Single PCC

PPGL22 33 NA Single pPCC

PPGL23 60 NA Single TAP

PPGL24 48 NA Single TAP

PPGL25 59 NA Single PCC

PPGL26 47 NA Single PCC

PPGL27 22 NA Single PCC

PPGL28 54 NA Single PCC

PPGL29 66 NA Single PCC

PPGL30 24 NA Multiple TAP

PPGL31 42 NA Single Yes TAP

PPGL32 59 NA Single TAP

PPGL33 59 NA Single TAP

PPGL34 70 NA Single HN

PPGL35 38 NA Single TAP

PPGL36 80 NA Single PCC

PPGL37 57 NA Single PCC

PPGL38 60 NA Single PCC

PPGL39 32 NA Single PCC

PPGL40 75 NA Single HN

PPGL41 64 NA Single TAP

PPGL42 35 NA Single pPCC

PPGL43 35 NA Single Yes TAP

PPGL44 47 NA Single PCC

PPGL45 59 NA Single PCC

PPGL46 51 NA Single HN

PPGL47 30 NA Single TAP

PPGL48 36 NA Single PCC

PPGL49 75 NA Single HN

PPGL50 67 NA Single TAP

PPGL51 62 NA Single PCC

PPGL52 66 NA Single PCC

PPGL53 35 NA Single TAP

PPGL54 69 NA Single PCC

PPGL55 32 NA Single PCC

PPGL56 64 NA Single PCC

PPGL57 38 NA Single HN

PPGL58 67 NA Single PCC

PPGL59 55 NA Single PCC

PPGL60 18 NA Single TAP

PPGL61 36 NA Single PCC

PPGL62 47 NA Single HN

PPGL63 80 NA Single HN

PPGL64 43 NA Single HN

PPGL65 67 NA Single PCC

PPGL66 78 NA Single HN

PPGL67 66 NA Single TAP

PPGL68 78 NA Single PCC

PPGL69 47 NA Single PCC

PPGL70 35 NA Single PCC

PPGL71 64 NA Single TAP

PPGL72 NA NA Single pPCC

PPGL73 44 NA Single PCC

PPGL74 43 NA Single PCC

PPGL75 58 NA Single PCC

PPGL76 75 NA Single HN

PPGL77 51 NA Single PCC

PPGL78 70 NA Single PCC

PPGL79 70 NA Single PCC

PPGL80 46 NA Single HN

PPGL81 36 NA Single PCC

PPGL82 68 NA Single HN

PPGL83 52 NA Single PCC

PPGL84 45 NA Single TAP

PPGL85 47 NA Single PCC

PPGL86 28 NA Single HN

PPGL87 41 NA Single PCC

PPGL88 42 NA Single TAP

PPGL89 52 NA Single PCC Yes

Buffet A, et al. J Med Genet 2020;0:1-8. doi: 10.1136/jmedgenet-2019-106519



Supplementary material J Med Genet

PPGL90 55 NA Single PCC
PPGLI91 47 NA Single PCC
PPGL92 64 NA Single TAP
PPGL93 62 NA Single TAP
PPGL94 57 NA Single Yes pPcC
PPGL95 19 NA Single PCC
PPGL96 68 F Single HN
PPGL97 43 M Single PCC
PPGL98 76 F Single NA
PPGL99 63 F Single HN
PPGL100 65 M Single PCC
PPGL101 65 M Single PCC
PPGL102 46 F Single Yes NA
PPGL103 54 F Single PCC
PPGL104 66 M Single PCC
PPGL105 36 F Multiple HN
PPGL106 65 M Single PCC
PPGL107 21 M Single HN
PPGL108 47 F Single NA
PPGL109 45 M Single PCC
PPGL110 64 F Single PCC
PPGL111 94 F Single pPCcC
PPGL112 70 F Single HN
PPGL113 37 F Single PCC
PPGL114 64 F Multiple TAP/PCC
PPGL115 54 M Single PCC
PPGL116 49 M Single PCC
PPGL117 71 F Single HN
PPGL118 49 F Single pPCcC
PPGL119 47 F Single PCC
PPGL120 52 F Single HN
PPGL121 73 F Single PCC
PPGL122 61 F Single PCC
PPGL123 48 M Single PCC
PPGL124 72 F Single NA
PPGL125 58 M Single HN
PPGL126 51 M Single Yes pPCcC
PPGL127 50 M Single NA
PPGL128 78 F Single PCC
PPGL129 83 F Single NA
PPGL130 65 F Single PCC
PPGL131 78 F Single HN
PPGL132 61 M Multiple NA
PPGL133 55 F Single PCC
PPGL134 57 M Single PCC
PPGL135 40 M Single pPCcC
PPGL136 60 M Single PCC
PPGL137 57 M Single PCC
PPGL138 58 F Single TAP
PPGL139 58 F Single PCC
PPGL140 60 F Single PCC
PPGL141 47 F Single PCcC
PPGL142 48 M Single TAP
PPGL143 52 F Single PCC
PPGL144 56 M Single PCcC
PPGL145 38 F Single TAP
PPGL146 42 M Single PCC
PPGL147 69 M Single HN
PPGL148 52 M Single NA
PPGL149 61 F Single pPcC
PPGL150 42 M Single HN
PPGL151 49 F Single PCC
PPGL152 50 M Single PCC
PPGL153 66 F Single NA
PPGL154 19 M Single PCC
PPGL155 71 F Single HN
PPGL156 61 F Single PCC
PPGL157 58 F Single TAP
PPGL158 56 M Single PCC
PPGL159 69 F Single PCC
PPGL160 32 M Multiple NA
PPGL161 82 F Single HN
PPGL162 68 F Single pPCcC
PPGL163 40 F Single HN
PPGL164 56 M Single PCC
PPGL165 52 F Multiple HN
PPGL166 58 F Single PCC
PPGL167 68 M Single pPCcC
PPGL168 68 M Single HN
PPGL169 73 F Single HN
PPGL170 76 M Single PCC
PPGL171 38 M Single PCC
PPGL172 49 F Single HN
PPGL173 66 F Single NA
PPGL174 63 M Single pPCcC
PPGL175 84 M Single NA
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PPGL176
PPGL177
PPGL178
PPGL179
PPGL180
PPGL181
PPGL182
PPGL183
PPGL184
PPGL185
PPGL186
PPGL187
PPGL188
PPGL189
PPGL190
PPGL191
PPGL192
PPGL193
PPGL194
PPGL195
PPGL196
PPGL197
PPGL198
PPGL199
PPGL200
PPGL201
PPGL202
PPGL203
PPGL204
PPGL205
PPGL206
PPGL207
PPGL208
PPGL209
PPGL210
PPGL211
PPGL212
PPGL213
PPGL214
PPGL215
PPGL216
PPGL217
PPGL218
PPGL219
PPGL220
PPGL221
PPGL222
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PPGL726 50 M Single PCC
PPGL727 43 F Single HN
PPGL728 NA F Single PCC
PPGL729 59 M Single PCC
PPGL730 NA F Single PCC
PPGL731 36 M Single PCC
PPGL732 47 M Single pcC
PPGL733 42 F Single PCC
PPGL734 48 M Single PCC
PPGL735 74 M Single PCC
PPGL736 41 F Single PCC
PPGL737 21 F Single PcC
PPGL738 35 F Multiple HN
PPGL739 33 M Multiple PCC
PPGL740 62 F Single TAP
PPGL741 43 M Single PCC
PPGL742 21 M Single pCC
PPGL743 59 F Single PCC
PPGL744 45 M Single PCC
PPGL745 67 M Single PCC
PPGL746 52 M Single PCC
PPGL747 28 F Single PcC
PPGL748 54 F Single pPCC
PPGL749 66 M Single PCC
PPGL750 40 F Multiple Yes TAP/PCC
PPGL751 77 F Single HN
PPGL752 42 M Single pcC
PPGL753 63 F Multiple HN
PPGL754 16 M Multiple PCC
PPGL755 43 M Single HN
PPGL756 38 F Single HN
PPGL757 69 M Single HN
PPGL758 15 M Single PCC
PPGL759 57 F Single HN
PPGL760 32 M Single PCC
PPGL761 47 M Single Yes PCC
PPGL762 9 M Single PCC
PPGL763 32 F Single PCC
PPGL764 78 F Single HN
PPGL765 60 F Single HN
PPGL766 44 M Single PCC
PPGL767 29 M Multiple TAP
PPGL768 48 F Single HN
PPGL769 26 M Single PCC
PPGL770 70 F Single HN
PPGL771 59 F Single HN
PPGL772 64 M Single Yes TAP
PPGL773 51 F Single HN
PPGL774 74 F Single PCC
PPGL775 54 M Single HN
PPGL776 47 F Single PCC
PPGL777 50 F Single TAP
PPGL778 53 F Single HN
PPGL779 41 F Single Yes PCC
PPGL780 62 F Single PCC
PPGL781 25 F Single TAP
PPGL782 26 F Single TAP
PPGL783 40 M Single PCC
PPGL784 35 M Single PCC
PPGL785 53 F Single HN
PPGL786 64 F Single PCC
PPGL787 41 F Single PcC
PPGL788 38 M Single PCC
PPGL789 38 M Single TAP
PPGL790 38 F Single TAP
PPGL791 36 M Single PCC
PPGL792 63 F Single TAP
PPGL793 64 F Single HN
PPGL794 58 F Single TAP
PPGL795 52 M Single HN
PPGL796 59 M Single PCC
PPGL797 42 M Single PCC
PPGL798 64 M Single TAP
PPGL799 43 F Single PCC
PPGL800 55 F Single HN
PPGL801 33 F Single HN
PPGL802 46 F Single HN
PPGL803 45 M Single PCC
PPGL804 43 M Multiple PCC
PPGL805 52 F Single HN
PPGL806 63 F Single HN
PPGL807 54 M Single HN
PPGL808 70 M Single PCC
PPGL809 47 M Single TAP
PPGL810 NA M Single PCC
PPGL811 76 F Single TAP
PPGL812 45 M Single TAP
PPGL813 59 M Single HN
PPGL814 60 M Single TAP
PPGL815 63 F Single PCC
PPGL816 31 M Multiple Yes TAP
PPGL817 48 M Single PCC
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PPGL818 64 M Single PCC
PPGL819 70 F Single Yes PCC
PPGL820 62 F Single Yes HN
PPGL821 39 F Single HN
PPGL822 63 M Single HN
PPGL823 44 F Single PCC
PPGL824 46 F Single pPCC
PPGL825 42 F Single PCC
PPGL826 49 F Single PCC
PPGL827 68 M Single HN
PPGL828 78 F Single PCC
PPGL829 65 F Single PCC
PPGL830 50 F Single HN
PPGL831 51 M Single PCC
PPGL832 45 M Single PCC
PPGL833 44 M Single PCC
PPGL834 66 M Single Yes PCC
PPGL835 44 F Single PCC
PPGL836 59 F Single TAP
PPGL837 62 F Single HN
PPGL838 58 F Single PCC
PPGL839 42 F Single PCC
PPGL840 31 F Single PCC
PPGL841 NA F Single PCC
PPGL842 64 M Multiple TAP/PCC
PPGL843 20 M Single Yes PCC
PPGL844 23 F Single PCC
PPGL845 48 F Single PCC
PPGL846 35 F Single PCC
PPGL847 79 F Multiple PCC/HN
PPGL848 39 M Single Yes PCC
PPGL849 43 F Single PCC
PPGL850 43 F Single PCC
PPGL851 53 F Single PCC
PPGL852 49 M Single PCC
PPGL853 52 F Single PCC
PPGL854 23 F Single TAP
PPGL855 56 F Single PCC
PPGL856 49 M Single TAP
PPGL857 57 M Single TAP
PPGL858 29 F Multiple PCC
PPGL859 41 F Single TAP
PPGL860 70 M Single Yes PCcC
PPGL861 NA F Single Yes NA
PPGL862 86 F Single HN
PPGL863 38 F Single PCC
PPGL864 35 M Single pPcC
PPGL865 44 F Single PCC
PPGL866 56 F Single Yes TAP
PPGL867 66 F Single TAP
PPGL868 46 M Single HN
PPGL869 54 F Single PCC
PPGL870 51 M Single TAP
PPGL871 72 F Single HN
PPGL872 65 F Single PCC
PPGL873 51 F Single PCC
PPGL874 71 M Single Yes TAP
PPGL875 25 F Single PCC
PPGL876 82 M Single TAP
PPGL877 NA F Single Yes PCcC
PPGL878 33 M Single Yes TAP
PPGL879 56 M Single PCC
PPGL880 41 NA Single Yes PCC
PPGL881 56 F Single PCC
PPGL882 24 F Single Yes PCC
PPGL883 39 F Single PCC
PPGL884 57 F Single TAP
PPGL885 30 F Single PCC
PPGL886 50 F Single HN
PPGL887 40 F Single PCC
PPGL888 14 F Single TAP
PPGL889 39 F Single PCC
PPGL890 40 M Multiple PCC
PPGL891 44 M Single PCC
PPGL892 45 F Single HN
PPGL893 50 F Single PCC
PPGL894 43 F Single HN
PPGL895 56 F Single PCC
PPGL896 59 M Single PCC
PPGL897 51 F Single HN
PPGL898 70 F Single HN
PPGL899 42 M Single PCC
PPGL900 78 F Single PCC
PPGL901 59 NA Single PCC
PPGL902 53 F Single TAP
PPGL903 64 F Single PCC
PPGL904 64 M Single PCC
PPGL905 60 F Single TAP
PPGL906 64 F Single HN
PPGL907 18 F Single TAP
PPGL908 45 F Single HN
PPGL909 78 F Single HN
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PPGL910 60 M Single PCC
PPGL911 58 F Single TAP
PPGL912 71 F Single TAP
PPGL913 31 F Single TAP
PPGL914 65 F Multiple HN/TAP
PPGL915 65 F Single HN
PPGL916 73 M Multiple pPcC
PPGL917 67 F Single TAP
PPGL918 63 F Single HN
PPGL919 58 F Single HN
PPGL920 15 M Multiple PCC
PPGL921 59 M Single PCC
PPGL922 47 M Single PCC
PPGL923 74 F Single HN
PPGL924 60 F Single HN
PPGL925 40 M Single Yes PCC
PPGL926 28 M Single TAP
PPGL927 70 F Single HN
PPGL928 43 F Single HN
PPGL929 46 M Single HN
PPGL930 25 M Single TAP
PPGL931 75 F Single TAP
PPGL932 50 M Single PCC
PPGL933 62 F Single PCC
PPGL934 75 F Single HN
PPGL935 74 F Single HN
PPGL936 35 F Single HN
PPGL937 49 M Single TAP
PPGL938 59 M Single PCC
PPGL939 24 F Single HN
PPGL940 45 F Single HN
PPGL941 NA F Single PCC
PPGL942 67 F Single HN
PPGL943 50 F Single HN
PPGL944 NA F Single PCC
PPGL945 69 F Single HN
PPGL946 66 F Single PCC
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Supplementary Table $2: Individual clinical and tumor characteristics of patients in "VHL-like", "Multiple VHL tumors” and "Single VHL tumor" cohorts. M: male, F: female, RCC: renal carcinoma, PET: pancreatic endocrine tumor, CNS
hemangioblastoma: central nervous system hemangioblastoma, HN: head and neck PPGL, TAP: thoracic, abdominal or pelvic PPGL, PCC: pheochromocytoma, NA: not available.

Number

Multiple VHL tumors1
Multiple VHL tumors2
Multiple VHL tumors3
Multiple VHL tumors4
Multiple VHL tumors5
Multiple VHL tumors6
Multiple VHL tumors7
Multiple VHL tumors8
Multiple VHL tumors9
Multiple VHL tumors10
Multiple VHL tumors11
Multiple VHL tumors12
Multiple VHL tumors13
Multiple VHL tumors14
Multiple VHL tumors15
Multiple VHL tumors16
Multiple VHL tumors17
Multiple VHL tumors18
Multiple VHL tumors19
Multiple VHL tumors20
Multiple VHL tumors21
Multiple VHL tumors22
Multiple VHL tumors23
Multiple VHL tumors24
Multiple VHL tumors25
Multiple VHL tumors26
Multiple VHL tumors27
Multiple VHL tumors28
Multiple VHL tumors29
Multiple VHL tumors30
Multiple VHL tumors31
Multiple VHL tumors32
Multiple VHL tumors33
Multiple VHL tumors34
Multiple VHL tumors35
Multiple VHL tumors36
Multiple VHL tumors37
Multiple VHL tumors38
Multiple VHL tumors39
Multiple VHL tumors40
Multiple VHL tumors41
Multiple VHL tumors42
Multiple VHL tumors43
Multiple VHL tumors44
Multiple VHL tumors45
Multiple VHL tumors46
Multiple VHL tumors47
Multiple VHL tumors48
Multiple VHL tumors49
Multiple VHL tumors50
Multiple VHL tumors51
Multiple VHL tumors52
Multiple VHL tumors53
Multiple VHL tumors54
Multiple VHL tumors55
Multiple VHL tumors56
Multiple VHL tumors57
Multiple VHL tumors58
Multiple VHL tumors59
Multiple VHL tumors60
Multiple VHL tumors61
Multiple VHL tumors62
Multiple VHL tumors63
Multiple VHL tumors64
Multiple VHL tumors65
Multiple VHL tumors66
Multiple VHL tumors67
Multiple VHL tumors68
Multiple VHL tumors69
Multiple VHL tumors70
Single VHL tumor1l
Single VHL tumor2
Single VHL tumor3
Single VHL tumor4
Single VHL tumor5
Single VHL tumor6
Single VHL tumor7
Single VHL tumor8
Single VHL tumor9
Single VHL tumor10
Single VHL tumor11
Single VHL tumor12
Single VHL tumor13
Single VHL tumor14
Single VHL tumor15
Single VHL tumor16
Single VHL tumor17
Single VHL tumor18
Single VHL tumor19
Single VHL tumor20
Single VHL tumor21
Single VHL tumor22
Single VHL tumor23
Single VHL tumor24
Single VHL tumor25
Single VHL tumor26
Single VHL tumor27
Single VHL tumor28
Single VHL tumor29
Single VHL tumor30
Single VHL tumor31
Single VHL tumor32
Single VHL tumor33
Single VHL tumor34
Single VHL tumor35
Single VHL tumor36
Single VHL tumor37
Single VHL tumor38
Single VHL tumor39
Single VHL tumor40
Single VHL tumor41
Single VHL tumor42
Single VHL tumor43
Single VHL tumor44
Single VHL tumor45
Single VHL tumor46
Single VHL tumor47
Single VHL tumor48
Single VHL tumor49
Single VHL tumor50
Single VHL tumor51

Age at diagnostic __ Sex Family history of VHL tumors
69 NA No
53 F No
66 F No
44 M No
26 M No
47 M No
23 M No
26 M No
31 F No
48 M No
49 NA No
49 NA No
48 NA No
81 NA No
53 NA No
57 NA No
47 NA No
44 NA No
29 NA No
63 NA No
61 NA No
NA F No
NA M No
NA NA No
81 M No
65 M No
39 F No
47 M No
41 M No
55 M No
47 F No
78 F No
57 F No
NA M No
63 M No
58 M No
61 F No
51 M No
63 M No
69 M No
43 F No
NA M No
NA F No
58 F No
60 F No
NA M No
56 M No
NA F No
70 F No
64 F No
NA F No
49 F No
63 F No
58 M No
61 M No
64 M No
79 M No
NA M No
59 F No
NA M No
NA M No
64 M No
58 F No
NA F No
61 F No
76 F No
52 F No
11 F Yes (Pancreatic cyst)
69 NA No
55 F No
51 F No
54 M No
12 F No
42 M No
25 NA No
14 NA No
50 NA No
35 NA No
32 NA No
21 NA No
17 NA No
36 NA No
22 NA No
22 NA No
14 NA No
30 NA No
35 NA No
22 NA No
33 NA No
37 NA No
23 NA No
16 NA No
17 NA No
19 NA No
NA NA No
29 M No
NA F No
39 M No
25 F No
66 F No
14 F No
41 F No
22 F No
34 M No
18 M No
67 M No
58 M No
38 F No
60 F No
30 F No
59 M No
40 F No
27 F No
71 F No
59 F No
11 F No
43 F No
34 F No
23 F No
31 F No
NA M No

Localization (3)

Localization (4]

Localization (1)
P!

Multiple RCC

PCC
Multiple RCC

RCC
Multiple RCC
Multiple RCC
Multiple RCC
Multiple RCC
Multiple RCC
Multiple RCC
Multiple RCC
Multiple RCC

RCC
Multiple RCC
PET

Multiple RCC

Multiple pancreatic cysts
Multiple RCC

Multiple PET
Multiple PET
Multiple renal cysts
Multiple renal cysts
Multiple pancreatic cysts
Multiple pancreatic cysts
Multiple pancreatic cysts

RCC
Multiple PET

RCC
PET
PCC
Multiple PET
Multiple PET
Multiple PET
Multiple PET
Multiple PET
Multiple renal cysts
Multiple renal cysts
Multiple PET
RCC

RCC
PET
PGL TAP
PGLTAP
CNS hemangioblastoma
Multiple renal cysts
RCC
RCC
Retinal hemangioblastoma
Retinal hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
Medulla hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
Retinal hemangioblastoma
Retinal hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
CNS hemangioblastoma
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