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HE ANNUAL INCIDENCE OF COLORECTAL CANCER IN THE UNITED

States is approximately 148,300 (affecting 72,600 males and 75,700 females),

with 56,600 deaths (in 27,800 males and 28,800 females).® The lifetime risk
of colorectal cancer in the general population is about 5 to 6 percent.® Patients with a
familial risk — those who have two or more first- or second-degree relatives (or both)
with colorectal cancer — make up approximately 20 percent of all patients with colorec-
tal cancer, whereas approximately 5 to 10 percent of the total annual burden of colorectal
cancer is mendelian in nature — thatis, it is inherited in an autosomal dominant man-
ner. In this review we will focus on the two major forms of hereditary colorectal cancer,
familial adenomatous polyposis and hereditary nonpolyposis colorectal cancer.

OVERALL CLINICAL APPROACH

The most important step leading to the diagnosis of a hereditary cancer syndrome is
the compilation of a thorough family history of cancer.2# A patient and his or her key
relatives, working either alone or with a trained nurse or genetic counselor, can compile
such a detailed family history. The focus should be on identifying cancer of all types and
sites; the family member’s age at the onset of cancer; any pattern of multiple primary
cancers; any association with phenotypic features that may be related to cancer, such as
colonic adenomas; and documentation of pathological findings whenever possible.
This information will frequently identify a hereditary colorectal cancer syndrome in the
family, should it exist. Molecular genetic testing may then provide verification of the di-
agnosis, when a germ-line mutation is present in the family.5:¢ The primary care physi-
cian may wish to refer the patient to a hereditary-cancer specialist and genetic counselor
for further evaluation should there be any remaining question about the disorder’s
clinical or molecular genetic diagnosis and the need for targeted surveillance and man-
agement.

Once a diagnosis of a hereditary colorectal cancer syndrome is established, the
proband’s high-risk relatives should be notified, and genetic counseling and DNA test-
ing should be performed in consenting relatives, when such testing is appropriate. In
an attempt to reduce morbidity and mortality, surveillance measures may then be insti-
tuted that reflect the natural history of the disorder.”

Once it is clear that a patient has a familial form of colorectal cancer, genetic coun-
seling is mandatory and must provide the patient and his or her extended family with
important details about their genetic risk of cancer at specific sites, on the basis of the
natural history of the hereditary cancer syndrome; the options for surveillance and man-
agement; and the availability of genetic testing.8° Counseling should be face to face, but
a session may include multiple family members.8 The concept of informed consentim-
plies that a patient has received counseling, information, and putative test results and
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has signed a document to that effect. The results of
tests for mutations should be revealed to the patient
on a one-to-one basis.”

DIAGNOSTIC CLUES

Syndromes with distinguishing phenotypes, such as
florid colonic adenomas in familial adenomatous
polyposis, are easier to diagnose than hereditary dis-
orders thatlack clear phenotypic characteristics. For
instance, the attenuated polyposis phenotype of fa-
milial adenomatous polyposis is characterized by a
paucity of colonic adenomas, and the ones thatdo
occur are primarily in the proximal colon. The on-
set of colorectal cancer is at a later average age (ap-
proximately 55 years) than that of classic familial
adenomatous polyposis (approximately 39 years).
These differences make it more difficult for clini-
cians to diagnose than its classic counterpart, de-
spite their having a high index of suspicion for a fa-
milial colorectal cancer syndrome.10:11

In the case of hereditary nonpolyposis colorec-
tal cancer, five cardinal features will help to identify
affected families. The firstis an earlier average age at
the onset of cancer than in the general population;
for example, the average age at the onset of heredi-
tary nonpolyposis colorectal cancer is approximate-
ly 45 years,” whereas the average age at the onset of
sporadic cases is approximately 63 years. The sec-
ond feature is a particular pattern of primary cancers
segregating within the pedigree, such as colonic and
endometrial cancer.?-12 The third is survival that dif-
fers from the norm for the specific cancer.13-16 The
fourth is distinguishing pathological features,17-18
and the fifth and sine qua non is the identification
of a germ-line mutation in affected members of the
family.>

There are two broad classes of hereditary colo-
rectal cancer, based on the predominant location of
the cancer: distal and proximal. Colorectal cancers
involving the distal colon are more likely to have an-
euploid DNA, harbor mutations in the adenoma-
tous polyposis coli (APC), p53, and K-ras genes, and
behave more aggressively?; proximal colorectal can-
cers are more likely to have diploid DNA, possess
microsatellite instability, harbor mutations in the
mismatch-repair genes, and behave less aggressive-
ly, as in hereditary nonpolyposis colorectal cancer.”
Familial adenomatous polyposis and most sporadic
cases may be considered a paradigm for the first, or
distal, class of colorectal cancers, whereas hered-
itary nonpolyposis colorectal cancer more clearly
represents the second, or proximal, class.”

A hallmark of tumors in hereditary nonpolyposis
colorectal cancer is microsatellite instability.19-21
Microsatellites are genomic regions in which short
DNA sequences or a single nucleotide is repeated.
There are hundreds of thousands of microsatellites
in the human genome. During DNA replication,
mutations occur in some microsatellites owing to
the misalignment of their repetitive subunits and
result in contraction or elongation (“instability”).
These abnormalities are usually repaired by the mis-
match-repair proteins. However, repair is inefficient
in tumors with a deficiency of these proteins. Typi-
cally, in such tumor cells, half or more of all mi-
crosatellites have mutations (contraction or elon-
gation), so microsatellite instability serves as an
excellent, easy-to-evaluate marker of mismatch-
repair deficiency (Fig. 1). Since microsatellite insta-
bility is found in virtually all hereditary nonpolyposis
colorectal cancers,2° we consider it unnecessary to
search for germ-line mutations in mismatch-repair
genes (e.g., MSH2 and MLH1) in patients whose tu-
mors do not have microsatellite instability. An ex-
ception is found in families with the MSH6 muta-
tion, in which microsatellite instability may or may
not be present.3%:31 Most microsatellites occur in
noncoding DNA; therefore, contractions or elonga-
tions are believed to have little or no effect on protein
function. However, there are genes that have micro-
satellites in their coding regions (Fig. 2), and micro-
satellite instability will thus lead to altered proteins.

FAMILIAL ADENOMATOUS POLYPOSIS

CLINICAL AND MOLECULAR FEATURES

Multiple colonic adenomas occur at an early age in
patients with familial adenomatous polyposis, oc-
casionally during the preteen years, and proliferate
throughout the colon, with malignant degeneration
in most patients by the age of 40 to 50 years. Patients
who have an APC mutation or who have one or
more first-degree relatives with familial adenom-
atous polyposis or an identified APC mutation (or
both) are at high risk and should be screened with
flexible sigmoidoscopy by the age 0f 10 to 12 years.
Patients with colonic polyps, a verified APC germ-
line mutation, or both will require annual endo-
scopic examination. However, as the disease ad-
vances, as is often the case in the late teens and early
20s, too many colonic polyps may be present for ad-
equate and safe colonoscopic polypectomy; when
this occurs, prophylactic subtotal colectomy fol-
lowed by annual endoscopy of the remaining rectum
is recommended.
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1044 Unselected consecutive
patients with colorectal cancer

Microdissection of tumor to obtain cancer-cell DNA; germ-line DNA
obtained from blood or normal colonic mucosa; use of polymorphic
markers to test for microsatellite instability in tumor

915 Tumors negative for

129 Tumors positive for

microsatellite instability
(12%)

Germ-line DNA examined for

microsatellite instability
(88%)

Germ-line DNA examined for

mutations in MLH1 and MSH2 2 founder mutations

9 Patients found to be positive
for other mutations on genomic None found
exon-by-exon sequencing

19 Patients found to be positive
for 1 of 2 founder mutations

Result serves as a control,
suggesting that the sensitivity
of microsatellite instability as a
marker for hereditary nonpolyposis
colorectal cancer is high

28 Patients found to be
mutation-positive, for a frequency
of hereditary nonpolyposis
colorectal cancer of 2.7%

Figure 1. Approach to Molecular Screening for Hereditary Nonpolyposis Colorectal Cancer in an Unselected Cohort of
Consecutive Patients with Newly Diagnosed Colorectal Cancer.

Data are from Aaltonen et al.22 and Salovaara et al.23 This screening strategy relies on microsatellite instability as a pri-
mary marker for hereditary nonpolyposis colorectal cancer.1924 In most studies of unselected patients with colorectal
cancers, the proportion who are positive for microsatellite instability ranges from 12 to 16 percent.25 For this purpose,
microsatellite instability can be determined with the use of just one or two markers and, in many cases, without the need
for matching normal DNA.26:27 Fixed, paraffin-embedded tumor specimens are a readily available source of DNA for this
test, but the specimen must be determined histologically to contain at least 30 to 50 percent tumor cells. As a source of
germ-line DNA for the detection of mutations, a blood sample is most suitable. The proportion of all patients with colo-
rectal cancer who have hereditary nonpolyposis colorectal cancer may vary among populations. The proportion found in
these studies (2.7 percent) is an underestimate, because neither microsatellite-instability testing nor mutation detection
is error-free, and mutations were sought only in the MLH1 and MSH2 genes. Two founder mutations account for over
half of all hereditary nonpolyposis colorectal cancer mutations in this population.28 These mutations can be easily
screened for in large numbers of samples.

Upper endoscopy is also necessary because of
the potential for adenomas, which increase the risk
of cancer of the stomach. Although cancers of the
stomach are uncommon in whites, they are of par-
ticular concern to families with familial adenoma-
tous polyposis in Korea and Japan.32 Adenomas in
the duodenum, which carry a risk of a periampullary
carcinoma, and in the remainder of the small intes-
tine are more common.33 There is limited knowl-
edge about the causation, prevention, and manage-

ment of duodenal polyposis in familial adenomatous
polyposis. However, there is a strong association
with stage IV periampullary adenomas, which pose
a high lifetime risk of periampullary carcinoma in
patients with familial adenomatous polyposis.34
Even though the efficacy of screening is yet to be
fully demonstrated, Burke33 recommends upper en-
doscopic screening with forward- and side-viewing
endoscopes for all those with a family history of fa-
milial adenomatous polyposis.
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Figure 2. Detection of Microsatellite Instability with the Use of Fluorescent Labeling of Polymerase-Chain-Reaction (PCR) Products Analyzed
in an Automatic Sequencer.

Two markers are analyzed in the same track: the mononucleotide repeat marker BAT26 is shown on the left, and the dinucleotide marker
D2S123 is shown on the right. The upper tracing is from germ-line DNA from blood. The lower tracing is from DNA extracted from a histo-
logic section of a tumor containing more than 50 percent tumor cells. For marker BAT26, germ-line DNA shows a single peak, indicating that
the patient is homozygous for this marker (arrow). Tumor DNA shows, in addition to the normal allele (single arrow), a new allele (double ar-
rows) that has lost approximately five nucleotides. This constitutes microsatellite instability. For marker D2S123, germ-line DNA is homozy-
gous, whereas tumor DNA shows two new alleles (triple arrows), one with a loss of approximately 10 nucleotides (left) and one with a gain of
2 nucleotides (right). Thus, the tumor shows microsatellite instability with both markers. All peaks display “stutter” — that is, small amounts
of material with a gain or a loss of one or a few nucleotides. This is a normal phenomenon.
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Desmoids also appear frequently in patients with
familial adenomatous polyposis and are often in-
duced by surgery.3>:3¢ Ideally, prophylactic colecto-
my should be delayed unless there are too many co-
lonic adenomas to manage safely. Elective surgical
procedures should be avoided whenever this is pos-
sible. Other, less common tumors that may occur in
families with familial adenomatous polyposis in-
clude papillary thyroid carcinoma, sarcomas, hepa-
toblastomas, pancreatic carcinomas, and medullo-
blastomas of the cerebellar—pontine angle of the
brain.3¢-41 With the exception of papillary thyroid
carcinoma, screening for these tumors is difficult
and therefore not generally performed.

The penetrance of germ-line mutations that in-
crease the risk of colorectal cancer varies.38:40:42 [t
is 10 to 20 percent for the 11307K APC polymor-
phism, which occurs predominantly in Ashkenazi
Jews (Fig. 3). In contrast, penetrance approaches
100 percent in classic familial adenomatous poly-
posis,*? caused by truncating germ-line mutations
of the APC gene.

GENETIC TESTING

Genetic counseling should be performed by a ge-
netic counselor or medical geneticist before DNA
is collected and at the time of the disclosure of test
results. We recommend discussing the matter in
depth with the parents of patients who are younger
than 18 years, as well as with the patients them-
selves, since polyps may occur in the preteen and
teen years, and cancer may occur relatively early in
some of these patients. It is important for the coun-
selor to know whether the APC mutation is present,
and if so, its probable penetrance, particularly in pa-
tients with attenuated familial adenomatous poly-
posis.10:37

CHEMOPREVENTION

Patients with familial adenomatous polyposis who
were treated with 400 mg of celecoxib, a selective
inhibitor of cyclooxygenase-2, twice a day for six
months had a 28.0 percent reduction in the mean
number of colorectal polyps (P=0.003), as com-
pared with patients in the placebo group.+® How-
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Figure 3. The 11307K Germ-Line Mutation (Polymorphism) of the Adenomatous Polyposis Coli (APC) Gene.

Shown here is the DNA sequence of codons 1305 through 1315 of the APC gene. Below each codon is the encoded amino
acid and the number of the codon. The germ-line mutation of codon 1307 shown in the blue box is a change from T to A
that changes an ATA encoding isoleucine (abbreviated | in the one-letter system) to an AAA encoding lysine (abbreviated K).
Thus, the designation for the mutation is 11307K. This change is believed to be a neutral variant — that is, it does not alter
the function of the APC protein; hence, it may be called both a mutation and a polymorphism.43 Approximately 6 percent of
Ashkenazi Jews and a smaller proportion of other Jews are carriers of the 11307K mutation or polymorphism,; it has not
been seen in non-Jews.4345 As compared with noncarriers, carriers have approximately twice the risk of colorectal cancer.43
The T-to-A change results in a stretch of eight adenosines (AAAAAAAA) that is believed to increase the risk of somatic mu-
tations as a result of slippage during replication. Examples of these somatic changes in colonic tumors are shown in red
above the sequence. For instance, an addition of one A (+A) has been seen in the affected allele of many carriers. The addi-
tion or loss of a nucleotide causes a frame shift and loss of function of APC, constituting an important somatic event in tu-

ever, polyps may return while the patient is taking
nonsteroidal antiinflammatory drugs. In one study,
regression of colonic adenomas occurred in all pa-
tients after six months of sulindac (200 mg per day)
(P<0.02).49 However, after a mean of 48.6 months,
the number and size of the polyps increased. At a
dose 0f 200 mg, sulindac did not influence the pro-
gression of polyps toward a malignant pattern.+°
There is hope that large, ongoing chemoprevention
trials will provide concrete clues as to the future of
antiinflammatory agents in the prevention of polyps
and cancer.5%51 Currently, none of these chemo-
prevention strategies should replace screening, al-
though they may delay prophylactic colectomy.>2

HEREDITARY NONPOLYPOSIS
COLORECTAL CANCER

CLINICAL FEATURES

Hereditary nonpolyposis colorectal cancer, also re-
ferred to as the Lynch syndrome, is the most com-
mon form of hereditary colorectal cancer. Multiple
generations are affected with colorectal cancer atan
early age (mean, approximately 45 years) with a pre-
dominance of right-sided colorectal cancer (approx-
imately 70 percent proximal to the splenic flexure).

There is an excess of synchronous colorectal cancer
(multiple colorectal cancers at or within six months
after surgical resection for colorectal cancer) and
metachronous colorectal cancer (colorectal cancer
occurring more than six months after surgery).” In
addition, there is an excess of extracolonic cancers
— namely, carcinoma of the endometrium (second
only to colorectal cancer in frequency), ovary, stom-
ach (particularly in Asian countries such as Japan
and Korea32), small bowel, pancreas, hepatobiliary
tract, brain, and upper uroepithelial tract.12:53 There
is also an apparent statistically significant decrease
in the risk of lung cancer,12 which, while not proved,
merits further research. Patients with hereditary
nonpolyposis colorectal cancer may also have seba-
ceous adenomas, sebaceous carcinomas, and mul-
tiple keratoacanthomas, findings consonant with
Torre’s syndrome variant.7,54

Figure 4 depicts the evaluation of a family with
hereditary nonpolyposis colorectal cancer from ini-
tial ascertainment to completion. The figure illus-
trates the advantage of seeking a more extensive
family history when initial information is limited
but includes clinical findings suggestive of heredi-
tary nonpolyposis colorectal cancer. For example,
two siblings may have colorectal cancer of the prox-

N ENGL ) MED 348;10 WWW.NEJM.ORG MARCH 6, 2003

Downloaded from www.nejm.org on October 21, 2003.
Copyright © 2003 Massachusetts Medical Society. All rights reserved.

923



The NEW ENGLAND JOURNAL of MEDICINE

Cancer Sites A B c
B Colon or rectum ’ 1
B Bile duct thﬁ
I Endometrium or uterus
[ Pancreas i 1 i 1 2 3 1 1
I Ureter .
[ Ovary Cx37 Cx37 En57 Enél cx37 En57 En61
O Brain tumor Co55 Cos5 d. 72 Co55
71 71 71
I Non-HNPCC cancer \ I \ | | |
Csu  Cancer site undetermined v L |2 v 1 2 IV % [T |J__2| ENNEEE 6
Cx Cervix . . . . .
E Esoph Co40 47 Cod0 47 Co40 47 Co25 Co53 Cod6 Bd39
50 sopnagus Uréd4 Urd4 Urd4 Co27 Urs6 d.47 d.39
Mmel Malignant melanoma 44 44 44 Co37
Pro Prostate
Tes Testicle
D
1 2 3
| j@! | O
Eso62
d.66
I 1 |2 |3 |4 |5 | 6 | 7
Co72 Ut43 d.Inf d.48 d.l Csu46 Co70
94 d44 d.47 Bt79
Pro79
d81
Cx37 En57 En61 C057 d.84 78 d.Inf Pr062 Co53 d.2 Ov37 C057 69 CoSO
Co55 d. Pro65
Rec72 d.72 d61
80
IV 9 10 11 12 13 14 15 16 |17 18 |19 |20
OCMD CBHEQOD
Co40 Co25 Co53 Co46 Bd39 45 Mmel59 47-55 54 Pan23 45 31-43 3141 31 Ov39 36 11-30
Ur44 Co27 Ur56 d.47 d.39 63 d.23 42 40 41
Bt48 Co37 62
d.52 Pro49
Rec50
Vv d.52
11 2 3 4 5 6 7 8 9 11 12 13 14 15 |16
© O ©) e O ONORONGO
31-37 Recl9 35 Tes31l 26 16 12 29-41 16-33 10-21 30 7-15 816 818 10 13
d.20 33 27 16 14

Figure 4. Initial (Panel A) and Subsequent (Panels B, C, and D) Evaluations of a Pedigree with Classic Hereditary Nonpolyposis Colorectal Cancer.

Panel A shows the initial assessment of what turned out to be a family with classic hereditary nonpolyposis colorectal cancer (HNPCC). The
proband (Subject IV-1; arrow) had early-onset (40 years) colorectal carcinoma and carcinoma of the ureter. These findings by themselves are highly
significant clinically. However, his mother (Subject 11-1) had uterine cervical carcinoma at the age of 37 years, a tumor not associated with the syn-
drome, but had colorectal carcinoma at the age of 55 years. In Panel B, further inquiry indicated that the proband’s mother (Subject I1I-1) had two
sisters with endometrial carcinoma at the ages of 57 (Subject 111-2) and 61 (Subject 11I-3). This pattern, notwithstanding the Amsterdam criteria,
would be sufficient for a diagnosis of hereditary nonpolyposis colorectal cancer. In Panel C, extending the pedigree further showed that one of these
maternal aunts (Subject I11-2) had three sons with cancer, one with early-onset metachronous colon cancer (Subject IV-3), a second with colon can-
cer and carcinoma of the ureter (Subject IV-4), and the third with colon cancer alone (Subject IV-5). The other aunt (Subject 111-3) had a daughter
(Subject IV-6) with cancer of the bile duct. These findings provide strong evidence in support of the diagnosis of hereditary nonpolyposis colorectal
cancer. In Panel D, the full pedigree shows findings that continue to support a diagnosis of hereditary nonpolyposis colorectal cancer.>s

Squares denote male family members; circles female family members; symbols with a slash deceased family members, with the age at death
(d) given below each symbol; open symbols unaffected family members; bicolored symbols family members with multiple primary cancers;
squares containing numbers the number of unaffected male progeny; circles containing numbers the number of unaffected female progeny;
and combined symbols containing numbers the number of unaffected progeny of both sexes. The types of primary cancer and the age (in
years) at diagnosis are listed below the symbols, and the bottom-most number is the current age or the age at death. Inf denotes in infancy.

924 N ENGL J MED 348;10 WWW.NEJM.ORG MARCH 6, 2003

Downloaded from www.nejm.org on October 21, 2003.
Copyright © 2003 Massachusetts Medical Society. All rights reserved.



GENOMIC MEDICINE

imal colon before the age of 30 years in the absence
of multiple colonic adenomas. However, their par-
ents may have died at an early age of causes other
than cancer and other relatives with potentially valu-
able genetic information may simply not be avail-
able for testing. Although neither of these clinical
scenarios fulfills the Amsterdam I or II criteria for
hereditary nonpolyposis colorectal cancer (Table 1),
the clinician may prudently wish to err on the side
of caution. Additional study of the tumor should
include microsatellite-instability testing in at least
one of the colorectal cancers or a search for a muta-
tion in a mismatch-repair gene, such as MSH2 or
MLH]1, in the resected tumor.

PATHOLOGICAL FEATURES

As compared with sporadic colorectal cancer, tu-
mors in hereditary nonpolyposis colorectal cancer
are more often poorly differentiated, with an excess
of mucoid and signet-cell features, a Crohn’s-like
reaction (lymphoid nodules, including germinal
centers, located at the periphery of infiltrating colo-
rectal carcinomas), and the presence of infiltrating
lymphocytes within the tumor.58-61

ACCELERATED CARCINOGENESIS

Accelerated carcinogenesis occurs in hereditary
nonpolyposis colorectal cancer. In this setting, a
tiny colonic adenoma may emerge as a carcinoma
within 2 to 3 years, as opposed to the 8 to 10 years
this process may take in the general population.?-61
This rapid growth leads us to recommend annual
colonoscopy, as discussed below.

FEATURES OF PEDIGREES

The original definitions based on clinical and ped-
igree criteria such as the more stringent Amster-
dam I criteriaSe or the less stringent Amsterdam II
criteria5’ remain valid (Table 1). However, in many
situations, even if the criteria are not met, the occur-
rence of cancers associated with hereditary nonpoly-
posis colorectal cancer, especially in small families,
should alert the clinician to the possibility of hered-
itary nonpolyposis colorectal cancer, as should can-
cer at a very early age or multiple cancers in one
person (Fig. 5).

INCIDENCE AND MOLECULAR SCREENING

When the Amsterdam criteria (Table 1) are used to
determine what proportion of all colorectal cancers
are due to hereditary nonpolyposis colorectal can-
cer, estimates range from 1 to 6 percent.?,22,23,62
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Table 1. Amsterdam | and Amsterdam Il Criteria.*

Amsterdam | criteria

At least three relatives must have histologically verified colorectal cancer:
One must be a first-degree relative of the other two.
At least two successive generations must be affected.
At least one of the relatives with colorectal cancer must have received the
diagnosis before the age of 50 years.
Familial adenomatous polyposis must have been excluded.

Amsterdam Il criteria

At least three relatives must have a cancer associated with hereditary non-
polyposis colorectal cancer (colorectal, endometrial, stomach, ovary,
ureter or renal-pelvis, brain, small-bowel, hepatobiliary tract, or skin
[sebaceous tumors]):

One must be a first-degree relative of the other two.

At least two successive generations must be affected.

At least one of the relatives with cancer associated with hereditary non-
polyposis colorectal cancer should have received the diagnosis before
the age of 50 years.

Familial adenomatous polyposis should have been excluded in any rela-
tive with colorectal cancer.

Tumors should be verified whenever possible.

* The Amsterdam | and |l criteria are from Vasen et al.56.57

Molecular screening of all patients with colorectal
cancer for hereditary nonpolyposis colorectal can-
cer is now both feasible and desirable. Such screen-
ing has suggested that upward of 3 percent of all
such patients have hereditary nonpolyposis colorec-
tal cancer (Fig. 1). In one study, the mean age at
presentation with hereditary nonpolyposis colorec-
tal cancer diagnosed by molecular screening was
54 years old; the study included several patients over
60 years of age, and some had a minimal family his-
tory of cancer.22:23 If further studies confirm these
findings, the age at onset may prove older than the
mean of 45 years in cases ascertained on the basis
of family-history criteria. For this reason, we rec-
ommend that whenever population-based screen-
ingis performed, it include all patients with colorec-
tal cancer irrespective of age and family history.
Analysis of mutations in mismatch-repair genes
has provided estimates of the proportion of such
mutations in families with a history consonant with
hereditary nonpolyposis colorectal cancer. These
estimates range from 40 to 80 percent for families
meeting the Amsterdam I criteria and from 5 to 50
percent for families meeting the Amsterdam II cri-
teria.®2:°3 Among such families, as well as in other
families whose history is consistent with the pres-
ence of hereditary nonpolyposis colorectal cancer
but who do not meet these formal criteria, some
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Figure 5. Pedigree in Which the Proband (Subject I1I-1) Had Carcinoma of the
Ascending Colon (Asc) at the Age of 51 Years and a Second Primary Carcino-
ma of the Transverse Colon (Tr) at the Age of 67 Years.

The proband’s fraternal twin brother (Subject I11-2) had colon cancer (Co) —
precise site unknown — at the age of 35 years followed by a second primary
cancer of the transverse colon at the age of 62 years. Their sister (Subject I11-4)
had cancer of the ascending colon at the age of 55 years. Their mother (Sub-
ject 11-1) had carcinoma of the endometrium (En) at the age of 45 years and
carcinoma of the ascending colon at the age of 60 years, and the proband’s
maternal grandmother had carcinoma of the ascending colon. The proband’s
daughter had colon cancer at the age of 44 years, and a nephew had carcino-
ma of the ascending colon at the age of 37 years and carcinoma of the larynx
(Lyx) at the age of 40 years. The progeny in the direct genetic lineage of Sub-
jects I11-1 and I11-4 merit intensive surveillance and would be candidates for
genetic testing. The mutation discovered in the family is a missense mutation
involving MLH1. Squares denote male family members; circles female family
members; symbols with a slash deceased family members, with the age at
death (d) given below each symbol; open symbols unaffected family mem-
bers; solid symbols with a star family members with pathological evidence of
multiple primary cancers, with the age at diagnosis shown to the right of the
types of cancer; a divided symbol a family member with cancer established on
the basis of the family history; a symbol with a cross a family member whose
cause of death was determined by examining the death certificate or medical
records; and combined symbols containing numbers the number of unaffect-
ed progeny of both sexes. Bottom-most numbers are current ages.
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families will not harbor a known mismatch-repair
mutation. This is consistent with the notions that
in such families other, as yet undiscovered genes
may be responsible for the syndrome and that the
aggregation of cancers may be caused by environ-
mental factors or be due to chance.5

GENES AND GERM-LINE MUTATIONS

Hereditary nonpolyposis colorectal cancer is caused
by a germ-line mutation in any of the mismatch-
repair genes listed in Table 2. As of this writing, two
genes, MLH1 and MSH2, account for almost 90 per-
cent of all identified mutations. MSH6 accounts for
almost 10 percent, but its share of typical as op-
posed to less typical hereditary nonpolyposis colo-
rectal cancer remains to be determined.30:31 It is
usually sufficient first to screen patients for MLH1
and MSH2 and then to test other genes only if mu-
tations are not found in these two.

ASSESSING THE PATHOGENICITY OF MUTATIONS
All genomic coding changes are potentially delete-
rious. However, as opposed to nonsense mutations
(which create a stop codon or lead to a frame shift)
or those that cause abnormal splicing, missense
mutations (which lead to the substitution of an ami-
no acid) are usually not considered a priori patho-
genic. Of all mutations identified in MLH1 and
MSH2, 29 percent and 16 percent, respectively, are
missense mutations. Missense mutations make the
interpretation of genotypic data difficult. The mu-
tation data base maintained by the International
Collaborative Group on Hereditary Nonpolyposis
Colorectal Cancer is an important primary refer-
ence (http://[www.nfdht.nl). Imnmunohistochemical
analysis of mismatch-repair proteins in the tumor
can provide clues as to which mismatch-repair gene
is involved in tumor pathogenesis if staining for one
of the proteins is weak or absent.25:65

SOURCES OF UNDERDIAGNOSIS

Previous estimates of the frequency of hereditary
nonpolyposis colorectal cancer were most likely
low. Most analyses of mutations to date have not
included analysis of MSH6, which undoubtedly
causes hereditary nonpolyposis colorectal cancer
or a predisposition to an atypical and more benign
form of this syndrome.3° Moreover, conventional
mutation analysis overlooks some mutations that
can be detected only when the two alleles are stud-
ied separately, with the use of more sophisticated
techniques.®° Such techniques permit the detection
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of several types of mutation that elude conventional
mutation analysis, mainly mutations in control re-
gions or introns that affect transcription or splic-
ing.67 Finally, large deletions in the MSH2 gene are
more common than previously thought and can be
detected by Southern hybridization.®8

SURVEILLANCE FOR CANCER

In patients with hereditary nonpolyposis colorectal
cancer, annual full colonoscopy, initiated between
the ages of 20 and 25 years, is recommended for
those with strong clinical evidence or documented
germ-line mutations in MLH1, MSH2, or MSH6 (or a
combination). Although less frequent colonoscopy
(every three years) has been suggested in a con-
sensus statement,®® we believe this would lead to
missed colorectal cancers, given the phenomenon
of accelerated carcinogenesis in such cancers.?-60,61
Extracolonic screening, particularly of the endo-
metrium and ovary, the sites of the second and third
most common cancers in this disorder, is indicated
in patients with hereditary nonpolyposis colorectal
cancer. With respect to the endometrium, annual
transvaginal ultrasonography and endometrial as-
piration for pathological assessment should be be-
gun at the age of 30 years and repeated annually. In
the case of the ovary, this evaluation should include
transvaginal ovarian ultrasonography and CA-125
screening, also beginning at the age of 30 years. Pa-
tients should be aware of the low sensitivity and
specificity of surveillance methods for ovarian can-
cer. Screening at other sites, such as the upper uro-
epithelial tract and stomach (particularly in natives
of Korea32 or Japan or in a family with an excess
number of cancers at these extracolonic sites) must
be considered, but it is difficult.

EFFICACY OF SURVEILLANCE

The efficacy of surveillance for colorectal cancer in
families with hereditary nonpolyposis colorectal
cancer was evaluated in a controlled clinical trial
extending over a 15-year period.?° The study con-
cluded that screening for colorectal cancer at three-
year intervals more than halves the risk of colorectal
cancer, prevents deaths from colorectal cancer, and
decreases the overall mortality rate by about 65 per-
centin such families. The relatively high incidence
of colorectal cancer (albeit nonfatal cases) even
among these frequently screened subjects is an ar-
gument for shorter screening intervals, such as one
year. Prophylactic subtotal colectomy, prophylactic
total abdominal hysterectomy, and bilateral sal-

N ENGL J MED 348;10 WWW.NEJM.ORG

No. of
Polymorphisms::

20
24
43
0
5

Table 2. Number of Different Germ-Line Mutations and Polymorphisms

Identified in Patients with Hereditary Nonpolyposis Colorectal Cancer.*
Total No. No. of Missense Mutations

Gene of Mutations (% of total)

MLH1 164 47 (29)

MSH2 121 19 (16)

MSHG6 31 12 (39)

PMS1 1 0

PMS2 5 1 (20)

Total 322 79 (25)

92

* The mutations are from the data maintained by the International Collaborative
Group on Hereditary Non-Polyposis Colorectal Cancer (http://www.nfdht.nl).
The data base also lists 10 mutations in the MLH3 gene; all but 1 are missense
mutations and have so far been reported by a single laboratory.64 Their puta-

tive pathogenetic role remains to be determined.
7 The mutations listed are considered disease-causing.

+ The polymorphisms listed are not considered disease-causing.

pingo-oophorectomy are presented as options to
selected patients.”>71

The identification of hereditary nonpolyposis co-
lorectal cancer can be lifesaving, since it can lead
to the early detection of cancer.?%72 This effect was
quantified in a study by Ramsey etal.,”3 a cost-effec-
tiveness analysis comparing standard care with a
process thatincluded the application of the Bethes-
da guidelines (which identify the colorectal tumors
to test for microsatellite instability),”# followed by
testing of the tumor for microsatellite instability,
germ-line testing, and lifelong screening for colo-
rectal cancer among carriers of mutations. The cost
of screening was $7,556 per year of life gained when
patients with cancer and their siblings and children
were considered together.”3

SOMATIC MUTATIONS AND THE PROGRESSION

TO CANCER

The multigene, clonal evolution, and selection mod-
el of the initiation and progression of cancer pro-
posed by Fearon and Vogelstein originally identified
APC, genes on 18q, Ras, and p53 (TP53) as the genes
in which mutations or epigenetic dysregulation con-
tributes to the evolution of colon cancer.?5 Although
later studies have confirmed this model, many ad-
ditional genes are also involved.#6:76 What is the role
of a mismatch-repair deficiency in this model? In
colorectal tumors with a deficiency of mismatch-
repair protein, all the named components are in-
volved,9 but probably to different degrees.”” It ap-
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pears that the genetic pathways are the same even
though the involvement of the different genes var-
ies.”8 Figure 6 shows the putative role of mutations
in mismatch-repair genes.

ROLE OF EPIGENETICS

Methylation of the CpG sites in the promoter re-
gion of MLHI silences its transcription and, when
both alleles are affected, leads to a typical mismatch-
repair deficiency.83.84 This epigenetic change is not
heritable and accounts for the majority of all spo-
radic colorectal cancers that are positive for micro-
satellite instability.85-87 These tumors typically affect
patients older than 60 years of age and women, are
right-sided, and carry the same histologic and prog-
nostic hallmarks as hereditary nonpolyposis colo-
rectal cancers.15

HAMARTOMATOUS POLYPOSIS
SYNDROMES

The differential diagnosis of juvenile polyposis syn-
drome includes Cowden’s disease, the Bannayan—
Ruvalcaba—Riley syndrome, and the Peutz—Jeghers
syndrome, and there are often only very subtle clin-
ical distinctions among them. Hence, the emerging
evidence of their molecular bases may allow more
precise distinctions to be made among these syn-
dromes (Table 3). For example, germ-line muta-
tions in PTEN, a protein tyrosine phosphatase gene,
have been identified in Cowden’s disease and Ban-
nayan—Ruvalcaba—Riley syndrome that show that
the two syndromes may be allelic and “might even
be one and the same syndrome along a broad spec-
trum.” Eng andJi discuss the problem of phenotyp-

Examples of Genes with
Coding Microsatellites
TGFB1RII 90%
RIZ 37%
TCF4 35%
BAX 33%
IGFIIR 27%

' : '

' ' '

Normal Early Intermediate Late Carcinoma Metastasis
Mismatch-Repair epithelium adenoma adenoma adenoma
Genes T T T T
MLH1 Dec
MSH2 g
MoHe | APC K-ras Smad4 p53 Other
?
MSH6
MSH3
MSH2

Mismatch-Repair Genes with

Coding

Microsatellites

Figure 6. Putative Role of Mutations in Mismatch-Repair Genes.

A mutation in one of the three main mismatch-repair genes leads to a deficiency of mismatch-repair proteins, which promotes mutations in
some of the traditional genes, such as the adenomatous polyposis coli gene (APC) and K-ras. Genes with coding microsatellites accumulate
frame-shift mutations and lose function, further affecting, and perhaps speeding up, the evolution of cancer. They may also affect the organ
specificity of hereditary nonpolyposis colorectal cancers. The approximate percentages of all colorectal-cancer tumors with mismatch-repair
deficiency that harbor these frame-shift mutations are shown in the box at the top.56:76,79.80 Three mismatch-repair genes that have coding
microsatellites are shown at the bottom.81.82 Somatic frame-shift mutations occur in these genes, but their role remains unclear. TGFBIRII
denotes transforming growth factor B1 receptor Il, RIZ retinoblastoma-protein—interacting zinc finger, TCF4 transcription factor 4, BAX BCL-
2-associated X, IGFIIR insulin-like growth factor Il receptor, and DCC deleted in colorectal cancer.
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ic features that may be shared by the various ham-
artomatous syndromes, thereby contributing to the
complexity of clinical diagnosis.>* They suggest re-
ferring such patients to physicians with extensive
experience with these disorders.

PROSPECTS FOR PREVENTION
AND TREATMENT

Morbidity and mortality from hereditary forms of
colorectal cancer should be reduced once a patient’s
familial or hereditary risk is established and a high-
ly targeted program of cancer surveillance and man-
agement is undertaken.®9:79,73 Prevention will be
aided by the identification of the causative germ-line
mutation in a patient’s family, thus confirming the
risk. Cancer prevention, particularly among patients
with familial adenomatous polyposis and hereditary
nonpolyposis colorectal cancer, will be most effec-
tive when physicians understand the natural histo-
ry and the molecular bases of these disorders. They
must recognize the need for genetic counseling be-
fore DNA testing is performed and at the time the
test results are disclosed. A vexing problem is the
perception of many high-risk patients that partici-
pating in genetic-testing, clinical, and research pro-
grams, which can contribute to the identification
and ultimate prevention and reduction in morbid-
ity and mortality from hereditary cancer syndromes,
will result in discrimination by insurance compa-
nies or employers.%-95-97 Legislative bodies need to
enact laws that will protect such patients from po-
tential discrimination.95-98

In addition to diagnostic methods, physicians
must also be familiar with the available screening
methods and with the options for surgical prophy-
laxis, particularly prophylactic colectomy in patients
with familial adenomatous polyposis and prophy-
lactic colectomy and prophylactic bilateral salpingo-
oophorectomy (the latter when childbearing is com-
plete) in patients with hereditary nonpolyposis
colorectal cancer. Technologic advances in both
cancer screening and the identification of biologic
markers of cancer susceptibility, such as microsat-
ellite instability, and ultimately specific germ-line
testing, will expedite attempts to achieve these can-
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