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Abstract

Background & Aims—The MSH2 A636P mutation is a founder mutation in Ashkenazi Jews 

that causes Lynch syndrome with a prevalence of 0.4%–0.7%. Estimates of age-specific 

cumulative risk and lifetime risk for colorectal cancer (CRC) and endometrial cancer (EC) specific 

to carriers of this mutation are not available.

Methods—We studied 27 families with MSH2 A636P gene mutations identified in Israel; 13 

were identified via a population-based case-control study and 14 from a clinical genetics service. 

Age-specific cumulative risks (penetrance) and hazard ratio (HR) estimates of CRC and EC risks 

were calculated and compared to the general Ashkenazi population using modified segregation 

analysis. An ascertainment-corrected likelihood that combined population-based and clinic-based 

sampling provided a powerful analysis for estimating penetrance. We analyzed 74 cases of CRC 

(40 in the clinic series and 34 in the population-based series), diagnosed at median ages of 50 

years (men) and 49 years (women) in the combined sample.
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Results—The cumulative risk of CRC at age 70 was 61.62 % (95% confidence interval [CI], 

37.49%–76.45%) for men and 61.08% (95% CI, 39.39%–75.14%) for women, with overall HRs of 

31.8 (19.9–51.0) and 41.8 (27.4–64.0), respectively. There were 28 cases of EC, diagnosed at 

median age of 53.0 years. Cumulative risk of EC was 55.64% (95% CI, 33.07%–70.58%) with 

overall HR of 66.7 (41.7–106.7).

Conclusions—Lifetime risks of CRC and EC in MSH2 A636P carriers are high even after 

adjusting for ascertainment. These estimates are valuable for patients and providers; specialized 

cancer screening is necessary for carriers of this mutation.
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Introduction

Lynch Syndrome (LS), formerly known as Hereditary Nonpolyposis Colorectal Cancer 

(HNPCC), is the most common hereditary colorectal cancer syndrome and accounts for 3–

5% of CRC cases.1 Lynch syndrome tumors develop as a consequence of defective DNA 

mismatch repair caused by germline mutations in the mismatch repair (MMR) genes MLH1, 
MSH2, MSH6 and PMS2. Individuals with LS typically develop young-onset cancers, 

which usually demonstrate a phenotype of microsatellite instability. While there have been a 

variety of tumor types described in LS, adenocarcinomas of the colorectum and 

endometrium are the most common, and clinical management guidelines recommend 

aggressive surveillance and risk reducing surgery for these cancers.2 Previously, a rare 

founder mutation MSH2*1906C>G, also known as A636P was described in Ashkenazi 

Jews3 and was found in 8 of 1,345 individuals (0.6%) of Ashkenazi descent with colorectal 

cancer. A follow-up study sought to characterize the proportion of individuals of Ashkenazi 

heritage with very early-onset colon cancer (diagnosed at age 40 or younger) that could be 

attributed to MSH2*1906C>G.4 Although rare in the general population, the A636P 

mutation is detected in up to 7% of Ashkenazi Jewish patients with early age-of-onset 

colorectal cancer, and may account for up to one third of Lynch Syndrome in the Ashkenazi 

Jewish population.5

Prior to the discovery of MMR gene mutations, the diagnosis of LS was made on the basis 

of a family’s cancer history. The classic Amsterdam Criteria, originally developed for 

research purposes, required that a LS family contain 3 individuals with CRC in 2 

generations with one case diagnosed at age less than 50 years.6 Once linkage analysis led to 

the positional cloning of the MMR gene mutations as the cause of Lynch Syndrome, it 

became possible to use molecular analysis to diagnose LS in clinical practice and offer 

predictive testing to at-risk relatives. As many MMR mutation carriers have family histories 

that do not meet Amsterdam Criteria,7 the more inclusive revised Bethesda guidelines 8 and 

risk prediction calculators 9–11 are now used to identify patients at risk for LS.

A number of studies have sought to quantify cancer risks in Lynch Syndrome. Lifetime risks 

for developing colorectal and endometrial cancer have previously been estimated at 70–80% 

and 40–60%, respectively, on the basis of data collected through European familial cancer 
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registries.12–16 It has been suggested that estimates of cancer risk in LS may be artificially 

inflated, due to ascertainment bias resulting from overrepresentation of families with 

unusually striking cancer histories17 and failure to control for Amsterdam-defining tumors in 

calculations of cancer risks. Indeed, some studies that control for these potential biases have 

estimated risks for colorectal and endometrial cancer of 22–47% and 14–30%, 

respectively 17–19, while a more recent large study estimates risk for colorectal cancer as 

66% for men, 43% for women, and 73% for either colorectal or endometrial cancer for 

women.20 Few papers quantify risk estimates specifically for carriers of any single founder 

mutation, although a study from Sweden21 found a cumulative risk of colorectal cancer of 

60% in MSH6 founder mutation carriers, and an analysis of 2 founder mutations of MLH1 
Spain described low-moderate penetrance for in the range of 7%–20% lifetime risk of 

colorectal cancer.22 In Israel, Lavie et al 23 concluded by basic descriptive analyses that 

78.9% of MSH2 A636P carrier families had at least one family member diagnosed with 

gynecologic cancers, primarily endometrial cancers. The mean age at diagnosis was reported 

as 51.2 years. No such descriptive results are available for colorectal cancer.

We sought to quantify risk estimates for colorectal and endometrial adenocarcinoma in 

families with MSH2 A636P gene mutations associated with Lynch Syndrome. We used 

statistical methods that control for ascertainment bias and used information derived from 

observed genotype data and pedigree structure to probabilistically infer the genotypes of 

individuals who have not undergone genetic testing. An important analytical contribution is 

to combine two series of families, ascertained via different mechanisms under a combined 

likelihood framework.

Methods

Subjects

The National Familial Cancer Consultation Service in the Clalit Health Services (CHS) 

National Israeli Cancer Control Center in Haifa is responsible for counseling families with a 

multitude of cancer cases. The service evaluates and cares for families that are referred by 

treating physicians, by self-referral, or by families that are detected in population-based 

studies of cancer causes that are conducted at the National Cancer Control Center. Families 

of Ashkenazi descent with a family history that is suggestive of Lynch Syndrome were 

tested for the A636P mutation in the MSH2 gene. All participants of the population-based 

Molecular Epidemiology of Colorectal Cancer (MECC) case-control study were also studied 

for this mutation. Once a mutation had been diagnosed in a family, an effort was made to 

expand the testing to as many affected and non-affected family members as possible. DNA 

extraction from white blood cells was performed with the Puregene DNA isolation kit 

(Gentra Systems, Inc, Minneapolis, MN) according to the manufacturer’s recommendation. 

To genotype the samples for the hMSH2-A636P mutation, we used the 5’ nuclease TaqMan 

allelic discrimination assay with the ABI-Prism 7900HT Sequence Detection System 

(Applied Biosystems, Foster City, CA) apparatus. Primers and probes were generated by the 

assay-by-design custom oligonucleotide reagent service (Applied Biosystems). All tested 

family members, from the MECC study or the clinical service sources, signed an informed 

consent form approved by the Carmel Medical Center. All cases of colorectal and 
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endometrial cancers as reported by the proband or other family members were taken into 

account. An effort was made to ascertain the reported case through the study of medical 

records, when possible.

Statistical Analysis

We used the information on the occurrence of colorectal (CRC) and endometrial cancer (EC) 

in relatives of A636P mutation-positive index cases to estimate age and gender-specific 

incidences of CRC and EC (females) in A636P mutation carriers by maximum likelihood, 

using modified segregation analysis. The method was implemented in MENDEL 

(v3.3.5). 24, 25 Relatives were assumed to be followed from 20 years of age and to be 

censored at the age of death, at the age of last follow-up, or at age 70 years, whichever 

occurred earlier. Cancer events were measured at the age of diagnosis. We estimated the 

hazard function up to age 70, and we assumed that the hazard ratio stayed constant beyond 

the age of 70. Information on A636P mutation status in relatives was included whenever 

available. The segregation analysis implemented by MENDEL handles missing genotype 

information by including allele frequencies as parameters in the likelihood and marginalizes 

the observed joint likelihood of phenotype and genotype of the pedigree over the unobserved 

genotype matrix, summing over all possible genotype configurations for the unobserved 

genotype matrix of the pedigree. For individuals with missing age information the age was 

imputed based on the subject's relative generation with the proband as reference, deceased 

status (dead or alive at last follow up) and gender by the conditional mean of observed age in 

a given strata defined by these variables. As an example, if the proband’s unaffected father 

was missing age and he was reported as still alive, we imputed his age by using the average 

age among all fathers who were living. This led to a more conservative penetrance estimate 

than imputation conditional on disease status of the individual. In addition, for cases with 

missing age of onset, we used current age as the age of diagnosis, if current age was 

available. We also carried out a sensitivity analysis without imputing the age information to 

ensure that the age imputation did not artificially inflate estimates of penetrance and relative 

risk. In fact, the sensitivity analysis reveals that the penetrance estimates based on only 

observed age data are significantly higher. However, since a large fraction (83% ) of age data 

was missing, we present results with age imputation in the main text. The results of the 

sensitivity analysis with respect to different imputation strategies and with no imputed data 

are available at http://www.sph.umich.edu/bhramar/public_html/software/

A636Psupplement.doc.

To correct for ascertainment in the service-based CHS series, we maximized the conditional 

likelihood of observing the phenotypes (CRC and/or EC) and genotype (mutations in 

A636P) of the entire pedigree given the phenotypic and genotypic information of the index 

case and phenotypic information of all CRC affected first degree relatives of the index case. 

This choice of conditioning was based on the belief that subjects were ascertained because 

they had a family history of CRC. Given the usual ascertainment and referral of probands to 

CHS based on diagnosis of CRC, this conditioning strategy seems reasonable. For the series 

ascertained through the identified case in the population-based case-control study (MECC), 

we implemented a less stringent ascertainment correction and we maximized the conditional 

likelihood of observing the phenotypes (CRC and/or EC) and genotypes (mutations in 
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A636P) of the entire pedigree given the phenotypic and genotypic information of the index 

case. We present results stratified by each series first. We also consider the joint conditional 

likelihood of all 27 pedigrees and apply different ascertainment correction to families 

coming from each series to give us a maximum likelihood estimate based on the entire data.

Cancer incidence in carriers was assumed to follow a proportional hazards model, with 

λ(t)=λ0(t)exp[g(t)], where λ0(t) is the background incidence, which was assumed to follow 

the population incidence for Ashkenazi Jews from the National Israel Cancer Registry for 

the year 2005 (http://www.health.gov.il). Statistical tests of the assumptions of proportional 

hazards models were all consistent with proportionality. For CRC, the age and gender-

specific relative risks in carriers as compared to the gender specific population rates are 

modeled through the function exp[g(t)]. For males and females we estimated the age specific 

log(RR) or log hazard ratio parameters for the two age intervals <50 and ≥50. The function 

g(t) takes the form , a piecewise constant RR in the kth age band k=1,2 and ith 

gender where i=Male, Female. When considering EC and either EC or CRC in females the 

age-specific relative risks in carriers as compared to the population rates were similarly 

modeled through the function exp[g(t)] . We estimated the age specific log(RR) or log 

hazard ratio parameters for the two age intervals <50 and ≥50, assuming that 

, a piecewise constant RR in the kth age band k=1,2. In all analysis, cancer 

incidences in non-carriers were assumed to follow the population cohort-specific rates as 

obtained through the Israel National Cancer Registry (2005 incidence rates).

To construct confidence intervals (CI) for the log(RR) estimates, we assumed that the 

maximum likelihood estimates of the parameters were asymptotically normally distributed 

with covariance matrix given by the inverse of the Fisher information matrix. Cumulative 

risk (e.g. penetrance) and 95% CI were calculated from the cumulative incidence A(t) given 

by  where ik is the population incidence, tk is the length of the kth age 

interval and βk is the log(RR) in the kth age interval (and in the case of colorectal cancer this 

is gender specific). We only consider time intervals up to age t in this formula. The 

cumulative risk is given by F(t)=1-exp[-(t)] and a 95% confidence interval for F(t) is 

 where 

.

Results

A total of 27 families were identified, including 14 families from the CHS clinical series and 

13 from the MECC series. A total of 1029 individuals were included in the analysis: 27 

probands, 180 first-degree relatives (FDRs), and 849 other more distant relatives. 

Genotyping results were available on 146 subjects (27 probands + 119 relatives) with 88 
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subjects carrying the A636P mutation (24 proband, 64 relatives). The numbers of subjects 

genotyped (75 in CHS and 71 in MECC) were similar between the two series. The 

proportion of patients with a mutation was (49/75=65% and 39/71=55%) in CHS and MECC 

series respectively. Additional characteristics of study families are summarized in Table 1, 

stratified by series as well as combined.

Risk of Colorectal Cancer

Seventy four cases of CRC were identified (CHS=40, MECC=34). Median age at diagnosis 

was 50 years for men (range 23–85) and 49 years for women (range 28–79). Among those 

affected 43.5 % of males and 51.6% of females had been diagnosed with CRC before the 

age of 50 years.

Age-specific cumulative risks of CRC by decade compared with the Ashkenazi population 

rates are shown in Table 2 and Figure 1. These results are based on all 27 families with 

different conditioning scheme applied to CHS and MECC series. For men with A636P 

mutations the risk of CRC significantly exceeds the risk in the general population by age 30 

years and by age 50 is estimated at 8.52% (95% CI 1.46–15.21). Women who carry A636P 

mutations significantly exceed the population risk of CRC by 30 and by age 50 have a CRC 

risk of 15.54% (95% CI 6.78–23.94). Risk of CRC continues to increase and by age 70, 

cumulative risk for CRC in A636P gene mutation carriers is estimated at 61.62% (95% CI 

37.49–76.45%) for men and 61.08% (95% CI 39.39–75.14%) for women. The cumulative 

lifetime risk to age 80 is estimated with less precision, but the point estimate risk of CRC for 

men is 86%, and for women is 82%. The overall hazard ratio (HR) for CRC is numerically 

lower for men at 31.8 (95% CI 19.9–51.0), compared with 41.8 (95% CI 27.4–64.0) for 

women (Table 3), though the difference between men and women is not statistically 

significant. Table 2 and Table 3 also indicate that an analyses stratified by the two series may 

lead to wider CI for cumulative risk and HR estimates, as there are only 13 and 14 families 

in each series and relatively few events, but a combined analyses integrates the two datasets 

and provides more plausible inference.

Risk of Endometrial Cancer and Cumulative Cancer Risk in Women

Twenty-eight cases of endometrial cancer were identified (CHS=12, MECC=16). Median 

age at diagnosis was 53 years (range 13–77 years) and 32% of cases were diagnosed before 

age 50 years. Age-specific cumulative risks of endometrial cancer by decade compared with 

the population incidence rates are shown in Table 2 and Figure 1. The risk of EC in A636P 

gene mutation carriers is significantly higher than the general population by age 30 and by 

age 50 is 11.22% (95% CI 3.22–18.58%). By age 70 the risk of EC is estimated at 55.64% 

(95% CI 33.07–70.58%). Cumulative lifetime risk to age 80, again estimated with slightly 

less precision, is 68%. The overall HR for endometrial cancer was 66.7 (95% CI 41.7–

106.7) (Table 3).

In addition to the risk estimates derived from modified segregation analysis, we also 

calculated risks using an alternative, but less powerful statistical method called kin-cohort 

analysis26–28. Rates of cancer in the relatives of mutation carriers were compared to rates of 

cancer in the relatives of non-carriers, all within the population-based MECC study. The 
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results of this kin-cohort analysis showed high risk of any Lynch-associated cancer (52.6% 

at age 70 with 95% confidence interval, 21.5% - 80.1%). However, our estimates for 

colorectal+endometrial cancer by using modified segregation analysis in females at age 70 

in Table 2 is 79.01% (95% CI 61.32%–88.69%) are considerably higher with narrower CI 

than the estimates provided by the kin-cohort approach. The kin-cohort method ignores 

information about genetic testing status of the relatives themselves, and therefore it is not 

surprising that this cumulative risk estimate is lower than the estimates derived from 

modified segregation analysis with adjustment for ascertainment.

Discussion

Our estimates of cancer risk using data from families with Lynch Syndrome ascertained 

through one population-based and one clinically ascertained series in Israel reveal a 

cumulative risk of colorectal cancer in male and female A636P gene mutation carriers of 

approximately 60% by age 70. We calculated an overall hazard ratio for CRC of 31.8 for 

men and 41.8 for women. For women, cumulative risk of endometrial cancer approaches 

55% by age 70 with a hazard ratio of 66.7. Our data demonstrate that the cumulative risk for 

colon and endometrial cancer continue to increase with age, with the most dramatic 

elevation in age-specific hazard ratios most often seen in individuals age 20 to 49 years.

Our risk estimates for CRC and EC in A636P mutation carriers are the first rigorous 

estimates specific to this relatively frequent single founder mutation in Ashkenazi 

population. Using “ascertainment-corrected maximum likelihood estimation”, Quehenberger 

et. al. analyzed cancer histories of 84 families with mutations in MLH1 or MSH2 from the 

Dutch HNPCC registry and found a cumulative risk of CRC by age 70 of 26% for men and 

22% for women, which led them to conclude that risk of CRC in LS is considerably lower 

than suggested by the original reports.17 In examining cancer histories of 17 families with 

different MMR mutations, Jenkins et al. calculated cumulative risks for CRC of 45% for 

men and 38% for women.18 In addition to concluding that risks of CRC were lower than 

expected, they reported that while CRC risk increases to age 50, the incidence decreases to 

general population levels at older ages 18. However, there are no such penetrance estimates 

specific to the MSH2 A636P mutation, and this is the first study to directly address 

mutation-specific risks in Lynch Syndrome using modified segregation analysis. From other 

gene penetrance studies it is clear that specific mutations at specific locations can have 

different clinical implications as has been shown in breast cancer29 and familial 

adenomatous polyposis.30, 31 Our data suggest, that whenever possible in a founder 

population, risk estimates should be calculated for particular mutations to enhance clinical 

decision making. This approach would also be helpful for newly identified, less common 

founder mutations as more carriers are identified over time. For example, two newly 

described Ashkenazi Jewish founder mutations in MSH6 are too rare to calculate mutation 

specific risks, although the relative risks ranging from 10- to 20-fold for these two new 

specific mutations suggest that mutational heterogeneity by gene and mutation is relevant 

and important to quantify. 32

Our study, which used similar statistical methodology to control for ascertainment bias, 

yielded strikingly different risk estimates than those of Quehenberger and Jenkins. Our data 
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demonstrate that the risk of CRC and EC for A636P gene mutation carriers is significantly 

higher than the population risk by age 40 and continues to increase with age. This is more in 

line with the recent study findings from Stoffel et al.20 Our results provide evidence in 

support of current cancer screening recommendations for LS which include CRC screening 

every 1–2 years in all A636P gene mutation carriers beginning at age 20–25 and annual 

uterine cancer screening for women beginning at age 30–35 2 with the options of continued 

surveillance over the patients lifetime or prophylactic surgery. In addition, our results 

provide new and important data that can be easily incorporated into computational software 

routinely used to estimate the lifetime risk of cancer among gene carriers, such as 

MMRpro.9

Our study has several strengths. The use of segregation analysis affords many advantages to 

estimating cancer risk, as it calculates the probability of being a mutation carrier for all 

relatives whose mutation status is unknown. By conditioning the analysis on the available 

phenotypic information from the pedigree, we were able to minimize ascertainment bias by 

excluding diagnoses of CRC in probands and first-degree relatives in the CHS series and 

diagnoses of the index case in the MECC series. Finally, our findings confirm the 

substantially elevated risk estimates for CRC and EC presented in the original descriptions 

of Lynch Syndrome. We compared the population-based (MECC) and clinically-based 

(CHS) series to assess whether carriers of MSH2 A636P gene mutations evaluated through 

clinical genetics services may be phenotypically different from those that do not seek 

genetic evaluation. The stratified and the combined analyses and ascertainments schemes are 

both helpful in that sense. Indeed, it is worthwhile to note that the risk estimates derived 

from our population-based study and our clinically ascertained families are similar in most 

cases. This could possibly be attributed to the ease and wide application of genetic testing 

for the MSH2-A636P founder mutation in our clinical series of families suspicious of Lynch 

syndrome, even for those families not fulfilling the Amsterdam criteria. Careful 

consideration of the point estimates of the absolute risks and cumulative hazard ratios shows 

that the population-based risks are actually higher than the clinically-based estimates. This 

may reflect over-adjustment for ascertainment in the clinical series, since the population-

based (MECC) series was conditioned on the genotype and the phenotype of the proband 

alone, whereas the clinical series (CHS) was conditioned on the genotype and the phenotype 

of the proband, as well as the phenotype of all first degree relatives affected with colorectal 

cancer. Despite the possibility of attenuation of risks in the clinical series, the risks from 

both series are very high and clinically meaningful.

Our study has certain limitations. Only half of the families with Lynch Syndrome were 

population-based. Unconfirmed cancer diagnoses were another limitation. The cancer 

histories included in each family’s pedigree were obtained mostly through proband reports 

and only a minority of cancer diagnoses had corresponding medical record confirmation. 

Although a number of studies have demonstrated that patient reports of family cancer history 

are largely accurate,33, 34 reports of gynecologic cancers may be less accurate 35 and it is 

likely that some cancers may have been misclassified. Nevertheless, non-differential 

misclassification would be expected to attenuate our findings, and would be unlikely to 

substantially alter our conclusions. Missing information was a limitation, especially since 

phenotypic information was often truncated in older generations who perished in the 
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holocaust. However, we imputed subject ages in a conservative manner and checked these in 

sensitivity analyses which demonstrated no significant inflation of risk estimates. When we 

considered both colorectal cancer and endometrial cancer as the endpoint for females, we 

noted that 10 women had both types of cancer among 40 women with colorectal cancer and 

28 with endometrial cancer. This type of data can be better modeled within the context of a 

competing risks framework with cause-specific hazard functions, or via bivariate failure time 

models, but this approach was not feasible due to small sample size. Without directly 

accounting for these competing risks, Figure 1 showing the cumulative risk of EC/CRC for 

females may be slightly inflated. It is also worthwhile to note that mutation carriers in the 

clinical series were referred for enhanced surveillance with colonoscopy and endometrial 

cancer screening, consistent with consensus practice guidelines. Therefore it is possible that 

screen-detected cancers might increase the cumulative lifetime risk (or decrease the average 

age at diagnosis) within the clinical series. However, the comparison of population-based 

and clinical series analyses suggests that cumulative lifetime risks are quite comparable 

through both ascertainment mechanisms when appropriate statistical analyses are performed.

As genetic testing becomes more broadly available for common conditions like Lynch 

Syndrome,36 it is clear that mutation-specific penetrance analyses will be possible for many 

different conditions. Ascertainment-adjusted statistical analyses will enhance the precision 

of risk estimation, and should facilitate better, personalized risk assessment and management 

for patients and families with inherited susceptibility to cancer.
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Figure 1. 
Cumulative risk of CRC and EC by gender in A636P mutation carriers compared to Israeli 

Ashkenazi population. (males (top left), females (top right), endometrial cancer in females 

(bottom left) and either colorectal or endometrial cancer in females (bottom right) in MSH2 

Carriers and the population. 95% Confidence intervals at reported at age 50 and at age 70.
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Table 1

Characteristics of study population by clinic (CHS) and population-based (MECC) ascertainment

CHS MECC Total

Number of probands/ pedigrees 14 13 27

Number of FDR 93 87 180

Total number of individuals 518 511 1029

Number of individuals with Known current/last available age(%) 91 (18.6%) 86 (16.8%) 177(17.2%)

Number of females 255 261 516

(# CRC cases [*]) (21[17]) (19[14]) (40[31])

(# EC cases [*] (12[12]) (16[13]) (28[25])

Number of males 263 250 513

(# CRC cases[*]) (19[13]) (15[10]) (34[23])

CRC

female

    range (median) 28 − 79 (47) 40 − 75 (52) 28 − 79 (49)

  -% of cancers diagnosed
    before age 50

58.9% 42.8% 51.6%

male

  range (median) 39 − 85 (52) 23 − 63 (43.5) 23 − 85 (50)

  -% of cancers diagnosed
    before age 50

15.4% 80.0% 43.5%

EC (Range (median)

  -% of cancers diagnosed 13 − 76 (49.5) 32 − 77 (55) 13 − 77 (53)

    before age 50 50% 15.4% 32%

Number of subjects genotyped 75 71 146

(Proband + FDR+SDR) (14+44+17) (13+41+7) (27+85+24)

Number of mutation positive 49 39 88

subjects
(Proband + FDR+SDR)

(11+32+6) (13+26+0) (24+58+6)

MECC=Molecular Epidemiology of Colorectal Cancer, CHS= Clalit Health System

*Indicate the number of age of onset that are observed, the remaining are imputed.
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