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Abstract
Many cancers show a low level of microsatellite slippage and are labelled MSI-L (microsatel-
lite instability — low). However, it is unclear whether this slippage can be attributed to some
underlying genetic change that results in a mutator phenotype, analogous to mismatch repair
deficiency in MSI-H cancers, or whether the apparent instability is the result of relatively
frequent normal somatic slippage. Here, we have used a mathematical model of microsatel-
lite slippage during cancer growth to estimate the degree of microsatellite slippage expected
in a cancer due to normal somatic slippage. We compared the model to the slippage observed
in 42 non-MSI-H cancers that were macro-dissected into four distinct regions and genotyped
at N = 9 microsatellite loci. When the slippage rate was set at µ = 10−5 per locus per divi-
sion, ten cancers showed a level of slippage in at least one region that was too severe to be
expected from normal somatic slippage alone, suggesting that these cancers had acquired
MSI-L. Only one of these ten cancers had putative MSI-L in all four regions. When we con-
sidered a slightly higher slippage rate of µ = 5 × 10−5, none of the cancers showed a degree
of slippage that could not be reasonably explained by normal somatic slippage. Counting
the number of ‘unstable’ loci was a poor indicator of putative MSI-L status. We conclude
that most low-level microsatellite instability in colorectal cancers can be explained without
requiring an elevated slippage rate during neoplastic development, and hence there is little
evidence for a discrete MSI-L group of cancers. Putative MSI-L status is indicated by the
presence of at least one locus that has multiple alleles that differ by at least five motif repeats
from the germline. If an underlying genetic change does cause MSI-L, it appears to be a
relatively uncommon event that occurs late in oncogenesis.
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

The human genome contains many highly repetitive
regions, in which a short motif of bases is repeated
several times. These regions are termed microsatel-
lites (MSs). Many cancers have one or more MS loci
that show changes in the number of motif repeats
when compared with the germline [1]. Cancers which
have many loci that show a high degree of vari-
ability in motif repeats tend to have germline muta-
tions in the mismatch repair (MMR) genes [2–4],
or to have methylation of the MLH1 promoter,
which is associated with protein loss [5,6]. These
(epi)genetic changes impair the DNA repair machin-
ery of the cell, causing an increase in the rate

of MS slippage, so slippages accumulate at many
loci. Consequently, MMR-deficient cancers are termed
microsatellite instability — high (MSI-H) cancers.

It has been suggested that some cancers with a lower
level of MS slippage (slippage at only a few loci), and
without MMR deficiency, form a distinct pathological
group [7]. These cancers are labelled low-level MS-
unstable (MSI-L). Analogous to MMR deficiency in
MSI-H cancers, putative MSI-L cancers are thought
to have an underlying defect, possibly transient, that
increases their MS slippage rate. If this group is to
have pathological or clinical relevance, a reliable def-
inition of the group is required [8]. Using this defini-
tion, it must be possible to reliably distinguish a MSI-L
cancer from a MSI-H or MS-stable (MSS) cancer.
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MSI-L cancers have been classified by having one,
two or three MS loci that show slippage compared
with the germline or, alternatively, by the presence of
slippage at at least one but less than 30% of the loci
examined (reviewed in ref 9). However, these rela-
tively arbitrary definitions are contentious and some
authors have questioned whether a distinct group of
MSI-L cancers does exist [10]. The main reason for
contention is that the rate of slippage errors at most MS
loci is relatively high in normal cells — between 10−9

and 10−3 per locus per division, and typically towards
the upper end of this range [11–14], whereas normal
somatic DNA replication fidelity is between 10−10 and
10−6 per base per division [15–18]. Therefore, due to
the large number of cell divisions that occur during
neoplastic growth, a low-level of MS slippage in can-
cers is expected. Accordingly, Laiho et al showed that
if enough loci in a cancer are examined, an ‘unstable’
locus will nearly always be found [19].

Here, we have proposed a null hypothesis: that the
degree of MSI observed in a putative MSI-L cancer
can be adequately explained by a low rate of normal
‘background’ MS slippage. We used a mathematical
model of MS slippage during cancer growth to predict
the level of MSI expected from background slippage
and then compared this prediction with data from
a group of non-MSI-H cancers. If the degree of
MSI observed in a cancer was more severe than the
prediction, then we concluded that the cancer had an
elevated slippage rate and so was MSI-L. In contrast
to previous work, for example ref 10, we considered
both the number of MS loci showing slippage and the
degree of heterogeneity present at each locus, to assess
MSI status.

Materials and methods

Genotyping
Forty-seven paraffin-embedded colorectal cancers and
paired normal samples were genotyped at N = 9
MS loci (D10S197, D13S175, D15S144, D15S659,
D17S250, D18S58, D2S123, D5S346, and D8S87)
that had been previously identified as being prone
to slippage [20,21]. Permission to perform molecu-
lar analysis of these cancers was granted by the NHS
Oxfordshire Research Ethics Committee B. Each can-
cer was macro-dissected into four distinct regions.
DNA was extracted by incubation in proteinase K
digestion buffer. PCR was performed using stan-
dard reaction conditions. PCR products were anal-
ysed with the ABI377 prism sequencer (Perkin-Elmer)
and results were interpreted using Genotyper software
(Perkin-Elmer). Additionally, the MSI-H status of each
cancer was determined bythe presence of slippage at
the BAT-26 locus [22].

Descriptive statistics
A collection of allelic lengths could be present in each
PCR product. To describe the alleles, we calculated

the average minimum mean-squared distance from the
germline (A). The molecular methods that we used
are unable to determine which germline allele(s) each
length derived from. Hence the statistic A assumes
‘maximum parsimony’; that is, that an allele of length
l derives from the germline allele that is the most
similar in size. Analysis of the PCR product indicates
the relative concentration of each allele in the PCR
product. However, these measurements are unreliable
as an indicator of the true proportions of each allele
in the cancer, due to possible contaminating normal
tissue and slippage that occurs during PCR [23]. Hence
we considered only whether an allele of a particular
size was present or absent in the PCR product.

For each region of each cancer, we denoted
the lengths of alleles present at the locus i by
li1, li2, . . . , lin . Then the average minimum mean-
squared distance from the germline at locus i (ai ) was
defined as

ai =

 1

n

n∑
j=1

min((lij − gi1)
2, (lij − gi2)

2)




1
/

2

(1)

Then the data from all N loci were summarized as

A = 1

N

N∑
i=1

ai (2)

Microsatellite slippage model

The mathematical model of MS slippage during cancer
growth was based on that of Tsao et al [24] and is
summarized in Figure 1. Our model described slippage
of a MS before and during cancer growth. We assumed
that a cancer grew from a single rogue cell. We
simulated the lineage of this cell from birth until a
cancer of approximately 109 cells, which corresponds
to a cancer of about 1 cm3 in volume, was formed.
Exponential cancer growth began after TG divisions,
where TG was chosen according to the patient’s age at
biopsy so that cancers had been growing for about
10 years before being removed from the body. We
assumed that cells divided at a rate of C = 182
divisions per year, which corresponds to a cell division
approximately every 2 days. We assumed that the cell
division rate remained constant during cancer growth.

Pre-cancer cells were assumed to be diploid, so
they contained two allelic copies of a MS locus. The
initial germline lengths of the locus were g1 and g2,
respectively, where, without loss of generality, g1 = 0
and g2 ≥ g1. Each time the cell divided, slippage
of ±1 motif repeat occurred at each allele of the
MS locus with probability µ. To examine the effect
of cell ploidy, we assumed that cancer cells were
either diploid or tetraploid. In the tetraploid case, we
assumed that cancer cells became tetraploid due to
abnormal chromosome duplication at the initiation of
cancer growth that resulted in two copies of each of
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Figure 1. Illustration of a mathematical model of cancer growth. The model simulates the progeny of a single rogue cell, which
initiates cancer growth after TG divisions. We assume that the cancer grows exponentially, and TG is chosen so that the rogue
cell expands to form a cancer of approximately 109 cells after 10 years. Each cell has a number of MS loci. A slippage of ±1 motif
repeat occurs at each locus at a rate µ per locus per division. When the cancer has grown, 1000 cells are sampled and genotyped.
An allele is considered present in the sample if it constitutes at least X% of the total number of alleles in the sample, where X
is the PCR sensitivity. The lengths of the alleles present in the sample are normalized relative to the germline allele lengths, as
indicated in the figure

the two original alleles. We assumed that no further
abnormal chromosome duplication occurred. Slippage
at each of these four alleles then occurred according
to the stepwise mutation model. MS slippage in
cancers is relatively poorly characterized; so this
simple stepwise model was chosen as an adequate
first approximation, which also minimized the degree
of heterogeneity expected under the null hypothesis,
since slippages of more than one motif repeat were not
permitted. We examined the effect of two relatively
low slippage rates: µ = 5 × 10−5 and µ = 10−5 per
cell per division [11,12].

Rather than growing exponentially, cancers may
expand much more slowly (linearly), especially if
there is a high rate of cell death within the cancer.
This alternative, slower, growth would mean that there
would be more cell divisions separating the cells in
the cancer from their most recent common ancestor,
and hence more variation would be expected at each
MS locus. Hence our model produced a conservative
estimate of the degree of MSI expected in a cancer.

When cancer growth had been simulated, in the
model we randomly sampled a number of cells (S =
1000) from the cancer. Due to the inherent variability
of the PCR process, an allele present in a sample will
be reliably identified only if it constitutes a significant
proportion of the total alleles in the sample [23].
Accordingly, in the model we set the PCR detection
threshold at X %, so that an allele of length k was only
considered present in the sample if at least X % of the
total number of alleles in the sample had length k . We
simulated the model for X = 10% and X = 20%.

To compare the expected versus the observed MS
slippage, we used the statistic A, described above.
For each patient, we simulated the model for each
of the N MS loci and described these N simulations
as a single instance of the model. By repeatedly
simulating the model, 105 instances of the model
for each cancer, and recording each value of A,
we produced an approximation to the underlying
distribution of A (labelled Â) that was expected under

our null hypothesis. The distribution Â depended on
the germline allele lengths of each MS locus and the
age of the patient at biopsy, and so had to be simulated
for each cancer in turn.

To calculate the p value, the probability that MS
slippage at least as extreme as the slippage observed
in each region of the cancer would occur if the null
hypothesis were true, we calculated

p = P(Asim ≥ Aobs) (3)

where Asim is the simulated value of A and Aobs is the
value of A observed in the cancer. For each sample,
the null hypothesis was rejected if p < 0.05 and the
cancer was labelled MSI-L.

Results

The heart of our approach was a mathematical model
of normal ‘background’ MS slippage during cancer
growth. By comparing the degree of slippage predicted
by the model with the degree of slippage observed
in a group of non-MSI-H cancers, we tested our null
hypothesis that the MS slippage observed in a cancer
was due only to a low rate of background slippage.

Rejection of null hypothesis for MSI-H cancers

First we tested whether our method would successfully
reject the null hypothesis for MSI-H cancers. We
initially examined five MSI-H cancers, which were
identified by slippage at the BAT-26 locus [22]. All
five cancers had significant MS slippage at most of
the loci examined. We set the slippage rate of µ =
10−5 per locus per cell division and assumed that
cancer cells were diploid and that the PCR detection
threshold was 10%. Then in regions of the five cancers,
the degree of variation exhibited was very unlikely
to occur under the null hypothesis (largest p value:
p < 10−5). Similar results were obtained when the
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Figure 2. Effect of the PCR detection threshold or cancer cell ploidy. The model was simulated for N = 9 loci, with µ = 5 × 10−5

and initial germline lengths gi1 = 0, gi2 = 1, for a patient aged 80 years at biopsy. Neither the PCR detection threshold nor the
ploidy of the cancer cells significantly affects the distribution of A expected under our null hypothesis

slippage rate was increased to µ = 5 × 10−5 (largest
p value: p < 0.026). Cancer cell ploidy and the PCR
detection threshold did not significantly alter the p
values (see Figure 2). We therefore confirmed that the
MS slippage in the five MSI-H cancers must have
resulted from an elevated slippage rate.

Most MSI in non-MSI-H cancers can be explained
by background slippage

Next we examined whether the null hypothesis could
explain the slippage observed in the 42 non-MSI-
H cancers. We initially assumed a slippage rate of
µ = 10−5 per locus per cell division; that cancer cells
were diploid; and that the PCR detection threshold
was 10%. Using these assumptions, ten out of the
42 non-MSI-H cancers (24%) contained at least one
region where the degree of MSI was too severe to be
explained by the null hypothesis (largest p value: p <

0.047), suggesting that these ten cancers were MSI-L
(see Table 1). Borderline levels of MSI (p < 0.1) were
observed in regions of two cancers, but both of these
cancers contained another region where the amount of
slippage was indicative of MSI-L.

We examined the degree of MSI in these ten
putative MSI-L cancers (see Table 1). Four of these ten
cancers (cancers 9–11 and 38) had a putative MSI-L
region that had only one unstable locus, which always
had multiple extra alleles that showed a maximum
deviation from the germline of at least five motif
repeats. Five cancers had MSI-L regions with two
unstable loci (cancers 4, 18, 20, 29, and 36) and only
one cancer had a MSI-L region with three unstable
loci (cancer 35); these cancers had multiple extra
sizes of alleles at at least two loci or had at least
two unstable loci, one of which having an allele
that differed by at least three motif repeats from the

germline. In comparison, non-MSI-L cancers always
had less than three unstable regions, which exhibited
less severe MSI than MSI-L cancers. Typically, a value
of A > 0.25 was sufficient to produce a p value less
than 0.05. Cancer 36 had A values of 0.37, 0.37, and
0.34 in regions 2–4, respectively, but these values did
not produce a significant p value. This is because only
five loci were successfully genotyped in cancer 36
and the variance of A is greater when fewer loci are
examined (data not shown).

We compared the Dukes’ stage, location in the
colorectum, the patient’s sex, and age at biopsy
between the putative MSS and MSI-L cancers. No
significant associations were found.

Level of MSI differs between regions of a cancer

Of the ten cancers identified as putative MSI-L, only
one (cancer 29) appeared to have MSI-L in all four
regions. Cancer 29 had two unstable loci that were
both unstable in all four regions of the cancer and
had a maximum change of at least three repeats from
the germline. Of the remaining nine putative MSI-L
cancers, five cancers had MSI-L in only one region;
one cancer had MSI-L in two regions; and a further
two cancers had MSI-L in three regions. Therefore, if
these nine cancers were truly MSI-L, then the increase
in slippage rate would likely have occurred late in the
development of the cancer. If MSI-L occurred early,
then all the regions of a cancer would show similarly
high degrees of MSI.

No cancers appear MSI-L if the background
slippage rate is increased

Next we assumed a slightly higher slippage rate of
µ = 5 × 10−5 per locus per cell per division and again
assumed that cancer cells were diploid and that the
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Table 1. Summary of the MS slippage present in each section of each cancer. Values are magnitudes of the statistic A, the average
minimum mean-squared distance from the germline. Values in bold produced a significant p value (p < 0.05) when the background
slippage rate was set at µ = 10−5 per locus per division, suggesting that the slippage observed in that region was due to an elevated
slippage rate

Value of A in cancer section

ID Age at biopsy (years) Sex Location Dukes’ stage MSI-H N 1 2 3 4

H1 63 F Ascending B yes 7 2.02 2.01 1.97 1.83
H2 67 F Sigmoid B yes 7 1.49 1.49 1.49 1.55
H3 69 F sigmoid C yes 9 0.82 0.82 0.82 1.20
H4 75 M sigmoid C yes 8 0.91 0.91 0.81 0.79
H5 103 F ascending C yes 9 2.14 1.93 1.70 1.91

1 23 F rectosigmoid B no 8 0.07 0.07 0.07 0.07
2 50 F rectum C no 9 0.00 0.00 0.00 0.00
3 53 F sigmoid B no 9 0.00 0.00 0.00 0.00
4 54 M rectum — no 7 0.56 0.32 0.25 0.14
5 55 F rectum B no 9 0.00 0.00 0.00 0.00
6 56 M rectum — no 9 0.00 0.00 0.19 0.00
7 57 M rectum B no 9 0.00 0.00 0.00 0.00
8 58 M rectum B no 9 0.00 0.00 0.20 0.00
9 58 F ascending C no 9 0.00 0.00 0.00 0.44
10 58 F rectum A no 9 0.36 0.00 0.13 0.00
11 59 F rectum B no 8 0.00 0.45 0.00 0.00
12 60 F sigmoid B no 9 0.06 0.00 0.00 0.00
13 63 F Hepatic flexure A no 9 0.00 0.00 0.00 0.00
14 64 F rectum — no 9 0.00 0.00 0.00 0.00
15 64 M rectum B no 9 0.06 0.06 0.06 0.00
16 64 M sigmoid C no 9 0.00 0.00 0.00 0.00
17 64 M sigmoid B no 8 0.00 0.00 0.00 0.00
18 64 M rectum A no 8 0.36 0.00 0.07 0.42
19 65 M rectum — no 9 0.13 0.19 0.00 0.06
20 65 F sigmoid A no 6 0.30 0.38 0.19 0.31
21 65 M rectum C no 9 0.00 0.12 0.12 0.00
22 65 M sigmoid C no 9 0.15 0.09 0.15 0.12
23 66 F sigmoid B no 9 0.00 0.00 0.00 0.00
24 67 M ascending C no 9 0.00 0.00 0.00 0.00
25 67 M descending C no 9 0.00 0.00 0.00 0.00
26 70 M sigmoid — no 9 0.00 0.00 0.00 0.00
27 70 F sigmoid B no 9 0.06 0.06 0.06 0.06
28 71 M rectum C no 6 0.22 0.12 0.23 0.00
29 71 M sigmoid A no 6 0.54 0.77 0.49 0.58
30 72 M descending C no 9 0.12 0.12 0.12 0.12
31 73 F sigmoid C no 9 0.00 0.00 0.00 0.00
32 75 M rectum — no 9 0.00 0.00 0.00 0.00
33 75 M rectum B no 9 0.00 0.00 0.00 0.00
34 78 F rectum B no 9 0.00 0.00 0.14 0.00
35 78 F rectum C no 9 0.00 0.06 0.32 0.00
36 79 M ascending C no 5 0.49 0.37 0.37 0.34
37 80 M ascending B no 9 0.00 0.00 0.00 0.00
38 80 F sigmoid C no 9 0.00 0.41 0.31 0.00
39 81 M rectum A no 9 0.00 0.00 0.00 0.00
40 83 F rectum C no 9 0.12 0.14 0.12 0.22
41 84 F rectum B no 9 0.23 0.00 0.23 0.00
42 86 M rectum B no 9 0.00 0.00 0.00 0.00

PCR detection threshold was 10%. With this slightly
higher slippage rate, the slippage observed in all the
non-MSI-H cancers could be adequately explained by
the null hypothesis (smallest p value: p < 0.094).

p values do not depend strongly on cell ploidy or
the PCR detection threshold
Assuming that cancer cells were tetraploid or increas-
ing the PCR detection threshold to 20% did not signif-
icantly alter the p value assigned to each cancer region
(see Figure 2).

Number of unstable loci is a poor indicator of
MSI-L status

We considered how reliable the number of ‘unstable’
loci was as a predictor of MSI-L status. We assumed
that our model with µ = 10−5 correctly identified
regions of a cancer that were MSI-L and computed the
sensitivity and specificity of identifying these regions
by their having at least one, two or three loci that
showed slippage (see Table 2). Classifying a cancer as
MSI-L by the presence of slippage at a single locus had
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Table 2. Sensitivity and specificity of defining MSI-L status by
counting the number of loci that show slippage. We assumed
that our model, with µ = 10−5, could reliably identify MSI-L
in a region of a cancer and then examined the success of a
diagnostic test for MSI-L which considered only the number of
loci that showed slippage in each region of a cancer

Minimum number of
unstable loci required
for MSI-L classification Sensitivity Specificity

1 1 (18/18) 0.69 (102/150)
2 0.72 (13/18) 0.97 (145/150)
3 0.06 (1/18) 1 (150/150)

poor specificity, whereas requiring slippage at multiple
loci for MSI-L classification had poor sensitivity.

Discussion

If we assume that normal somatic slippage at MS loci
is a rare event (slippage rate of µ = 10−5 per locus
per cell per division), then a minority of non-MSI-H
cancers (24%) contain a region that has slippage that
is too severe to be expected under the hypothesis that
there is no increase in the MS slippage rate during
neoplastic development. If we consider the proportion
of the regions with severe slippage, then the frequency
falls to 18/168 (11%). If MSI-L is a real phenomenon,
then it is relatively rare. Furthermore, MSI-L cannot
be a frequent early event in tumourigenesis since only
a single cancer was observed that had putative MSI-L
in all four regions that were genotyped. Therefore we
conclude that acquisition of MSI-L is not a frequent
early change in oncogenesis.

We urge caution when labelling a cancer as MSI-L.
We have shown that simply counting the number of
loci that show slippage in a cancer is a poor indicator
of MSI-L status. Our model suggests that cancers
that have at least one locus that shows significant
slippage (a change of at least five motif repeats
from the germline and multiple extra alleles), or
multiple unstable loci, at least one of which is highly
unstable, are the most likely to have acquired a mutator
phenotype. An equivalent indicator is a value of A >

0.25 when sufficient loci (N ≥ 9) are examined.
If we assumed a slight increase in the normal MS

slippage rate (to µ = 5 × 10−5 per locus per cell per
division), all of the slippage observed in our cohort of
cancers could be adequately explained by background
slippage. Estimates of MS slippage rates range from
10−8 to 10−3 per locus per division [11,12] and are
typically towards the upper end of this scale [13,14], so
an average background rate of µ = 5 × 10−5 appears
reasonable. Moreover, the nine MS loci examined
were selected as they were sensitive for detection of
putative MSI-L cancers [20,21], so they are likely
to have a relatively high slippage rate. Although
we cannot be sure of the precise background MS
slippage rate, our model illustrates that it is reasonable

to expect a non-negligible degree of slippage in a
cancer. Furthermore, our simple model minimizes the
degree of genetic instability expected by chance, so is
conservative with respect to the existence of MSI-L.
Therefore, we conclude that an elevated slippage rate
is not required to explain most MS slippage observed
in non-MMR-deficient cancers.

Is it reasonable, then, to conclude that MSI-L exists
even in a minority of non-MSI-H cancers? During
PCR, MS loci can slip [23], so MSI will be occasion-
ally observed in cancers that are actually MSS. Rather
than an intrinsic genetic defect, MSI-L could be the
result of external mutagenic factors. Previous work has
looked for an association between MSI-L and clinico-
pathological variables, such as K-ras mutations or loss
of heterozygosity events at APC (reviewed in ref 9).
The findings have been inconsistent, with most stud-
ies finding no significant association between MSI-L
and any clinico-pathological or molecular variable,
and occasional studies finding an association between
MSI-L and mutations in K-ras [25], or methylation
of the DNA repair enzyme O6-methylguanine methyl-
transferase [26]. Potentially, the reason for the incon-
sistency could be the difficulty in identifying MSI-L
cancers. Our definition of MSI-L status may prove
useful to study these associations.
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