
815

© American College of Medical Genetics and Genomics Original research article

INTRODUCTION
Approximately 5% of colorectal cancers (CRCs) diagnosed 
annually are attributed to highly penetrant genetic syndromes. 
Of these, familial adenomatous polyposis (FAP), an autoso-
mal dominant condition, is associated with the development 
of hundreds to thousands of adenomas in carriers of germ-
line mutations in the adenomatous polyposis coli (APC) gene. 
Individuals with the classically defined syndrome have an 
almost 100% lifetime risk of developing CRC in the absence of 
medical or surgical intervention because colorectal adenomas 
often develop in the second decade of life and require intensive 
endoscopic evaluation. Up to 10% of APC gene mutation carri-
ers have a milder presentation referred to as “attenuated” FAP, 
with fewer than 100 colorectal adenomas that, along with CRC, 
can manifest at older ages.

However, an APC gene mutation may not be detected in up 
to 20% of patients with a classic FAP phenotype and up to 90% 
with an attenuated polyposis phenotype.1 Another form of pol-
yposis, caused by alterations in the MUTYH gene, leads to an 

entity known as MUTYH-associated polyposis (MAP). MAP is 
an autosomal recessive syndrome most often associated with an 
attenuated polyposis phenotype and is predominantly caused 
by two commonly detected missense mutations: Y165C and 
G382D.2 Patients with attenuated FAP and MAP may have sim-
ilar clinical features, and the conditions may be indistinguish-
able. Both cause an increased risk of CRC with few polyps and 
present at older ages, as compared with the easily recognizable 
classic polyposis phenotype of FAP.1,3–5

The majority of information regarding the genetic epidemi-
ology, phenotypic characteristics, cancer risks, and preventive 
strategies related to FAP and MAP has been reported from 
studies involving mostly Caucasian individuals from North 
America, Western Europe, and/or Australia.6–10 However, data 
from non-Caucasian individuals of diverse ancestral back-
grounds have been limited. The goals of this study were to 
evaluate and compare the presence of APC and MUTYH muta-
tions and associated phenotypic characteristics among differ-
ent ethnic and racial groups in a large cohort of subjects in 
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Purpose: The aim of this study was to assess whether differences 
in frequency and phenotype of APC and MUTYH mutations exist 
among racially/ethnically diverse populations.
Methods: We studied 6,169 individuals with a personal and/or 
family history of colorectal cancer (CRC) and polyps. APC testing 
involved full sequencing/large rearrangement analysis (FS/LRA); 
MUTYH involved “panel testing” (for Y165C, G382D mutations) 
or FS/LRA performed by Myriad Genetics, a commercial labora-
tory. Subjects were identified as Caucasian, Asian, African American 
(AA), or other. Statistical tests included χ2, Fisher’s exact test, analysis 
of variance, and z approximation.

Results: Among participants, 17.5% had pathogenic APC mutations 
and 4.8% were biallelic MUTYH carriers. With regard to race/eth-
nicity, 18% were non-Caucasian, with >100 adenomas and younger 
ages at adenoma or CRC diagnosis (P < 0.0001) than Caucasians. The 
overall APC mutation rate was higher in Asians, AAs, and others as 

compared with Caucasians (25.2, 30.9, 24, and 15.5%, respectively; 
P < 0.0001) but was similar in all groups when adjusted for polyp bur-
den. More MUTYH biallelic carriers were Caucasian or other than 
Asian or AA (5, 7, 2.7, and 0.3%, respectively; P < 0.0001). Among 
Caucasians, 5% were biallelic carriers identified by panel testing ver-
sus 2% identified by sequencing/large rearrangement analysis (LRA) 
(P = 0.002). Among non-Caucasians, 3% undergoing panel testing 
were biallelic carriers versus 10% identified by sequencing/LRA 
(P < 0.0002).
Conclusion: Non-Caucasians undergo genetic testing at more 
advanced stages of polyposis and/or are younger at CRC/polyp diag-
nosis. Restricted MUTYH analysis may miss significant numbers of 
biallelic carriers, particularly in non-Caucasians.
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the United States who had undergone genetic testing for these 
genes through Myriad Genetics Laboratory, a large commer-
cial laboratory in the United States. In addition, we assessed the 
proportion of gene variants detected in APC and MUTYH and 
the frequency of MUTYH mutations beyond the known com-
mon gene hotspots.

MATeRIALs AND MeTHODs
study population
Data for this cross-sectional study were obtained from 8,676 
individuals who underwent genetic testing for both the APC 
and MUTYH mutations between 2004 and 2011.1 Patients were 
selected for genetic testing by health-care providers because of 
their personal and/or family history of colorectal polyps and/
or CRC. Clinically relevant information related to each subject’s 
cancer and polyp history, along with family cancer history, was 
obtained from a test requisition form completed by the provider 
and submitted, along with the patient’s blood samples, to Myriad 
Genetics Laboratory. Information included age at testing, per-
sonal cancer history, age at cancer diagnosis, adenoma count 
(options prespecified as 0, 1, 2–5, 6–9, 10–19, 20–99, 100–999, 
and ≥1,000), family history of CRC and polyps (including degree 
of relation, cancer site, age at diagnoses). Data on ancestry were 
obtained regarding the following prespecified categories: west-
ern/northern European, central/eastern European, Ashkenazi, 
Latin American/Caribbean, African, Asian, Near/Middle 
Eastern, Native American, or other ancestry. Only those subjects 
who reported one ancestry were included. Patients who did not 
report any ancestry, reported multiple ancestries, or had incom-
plete polyp and/or CRC information were excluded.

Individuals were classified into the following four racial/eth-
nic groups: (i) Caucasian (western/northern European, central/
eastern European, Ashkenazi ancestry), (ii) Asian, (iii) African 
American, and (iv) other (Latin American/Caribbean, Near/
Middle Eastern, Native American, other). The last category 
comprised combined groups because of the small sample size 
in each individual group. We defined these groups as “race/eth-
nicity” because the information was self-reported and subjects 
may have responded based on a biological or social context. 
“Ancestry” and “race” are biological identifications with a par-
ticular group and do not necessarily relate to cultural or environ-
mental characteristics, whereas “ethnicity” can relate to cultural 
identification among individuals who may or may not have a 
common genetic origin. Therefore, the use of “race/ethnicity” 
incorporates both a biological and cultural interpretation.

The study was initiated by the investigators. Data collection 
and statistical analysis occurred independently. The collection of 
clinical data and molecular analyses occurred at Myriad Genetic 
Laboratories (Salt Lake City, UT). An anonymized data set was 
provided to the investigators at the Dana-Farber Cancer Institute/
Columbia University Medical Center for all data analyses, which 
were conducted by clinical researchers (J.A.I., F.K.) who are 
not affiliated with Myriad Genetic Laboratories. The study was 
approved by the institutional review boards at the Dana-Farber 
Cancer Institute and Columbia University Medical Center.

Laboratory methods
As previously described,1 all subjects had undergone APC 
and MUTYH gene testing. Subjects had full gene sequencing 
and large rearrangement analysis of the APC gene. Full gene 
sequence of ~8,532 base pairs comprising 15 exons and 420 
adjacent noncoding intronic base pairs was determined in the 
forward and reverse directions. For large rearrangement analy-
ses, all exons of the APC gene were examined for evidence 
of deletions and duplications using standard Southern blot 
methods.

All individuals also underwent DNA sequence analysis of 
MUTYH, but the mutational analyses performed varied among 
subjects. The type of MUTYH testing conducted was based on 
the provider’s specification on the test requisition form. Options 
included (i) sequencing specific portions of MUTYH desig-
nated to detect the two most common mutations (Y165C and 
G382D), also referred to as “panel testing,” or (ii) full MUTYH 
gene sequencing without initially restricting DNA mutational 
analysis to the two most common mutations. When one of the 
common gene mutations was detected on panel testing, full 
gene sequencing was conducted reflexively, without the need 
for a specific request by the provider.

Directed DNA sequence analysis, designed to detect the 
mutations Y165C and G382D, was performed on exons 7 and 
13. Full sequence analysis was performed in both the forward 
and reverse directions of ~1,608 base pairs comprising 16 exons 
and ~450 adjacent noncoding intronic base pairs. The noncod-
ing intronic regions of MUTYH that were analyzed do not 
extend more than 20 base pairs proximal to the 5′ end and 10 
base pairs distal to the 3′ end of each exon. Aliquots of patient 
DNA were each subjected to polymerase chain reaction ampli-
fication reactions. The amplified products were each directly 
sequenced in forward and reverse directions using fluorescent 
dye–labeled sequencing primers.

Individuals with deleterious or suspected deleterious muta-
tions in either the APC or MUTYH gene were defined as hav-
ing pathogenic mutations. We report only results of biallelic 
MUTYH mutation carriers. The presence of recurrent patho-
genic mutations among non-Caucasians was evaluated for both 
genes and, when identified, the presence in Caucasians (whether 
in this data set and/or reported in the published literature or 
public databases) also was assessed. Individuals with suspected 
polymorphisms were defined as having nonpathogenic muta-
tions. Individuals with gene mutations whose association with 
FAP and MAP disease risk is unknown were defined as hav-
ing variants of unknown significance (VUSs). DNA mutational 
analysis techniques did not change during the study period.

statistical methods
The primary outcome of interest was the frequency of patho-
genic APC and MUTYH mutations among the four racial/eth-
nic groups. Secondary outcomes of interest were a comparison 
of genotype–phenotype characteristics among gene mutation 
carriers in the four racial/ethnic groups by assessing adenoma 
count, age at adenoma diagnosis, personal history of CRC, age 
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at CRC diagnosis, and history of CRC in first-degree relatives. 
For subjects with adenomas identified more than once, a cumu-
lative adenoma count was computed. Adenoma count was a 
categorical variable (0, <10, 10–19, 20–99, 100–999, ≥1,000 
adenomas). In subjects diagnosed with CRC more than once, 
the age at diagnosis was defined as the age at first diagnosis. 
Age was analyzed as a continuous variable. All categorical and 
binary variables were analyzed by a χ2 test or Fisher’s exact test 
and reported as proportions with 95% confidence intervals 
(CIs). All continuous variables were analyzed by analysis of 
variance and were reported as mean values with SEs and 95% 
CIs. The z approximation test compared differences between 
two proportions. A two-sided P value <0.05 was considered 
statistically significant.

For missing data related to adenoma counts and age at ade-
noma diagnosis, a multiple imputation approach was used to 
obtain estimates, as previously reported.1 The coefficients of 
five rounds of imputation (performed in R software using the 
ArgeImpute function) were combined to obtain the final esti-
mates for missing data. All other statistical analyses were per-
formed using SAS version 9.2 (SAS Institute, Cary, NC).

ResULTs
subject characteristics
Data from 8,676 individuals who had undergone genetic testing 
for both the APC and MUTYH genes were analyzed. Subjects 
who did not report any race or ethnicity or who provided more 
than one race or ethnicity were excluded. A total of 6,169 sub-
jects were included; Table 1 provides data on the participants’ 
characteristics. The majority of subjects (5,041/6,169; 81.7%) 
were Caucasian; 151 (2.5%) were Asian, 382 (6.2%) were 
African American, and 595 (9.6%) were of other race/ethnic-
ity. Among all subjects, 5,176 (83.9%) reported a personal 
history of adenomas, with a mean age of 45 years at the time 
of first diagnosis. A personal history of CRC was reported by 
1,660/6,169 individuals (27%), and the mean age at diagnosis 
was 46.5 years. The majority of subjects with CRC also reported 
having adenomas (1,292/1,660; 21%) whereas only 6% of all 
subjects had CRC but no adenomas. The majority of patients 
with adenomas had <100 polyps (4,074/5,236; 77.8%). Last, 
1,929/6,169 of the subjects (31.3%) reported having a first-
degree relative with CRC.

Presence of APC gene mutations and phenotypic 
characteristics of mutation carriers
More than 17% of subjects (1,081/6,169; 17.5%) were identi-
fied as APC mutation carriers (Table 2). Among Caucasians, 
782/5,041 (15.5%) had a pathogenic APC mutation detected. The 
APC mutation rates in the Asian, African-American, and other 
groups were almost twice the rate among Caucasians (25.2, 30.9, 
and 24%, respectively; P < 0.0001). Among all APC mutation 
carriers, there were no significant differences in the phenotypic 
characteristics between any of the racial/ethnic groups, includ-
ing number of adenomas, age at adenoma diagnosis, presence of 
CRC, age at CRC diagnosis, and first-degree relates with CRC 

(Supplementary Tables S1 and S2 online). Non-Caucasians 
reported a personal history of both CRC and adenomas more 
often than Caucasians (P = 0.05). There was no difference in 
the frequency of pathogenic APC mutations according to polyp 
counts between Caucasians and non-Caucasians. There were 
no recurrent pathogenic APC mutations identified among non-
Caucasians that were associated with a particular phenotype. 
The majority of recurrent mutations identified among non-Cau-
casian carriers were also seen in Caucasians. Supplementary 
Table S5 online includes data on recurrent APC gene mutations 
among non-Caucasian carriers and associated phenotypes.

Of all subjects undergoing APC testing, 6% (399/6,169) 
were found to have a VUS (Table 2). The highest proportion 
of VUSs was detected among Asians and African Americans; 
11% of Asians and African Americans had a VUS (17/151 
and 43/382, respectively) versus 6% for Caucasians and others 
(303/5,041 and 36/595, respectively; P < 0.0001) (Table 2). The 
APC I1307K alteration was more prevalent among Caucasians 
(55/303; 18.5%) versus others (3/36; 8.3%). No APC I1307K 
alterations were detected among African Americans or Asians.

Table 1 Characteristics of eligible subjects (n = 6,169)

Characteristics
Participants, 

n (%)

Male sex (%) 3,086 (50)

Race/ethnicity (%)

  Western European 4,358 (70.6)

  Eastern European 413 (6.7)

  Ashkenazi 270 (4.4)

  Asian 151 (2. 5)

  African American 382 (6.2)

  Latin American/Caribbean 385 (6.2)

  Native American 69 (1.1)

  Near/Middle Eastern 48 (0.8)

  Other 93 (1.5)

Age at first colorectal adenoma diagnosis (mean ± SE) 45 ± 0.2

Adenoma count, n (%)

  0 933 (15.1)

  <10 871 (14.1)

  10–19 726 (11.8)

  20–99 2,477 (40.2)

  100–999 1,066 (17.3)

  ≥1,000 96 (1.6)

Age at CRC diagnosis (mean ± SE) 46.5 ± 0.4

History of CRC (%)

  CRC and adenoma 1,292 (20.9)

  CRC alone 368 (6.0)

  CRC (total) 1,660 (27)

First-degree relative with CRC, n (%) 1,929 (31.3)

CRC, colorectal cancer.
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Presence of MUTYH gene mutations and phenotypic 
characteristics of mutation carriers
Nearly five percent (298/6,169, 4.8%) of subjects were iden-
tified as biallelic MUTYH mutation carriers, and most were 
Caucasian (250/298; 84%) (Table 2). The prevalence of bial-
lelic MUTYH mutations among all Caucasian subjects was 
5% (250/5,041), as compared with 2.7% in Asians (95% CI: 
0.7–6.6), 0.3% in African Americans (95% CI: 0.01–1.5), and 
7.2% in others (95% CI: 5.3–9.6) (Supplementary Table S1 
online). There were no significant phenotypic differences 
among the biallelic MUTYH mutation carriers when strati-
fied by race/ethnicity (Supplementary Tables S3 and S4 
online). The majority of MUTYH gene mutation carriers 
had an attenuated polyposis phenotype with <100 polyps 
(225/298; 75%), regardless of race/ethnicity. There was no 
difference in the frequency of biallelic MUTYH mutations 
according to polyp count between Caucasians and non-Cau-
casians. Upon review of the mutation spectrum associated 
with pathogenic MUTYH gene mutations, the E466X muta-
tion was identified solely among Asian individuals. All other 
recurrent mutations identified among non-Caucasians were 
also reported in Caucasians.

Of all subjects who underwent genetic testing for MUTYH, 
0.9% (55/6,169) were found to have a VUS (Table 2). The high-
est VUS rates were in Asians (3/151; 2%) and African Americans 

(12/382; 3.1%), as compared with Caucasians (39/5,041; 0.8%) 
and others (1/595; 0.2%; P < 0.0001).

DNA mutational analysis for the identification of biallelic 
MUTYH mutation carriers
Of all subjects undergoing DNA mutational analysis for 
MUTYH, 89% (5,491/6,169) had panel testing for Y165C and 
G382D, whereas 11% (678/6,169) had full sequencing/large 
rearrangement analysis. Of all Caucasians who were identified 
as biallelic MUTYH mutation carriers, 5% (239/4,526) were 
identified by panel testing, whereas only 2% (11/515) were 
identified using full sequencing/large rearrangement analysis 
(P = 0.002) (Table 3). Of all non-Caucasians who were identi-
fied as biallelic MUTYH mutation carriers, only 3% (31/965) 
were identified by panel testing, whereas 10% (17/163) were 
identified using full sequencing/large rearrangement analysis 
(P < 0.0002). Supplementary Table S6 online provides data on 
recurrent MUTYH gene mutations and associated phenotypes 
among non-Caucasian carriers.

Clinical characteristics of all subjects undergoing genetic 
testing, stratified by race or ethnicity
Because there were no differences in the phenotypic characteris-
tics of APC and biallelic MUTYH gene mutation carriers among 
the four racial/ethnic groups despite variation in the frequency 

Table 2 Prevalence of mutations based on race or ethnicity

Mutations

Caucasian  
(n = 5,041)

Asian  
(n = 151)

African American  
(n = 382)

Other  
(n = 595)

Total  
(n = 6,169) n (%) P value

n (%) 95% CI n (%) 95% CI n (%) 95% CI n (%) 95% CI

Pathogenic mutation

  APC 782 (15.5) 14.5–16.5 38 (25.2) 18.5–32.9 118 (30.9) 26.3–35.8 143 (24) 20.7–27.7 1,081 (17.5) <0.0001

   Biallelic 
MUTYH

250 (5) 4.4–5.6 4 (2.7) 0.7–6.6 1 (0.3) 0.01–1.5 43 (7.2) 5.3–9.6 298 (4.8) <0.0001

VUS

  APC 303 (6) 5.4–6.7 17 (11.3) 6.7–17.4 43 (11.3) 8.3–14.9 36 (6.1) 4.3–8.3 399 (6.5) <0.0001

  MUTYH 39 (0.8) 0.6–1.1 3 (2) 0.4–5.7 12 (3.1) 1.6–5.4 1 (0.2) 0.0–0.9 55 (0.9) <0.0001c

No mutationa

   When tested 
for APCb

3956 (78.9) 75.7–78 96 (63.6) 55.4–71.3 221 (57.6) 52.5–62.6 416 (68.7) 64.8–72.3 4689 (74.6) <0.0001

   When tested 
for MUTYH

4640 (92) 91.2–92.7 143 (94.7) 89.8–97.7 366 (95.8) 93.3–97.6 537 (90.3) 87.6–92.5 5686 (92.1) 0.0092

Percentages represent column percentages.

APC, adenomatous polyposis coli; CI, confidence interval; VUS, variant of unknown significance.
aNo mutation is considered a nonpathogenic polymorphism or no detected gene alteration. bThe APC 1307K polymorphism was noted in 55 Caucasians, 0 Asians or African 
Americans, and 3 subjects of other race/ethnicity. All statistical analyses were performed using a χ2 test, except where indicated. cFisher’s exact test.

Table 3 Detection of biallelic MUTYH mutations by type of DNA mutational analysis based on race or ethnicity

MUTYH panela or full analysis after 
positive MUTYH panel,n/N (%)

Full MUTYH 
sequencing, n/N (%) P value

Caucasian biallelic MUTYH mutation 239/4,526 (5) 11/515 (2) 0.002

Non-Caucasian biallelic MUTYH mutation 31/965 (3) 17/163 (2) <0.0002
aMUTYH panel is defined as testing for Y179C and G396D only.
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of deleterious mutations, we assessed the eligible subjects’ clini-
cal characteristics at time of genetic testing. An attenuated pol-
yposis phenotype was more prevalent among Caucasians than 
among non-Caucasians (adenoma count ≤10, 11–19, 20–99; 
P = 0.15, 0.02, and 0.06, respectively; Table 4). Conversely, all 
non-Caucasian groups had a higher prevalence of the classic 
polyposis phenotype as compared with Caucasians, with more 
individuals reporting 100–999 adenomas and ≥1,000 adeno-
mas (P < 0.0001 and P = 0.009, respectively). The mean age at 
adenoma diagnosis for non-Caucasians was younger than that 
of Caucasians (43.4 vs. 45.4 years). Specifically, Asians, African 
Americans, and others had mean ages of 43.5 years (95% CI: 
41.2–45.7), 43.9 years (95% CI: 42.5–45.2), and 42.9 years (95% 
CI: 41.8–44.1), respectively, whereas Caucasians had a mean 
age of 45.4 years (95% CI: 45–45.76; P < 0.0001).

There were no differences regarding personal history of CRC 
with or without history of adenomas (P = 0.11 and P = 0.39, 
respectively) and presence of a first-degree relative with CRC 
(P = 0.07) between the four racial/ethnic groups (Table  5). 
Similar to age at adenoma diagnosis, however, the mean age 
at CRC diagnosis was younger in non-Caucasians than in 
Caucasians (43.7 vs. 47.3 years); Asians, African Americans, 
and others were diagnosed at mean ages of 44.8 years (95% CI: 
40.7–48.6), 44.6 years (95% CI: 42.0–47.3), and 41.7 years (95% 
CI: 39.4–44.0), respectively (P < 0.0001).

DIsCUssION
This study is the largest to examine the results of genetic testing 
for APC and MUTYH gene mutations among individuals from 
diverse ethnic and racial backgrounds with a history of CRC 
and adenomas. Our initial objective was to determine whether 
there were differences in disease manifestations among muta-
tion carriers of different ethnicities, which has not been stud-
ied extensively thus far. We found no differences in phenotypic 
characteristics among APC and biallelic MUTYH mutation 
carriers who were of Caucasian, Asian, African-American, or 
other race or ethnicity, but, surprisingly, there were significant 
differences in the frequency of APC and MUTYH gene muta-
tions within these groups. These differences are most likely due 
to the selection of patients undergoing genetic testing or meth-
ods of DNA mutational analyses used, rather than inherent bio-
logic differences between the groups. Overall, non-Caucasian 
patients more often had a history of colorectal adenomas and/
or CRC diagnosed at younger ages and a stronger polyposis 
phenotype as compared with Caucasians, who were older at the 
time of adenoma/CRC diagnosis and had an attenuated pol-
yposis phenotype. Because the majority of non-Caucasian sub-
jects undergoing testing had a more severe presentation than 
Caucasians, it is not surprising that the APC mutation rates in 
the Asian, African-American, and other patient groups were 
significantly higher.

Table 4 Comparison of adenoma characteristics at referral based on race or ethnicity

Characteristic

Caucasian  
(n = 5,041)

Asian  
(n = 151)

African American  
(n = 382)

Other  
(n = 595)

P value
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI

Age at adenoma diagnosis (years) 45.4 ± 0.2 45–45.8 43.5 ± 1.1 41.2–45.7 43.9 ± 0.7 42.5–45.2 42.9 ± 0.6 41.8–44 <0.0001

Adenomas (n)

  0 762 (15.1) 14.1–16.1 20 (13.3) 8.3–19.7 42 (11) 8–14.6 109 (18.3) 15.3–21.7 0.0168

  ≤10 732 (14.5) 13.6–15.5 23 (15.2) 9.9–22 42 (11) 8–14.6 74 (12.4) 9.9–15.4 0.15

  11–19 607 (12) 11.2–13 11 (7.3) 3.7–12.7 54 (14.1) 10.8–18 54 (9.1) 6.9–11.7 0.02

  20–99 2,064 (40.9) 39.6–42.3 57 (37.8) 30–46 140 (36.7) 31.8–41.7 216 (36.3) 32.4–40.3 0.06

  100–999 805 (16) 15–17 33 (21.9) 15.6–29.3 95 (24.9) 20.6–29.5 133 (22.4) 19–25.9 <0.0001

  ≥1000 71 (1.4) 1.1–1.8  7 (4.6) 1.9–9.3 9 (2.4) 1.1–4.4 9 (1.5) 0.7–2.9 0.0086

Continuous data were analyzed using analysis of variance. Categorical data were analyzed using a χ2 test. 95% confidence intervals (CIs) of proportions also are presented.

Table 5 Comparison of colorectal cancer characteristics at referral based on race or ethnicity

Caucasian  
(n = 5,041)

Asian  
(n = 151)

African American  
(n = 382)

Other  
(n = 595)

P value
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI
n (%) or 

mean ± se 95% CI

Age at CRC diagnosis (years) 47.3 ± 0.4 46.5–48.1 44.7 ± 2 40.7–48.6 44.6 ± 1.3 42–47.3 41.7 ± 1.2 39.4–44 <0.0001

CRC and adenoma 1,031 (20.5) 19.4–21.6 41 (27.2) 20.2–35 90 (24) 19.4–28.1 130 (21.9) 18.6–25.4 0.11

CRC alone 302 (6) 5.4–6.7 11 (7.3) 3.7–12.7 16 (4.2) 2.4–6.7 39 (6.6) 4.7–8.9 0.39

First-degree relative with CRC 1,563 (31) 29.7–32.3 38 (25.2) 18.5–32.9 138 (36.1) 31.3–41.2 190 (31.9) 28.2–35.9 0.07

Continuous data were analyzed using analysis of variance. Categorical data were analyzed using a χ2 test. 95% confidence intervals (CIs) of proportions also are presented.

CRC, colorectal cancer.
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Conversely, among individuals with biallelic MUTYH gene 
mutations, the mutation frequency was significantly higher 
among Caucasians and others as compared with Asians and 
African Americans. These results may be attributed to the 
variable approaches of DNA mutation analyses in the detec-
tion of MUTYH gene mutations. In this study, 89% of all sub-
jects tested for MUTYH alterations had analyses limited to the 
common Y165C and G382D mutations, whereas only 11% of 
subjects had full sequencing/large rearrangement analysis. The 
current practice for detecting MUTYH gene mutations begins 
with analysis of either Y165C or G382D mutations.11 Among 
Caucasians these missense mutations account for the major-
ity of pathogenic MUTYH mutations detected; up to 93% 
of biallelic mutation carriers carry at least one of these two 
“hotspots.”12 However, other mutations may be more frequent 
in non-Caucasians and potentially missed by restricted muta-
tional analysis. For example, the E466X mutation has been 
commonly reported in Pakistani or Indian individuals with 
MAP13 and was a recurrent mutation among the Asian biallelic 
MUTYH carriers in our study. Although a limited testing strat-
egy may miss deleterious mutations in all patients undergoing 
MUTYH genetic testing, the impact may be particularly pro-
nounced among non-Caucasians. Among the non-Caucasian 
biallelic MUTYH gene mutation carriers, 17/48 (35%) would 
not have been identified if testing had been limited to detection 
of the two common missense mutations.

In contrast to MAP, FAP has been more extensively studied, 
and multiple studies have reported the prevalence of APC gene 
mutations and genotype–phenotype correlations among carri-
ers related to disease severity, age at polyp detection and can-
cer onset, and the presence of extracolonic manifestations.14–16 
However, these data have been derived predominantly from 
Caucasian subjects enrolled in North American, Australian, 
or European familial cancer registries. Although some studies 
suggest that the prevalence of certain APC gene mutations may 
vary worldwide17–19 and that some ethnic variation in the clini-
cal presentation of FAP may exist,20 results have been inconsis-
tent and limited by the small patient populations assessed. The 
results of our study do not support the existence of any pheno-
typic differences between APC gene mutation carriers of differ-
ent races and ethnicities. We also did not identify any specific 
recurrent mutations among non-Caucasians to be associated 
with a particular phenotype.

Highly penetrant polyposis syndromes are easily recognized 
and are likely to prompt genetic evaluation. A more subtle pre-
sentation, such as that associated with attenuated polyposis, 
may be less recognized, and the opportunity to refer patients 
for genetic evaluation may be missed. Individuals with 10 or 
more cumulative adenomas should be considered for genetic 
evaluation and testing for germ-line APC or MUTYH muta-
tions,21 as supported by recent evidence that an increasing 
number of adenomas, as well as young age at adenoma onset, 
are strong predictors of carrying a deleterious APC or MUTYH 
gene mutation.1 However, studies report that physicians who 
care predominantly for non-Caucasian patients are less likely 

to order genetic testing or recommend genetic evaluation and 
counseling.22 Although our study cannot address why non-
Caucasian patients with polyposis less often undergo genetic 
testing, we speculate that a number of issues may exist beyond 
the health-care providers’ lack of referral. Patients may not 
appreciate the benefits of genetic testing for attenuated pol-
yposis because the burden of disease among family members 
may be less apparent and perception of inherited CRC risk 
and acceptance of genetic testing may be different between dif-
ferent ethnic/racial groups. Studies have shown that African 
Americans and Hispanics are less knowledgeable about genetic 
testing for certain diseases as compared with Caucasians, and 
African Americans are less confident in the benefits of genetic 
testing.23–25 There may also be significant differences in insur-
ance coverage of genetic testing for individuals with an attenu-
ated polyposis phenotype, which may have a more substantial 
negative impact on individuals of lower socioeconomic status 
and/or underrepresented racial/ethnic backgrounds.26 These 
issues were beyond the scope of our study and may be areas for 
future research.

Our study has a number of important strengths. It repre-
sents a nationwide sample of patients diagnosed with CRC 
and/or adenomas undergoing genetic testing and is the larg-
est cohort of APC and MUTYH mutation carriers studied to 
date. It includes a diverse population from different ethnic and 
racial backgrounds and allows us to explore the impact of vari-
able genetic testing approaches in different populations, par-
ticularly for the detection of MUTYH alterations. We were able 
to examine differences in the spectrum of APC and MUTYH 
mutations in different racial/ethnic groups, in particular the 
frequency of VUS. We found a higher detection rate of VUS for 
both genes among non-Caucasians. The rate of VUS detected in 
the APC gene among Asians and African Americans was nearly 
double that of Caucasians and individuals of other race or eth-
nicity. Although the overall frequency of VUS was much lower 
in the MUTYH gene (0.9%), the pattern was similar to that of 
APC VUS among the different groups. Although the current 
methods used to classify VUS are complex, studies that include 
racially and ethnically diverse populations are necessary.

There are also a number of potential limitations related to 
this study. Misclassification of race and ethnicity may have 
been possible because this information was gathered by self-
report, and subjects were required to answer based on pre-
defined categories. In an attempt to minimize misclassification, 
eligibility was limited to only those subjects who reported one 
race/ethnicity. A more updated race and ethnicity classification 
system, such as the one currently supported by the US Food 
and Drug Administration for use in clinical trials (which com-
bines both race and ethnicity in each predefined category), 
would have been preferred and should be considered for future 
studies. In addition, the data were provided by a single com-
mercial laboratory and rely on clinical information reported 
on the mandatory test requisition form, where verification of 
diagnoses and collection of additional data were not possible. 
Although reporting errors may occur, the fact that health-care 
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professionals are the sources of data likely minimizes those 
based on incorrect diagnoses, and results using similar data sets 
have been validated using external data from familial cancer 
registries.27,28 Last, the overall prevalence of biallelic MUTYH 
gene mutation carriers is low, even more so for non-Caucasian 
patients, despite the large number of patients undergoing test-
ing for CRC and polyposis. This may limit our interpretation of 
results pertaining to genotype–phenotype correlations among 
non-Caucasian individuals with MUTYH gene mutations.

In summary, the results of this study provide new insight 
into the current practices and patterns of predictive test-
ing for APC and MUTHY mutations among a large, racially 
and ethnically diverse population undergoing genetic testing 
for colorectal adenomas and CRC in the United States. High 
detection rates of APC mutations among non-Caucasians of 
Asian and African descent likely relate to testing patients with 
a severe clinical presentation of classic polyposis and onset of 
CRC at a young age than individuals with an attenuated pol-
yposis phenotype. Conversely, fewer MUTYH gene mutations 
were detected among non-Caucasians; this likely relates to the 
decreased uptake of full gene sequencing for MUTYH in cases 
in which selective DNA mutational analysis may miss patho-
genic MUTYH mutations among these patients. Additional 
studies that examine the contribution of race/ethnicity to the 
genetic epidemiology related to inherited CRC syndromes 
are needed, as are studies of the possible barriers related to 
genetic testing for cancer susceptibility among diverse patient 
populations.

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