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Abstract

The androgen receptor mediates various physiological and developmental functions and is highly
conserved in mammals. Although great intraspecific length polymorphisms in poly glutamine
(poly-Q) and poly glycine (poly-G) regions of the androgen receptor in humans, apes and several
Old World monkeys have been reported, little is known about the characteristics of these regions in
New World monkeys. In this study, we surveyed 17 species of New World monkeys and found
length polymorphisms in these regions in three species (common squirrel monkeys, tufted
capuchin monkeys and owl monkeys). We found that the poly-Q region in New World monkeys is
relatively shorter than that in catarrhines (humans, apes and Old World monkeys). In addition, we
observed that codon usage for poly-G region in New World monkeys is unique among primates.
These results suggest that the length of polymorphic regions in androgen receptor genes have
evolved uniquely in New World monkeys.
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Introduction

The androgen receptor (AR) is a ligand-activated nuclear hormone receptor that plays a
critical role in the development of the male phenotype (Gelmann, 2002; Li and Al-Azzawi,
2009). A dimer of the receptors works as a transcription factor in the nucleus when it is
combined with internal androgen hormones, testosterone and its metabolite, 5a.-
dihydrotestosterone. AR is almost ubiquitously expressed in tissues and mediates various
physiological and developmental functions in addition to virilization. Androgens in the brain
are involved in circuit formation during development and maintaining proper function in
adulthood. Thus, expression of AR is considered to affect not only reproductive but also
non-reproductive behavior patterns dealing with aggression and emotion (Li and Al-Azzawi,
2009).

The androgen receptor gene (AR) is located on the X-chromosome and consists of eight
exons in humans (Brown et al., 1989; Kuiper et al., 1989). The similar gene structure in
mice, monotremes and marsupials indicates AR is highly conserved in mammals (Choong et
al., 1998; Faber et al., 1991; He et al., 1990; Migeon et al., 1981; Spencer et al., 1991). The
N-terminal domain of AR is coded in exon 1 and relates to transcription regulation by AR.
Other exons code DNA binding domain and ligand binding domains (Fig. 1) (Li and Al-
Azzawi, 2009; Quigley et al., 1995).

In exon 1, there are trinucleotide microsatellite repeat regions, (CAG)n and (GGN)n. These
repeat regions yield poly glutamine (poly-Q) and poly glycine (poly-G) repeats in the N-
terminal domain. The poly-Q region is further segmented into QI and QII regions (Fig. 1).
Significant variation in the length of poly-Ql is known in humans. Normal repeat lengths of
QI range approximately from 10 to 37 and the most frequent repeat length is 23 (Hsing et
al., 2000; Huhtaniemi et al., 2009). Shorter repeats of poly-QI increase the risk of prostate
cancer and extremely long repeats (> 40) are related to spinal and bulbar muscular atrophy
and a variable degree of androgen insensitivity although causation is controversial among
studies (Rajender et al., 2007). The length polymorphism of poly-G region is also found in
humans (ranges approximately from 14 to 27 repeats), while no great variation was reported

for poly-Q I1.

The length polymorphisms in these regions are also found in non-human primates.
Interestingly, if a species is phylogenetically closer to humans, it possesses longer repeats
and higher polymorphism comparable to humans (Choong et al., 1998; Hong et al., 2006;
Mubiru et al., 2012). For example, our closest relative, the chimpanzee, has length
polymorphism ranging from 15 to 27 at poly-QI but no polymorphism was found in rhesus
macaques (Hong et al., 2006; Mubiru et al., 2012). The tendency of allele combination
between longer poly-QI and shorter poly-G repeats in chimpanzees (Hong et al., 2006) and
insusceptibility to idiopathic infertility in haplotypes with longer poly-Ql and shorter poly-G
combination in humans (Ferlin et al., 2004) indicates the underlying constraints on the
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combination of these regions. The association between these polymorphisms and personality
traits such as aggressiveness has also been an intriguing topic of personality research on
non-human animals as well as humans (Jonsson et al., 2001; Konno et al., 2011; Rubinow
and Schmidt, 1996).

Little is known, however, about the characteristics of these regions in other primates. Only
one species of New World monkeys (platyrrhine), the marmoset, and several species of
prosimians have been surveyed so far and no polymorphism has been found in these taxa
(Mubiru et al., 2012; Poux et al., 2005). Hormonal studies have reported that the androgen
concentration in several species of New World monkeys is higher than that in Old World
monkeys (Snipes et al., 1969), and their androgen concentration is associated with social
status (Bales et al., 2006; Schoof and Jack, 2013). These findings indicate that androgen
plays an important role in behavior of New World monkeys and highlights the importance of
understanding the structure and variation of AR in this taxon. Therefore, we aimed to
characterize the AR gene in New World monkeys and to understand the entire picture of AR
variation in primates by focusing on length polymorphism of AR poly-Q and poly-G regions
and codon usage bias in 17 species of New World monkeys.

Materials and Methods

DNA samples

DNA samples were obtained from 120 individuals that belong to one of 17 species of New
World monkeys. Number of individuals in each species surveyed is summarized in Table 1.
Most samples were obtained from animals kept at various sites in Japan (Japan Monkey
Center; Primate Research Institute, Kyoto University; Graduate School of Letters, Kyoto
University; Kyoto City Zoo and Omuta City Zoo). DNA was extracted from tissues when
animals were dead, or from blood or hairs when animals were alive by using QlAamp DNA
mini Kit (Qiagen, California, USA). For 22 capuchin monkeys, DNA extracted from blood
samples of monkeys kept at National Institute of Child Health and Human Development
(NICHD) were used. For individuals whose sex was not known at sampling, we determined
their sex by PCR amplification of sex-determining region Y (SRY). The 22 tufted capuchins
in NICHD and nine tufted capuchins, four common squirrel monkeys and six Bolivian
squirrel monkeys at Kyoto University were kept in several groups at each site and some
individuals were related to each other. No clear genealogy and kinship were available for
other individuals. We have complied with the ethical standards in the treatment of animals
with the guidelines laid down by the Primate Society of Japan. The experiment was
approved by the Animal Experiments Committee of the Graduate School of Letters (16-37)
and the Wildlife Research Center (WRC-2016-002A), Kyoto University, and the Animal
Care and Use Committee of NICHD (ASP#12-064) in accordance with the European
Directive 2010/63 on the Protection of Animals in Scientific Experimentation.

Determination of repeat length and sequencing

Poly-Q and poly-G regions were PCR amplified by using following primer sets. Poly-Q:
ARhf 5’-TCCAGAATCTGTTCCAGAGCGTGC-3’ and ARhr 5’-
GCTGTGAGGGTTGCTGTTCCTCAT-3’. Poly-G: ARGFH 5’-
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CAGTGCCGCTATGGGGACCTGGCGA-3’ and ARGR 5-
GGACTGGGATAGGGCACTCTGCTCACC-3’.

To determine the length of repeated region, forward primers were fluorescent labeled (FAM
for ARhf and HEX for ARGFH). A PCR was carried out with approximately 20ng genomic
DNA, forward and reverse primers 0.5uM each, 0.4mM each for dNTP mix mixture, LA Taq
polymerase (Takara bio, Shiga, Japan) 0.5 unit, 1xTakara PCR buffer and ddH20O at 10ul
scale. PCR condition was as follows: after initial incubation at 95°C for 2min, 35 cycles of
95°C for 30 sec, 55°C for 30 sec, 74°C for 2min, followed by a final extension at 74°C for
10 min. After the PCR amplification, PCR samples were diluted a hundred times with
ddH20 and subjected to electrophoresis by Applied Biosystems 3130xI Genetic Analyzer
with Gene Mapper software (Applied Biosystems, Foster City, California, USA). After
determination of the repeat length, we chose individuals who were hemi- or homozygous for
these repeat sites and the sequence was determined for each species by using Applied
Biosystems 3130xI Genetic Analyzer. For the species that had polymorphism at these repeat
regions, the sequence was determined for each allele from hemi- or homozygous individuals
if available. We aligned sequences of a representative allele (most frequent allele if
polymorphic) from each species including previously reported primates and house mouse
using CLUSTAL W (Thompson et al., 1994) implemented in MEGA version 5 (Tamura et
al., 2011). We counted the number of glutamine and glycine coded in the region
corresponding to the poly-Ql, poly-QIl and poly-G regions of other primates for which
sequences were previously reported. We included all glutamine or glycine sites in repeat
numbers even when other amino acids were inserted in the corresponding regions.

Calculation of codon bias and visualization of similarity among species

As an indicator of codon bias, we calculated the ratio of each codon for poly-Q and poly-G
regions in representative alleles if the representative sequence was available. To visualize the
relationship of these regions among species from various taxa, we applied multi-dimensional
scaling (MDS) analysis using the nine variables (six codon usage ratios, length of poly-Ql,
poly-QIll and poly-G in the representative alleles). The z-scored variables were used for the
analysis to normalize the range of each variable.

Relationship between poly-Ql and poly-G lengths

To inspect the possibility that longer poly-QI and shorter poly-G are linked under the
constraints of transcriptional functions as suggested for humans and apes (Ferlin et al., 2004;
Hong et al., 2006), we examined the relationship between length of poly-Ql and poly-G in
alleles of New World monkeys. The combinations of poly-QI and poly-G were obtained
from individuals who were homozygous on either region. For comparison, we also
replicated this analysis with data from great apes (gorillas, orangutans, chimpanzees and
bonobos) obtained in Hong et al. 2006. Combinations in each species were shown in three
dimensional plots to visualize the frequency of each combination as elevation.
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Length, polymorphism and sequence of repeated regions

The alignment of representative sequences from all species is illustrated in Fig. 2. For
species that possess polymorphisms, the representative allele indicates the most frequent
allele observed in the species. Details of polymorphic sites found in this study are shown in
Fig. 2. The sequences of the repeat regions obtained in this study are available at the DDBJ/
EMBL/GenBank nucleotide sequence database with the accession numbers from LC185460
to LC185496 and LC186017. Accession numbers of the sequences in Fig. 2 are summarized
in Table 1. It appears that poly-QI in New World monkeys tends to be shorter compared to
catarrhine species (human, apes and Old World monkeys) (Fig. 2). In New World monkeys,
there was no length polymorphism in poly-QI where the extensive length polymorphisms
were observed in apes (Choong et al., 1998; Djian et al., 1996; Garai et al., 2014; Hsing et
al., 2000; Huhtaniemi et al., 2009; Mubiru et al., 2012). In poly-QIl, we found a length
polymorphism, 4 or 5 CAG repeats in capuchin monkeys. The repeat length of the poly-G
region in New World monkeys tended to be shorter than in catarrhines except for squirrel
monkeys that possess long G repeats comparable to humans and apes. We found length
polymorphism in squirrel monkeys (21, 22 and 23 repeats), in capuchin monkeys (11, 13 and
14 repeats) and in owl monkeys (11 and 14 repeats) at this region (Table 2). The sequences
of 22 and 23 poly-G repeats in squirrel monkeys were not obtained since there were no
hemi- or homozygous individuals for these alleles. The sequence of 14 poly-G repeats in
capuchin monkeys has not been sequenced due to the sample availability. In addition to
length polymorphisms, we also found one nonsynonymous single nucleotide polymorphism
that codes serine (codon: AGT) or glycine (codon: GGT), at the 91th amino acid (the 4th
amino acid after Poly-Q I1) in owl monkeys.

Frequency and heterozygosity of polymorphic alleles

For the species in which length polymorphisms were found, frequencies of each allele are
shown in Table 3. The chi-square test for Hardy-Weinberg equilibrium showed that there is
no reason to reject the hypothesis of random mating for all populations (all p> 0.05). The
expected heterozygosity calculated from frequencies, and the observed heterozygosity in
females, are also provided in Table 3.

Codon usage

The codon usage of poly-Q and poly-G regions in the representative sequence of each
species is shown in Table 4. It is notable that high codon bias for GGA codon in the poly-G
region was observed in New World monkeys especially in Callitrichidae species (tamarin
and marmoset) although the codon was seldom observed in other taxa. The Euclidean
distances between species by MDS analysis were plotted in a two-dimensional space (Fig.
3). New World monkeys were clearly separated from the groups of great apes and
prosimians. Within New World monkeys, tamarins were separated from other species,
probably reflecting their unique codon bias.
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Relationship between poly-QIl and poly-G repeat length

We obtained 15 poly-Ql and poly-G combinations of common squirrel monkeys, 71
combinations of tufted capuchins and 11 combinations of owl monkeys. We also replicated
the analysis for 27 combinations of gorillas, 37 combinations of orangutans, 209
combinations of chimpanzees and 4 combinations of bonobos. Fig. 4 shows the relationship
between poly-QI and poly-G repeat lengths in New World monkeys (filled symbols) and in
great apes (open symbols). The elevation of each plot (indicated by a dashed line) represents
the frequency of each combination in a given species. For species without polymorphism,
elevation was set to be 1. Hong and colleagues showed that there was a negative correlation
between poly-Q I and poly-G length in chimpanzees (Hong et al., 2006) and our analyses
replicate the result (r=-0.38, p < 0.0001, Pearson correlation), while no such relationship
was observed in other species. The plots show clearly less length variation at poly-Ql
compared to poly-G among New World monkeys. It appears that poly-QIl lengths in New
World monkeys are shorter than those in apes (Fig. 4).

Discussion

We found polymorphisms in three species and observed that the poly-Q region is short in
New Word monkeys. We also found unique codon bias in this taxon. Although great
variation of CAG and GGN repeat length in the androgen receptor gene has been reported in
many primate species, little was known about the variation in New World monkeys except
for common marmosets (synonym: white-tufted-ear marmoset)(Mubiru et al., 2012). In this
study, we surveyed 17 species of New World monkeys and found length polymorphisms at
these regions in three species (squirrel monkeys, capuchin monkeys, and owl monkeys).
Frequencies of each allele and the expected and the observed heterozygosity indicate the
existence of large diversity in these polymorphisms. Since the sample size of common
squirrel monkey and owl monkey is small, and some individuals are related to each other in
capuchins and squirrel monkeys, caution should be taken regarding the interpretation of the
extent of diversity. We did not observe polymorphism either in Q repeat nor G repeat regions
in Callitrichidae, tamarins and marmosets. This observation is consistent with a previous
report that showed no length polymorphism in common marmosets (Mubiru et al., 2012).
For species that possess polymorphisms, it would be interesting to examine if there are
functional differences among alleles.

Although our sample size is not enough to conclude that there is no great genetic variation of
the AR gene in most New World monkeys, it would be reasonable to state that the
microsatellite region in the exon 1 of the androgen receptor gene of New World monkeys
(platyrrhine) is relatively shorter than that in catarrhines. In addition, we observed that codon
usage at the G repeat region in New World monkeys, especially in Callitrichidae, is unique
among primates. GGA at the poly-G region is frequently used in tamarins and squirrel
monkeys and used once in marmoset, capuchins, spider monkey and howler monkeys while
the codon is never used in other taxa except for aye-aye (Fig. 2, Table 4). This suggests that
the poly-G region has evolved uniquely in New World monkeys. The MDS analysis that
shows the close relationship among New World monkeys supports this idea (Fig. 3).
Uniqueness of New World monkeys in polymorphic regions of a functional gene comparing
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to Old World primates also has been reported in the serotonin transporter gene (Inoue-
Murayama et al., 2008; Santangelo et al., 2016). The difference in androgen concentration
between New World monkeys and Old World monkeys (Snipes et al., 1969) might be related
to the regulation of androgen via AR. Thus, the relationship between sequence differences
and functional differences of the AR gene among primates needs to be investigated in future
research.

It can be hypothesized that the length of poly-Q and poly-G regions should be balanced
since AR works as a dimer, i.e. two identical molecules linked together (Li and Al-Azzawi,
2009). Although a negative correlation between poly-QI and poly-G lengths was observed in
chimpanzees (Hong et al., 2006), no such relationship was observed in New World monkeys
(Fig. 4). In humans, the combination between long Q and long G repeats seems associated
with male infertility (Ferlin et al., 2004). These lines of evidence may suggest that the
balancing between poly-Q and poly-G regions is important only when these repeats are too
long as in the case of apes and humans.

The nature of longer microsatellites in humans compared to other primates is one of the
intriguing evolutionary questions. Although several mechanisms, such as differences in
mutation ratio, reproductive age, population size etc. have been hypothesized (Rubinsztein et
al., 1995), a clear explanation has not been put forward. The tendency of a short poly-Q
region in New World monkeys shown in this study may provide new insight into the
evolution of microsatellites in a functional gene in primates.
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Exon 1 Exon 2-3 Exon 4-8
— Transcription regulation DNA biding Ligand biding ———
537 (Amino Acid length) [- 90 ] 98

poly-Qari+am)  poly-G
(CAG or CAA) (GGN)

Fig. 1.
Schematic illustration of the structure of AR. An example amino acid length of human AR is

shown (modified from Gelmann 2002).
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Fig. 2.
Alignment of nucleotide sequences of representative alleles

Long hared spider monkey
Eiack-nandad spkder mankey
Binck how'er maniey
Dby 18

G regions. Glutamine and glycine codons are highlighted. The sequences of New World

monkey species were obtained in this study. Names in bold indicate spec

polymorphism. Polymorph

ies with

tudy are enclosed with squares and

iss

inth

tes found i

IC SI

sequence of other alleles are illustrated except common squirrel monkey G22 and G23, and
tufted capuchin monkey G14 for which samples for sequencing analysis were not available.

The sequences of other taxa were obtained from previous reports registered in DDBJ/

EMBL/GenBank nucleotide sequence databases.
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Component 1
Fig. 3.

Distribution of representative alleles from each species in a two-dimensional MDS space
based on the lengths of poly-Ql, poly-QIl and poly-G regions and the codon usage in these
regions. Circle: New World monkeys; square: catarrhines; triangle: prosimians; star: non-

primate (house mouse).
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Frequency
5 -

8 o

Fig. 4.

Rglationship between poly-QI and poly-G length. Combinations of poly-QI and poly-G were
obtained from hemizygous males and homozygous females on either region. Filled symbols
indicate New World monkeys (filled circle: capuchin monkeys; filled square: squirrel
monkeys; filled triangle: tamarin; filled inverse triangle: marmoset; asterisk: owl monkey;
filled diamond: other species). Open symbols indicate apes (open circle: orangutan; open
square: gorilla; open triangle; chimpanzee; open inverse triangle: bonobo). Note that
frequency of each combination is represented as elevation of a dashed line (z-axis value) of a
plot for species with polymorphism. Elevation was set to be 1 for monomorphic species.
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