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Background: Werner syndrome (WS) is an autosomal recessive genetic instability and 

progeroid syndrome that is associated with an elevated risk of cancer.  

Methods: We used case reports of neoplasms in WS patients identified in previous case 

series or newly identified through searches of PubMed, Google Scholar and J-EAST (a 

database of articles from Japan) to define the spectrum (types and sites) of neoplasia in WS. 

Neoplasm type-specific risk was calculated by determining standardized incidence and 

proportionate incidence ratios (SIR and SPIR, respectively) of neoplasms in Japan-resident WS 

patients versus population control data from the Osaka prefecture and Osaka Cancer Registry.     

Results: Our study population consisted of 188 WS patients with 246 neoplasms. The most 

frequent neoplasms in WS patients, representing 2/3 of all reports, were thyroid neoplasms, 

malignant melanoma, meningioma, soft tissue sarcomas, leukemia and pre-leukemic conditions 

of the bone marrow, and primary bone neoplasms. SIRs were significantly elevated in Japanese 

WS patients for the five most frequent cancer types and meningiomas, from 83.2-fold for 

melanomas of the skin (95% CI: 45.5, 139.6) to 3.6-fold for leukemias (95% CI: 1.7, 6.9), and for 

all five cancer types except leukemias by SPIR analysis.  



 
 

Conclusions:  WS confers a strong predisposition to several specific types of neoplasia, 

and this spectrum differs between WS patients residing in, as opposed to outside, Japan. These 

results provide a guide for WS clinical care and cancer screening, and for analyses to define the 

mechanistic basis for cancer in WS and in the general population. 
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Introduction  

Werner syndrome (WS, OMIM #277700) is an autosomal recessive disease caused by loss 

of function mutations in the WRN gene. WS patients develop features reminiscent of premature 

aging beginning in the second decade of life. These progeroid features include bilateral 

cataracts, graying and loss of hair, scleroderma-like skin changes, diabetes mellitus, and 

osteoporosis (1). WS patients are also at elevated risk for common, clinically important age-

dependent diseases such as atherosclerotic cardiovascular disease and associated sequelae 

(myocardial infarction, stroke and peripheral vascular disease) and cancer. These last two 

disease processes–cardiovascular disease and cancer–are collectively responsible for ~85% of 

deaths in molecularly-confirmed WS patients at a median age of 54 years (1-3).   

The elevated risk of cancer in WS patients was noted early, and emphasized as a cardinal 

feature of WS (1). Many of the features of cancer arising in WS patients support the idea that 

WS is a cancer predisposition syndrome. These features include early age of onset compared 

with the general population; an elevated risk of specific tumor types, including uncommon tumor 

types; unusual tumor sites; and the presence of multiple, often histologically distinct tumors in 

individual patients (4). The most frequent tumor types reported in WS include soft tissue 

sarcomas, meningiomas, melanomas that arise in non-sun-exposed sites and mucosal surfaces, 

thyroid neoplasms, and malignant and pre-malignant hematologic abnormalities (1, 4-6).  

In order to better define the spectrum (types and sites) and quantify the increased risk of 

neoplasia in WS, we performed comprehensive searches to identify case reports of neoplasms 

in WS patients worldwide. This newly assembled study population was used first to define the 

spectrum of neoplasia in WS patients. We then used the largest subset, of WS patients residing 

in Japan, to estimate the type-specific risk of neoplasia in WS patients relative to population 

control data from the Osaka prefecture and Osaka Cancer Registry. Our results provide a 

detailed and quantitatively rigorous view of cancer types and risk in WS. These results will guide 
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the clinical care of WS patients, and efforts to understand the mechanistic origins of cancer in 

WS and in the general population. 
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Methods  

WS case-finding: Case reports of neoplasms arising in WS patients were identified by 

reviewing all available, previously published case reports or series (see, e.g.,(5)), and by new 

searches to identify additional case reports in Japanese, English or other languages. Case 

reports of WS individuals with neoplasia from Japan were identified by searching J-EAST 

(http://sciencelinks.jp/j-east/) using the search terms <“Werner” OR “Werner’s” AND 

“syndrome”>. Additional case reports of individuals with neoplasia from Japan were identified by 

searching PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) using the following search terms:  

<"werner syndrome"[MeSH Terms] OR ("werner"[All Fields] AND "syndrome"[All Fields]) OR 

"werner syndrome"[All Fields] OR ("werner's"[All Fields] AND "syndrome"[All Fields]) OR 

"werner's syndrome"[All Fields]) AND ("case reports"[Publication Type] OR "case report"[All 

Fields]). 

To identify cases of WS individuals with neoplasia outside of Japan, we conducted searches 

in PubMed and Google Scholar (http://scholar.google.com/) using the search terms <‘Werner’>, 

<‘Werner’s’> and <‘Syndrome’> and <‘Werner’s syndrome case report’> in conjunction with 

<‘cancer’>, <‘tumor’> and <‘neoplasm’>. Articles were reviewed in full if they referred to WS and 

noted a tumor or neoplasm in the title or abstract. Some additional reports of neoplasia in WS 

were identified by reviewing WS case reports that did not specifically refer to a ‘tumor,’ 

‘neoplasm’ or ‘cancer’ in the title or abstract. Searches were complete by 1 September 2011. 

The diagnosis of Werner syndrome was independently assessed using case data and WS 

diagnostic criteria established by the International Registry of Werner Syndrome 

(http://www.wernersyndrome.org/registry/diagnostic.html). We classified the diagnosis of WS as 

‘definite’, ‘probable’, ‘possible’ or ‘uncertain’ for subsequent sensitivity analyses (Supplementary 

Table 1). We also collected patient gender, cause of death and age at death (where specified), 

and neoplasm-specific data including year of tumor diagnosis (when unspecified, the year prior 
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to the year of publication was substituted), age at tumor diagnosis, pathologic diagnosis, a 

diagnosis of malignancy, anatomic site(s), whether a finding was incidental at autopsy, 

neoplasm gross and histopathology descriptions, and whether images of neoplasm gross 

morphology or histopathology were provided. Reported tumor diagnoses were verified by 

comparing the stated diagnosis with patient-specific gross pathology and histopathology images 

whenever available.  

Recurrent and multiple neoplasms of the same type at the same site were not counted as 

independent primary tumors, following previously established guidelines for reporting multiple 

primary neoplasms (7). We used a combination of tumor and patient data to exclude multiple 

reporting of patients or tumors in our final study population (reviewed by J.M.L., A.K., and R.J.M, 

Jr.). Data from multiple reports of the same patient were pooled whenever possible to improve 

data completeness (see cases with multiple references in Supplementary Spreadsheet 1). We 

excluded tumor reports from our study population which: reported an unspecified malignancy 

(could not be assigned to ICD-10 C00-96but44); lacked patient-specific clinical or demographic 

data; could not be traced to a primary case report describing the patient or the patient’s relation; 

or potentially duplicated reports already included in the study population. These tumor reports 

were separately cataloged for reference. Personal observations or communications of tumors 

reported by authors of published articles were considered primary case reports. 

Population comparison data: Comparison population-based cancer incidence data were 

obtained from the WHO Cancer Incidence in Five Continents (CI5) publication data available 

online (8). Japanese population comparison data for relative risk estimation was from the Osaka 

prefecture, which has both a large population and a long-established cancer registry. In order to 

quantify the relative risk of benign meningiomas which are not covered in WHO CI5 data, we 

used additional data provided by the Osaka Cancer Registry. These data included de-identified 

individual case records of benign and malignant meningiomas (ICD-10 codes C70.0-70.9, 

D32.0-32.9, D42.0-42.9) categorized by gender, age and year at diagnosis. Similar case data 



5 
 

on malignant cutaneous melanoma (ICD-10 code C43.0-43.9) were used to assess the relative 

risk for acral lentiginous melanoma (ICD-O-3M code 8744/3).  

Case reports and population comparison data were publicly available and/or de-identified. 

Thus our data collection and analysis plan could be performed without IRB approval as 

assessed by the University of Washington Human Subjects Division (reference #42092) and the 

Ethical Committee of Osaka Medical Center for Cancer and Cardiovascular Diseases (request 

#11-0006 for Osaka Cancer Registry data). 

Spectrum of neoplasia analyses: Neoplasms were classified by histopathologic type and 

site using case report data and diagnoses, with reinterpretation or translation where needed to 

match current diagnostic classification criteria and WHO International Classification of Diseases 

for Oncology (ICD-O) nomenclature and guidelines (7). When there was ambiguity as to 

neoplasm histopathologic type, cancers or malignancies not otherwise specified were assumed 

to be carcinomas at the following organ sites: breast, larynx, esophagus, ovary, thyroid, uterus, 

nasal cavity and liver. Unspecified stomach and pancreas neoplasms were assumed to be 

adenocarcinomas. The most frequent neoplasms by type and site were identified using all study 

population case data, and then subdivided into neoplasms arising in Japan-resident patients or 

in patients residing outside of Japan regardless of ethnicity. 

Histopathologic and geographic spectrum analyses: We compared the frequency of 

thyroid malignancy subtypes in Japan-resident WS patients to Osaka prefecture comparison 

data CI5 (CI5 volumes 7-9, years 1988-2002, available from http://ci5.iarc.fr/CI5i-ix/ci5i-ix.htm) 

(9-11) using Fisher’s exact test. Thyroid malignancies were classified into one of the following 

subtypes for this analysis: papillary, follicular, other or unspecified. We also tested whether the 

frequency of several neoplasms differed significantly between Japan-resident patients and 

those residing outside of Japan. The neoplasms analyzed in this way were soft tissue sarcomas, 

bone neoplasms, malignant melanomas, meningiomas, hematologic/lymphoid neoplasms, 

thyroid neoplasms, or all other neoplasms. A global Fisher’s exact test was performed to detect 
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overall differences in the distribution of these neoplasms between patient subgroups. Local 

Fisher’s tests were also conducted for each neoplasm type or group. 

Relative risk analyses: We calculated neoplasm-specific standardized proportionate 

incidence ratios (SPIRs) to determine the extent to which the most frequently reported 

neoplasms were over-represented in Japan-resident WS patients versus the reference 

population. The proportions of specific malignant neoplasms observed in WS patients between 

1965-2009 were compared to the proportions expected based on CI5 data for the Osaka 

prefecture between 1970-2002, adjusted for age (10-39y and 40-69y) and time period (prior to 

1988, and ≥1988). SPIRs were calculated for soft tissue and connective tissue malignancies 

(ICD-10 C47 & C49); bone malignancies (ICD-10 C40-41); malignant melanomas of the skin 

(ICD-10 C43); leukemias (ICD-10 C91-95); and thyroid malignancies (ICD-10 C73). For 

comparison we estimated the SPIR for GI malignancies (ICD-10 codes C15-25), where we 

expected little or no elevated risk in WS patients based on prior data (4-6). Each proportion was 

calculated as the fraction of all malignancies observed, except for non-melanoma skin cancers 

(ICD-10 C00-96 but C44). We excluded the following neoplasms reported in WS patients from 

this analysis: non-malignant tumors (except meningiomas, which are included in ‘ICD-10 C00-

96 but C44’ counts prior to 1988); incidental findings at autopsy; non-melanoma skin cancers 

(ICD-10 C44); tumors reported without an age at tumor diagnosis (to prevent multiple counting 

of the same tumor); and tumors diagnosed after 2009. Proportions were compared using 

indirect standardization (12). 

Standardized incidence ratios (SIRs) were also calculated to estimate neoplasm-specific 

relative risk for the malignant neoplasms assessed by SPIR, as well as for all malignancies 

except non-melanoma skin cancers (ICD-10 C00-96 but C44) and meningiomas (ICD-10 codes 

C70.0-70.9, D32.0-32.9, D42.0-42.9). We estimated the SIR by comparing the observed 

number of cases in WS to the expected number of cases calculated from gender- and age-

specific population incidence rates and the estimated number of WS patients in Japan. We 
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calculated annual estimates of the number of WS patients in Japan from the frequency 

estimates of pathogenic alleles in the Japanese population (q=0.0014 to q=0.006)(13,14), and 

the total population size by using the Hardy-Weinberg equilibrium: nWS = npop*q
2, where 

 q = the allele frequency of WS pathogenic alleles in the population 

 nWS = number of WS patients  

 npop = number of individuals in the population 

For initial estimates we used the average of pathogenic allele frequency estimates (i.e., 

q=0.0037), and npop, data from the 1965-2009 annual Japan population estimates from the 

Statistics Bureau of Japan (Table 2-3 at http://www.stat.go.jp/english/data/chouki/02.htm). 

In order to estimate the age distribution of WS patients, we used Japanese population data 

that included population estimates by gender and 5-year age grouping between 1965 and 2009 

(see above). We adjusted the age distribution of the general population to account for the 

shortened life expectancy in WS, where the median age at death is 54.3 years (2, 15), then 

estimated the WS patient population at risk by age interval. We assumed the proportion of the 

WS population age 0-29 yrs would be the same as the proportion of the general Japan 

population age 0-29 years. Thereafter, we assumed each 15-year age grouping in the general 

population up to age 74 yrs was equivalent to a 10-year age group in WS (e.g., general 

population ages 30-44 yrs was equivalent to WS patient ages 30-39 yrs). At the upper age 

range, the proportion of individuals ages 75+ yrs in the general population was considered 

equivalent to the proportion of WS patients at ages 60+ yrs. This method accounts for trends in 

Japanese birth and death rates over time. For sensitivity analyses, we generated alternate WS 

patient population distributions by changing the earliest age at which we assume the general 

population age distribution differs from the WS population age distribution (i.e., starting at age 

20 yrs or at 40 yrs).  

Osaka prefecture neoplasm-specific population incidence rates were obtained from CI5 data 

in which annual cases were categorized by gender and divided into 5-year age groups from 
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1963-2002. The CI5plus online analysis application (http://ci5.iarc.fr/CI5plus/ci5plus.htm, see (8)) 

was used to obtain case numbers for several malignancies, including: bone malignancies (ICD-

10 C40-41), malignant melanomas of the skin (ICD-10 C43), leukemias (ICD-10 C91-95), 

thyroid malignancies (ICD-10 C73), and all sites but non-melanoma skin (ICD-10 C00-96 

excluding C44). Because the CI5plus online analysis application does not provide annual case 

numbers for malignancies of the soft and connective tissue (ICD-10 C47 & C49) or for all GI 

malignancies (ICD-10 C15-25), we obtained these data from CI5 volumes. Additionally, cases of 

meningeal neoplasms (ICD-10 codes C70.0-70.9, D32.0-32.9, D42.0-42.9) categorized by 

gender and divided into 5-year age groupings were obtained from data provided by the Osaka 

Cancer Registry. Incidence rates as a function of time period were calculated using these case 

numbers and annual Osaka population estimates categorized by gender and divided into 5-year 

age groups as provided by the Osaka Cancer Registry. Available incidence rates were then 

applied to any years with missing data (e.g., reported incidence rates from 1970-1971 were 

applied to 1965-1969 to obtain the likely expected case numbers within that time period). 

The SIR was calculated as the ratio of the total number of WS tumor cases of a specific 

tumor type observed from 1965-2009 to the expected number. In determining the number of 

observed WS cases by tumor type, the exclusion criteria used for SPIR analyses were followed 

for SIR, with the exception that all meningiomas were included in SIR estimates for meningioma. 

The expected number of cases was calculated using indirect standardization by applying the 

population incidence rates to the estimated WS patient population, with rates adjusted for 

gender, 10-year age groupings from ages 10-69 (population incidence rates for ages 60-69 

were applied to WS patients estimated to be ages 60+) and time period (2-6 year intervals 

based on periods covered by CI5 volumes from 1965-2009). Exact 95% confidence intervals 

were obtained for each estimate. For sensitivity analyses, we re-calculated the WS patient 

population at risk based on the upper (q=0.006)(14) and lower (q=0.0014)(13) allele frequency 
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estimates. Sensitivity analyses were conducted for both the SIR and SPIR analyses using 

Japan-resident WS cases with ‘definite’ or ‘probable’ WS diagnoses.  

Statistical methods: All analyses were performed using STATA 12.0 (StataCorp, College 

Station, TX, USA). Fisher’s exact tests were two-sided. For the neoplasm-specific tests of 

geographic variation in tumor type, a Bonferroni correction was applied to the α = 0.05 threshold 

for statistical significance. In both SPIR and SIR analyses the exact 95% confidence interval for 

each estimate was obtained using the “istdize” command in STATA.  
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Results  

We identified 188 Werner syndrome (WS) patients with 246 neoplasms reported between 

1939 and 2011. This population included 138 Japan-resident patients, and an additional 50 

patients from a diversity of locations and ethnicities outside of Japan (Table 1). Among the 188 

patients in our study population, the mean age at first diagnosis of neoplasia was 43.3 years + 

9.9 years (range 20 - 69). The study population is summarized in greater detail in 

Supplementary Spreadsheet 1. We excluded additional tumor reports from our study population 

based on specified exclusion criteria (n=87; Supplementary Spreadsheet 2: Additional case 

reports not included in the study population) 

Spectrum of neoplasia in WS: The most frequent neoplasms in WS patients, representing 

67% of all reports, were thyroid neoplasms, malignant melanoma, meningioma, soft tissue 

sarcomas, leukemia and pre-leukemic conditions of the blood and bone marrow, and 

osteosarcoma/bone neoplasms (Table 2). Malignant melanomas were almost exclusively less 

common variants: acral lentiginous melanomas arising on the palms and soles, or mucosal 

melanomas arising in the nasal cavity or esophagus. Thyroid neoplasms in Japan-resident 

patients included a disproportionately high number of follicular carcinomas, in contrast to the 

more common papillary variant observed in the general population (p=0.00002, using reference 

population ages 0-24, and p=0.00001 for  reference population ages 10-69; see Supplementary 

Table 2). In contrast, thyroid neoplasms were less frequent in WS patients residing outside 

Japan, though the difference was not statistically significant after correcting for multiple testing 

(p=0.016). The frequency of melanomas was lower, though not significant reduced, among WS 

patients residing outside Japan (p=0.082) (Table 3). Leukemias covered the full spectrum of 

morphologies, though we lacked data to assign a consistent WHO and/or FAB classification to 

all case reports. Atypical leukemias and a wide range of preleukemic disorders were also 

reported, including myelodysplasia, myelofibrosis and refractory anemia with an excess of 
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blasts (RAEB) (Table 2). Multiple neoplasms were common: 22% of WS patients (41/188) had 1 

to 4 additional concurrent or sequential neoplasms. These were often at different sites, and of 

substantially different histopathologic types (Table 4). 

Standardized proportional incidence ratios (SPIRs) for malignancy in WS: We 

estimated the elevated risk of malignant neoplasms in WS by calculating SPIRs using data from 

the Japan-resident cases and comparison data from the Osaka Japan prefecture (Table 5). 

These analyses revealed strongly elevated SPIRs for melanomas of the skin (SPIR=56.1, 95% 

CI: 30.7, 94.2), soft tissue malignancies (SPIR=20.7, 95% CI: 11.6, 34.1), and bone 

malignancies (SPIR=11.6, 95% CI: 5.8, 20.8). The proportionate incidence of thyroid 

malignancy was elevated, though to a lesser degree (SPIR=9.1, 95% CI: 5.7, 13.8), and there 

was no statistically elevated risk for leukemia excluding preleukemic disorders (SPIR=1.7, 95% 

CI: 0.78, 3.3). We observed a decrease in the proportion of GI malignancies in WS patients 

versus the comparison population (SPIR=0.23, 95% CI: 0.13, 0.37). This decrease is expected: 

in SPIR analyses a substantial elevation in incidence of one group of cancers will necessarily 

reduce the SPIR for cancers not related to WS, since the proportions must sum to 100%. This 

also may reflect a real decrease in risk or the under-reporting of common neoplasms such as GI 

malignancies in WS or similar cancer predisposition syndromes, where case reporting has 

historically focused on less frequent types or sites of neoplasia. 

Sensitivity analyses were performed to determine how SPIR estimates were modified as a 

function of confidence in the diagnosis of WS (Supplementary Table 3). When we included only 

Japan-resident WS cases with either ‘definite’ or ‘probable’ diagnoses of WS in SPIR estimates, 

we continued to observe significant elevations in the proportionate incidence of all of the 

common neoplasms in WS except leukemia. The highest risk observed in this analysis was for 

melanomas of the skin (SPIR=65.2, 95% CI: 31.3, 120.0).  

Standardized incidence ratios (SIRs) for neoplasia in WS: We calculated SIRs as a 

complementary method for quantifying the risk of neoplasia in WS patients. SPIRs provide a 
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measure of the over-representation of a particular disease type in a cohort when incident cases 

are collected, but the size of the underlying population at risk is not known (12). However, the 

SPIR estimates may be biased if case ascertainment is biased. For example, cancer types that 

are rare in the general population are more likely to be reported in the clinical literature when 

they are identified in WS patients. In contrast, SIR estimates are not affected by under-reporting 

of other cancers, but do require estimating the population size, age and gender distribution of 

individuals at risk. SIR analyses with the WS population at risk, estimated using the average of 

reported WS pathogenic allele frequencies (q=0.0037)(13), indicated significantly elevated risk 

for all six common tumor types observed in Japan-resident WS patients. These SIR risk 

estimates ranged from 83.2 (95% CI: 45.5, 139.6) for melanomas of the skin to 3.6 (95% CI: 1.7, 

6.9) for leukemias (see Table 6). We could not further quantify the risk of acral lentiginous 

melanoma in WS, as there were too few cases in Osaka Cancer Registry data to provide a 

comparison population (n=5, from 1963-2005). A decreased risk of GI malignancy in WS 

(SIR=0.31, 95% CI: 0.18, 0.50), was less than that observed in SPIR analyses (see above). The 

overall risk of malignancy of all types in WS patients was 30% higher than in an Osaka 

prefecture reference population (SIR=1.3, 95% CI: 1.1, 1.6).  

SIR sensitivity analyses were performed to determine the influence of pathogenic WRN 

allele frequency estimates on risk estimates (Supplementary Table 4). Neoplasm type-specific 

SIRs calculated using the highest estimated pathogenic WRN allele frequency (q=0.006)(14) 

were 2.5-fold lower than estimates using an average allele frequency (see above), but still 

significantly increased for melanomas of the skin (SIR=31.7, 95% CI: 17.3, 53.1), benign or 

malignant meningiomas (SIR=20.6, 95%: 11.5, 34.0), soft tissue malignancies (SIR=16.2, 95% 

CI: 9.0, 26.6), bone malignancies (SIR=12.6, 95% CI: 6.3, 22.5) and thyroid malignancies 

(SIR=5.3, 95% CI: 3.3, 8.1) (Supplementary Table 4). However, we no longer detected a 

statistically significant increase in the risk of leukemia associated with WS (SIR=1.4, 95% CI: 

0.63, 2.6), and observed an even lower estimated risk of GI malignancies (SIR=0.12, 95% CI: 
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0.07, 0.19) and malignancies of all types (SIR=0.51, 95% CI: 0.42, 0.60). The same analysis 

performed using the lowest estimated WRN pathogenic allele frequency (q=0.0014)(13) 

indicated a 7-fold increase in risk across malignancies of all types compared to the estimates 

using an average allele frequency (see above), and a 2-fold higher risk of GI malignancies in 

WS patients compared with the Osaka reference population (SIR=2.2, 95% CI: 1.2, 3.5). These 

altered risk estimates directly reflect the different estimated populations of WS patients at risk of 

neoplasia.  

Sensitivity analyses were also conducted to determine the influence of the age distribution 

and WS diagnostic confidence on risk. These analyses provided similar relative risk estimates to 

those obtained in the main analysis when conditioned on age distribution (Supplementary Table 

5), and a significantly elevated risk of neoplasia for all common neoplasm types observed in WS 

except leukemia when conditioned on diagnostic confidence (Supplementary Table 6). The 

elevated relative risk estimates for the highest diagnostic confidence cases ranged from 59.4-

fold for melanomas of the skin (95% CI: 28.5, 109.3) to 8.9-fold for thyroid malignances (95% CI: 

4.9, 15.0).  
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Discussion 

Our goal in this study was to provide a comprehensive and quantitatively rigorous analysis 

of the spectrum and excess risk of specific neoplasms in WS, a heritable cancer predisposition 

and progeroid syndrome. We reasoned that the results of our analyses would guide the care of 

contemporary WS patients, while providing clues to the mechanistic basis for cancer in WS.  

Our analyses were performed with a study population of 188 WS patients having 246 different 

neoplasms that was assembled from previous case reports and unpublished case material. A 

majority of our study population consisted of WS patients residing in Japan (n=138, or 73% of 

patients). Additional patients were from a wide diversity of locations outside Japan. The large 

Japan-resident portion of cases allowed us to calculate neoplasm-specific, as well as overall 

relative risk of neoplasia as Japanese population reference data could be used for comparisons.  

Two-thirds (67%) of the neoplasms reported in our study population patients were of six 

major histopathologic types (Table 2). In order of decreasing frequency these were: thyroid 

neoplasms; malignant melanomas; meningiomas; soft tissue sarcomas; leukemias and 

preleukemic disorders such as myelodysplasia; and osteosarcomas/bone neoplasms. We again 

observed differences in the frequency of thyroid neoplasms, and to a lesser degree melanomas, 

between Japan-resident WS patients and WS patients residing elsewhere. However these 

differences were not statistically significant (Table 3) (5). The geographic difference in frequency 

of these two neoplasms in WS cannot be explained by differences in the frequency of different 

WRN mutations: many of the same mutations have been found in both populations, and all 

clinically ascertained WRN mutations share a common null biochemical phenotype (16-18). 

Both thyroid follicular carcinoma and acral lentiginous melanoma have distinctive molecular and 

genetic features (19-25). These features may be useful in dissecting geographic contributions to 

risk, and in identifying new genetic or environmental modifiers to neoplasm-specific risk in WS.  
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The strong, heritable cancer predisposition in WS is reflected in the multiple instances of 

uncommon neoplasms, and the high frequency of multiple neoplasms (41/188 patients, or 22%; 

Table 4) in our WS study population. The spectrum of neoplasia in WS overlaps with, but is 

distinct from, the spectrum of neoplasms observed in two other RECQ helicase deficiency 

syndromes, Bloom syndrome and Rothmund-Thomson syndrome. Bloom syndrome (BS) is a 

very strong predisposition to a wide range of types of neoplasia (26, 27), while in Rothmund-

Thomson syndrome (RTS) the cancer predisposition is largely limited to osteosarcoma (28, 29). 

The spectrum of neoplasms observed in WS also overlaps in part with other recessive cancer 

predisposition syndromes such as Li-Fraumeni syndrome (30, 31); other heritable marrow 

failure syndromes such as Fanconi anemia (32, 33), dyskeratosis congenita (34), Diamond-

Blackfan anemia (35) or Shwachman-Diamond syndrome (36, 37); and mismatch repair 

deficiency syndromes (e.g., MLH1 or PMS2) (38).  

Our analysis provides a comprehensive analysis of neoplasm type-specific excess risk in 

WS using population-based cancer registry data and the complementary analytic approaches of 

SPIR and SIR estimation. These analyses (Tables 5 and 6) confirmed the substantially elevated 

risk of developing the most frequent neoplasms observed in WS, with the exception of leukemia 

where risk was statistically significantly elevated in only a portion of analyses. However, we 

suspect that the risk of leukemia is significantly elevated in WS, as many leukemia cases have 

been reported together with many reports of preleukemic disorders such myelodysplasia (Table 

2). Moreover, we and others have reported age-dependent increase in genetic instability in 

peripheral blood in WS patients (39-41). Sensitivity analyses conditioned on WS diagnostic 

confidence, mutant allele frequency or WS patient age distribution all showed our risk estimates 

to be robust. The low risk of GI malignancies in WS relative to the general population (see 

Tables 5 and 6) may reflect reduced risk in WS patients, or more likely the under-reporting of 

common malignancies in WS patients. 
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There are several potential limitations and sources of uncertainty in our analysis. Because 

we relied on case reports to assemble our study population there were ambiguities in some 

instances in tumor diagnosis (e.g., in distinguishing thyroid goiter from adenomas among Japan 

residents), or in clearly assigning an age at tumor diagnosis. We resolved these and other 

uncertainties using available data and common decision criteria wherever possible (see 

Supplementary Spreadsheet 2). WS is under-diagnosed and under-reported everywhere 

including in Japan, by virtue of an incompletely penetrant phenotype with delayed onset (1, 2, 

42). However, case underreporting is unlikely to strongly bias our risk estimates as 

underreporting biases SIR estimates toward the null hypothesis (i.e., no increase in risk). Lastly, 

we used sensitivity analyses to assess the influence of WS diagnostic confidence and the 

estimated WS population on risk estimates. These analyses revealed quantitative differences, 

though none that altered our overall finding of elevated risk of specific types of neoplasia. It 

should be possible to further refine these estimates in the future using emerging population-

based analyses of WRN mutant allele frequencies in Japan or other populations.  

Despite the potential limitations of our case-based analyses we think our risk estimates are 

both conservative and robust. This analysis clearly identify specific types and sites of neoplasia 

that occur with high frequency in WS patients, and at rates substantially higher than in the 

general population. All of these sites of common neoplasms with the exception of bone marrow 

are conditionally dividing cell types or lineages where genetic instability and cell turnover may 

lead to the emergence of neoplastic clones. These cell lineages are also notable for the lack of 

strong, non-specific tumor-suppressive mechanisms such as damage- or developmentally-

induced apoptosis, terminal differentiation or senescence (18). While treatment of a first primary 

neoplasm could contribute to the elevated risk of neoplasia in some WS patients, there has not 

been a well-documented instance of a therapy-induced neoplasm in WS. There are, however, 

reports of heightened sensitivity to chemotherapy leading to unintended, therapy-related toxicity 

or death (43).  
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While our analysis has focused on the risk of neoplasia in WS patients, WRN mutations may 

also be contributing to the population burden of cancer. The largest likely contribution reflects 

the high frequency of deleterious germline WRN mutations in virtually all populations. For 

example, even conservative WRN mutant allele frequency estimates predict greater than 1 

million heterozygous carriers of pathogenic WRN mutations in the U.S. Heterozygous carriers 

display low levels of genetic instability in vivo (41), and at the cellular level display intermediate 

sensitivity to cell killing by DNA damaging agents (44). This combination of genetic instability 

and DNA damage sensitivity could further predispose to the mutation or loss of the remaining 

wildtype WRN allele, or other genes that influence cancer risk or progression in the presence of 

WRN haploinsufficiency. Genomic and population-based analyses of cancer in WRN mutation 

carriers and in sporadic cancers of the types most frequently observed in WS should provide 

additional insight into the origins of cancer in WS, and the contribution of WRN mutations to 

cancer risk in the general population.  
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Table 1: Werner syndrome neoplasia study population  
  

WS patient 
type 

patients 
(n) 

gender 
(M/F/ns*) 

mean age   
at first 
neoplasm 
diagnosis 
(in yrs)** 

 
age at 
first 
neoplasm 
diagnosis 
(range, in 
yrs.)** 

neoplasms 
(n) 

number/percentage 
of multiple 
neoplasm patients 

residing in 
Japan 

138 79/57/2 44.1 20-69 182 31 (22%) 

residing 
outside Japan 

50 23/26/1 41.4 23-56   64 10 (20%) 

Total 188     102/83/3 43.3 20-69 246 41 (22%) 

 
* ns = not specified or reported 
 
** among patients whose age at diagnosis is specified. 
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Table 2: Spectrum of neoplasia in Werner syndrome p atients* 
 

Frequent neoplasms  
   (67% of total, n = 164) 

Less common neoplasms  
   (33% of total, n = 82) 

thyroid neoplasms  (15.9%, n = 39) 
 follicular thyroid carcinoma 
 papillary thyroid carcinoma 
 anaplastic thyroid carcinoma 
 thyroid adenoma 

malignant melanoma  (13.0%, n = 32) 
 acral lentiginous melanoma (ALM) 
 malignant mucosal melanoma 
 malignant melanoma non-ALM 

meningioma  (11.0%, n = 27) 

soft tissue sarcomas  (9.8%, n = 24) 
 undifferentiated pleomorphic sarcoma 
          (malignant fibrous histiocytoma)             
 leiomyosarcoma 
 fibrosarcoma 
 malignant peripheral nerve sheath tumor 
 rhabdomyosarcoma 
 synovial sarcoma 

hematologic/lympho id (9.3%, n = 23) 
 acute myelogenous leukemia (M1-M5, M6, M7) 
      pre-leukemic marrow disorders 
  myelofibrosis 
  myelodysplasia 
  refractory anemia with excess blasts 
 T-cell leukemia 
 plasmacytoma 
 
osteosarcoma/bone (7.7%, n = 19) 
 osteoblastic osteosarcoma 
 fibroblastic osteosarcoma 
 extra-skeletal/soft tissue osteosarcoma 
          osteochondroma 

non-melanoma skin cancer  (4.9%, n = 12) 
 squamous cell carcinoma 
 basal cell carcinoma 

gastro-intestinal  (4.9%, n = 12) 
 esophageal carcinoma 
 gastric carcinoma 
 pancreatic carcinoma 

uterus/ovary  (4.1%, n = 10) 
 ovarian cystadenocarcinoma 
  uterine carcinoma 
 uterine leiomyoma 

hepatobiliary  (4.1%, n = 10) 
 cholangiocarcinoma 
 hepatocellular carcinoma 

genito-urinary  (3.7%, n = 9) 
 ureteral transitional cell carcinoma 
 bladder transitional cell carcinoma 
  vulvar carcinoma 
  prostate carcinoma 

head and neck neoplasms  (3.3%, n = 8) 
 nasal carcinoma NOS 
 hard/soft palate squamous cell carcinoma 
 tongue squamous cell carcinoma 
 laryngeal  carcinoma 

 
breast carcinoma  (2.8%, n = 7) 

 
lung  (2.0%, n = 5) 

 squamous cell carcinoma 
 adenocarcinoma 
  bronchioloalveolar carcinoma 
 carcinoid 

CNS (2.0%, n = 5) 
 astrocytoma 
 spinal cord hemangiolipoma 

adrenal cortical (1.6%, n = 4) 
carcinoma 
pheochromocytoma 

* includes all patients in the study population (see Table 1 and Supplementary Spreadsheet 1). 
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Table 3: Distribution of neoplasm types between WS patients residing in Japan vs. WS 
patients residing outside of Japan (1939-2011) 

 
 WS cases 

residing in 
Japan 

WS cases  
residing outside 

of Japan 

p-value  
(Fisher’s exact) 

 

Neoplasm type      

soft tissue 19 5 0.63 

bone 13 6 0.59 

melanomas 28 4 0.082 

hematologic/lymphoid 17 6 1 

thyroid 35 4 0.016 

meningioma 17 10 0.17 

other 53 29  

total  182 64 0.022* 

 
* indicates significant at α=0.05. 
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Table 4: Multiple primary neoplasms in Werner syndr ome patients  
 

Case Sex WS Dx 
confidence Tumor diagnosis – type and site (age at diagnosis)* *** Ref. # 

4 M probable 
osteosarcoma of left tibia (45), malignant melanoma of left foot, plantar surface (45), 
gastric adenocarcinoma(45), leiomyosarcoma of lung (45), papillary carcinoma of 
thyroid* (45) 

(45) 

6 M possible meningioma (~34), myelofibrosis (41), follicular adenomas of thyroid* (41) (46)   

19 M definite leiomyosarcoma of left bicep (40), follicular adenoma of thyroid* (~40) (47)   

20 F probable transitional cell carcinoma of bladder (38), malignant melanoma of nasal cavity (45) (48)   

23 F probable papillary carcinoma of thyroid (~47), osteosarcoma of right lower leg (~49) (49) 

25 F probable uterine cancer NOS (34), follicular carcinoma of thyroid (36), osteosarcoma of left 
knee (~37) 

(50)    

27 F probable 
malignant melanoma of nasal cavity (~45), malignant melanoma of right foot, 5th toe 
(46) 

(51)   

30 F unknown malignant melanoma of: right large pudental lip (~44), left foot, plantar surface , near 
toe and near heel (~44) 

(52)  

33 F probable papillary carcinoma of thyroid (~32), AML FAB M4, after RAEB-t/MDS (40) (53) 

46 F unknown nasal cancer NOS (age uk), uterine cancer NOS (age uk) (54) 

49 M definite thyroid neoplasm NOS (27), papillary carcinoma of thyroid (46), meningioma (46) (55) 

64 M possible meningioma (62), MDS (62) (56) 

69** F unknown follicular carcinoma of thyroid (44), thyroid adenoma NOS (44) (57) 

70 M definite 
thyroid neoplasm NOS (43), malignant peripheral nerve sheath tumor of right knee 
(~47), undifferentiated pleomorphic sarcoma of right thigh (50), osteosarcoma of 
right calcaneal region (57) 

(58)  

76 F probable 
uterine myoma (29) leiomyoma of left lower abdomen (~34), cystadenocarcinoma of 
right ovary (37), thyroid adenoma NOS* (37) 

(59)  

80 M probable thyroid adenoma NOS (48), bronchiolo-alveolar adenocarcinoma of lung (52) (60) 

82 M definite pharyngeal cancer NOS (<52), adenocarcinoma of lung (52) (61) 

83 M probable fibrosarcoma of unknown site (~44), meningioma (~44) (62) 

85 M possible 
SCC of median soft palate (69), SCC of left edge of tongue (74), SCC of right edge 
of tongue (75), SCC of hard palate (79), SCC of esophagus (79), transitional cell 
carcinoma of right ureter (82) 

(63) 

91 M probable follicular carcinoma of thyroid (51), retroperitoneal leiomyosarcoma (51) (64) 

93 M unknown 
bone neoplasm NOS of femur (38), thyroid carcinoma NOS (39), benign fibrous 
histiocytoma of femur (53) 

(65) 

95** M definite glioblastoma (26), thyroid neoplasm NOS (26) (66) 

97 M probable osteosarcoma of right lower leg (50), malignant melanoma of right conjunctiva (52) (67) 

98 M unknown 
acral lentiginous melanoma in situ of right thumb (~21), malignant melanoma of 
nasal cavity (~31) 

(68) 

108** F probable papillary carcinoma of thyroid (22), thyroid adenoma NOS (39) (69) 

111 F probable lobular breast carcinoma (26), gastric adenocarcinoma (~28) (70) 

112 F probable thyroid adenoma NOS (35), SCC in situ of right thigh (54) (71) 

116 F definite uterine myoma (42), meningioma (42) (72) 

119 M definite meningioma (53), malignant melanoma of nasal mucosa (56) (73) 

132 F definite adrenal cortical carcinoma (50), papillary transitional cell carcinoma of right ureter 
(50) 

(74) 

141 M unknown osteosarcoma of right leg (52), meningioma (53) (75) 

142 F definite meningioma (56), benign thyroid neoplasm NOS (56) (76) 

300 M probable follicular thyroid neoplasm NOS (35), malignant melanoma of right heel (42), acral 
lentiginous melanoma of left foot, plantar surface (44) 

(77) 

349 M definite follicular/clear cell carcinoma of thyroid (34), AML FAB M6 (erythroleukemia) (34)  (78) 

161 M probable malignant melanoma of finger (<44), AML FAB M2 (44) (43) 
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Table 4: Multiple primary neoplasms in Werner syndr ome patients (cont.) 

Case 
Sex WS Dx 

confidence Tumor diagnosis – type and site (age at diagnosis)* *** Ref. # 

168 M probable basal cell carcinoma on right tip of nose (52), SCC on scalp and left forearm (57) (79) 

171 uk unknown 
orbital osteosarcoma (age uk), thyroid adenoma NOS (age uk), meningioma* (age 
uk) 

(80) 

172 M possible 
fibrosarcoma of mediastinum (46), basal cell carcinoma on nose (x 2) and on upper 
lip (57) 

(81) 

180 F probable undifferentiated pleomorphic sarcoma of  left lateral thigh (40), cystadenocarcinoma 
of ovary (41) 

(82) 

183 F definite SCC on cheek (52), basal cell carcinoma x 2 on face (52) (83) 

185 F definite 
breast carcinoma NOS (<47), ovarian carcinoma NOS (<47), pancreatic 
adenocarcinoma of head of pancreas (47), carcinoid of lung* (47),  

INU 1010 
*** 

186 M definite hepatocellular carcinoma (42), cortical adenoma of adrenal gland* (42) (84) 

188 F definite 
cholangiocarcinoma (42), meningioma* (42), cortical adenoma of adrenal gland* 
(42) 

(85) 

191** M possible 
acral lentiginous melanoma of left thumb and lentigo maligna melanoma under left 
ear (56) 

(86) 

200 F probable meningioma (~31), thyroid carcinoma NOS (~49) (87) 

* incidental finding at autopsy.  

** excluded from multiples count due to the ambiguity in the case reports between thyroid goiter 

and adenoma or because multiple tumors at the same organ site 

*** unpublished case #INU1010 from the International Registry of Werner Syndrome (personal 

communication from G. M. Martin and J. Oshima). 

**** multiple benign tumors or multiple malignancies of the same histology at the same organ 

site are counted only once in spectrum/risk estimates. 

uk = unknown 

MDS = myelodysplasia 

SCC = squamous cell carcinoma 

NOS = not otherwise specified 

AML = acute myelogenous leukemia 

FAB = French-American-British classification  
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Table 5: Standardized proportionate incidence ratio  (SPIR) analyses for malignancies in 

Japan resident Werner syndrome patients relative to  Osaka, Japan population (1965-2009, 

ages 10-69) 

Site  Observed 
(n=134)***  Expected**** SPIR 95% CI 

soft tissue 15 0.73 20.7* (11.6, 34.1) 

bone 11 0.95 11.6* (5.8, 20.8) 

melanoma of    skin 14 0.25 56.1* (30.7, 94.2) 

leukemia 9 5.25 1.7 (0.78, 3.3) 

thyroid 22 2.41 9.1* (5.7, 13.8) 

GI** 15 66.3 0.23* (0.13, 0.37) 

* statistically significant result (p<0.05).  

** includes malignancies of the following sites: esophagus, stomach, small intestine, large bowel, 

liver, gallbladder, and pancreas (ICD-10 C15-25). 

*** total cases at all sites (excluding non-melanoma skin cancers) includes benign meningiomas 

diagnosed prior to 1988. 

**** obtained using CI5 volume case data (i.e., representative sample from 1970-2002). 
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Table 6: Standardized incidence ratio (SIR) analyse s for malignancies in Japan 

resident Werner syndrome patients relative to Osaka , Japan population (1965-2009) 

 
Tumor  Observed  Expected  SIR 95% CI 

soft tissue 15 0.35 42.5* (23.8, 70.0) 

bone 11 0.33 33.1* (16.5, 59.2) 

melanoma of skin 14 0.17 83.2* (45.5, 139.6) 

leukemia 9 2.47 3.6* (1.7, 6.9) 

thyroid 22 1.57 14.0* (8.8, 21.3) 

meningioma 15 0.28 54.2* (30.4, 89.4) 

GI** 16 51.81 0.31* (0.18, 0.50) 

All sites         
(excluding non-

melanoma skin)***  138 103.81 1.3* (1.1, 1.6) 

 

* statistically significant result (p<0.05).  

** includes malignancies of the following sites: esophagus, stomach, small intestine, large bowel, 

liver, gallbladder, and pancreas (ICD-10 C15-25). 

*** includes benign meningiomas diagnosed prior to 1988. 

note:  analysis conditioned on a WRN pathogenic allele frequency of q = 0.0037 
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Supplementary Materials 

1. Supplementary Tables 

Supplementary Table 1: Werner syndrome diagnostic criteria and diagnostic confidence 

Categories.  

Supplementary Table 2: Japan-resident WS patient thyroid histopathologic subtype 

analysis.  

Supplementary Table 3: SPIR sensitivity analysis using only WS cases with highest 
 

diagnostic confidence. 
  
Supplementary Table 4: SIR sensitivity analysis conditioned on WRN pathogenic 

allele frequency. 

Supplementary Table 5: SIR sensitivity analysis conditioned on WS patient age 

distribution. 

Supplementary Table 6: SIR sensitivity analysis using only WS cases with highest 

diagnostic confidence. 

 
 
 

2. Supplementary spreadsheets: 
 

Supplementary Spreadsheet 1: Study population spreadsheet  

Supplementary Spreadsheet 2: Additional case reports not included in the study 

population 
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Supplementary Table 1: Werner syndrome diagnostic c riteria and diagnostic confidence 
categories 
 

Diagnostic 
category Sensitivity analysis category Diagnostic criteria* 

Definite 
High confidence 

all cardinal signs + two additional signs 
OR confirmed pathogenic mutations in 

both WRN alleles 

Probable first 3 cardinal signs + any 2 others 

Possible Low confidence either cataracts or dermatological 
changes + any 4 additional signs 

Exclusion** Exclude Onset of signs or symptoms before 
adolescence (except stature)  

 

Diagnostic criteria and categorization notes: 

*Cardinal signs and symptoms and diagnostic confidence categories were taken from the 

diagnostic and categorization criteria of the International Registry of Werner Syndrome:  

www.wernersyndrome.org/registry/diagnostic.html with the following modifications: 1. putative 

WS patients with known pathogenic mutations in both WRN alleles were also considered to be 

‘Definite’/’High confidence’; and 2. “mesenchymal neoplasms, rare neoplasms or multiple 

neoplasm” was not counted for any of the patients in the determination of Werner syndrome 

diagnostic confidence.  

Reported cataracts were assumed bilateral if not explicitly stated, and characteristic 

dermatological pathology was considered to be present if any one of the six skin pathologies 

was reported as defined in the Registry diagnostic signs and symptoms. Where height was 

provided but not designated as short stature, we classified males with heights <164 cm and 

females with heights <154 cm as of short stature. 

**We excluded no cases on the basis of onset of signs or symptoms prior to adolescence. Two 

Japan-resident cases were reported with voice changes prior to adolescence, and one Japan 

non-resident case was reported to have had premature greying of the hair at age 8 (see Supp. 

Table 2). 
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Supplementary Table 2: Japan-resident WS patient th yroid histopathologic subtype 

analysis 

 

 
Thyroid cancer subtype  

 
WS cases 

 
Osaka population comparison 

data*  
  ages 0-24 ages 10-69 
   follicular subtype 11 14 402 
   papillary subtype 7 102 2,391 
   other/unspecified type    5 29 583 
   Total  23 145 3,376 
   p –value (Fisher’s Exact)   P=0.00002 P=0.00001 
 
* Comparison data from Osaka, Japan population cases reported in CI5 (vol. 7-9, 1988-2002). 
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Supplementary Table 3: SPIR sensitivity analysis us ing only WS cases with highest  
 
diagnostic confidence  
 
 

Site  
 

Observed  
(n = 88)***  Expected**** SPIR 95% CI 

soft tissue 11 0.45 24.4* (12.2, 43.7) 

bone 9 0.59 15.3* (7.0, 29.0) 

melanoma of 
skin 

10 0.15 65.2* (31.3, 120.0) 

leukemia 5 3.33 1.5 (0.49, 3.5) 

thyroid 14 1.50 9.3* (5.1, 15.6) 

GI** 7 44.3 0.16* (0.06, 0.33) 
 

* statistically significant result (p<0.05). 

** includes malignancies of the following sites: esophagus, stomach, small intestine, large bowel, 

liver, gallbladder, and pancreas (ICD-10 C15-25). 

*** total cases at all sites (excluding non-melanoma skin cancers) includes benign meningiomas 

diagnosed prior to 1988. 

**** relative to Osaka, Japan population (1965-2009, ages 10-69). Obtained using CI5 volume 

case data (i.e., representative sample from 1970-2002).  



38 
 

Supplementary Table 4: SIR sensitivity analysis con ditioned on WRN pathogenic allele 

frequency  

 

4A: SIR sensitivity analysis conditioned on a WRN pathogenic allele frequency of q=0.006 

 

Tumor  Observed  Expected ** SIR 95% CI 

soft tissue 15 0.93 16.2* (9.0, 26.6) 

bone 11 0.87 12.6* (6.3, 22.5) 

melanoma of skin 14 0.44 31.7* (17.3, 53.1) 

leukemia 9 6.50 1.4 (0.63, 2.6) 

thyroid 22 4.12 5.3* (3.3, 8.1) 

meningioma 15 0.73 20.6* (11.5, 34.0) 

GI*** 16 136.24 0.12* (0.07, 0.19) 

All sites                
(excluding non-
melanoma skin)****  

138 273.0 0.51* (0.42, 0.60) 

 
* statistically significant result (p<0.05). 

** relative to Osaka, Japan population, 1965-2009. 

*** includes malignancies of the following sites: esophagus, stomach, small intestine, large 

bowel, liver, gallbladder, and pancreas (ICD-10 C15-25). 

**** includes benign meningiomas diagnosed prior to 1988. 

 
 
 
 
 
 

  



39 
 

4B: SIR sensitivity analysis conditioned on a WRN pathogenic allele frequency of 

q=0.0014 

 

Tumor  Observed  Expected ** SIR 95% CI 

soft tissue 15 0.05 296.6* (166.0, 489.3) 

bone 11 0.05 231.0* (115.3, 413.3) 

melanoma of skin 14 0.02 581.6* (318.0, 975.8) 

leukemia 9 0.35 25.5* (11.6, 48.3) 

thyroid 22 0.22 98.1* (61.5, 148.5) 

meningioma 15 0.04 378.9* (212.1, 625.0) 

GI*** 16 7.4 2.2* (1.2, 3.5) 

All sites                 
(excluding non-
melanoma skin)****  

138 14.9 9.3* (7.8, 11.0) 

 
* statistically significant result (p<0.05). 

** relative to Osaka, Japan population, 1965-2009. 

*** includes malignancies of the following sites: esophagus, stomach, small intestine, large 

bowel, liver, gallbladder, and pancreas (ICD-10 C15-25). 

**** includes benign meningiomas diagnosed prior to 1988. 
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Supplementary Table 5: SIR sensitivity analysis con ditioned on WS patient age 

distribution 

 

5A: SIR sensitivity analysis with age contraction beginning at age 40 years and a WRN 

pathogenic allele frequency of q=0.0037 

 

Tumor  Observed  Expected ** SIR 95% CI 

soft tissue 15 0.40 37.6* (21.1, 62.0) 

bone 11 0.36 30.3* (15.1, 54.2) 

melanoma of skin 14 0.19 71.9* (39.3, 120.6) 

leukemia 9 2.75 3.3* (1.5, 6.2) 

thyroid 22 1.76 12.5* (7.8, 19.0) 

meningioma 15 0.33 45.9* (25.7, 75.6) 

GI*** 16 68.45 0.23* (0.13, 0.38) 

All sites                 
(excluding non-
melanoma skin)****  

138 131.53 1.1 (0.88, 1.2) 

 
* statistically significant result (p<0.05). 

** relative to Osaka, Japan population, 1965-2009. 

*** includes malignancies of the following sites: esophagus, stomach, small intestine, large 

bowel, liver, gallbladder, and pancreas (ICD-10 C15-25). 

**** includes benign meningiomas diagnosed prior to 1988. 
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5B: SIR sensitivity analysis with age contraction beginning at age 20 years and a WRN 

pathogenic allele frequency of q=0.0037 

 

Tumor  Observed  Expected ** SIR 95% CI 

soft tissue 15 0.31 47.9* (26.8, 79.0) 

bone 11 0.31 35.4* (17.7, 63.4) 

melanoma of skin 14 0.14 97.4* (53.3, 163.5) 

leukemia 9 2.19 4.1* (1.9, 7.8) 

thyroid 22 1.35 16.3* (10.2, 24.6) 

meningioma 15 0.23 66.5* (37.2, 109.6) 

GI*** 16 37.53 0.43* (0.24, 0.69) 

All sites                 
(excluding non-
melanoma skin)****  

138 79.01 1.8* (1.5, 2.1) 

 
* statistically significant result (p<0.05). 

** relative to Osaka, Japan population, 1965-2009. 

*** includes malignancies of the following sites: esophagus, stomach, small intestine, large 

bowel, liver, gallbladder, and pancreas (ICD-10 C15-25). 

**** includes benign meningiomas diagnosed prior to 1988. 
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Supplementary Table 6: SIR sensitivity analysis usi ng only WS cases with highest 

diagnostic confidence 

 
Tumor  Observed  Expected ** SIR 95% CI 

soft tissue 11 0.35 31.1* (15.5, 55.7) 

bone 9 0.33 27.1* (12.4, 51.4) 

melanoma of skin 10 0.17 59.4* (28.5, 109.3) 

leukemia 5 2.47 2.0 (0.66, 4.7) 

thyroid 14 1.57 8.9* (4.9, 15.0) 

meningioma 10 0.28 36.2* (17.3, 66.5) 

GI*** 7 51.81 0.14* (0.05, 0.28) 

All sites                 
(excluding non-
melanoma skin)****  

89 103.81 0.86 (0.69, 1.1) 

 

* statistically significant result (p<0.05). 

** relative to Osaka, Japan population, 1965-2009. 

*** includes malignancies of the following sites: esophagus, stomach, small intestine, large 

bowel, liver, gallbladder, and pancreas (ICD-10 C15-25). 

**** includes benign meningiomas diagnosed prior to 1988. 

 
 
 
 

 
 


