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Recently, increasingly more microsatellites, or simple sequence repeats (SSRs) have been found and characterized within
protein-coding genes and their untranslated regions (UTRs). These data provide useful information to study possible SSR
functions. Here, we review SSR distributions within expressed sequence tags (ESTs) and genes including protein-coding,
39-UTRs and 59-UTRs, and introns; and discuss the consequences of SSR repeat-number changes in those regions of both
prokaryotes and eukaryotes. Strong evidence shows that SSRs are nonrandomly distributed across protein-coding regions,
UTRs, and introns. Substantial data indicates that SSR expansions and/or contractions in protein-coding regions can lead to
a gain or loss of gene function via frameshift mutation or expanded toxic mRNA. SSR variations in 59-UTRs could regulate
gene expression by affecting transcription and translation. The SSR expansions in the 39-UTRs cause transcription slippage
and produce expanded mRNA, which can be accumulated as nuclear foci, and which can disrupt splicing and, possibly,
disrupt other cellular function. Intronic SSRs can affect gene transcription, mRNA splicing, or export to cytoplasm. Triplet
SSRs located in the UTRs or intron can also induce heterochromatin-mediated–like gene silencing. All these effects caused
by SSR expansions or contractions within genes can eventually lead to phenotypic changes. SSRs within genes evolve
through mutational processes similar to those for SSRs located in other genomic regions including replication slippage,
point mutation, and recombination. These mutational processes generate DNA changes that should be connected by DNA
mismatch repair (MMR) system. Mutation that has escaped from the MMR system correction would become new alleles at
the SSR loci, and then regulate and/or change gene products, and eventually lead to phenotype changes. Therefore, SSRs
within genes should be subjected to stronger selective pressure than other genomic regions because of their functional
importance. These SSRs may provide a molecular basis for fast adaptation to environmental changes in both prokaryotes
and eukaryotes.

Simple Sequence Repeat Abundance in
Transcribed Regions

Numerous lines of evidence have demonstrated that
genomic distribution of simple sequence repeats (SSRs) is
nonrandom, presumably because of their effects on
chromatin organization, regulation of gene activity, re-
combination, DNA replication, cell cycle, mismatch repair
(MMR) system, etc. (see review, Li et al. 2002). SSRs may
provide an evolutionary advantage of fast adaptation to
new environments as evolutionary tuning knobs (Kashi,
King, and Soller 1997; Trifonov 2003). These SSRs with
putative functions may be located in gene or regulatory
regions. However, the reviews published to date have not
clearly discussed SSR polymorphism and evolution in
gene, because available information about SSR locations
on chromosomes has been limited.

Recently, however, many reports have demonstrated
that a large number of SSRs are located in transcribed
regions of genomes, including protein-coding genes and
expressed sequence tags (ESTs) (e.g., Morgante, Hanafey,
and Powell, 2002), although in general, repeat numbers
and total lengths of SSRs in these regions are relatively
small (Kantety et al. 2002; Thiel et al. 2003). For example,
it has been found that ;12% of identified SSRs in
Japanese pufferfish (Edwards et al. 1998), 10% in primate
(Jurka and Pethiyagoda 1995), 15% in rabbit (van Lith and
van Zutphen 1996), and 9.1% and 10.6%, respectively, in
pig and chicken (Moran 1993) are located in the protein-
coding genes or open reading frames (ORFs). In cereals
(maize, wheat, barley, sorghum, and rice) 1.5%–7.5% of

ESTs consist of SSRs (Kantety et al. 2002; Thiel et al.
2003). These ESTs have a range of functions such as
metabolic enzymes, structural and storage proteins, disease
signaling, and transcription factors, suggesting some
role(s) of SSRs in plant metabolism and gene evolution.
In protein-coding regions of all known proteins, 14%
proved to contain repeated sequences, with a three times
higher abundance of repeats in eukaryotes as in prokar-
yotes (Marcotte et al. 1999). Noteworthy, prokaryotic and
eukaryotic repeat families are clustered to nonhomologous
proteins. This may indicate that repeated sequences
emerged after these two kingdoms had split (Marcotte et
al. 1999). Although SSR sequences are relatively rare in
prokaryotes, studies based on computer analysis of
microbial whole genome sequences revealed overrepre-
sentation of a few SSR motifs in several microbial species
such as the Neisseria species, Haemophilus influenzae, H.
parainfluenzae, Moraxella catarrhalis (see review by van
Belkum et al. 1998).

Debates over whether SSRs play any functional role
in organism development, adaptation, survival, and
evolution are never-ending. The available location of
specific SSRs in known genes and ESTs permits the
unraveling of the biological significance of SSR distribu-
tion, expansion, and contraction on the function of the
genes themselves. This article reviews the accumulating
data on SSR distribution and structure, and phenotypic
effects of SSR expansion and contraction within coding
regions, 39-UTRs, 59-UTRs, and introns.

SSRs in Coding Regions
Nonrandom Distribution

Numerous SSRs exist in ORFs of higher eukaryotes
including Drosophila, Caenorhabditis elegans, mammals,
humans, plants, and yeast (Tóth, Gáspári, and Jurka 2000;
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Katti, Ranjekar, and Gupta 2001; Kantety et al. 2002;
Morgante, Hanafey, and Powell 2002). SSR occurrence in
coding regions seems to be limited by non-perturbation of
the reading frame. This has been proved by the following
facts: (1) in a human cDNA database, more than 92% of
the predicted SSR polymorphisms within coding sequences
have repeat-unit sizes that are a multiple of three (Wren et
al. 2000); (2) in many species, exons (unlike other
genomic regions) contain rare dinucleotide and tetranu-
cleotide SSRs, but have many more triplet and hexanu-
cleotide SSRs than other repeats (Field and Wills 1996;
Edwards et al. 1998; Metzgar, Bytof, and Wills 2000;
Wren et al. 2000; Young, Sloan, and van Riper 2000;
Cordeiro et al. 2001; Morgante, Hanafey, and Powell
2002). Triplet repeats show approximately twofold greater
frequency in exonic regions than in intronic and intergenic
regions in all human chromosomes except the Y
chromosome (Subramanian, Mishra, and Singh 2003). In
prokaryotic genes related to adaptation or responses to
stress of Escherichia coli K12, mononucleotide and
trinucleotide SSRs are significantly overrepresented,
whereas dinucleotide and tetranucleotide repeats are
underrepresented (Rocha, Matic, and Taddei 2002). Such
dominance of triplets over other repeats in coding regions
may be explained on the basis of the suppression of non-
trimeric SSRs in coding regions, possibly caused by
frameshift mutations (Metzgar, Bytof, and Wills 2000).

The presence of SSRs in coding regions shows bias to
some specific nucleotide composition. Thus, A/T repeats
are more frequent (11.8% of 45,425 coding sequences:
CDSs) than G/C repeats (0.7%) in human coding sequences
(Olivero et al. 2003). Exons and ESTs show higher
frequency for GA/CT repeat than for AT repeat in
Arabidopsis thaliana (Morgante, Hanafey, and Powell
2002) and cereals (Kantety et al. 2002; Morgante, Hanafey,
and Powell 2002). The AC/GT repeats in plants were more
rare than in animal genomes (Tóth, Gáspári, and Jurka
2000; Morgante, Hanafey, and Powell 2002). This pattern
may be related to high frequencies of certain amino acids in
plants than in animals (Tóth, Gáspári, and Jurka 2000).

Triplet repeats in exons can be grouped into 10 motif
subclasses (table 1), each representing six overlapping and
complementary unit patterns (Jurka and Pethiyagoda

1995). In the animal kingdom, AGC was the most common
motif (40.9%–60.9%). In plants, the most frequent triplet
motif is AAG subclass (28.3%–42.1%) in A. thaliana,
grape, and endophytes (table 1). In cereal species, however,
the most common triplet is CCG in all the species, ranging
from 32% in wheat to 49% in sorghum (Varshney et al.
2002; Thiel et al. 2003), to 39.3% in sugarcane (Cordeiro
et al. 2001). The abundance of CCG repeats is a specific
feature of monocot genomes, and it may be due to their
increased GC content (Morgante, Hanafey, and Powell
2002). The AAT motifs were the least common (,1%) in
monocot species (Cordeiro et al. 2001; Varshney et al.
2002; Thiel et al. 2003) and in other species listed in table 1.
This may be explained by the fact that TAA-based variants
code for stop codons that have a direct effect on protein
synthesis in eukaryotes.

Frequencies of Different Codon Repeats Vary
Considerably Depending on the Type of
Encoded Amino Acid

In plants, the most common codon repeats are codons
for Lys in Arabidopsis and codons for Arg in sugarcane
(table 2). In Drosophila, C. elegans, and yeast, the most
common codon repeats are CAA and CAG encoding Gln
in complete genome coding DNA sequences (Katti,
Ranjekar, and Gupta 2001). It is interesting that those
expansions of codon repeat corresponding to small/
hydrophilic amino acids are more tolerated (with !14
repeat times) than are hydrophobic amino acids (with
shorter repeat times) (Katti, Ranjekar, and Gupta 2001). At
the DNA level, the AGC, GCA, CAG, CTG, TGC, and
GCT repeats (representing the same repeating DNA
duplex) are quite similar, and their frequencies can be
expected to be comparable. In fact, however, Drosophila
coding regions display a strong bias to CAG (Gln: 77.5%
of a total of 1,909 of this repeat group), and very rare for
CTG (leucine: 0.6%) and TGC (cysteine: 0.2%) (Katti,
Ranjekar, and Gupta 2001). In yeast proteins, the most
abundant amino acid repeats are codons of Gln, Asn, Asp,
Glu, and Ser (Richard and Dujon 1997; Alba, Santibáñez-
Koref, and Hancock 1999). Different amino acid repeats
are concentrated in different classes of proteins. Acidic and

Table 1
Frequency (%) of 10 Subclasses of Triplet SSRs with Similar Physical and Chemical Properties

Primates Rodents Mammals Vertebrates Arthropods C. elegans A. thaliana Barley Sugarcane S. cerevisiae Fungi

AAC 0.7 0.0 0.0 0.0 14.0 10.7 22.6 2.1 4.7 22.1 28.1
AAG 5.1 1.9 2.5 5.2 0.0 26.3 28.3 7.2 5.1 20.8 14.4
AAT 0.0 0.0 0.0 0.0 0.6 6.2 0.4 0.9 0.0 17.4 8.9
ACC 5.2 11.8 3.5 5.6 9.1 21.1 8.0 6.0 9.0 1.7 6.8
ACG 0.4 0.0 7.4 1.8 1.3 3.2 1.8 11.3 20.5 3.8 3.1
ACT 0.4 0.0 0.0 0.0 0.0 1.9 1.2 3.0 0.0 0.7 1.3
AGC 33.8 57.1 42.9 40.9 60.9 10.1 9.7 14.3 8.1 15.9 17.6
AGG 17.1 9.2 25.0 25.5 5.3 4.5 9.5 15.1 12.0 3.0 7.1
ATC 2.3 1.4 2.1 1.8 3.7 13.3 12.3 3.8 1.3 14.6 5.8
CCG 35.0 18.6 17.6 19.1 5.0 2.6 6.3 36.4 39.3 0.0 6.8
Total repeat

length (bp) 1,126 1,557 876 826 1,566 308 1,119 *470 *234 706 381

NOTE.—Triplet classification was cited from Jurka and Pethiyagoda (1995). Results calculated based on data in: sugarcane—Cordeiro et al. 2001 (repeat number !5);

barley—Thiel et al. 2003 (repeat number !5); others— Tóth, Gáspári, and Jurka 2000 (repeat number !4); total repeat length¼ repeat base pairs per DNA megabase; an

asterisk indicates total triplet SSRs.
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polar amino acid repeats are significantly associated with
transcription factors and protein kinases, whereas Ser
repeats are significantly associated with membrane trans-
porter proteins (Alba, Santibáñez-Koref, and Hancock
1999). Interestingly, in yeast, the longest triplet repeats (!
75 bp) are often found in nuclear-protein genes (Richard
andDujon, 1997). Strong bias in favor of certain limited sets
of amino acids in different proteins or cell locations showed
that triplet repeats in ORFs were nonrandom with respect to
the ORFs and DNA strands (Richard and Dujon 1997).
Similarly, in humans and mice, repeat-containing genes
were enriched in certain amino acids such as Pro, Gln, His,
and Ser (for codons, see table 2; Hancock, Worthey, and
Santibáñez-Koref 2001). Likewise, CGG, CCG, CAG,
and GAA repeats coding for (Ala)n, (Gly)n, (Pro)n, (Gln)n,
and (Lys)n are abundant in primate genes (Borštnik and
Pumpernik 2002). The above evidence may suggest that
functional selection acts on amino acid reiteration in the
encoded proteins (Alba, Santibáñez-Koref, and Hancock
1999; Katti, Ranjekar, and Gupta 2001), but this selection
did not reflect underlying biases in base composition.

The abundance of CAG repeats in yeast coding regions
(Alba, Santibáñez-Koref, and Hancock 1999; Katti, Ranje-
kar, and Gupta 2001) parallels its abundance in mammalian
exons (Stallings 1994). However, AAT repeats, also very
abundant in yeast coding regions, are rare in the exons of
mammals, and GGC repeats, relatively abundant in
mammalian exons (Stallings 1994), are uncommon in yeast
genes. This may be because Asn repeats (AAT) are not
tolerated in mammals, and that the same is true for Gly
repeats (GGC) in yeast. Asn repeats appear to be rare in
vertebrates but more common in invertebrate, yeast, and
plant proteins (Stallings 1994). Alternatively, these differ-
ences could be due to differences in the slippage process
between the groups, or they may reflect the low GC content
of the yeast genome (Richard and Dujon 1997).

Phenotypic Effect of SSRs in Coding Regions

Simple sequence repeat variation within genes should
be very critical for normal gene activity because encoding

SSR expansion or contraction directly affects the corre-
sponding gene products and even causes phenotypic
changes. In eukaryotes, SSR effects in coding regions on
phenotypes have been extensively studied only in human
diseases, revealing abundant evidence on human neuronal
disorders and cancers.

Exon CAG Repeat Expansion Produces Toxic Mutant
Proteins Causing Human Diseases

Human repeat expansion diseases are predominantly
neurological and are caused by instability and expansion
of triplet motifs within or near genes (reviewed in
Cummings and Zoghbi 2000; Masino and Pastore 2002).
The largest class of these diseases results from the
expansion of coding CAG repeats that are translated into
extended (Gln)n tracts within the corresponding proteins.
These dominantly inherited diseases include Huntington’s
disease (HD), dentatorubro-pallidoluysian atrophy
(DRPLA), spinobulbar muscular atrophy (SBMA), and
spinocerebellar ataxia (SCA1, SCA2, SCA3, SCA6, and
SCA7; table 3). All eight disorders are progressive,
typically striking in midlife, and causing increased
neuronal dysfunction and eventually neuronal loss 10–20
years after the onset of symptoms. Several other features
characterize this group of diseases: the greater the number
of CAG repeats on expanded alleles, the earlier the age of
onset and the more severe the disease. The repeats show
both somatic and germline instability (see review: Zoghbi
and Orr 2000; Lima et al. 2001). Successive generations of
affected families experience anticipation, or earlier age of
onset, and more rapid disease progression as a result of
intergenerational repeat instability that is particularly
marked in paternal transmissions. CAG contraction within
androgen receptor gene was involved in cancer or other
diseases (table 3).

How could the expanded CAG repeats cause these
diseases? There is strong evidence demonstrating that the
expanded (Gln)n stretch confers either a gain- or change-
of-function onto the corresponding proteins (see reviews:
Galvão et al. 2001; Ranum and Day 2002). In most cases,
a toxic gain of function of the mutant protein was

Table 2
Frequency (%) of Biased Distribution of Codon Repeats in Different Species

Codon Encoded Amino Acid Drosophila C. elegans Yeast Arabidopsis Sugarcane

GGA/GGG/GGC/GGT Glycine (Gly) 4.7 6.6 0.8 5.1 0.0
GCA/GCG/GCC/GCT Alanine (Ala) 9.2 6.3 2.7 9.1 8.2
ATA/ATC/ATT Isoleucine (Ile) 0.3 0.6 0.0 6.6 0.0
CCA/CCG/CCC/CCT Proline (Pro) 1.8 13.3 1.4 8.1 12.0
TAC/TCT/TCC/TCTAGC/AGT Serine (Ser) 8.4 3.8 7.0 0.0 0.0
ACA/ACG/ACC/ACT Threonine (Thr) 4.0 4.1 0.8 6.7 20.5
AAC/AAT Asparagine (Asn) 5.8 3.2 16.4 10.1 1.3
CAC/CAG Glutamine (Gln) 52.0 16.8 25.3 0.0 4.8
GAC/GAT Aspartic acid (Asp) 2.6 14.0 16.8 0.0 0.0
GAA/GAG Glutamic acid (Glu) 5.5 12.7 16.8 0.0 0.0
AAA/AAG Lysine (Lys) 1.6 10.1 4.6 37.9 5.1
CGA/CGG/CGC/CGT/AGA/AGG Arginine (Arg) 0.1 1.2 0.8 6.5 39.3
CAC/CAT Histidine (His) 3.1 3.1 2.7 0.0 9.0
Othersa 1.2 3.2 3.9 1.2 0.0
Total occurrences of repeats 2,993 773 483 942 234

Frequency was calculated based on data in: Katti, Ranjekar and Gupta (2001); Morgante, Hanafey, and Powell (2002); Cordeiro et al. (2001)

a Including codons for valine, leucine, cysteine, methionine, phenylalanine, and tryptophan.
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Table 3
SSRs Within Coding Regions, and Their Function and Phenotypic Effects in Several Species

Species Repeat Gene
SSR Function and Related

Phenotypic Effect Reference

Human (CAG)n HD Expansion causes
Huntington’s disease (HD)

Zoghbi and Orr (2000)

(CAG)n DRPLA Causes dentatorubro-
pallidoluysian atrophy
(DRPLA)

Nakamura et al. (2001)

(CAG)n KR Causes spinobulbar muscular
atrophy (SBMA)

Mao et al. (2002)

(CAG)n SCA Causes spinocerebellar
ataxias (SCA, types
1 to 7)

(CAG)n Androgen receptor (AR) Shorter repeat increases
hepatitis B virus (HBV)–
related hepatocellular
carcinoma risk

Yu et al. (2001; 2002)
Bennett et al. (2002)

Modifies prostate cancer risk
and progression

Buchanan et al. (2001)

CAG repeat size links to AR
activity, abnormally large

Coetzee and Irvine (2002)

AR-CAG sizes result in
SBMA with partial
androgen insensitivity,
which is related to
Kennedy’s disease

Dejager et al. 2002

(CGC)n Poly(A)-binding protein 2
(PABP2)

Oculopharyngeal muscular
dystrophy

Brais et al. (1998)

(A)n MMR genes
hMSH2; hMLH1, hMSH6
hPMS1; hPMS2

Frameshift caused by (A)n
size changes inactivates
MMR genes and causes
human cancers

Duval and Hamelin (2002)
Vassileva et al. (2002)

(A)n MMR genes: MBD4/MED1 Frameshift caused by (A)n
size changes inactivates
MMR genes and causes
human cancers

Yamada et al. (2002a)

Signal transduction genes: Tumor-suppressive function Markowitz et al. (1995)
(A)n TGFRII, IGFIIR, ACTRII,

WISP
Souza et al. (1996)

GRB-14, AXIN-2
Apoptosis: Tumor-suppressive function Rampino et al. (1997)

(A)n BAX, caspase 5, APAF-1,
BCL-10, FAS

Schwartz et al. 1999)

Transcriptional regulation: Tumor-suppressive function Duval et al. (1999)
(A)n TCF-4, CDX2

Immune surveillance: Tumor-suppressive function Bicknell et al. (1996)
(A)n 2M

Cell cycle: Tumor-suppressive function Guanti et al. (2000)
(A)n PTEN, RIZ, Hg4-1 Zhou et al. (2002)

Response to DNA damage: Tumor-suppressive function Duval and Hamelin (2002)
(A)n BLM, CHK1, RAD-50

Drosophila (CAG)n Homeobox gene DLX6 Triplet expansion leads to
cell death

Ferro, dell’Eva, and Pfeffer
(2001)

H. influenzae CAAT Virulence genes Mediating phase variation to
adapt to host environmental
changes

Karlin, Mrazek, and
Campbell (1997)

GCAA Virulence genes Weiser, Love, and Moxon
(1989)

CAAC Virulence genes van Belkum et al. (1998)
GACA Virulence genes
AGCT Virulence genes
TTTA Virulence genes
CAAT Virulence genes: lic1, lic2,

lic3
Affect LPS expression and
phase variation

Roche and Moxon (1995)
Weiser, Love and Moxon

(1989)
AGTC MMR gene: poll Facilitate adaptive switching Bayliss, van de Ven, and

Moxon (2002)
H. somnus CAAT LOS component gene Mediating LOS phase

variation and adaptation
Inzana et al. (1997)
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demonstrated. For instance, both cell culture and animal
studies clearly demonstrate that a long (Gln)n tract is toxic
to neurons and peripheral cells alike (Galvão et al. 2001).
Additional peptide sequences from expanded CAG repeats
must contribute to the late onset of these diseases and
selective neuronal vulnerability. This neuronal selectivity
disappears in the earliest juvenile-onset cases, when the
(Gln)n tract becomes disproportionately large relative to
the rest of the protein; there may be a threshold for Gln
repeat length beyond which it becomes the predominant
toxic moiety (Zoghbi and Orr 2000). It is also possible that
RNAs containing CAG expanded repeats may either
interfere with processing of the primary transcript,
resulting in a deficit of the corresponding protein, or
interact with RNA-binding proteins, altering their normal
activity (see review: Galvão et al. 2001). Recent experi-
ments suggest that, in addition to the ubiquitin/proteasome
pathway, mutant proteins with expanded (Gln)n stretches
are involved in the lysosomal pathway for protein
degradation, and that this processing mechanism may
serve as a target for new therapeutic approaches to CAG
repeat diseases (Yamada, Tsuji, and Takahashi 2002).

Monomer SSR Variation in Coding Regions Inactivates
MMR Genes via Frameshift, but Leads Also to Other
Truncated Proteins in Tumor Cells

Microsatellite instability (MSI) occurs in about 90%
of hereditary nonpolyposis colorectal cancers (HNPCC) as
well as in about 15% of sporadic tumors of the colon
(Mark Redston 2001), in numbers of gastric (Yamada et al.
2002a), lung (Zienoddiny et al. 1999), and endometrial
cancers (Vassileva et al. 2002). It has been proved that
many MSI tumors are caused by mutational inactivation of
the different MMR genes listed in table 3. The mutational
inactivation was caused mainly by a frameshift occurring
within the (A)n tracts located in exons of both major and
minor MMR genes (for review, see Duval and Hamelin
2002), except the methylation of the hMLH1 promoter
(Yanagisawa et al. 2000).

Likewise, a number of SSR-containing genes (listed
in table 3) are frequently affected by the MSI in tumor
cells. Like the MMR genes, these genes also contain (A)n
tracts in coding regions, which can lead to frameshift
mutation in MMR-defective cells (Duval and Hamelin
2002). The proteins encoded by these genes display tumor-
suppressive functions and, thus, represent major targets of
mutator pathway-associated carcinogenesis (Schwartz et
al. 1999). Most MSI–High-frequency (MSI-H) tumors had
acquired frameshift mutations in more than one gene
among hMSH3, hMSH6, BAX, IGFIIR, TGFbetaIIR,
E2F4, and BRCA2 (Johannsdottir et al. 2000).

The human hTCF4 gene interacts functionally with
b-catenin in the Wnt signaling pathway. Alternative use
of different reading frames in the exon 17 of hTCF-4
generates different protein isoforms with agonist or
antagonist transactivating activities (Duval et al. 2000).
A 1-bp deletion in an (A)9 repeat within exon 17, as well
as other frameshift mutations, results in decreasing the
proportion of the long COOH-terminal hTCF-4 isoform,
which contains two binding domains for c-terminal
binding protein, a protein implicated in the repression of
the TCF family transcriptional activity. Thus, loss of the
TCF-4 capacity to interact with COOH-terminal binding
protein could have an important effect in colorectal
carcinogenesis by modifying Wnt-signaling (Duval et al.
2000).

SSR Variation in Coding Regions Affects Gene
Expression and Pathogenesis in Prokaryotes

The presence of SSRs in prokaryotes is rare, but most
that do occur are related to pathogenic organisms; their
variation in repeat numbers can also cause phenotypic
changes (reviewed in van Belkum et al. 1998). These SSR
motifs were reminiscent of the presence of repetitive
elements consisting of uptake signal sequences, intergenic
dyad sequences, and multiple tetranucleotide iteration
(Karlin, Mrazek, and Campbell 1997). Haemophilus

Table 3
Continued

Species Repeat Gene
SSR Function and Related

Phenotypic Effect Reference

CAAT LPS synthesis-related gene Mediating LPS phase
variation and adaptation

Peak et al. (1996)

Neiserria SPP. GCAA Virulence genes Mediating phase variation
and adaption

M. catarrhalis CAAC Virulence genes Mediating phase variation
and adaption

M. hyorhinis AGT Lipoprotein gene MG307 Regulates gene translation
and influences activity of
this surface antigen

Rocha and Blanchard (2002)

N. gonorrhoeae (G)n LOS component: lsi2 Responsible for LOS-specific
phenotypic change

Burch, Danaher and Stein
(1997)

Chlamydia pneumoniae (G)n Membrane protein-gene:
pmp10

Involved in virulence and
pathogenesis of Chlamydia

Grimwood et al. (2001)

(C)n Outer membrane proteins
(Ppp)

Involved in the pathogenesis
of C. pneumoniae

Rocha et al. (2002)

NOTE.—LPS: lipopolysaccharides; LOS: lipooligosaccharide.
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influenzae (Hi), an obligate upper respiratory tract
commensal/pathogen, uses phase variation (PV) to adapt
to host environment changes. Switching occurs by
slippage of SSR repeats within genes coding for virulence
molecules (Hood et al. 1996). Most such SSRs in Hi are
tetranucleotide repeats, which are listed in table 3. The
high prevalence of tetranucleotides mediating PV is an
exceptional feature of the Hi genome. For instance,
Weiser, Love, and Moxon (1989) found that different
patterns of lipopolysaccharide expression (LPS: LPS phase
variation functions as an adaptation mechanism enabling
bacteria to escape the immune system attack and to
translocate across various physical barriers: van Putten
1993) and the molecular switch leading to this phenotypic
variability appeared to be dependent on the translational
capacity of the gene lic1 mRNA, which is caused by
variable numbers of a CAAT motif within this gene.
Variation in the overall number of this CAAT unit moves
one of the three ATG codons in or out of the protein
synthesis reading frame, and it then directly affects protein
synthesis and the primary amino acid sequence. More
examples are listed in table 3.

Variation in the opacity surface proteins (Opa) occurs
by recA-independent rearrangements in the coding repeat
sequence. In this region, shifting of the translational
reading frame occurs because of changes in the repetitive
DNA track (Murphy et al. 1989). These changes occur
independently in any of the opa genes, which account for
the production of several different Opa proteins simulta-
neously. The relationship between the superficial Opa
protein composition of a bacterial isolate with invasiveness
into the human epithelium has been demonstrated
experimentally (Makino, van Putten, and Meyer 1991).
A variable number of CTCTT motifs in the opa leader
peptide moves the reading of the gene in or out of the
frame. This sequence is peculiar because a triple-helix
conformation is likely to occur, and the CTCTT repeat
region appears to be hypersensitive to single-strand-
specific nuclease. The number of repeats varies continu-
ously at low frequency in vivo. Once environmental
selection influences survival of one of the ‘‘minority SSR
types,’’ this type will ‘‘translate’’ its selective advantage
into overgrowth of the existing population (Makino, van
Putten, and Meyer 1991).

In general, the examples mentioned in this section
and in table 3 emphasize the importance of SSR elements
in many aspects of adaptive behavior in bacteria. SSR
variations enable bacteria to respond to diverse environ-
mental factors, and many of them are clearly related to
bacterial pathogenesis and virulence. The contingent genes
containing SSRs show high mutation rates, allowing the
bacteria to act swiftly on deleterious environmental
conditions (Moxon et al. 1994). Some of the SSRs seem
to play an essential role in controlling surface exposition of
active protein domains and antigenic variation.

SSRs in UTR Regions
SSR Distribution in 39-UTRs and 59-UTRs

In transcribed regions, according to available large-
scale observation in humans and Arabidopsis databases,

UTRs harbor more SSRs than the coding regions (Wren
et al. 2000; Morgante, Hanafey, and Powell 2002). The
59-UTRs and 39-UTRs contain more monomer and dimer
motifs than those in coding regions in humans, and they
contain higher amounts of both monomers and triplets in
the 5,000 Arabidopsis genes (table 4).

For dimeric repeats in UTRs, plants and animals
show completely different biases. In Arabidopsis, the
UTRs, in particular the 59-UTRs, exhibit a strong bias
toward AG/CT (Morgante, Hanafey, and Powell 2002).
However, 39-UTRs show a bias to AC/GT in catfish
(55.9% of 34 SSRs; Liu et al. 2001) and in humans (52.3%
of 44 SSRs, Wren et al. 2000). In human genes, SSRs in
the 39-UTRs also display an obvious bias to (A/T)7
(27.0%) compared to (G/C)7 (0.7%) (Olivero et al. 2003).

The 59-UTRs contained more triplets than the 39-
UTRs in humans (31.1% vs. 4.6%; Wren et al. 2000); in
barley (67% vs. 26%; Thiel et al. 2003), and in
Arabidopsis (51.4% vs. 33.4%; Morgante, Hanafey, and
Powell 2002). The 59-UTRs also exhibit a strong bias
toward specific triplet repeats in different mammalian
genomes (Stallings 1994). For instance, of 136 triplet
repeats identified in 59-UTRs of human cDNA, 100 were
CGG or CCG (Wren et al. 2000), serving as binding sites
for nuclear proteins (Richards et al. 1993; Stallings 1994).

Intron SSR Distribution

Introns have a repeat-unit profile similar to that of
genomic DNA: the majority of intronic SSRs are mono-
mers, and/or dimers in different taxonomic groups or spe-
cies (table 4).

Introns also display sequence composition biases in
different repeat classes (Tóth, Gáspári, and Jurka 2000).
For instance, a strong bias toward (A/T)n was found
among monomer repeats in introns of different taxonomic
groups and species (table 4). Among 12 possible dimeric
repeats, introns show a bias (46.0%–67.5%) to AC/GT
repeats in primates, rodentia, mammalia, vertebrata,
arthropoda, and fungi, but a bias (40.8%–96.4%) to CG/
GC repeats in C. elegans, embryophyta, and Saccharo-
myces cerevisiae. The functional significance of the above
biases is unclear.

For triplet repeats in introns, ACG repeats are
absolutely absent in primates, rodentia, mammalia, verte-
brata, embryophyta, and fungi; and (CCG)/(CGG)n is
almost completely absent from introns in all of the above
taxonomic groups except fungi (Tóth, Gáspári, and Jurka
2000). The absence of CCG and ACG from introns could be
explained by the presence of the highly mutable CpG
dinucleotide within these motifs. Additionally, CCG repeats
may also be selected against because of the requirements of
the splicing machinery. Long CCG sequences could
compete with this region in recruiting splicing machinery
components, resulting in inadequate splicing. Furthermore,
CCG repeats, which exhibit considerable hairpin-forming
and quadruplex-forming potential, may influence the
secondary structure of the pre-mRNA molecule, modulate
the efficiency and accuracy of splicing, and then interfere
with the formation of mature mRNA (Coleman and Roesser
1998; Tóth, Gáspári, and Jurka 2000).
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Phenotypic Effect of SSRs from UTRs

The aforementioned data demonstrated that SSR
distribution in the 59-UTRs and 39-UTRs and introns vary
among species and/or taxonomic groups. The conservation
of UTR repeats correlates inversely to their length, with
longer repeats generally being more polymorphic than
shorter repeats, irrespective of 39-UTRs or 59-UTRs
(Suraweera et al. 2001). The UTR repeats are very often
deleted in MSI-H tumors, and the average length of
deletion within mononucleotide repeats in MSI-H tumors
correlates strongly and positively with the length of the
repeat regardless of their location in 59-UTRs, introns, or
39-UTRs (Suraweera et al. 2001). Some experiments
demonstrated that the SSR repeat numbers located in
59-UTRs, 39-UTRs, and introns can regulate gene
expression (see reviews: Kashi, King, and Soller 1997;
Li et al. 2002; Trifonov 2003). More and more
associations are currently being revealed between SSR
variations in the UTRs and introns and phenotypic changes
both in vitro and/or in vivo (see below).

Effects of SSR in 59-UTR on Gene Expression
and Phenotype

SSR elements in the 59-UTRs are required for some
gene expression. The human calmodulin-1 gene (hCALM
1) contains a stable (CAG)7 repeat in its 59-UTR
(Toutenhoofd et al. 1998). Experiments have demonstrated
that deleting this repeat decreased the gene expression by
45%, whereas repeat expansions to 20 and 45 repeats, or
the insertion of a scrambled (C, A, G)7 sequence did not
alter gene expression (Toutenhoofd et al. 1998). These
data indicate that the endogenous repeat element is
required for full expression of hCALM1, and that some
triplet repeat expansions in the 59-UTR of protein-coding
genes may be well tolerated and may even optimize the
gene expression (Toutenhoofd et al. 1998). Expansion of
the (CTG)n in the 59-UTR of a reporter gene impeded
efficient translation in vitro and in vivo, because the
formation of stable hairpins by expansion of (CUG)n runs
in the 59-UTR of a mRNA progressively inhibit the
scanning step of translation initiation (Raca et al. 2000).

SSR variations in 59-UTRs influence gene expression
and lead to protein adaptation. An SSR locus is found
between the genes hifA and hifB, encoding fimbrial subunit
proteins in H. influenzae (van Ham et al. 1993). Reversible
phase variation is due to changes in the number of TA
repeats, which space the 235 and 210 region of the dual
promotor controlling hifA and hifB. This has a clear impact
on transcriptional effectiveness (van Belkum et al. 1998).
Streelman and Kocher (2002) reported that GT repeat
polymorphisms in the Tilapia prolactin 1 (prl 1) 59-UTR
promoter are associated with differences in prl 1 gene
expression and the growth response of salt-challenged
fishes. Individuals homozygous for long GT alleles
express less prl 1 in fresh water but more prl 1 in half-
seawater than fishes with other genotypes. This work
provides in vivo evidence that differences in SSR length
among individuals may indeed affect gene expression and
that variance in expression has concomitant physiological T
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consequences. Such results suggest that dinucleotide SSRs
represent an underappreciated source of genetic variation for
regulatory evolution (van Belkum et al. 1998).

SSRs in the 59-UTRs serve as protein binding sites,
thereby regulating gene translation and protein compo-
nent and function. For instance, the transcription factor
CCAAT/enhancer binding protein b (C/EBPb) plays
a significant role in the regulation of hepatocyte growth
and differentiation. A single C/EBPb mRNA encoded by
an intronless gene produces several protein isoforms,
presumably through alternative usage of AUG codon
(Calkhoven et al. 1994). Experimental results show the
presence of two CUG repeat binding sites in the 59 region
of C/EBPb mRNA between the first and second AUG
codons. One binding site contains CUG repeats in the 59-
UTR, whereas the other one contains CCG repeats in the
ORF sequence, which has previously been shown to be
involved in regulation of alternative translation of C/EBPb
mRNA (Calkhoven et al. 1994). Different RNA binding
domains of a CUG repeat binding protein (CUGBP1) bind
to both the CUG and CCG repeats. The binding of
CUGBP1 to the 59 region of C/EBPb mRNA results in
generation of low molecular weight C/EBPb isoforms. It is
possible that this interaction may stabilize a structure that
favors translational initiation at downstream AUG codons
(Timchenko et al. 1999).

SSRs in 59-UTRs can regulate gene expression and
phenotypically cause human diseases. The CGG repeat in
59-UTR of the fragile X mental retardation-1 (FMR1) gene
is expanded in families with fragile X syndrome, with
(CGG)!200 resulting in mental retardation due to the
absence of the FMR protein (FMRP), and significantly
diminished FMRP levels in carriers is negatively correlat-
ed with the CGG repeat number (Kenneson et al. 2001).
The (CGG)40–200 are also related to different diseases
(table 5).

SSR Expansions in 39-UTRs Lead to
Transcription Slippage

Transcription of a CAG/CTG triplet repeats in the
39-UTR of a URA3 reporter gene in yeast leads to
transcription of mRNA several kilobases longer than the
expected size. These long mRNAs form more readily
when CAG rather than CTG repeats are transcribed. These
large mRNA molecules are formed by transcription
slippage (Fabre, Dujon, and Richard 2002), a phenomenon
reported to be usually stimulated by short mononucleotide
and dinucleotide repeats at the 39-UTR, both in vitro
(Deng and Shuman 1997) and in vivo in E. coli (Xiong
and Reznikoff 1993) and, possibly, in mammalian systems
(Davis et al. 1997). It is generally assumed that during
transcription, transient pausing of the RNA polymerase
complex promotes backward slippage and leads to resyn-
thesis of the same RNA sequence (Jacques and Kolakof-
sky 1991). CAG/CTG repeats form secondary structures
in vitro (Gacy et al. 1995), and it was shown that CTG
repeats induce transient pauses in RNA elongation after
the first, second, and sixth to ninth triplet repeated in vitro
unit (Parsons, Sinden, and Izban 1998). Stable in vivo

secondary structures formed by mRNA are important for
transcription slippage. Fabre, Dujon, and Richard (2002)
propose that stalling of the RNA Pol II complex by
secondary structures formed on the template DNA strand
would promote slippage and give rise to longer transcripts
containing reiterations of the repeated sequence. Several
rounds of stalling/slippage/synthesis would probably be
required to reach long mRNA.

What are the consequences of transcription slippage
induced by SSR expansions at the 39-UTR? The following
examples should give us some clue. Myotonic dystrophy
type 1 (DM1) is a dominant neuromuscular disorder
caused by the expansion of CTG repeat in the 39-UTR of
the DM protein kinase (DMPK) genes (see review by
Ranum and Day 2002). The expression of mutant DMPK
mRNA containing an expanded repeat in the 39-UTR
inhibits differentiation of cultured myoblasts (Amack and
Mahadevan 2001) and transgenic models in which
(CTG).250 expressed at the RNA level, causes myotonia
and muscular dystrophy (Seznec et al. 2001). The pa-
thogenic effect of the CTG expansion in mRNA is to ac-
cumulate as nuclear foci (Davis et al. 1997; Mankodi et al.
2002) and to disrupt splicing and possibly other cellular
functions (Mankodi et al. 2002). A recent experiment
proved that expression of the mutant DMPK 3-UTR
mRNA carrying long repeat as (CTG)90 disrupted the
nerve-growth-factor–induced Meurite outgrowth (Quin-
tero-Mora et al. 2002). Moreover, expression of the CTG
expansion has a negative cis effect on protein production,
so that the mRNA with expanded CTG repeat in 39-UTR
has been considered to be a cause of suppression of
neuronal differentiation (Quintero-Mora et al. 2002).

Intronic SSRs Affect Gene Transcription, mRNA
Correct Splicing, or Export to Cytoplasm

Intronic SSRs can also regulate gene transcription.
For instance, a (TCAT)n locus ‘‘HUMTH01’’ located in
the first intron of the tyrosine hydroxylase (TH) gene acts
as a transcription regulatory element in vitro (Meloni et al.
1998). Up to a maximum of eight repeats of this motif and
its flanking region are highly conserved in the first intron
of the TH gene of several nonhuman primate genera
(Meyer et al. 1995), suggesting that evolutionary con-
straints may act on this sequence. The presence in the
human population of a perfect and imperfect variant of
(TCAT)10 showing transcriptional regulatory activity is
not due to genetic drift, but it may be relevant to the
expression of normal and/or pathological genetic traits
(Meloni et al. 1998). An intronic SSR can also behave as
a co-regulator with SSRs in the 59-UTR for gene
expression. For example, the human type I collagen
alpha2 (COL1A2) gene has one (CA)n repeat in the 59-
UTR and a (GT)n tract in its first intron. Experiment
showed that transcriptional activity of the COL1A2 gene
was enhanced by the co-presence of both repeats, but not
by either repeat alone (Akai, Kimura, and Hata 1999).
Intronic SSRs also can regulate gene expression level and
lead to human diseases, such as Friedreich’s ataxia
(FRDA), SCA10, and breast carcinogenesis (table 5).
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Intronic polymorphism can result in abnormal splic-
ing. The GGG repeats located at the 59 end of human introns
proved to be involved in splice site selection, and this GGG
repeat may act as an enhancer of the splicing reaction at the
level of spliceosome assembly (Sirand-Pugnet et al. 1995).

Intronic splicing enhancers have been identified that can
mediate tissue-specific exon inclusion. Although the
intronic enhancers previously identified in genes generally
exhibited a more complex sequence (see Gabellini 2001), in
many cases some simple sequences such as SSRs were

Table 5
SSRs Located in 59- and 39-UTRs And Introns and Their Functions and Phenotypic Effects in Humans and Bacteria

Motif Location Gene
SSR function and
phenotypic effect Reference

CAG 59-UTR Human calmodulin-1 gene
(hCALM1)

Required for hCALM1 full
expression,

Toutenhoofd et al. (1998)

A 59-UTR M. hyorhinis lipoprotein
genes: vlpA, vlpB, vlpC

Affect transcription
efficiency and are involved
in antigen variation

van Belkum et al. (1998)

TA 59-UTR H. influenzae hifA and hifB
encoding fimbrial subunit
proteins

Influence gene expression
and lead to protein
adaptation and phase
variation

van Belkum et al. (1998)

GT 59-UTR Tilapia prolactin 1 (prl 1) Influence gene expression
and growth response of
salt-challenged fishes

Streelman and Kocher (2002)

CUG 59-UTR C/EBPbeta Serve as protein-binding sites
and regulating gene
translation and protein
component and function

Calkhoven et al. (1994)
Timchenko et al. (1999)

CGG 59-UTR Fragile X mental
retardation-1 (FMR-1)

(CGG).200 results in loss of
FMR-1 function and cause
human mental retardation

Kenneson et al. (2001)

(CGG)40–200 related in
fragile-X-like cognitive/
psychosocial impairment

Franke et al. (1998)

(CGG)40–60 associated with
other fragile-X-like pheno
types and woman ovarian
dysfunction

Youings et al. (2000)
Allingham-Hawkins et al.
(1999)

GCC 59-UTR FMR-2 Reduced FMR2 causing
abnormal neuronal gene
regulation

Cummings and Zoghbi
(2000)

CAG 59-UTR PPP2R2B (CAG)55–78 results in toxic
effect at RNA level or
alters gene expression and
causes human SCA12
disease

O’Hearn et al. (2001)

CTG 39-UTR Dystrophia myotonin (DM)
protein kinase

Expansion causes DM1
disease

Ranum and Day (2002)

CTG 39-UTR SCA8 gene Expansion causes SCA8
disease

Koob et al. (1999)

TCAT Intron Tyrosine hydroxylase (TH)
gene

Acts as transcription
regulatory element and
relevant to expression of
pathogenesis

Meloni et al. (1998)

GAA Intron Friedreich’s ataxia (FRDA)
gene

GAA expansion inhibits
FRDA expression or
interferes mRNA
formation and lead to
FRDA disease

Ohshima et al. (1998)
Sakamoto et al. (2001)

CA Intron Epidermal growth factor
receptor (egfr)

CA repeat enhances egfr
transcription and involved
in breast carcinogenesis

Tidow et al. (2003)

T Intron ATM gene Shortening repeat tract leads
to aberrant splicing and
abnormal transcription in
colon tumor cells

Ejima, Yang, and Sasaki
(2000)

CCTG Intron Zinc finger protein 9 (ZNF9) Expansion causes nuclear
retention of transcript and
leads to DM2 disease

Liquori et al. (2001)

ATTCT Intron SCA10 gene Expansion leads to change of
function and results in
SCA10 disease

Matsuura et al. (2000)
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shown to act as intronic enhancers. For instance, the length
polymorphism of (TG)m and (T)n repeats, both located at the
intron 8/exon 9 splice acceptor site of the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, whose
mutations cause cystic fibrosis (CF), control splicing of the
CFTR mRNA (Pagani et al. 2000). The role for this
polymorphic SSR site in the intron 8 of the CFTR gene is
regulation of the alternative splicing and the skipping of
exon 9 (Pagani et al. 2000). It has been found that short (T)5,
compared with (T)7 or 9, significantly increases the
alternative splicing of exon. Moreover, the polymorphic
(TG)m locus juxtaposed upstream of the (T)n tract can
further modulate exon 9 skipping, but only when activated
by the (T)5 allele (Niksic et al. 1999).

The human intron 2 of the Na1/Ca21 exchanger 1
(NCX1) gene contains GT repeats of variable length.
Molecular dissection of the 59-intron 2 sequence showed
that the GT repeat is required for splicing activation. The
remainder of the 59-intron 2 segment was completely
inactive. Moreover, the intron 2 segments with (GT)10–16
are equally effective in promoting splicing. The minimal
(GT)n length required to enhance splicing remains a
question for future investigation (Gabellini 2001).

In previous studies of the cellular distribution of long
triplet repeat-containing transcripts, it was shown that
although the long transcripts were correctly spliced and
polyadenylated, they were not correctly exported to the
cytoplasm. (CUG)n-containing mRNAs have been re-
ported to accumulate in the nuclei of DM cultured
myoblasts (Davis et al. 1997) and in the nuclei of muscle
cells of transgenic mice expressing untranslated CUG
repeats (Mankodi et al. 2002). The human DM2 is caused
by the expansion of a CCTG repeat in the first intron of the
zinc finger protein 9 (ZNF9) gene (Liquori et al. 2001).
The longest normal allele observed was (CCTG)26,
whereas the expanded range is extremely broad (;75–
11,000 CCTGs, mean ;5000) with a high degree of
somatic mosaicism, and somatic instability is indicated by
the multiple expansion sizes often found in blood (Liquori
et al. 2001). Like the DM1, (CCUG)n-containing RNA
foci are found in DM2 muscle, indicating nuclear retention
of transcripts (Liquori et al. 2001).

SCA10 disease is caused by expansion of an ATTCT
motif located in intron 9 of the SCA10 gene (Matsuura
et al. 2000). The expanded SCA10 gene encodes a novel
protein (475 amino acids) with no recognizable motifs or
predicted structures (Matsuura et al. 2000). Parallels
between SCA10, DM1, DM2, and, possibly, SCA8
suggest that a gain of function mechanism at the RNA
level could be involved (Ranum and Day 2002). Unlike
the SCA8, the gene harboring the mutation for SCA10 is
ubiquitously expressed, indicating that if a toxic RNA
mechanism is involved, secondary proteins that interact
with the ATTCT motif may confer organ-specific
pathogenicity (Matsuura et al. 2000).

SSR Expansion in UTRs and Introns Leads to
Gene Silencing or a Loss of Function

Gene expression is crucial to the maintenance of
differentiated cell types in multicellular organisms,

whereas aberrant silencing can lead to disease. The
organization of DNA into euchromatin and heterochroma-
tin is implicated in gene silencing. In euchromatin, DNA
wraps around histones, creating nucleosomes. Further
condensation of chromatin, associated with large blocks of
repetitive DNA sequences, is known as heterochromatin.
Position effect variegation (PEV) occurs when a gene is
located abnormally close to heterochromatin silencing the
affected gene in a proportion of cells (Dillon and
Festenstein 2002). It has been reported that the relatively
short GAA or CTG repeat expansions found in the 39-UTR
of DM1 and the intron of the FRDA gene mediate
heterochromatin-protein-1–sensitive variegated gene si-
lencing on a linked transgene in mice (Saveliev et al.
2003). Silencing was correlated with a decrease in
promoter accessibility and was enhanced by the classical
PEV modifier heterochromatin protein 1 (HP1). Notably,
triplet repeat-associated variegation was not restricted to
the classical heterochromatic region, but it occurred
irrespective of chromosomal location (Saveliev et al.
2003). Because this phenomenon shares important features
with PEV, the mechanisms underlying heterochromatin-
mediated silencing might have a role in gene regulation at
many sites throughout the mammalian genome. They may
modulate the extent of gene silencing, and hence disease
severity in several triplet diseases such as DM1 and
FRDA, among others (Saveliev et al. 2003).

SSR Evolutionary Mechanism Within Genes

The SSR distribution is a function of the dynamics
and history of genome evolution and of selective
constraints (Morgante, Hanafey, and Powell 2002). Like
the SSRs in untranscribed regions, the SSRs in genes also
show a higher mutation rate (instability) than non-
repetitive regions. The fact that in human genes the most
frequently encountered polymorphism is the repeat length
polymorphism, and that it has its roots in repeat
elongation/shortening events, indicates that such processes
are important ingredients of molecular evolution (Borštnik
and Pumpernik 2002). The repeat elongation/shortening
processes also lead to the increase of biological complex-
ity, which is considered to be the hallmark of biological
evolution. In a variety of widely diverged eukaryotes,
including S. cerevisiae, S. pombe, C. elegans, Drosophila,
plants, primates, and Mus the rate of generation of excess
triplet SSRs is not significantly affected by coding status,
suggesting that both coding and noncoding triplet SSRs
are subjected to similar rates of repeat expansion (Metzgar,
Byfot, and Wills 2000). SSR evolution in coding genes
and regulatory regions should share mutational processes
similar to those of SSRs in untranscribed regions.

Molecular Mutation Mechanism

Previously, a few mutational mechanisms have been
invoked to explain the high mutation rate of SSR:DNA
slippage during DNA replication (Tachida and Iizuka
1992) and recombination (unequal crossover and gene
conversion) between DNA strands (Harding, Boyce, and
Clegg 1992; see also our review: Li et al. 2002). Recently,
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some studies have suggested that equilibrium distributions
of SSR repeat lengths are a result of balance between
slippage events and point mutation (Kruglyak et al. 1998;
Ellegren 2002). Replication slippage favors growth,
whereas point mutations break down a long repeat array
into two or more shorter ones. Changes in the relative
frequencies of slippage and point mutation might have
direct effect on the accumulation of long SSR runs in
genomes, as the length distribution of SSRs in a genome
has been suggested to reflect this balance, a higher relative
rate of slippage giving rise to longer SSRs (Kruglyak et al.
1998). Relative rates of slippage and point mutation might
be altered by changes in the efficiency of MMR and
proofreading during DNA replication (Ellegren 2002) and
other potential differences in genome structure or organi-
zation between species (Alba, Santibáñez-Koref, and
Hancock 2001). Among those factors, MMR efficiency
is particularly critical for SSR slippage rates, because there
are known to be differences between species in the abilities
of their MMR machinery to detect loops of different length
resulting from slippage during replication (Parniewski et
al. 2000; Yamada et al. 2002b). In addition, MMR genes
can be inactivated by frameshift via the (T)n located in
their coding sequences, and lead to more MSI (see above,
SSRs In Coding Regions). In molecular evolution, MMR
activity is critical for SSR length fluctuation. In humans,
any inactivation of MMR genes could cause tremendous
MSI and phenotypically occurring cancers or other
diseases (see above, SSRs In Coding Regions).

Role of Natural Selection
Biased SSR Distribution in Genes

Purely neutral structures would be expected for SSRs
to be randomly distributed within genes including coding
regions, UTRs, and introns. Or, SSR distributions would
reflect the balance of replication slippage and point
mutation without external forces (Kruglyak et al. 1998;
Santibáñez-Koref, Gangeswaran, and Hancock 2001;
Ellegren 2002). In fact, however, SSR distributions in
these regions are nonrandom and strongly biased. The low
frequency of dinucleotide and tetranucleotide repeats and
the enhanced frequency of triplet repeats in the coding
sequences of many organisms (Tóth, Gáspári, and Jurka
2000; Wren et al. 2000; Cordeiro et al. 2001) are signs of
the effects of selection, indicating that those SSRs are
selected against possible frameshift mutation. The action
of selection on triplet repeats is best seen by considering
their distribution between the different strands and reading
frames within ORFs, and between coding and noncoding
regions of the genome. Numerous investigations have
indicated that triplet repeats show strong reading frame
and strand preferences (e.g., Richard and Dujon 1997;
Alba, Santibáñez-Koref, and Hancock 1999) caused by
selection. Strongly biased distributions of triplet repeats
and amino acid repeats have also been found in different
functional protein groups and cell locations (see above,
SSRs In Coding Regions), suggesting that repeats of these
kinds are subject to strong selection (Alba, Santibáñez-
Koref, and Hancock 1999).

Alba, Santibáñez-Koref, and Hancock (1999) re-
vealed intriguing associations between the most common
amino acid repeats and cellular components which appear
to be part of the cell-signaling system, and it has been
speculated that changes in length of repeats in such
systems could alter their behavior and therefore contribute
to their evolutionary diversification (Hancock 1993;
Richard and Dujon 1997), perhaps involving molecular
coevolution between proteins (Hancock 1993). Such
diversification could be relatively rapid on an evolutionary
time scale because of the high mutation rate of SSRs
(Hancock 1999). It is likely that genes containing SSRs
have been found to be mutated at these repeats and result
in frameshift in MSI-H tumors from different sites (see
review by Duval and Hamelin 2002). Accumulation of
such alterations appears to be the molecular mechanism by
which MSI-H cells accumulate functional changes with
putative oncogenic effects. These mutations occur at
variable frequencies in many genes encoding protein
signal transduction, transformation growth factors, apo-
ptosis, MMR, transcriptional regulation, or immune
surveillance cell-cycle response to DNA damage (table
3). These mutations can influence genes with a putative
role in human carcinogenesis involved in different or
similar pathways and are thus thought to be affected by
inactivating or activating events selected for in these
cancers in a recessive or dominant manner (Duval and
Hamelin 2002).

Natural Selection and SSR Function in Genes

When SSR repeats lie within protein coding regions,
UTRs, and introns, any changes by replication slippage
and other mutational mechanisms may lead to changes in
protein function. There are numerous lines of evidence
(see above, SSRs In Coding Regions and SSRs in UTR
Regions) indicating that changes in lengths of triplet or
amino acid repeats could affect protein function, and
frameshifts within coding regions caused by SSR expan-
sion or contraction could (1) cause gain of function and
loss of function or gene silencing and (2) induce novel
protein, bacterial pathogenesis, and virulence. Variations
in repeat number of SSR located in the 59-UTRs and 39-
UTRs and introns can cause significant effects on gene
expression—e.g., mRNA splicing or translation—and lead
to phenotypic changes with altered selective values (see
above, SSR in UTR Regions). For instance, in Escherichia
coli, hundreds of genes related to DNA repair, recombi-
nation, and physiological adaptation to different stresses
contain high density of small SSRs, which can induce
mutator phenotypes by affecting repair efficiency and/or
DNA metabolism (Rocha, Matic, and Taddei 2002). Genes
containing (Gln)n that are more conserved in length
between the human and mouse tend to show low
nonsynonymous substitution rates, while genes containing
more evolutionarily labile repeats, tend to have higher
substitution rates (Hancock, Worthey, and Santibáñez-
Koref 2001). This indicates that the level of selection
acting on a gene containing a repeat has a significant
impact on DNA repeat evolution. Effect of selection could
include disfavoring uninterrupted structures, as these are
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more likely to change in length with phenotypic
consequences such as triplet expansion disease in humans
(Alba, Santibáñez-Koref, and Hancock 2001).

Environmental Stress and SSR-Regulated Adaptation

An organism has to adapt to environmental change
for its survival. A certain degree of stress caused by
fluctuations in the environment is a necessary starting
point for every adaptational change. Earlier investigations
speculated that eukaryotes incorporating more DNA
repeats might provide a molecular device for faster
adaptation to environmental stresses (Kashi, King, and
Soller 1997; Marcotte et al. 1999; Wren et al. 2000; Li et
al. 2002; Trifonov 2003). This speculation has been
supported by an increasing number of experiments. For
instance, in S. cerevisiae, SSRs are overrepresented among
ORFs encoding for regulatory proteins (e.g., transcription
factors and protein kinases) rather than for structural ones,
indicating the role of SSRs as a factor contributing to fast
evolution of adaptive phenotypes (Young, Sloan, and van
Riper 2000). Although in prokaryotes SSRs are not so
abundant as in eukaryotes, most of the SSRs in bacteria are
located in virulence genes and/or regulatory regions, and
they affect pathogenesis and bacterial adaptive behavior,
indicating the signature of natural selection (Hood et al.
1996; Peak et al. 1996; van Belkum et al. 1998; Field and
Wills 1998). The contingency genes containing SSRs
show high mutation rates, allowing the bacterium to act
swiftly on deleterious environmental conditions (Moxon
et al. 1994). As in eukaryotes, SSR variations enable bac-
teria to respond to diverse environmental factors.

Trifonov (2003) suggests that environmental chal-
lenges cause various stress reactions, including changes in
the copy number in the tandem runs. This suggestion is
supported by the fact that DNA damage caused by external
stresses such as UV irradiation, c–irradiation, t-butyl
hydrogen peroxide, oxidative damage, etc. can induce
slippage mutations and increase mutation rates in SSR
sequences (Jackson, Chen, and Loeb 1998; Chang et al.
2002; Slebos et al. 2002). An immediate response to
environmental challenges is retuning of the expression of
many genes and multigene functions influenced by the
repeats. The copy numbers of the variable tuners linked to
specific genes most relevant to given environmental
changes are under selection pressure. Accordingly, some
of the copy-number tuning responses to the stress result in
observable phenotypic changes (Trifonov 2003).

Trifonov (2003) reviewed tuning functions of SSRs
and minisatellites for a number of genes in eukaryotes and
prokaryotes, suggesting that tuning by the repeat copy
number is a rather general phenomenon. The SSRs and
minisatellites may act as ‘‘tuning knobs’’ (King, Soller, and
Kashi 1997; Trifonov 2003) for modulation of gene
expression or other functions as gradually as discrete
numbers of the repeats in the tandem runs would allow. The
larger the number of the repeats in the run, and the weaker
the influence of any individual repeat, the finer the tuning.
The data actually represent the middle part of the causal
route from environmental changes to gross phenotypic
response—expansion/contraction of the repeats and re-

spective changes in gene expression patterns, leaving out
the initial stress component and the final stage of the
organismal phenotype change. The genes themselves
(classical genotype) remain unchanged (Trifonov 2003).

Copy number of SSR repeats could influence the
phenotype, both at the moment of the change and after
sexual spread of the new change. A particular mechanism
of the molecular change could be any intracellular DNA
turnover mechanism including the tuning by tandem
repeats. The molecular drive concept, suggested for
multigene families, is applicable as well to any other
repeating sequences involved in regulation of gene
expression (Dover 1986). The DNA turnover, however,
can be viewed as another kind of mutation (resulting in
deletions and insertions of the repeats), in which case the
copy number-phenotype relationship would be a simple
case of Darwinian selection (Trifonov 2003). The specific
adaptive response can only be established by a selection
process spanning several sexual generations or, at the
cellular level, several cellular divisions. The changes of
tandem repeat tuners for adaptationally competent genes
cause the adaptive response and are, thus, under selection
pressure. In other words, the changes in the tuners of
relevant genes in desirable directions and respective
changes of the gene activities toward relaxation of the
stress impact are selected for. The selection pressure thus
may result in systematic directional change of the
respective repeat number that leads, finally, to desirable
activity levels of the adaptationally relevant genes and
relaxation of the stress—i.e., adaptation (Trifonov 2003).
Future studies could increasingly unravel the significant
evolutionary role of SSRs in regulating gene expression
under diverse environmental stresses.

Conclusions

It has been demonstrated that SSRs are much more
abundant in the UTRs or regulatory regions than in other
genomic regions of plants (Morgante, Hanafey, and Powell
2002) and bacteria (Moxon et al. 1994; Field and Wills
1998; Metzgar, Bytof, and Wills 2000). Substantial
evidence shows that SSRs are nonrandomly distributed
across protein-coding sequences, UTRs, and introns. SSR
variations in these regions could cause a frameshift,
a fluctuation of gene expression, inactivation of gene
activity, and/or a change of function, and eventually
phenotypic changes (fig. 1). In humans, SSR variation in
coding regions, UTRs, and introns can cause neuronal
diseases, cancers, SCA, and DM diseases, among others.
In some cases, MSI even affects the effectiveness of
medical treatment on human cancers (Kim et al. 2001),
even though more studies should be conducted for
clarification and efficient utilization of this mechanism.
In plants and other species, outcomes of SSR variation
within their genes remain to be studied further, despite the
large number of studies reporting the SSR distribution in
their ESTs or genes.

In bacteria, particularly pathogenic bacteria, infection
processes require that the bacteria adapt to several host
environments. Initial colonization, crossing epithelial and
endothelial barriers, survival in circulation, and trans-
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location across, for instance, the blood-brain barrier, are all
processes that require specific virulence traits (Roche and
Moxon 1995). The possibility of varying pathogenicity
factors to meet these requirements could possibly be
achieved through SSR modulation, as has been described
for a multitude of different genes. Variation through
single-strand mispairing or recombination processes al-
lows regulatory or adaptive function to be specifically
activated or repressed (van Belkum et al. 1998).

SSR evolution in genes should share similar muta-
tional processes, including replication slippage, point
mutation, and recombination, but SSRs within genes
should be subjected to stronger selection pressure than
other regions because of their functional significance in
regulating gene expression and function. These mutational
processes provide mutation resources for the MMR
system. If SSR mutations within genes escape from
MMR correction, these mutations can cause phenotypic
changes. The link between changing copy number of SSRs
and phenotypes is provided by an accumulating number of
experimental observations showing a dependence of gene
expression and other functions on the copy number of the
associated repeats (see above, SSRs In Coding Regions and
SSR in UTR Regions). If SSR changes result in selectable
phenotypic variation, selection can naturally start to act. It
has been demonstrated that SSRs in protein-coding regions
are under strong selection (Richard and Dujon 1997; Alba,
Santibáñez-Koref, and Hancock 1999). The presence and
variation of SSRs in upstream regulatory elements might
affect the expression of ORFs in either an on/off or
a quantitative manner. Morgante, Hanafey, and Powell
(2002) estimated that in the Arabidopsis genome 59-UTRs

are under very strong positive selection, maintaining the
optimum repeat number of SSRs with an almost threefold
higher frequency than at any other genomic region; repeats
from the 39-UTRs are under moderate positive selection. In
other regulatory regions such as introns, SSRs are also
under selection pressure that keeps SSRs in a proper size
range, at least for those functional loci. In sum, we have
shown that SSRs within genes are substantially involved in
regulatory evolutionary processes.
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