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Abstract Von Hippel-Lindau (VHL) disease is a heredi-
tary tumor syndrome characterized by predisposition for
bilateral and multi-centric hemangioblastomain the retina
and central nervous system, pheochromocytoma, renal
cell carcinoma, and cystsin the kidney, pancreas, and epi-
didymis. We describe five families for which direct se-
guencing of the coding region of the VHL gene had failed
to identify the family-specific mutation. Further molecu-
lar analysis revealed deletions involving the VHL genein
each of these families. In four families, partial deletions of
one or more exons were detected by Southern blot analy-
sis. In the fifth family, FISH analysis demonstrated the
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deletion of the entire VHL gene. Our results show that
(quantitative) Southern blot analysisis a sensitive method
for detecting germline deletions of the VHL gene and
should be implemented in routine DNA diagnosis for
VHL disease. Our data support the previously established
observation that families with a germline deletion have a
low risk for pheochromocytoma. Further unraveling of
genotype-phenotype correlations in VHL disease has re-
vealed that families with a full or partial deletion of the
VHL gene exhibit a phenotype with a preponderance of
central nervous system hemangioblastoma.

Introduction

Von Hippel-Lindau (VHL) disease is a hereditary tumor
syndrome characterized by predisposition for bilateral and
multi-centric hemangioblastoma in the retina and central
nervous system (CNS), pheochromocytoma, renal cell
carcinoma, cysts in the kidney, pancreas, and epididymis,
and endolymphatic sac tumors. VHL disease is a rele-
tively rare disorder, with an estimated birth incidence of
1/36,000 (Maher et al. 1991). The basis of familial inher-
itance of the disease isagermline mutation in the VHL tu-
mor suppressor gene, located in chromosome region
3p25-26 and identified in 1993 (Latif et a. 1993). The
disease is inherited as an autosomal dominant trait with a
high penetrance. A genotype-phenotype correlation has
been described for the presence of pheochromocytoma
and renal cell carcinoma, but not for other VHL-related
tumors (Zbar et a. 1996).

Germline mutations are found in up to 100% (Stolle et
al. 1998) of the families fulfilling the clinical VHL crite-
ria (Maher and Kaelin 1997; Melmon and Rosen 1964).
Missense, nonsense, and splice site mutations, and mi-
crodeletions and microinsertions are detected in approxi-
mately two-thirds of these families (Maher et al. 1996;
Stolle et al. 1998; Zbar et al. 1996). In one-third of the
VHL families, large deletions (4—380 kb) are found (Maher
et a. 1996; Stolle et a. 1998; Zbar et al. 1996). Such dele-
tions have been demonstrated by Southern blot analysis
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(Stolle et al. 1998), pulsed field gel electrophoresis
(Richards et al. 1993; Szymanski et al. 1993), longe range
polymerase chain reaction (PCR; Cybulski et al. 1999), or
fluorescent in situ hybridization (FISH; Decker et al.
1994; Pack et al. 1999; Phipps et a. 1993). The detection
of germline mutations in VHL families allows diagnosis
of the disease, including diagnosis at an early or presymp-
tomatic stage. Carriers of the mutated VHL gene can be
monitored closely and given the appropriate treatment,
whereas in non-carriers, the inconvenience of intensive
clinical surveillance can be avoided.

We describe five families for which direct sequencing
of the coding region of the VHL gene had failed to iden-
tify the family specific mutation. However, further mole-
cular analysis revealed deletions involving the VHL gene
in each of these families. Evaluation of clinical featuresin
these families suggests that VHL gene deletions result in
a disease phenotype characterized by an absence of
pheochromocytoma and a high incidence of CNS heman-
gioblastoma.

Patients and methods
Patients

The five families (A—E) described here were referred to the De-
partment of Medical Genetics, UMC Utrecht, for germline muta-
tion analysis in the VHL gene. The patients were clinically exam-
ined in the University Hospitals of Utrecht, Groningen, Leuven,
and Gent, and in the Merwede Hospital, Dordrecht (Table 1). Clin-
ical monitoring included annual ophthalmoscopy, yearly alternate
magnetic resonance imaging (MRI) and ultrasonography of the ab-
domen, and (at various frequencies) MRI of the CNS (Hes and
Feldberg 1999). All probands fulfilled the clinical diagnostic crite-
ria. in the presence of a positive family history, a diagnosis of
VHL disease can be made by the identification of a single retinal
or cerebellar hemangioblastoma, renal cell carcinoma, or pheo-
chromocytoma, in an at-risk individual (Maher and Kaelin 1997;
Melmon and Rosen 1964).

DNA anaysis

High molecular weight DNA was isolated from peripheral blood
samples according to established procedures. Exons 1, 2, and 3 of

Table 1 Genotypes and phenotypes (Family family with unique
identification number, Age age of patients and range of current age
in years, Pheo pheochromocytoma, RCC rena cell carcinoma,

the VHL gene and their immediately flanking sequences were am-
plified by PCR, by using oligonucleotides according to Gnarra et
a. (1994). The flanking sequences included 90 nucleotides up-
stream of the second start codon in exon 1 and 45 nucleotides
downstream of the stop codon in exon 3. Amplification products
were purified and subjected to automated sequence analysis on an
ABI 377 (Perkin & Elmer). The amplification primers were used
as primers in the sequencing reactions.

Screening for structural rearrangements, including gross dele-
tions, was performed by Southern blot analysis. DNA was digested
with EcoRI alone (Latif et al. 1993) and with an EcoRI/Asel dou-
ble-digest (Stolle et al. 1998). To confirm the results, two other re-
striction enzymes, viz., Hindlll and Stul, were used (see Fig. 1 for
the restriction map). After gel electrophoresis and transfer to Hy-
bond-N filters, the genomic DNA was hybridized with the VHL
g7-cDNA probe (Latif et al. 1993), according to the manufac-
turer’ sinstructions. The human beta globin gene was used asan in-
ternal control (Stolle et al. 1987). Additionally, exon-specific
probes generated by PCR amplification of exons 1, 2, and 3 were
hybridized to the same filters.

FISH analysis

FISH analysis was carried out on metaphase chromosome spreads
according to established procedures (Phipps et al. 1993). The VHL
cosmid-11 probe was labeled by nick translation with biotin-14-
dATP. After precipitation of the labeled probe in the presence of
Cot-1 DNA, pre-annealing was performed in order to block repet-
itive sequences. The final concentration of the probe was 15 ng/ul.
Hybridization of the denatured probe onto the denatured meta-
phase chromosomes was carried out overnight at 37°C. Each slide
was mounted with 15 pl antifade medium (Vectashield, Braun-
schweig) containing 4,6-diamidino-2-phenylindole. Microscopic
analysis of images was performed by using a CytoVision (Applied
Imaging).

Results
Clinical manifestations

No pheochromocytoma occurred in any of the 34 clini-
cally well-monitored patients in the five families studied
(Table 1). Other visceral VHL-related manifestations in-
cluded: three patients with renal cell carcinoma, two with
renal cysts, six with pancreatic cysts, and two with ovar-

cHAB central nervous system hemangioblastoma, rHAB retinal
hemangioblastoma)

Family ,(Age ra;nge Origin Deletion Patients Number of patients with a VHL-related manifestation
mean
Pheo RCC cHAB rHAB Other

A(2) 16-37(31) Turkish Exon 1+2 5 0 2 4 2 Pancreatic cysts (2 patients), bilateral renal
cysts (1 patient)

B (15) 20-80(49) Dutch Exon 1 20 0 1 17 12 Pancreatic cysts (2 patient), multiple
ovarian cysts (1 patient)

C(23) 47-72(57) Belgian Exon 1-3 5 0 0 5 0 Pancresatic cysts (1 patient), ovarian cyst
and renal cyst (1 patient)

D (51) 46-?(46) Belgian Exonl 2 0 0 2 1 Pancreatic cysts (1 patient)

E (61) 31-60(46) Dutch Exon 1 2 0 0 0 2 Neurofibromatosis (1 patient)

Tota  16-80 (47) 34 28 17




Fig.1 Genomic organization
of the VHL gene (to scale), in-
cluding the 5" and 3' untrans-
lated regions (UTR), the VHL
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ian cysts. Five patients had symptoms associated with an
endolymphatic sac tumor (i.e., hearing loss, tinnitus, or
vertigo); however, MRI did not show tumors in the poste-
rior fossa in these patients. One patient in family E had
neurofibromatosis. CNS and retinal hemangioblastoma
were found in four of the five families: in the retina in
17 patients (50%), and in the CNS in 28 patients (82%).

Germline mutations in the VHL gene

In family A, direct sequencing did not reveal a germline
mutation, neither was linkage analysis with highly poly-
morphic markers informative (data not shown). Southern
blot analysis after EcoR1 digestion, with the g7 probe and
an internal control probe, demonstrated an extra band

Fig.2 Analysis of the segrega-
tion of an aberrant fragment
with the disease. Numbers of

del exon VHL

........ | del exon 1

................. _| del exon 1

above the 20-kb normal fragment in the proband. To char-
acterize the putative genetic alteration further, Southern
blot analysis was repeated by using a panel of restriction
enzymes, of which Hindlll showed an aberrant fragment
segregating with the disease (Fig. 2). Hybridization of the
Hindll blot with radio-labeled PCR products of exons 1,
2, and 3 demonstrated a deletion of exons 1 and 2. This
deletion was confirmed by digesting DNA with the en-
zymes BamHI, Ksp632I, and Bgll1, which have restriction
sitesin exons 1, 2, and 3, respectively. BamHI revealed a
diminished intensity of the exon-1-specific band, and Ksp
6321 demonstrated an extra band, also suggesting loss of a
restriction site. Restriction with Bglll gave anormal band-
ing pattern. This finding was aso confirmed with the Sul
restriction enzyme, which yields fragments of the three
separate VHL exons. On Southern blot analysis, dimin-
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Fig.3 Constitutional VHL gene deletions identified by Southern
blot analysis in five families. Genomic DNA from families A—E
and control (N) digested with EcoRI (lanes 1-6) and with
EcoRI/Asel (lanes 8-13) was hybridized with the g7 probe and a
beta-globin control probe. The lambda-x-HindlIl marker (lane 7)
shows fragment sizes in kilobases (=1000 bp). Aberrant bands are
indicated with arrows. The bands marked with an asterisk might
represent a restriction site polymorphism or partially digested
DNA. The lower band represents a VHL pseudogene (), located
on chromosome 1 (Bradley and Rothberg 1999)

ished band intensity was seen for exons 1 and 2, and a
normal intensity for the fragment containing exon 3 (data
not shown).

Consequently, Southern blot analysis was aso per-
formed in four additional families for which no mutations
in the VHL gene had been detected by direct sequencing.
In families B and D, Southern blot analysis with EcoRl
and hybridization with the g7 probe generated an aberrant
restriction fragment (Fig. 3). This aberrant restriction frag-
ment was recognized by probes representing exons 2 and
3. However, hybridization with the exon 1 probe resulted
in anormal banding pattern, indicating a deletion encom-
passing exon 1.

Fig.4 Detection of a deletion encompassing the entire VHL gene
by FISH analysisin family C. A loss of signal from one of the two
VHL aleles (short arrow) was detected in a patient from family C.
Thelong arrows represent the centromeric probe of chromosome 3

* *

9.4 -gz‘- p. < Wild type VHL

g T

4 o W% <« Betaglobin

EcoRI/Asd

In the proband from family C, six different restriction
enzymes (EcoRI, EcoRI/Asel double-digestion, Hindlll,
Sul, Dral, and Pwvull) consistently revealed a diminished
band intensity of the VHL band compared with the beta
globin control probe. This indicated the presence of a
deletion encompassing the entire VHL gene. Indeed, FISH
analysis with the cos-11 probe demonstrated |oss of signal
of one of the two VHL alleles in three patients from this
family, but not in an unaffected family member (Fig. 4).

In family E, we noticed that restriction with EcoRI,
Hindlll, and Stul did not result in abnormalities on South-
ern blots. Asrecently described by Stolle et a. (1998), the
resolution of Southern blot analysis for the VHL geneis
improved by using an EcoRI/Asel double-digestion.
When we subjected all five families to the latter method,
aberrations could be seen, as expected, in families A-D
(Fig.3). Surprisingly, the proband from family E showed
an altered restriction fragment. Further analysisrevealed a
deletion of exon 1.

Discussion
Detection of VHL gene deletions

The five deletion families represent 28% of the families
with a VHL germline mutation that have been identified
in our department so far (unpublished data). Although, in
three families (B, D, and E), the deletion involves exon 1
only, differences in the restriction fragment patterns gen-
erated by Southern blot analysisindicate that the deletions
are distinct and have different breakpoints. Our results
suggest that Southern blot analysis (and FISH when nec-
essary) should be implemented in routine diagnostic
screening protocols for VHL gene mutations. The EcoRlI/
Asel double-digestion hybridized with g7 cDNA and a
control probe is becoming the method of choice in screen-
ing for large deletions in the VHL gene (Stolle et al.
1998). Southern blot analysis with EcoRI only is a less
sensitive method of detecting VHL gene deletions, as il-
lustrated in family E and two cases in the study by Stolle
et al. (1998). Each of these cases had rearrangements de-
tectable by Eco RI/Asel digestion that were not found af-
ter EcoRI digestion. EcoRI/Asel double-digestion has a
high resolution because it isolates exactly the coding re-
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the present study and in families
studied by Chen et al. (1995) and

Glavac et al. (1996). This figure 80%

shows the frequency of patients 09

with four types of VHL tumors

associated with their genotype. 60%

Pheo Pheochromocytoma, RCC

renal cell carcinoma, cHAB cen- 50%

tral nervous system hemangio-
blastoma, rHAB retinal heman-

40%
gioblastoma. The missense muta- ’

tion T505C (Tyr98His) was the 30%

only missense mutation that we

included in the missense type lla 20%

group. More missense type lla

mutations could still be hidden in 10%

the missense I1b group. Data from

T T

the three studies were pooled, but 0% Pheo

RCC cHAB rHAB

we excluded those deletion pa-

tients from our study (frequencies 1%

oDeletions

(0%) A41%  (9%) 66% (82%) 44% (50%)

between brackets), since they dif- oMissense | 0%

31% 659% 44%

fered significantly (P<0.001) in oMissense lla 65%

1% 10% 20%

their incidence of RCC compared & Missense lln 39%

37% 54% 26%

with the two other studies

gion of the VHL gene. To delineate the molecular nature
of the deletion further, the enzymes BamHI, Ksp6321, and
Bglll, which have restriction sitesin exons 1, 2 and 3, re-
spectively, may be applied, in addition to hybridization
with probes for the individual exons of the VHL gene.

If Southern blot analysis of the VHL gene demon-
strates a diminished band intensity, FISH analysis can be
used to confirm the deletion of one VHL alele. The pres-
ence of large deletions may also be revealed in studiesin-
volving highly polymorphic short-tandem repeat markers.
Deletions encompassing polymorphic marker loci will re-
sult in loss of specific alleles and reduced intensities for
observed aleles.

Genotype-phenotype correlations
Pheochromocytoma

The five families were affected with various VHL -related
tumors, except for pheochromocytoma (Fig.5). Families
with a deletion or a mutation that predicts a truncated
VHL protein are predominantly associated with a disease
phenotype without pheochromocytoma (VHL type 1),
whereas 69% of families with pheochromocytoma (VHL
type 11) are associated with specific missense mutations
(Stolle et al. 1998). It is hypothesized that pheochromocy-
toma arises from a dominant-negative effect of VHL pro-
teins, based on the involvement of VHL in the multi-pro-
tein VCB (VHL-Elongin C-Elongin B) complex that may
target proteins for degradation (via a process called ubig-
uitination; Stebbinset al. 1999). Structural analysis of this
complex has revealed that VHL has two protein-binding
sites. A mutant (type Il) having a defect in only one site
may exert a dominant-negative effect by sequestering key
components of the ubiquitin pathway (Stebbins et al.

1999; Tyers and Willems 1999). In contrast, mutations
found in families without pheochromocytoma (type I) are
predicted to cause a complete unraveling of the VHL
structure (Stebbins et a. 1999). Assuming that deletions
of the VHL gene rule out the presence of any possible
dominant-negative effect, the absence of phaeochromocy-
toma in our deletion patients is in good agreement with
this model.

Renal cell carcinoma

Since our deletion families show a relatively low fre-
quency of renal cell carcinoma compared with other stud-
ies, they are not included in the bar diagram of Fig.5. Re-
nal cell carcinomain VHL patients occurs at a mean age
of 36 years (Walther et a. 1999); the mean age (and the
median age) of the VHL patients whom we studied was
47 years. The mean age of the patientsin the two compar-
ison articles was not reported. It has been hypothesized
that renal lesions develop as a consequence of severa
structural aberrations, such as large deletions, nonsense,
splice and frame shift mutations, and insertions (Glavac et
al. 1996). So far, alow frequency of renal cell carcinoma
has only been reported in families (VHL type 118) with
specific missense mutations (Brauch et al. 1995; Fig.5).

The above suggests that the relationship between
germline mutation and renal cell carcinoma in VHL is
complex. Apart from chance, the relatively low frequen-
cies of rena cell carcinoma reported in our clinically
well-monitored families could be attributable to other fac-
tors. Like retinal hemangioblastoma in VHL patients,
modifier genes (Webster et al. 1998) or externa factors
may contribute to arenal cell carcinomarisk (e.g., smok-
ing is associated with a higher risk; La Vecchia et a.
1990; Muscat et al. 1995).
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CNS hemangioblastoma

So far, the risks of CNS hemangioblastoma in VHL dis-
ease have not been correlated with allelic heterogeneity.
Our deletion families exhibit a phenotype with a prepon-
derance of CNS hemangioblastoma (Table 1). This
prompted us to investigate whether phenotypes of families
with VHL gene deletions differ from families with other
VHL germline mutations (Fig.5). With respect to the inci-
dence of CNS hemangioblastoma, we noted that families
with deletions did not significantly differ from other types
of VHL germline mutations, except for families with type
Ila missense mutations (Fig.5). VHL deletion families
show asignificantly (Chi-sgquare 85, P<1x10-19) higher in-
cidence of CNS hemangioblastoma compared with type
[la missense mutations. Apparently, VHL Ila mutations
are not only associated with alow risk for renal cell carci-
noma, but also for CNS hemangioblastoma.

However, apart from considering the different func-
tional effects of VHL mutations (i.e., null versus domi-
nant-negative), other factors, including tissue-specific dif-
ferences, may aso play a role. For instance, cells could
require different levels of functional VHL protein to
maintain cellular homeostasis. Furthermore, the multi-
functional VHL protein may be implicated in distinct cel-
[ular pathways in different tissues. Moreover, thereis evi-
dence that modifier genes play a role in the etiology of
retinal hemangioblastoma (Webster et al. 1998), and this
could be similar for other target tissuesin VHL disease.

Interestingly, in family C, the deletion of the entire
VHL gene is associated with a phenotype with a prepon-
derance of CNS hemangioblastoma. Although complete
VHL gene deletions occur in approximately 9% of VHL
families (Stolle et a. 1998), no clinical details have been
published for complete gene deletion families. Given that
deletions of the entire VHL gene represent true null ale-
les, additional studies embodying carefully executed clin-
ical analysisof patients with such deletions are required to
test our observed genotype-phenotype correlation.
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