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 From Research to Practice

ore than a decade has elapsed ore than a decade has elapsed 
since the discovery of sev-
eral highly penetrant (i.e., 
conferring high cancer risk) 
cancer susceptibility genes 

that have each had a profound impact on 
the current practices of genetic counseling 
and genetic testing for cancer risk. Today’s 
healthcare providers recognize their impor-
tance. Comprehensive cancer centers have 
begun to integrate cancer risk assessment 
services as part of standard patient care, and 
many physicians are seeking out these ser-
vices for referral. 

The vast majority of patients currently 
being seen for cancer risk assessment have 
been referred for evaluation of hereditary 
breast and ovarian cancer. Approximately 
1 in 400 to 1 in 800 individuals in the gen-
eral population and 1 in 40 Eastern Euro-
pean (Ashkenazi) Jews carry a mutation in 
the BRCA1 or BRCA2 genes that result in 
abnormal gene function. Mutations within 
either the BRCA1 or BRCA2 genes confer 
up to an 87 percent lifetime risk of breast 
cancer and up to 54 percent and 27 percent 
lifetime risks of ovarian cancer, respec-
tively. So, while mutations of these genes 
are rare in the general population, their 
effects are signifi cant.

Clinical genetic testing for some forms 
of inherited colorectal cancer has also been 
available since the late 1990s. Hereditary 
nonpolyposis colorectal cancer, caused 
by mutations in mismatch repair genes 
(MMR), leads to an 80 percent lifetime 
risk of colorectal cancer; up to a 60 percent 
risk of endometrial cancer; and increased 
risks of ovarian, gastric, urinary tract, 
and other cancers.1 Recent studies sug-
gest that approximately 1 to 2 percent of 
all patients with colorectal cancer harbor 
mutations in mismatch repair genes.2,3 To 
date, fi ve mismatch repair genes (MLH1, 
MSH2, MSH6, PMS1, PMS2) have been 
associated with hereditary nonpolyposis 
colorectal cancer and two genes with con-
trasting modes of inheritance have been 
linked to the multiple polyp phenotype 
(APC(APC( , MYH). Mutations of the APC and 
MYH are much rarer.MYH are much rarer.MYH

Collectively, the BRCA1, BRCA2, 

MLH1, MSH2, MSH6, PMS1, PMS2, 
and APC genes are all termed “high APC genes are all termed “high APC
penetrance” (because of the high can-
cer risk they confer) “low frequency” 
(because of their rare frequency in the 
general population) genes. Identifying 
individuals for whom genetic testing 
for these genes is indicated has proven 
diffi cult. These mutated genes have 
been predominantly found among in-
dividuals with an unequivocal family 
history of cancer. However, some are 
also found in individuals without any 
family history of cancer. These results 
have led to the development of new 
guidelines aimed at identifying poten-
tial carriers of these mutated genes. 

In the past two years, the crite-
ria for identifying families at risk for 
hereditary nonpolyposis colorectal can-
cer have been signifi cantly altered. The 
criteria previously recommended for 
performing microsatellite instability 
testing on colorectal tumors to pre-
screen for hereditary nonpolyposis 
colorectal cancer have been revised 
(Bethesda Criteria)4 and are signifi -
cantly more inclusive than the older 
Amsterdam Criteria (Table 1). Only 
one of the Bethesda Criteria needs to 
be met to warrant further workup for 
hereditary nonpolyposis colorectal can-
cer. In contrast, all four Amsterdam 
Criteria need to be met for a diagnosis 
of hereditary nonpolyposis colorectal 
cancer.

As of 2005, testing for tumor mic-
rosatellite instability together with ful-
fi lling the Bethesda criteria is emerg-
ing as the most sensitive method for 
identifying patients that harbor muta-
tions in the mismatch repair genes 
and suffer from the Lynch syndrome 
(the most common hereditary form 
of colorectal cancer).2,3 Families who 
meet the clinical criteria for hereditary 
nonpolyposis colorectal cancer but 
have no evidence of DNA mismatch 
repair defi ciency in their tumors (i.e., 
tumors without any evidence of micro-
satellite instability) may not only have 
a lower risk of colorectal cancer com-
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pared to other hereditary nonpolyposis colorectal cancer 
families, but they do not appear to have increased risks 
for the other cancers associated with Lynch syndrome.5 

In addition, individuals with a seemingly de novo case of 
polyposis may have bi-allelic mutations in the MYH gene MYH gene MYH
(rather than a single dominant mutation in the APC gene). APC gene). APC
In these individuals the risk of colorectal cancer can only 
be estimated as high at this time.6,7 These represent just a 
few examples of the constantly changing practice-altering 
fi ndings on diseases that had been considered well-under-
stood in the past. 

A Cohort Effect
Another important discovery is the recognition of a cohort 
effect among carriers of mutated BRCA1 and BRCA2
genes. A 2003 study showed that breast cancer risk by age 
50 was 67 percent for women born after 1940 and 24 per-
cent for women born before 1940. The authors also found 
that physical exercise and lack of obesity in adolescence 
were associated with signifi cantly delayed breast cancer 
onset.8 These fi ndings illustrate the fact that the cancer- 
promoting effects of high-penetrance genes can be modi-
fi ed by environmental factors.

So, while the exciting discovery of highly penetrant 
genes and the availability of reliable sequencing methods 
have allowed healthcare providers to give much needed 
answers to many cancer patients and their families, they 

represent only the tip of the iceberg. Still, combined 
molecular techniques are unable to identify a genetic cause 
in the cancer history of far too many families.

Low-Penetrance Genes
There is now clear genetic evidence that a combination 
of genes and environment contribute to the development 
of a much larger fraction of common cancers than those 
currently attributable to high-penetrance genes.9 This 
fi nding has led to the search for additional genes that 
belong to a different class altogether. These genes, which 
are likely to be more common in the general population, 
are also likely to be less penetrant (i.e., to be less likely to 
result in cancer development in a given individual).

While methods to identify high-penetrance genes are 
well established (linkage analysis and positional cloning 
followed by sequencing of candidate genes), methods to 
identify low-penetrance genes are more complex. Histori-
cally, mutations within highly penetrant genes have led to 
many affected individuals in one family. As a result, a rela-
tively limited number of families were needed to identify 
these high-penetrance genes. 

In contrast, a large proportion of individuals that 
carry low-penetrance genes may never develop cancer 
and, thus, cannot be readily identifi ed as probable carri-
ers of a gene mutation. Hence, linkage analysis is rarely 
successful in this setting, and a much larger number of 

TABLE 1: Criteria for Identifying Families at Risk for Hereditary Nonpolyposis 
Colorectal Cancer

Bethesda Criteria1

■ Diagnosed with CRC before the age of 50 years
■ Synchronous or metachronous CRC or other HNPCC-related 

tumors: endometrial, stomach, ovarian, pancreas, ureter, renal pelvis, 
biliary tract, brain (glioblastoma), sebaceous gland adenoma, kerato-
acanthoma and adenocarcinoma of the small bowel, regardless of age

■ CRC with microsatellite instability diagnosed before the age of 60
■ CRC with one or more fi rst degree relatives with CRC or other 

HNPCC-related tumors. One of the cancers must have been diag-
nosed before the age of 50

■ CRC with two or more relatives with CRC or other HPNCC-
related tumors 

1Umar A , Boland CR, Terdiman JP, Syngal S, et al. Revised Bethesda Guidelines 
for hereditary nonpolyposis colorectal cancer (Lynch syndrome) and microsat-
ellite instability. J Natl Cancer Inst. 2004;96:261-8.

Amsterdam Criteria2

■ Three or more relatives 
with verifi ed CRC in 
family

■ One case a fi rst-degree 
relative of the other two

■ Two or more genera-
tions

■ One CRC by age 50
■ FAP excluded

2Vasen HFA, Mecklin JP, Khan 
PM, Lynch HAT. The Inter-
national Collaborative Group 
on Hereditary Non-polyposis 
Colorectal Cancer. Dis Colon 
Rect 1991;34Rect 1991;34Rect :424–25.
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affected individuals and unaf-affected individuals and unaf-
fected individuals are needed to fected individuals are needed to 
identify low-penetrance genes. 

To further illustrate this To further illustrate this 
point, 14 percent of the gen-point, 14 percent of the gen-
eral population carries at least eral population carries at least 
one copy of a mutated form one copy of a mutated form 
of the TGFBR1 gene named  gene named 
TGFBR1*6A. While some ini-*6A. While some ini-
tial studies were suggestive of an tial studies were suggestive of an 
association of TGFBR1*6A with *6A with 
cancer,10 some subsequent stud- some subsequent stud-
ies did not confi rm this associa-ies did not confi rm this associa-
tion.11 In 2004, a meta-analysis  In 2004, a meta-analysis 
of 12 case control studies that of 12 case control studies that 
included 4,399 cases and 3,451 included 4,399 cases and 3,451 
controls showed that carriers of controls showed that carriers of 
one copy of TGFBR1*6A had a 6A had a 
19 percent increased cancer risk 19 percent increased cancer risk 
and carriers of two copies of and carriers of two copies of 
TGFBR1*6A had a 70 percent 6A had a 70 percent 
increased cancer risk.12 Retro-
spectively, power calculations indicate that, for a gene as 
common as TGFBR1*6A, a minimum of 1,824 individu-
als are needed to detect a 50 percent increased risk of can-
cer with a 90 percent power. This fi nding highlights the 
need of large case control studies to determine the true 
effect of candidate low-penetrance genes.

While TGFBR1*6A appears to have a low penetrance 
in the general population, a recent study suggests that 
it may contribute to the development of colorectal can-
cer in patients with hereditary nonpolyposis colorectal 
cancer who do not carry a mutation in any of the MMR 
genes.13 This alludes to the fact that high- and low-pene-
trance cancer-susceptibility genes may have overlapping 
effects in the same syndromes. Some evidence suggests 
that various combinations of low-penetrance genes that 
belong to the same pathway may have either synergistic 
or opposite effects on cancer risk.14 Such evidence fur-
ther supports the concept that much knowledge is likely 
to be gained from studies assessing not only one gene but 
rather the combined effects of several genes affecting the 
same pathway. 
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Medicine, Northwestern University Feinberg School of 
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