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The genome of humans and other apes shows important differences in trinucleotide
repeat sequences. This has implications for the evolution of protein function and

susceptibility to repeat expansion disease.

Introduction

Eukaryotic genomes are rich in repetitive sequences, in-
cluding retroposons, minisatellites and microsatellites
(Lander et al., 2001; Tautz and Renz, 1984). Microsatel-
lites are tandem iterations of 1-6 bp units and account for
about 3% of the human genomic sequence (Lander et al.,
2001). When repeat unit is of size 3, they are known as
trinucleotide repeats. The term simple sequence repeat
(SSR) refers to both tandem and nontandem, interrupted,
repetitions. Microsatellites show high mutation rates,
which have been estimated to be of several orders of mag-
nitude than those of nonrepetitive sequences (Ellegren,
2000). The high repeat number variability typically exhib-
ited by microsatellites has resulted in a wide use of these
sequences in genetic mapping, forensic testing and popu-
lation studies. Expansion or contraction of microsatellites
is assumed to occur primarily by replication slippage, a
process by which misalignment of repeats between deoxy-
ribonucleic acid (DNA) strands results in the gain or loss of
one or a few repeat units in the nascent strand (Levinson
and Gutman, 1987). Long uninterrupted tandem repeat
tracts generally show a greater tendency to expansion, as
well as higher polymorphism levels, than those containing
interruptions (Alba et al., 1999; Mularoni et al., 2006;
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O’Dushlaine et al., 2005; Primmer and Ellegren, 1998;
Wren et al., 2000). See also: Microsatellite Instability

Trinucleotide repeats have attracted much interest since
the early 1990s, when a number of neurological diseases
associated with repeat expansion mutations were discov-
ered (Brown and Brown, 2004; Gatchel and Zoghbi, 2005).
Among microsatellites, trinucleotide repeats are the most
common microsatellite type in protein-coding sequences,
while mononucleotide and dinucleotide repeats predomi-
nate in noncoding sequences (Toth et al., 2000). This can be
explained by the fact that expansion of trinucleotide re-
peats within coding sequences does not disrupt the reading
frame, and the resulting stretches of repetitive amino acids
— also called homopeptides — can often be accommodated
in functional proteins. The analysis of trinucleotide repeat
distributions in primate coding sequences has shown that a
subset of trinucleotide motifs, including CGG, CAG and
GAA, are particularly prone to suffer expansions (Borstnik
and Pumpernik, 2002). See also: Trinucleotide Repeat
Expansions: Disorders; Trinucleotide Repeat Expansions:
Mechanisms and Disease Associations

The comparative analysis of microsatellite length in or-
thologous loci from related species is of key importance to
understand the evolutionary dynamics of these sequences
and to detect relevant interspecific differences. Early com-
parisons on different repeat loci, based on the amplification
of preselected human microsatellites in chimpanzee, pointed
to a significant trend for the repeats to be longer in humans
than in other apes (Rubinsztein et al., 1995a). This finding
raised the possibility that there was directionality in the rate
of microsatellite evolution, with a specific tendency towards
expansion in the human lineage (Rubinsztein ez al., 1995b).
However, studies based on more recent data have indicated
that this trend shows important variations depending on the
loci and size of the repeat unit considered (Webster et al.,
2002), or that the trend is, overall, smaller than previously
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thought (Rubinsztein er al., 1995b; Vowles and Amos,
2006). The recent availability of the chimpanzee draft
genome sequence (Consortium TCSaA, 2005) permits a re-
evaluation of these differences and, maybe more impor-
tantly, the identification of a large number of potentially
adaptative lineage-specific repeat expansions.

Microsatellites in Human and
Chimpanzee

Divergence of the human and chimpanzee lineages took
place around 5-7 Mya (Glazko and Nei, 2003; Kumar
et al., 2005; Leakey et al., 1998). Of note, much of the
variation found between the two genomes is due to short
deletions and insertions (Britten, 2002), many of which fall
into microsatellite sequences (Messer and Arndt, 2007).
Interestingly, among microsatellite mutations, there is a
predominance of repeat unit expansions over contractions
(Messer and Arndt, 2007). The characteristics of micro-
satellites sequences in primates have been compared to
those of other mammals (Alba and Guigo, 2004; Toth et al.,
2000). In the compilation by Toth ez al. (2000), mononuc-
leotide repeats were the most abundant microsatellite type
in primate genomic sequences, whereas dinucleotide re-
peats were the most frequent type in rodents. Among pri-
mate trinucleotide repeats, AAC and AAT (and their
permutations) were the most common triplets in introns
and intergenic regions, whereas AGC and CCG (and their
permutations) were the most common triplets in exons.
However, examination of different in-frame codon repeat
types, of size 5 or longer, in the complete human and rodent
genomes showed that CAG (resulting in glutamine repeats)
and GAG (resulting in glutamic acid repeats) were the most
abundant trinucleotide repeats in both lineages (Alba and
Guigo, 2004).

The direct comparison of different species can be best
achieved by examining orthologous loci. The first human
and chimpanzee comparative studies were based on al-
ready-known human microsatellites (Rubinsztein et al.,
1995a, 1995b), and therefore suffered from the problem of
biased selections of loci (Ellegren et al., 1995; Forbes et al.,
1995). The loci under study had been originally selected
because of their high polymorphism, and thus high muta-
tion rate, in humans, which was likely to lead to erroneous
conclusions about the differences in microsatellite length
between the two species. With the availability of longer
chimpanzee genomic sequences the ‘ascertainment bias’
problem could be reexamined. Webster et al. (2002) per-
formed an analysis of 2467 microsatellite loci derived from
alignments of 5.1 Mb human and chimpanzee orthologous
genomic sequences. They found a significant tendency for
human dinucleotide repeats to be longer in human than in
chimpanzee, whereas mononucleotide repeats showed the
opposite trend. However, there was an excess of trinucleo-
tide repeats that were longer in human, although in this
case the difference was not significant. However, Cooper

et al. (1998) and later Vowles and Amos (20006) tried to
quantify the effect of ascertainment bias by using micro-
satellites selected either from the human genome or from
the chimpanzee genome. These studies concluded that, af-
ter correcting for ascertainment bias, human microsatel-
lites were still longer than their chimpanzee counterparts.
In the specific case of GAA trinucleotide repeats, analysis
of human, chimpanzee and gorilla orthologous sequences
indicated that large expansions of GAA took place, in a
locus- and lineage-specific manner, following the diver-
gence of the great apes (Clark et al., 2006).

Lineage-specific Amino Acid Repeat
Size Changes

Trinucleotide repeats are abundant in eukaryotic coding
sequences. In the open reading frame, trinucleotide (co-
don) repeats arranged in tandem, or interrupted by syn-
onymous mutations, are translated as single amino acid
repeats. As mentioned earlier, uncontrolled expansion of
these tracts can give rise to disease. Disease-associated re-
peats, however, represent only a minor fraction of the ex-
isting amino acid repeats (Alba et al., 2007, Green and
Wang, 1994). Indeed, as many as 15-20% of the human
proteins have been reported to contain tandem repeats of
size 5 amino acids or longer, and among them there is a
significant overrepresentation of transcription factors
and developmental proteins (Alba and Guigo, 2004; Karlin
et al., 2002). An important and controversial question is
how many of these repeats contribute to protein function.
While many amino acid tandem repeats may be neutral and
simply tolerated in proteins, there is a growing number of
studies that point to functional or structural roles, mainly
related to the modulation of protein—protein interactions
(Shimohata et al., 2005) or gene transcriptional activity
(Gerber et al., 1994). As these sequences can suffer impor-
tant size modifications in a relatively short time, they are
prime candidates to drive changes in protein networks
(Hancock and Simon, 2005) and to contribute to adapt-
ative processes (Caburet ez al., 2005; Kashi and King,
20006).

Comparison of amino acid repeat length in orthologous
proteins from related species has been previously under-
taken in mammals (Alba and Guigo, 2004) and in Dro-
sophila (Huntley and Clark, 2007). For the purpose of this
review, we compiled a dataset of 19 319 human and chim-
panzee 1:1 orthologous complementary DNA (¢cDNA) and
protein sequences from Ensembl versus 44 (Hubbard ez al.,
2005) and identified 3320 orthologous pairs that contained
atleast one amino acid tandem repeat, of size 5 or longer, in
at least one of the two species. The number of amino acid
tandem repeats was very similar in both species: 4914 re-
peats in human and 4853 repeats in chimpanzee (no sig-
nificant differences by a %2 test). For repeats of size 8 or
longer, there were 898 repeats in human and 878 repeats in
chimpanzee (again the differences were no significant).
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Examination of the types of amino acids forming the re-
peats showed a very similar distribution in the two species.
Therefore, we merged the repeats in both species to obtain a
descriptive view of the most common amino acid repeat
types in primates (Table 1). On the corresponding coding
sequences, we calculated the codon homogeneity (CH) as
the fraction of the repeat-coding sequence occupied by the
longest pure trinucleotide repeat (Mularoni et al., 2007).
Long stretches of pure codon repeats, with high CH values,
are likely to be slippage products. The average CH, and the
percentage of repeats encoded by completely perfect codon
runs, was highest for glutamine repeats (polyglutamine)
and lowest for proline repeats (polyproline), similar to a
previous study based on human and mouse genes
(Mularoni et al., 2007). In particular, we determined that
29.1% of primate glutamine repeats were encoded by pure
CAG repeats. Other frequently found repeats in pure co-
don tracts were AGA and GGC (and some of their
permutations).

Some of the sequence differences that can be now ob-
served between human and chimpanzee orthologous pro-
teins may be the result of linecage-specific adaptations
(reviewed in Kehrer-Sawatzki and Cooper, 2007). Differ-
ences in amino acid repeat size between human and chim-
panzee have been detected in several cancer genes, which
are characterized by otherwise highly conserved sequences
(Puente et al., 2006). We systematically search for differ-
ences in the compilation of 5064 human and chimpanzee
orthologous repeats. We found 864 repeats that varied re-
peat number between the two species (17%). It seems pos-
sible that some of these differences will have an effect on the
function of the protein. For example, in vitro studies have
shown correlation between the number of proline or gluta-
mine repeats and transcriptional activation (Gerber et al.,
1994). Furthermore, variations in amino acid repeat length
in a number of developmental proteins have been related to
morphological change in different species or animal breeds
(Anan et al., 2007; Fondon and Garner, 2004; Galant and
Carroll, 2002). We analysed human and chimpanzee repeat
size divergence in more detail. Of special interest were se-
quences that showed very large repeat size differences, and
we selected those with conservation of at most 50% of the

perfect repeat tract (i.e. 6-3, 7-3, 8—4, etc.). Interestingly,
we found that, among them, there was an excess of repeats
that were longer in human than in chimpanzee (96 out of
142, % test: 2.7 x 10~°). By amino acid repeat type, sig-
nificant differences were detected for proline and alanine
repeats (p <0.01), with a larger number of repeats longer in
human than the opposite case (12 versus 2 and 22 versus 5,
respectively). Table 2 shows a list of repeats of size 10 or
longer in at least one species and repeat size difference of at
least 50%. The list includes several transcription factors,
such as a number of zinc finger proteins, and disease-as-
sociated proteins (e.g. HOXA13, atrophin 1).

Interspecific Differences in Disease-
associated Amino Acid Repeats

Of special interest are trinucleotide repeats whose uncon-
trolled expansion, often reaching a very large number of
repeat units, causes human disease. There are two main
types of disease-associated repeats in coding sequences:
those that can give rise to abnormally long polyglutamine
tracts, associated with neurodegenerative disorders
(Gatchel and Zoghbi, 2005 and references therein) and
those that can result in abnormally long polyalanine tracts,
associated with developmental diseases (Amiel ez al., 2004,
Brown and Brown, 2004 and references therein). The first
class always involves the triplet CAG, and is composed of
at least nine genes: huntingtin in Huntington disease (HD),
atrophin 1 (ATN1) in dentatorubral-pallidoluysian atro-
phy (DRPLA) or Haw River syndrome, androgen receptor
(AR)in spinal and bulbar muscular atrophy, P/Q-type a1 A
calcium channel subunit (CACNAT1A) in spinocerebellar
ataxia 6, TATA-binding protein (TBP) in spinocerebellar
ataxia 17, ataxin 1 (ATXN1) in spinocerebellar ataxia 1,
ataxin 2 (ATXN2) in spinocerebellar ataxia 2, ataxin 3
(ATXN3) in spinocerebellar ataxia 3 or Machado—Joseph
disease and ataxin 7 in spinocerebellar ataxia 7. These genes
are involved in DNA-dependent regulation of transcrip-
tion and/or neurogenesis processes. The disorders share
similar clinical features like selective neuronal death.

Table 1 Amino acid tandem repeats in human and chimpanzee orthologous proteins

Avg Avg longest
AA N Avg size (median) CH  codon run CH=1 (%) Codon CH=1
E 1711 6.55 0.56/0.50 3.51 13.6 GAG(197), GAA(35)
P 1571 6.35 0.41/0.40 2.54 3.7 CCG(29), CCT(29), CCA(3)
A 1250 6.66 0.49/0.40 3.15 7.9 GCG(35), GCC(36), GCT(18), GCA(9)
S 1191 6.65 0.45/0.40 2.88 9.7 AGC(87), TCC(25), TCG(2), TCA(1)
G 984 6.43 0.51/0.41 3.20 10.3 GGC(©95), GGA#4), GGT(2)
L 1134 5.74 0.54/0.50 3.15 13.5 CTG(140), CTC(11), TTG(2)
Q 546 8.46 0.67/0.60 5.21 29.1 CAG(159)
K 433 5.80 0.52/0.40 3.01 13.2 AAG(42), AAA(15)

N, number of occurrences; Avg size, average length of amino acid tandem repeat; Avg longest codon run, average size of the longest pure codon

run and CH, codon homogeneity.
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Table 2 Amino acid tandem repeats with extreme size variation between human and chimpanzee. Repeat size difference was of at least 50% of the repeat tract, length of the §
longest repeat was at least 10 g
m
Hs rep. Pt rep. A
AA  Hsprotein ID Pt protein ID length length Codon(s) CH Description a
Longer in human g
A ENSP00000313362 ENSPTRP0000001361 14 1 GCA/GCG 0.14 Myc-associated zinc finger protein ___j
A ENSP00000354703 ENSPTRP0000004905 17 8 GCA/GCC/GCT 0.12 Zinc finger protein 358 3
A ENSP00000265081 ENSPTRP0000002917 12 6 GCA/GCC/GCT/ 0.08 DNA mismatch repair protein =
GCG Msh3 2
A ENSP00000222753 ENSPTRP0000004809 14 7 GCG 0.21 Homoeobox protein Hox-A13 e
E ENSP00000362441 ENSPTRP0000004735 15 5 GAG 0.33 Transcriptional regulator ATRX -’.;
E ENSP00000252825 ENSPTRP0000001936 12 0 GAG 0.67 Sarcoplasmic reticulum histidine- 2
rich calcium-binding protein =5
precursor s
E ENSP00000264448 ENSPTRP0000002070 16 7 GAG 0.75 Alstrom syndrome protein 1 T
G ENSP00000282111 ENSPTRP0000002080 10 3 GGC 0.70 Transcription factor 7-like 1 3
G ENSP00000268489 ENSPTRP0000001424 14 7 GGC 0.57 Alpha-fetoprotein enhancer- =
binding protein 2
G ENSP00000307342 ENSPTRP0000002887 12 6 GGC 0.58 Potassium/sodium '§
hyperpolarization-activated cyclic a
nucleotide-gated channel 1 3
K ENSP00000221282 ENSPTRP0000001853 16 8 AAA 1.00 Zinc finger protein 302 2
P ENSP00000320948 ENSPTRP0000005251 10 5 CCG 0.30 Proline-rich membrane anchor 1 A
precursor
Q ENSP00000349076 ENSPTRP0000004977 19 7 CAG 0.79 Atrophin-1 (DRPLA)
L ENSP00000301873 ENSPTRP0000000669 10 4 CTG 1.00 Latent-transforming growth
factor beta-binding protein 3
precursor
Longer in chimpanzee
Q ENSP00000296452 ENSPTRP0000002576 5 10 CAG 0.90 Protein bassoon
Q ENSP00000352463 ENSPTRP0000002489 5 10 CAG 0.40 Transcription factor 20
Q ENSP00000332163 ENSPTRP0000000225 4 10 CAG 1.00 Small proline-rich protein 4
E ENSP00000263574 ENSPTRP0000000766 7 15 GAG 0.20 Amyloid-like protein 2 precursor
E ENSP00000313731 ENSPTRP0000001580 6 13 GAG 0.77 Phospholipase C delta 3
S ENSP00000302655 ENSPTRP0000004507 6 12 AGC 0.67 Uncharacterized protein C5orf25

Protein identifier (ID) and description were extracted from Ensembl; Hs rep. length and Pt rep. length, length of the human and chimpanzee repeats, respectively; Codon(s), codon(s) in the
longest pure codon run and CH, codon homogeneity.
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Table 3 Characteristics of disease-associated amino acid repeats in human and chimpanzee. Poly A and poly Q containing human proteins associated with disease and

chimpanzee orthologues

Path. rep.
Disease (gene) Human peptide ID Chimp peptide ID Path. AA Other AA Hsrep.len.  Ptrep. len. len.
Spinocerebellar ataxia 17 ENSP00000230354 ENSPTRP0000003214 Q 38 32 47-63
(TBP)
Spinocerebellar ataxia 2 NP_002964.2 XP_509374.2 Q 23 26 >34
(ATXN2)
Spinal and bulbar muscular ~ NP_000035.2 NP_001009012 Q QPAG 23 22 40-55
atrophy (AR)
Huntington disease (HD) ENSP00000347184 ENSPTRP0000002731 Q EP 21 15 >35
Dentatorubral ENSP00000349076 ENSPTRP0000004977 Q HPS 19 7 49-88
pallidoluysian atrophy
(ATN1)
Spinocerebellar ataxia 1 NP_000323.2 XP_001170170.1 Q 12+ 14 10+10 39-81
(ATXNI1)
Spinocerebellar ataxia 6 ENSP00000353362 ENSPTRP0000004249 Q 13 11 20-29
(CACNAIA)
Spinocerebellar ataxia 3 ENSP00000352872 ENSPTRP0000004400 Q 10 14 >55
(ATXN3)
Spinocerebellar ataxia 7 ENSP00000295900 ENSPTRP0000002603 Q APS 10 8 37-306
(ATXN7)
Congenital central ENSP00000371160 ENSPTRP0000002755 A AG 20 20 25-29
hypoventilation syndrome
(PHOX2B)
Cleidocranial dysplasia ENSP00000352514 ENSPTRP0000000061 A Q 17 17 27
(RUNX2)
Synpolydactyly ENSP00000249505 ENSPTRP0000002164 A AS 15 15 22-29
(HOXD13)
Holoprosencephaly (ZIC2)  ENSP00000365514 ENSPTRP0000001020 A AGH 15 15 25
Blepharophimosis ENSP00000333188 ENSPTRP0000002661 A GPR 14 14 22-24
(FOXL2)
Hand-foot-genital ENSP00000222753 ENSPTRP0000004809 A A 14 7 24-26
syndrome (HOXA13)
Oculopharyngeal muscular ~ ENSP00000216727 ENSPTRP0000001045 A E 10 10 12-17
dystrophy (PABPNI1)

Protein identifier (ID) was from Ensembl (ENS) or Refseq (NP, XP); Path. AA, amino acid in the disease-associated repeat; Other AA, other repeat tracts, of size 5 or longer, found in the human
protein; Hs rep. len. and Pt rep. len., length of the repeats in the human and chimp wild-type proteins, respectively; Path. rep. len., length of pathogenic repeats, extracted from Gatchel and
Zoghbi (2005) and Brown and Brown (2004).
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Comparative Genetics of Trinucleotide Repeats in the Human and Ape Genomes

Abnormal expansion of polyalanine repeats, the other class
of pathogenic repeats, has been associated to congenital
malformations, skeletal dysplasia and nervous system
anomalies (Amiel et al., 2004). Proteins with pathogenic
tracts form inclusions that lead to cell death. Some of the
expanded alanine repeats may have originated by unequal
allelic homologous recombination rather than triplet slip-
page, as indicated by specific codon arrangement patterns
in the mutated alleles, and higher stability of the mutated
alleles over generations (Warren, 1997; Amiel ez al., 2004).
Known genes where these mutations can occur are
HOXD13 in synpolydactyly, PHOX2B in congenital cen-
tral hypoventilation syndrome, RUNX2 in cleidocranial
dysplasia, ZIC2 in holopresencephaly, FOXL2 in blephar-
ophimosis, HOXA13 in hand-foot-genital syndrome,
PABPNI1 in oculopharyngeal muscular dystrophy, SOX3
in mental retardation and ARX in Partington syndrome.
These genes are transcription factors, with the exception of
PABPNI, involved in ribonucleic acid (RNA) processing.
Although the function of alanine repeats is poorly under-
stood, a role in transcriptional repression has been pro-
posed (Lanz et al., 1995).

It was early noticed that repeats associated with neuro-
logical disease showed differences in length between hu-
mans and other apes. In Rubinsztein ez al. (1995c¢), analysis
of CAG repeat length in a number of disease-associated
genes — ATXNI, ATXN3 and AR — revealed shorter re-
peat lengths in some of the nonhuman primates with re-
spect to humans. Another evolutionary study on the AR

PolyA disease-associated repeat alignments

180 200
AT
Al LelL FL L

Blepharophimosis (FOXL2)

10 20 ; 30 .
LI
VECA AAAA CRCFL F

Synpolydactyly type Il (HOXD1 3)

230
MAAAAAAAAAAAAA_AAAVV
AAAAAAAAAAAAA AAAV

gene indicated a trend towards CAG expansion in the
higher primate species (Choong et al., 1998). Subsequent
studies (Andres et al., 2003b; Andres et al., 2004), revealed
larger CAG repeat sizes in additional disease loci, such as
SCAS. Using data from the human and chimpanzee genes
available at Ensembl, we compiled wild-type repeat tract
sizes for disease-associated human proteins and the corre-
sponding chimpanzee orthologues (Table 3). All disease-
associated glutamine repeats were of different size in the
two species. In contrast, only one alanine repeat, in
HOXA13, showed different repeat length. Most of the re-
peats were longer in humans than in chimpanzee (TBP,
AR, HD, ATN-1, ATXNI1 and CACNA1A), but some
showed the opposite trend (ATXN2, ATXN3 and
ATXNY7). In all disease-associated glutamine repeats the
predominant codon was CAG, and the average CH was
0.84. In alanine repeats the most abundant codon was
GCG, but the trinucleotide repeat tracts tended to be much
more interrupted, with average CH = 0.3. This observation
is consistent with the idea that some disease-associated
alanine repeats expand by unequal crossover instead of
trinucleotide slippage (Warren, 1997).

Figure 1 shows some illustrative human and chimpanzee
protein alignments, including the expandable repeat and
repeat-surrounding regions. In general, more amino acid
sequence variability was observed in both the repeat itself
and repeat-surrounding regions in proteins containing
glutamine repeats than in those containing alanine repeats.
This trend was consistent with previous observations, using

EETD
B e
Y AL Y

50 60
LSRR B A R T
Al AAAAAAAAAAAAA FAY VVA

470 480 480 500 510

:. .:AAAAAAAAAAAAAA AV
AAAAAAAAAAAAAAVSAV

Holoprosencephaly (ZIC2)

PonQ disease-associated repeat alignments

Y
A

Splnocerebellar ataxia 1 (ATXN1)

Huntlngton dlsease (HD)

450 460 470
M RN
YGRLL A F

Dentatorubral-pallidoluysian atrophy (DRPLA)

Figure 1

f972 S facaaseanaaaoyamasasaaadanca spatcy s il sssravtcy
EEge A

540

. .‘:20 530 >
) N R
F L YA LESL

Alignments of protein regions containing human disease-associated repeats. The sequence at the top corresponds to the human sequence and the

one at the bottom to the orthologous chimpanzee sequence. See Table 3 for more details.
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human and mouse orthologues, of lower evolutionary rates
in sequences surrounding well-conserved repeats than in
sequences surrounding highly variable repeats (Hancock
et al., 2001; Mularoni et al., 2007). To assess whether this
trend could be generalized in the primate dataset, we de-
fined a group of proteins with highly conserved repeats
(HGC; size > 8, no size difference between the two species,
617 repeats in 527 proteins) and a group of proteins with
highly variable repeats (HV; size in at least one species > 8,
size difference >25%, 168 repeats in 157 proteins). Inter-
estingly, differences in evolutionary rates (discarding re-
petitive regions) were also apparent at this short
phylogenetic distance: average nonsynonymous nucleo-
tide substitution rate (K,) was 0.0057 for proteins that
contained only HV repeats, whereas it was 0.0031 for
proteins that contained only HC repeats (p<0.001,
Kolmogorov—Smirnov test). Similar significant differences
were found for the nonsynonymous to synonymous nu-
cleotide substitution rate ratio (K,/K;). Therefore, the
study showed that highly variable repeats, such as those

Table 4 CAG repeat allele distribution in disease-associated loci.

involved in glutamine expansion diseases, were generally
embedded in rapidly evolving protein sequences.

Glutamine Repeat Polymorphism and
Disease

A well-documented trait of pathogenic glutamine repeats
is their high polymorphism within human populations
(Rubinsztein et al., 1995¢; Jodice et al., 1997; Hsing et al.,
2000; Andres et al., 2003a; Hong et al., 2006; Rozanska
et al., 2007). This is not surprising, if we consider that these
repeats are encoded by long pure CAG triplets, and repeat
purity is, in general, linked to increased polymorphism levels
(Wren et al., 2000; O’Dushlaine et al., 2005; Mularoni et al.,
2006). A comparison of CAG repeat loci in four major hu-
man populations, including eight pathogenic and two non-
pathogenic repeats, indicated that population differences
account for a very small part of the total variation (Andres

Repeat length distributions were extracted from Andres ez al. (2004), except for AR from Hong et al. (2006)

Gene Disease Species CAG repeat size range
ATXN2 Spinocerebellar ataxia 2 Human 15-33
Chimpanzee 22-27
Gorilla 16-18
Orangutan 16—-17
AR Spinal and bulbar muscular atrophy Human 8-35
Chimpanzee 14-26
Gorilla 7-9
Orangutan 12
Human 6-35
DRPLA Dentatorubral-pallidolysian atrophy Chimpanzee 11-17
Gorilla 9
Orangutan 15
Human 14-38
Chimpanzee 20-26
ATXNI1 Spinocerebellar ataxia 1 Gorilla 20-22
Orangutan 20-25
Human 4-19
Chimpanzee 9-13
CACNAITA Spinocerebellar ataxia 6 Gorilla 8-10
Orangutan 11-13
Human 14-40
Chimpanzee 14-20
ATXN3 Spinocerebellar ataxia 3 Gorilla 8-11
Orangutan 24-25
Human 15-42
Chimpanzee 12-21
SCAS Spinocerebellar ataxia 8 Gorilla 10-21
Orangutan 7
Human 6-45
Chimpanzee 7-19
PPP2R2B Spinocerebellar ataxia 12 Gorilla 8-9
Orangutan 8-11
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et al., 2003a). Repeat length distribution varies greatly de-
pending on the loci, suggesting that repeat evolutionary dy-
namics are, to a large extent, loci-dependent (Andres ez al.,
2003a; Butland et al., 2007). In Butland ef al. (2007) they
characterized the human allele length distribution of 64
glutamine-encoding CAG tracts in a set of individuals of
mixed ethnicity, including nine loci involved in disease. They
found that the best predictors of known disease repetitive
tracts were a long uninterrupted CAG tract and high repeat
length variance in the normal population.

As shown before, differences in CAG repeat size between
human and chimpanzee, in disease-associated loci, is in
general, relatively small. However, CAG expansion diseases
are only found in humans, which suggest there are lineage-
specific differences in the susceptibility to suffer large ex-
pansions in these loci. In Andres et al., (2004) they compared
CAG repeat polymorphism in human and apes, using nine
loci that comprised the disease-associated genes ATXNI1/
SCA1,ATXN2/SCA2, ATXN3/SCA3, CACNAI1A/SCAG,
SCAS8 (noncoding), PPP2R2B/SCAI12 (noncoding) and
DRPLA, and the nondisease genes KCNN3 (potassium in-
termediate/small conductance calcium-activated channel,
subfamily N, member 3) and NCOA3 (nuclear receptor co-
activator 3). Twenty chimpanzees, 13 gorillas and 4-6
orangutans were typed for the number of repeats at these
loci. They found that, while humans presented slightly larger
alleles than the rest of species in most loci, the most relevant
difference was in intraspecific repeat size diversity levels
(Table 4). The variation in the number of repeats showed a
decreasing trend from humans to orangutans. In contrast,
repeat size variance in the two nonexpanding loci was sim-
ilar in the four species. Overall, the data suggested a link
between high repeat size variance and increased species-
specific susceptibility to disease. In Hong et al. (2006) they
compared androgen receptor CAG (glutamine-encoding)
and GGN (glycine-encoding) repeat polymorphism in hu-
mans and apes. In healthy humans, it had been reported that
repeat size ranged from 8 to 35 for the CAG repeat and from
10 to 30 for the CGN repeat (Hsing ez al., 2000). Diversity in
the chimpanzees was lower, with size ranges from 14 to 26
for CAG and from 14 to 22 for GGN. Gorillas were less
polymorphic than chimpanzees in both types of repeats.
Orangutans, agile gibbons and siamangs exhibited mon-
omorphic alleles for CAG, although great diversity was ob-
served for GGN repeats in siamangs. In chimpanzees, as in
humans, alleles with long CAG and short GGN were par-
ticularly frequent, pointing to a combined functional activ-
ity of the two regions.

Summary

Trinucleotide repeats can suffer expansions or contrac-
tions of the repetitive tract by replication slippage. The
uncontrolled expansion of these tracts within genes has
been associated with a number of neurodegenerative and
developmental human diseases. Interestingly, there are
important differences between human and other apes in the

characteristics of CAG repeats associated with neurode-
generative disorders, with a trend towards longer and
more diverse repeat tracts in humans. At a genome-wide
scale, however, the tendency for longer trinucleotide re-
peats in the human genome with respect to the chimpanzee
genome is rather minor and heterogenous. In coding se-
quences, trinucleotide repeats generate single amino acid
repeats or homopeptides. These structures have been
involved in the modulation of protein—protein interac-
tions and transcriptional activation. Comparison of or-
thologous human and chimpanzee amino acids repeats (of
size 5 or longer) reveals that approximately 17% (864 re-
peats) show some difference in length between the two
species. In addition, there seem to be an excess of amino
acid repeats that are much longer in humans than the op-
posite case. The high variation observed in these sequences
provides a substrate for possible evolutionary adaptations
in the human and ape lineages.
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