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Abstract
In vitro studies in bacterial, yeast and eukaryotic systems have 
demonstrated the existence of deletion and insertion ‘hot
spots’ involving repetitive sequences. Slipped-strand mispair
ing (SSM) has been suggested to be the mechanism involved. 
Progress in human molecular genetics has allowed the identifi
cation of many mutations causing diseases. Analysis of se
quences involved in these mutations provides an opportunity 
to investigate the contribution of short tandem repeats to the 
naturally occurring mutations in coding regions of human 
genes. We have analyzed the sequences surrounding 625 dis
ease-causing mutations in the coding regions of three genes: 
the cystic fibrosis transmembrane conductance regulator, ß 
globin and factor IX. Altogether, 134 (21%) insertion and 
deletion mutations of 4 base pairs or less were identified. In 
47% of these mutations, the deletions and insertions occurred 
within a unit repeated tandemly 2- to 7-fold. These were classi
fied as SSM mutations. The proportion of SSM mutations was 
significantly higher than expected by chance. The estimated 
net proportion of deletion and insertion mutations attributed 
to SSM was 27%. These results indicate that very short repeti
tive sequences contribute significantly to the generation of 
deletion and insertion mutations in human genes, and to the 
evolution of diversity of their coding regions.

eficial, neutral or detrimental to the organism. 
In order to understand the mechanisms gener
ating mutations, it is essential to investigate 
the nature of the DNA sequence alterations. 
Extensive studies in bacterial genetic systems

Introduction

Genetic information can be altered by base 
substitutions or by addition or deletion of 
nucleotides. These changes can be either ben-
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have demonstrated the existence of deletion 
and insertion ‘hotspots’, involving repetitive 
sequences [1, 2], In vitro frameshift fidelity 
assays using eukaryotic DNA polymerases 
have suggested that template-primer mis
alignment during DNA synthesis or recombi
nation is probably the mechanism generating 
short deletion and insertion mutations [3], 
According to this proposal, misaligned inter
mediates are formed as a result of slippage of 
DNA strands, in regions containing repeated 
nucleotides. Therefore, the mechanism was 
termed slipped-strand mispairing (SSM) [4].

The eukaryotic genome contains many re
gions in which small motifs consisting of a sin
gle base or small number of bases are repeated 
in tandem multiple times (often over 20 re
peated units in a run). These relatively high- 
copy-number simple tandem repeats com
prise the highly polymorphic microsatellite 
sequences found in many noncoding regions 
of mammalian genomes. These polymor
phisms derive from differences in the copy 
number of the tandemly repeated simple mo
tifs, and are usually stably inherited. There
fore, these polymorphic sites are useful for 
genomic mapping and for fingerprinting stud
ies. Analysis of several restriction fragment 
length polymorphism (RFLP) sites flanking 
polymorphic microsatellite sites has suggested 
that SSM, rather than unequal exchange be
tween homologous chromosomes, is most 
probably the mechanism involved in generat
ing copy number variation [5,6].

Studies in Saccharomyces cerevisiae have 
shown that (GT)n tracts are highly unstable, 
with length alterations at a minimal rate of 
10-4 events per division [7], Most of the 
changes involve additions or deletions of one 
or two repeated units. In addition, Strand et 
al. [8] have shown that the instability of poly 
(GT) sequences in yeast can be greatly in
creased by mutations in DNA mismatch re
pair genes. These results support the assump

tion that tract instability is associated with 
DNA polymerases slipping during replica
tion. Another study has recently shown that 
DNA plasticity in mitochondrial DNA is a 
result of the instability of a 10-bp tandemly 
repeated sequence [9],

Several human diseases (fragile X, myo
tonic dystrophy, Huntington’s chorea, spinal 
and bulbar muscular atrophy and spinocere
bellar ataxia type 1) have been found to be 
caused by somatic expansion of highly re
peated tandem repetitive sequences [10-15]. 
In these diseases, a dramatic increase in the 
length of the repeated run occurs.

Recent progress in human molecular ge
netics has led to the identification of disease- 
causing mutations in several human genes. 
Analysis of the sequences involved in these 
mutations has provided an opportunity to 
investigate the mechanisms involved. In a 
study of 80 short deletion and insertion muta
tions, direct repeats of between 2 and 8 bp 
were found in the immediate vicinity of the 
majority of the analyzed mutations [16, 17], 
These direct repeats either included or par
tially overlapped the deleted or inserted bases. 
A modified SSM model was proposed to ex
plain these results. The existence of direct 
repeats in the vicinity of mutation sites is not 
surprising, since an extensive computer re
search of DNA sequences has shown signifi
cantly high levels of nontandem direct repeats 
(cryptic simplicity) in many coding or non
coding DNA sequences [18].

In this study, a more conservative analysis 
was performed in order to estimate the net 
influence of SSM in short (1-4 bp) insertion 
and deletion mutations. This was obstained 
by classifying a mutation as SSM only in those 
cases where the mutation could be simply 
explained by the SSM model as detailed in the 
Material and Methods section. The results of 
this analysis are expected to enhance our un
derstanding of the contribution of SSM to the

15



mutability of human genes. We have studied 
three genes in which a large number of dis
ease-causing mutations have been identified:
(1) the cystic fibrosis (CF) transmembrane 
conductance regulator (CFTR) gene, in which 
400 mutations have been identified [CF Ge
netic Analysis Consortium, pers. commun.];
(2) the ß globin gene, in which over 100 muta
tions cause ß thalassemia [19], and (3) the fac
tor IX gene, in which over 300 mutations 
cause hemophilia B [20].

Table 1. Examples of deletion (underlined) and in
sertion (double underlined) mutations of 4 bp or less 
found in the CFTR, ß-globin and factor IX genes

1 Factor IX (1-bp SSM deletion in a run of two re
peats)
6382 CAGGTAAATTGGAAGAGTTT 6401 [22]

2 ß-globin (1-bp SSM insertion in a run of three re
peats)
73 GTTGTTGAGGCCCCTGGGCA 92 [19]

3 CFTR ( 1 -bp non-SSM deletion)
545 TACACCCAGCCATTTTTGGC 564 [23]

4 CFTR (2-bp SSM insertion in a run of two repeats) 
1141 TCACCACCATCTCTÇATTCT 1160 [24]Materials and Methods

5 CFTR (2-bp SSM deletion in a run of five repeats) 
382 TAT GGAAT CTTTTT AT ATTT 401 
[Clausters, pers. commun.]

Sequences flanking mutations in the coding region 
of the CFTR, ß-globin and factor IX genes were ana
lyzed. The information was obtained from previously 
published reports [19, 20; CF Genetic Analysis Con
sortium, pers. commun.]. The analyzed mutations 
were located within published normal coding se
quences as reported in GenBank.

6 CFTR (4-bp SSM deletion in a run of two repeats)
40224003 

[our unpubl. result]

The numbers at the beginning and end of the 
sequences represent the position of the first and last 
nucleotide, respectively, in the row, as reported in 
GenBank.

Classification of Mutations
Mutations that were neither insertions nor dele

tions, and mutations in which the insertion or deletion 
was larger than 4 bp were classified as ‘other’ muta
tions. Classification as an SSM mutation was restricted 
to mutations of up to 4 bp since most length variation 
was found in repeat units of 1-4 bp [21]. Insertion or 
deletion mutations of 4 bp or less were classified as 
deriving from SSM if they met the following condi
tions: (1) deletion of n (1-4) bp was considered SSM, if 
and only if the adjacent n bases, from either side, were 
identical to the deleted bases; (2) insertion of n (1-4) 
bp was considered SSM if and only if the insertion was 
adjacent to a tandem repeat of at least 2 repeats with 
the same sequence as the inserted bases, and (3) when 
the deletion or insertion was itself a repetitive unit (e.g. 
TT, ACAC), only the repeat unit was compared with 
the adjacent bases to classify the nature of the muta
tion according to (1) and (2) (e.g. deletion of AA in a 
run of AAA would be considered SSM).

All other mutations were classified as non-SSM. At 
each SSM mutation, the length of the repetitive run 
in the normal sequence was counted. For example:
(1) deletion of the underlined nucleotides in the nor
mal sequence ACACACAC was counted as a 2-bp 
deletion SSM mutation in a run of four repeats and
(2) insertion of the double underlined nucleotide in the

Table 2. Insertion and deletion mutations in the 
CFTR, factor IX and ß-globin genes

Insertions SSMa 
mutations and deletions

Gene All

CFTR 
Factor IX 
ß-globin

243 66 35 (0.53) 
11 (0.39) 
11 (0.46)

329 44
53 24

Total 134625 63 (0.47)

a The value in parentheses is the proportion of inser
tion and deletion mutations classified as SSM.
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Table 3. Total number of insertion and deletion mutations, number and proportion attributed to SSM accord
ing to type of mutation (insertion or deletion) and number of base pairs inserted or deleted

Deletion + insertionInsertionNumber Deletion 
of bp total SSMtotal SSMtotal SSM

PRO PEC ENPn PRO PEC ENPPRO PEC ENP nn

60 34 0.57 0.48 0.17 25 11 0.44 0.17 0.33 85 45 0.53 0.39 0.23
25 10 0.40 0.12 0.32 7 4 0.57 0.01 0.57 32 14 0.44 0.10 0.38

8 3 0.38 0.05 0.34 0 0 0.00 »0.00 0.00 8 3 0.38 0.05 0.34
7 1 0.14 »0.00 0.14 2 0 0.00 »0.00 0.00 9 1 0.11 »0.00 0.11

1
2
3
4

Total 100 48 0.48 0.32 0.24 34 15 0.44 0.12 0.36 134 63 0.47 0.27 0.27

PRO = Proportion; PEC = proportion expected by chance alone (see text for details): ENP = estimated net 
proportion of true SSM mutations (see text and Appendix for details).

sequence AAA was counted as a 1-bp insertion SSM 
mutation in a run of two repeats.

It is important to note that deletion and insertion 
mutations might be classified as SSM if they happened 
to occur adjacent to a repetitive sequence, even if SSM 
is not actually the mechanism responsible for the mu
tation. Under the assumption that SSM is not involved 
in generating deletion and insertion mutations, the 
proportion of deletion and insertion mutations ex
pected to be classified as SSM by chance was calcu
lated as follows: (1) Deletion mutations. The propor
tion of 1-bp deletions was calculated by counting all 
the base pairs that if deleted would have been consid
ered to result from SSM, divided by the total number 
of base pairs in the coding sequence analyzed. The pro
portions of all possible 2-, 3- and 4-bp deletions that 
would be classified as SSM were similarly calculated. 
(2) Insertion mutations. The proportion of 1-bp inser
tions was calculated by counting all the locations in 
which a 1-bp insertion would have been considered to 
result from SSM, and dividing by the total number of 
possible locations for insertions (the total number of 
base pairs + 1). The inserted nucleotides were taken to 
be A, C, G or T, each with equal probability. The pro
portion of 2-, 3- and 4-bp insertions was calculated in a 
similar manner by considering all possible 2, 3 and 4 
bp at each point along the sequence. The net propor
tion of mutations that can be attributed to the mecha
nism of SSM was calculated as described in the Appen
dix.

Results

Several examples of the classification of 
mutations are presented in table 1. Table 2 
presents the total number of mutations ana
lyzed for each gene, the total number of inser
tion and deletion mutations and the propor
tion of the insertion and deletion mutation 
that can be classified as SSM mutations. The 
proportion of the total number of mutations 
that were insertions or deletions varied from 
0.13 for factor IX to 0.45 for ß globin. The 
proportion of total insertion and deletion mu
tations classified as SSM was 0.47.

Table 3 presents results of the analysis of 
insertion and deletion mutations according to 
the number of deleted or inserted base pairs. 
Deletion and insertion mutations were ana
lyzed separately. Results are presented for the 
three genes together, since similar proportions 
were found independently in each gene (data 
not shown). The number of deletion muta
tions ( 100) was 3-fold greater than the number 
of insertion mutations (34). In cases in which 
SSM mutations were present, the proportions
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Table 4. SSM mutations according to the type of 
mutation (insertion or deletion), the number of base 
pairs inserted or deleted (1 or > 1) and the number of 
repeats in the run at the site of the mutation (2, 3 or 
> 3) in the normal sequence

tor IX. A strict analysis was performed in 
order to estimate the net influence of SSM in 
short (1-4 bp) insertion and deletion muta
tions. This was obtained by classifying a mu
tation as SSM only in those cases in which the 
mutation could be simply explained by the 
SSM model. It is important to note that the 
repertoire of mutations found in patients 
showing disease symptoms does not reflect 
the entire spectrum of mutational events that 
might have occurred in these coding se
quences in the course of evolution. Mutations 
without clinical effect or mutations that have 
not ‘survived’ through evolution are missing. 
The search uncovered 134 deletion or inser
tion mutations of 4 bp or less (table 2). These 
were 21% of all mutations. Our analysis re
vealed that a net proportion of 27% of all dele
tion or insertion mutations of 4 bp or less can 
be attributed to SSM events. In these cases, it 
is reasonable to assume that SSM, rather than 
unequal sister chromatid exchange, is the 
mechanism involved, since the analyzed mu
tations are within very short runs (2-7 re
peats) which probably would not facilitate un
equal pairing of DNA strands.

As seen in table 3, the proportion of dele
tion and insertion mutations that can be ex

Number of Deletions 
repeats

Insertions

1 bp > 1 bp 1 bp > 1 bp

2 21 311 1
103 3 3 1

>3 3 0 5 2

of SSM mutations were tested for statistical 
difference from the proportions expected by 
random chance using an exact binomial test. 
With one exception, there were significantly 
more SSM mutations than would be expected 
by chance. The exception was the 1-bp dele
tions, for which the proportion was not signif
icantly greater than that expected by chance 
(0.57 versus 0.48). The net proportion of mu
tations attributed to SSM was greater in inser
tions (0.36) than in deletions (0.24), with an 
overall proportion of 0.27.

Table 4 presents the distribution of SSM 
insertion and deletion mutations, according 
to the number of repeats in the run. Mutations 
of 1 bp and mutations of > 1 bp were analyzed 
separately. It can be seen that the most fre
quent deletion mutation event is a 1-bp dele
tion in a run of two units. These mutations, 
however, are attributed mostly to a mecha
nism other than SSM, and classified as SSM 
only by chance. Insertion mutations are more 
common in longer runs.

plained by SSM is significantly higher than 
expected by chance, except for the 1-bp dele
tions. These results indicate that SSM is a sig
nificant mechanism causing deletion and in
sertion mutations in human genes. The ap
pearance of a simple run of 2 bp (AA, CC, GG 
and TT) is the most common repeat in any 
sequence. Therefore, it is not surprising that, 
as seen in table 4, the majority of the 1-bp 
deletion mutations are in runs of two repeats. 
This supports the suggestion that some of 
these mutations are caused by other mecha
nisms and are classified as SSM by chance 
only.

Discussion

The study analyzed 625 different disease- 
causing mutations in the coding regions of 
three human genes: CFTR, ß globin and fac

It is well recognized that the highly poly
morphic microsatellite regions comprised of
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long runs (>20) of short tandem repeats are 
unstable, leading to changes in the number of 
the repeated unit. In addition, several human 
diseases have been found to be caused by the 
instability of long runs of 3 bp tandemly 
repeated. Our results suggest that very short 
runs (<8) of tandem repeats can also lead to 
misalignment and SSM. Since the frequency 
of short tandem repeats is higher than the fre
quency of long tandem repeats, the results 
presented here indicate that the instability of 
these short repeats contributes to DNA muta
bility in human genes.

Nontandem repeats, interrupted by a few 
base pairs, may also promote deletion and 
insertion mutations by SSM. This has been 
convincingly demonstrated in Escherichia 
coli [25, 26]. In our study, such mutations 
were not classified as SSM mutations. Nev
ertheless, several examples have been ob
served, such as a 4-bp deletion (double under
lined) in the CF gene: CTACCAAGTCAAC- 
CAAACCATACAA-3667del4 [Estivili, pënT 
commun.]. This sequence comprises three re
petitive units (underlined) of 4 bp, inter
rupted by a few base pairs. Thus, the propor
tion of deletion and insertion mutations in 
which short repeats are involved may well be 
even higher than found in this study. Further
more, it has been suggested that the SSM 
mechanism is also involved in generating sub
stitution mutations [27], Thus, the SSM 
mechanism is probably a major mechanism 
for the generation of mutations in general.
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Appendix

As explained in the text, a mutation of another 
nature that occurred by chance within a repetitive 
sequence, would be classified as SSM. In order to esti
mate the net proportion of mutations that can be 
explained by a SSM event, Pts, the following procedure 
was carried out. The analysis is done separately for 
each type of mutation as defined in table 3 (i.e., dele
tion or insertion and the number of base pairs in
volved). The following definitions are used:

Mall = The total number of mutations.
Mcs = The number of mutations that were classi

fied as SSM.
Mts = The estimated number of mutations that 

were caused by a true SSM event.
Mco = The number of mutations that were classi

fied as other than SSM mutations.
Mto = The estimated number of mutations that 

were caused by a non-SSM event.
PcS = The proportion of mutations that were classi

fied as SSM.
PrS = The proportion of mutations that would be 

classified as SSM in the given sequence as a result of a 
random process generating the mutations.

Pts = The estimated proportion of mutations that 
were caused by a true event of SSM.

Mcs and Mco can then be expressed as: Mcs = Mt$ + 
PrsMto, and Mc0 = Mto - PrsMt0. These two equations 
have two unknown parameters, Mts and M,o. There
fore, a solution for Mts can be obtained: Mts = Mcs - 
[PrSMc0/( 1 - PrS)]. Pts can then be obtained: PtS = MtS/ 
Mall-
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