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PolyA simple repeat sequence deletions are common
in tumors with microsatellite instability (MSI1). Such
deletions occur one base at a time in DNA mismatch
repair (MMR)-deficient yeast suggesting larger dele-
tions in human MSI1 tumors represent multiple se-
quential stepwise losses. Sum total deletions in four
polyA repeats were variable (between 217 to 245 bp)
in 20 sporadic MSI1 colorectal cancers. Progressive
but less extensive total deletions (maximum of 212
bp) occurred in similar polyA sequences in MMR-
deficient mice (mlh12/2) up to 478 days old. PolyA
repeat lengths were relatively stable but already
shortened in the MMR-deficient cell line HCT116. A
transgene with 26 A’s transfected into HCT116 short-
ened an average of 3.8 bases pairs after 469 days in
culture, less than average deletions of BAT25 (25.3)
or BAT26 (29.0) in MSI1 cancers. These findings fur-
ther suggest that extensive polyA deletions common
in MSI1 tumors likely reflect multiple stepwise
smaller deletions that accumulate more than hun-
dreds of divisions after loss of MMR. (Am J Pathol
2001, 158:1867–1870)

Tumors with microsatellite instability (MSI) usually have
defects in DNA mismatch repair (MMR).1 However MMR-
deficient tissues do not necessarily exhibit MSI. For ex-
ample, mutations are relatively rare in MMR-deficient
mice.2–4 An explanation for varying mutation burdens are
different intervals since loss of MMR. Longer intervals
since loss of MMR should yield greater numbers of mic-
rosatellite (MS) mutations.

One approach counts MS mutations by measuring the
proportion of loci with alleles different from germline
lengths. This is the basis for tumor classification as stable
(MSI-S), and with low (MSI-L) or high (MSI-H) instability.5

MSI-H but not MSI-S or MSI-L tumors have MMR defects.
However, proportions of mutated loci do not completely
count total mutations because a single MS allele can
mutate multiple times.6–8 Therefore, MS alleles can
record both loss of MMR (by changes from germline) and
the interval since loss of MMR (by the extent of changes
from germline).

One of the first alterations observed in tumors lacking
MMR were deletions in polyA simple repeat sequenc-
es.9,10 Counting polyA mutations may be simpler than
stepwise mutations in dinucleotide repeat loci7 because
most mutations are deletions. PolyA sequences such as
BAT25 and BAT26 are frequently and extensively delet-
ed.9–12 Yeast polyA deletions are predominately single
base pair losses13 suggesting larger deletions result from
multiple smaller sequential or stepwise replication errors
that accumulate throughout many divisions. Multiple suc-
cessive single base pair polyA deletions likely also occur
in mammalian MMR-deficient tissues.8,9,12 To further
characterize polyA deletion dynamics, MMR-deficient tis-
sues were examined at multiple such loci. Similar to
CA-repeat MS loci,7 polyA deletions in MSI1 tumors likely
reflect hundreds of divisions since loss of MMR.

Materials and Methods

Specimens

DNA extracted from formalin-fixed, paraffin-embedded
colorectal cancer sections were screened for MSI at four
CA-dinucleotide MS loci14 and two polyA repeats
(BAT25, BAT26). The 20 MSI1 colorectal cancers in this
study would be classified as MSI-H.5 None of the patients
had histories consistent with hereditary nonpolyposis
colorectal cancer.

DNA was also extracted from fixed normal small and
large intestines of mlh12/2-deficient mice15 of different
ages. Colorectal cancer cell lines HT29, SW480, and
SW837 (MMR-proficient); HCT116 and SW48 (MMR
(MLH1)-deficient16); and HCT15 [MMR (MSH6)-defi-
cient17] were obtained from American Type Culture Col-
lection (Manassas, VA). Their germline BAT allele lengths
were estimated from the average germline lengths of the
MSI1 cancers.

A 26-bp polyA sequence was inserted into the non-
transcribed multiple cloning site of a pBluescript based
plasmid vector and transfected into HCT116. Stable
transfected G418-resistant clones were isolated by limit-
ing dilution and propagated in mass culture for 469 days.
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Multiple copies (.10) of the A26 transgene were present
per cell.

MS Analysis

DNA was amplified incorporating 33P-dCTP during 32 to
38 polymerase chain reaction (PCR) cycles. Deletions
were estimated by comparing lengths between tumor
and normal DNA after electrophoresis on 6% sequencing
gels. The length of an allele was determined by its most
intense band using a phosphoimager (Molecular Dynam-
ics, Sunnyvale, CA). BAT25, BAT26, BAT40,18 and
BAT20 (Table 1) were analyzed for the human speci-
mens. Similar sized mbat polyA murine sequences (Table
1) were used to analyze mlh12/2 mice. Germline murine
sizes were determined by amplification of MMR-proficient
mlh11/1 littermates. Mononucleotide repeat lengths
were confirmed by sequencing some of their PCR prod-
ucts. Lengths of the A26 transgene were determined by
sequencing PCR products cloned into bacteria (TA clon-
ing kit; Invitrogen, Carlsbad, CA). Although multiple cop-
ies of the A26 transgene were present per cell, each
measured allele likely reflect mutations in different cells
because PCR was performed with DNA extracted from
mass cultures.

Results

PolyA deletions were common and extensive in 20 MSI1
colorectal cancers (Figure 1). Deletions, detected in all
four examined polyA loci, were more extensive in some
cancers. Total deletions throughout the four loci ranged
from 217 to 245 bases with an average of 228.8 bases
(Figure 1B). For comparison, estimated deletions in
MMR-proficient cell lines HT29, SW480, and SW837 were
minimal to absent, and extensive in MMR (MLH1)-defi-
cient HCT116 (239 bases) and SW48 (235 bases). De-
letions in the MSH6-deficient cell line HCT15 (222 bases)
were at the minimum range observed in cancers.

Serial observations allow sequence instability mea-
surements. Already deleted polyA sequences were rela-
tively stable in the MMR-deficient cell line HCT116 during
352 days in culture (Figure 2A). In contrast, murine polyA
(mbat) sequences of germline lengths similar to human
BAT loci (Table 1) shortened in normal large and small

intestines of MMR-deficient (mlh12/2) mice (Figure 2B).
The mbat deletions were more frequent and extensive
compared to HCT116, but less than the human MSI1
cancers. Losses increased with aging, with the largest
deletion (26 A’s) and greatest total deletion (212 bases
at four mbat loci similar to the BAT loci) in the oldest
mouse (478 days old). Average deletions in the oldest
mouse was 23.1 bp per locus.

The relative lack of deletions in HCT116 during culture
suggests deletion rates may be length-dependent. A
lower length boundary was apparent for the MSI1 can-
cers (Figure 1C) as polyA lengths did not become shorter
than 15 to 20 A’s. To investigate this potential lower
length boundary, a transgene containing a stretch of 26
A’s was introduced into HCT116. After 469 days in culture
(with a division rate of approximately once per day) the
A26 transgene was deleted 1 to 6 bases (Figure 3). The
average A26 transgene deletion was less than BAT25 or
BAT26 in cancers (23.8 versus 25.3 or 29.0). Four other
independently isolated A26-transfected HCT116 cell
lines also demonstrated minimal changes during this cul-
ture period (data not shown).

Discussion

Genomic instability is a function of time and mutation
rates. Here we demonstrate that extensive polyA dele-

Table 1. BAT Loci and Primers

Name Locus GenBank accession PolyA length Primers 59 to 39

BAT20 STS SHGC-14162 G16290 20 ACTTCTCCCACCCATGTGAG
human CAACCTGGGATTCTTTTCCA
mbat30 Hif1A Y13656 19 CGGCGAGAACGAGAAGAAAA
murine CCAAGATGGCGACGTGGA
mbat25 S100 beta protein L22144 25 GGAGTTCATGGCCTTCGTC
murine CCCTCATGTCTGTTGCAGAA
mbat26 Pituitary tumor-transforming gene AF060887 26 TCACCATCCATTGCACAGTT
murine CTGCGAGAAGGTACTCACCC
mbat37 HYLTK, tyrosine kinase X83972 37 TCTGCCCAAACGTGCTTAAT
murine CCTGCCTGGGCTAAAATAGA
mbat47 Alpha-mannosidase AF107018 47 CCGTGGTCTGAGTGATGATG
murine IIx gene CCAGCTGTTCTATCCGGTTC

Figure 1. A: Examples of BAT26 and BAT40 deletions in MSI1 colorectal
cancers. Lengths of the alleles are estimated from the densest band (open
circle, normal; filled circle, tumor). B: Total deletions in BAT20, 25, 26, and
40 were variable for the 20 MSI1 colorectal cancers (specimens 1 to 20). For
comparison, estimated total deletions for MMR-deficient (specimens 21 to 23;
HCT116, SW48, HCT15) and MMR-proficient (specimens 24 to 26; HT29,
SW480, SW837) colorectal cancer cell lines are illustrated. Deletions for the
cell lines are estimates because matching normal tissues were unavailable
and their starting germline sizes were assumed to be equal to the average
lengths found in the 20 MSI1 tumor patients. C: Normal (open circles) and
tumor (filled circles) allele lengths for MSI1 cancers and cell lines (trian-
gles) at the four polyA loci.
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tions common in MSI1 cancers likely reflect several hun-
dreds of divisions since loss of MMR. Deletions in MMR-
deficient normal mouse intestines and an A26 transgene
in a colon cancer cell line did not reach the extent ob-
served in most MSI1 cancers even after ;500 divisions.
Their progressive and smaller deletions are consistent
with a sequential stepwise deletion process.

These observations in mammalian cells are consistent
with studies in yeast. Unrepaired slippage during DNA
replication is the likely mechanism for MS mutations in
MMR-deficient cells,19,20 linking mutation with division.
Yeast polyA mutations are predominantly single base
deletions.13 Therefore, multiple base pair deletions po-
tentially count numbers of divisions needed to accumu-
late multiple individual smaller base pair deletion replica-
tion errors.

Counting mutations based on the extent of deletion
may underestimate total mutations because less frequent

insertions may also occur. Furthermore, deletions are
nonlinear with respect to numbers of divisions because
replication errors are a function of repeat length. For
example, the mutation rate with an A14 repeat was esti-
mated at 160 3 1025 whereas it was 8.4 3 1025 (;19-
fold lower) with an A12 repeat in yeast.13 Similarly, by
direct serial measurement deletions in already shortened
polyA sequences in a MMR-deficient cell line were fewer
compared to a longer repeat transfected into the same
cell line, or longer repeats in normal murine intestines.
Therefore, progressively more divisions are required for
further deletion as a repeat shortens, which can account
for the apparent lower length boundary (;15 to 20 A’s)
observed in MSI1 cancers and cell lines. Of note, CA-
dinucleotide MS loci seem to be more suitable as molec-
ular tumor clocks because additions are approximately
equal to deletions that reduce a lower boundary effect.7

Although counting dinucleotide MS mutations is more
complex, mutations continue to be proportional to divi-
sions throughout greater time intervals.7

Further complicating division counting since loss of
MMR is the stochastic nature of mutation. For example
the extent of deletion varied for the A26 transgene within
a single culture (Figure 3). In addition, the underlying
MMR deficiency may effect loss rates as compared to
msh2-deficient cells, deletions with msh6-deficient yeast
are ;100-fold less frequent.21 This observation is consis-
tent with the fewer deletions estimated for the MSH6-
deficient cell line HCT15 compared to MLH1-deficient
cell lines. Therefore, variability of total deletions in MSI1
cancers (Figure 1B) may reflect factors other than num-
bers of divisions after loss of MMR. Nevertheless, it is
apparent that deletions in MSI1 cancers are more exten-
sive than in MMR-deficient normal and neoplastic cells
observed throughout several hundred divisions.

Tumor analysis typically provides static genetic snap-
shots because progression is based on histological cri-
teria. MS loci in MMR-deficient tumors provide an inde-
pendent dimension of time because numbers of divisions
since loss of MMR can be inferred by their amount of drift
from germline regardless of tumor histology. The exten-
sive polyA deletions observed in MSI1 cancers likely
reflect hundreds of divisions since loss of MMR, consis-
tent with a quantitative analysis of dinucleotide repeat loci
that inferred ;2000 divisions typically intervene between
loss of MMR and tumor removal.7 Some mutations re-
corded by MS loci may even precede visible progression
or a gatekeeper mutation because loss of MMR and
somatic mutations including deletions in BAT26 and
BAT40 can accumulate in phenotypically normal cells.22

The gradual accumulation of noncoding MS mutations
during progression9–12 may not be accompanied by rec-
ognizable changes in phenotype.

The ability to count mutations in noncoding MS loci
may have important clinical implications because many
selective mutations in MSI1 tumors seem to occur after
loss of MMR. Frameshift mutations in short polynucleotide
repeats of tumor suppressor genes are common in MSI1
tumors but rare in MSI2 tumors.18,23 Although progres-
sion to cancer can be limited by the infrequency of mu-
tation,24 mutations or time seem not to limit MSI1 cancers

Figure 2. A: Serial measurements of BAT loci [BAT20 (X), 25 (filled circle),
26 (open circle), and 40 (triangle)] in a clonal isolate of HCT116. Further
deletions in the already shortened BAT alleles were rare during 352 days in
culture. B: Serial measurements of mbat loci (Table 1) in large and small
intestines of mlh12/2 mice. In contrast to HCT116, progressive deletions
occurred in these longer polyA repeats. Deletions in the oldest mouse (478
days old) were less than the MSI1 cancers (Figure 1).

Figure 3. Distribution of polyA repeat lengths in MSI1 cancers (BAT25,
shaded bars; BAT26, black bars) and the A26 transgene in HCT116 (open
bars). Deletions in the A26 transgene were variable and less extensive than
BAT loci in MSI1 cancers after 469 culture days. Arrows indicate average
deletions.

Stepwise PolyA Deletions 1869
AJP May 2001, Vol. 158, No. 5



because most tumors present clinically within a few thou-
sand divisions after loss of MMR.7 Assuming one division
per day, MSI1 colorectal tumors appear within a decade
after loss of MMR compared to the decades estimated for
progression of most colorectal cancers.1 Limiting MSI1
cancers may be the initial loss of MMR, for example by
methylation of MLH1 in sporadic colorectal cancers,25 or
host resistance factors such as immune surveillance.
Interestingly, loss of HLA expression has been associ-
ated with MSI1 but not MSI2 colorectal cancers.26 Fur-
ther studies may better define the analysis appropriate
for reading tumor-specific histories from their mutations
and deciphering the significance of these autobiogra-
phies.
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