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Abstract
Background—10% of sporadic colorectal
cancers are characterised by a low level of
microsatellite instability (MSI-L). These
are not thought to diVer substantially
from microsatellite-stable (MSS) cancers,
but MSI-L and MSS cancers are dis-
tinguished clinicopathologically and in
their spectrum of genetic alterations from
cancers showing high level microsatellite
instability (MSI-H).
Aims—To study the distribution of mo-
lecular alterations in a series of colorectal
cancers stratified by DNA microsatellite
instability.
Methods—A subset of an unselected series
of colorectal cancers was grouped by the
finding of DNA MSI at 0 loci (MSS)
(n = 51), 1-2 loci (MSI-L) (n = 38) and 3-6
loci (MSI-H) (n = 25). The frequency of
K-ras mutation, loss of heterozygosity
(LOH) at 5q, 17p and 18q, and patterns of
p53 and â catenin immunohistochemistry
was determined in the three groups.
Results—MSI-H cancers had a low fre-
quency of K-ras mutation (7%), LOH on
chromosomes 5q (0%), 17p (0%) and 18q
(12.5%), and a normal pattern of immuno-
staining for p53 and â catenin. MSI-L can-
cers diVered from MSS cancers in terms of
a higher frequency of K-ras mutation (54%
v 27%) (p = 0.01) and lower frequency of 5q
LOH (23% v 48%) (p = 0.047). Whereas
aberrant â catenin expression and 5q LOH
were concordant (both present or both
absent) in 57% of MSS cancers, concord-
ance was observed in only 20% of MSI-L
cancers (p = 0.01).
Conclusions—MSI-L colorectal cancers
are distinct from both MSI-H and MSS
cancers. This subset combines features of
the suppressor and mutator pathways,
may be more dependent on K-ras than on
the APC gene in the early stages of
neoplastic evolution, and a proportion
may be related histogenetically to the ser-
rated (hyperplastic) polyp.
(J Clin Pathol 1999;52:455–460)
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A cancer cell will, in the course of its stepwise
progression, accumulate a relatively large
number of cancer specific genetic alterations.

In the case of colorectal cancer, many of the
early alterations involve the inactivation of
tumour suppressor genes, as described by Kin-
zler and Vogelstein.1 Tumour suppressor gene
inactivation occurs as a consequence of the
state of genetic instability or hypermutability.2

This may arise in two main ways. The first is
chromosomal instability, manifesting in altera-
tions such as aneuploidy and loss of chromo-
somal material. This mechanism is associated
with loss of heterozygosity (LOH) and ac-
counts for a significant proportion of tumour
suppressor gene inactivation (hence “suppres-
sor” pathway).3 4 The second is the more subtle
microsatellite instability (MSI) caused by a
failure of the DNA mismatch repair system.5 6

The resulting mutations target regions of short
unit repetitive DNA and occur not only in the
non-coding microsatellite regions of the ge-
nome but also in short repetitive tracts within
the coding region of genes now known to be
implicated in carcinogenesis (TGFâRII,
IGF2R, BAX, and CDX-2).7–11 This mech-
anism underlies the “mutator” pathway.

Colorectal cancer may be classified into two
major molecular types in which hypermutabil-
ity occurs either by means of chromosomal
instability or MSI.1 12 Not only are diVerent
cancer genes implicated in the two types, but
MSI cancers are distinguished by their less
aggressive behaviour,13 predilection for the
proximal colon,5 tendency to multiplicity,14 and
possibly in their response to chemotherapeutic
agents.15

There is now evidence that MSI cancers
comprise distinctive MSI-high (H) and MSI-
low (L) categories.16–22 In MSI-H cancers, at
least 40% of microsatellite loci will show
evidence of instability,18–20 but the diVerence is
not only quantitative. Some dinucleotide mark-
ers (for example D5S346 and D2S123) and
compound repeat markers (for example
MYCL1) provide sensitive detection for both
MSI-H and MSI-L cancers, whereas mononu-
cleotide markers (for example BAT 26 and
BAT 40) are more specific for MSI-H
cancers.18 20 MSI-L cancers more closely re-
semble the MSS (microsatellite stable) or
chromosomal instability class of cancers than
MSI-H cancers in terms of their mutational
profiles and clinicopathological features.13 20

The DNA mismatch repair genes hMLH1 and
hMSH2 do not appear to be implicated in the
MSI-L subset.18 19 21 On the other hand there is
evidence of molecular diVerences between
MSI-L and MSS colorectal cancers apart from
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the mild mutator phenotype. Konishi et al
reported a higher frequency of K-ras mutation
in MSI-L cancers,17 while Biden et al showed
reduced expression of BCL-2 protein in MSI-L
cancers.23

The MSI-L phenotype occurs with increased
frequency in particular types of colorectal
polyps—hyperplastic polyps, serrated adeno-
mas, and mixed polyps.24 We have suggested
that the MSI-L phenotype characterises a dis-
tinct morphogenetic subtype of colorectal can-
cer in which hypermutability is driven by a
combined suppressor and mild mutator
mechanism.24 In order to test this hypothesis
further, we have studied genetic alterations in a
series of MSS, MSI-L, and MSI-H colorectal
cancers, specifically K-ras mutation, 5q LOH,
17p LOH, 18q LOH, and the immunohisto-
chemical expression of p53 and â catenin. The
findings support the concept of a third category
of colorectal cancer.

Methods
SAMPLES

This study was carried out on a subset of 115
tumours which were part of a series of 303
sporadic colorectal cancers characterised pre-
viously according to their level of DNA micro-
satellite instability.20 Of these, 26 were MSI-H,
38 were MSI-L, and the remaining 51 were
MSS.

MUTATION AND LOH ANALYSES

DNA was extracted from fresh tumour samples
as described previously.20 Mutations in codons
12 and 13 of the K-ras proto-oncogene were
detected using the non-radioactive polymerase
chain reaction-restriction fragment length
polymorphism (PCR-RFLP) method de-
scribed by Bell et al.25 The frequency of allelic
loss was analysed on chromosomes 5q (APC
gene), 17p (p53 gene), and 18q (DCC, DPC4,
MadR2 gene cluster). On chromosome 5q, loss
was assessed using the microsatellite marker
D5S346, and the intragenic APC PCR-RFLP
markers FAP58, FAP37, and FB54D. Loss was
assessed on chromosome 17p as previously
described, using two polymorphic markers
contained within the p53 gene: one microsatel-
lite from intron 1 and a PCR-RFLP from exon
1023; and on 18q a group of four microsatellite
markers was used (D18S68, D18S64,
D18S851, and D18S460) as well as an
intragenic DCC PCR-RFLP marker.26

For microsatellite markers, PCR incorpora-
tion of 33P-dATP was performed in a total
reaction volume of 20 µl. Amplified products
were separated on 5% denaturing polyacryla-
mide gels (19:1 acrylamide:bisacrylamide; Bio-
Rad), run at 65 W for 1.5 to 2 hours, dried, and
then exposed to x ray film (X-OMAT-AR,
Kodak) for four to six days. For RFLP markers,
unlabelled PCR products were digested for two
hours with marker specific restriction enzymes
according to the manufacturer’s instructions.
Aliquots (8 µl) were then electrophoresed on
10% denaturing polyacrylamide mini-gels
(29:1 acrylamide:bisacrylamide; Bio-Rad), run
at 125 V for 1.5 to 2 hours, and stained in 0.5

µg/ml ethidium bromide for five minutes.
Allelic loss was scored visually and conserva-
tively in all heterozygotes by two independent
observers. Mutations in â catenin were sought
in a subset of MSI-L tumours according to the
method of Sparks et al,27 using 33P labelled
ddNTPs and manual direct sequencing.

IMMUNOHISTOCHEMISTRY

For p53 and â catenin immunohistochemistry,
paraYn sections (4 µm) were aYxed to charged
adhesive slides and air dried overnight at 37°C.
Sections were dewaxed and rehydrated through
ascending grades of alcohol to Tris buVered
saline (TBS), pH 7.4. Heat based antigen
retrieval was performed using the technique of
Shi et al.28

The sections were boiled for five minutes in
0.01 M citric acid buVer, pH 6.0, in a domes-
tic 600 kW microwave. After transferring the
sections to fresh citric acid buVer, the sections
were again boiled for five minutes, then taken
from the microwave and permitted to cool for
approximately 30 minutes before being washed
in three changes of TBS for five minutes each.

Endogenous peroxidase activity was
quenched in 1% H2O2, 0.1% sodium azide in
TBS. After washing three times for five minutes
in TBS, non-specific antibody binding was
blocked by incubating the sections in 4% com-
mercial skim milk powder for 15 minutes. After
brief rinsing in TBS, the sections were
transferred to a humidified chamber and incu-
bated overnight in goat polyclonal anti-â-
catenin antibody (Santa-Cruz Biotechnology)
diluted 1:750, or mouse monoclonal p53
(clone DO7, Dako) diluted 1:100 in TBS.

The sections were then thoroughly washed
in three changes of TBS for five minutes each.
The â catenin sections were incubated with
biotinylated donkey antigoat secondary anti-
body (diluted 1:400 in TBS) (Jackson Immu-
noResearch Laboratories) and the p53 sections
with goat antimouse antibody (Zymed Corpo-
ration). This was followed by prediluted
streptavidin horseradish peroxidase conjugate
(Zymed Corporation) for 15 minutes. Anti-
genic sites were revealed using 0.05% 3,3'-
diaminobenzidine in Tris saline with H2O2 as a
substrate.

The sections were lightly counterstained in
haematoxylin, then dehydrated, cleared, and
mounted using DPX. Negative and positive
controls were used in all staining runs.

Scoring was performed by two pathologists
with no knowledge of the MSI status of the
tumours. Scoring of â catenin was based upon
the distribution of â catenin within the cell
membrane (0-1), cytoplasm (0-2), and nuclei
(0-2), with a total score of 0 reflecting cell
membrane staining only, similar to that seen in
normal colonic mucosa, up to an aggregate
score of 5 for tumours with strong nuclear
staining (2), diVuse cytoplasmic staining (2),
and loss of cell membrane staining (1). Total
scores were then collapsed into three grades
(grade I, 0-1; grade II, 2-3; grade III, 4-5).
Nuclear p53 was scored as 0 (< 5%), 1
(6-25%), 2 (26-50%), 3 (51-75%), and 4
(> 75%). When the observers diVered for the
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final grading, cases were discussed over a dou-
ble headed microscope and the final grade
reached by consensus.

Results
The results of K-ras mutation, loss of heterozy-
gosity, and immunohistochemistry analyses are
summarised in table 1. Overall, K-ras muta-
tions were found in 30% (72/244) of the
tumour cohort described by Jass et al.20 When
these tumours were analysed by microsatellite
instability level, 4% of MSI-H (1/28), 43% of
MSI-L (16/37), and 30% of MSS (54/179)
showed mutations in K-ras. When the subset of
tumours studied in this current report was
analysed, 7% of MSI-H (2/26), 54% of MSI-L
(19/38), and 27% of MSS (13/48) showed
mutations in K-ras, representing a significant
diVerence between the three classes

(p = 0.0004, ÷2 analysis). In addition, the rate
of K-ras mutation was higher in the MSI-L
group than in the MSS cancers (p = 0.01, ÷2

analysis). A strong trend was evident when
chromosome 5q LOH was compared in the
three classes (p = 0.0001, Wilcoxon rank sum
test). Comparisons of MSI-L (25%, or 8/32)
and MSS (48%, or 20/42) showed that
chromosome 5q LOH occurred less often in
MSI-L tumours (p = 0.047, ÷2 analysis). Loss
of heterozygosity at 17p and 18q was rare in
MSI-H tumours, though it occurred with simi-
lar frequency in MSI-L and MSS cancers.

Immunohistochemistry scores for p53 and â
catenin showed significant diVerences between
MSI-H cancers and MSI-L/MSS cancers
(p < 0.01 in both cases, Student’s t test).
Examples of â catenin immunohistochemistry

Figure 1 Immunohistochemical expression of â catenin in normal and malignant epithelium. Normal colorectal mucosa (A), an MSI-H cancer (high
level microsatellite instability) (B), and MSS cancer (microsatellite-stable) (C). In both (A) and (B) staining is limited to the cell membranes.
Intra-epithelial (tumour infiltrating) lymphocytes are present within the MSI-H cancer (B), a relatively specific biomarker.20 The staining pattern in (B)
was scored 0 and the cancer did not show 5q loss of heterozygosity (5q LOH). In the MSS cancer (C), cell membrane staining has disappeared. There is
diVuse cytoplasmic staining and intense nuclear staining (overall score 5). The cancer showed 5q LOH. (Immunoperoxidase staining.)

Figure 2 Distribution of â catenin grades in MSI-H
(high level microsatellite instability), MSI-L (low level
microsatellite instability), and MSS (microsatellite-stable)
cancers. The variation between microsatellite classes with
respect to distribution of â catenin grades was significant
(p < 0.0001; ÷2 analysis). Grade I , score 0-1; grade II,
score 2-3; grade III, score 4-5.
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Figure 3 Distribution within MSI-L and MSS cancers of
concordant (C) and discordant (D) relations between â
catenin grade and 5q loss of heterozygosity (5q LOH).
Significantly more discordance is seen in MSI-L cancers
(p = 0.0059, Fisher’s exact test). Concordant patterns
(C1 = â catenin grade II-III/5q LOH positive; C2 = â
catenin grade I/5q LOH negative). Discordant patterns
(D1 = â catenin grade II-III/5q LOH negative; D2 = â
catenin grade I/5q LOH positive).
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staining are illustrated in fig 1. Distribution of
â catenin grades showed significant variation
between microsatellite classes (p < 0.0001; ÷2

analysis) (fig 2). â Catenin scores were higher
in MSS than in MSI-L cancers but the
diVerence was not significant (table 1). When
loss of heterozygosity at 5q was compared with
â catenin expression within the MSI-L and
MSS classes, discordant results were observed
more often in the MSI-L class (p = 0.0059,
Fisher’s exact test) (fig 3). No MSI-L discord-
ant tumours showed activating mutations in â
catenin.

Discussion
The mild mutator phenotype or MSI-L is
characterised by microsatellite instability oc-
curring in less than 40% of loci, and mostly
involving repeat sequences other than those
comprising mononucleotide runs.18–22 Apart
from showing mild levels of microsatellite
instability (which led to the initial bracketing of
MSI-L and MSI-H cancers), MSI-L cancers
appear to have more in common with MSS
than MSI-H cancers (table 1). This is particu-
larly evident with respect to the infrequency or
lack of mutation of the genes TGFâRII,
IGF2R, BAX, and CDX-2 in both MSI-L and
MSS cancers (table 2).11 20 Furthermore, the
frequency of 17p and 18q LOH is similar in
MSS and MSI-L cancers but absent or signifi-
cantly reduced in MSI-H cancers.17 However,
MSI-L cancers have previously been dis-
tinguished from MSS cancers on the basis of a
higher frequency of K-ras mutation17 and
reduced expression of BCL-2.23 Our present
study has confirmed and extended these obser-
vations.

Several reports have suggested that APC
mutations may be rare in MSI-H

tumours.17 30 31 Our findings support this view,
since â catenin staining patterns in MSI-H
cancers resembled those seen in normal
colonic mucosa, and loss of heterozygosity on
chromosome 5q was rare. Conversely, high lev-
els of 5q LOH and nuclear staining for â
catenin were found in the MSS group. An
intermediate level of chromosome 5q LOH was
observed in MSI-L tumours. This relatively
low level of chromosome 5q LOH was
obtained despite the use of four polymorphic
markers which rendered 32 of the 38 MSI-L
tumours informative. Konishi et al also found
less 5q LOH in MSI-L than MSS cancers, but
the diVerence was small and not significant.17

Of particular interest in our study was the dis-
cordance between allelic loss on 5q and abnor-
mal â catenin expression in the MSI-L tumour
class. Although it has been reported that
between 12% and 48% of colorectal tumours
that do not carry APC mutations show activat-
ing mutations in â catenin,27 32 such mutations
were not found in the discordant tumours in
this study. It is more likely that inactivation of
the wild-type APC allele occurs preferentially
by mutation rather than by allelic loss in MSI-L
cancers. This is suggested by the findings of
Konishi et al,17 who reported a high frequency
of APC mutation in MSI-L colorectal cancers.

When complexed with products of the Tcf
gene family, â catenin functions as a transcrip-
tional activator.33 The tumour suppressor gene
APC serves as a “gatekeeper” through its con-
trol of â catenin-Tcf signalling.1 Inactivation of
APC in human colorectal cancer leads to
uncontrolled â catenin accumulation and
increased transcription of target genes for
hTcf-4.34 35 In this study aberrant â catenin
immunostaining, specifically a switch from an
exclusively cell membrane pattern of localisa-
tion to diVuse cytoplasmic and nuclear staining
(fig 1), was employed as a surrogate for APC
loss. The correlation between altered â catenin
immunostaining and 5q LOH in MSS cancers
supports the use of â catenin immunohisto-
chemistry for this purpose.

APC mutation is thought to initiate the
development of dysplastic aberrant crypt foci
or microadenomas,36 whereas K-ras mutation
occurs during adenoma progression, if at all.37

On the other hand, aberrant crypt foci
comprising hyperplastic (non-dysplastic) epi-
thelium may be initiated by K-ras mutation.36

K-ras mutations within hyperplastic epithelium
have been reported to occur at frequencies
ranging from 12.5% to 75%.36 38–40 The re-
ported frequency of K-ras mutation in serrated
adenomas is similarly wide, ranging from 5%41

to 57%.40 The fact that K-ras mutation may
initiate the process of serrated hyperplasia, but
is not found in all samples of hyperplastic epi-
thelium, points to the operation of other
unknown genetic mechanisms that would serve
as surrogates. Nevertheless, the high frequency
of K-ras mutation in MSI-L cancers raises the
possibility of a histogenetic link with hyperplas-
tic polyp and serrated adenoma, lesions which
may also show the MSI-L phenotype.24 The
K-ras findings are in agreement with those of
Konishi et al.17 In their study of 106 sporadic

Table 1 Distribution of genetic alterations by microsatellite status

K-ras codons
12 and 13 5q LOH 17p LOH 18q LOH

Mean â
catenin score

Mean
p53 score

MSI-H 7% (2/26)* 0% (0/20) 0% (0/12) 12.5% (2/16) 0.818 0.79
MSI-L 54% (19/38) 25% (8/32) 57% (16/28) 77% (17/22) 2.416 2.34
MSS 27% (13/48) 48% (20/42) 58% (26/45) 71% (35/49) 2.960 2.33

*Numbers in parenthesis indicate the number of cancers with a genetic alteration out of the
informative cases. MSI-H, high level microsatellite instability; MSI-L, low level microsatellite
instability; MSS, microsatellite-stable; LOH, loss of heterozygosity.

Table 2 Molecular and evolutionary profiles of colorectal cancer

MSS MSI-L MSI-H References*

K-ras** ++ +++ + [17] [43]‡
5q LOH +++ + +/− [17]‡
17p LOH +++ +++ +/− [17] [43]‡
18q LOH +++ +++ + [17] [43]‡
TGFâRII** + ? +++ [7] [17] [20][29]
IGF2R** – – + [8] [20]
BAX** – – ++ [9] [10] [20]
CDX2** – – + [11]
p53*** +++ +++ +/− [10] [43]
BCL-2† +++ + + [23]
â Catenin† +++ ++ + ‡
Precancerous

lesion
Adenoma Serrated

adenoma
Adenoma [24] [44] [45]

*The list includes landmark references and/or recent references classifying colorectal cancer as
MSS (microsatellite-stable), MSI-L (low level microsatellite instability), and MSI-H (high level
microsatellite instability).
**Mutation.
***Mutation and immunohistochemistry.
†Immunohistochemistry.
‡Present study.
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colorectal cancers, K-ras mutations were found
in 50% of MSI-L and 30% of MSS tumours
which had been classified according to criteria
similar to those of the present report.

It could be argued that MSI-L cancers are
merely heterogeneous, some being like MSI-H
and others like MSS cancers. While this would
fit with the intermediate findings for 5q LOH,
it does not explain the increased frequency of
K-ras mutation, the discordance between 5q
LOH and abnormal â catenin expression, the
mild mutator phenotype, and the marked clin-
icopathological diVerences between MSI-L
and MSI-H cancers.20 The separation of
MSI-L and MSS colorectal cancers is sup-
ported by significant diVerences in elements
of three independent molecular pathways:
Wnt signalling (APC/â catenin), K-ras, and
BCL-2.23 We therefore suggest that MSI-L
cancers should be distinguished as a subset
combining features of the suppressor and mild
mutator pathways. We also hypothesise that a
proportion of MSI-L cancers arises through
the morphogenetic sequence hyperplastic
polyp–serrated adenoma.24 One of the MSI-L
cancers showed the typical architectural and
cytological appearances of a hyperplastic polyp
(fig 4). Such serrated adenocarcinomas have
been reported previously, including their
shared functional phenotypes with hyperplastic
polyps.42 No other MSI-L cancer showed this
pattern, perhaps because subclonal progression
had resulted in obliteration of this phenotype
and convergence with the more conventional
morphology of colorectal adenocarcinoma.

By separating MSI-H and MSI-L cancers,
the former are shown to be associated with a
molecular profile that overlaps only minimally

with MSS and MSI-L cancers (tables 1 and 2).
The higher frequency of K-ras mutation in
MSI cancers reported in some studies is
explained at least in part by the failure to
distinguish MSI-H (low K-ras) and MSI-L
(high K-ras) cancers.43 Kinzler and Vogelstein1

have presented a unified model to explain the
evolution of colorectal cancer regardless of the
mechanism of genetic instability. It now seems
likely that this evolution is more complex. The
early events driving the MSI-H pathway are
still unclear, particularly the initiating stages in
which APC has been viewed as a “gatekeeper.”1

The low frequency of both 5q LOH and
abnormal â catenin expression in MSI-H can-
cers suggests that a surrogate mechanism is
operating at the stage of adenoma initiation for
this subgroup. The adenoma–carcinoma se-
quence is thought to operate in at least a
proportion of MSI-H cancers, whether
sporadic44 or occurring in the context of
hereditary non-polyposis colorectal cancer,45

and may implicate genes other than APC or â
catenin, though conceivably associated with
this signalling pathway. Furthermore, since
there is little evidence of inactivation of p53 or
genes located on 18q, MSI-H cancers maintain
their separate developmental pathway through-
out their history.

We suggest that there are at least three
mechanisms underlying the evolution of color-
ectal cancer. The MSI-H pathway diVers from
the outset, whereas the diVerences between
MSI-L and MSS relate largely to the stages of
initiation and early progression. Convergence
occurs between MSI-L and MSS cancers at the
adenoma–carcinoma transition, as these can-
cers share common levels of mutation with
respect to 17p (p53) and 18q LOH. The
recognition of a novel suppressor/mild mutator
(MSI-L) pathway underlying a third category
of colorectal cancer is of potential importance.
There is evidence of increased tumour aggres-
sion in the MSI-L subset, as indicated by the
frequency of distant metastases20 as well as by
the high rate of K-ras mutation. The latter is an
important adverse prognostic factor, and spe-
cific mutations are correlated with distant
spread.46–49 The possibility of there being a fun-
damental diVerence in the early evolution of
this subset points to a separate aetiology.
Attempts to define the cause of colorectal can-
cer have to date met with only partial success,
perhaps because the disease is heterogeneous.
We suggest that the classification of colorectal
cancer into MSS, MSI-L, and MSI-H, while of
importance in relation to prognosis and
management, may be of particular value in epi-
demiological research. The mechanism initiat-
ing the mild mutator pathway may be revealed
in the same way as the mechanisms underlying
the MSS (APC) and MSI-H (DNA mismatch
repair genes) pathways, namely the investiga-
tion of MSI-L cancer families. Familial hyper-
plastic polyposis would be an obvious condi-
tion with which to begin genetic linkage
studies.50

We wish to acknowledge the support of the following: Queens-
land Cancer Fund, National Health and Medical Research

Figure 4 Superficial zone of an MSI-L cancer showing
serrated crypts lined by columnar cells with abundant
eosinophilic cytoplasm and relatively small vesicular nuclei
and scattered goblet cells. The cytological appearances
strongly recall the hyperplastic (metaplastic) polyp of the
colorectum, lesions that may show the MSI-L phenotype.24

(Haematoxylin and eosin.)
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