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Abstract Because of the accomplishments in biotechni-
cal research in the past few decades our knowledge about
the molecular mechanisms of carcinogenesis has grown
rapidly. Colorectal cancer has been one of the most inten-
sively investigated tumor entities, and it seemsto be well
established that colorectal tumor growth isassociated with
an accumulation of acquired somatic mutational eventsin
tumor suppressor genes and oncogenes. Recent progress
in our understanding of the molecular basis of the most
prevalent colorectal cancer syndromes, such as hereditary
nonpolyposis colorectal cancer (HNPCC) and familial ad-
enomatous polyposis (FAP), is reflected by modifications
in diagnosis and therapy. Identification and characteriza-
tion of the causative genesfor these colorectal cancer syn-
dromes have enabled precise presymptomatic detection of
mutationsin individuals who bear an apriori risk of about
50% of devel oping colorectal cancer. Genotype-phenotype
correlations might further increase the clinical manage-
ment of hereditary colorectal cancer. Even though devel-
opments in cancer research are restricted to the minority
of individuals with hereditary cancer syndromes, growing
knowledge about the effect of low penetrance variationsin
tumor suppressor genes may affect the diagnosis and ther-
apy of sporadic colorectal cancer.
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Introduction

Colorectal cancer is one of the most common cancers in
Western popul ations, striking women and men at approx-
imately equal rates. A genetic basis for the development
of cancer was suggested by Karl Heinrich Bauer as early
as 1928 [4], but only since the advancement of molecular
biology has direct evidence been obtained to support the
notion that cancer is a genetic disease. Molecular genetic
studies have provided insights into the carcinogenesis of
numerous tumors, and there is an especially large body of
evidence that genetic changes accumulate during develop-
ment of colorectal cancers [29]. Clinical screening to de-
tect precancerous conditions or cancer at acurable stageis
ameans of reducing morbidity and mortality. In addition,
identification of genetic risk factors for the development
of adenomas and associated carcinomas of the colon and
rectum enables predictive molecular diagnosis of malig-
nant disease and thus might result in preventive surgical
treatment.

Molecular aspects of colorectal tumorigenesis

There is growing evidence that both environmental [67]
and genetic factors [29] contribute to colorectal tumori-
genesis. Critical genetic factorsin cancer development in-
volve genes associated with cell regulation, cell prolifera-
tion, and differentiation, namely oncogenes, tumor sup-
pressor genes, and caretaker genes [30].

Originally oncogenesweredescribed asretroviral genes
responsible for in vivo cell transformation and develop-
ment of certain animal tumors (v-onc) and subsequently
identified in normal human cells (proto-oncogenes) and in
activated forminhumantumors. Many of them play aphys-
iological rolein the regulation of cell division and diffe-
rentiation. Therefore they are a common target for muta-
genesis in neoplasia [3, 76]. Genes that code for growth-
retarding products are inactivated by mutations in the
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Fig. 1 Pathwaysto neoplasia.
Both inherited caretaker and
gatekeeper mutations predis-
pose to tumor devel opment.
While one additional mutation
of the second gatekeeper gene
allele may be sufficient for tu-
mor initiation in the gatekeeper
pathway, a caretaker gene alter-
ation requires three additional
genetic changes, namely muta-
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course of tumorigenesisand are thus called tumor suppres-
sor genes. These are at least as important as oncogenesin
the development of tumor. Their loss, as a germline or as
a somatic mutation, may contribute to cancer. The exis-
tence of these kinds of genes has been suspected in cell hy-
brids between transformed and normal cells, the trans-
formed phenotype being recessive, which reappears after
substantial chromosome loss [32]. In contrast, caretaker
geneinactivation does not lead directly to tumor develop-
ment. Because of increased mutation rates resulting from
inactivation of both alleles of caretaker genes, tumor sup-
pressor genes aretargeted and inactivated and thereforere-
sult in tumor initiation (Fig. 1) [29, 30].

Involvement of oncogenes and tumor suppressor genes
in tumorigenesis of colorectal tumors

Somatic gene alterations are present at various stages of
colorectal tumor formation. In 1990 Fearon and Vogelstein
[18] proposed a model of carcinogenesis on the basis of
molecular alterations in DNA (Fig. 2). This model de-
scribes the potential sequence of genetic alterations pro-
viding these cells with a growth advantage and as a con-
sequence constitute the predominant cell type within the
tumor (clonal expansion). The initial step in the mgjority
of all colorectal carcinomas may be the mutation of the
APC tumor suppressor gene in one colon mucosa cell. As
a result the cell divides repeatedly, initiating a cell clone
that formsamucosal hyperplasia. Subsequently, epigenetic
events such as a change in the methylation status of DNA

occur, thus predisposing to additional mutations. Ras on-
cogene mutations usually occur in one cell of a preexist-
ing adenoma and may be detected during conversion of a
small adenoma to a larger dysplastic one. Further muta-
tions follow, and a mutation in the tumor suppressor gene
p53, accompanied by deletion of the second allele [32], is
frequently observed at the transition from adenoma with
severecell dysplasiatoinvasive carcinoma. Thiscell clone
obviously hasthe capacity for invasivegrowth andisthere-
fore defined as a carcinoma.

Additional genetic changes are required to allow single
cellsto separate from a tumor, spread to other organs, and
generate metastasis. The sequence of mutations presented
here may vary substantially in different colorectal tumors.
However, mutations in the APC [60] and ras genes [76]
are obviously frequent early events of the adenomato car-
cinomasequence. Likewise, amutation/deletion in the p53
geneisfrequently encountered at the transition from aden-
omato carcinoma. The basic principleisthe accumulation
of oncogene activations and tumor suppressor gene muta-
tions and loss of the second alleles (loss of heterozygos-
ity, LOH) in thesetumor suppressor genes[18]. Thismodel
of carcinogenesisisprobably valid for the vast mgjority of
colorectal carcinomas.

Involvement of caretaker genesin tumorigenesis
of colorectal tumors

Mutations in five identified human genes are associated
with hereditary predisposition to nonpolyposis colorectal



cancer (HNPCC). These genes, subsumed under mismatch
repair genes, are human homologues of yeast and bacterial
DNA-repair genes and encompass the genes hMSH2
on chromosome 2p [19, 34], hMLH1 on chromosome 3p
[9, 52], hPMS1 on chromosome 2q, and hPMS2 on chro-
mosome 7p [49]. GTBP, aso called hMSH6 [16, 51, 53],
has rarely been found to be associated with HNPCC [42,
53]. Genomic DNA in HNPCC tumorsis characterized by
instability in repetitive DNA sequences (microsatellites),
which reflect replication errors of the DNA polymerase
that cannot be repaired because of mutational inactivation
of at least one mismatch repair gene [1, 55, 66]. Sporadic
tumorsfeaturing microsatel liteinstabilitiesdueto sporadic
mutational inactivation of a mismatch repair gene are lo-
calized primarily in theright colon; they are frequently di-
ploid and show an inverse relationship to p53 mutations —
features that are in common with HNPCC-associated
colorectal tumors [25, 28]. These data suggest another
pathway to neoplasia in addition to the accumulation of
oncogene and tumor suppressor gene mutations as de-
scribed above [11, 30]. High mutation ratesin HNPCC-as-
sociated tumors due to defects in DNA repair genes may
affect tumor suppressor genes and lead to tumor develop-
ment [30, 39, 61].

Hereditary colorectal cancer syndromes

Based on the models presented above, colorectal tumori-
genesis may result either from inherited mutations or from
spontaneous mutations in tumor suppressor genes or care-
taker genes.

Familial adenomatous polyposis

One of the most extensively studied inherited cancer syn-
dromesis familial adenomatous polyposis (FAP), agenet-
ically determined disease that typically presents with ex-
tensive adenomatous polyps of thecolonin early adult life.
Polyposis is a premalignant disease with a probability of
almost 100% that one or more polypswill progressthrough
dysplasia to malignancy in untreated gene carriers. Occa-
sionally the extracolonic features of the syndrome lead to
diagnosis. In the past early detection of this cancer predis-
position syndrome at a presymptomatic stage was feasible
only by linkage analyses on chromosome 5921 and wasre-
stricted to FAP families with at least two affected mem-
bers. In 1991 the APC gene was identified and character-
ized, and APC germline mutations have been detected in
FAP families [23, 27, 31, 50]. In contrast to the require-
ments for linkage analysis, sequence analysis of the gene
canidentify unrelated gene-mutation carriers. At least 332
germline mutations have been reported thus far [7], with
the most frequent mutations occurring in exon 15 at co-
dons 1309 and 1061 [7, 38, 46]. More than one-half of all
APC mutations are localized within a region of exon 15,
encompassing 600 codons[43, 48]. An APC mutation data-
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bank [7] will provide data on the kind of genetic altera-
tionsand their distribution, which will further improvethe
general APC mutation detection strategy. It is estimated
that a mutation detection rate of 90% can be achieved [14].

Hereditary nonpolyposis colorectal cancer

FAP accounts for approximately 1% of all colorectal can-
cers. Unlike FAP, the HNPCC syndrome, originally termed
Lynch syndrome, is associated with germline mutationsin
at least five mismatch repair genes that are believed to
cause up to about 5% of all colorectal carcinomas [2, 40,
41, 58] and a variety of extracolonic tumors [6, 62]. Be-
cause there is lack of evident clinical markers, such as a
manifest polyposis in FAP, a familial history, referred to
as the Amsterdam criteria, is the cornerstone for the iden-
tification of affected families. The lifetime risk of muta-
tion gene carriers for developing colorectal carcinomais
estimated to be 80—90% [75], which impliesrigid clinical
screening activitiesin HNPCC families. According to the
guidelines proposed by the international collaborative
group on HNPCC in 1996, a regular colonoscopic exam-
ination should be performed for al individuals at risk in
HNPCC families[77]. It hasbeen shown that aclinical sur-
veillance program in HNPCC families decreases the mor-
bidity rate by about 62% [26].

Genotype-phenotype correlations

Analyses of the APC gene have revealed that mutationsin
aregion between codons 1250 and 1464 in exon 15 are as-
sociated with a severe, early-onset polyposis in the colon
and rectum [12, 47]. On the other hand, |ate onset and an at-
tenuated type of FAP are correl ated with mutationsfrom the
5 end through exon 4 [64]. Subsequent studies have sug-
gested that a second region within exon 15 around codon
1597 is responsible for the attenuated phenotype [20]. A
functional boundary for the congenital hypertrophy of the
retinal pigment epitheliumhasbeenlocalizedinexon9, with
downstream mutations associated with this phenotypical
feature. An exception to this rule seems to be a region in
exon 15 between codons 1445 and 1578, where mutations
are linked with normal retina. Mutationsin this defined re-
gion, however, are correlated with the development of de-
smoid tumorsin all affected families [13]. Clear genotype-
phenotype correlations, as observed in FAP, have not yet
been found inthe HNPCC syndrome, which may be because
of the low number of HNPCC families analyzed so far.
General knowledge on genotype-phenotype correla-
tions in combination with individual genotype analysis
may contribute to aclear prediction about the course of the
disease and hence substantially influence both theindivid-
ual strategy of surveillance and individual preventivether-
apy. On the other hand, it is conceivable that knowledge
about the individual phenotype would streamline mol ecu-
lar diagnosis by indicating the localization of the causa-
tive mutation. Nevertheless, it must be taken into consid-
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eration that exogenousfactorsor additional genesmay play
akey rolein FAP development since identical APC muta-
tions may result in varying phenotypes [24, 50, 54]. In ac-
cordance with agenelocus on chromosome 4 affecting the
expression of polyposis in mice [15], there are probably
modifying genes in humans that are responsible for phe-
notype variations [65].

Implications for diagnosis and treatment
of colorectal tumor

Preliminary considerations

Thegenetic model of carcinogenesisimpliesconsequences
for both the diagnosis and therapy of malignant tumors. In-
dividualswho are exposed to endogenous (genetic) and ex-
ogenous (environmental) factors may be identified and
subjected to a surveillance program and/or preventive sur-
gical intervention against tumor development. Correlation
of genotype and phenotype in individuals at risk is essen-
tial for the development of a specific preventive/therapeu-
tic approach in mutation carriers, while non-mutation car-
riers— provided that the causative mutation has previously
been identified in mutation carriers of that family — can be
released from the colonoscopic surveillance program. If
gene mutations are the cause of tumor development, tu-
mors might possibly be treated by causative gene therapy
transferring wild-type gene copies into tumor cells. Fur-
thermore, correlation of the molecular cause (genotype)
and clinical expression (phenotype) of the diseaseformthe
basis of the molecular nosology of malignancies.

FAP

Because of the autosomal dominant mode of inheritance,
first-degree relatives of affected family membersare at an
a priori risk of 50% of being mutation carriers who will
develop polyposis and, as a consequence, colorectal can-
cer with high probability. Family members at risk whose
mutation carrier status is unknown should thus be offered
annual flexible sigmoidoscopy examinations beginning
around puberty [ 78]. Theobjectiveof thisscreeningisearly
detection of amanifest polyposis prior to cancer develop-
ment in individuals who have inherited the gene defect
[44]. On average, one-half of relativesin FAP familiesare
non-mutation carriers with no elevated colorectal cancer
risk compared to the normal population. However, with-
out molecular diagnosis these individuals must undergo
unnecessary regular endoscopic screening without clinical
conseguences.

A growing number of commercial and university-based
laboratories are offering genetic testing for hereditary
colorectal cancer syndromes. A set of molecular tech-
niques allow accurate presymptomatic determination of
the mutation carrier status of individuals at risk in a high
proportion of FAPfamilies prior to adenomadevel opment.

Most reliable genetic test results can be accomplished by
DNA sequencing with or without a molecular prescreen-
ing approach such as single-strand conformation polymor-
phism (SSCP) [71], denaturing gradient gel electrophore-
sis(DGGE) [69], and the protein truncation test (PTT) [59,
68, 69]. These genetic tests should not be offered before
puberty [ 78]. Because anegative or positivetest result may
have considerabl e medical and psychological significance,
al individuals who are at risk of developing hereditary
colorectal cancer should undergo pre- and posttest genetic
counseling. In any case, their willingness to undergo ge-
netic testing should be documented by written informed
consent.

Clinical consequences of a negative genetic test result

A negative genetic test result in an at risk individual rules
out FAP only if the disease causing germline mutation can
be identified in at least one affected FAP family member.
If this mutation cannot be found, no reliable statement of
individual mutation carrier statusispossible. If non-muta-
tion carriers can be precisely identified prior to onset of
disease, colon screening of non-mutation carriers can be
reduced to three time points — 18, 25, and 35 years [56] —
or, if long-term clinical data confirm the accuracy of mo-
lecular testing in the future, they can be completely dis-
charged from colorectal screening. Presymptomatic ge-
netic testing implies a series of impressive advantages. In
contrast to endoscopic procedures a noninvasive genetic
test must be performed only once, involving no physical
complications. A negative test result relieves non-muta-
tion carriers from the distress of having an elevated colo-
rectal cancer risk. In addition, it might enhance compli-
ance with conventional endoscopic examinations in those
whose test result is positive. There should be no concerns
with regard to increased costs due to molecular testing, as
regular endoscopic examinations of non-mutation carriers
are in general more expensive than one-time molecular
DNA sequencing for all individuals at risk in alarge FAP
family. When the specific APC gene mutation has once
been identified in an individua FAP family, a rapid,
straightforward, and inexpensive DNA sequence analysis
may be offered to all relatives in that family. It should be
noted that non-mutation carriers bear almost the same risk
of developing a spontaneous colorectal tumor as the gen-
eral population and should undergo the routine cancer-
screening programs offered to the public.

Clinical consequences of a positive test result

No change in conventional screening regimen is recom-
mended for thosewhose presymptomatic DNA analysisin-
dicates that they have inherited the disease-causing APC
alele [56]. The essential posttest genetic counseling de-
scribed above is of special significance in these patients
because FAP mutation carriers must deal with the high risk
and the prospects of having to undergo the single preven-



tive strategy, restorative proctocolectomy. Colectomy
should be carried out as soon as polyposis is present, but
not before adol escence, with the exception of severe symp-
toms caused by massive polyposis in childhood [13]. Be-
cause of preliminary data on genotype/phenotype correla-
tions, Vasen et al. [74] have asked whether subtotal colec-
tomy and ileorectal anastomosis rather than restorative
proctocol ectomy should be the primary treatment for poly-
posis in patients with mutations upstream from codon
1250. Their line of argument is based on the fact that APC
gene carrierswith mutations downstream from codon 1250
in exon 15, especially at codon 1309, tend to develop a
more aggressive course of disease and have a higher risk
of rectal excision due to more frequent metachronous tu-
mor development. This example illustrates how data on
genotype/phenotype correlations may contribute to the in-
dividual clinical decision-making process.

HNPCC

HNPCC shows a pattern of inheritance similar to that of
FAPR, but it ismore difficult to diagnose clinically because
it does not have an obvious and universal phenotypic
marker, such asthe colorectal polyposisof FAP. Therefore
dataon familial history are generally used to identify fam-
ilies at risk. The Amsterdam criteriarequire at least three
affected family members, one of whom is a first-degree
relative of the other two. Colorectal carcinoma develops
in at least two generations with at least one family mem-
ber younger than 50 years of age at the time of colorectal
cancer diagnosis[72].

Because tumors in HNPCC affect predominantly the
right colon, an adequate HNPCC surveillance program re-
quires regular total colonoscopic examinations. Individu-
alsat risk should be offered colonoscopy every 1-2 years,
starting between 20 and 30 years of age, and every year af -
ter age 40 years [78]. Due to the extracolonic features of
HNPCC, regular gynecological examinations are recom-
mended for endometrial cancer, including transvaginal so-
nography and CA-125 measurement. Additional screening
procedures, such as gastroscopy and examinations of the
urinary tract, should be performed depending on the fam-
ily history [77].

Direct gene analysis by DNA sequencing alone or in
combination with screening techniques for rapid identifi-
cation of such mutations are currently being used success-
fully, as demonstrated by a number of studies|[10, 33, 35,
36, 45]. As with FAP, genetic testing in HNPCC presup-
poses genetic counseling prior to and after molecular anal -
ysis.

Clinical consequences of a negative test result

Non-mutation carriersmay bedischarged from further life-
long colonoscopic surveillanceif the functionally relevant
mutation in each individual HNPCC family has been pre-
cisely detected and characterized [5, 22, 26, 57, 70, 73].
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Asin FAP, persons at risk of HNPCC in familiesin which
the disease-causing mutation has been identified, but who
arenon-mutation carriers, arerelieved from life-long clin-
ical screening for HNPCC associated tumors. The risk of
developing a spontaneous colorectal tumor is similar to
that in the general population and requires the screening
programs offered to the public. In addition to the undeni-
able psychological benefits, genetic testing even provides
asaving in terms of costs.

Clinical consegquences of a positive test result

Individuals who test positive face an elevated risk of de-
veloping colorectal cancer. The lack of aclear phenotypic
marker, such as polyposisin FAP and the accel erated con-
version rate from adenoma to carcinoma [73], raise the
question of whether thereis arole for prophylactic subto-
tal colectomy among HNPCC germline mutation carriers
[37]. Vasen et al. [75] have estimated the risk of develop-
ing carcinoma in a 40-year old male mutation carrier at
31.5% over a period of 35 years despite regular clinical
screening using colonoscopy alone or sigmoidoscopy in
combination with barium enemaand regular removal of all
developed polyps. These datawould clearly favor prophy-
lactic colectomy as a primary intervention in gene muta-
tion carriers.

On the other hand, the life-time risk for colorectal car-
cinomain HNPCC gene mutation carriersisdifficult to as-
sess, but it is clearly less than 100% and is still under dis-
cussion [17, 75]. Without exact data individual therapeu-
ticdecisionsintermsof prophylactic surgical interventions
aredifficult tomake. Furthermore, despite prophylactic co-
lectomy endoscopic explorations of the remaining rectum
must be performed at regular intervals since the risk of
rectal cancer is estimated at 3% every 3 years for the first
12 years after colectomy [63]. Female carriers of the mis-
match repair gene mutation face an elevated risk of endo-
metrial cancer [17, 75], that would imply the necessity for
aprophylactic hysterectomy. In addition, avast number of
prophylactic surgical interventions are conceivableto rule
out all extracolonic cancer risks associated with HNPCC.
All these considerations might undermine the benefit de-
rived from prophylactic colectomy.

In conclusion, the benefits and disadvantages of pro-
phylactic surgery must be investigated in controlled clini-
cal studies on the basis of the identification of the disease-
causing genemutation. Clinical implicationsshould bedis-
cussed on an individual basis, with special consideration
to family history, compliance with a colonoscopic surveil-
lance program, and the social background of the individ-
ual mutation gene carrier. All gene carriers should be in-
formed about the entire range of available diagnostic and
therapeutic options before they make their final decision.

Diagnostic and therapeutic achievements of genetic
testing are generally restricted to individuals affected by
hereditary cancer syndromes. The majority of the popula-
tion bear no generally elevated risk of colorectal cancer.
However, since cancer is basically a genetic disease, the



394

risk of cancer varies between individuals. It is therefore
tempting to assess the role of low-penetrance germline
variations that might enhance individual cancer risk with-
out being apparent in the family history. Thereis a grow-
ing body of evidence that |ow-penetrance gene variations
predispose to cancer [8, 21]. Further research will show
the significance of this aspect for predictive diagnosisin
conjunction with preventive approaches for “sporadic’
colorectal cancer.
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