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Abstract
Introduction: Currently, there are two contrasting viewpoints on what drives the process of carcinogenesis. The genomic (DNA or

chromosomal) instability model contends that an increased mutation rate early in carcinogenesis is necessary for the multistage process,
while the somatic evolution model postulates that normal mutation rate with selective advantage and clonal expansion is sufficient to cause
cancer. Methods: Evidence from colorectal carcinoma (CRC) for and against the two models are compared and contrasted. Results: With
the exception of hereditary non-polyposis colorectal carcinoma (HNPCC) where DNA instability attributable to mismatch repair deficiency
is clearly demonstrated, the majority of CRC appear to progress through the selection of a series of mutations without the need of first
acquiring a mutator phenotype. Aneuploidy or chromosomal instability is more likely to be a consequence of non-random selection of
mutations in genes residing on the chromosome rather than the direct cause of cancer. Nevertheless, aneuploidy and / or DNA alterations
can lead to secondary instability, hence, contributing to the phenotypes associated with carcinoma. Conclusions: Present knowledge, thus,
points to multiple, mutually non-exclusive pathways for different cancer populations, further emphasising tumour heterogeneity.
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Introduction

The hypothesis that carcinogenesis occurs through
stepwise accumulation of mutations1 has now been generally
accepted. However, there is continual dispute over how
carcinogenesis can be achieved over the lifetime of an
individual. Proponents of the genomic instability model
contend that spontaneous mutation rate in somatic cells is
not sufficient to account for the multiple mutations observed
in tumours, and that an early step in tumour progression is
the acquisition of an increased mutation rate or the ‘mutator
phenotype’.2-4 Conversely, carcinogenesis is viewed as a
process of somatic evolution.5,6 Tumour growth is initiated
by mutation that confers selective advantage to the cell
which then expands clonally. Successive advantageous
mutations are selected, each followed by waves of clonal
expansion. This is shown to be both necessary and sufficient
for carcinogenesis and there is no necessity for an increased
mutation rate.5

We review here evidence from colorectal carcinoma
(CRC) for and against the two models and conclude that the
two apparently disparate views can be reconciled in a

manner that provides insight into mechanisms underlying
the carcinogenesis process.

Genomic Instability Model

The proponents of this model argued that most cancers
are inherently unstable and that the instability exists at two
distinct levels.4,7 In a small subset of tumours, the instability
occurs at the DNA or nucleotide level. For the majority of
tumours, the instability is observed at the chromosomal
level, resulting in aneuploidy.

The best evidence for DNA instability occurring early in
tumourigenesis comes no doubt from the dominantly
inherited hereditary non-polyposis colorectal carcinoma
(HNPCC) which constitutes about 5% to 10 % of all CRC.
HNPCC patients have few polyps in their colon but
nevertheless have an accelerated rate of CRC.8 They also
have increased rates of endometrial, urinary and ovarian
tumours. In 1993, it was discovered that HNPCC patients
exhibit replication error (RER) or microsatellite instability
(MI) phenotype9,10 which is characteristic of mutation in a
class of DNA repair genes called mismatched repair (MMR).
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When the MMR genes are mutated, there is no repair of
replication slippage which occurs frequently at regions of
mono-, di- or trinucleotide repeats and this causes replication
error and hence increased mutation rate. Since then, at least
six human MMR genes have been cloned by virtue of their
homology to the bacteria and yeast genes.11-15 The hMSH22
and hMLH1 genes account for the majority of the HNPCC
defects (65%) while the hPMSH1 and hPMSH2 genes
account for another 10%. RER in HNPCC tumours is
shown to be an early phenomenon, commonly occurring at
the adenoma stage.10,16,17

Increasing evidence suggest that carcinogenesis in
HNPCC patients progress along a pathway different from
that initiated by the inactivation of the adenomatous
polyposis coli (APC) tumour suppressor gene (Fig. 1). One
study16 has indicated that HNPCC tumours have
significantly less mutations in APC, p53 and k-RAS but
significantly more transforming growth factor β-receptor
type II (TGFβRII) mutations than non-HNPCC tumours.
Another study18 has shown that concomitant occurrence of
APC and TGFβRII mutations in RER tumours is rare.
Nevertheless, one study19 showed that about equal number
(50%) of RER and non-RER CRC tumours have mutations
in the APC gene, though RER tumours have significantly
more frameshift mutations which are indicative of cells
deficient in DNA mismatch repair. The authors concluded
that the RER phenotype precedes, and is responsible for the
APC mutation in RER tumours. They, however, have not
made a distinction between HNPCC and non-HNPCC
RER tumours. Therefore, it is as yet unclear whether the
majority of the HNPCC tumours initiate with mutation in
the APC gene. The literature is also confounded by the
varying definitions of RER by different authors.20-22

Interestingly, a recent study23 has found a high frequency
of β-catenin mutation in HNPCC tumours without APC
mutation indicating that mutation in the former may
substitute for the latter in the initiation of HNPCC
tumourigenesis.

The genomic instability model predicts that the majority

of the CRC without DNA instability have chromosomal
instability or aneuploidy.4 Indeed, a large proportion of,
though not all, non-RER tumours are aneuploid (see section
below). Recently, Rasnick and Duesberg24 put forward an
argument that complex and diverse cancer phenotypes are
due to aneuploidy over a certain threshold. The authors
argued that there is as yet no functional proof that any one
or a combination of the 7 genetic mutations said to cause
CRC can generate cancer specific phenotypes such as de-
differentiation, invasiveness, metastasis, abnormal
morphology and metabolism and genetic instability
compared with normal cells. Aneuploidy, in contrast,
results in massive changes in dosage of gene products that
can alter the physiology and metabolism of cells resulting
in these phenotypes. They further argued in their
mathematical model that it is the fraction of the genome
undergoing differential expression (that is, extent of
aneuploidy) and not the magnitude of the differential
expression that controls the phenotypic transformation.

Though the aneuploid model is attractive, it nevertheless
does not provide convincing evidence on how aneuploidy
occurs and more importantly how it is maintained or
accumulated in the cell to a threshold to cause cancer. A
whole range of genetic defects can lead to aneuploidy
including those involved in centrosome replication,25-28

mitotic ‘checkpoints’29-31 and sister chromatid cohesion
and cleavage.32,33 The fact that so many diverse genetic
defects can lead to chromosomal instability suggests a
heterogeneous basis for aneuploidy.7 This lends support to
the somatic evolution model that contends that aneuploidy
is a ‘bystander’ or ‘hitch-hiker’ to some other functions for
which the diverse genes have been selected (see section
below). Besides, aneuploidy alters gene dosage, not gene
function, while ‘function-changing’ mutations are necessary
for carcinogenesis.34 It is also inconceivable that a cell with
a heavy aneuploidy load does not die by apoptosis if there
is no selective advantage to maintain it. The model also
implies that aneuploidy occurs in a random fashion.35 There
are evidence to show that chromosomal gains and losses in

Fig. 1. A modified multistage colorectal carcinogenesis model. Two distinct genetic pathways can be delineated. One pathway is for sporadic CRC and FAP; the other is for HNPCC.
The genes/chromosomes listed are by no means exhaustive and there are many missing links denoted by question marks.
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CRC: colorectal carcinoma; APC: adenomatous polyposis coli; FAP: familial adenomatous polyposis; HNPCC: hereditary non-polyposis colorectal carcinoma;
MMR: mismatched repair; TGFβRII: transforming growth factor β-receptor type II; RER: replication error
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CRC are not random. A recent study utilising comparative
genomic hybridisation analysis36 has shown that progression
from adenoma to carcinoma is associated with non-random
gain of chromosome 13q, 20q and 8q, thus suggesting the
relative importance of oncogenes residing on these
chromosomal arms.

Somatic Evolution Model

This model contends that carcinogenesis is an
evolutionary process at the somatic level, in which the
population is composed of cells within the tumour.
Mutations occur at random and natural selection acts to
increase the frequency of advantageous mutations in the
population. Given that the rate of cell turnover (the whole
intestinal epithelium replaces itself approximately every 3
to 4 days) far exceeds the net rate of tumour growth (which
on average takes 20 or more years in sporadic tumours),
and the existence of clonal expansion, there is no necessity
to evoke a raised mutation rate to explain tumourigenesis:6

selection is both necessary and sufficient. The power of
selection is eloquently demonstrated in the observation34

that the A10 tract of the TGFβRII in RER CRC, but not
RER endometrial cancer, is frequently mutated, showing
that despite being hypermutable, selection pressure probably
keeps the gene intact in the latter. Besides, a raised mutation
rate or genomic instability does not in itself cause cancer.
It can accelerate the carcinogenesis process (as has been
shown in the HNPCC tumours), but it is not necessary for
it to occur.

RER tumours, which reflect an underlying DNA or
nucleotide instability, constitute about 10% of all sporadic
CRC.22 Several studies, however, have shown that RER is
rare in adenomas, even in those that are larger than
1 cm.10,16,37,38 This leads to the suggestion that, in contrast to
HNPCC tumours, RER in sporadic colonic neoplasia occurs
at the late adenoma or early carcinoma stage. In one study,16

95% of HNPCC tumours at all stage showed RER while
RER in FAP and sporadic tumours increased from 3% in
adenoma to 24% in invasive carcinoma to 35% in liver
metastasis, indicating that RER occurs from an early stage
in HNPCC but in a later stage in non-HNPCC tumours. A
recent study39 also showed no significant increase of
frameshift or short repeats mutations, which are
characteristics of an underlying MMR deficiency, in the
APC locus for the sporadic RER tumours compared to the
non-RER tumours. This suggests that, contrary to HNPCC
tumours, RER occurs after APC mutation for the sporadic
tumours. In addition, a number of studies have concurred
that the majority of the RER sporadic tumours do not have
mutation in the MMR genes.16,22,40-42 In one study,16 only 6%
of RER non-HNPCC tumours had mutation in either
hMSH2 or hMLH1 gene. A later study22 found no evidence
of mutation in MSH2, MLH1, MSH3 or MSH6 genes in the

sporadic RER tumour specimens (which the authors defined
as ‘mild RER’). Taken together, current evidence indicate
that RER in sporadic CRC is not only occurring later than
in HNPCC tumours, but is also likely to involve other
genes and tumourigenic pathway.

Though aneuploidy is common in CRC, several studies43,44

have found that a substantial proportion of the tumours
(about 20%) are both non-RER and non-aneuploid i.e.
diploid, suggesting that neither form of genomic instability
can be evoked to explain the formation of these tumours.
Furthermore, while a balanced gain or loss of chromosome
has been shown36 in diploid tumours (including all adenomas
studied), evidence has shown that gross changes in
chromosome numbers (i.e. aneuploidy) occur late in the
adenoma-carcinoma sequence. Aneuploidy is shown to be
significantly more frequent in dysplastic adenomas than
non-dysplastic adenomas.45 This result is confirmed in a
more recent study that shows a highly significant positive
correlation between aneuploidy and adenoma size,
architecture, and grade of dysplasia.46

Thus, DNA or chromosomal instability, if it occurs, is
probably relatively late in most sporadic CRC and
contributes only to secondary instability that helps to
explain the various cancer phenotypes alluded to earlier.24

While the somatic evolution model contends that selection
alone is sufficient for carcinogenesis to occur, in reality,
the majority of the CRC probably acquire an increased
mutation rate (e.g. through mutation in p53, RER or
aneuploidy) as carcinogenesis progresses. Using the
technique of inter-(simple sequence repeat) PCR, one
recent study47 had shown that genomic destabilisation was
considerably more prevalent than expected in sporadic
CRC. The mean genomic alterations per carcinoma cell
was estimated to be approximately 11,000 and the degree
of instability in a limited number of polyps (albeit of
unknown sizes) was only slightly less than that in the
corresponding tumours. These results support the contention
that genomic instability has a role to play in accelerating
somatic cell evolution. With the exception of HNPCC,
however, genomic instability is unlikely to be present
when tumour initiates and therefore not necessary for
tumour initiation.

A Modified Multistage Model for Colorectal Carcino-
genesis

Based on the evidence reviewed, we present a modified
multistage model of colorectal carcinogenesis (Fig. 1).
However, it should be stressed that this is just a framework
to aid us in understanding a very complicated process of
which there are still many missing links and should be
treated as such. For simplicity, the role of modifier genes
and the environment, notably diet,48 which may affect
carcinogenesis through mechanisms such as selection of
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apoptosis resistant clones,49 will not be discussed. Similarly,
the role of methylation or epigenetic changes in
carcinogenesis, which is another controversial issue, will
not be addressed here.50

The majority of the sporadic tumours are initiated by
mutation in the APC locus.8 Alternatively, β-catenin, the
target for APC inactivation in the T-cell transcription factor
(Tcf) signalling pathway, has been shown to be able to
substitute for APC mutation in half of the sporadic CRC
tumours lacking detectable APC mutation.51 Two hits of
either gene are required for tumour initiation. Activation of
the k-Ras oncogene followed by the loss of heterozygosity
in chromosome 18q or mutations in the Smad genes34 allow
tumour progression to the late adenoma stage. At this stage,
the non-random selection of other oncogenes (yet to be
determined), which causes chromosomal segregation or
mitotic spindle defects in addition to conferring growth
advantage, can lead to the initiation of aneuploidy. In the
case of RER sporadic tumours, mutation in genes other
than the MMR (such as DNA polymerase)52 could occur
here. Mutation in the p53 gene could also lead to secondary
genomic instability.53 It is this instability that transforms
adenoma to carcinoma and contributes to the various
cancer phenotypes (Fig. 1). These different mechanisms
for generating instability are not necessarily mutually
exclusive and could be complementary. The transformation
of localised carcinoma to metastasis requires the activation
or mutation of a whole series of other genes.54 Genes
involved in cell-cycle, such as c-myc,55-57 p2758-61 or cyclin
D1,62-64 have been shown to be deregulated in CRC,
contributing to tumour progression and metastasis. The
involvement of NM23 in metastasis suppression, however,
is questioned in a recent study,65 as NM23 expression was
not significantly correlated to the 5-year overall survival of
CRC patients.

The initiation of carcinogenesis in familial adenomatous
polyposis (FAP) patients through the inheritance of a
germline mutation and an acquired somatic mutation in
APC is well documented.8,66-68 However, no β-catenin
mutation was found in FAP patients without detectable
APC germline mutation.69,70 It is therefore likely that
germline mutation in β-catenin is lethal and cannot substitute
for APC mutation in the initiation of tumourigenesis for
FAP patients. Interestingly, a recent study71 found that
allelic loss in APC is a more common ‘second hit’ than
truncating mutations in FAP patients with germline
mutations between codons 1250 and 1450. This implies
that spontaneous changes that lead to allele loss could
occur more frequently, thus raising the somatic mutation
rate in these patients and contributing to disease severity.
Hence, for FAP, an increased mutation rate (albeit by a yet
unknown mechanism), dependant on the selective

advantage of the first hit in APC, could have occurred as
early as the second hit in APC. Other than the mechanism
of initiation which explains the difference in the number of
adenomas in FAP and sporadic CRC, carcinogenesis in
FAP is thought to follow essentially the same pathway as
the sporadic CRC8 (Fig. 1).

For HNPCC patients with germline mutation in MMR,
the probability of getting another hit in the same MMR
gene is higher than getting 2 hits in a tumour suppressor
gene. Thus, the intrinsic mutation rate in these patients is
probably raised before tumour initiation. Nevertheless, 2
hits in a tumour suppressor gene (APC, β-catenin or other
candidate gene—see section on genomic instability) are
still necessary for tumour initiation as MMR gene increases
the general mutation rate of the cell, but cannot initiate
tumourigenesis by itself.5 HNPCC patients are also known
to have higher frequency of mutations in genes other than
those normally mutated in the sporadic pathway such as
TGFβRII and conversely, lower mutation rate in genes
such as k-Ras and p53.16 It is likely that hypermutability
results in more frequent mutations in genes with simple
repeats tracts (such as TGFβRII) than corresponding genes
in the same pathway (such as the Smad genes) for the
sporadic CRC.34 It has been shown that TGFβRII gene
alterations are early events in HNPCC tumourigenesis17

but a relatively late event in sporadic CRC and even then,
it is restricted to those with extensive RER.37 HNPCC
tumours have also been shown to be generally diploid and
have better prognosis.43,72,73 Thus, HNPCC tumours
probably progress along a pathway distinct from the sporadic
CRC (Fig. 1). Some studies have suggested that the
acquisition of MMR deficiency could have precluded
other mechanisms of instability such as aneuploidy and
p53 mutation.4 It is not yet clear whether the mechanisms
of metastasis are also precluded, hence, resulting in better
prognosis of these tumours.

Not much is really known about the genetic pathways of
other related syndromes, such as the ulcerative colitis
associated colorectal cancer,74 hereditary mixed polyposis
syndrome75 and mixed hyperplastic adenomatous
polyposis,76 which together account for less than 5% of the
total incidence of all cases of CRC, and hence, they will not
be reviewed here.

Conclusion

Despite our desire to reduce the carcinogenesis process
into simple linear models for ease of comprehension,
current evidence point to the existence of complex, mutually
non-exclusive pathways for different cancer populations.
This serves to remind us again that carcinogenesis is
essentially a very heterogeneous process and that it is
important not to take a simplistic approach. Although



May 2000, Vol. 29 No. 3

335Genetics in Colorectal Carcinomas— P Y Cheah et al

REFERENCES

1. Fearon E R, Vogelstein B. A genetic model for colorectal tumorigenesis.
Cell 1990; 61:759-67.

2. Loeb L A. Mutator phenotype may be required for multistage carcino-
genesis. Cancer Res 1991; 51:3075-9.

3. Loeb L A. Microsatellite instability: marker of a mutator phenotype in
cancer. Cancer Res 1994; 54:5059-63.

4. Lengauer C, Kinzler K W, Vogelstein B. Genetic instability in colorectal
cancers. Nature 1997; 386:623-7.

5. Tomlinson I P M, Novelli M R, Bodmer W F. The mutation rate and
cancer. Proc Natl Acad Sci U S A 1996; 93:14800-3.

6. Tomlinson I, Bodmer W. Selection, the mutation rate and cancer:
ensuring that the tail does not wag the dog. Nat Med 1999; 5:11-2.

7. Lengauer C, Kinzler K W, Vogelstein B. Genetic instabilities in human
cancers. Nature 1998; 396:643-9.

8. Kinzler K W, Vogelstein B. Lessons from hereditary colorectal cancer.
Cell 1996; 87:159-70.

9. Aaltonen L A, Petlomaki P, Leach F, Sistonen P, Pylkkanen L, Mecklin
J P, et al. Clues to the pathogenesis of familial colorectal cancer. Science
1993; 26:812-6.

10. Aaltonen L A, Peltomaki P, Mecklin J P, Jarvinen H, Jass J R, Green J
S, et al. Replication errors in benign and malignant tumors from
hereditary nonpolyposis colorectal cancer patients. Cancer Res 1994;
54:1645-8.

11. Leach F S, Nicolaides N C, Papadopoulos N, Liu B, Jen J, Parsons R, et
al. Mutation of a mut S homolog in hereditary nonpolyposis colorectal
cancer. Cell 1993; 75:1215-25.

12. Bronner C E, Baker S M, Morrison P T, Warren G, Smith L G, Lescoe
M K, et al. Mutation in the DNA mismatch repair gene homologue
hMLH1 is associated with HNPCC. Nature 1994; 368:258-61.

13. Papadopoulos N, Nidolaides N C, Wei Y F, Ruben S M, Carter K C,
Rosen C A, et al. Mutation of a mut L homolog in hereditary colon
cancer. Science 1994; 263:1625-9.

14. Nicolaides N C, Papadopoulos N, Liu B, Wei Y F, Carter K C, Ruben
S M, et al. Mutations of two PMS homologues in heritable nonpolyposis
colorectal cancer. Nature 1994; 371:75-80.

15. Acharya S, Wilson T, Gradia S, Kane M F, Guerrette S, Marsischky G
T, et al. hMSH2 forms specific mispair-binding complexes with hMSH3
and hMSH6. Proc Natl Acad Sci USA 1996; 93:13629-34.

16. Konishi M, Kikuchi-Yanoshita R, Tanaka K, Muraoka M, Onda A,
Okumura Y, et al. Molecular nature of colon tumors in hereditary
nonpolyposis colon cancer, familial polyposis, and sporadic colon
cancer. Gastroenterology 1996; 111:307-17.

17. Akiyama Y, Iwanaga R, Saitoh K, Shiba K, Ushio K, Ikeda E, et al.
Transforming growth factor  type II receptor gene mutation in adenomas
from hereditary nonpolyposis colorectal cancer. Gastroenterology 1997;
112:33-9.

18. Olschwang S, Haemlin R, Laurent-Puig P, Thuille B, de Rycke Y, Li Y
J, et al. Alternative genetic pathways in colorectal carcinogenesis. Proc
Natl Acad Sci U S A 1996; 94:12122-7.

19. Huang J, Papadopoulos N, McKinley A, Farrington S M, Curtis L J,
Wyllie A H, et al. APC mutations in colorectal tumors with mismatch

repair deficiency. Proc Natl Acad Sci U S A 1996; 93:9049-54.

20. Bocker T, Diermann J, Friedl W, Gebert J, Holinski-Feder E,
Karner-Hanusch J, et al. Microsatellite instability analysis: a multicenter
study for reliability and quality control. Cancer Res 1997; 57:4739-43.

21. Dietmaier W, Wallinger S, Bocker T, Kullmann F, Fishel R, Ruschoff
J. Diagnostic microsatellite instability: definition and correlation with
mismatch repair protein expression. Cancer Res 1997; 57:4749-56.

22. Percesepe A, Kristo P, Aaltonen L A, de Leon M P, de la Chapelle A,
Peltomaki P. Mismatch repair genes and mononucleotide tracts as
mutation targets in colorectal tumors with different degree of
microsatellite instability. Oncogene 1998; 17:157-63.

23. Miyaki M, Iijima T, Kimura J, Yasuno M, Mori T, Hayashi Y, et al.
Frequent mutation of β-catenin and APC genes in primary colorectal
tumors from patients with hereditary nonpolyposis colorectal cancer.
Cancer Res 1999; 59:4506-9.

24. Rasnick D, Duesberg P H. How aneuploidy affects metabolic control
and causes cancer. Biochem J 1999; 340:621-30.

25. Zhou H, Kaang J, Zhong L, Kuo W L, Gray J W, Sahin A, et al. Tumor
amplified kinase STK15/BTAK induces centrosome amplification,
aneuploidy and transformation. Nat Genet 1998; 20:189-93.

26. Hinchcliffe E H, Li C, Thompson E A, Maller J L, Greenfield S.
Requirement of Cdk2-Cyclin E activity for repeated centrosome repro-
duction in Xenopus egg extracts. Science 1999; 283:851-4.

27. Lacey K R, Jackson P K, Stearns T. Cyclin-dependent kinase
control of centrosome duplication. Proc Natl Acad Sci USA
1999; 96:2817-22.

28. Freed E, Lacey K R, Huie P, Lyapina S A, Deshaires R J, Stearns T, et
al. Components of an SCF ubiquitin ligase localize to the centrosome
and regulate the centrosome duplication cycle. Genes Dev
1999; 13:2242-57.

29. Elledge S J. Cell cycle checkpoints: preventing an identity crisis.
Science 1996; 274:1664-72.

30. Paulovich A G, Toczyski D P, Hartwell L H. When checkpoints fail. Cell
1997; 88:315-21.

31. Cahill D P, Lengauer C, Yu J, Riggins G J, Willson J K V, Markowitz
S D, et al. Mutations of mitotic checkpoint genes in human cancers.
Nature 1998; 392:300-3.

32. Hirano T. SMC-mediated chromosomal mechanics: a conserved scheme
from bacterial to vertebrates? Genes Dev 1999; 13:11-9.

33. Uhlmann F, Lottspeich F, Nasmyth K. Sister-chromatid separation at
anaphase onset is promoted by clevage of the cohesin subunit Scc1.
Nature 1999; 400:37-42.

34. Ilyas M, Straub J, Tomlinson I P M, Bodmer W F. Genetic pathways in
colorectal and other cancers. Eur J Cancer 1999; 35:335-51.

35. Duesberg P. Are centrosomes or aneuploidy the key to cancer. Science
1999; 284:2091-2.

36. Meijer G A, Hermsen M A J A, Baak J P A, van Diest P J, Meuwissen
S G M, Belien J A M, et al. Progression from colorectal adenoma to
carcinoma is associated by comparative genomic hybridization. J Clin
Pathol 1998; 51:901-9.

37. Samowitz W S, Slattery M L. Transforming growth factor  receptor type
2 mutations and microsatellite instability in sporadic colorectal ad-
enomas and carcinomas. Am J Pathol 1997; 151:33-5.

38. Samowitz W S, Slattery M L. Regional reproducibility of microsatellite
instability in sporadic colorectal cancer. Genes Chromosomes Cancer
1999; 26:106-14.

39. Homfray T F R, Cottrell S E, Ilyas M, Rowan A, Talbot I C, Bodmer W
F, et al. Defects in mismatch repair occur after APC mutations in the
pathogenesis of sporadic colorectal tumors. Hum Mut 1998; 11:114-20.

40. Liu B, Nicolaides N C, Markowitz S, Willson J K V, Parson R E, Jen J,
et al. Mismatch repair gene defects in sporadic colorectal cancers with

tremendous progress has been made since the multistage
model of carcinogenesis was first proposed a decade ago,
much effort is still needed to fill the gaps in our quest for
the whole picture.



336

Annals Academy of Medicine

Genetics in Colorectal Carcinomas—P Y Cheah et al

microsatellite instability. Nat Genet 1995; 9:48-55.

41. Moslein G, Tester D J, Llindor N M, Honchel R, Cunningham J M,
French A J, et al. Microsatellite instability and mutation analysis of
hMSH2 and hMLH1 in patients with sporadic, familial and hereditary
colorectal cancer. Hum Mol Genet 1996; 5:1245-52.

42. Bubb V J, Curtis L J, Cunningham C, Dunlop M G, Carothers A D,
Morris R G, et al. Microsatellite instability and the role of hMSH2 in
sporadic colorectal cancer. Oncogene 1996; 12:2641-9.

43. Bocker T, Schlegel J, Kullmann F, Stumm G F, Zirngibl H, Epplen J T,
et al. Genomic instability in colorectal carcinomas: comparison of
different evaluation methods and their biological significance. J Pathol
1996; 179:15-9.

44. Yao J, Eu K W, Seow-C F, Vijayan V, Cheah P Y. Microsatellite
instability and aneuploidy rate in young colorectal cancer patients do
not differ significantly from those in older patients. Int J Cancer 1999;
80:667-70.

45. Goh H S, Jass J R. DNA content and the adenoma-carcinoma sequence
in the colorectum. J Clin Pathol 1986; 39:387-92.

46. Saraga E, Bantista D, Dorta G, Chanbert P, Martin P, Sordat B, et al.
Genetic heterogeneity in sporadic colorectal adenomas. J Pathol 1997;
181:281-6.

47. Stoler D L, Chen N, Basik M, Kahlenberg M S, Rodriguez-Bigas M A,
Petrelli N J, et al. The onset and extent of genomic instability in sporadic
colorectal tumor progression. Proc Natl Acad Sci USA 1999; 96:
15121-6.

48. Cheah P Y. Hypotheses for the etiology of colorectal cancer: an
overview. Nutr Cancer 1990; 14:5-13.

49. Bernstein C, Bernstein H, Garewal H, Dinning P, Jabi R, Sampliner R,
et al. A bile acid-induced apoptosis assay for colon cancer risk and
associated quality control studies. Cancer Res 1999; 59:2353-7.

50. Counts J I, Goodman J I. Alterations in DNA methylation may play a
variety of roles in carcinogenesis. Cell 1995; 83:13-5.

51. Sparks A B, Morin P J, Vogelstein B, Kinzler K W. Mutational analysis
of the APC/β-catenin/Tcf pathway in colorectal cancer. Cancer Res
1998; 58:1130-4.

52. Costa L T, Liu B, El-Deiry W S, Hamilton S R, Kinzler K, Vogelstein
B, et al. Polymerase δ variants in RER colorectal tumors. Nat Genet
1995; 9:10-1.

53. Hartwell L. Defects in a cell cycle checkpoint may be responsible for the
genomic instability of cancer cells. Cell 1992; 71:543-6.

54. Ruiz P, Gunthert U. The cellular basis of metastasis. World J Urol 1996;
14:141-50.

55. He T C, Sparks A B, Rago C, Hermeking H, Zawel L, de Costa L T, et
al. Identification of c-myc as a target of the APC pathway. Science 1998;
281:1509-12.

56. Perez-Roger I, Solomon D L C, Sewing A, Land H. Myc activation of
cyclin E/cdk2 kinase involves induction of cyclin E gene transcription
and inhibition of p27 kip1 binding to newly formed complexes. Oncogene
1997; 14:2373-81.

57. Muller D, Bouchard C, Rudolph B, Steiner P, Stuckmann I, Saffrich R,
et al. Cdk-2 dependent phosphorylation of p27 facilitates its myc-
induced release from cyclin E/cdk2 complexes. Oncogene 1997; 15:
2561-76.

58. Steeg P S, Abrams J S. Cancer prognostics: past, present and p27. Nat
Med 1997; 3:152-4.

59. Loda M, Cukor B, Tam S W, Lavin P, Fiorentino M, Draetta G, et al.
Increased proteasome-dependent degradation of the cyclin-dependent

kinase inhibitor p27 in aggressive colorectal carcinomas. Nat Med
1997; 3:231-4.

60. Thomas G V, Szigeti K, Murphy M, Draetta G, Pagano M, Loda M.
Down-regulation of p27 is associated with development of colorectal
adenocarcinoma metastases. Am J Pathol 1998; 153:681-7.

61. Yao J, Eu K W, Seow-C F, Cheah P Y. Down-regulation of p27 is a
significant predictor of poor overall survival and may facilitate metasta-
sis in colorectal carcinomas. Int J Cancer 2000 (In press).

62. Maeda K, Chung Y S, Kang S M, Ogawa M, Onoda N, Nakata B, et al.
Overexpression of cyclin D1 and p53 associated with disease recurrence
in colorectal adenocarcinoma. Int J Cancer 1997; 74:310-5.

63. Arber N, Doki Y, Han E K H, Sgambato A, Zhou P, Kim N H, et al.
Antisense to cyclin D1 inhibits the growth and tumorigenicity of human
colon cancer cells. Cancer Res 1997; 57:1569-74.

64. Fredersdorf S, Burns J, Milne A M, Packham G, Fallis L, Gillett C E, et
al. High level expression of p27kip1 and cyclin D1 in some human
breast cancer cells: inverse correlation between the expression of
p27kip1 and degree of malignancy in human breast and colorectal
cancers. Proc Natl Acad Sci USA 1997; 94:6380-5.

65. Cheah P Y, Cao X, Eu K W, Seow-C F. NM23-H1 immunostaining is
inversely associated with tumor staging but not overall survival or
disease recurrence in colorectal carcinomas. B J Cancer 1998; 77:
1164-8.

66. Miyoshi Y, Ando H, Nagase H, Nishisho I, Horii A, Miki Y, et al.
Germline mutation of the APC gene in 53 familial adenomatous
polyposis patients. Proc Natl Acad Sci USA 1992; 82:4452-6.

67. Miyaki M, Konishi M, Kikuchi-Yanoshita R, Enomoto M, Igari T,
Tanaka K, et al. Characteristics of somatic mutation of the adenomatous
polyposis coli gene in colorectal tumors. Cancer Res 1994; 54:
3011-20.

68. Laurent-Puig, Beroud C, Soussi T. APC gene: database of germline and
somatic mutation in human tumors and cell lines. Nuclei Acids Res
1998; 26:270-3.

69. Cao X, Eu K W, Seow-C F, Cheah P Y. Germline mutations are frequent
in the APC gene but absent in the β-catenin gene in familial adenomatous
polyposis patients. Genes Chromosomes Cancer 1999; 25:396-8.

70. Dobbie Z, Muller H. Germline mutations in the β-catenin gene are not
associated with the FAP phenotype without an APC mutation. J Med
Genet 1999; 36:573-4.

71. Lamlum H, Ilyas M, Rowan A, Clark S, Johnson V, Bell J, et al. The type
of somatic mutation at APC in familial adenomatous polyposis is
determined by the site of the germline mutation: a new facet to
Knudson’s ‘two hit’ hypothesis. Nat Med 1999; 5:1071-5.

72. Lothe R A, Peltomaki P, Meling G I, Aaltonen L A, Nystrom-Lahti M,
Pylkkanen L, et al. Genomic instability in colorectal cancer: relation-
ship to clinicopathological variables and family history. Cancer Res
1993; 53:5849-52.

73. Thibodeau S N, Breu G, Schaid D. Microsatellite instability in cancer
of the proximal colon. Science 1993; 260:816-9.

74. Connell W R, Talbot I C, Harpaz N, Britto N, Wilkinson K H, Kamm M
A, et al. Clinicopathological characteristics of colorectal carcinoma
complicating ulcerative colitis. Gut 1994; 35:149-23.

75. Whitelaw S C, Murday V A, Tomlinson I P M, Thomas H J W, Cottrell
S, Ginsberg A, et al. Clinical and molecular features of the hereditary
mixed polyposis syndrome. Gastroenterology 1997; 112:327-34.

76. Longacre T A, Fenoglio-Preiser C M. Mixed hyperplastic adenomatous
polyps/serrated adenomas. A distinct form of colorectal neoplasia. Am
J Surg Pathol 1990; 14:524-37.


