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Microsatellite instability (MSI) secondary to loss of
DNA mismatch repair (MMR) is present in adenomas
and colorectal carcinomas from individuals with he-
reditary nonpolyposis colorectal cancer (HNPCC). To
better characterize when MMR loss occurs during
HNPCC progression, the extent of deletions in non-
coding polyA sequences were compared between 6
adenomas (all <1.0 cm in size) and 10 cancers. Num-
bers of deleted bases reflect time since loss of MMR
because polyA deletions are stepwise. Adenoma dele-
tions were nearly the same (85%) as the cancers with
sum total deletions at four different polyA loci of
�32.7 bases in adenomas and �38.4 bases in cancers.
Intervals between negative clinical examinations and
tumor removal (average of 2.1 years) were known for
six tumors. There were no significant differences in
the extent of deletions in tumors removed under
clinical surveillance (�34.8 bases) versus tumors
removed without prior negative examinations
(�36.5 bases). These findings illustrate that MSI is
extensive in both small adenomas, and tumors
which appear after negative clinical examinations,
consistent with an early loss of MMR in HNPCC,
even before a gatekeeper mutation. (Am J Pathol
2002, 160:1503–1506)

Germline mutations in mismatch repair (MMR) loci are
present in individuals with HNPCC.1 Inactivation of the
normal allele, typically from loss of heterozygosity,2 re-
sults in MMR deficiency and elevated mutation rates.1

Mutation rates in simple repeat sequences or microsat-
ellite (MS) loci are increased approximately 100-fold in

MMR-deficient cell lines3,4 and widespread microsatellite
instability (MSI) is present in hereditary nonpolyposis
colorectal cancer (HNPCC) tumors.5

Most MS loci are noncoding and selection for these
mutations is unlikely. Proportions of altered MS loci have
been useful for classification of tumors as either with low
or high MSI.6 High MSI (MSI-H) is strongly associated
with loss of MMR.6 Comparisons between tumor and
normal alleles of long polyA repeats are sensitive indica-
tors of MSI because most alterations are deletions.7 De-
letions occur sequentially (stepwise) with loss of a single
or a few bases at a time.3,7–9 Therefore, polyA deletions
not only indicate loss of MMR but their extent also pro-
vides information on the time since loss of MMR.10

The MSI of HNPCC adenomas suggests MMR loss
occurs early in tumor progression.11–13 In theory, MMR
loss could even precede a gatekeeper mutation because
phenotypically normal cells may be MMR-deficient.14 It is
possible to infer the past from the extent of MS mutations
or drift from germline for individual MS loci. Patterns of
MS mutations in CA repeat dinucleotide MS loci estimate
loss of MMR occurs on average approximately 6.3 years
before tumor removal (5.5 years for adenomas and 6.6
years for cancers) and can precede a gatekeeper muta-
tion.15 To further characterize the timing of MMR loss
during progression, the extent of deletions at four polyA
loci were compared between HNPCC adenomas and
cancers. If loss of MMR occurs very early and precedes
a gatekeeper mutation, then the extent of polyA deletions
should be similar between adenomas and cancers, re-
gardless of prior clinical surveillance.

Materials and Methods

DNA was extracted10 from formalin-fixed, paraffin-em-
bedded tumor sections of 6 adenomas and 10 carcino-
mas from 11 Finnish HNPCC patients (Table 1). Clinical
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information was obtained from patient charts. Surveil-
lance intervals are defined as the time between a nega-
tive clinical examination (colonoscopy or prior surgery)
and removal of a new tumor. Normal DNA was free of
tumor and tumor regions were microdissected to obtain
greater than 60% of tumor cells. Germline MLH1 or MSH2
mutations were confirmed by sequencing. The t-test (two-
tail) was used to determine the significance between
means.

PolyA deletions were measured by comparing germ-
line and tumor sizes.10 Briefly, four polyA repeat loci were
examined (BAT20, BAT25, BAT26, and BAT40). Lengths
of mononucleotide repeats were estimated by comparing
the most intense polymerase chain reaction (PCR) prod-
uct band between tumor and normal DNA after electro-
phoresis on 6% sequencing gels, incorporating [33P]-
dCTP (NEN Research Products, Boston, MA) with 35 to
38 PCR cycles. In some cases, to better distinguish be-
tween tumor and contaminating normal alleles, tumor

DNA was diluted before PCR to avoid overlapping stutter
bands.

Results

Somatic deletions were present in all four polyA loci
(BAT20, BAT25, BAT26, and BAT40) in the HNPCC ad-
enomas and cancers (Figure 1 and Table 1). The sum of
deletions over the four polyA loci ranged from �26 to
�49 bases with overlap between adenomas and cancers
(Figure 2). Adenomas had 85% of the deletions observed
in the cancers (average of �32.7 versus �38.4 bases).
There was a slight trend for larger deletions in larger
adenomas, but among cancers, fewer deletions were
present in higher stage cancers (Figure 3).

Some of the HNPCC patients were under surveillance
with six known intervals (average of 2.1 years) between
tumor removal and a prior negative clinical examination
(Table 1). There was a slight trend for fewer deletions in
tumors with longer surveillance intervals (Figure 4). Sur-
veillance did not significantly reduce mutations in the
polyA sequences because tumors removed after nega-
tive clinical examinations had average deletions of �34.8
bases versus �36.5 bases (P � 0.66) for tumors removed
without prior surveillance.

Figure 1. Examples of BAT26 deletions in adenomas (A) and carcinomas (T)
from three HNPCC individuals. PolyA repeat deletions are estimated by
counting the differences between the densest band (indicated by triangles)
from normal (N) and tumor DNA.

Figure 2. Summary of polyA deletions in adenomas and carcinomas. Average
deletions for all tumors were �8.7 bases for BAT20, �6.3 bases for BAT25,
�10.8 bases for BAT26, and �10.4 bases for BAT40. Average total deletions
were �32.7 bases for the adenomas versus �38.4 bases for the cancers.

Table 1. Patient Data

Patient Age (yr) Tumor
Size or
stage

Germline
mutation

Total
deletions

Clinical
interval

1 46 Adenoma 1.0 cm MLH1 �32 NA
46 Carcinoma B MLH1 �38 NA

2 45 Adenoma 0.3 cm MLH1 �34 2.8 yr
3 43 Adenoma 1.0 cm MLH1 �39 NA

43 Carcinoma C MLH1 �42 NA
44 Carcinoma B MLH1 �49 0.5 yr

4 64 Carcinoma B MLH1 �34 NA
5 57 Carcinoma B MLH1 �40 NA
6 56 Adenoma 0.5 cm MSH2 �29 2.0 yr
7 53 Adenoma 0.5 cm MSH2 �28 2.3 yr
8 58 Adenoma 1.0 cm MLH1 �34 3.8 yr

58 Carcinoma A MLH1 �40 3.8 yr
9 43 Carcinoma B MSH2 �41 NA

10 38 Carcinoma D MLH1 �26 NA
11 57 Carcinoma B MLH1 �35 1.0 yr

NA, not available.
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Discussion

Loss or inactivation of the functional MMR allele in
HNPCC marks a “second-hit” and starts the accumula-
tion of mutations in MS loci. Frame-shift mutations char-
acteristic of MMR deficiencies are found in a number of
tumor suppressor loci such as TGFBRII and BAX in
HNPCC tumors,16,17 suggesting loss of MMR precedes
these mutations. However, designating exactly when
MMR loss occurs during progression is difficult because
“time” is typically based on morphological and frequency
criteria. Mutations present in both adenomas and can-
cers are “early” mutations whereas “late” mutations are
found more frequently in cancers.18 The extensive MSI
observed in HNPCC adenomas and carcinomas suggest
loss of MMR occurs early in progression.3,11–13

Determining when a mutation occurs may be con-
founded by the requirement that only mutations accom-
panied by a gatekeeper mutation are detectable. A gate-
keeper mutation1 is defined here as the first mutation that
allows for visible clonal expansion. Progenitors with mu-
tations other than gatekeeper mutations are “invisible”.
Such scenarios are illustrated in Figure 5 using an “imag-
inary” observer with the omniscient ability to see a MMR
“clock” which may start whether or not it is accompanied
by a tumor. Imaginary and real observers will agree on
late MMR loss because tumors with and without MMR
deficiency can be sampled. In contrast, only the imagi-
nary observer can see the early MMR loss and accumu-
lation of MS mutations that precede a gatekeeper muta-
tion because a real observer will see nothing. However, a
real observer may be just as knowledgeable because the
clock can be examined when the tumor is removed.
Assuming an ability to recognize and interpret this clock,
a real observer can infer when it started.

PolyA deletions were similar between HNPCC adeno-
mas and cancers, and between tumors regardless of
clinical surveillance. The scenario most consistent with
these observations is MMR loss that greatly precedes a
gatekeeper mutation. With this scenario (Figure 5), ade-
nomas have as nearly as many polyA deletions as can-
cers because most MS mutations occur before a gate-
keeper mutation. Tumors arising with or without prior
negative clinical examinations would have similar num-
bers of deletions because most deletions accumulate in
occult progenitors.

With early MMR loss, the final extent of MSI in HNPCC
adenomas or cancers would not be surprising for an
imaginary omnipresent observer (Figure 5), but a real
observer might conclude that MMR loss is associated
with catastrophic MSI because intermediate MSI states
are seldom observed.19,20 A real observer may also
question whether polyA deletions reflect times since loss
of MMR because proliferation kinetics vary during pro-
gression. However, a key feature of very early MMR loss
is that phenotypic differences between adenomas or
cancers would have relatively minor effects on the polyA
clock because most of their histories are written in normal
colon. Most MS mutations accumulate unobserved in
phenotypically normal progenitors that are likely to have

Figure 3. Extensive total polyA deletions regardless of adenoma size or
cancer stage.

Figure 4. Few differences in total polyA deletions regardless of interval after
a negative examination, or whether under clinical surveillance.

Figure 5. Possible MMR loss scenarios. Loss of MMR can only be physically
detected after a gatekeeper mutation because otherwise no tumor is present.
However, an “imaginary” omniscient observer can watch for the accumula-
tion of MS mutations (depicted here as the shaded portion of a MMR clock)
whether or not a visible tumor is present. When MMR loss precedes a
gatekeeper mutation, mutations accumulate in clinically occult progenitors. If
MMR loss occurs very early relative to a gatekeeper mutation, both adenomas
and cancers will have extensive MSI. Tumors that appear shortly after neg-
ative clinical examinations will also have extensive MSI because most muta-
tions accumulate in occult progenitors. A real observer who can only exam-
ine tumors may infer when loss of MMR occurs by realizing the clock-like
nature of polyA deletions.
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similar proliferation rates. In addition, polyA repeat se-
quences exhibit molecular clock properties in many dif-
ferent MMR deficient cells including normal murine intes-
tines and human cancer cell lines.3,7–10 Total deletions
are not precise time measures because mutations are
stochastic10 and confidence intervals (not calculated
here) would be expected to be large.

The polyA repeat tumor clock analysis also concurs
with a quantitative analysis of CA-dinucleotide repeats,15

with similar and small differences between adenomas
and cancers, with or without surveillance (Table 2). Al-
though the current polyA sequence analysis is not for-
mally quantitative, both CA- and polyA-repeat mutation
patterns support the conclusion that loss of MMR often
precedes a gatekeeper mutation. The mutation spectrum
of APC is also consistent with MMR loss preceding APC
mutation in most MSI-H cancers.21 APC mutations likely
lag BAT polyA repeat deletions because APC coding
regions lack long repeats (�A8) and mutation rates are
markedly lower for shorter polyA repeats.9

The start of progression has been usually defined as a
visible change in phenotype.22 However, the start of ge-
netic progression (the accumulation of mutations) does
not need to coincide with visible HNPCC tumor progres-
sion because MMR deficient tissues may accumulate MS
mutations and remain phenotypically normal.14,23 Many
or most mutations may potentially accumulate before the
onset of visible neoplasia. Loss of MMR may not even
mark the start of genetic progression because some
mutations found in MSI-H tumors lack features character-
istic of MMR loss.21 Further systematic studies of tumor
mutations may help better characterize the frequencies
and lengths of occult genetic progression periods.
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Table 2. Total PolyA Deletions versus CA-Repeat Clock Data

Specimen PolyA deletions

CA-repeat tumor
clock: intervals

since MMR loss*

Adenoma �32.7 bases 2000 divisions
Cancer �38.4 bases 2400 divisions

Ratio 0.85 0.83
Interval tumors �34.8 bases 6.0 years
Non-interval tumors �36.5 bases 6.2 years

Ratio 0.95 0.97

*From Tsao et al.15
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