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Abstract 34 

Von Hippel-Lindau (VHL) disease is a hereditary cancer syndrome with poor survival. The 35 

current recommendations have proposed uniform surveillance strategies for all patients, neglecting 36 

the obvious phenotypic varieties. In this study, we aim to confirm the phenotypic heterogeneity in 37 

VHL disease and the underlying mechanism. A total of 151 parent-child pairs were enrolled for 38 

genetic anticipation analysis, and 77 sibling pairs for birth order effect analysis. Four statistical 39 

methods were used to compare the onset age of patients among different generations and different 40 

birth orders. The results showed that the average onset age was 18.9 years earlier in children than 41 

in their parents, which was statistically significant in all of the four statistical methods. 42 

Furthermore, the first-born siblings were affected 8.3 years later than the other ones among the 43 

maternal patients. Telomere shortening was confirmed to be associated with genetic anticipation in 44 

VHL families, while it failed to explain the birth order effect. Moreover, no significant difference 45 

was observed for overall survival between parents and children (p=0.834) and between first-born 46 

patients and the other siblings (p=0.390). This study provides definitive evidence and possible 47 

mechanisms of intra-familial phenotypic heterogeneity in VHL families, which is helpful to the 48 

update of surveillance guidelines. 49 

 50 
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Introduction 51 

Von Hippel-Lindau (VHL) disease (MIM 193300) is a rare autosomal dominant cancer 52 

syndrome caused by germline mutations in the VHL tumor suppressor gene (LATIF et al. 1993; 53 

LONSER et al. 2003). Generally, the first VHL-related manifestation occurred in the second decade 54 

of patient’s life, and the penetrance is more than 90% by 70 years old (ONG et al. 2007; 55 

NORDSTROM-O'BRIEN et al. 2010). Patients may develop various tumor types from early 56 

childhood through adulthood, including central nervous system hemangioblastomas (CHB), retinal 57 

hemangioblastomas (RA), clear cell renal cell carcinoma (RCC), pancreatic cyst and 58 

neuroendocrine tumors (PCT), pheochromocytomas (PHEO), endolymphatic sac tumors (ELST), 59 

epididymal and broad ligament cystadenomas (WALTHER and LINEHAN 1996; LONSER et al. 2003; 60 

LONSER et al. 2004; BUTMAN et al. 2008). 61 

The VHL gene is located on chromosome 3p25–26 and codes for VHL protein (pVHL), 62 

which is one of the most important tumor suppressor proteins (GOSSAGE et al. 2015). pVHL forms 63 

an E3 ligase complex with elongation factor C and B (elongin C/B), cullin2 (CUL2) and RING 64 

finger protein (RBX1), and is critical for the ubiquitination and proteasomal degradation of 65 

HIF-αand other proteins (GOSSAGE et al. 2015). The accumulation of HIF-α caused by mutations 66 

of VHL gene and dysregulation of several downstream proangiogenic factors have been identified 67 

to be the main cause for tumorigenesis in VHL disease. In recent studies, pVHL has also been 68 

found to act as a component of the ataxia telangiectasia mutated (ATM) dependent DNA-damage 69 

response (DDR) network, inactivation of which contributes to the genomic instability associated 70 

with sporadic RCC (METCALF et al. 2014). Furthermore, ATM was reported to play a dual role in 71 

the sophisticated surveillance mechanisms at DNA double-strand breaks (DSBs) and in telomere 72 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


 5 / 22 
 

regulation (DI DOMENICO et al. 2014). Thus, some HIF independent and DDR related pathways 73 

may play an important role in the pathogenesis of VHL related tumors. 74 

Patients with VHL, a hereditary cancer syndrome, often ended with poor survival due to the 75 

complex phenotype and unclear pathogenesis (WILDING et al. 2012). Clinically, the mean life 76 

expectancy of VHL patients was reported to be 49 years old in a large cohort 30 years ago. 77 

Although there is no cure for the hereditary cancer syndrome, early diagnosis has made the 78 

median survival age improve to over 60 years old based on the establishment of active 79 

surveillance plans (WANG et al. 2018). However, the same plan was carried out for all the VHL 80 

patients according to the current surveillance recommendations, regardless of the fact that VHL 81 

disease demonstrates obvious phenotypic heterogeneity, which resulted in diagnostic and 82 

therapeutic delay of patients with early onset age. To provide personalized surveillance strategy 83 

for different individuals, it is a challenging issue to explore the phenotypic diversity in VHL 84 

disease. For patients in different families, genotype-phenotype correlations have been well 85 

constructed for years: patients with missense mutations are more likely to be affected by 86 

pheochromocytoma, while patients with truncating mutations confer a higher risk for RCC and 87 

CHB (GALLOU et al. 2004; ONG et al. 2007). Nevertheless, the existing genotype-phenotype 88 

correlations do not work in VHL patients within the same family. Patients with consanguinity may 89 

develop tumors at different age even in the same family with the same genotype, implying that 90 

intra-familial phenotypic heterogeneity may be an important part in the complexity of VHL 91 

disease.  92 

Genetic anticipation (GA) is one of the most common intra-familial phenotypic varieties for 93 

hereditary diseases, in which case the next generations are affected at an earlier age or manifest 94 
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more serious presentations than their parents. Recently, GA has been reported in hereditary cancer 95 

syndromes including Lynch syndrome, Li–Fraumeni syndrome, dyskeratosis congenital and 96 

hereditary breast cancer, and was associated with genomic instability caused by shortening of 97 

telomere length in the next generations (VULLIAMY et al. 2004; TABORI et al. 2007; 98 

MARTINEZ-DELGADO et al. 2011; VON SALOME et al. 2017). However, studies on GA for VHL 99 

disease were rare. In our previous study, we for the first time found that telomere shortening was 100 

associated with GA in Chinese patients with 18 VHL families (NING et al. 2014). Nevertheless, 101 

Laura reported that telomere abnormalities might just be primarily somatic in origin rather than a 102 

cause of GA in 20 families, making the conclusion ambiguous (ARONOFF et al. 2018). 103 

Considering the small number of families enrolled in the two studies, only the anticipation of the 104 

first tumor was reported rather than separate analysis about the same tumor between different 105 

generations. Thus, further study on intra-familial phenotypic heterogeneity and the underlying 106 

mechanism is needed for better understanding of the disease. 107 

In our present study, we recruited 80 unrelated VHL families and analyzed the phenotype 108 

between successive generations and among siblings in the same generation. The results showed 109 

that the average onset age was 18.9 years earlier in children than that in their parents, and the 110 

first-born siblings were affected by VHL-associated tumors 5.6 years later than the other ones, 111 

implying the existence of genetic anticipation and birth order effect within VHL families. 112 

Furthermore, we found that telomere shortening in the next generation was associated with genetic 113 

anticipation in VHL families, giving a clue that genomic instability might play an important role in 114 

the pathogenesis of VHL-associated tumors. The results are helpful for genetic counseling and 115 

future updates from the present uniform recommendations to individualized surveillance plan. 116 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


 7 / 22 
 

Materials and methods 117 

Editorial Policies and Ethical Considerations 118 

This study was approved by the Medical Ethics Committee of Peking University First 119 

Hospital (Beijing, China) and written informed consent was obtained from all subjects. 120 

Patients and samples 121 

From 2009 to 2016, a total of 348 patients from 133 families were diagnosed with VHL 122 

disease at the Institute of Urology, Peking University according to the clinical criteria and VHL 123 

gene detection as previously described (WANG et al. 2017; LIU et al. 2018). All the patients 124 

diagnosed by clinical symptoms had at least one affected relative identified by VHL mutation test, 125 

so that their genotype could be predicted. Forty-eight patients were excluded because of uncertain 126 

clinical information, and another 24 patients were excluded because they did not have affected 127 

parents, children or siblings. Therefore, a total of 276 patients from 80 families were enrolled in 128 

this study. Patients in the different generations formed 151 parent-child pairs for genetic 129 

anticipation analysis, and patients with the identical parent formed 77 sibling pairs for birth order 130 

effect analysis. Onset age was defined as the age when the first symptom or sign occurred. The 131 

basic clinical data was shown in Table S1. Among all the individuals enrolled, 141 patients with 132 

available peripheral blood leukocyte DNA sample were brought into analysis for the relationship 133 

between relative telomere length and phenotypic diversity.  134 

Relative telomere length measurement 135 

Genomic DNA was extracted from peripheral blood leukocyte using a blood DNA extraction 136 

kit (Tiangen Biotech). Quantitative real-time PCR was used to measure telomere length as 137 

described by Cawthon (CAWTHON 2002). The PCR reaction was run in7500 instrument (Applied 138 
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Biosystems), containing 5 μL 2X SYBR master mix (Takara), 30ng genomic DNA, 300nmol/L 139 

telomere primer Tel1 and 900 nmol/L Tel2, or 200 nmol/L single copy gene primer 36B4u and 500 140 

nmol/L 36B4d. The primer sequences and PCR reaction procedure were described in our previous 141 

study (WANG et al. 2017). Whenever possible, samples from different groups were run on the 142 

same plate. A standard curve was constructed to assess the amplification efficiency (E) using a 143 

control DNA sample (male, 45 years old) diluted by 1/4 serial from 50ng to 0.19ng, and the same 144 

sample was detected in every batch of PCRs as the inter-run calibration. The telomere repeats (T) 145 

was described by (ETel,sample)
-Ct(Tel,sample)

/(ETel,calibrator)
-Ct(Tel,calibrator)

, and the copy number of 36B4 (S) 146 

was (E36B4,sample)
-Ct(36B4,sample)

/(E36B4,calibrator)
-Ct(36B4,calibrator)

. Relative telomere length (RTL) was 147 

calculated by T/S. Age-adjusted RTL (aRTL) was obtained based on the telomere-age curve 148 

constructed in our study before (NING et al. 2014). 149 

Statistical Analysis 150 

Patients’ entire lifetimes from birth until death or the end of follow-up in Dec 2016 were 151 

included for analysis, and the median observation time was 39.3 years/person (range 1–75 years) 152 

with a total 10860 person-years. The survival of patients and age-related penetrance of the five 153 

VHL-associated tumors were analyzed using Kaplan-Meier plots and log-rank test. For the 154 

analysis of genetic anticipation and birth order effect, we first used paired t-test to examine the 155 

difference of onset age between affected patient pairs. Considering the truncating bias caused by 156 

clinical data in paired t-test, we confirmed the results using the nonparametric method of 157 

Rabinowitz and Yang 1 (RY1) and nonparametric method of Rabinowitz and Yang 2 (RY2) which 158 

were special statistical methods for genetic anticipation analysis (BOONSTRA et al. 2010). 159 

Furthermore, the Cox proportional hazards model (CPH) was used to evaluate the effect of 160 
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generation on phenotype when we included both affected and unaffected patients (BOONSTRA et al. 161 

2010). 162 

Statistical analyses were performed using SPSS13.0 and R software, and a two-sided p-value 163 

of less than 0.05 was considered to be statistically significant. 164 

Data Availability 165 

The authors affirm that all data necessary for confirming the conclusions of the article are 166 

present within the article, figures, tables and supplementary files. 167 

Results 168 

Genetic anticipation in different generations 169 

Genetic anticipation was analyzed in 151 parent-child pairs from 80 VHL families. As we 170 

reported before, the age-related penetrance in children was obviously higher than that in their 171 

parents (p<0.001) (Figure1), and the result was not affected by mutation origin and mutation type 172 

(Figure S1). In this study, we further analyzed the five common VHL-related tumors CHB, RA, 173 

RCC, PCT and PHEO, respectively. The results showed that children had higher age-related 174 

penetrance in all five tumors than their parents (Figure1). To further support our results, we 175 

assessed the anticipation in 20 grandparents-parents-children groups from 16 families. The data 176 

revealed that patients showed higher age-related penetrance in successive generations (p<0.001) 177 

(Figure 1). 178 

To evaluate the exact difference of onset age between parents and children, we analyzed the 179 

114 tumor-affected parent-child pairs and found that the average onset age was 18.9 years earlier 180 

in children (Table 1) (p<0.001), which was 2.1 years longer than we previously reported in 34 181 

parent-child pairs (NING et al. 2014). Considering the possible bias caused by truncating data, the 182 
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result was reanalyzed using RY1 and RY2 with the affected parents-children pairs and at last by 183 

CPH model with affected and non-affected VHL patients. As expected, the difference of onset age 184 

between parents and children was statistically significant in all the three methods (Table 1 and 185 

Table S2). For the onset age of the five common VHL-related tumors respectively, a similar 186 

tendency was observed (Table S3). The mean of onset age difference (MOAD) ranged from 17.2 187 

years (CHB) to 34.6 years (PHEO) in different tumors. 188 

Birth order effect in the same generation 189 

Given that the next generation showed a much earlier onset age than the first generation, we 190 

further assessed the phenotypic heterogeneity in the same generation, which was called the birth 191 

order effect. A total of 77 sibling pairs from the identical parents were analyzed, and the 192 

distribution of onset age similarly displayed a “shift to left” phenomenon in younger siblings 193 

(p=0.036) (Figure 2). On average, the first-born siblings were affected by VHL-associated tumors 194 

5.6 years later than the other ones, which was statistically significant in paired t-test (p<0.001), 195 

RY1 (p<0.05) and RY2 (p<0.05) (Table 2). Interestingly, when we analyzed the data only in the 196 

paternal sibling pairs, the birth order effect disappeared (Figure 2 and Table 2). In contrast, in the 197 

maternal sibling pairs, the MOAD increased to 8.3 years later between the first-born siblings and 198 

others (Figure 2 and Table 2). 199 

Telomere length and intra-family phenotypic diversity in VHL disease 200 

The relationship between telomere length and intra-family phenotypic diversity for VHL 201 

disease was next investigated. A total of 55 parent-child pairs with data of telomere length were 202 

enrolled for analysis, and the result showed that in 80% (44/55) pairs, children had significantly 203 

shorter aRTL than their parents (p<0.001) (Figure 3). Furthermore, in the 33 parent-child pairs 204 
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with clear onset ages, 28 children had younger onset age with shorter aRTL, while their parents 205 

had older onset age with longer aRTL (Table 3). Among the 16 families with three generations, 206 

only 3 families were available for DNA samples of three generations (Family 42, 48, 66), and all 207 

of them displayed a tendency of shorter telomere length along with generations (Figure S2). With 208 

regard to the sibling pairs, 16 out of 25 pairs showed relatively shorter aRTL in the younger 209 

siblings, but the result was not statistically significant (p=0.585) (Figure 3). In the 19 210 

tumor-affected sibling pairs, only 8 younger patients had shorter aRTL with younger onset age 211 

(Table S4). The results indicated that telomere shortening was associated with genetic anticipation 212 

in VHL families, while the association between telomere length and birth order effect might be 213 

uncertain. 214 

Survival of VHL patients in different generations and birth order 215 

In the 151 parent-child pairs, 58 parents and 10 children died. The median survival for 216 

parents was 62 years old, while the survival for children was undefined (Figure 4). No significant 217 

difference was observed for overall survival between parents and children (p=0.834) (Figure 4). 218 

Similarly, there was no difference between the overall survival for the first-born patients and the 219 

other siblings (p=0.390) (Figure 4). Considering the diagnostic and therapeutic improvement in 220 

the next generation and later-born siblings, the similar overall survival in some sense confirmed 221 

the genetic anticipation and birth order effect. 222 

 223 

Discussion 224 

Studies on the average onset ages of VHL-related tumors have helped the VHL Alliance to 225 

propose the VHL tumor surveillance regimen for the last decades, according to which routine 226 
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imaging screening should start at 1 year old for RA, 8 for PHEO, 16 for CHB and 8 for RCC and 227 

PCT.(VHL 2015) Clinically, there exist several strategies of surveillance for VHL disease in the 228 

world, and the initial screening age differ from each other because of the different phenotypic 229 

features of patients they refer to (HES et al. 2001; BINDERUP et al. 2013; KRUIZINGA et al. 2014; 230 

REDNAM et al. 2017). Recently, our previous study and another Canadian study demonstrated that 231 

children in VHL families presented manifestations more than 10 years earlier than their parents, 232 

suggesting that surveillance plan for children should not only consider the regular VHL tumor 233 

surveillance regimen, but also the onset age of their parents (NING et al. 2014; ARONOFF et al. 234 

2018). However, the limited number of patients involved in the studies weakened the reliability, 235 

and both of the two studies did not analyze the onset age of the five common VHL-related tumors 236 

CHB, RA, RCC, PCT and PHEO in different generations, respectively. In our present study, we 237 

confirmed the genetic anticipation phenomenon in VHL families, and interestingly, we also 238 

observed the birth order effect among VHL siblings from the same affected mother. This suggests 239 

that patients with affected parents or born in the later order within the family should start 240 

screening much earlier than others. Specifically, children in VHL families should receive MRI 241 

examination of brain and spinal cord from 12 years old rather than 14 to 16 years old 242 

recommended by the current strategies, since six children are affected by CHB before 14 (three for 243 

12 years and three for 13) in our study. As to PHEO, we agree with the VHL Alliance and the 244 

regular abdominal imaging for children should start at 8 years old instead of 10 years 245 

recommended by Hes (HES et al. 2001). 246 

GA has been a controversial issue since it was first introduced because of the bias caused by 247 

data evaluation and statistical method the authors choose (GRUBER and MUKHERJEE 2009). Paired 248 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


 13 / 22 
 

t-test is the most common method used for anticipation analysis, but it may introduce a truncation 249 

bias, which will increase the type I error (HEIMAN et al. 1996). To lower the truncation bias 250 

caused by paired t-test, we further used two special statistical methods for genetic anticipation 251 

analysis (RY1 and RY2) in this study, reaching the same results. However, all the three methods 252 

are carried out with affected parent-child pairs, missing the data of unaffected patients. Thus, the 253 

CPH model was finally used to confirm GA with all the 151 parent-child pairs. As expected, the 254 

difference of onset age between parents and children is significant in all the four statistical 255 

methods. 256 

GA and birth order effect have also been thought to be the myth caused by the improvement 257 

of diagnosis and surveillance in the younger patients, which is a source of ascertainment bias. 258 

People tend to take more active surveillance plan when they have relatives diagnosed with the 259 

hereditary disease, and this may lead to early detection of tumors before symptom. To reduce this 260 

kind of bias, we only analyzed the data of patient pairs presenting symptoms. It turned out that the 261 

differences of onset age between different generations and different birth orders were highly 262 

significant (Table 1, Table 2) (p <0.001). Moreover, children are affected by VHL related tumors 263 

before their parents present symptoms in 24% parent-child pairs, and similarly, about 38% siblings 264 

born in later order suffer tumors before the first-born patients become symptomatic. Thus, the 265 

ascertainment bias will not influence the final conclusion in our study.  266 

To explore the molecular mechanism for genetic anticipation, we measured the age-adjusted 267 

relative telomere length of blood leukocytes in 10 parent-child pairs in our previous study and 268 

found that the age-adjusted telomere length was significantly shorter in a child than in his or her 269 

parent in all of the 10 parent-child pairs (NING et al. 2014). Furthermore, VHL patients showed 270 
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significantly shorter telomere length than healthy family controls, and a positive correlation was 271 

found between telomere length and onset age of the five major VHL related tumors, respectively 272 

(WANG et al. 2017). However, in another study from Canada on genetic anticipation with 15 VHL 273 

patients, only granulocyte telomeres from VHL patients were significantly shorter than those from 274 

healthy controls, and no significant difference was observed between different generations in the 6 275 

parent-child pairs, implying that genetic anticipation in VHL is not caused by telomere 276 

abnormalities (ARONOFF et al. 2018). The different results in the two studies above may be due to 277 

bias caused by the small sample size and different methods in measuring the telomere length. In 278 

this study, we evaluate the relationship between telomere shortening and genetic anticipation in a 279 

large VHL cohort and confirm that the age-adjusted relative telomere length was shorter in 280 

children than in their parents in 44 out of 55 parent-child pairs. As we all know, the telomeres in 281 

most cells shorten throughout human life, meaning that the telomere length would be influenced 282 

by age in which the blood sample was collected. Therefore, we use the age-adjusted relative 283 

telomere length (calculated as the difference between predicted normal relative telomere length at 284 

the DNA-obtained age and the relative telomere length actually measured) instead of relative 285 

telomere length in our analysis. The results confirm that telomere shortening is the molecular 286 

mechanism for genetic anticipation in VHL families. 287 

Nevertheless, telomere shortening seems not to play a role in the mechanism of birth order 288 

effect in VHL disease. Although parous women have been reported to have shorter telomere length 289 

than nulliparous women (POLLACK et al. 2018), we did not observe significant difference for 290 

telomere length between siblings in the first order and others. Currently, there exist three 291 

explanations for birth order effect, namely more infectious exposures in later-born children, a 292 
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higher level of hormonal exposures in first pregnancies and a higher level of microchimerism in 293 

the later-born individuals(VON BEHREN et al. 2011). In this study, we find that birth order effect 294 

only exists in maternal sibling pairs, giving us a clue that the differences of hormonal exposures 295 

during pregnancies may contribute to the phenotypic diversity of VHL patients in different birth 296 

order. However, we don’t have enough data to confirm the hypothesis. The specific mechanisms 297 

for birth order effect in VHL families need further exploration. 298 

In conclusion, this study provides definitive evidence of intra-familiar phenotypic variety in 299 

VHL families including genetic anticipation and birth order effect. Clinicians should take the 300 

position in the family tree into consideration when they are making surveillance plan for VHL 301 

patients. Although we confirm that telomere shortening plays a role in the molecular mechanism 302 

of phenotypic heterogeneity within VHL families, the detailed effect of inactivated VHL protein 303 

on genomic instability remains unclear, and the explanation for birth order effect needs further 304 

exploration. 305 
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Figure Legends 387 

Figure 1 Genetic anticipation between parents and children in different generations. Children 388 

showed higher age-related risk than their parents for overall tumors (A) and CHB (B), RCC (C), 389 

PCT (D), RA (E), PHEO (F), respectively. Age-related penetrance was also assessed in 16 families 390 

with three generations and showed the same tendency (G).  391 

Figure 2 Birth order effect between the first-born siblings and the others in the same generation. 392 

The first-born siblings displayed lower age-related penetrance than the others for overall tumors 393 

(A). Among siblings with an identical affected mother, the birth order effect became more evident 394 

(B). When the mutated VHL allele was from fathers or the origin was not clear, the effect 395 

disappeared (D). 396 

Figure 3 Age-adjusted relative telomere length in parents and children and in patients with 397 

different birth order. (A) Children showed a significant shorter telomere length than their parents. 398 

(B) No significant difference of telomere length was observed between the first-born sibling and 399 

the others. 400 

Figure 4 Overall survivals of patients in different generations and in different birth order. No 401 

significant difference was observed between parents and children (A) and between the first-born 402 

sibling and the others (B). 403 

Figure S1The effect of mutation origin and mutation type on genetic anticipation.  404 

Figure S2 The relationship between genetic anticipation and telomere shortening in 16 VHL 405 

families with three generations.406 
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Table 1 Genetic anticipation in affected parents-children pairs  

 

 
Mean onset 

age (y) 
Pairs MOAD 

Statistics 

Paired 

t-test 
RY1 RY2 

Parents 43.7±12.4 
114 18.9 17.293

*** 
1.789

* 
2.599

** 

Children 24.7±9.7 

***p <0.001, ** p<0.01, * p<0.05 

Abbreviations: MOAD，mean of onset age difference. 
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Table 2 Birth order effect in affected offspring 

*** p<0.001, ** p<0.01, * p<0.05 

Abbreviations: MOAD，mean of onset age difference 

 Pairs 
Mean onset age (y) 

MOAD(y) 
Statistics 

Older Younger t-test RY1 RY2 

Overall 69 37.5±12.5 31.9±11.7 5.6 3.316
*** 

1.897
* 

2.303
* 

Maternal 28 37.3±12.8 29.0±9.7 8.3 3.175
** 

1.706
* 

2.113
* 

Paternal 20 31.4±10.0 28.7±10.6 2.7 1.326 0.707 1.693 
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Table 3 Telomere length between parents and children 

Abbreviations: P, Parents; C, Children; RTL, relative telomere length 

 Onset age (P>C) Onset age (P≤C) Overall 

Age-adjusted RTL  

(P>C) 
28 2 30 

Age-adjusted RTL  

(P≤C) 
2 1 3 

Overall 30 3 33 
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Table S1 Clinical and genetic characteristics of VHL patients involved in this study 

Family Patient 

Parents-

children 

pairs 

Off-spring 

pairs 

Patient 

ID 
Sex

a Birth 

year 
Origin

b 
Mutation 

Phenotype Age 

adjusted 

RTL 

follow up 
Survival 

status
c
  

Cause of 

death 

Onset age CHB RA RCC PCT PHEO 

1 

Ⅰ-1 

3 1 

2 2 1944 un c.269A>T p.Asn90Ile 33 33 － － － － － 34 1 CHB 

Ⅰ-2 5 2 1949 un c.269A>T p.Asn90Ile 50 － － － 50 － 0.400 67 0 
 

Ⅱ-1 1 1 1973 m c.269A>T p.Asn90Ile 28 28 － 38 38 38 0.397 43 0 
 

Ⅱ-2 6 1 1976 m c.269A>T p.Asn90Ile － － － － － － 0.436 40 0 
 

Ⅲ-1 7 2 2003 p c.269A>T p.Asn90Ile － － － － － － -0.226 13 0 
 

2 
Ⅰ-1 

1 0 
36 2 1978 n c.256C>T p.Pro86Ser 12 － 12 33 33 － 0.239 38 0 

 
Ⅱ-1 37 2 2003 m c.256C>T p.Pro86Ser － － － － － － 0.472 13 0 

 

3 

Ⅰ-1 

3 4 

46 1 1968 un  c.349T>G p.Trp117Gly 36 36 44 44 40 － 0.582 48 0 
 

Ⅰ-2 51 2 1960 un  c.349T>G p.Trp118Gly 46 47 － － 46 － － 47 1 CHB 

Ⅰ-3 53 1 1963 un  c.349T>G p.Trp120Gly 43 46 43 44 44 － － 46 1 RCC 

Ⅰ-4 52 1 1949 un  c.349T>G p.Trp119Gly 47 47 - 61 59 - － 62 1 RCC 

Ⅰ-5 50 2 1954 un   c.349T>G p.Trp117Gly 53 － － - 53 - 0.946 62 0 
 

Ⅱ-1 47 1 1996 p  c.349T>G p.Trp117Gly 11 12 11 － － － 0.486 20 0 
 

Ⅱ-2 49 2 1990 m  c.349T>G p.Trp117Gly － － － － － － 0.159 26 0 
 

Ⅱ-3 48 1 1995 p  c.349T>G p.Trp117Gly 13 13 － － － 18 － 21 0 
 

4 

Ⅰ-1 

4 3 

55 2 1944 un c.292T>A p.Tyr98Asn 50 50 － － 62 － － 62 1 CHB 

Ⅱ-1 54 1 1971 m c.292T>A p.Tyr98Asn 40 40 － 40 40 40 － 45 0 
 

Ⅱ-2 56 2 1960 m c.292T>A p.Tyr98Asn 51 51 51 － － － － 56 0 
 

Ⅱ-3 57 2 1963 m c.292T>A p.Tyr98Asn 40 40 － 43 43 － － 53 0 
 

Ⅱ-4 58 1 1975 m c.292T>A p.Tyr98Asn 16 27 16 － － － － 27 1 CHB 

5 Ⅰ-1 1 0 103 1 1975 n c.257C>T p.Pro86Leu 32 34 32 38 38 － － 38 1 RCC 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


Ⅱ-1 104 2 1996 p c.257C>T p.Pro86Leu 18 18 － － － － 0.174 20 0 
 

6 
Ⅰ-1 

1 0 
111 1 1956 p c.194C>T p.Ser65Leu 36 36 － － － － － 43 1 CHB 

Ⅱ-1 109 1 1982 p c.194C>T p.Ser65Leu 21 21 － － 30 － 0.675 34 0 
 

7 

Ⅰ-1 

2 1 

115 2 1950 un c.269A>T p.Asn90Ile  63 63 － 63 63 － － 66 0 
 

Ⅱ-1 113 1 1982 m c.269A>T p.Asn90Ile  20 20 30 － － － － 34 0 
 

Ⅱ-2 114 1 1980 m c.269A>T p.Asn90Ile  33 33 － － － － － 36 0 
 

8 

Ⅰ-1 

2 1 

121 1 1957 un c.266T>C p.Leu89Pro 40 40 40 － － － － 56 1 CHB 

Ⅱ-1 120 1 1988 p c.266T>C p.Leu89Pro 20 20 － － 25 － － 28 0 
 

Ⅱ-2 123 1 1973 m c.266T>C p.Leu89Pro 38 － － 38 － － － 43 0 
 

Ⅱ-3 125 1 1977 m c.266T>C p.Leu89Pro 30 30 － － － － － 39 0 
 

Ⅲ-1 124 2 1991 p c.266T>C p.Leu89Pro 16 － 16 － － － － 25 0 
 

9 

Ⅰ-1 

3 1 

141 2 1935 un c.194C>G p.Ser65Trp 61 61 － － － － － 62 1 CHB 

Ⅱ-1 139 1 1965 m c.194C>G p.Ser65Trp 48 － － 48 48 － 0.441 51 0 
 

Ⅱ-2 142 1 1969 m c.194C>G p.Ser65Trp 33 33 － － － － － 47 0 
 

Ⅲ-1 140 1 1992 p c.194C>G p.Ser65Trp 22 22 － － － － 0.063 24 0 
 

10 

Ⅰ-1 

3 1 

151 1 1932 un c.245G>C p.Arg82Pro 57 57 － － － － － 66 1 CHB 

Ⅱ-1 150 1 1973 m c.245G>C p.Arg82Pro 26 40 － － 26 － 0.280 43 0 
 

Ⅱ-2 152 1 1959 m c.245G>C p.Arg82Pro 31 31 － － － － － 54 1 CHB 

Ⅲ-1 153 2 1985 p c.245G>C p.Arg82Pro 21 21 － － － － － 31 0 
 

11 

Ⅰ-1 

2 1 

164 2 1968 un c.293A>C p.Tyr98Ser 45 45 － － － － － 45 1 CHB 

Ⅱ-1 162 2 1981 m c.293A>C p.Tyr98Ser 27 － － － 27 － 0.264 35 0 
 

Ⅱ-2 163 2 1986 m c.293A>C p.Tyr98Ser 28 － － － 28 － 0.986 30 0 
 

12 

Ⅰ-1 

3 2 

193 2 1960 m c.263G>C p.Trp88Ser 44 44 － － － － － 56 0 
 

Ⅱ-1 194 1 1987 m c.263G>C p.Trp88Ser 26 26 － － － － 0.142 29 0 
 

Ⅱ-2 188 1 1983 p c.263G>C p.Trp88Ser 25 25 25 30 30 － 0.164 33 0 
 

Ⅱ-3 190 2 1981 p c.263G>C p.Trp88Ser 24 24 － 31 － － － 35 0 
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Ⅲ-1 290 1 2009 p c.263G>C p.Trp88Ser － － － － － － 0.522 7 0 
 

Ⅲ-2 291 2 2006 p c.263G>C p.Trp88Ser － － － － － － 0.295 10 0 
 

13 

Ⅰ-1 

6 5 

227 2 1953 un  c.194C>T p.Ser65Leu 59 59 － － － － 0.536 63 0 
 

Ⅰ-2 228 1 1950 un c.194C>T p.Ser65Leu 45 45 － 59 65 － 0.570 66 0 
 

Ⅰ-3 230 1 1959 un c.194C>T p.Ser65Leu 51 51 － 51 51 － － 57 0 
 

Ⅰ-4 234 2 1962 un c.194C>T p.Ser65Leu 53 53 53 － － － 0.413 54 0 
 

Ⅰ-5 235 1 1966 un c.194C>T p.Ser65Leu 34 － 49 49 － － 0.446 50 0 
 

Ⅱ-1 225 2 1974 m c.194C>T p.Ser65Leu 36 － － 36 37 － 0.343 42 0 
 

Ⅱ-2 229 1 1975 p c.194C>T p.Ser65Leu 22 22 － － － － － 23 1 CHB 

Ⅱ-3 231 1 1983 p c.194C>T p.Ser65Leu 22 22 － 30 31 － 0.665 33 0 
 

Ⅱ-4 233 1 1986 p c.194C>T p.Ser65Leu － － － － － － 0.342 30 0 
 

Ⅲ-1 226 2 1999 m c.194C>T p.Ser65Leu － － － － － － 0.575 17 0 
 

Ⅲ-2 232 2 2010 p c.194C>T p.Ser65Leu － － － － － － -0.004 6 0 
 

14 

Ⅰ-1 

2 2 

284 1 1955 un c.233A>G p.Asn78Ser 55 － － 55 － － 0.643 61 0 
 

Ⅱ-1 282 1 1981 p c.233A>G p.Asn78Ser 34 34 － 34 34 － 0.434 35 0 
 

Ⅱ-2 283 2 1988 p c.233A>G p.Asn78Ser 27 － － 27 27 － 0.767 28 0 
 

Ⅱ-3 285 1 1960 un c.233A>G p.Asn78Ser 19 19 － － － － － 41 1 CHB 

15 

Ⅰ-1 

3 0 

303 1 1957 un c.256C>T p.Pro86Ser 54 － － 54 － － － 59 0 
 

Ⅱ-1 342 2 1988 p c.256C>T p.Pro86Ser － － － － － － 0.266 28 0 
 

Ⅱ-1 302 1 1983 p c.256C>T p.Pro86Ser 30 31 － 30 － － 0.374 33 0 
 

Ⅲ-1 304 2 2005 p c.256C>T p.Pro86Ser 11 － 11 － － － 0.145 11 0 
 

16 
Ⅰ-1 

1 0 
307 1 1954 un c.349T>A p.Trp117Arg 26 26 － 47 59 － 0.675 62 0 

 
Ⅱ-1 306 2 1980 p c.349T>A p.Trp117Arg 18 18 － － 25 － 0.497 36 0 

 

17 

Ⅰ-1 

1 1 

339 2 1966 un c.269A>T p.Asn90Ile  39 － － 39 39 － 0.871 50 0 
 

Ⅰ-2 340 1 1975 un c.269A>T p.Asn90Ile  28 28 － － － － － 28 1 CHB 

Ⅱ-1 338 1 1990 m c.269A>T p.Asn90Ile  16 16 23 26 
  

0.772 26 0 
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18 
Ⅰ-1 

1 0 
387 1 1959 p c.239G>T pSer80Ile 43 43 － － － － － 57 0 

 
Ⅱ-1 391 2 1986 p c.239G>T pSer80Ile 29 29 － － － 29 － 30 0 

 

19 

Ⅰ-1 

4 3 

9 1 1947 un c.499C>T p.Arg167Trp 54 65 － 54 67 － 1.315 69 0 
 

Ⅱ-1 8 2 1973 p c.499C>T p.Arg167Trp 37 37 － 37 37 39 0.563 43 0 
 

Ⅱ-2 10 2 1968 p c.499C>T p.Arg167Trp 22 22 － － － － － 22 1 CHB 

Ⅱ-3 11 2 1974 p c.499C>T p.Arg167Trp 36 39 － － 36 － 1.288 42 0 
 

Ⅱ-4 12 2 1978 p c.499C>T p.Arg167Trp 32 － 34 － 32 － － 38 0 
 

20 

Ⅰ-1 

2 1 

61 2 1962 m c.500G>A p.Arg167Gln 29 29 － 46 － 46 － 54 0 
 

Ⅰ-2 63 2 1955 m c.500G>A p.Arg167Gln 50 50 － － － － － 61 0 
 

Ⅱ-1 65 2 1984 m c.500G>A p.Arg167Gln 14 24 14 － － － － 32 0 
 

Ⅱ-2 64 1 1980 m c.500G>A p.Arg167Gln 15 15 － 25 － － － 36 0 
 

21 
Ⅰ-1 

1 0 
67 2 1959 un c.499C>T p.Arg167Trp － － － － － － － 57 0 

 
Ⅱ-1 66 1 1983 m c.499C>T p.Arg167Trp 24 － － 27 24 24 0.797 33 0 

 

22 

Ⅰ-1 

3 1 

108 2 1930 un c.500G>A p.Arg167Gln 54 － － 54 － － － 54 1 RCC 

Ⅱ-1 105 1 1956 m c.500G>A p.Arg167Gln 52 52 － － － － 0.603 60 0 
 

Ⅱ-2 107 2 1958 m c.500G>A p.Arg167Gln 14 － － － － 14 0.595 58 0 
 

Ⅲ-1 106 1 1982 p c.500G>A p.Arg167Gln 26 － 26 － － 31 0.275 34 0 
 

23 
Ⅰ-1 

1 0 
132 1 1962 un c.486C>G p.Cys162Trp 40 40 － － － － － 54 0 

 
Ⅱ-1 131 2 1982 p c.486C>G p.Cys162Trp 30 30 － － － － 0.235 34 0 

 

24 

Ⅰ-1 

3 1 

149 2 1948 un c.482G>A p.Arg161Gln 56 － － － 56 56 － 68 0 
 

Ⅱ-1 146 2 1976 m c.482G>A p.Arg161Gln 17 37 － 37 37 17 0.263 40 0 
 

Ⅱ-2 147 1 1980 m c.482G>A p.Arg161Gln 8 27 26 － － 8 0.193 36 0 
 

Ⅲ-1 148 2 2013 p c.482G>A p.Arg161Gln － － － － － － -0.094 3 0 
 

25 

Ⅰ-1 

2 1 

158 2 1953 un c.500G>A p.Arg167Gln 35 35 － － － － － 63 0 
 

Ⅱ-1 156 2 1981 m c.500G>A p.Arg167Gln 24 24 － 32 33 
 

0.190 35 0 
 

Ⅱ-2 157 1 1988 m c.500G>A p.Arg167Gln 20 20 － － － 26 0.093 28 0 
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26 
Ⅰ-1 

1 0 
166 2 1960 un c.499C>T p.Arg167Trp 25 38 25 － 52 － 0.753 56 0 

 
Ⅱ-1 165 2 1984 m c.499C>T p.Arg167Trp 13 26 13 － － － 0.164 32 0 

 

27 

Ⅰ-1 

3 2 

170 2 1952 p c.486C>G p.Cys162Trp 30 30 54 50 － － － 61 1 RCC 

Ⅰ-2 172 2 1961 p c.486C>G p.Cys162Trp 37 45 53 － － - － 55 0 
 

Ⅱ-1 169 2 1979 m c.486C>G p.Cys162Trp 28 28 － 35 35 － 0.152 37 0 
 

Ⅱ-2 168 1 1981 m c.486C>G p.Cys162Trp 33 － － 33 33 － 0.184 35 0 
 

Ⅲ-1 171 2 2002 m c.486C>G p.Cys162Trp 12 12 － － － － － 14 0 
 

28 

Ⅰ-1 

2 1 

174 2 1953 un c.500G>A p.Arg167Gln 45 45 － 49 － － － 59 1 RCC 

Ⅱ-1 173 1 1976 m c.500G>A p.Arg167Gln 22 － － 22 － 36 － 40 0 
 

Ⅱ-2 175 2 1981 m c.500G>A p.Arg167Gln 27 － 30 27 － － 0.043 35 0 
 

29 
Ⅰ-1 

1 0 
200 2 1956 m c.499C>T p.Arg167Trp 36 － － － － 36 0.555 60 0 

 
Ⅱ-1 199 2 1986 m c.499C>T p.Arg167Trp 16 16 － － － － 0.175 30 0 

 

30 

Ⅰ-1 

2 0 

221 1 1952 un c.509T>A p.Val170Asp    － － － － － － 0.559 64 0 
 

Ⅱ-1 219 2 1976 p c.509T>A p.Val170Asp  23 23 － 39 39 － 1.279 40 0 
 

Ⅱ-2 220 2 1976 p c.509T>A p.Val170Asp  36 － － 36 － － － 36 1 RCC 

31 

Ⅰ-1 

2 2 

266 1 1940 un c.499C>T p.Arg167Trp 58 － － － － 58 － 72 1 PHEO 

Ⅰ-2 267 1 1949 un c.499C>T p.Arg167Trp 52 － － － - 52 － 66 1 PHEO 

Ⅰ-3 270 1 1954 un c.499C>T p.Arg167Trp - － － － － - 0.813 62 0 
 

Ⅱ-1 265 1 1966 p c.499C>T p.Arg167Trp 26 － － － － 26 0.822 50 0 
 

Ⅱ-2 268 1 1979 p c.499C>T p.Arg167Trp 36 － － － － 36 0.780 37 0 
 

Ⅲ-1 269 1 2012 p c.499C>T p.Arg167Trp － － － － － － 1.193 4 0 
 

32 
Ⅰ-1 

1 0 
344 2 1984 un c.499C>T p.Arg167Trp  12 31 － 31 31 12 0.480 32 0 

 
Ⅱ-1 346 2 2012 m c.499C>T p.Arg167Trp － － － － － － － 4 0 

 

33 

Ⅰ-1 

1 2 

13 1 1951 m c.533T>G p.Leu178Arg 39 39 57 57 57 － － 62 1 CHB 

Ⅰ-2 14 2 1949 m c.533T>G p.Leu178Arg 40 40 － － － - － 67 0 
 

Ⅰ-3 15 1 1953 m c.533T>G p.Leu178Arg 25 - 25 54 － - － 63 0 
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Ⅱ-1 17 1 1979 p c.533T>G p.Leu178Arg 30 － － 30 － － － 37 0 
 

34 
Ⅰ-1 

1 0 
129 1 1970 m c.452T>G p.Ile151Ser 22 22 － 28 － － 0.563 46 0 

 
Ⅱ-1 128 1 1996 p c.452T>G p.Ile151Ser 14 14 － － － － 0.307 20 0 

 

35 

Ⅰ-1 

2 1 

137 2 1962 un c.388G>C p.Val130Leu － － － － － － 0.241 54 0 
 

Ⅱ-1 135 1 1983 m c.388G>C p.Val130Leu 30 30 － － － － 0.170 33 0 
 

Ⅱ-2 136 1 1984 m c.388G>C p.Val130Leu － － － － － － 0.186 32 0 
 

36 
Ⅰ-1 

1 0 
71 2 1970 n deletion 28 28 41 42 42 42 0.789 46 0 

 
Ⅱ-1 72 2 1997 m deletion 16 16 － － － － － 19 0 

 

37 

Ⅰ-1 

2 1 

75 2 1964 m deletion 18 18 － 31 31 － 2.087 52 0 
 

Ⅰ-2 76 2 1968 m deletion 46 － － 46 － － 1.110 46 1 RCC 

Ⅱ-1 77 2 1988 m deletion － － － － － － 1.457 28 0 
 

Ⅱ-2 78 1 2008 m deletion － － － － － － 1.312 8 0 
 

38 
Ⅰ-1 

1 0 
84 2 1969 p deletion 44 － － 44 44 － － 47 0 

 
Ⅱ-1 83 2 1987 m deletion 26 － － － 26 － － 29 0 

 

39 
Ⅰ-1 

1 0 
92 1 1944 un deletion 50 50 － － — － － 72 0 

 
Ⅱ-1 91 1 1975 p deletion 31 37 31 － 37 － 0.355 41 0 

 

40 
Ⅰ-1 

1 0 
93 2 1985 un deletion 24 29 24 － 26 － 0.450 31 0 

 
Ⅱ-1 94 1 2013 m deletion － － － － － － 0.266 3 0 

 

41 
Ⅰ-1 

1 0 
185 1 1967 un deletion 25 25 29 － － － － 39 1 CHB 

Ⅱ-1 184 1 1991 p deletion 15 16 15 － 22 － 0.035 25 0 
 

42 

Ⅰ-1 

3 1 

208 2 1958 p deletion 55 55 － － － － 0.463 58 0 
 

Ⅱ-1 209 2 1984 m deletion 24 24 － 31 31 － 0.198 32 0 
 

Ⅱ-2 210 2 1989 m deletion 23 23 － － 26 － 0.150 27 0 
 

Ⅲ-1 315 1 2011 m deletion － － － － － － -0.113 5 0 
 

43 
Ⅰ-1 

1 0 
237 1 1946 un deletion 68 － － 68 － － － 69 1 RCC 

Ⅱ-1 236 2 1972 p deletion 33 33 － 40 40 － 0.361 44 0 
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44 

Ⅰ-1 

1 1 

239 2 1959 un deletion 29 29 － － － － － 29 1 CHB 

Ⅰ-2 240 1 1963 un deletion 28 28 - 50 － - － 53 0 
 

Ⅱ-1 238 2 1983 m deletion 31 31 － 32 32 － 0.278 33 0 
 

45 

Ⅰ-1 

3 2 

247 1 1960 m deletion 48 － － 48 48 48 0.432 55 1 RCC 

Ⅰ-2 249 1 1963 m deletion 36 36 46 － － － － 53 0 
 

Ⅰ-3 251 1 1968 m deletion 20 30 20 41 － － － 41 1 RCC 

Ⅱ-1 248 1 1980 p deletion 19 19 27 － － － － 36 0 
 

Ⅱ-2 250 1 1995 p deletion 16 － 16 － － － － 21 0 
 

Ⅱ-3 252 1 1997 p deletion 16 － 16 － － － － 19 0 
 

46 
Ⅰ-1 

1 0 
254 1 1958 un deletion － － － － － － 0.594 58 0 

 
Ⅱ-1 253 2 1987 p deletion 27 27 － 27 27 － 0.334 29 0 

 

47 

Ⅰ-1 

1 1 

277 2 1957 m deletion 35 35 － 43 43 － － 59 0 
 

Ⅰ-2 278 2 1961 m deletion 17 17 48 － - 55 － 55 0 
 

Ⅱ-1 276 1 1982 m deletion 16 16 24 22 22 － － 34 0 
 

48 

Ⅰ-1 

3 1 

298 1 1960 un deletion － － － － － － 1.246 56 0 
 

Ⅱ-1 295 1 1990 p deletion 14 25 14 － － － 0.248 26 0 
 

Ⅱ-2 296 2 1984 p deletion 28 － － 32 28 － 0.363 32 0 
 

Ⅲ-1 297 1 2011 m deletion － － － － － － 0.242 5 0 
 

49 

Ⅰ-1 

2 0 

313 1 1941 un deletion 30 30 － － － － － 32 1 CHB 

Ⅱ-1 311 2 1965 p deletion 49 51 49 51 51 － 0.547 51 0 
 

Ⅲ-1 312 2 1987 m deletion 13 13 － － － － － 18 1 CHB 

50 
Ⅰ-1 

1 0 
317 2 1941 un deletion 42 42 － － － － 0.793 75 0 

 
Ⅱ-1 316 1 1975 m deletion 19 19 － － 34 － 0.634 41 0 

 

51 
Ⅰ-1 

1 0 
329 2 1968 m deletion 35 35 － － － － － 41 1 CHB 

Ⅱ-1 328 1 1989 m deletion 27 － － 27 29 － 0.331 27 0 
 

52 Ⅰ-1 3 0 335 1 1963 un deletion 38 41 － 38 － － － 41 1 CHB 
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Ⅰ-2 336 1 1963 un deletion 38 38 40 47 40 － － 52 1 CHB 

Ⅱ-1 333 2 1987 p deletion 23 23 － 28 25 
 

0.350 29 0 
 

Ⅱ-2 337 2 1989 p deletion 19 27 19 26 － － － 27 0 
 

Ⅲ-1 334 1 2015 m deletion － － － － － － － 1 0 
 

53 

Ⅰ-1 

3 3 

377 1 1942 m  deletion 55 － － 55 55 － － 62 1 RCC 

Ⅰ-2 379 2 1964 m deletion 45 45 － 47 47 － － 47 1 RCC 

Ⅰ-3 378 1 1962 m deletion 38 38 42 42 － - － 48 1 RCC 

Ⅱ-1 380 2 1974 P deletion 36 － － 36 36 － － 42 0 
 

Ⅱ-2 381 1 1980 P deletion 26 26 － － － － － 26 1 CHB 

Ⅱ-3 382 2 2000 m deletion 12 － － － 12 － － 16 0 
 

54 

Ⅰ-1 

1 0 

134 2 1952 un 
c.329A deletion 

Framshift 
29 29 29 － － － － 45 1 CHB 

Ⅱ-1 133 1 1981 m 
c.329A deletion 

Framshift 
18 18 18 － － － 0.780 35 0 

 

55 
Ⅰ-1 

1 0 
155 2 1965 un c.436 insGG Framshift 32 32 － 38 － 38 － 51 0 

 
Ⅱ-1 154 1 1989 m c.436 insGG Framshift 21 25 － 23 21 － 0.123 27 0 

 

56 

Ⅰ-1 

4 4 

176 1 1963 un 
c.239 delGTCCGCG 

Framshift 
32 32 － 32 52 50 0.516 53 0 

 

Ⅰ-2 180 1 1956 un 
c.239 delGTCCGCG 

Framshift 
52 － 52 52 － － － 57 1 RCC 

Ⅰ-3 179 2 1954 un 
c.239 delGTCCGCG 

Framshift 
22 22 － － － - － 22 1 CHB 

Ⅱ-1 177 2 1990 p 
c.239 delGTCCGCG 

Framshift 
17 － 17 21 18 19 － 26 0 

 

Ⅱ-2 178 1 1996 p 
c.239 delGTCCGCG 

Framshift 
－ － － － － － － 20 0 
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Ⅱ-3 181 2 1986 p 
c.239 delGTCCGCG 

Framshift 
22 － 22 22 － － － 30 0 

 

Ⅱ-4 182 2 1993 p 
c.239 delGTCCGCG 

Framshift 
18 19 18 － － － － 23 0 

 

57 

Ⅰ-1 

2 1 

197 1 1951 un c.205 insG Framshift 58 － － 58 58 － 0.657 65 0 
 

Ⅱ-1 195 2 1983 p c.205 insG Framshift 31 31 － － － － 0.204 33 0 
 

Ⅱ-2 196 1 1982 p c.205 insG Framshift 32 32 － 32 32 － 0.401 34 0 
 

58 

Ⅰ-1 

3 2 

214 1 1938 un 
c.433-437 delCAGCC 

Framshift 
25 25 － － － － － 60 1 CHB 

Ⅱ-1 211 1 1964 p 
c.433-437 delCAGCC 

Framshift 
26 26 － 45 45 － 0.430 52 0 

 

Ⅱ-2 212 1 1959 p 
c.433-437delCAGCC 

Framshift 
29 29 － 48 48 － － 57 0 

 

Ⅱ-3 213 1 1962 p 
c.433-437delCAGCC 

Framshift 
27 27 － － － － － 53 1 CHB 

59 

Ⅰ-1 

2 0 

243 1 1948 un c.224-6delTCT Framshift 42 42 － － － － － 42 1 CHB 

Ⅱ-1 241 2 1977 p c.224-6delTCT Framshift 26 28 26 37 28 － 0.298 39 0 
 

Ⅲ-1 242 1 1997 m c.224-6delTCT Framshift － － － － － － 0.422 19 0 
 

60 
Ⅰ-1 

1 0 
274 1 1985 m c.224-6delTCT Framshift 21 21 － － － － 0.547 30 1 CHB 

Ⅱ-1 275 1 2015 p c.224-6delTCT Framshift － － － － － － 0.641 1 0 
 

61 

Ⅰ-1 

1 1 

300 2 1979 m c.480delG Framshift 22 22 － 27 27 
 

0.470 37 0 
 

Ⅰ-2 299 1 1981 m c.480delG Framshift 23 - 23 26 26 - 0.427 35 0 
 

Ⅱ-1 301 1 2011 m c.480delG Framshift － － － － － － 0.236 5 0 
 

62 

Ⅰ-1 

1 1 

320 2 1948 un c.224-6delTCT Framshift 57 57 － － － － － 68 0 
 

Ⅱ-1 318 2 1978 m c.224-6delTCT Framshift 28 38 － － 28 － 0.664 38 0 
 

Ⅱ-2 319 2 1968 un c.224-6delTCT Framshift 34 34 － － － - － 47 1 CHB 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


63 

Ⅰ-1 

1 1 

345 1 1953 p c.160delA Framshift 50 － － 50 50 50 0.893 63 0 
 

Ⅰ-2 347 1 1962 p c.160delA Framshift 50 － - 50 - 50 － 54 0 
 

Ⅱ-1 348 1 1979 p c.160delA Framshift － － － － － － － 37 0 
 

64 

Ⅰ-1 

2 3 

360 2 1959 u c.224-6delTCT Framshift 42 42 － 42 － － － 43 1 RCC 

Ⅰ-2 361 2 1945 u c.224-6delTCT Framshift 54 54 － － － － － 55 1 CHB 

Ⅰ-3 364 2 1950 u c.224-6delTCT Framshift 44 44 － － － - － 45 1 CHB 

Ⅰ-4 370 2 1954 u c.224-6delTCT Framshift 24 24 － － － - － 25 1 CHB 

Ⅱ-1 359 1 1982 m c.224-6delTCT Framshift 33 33 － 34 34 － － 34 0 
 

Ⅱ-2 362 2 1969 m c.224-6delTCT Framshift 33 － 33 33 － － － 47 0 
 

65 

Ⅰ-1 

2 1 

395 1 1952 u c.224-6delTCT Framshift 37 37 － 37 37 － － 37 1 CHB 

Ⅱ-1 398 2 1999 p c.224-6delTCT Framshift 16 － － 16 － － － 17 0 
 

Ⅱ-2 399 1 2003 p c.224-6delTCT Framshift 12 12 － － 12 － － 13 0 
 

66 

Ⅰ-1 

8 4 

263 2 1946 un c.464-1G>C splicing 66 66 － 69 66 － 0.751 70 0 
 

Ⅱ-1 255 1 1978 m c.464-1G>C splicing 28 28 － 28 28 － 0.453 38 0 
 

Ⅱ-2 256 2 1973 m c.464-1G>C splicing 32 32 － 36 36 － 0.385 43 0 
 

Ⅱ-3 259 2 1975 m c.464-1G>C splicing 39 39 － 39 39 － 0.593 41 0 
 

Ⅲ-1 261 2 2005 p c.464-1G>C splicing － － － － － － 0.205 11 0 
 

Ⅲ-2 262 1 2011 p c.464-1G>C splicing － － － － － － 0.147 5 0 
 

Ⅲ-3 257 2 2004 m c.464-1G>C splicing － － － － － － 0.291 12 0 
 

Ⅲ-4 258 2 2008 m c.464-1G>C splicing － － － － － － 0.222 8 0 
 

Ⅲ-5 260 1 1999 m c.464-1G>C splicing － － － － － － 0.214 17 0 
 

67 
Ⅰ-1 

1 0 
293 2 1966 n c.464-1G>A splicing 17 17 － － － － － 27 1 CHB 

Ⅱ-1 292 2 1991 m c.464-1G>A splicing 16 16 － － － － 0.276 25 0 
 

68 

Ⅰ-1 

3 1 

373 1 1938 u c.464-2A>G splicing 58 － － 58 － － － 60 1 RCC 

Ⅱ-1 372 1 1965 p c.464-2A>G splicing 51 － － 51 51 － － 51 0 
 

Ⅱ-2 374 2 1961 p c.464-2A>G splicing 52 － － 52 52 － － 55 0 
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Ⅲ-1 371 1 1989 p c.464-2A>G splicing 21 24 － 21 21 － － 27 0 
 

69 
Ⅰ-1 

1 0 
19 2 1946 un c.263G>A p.Trp88Stop 34 34 － － － － 0.541 69 1 CHB 

Ⅱ-1 18 1 1972 m c.263G>A p.Trp88Stop 34 － － 34 38 39 0.491 44 0 
 

70 

Ⅰ-1 

2 1 

25 1 1954 p c.280G>T p.Glu94Stop 53 54 － 53 53 － － 62 0 
 

Ⅱ-1 26 2 1976 p c.280G>T p.Glu94Stop 35 － － － 35 － 0.351 40 0 
 

Ⅱ-2 27 1 1984 p c.280G>T p.Glu94Stop 29 － 29 29 29 － － 32 0 
 

71 
Ⅰ-1 

1 0 
28 2 1979 n c.263G>A p.Trp88Stop 28 30 － 28 28 － － 37 0 

 
Ⅱ-1 29 1 2003 m c.263G>A p.Trp88Stop － － － － － － 0.477 13 0 

 

72 

Ⅰ-1 

2 0 

100 1 1945 un c.404T>A p.Leu135stop 58 － － 58 － － － 58 1 RCC 

Ⅱ-1 99 1 1972 p c.404T>A p.Leu135stop 32 32 － 38 38 － 0.883 44 0 
 

Ⅲ-1 101 2 1999 p c.404T>A p.Leu135stop 13 13 － － － － － 13 1 CHB 

73 
Ⅰ-1 

1 0 
144 2 1972 n  c.481C>T p.Arg161stop 28 28 － 41 41 41 0.269 44 0 

 
Ⅱ-1 145 2 2000 m  c.481C>T p.Arg161stop 14 14 － － 14 － -0.007 16 0 

 

74 

Ⅰ-1 

3 2 

204 1 1941 p c.486C>A p.Cys162Stop 49 49 － 56 56 － － 56 1 RCC 

Ⅰ-2 205 1 1944 p c.486C>A p.Cys162Stop 30 32 30 － － - － 32 1 CHB 

Ⅱ-1 201 2 1970 p c.486C>A p.Cys162Stop 28 － － 44 28 － 0.833 46 0 
 

Ⅱ-2 203 1 1987 p c.486C>A p.Cys162Stop 17 17 － － － － － 17 1 CHB 

Ⅲ-1 202 2 1997 m c.486C>A p.Cys162Stop 17 － 17 － 17 － 0.476 19 0 
 

75 

Ⅰ-1 

2 2 

325 2 1962 un c.337C>T p.Arg113stop 21 － 21 － － － 0.727 54 0 
 

Ⅰ-2 326 2 1944 un c.337C>T p.Arg113stop 66 66 － － － - － 72 0 
 

Ⅱ-1 323 1 1990 m c.337C>T p.Arg113stop 17 － 17 26 26 － 0.596 26 0 
 

Ⅱ-2 324 2 1985 m c.337C>T p.Arg113stop － － － － － － 0.392 31 0 
 

76 

Ⅰ-1 

1 1 

355 2 1969 p  c.481C>T p.Arg161stop 40 40 － 47 － － － 47 0 
 

Ⅰ-2 356 1 1975 p  c.481C>T p.Arg162stop 36 36 - 36 － - － 41 0 
 

Ⅱ-1 357 2 1990 m  c.481C>T p.Arg163stop 14 14 － 25 25 － － 26 0 
 

77 Ⅰ-1 1 1 384 2 1945 u  c.481C>T p.Arg164stop 27 44 27 44 44 44 － 44 1 suicide 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted January 23, 2019. ; https://doi.org/10.1101/526913doi: bioRxiv preprint 

https://doi.org/10.1101/526913


a. “1” for male, “2” for female 

b. “m” for maternal, “p” for paternal, “n” for without family history, “un” for unknown 

c. “1” for death, “0” for alive. 

Abbreviations: CHB, central nervous system hemangioblastoma; RA, retinal angioma; RCC, renal cell carcinoma; PCT, pancreatic cyst or pancreatic tumor; PHEO, pheochromocytoma; RTL, relative telomere length.

Ⅱ-1 383 1 1991 u  c.481C>T p.Arg165stop 21 － － 21 21 21 － 25 0 
 

Ⅱ-2 385 1 1992 u  c.481C>T p.Arg166stop 22 22 － － － - － 24 1 CHB 

78 
Ⅰ-1 

0 1 
81 2 1966 m c288insA Frameshift 20 37 20 29 29 - 0.398 49 1 CHB 

Ⅱ-1 82 1 1969 m c289insA Frameshift 32 - 32 43 43 - 0.466 47 0 
 

79 
Ⅰ-1 

0 1 
223 1 1960 m c.500G>A p.Arg167Gln 53 － - 53 － - 0.503 56 0 

 
Ⅱ-1 222 2 1963 m c.500G>A p.Arg167Gln 38 － － － - 38 0.416 53 0 

 

80 
Ⅰ-1 

0 1 
388 1 1988 p c.239G>T pSer80Ile 28 28 － － － - － 28 1 CHB 

Ⅱ-1 389 2 1994 p c.239G>T pSer80Ile 22 22 － － － - － 22 1 CHB 
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Table S2 Genetics anticipation in affected and non-affected VHL patients with CPH model 

 

Parameter Estimated (Robust SE) Wald p value 

Generation 1.184 (0.142) <0.001 

Gender 0.116 (0.139) 0.400 

Mutation type 0.188 (0.139) 0.180 

Abbreviations: CPH, Cox proportional hazards. 
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Table S3 Genetic anticipation in different organs in affected parents-children pairs 

Abbreviations: MOAD, mean of onset age difference; CHB, central nervous system hemangioblastoma; 

RA, retinal angioma; RCC, renal cell carcinoma; PCT, pancreatic cyst or pancreatic tumor; PHEO, 

pheochromocytoma. 

 

  

Organ Pairs 

Mean onset age (y) 

MOAD(y) 
P 

 (paired t test) Parent Children 

CHB 62 42.3±13.3 25.2±9.4 17.2 <0.001 

RCC 29 52.5±9.6 31.4±8.8 21.1 <0.001 

PCT 25 54.0±10.5 28.3±9.1 25.8 <0.001 

RA 10 35.8±12.4 16.5±3.1 19.3 <0.001 

PHEO 5 52.8±5.8 18.2±6.6 34.6 0.0012 
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Table S4 Telomere length between sibling pairs 

 Onset age (O>Y) Onset age (O≤Y) Overall 

Age-adjusted RTL 

(O>Y) 
8 5 13 

Age-adjusted RTL 

(O≤Y) 
3 3 6 

Overall 11 8 19 

Abbreviations: O, Older; Y, Younger; RTL, relative telomere length. 
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