
Genotype and p`henotype correlation in von Hippel–Lindau
disease based on alteration of the HIF-α binding site in VHL

protein

Sheng-Jie Liu, PhD1,2,3,5, Jiang-Yi Wang, PhD1,2,3,5, Shuang-He Peng, PhD1,2,3, Teng Li, PhD1,2,3,
Xiang-Hui Ning, PhD1,2,3, Bao-An Hong, PhD1,2,3, Jia-Yuan Liu, MS1,2,3, Peng-Jie Wu, MD4,
Bo-Wen Zhou, MD1,2,3, Jing-Cheng Zhou, PhD1,2,3, Nie-Nie Qi, MD1,2,3, Xiang Peng, MD1,2,3,

Jiu-Feng Zhang, MD1,2,3, Kai-Fang Ma, MS1,2,3, Lin Cai, MD, PhD1,2,3 and Kan Gong, MD, PhD1,2,3

Purpose: Von Hippel–Lindau (VHL) disease is a rare hereditary
cancer syndrome that reduces life expectancy. We aimed to
construct a more valuable genotype–phenotype correlation based
on alterations in VHL protein (pVHL).

Methods: VHL patients (n = 339) were recruited and grouped
based on mutation types: HIF-α binding site missense (HM)
mutations, non-HIF-α binding site missense (nHM) mutations, and
truncating (TR) mutations. Age-related risks of VHL-associated
tumors and patient survival were compared.

Results: Missense mutations conferred an increased risk of pheochro-
mocytoma (HR = 1.854, p = 0.047) compared with truncating muta-
tions. The risk of pheochromocytoma was lower in the HM group than
in the nHM group (HR = 0.298, p = 0.003) but was similar between
HM and TR groups (HR = 0.901, p = 0.810). Patients in the nHM
group had a higher risk of pheochromocytoma (HR = 3.447,

po 0.001) and lower risks of central nervous system hemangioblastoma
(CHB) (HR = 0.700, p = 0.045), renal cell carcinoma (HR = 0.610,
p = 0.024), and pancreatic tumor (HR = 0.382, po 0.001) than those
in the combined HM and TR (HMTR) group. Moreover, nHM
mutations were independently associated with better overall survival
(HR = 0.345, p = 0.005) and CHB-specific survival (HR = 0.129,
p = 0.005) than HMTR mutations.

Conclusion: The modified genotype–phenotype correlation links VHL
gene mutation, substrate binding site, and phenotypic diversity
(penetrance and survival), and provides more accurate information
for genetic counseling and pathogenesis studies.
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INTRODUCTION
Von Hippel–Lindau (VHL) disease (OMIM 193300) is a rare
autosomal dominant tumor syndrome resulting from muta-
tions in the VHL tumor suppressor gene. The incidence of
VHL mutation is approximately 1 in 36,000–53,000 births,
with age-dependent high penetrance.1,2 Lesions associated
with VHL disease include central nervous system hemangio-
blastoma (CHB), retinal angioma (RA), renal cell carcinoma
(RCC), renal cyst, pancreatic tumor or cyst (PCT), pheo-
chromocytoma (PHEO), endolymphatic sac tumor, and
papillary cystadenoma of the epididymis or broad
ligament.3–6 The presentations of VHL disease vary remark-
ably, and patients may develop symptoms from early
childhood through adulthood.7–10 Phenotypically, VHL dis-
ease can be classified into four types: type 1 does not include
PHEO, type 2A includes PHEO but not RCC, type 2B
includes both PHEO and RCC, and type 2C is associated with
PHEO as the sole manifestation.1

The VHL gene is located on chromosome 3p25.3 and was
first identified in 1993 (ref. 11). The encoded VHL protein

(pVHL) forms a complex with elongation factor C and B
(elongin C/B) named the VCB complex, which forms the
VCB-CR complex along with cullin2 (CUL2) and RING
finger protein (RBX1).12 This complex is critical for pVHL to
function as an E3 ligase, an important enzyme in the
ubiquitylation and proteasomal degradation of HIF-α and
several other substrates. pVHL consists of one α-domain and
one β-domain. The β-domain comprises several β-sheets and
binds HIF-α via residues 65–117 (refs. 5,13–16). The α-
domain consists of three α-helices and binds elongin C.17 The
pVHL–HIF pathway plays an important role in tumorigenesis
in VHL disease. VHL germ-line mutations result in dysfunc-
tion of the E3 ligase and accumulation of HIF-α, leading to
the upregulation of proangiogenic factors, such as vascular
endothelial growth factor (VEGF) and platelet-derived growth
factor β, which accelerate tumorigenesis.18

Genotype–phenotype correlations have been reported in
many studies, providing valuable strategies for prophylactic
surveillance and genetic counseling for presymptomatic
individuals in families with VHL disease.19,20 The typical
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genotype–phenotype correlation is that VHL missense muta-
tions are responsible for type 2 disease with a high risk of
PHEO, and truncating mutations are responsible for type 1
disease with a low risk of PHEO.21 Deletion of all or part of
the VHL gene as well as the nearby gene BRK1 (also known as
HSPC300 and C3orf10) leads to RA and CHB with a low risk
of RCC, sometimes called type 1B VHL disease.1,22,23 In
clinical practice, a considerable portion of missense mutation
carriers do not develop PHEO, implying that there must be
difference in missense mutations among the patients. A
structural analysis reported that VHL missense mutations in
the elongin C binding domain were associated with a higher
risk of PHEO.16 Another study including a small number of
patients (n = 13) found that VHL missense mutations in the
HIF-α binding site may predispose patients to age-related
CHB risks.13 Moreover, in vitro studies showed that mutated
pVHL involved in type 2C VHL disease retains the ability to
degrade HIF-α degradation, suggesting that independent
mechanisms are responsible for HIF-α degradation and the
PHEO phenotype.24,25 In view of the fact that the binding of
HIF-α to pVHL in the E3 ligase is the first step in mediating
HIF-α degradation under normoxia conditions, we hypothe-
sized that the genotype–phenotype correlation may be related
to the alteration of HIF-α binding to pVHL due to VHL
mutations.
In this study, we reanalyzed the genotype–phenotype

correlation by investigating age-related penetrance of VHL-
associated tumors and survival in different patient groups
with missense mutations in the HIF-α binding site (HM
group), missense mutations not in the HIF-α binding site
(nHM group), and truncating mutations (TR group). The
results refined the genotype–phenotype correlation in VHL
disease and provide more accurate information for genetic
consultation and pathogenesis studies.

MATERIALS AND METHODS
Medical ethics
This project was approved by the Medical Ethics Committee
of Peking University First Hospital. Informed consent was
obtained from patients or legal guardians.

Patient ascertainment and assessment
In this study, we included all the patients with VHL disease
diagnosed at Peking University First Hospital prior to 1 May
2017. A total of 339 patients from 128 unrelated families were
enrolled for analysis. The lifetime from birth to death or to the
end of follow-up was used for survival analysis. The median
included time was 37.5 years/person (range 1–75 years) with a
total of 13,102 person-years. Individuals were diagnosed with
VHL disease if they carried a VHL germ-line mutation or
fulfilled the clinical criteria for VHL disease, as determined by
medical records and interviews with the patients or family
members.3,26,27 A VHL mutation was confirmed in at least
one patient in a family. Follow-up was carried out from the
time of first clinical presentation for symptomatic patients
or the time of genetic diagnosis of VHL disease for

asymptomatic carriers until death or 1 May 2017. Medical
records, disease history, and imaging data for all affected
patients and asymptomatic carriers were reviewed to
determine age at first diagnosis of the five major VHL
lesions: CHB, RA, RCC, PCT, and PHEO.

Examination of VHL mutations
VHL mutations were examined using peripheral blood
samples from all members of the families except those who
refused the test or died. The three exons and their flanking
intronic sequences were amplified by polymerase chain
reaction and sequenced. Large deletions were detected by
multiplex ligation-dependent probe amplification (MLPA,
P016-C2 kit, MRC-Holland, Amsterdam, The Netherlands)
and confirmed by real-time quantitative polymerase chain
reaction. The primers and conditions for amplification were
described in our previous publication.28 Patients with
missense mutations leading to a single amino acid change
in pVHL were divided into the HM group (mutations in
residues 65–117) and the nHM group.13 Patients with
nonsense mutations predicted to cause truncated proteins,
small indels resulting in frameshift, splice-site mutations, and
large deletions were categorized into the TR group.

Statistical analysis
Age-related penetrance of the five major VHL lesions and
survival analysis were calculated using Kaplan–Meier plot and
log-rank analysis. The Cox regression model was used to
assess the effect of genotype on risk of the five major VHL
lesions and on hazard of death in different groups. A p value
less than 0.05 was considered to be statistically significant. For
multiple comparisons, Bonferroni’s correction was used to
reduce the type I error rate. Data were analyzed using SPSS
version 22.0 software (IBM-SPSS, Chicago, IL).

RESULTS
VHL gene mutations and clinical characteristics of the 339
Chinese patients with VHL disease
A total of 65 types of intragenic VHL mutations were
identified within the 128 unrelated families, including 33
missense mutations (162 patients from 56 families) and 32
truncating mutations (177 patients from 72 families). Of the
missense mutations, 56.1% were located in the HIF-α binding
site, 35.8% were located in the elongin C binding site, and
8.1% were located in other sites (Supplementary Table S1
online). CHB (62.2%) was the most common manifestation in
the patients, followed by PCT (46.0%), RCC (43.6%), RA
(21.2%), and PHEO (13.5%), similar to our previous report.29

Genotype–phenotype correlations
Comparison of age-related tumor risks between missense
mutation and truncating mutation carriers
As described in previous studies, missense mutation carriers

showed an increased risk of PHEO (HR = 1.854, 95%
confidence interval (CI) 1.009–3.406, p = 0.047), and a
decreased risk of CHB (HR = 0.740, 95% CI 0.564–0.971,

Genotype–Phenotype correlation in VHL | LIU et al ORIGINAL RESEARCH ARTICLE

GENETICS in MEDICINE | Volume 20 | Number 10 | October 2018 1267



p = 0.030), RCC (HR = 0.577, 95% CI 0.414–0.804, p = 0.001),
and PCT (HR = 0.608, 95% CI 0.441–0.838, p = 0.002)
compared with those with truncating mutations. We further
stratified the missense mutations as HIF-α binding site missense
(HM) mutations and non-HIF-α binding site missense (nHM)
mutations, and found that obvious phenotypic differences
remained between nHM mutation carriers and TR mutation
carriers; the nHM group had a higher risk of PHEO
(HR = 3.023, 95% CI 1.584–5.769, p = 0.001) and lower risks

of CHB (HR = 0.642, 95% CI 0.446–0.924, p = 0.017), RCC
(HR = 0.545, 95% CI 0.353–0.840, p = 0.006), and PCT
(HR = 0.431, 95% CI 0.273–0.683, po 0.001). By contrast,
risks of most tumors were similar between the HM group and
the TR group, with the exception that the HM group had a lower
risk of RCC (HR = 0.608, 95% CI 0.405–0.912, p = 0.016).
Moreover, of the missense mutation carriers, the HM group
had conferred a lower risk of PHEO (HR = 0.298, 95% CI
0.133–0.607, p = 0.003) and a higher risk of PCT (HR = 1.823,
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Figure 1 Comparison of age-related risks in patients with nHM and patients with HM mutations or TR (HMTR) mutations. (a) Overall, (b)
CHB, (c) RA, (d) RCC, (e) PCT, and (f) PHEO. CHB, central nervous system hemangioblastoma; HM, HIF-α binding site missense mutation; HMTR,
missense mutation located in the HIF-α binding site region or truncating mutation; nHM, missense mutation not located in the HIF-α binding site
region; PCT, pancreatic cyst or tumor; PHEO, pheochromocytoma; RA, retinal angioma; RCC, renal cell carcinoma; TR, truncating mutation.
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95% CI 1.093–3.041, p = 0.021) than the nHM group
(Supplementary Table S2).
Comparison of age-related risks for VHL-related tumors
between patients with nHM mutations and patients with
HM or TR mutations as one group (HMTR)
Due to the similarity of tumor risks in the TR and HM

groups, we combined patients with HM or TR mutations into
one group (HMTR) and compared this group with patients
with nHM mutations. As expected, the nHM group was
characterized by significantly higher age-related penetrance of
PHEO (po 0.001) and lower penetrance of CHB (p = 0.030),
RCC (p = 0.033), and PCT (po 0.001) compared with the
HMTR group (Figure 1). Accordingly, multivariate Cox
regression analysis demonstrated that nHM mutations were
independently related to a higher age-related risk of PHEO
(HR = 3.447, 95% CI 1.906–6.236, po 0.001) and a lower
risk of CHB (HR = 0.700, 95% CI 0.493–0.993, p = 0.045),
RCC (HR = 0.610, 95% CI 0.398–0.936, p = 0.024), and PCT
(HR = 0.382, 95% CI 0.243–0.600, po 0.001) compared with
the HMTR group (Table 1).
Relationship between clinical type and nHM, HM, and TR
mutation types
Patients affected by PHEO before death or the end of

follow-up were defined as type 2 patients, and the remaining
patients were defined as type 1 patients. Patients with nHM
mutations were more likely to develop type 2 disease than the
HM (χ2 = 13.02, po 0.001) and TR (χ2 = 18.81, po 0.001)
groups, while HM mutation carriers and TR mutation carriers
showed similar phenotypic distributions (χ2 = 0.005,

p = 0.946, Supplementary Table S3). Similarly, patients in
the combined HM and TR group (HMTR group) were more
likely to develop type 1 disease than patients in the nHM
group (χ2 = 23.229, po 0.001, Supplementary Table S4).
Relationship between survival and nHM, HM, and TR
mutation types
The median survival of missense mutation carriers was 6

years longer than that of truncating mutation carriers (median
survival 66 y vs. 60 y), but the difference was not statistically
significant (p = 0.056, Figure 2a). Likewise, patients with
nHM mutations had a significantly better survival than those
with HM or TR mutations (median survival 72 y vs. 62 y vs. 60
y, p = 0.013) (Figure 2b). After combining the HM and TR
groups into the HMTR group, the median survival of patients
with nHM mutations was 12 years longer than that of HMTR
mutation carriers (72 y vs. 60 y, p = 0.003) (Figure 2c). In
addition, multivariate Cox regression analysis showed that an
nHM mutation was an independent protective factor for
survival of patients with VHL disease (HR = 0.345, 95% CI
0.165–0.724, p = 0.005) (Table 2).
Relationship between CHB and RCC specific survival and
nHM, HM, and TR mutation types
As CHB and RCC were the most common causes of death

for patients with VHL disease, we also assessed CHB- and
RCC-specific survival in different mutation groups. For CHB-
specific survival, we found no difference between missense
mutation carriers and truncating mutation carriers
(p = 0.388) (Figure 2d). However, patients with nHM
mutations had longer CHB-specific survival than patients in

Table 1 Univariate and multivariate Cox regression analysis of age-related tumor risks
Tumor Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

Sex (M vs. F) 0.970 0.773–1.217 0.791 1.057 0.841–1.327 0.636

Birth year 1.088 1.075–1.102 o0.001 1.088 1.074–1.102 o0.001

Overall History (Y vs. N) 1.282 0.973–1.689 0.078 1.178 0.892–1.557 0.249

Mutation (nHM vs. HMTR) 0.894 0.676–1.184 0.435 0.944 0.711–1.253 0.689

Sex (M vs. F) 1.002 0.765–1.313 0.988 1.062 0.809–1.393 0.666

Birth year 1.063 1.049–1.078 o0.001 1.063 1.049–1.078 o0.001

CHB History (Y vs. N) 1.136 0.822–1.569 0.441 1.028 0.743–1.422 0.870

Mutation (nHM vs. HMTR) 0.685 0.484–0.971 0.034 0.700 0.493–0.993 0.045

Sex (M vs. F) 1.209 0.873–1.674 0.253 1.285 0.924–1.786 0.136

Birth year 1.157 1.126–1.189 o0.001 1.159 1.128–1.191 o0.001

RCC History (Y vs. N) 1.055 0.729–1.526 0.777 0.841 0.578–1.224 0.367

Mutation (nHM vs. HMTR) 0.639 0.421–0.972 0.036 0.610 0.398–0.936 0.024

Sex (M vs. F) 0.916 0.669–1.254 0.584 0.816 0.593–1.123 0.213

Birth year 1.208 1.171–1.245 o0.001 1.214 1.177–1.253 o0.001

PCT History (Y vs. N) 0.920 0.649–1.303 0.637 0.731 0.515–1.039 0.081

Mutation (nHM vs. HMTR) 0.468 0.300–0.730 0.001 0.382 0.243–0.600 o0.001

Sex (M vs. F) 1.240 0.689–2.230 0.473 1.442 0.798–2.607 0.225

Birth year 1.090 1.053–1.129 o0.001 1.096 1.058–1.136 o0.001

PHEO History (Y vs. N) 0.733 0.395–1.362 0.326 0.707 0.377–1.324 0.278

Mutation (nHM vs. HMTR) 3.134 1.755–5.598 o0.001 3.447 1.906–6.236 o0.001

CHB, central nervous system hemangioblastoma; CI, confidence interval; F, female; HMTR, missense mutation located in HIF-α binding site region or truncating mutation;
HR, hazard ratio; M, male; N, no; nHM, missense mutation not located in the HIF-α binding site region; PCT, pancreatic cyst or tumor; PHEO, pheochromocytoma; RA,
retinal angioma; RCC, renal cell carcinoma; Y, yes. Bold values are statistically significant (Po0.05).
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the HM group, the TR group (p = 0.002) (Figure 2e), and the
combined HMTR group (po 0.001) (Figure 2f). Multivariate
Cox regression analysis confirmed that an nHM mutation was
independently related to a better CHB-specific survival in
patients with VHL disease (HR = 0.129, 95% CI 0.031–0.532,
p = 0.005) (Table 2). For RCC-specific survival, no difference
was observed between patients with different types of

mutations, probably due to the small number of RCC-
specific deaths in this cohort (Supplementary Figure S1).

DISCUSSION
The typical genotype–phenotype correlation divides patients
with VHL disease into two subtypes based on the existence of
PHEO and links type 1 disease to truncating mutations and
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type 2 disease to missense mutations. In this study, we found
that HM mutations resulted in similar risks of VHL-related
PHEO, CHB, PCT, and RA as truncating mutations,
suggesting that HM mutations should also be associated with
type 1 VHL disease. Thus, we propose the modified
genotype–phenotype correlation described in Table 3; VHL
gene truncating mutations and HM mutations are related to a
lower risk of PHEO and higher risks of CHB and PCT, while
nHM mutations are related to a higher risk of PHEO.
Meanwhile, patients with TR mutations are more likely to
develop RCC than those with HM mutations. In terms of
survival, the typical genotype–phenotype correlation fails to
predict prognosis based on patient genotype. This modified
correlation, however, indicates that the median survival of
patients with nHM mutations is 12 years longer than that of
patients with HM and TR mutations. Therefore, the new
genotype–phenotype correlation seems more reasonable and
provides more information for clinical practice.
Since the genotype–phenotype correlation in VHL disease

was first described, many researchers have attempted to update
it. Cascon et al.22 found that among patients with type 1 VHL
disease, those with a contiguous deletion of VHL and the
nearby gene BRK1 usually developed hemangioblastoma but
had an obvious low risk of RCC, which was designated the type
1B subtype. Inactivation of both VHL and BRK1 in RCC may
lead to a growth disadvantage for cancer cells. In another study,
Ong et al.21 subdivided missense mutations based on whether
the amino acid substitution involved a surface residue or was
buried within the protein core and demonstrated that surface
missense mutations were related to a higher risk of PHEO.
Similar to our study, they discriminated missense mutations at
the protein level and emphasized alterations of protein
structure, while we directly evaluated alterations of the critical
sites for HIF-α binding, the first step for HIF-α ubiquitylation
and degradation. However, overlap may exist between the two
categorization methods due to the similar mechanisms under-
lying VHL disease phenotypes.
The pathogenesis of VHL-related PHEO has been reported

to be different from that of other highly vascular tumors
(RCC, CHB, and RA). In CHB and RCC, upregulated HIF-α
expression and consequent overexpression of VEGF and other
HIF-related genes are the main causative factors of tumor
progression.1,5 Thus, VHL gene mutations disrupting HIF-α
binding (HM and TR) can increase the risk of age-related

CHB and RCC, consistent with our results. In PHEO, HIF-α
(especially HIF-2α) dysregulation results in overexpression of
HIF-inducible genes, including glucose transporter 1
(GLUT1), VEGF, EPO, and many others, which play
important roles in tumor development.30 Recently, new
somatic and germ-line mutations in EPAS1 (HIF2A) have
been found to be the cause of a syndrome consisting of
multiple and recurrent PHEOs and paragangliomas and
polycythemia.31,32 However, the development of PHEO seems
to be HIF-independent. In patients with a typical type 2C
phenotype, mutant pVHL is still able to degrade HIF, and it
has been hypothesized that mutations related to PHEO may
induce a gain of function through an intact but altered
pVHL.24 In addition, Forman et al.16 reported that mutations
in the elongin C binding domain of pVHL were associated
with PHEO. These binding sites are implicated in the p53-
mediated apoptosis of sympathetic neuronal precursor cells,
which can then go on to form PHEO.16,33 In our study, most
of the nHM mutations were located in the elongin C binding
domain, and the high risk of PHEO in this group validates the
above hypothesis.
Gallou et al.34 found that mutations located in missense

cluster regions (MCR-1, residues 74–90; MCR-2, residues
130–136) were associated with an increased risk of RCC in
French patients with VHL disease. However, Ong et al.21 and
our previous work29 found no difference in RCC risk between
patients with missense mutations within the MCR regions
and those with missense mutations outside of the MCR
regions. In this study, patients with HM mutations had
similar phenotypes as those with TR mutations, except for a
lower risk of RCC. This indicates the existence of other
mechanisms in the pathogenesis of RCC besides the
dysregulated VHL–HIF pathway. We also found that HM
mutations conferred an increased risk of PCT. It is

Table 2 Multivariate Cox regression analysis of overall survival and CHB-specific survival in patients with VHL disease
Variable Overall survival CHB-specific survival

HR 95% CI p value HR 95% CI p value

Sex (male vs. female) 1.269 0.788–2.044 0.328 1.090 0.614–1.936 0.768

Birth year 1.001 0.977–1.024 0.966 0.996 0.971–1.022 0.747

Family history (yes vs. no) 2.465 1.262–4.817 0.008 2.367 1.027–5.455 0.043

Mutation (nHM vs. HMTR) 0.345 0.165–0.724 0.005 0.129 0.031–0.532 0.005

CHB, central nervous system hemangioblastoma; CI, confidence interval; HMTR, missense mutation located in HIF-α binding site region or truncating mutation; HR,
hazard ratio; nHM, missense mutation not located in the HIF-α binding site region.
Bold values are statistically significant (Po0.05).

Table 3 Modified genotype–phenotype correlation in
patients with VHL disease
Genotype Phenotype

PHEO RCC PCT CHB Survival

Truncating Truncating L H H H Poor

Missense HIF-α binding site L L H H Poor

Missense Non-HIF-α
binding site

H L L L Good

CHB, central nervous system hemangioblastoma; H, high risk; L, low risk; PCT,
pancreatic cyst or tumor; PHEO, pheochromocytoma; RCC, renal cell carcinoma.
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hypothesized that the pathogenesis of PCT is also HIF-
dependent. Hammel et al.35 found that the hyperproduction
of VEGF may favor pancreatic cyst formation in patients with
VHL disease, which supports our results. Thus, HM
mutations resulting in HIF-α upregulation and the conse-
quent high VEGF expression are important steps in the
development of PCT.
We found that patients with nHM mutation have a much

better survival than those with HMTR mutation. This can be
explained by the higher risk in HMTR group for CHB, which
is the leading cause of death in VHL patients.36 In addition,
among patients affected by CHB, different tumor locations
may be related to different prognosis because tumors in the
medulla grow faster compared with those in the cerebellum.37

We analyzed survival data of the 194 VHL patients with clear
information of tumor location in our cohort, and found that
individuals with medulla tumors had an obvious worse
survival than those with tumors in other locations (po 0.001,
Supplementary Figure S2). Further results showed that
patients in the nHM group had a lower incidence of
medullary hemangioblastomas than those in the HMTR
group (5.9% vs. 20.6%, Supplementary Table S5), but the
difference was not statistically significant (p = 0.112).
Therefore, we hypothesize that patients with non-HIF-α
binding site missense mutation had a lower risk for CHB and
lower incidence of medullary hemangioblastomas, which
leads to better survival. However, considering that only 34
patients in the nHM group were affected by central nervous
system hemangioblastoma (two of them were medullary
hemangioblastomas) and the p value (Supplementary Table
S5) was not significant, it needs further confirmation.
Although we describe a more reasonable genotype–

phenotype correlation for VHL disease, more work needs to
be done to improve it. The typical genotype–phenotype
correlation subdivides type 2 disease into groups 2A, 2B, and
2C, and we failed to distinguish these groups with specific
missense mutations. Further structural and functional studies
will help construct a more accurate genotype–phenotype
correlation. In type 1 disease, contiguous deletion of VHL and
the nearby gene BRK1 is reported to be related to type 1B
disease, with an obviously low risk of RCC. We could not
subgroup patients with TR mutations for further analysis
because we only had three patients with a contiguous VHL
and BRK1 deletion.
In this study, which examined a large cohort of Chinese

patients with VHL disease, we describe a modified genotype–
phenotype correlation according to alterations of the HIF-α
binding site in pVHL. This correlation allows us to predict
tumor risks and patient survival based on the mutation type
they have. The phenotypic differences among mutation
subtypes will facilitate studies of the pathogenesis of VHL-
related tumors.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http://www.nature.com/gim
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