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Abstract

Attempts to classify colorectal cancer into subtypes based upon molecular characterisation are overshadowed by the classical
stepwise model in which the adenoma-carcinoma sequence serves as the morphological counterpart. Clarity is achieved when can-
cers showing DNA microsatellite instability (MSI) are distinguished as sporadic MSI-low (MSI-L), sporadic MSI-high (MSI-H)
and hereditary non-polyposis colorectal cancer (HNPCC). Divergence of the ‘methylator’ pathway into MSI-L and MSI-H is at
least partly determined by the respective silencing of MGMT and hMLHI. Multiple differences can be demonstrated between
sporadic and familial (HNPCC) MSI-H colorectal cancer with respect to early mechanisms, evolution, molecular characterisation,
demographics and morphology. By acknowledging the existence of multiple pathways, rapid advances in the fields of basic and
translational research will occur and this will lead to improved strategies for the prevention, early detection and treatment of
colorectal cancer. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction: the classical pathway to colorectal
cancer

Mutation of 4PC may occur in the germline and give
rise to the autosomal dominant condition familial adeno-
matous polyposis (FAP) or it may occur somatically
and give rise to sporadic neoplasms through the ade-
noma—carcinoma sequence [1]. Neoplasms complicating
FAP have therefore been assumed to represent the
familial counterparts of sporadic or common colorectal
cancer. The only difference would be that neoplasia in
FAP was ‘one step ahead’ by virtue of the first mutation
existing in the germline. A subset of ‘sporadic’ colo-
rectal cancer may in fact be caused by low penetrant
APC polymorphisms in the germline, for example, at
11307K and E1317Q [2]. The magnitude of such occult
‘familial’ disease representing a ‘bridge’ between classi-
cal FAP and sporadic colorectal cancer is unknown.

FAP has therefore served as the model for the well
established pathway to colorectal cancer implicating
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alteration of APC followed by K-ras, genes on chro-
mosome 18q and 7P53 [3]. Importantly, these genetic
alterations are demonstrated at the stage of adenoma
and reinforce the adenoma-carcinoma concept. APC,
DCC and TP53 are regarded as tumour suppressor
genes. Inactivation of the second copy is often by non-
disjunctional loss detected as loss of heterozygosity
(LOH). LOH is correlated with chromosomal aneu-
ploidy, but is also documented in diploid cancers that
are DNA microsatellite stable [4,5]. Chromosomal
instability is regarded as a prerequisite for the stepwise
development of the ‘suppressor’ pathway in which
mutation of APC is the initiating event [6]. This has
come to be viewed as the dominant evolutionary para-
digm for colorectal cancer. The possibility of alternative
routes of pathogenesis has received comparatively little
consideration [7].

In 1993, it was shown that hereditary non-polyposis
colorectal cancer (HNPCC) was caused by germline
mutation in a DNA mismatch repair gene. The two
most frequently affected genes are AMSH2 and hMLH]I.
Less frequently implicated are hMSH6 and hPMS2 [8—
13]. The biomarker for DNA repair deficiency is wide-
spread frameshift mutation evidenced by replication
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errors (RERs) in microsatellite markers, and known
also as the ‘mutator’ phenotype or more usually now as
DNA microsatellite instability (MSI) [14-16]. Among
colorectal cancers showing MSI, only a small subset
occurs in the context of HNPCC; most examples are
sporadic. It has been suggested that DNA instability
does not necessarily initiate a novel pathway, but its
early establishment would accelerate or act as a pro-
moting influence within the context of the classical
pathway [17-19]. This view fits with the demonstration
of MSI at the stage of adenoma in HNPCC [20,21].
Nevertheless, frameshift mutation in a short repetitive
sequence would be expected to be a frequent type of
somatic mutation in view of the nature of the under-
lying DNA repair defect. Indeed, it has been shown that
certain genes with short mononucleotide encoding runs
are targeted in place of the traditional genetic steps [22].
However, a foremost example, TGFbetaRII, is also
mutated in a proportion of non-MSI+ colorectal can-
cers [23].

2. A second pathway: fact or fiction

In recent years, some reports have reinforced the
concept of a single dominant pathway driven either by
chromosomal instability or by DNA instability [24-26].
In this single pathway model, the type of instability
might influence the profiles of genetic changes to a mild
degree, but not sufficiently to allow the recognition of
two independent pathways. Others argue that sporadic
MSI + cancers represent a distinct entity with a unique
profile of genetic changes and differing from micro-
satellite stable (MSS) cancers in terms of older age at
presentation, preponderance amongst females, proximal
colon predilection, tendency to multiplicity, reduced
metastatic potential, increased responsiveness to adju-
vant chemotherapy and several light microscopic differ-
ences including poor differentiation, mucinous
differentiation and lymphocytic infiltration [15,27-37].
What is the basis for these opposing views? Methodo-
logical explanations relate to the fact that cancers
showing DNA microsatellite instability fall into three
groups that must be recognised and studied separately:
(1) cancers with high level MSI (MSI-H), (2) cancers
with low level MSI (MSI-L) and (3) familial (HNPCC)
cancers that are MSI-H. The important distinction of
MSI-L versus MSI-H cancer will be briefly reviewed
before turning to the main topic of this paper.

3. Microsatellite instability: low versus high
When a series of colorectal cancers is studied with a

set of DNA microsatellite markers, those showing DNA
microsatellite instability are distributed bimodally with

a breakpoint at around 30-40% [28,32,38]. Cancers
with instability in less than 30-40% of markers are
termed as MSI-L and those with higher levels as MSI-H.
Mononucleotide markers are relatively stable and non-
polymorphic. Nevertheless, bandshifts occur with high
frequency (around 80%) in such markers as BAT2S,
BAT26, BAT34 and BAT40 in MSI-H cancers. In MSI-
L cancers, instability is essentially restricted to dinu-
cleotide and longer repeat markers [38]. Despite this
important qualitative difference between the MSI-L and
MSI-H status, many studies have included only dinu-
cleotide markers and have diagnosed MSI-H when
bandshifts are observed in only two of a panel of eight
or more markers. The widely advocated National Can-
cer Institute (NCI) panel includes three dinucleotide
markers and two mononucleotide markers [39]. The
dinucleotide markers were selected because of their
intrinsic instability and sensitivity to MSI-L status.
Using this panel, one is entitled to label a cancer as
MSI-H if bandshifts are observed in two dinucleotide
markers and no mononucleotide markers. It is ques-
tionable if such a cancer is genuinely MSI-H.

MSI-L cancers show a genetic profile similar to MSS,
but not MSI-H cancers [40,41]. K-ras mutation, TP53
mutation and LOH at 5q, 17p and 18q are frequent
genetic alterations. MSI-L cancers are mainly left sided
and are at least as aggressive as MSS cancers [28]. A
likely mechanism for MSI-L status is methylation and
silencing of the DNA repair gene O-6-methylguanine
DNA methyltransferase (MGMT) on the basis that
impaired removal of pro-mutagenic methylguanine
adducts is likely to overwhelm an intact DNA mismatch
repair system [42]. MSI-L cancers are fundamentally
different from MSI-H cancers. Failure to distinguish the
two groups adequately provides at least a partial expla-
nation for the insistence by some that MSI+ cancers do
not represent a distinct clinicopathological entity, but
this is not the whole explanation. As discussed below,
failure to distinguish between familial and sporadic
forms of MSI-H cancer is likely to be a confounder of
similar magnitude.

4. Defining hereditary non-polyposis colorectal cancer

Over the years, an autosomal dominant form of
inherited bowel cancer came to be distinguished from
FAP by the lack of premonitory signs (adenomas),
association with extracolonic neoplasia (uterus, stom-
ach, ovary, small intestine, pelviureter, brain and skin),
predilection for proximal colon and a number of histo-
pathological features [43]. The Lynch syndrome was
renamed as hereditary non-polyposis colorectal cancer
(HNPCC) and the Amsterdam criteria were developed
to facilitate the recognition of such families [44,45].
Some groups assumed that all autosomal dominant
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kindreds that fulfilled the Amsterdam could be grouped
under the term HNPCC. However, when cancers were
tested for MSI, only those families associated with MSI-
H cancers showed the features described by Lynch [46].
In families fulfilling the Amsterdam criteria, but lacking
MSI-H cancers the onset of colorectal cancer is at an
older age, and there is less cancer multiplicity, no pre-
dilection for the proximal colon, more numerous ade-
nomas and a lack of histological features of MSI-H
cancers (poor or mucinous differentiation and lympho-
cytic infiltration) [46,47]. Naturally enough, germline
mutations in DNA mismatch repair genes can only be
detected in families with MSI-H cancers [48]. HNPCC is
now used in the restricted sense implying an inherited
tendency to form cancers that are DNA repair-deficient
and not in a vague and confusing sense encompassing
all non-FAP colorectal cancer kindreds.

It was originally thought that an inherited basis might
underlie the development of all MSI-H colorectal can-
cers. HNPCC would then account for about 15% of
colorectal cancer. It soon became apparent that most
MSI-H cancers were sporadic and HNPCC was thought
to account for around 5% of bowel cancer. Population-
based studies in Finland found a lower figure of 2%
[49]. Given that the Finnish population includes very
large founder families with HNPCC and is not a high
risk country for colorectal cancer, even a 2% figure
could be inflated. Population-based studies in high-risk
regions for colorectal cancer suggest that the frequency
of HNPCC is less than 1% of all bowel cancer [50].
Population-based studies also turn up single case famil-
ies in which the traditional Lynch features of young age
at onset and proximal location may be lacking [50]. In
other words, full penetrance and pleiotropism is only
observed in classical HNPCC families. ‘Sporadic’ cases
that are in fact due to a germline mutation may there-
fore be grouped incorrectly with true sporadic cases
caused by somatic silencing of a DNA mismatch repair
gene. At least 90% of MSI-H colorectal cancers are
sporadic.

5. Defining sporadic or non-familial MSI-H colorectal
cancer

Absence of a germline mutation in a DNA mismatch
repair gene serves as the diagnostic gold standard for
sporadic MSI-H colorectal cancer, but for technical
reasons proof of an absent mutation is difficult to
achieve. Supporting evidence includes absence of a
family history of colorectal cancer and presentation at
an advanced age. Most sporadic MSI-H cancers are
caused by methylation and silencing of the DNA mis-
match repair gene hMLHI [51,52]. However, methyl-
ation of AMLH] is not specific, occurring in a subset
HNPCC and non-MSI-H colorectal cancers. Immuno-

histochemical loss of expression of AMSH2, hMSH6 or
hPMS?2 in isolation is reasonably strong evidence of a
germline mutation in the respective gene, although
somatic mutation is not excluded. Since the majority of
MSI-H colorectal cancers are sporadic, most studies
purporting to distinguish non-familial and HNPCC
colorectal cancer are likely to represent a reasonable
approximation to the truth, particularly when germline
mutation detection has been performed by denaturing
gradient gel electrophoresis, denaturing HPLC, direct
sequencing and by Southern blot, FISH or haploid
analysis to exclude large deletions. Under such circum-
stances, and when MSI-L cancers have been properly
excluded, most investigations into the molecular profile
of sporadic MSI-H cancers document the significantly
reduced frequency if not absence of mutation in APC,
K-ras and TP53 and loss of heterozygosity at 5q, 17p
and 18q [29,33,36,40,41]. Instead, mutations are descri-
bed in TGFbetaRIl, IGF2R, BAX, MSH3, MSH6, cas-
pase 5, E2F-4, Tcf-4, BCL-10, cdx-2, axin and hRADS50
[22,33,53—61]. Additionally, a number of normally
functioning genes are silenced by methylation. These
include HPPI and pl6 as well as AMLHI [62,63]. Most
sporadic MSI-H cancers show the CpG island methyl-
ator phenotype (CIMP) characterised by widespread
DNA hypermethylation [62].

Within the category of MSI-H colorectal cancer,
HNPCC and sporadic cases have been viewed as famil-
ial and non-familial counterparts of the same under-
lying pathological process (analogous to FAP and
sporadic microsatellite stable colorectal cancer). There
is now evidence that HNPCC and sporadic MSI-H
cancers differ in terms of demographic features, histo-
genesis, molecular profiles and microscopic morphology
and should therefore be studied separately. There are
two situations in which HNPCC cancers may enrich a
series of MSI-H cancers artificially. The first relates to
cancer cell lines. In theory, most should be derived from
sporadic MSI-H cancers. In practice, one of the princi-
pal reasons why colorectal cell lines have been estab-
lished over the years is to study cancer genetics.
Therefore, cancers from subjects in their eighth decade
(the mean age of presentation of sporadic MSI-H can-
cers) are likely to be underrepresented in cell line
libraries. MSI-H cell lines should be assumed to be
HNPCC-derived, unless proved otherwise. Certainly
this would explain the high frequency of 4 PC mutations
in these cell lines that is not seen in DNA samples
obtained from sporadic MSI-H cancers.

The second situation in which HNPCC cancers could
inadvertently enrich a series of MSI-H cancers is more
speculative. It is possible, however, that sporadic MSI-
H cancers are underrepresented in traditionally low risk
regions for colorectal cancer, while germline mutations
in DNA mismatch repair genes may be less penetrant
allowing HNPCC cancers to present at an older age and
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as single cases within families. In Japan, the molecular
and pathological profiles of ‘sporadic’ MSI-H cancers
are more consistent with HNPCC than genuinely
sporadic MSI-H cancers (see below). Specific examples
include the relative lack of mucinous differentiation and
the presence of mutations in APC and TP53 [25,64]. It
has been suggested that large hyperplastic polyps in the
proximal are the precursors of sporadic MSI-H cancers
[65,66]. Risk factors for large proximal hyperplastic
polyps include female gender and high body mass index
[67]. Risk factors for MSI-H cancers include smoking
and female gender [68,69]. Smoking and obesity are not
features of elderly female Japanese and could therefore
account for sporadic MSI-H cancers being under-
represented in this population. It is possible, however,
that a separate pathway via flat adenoma accounts for
sporadic MSI-H cancer in Japan [25,70]. This fits with
the low frequency of K-ras mutation and high frequency
of mutations in APC and TP53 in apparently sporadic
examples of MSI-H cancer in Japan [25].

6. Histogenesis of familial versus non-familial MSI-H
colorectal cancer

There is good evidence to support the traditional
adenoma-carcinoma sequence in HNPCC:

1. Demonstration of adenomas in young subjects
with HNPCC [71].

2. Demonstration of early cancer in adenomas
(malignant polyps) [72].

3. Demonstration of residual adenoma adjacent to
advanced cancer [73].

4. Demonstration of MSI and loss of expression of
a DNA mismatch repair gene congruent with the
underlying germline mutation in adenomas [21].

5. Prevention of cancer by adenoma removal [74].

Nevertheless, the adenoma-carcinoma differs from
the traditional paradigm insofar as individual adenomas
show a high rate of conversion to carcinoma and over a
relatively short period of time. The clinical evidence for
this assertion is the high frequency of interval cancers
presenting between regular colonoscopic screening [75],
the low adenoma:carcinoma ratio [47] and the high fre-
quency of adenomas with high grade dysplasia and/or
villous change [71]. Early establishment of DNA
instability is the likely basis for this rapid progression.
The earliest morphological change in HNPCC is the
microscopic aberrant crypt focus (ACF) which may be
hyperplastic or dysplastic. MSI occurs in both types of
ACEF [76].

Despite the greater frequency of sporadic MSI-H
versus HNPCC colorectal cancer, sporadic adenomas

showing MSI-H are very uncommon [66,77]. Most, if
not all, sporadic adenomas showing MSI-H develop
within unsuspected cases of HNPCC [77]. A possible
explanation is the late establishment of MSI-H that
would then drive the rapid conversion of adenoma to
carcinoma. However, this could not be a traditional
adenoma since sporadic MSI-H cancers lack genetic
changes that are normally found at the stage of ade-
noma (implicating APC, K-ras and TP53). It is con-
ceivable that methylation of different genes susceptible
to this form of silencing could explain the origin of
sporadic MSI-H colorectal cancer. This appears to be
the case, but the expected changes occur within serrated
polyps and not traditional adenomas [65,66,78]. Ser-
rated polyps encompass epithelial polyps of the colo-
rectum showing crypt serration or infolding. These
include hyperplastic aberrant crypt foci, hyperplastic
polyps, mixed polyps and serrated adenomas. The adeno-
matous component of a mixed polyp may be either
traditional adenoma or serrated adenoma (or both) [79].

Features supporting the origin of sporadic MSI-H
cancers within serrated polyps include:

1. Demonstration of MSI-H and loss of immuno-
histochemical expression of AMLHI within ser-
rated polyps [65,66].

2. Demonstration of mutation in TGFbetaRII,
IGF2R, BAX, MSH3 and MSH6 in serrated
polyps [65].

3. Expression of gastric mucin MUC5AC by ser-
rated polyps and sporadic MSI-H colorectal
cancer [80].

4. Demonstration of serrated polyps and MSI-H
colorectal cancer in contiguity [65,81].

5. Overrepresentation of MSI-H colorectal cancer
in subjects with hyperplastic polyposis [65].

6. Demonstration of serrated architecture in spora-
dic MSI-H colorectal cancer [81].

7. Molecular profiles of familial versus non-familial
MSI-H colorectal cancer

Given the differences in the early morphogenesis of
familial and sporadic MSI-H colorectal cancer, one
would expect to observe matching differences in the
molecular profiles of the two pathways. Studies includ-
ing HNPCC cancers and/or MSI-H cell lines show evi-
dence of disruption of the wnt signalling pathway as
indicated by APC mutation [82,83], beta-catenin muta-
tion [84,85] or abnormal cytoplasmic and nuclear stain-
ing of beta-catenin (data not shown). Studies that focus
on sporadic MSI-H colorectal cancer show little evi-
dence of APC mutation [29,36], beta-catenin mutation
[36] or abnormal immunolocalisation of beta-catenin
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[41]. Most studies show a trend towards or significant
reduction of K-ras mutation in sporadic MSI-H cancers
[40,41], whereas K-ras mutation occurs at a higher fre-
quency in HNPCC [16,33]. These data fit with the dif-
fering routes of morphogenesis of familial versus
sporadic MSI-H colorectal cancer, specifically the tra-
ditional adenoma-carcinoma sequence in the former
and an alternative (serrated) route in the latter.

8. Demographics of familial versus non-familial MSI-H
colorectal cancer

Although HNPCC has long been known to show a
predilection for the proximal colon, up to 40% of can-
cers present in the left colon and rectum and rectal
cancers are a significant complication following total
colectomy and ileorectal anastomosis [86]. By contrast,
around 90% of sporadic MSI-H cancers occur in the
proximal colon [27]. HNPCC colorectal cancer is more
common in males, while females are more likely to
develop sporadic MSI-H colorectal cancer [69], despite
the association with cigarette smoking.[68]. Females are
more likely to show methylation of AMLHI [69], a key
mechanism in the genesis of sporadic MSI-H colorectal
cancer. Whereas HNPCC colorectal cancer occurs in
young subjects, sporadic MSI-H colorectal cancer is
more age-related than either MSS or MSI-L colorectal
cancer. The demographic data indicate the fundamental
distinction of familial and sporadic MSI-H colorectal
cancer.

9. Morphology of familial versus non-familial MSI-H
colorectal cancer

Fifty-one primary colorectal cancers from 36 HNPCC
families were compared with 18 sporadic MSI-H colonic
cancers (data not shown). A germline mutation was

Table 1
Morphology of HNPCC versus sporadic MSI-H colorectal cancer
Feature HNPCC  Sporadic P value®

n=>51 MSI-H

n=18

Expanding 49 (96%) 18 (100%) 0.55
Poor differentiation 16 (31%) 8 (44%) 0.30
Mucinous 7 (14%) 8 (44%) <0.01
Serrated architecture 1 (2%) 3 (17%) 0.03
Subclones 13 (25%) 12 (67%) <0.01
Crohn’s-like reaction 36 (71%) 8 (44%) <0.01
Tumour infiltrating lymphocytes 41 (80%) 11 (61%) 0.1
Peritumoral lymphocytes 19 37%) 2 (11%) <0.04
Contiguous serrated adenoma 0 (0%) 4 (22%) <0.01
Contiguous traditional adenoma 8 (16%) 0 (0%) 0.08

4 Fisher’s Exact or Pearson’s Chi square test.

found in 16 of the HNPCC families. In the others, the
modified Amsterdam criteria were met and at least two
neoplasms per family (colorectal carcinoma or adenoma
or endometrial carcinoma) were MSI-H and showed
loss of expression of the same DNA mismatch repair
gene (hMLHI in 26 cases and AMSH?2 in 25 cases). The
sporadic cases had no family history of colorectal can-
cer, were elderly (mean age 74 years), and all showed
exclusive loss of expression of hMLHI by immuno-
histochemistry. No germline mutations have been found
and methylation of ZMLHI has been demonstrated in
the majority of cases.

Multiple statistically significant morphological differ-
ences between these strictly defined groups are observed
(Table 1). Overall, HNPCC cancers are more like tradi-
tional colorectal cancers apart from the higher fre-
quency of lymphocytic infiltration (Fig. 1). This is a
feature of both familial and non-familial groups, but a
Crohn’s-like reaction (Fig. 2) and peritumoral lympho-
cytes are significantly more frequent in HNPCC can-
cers.

Sporadic MSI-H cancers are more likely to show two
or more subclones. These are distinguished on the basis
of grade of differentiation, for example moderate and

Fig. 1. Tumour infiltrating lymphocytes in a moderately differentiated
cancer from a subject with HNPCC. Haematoxylin and eosin.

Fig. 2. Crohn’s-like reaction (nodules of B-lymphocytes with sur-
rounding T-lymphocytes). Haematoxylin and eosin.
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Fig. 3. Poorly differentiated and mucinous subclones side-by-side in a
sporadic MSI-H colorectal cancer. Haematoxylin and eosin.

Fig. 4. Moderately to poorly differentiated mucinous adenocarcinoma
in which the epithelium is arranged in irregular chains and clusters
(same case as Fig. 3). Haematoxylin and eosin.

Fig. 5. Residual serrated architecture in a sporadic MSI-H colorectal
cancer. Haematoxylin and eosin.

poor (Fig. 3) or type of cancer, for example mucinous
and non-mucinous. The mucinous areas in sporadic
MSI-H cancers are more likely to be poorly differ-
entiated and composed of ribbons, irregular cell clusters
or lace-like structures (Fig. 4). Mucinous change in
HNPCC, by contrast, usually features a well differ-

Fig. 6. Serrated adenoma contiguous with a sporadic MSI-H colo-
rectal cancer. Haematoxylin and eosin.

entiated columnar epithelium similar to the epithelium
of villous adenoma. Areas showing obvious foci of ser-
ration occurred in three sporadic MSI-H cancers
(Fig. 5). In these fields and also in non-serrated areas,
cytoplasm is typically abundant and eosinophilic, while
nuclei are vesicular and contain a prominent nucleolus.
Residual serrated adenoma occurred in four sporadic
MSI-H cases (Fig. 6), whereas residual traditional ade-
noma featured in eight HNPCC cancers. The findings
reinforce the distinction of familial and sporadic MSI-H
colorectal cancer and fit with the histogenetic, molecular
and demographic differences discussed above.

10. Conclusions

The careful separation of MSI-positive colorectal
cancer into three subtypes: MSI-H sporadic, MSI-L
sporadic and HNPCC, highlights fundamental differ-
ences warranting rapid recognition and assimilation
into basic and translational research. It is anticipated
that these developments will impact upon current
approaches to prevention, screening and management
of colorectal cancer. The observations raise several
questions for future study. Why should sporadic MSI-H
cancers evolve through the serrated polyp pathway and
not the traditional adenoma—carcinoma sequence as in
HNPCC? Given the fact that hyperplastic polyps are
especially numerous in the distal colon and rectum, the
predilection of sporadic MSI-H colorectal cancer for the
proximal colon is paradoxical. Proximal and distal ser-
rated polyps must differ in their modes of pathogenesis.
It is expected that the observations will ultimately be
explained on the basis of the mutual compatibility of
certain combinations of genetic change, but not others
(which may be lethal). Additionally, environmental,
endogenous or genetic factors will be shown to favour
methylation of particular genes and at particular stages
of neoplastic progression.
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