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A problem of ‘missing heritability’ has been identified
following recent genome-wide association (GWA) stu-
dies of single nucleotide polymorphisms (SNPs) associ-
ated with complex diseases. Current GWA studies fail to
detect key sources of genetic variation, particularly tan-
dem-repeat polymorphisms (TRPs), which provide a
unique source of genetic variability by modulating a
range of biological processes. Expanded tandem repeats
cause various monogenic disorders, including Hunting-
ton’s disease and various ataxias. However, there is
emerging evidence suggesting that TRPs have a role
in polygenic diseases. For example, candidate gene stu-
dies have found associations between specific TRPs and
various brain disorders. Future GWA studies that include
all TRPs as genetic variables will reveal the full extent of
their association with complex diseases. TRPs might
provide substantial genetic variability contributing to
complex polygenic diseases and could be an important
source of the missing heritability evident in SNP-based
GWA studies.

The function of TRPs: biology, disease and evolution

DNA sequences that are repeated in tandem are common
throughout the genomes of a wide range of species, in-
cluding humans, and are often highly conserved,
suggesting that they have an important function [1-3].
Most research on tandem repeats has focused on those in
the human genome: as microsatellites used as genetic
markers and as repeat expansion mutations causing domi-
nant or recessive disorders with Mendelian inheritance
patterns. The term ‘dynamic mutations’ has been used to
describe the variation in tandem repeat length that has
been found in many human genes to cause a range of
repeat-expansion disorders, particularly those affecting
the nervous system including Huntington’s and other
polyglutamine diseases, Friedreich’s ataxia and fragile
X syndrome (for reviews, see Refs [2,4,5]). It should be
noted that one of the genes, FMRI1, which contains a
trinucleotide expansion implicated in fragile X syndrome,
has further associations of premutation repeat lengths
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(below the disease threshold necessary for fragile X syn-
drome) with more complex disorders, including tremor/
ataxia, Parkinsonism, neuropsychiatric symptoms and
premature ovarian failure [1,6,7].

A much larger array of tandem repeats are present in,
and between, genes that are not known to be involved
directly in diseases of Mendelian inheritance. Tandem
repeats are also referred to more specifically as simple
sequence repeats (SSRs), microsatellites or minisatellites
(Box 1). These repetitive sequences can be located in exons,
introns or intergenic regions (Figure 1), providing oppor-
tunities for the modulation of gene expression, as well as
the structure and function of RNAs and proteins (e.g. codon
repeats translated into amino acid runs).

Tandem repeats contribute ~3% of the human genome,
which is a larger proportion of the genome than the entire
sum of protein coding sequences [8]. Most tandem repeats
examined thus far are polymorphic in nature and some
have formed the basis of microsatellite mapping, although
the extent of polymorphism across a broad cross-section of
the human population has yet to be investigated system-
atically. DNA is a digital information encoding system with
the nucleotide as the smallest indivisible unit. Tandem
repeat lengths can have an extended digital (multiallelic)
distribution, as opposed to the usual binary (biallelic)
nature of single nucleotide polymorphisms (SNPs), thus
providing a wide and variable range of possible genotypes
at a given locus [5]. Although short tandem repeat motifs,
such as mono-, di-, tri- and tetranucleotides, are common in
the human genome, longer motifs are frequently observed,
leading to a wide range of polymorphic possibilities.

Tandem repeats can affect a variety of biological pro-
cesses, including evolution, development, brain function
and behaviour [1,3,5,9-12]. They can serve as ‘tuning
knobs’ in evolution [3,9], which might occur via impacts
on genetic programs regulating development and other
key biological processes. Recent data suggesting that tan-
dem repeats can increase the ‘evolvability’ of promoter
sequences [10] provides further evidence that they have
functional consequences and they provide a rich source of
genetic diversity that can facilitate evolutionary pro-
cesses, via actions on development, biological function
and behaviour.
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Box 1. Different types of repetitive DNA sequences in the
human genome

Bioinformatics analysis indicates that there is some bias regarding
the distribution of the hundreds of thousands of unique tandem
repeats throughout the human genome [4,68,69]. A large proportion
of tandem repeats are located in introns and intergenic regions [70].
There is also some specificity with respect to different types of
repeat motif and their genomic distribution patterns. For example,
trinucleotide and hexanucleotide repeats are more likely to be found
in exons [70], and coding regions in particular, where their
expansion or contraction will lead to altered lengths of amino acid
runs (e.g. polyhistidine tracts [71]), but not catastrophic frameshifts.

Tandem repeats exhibit extended digital (multiallelic) polymorphic
distributions; for example, (XY)"™*?, where X and Y are the bases in a
dinucleotide motif, n is the minimum repeat length (n > 1), and z=0,
1,2,3,4,5etc., until n + z= maximum repeat length. This is in contrast
to the binary (biallelic) nature of the vast majority of single nucleotide
polymorphisms (SNPs), where either nucleotide X or Y may be
present.

Here, | use the term tandem repeats to describe tandemly
repeated DNA sequences also known as SSRs, or satellite DNA
(which includes both microsatellites and minisatellites). In addition
to the dinucleotide example mentioned above, tandem repeats can
involve mononucleotides, trinucleotides (triplets), tetranucleotides
etc. The definition of microsatellites ranges from 1-5 to 1-10 base
pairs in length. Thus, tandem repeats with a motif longer than the
upper limit for microsatellites (i.e. >10 base pairs in length) are
generally defined as minisatellites. For a more in-depth discussion
of the nomenclature and the extent of polymorphism of tandem
repeats, see recent articles [1,26]. TRPs, or SSR polymorphisms,
have also been referred to as variable-number tandem repeats
(VNTRs) or repeat-length polymorphisms (RLPs).

One other common form of genomic polymorphism involving
differential repetition of DNA sequences is the copy number variants
(CNV). Typical definitions of CNVs generally involve variations in
copy numbers of chromosomal segments ranging in length from
~1 kb to multiple Mb of DNA. Recently, CNVs have been implicated
in a number of polygenic disorders, including schizophrenia and
autism [72,73]. In fact, polymorphic long tandem repeats might be
considered to be a form of copy number variation, in their broadest
definition [74]. Conversely, a broad definition of CNVs could include
variations in tandem repeat lengths [72].

A striking example of a role for tandem repeat poly-
morphisms (TRPs) in basic biological processes comes from
a genetic study of dog breeds, identifying TRPs in the coding
regions of genes that appear to control transcriptional pro-
grams regulating morphological development [11]. Studies
ofthe vasopressin receptor in a monogamous species of voles
have implicated tandem repeats in the regulation of brain
function and behaviour [12]. Furthermore, correlative data
suggest that specific TRPs can modulate serotonergic, dopa-
minergic, adrenergic, vasopressin and oxytocin systems, as
well as other neurodevelopmental and signalling systems,
thus affecting human brain development, behaviour and
cognition [1,13-21]. A caveat associated with any candidate
gene study, is that not all associations will stand the test of
replication in larger cohorts and subsequent meta-analyses
[22,23]. Nevertheless, one implication of the evidence for
TRPs modulating normal development and function is that
they might be involved in dysfunction and pathogenesis,
beyond monogenic diseases.

A role for tandem repeat polymorphisms in common
polygenic disorders?

Emerging evidence suggests that TRPs might play a key
role in modulating disease susceptibility for a range of
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common polygenic disorders. The characteristics of TRPs
are consistent with possible roles in predisposition to
biological dysfunction associated with polygenic disorders.
TRPs are widely distributed throughout the genome, with
a recent bioinformatics analysis suggesting that short
tandem repeats occur more frequently in disease-associ-
ated genes than those not known to be associated with
disease [25]. The presence of TRPs in exons, introns and
intergenic regions provides scope for modulation of a
variety of molecular processes (Figure 1). This, in turn,
could lead to functionally significant variability at cellular
and systems levels. A specific role for polymorphisms in
satellite DNA as regulators of gene expression, and thus
potential contributors to quantitative traits associated
with complex disorders, has been proposed [16]. Accumu-
lating data in the past decade are consistent with these
ideas, and extend the impact of TRPs to a broader range of
molecular processes, and have provided candidate gene
associations with specific diseases.

Recent findings have begun to identify TRPs as poten-
tial genetic susceptibility loci for a range of disorders [26].
Given the evidence that TRPs function in development,
nervous system physiology and behaviour, it is not surpris-
ing that many of the associated disorders involve CNS
dysfunction. Brain disorders that have been found to show
associations with specific TRPs include depression [27-30],
bipolar disorder [31-34], schizophrenia [35-40], attention-
deficit hyperactivity disorder (ADHD) [17,41,42], Alzhei-
mer’s disease and associated behavioural and/or psycho-
logical symptoms [43-48], and stroke [49,50]. Examples of
these associations of TRPs with various neurological and
psychiatric disorders are summarised in Table 1.

There is some evidence for TRP associations with dis-
eases not primarily affecting the nervous system. For
example, specific tandem repeat loci have been associated
with particular forms of cardiovascular disease [51,52],
diabetes [53,54] and cancer [55-58]. One of the first non-
neurological diseases to be associated with a specific TRP
was a familial form of colorectal cancer [55]. Since then
tandem repeat instability has been found to be associated
with a range of different sporadic cancers [58].

Many of these studies involve small sample sizes and
require validation in large independent cohorts. Some of
those reported associations, involving relatively modest
cohort sizes, could constitute false positives and might
not translate to larger populations. Conversely, only a
few TRPs and a limited number of disorders have been
examined thus far, so it is likely that genome-wide
approaches could lead to a much larger collection of
TRP-disease associations. Furthermore, to demonstrate
that any specific tandem repeat polymorphism is causa-
tively involved in these various disorders is a more chal-
lenging task that needs to be addressed

How might TRPs alter biological processes associated
with disease susceptibility?

TRPs can modulate gene expression, but when they are
found as trinucleotide repeats in coding regions can have
additional roles in modulating protein function (Figure 1).
TRPs in non-transcribed genomic regions, including pro-
moters and intergenic DNA, could influence epigenetics



Trends in Genetics Vol.26 No.2

Promoter Exon Intron Exon Intergenic DNA
DNA
VAN FAN PAY
5UTR___ ORF ORF ' 3'UTR noncoding RNA
RNA
WL A
Protein
Y
Epigenetics, RNA splicing RNA transport,
transcription stability, translation
Protein function, AJ
—— modification, interaction, HJ/J
trafficking, localization,
signaling, degradation
TRENDS in Genetics

Figure 1. The positions of tandem repeat polymorphisms (TRPs) in the genome and their potential effects. TRPs are indicated by triangles and can be found within
promoters, exons and introns of genes, and in intergenic regions. For transcribed regions of the genome, this leads to TRPs in a variety of different RNAs. For those TRPs
consisting of in-frame trinucleotides (or less commonly of hexanucleotides and other motifs that are multiples of 3) this leads to polymorphic amino acid runs in the
translated proteins. Thus, a wide range of molecular processes can be disrupted due to the effects of TRPs at the DNA, RNA and protein levels. Abbreviations: ORF, open
reading frame; UTR, untranslated region.

and transcriptional regulation, and striking examples of
this have been shown in yeast [10,59]. Untranslated
regions (UTRs) of transcripts have key roles in molecular
processes, including RNA transport, stability and trans-
lation, all of which could be modulated by TRPs. Further-
more, those TRPs (generally consisting of trinucleotide
motifs, but occasionally hexanucleotide motifs and longer
multiples of three) encoding amino acid runs in proteins
[60], have the potential to influence various aspects of
protein processing and function (Figure 1).

Another possible functional impact of TRPs, which
might be associated with age-dependent disease suscepti-

bility, is that particular repeat sequences could lead to
‘molecular misreading’, and thus pathological alterations
in repetitive RNA and amino acid sequences. There is
evidence that at least some forms of molecular misreading
can contribute to increased vulnerability to selective neu-
rodegenerative processes with aging [44,61].

Some unique functions of TRPs are associated with
specific sequence repeats. For example, it has been shown
recently that specific trinucleotide repeats in transcripts
can serve as a target for the ribonuclease Dicer to produce
short CUG repeats that can participate in RNA interfer-
ence mechanisms mediating selective silencing of gene

Table 1. Tandem repeat polymorphisms associated with increased susceptibility to polygenic brain disorders®?

Disorder Gene Motif size TRP type Functional consequence? Refs
Depression and anxiety disorders 5-HTT 17-44 Noncoding 5-HTT levels [27,29,30]
MAOA 30 Noncoding MAOA levels [28]
Bipolar disorder 5-HTT 17-44 Noncoding 5-HTT levels [31,33]
BDNF 2 Noncoding BDNF levels [32]
Per3 18 Coding Per3 function [34]
Schizophrenia BDNF 2 Noncoding BDNF levels [35]
GCLC 3 Noncoding GCLC levels [39]
JARID2 4 Coding JARID2 function [38]
NOS1 2 Noncoding NOS levels [36]
NUMBL 3 Coding (CAG) NUMBL function [37]
TBP 3 Coding (CAG) AR function [40]
ADHD DAT1 40 Noncoding DAT levels [41]
DRD4 48 Coding DRD4 function [42]
Alzheimer’s disease NOS1 2 Noncoding NOS1 levels [47]
AR 3 Coding (CAG) AR function [43,48]
AD (BPSD) 5-HTT 17-44 Noncoding 5-HTT levels [45,46]
Stroke IL1RN 86 Noncoding IL1RN levels [60,51]
GPlba 39 Coding GPIba function [49]

®This table is not exhaustive, but rather provides representative examples. Many of these studies involve small samples and require validation in large independent cohorts.
Studies that have only used microsatellites as mapping tools have been excluded. Furthermore, the table excludes monogenic tandem repeat expansion disorders, with
Mendelian inheritance patterns (including those caused by trinucleotide repeat expansions in the FMR1 gene), which were reviewed recently [1,2]. Space constraints preclude
citing all relevant work in the literature, and therefore the earliest valid reports are cited.

bAbbreviations: 5-HTT, serotonin transporter; AD (BPSD), Alzheimer’s disease (behavioural and psychological symptoms in dementia); ADHD, attention-deficit hyperactivity
disorder; AR, androgen receptor; BDNF, brain-derived neurotrophic factor; DAT1, dopamine transporter 1; DRD, dopamine receptor; GPlba, glycoprotein Ibalpha; GCLC,
glutamate cysteine ligase catalytic subunit; IL1RN, interleukin-1 receptor antagonist; MAOA, monoamine oxidase A; NOS, nitric oxide synthase; TBP, TATA-binding protein;
TRP, tandem repeat polymorphism.
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expression [62]. The impact of TRPs on these and other
non-coding RNAs, and associated epigenetic processes [63],
could be important for various aspects of development,
physiology and behaviour.

Meiotic, mitotic and postmitotic instability of TRPs
The discussion so far has been in the context of a tacit
assumption that as an individual develops essentially all
cells in the body will have the same repeat number at a
given TRP locus. However, evidence for mitotic and post-
mitotic instability of TRPs raises an additional possibility
that this instability in somatic cells of developing and adult
individuals is associated with specific diseases. Although
this hypothesis is difficult to test, because it requires
comparison of repeat lengths across different somatic tis-
sues, this potential for mitotic instability is one character-
istic by which TRPs can differ from other kinds of
polymorphisms, and is therefore worthy of future investi-
gation.

TRPs differ substantially from SNPs in their suscepti-
bility to meiotic, mitotic and postmitotic instability. SNPs
are highly stable, with single nucleotide substitutions that
are not corrected by DNA repair being rare genetic events,
and are not generally expected to alter during meiosis or
mitosis in an individual. However, the evidence for
instability of tandem repeats [3,64] suggests that particu-
lar sequence motifs and repeat lengths (e.g. the longest
alleles) at a given locus are more susceptible to instability
during meiosis, and in mitotic cells of developing and adult
tissues. One possibility, which was proposed earlier, is that
tandem repeat mutation during mitotic cell divisions could
give rise to a whole new layer of cellular diversity during
development [5]. Furthermore, some evidence for repeat
instability in postmitotic neurons, with TRPs consisting of
long CAG trinucleotide repeats, has recently been provided
[65]. However, further investigation is required to deter-
mine whether this phenomenon is common, functionally
significant and extends to other types of tandem repeats.

Thus, meiotic instability of TRPs could lead to an
increase (or decrease) in genetic susceptibility for a given
disorder between generations. It is possible that mitotic
and postmitotic instability of tandem repeats also contrib-
ute to disease susceptibility, although this is more difficult
to prove in humans because it requires tissue and cell-
specific analysis of repeat lengths to demonstrate mitotic
instability and its functional consequences. There is some
evidence that an age-dependent decrease in tandem repeat
stability during mitosis could be associated with an
increase in incidence of specific cancers [55,58]. One other
implication of this proposal would be that tandem repeat
instability during development could give rise to particular
groups of cells and tissues with altered repeat numbers for
a given gene. Such a mechanism would be expected to show
variability between individuals, and the resultant epi-
demiological noise would make it more difficult to pick
up such effects based solely on genotyping from readily
accessible cell types (e.g. white blood cells). However,
advances in the capacity to sequence genomic DNA rapidly
from small tissue biopsies should make the exploration of
mitotic and postmitotic repeat instability feasible in the
near future.

62

Trends in Genetics Vol.26 No.2

Can TRPs help us find ‘missing heritability’ not
accounted for by genome-wide SNPs?

Many common human disorders are polygenic in origin,
and their genetic complexity is reflected in the difficulties
encountered when attempting to identify the disease genes
and variants involved. One likely explanation for the
complexity of the genetics underlying such disorders is
that they consist, at least partly, of polymorphisms at
quantitative trait loci (QTLs) which, in particular genomic
combinations and associated with specific environmental
factors, lead to disease states. In such cases, genetic
susceptibility loci might be expected to greatly overlap
with QTLs for biological traits of relevance to each dis-
order.

Recent genome-wide association (GWA) studies have
revealed candidates for many complex polygenic disorders.
For example, a recent study has collated a database over 110
GWA studies that includes >56,000 genotype-phenotype
associations, including disorders ranging from depression
and schizophrenia to cardiovascular disease and cancer [66].
GWA studies continue unabated and their reported genetic
associations are accumulating in various databases (e.g.
http://www.ncbi.nlm.nih.gov/gap). However, the reported
SNPs do not fully account for the major genetic contributions
to such disorders, leaving the conundrum of ‘missing herit-
ability’ [24]. This might be because GWA studies have relied
on analysis of SNPs, comparing numerous SNPs between
case and control groups, but missing much of the genetic
variability that constitutes non-SNP polymorphisms, in-
cluding TRPs. Similarly, the vast majority of candidate-gene
studies of complex diseases in recent decades have focused
almost entirely on SNPs [67]. Therefore, in order to ensure
that future ‘genome wide’ association studies capture the
full spectrum of genomic variance, they will need to inves-
tigate SNPs and other pivotal polymorphisms, particularly
TRPs and other structural variants (Box 2).

Concluding remarks

TRPs can modulate a variety of biological processes, in-
cluding gene transcription, protein function, morphological
development, behaviour and physiology, and they are
responsible for many unstable repeat expansion disorders
in humans. An initial focus on SNPs in GWA studies have
led to TRPs being largely overlooked as a major source of
genetic variability with functional consequences. Recent
discoveries of TRPs associated with common polygenic
disorders have provided tantalising initial evidence sup-
porting a proposed role in disease susceptibility, however
genome-wide approaches in large cohorts are required to
fully test this idea.

Specific tandem repeat lengths at different loci have been
associated with various brain disorders, as well as cancers
and metabolic and cardiovascular disorders. Tandem
repeats are distributed across a variety of genes, including
promoters, exons and introns, emphasising the need to
consider all genomic possibilities in the search for genetic
associations with complex diseases. Of course, for a particu-
lar complex polygenic disorder, a wide array of SNPs, TRPs
and other polymorphisms will be expected to contribute to
quantitative traits associated with increased genetic
susceptibility. Therefore, more sophisticated approaches
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Box 2. Key questions for future research

1. What is the extent of polymorphism of tandem repeats across
the whole genome? It would be anticipated that current
international approaches, including the 1000 Genomes Project
(http://www.1000genomes.org/), will allow the full range of
repeat lengths at all tandem repeat loci to be characterised. A
recent study has compared trinucleotide repeats across three
human genomes, the ‘reference genome’ and those of James
Watson and J. Craig Ventor [69], providing a framework for more
extensive investigations of this kind, involving much larger
numbers of genomes.

2. Are specific repeat lengths at TRP loci associated with increased
disease susceptibility? This question was raised earlier [16,75]
but it has remained largely unexplored because most studies
have continued to focus on SNPs [76]. The relationship between
TRPs and polygenic diseases is probably complex, as it is for
SNPs. For example, repeat lengths affecting neuromodulatory
systems that mediate elevated basal anxiety states can increase
susceptibility to depressive disorders via complex effects at the
molecular, cellular and systems levels. Many years of sophisti-
cated subsequent functional genomics will be required to show
how particular combinations of TRPs, SNPs and other poly-
morphisms are necessary or sufficient in conferring genetic
susceptibility to particular diseases, allowing for the complexity
of potential non-linear gene-gene and gene-environment inter-
actions.

3. Are the current genome-wide approaches appropriate? There are
several challenges that will be associated with the analysis of
TRPs at the whole genome level. If genome-wide TRPs are to be
examined systematically for potential associations, then statis-
tical approaches will need to factor in this added complexity,
while fully utilizing tandem repeat databases [68,69] as they
evolve. For example, for some diseases a specific repeat length at
a given allele can contribute differentially to susceptibility (and
thus be functionally multiallelic), whereas others will show a
threshold effect (and thus be functionally biallelic). Thus, the
current statistical approaches used to analyse SNPs in GWA
studies might not be adequate to assess genome-wide associa-
tions of TRPs with specific diseases.

4. What is the relationship between TRPs and other forms of
structural polymorphism associated with human diseases? TRPs
in the human genome could be structurally and functionally
related to copy number variants (CNVs). As the role of CNVs in
the regulation and dysregulation of gene expression begins to be
explored in more detail, their functional parallels with TRPs can
be fully investigated. For example, one key question involves the
effects of cell type and age on the stability of TRPs and CNVs in
meiotic, mitotic and postmitotic cells (see Box 1 for a discussion
of these forms of instability). Thus, more detailed investigation is
required regarding the roles of variation in repetitive DNA
sequences, both as TRPs and CNVs, in biological function and
disease susceptibility.

5. How have TRPs evolved? Studies on the evolution of TRPs and
other structural polymorphisms across species will be highly
informative with respect to their function. For example, compar-
ison of human TRP loci with their homologues in related species
such as chimpanzees [69], with different cognitive, behavioural,
physiological and morphological endophenotypes, will be highly
informative in identifying those tandem repeats that are func-
tionally conserved in evolution, with respect to species exhibiting
both similar and different phenotypic traits.

are required, which analyse and integrate these various
types of polymorphisms, as well as modelling gene-gene
interactions and gene-environment interactions associated

with each disorder.

Whole genome sequencing across large numbers of
individuals will be needed to establish the extent of
polymorphism at each tandem repeat locus. Existing
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evidence suggests that the majority of such tandem
repeats will be polymorphic [68], and thus able to differ-
entially influence molecular processes such as gene
expression and protein function. Therefore, just as many
recent GWA studies have compared SNPs across the
genome of large numbers of subjects suffering from a
given disorder with control data sets, genome-wide
association studies of TRPs are not only becoming feasible
and could be considered essential. Next-generation DNA
sequencing approaches will facilitate exploration of struc-
tural variation across the human genome and the func-
tional associations of TRPs with polygenic disorders, and
thus future development of novel diagnostic, prophylactic
and therapeutic approaches.
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