Chapter 16

Short Tandem Repeats and Genetic Variation

Bo Eskerod Madsen, Palle Villesen, and Carsten Wiuf

Abstract

Single nucleotide polymorphisms (SNDPs) are widely distributed in the human genome and although
most SNPs are the result of independent point-mutations, there are exceptions. When studying distances
between SNDPs, a periodic pattern in the distance between pairs of identical SNPs has been found to be
heavily correlated with periodicity in short tandem repeats (STRs). STRs are short DNA segments,
widely distributed in the human genome and mainly found outside known tandem repeats. Because of
the biased occurrence of SNPs, special care has to be taken when analyzing SNP-variation in STRs.

We present a review of STRs in the human genome and discuss molecular mechanisms related to the
biased occurrence of SNPs in STRs, and its implications for genome comparisons and genetic association
studies.
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Abbreviations
SNP single nucleotide polymorphism
bp base pair
STR  short tandem repeat

1. Introduction

Single nucleotide polymorphisms (SNPs) are widely distributed
in the human genome, and are not restricted to any type of genetic
elements such as exons, transcripts, transposons or tandem
repeats. There are 11.9 million reported SNPs in the human
genome (dbSNP (1, 2), build 128) and panels of up to 650 k
SNPs have been used as markers for genetic disease susceptibility
variants in genome wide association studies (3-7). SNPs are
generally thought to be the result of independent mutational
events which subsequently have spread in the human population
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and thereby lead to nucleotide diversity in the genome (8). Much
effort has gone into identifying new SNPs in the human genome
and studying the frequencies of SNPs in different human popula-
tions. For example in the HapMap project, 4.0 million non-
redundant SNPs (release #2 3, January 2008) have been genotyped
in 270 individuals from four different human populations from
Africa, Asia and Central Europe (9). SNP information from the
HapMap project has been used to select the SNP panels for
genome wide association studies, and has contributed to the vali-
dation of some of the SNPs that have been reported to dbSNP.

By comparing genomes from different species or individuals,
single nucleotide variation has been used to estimate how
genomes evolve over time. Simplified models such as the Jukes-
Cantor (10), Felsenstein (11) and HKY (12) models are typically
applied to compare the evolution of different segments of the
genome. Such comparisons can identity DNA segments that are
highly conserved and/or under selection, and thereby identify
functionally important elements in the genome. Knowledge
about functional elements is then again used in studies of how
genetic variation influences the resulting phenotype (e.g.
disease).

In this review, we focus on how SNP occurrence may depend
on periodicity in the nucleotide composition. Nucleotides occur-
ring in a periodic manner are known as tandem repeats, microsat-
ellites, simple repeats or simple sequence repeats (SSR). We
especially focus on short (imperfect) tandem repeats (STRs) in
the human genome, relate the findings to possible molecular
mechanisms for generating STRs and discuss what implications
the findings may have on genetic association studies and genome
comparison studies.

2. Identification
of Short Tandem
Repeats

In this review, we use the definition of STRs given by Madsen
et al. (13) (originally called periodic DNA). In brief, a DNA
segment is defined as an STRif (1) it is at least 9 bp long, (2) the
repeat-unit (e.g. AT in ATATATATAT) is repeated at least three
times, (3) only a few base pairs in the segment do not match the
repeat-unit. To allow for sequence ambiguity, all possible SNP
alleles are used in the identification of an STR (see Fig. 1).
Several algorithms, such as Tandem Repeat Finder (14),
mreps (15) and TROLL (16), have been developed for the iden-
tification of tandem repeats. These algorithms are designed for
general identification of tandem repeats, but care should be taken
since the algorithms differ significantly in what they detect as tandem
repeats (17). None of the above mentioned algorithms incorporate
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Fig. 1. Definitions of distances in pairs of SNP and an example of an STR. Distances are calculated between all pairs of
SNPs, thus the figure shows three pairs with three distances. The distance (d) between any two SNPs is defined as the
positive difference between the two genomic SNP positions, for example, d=1 corresponds to contiguous SNPs. A pair
of identical SNPs is defined as two SNPs with identical alleles (here SNP1: A/G, SNP2: A/G, d=9). Pairs of different SNPs
are defined as two SNPs with different alleles (here SNP1: A/G, SNP2: C/T, d=4; SNP1: C/T, SNP2: A/G, d=5). To the right,
an example of an STR is shown. The period (p) is 3, and it is shown that SNPs are allowed in the pattern. Adapted in part
from Madsen et al. (13), with permission from Genome Research

information about known SNP variations in the human genome,
and we previously implemented a specialized algorithm for the
identification of STRs (13).

STRs are widely distributed in the human genome; i.e. STRs
make up 4.3% of the entire human genome, whereas 2.87% of
exons and 4.3% of the entire transcribed regions are tagged as
STRs (13) Furthermore, STRs are generally different from the
“Simple Repeats” track from the UCSC Table Browser (18)
(found using Tandem Repeat Finder (14)), as 97.17% of all STRs
are found outside the track (13). The genomic content of tandem
repeats in general has been investigated in several studies, and is
described elsewhere (19-20).

3. A Periodic
Pattern in SNP
Distances

One feature of STRs is a periodic pattern in the distance between
pairs of “identical SNPs” (SNDPs with identical alleles). In contrast
to non-STR, pairs of identical SNPs are common and clearly non-
uniformly distributed in STRs (Fig. 2). If SNPs occur with the
same probability independently at all sites in the genome, then
the distance between two random SNPs is uniformly distributed.
This does not hold true for immediately adjacent SNPs because of
the high CpG mutation rate (27). Inside STR regions, pairs of
identical SNPs positioned 2, 4, 6 or 8 bp apart are much more
frequent than pairs of identical SNPs positioned 3, 5, 7 or 9 bp
apart, whereas this pattern is completely absent for pairs of differ-
ent SNPs (13). This 2, 4, 6, 8 pattern is most likely explained by
biased introduction of SNPs in STRs (see Molecular mechanisms)
and in concordance, there are found 1.8 times more SNDPs in
STRs than would have been expected by chance (13).
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Fig. 2. Pairs of SNPs inside and outside STRs. Shown is the distance between pairs of SNPs inside and outside STRs.
Both pairs of identical SNPs and pairs of different SNPs are overrepresented inside STRs when compared to outside
STRs. Pairs of identical SNPs show the highest overrepresentation in STRs and identical SNPs 2, 4, 6 or 8 bp apart are
much more common than identical SNPs 3, 5, 7 or 9 bp apart. Adapted in part from Madsen et al. (13), with permission
from Genome Research

As for tandem repeats in general, the majority of STRs have
periods of 1 or 2 bp (13, 28, 29). The 2, 4, 6, 8 pattern in SNP
distances are therefore likely to be due to SNPs emerging accord-
ing to the periods of STRs; i.e. if an A/G SNP is present in an
STR segment ATATATATAT, then another A/G SNP in the same
segment occurs more often than is expected by chance, generat-
ing pairs of identical SNPs 2, 4, 6 or 8 bp apart. If this biased
emergence of SNDPs is equally probable for all periods of STRs,
then the 2, 4, 6, 8 pattern would be generated simply because
STRs with period p=2 are common.

4. Molecular
Mechanisms

Length variations in tandem repeats are generally thought to be
generated by polymerase slippage and uneven cross over (30-35).
Polymerase slippage is a mechanism, whereby the DNA poly-
merase skips one (or more) repeat-unit(s) in a tandem repeat, or
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copies a repeat-unit more than once from the template strand
(36, 37). Uneven cross over is a mechanism whereby the two
homologous DNA strands do not break in the same position
before recombination, leading to a strand with a deletion of a seg-
ment and a strand with an insertion of the same segment (38). If
these irregularities are not caught by the repair mechanisms, they
lead to length variations in tandem repeats.

The observed 2, 4, 6, 8 pattern in STRs cannot be explained
by misalignments of sequences due to length variations in STR
segments, since only SNPs which are mapped to an exact location
in the reference genome are used (13). However, this does not
rule out that length variation mediates the bias towards an excess
of pairs of identical SNPs in STRs. E.g. if'a repeat-unit is inserted
at the left side of the C in ATCTATATAT, generating the “tem-
porary” sequence ATATCTATATAT, and a repeat-unit subse-
quently is removed on the right side of C, we get the two sequences
ATCTATATAT and ATATCTATAT in the population, which will
be interpreted as two A/C SNPs in distance 4=2 bp (see Fig. 3).
Repair mechanisms may tend to correct for insertions in the same
meiotic cycle as they are introduced and thereby generate pairs of
identical SNPs in STRs, as just explained. Alternatively, an inver-
sion of 3 bp (e.g CTA) yields a pair of identical SNPs too. A sec-
ond independent length-mutation in a STR can result in the

Pattern deviation
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Fig. 3. A molecular mechanism for generating a pair of identical SNPs
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same, but this scenario is less probable since two independent
mutations are needed. Another possibility is gene conversion,
where a DNA segment is copied to a new position without creat-
ing a length polymorphism (39, 40). Complex mechanisms of
context dependent generation of point mutations could explain
the observed pattern as well, but no such mechanism are known.
It is worth noting, however, that the elevated mutation rate in
CpG islands (27) is context dependent, and the importance of
such a mechanism can not be ruled out per se.

5. Genetic
Association
Studies

Like other forms of genetic variation, insertion deletion polymor-
phisms (indels) are of great interest because they may influence
gene function and cause disease. An example is Fragile X Syndrome
that is caused by expansion of a three-nucleotide tandem repeat
in the FMR-1 gene (41-44). Likewise, cystic fibrosis is frequently
caused by a three bp deletion that eliminates a single amino acid
from the protein encoded by the CFTR gene (45—48). Next-
generation sequencing technologies may enable identification of
new disease susceptibility variants by resequencing a large number
of disease cases and controls. However, sequencing the entire
genome of a large group of affected individuals may still be prohibi-
tively expensive for years to come and identification of probable
targets for disease causing variants may be useful. Hypermutable
segments of functional genomic elements (exons) are probable
targets for disease related mutations and may therefore be good
candidates for resequencing studies. Tandem repeats are well
known to be hypermutable and to have an excess of indels com-
pared to the rest of the genome, but tandem repeats are rare in
functional elements such as exons (20, 28, 35,49-51). In contrast,
STRs are widely distributed in the human genome (13, 28) and
since they share the hypermutability of longer tandem repeats
(unpublished results), they may be targets for disease causing
mutations. If hypermutable segments are located in “junk” (unin-
formative) DNA, mutations are not disease causing. Tandem
repeats are mainly thought to be “junk” DNA, but several studies
have shown that tandem repeats can have a functional role.
Examples of tandem repeat related functions are differentiated
transcription activity of human genes (52), and the ability of patho-
gens to adapt to their host (26). Additional examples of functional
tandem repeats are reviewed elsewhere (24, 35, 53-50).

The call-rate for genotyping SNPs in the HapMap (9) study
has been shown to be significantly lower for SNPs located inside
STRs (13). This supports that STRs are hypermutable and
emphasizes that care should be taken when SNP studies are
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designed and analyzed. Besides affecting the call-rate, structural
variants may lead to genotyping errors, if the DNA sequence is
altered close to a SNP position and a wrong genomic position is
read for the SNP. Such a bias may be difficult to identify and pre-
cautionary steps should be taken in the study design. A strategy
to minimize the impact of STRs in genotyping studies is simply to
avoid SNDPs inside or near STRs. The downside of this strategy is
that variants in some parts of the genome are poorly covered in
the study and hence disease associated variants may be missed.
Resequencing STR segments would solve the problem, but that
approach may be too expensive in many studies.

As it has been debated for tandem repeats (24, 52, 54), STRs
may serve functional roles in the genome. One possibility is that
DNA and/or RNA fold according to the repeated sequence of
STRs and thereby influence gene function (35). A mutation in
such an STR may alter the folding and thus the function.
Furthermore, hypermutable regions (e.g. in exons) may intro-
duce a high level of phenotypic variation and thereby allow for
fast adaptation to a changing environment. Although hypermut-
ability in functional elements may have been beneficial through-
out evolution, disease related variants may also be introduced in
an elevated rate in such regions. Hypermutable segments with
functional roles may be obvious candidates for resequencing stud-
ies, since a high density of rare disease susceptibility variants are
expected.

6. Genome
Comparison
Studies

Models for genome comparison usually assume that mutations
occur independently and a violation on this assumption may bias
findings. The excess of pairs of identical SNPs in STRs clearly
show that the assumption of independent mutations is not always
valid, and hence care must be taken. Since it is not known whether
the underlying molecular mechanism(s) is (are) restricted to STRs
or just visible in these segments, excluding STRs from genome
comparison studies may not guarantee that the analyzed variation
have occurred independently.

7. Concluding
Remarks

The presence of a periodic pattern of SNPs in STRs emphasizes
that care should be taken when using SNPs in disease association
studies and genome comparisons. Further studies are needed to
clarity what mechanisms underlie the excess of pairs of identical



304

Madsen, Villesen, and Wiuf

SNPs in STRs. Investigations of how common insertion or dele-
tion of repeat-units is in STR regions may help to distinguish
between some of the possible mechanisms, whereas identifying
the exact mechanism(s) may be difficult.

Whether STRs are associated with gene function, or are a
probable target for disease-causing mutations, remains an open
question, but it is worth giving a second thought.
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