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Abstract Short Tandem Repeats (STRs) comprise repeats
of one to several base pairs. Because of the high mutability
due to strand slippage during DNA synthesis, rapid evolu-
tionary change in the number of repeating units directly
shapes the range of repeat-number variation according
to selection pressure. However, the remaining questions
include: Why are STRs causing repeat expansion diseases
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maintained in the human population; and why are these
limited to neurodegenerative diseases? By evaluating the
genome-wide selection pressure on STRs using the database
we constructed, we identified two different patterns of rela-
tionship in repeat-number polymorphisms between DNA
and amino-acid sequences, although both patterns are evo-
lutionary consequences of avoiding the formation of harmful
long STRs. First, a mixture of degenerate codons is repre-
sented in poly-proline (poly-P) repeats. Second, long poly-
glutamine (poly-Q) repeats are favored at the protein level,
however, at the DNA level, STRs encoding long poly-Qs
are frequently divided by synonymous SNPs. Furthermore,
significant enrichments of apoptosis and neurodevelopment
were biological processes found specifically in genes encod-
ing poly-Qs with repeat polymorphism. This suggests the
existence of a specific molecular function for polymorphic
and/or long poly-Q stretches. Given that the poly-Qs causing
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expansion diseases were longer than other poly-Qs, even in
healthy subjects, our results indicate that the evolutionary
benefits of long and/or polymorphic poly-Q stretches out-
weigh the risks of long CAG repeats predisposing to patho-
logical hyper-expansions. Molecular pathways in neurode-
velopment requiring long and polymorphic poly-Q stretches
may provide a clue to understanding why poly-Q expansion
diseases are limited to neurodegenerative diseases.

Keywords STR polymorphism - Single amino-acid
repeat - Human evolution - Triplet-repeat expansion
disease - Database for human polymorphism (VarySysDB)

Abbreviation

STR Short tandem repeat

SAR Simple amino acids repeat

UTR Untranslated region

CDS Coding sequence region

c-triSTR Coding trinucleotide short tandem
repeat

INSDC The international nucleotide sequence

databases collaboration
Human-gene diversity of life-style
related diseases/gene diversity database

H-GOLD/GDBS

system

GO Gene ontology

AHG2 Annotation data set for All Human
Genes version 2

H-InvDB H-invitational database

HIT H-InvDB transcript

HIX H-InvDB gene cluster defined by map-

ping of transcripts on genome sequence
GC3 Percentage of G or C at the third codon
Introduction

Nearly half of the human genome is occupied by repeti-
tive sequences including interspersed and tandem repeats
(Richard et al. 2008), in which tandem repeats are distrib-
uted every two kilobases (International Human Genome
Sequencing Consortium 2001). Tandem repeats are clas-
sified according to the length of repeat unit as satellites
(approximately 1000 bp or more), minisatellite (approxi-
mately 10-1000 bp), and microsatellite (approximately
1-9 bp, virtual synonyms: “simple sequence repeat”, or
“short tandem repeat (STR)”, respectively (Gemayel et al.
2010; Tompa 2003). The simplest are the STRs, which
represent a remarkably high mutability and high diver-
sity (1077-107% mutations per locus per generation in
eukaryotes) (Buschiazzo and Gemmell 2006). Replica-
tion slippage is a major contributor to the high variability
in the number of repeating units of STRs, whereas that of
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minisatellites is caused by meiotic recombination events
(Gemayel et al. 2010). Some STRs are known to be located
within coding regions and to be related to neurodegenera-
tive disease. Although the mechanisms of the existence or
persistence of STRs in the genome have been studied in
neutral processes (King 2012; Takezaki and Nei 2009), no
systematic analysis of the relationship between evolution
and the molecular function of STRs under selection pres-
sure has been conducted. To understand the maintenance
mechanisms of various STRs including disease-causing
ones, we intend to exploit a fast-evolving feature and the
genome-wide distribution of STRs in this study.

Generally, the numbers of repeating units (repeat length)
of STRs are limited to a certain range with a bell-shaped
distribution, although multimodal repeat size distributions
are found for some STRs (Shriver et al. 1993). Several
models explain the mechanisms that maintain the repeat
length within a certain range (Buschiazzo and Gemmell
2006; Haasl and Payseur 2013; Kashi and King 2006;
Rado-Trilla and Alba 2012). Briefly, the mutation rate in
repeat length increases in a given locus as the repeat length
expands, which also results in more length polymorphism
in longer alleles (Gemayel et al. 2010). Contrary to the
elongation process, the rate of contraction increases expo-
nentially as the repeat length increases. Consequently,
longer alleles tend to contract. Moreover, the rate of break-
age of long STRs by a point mutation or a short insertion
increases in longer allele (Buschiazzo and Gemmell 2006).
Generally, STRs with long repeat tend to be highly variable
in their number of repeating units. Occasionally, longer
STRs change into an unstable mode of rapid evolution that
results in hyper-expansion of repeat length and is known as
repeat expansion disease (Laffita-Mesa et al. 2012; McIvor
et al. 2010). The relationship between hyper-expansion
and disease is complex given that they are not always cor-
related (Deka et al. 1999b). The mechanism of the hyper-
expansion is thought to differ from that of STRs within the
normal range, which originates from a slip-out of one DNA
strand caused by transcription-coupled RNA-DNA hybrid
formation (Grabczyk et al. 2007; Salinas-Rios et al. 2011).
Furthermore, simultaneous transcription of sense and anti-
sense RNA through a repeat track is also considered to
involve these hyper-expansion of STRs, which enhances
repeat instability leading to cell death via apoptosis (Lin
et al. 2010, 2014; Lin and Wilson 2012).

It is not known why triplet repeat expansion diseases are
generally limited to neurodegenerative and neuromuscular dis-
eases (Paulson 2000). Rapid mutability of STRs is considered
to promote evolutionary changes through changes in the bind-
ing manner of splicing factors (Hui et al. 2005), conformation
of nucleic acid (Zhang et al. 2013), and methylation (Fukuda
et al. 2013), which is known as the evolutionary tuning knob
hypothesis [reviewed in (King 2012) and (Trifonov 1989)].
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Given that the number of repeating units of the STRs caus-
ing triplet repeat expansion diseases are shown to be slightly
longer on average with a larger variance for healthy human
alleles than those of apes (Andrés et al. 2004), rapid mutabil-
ity of these STRs has been intuitively considered in relation
to human encephalization during human evolution, which has
been awaiting an empirical examination (King 2012).

Difference in the strength of functional constraint among
STRs within the human genome might be a clue to address
the longstanding questions regarding demography and
selection on STRs in human population (Deka et al. 1999a).
Considering that STRs arise ubiquitously from simple
sequences by the accumulation of substitution mutations
(Ananda et al. 2013; Buschiazzo and Gemmell 2006), the
present state of STRs (e.g., density, purity, and variation)
in the human population is an evolutionary consequence of
functional constraint. To understand the effect of functional
constraint on the maintenance of STRs in various regions
of the human genome, we comprehensively surveyed the
human genome for STR density and presented that STRs in
genic regions have evolved under different selective pres-
sures than those in intergenic regions. Then, we focused on
the fact that a limited number of STRs in coding regions are
polymorphic in the number of repeating units. We showed
that the properties of the repeat polymorphisms in tri-
nucleotide STRs in coding regions differ from that expected
based on their coding simple amino acid repeats (SARs).
Namely we observed two different evolutionary stable states
according to repeating amino-acid residues, one was repre-
sented by a poly-glutamine (poly-Q) repeat, and the other
by a poly-proline (poly-P) repeat. We explained the origin
of the two patterns by the relation between repeat length and
selection pressure using SNP density difference. In particu-
lar, there was a confliction in the long repeats between func-
tional advantage at the protein level and disadvantage at the
DNA level in length polymorphism of the poly-Q stretch.
We indicated that poly-Qs causing expansion diseases were
longer even in healthy people than other poly-Qs. Moreover,
genes containing longer poly-Qs or that have high length
variation were enriched in genes with neuronal functions.
These data suggest an advantage of long and/or variable
poly-Q repeat length in neuronal function, which may be a
clue to explain why the triplet repeat expansion diseases are
associated with the nervous system.

Results
STR distribution and selection in the genome
To understand the differences in selection pressure on STRs

between exonic regions and other genomic regions, we exam-
ined density of STR sites in the human genome using the

polymorphic STR database, H-GOLD/GDBS (Tamiya et al.
2005). The H-GOLD/GDBS contained STRs that were dem-
onstrated to be polymorphic in the Japanese population through
empirical screening (i.e., pooled PCR system). The H-GOLD/
GDBS is based on PCR primer sets designed to amplify
genomic regions (marker regions) that contain at least one poly-
morphic STR marker and that are located approximately every
100 kilobases evenly throughout the whole genome to be used
as genomic markers. We used the genomic distribution of these
polymorphic STR loci to evaluate selection pressure (See Sup-
plementary Files for the appropriateness of this method). Out
of the 22,216 STR marker regions in the whole genome, we
found in total 141 (0.63 %) overlapping m-RNA/cDNA (H-Inv
transcript) regions, excluding hypothetical genic regions (see
Supplementary Files for detail). Considering that the H-InvDB
exonic region is 3.7 % (=112,525,104/3,076,781,887 bp) of the
total genomic region, this suggests that fewer STRs are located
in exonic region than expected from a random distribution. A
comparison of exonic and whole genomic regions suggests a
significant increase in exonic trinucleotide repeats (27 out of
141, 19.15 %, included in transcripts vs. 1505 out of 22,216,
6.77 %, in whole genome, p < 10~ two-sided binominal) and
a significant decrease in exonic tetranucleotide repeats (7 out of
141, 4.96 %, connected to transcripts vs. 3891 out of 22,216,
17.51 %, in the whole genome, p < 10~ two-sided binomial,
Fig. Sla). Di- and tri- nucleotide repeats have increased dur-
ing mammalian evolution although the details of the evolution-
ary mechanism remain unknown (Astolfi et al. 2003; Guo et al.
2009). We confirmed the increased proportion of trinucleotide
repeats in exonic regions, which suggests selection pressure
against frame-shifting polymorphisms in the coding regions
(Fig. S1b).

Focusing on exonic STRs and SARs sequences

To focus on the evolutionary features of exonic STRs and
SARs, apart from the foregoing whole-genome assessment,
we extracted repetitive sequences (>5 repeating units)
located in the published human transcriptome sequences.
To collect transcript sequences comprehensively, three
transcriptome databases were mined: H-InvDB 3.8, Ref-
Seq, and EnsEMBL; this is called the All Human Genes 2
(AHG?2) data set. Then, we compared SARs (>5 repeating
units) obtained by translating the transcriptome sequences.

Database search for STRs

In the AHG2 data set, we identified 56,743 STR-transcript
pairs that were redundant with each other, including 12,171
non-redundant STRs. Among them, 6350 STRs were
observed in validated transcripts with protein evidence (i.e.,
Category I to Il in H-InvDB, See Methods, hereafter “vali-
dated STRs”).

@ Springer
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Database search for SARs

We identified 42,378 SARs in amino acid sequences
deduced from the AHG2 data set. Among them, 5858 SARs
were observed in amino acid sequences deduced from non-
redundant representative transcripts, including 4984 SARs
found in those with protein evidence (i.e., Category I to III,
See “Methods”).

Prediction of variable STRs

We determined polymorphism in the number of the repeat-
ing units (repeat-length polymorphism) by detecting
repeat-length differences among repeat sequences extracted
from transcript sequences, as well as by mining public
international databases for human polymorphism, which
is a combination of the following three detection methods
via: (1) alignment of the transcript sequences, (2) a known
polymorphic STR database in human, H-GOLD/GDBS,
and (3) deletion/insertion polymorphism (DIP) in a poly-
morphism information database of NCBI, dbSNP (Fig. S2,
See “Methods” for details). We aimed to detect all glob-
ally reported STR polymorphisms in human exonic regions
using this combination. As a result, within the validated
6350 STRs, 939 were polymorphic (14.8 %) and identified
in 787 gene loci defined by H-InvDB (HIXSs).

Distribution difference between polymorphic
and monomorphic STRs

Comparison of the 939 polymorphic STRs and remaining
(i.e., monomorphic) 5411 STRs, showed a distinctive fea-
ture in the proportion of STRs located in CDS regions in that
there were fewer polymorphic STRs (19.4 %, 182/939) than
monomorphic STRs (36.2 %, 1958/5407, excluding 4 STRs
overlapping the UTR-CDS boundary from 5411 monomor-
phic STRs, Fig. S3). Focusing on trinucleotide STRs, we
identified 1410 trinucleotide STRs located in CDS (coding
trinucleotide STRs, c-triSTR) including 161 polymorphic and
1249 monomorphic c-triSTRs (Fig. S3). Remarkably, there
was a high proportion of c-triSTRs among the polymorphic
STRs in CDS (88.5 %, 161/182), compared with that among
monomorphic STRs (63.8 %, Fig. S3). This proportional dif-
ference in polymorphic STRs is consistent with the expecta-
tion that variation in the number of repeating units involves
codon-frame changes except for trinucleotide repeats.

Distribution of repeats in CDS
We detected 1410 c-triSTR, whereas the number of SARs
was 4984, when we counted them with the same crite-

rion, more than four tandem repeating units in the human
genome (Fig. 1). The identification of 3.5 times more
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Fig. 1 Proportion of length polymorphism and number of repeat
sites of trinucleotide STRs in coding regions (c-triSTRs) and SARs.
The asterisk marks indicate a significant difference in the propor-
tion of polymorphic repeats between SARs and c-triSTRs (P < 107'°,
Fisher’s exact test). The numbers of c-triSTRs and SARs (4 times
repeats<) are represented in bars

SARs than c-triSTRs, suggests that a substantial number
of SARs are composed of multiple synonymous codons or
trinucleotide repeats of less than five repeats. For exam-
ple, HITO00001279 is a transcript containing five SARs in
the deduced amino acid sequences, however only one of
the five is translated from an STR. Each of the remaining
four SARs is translated from a consecution of synonymous
codons or trinucleotide repeats of less than five repeats
(Example 1 in Table 1, http://h-invitational.jp/varygene/
gene.htm?id=191780). This raises a hypothesis that SARs
have not been simply produced as consequences of STR
generation and as neutral elements, but some of the long
SARs have been maintained during evolution by combin-
ing multiple shorter trinucleotide repeats, due to the func-
tional roles of long SARs. It is already known that at least
some long SARs have special functions at the protein level
(Mularoni et al. 2007) (See “Discussion”).

We also found a suggestive feature in length polymor-
phism. We identified 218 polymorphic SARs out of 4984
SARs (4.4 %, 218/4984). Contrastingly, the proportion of
polymorphic repeats in c-triSTRs was 11.4 % (161/1410).
This is 2.6 times higher than that of SARs and the propor-
tional difference is significant (P < 2.2 x 107'® by a two-
sided Fisher’s exact test, Fig. 1). This suggests an alterna-
tion of selective pressure in at least part of polymorphic
c-triSTRs with a special role in an evolutionary context.

Homogeneous codon usage of poly-P stretches

We found different tendencies in codon usage between
poly-glutamine (poly-Q) and poly-proline (poly-P)
stretches in the human transcriptome. In total, poly-Q
stretches in our SAR data include 470 codons consisiting of
278 (59 %) CAG and 192 (41 %) CAA codons, respectively
(Fig. 2). This percentage is consistent not only with previ-
ous work (Siwach et al. 2006) but also with the average
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Table 1 Examples of STR and SAR composed of mixed codons
Exam- HIT-ID, HUGO SAR (AA seq.) Transcript sequence® STR (cDNA seq.)
ple Gene Name — —
Position in Repeat # Repeat Positionin  Repeat # Repeat
transcript unit unit transcript unit unit®
1 HIT000001279  1342-1356 E (gaa)4 + gag <5
CHDS 4876-4890 R cgg + cga + agg + cgg + cgt <5
5794-5835 S 14 (tct)4 + (tcc + tca)2 + (tcc <5
+ agc)3
7030-7047 H cat + (cac)S 7033-7047 cac 5
70577077 H cac + cat + (cac)2 + cat + ¢ <5
ac + cat
2 HIT000260818 1391-1423 P 11 ccc + (ccg)2 + ccc + cca + <5
RNF44 ccc + cca + ccc + (cca)

—+ cce

# Repeat unit (i.e., codon) sequences are depicted in parentheses followed by number of repeating unit

® Less than five times repeat (indicated as “ <5”) were not counted as tandem repeat sequences in this study

GC content at the third-codon position (GC3) in human
protein-coding genes (Elhaik et al. 2009; Tatarinova et al.
2013). In contrast, poly-P stretches use the four codons
almost homogenously; 601 (26 %) CCC, 479 (21 %) CCG,
570 (25 %) CCT, 654 (28 %) CCA, respectively (Fig. 2).
This is the least GC3 among SARs composed of >100
codons. This tendency in the difference between poly-P and
poly-Q was manifested both in polymorphic and in mono-
morphic SARs (Fig. S4).

Poly-P with mixed codon vs. Poly-Q with pure repeats

We compared the number of loci between STRs and SARs
(i.e., number of SARs over that of STRs, #SAR/#STR) for
each repeating amino-acid residue. This comparison sug-
gests that there are two types in repeats regarding length
polymorphism (Fig. 3). One type, such as the poly-Q
repeat, shows little difference between the numbers of
SARs and c-triSTRs, [#SAR/#STR <1 for polymorphic
loci and #SAR/M#STR <2 for monomorphic loci (Q-type)].
However, the poly-P repeat shows a converse relationship
with significant differences between SARs and c-triSTRs
(P-type). We found that the number of synonymous codons
coding an amino acid associate with this type of classifica-
tion; i.e., amino acids of the Q-type are coded by two syn-
onymous codons, while three or more synonymous codons
for those of the P-type.

The monomorphic rich tendency and vast differ-
ence in counts between SARs and c-triSTRs in poly-P
repeat (Fig. 3) are consistent with the even proportion
of the four codons in poly-P repeats (Fig. 2). The poly-
P repeats tend to be encoded by mixed codons (Table 1,
Example 2). This tendency of the P-type suppresses

slippage of tandem repeats at the DNA level, because
such SARs are composed of a mixture of short STRs.
On the contrary, poly-Q repeats tend to be encoded by
repeats of the same codon or pure repeats, which have
a higher potential for replication slippages resulting in
more length polymorphism than those in poly-P repeats.
Consequently, polymorphic poly-Q repeats are fre-
quently observed (Fig. 3).

Length of STRs and SARs in poly-Q and poly-P
stretches

The median numbers of the repeating unit for all SARs,
poly-Q SARs, and poly-P SARs are equally 6 repeat counts
in each category, and those of c-triSTRs show little differ-
ences among them, (5, 6, and 5 repeat counts, respectively).
The polymorphic and monomorphic poly-Q SARs showed
significantly longer repeats than those of other amino acids
(Two—-tailed Mann—Whitney-Wilcoxon test, P < 0.0001,
Fig. 4). Those of c-triSTRs coding poly-Q were also signif-
icant, but the tendencies were weaker than those of SARs
(P < 0.001 and P < 0.01, respectively, Fig. 4). Taking into
account the positive correlation between number of repeat-
ing units and diversity of repeat polymorphisms (Ogasa-
wara et al. 2005), highly variable with longer alleles is
considered to be an advantageous state in poly-Q stretches
in humans. In poly-P stretches, a slightly shorter tendency
was observed in monomorphic c-triSTR than that coding
for other amino acids. This represents the tendency of poly-
P stretches to be composed of short STRs of mixed codons.
The relationships between repeat length and polymorphism
in the repeats coding other than Q or P are shown in sup-
plementary material (Fig. S5).

@ Springer
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Fig. 2 Codon usage of repeat units of SARs. Frequencies of codon
usages are shown with total codon counts (# codon) for each repeat
unit (i.e., amino-acid residue). The line divides between GC (left) and
AT (right) for third codon positions. Bold numbers indicate numbers
of degeneracy in each codon (#degeneracy). The circle with horizon-
tal bars shows the mean (60 %) and SD (17 %) of the GC composi-
tion of 3rd codon (GC3) of human genes (Elhaik et al. 2009). Poly-W
was not observed in our data. Three codons specifying Poly-M were
observed and omitted because only ATG codes for Methionine

Length of SARs containing SNPs
SNP density

The poly-Q SARs that were polymorphic in repeat length
contained notably more synonymous SNP sites than those
of other amino acids (Fig. 5a, two-tailed Fisher’s exact
tests, P value = 0.03474). However, the monomorphic
poly-Q SARs did not show such differences. Because
synonymous changes divide a STR into two shorter STRs
without changing the length of coding poly-Q SARs, this
increase of synonymous SNPs indicates that the lengths of
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poly-Q c-triSTRs are constrained to being short at the DNA
level, while poly-Q SARs are favored to be long at the pro-
tein level. This difference in selection pressures on repeat
lengths between the DNA and protein levels enables long
poly-Q SARs to exist without long STRs (i.e., CAA and
CAG repeats), which are prone to hyper-expansion.

Number of the repeating unit (repeat length)

As intuitively expected, SARs containing synonymous SNPs
are longer than those without any SNPs as a whole (Two-
tailed Mann—Whitney-Wilcoxon test, P = 7.57 x 10710, tri-
angles in Fig. 4). Notably, all poly-Q SARs containing syn-
onymous SNP sites are not shorter than the medians in both
of the polymorphic and monomorphic classes (Fig. 4, Two—
tailed Mann—Whitney-Wilcoxon test, P = 0.0001679 and
P = 0.0001093 for polymorphic and monomorphic classes,
respectively). This is a characteristic property of poly-Q
SARs, which may suggest a stronger tendency of synony-
mous SNP interruption in long poly-Q SARs than that in
other SARs (e.g., the synonymous rs473915 SNP changes
between CAA and CAG, Fig. 5b).

GO analyses

To find clues about maintenance mechanisms of repeat
polymorphisms, we investigated the molecular func-
tion of poly-P and poly-Q using GO analysis by follow-
ing three approaches. First, we manually collected GO
terms (Molecular Functions) representing glutamine-rich
and proline-rich ‘motifs’ from the InterPro database (GO-
I, “Q-motif” and “P-motif” in Fig. 6a). Second, GO terms
of ‘genes’ containing poly-Q and poly-P stretches were
searched similarly (GO-II, “Q-gene” and “P-gene” in
Fig. 6a). Third, we conducted gene set enrichment analy-
ses using the DAVID database (Huang et al. 2009a, b) to
collect overrepresented annotations of the genes contain-
ing poly-Q and poly-P stretches (GO-III, Tables 2, S1-S4).
In GO-I results, the most frequently observed GO terms of
glutamine rich motif was “binding to nucleic acids” and
“transcription regulation” (“Q-motif” in Fig. 6a). Search-
ing for GO terms of genes containing poly-Q stretches
(GO-II) showed that “binding to nucleic acids” was the
most frequently observed GO term (“Q-gene” in Fig. 6a).
The GO-II result for poly-Q-containing genes was consist-
ent with those of our gene set enrichment analysis (GO-
IIT) representing molecular functions regarding regulation
of transcription (Table 2). These results suggest that poly-
Q stretches play roles in binding nucleic acids and endow
host genes with functions to regulate transcription and
metabolism. Contrary to poly-Q, the most remarkable GO
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Fig. 3 Ratios of SAR and STR sites for the top 10 amino-acid resi-
dues. The ratios of the number of SAR sites to c-triSTR sites are
coded by the presence (black) or absence (grey) of repeat length
polymorphism. Q-type: the ratio in polymorphic <1 and the ratio in
monomorphic <2, P-type: the ratio in polymorphic >1 and the ratio
in monomorphic >2. Numbers of synonymous codons (#degeneracy)
and type classification are depicted by the broken and dotted lines,

term of proline (P)-rich motif (GO-I) was “binding to pro-
teins” (“P-motif” in Fig. 6a), which seems discordant with
the annotations of genes containing poly-P, “binding to
nucleic acids” (GO-II, “P-gene” in Fig. 6a, GO-III, Tables
S3 and S4). One explanation is that the most well-known
primary molecular function of poly-P stretches is protein
binding, however proline-stretch motifs are also found in
genes that bind to nucleic acids via other nuclear-binding
domains such as poly-Q stretches. Thus, we examined the
cases in which two sites of SARs were juxtaposed with
each other in our dataset (Table 3). As a result, we observed
38 cases of adjacent SARs pairs among the 4984 SARs
in total, in which 13 cases were a combination of poly-
P and poly-Q SARs. This is unlikely to occur in random
combinations (P < 10714, assuming a binominal distribu-
tion) selected from the given SARs frequencies observed
(810 poly-P and 278 poly-Q were observed in 4984 SARs
in total). This analysis also showed excess combinations

respectively. The repeats composed of ten amino-acid residues (R, T,
C,I,V,E M, N, Y, W) are summarized and shown as “Others.” The
numbers of SARs/STRs for polymorphic and monomorphic sites are
as follows; Q: 48/54, 230/147; D: 7/8, 107/55; H: 5/6, 74/49; K: 6/1,
250/43; E: 38/25, 828/263; P: 19/11, 791/95; A: 34/15, 616/156; G:
23/14, 466/111; L: 17/12, 588/154; S: 15/12, 546/1006; others: 6/3,
270/76; total: 218/161, 4766/1249

of poly-E and poly-D (P < 1077), excluding combinations
with one pair. This is also a combination of P-type and
Q-type. These results suggest that specific combinations of
different SARs, especially P-type and Q-type, play roles as
functional domains.

Biological function specific to polymorphic poly-Q
stretches

We compared the enriched GO terms of genes containing
polymorphic and monomorphic poly-Q stretches to uncover
differences in biological function. In spite of no significant
differences between them in GO terms of molecular func-
tion, we found biological processes enriched only in genes
with polymorphic poly-Q repeats (bold in Table 2). These
biological processes are related to apoptosis and regula-
tion of nervous systems. The association between triplet
repeat instability and apoptosis presented here (Table 2) is
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Fig. 4 Distribution of the number of repeating units of poly-Q
and poly-P with all repeats. The numbers of repeating units (repeat
length) of SARs and trinucleotide STRs in coding regions (c-triSTRs)
for repeats of poly-Q (Q), poly-P (P), and over all amino-acid resi-
dues (all) are shown in the boxplot. Asterisks indicate significantly
different distributions from the repeats of other amino-acid residues
within the same classes (Two—tailed Mann—Whitney-Wilcoxon test,
*P < 0.01, **P < 0.001, ***P < 0.0001). The Q-SARs with syn-
onymous SNP sites (closed gray triangles whose darkness represent
degrees of multiple hits in the range of [1, 38]) and those known to
cause repeat expansion diseases (inverted open triangles) were not
shorter than the medians of all Q-SARs. The counts of repeats in each
category are displayed numerically below the horizontal axes. Outli-
ers (open circles) are not displayed in the “all” categories, and their
maximum numbers of repeating units are 42, 65, 21, and 50 for poly-
morphic SARs, monomorphic SARs, polymorphic STRs, and mono-
morphic STRs, respectively

congruent with the experimental results that simultaneous
sense and antisense transcription at CAG-repeats enhances
instability and induces apoptosis (Lin et al. 2014; Lin et al.
2010; Lin and Wilson 2012).

Discussion
Two types of selection pressure on STRs

Our comprehensive database searches of human transcript
sequences indicate two types of adaptation to prevent unfa-
vorable hyper-extension of STRs at the nucleotide level. One
is typically observed in the poly-Q stretches characterized by
increased frequencies of synonymous SNPs within repeats
(Q-type, Figs. 4 and 5a). The other is represented by the poly-
P stretches that are prone to be constituted by a succession of
synonymous codons (P-type, Figs. 2, 3, and 4). Furthermore,
we discovered that selective pressures at the amino acid and
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DNA levels are different from each other in each type of repeat.
At the amino acid sequences (SARs) level, SARs forming
poly-Q stretches were characterized by long and high variabil-
ity in repeat number (Fig. 4). Given that the tendency of poly-
Q SAR loci is conserved between human and mouse genomes
(Mularoni et al. 2007), the property of long repeats in poly-Q
stretches seemed to be based on an advantageous protein func-
tion. However, long poly-Q stretches are prone to incur hyper-
expansion at the DNA (c-triSTRs) level. Since glutamine is
encoded by two synonymous codons (i.e., CAA and CAG), the
repeats of each codon are necessarily prone to be longer than
those specified by four synonymous codons such as poly-P.
Long CAG repeats form hairpin structures that are frequently
harmful; however, those of CAA repeats do not (Sobczak et al.
2010). Nevertheless, 278 out of 470 codons specifying poly-Q
stretches (59.1 %) are CAG, which is approximately an equal
proportion of GC3 (Fig. 2). This preference of CAG to CAA
is congruent with previous studies that showing a higher GC
content of whole STR regions than of other exonic regions
(Alba and Guigo 2004; Siwach et al. 2006). This also indi-
cates that selection pressure for codon usage does not exist
when new poly-Q SARs are generated, but arises after long
poly-Q stretches have grown. Our results showing significantly
increased frequencies of synonymous mutations at poly-Q
stretches are explained by interruptions of long CAG repeats
by a CAA codon leading to the avoidance of harmful hyper-
expansion during replication, as well as avoidance of hairpin
structure formation after transcription (Fig. 5a). This explana-
tion is congruent with knowledge that interruptions by synony-
mous mutations in poly-Q-coding regions prevent instability
and hyper-expansion of STRs (Choudhry et al. 2001; Kurosaki
et al. 2006; Sobczak and Krzyzosiak 2004). Given this, the
selection pressure to maintain short CAG repeats at the DNA
level is an adaptation to prevent harmful events such as hyper-
expansion and hairpin formation of CAG repeats. On the con-
trary, we showed that poly-P stretches are shorter than other
SARs on average at the amino acid sequence level (Fig. 4).
These results are consistent with a known tendency that hydro-
phobic SARs are frequently shorter, while hydrophilic SARs
are longer (Faux 2012). At the DNA sequence level, we dem-
onstrated that the poly-P regions have been selected to maintain
the repeat number as short as possible (Fig. 4) by composing an
even mixture of four codons (CCU, CCC, CCA, CCG) coding
for proline, in contrast to glutamine encoded by two codons that
are occupied proportional to the GC3 of human genes (Fig. 2).
Our result shows that poly-P STRs have been maintained to be
around a minimum repeat number of c-triSTRs, with a cutoff
of five-times (Fig. 4). This is consistent with the fact that a shift
in mutation mechanism from nucleotide insertion to repeat
expansion by slippage is considered to occur at approximately
four-times repeat for trinucleotide repeats (Ananda et al. 2013).
On these bases, poly-P stretches at the protein level are main-
tained by the avoidance of STR formation, which results in no
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Fig.5 a Frequencies of SARs and trinucleotide STRs in CDS
(c-triSTR) overlapping synonymous SNPs. The densities of syn-
onymous SNPs overlapping SARs and c-triSTRs were compared
between poly-Q repeats and others. The synonymous SNP densities
of polymorphic poly-Q repeats (Q) are significantly higher than those
of non-poly-Q (others) repeats in SARs; Fisher’s exact test, P < 0.05
(*). This tendency is also observed in c-triSTRs although few syn-
onymous SNP sites interrupt c-triSTR. The numbers of synonymous
SNPs are shown in parentheses. b Alignment of protein and DNA

trigger for triplet expansion in the DNA level. Thus, we dem-
onstrated that the selection to avoid hyper-expansion of c-triS-
TRs exists in all kinds of amino-acid forming SARs as the
two contrasting mechanisms, Q-type and P-type, respectively.
Thus, our comprehensive searches of human transcriptome
sequences have uncovered two different mechanisms to solve
the conflict in selection pressure between SARs and STRs.

Association of poly-Q and poly-P motifs

We showed functional differences between poly-Q and
poly-P stretches, by linking a discrepancy in motif func-
tions between the poly-Q and poly-P (i.e., “binding to
nucleic acid” for “Q-motif” vs. “binding to protein” for
“P-motif” in GO-I) and a consistency in gene functions
between genes containing poly-Q and those contain-
ing poly-P (“binding to nucleic acid” at “Q-gene” and
“P-gene” in GO-II) (Fig. 6a). This suggested that poly-P
stretches assist the function of flanking poly-Q stretches.
Short poly-Qs (three or six glutamine residues) tend to
form a poly-P type II (PPII)-like helix, but long poly-Qs

AAGTCCTTCCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAACAGCAG - -
AAATCCTTCCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG

CCTCCTCAGCTTCC
CTCCTCAGCTTCC

---CTCAGCTTC-
-CCTCCTCAGCTTCC
TCCTCCTCAGCTTCC
-CCTCCTCAGCTTCC

--CCTCAGCTTCC
--CCTCAGCCCTC
--CCTCAACCCCC
--CCCCCTCAGCC
CTCCTCAGCCTCC

--CCTCAGCCTCC
--CCTCAGCCCCC
--CCTCAGCCTCC

sequences around poly-Q and poly-P stretches of the Huntingtin gene
(exon 1 partial). The partial sequence of the huntingtin gene (HTT)
for human protein (fop) and vertebrate DNA sequences (below) with
a human SNP (rs473915) were aligned. Horizontal lines indicate the
following taxonomic groups; Primates, Glires, Chiroptera, Carnivora,
Cetartiodactyla, Insectivora, Xenarthra, Afrotheria, Reptilia, Osteich-
thyes. Human poly-Q and poly-P stretches are indicated by vertical
lines

(nine or 15 glutamine residues) form a P-sheet struc-
ture that causes the formation of amyloid-like aggregates
(Perutz et al. 1994; Takahashi et al. 2010). The adjacent
poly-P inhibits B-sheet formation, which can increase the
length of the adjacent poly-Q (Bhattacharyya et al. 2006;
Darnell et al. 2007; Mishra et al. 2012; Siwach et al. 2011).
Evolutionary studies on huntingtin gene (H77T) sequences
are consistent with this explanation. The lengths of poly-Q
stretches have increased during vertebrate evolution, which
followed by the insertion of poly-P stretches to the C-ter-
minus of the poly-Q stretches (Tartari et al. 2008) (Fig. 5b).
A study using model animals showed that HTT became to
play important roles in neuronal development in the verte-
brate lineage (Lo Sardo et al. 2012). Moreover in healthy
humans, an increase of grey matter within the pallidum
with increasing long CAG-repeats of HTT is known (Miih-
lau et al. 2012). The juxtaposition between poly-Q and
poly-P stretches frequently observed by our comprehensive
survey of human genes is likely a consequence of the ben-
efit of adjacent poly-P to poly-Q stretches (Table 3). Our
study shows that this juxtaposition is not limited to the HTT
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Fig. 6 a GO-terms associated with SAR motifs (GO-I) and genes
containing SARs (GO-II). The GO-terms associated with glutamine
or proline rich motifs obtained by manual curation of keyword
searches in InterPro (GO-I) are shown as “Q-motif” and “P-motif,”
respectively. The GO-terms that are associated with genes contain-
ing poly-Q or poly-P repeats (GO-II) are shown as “Q-gene” and
“P-gene,” respectively. The total numbers of GO terms (Molecular
functions) in each category are shown in parentheses. b Number of
genes encoding poly-Qs. Those with length polymorphism are rare

gene but is a general phenomenon of human genes, which
has been partially known (Rado-Trilla and Alba 2012;
Ramazzotti et al. 2012). Thus, the two classes of SARs rep-
resented by poly-Q and poly-P stretches are associated with
each other to optimize common biological functions, such
as binding. This association could be another adaptation to
escape hyper-expansion of STRs.

Molecular function and biological processes involving
poly-Q stretches

The observed relation between molecular function (Table 2;

Fig. 6a) and biological processes (Table 2) of GO terms
for poly-Q-containing genes is straightforward. These are

@ Springer

but include all of the genes with pathogenetic poly-Qs. This is signifi-
cantly unlikely under random occurrence (P < 107>, Fisher’s Exact
Test). Two pathogenetic poly-Qs were confirmed as polymorphic by
manual curation using dbSNP136 (light gray) and conjoined with
polymorphic poly-Qs categorized by automated classification using
dbSNP125 (dark gray). 13 genes containing both of polymorphic and
monomorphic poly-Qs are counted as polymorphic, which includes 2
pathogenetic genes

related to the regulation of transcription and biosynthe-
sis, which is consistent with previous studies suggesting
an overrepresentation in functional categories including
developmental processes, signaling, and gene regulation
(Huntley and Clark 2007; Kozlowski et al. 2010; Legendre
et al. 2007; Vinces et al. 2009), as well as enzymatic or bio-
synthetic function (Siwach et al. 2006). These essentially
require the molecular function of ‘binding to molecules’
(GO-III, Table 2). Generally, poly-Q stretches are observed
as intrinsically disordered (ID) regions that are flexible
domains suitable for binding (Gojobori and Ueda 2011;
Rees et al. 2012; Takahashi et al. 2009). This accounts for
SAR tracts playing a role as spacers between functional
domains (Siwach et al. 2006).
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Table 2 Overrepresented GO terms in genes containing poly-Q stretches with difference in rank between polymorphic and monomorphic
classes

ARank Molecular Function (Top 11) Biological Process (Top 20)
(64,0) - @Cell death
®Death

ORegulation of cell development
ORegulation of neuron differentiation

(32,64] - -
(16,32] - -
(8,16] ORNA polymerase II transcription factor activity -
ORNA binding
OZinc ion binding
4,81 - OPositive regulation of transcription, DNA-dependent
(2,4]  OSequence-specific DNA binding OTranscription

ORegulation of transcription, DNA-dependent

OPositive regulation of macromolecule biosynthetic process
OPositive regulation of RNA metabolic process

OPositive regulation of cellular biosynthetic process
OPositive regulation of macromolecule metabolic process

(0,2]  @Transcription factor binding O@Regulation of transcription
OTranscription cofactor activity ©@Regulation of RNA metabolic process
OTranscription activator activity OPositive regulation of transcription
OTranscription factor activity OPositive regulation of gene expression
OTranscription repressor activity OPositive regulation of nucleobase, nucleoside, nucleotide and nucleic acid

metabolic process

OPositive regulation of nitrogen compound metabolic process
OPositive regulation of biosynthetic process

OPositive regulation of transcription from RNA polymerase II promoter

0 ®Transcription regulator activity ORegulation of transcription from RNA polymerase II promoter
®DNA binding
Higher ranked terms in polymorphic class are indicated by darker circles. Bold indicates terms enriched only in polymorphic class

Table 3 Juxtaposing SARs

TS SAR Combination (Ist & 2nd)  #Pairs  Proportion in all pairs ~ #1st SAR ~ #2nd SAR  Probability®
observed and deviation from

random distribution Q&P 13 0.342 278 810 2.66 x 10715
E&D 6 0.158 866 114 2.04 x 1078
S&G 4 0.105 561 489 0.001
E&A 3 0.079 866 650 0.092
E&Q 2 0.053 866 278 0.037
F&V 1 0.026 28 21 1.57 x 107°
S&T 1 0.026 561 58 0.005
P&T 1 0.026 810 58 0.009
A&H 1 0.026 650 79 0.011
A&R 1 0.026 650 128 0.027
K&E 1 0.026 256 866 0.147
A&G 1 0.026 650 489 0.254
S&A 1 0.026 561 650 0.307
P&L 1 0.026 810 605 0.445
E&P 1 0.026 866 810 0.641
Total 38 1.000 4984° 4984° -

 Probability of neighboring two different SARs more than observed assuming binominal distribution of
observed total number (i.e., 38 times) trials

® Total number of SARs detected SARs in the human genome
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Molecular basis of harmful hyper-expansion

The characteristic cellular process in poly-Q protein toxic-
ity is forming amyloid-like aggregates (Burke et al. 2013;
Takahashi et al. 2010). Hyper-expanded poly-Q stretches
are known to cross-liked to other proteins such as glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), which form
aggregates (Guzhova et al. 2011). Moreover, longer poly-Q
repeats in human THAP11 are associated with more intra-
cellular aggregations (Yin et al. 2014). This leads to con-
formational change in a poly-Q length-dependent manner
(Vachharajani et al. 2012).

In addition to protein toxicity, pathological mechanisms
of repeat expansion diseases have also been studied from
the toxicity of expanded CAG/CUG repeats in RNA (RNA
toxicity). Those include forming RNA foci that trap impor-
tant proteins required for cellular process, forming double-
stranded RNA that causes silencing, and binding directly
to splicing factors (Fiszer and Krzyzosiak 2013). Of note,
these RNA toxicities are known to lead to neurodegenera-
tion (Mohan et al. 2014). Although multiple pathological
mechanisms of triplet repeat expansion disease exist, once
hyper-expansion occurs and is transcribed, which causes
serious damage even if the transcript is not translated.
Either way, the presence of long repeats increases the risk
of incurring harmful hyper-expansion effects.

Repeat expansion diseases and repeat length
polymorphism

We have shown that the 4984 SARs contained 48 poly-
morphic poly-Q SARs in 39 genes, in total (Fig. 6b, Table
S5). It is known that all of the nine poly-Q SARs causing
expansion diseases are polymorphic. Although our meth-
ods predicted seven out of the nine as polymorphic poly-
Q STRs, the other two poly-Qs were also polymorphic
according to dbSNP Build 136 or later (Table S5 and S6).
Adding these two genes into the 39 polymorphic gene set,
the fact that the 41 genes with polymorphic poly-Q SARs
out of 198 poly-Q SARSs (20.7 %) contained the nine genes
associated with repeat expansion disease is significantly
unlikely if repeat expansion diseases develop randomly
from both polymorphic and monomorphic poly-Q stretches
(P < 107>, Fisher’s Exact Test, Fig. 6b). This suggests that
length polymorphism is associated with repeat expansion
diseases.

Our GO-III analysis showed that the 41 genes contain-
ing the polymorphic poly-Q SARs were enriched for tran-
scription regulatory activity (39.0 %, Table 2) as the most
frequent molecular function. This GO term, transcription
regulatory activity, is ranked first in both genes with poly-
morphic and monomorphic poly-Q SARs (Table 2). Other
GO terms of molecular function are also ranked high in both
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of the polymorphic and monomorphic gene sets. However,
we have shown that four out of the top twenty biological pro-
cesses are enriched in genes containing polymorphic but not
monomorphic poly-Q SARs (bold in Table 2). These four are
related to apoptosis and regulation of neuronal development.
In fact, we observed that at least 17 of the 41 (>41.5 %)
genes coding polymorphic poly-Q stretches are annotated to
be related to neuronal function in the UniProt (The UniProt
Consortium 2014) (Table S5). This may account for why tri-
plet repeat expansion diseases are limited to neurodegenera-
tive and neuromuscular diseases. Since length polymorphism
tends to be accompanied by long repeats (Gemayel et al.
2010; Ogasawara et al. 2005), the association of the harm-
ful effects of hyper-expansion with neural function can be
attributed to their long and polymorphic nature (i.e., hyper-
expansions tend to occur at long repeats).

Polymorphic CAG/CAA repeats are known to be sub-
jected to significantly less selective constraints than mono-
morphic repeats in various mouse strains (Ogasawara et al.
2005). Generally, CAG repeats causing expansion dis-
eases have become longer during the evolution of primates
(Andrés et al. 2004; Mularoni et al. 2010). Moreover, our
comprehensive search showed that these disease-causing
poly-Q SARs are longer than other poly-Qs, even in com-
parison to polymorphic poly-Q SARs (Fig. 4). To transcribe
long CAG repeats, an extra molecular system involving
transcription elongation factor SPT4 is required (Liu et al.
2012). Considering such an additional cost and high risk of
hyper-expansion for long CAG repeats, selection pressure
would limit the lengths of poly-Q SARs to shorter ranges
than those observed unless long poly-Q SARs have some
functional benefit. In fact, ranges of the number of repeats
for normal and pathological are adjoining each other (Table
S6). This implies the existence of a molecular basis that
is advantageous for long poly-Q SARs, which maintain
the balance in evolutionary forces between benefit of long
repeats at the protein level and cost at the DNA level.

Association between the disease-causing repeats and
the existence of benefits from long and/or highly polymor-
phic poly-Q repeats indicates molecular pathways shared
by genes involving the expansion diseases. Several models
of common molecular pathomechanistic networks among
repeat expansion diseases have been proposed (Chan 2014;
Labbadia and Morimoto 2013; Okazawa 2003; Shao and
Diamond 2007; Tsoi and Chan 2014). Key players in such
common networks are proteins that bind to poly-Q stretches
and are associated with multiple neurodegenerative dis-
eases. For example, polyglutamine-binding protein 1
(PQBP1) interacts with the poly-Q stretches found in hun-
tingtin and androgen receptor which are hyper-expanded in
Huntington’s disease and spinal and bulbar muscular atro-
phy, respectively (Waragai et al. 1999). Moreover, the bind-
ing affinity of PQBP1 positively correlates with the length
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of the poly-Q stretches of ATAXIN-1 whose hyper-expan-
sion is associated with spinocerebellar ataxia 1 (Okazawa
et al. 2002). PQBPI is known as a regulatory factor of tran-
scription and alternative splicing (AS) by binding to vari-
ous molecules at WW and CTD domains as well as to poly-
Qs at the poly-Q binding domains (Mizuguchi et al. 2014).
Moreover, the depletion of PQBP1 in mouse neurons alters
the AS pattern in mRNA enrolling neurite growth and neu-
ron projection, such as NCAM 1, resulting in a reduction of
dendrite growth, which contributes to developmental stage
differences in AS and causes PQBP1-related neurological
disorders (Wang et al. 2013). This indicates a critical role
for PQBP1 in the development of complex brains by regu-
lating AS with tissue specificity through association with
molecules within the splicing complex. Therefore, PQBP1
is one of the most likely candidates of key players interven-
ing among long poly-Q repeats, the regulation of alterna-
tive splicing, and neural development.

Evolutionary mechanism of STRs with biological
function

Two aspects (neutral and non-neutral) of the mechanisms
of existence or persistence of STRs in the genome have
been studied (King 2012; Takezaki and Nei 2009). First, the
existence of functionally neutral STRs has been attributed
to a balance between the generation/expansion of repeats
by replication slippage and their extinction/contraction by
genetic drift, replication slippage, and nucleotide substitu-
tions leading to the interruption and degradation of repeats
[i.e., ‘life cycle’ model of non-functional STR (Buschi-
azzo and Gemmell 2006)]. Second, the length variations of
STRs in some genomic locations have been demonstrated
to affect phenotypes. Consequently, they undergo some
form of selection. Our survey of genomic locations using
polymorphic STR makers of the H-GOLD/GDBS data sug-
gests that a much smaller number of STRs exist in exonic
than in inter-genic regions (Fig. S1a). This suggests a much
stronger selection on STRs in exonic regions than that in
inter-genic regions. Some of STRs located in regulatory
regions have been known as “evolutionary tuning knobs”
that quantitatively regulate gene expression depending on
their number of repeats (Gebhardt et al. 1999; King 2012;
Trifonov 1989). Moreover, effects of STR variation on phe-
notypes are not restricted to quantitative fine tuning but also
influence dynamic changes in development (Birge et al.
2010; Fondon and Garner 2004; Galant and Carroll 2002)
and behavior (Hammock and Young 2005) by alternation of
mRNA splicing (Lorenz et al. 2007) and amino acid trans-
lation (Chang et al. 2001; Erwin et al. 2006; Weiser et al.
1989), which are called “evolutionary switches.” These
evolutionary switches bring about not only selection of
individuals carrying advantageous alleles but also a shift

to heterogeneous populations with various alleles that is
advantageous for organisms in rapid adaptation to variable
environments [e.g., counter strategy to host immune system
in Haemophilus influenza, (Erwin et al. 2006) and diversi-
fying sexual selection in the stalk-eyed fly, Teleopsis dal-
manni (Birge et al. 2010; Cotton et al. 2014)]. Furthermore,
according to the hypothesis focusing on rapid evolution of
the human brain (social brain hypothesis) (Dunbar 1998),
highly variable STRs leading to neurodegenerative disease
may work as an evolutionary switch, by contributing to the
increase of the diversities of populations in sensory, motor
and cognitive abilities, which are a definitive feature of the
human population with highly structured society (Fondon
et al. 2008; Nithianantharajah and Hannan 2007).

Diversity and complexity of brain: AS role in human
evolution

Because long repeat apt to be variable in repeat length, the
selection pressure for extension of poly-Q repeats in genes
functioning in neuronal development can foster diversity
in such genes through repeat length variation. The synony-
mous substitutions within the STRs coding poly-Q to pre-
vent hyper-expansion can also diversify repeat length varia-
tion of poly-Q stretches without increasing the risk of long
CAG repeats. An increase in the diversity of genes with
poly-Q stretches in humans may diversify the consequence
of PQBP1 binding to poly-Q stretches. Accordingly, diver-
sification in AS regulation by PQBPI increases the diver-
sity of transcript isoforms in the human brain.

The human brain displays an extreme diversity of tran-
script isoforms brought by AS (Zaghlool et al. 2014). This
indicates that AS regulation in brain development is an
essential element for human evolution. The most signifi-
cant feature of human evolution is highly structured soci-
ety, which is realized by accelerated brain evolution, and
requires transcript diversification in brain. Because the
genomic difference between humans and chimpanzees is
about 1 %, the vast transcriptome diversity is largely attrib-
uted to the evolution of alternative splicing (Molnér et al.
2014; Zaghlool et al. 2014). Ultimately, this is considered
to lead to the formation of large and organized human soci-
ety and has enabled survival under various environments of
human beings.

The comparative study on the disease causing repeats
among humans and apes emphasized a significantly wide
range of length variation rather than the slightly longer
average of human alleles (Andrés et al. 2004). This is now
well-understood by our study. The diversity of AS-regu-
lating factors may result in diversification in brain devel-
opment, which results in the diversification of sensory,
motor and cognitive abilities in the human population.
The vast diversity of poly-Q repeats in genes involving
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neurodevelopmental regulation pose a risk of bearing long
alleles which are enough to result in hyper-expansion.
Various toxicities of RNAs and proteins caused by hyper-
expansion represent cell-type-specific differences in their
impact (Shiraishi et al. 2014; Shiwaku and Okazawa 2015).
Our hypothesis will be supported if AS regulations by poly-
Q binding molecules such as PQBP1 are observed in cells
which are vulnerable against hyper-expansion in the devel-
opmental stage.

In this paper, we offered insight into the evolutionary
principles in length polymorphism of STRs in the human
genome. We showed that the most enigmatic STRs, encod-
ing poly-Q stretches, can be understood by distinguishing
length polymorphic poly-Q repeats from monomorphic
ones. We offered the verifiable hypothesis of a molecular
relationship between poly-Q and neurodegenerative disease
(Fig. S6). This study may indicate a new clue for the evo-
lutionary switch hypothesis of STRs/SARs in humans that
maintains brain function diversity in human populations.
Further characterization of the relationship between the
diversity of poly-Q repeats, AS regulation in neurodevelop-
ment, and human-characterized evolution will be expected.

Methods

Distribution of simple tandem repeats (STRs)
in genome using H-GOLD/GDBS

We analyzed simple tandem repeat (STR) data obtained
from the H-GOLD/GDBS project (Tamiya et al. 2005)
(http://dbarchive.biosciencedbc.jp/jp/gdbs/download.
html) with respect to genomic position in human refer-
ence sequences and diversity in 125 Japanese individuals.
We eliminated non-informative data (i.e., no heterozygosity
value, unclear description in allele number and IDs) from
the STR diversity information. We also eliminated marker
regions (regions inspected by a pooled PCR procedure)
containing more than one STR regions from the STR diver-
sity information.

Analysis of diversity properties of STRs
between genomic regions using H-GOLD/GDBS

We calculated the correlation coefficients among a number
of repeating units, number of alleles, and heterozygosity,
then compared them among H-GOLD/GDBS STRs in the
following four regions; the whole genomic region, exonic
regions, coding sequence (CDS) regions, and untranslated
regions (UTRs) (Fig. S1b). Because H-GOLD/GDBS con-
tained a small number of di-nucleotide STRs in the CDS
and trinucleotide STRs in the UTR, correlations were not
calculated in these two categories.

@ Springer

Transcript database search for STRs and SARs
within exonic region

In addition to the foregoing genome-wide analysis, we sep-
arately extracted whole exonic STRs in human transcript
sequences (All Human Genes 2, AHG2) in three databases
including the H-Invitational Database release 3.8 (H-InvDB
3.8) (Yamasaki et al. 2008), Ensembl database (Flicek et al.
2012), and RefSeq database (Pruitt et al. 2002). The total
number of human transcripts was 224,613. We mapped
these human transcripts on to the human genome reference
sequences (NCBI build 35.1, hgl7) and identified 37,616
human gene clusters (H-InvDB gene clusters, HIXs). A
representative transcript sequence was uniquely selected
from transcripts constituting each cluster (representative
H-InvDB transcript, representative HITs). We distinguished
transcripts with protein evidence from others (validated
HITs), using criteria corresponding to the Category I[-III
of H-InvDB (Imanishi et al. 2004; Yamasaki et al. 2008)
(http://h-invitational.jp/hinv/help/contents2/proteins.html).
Briefly, predicted amino acid sequences are identical (Cat-
egory I) or similar (Category II) to sequences of known
proteins, or they contain an InterPro domain (Category III).
Using in-house programs, we identified di-, tri-, tetra-, and
penta-nucleotide STRs in the AHG2 with five or longer
numbers of repeating units. We translated all of these
AHG?2 transcript sequences into amino acid sequences, and
then single amino acid repeats (SARs) containing five or
longer repeats were identified in the same way. We filtered
STRs and SARs to obtain reliable and non-redundant data
sets of STRs/SARs located on representative HITs with
protein evidence as aforementioned.

Prediction of variable STRs

We detected length polymorphism of STRs and SARs
in the AHG2 database by combining the following three
methods; (1) detecting repeat-length differences in align-
ments of published transcript sequences, (2) matching to a
polymorphic STR marker database (H-GOLD/GDBS), and
(3) matching to position and sequence information of dele-
tion/insertion polymorphism (DIP) in a public database,
dbSNP (build 125).

1. Detecting repeat-length differences in alignments of
published transcript sequences

H-InvDB is an annotated human gene database based
on all transcript sequences submitted to the pub-
lic database for nucleic acid sequence (i.e., DDBJ/
EMBL/GenBank, The International Nucleotide
Sequence Databases Collaboration, INSDC). There-
fore, H-InvDB includes alignment data with multiple
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transcript sequences if multiple transcript sequences
are available for the gene in the INSDC transcriptome.
To annotate STR length polymorphism, we inspected
the alignments of these transcripts whether numbers
of repeating units of STRs were variable or not. The
results of this method are available at a satellite data-
base of H-InvDB, VarySysDB (Shimada et al. 2009).

2. Matching to a polymorphic STR marker database
(H-GOLD/GDBS)
Because H-GOLD/GDBS contains validating poly-
morphic STRs, we assumed that STRs in H-Inv tran-
scripts were polymorphic when they were also found in
H-GOLD/GDBS.

3. Matching to deletion/insertion polymorphism (DIP) in
a public database (dbSNP)

The dbSNP database is a central repository for both
SNPs and DIPs by NCBI in collaboration with the
National Human Genome Research Institute. We col-
lected DIPs from the dbSNP and incorporated them
into the AHG2 database according to their genome
position. We examined the allele description of these
DIPs in the dbSNP. If these DIPs were consistent with
the AHG?2 in position and allele, we identified the sites
as variable AHG2 STRs.

According to method 1 that used in polymorphic STR
detection, we also identified polymorphic SARs using
alignment of amino acid sequences deduced from AHG2
transcript sequences. The coordinates determined by
H-InvDB were used to select STRs located in CDS regions.

Statistical analysis of number of repeating units

The distributions of the numbers of repeating units of STRs
and SARs found in human exonic regions were counted
non-redundantly in genome positions, and were depicted
in boxplots using the R-package (R Core Team 2012). We
extracted STRs with five or longer repeating units. How-
ever, the values of the number of repeating units decreased
by one repeat (i.e., four or longer), when we counted the
number of repeating codons if the codon-frame did not
start from the first nucleotide. The distributions of the poly-
Q and poly-P repeats were compared with those of other
repeats, using the two—tailed Mann—Whitney-Wilcoxon test
with the ‘wilcox.exact’ in the R package.

SNP density

To estimate the density of synonymous and nonsynony-
mous SNPs in the repeat regions, we estimated the number

of potential sites of synonymous (Syn), nonsynonymous
(Nsy) and nonsense (Ter) mutations, respectively, by divid-
ing potential nucleotide sites of each amino acid contained
in the repeat regions of each representative HIT (mRNA)
sequence data, using the method of Nei and Gojobori
(1986) and taking into account the transition/transversion
rate ratio (Suzuki 2011) that has been estimated to be 4 in
mammals (Jiang and Zhao 2006; Rosenberg et al. 2003;
Zhang et al. 2007).

GO analyses

(GO-]) Distribution of InterPro annotation for domain
consisting poly-P or poly-Q repeats

We searched GO terms linked to protein domains (or
motifs) of poly-P or poly-Q repeats in the InterPro
database by keywords, such as “proline”, “glutamine”,
“proline rich”, or “glutamine rich” via the InterPro web
page (Mulder et al. 2002). Among the search results,
we selected entries containing a description of proline-
rich or glutamine-rich regions in the section of “GO
Term annotation” and “InterPro annotation” in their web
pages. Then, we extracted these GO terms and identifiers
of InterPro, and classified and summarized them accord-
ing to the categories that were uniquely defined using in-
house programs as a part of the functional annotation of
H-InvDB.

(GO-I) Distribution of InterPro annotation for genes
containing poly-P or poly-Q repeats

In H-InvDB annotations, all of HITs have established
links to InterPro IDs by performing InterProScan
(Quevillon et al. 2005). Using this annotation set, we
extracted the molecular function in GO terms of rep-
resentative HITs containing STRs or SARs. Then, we
classified these GO terms according to GO categories as
mentioned in the GO-1. We conducted this classification
process for four gene classes, including genes contain-
ing polymorphic STRs, monomorphic STRs, polymor-
phic SARs, and monomorphic SARs.

(GO-III) Gene set enrichment analysis for genes con-
taining poly-P or poly-Q repeats

We divided the poly-Q stretches into 48 polymorphic
and 230 monomorphic for the state of their length poly-
morphism. Then, 41 genes containing at least one poly-
morphic poly-Q stretch (polymorphic gene set) and 157
genes containing monomorphic poly-Qs only (mono-
morphic gene set, Fig. 6b) were subjected to gene set
enrichment analyses using the DAVID database (Huang
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et al. 2009a, b). Because polymorphic poly-P repeats
were observed in only 19 counts, we did not divide poly-
P containing genes and subjected them to the same anal-
yses as a gene set. First, we analyzed gene-enrichment
(proportion of genes falling under a certain annotation
category) in each of the selected gene sets compared to
that in all human genes, which was evaluated using p
value of modified Fisher’s exact test. Then, we compared
the results between polymorphic and monomorphic gene
sets (Table 2). In the DAVID database, the total num-
ber of human genes with the “GO Molecular Function”
was 12,983, which included 32 out of 41 polymorphic
and 126 out of 157 monomorphic genes, respectively.
The result for the “GO Biological Process” was 13,528,
which included 34 out of 41 polymorphic and 120 out
of 157 monomorphic genes, respectively. Since these
gene enrichment analyses are multiple comparison,
the obtained p values were corrected using Bonferroni
(Armstrong 2014; Dunn 1961) and Benjamini-Hochberg
(Benjamini and Hochberg 1995) methods (Tables S1—
S4).

Analysis for juxtaposing SARs

We counted the number of cases in which two different
SARs were adjacent. The probability distribution of the
number of cases observed in the total cases was obtained
based on binominal distribution for each SAR combination,
by considering the observed SAR frequencies.
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