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INTRODUCTION

The evolution of genomes has been thought to be primarily driven by single
basepair mutation, chromosomal rearrangement and gene duplication (Ohno
1970). Duplications have been considered as being the key mechanism for
generating new genes and biological processes that facilitated the evolution of
complex organisms from primitive ones. In the vertebrate evolution, apparently
two whole-genome duplications have happened (Dehal and Boore 2005),
followed by a third duplication in the lineage of ray-finned fish (Jaillon et al.
2004; Postlethwait et al. 2000). In addition to the importance of whole-genome
duplications in the evolution of species, smaller and more frequent duplications
are also thought to be important in hominoid evolution and speciation.

Over the past few years as the genome sequences of many species have
become available, it has become apparent that species- and lineage-specific
duplications are far more frequent than originally believed. In comparison of
human and chimpanzee, large duplications contribute considerably (2.7%) to
the overall divergence compared to single base pair substitutions (1.2–1.5%)
(Cheng et al. 2005; Mikkelsen et al. 2005; Watanabe et al. 2004). Segmental
duplications that have >90% DNA sequence identity and range from one to
several hundred kilobases, cover 5.2% of human genome (Bailey et al. 2001). In
primates the functional distribution of duplicated regions has been found to be
nonrandom involvolving several loci regulating immunity, reproduction, brain
functions, development and adaptation. Such duplicated genomic regions are
prone to non-homologous crossing over and gene conversion, which in addition
to leading to concerted evolution and spread of mutations between duplicons,
are often recognized as mechanisms leading to a growing number of human
genomic disorders (Chen et al. 2007; Lee and Lupski 2006; Lupski 2007;
Stankiewicz and Lupski 2002). The duplication architecture of a genome also
influences normal phenotypic variation as 12% of human genome is estimated
to consist of copy number variable regions differing between individuals (Kidd
et al. 2008; Korbel et al. 2007; Redon et al. 2006; Wong et al. 2007).

However, despite the contribution of genomic rearrangements to intraspecies
diversity and interspecific divergence, we still lack detailed information about
the emergence, evolution and functional effect of duplicated regions.

One of the gene families that has evolved through duplication events in the
primate lineage is the Gonadotropin Hormone Beta subunit family, which
includes the Luteinizing hormone/ Chorionic Gonadotropin beta (LHB/CGB)
genome cluster. The LHB/CGB genes encode for beta-subunit of gonadotropin
hormones that have an essential role in fertility and reproduction (Moyle and
Campbell 1996). The human LHB/CGB gene cluster (19q13.3) consists of seven
highly homologous (85–99%) genes: one LHB and six CGB genes. Duplication
of the ancestral LHB gene gave rise to a new gene CGB, differing from LHB
both in time (pregnancy vs. adult lifetime) and tissue (placenta vs. pituitary) of
expression as well as hormone stability (Maston and Ruvolo 2002; Policastro et
al. 1986). The number of CGB genes differs between primate species ranging
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from one in New World monkeys to up to 50 copies in gorilla (Fortna et al.
2004; Maston and Ruvolo 2002). The LHB/CGB genome cluster was used as a
model to study the variation and evolution of primate-specific duplicated gene
families.

The literature review of the present thesis gives a brief summary about the
duplications of genetic material, the mechanisms leading to duplications and
factors influencing their evolution. The second major overview concentrates on
gonadotropin hormones and their subunit genes, functions and evolution.

The summary of the experimental research conducted in the framework of
this thesis focuses on the following topics: (i) the role of gene conversion in
shaping the variation and LD structure of human LHB/CGB genes, (ii) evolution
of LHB/CGB clusters in human and chimpanzee and (iii) the emergence and
evolution of recently duplicated genes in the cluster.
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1. REVIEW OF LITERATURE

1.1 Duplications of genomic material

Duplications of genomic material can occur on two scales: duplications of the
whole genome and smaller scale duplications, which occur continuously and
involve individual genes and genomic segments.

It is generally accepted that whole-genome duplications drive macro-evolu-
tionary change, but it is unclear to what extent. Genome duplications have been
relatively common in plant evolutionary history and most of the angiosperms
are believed to be ancient polyploids. For example Arabidopsis has experienced
at least three ancient polyploidy events (Bowers et al. 2003; Vision et al. 2000).
Most vertebrate lineages have undergone only one or two large-scale genome
duplication events in their ~500 million year history (Gu et al. 2002a;
McLysaght et al. 2002). By combining data from gene families, phylogenetic
trees and genomic map position Dehal and Boore (2005) showed that there is
evidence of two distinct whole-genome duplications in vertebrate evolution (the
2R hypothesis)(Dehal and Boore 2005), supporting earlier studies (reviewed in
(Roth et al. 2007)) although the topic has long been heavily debated. Additional
whole genome duplication has occurred in the lineage of ray-finned fish after
their divergence from the land vertebrates, but before the divergence of most
teleost species (Jaillon et al. 2004; Postlethwait et al. 2000). It has been
speculated that the whole genome duplications have played an important role in
speciation and adaptive radiation (Aburomia et al. 2003; Holland 2003; Ohno
1970). The fish-specific duplication might have contributed to the biological
diversification of ray-finned fishes (Meyer and Van de Peer 2005), although
many argue against this hypothesis (Donoghue and Purnell 2005). Genome
duplications have also been associated with speciation in yeast and plants (De
Bodt et al. 2005; Maere et al. 2005; Scannell et al. 2006; Wendel 2000).

Small-scale duplications involving distinct genomic segments are much
more frequent compared to whole-genome duplications. Around 15% of genes
in the human genome are believed to arise from duplication events (Lynch and
Conery 2000). Nearly one third of duplicated genes are arrayed in tandem
(Shoja and Zhang 2006). For Drosophila melanogaster, Caenorhabditis elegans
and Saccharomyces cervisiae genomes gene duplicates account for 8–20%
(Lynch and Conery 2000).

In human genome, segmental duplications of >1 kb in size and >90% se-
quence identity cover 5.2% (Bailey et al. 2002). Segmental duplications are
particularly enriched at pericentromeric and subtelomeric regions: subtelomeric
duplications account for 40% (Linardopoulou et al. 2005) and pericentromeric
duplications for 33% of the total (She et al. 2004). Recent duplications in
primate genomes have been associated with Alu elements as the primate-
specific burst in Alu-repeats 35–40 million years ago could have been one
critical event initiating segmental gene duplications (Bailey et al. 2003).
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Lately much attention has been focused on copy number variations (CNVs),
especially in the human genome. CNVs range from kilobases to megabases in
size and include deletion, insertion and duplication variations between indi-
viduals (Iafrate et al. 2004; Sebat et al. 2004; Sharp et al. 2005). CNVs are
enriched in duplications. Approximately 1,450 copy number variable regions,
encompassing 360 Mbs or 12% of the human genome, were mapped through a
study of 270 individuals from the HapMap collection by (Redon et al. 2006).

1.1.1 Molecular mechanisms leading to duplications

Several mechamisms have been proposed to potentially lead to duplications of
genetic material: non-allelic homologous recombination (NAHR), non-homolo-
gous end-joining (NHEJ), fork stalling and template switching (FoSTeS), serial
replication slippage (SRS), microhomology/microsatellite-induced replication
(MMIR) and retrotransposition (Table 1).

Recent analyses of copy number variation breakpoints in human genome
have suggested that majority of indels originate from NHEJ, NAHR and retro-
transposition mechanisms. A detailed analysis of 188 human copy number
variations (indels) estimated that 56% of indels originate from NHEJ events,
30% from retrotransposition events and 14% by NAHR (Korbel et al. 2007).
Perry and colleagues also suggested that NHEJ may be involved in the
formation of a large proportion of common human CNVs (Perry et al. 2008).
Analysis of 227 indels by Kidd and colleages estimated that NAHR and NHEJ
contribute approximately equally (~40%) to the rise of indels, retrotransposition
accounting for ~17% of the events (Kidd et al. 2008).

Table 1. Molecular mechanisms leading to duplications

Mechanism Molecular basis Typical characteristics References
NAHR Homologous

recombination
between paralogous
sequences

– Requires high DNA
sequence identity
– Involves DSBs

Reviewed in Gu et
al. 2008

NHEJ Repair mechanism
for DNA DSBs

– Does not require sequence
homology, can rejoin broken
ends directly end-to-end
– Involves DSBs

Lieber et al. 2003;
Roth et al. 1985;
Weterings and van
Gent 2004

FoSTeS Fork stalling or
pausing and (serial)
template switching
during replication

– Requires microhomology
for template switching
– Stalling or pausing of the
replication fork may be
facilitated by genomic
architectural elements (e.g.
palindromic DNA, stem-loop
structures, repeats, etc.)

Lee et al. 2007

4
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Mechanism Molecular basis Typical characteristics References
SRS (Serial) slipped

strand mispairing
during replication

– Requires microhomology
for template switching
– Stalling or pausing of the
replication fork may be
facilitated by genomic
architectural elements (e.g.
palindromic DNA, stem-loop
structures, repeats, etc.)
– Replication slippage occurs
on closely adjacent sites and
leads to smaller
rearrangements compared to
FoSTeS

Chen et al. 2005a;
Chen et al. 2005b;
Chen et al. 2005c;
Streisinger et al.
1966

MMIR Collapse of the
replication fork,
repair by DNA
strand invasion and
reassembly of a
new replication fork

– Requires microhomology or
stretches of low-complexity
DNA sequences (e.g.
microsatellites) for strand
invasion
– Involves DSBs

Payen et al. 2008

Retrotrans-
position

Reverse
transcription of
mRNA and
insertion into the
genome

– Loss of introns and
regulatory sequences
– Presence of poly A tracts
and flanking short direct
repeats

Reviewed in
Kaessmann et al.
2009

NAHR – non-allelic homologous recombination; NHEJ – non-homologous end-joining;
MMEJ – microhomology-mediated end-joining; FoSTeS – fork stalling and template
switching; SRS – serial replication slippage; MMIR – microhomology/microsatellite-
induced replication; DSB – double-strand break.

 1.1.2 Evolutionary fates and rates of gene duplications

Duplications of individual genes, chromosomal segments or entire genomes
have long been thought to be the main source of genetic novelty, including new
gene functions and expression patterns. Although the discussions about occur-
rence and consequences of duplications are over 100 years old (reviewed in
(Taylor and Raes 2004), Susumu Ohno’s book “Evolution by gene duplication”
from 1970 where he stated that gene duplication is the most important factor in
evolution, is the most widely cited (Ohno 1970).

Three alternative outcomes have been suggested in the evolution of dup-
licated genes: (i) most often one of the gene copies becomes silenced by
degenerative mutations (nonfunctionalization); (ii) one copy of the duplication
may acquire a novel, beneficial function and become preserved by natural selec-
tion, while the other copy retains the original function (neofunctionalization); or
(iii) both, the original and the duplicate gene, mutate and evolve to fulfill
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complementary functions already present in the original gene (subfunctio-
nalization) (Force et al. 1999; Hughes 1994; Ohno 1970; Walsh 1995).

The classical model proposed by Susumu Ohno identified neofunctionali-
zation as the primary mechanism for preservation of duplicate copies (Ohno
1970). The model is based on assumption that after gene duplication, one copy
is redundant and thus freed from any functional constraint. All mutations
occurring in this gene copy are selectively neutral. In most cases, one copy will
accumulate deactivating mutations and become a pseudogene, while the other
copy retains the original function. By chance, rare beneficial mutations can arise
in the gene and lead to novel function resulting in preservation of both
duplicates, one with the new function and the other with the old.

Force and colleagues proposed a subfunctionalization model called duplication-
degeneration-complementation (DDC) model. DDC model predicts that degene-
rative mutations in regulatory regions can increase rather than reduce the pro-
bability of duplicate gene preservation and the usual mechanism of duplicate
gene retention is partitioning rather than the evolution of new functions (Force
et al. 1999; Hughes 1994; Lynch and Force 2000). Genes may have multiple
functions and evolutionarily important changes might happen primarily at the
level of gene regulation rather than protein function. The mutations causing
subfunctionalization are considered to be neutral, not deleterious, because the
function is still performed by the other copy of the gene. Examples of sub-
functionalization are the Hoxb1 genes. The ancestral mouse Hoxb1 expression
patterns seem to have subdivided by the zebrafish hoxb1 duplicates. The
zebrafish hoxb1b shares the early expression pattern of mouse Hoxb1, in the
hindbrain of gastrulating embryos, whereas hoxb1a shares the later expression
of mouse Hoxb1, in a single segment of the neurulation-stage hindbrain
(McClintock et al. 2001; McClintock et al. 2002).

An alternative model of subfunctionalization is the escape from adaptive
conflict (EAC) that involves adaptive mutations (Des Marais and Rausher 2008;
Hittinger and Carroll 2007; Hughes 2005). EAC will occur if the two functions
of the ancestral gene cannot simultaneously be optimized by the natural
selection. After gene duplication, the two genes can escape from the conflict,
with each gene undergoing adaptive mutations that cause it to become specia-
lized towards one of the original subfunctions. Example of the EAC model are
the S. cerevisiae duplicated GAL1 (sugar kinase) and GAL3 (transcriptional
inducer) genes, in Kluyveromyces lactis orthologous and unduplicated gene
GAL1 serves both functions.

Many studies have suggested that both subfunctionalization and neofunctio-
nalization are important and not mutually exclusive modes of evolution of
duplicated genes (He and Zhang 2005; Hughes and Liberles 2007; MacCarthy
and Bergman 2007; Rastogi and Liberles 2005). Subfunctionalization of a
duplicate pair may increase the probability of the fixation of a fitness-enhancing
mutation (Hughes and Liberles 2007).

The rates of duplications depend on their scale. Three whole-genome dupli-
cations are currently known in vertebrate evolution (two shared by all
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vertebrates and one in the teleost lineage) whereas the rate of small-scale
duplications is much higher (Dehal and Boore 2005; Jaillon et al. 2004;
Postlethwait et al. 2000). The average rate of origin of new gene duplicates has
been estimated on the order of 0.01 per gene per million years, with rates in
different species ranging from about 0.002 to 0.02, the rate of duplication of a
gene being of the same order of magnitude as the rate of mutation per
nucleotide site (Gu et al. 2002b; Lynch and Conery 2000; Lynch and Conery
2003). The average half-life of a gene duplicate was estimated approximately 4
million years (Lynch and Conery 2000; Lynch and Conery 2003). However,
recent estimates based on human disease-causing recurring genomic rearrange-
ments suggest that the rate of rearrangements might be several orders of
magnitude greater than those of point mutations (Lupski 2007).

1.1.3 Molecular mechanisms affecting evolutionary
change of duplicated genes

1.1.3.1 Non-allelic homologous recombination

Non-allelic homologous recombination between highly similar DNA sequences
can increase or decrease the number of genes in a gene family (Papadakis and
Patrinos 1999). NAHR events can be mediated by perfectly matching segments
smaller than 50 bp (Lam and Jeffreys 2006), but more commonly 300–500 bp is
necessary (Reiter et al. 1998) making segmental duplications and repetitive
sequences suitable initiators of NAHR. For example, the human fetal Gγ and
Aγ-globin genes resulted from a tandem duplication event of an aproximately
5.5 kb DNA fragment. The duplication resulted from an unequal homologous
crossover between two related L1 long interspersed repetitive elements, located
upstream and downstream of the ancestral γ-globin gene (Fitch et al. 1991;
Papadakis and Patrinos 1999). Also, comparison of the human and chimpanzee
genomes revealed that a large number of deletions (612 human specific and 914
chimpanzee specific deletions (Mikkelsen et al. 2005); 492 human specific dele-
tions (Sen et al. 2006)) appeared to have resulted from recombination between
two nearby Alu elements present in the common ancestor (Mikkelsen et al.
2005; Sen et al. 2006).

The localization of NAHR events is often nonrandom in the genome.
Common features shared among NAHR hotspots include clustering within
small (<1 kb) genomic regions, coincidence with apparent gene conversion
events and no obvious sequence similarities with one another. It is not clear if
recombination hotspots reflect cis-acting sequence motifs, positional preference
for trans-acting factors, unusual non-B DNA structures or denote genomic
regions more susceptible to DNA double-stranded breaks. DNA structures that
have been shown to induce DSBs (such as palindromes, minisatellites and DNA
transposons) have often been reported near NAHR hotspots (Inoue and Lupski
2002).
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NAHR is often considered as the main mechanism causing a class of human
diseases called genomic disorders. These disorders result from chromosome
rearrangements, often initiated by segmental duplications that can lead to a
disease through the loss or gain of a dosage-sensitive gene(s) or a disruption of a
gene (reviwed in (Conrad and Antonarakis 2007; Stankiewicz and Lupski 2002)).

1.1.3.2 Gene conversion as the main form
of homologous recombination

Gene conversion is a nonreciprocal transfer of sequence information between a
pair of nonallelic DNA sequences (interlocus gene conversion) or allelic
sequences (interallelic gene conversion). The prerequisite of gene conversion is
high sequence identity between the involved regions (Liskay et al. 1987;
Lukacsovich and Waldman 1999; Rubnitz and Subramani 1984). One of the inter-
acting sequences, the donor, remains unchanged, but the other DNA sequence, the
acceptor, is changed so that it gains some sequence copied from the donor.

In eukaryotes, gene conversion constitutes the main form of homologous
recombination that is initiated by DNA double-strand breaks. Gene conversion
mediates the transfer of genetic information from intact homologous sequence
to the region that contains the DSB, and it can occur between sister chromatids,
homologous chromosomes or homologous sequences on either the same chro-
matid or different chromosomes. During meiosis, DSBs are created by a
topoisomerase-like enzyme, whereas during mitosis they can be induced by
radiation, free radicals, chemicals, nucleases and may occur at stalled replica-
tion forks (Paques and Haber 1999).

Several models are used to explain gene conversion (Figure 1): (i) the
double-strand break repair (DSBR) (Szostak et al. 1983); (ii) the synthesis-
dependent strand-annealing (SDSA) (Ferguson and Holloman 1996; Nassif et
al. 1994; Paques and Haber 1999) and (iii) the double Holliday junction
dissolution model (Hastings 1988; Nassif et al. 1994).

Since both are initiated by DSBs, a number of studies have found co-
localization of recombination and gene conversion activities. In the direct study
of inter-allelic gene conversion by sperm typing of three human recombination
hot spots (DNA3 and DMB2 in MHC and SHOX in the pseudoautosomal pairing
region PAR1 in the sex chromosomes) the peak of gene conversion activity
coincided with the peak of crossover rates (Jeffreys and May 2004). Similar
results have been reported in mouse Psmb9 hot spot (Guillon and de Massy
2002) and in the rosy locus in D. melanogaster (Hilliker et al. 1994). The gene
conversion frequency and the local recombination rate were also found to be
positively correlated in the recently published large-scale study of inter-locus
gene conversion in human genome (Benovoy and Drouin 2008).

During recombination, gene conversion events are alternative solutions to
crossovers. There are indications that gene conversions actually outnumber
crossovers. (Jeffreys and May 2004) estimated that ~80–94% of recombination
events are gene conversions. Higher gene conversion than recombination rate

5
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has been reported for human MS32 and TAP2 hotspots and growth hormone
gene family (Gay et al. 2007; Sedman et al. 2008). Also in Arabiopsis thaliana,
it has been estimated that up to 90% of crossovers result in gene conversion
(Haubold et al. 2002), although a more recent study found the rates of gene
conversion and crossover to be approximately equal (Plagnol et al. 2006).

According to some studies, the non-allelic gene conversion has been found
to show biased directionality. The proximal-to-distal gene conversion rate
between two directly repeated HERV elements on human Yq was estimated as
2.4 x 10–4 to 1.2 x 10–3 per generation, the rate of distal-to-proximal about
20 times lower (Bosch et al. 2004). In human globin genes, the directionality of
gene conversion has been correlated with the relative levels of expression of the
participating genes (Papadakis and Patrinos 1999).

The gene conversion tracts in yeast (S. cerevisiae) have generally found to
be slightly longer compared to mammalian cells. The yeast conversion tract
lengths vary from 1–2 kb (Judd and Petes 1988; Mancera et al. 2008) to very
short (<12 bp) regions (Palmer et al. 2003). Study based on 63 multigene
families in yeast found the average length of converted regions to be 173 ±
220 bp (range 8 to 1,181 bp)(Drouin 2002).

In mammals, gene conversion tracts are usually short, on the order of 200 bp
to 1 kb in length. In D. melanogaster rosy locus the mean gene conversion tract
length was 352 bp (Hilliker et al. 1994). In mouse Psmb9 hot spot gene con-
version tracts were <540 bp long (Guillon and de Massy 2002), in hotspot
located on chromosome 8 C-D average tract length of 371 bp (range 255 to
627 bp) was seen (Nishant et al. 2004). In human (Table 2), the estimates range
from 54–132 bp for single-sperm analysis of the leukocyte antigen HLA-DPB1
locus (Zangenberg et al. 1995), to 55–290 bp for various gene conversion
hotspots (Jeffreys and May 2004), 113–2,266 bp for the globin genes (Papa-
dakis and Patrinos 1999) and to 1–1,365 bp for two Yq-located endogenous
retroviral (HERV) sequences (Bosch et al. 2004).

Large-scale studies of inter-locus gene conversion have been conducted in
several organisms. Gene conversion has been detected in 7.8% (69/879) of yeast
S. cerevisiae gene pairs (Drouin 2002), in 2% (143/7,829) of nematode worm C.
elegans gene pairs (Semple and Wolfe 1999), ~13% (340/2,641) of mouse Mus
musculus gene pairs (Ezawa et al. 2006). In rice Oryza satva indica, gene
conversion was detected in 9.7% (513/5,274) of studied genes (Xu et al. 2008),
frequent gene conversion has also been found in A. thaliana genome
(Mondragon-Palomino and Gaut 2005). Common features of the studies include
short tract length (around few hundred base pairs), higher frequency of intra-
chromosomal compared to inter-chromosomal gene conversion events,
increasing frequency with increasing nucleotide identity and decreasing physi-
cal distance between gene pairs (Drouin 2002; Ezawa et al. 2006; Mondragon-
Palomino and Gaut 2005; Semple and Wolfe 1999; Xu et al. 2008). A recent
large-scale study of 1,434 protein coding human gene families with three or
more genes found that gene conversion occurred at frequency of 0.88%
(483 events of 55,050 compared gene pairs)(Benovoy and Drouin 2008).
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Figure 1. Gene conversion mechanisms (Chen et al. 2007). The double-strand break
repair (DSBR; a–b–d), synthesis-dependent strand-annealing (SDSA; a–c) and double
Holliday junction (HJ) dissolution (a–b–e) models are illustrated.

All models share a common initiating step: the 5’ ends of the double-strand break
are resected to form 3’ ssDNA tails which actively scan the genome for homologous
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sequences. One of the tails invades the homologous DNA duplex forming a displace-
ment (D)-loop, which is then extended by DNA synthesis.

SDSA diverges from the other two pathways after D-loop extension: the invading
strand and the newly synthesized DNA are displaced from the template and anneal to
the other 3’ end of the DSB, leading to the formation of only gene conversion events
(Ferguson and Holloman 1996; Nassif et al. 1994; Paques and Haber 1999).

Otherwise, the 3’ end of the DSB is captured and DNA synthesis and ligation of
nicks lead to the formation of double HJs. According to the dissolution model, the
double HJs are removed via convergent branch migration (indicated by dotted arrows)
leading exclusively to gene conversion (Hastings 1988; Nassif et al. 1994).

In DSBR model, the resolution of the double HJs is predicted to generate an equal
number of non-crossover (indicated by red arrows at both HJs) and crossover (indicated
by black arrows at one HJ and red arrows at the other HJ) events (Szostak et al. 1983).

Table 2. Examples of gene conversion events in human genome.

Locus Length of
converted
region

Gene conversion
frequency

Detection method Reference

MHC DMB2 55–290 bp 1.3–3.4 x 10–3 per
sperm

Sperm typing Jeffreys and
May 2004

HLA-DPB1 54–132 bp ~1/10,000 sperm Sperm typing Zangenberg et
al. 1995

Globin genes 113–2,266 bp – Bioinformatic
analyis of gene
sequences

Papadakis and
Patrinos 1999

AZFa region 1–1,365 bp 2.4 x 10–4 to
1.2 x 10–3 per
generation

Bioinformatic
analyis of gene
sequences

Bosch et al.
2004

MSY – ~600 bp per
newborn male

Bioinformatic
analyis of gene
sequences

Rozen et al.
2003

GH/CSH
gene family

3–142 bp,
mean 24 bp

– Bioinformatic
analyis of gene
sequences

Sedman et al.
2008

1,434 protein
coding gene
families with
≥3 members

10 – 6,011 bp,
average
371±752 bp

0.88% (483 con-
version events/
55,050 gene pairs
compared)

Bioinformatic
analyis of gene
sequences

Benovoy and
Drouin 2008

1.1.3.3 Effects of gene conversion
on duplicated genomic regions

Gene conversion is a mechanism acting on genomic regions with high sequence
identity, on one hand maintaining the sequence homogeneity but on the other
hand producing sequence diversity.
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Inter-locus gene conversion has an important role in the concerted evolution
of multigene families and highly repeated DNA sequences. A hallmark of its
action is that paralogous gene sequences become more closely related to each
other than they are to their orthologous counterparts in closely related species
(Li 1997; Li et al. 2005). In humans the first gene conversion events were
reported in the globin genes (Slightom et al. 1980). Since then, the inter-locus
gene conversion has been implicated in the concerted evolution of many human
gene families like the Rh blood group antigen genes RHD and RHCE (Innan
2003), red (OPN1LW) and green (OPN1MW) opsin genes (Verrelli and Tishkoff
2004), olfactory receptor genes (Sharon et al. 1999), growth hormone gene
family (Giordano et al. 1997), MHC (Zangenberg et al. 1995), the chemokine
receptor genes CCR2 and CCR5 (Vazquez-Salat et al. 2007), etc.

Gene conversion can generate diversity by re-assorting variants among
paralogs. For example, gene conversion is suggested to generate diversity in the
major histocompatibility complex (Ohta 1991; Parham and Ohta 1996; Pease et
al. 1993) and immunoglobulin gene families (Huber et al. 1993).

Gene conversion seems to favor some alleles over others leading towards
higher GC content in homologous multigene families (Eyre-Walker 1993;
Galtier et al. 2001; Mancera et al. 2008; Marais 2003). This process is known as
biased gene conversion arising as a consequence of the GC-biased repair of A:C
and G:T mismatches that are formed in heteroduplex recombination inter-
mediates during meiosis (Brown and Jiricny 1988). Biased gene conversion
toward GC in mammals has been shown between histone genes (Galtier 2003),
Hsp70 genes (Kudla et al. 2004), Fxy genes (Galtier and Duret 2007), Bex
genes (Zhang 2008) and in HINTW genes in birds (Backstrom et al. 2005).

Repetitive sequences, i.e. Alu sequences, can initiate gene conversion. A
genome-wide study attributed approximately 10–20% of the sequence variation
in the Alu Ya5 subfamily to gene conversion (Roy et al. 2000). Recently, (Zhi
2007) estimated that 15,000–85,000 point mutations in the human genome have
arisen through sequence exchanges between neighboring Alu elements.

There is growing evidence that gene conversion has an important role in
shaping the patterns of linkage disequilibrium (LD) in the human genome
(Ardlie et al. 2001; Frisse et al. 2001; Przeworski and Wall 2001; Ptak et al.
2004). Gene conversion decreases LD at small scales (e.g. over a few hundred
base pairs), recombination has a greater role over longer stretches of DNA
(Andolfatto and Nordborg 1998; Wiehe et al. 2000). Whereas crossing over is
the major determinant of LD for distant sites, the effects of gene conversion
cannot be ignored for closely linked sites.

In addition to affecting the evolution of gene families and genome variation
patterns, gene conversion events have been implicated as the molecular cause of
an increasing number of human diseases (reviewed in (Chen et al. 2007)).
Pathogenic gene conversion often results from the transfer of genetic infor-
mation from non-functional pseudogenes to their closely related functional
counterparts. Some examples of such diseases are the Gaucher disease (conver-
sion from GBAP to GBA)(reviewed in (Hruska et al. 2008)), Shwachman-

6
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Bodian-Diamond syndrome (conversion from SBDSP to SBDS)(Nicolis et al.
2005), von Willebrand disease (conversion from VWFP to VWF)(Eikenboom et
al. 1994), congenital adrenal hyperplasia (conversion from CYP21A1P to
CYP21A2)(Higashi et al. 1988). In most of the cases, the conversion event
results in the functional loss of the respective acceptor gene through the intro-
duction of frameshift, aberrant splicing, nonsense mutations and so on. In nearly
all known cases of disease-causing inter-locus gene conversion, the acceptor
and donor genes are located on the same chromosome (Chen et al. 2007).

1.1.3.4 Balance between natural selection and
relaxed mutation rate in homologous genes

The evolutionary forces behind the functional divergence of duplicated genes
are largely unknown.

The classical view is that after duplication, the selection is relaxed because if
one gene gains a mutation that alters the function, the remaining copy serves as
a backup to retain the original function (Ohno 1970). The divergent copy is then
free to aquire random substitutions, become non-functional or by chance, obtain
a new tissue specificity or other function. Increasing functional and sequence
divergence of gene duplicates can end the period of neutrality and lead to
increased selective constraints on both genes (Force et al. 1999).

Relaxation of selection can also affect both of the copies and one possible
outcome of such relaxation is subfunctionalization. Each copy may be slightly
damaged by mutations to the point where both of them are necessary to perform
the original function (Force et al. 1999; Lynch and Conery 2000).

Both these models predict that a duplication will be followed by accelerated
evolution of one or both copies. Indeed early in their history, many gene
duplications show a phase of relaxed selection or even accelerated evolution
(Conant and Wagner 2003; Lynch and Conery 2000; Lynch and Conery 2003).
However, these accelerations could be due to an increase of mutation rates after
duplication, the relaxation of purifying selection due to the duplication of
functional genes, the action of positive diversifying selection on one or both
copies, or a combination of these (Conant and Wagner 2003; Kondrashov et al.
2002; Lynch and Conery 2000; Zhang et al. 2003). The apparent acceleration
immediately after a duplication is insufficient to decide whether the duplication
was adaptive or neutral (Kondrashov and Kondrashov 2006).

1.1.4 Duplicated gene families in primates

In addition to large-scale chromosomal rearrangements and single base pair
substitutions, primate species differ from each other by segmental duplication
content and in many gene families also by gene copy numbers.

It has been estimated that between human and chimpanzee, large segmental
duplications (>20 kb and >94% identity) have a greater impact (2.7%) in
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altering the genomic landscape compared to single-base-pair differences (1.2%)
(Cheng et al. 2005). Demuth and colleagues found that the human genome
contains 1,418 genes that do not have orthologs in the chimpanzee (689 gains in
human, 729 losses in chimpanzee / 22,000 total genes) leading to at least 6%
difference in their complement of genes (Demuth et al. 2006).

Primate specific gene duplications have involved loci regulating immunity
(e.g. MHC, beta-defensin, CD33rSiglec gene clusters), reproduction (e.g. GH,
PRAME genes, Y-chromosomal gene families), development and adaptation
(e.g. Opsin, Beta Globin genes, Rh blood group, Class 1 ADH, PRDM and
FAM90A gene families) and brain functions (NAIP, ROCK1, USP10 and
MGC8902 genes) (Angata et al. 2004; Birtle et al. 2005; Bosch et al. 2007;
Cheng et al. 2005; Dumas et al. 2007; Fitch et al. 1991; Fumasoni et al. 2007;
Hunt et al. 1998; IHGSC 2004; Li et al. 2005; Oota et al. 2007; Piontkivska and
Nei 2003; Popesco et al. 2006; Salvignol et al. 1993; Semple et al. 2003).

One example of an expanded gene family is the preferentially expressed
antigen of melanoma (PRAME) gene family that in humans consists of a single
gene on chromosome 22q11.22 and a cluster of genes on chromosome 1p36.21.
PRAME and PRAME-like genes are actively expressed in cancers but normally
manifest testis-specific expression and may thus have a role in spermatogenesis.
Several segmental duplication events have occurred independently in human (at
least 22 PRAME genes and 10 pseudogenes), chimpanzee (at least 12 PRAME
genes and pseudogenes) and macaque (at least 8 PRAME genes and pseudogenes)
lineages in the PRAME gene family (Birtle et al. 2005; Gibbs et al. 2007).

The Growth Hormone (GH) gene family expansion happened after the split
of NWM and OWM/apes. Prosimians have only a single copy of GH genes.
Independent duplications have been reported for several species leading to a
different number of genes in GH locus: five in human, six in chimpanzee, five
in macaque and eight GH-like genes in marmoset (Golos et al. 1993; Li et al.
2005; Wallis and Wallis 2006; Ye et al. 2005). Between human and chimpanzee
only three genes are clearly orthologous: the two GH genes and one placental
lactogen (PL) but none of the human and chimpanzee placental lactogens are
clearly orthologous to those reported for the macaque (Revol De Mendoza et al.
2004; Ye et al. 2005).

MGC8902 gene shows a very rapid human lineage-specific amplification
(Dumas et al. 2007; Fortna et al. 2004; Popesco et al. 2006). MGC8902 gene
encodes six primate-specific DUF1220 protein domains highly expressed in
brain regions associated with higher cognitive function and in brain showing
neuron-specific expression preferentially in cell bodies and dendrites. 49 copies
of MGC8902 gene have been found in human, 10 in chimpanzee and 4 in
macaque (Popesco et al. 2006). It has been estimated that 34 different human
genes encode DUF1220 domains. The number of DUF1220 copies is highly
expanded in humans (212 copies), reduced in African great apes, further
reduced in orangutan and Old World monkeys, single-copy in nonprimate
mammals, and absent in nonmammalian species (Popesco et al. 2006).
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1.2 Glycoprotein hormones

Together with tyroid-stimulating hormone (tyrotrophin, TSH), the gonado-
tropins luteinizing hormone (lutropin, LH), chorionic gonadotropin (CG) and
follicle-stimulating hormone (follitropin, FSH) belong to the family of
glycoprotein hormones. LH, FSH and TSH are produced in pituitary gland,
while CG originates from placenta. Members of the family are relatively large
heterodimer proteins (molecular mass 30–40 kDa) formed by the non-covalent
association of α-subunit, which is common to all members of the family and a
hormone-specific β-subunit which determines the specific activity of each
hormone (Pierce and Parsons 1981).

The human α-subunit is encoded by a singe gene localized on chromosome
6q12.21 (Moyle and Campbell 1996). The β-subunit genes are located on
different chromosomes: TSHB on chromosome 1p13, FSHB on chromosome
11p13 and the LHB/CGB gene cluster on 19q13.32. The human LHB/CGB
genome cluster consists of one LHB and 6 CGB genes (Fiddes and Talmadge
1984; Graham et al. 1987; Policastro et al. 1986).

The glycoprotein hormones exert their activity by binding to distinct cell surface
receptors and activating adenylyl cyclase (Pierce and Parsons 1981). The receptors
belong to the large family of G protein-coupled receptors, whose members all have
a transmembrane domain with seven transmembrane helices connected by three
extracellular and three intracellular loops and a large extracellular hormone-binding
domain at the N-terminus. FSH and TSH bind to the FSH and TSH receptors,
respectively, while LH and CG both bind to the same LH receptor. The LH receptor
is located on chromosome 2p21(Rousseau-Merck et al. 1990a), FSH on 2p21–16
(Gromoll et al. 1994; Rousseau-Merck et al. 1993) and TSH receptor on 14q31
(Libert et al. 1990; Rousseau-Merck et al. 1990b).

1.2.1 Molecular structure of gonadotropins

Three of the glycoprotein hormones, the gonadotropins FSH, LH and CG have
essential functions in the reproductive systems controlling the production of
male and female gametes and the sex steroid hormones.

Gonadodropin hormones consist of α and β-subunit formed by non-covalent
associations. The non-covalent interaction between the α- and β-subunits is
stabilized by a segment of the β-subunit that extends like a “seat-belt” around
the α-subunit and is “locked” by a disulfide bridge.

In human the mature α-subunit consists of 92 amino acid residues and
contains 10 cycteines which form five intramolecular disulfide linkages and two
N-linked glycosylation sites (Moyle and Campbell 1996). The β-subunits of
FSH, LH and hCG contain 12 cycteine pairs forming six intrasubunit disulfide
brigdes and two N-linked glycosylation sites (one for LHβ). Lengths of the
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subunits vary from 111 amino acids for FSHβ to 121 for LHβ and 145 amino
acids for hCGβ.

The CGB gene is believed to have been evolved from the LHB gene through
a frame-shift mutation in the last exon elongating the open reading frame (ORF)
into the previously 3’ untranslated region. Thus, the hCGβ protein is larger than
the LHβ protein, containing a carboxy-terminal extension (CTP) of 24 amino
acids, with four additional O-linked glycosylation sites not present in LHβ
(Fiddes and Goodman 1980; Talmadge et al. 1984). The amino acid homology
between LHβ and hCGβ subunits is more than 80% (Pierce and Parsons 1981).
These hCGβ-specific O-linked glycosylation sites explain the longer circulating
half-life of hCG over LH. Human LH has a circulating half-life of 40–60
minutes (Diebel and Bogdanove 1978), whereas hCG has a circulating half-life
of 5–6 hours (Armstrong et al. 1984; Wehmann and Nisula 1981; Yen et al.
1968). The glycosylated CTP also results in an altered route of hormone
secretion: LH is secreted baso-laterally from gonadotrophic storage granules
after GnRH-stimulation, whereas hCG is released constantly and apically by
trophoblasts towards the maternal blood circulation system (Handwerger et al.
1987; Jablonka-Shariff et al. 2002; Lloyd and Childs 1988). Compared to other
glycoproteins, hCG is the most glycosylated; 25–40% of the molecular weight
comes from oligosaccharides (Cole 2007). An over-glycoylated variant of hCG
called hyperglycosylated hCG (hCG-H) differs from regular hCG in size
(>40 kDa vs. 36.7 kDa) and place of expression (cytotrophoblast vs. syncytio-
trophoblasts) (O'Connor et al. 1998).

Crystal structures of human CG and FSH both reveal elongated molecules
with similar folds for the α- and β-chains, and a cysteine-knot motif in the
central core of each subunit (Fan and Hendrickson 2005; Fox et al. 2001;
Lapthorn et al. 1994; Wu et al. 1994).

1.2.2 Functions of gonadotropins

1.2.2.1 Pituitary gonadotropins FSH and LH

FSH is secreted from pituitary and its principal role is to stimulate the
development of the follicles that have resumed meiosis. In females, FSH targets
a receptor (FSHR) expressed only on granulosa cells and induces them to
proliferate. Follicular maturation requires FSH stimulation – in the absence of
sufficient FSH, follicles fail to develop and ovulation does not occur (Dias et al.
2002; Moyle and Campbell 1996; Simoni et al. 1997). Together with activin,
inhibin and estradiol, FSH has a role in selecting follicle(s) that will develop
and produce sufficient estradiol to trigger the LH surge leading to ovulation. In
males, FSH stimulates sertoli cell proliferation in testes and supports spermato-
genesis (Dias et al. 2002; Themmen and Huhtaniemi 2000).

7
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Luteinizing hormone acts on the ovary to promote the ovulation and luteini-
zation of mature Graafian follicles and to stimulate steroidogenesis in thecal and
interstitial cells. In humans LH also maintains the progesterone production from
corpus luteum. Because LH stimulates androgen production in theca cells, thus
providing substrate for granulosa cell estrogen production, LH has an important
role in follicular estrogen formation and acts synergistically with FSH. In males
LH promotes testosterone formation from the Leydig cells of the testis. These
androgens are needed for spermatogenesis and for development of male
secondary sexual characteristics (Moyle and Campbell 1996; Themmen and
Huhtaniemi 2000).

1.2.2.2 Placental gonadotropin hCG

hCG is produced by early trophoblast cells and it prolongs the life of corpus
luteum, thereby permitting the synthesis of progesterone, essential to prevent
uterine rejection of the developing embryo. hCG is important in preparing the
endometrium for the implantation of embryo and placentation. The hormone
also has a role in modifying the local immunosupression, enabling the
implantation of the embryo (Moyle and Campbell 1996). Reports of hCG’s
promotion of angiogenesis support the hypothesis of the embryo fostering
maternal blood vessels growth via hCG for better supply of nutrients and easier
release of hCG and other factors (Herr et al. 2007; Zygmunt et al. 2002). During
pregnancy, hCG is produced by the fetal part of the placenta and is also crucial
for male fetal sexual differentiation, as hCG stimulates fetal testosterone
synthesis in the testicular Leydig cells (Clements et al. 1976; Gromoll et al.
2000; Huhtaniemi et al. 1977).

Hyperglycosylated hCG is responsible for cytotrophoblast invasion into the
endometrium (O'Connor et al. 1998).

hCG is one of the first proteins synthezised after the conception and forms
the basis of most pregnancy tests. After implantation, hCG is transported into
the maternal bloodstream, where its concentration rapidly increases. The
maximum level of hCG is reached by 9–10 weeks of pregnancy. Concentration
decreases from the 10th to the 16th week of gestation, being approximately 25%
of the peak concentration, thereafter the level of hCG falls to become 10% of
the peak trimester value that persists throughout the remainder of the pregnancy
(Hay 1988; Jameson and Hollenberg 1993).

Hyperglycosylated hCG accounts for the major proportion of hCG forms
produced during trophoblast invasion at implantation early in pregnancy. hCG-
H accounts for more than 50% of total hCG until the fifth week of pregnancy,
thereafter declines rapidly and keeps a level of <2% in the second and third
trimesters (Cole et al. 2004; O'Connor et al. 1998).

Abnormal levels of hCG have been associated to several phenotypes of
complicated pregnancies. Low levels of hCG during the first trimester of preg-
nancy are related to miscarriage, ectopic pregnancy and failure of IVF procedure
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(Gerhard and Runnebaum 1984; Letterie and Hibbert 2000; Poikkeus et al. 2002).
Several chromosomal aberrations, for example trisomy of chromosome 21 and
18, are also associated with low hormone concentrations (Brizot et al. 1996;
Brizot et al. 1995). The molar pregnancy and preeclampsia are related to elevated
production of hCG (Gurbuz et al. 2004). High levels of hCG and especially β-
subunit and their metabolites, refer to gestational trophoblastic disease. hCG
expression in non-pregnant state is a sensitive and specific marker for
trophoblastic tumors and many non-trophoblastic malignancies (Madersbacher et
al. 1994; Marcillac et al. 1992; Reimer et al. 2000; Stenman et al. 2004).

Low hyperglycosylated hCG levels predict a risk for early pregnancy failure
and preeclampsia; high mid-trimester levels predict Down syndrome pregnancies
(Kovalevskaya et al. 2002; Sutton-Riley et al. 2006). hCG-H is also considered a
very good marker for choriocarcinoma and testicular germ cell malignancy cases,
identifying the presence of invasive disease and the need for chemotherapy. The
more malignant the cells are, the more hCG has been found to be hyper-
glycosylated (Cole 2007; Cole and Khanlian 2007; Valmu et al. 2006).

1.2.3 Evolution of gonadotropins

1.2.3.1 Gonadotropin genes in vertebrates

In most species of fish the gonadotropin types I and II control the gonadal
development (designated GTH-I and GTH-II) and the duality of gonadotropins
has been established for all teleost orders examined (Schulz et al. 2001). GTH-I
has been shown to be chemically and functionally related to mammalian FSH
and GTH-II to mammalian LH (Li and Ford 1998; Prat et al. 1996). However,
in some fish species like chum salmon, bonito and carp, two types of α-subunits
have been identified (Chang et al. 1988; Itoh et al. 1990; Koide et al. 1993).

FSH and LH are structurally and functionally conserved hormones and their
genes have been cloned from all classes of vertebrate species including fishes,
amphibians, reptiles and birds as well as mammals ((Watanabe et al. 2007) and
references therein). At the amino acid level, the α-subunits are most highly
conserved between species, the amino acid identity between the teleost fish, the
European sea bass (Dicentrarchus labrax) and amphibians, reptiles, birds and
mammals ranging 52–61% (Li and Ford 1998; Mateos et al. 2003).

In contrast to functionally conserved FSH and LH, the placenta-specific CG is
evolutionarily young hormone. CG is produced in the placenta of only few
mammals, notably primates and a few equines like horse (Equus ferus caballus),
donkey (Equus asinus) and zebra (Equus burchelli). However, in horse the amino
acid sequences of eCG and eLH are identical, produced by the same gene named
eLH/eCGB, and differ only in their glycosylation patterns (Chopineau et al. 1999;
Chopineau et al. 1995; Murphy and Martinuk 1991; Sherman et al. 1992). The
protein harbours a carboxy-terminal peptide (CTP) like CG. In horses the
ancestral LHB gene has remained as a single copy, but retained the pituitary-
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specific expression and acquired both the C-terminal extended domain (CTP) and
an additional property of placenta-specific expression. The horse CTP was most
probably derived from a 10 bp deletion in exon 3, which is different from the
single nucleotide deletion in the primate CGB gene. The same promoter region of
the horse LHB/CGB gene serves as promoter in the pituitary and placenta. The
main difference from other mammalian LHB promoters is a small insertion
(50 bp) that gave rise to a second TATA-box, leaving the remaining promoter
largely unchanged (Sherman et al. 1992).

1.2.3.2 Emergence of primate-specific CGB gene

In primates and equines the evolution of gonadotropins have occurred through
independent evolutionary pathways (Murphy and Martinuk 1991; Sherman et
al. 1992). In primates the duplication of the ancestral LHB gene and diversifica-
tion of one of the gene copies led to a novel placentally expressed hormone CG.
The novel CGB gene most probably evolved from the LHB gene through a 1 bp
deletion in the last exon of the gene causing a frame shift and elongating the
open reading frame into the previously 3’ untranslated region (Fiddes and
Goodman 1980).

The CGB gene first arose in the common ancestor of the anthropoid primates
(New World monkeys, Old World monkeys, apes and human), after the anthro-
poids diverged from tarsiers (Figure 2). At least two subsequent duplication
events occurred in the catarrhine primates (OWM, apes and humans), all of
which possess multiple CGB copies (Table 3) (Maston and Ruvolo 2002).
Fossil and molecular phylogenetic studies place the origin of the CGB gene
between 50 and 34 MYA (Bailey et al. 1991). The CGB specific 1 bp deletion
was found in the CGB genes of all the anthropoid species studied by (Maston
and Ruvolo 2002), suggesting that the deletion occurred early after the initial
LHB duplication, before the divergence of the catarrhines from the platyrrhines
(NWM) (Maston and Ruvolo 2002). The copy numbers of CGB genes vary
between different catarrhine primate species studied so far (Table 3).

The levels of CG in humans and monkeys reach maximal values early in
pregnancy during the first trimester. CG expression is detected throughout the
entire gestational period of great apes and humans (Lasley et al. 1980), only
during the first trimester in Old World and New World monkeys (Munro et al.
1997), and has not been detected in prosimians (Shideler et al. 1983).

Interestingly, recent studies have shown that in New World monkeys the
evolution of LHB/CGB genes has followed a different route compared to other
primates harboring CGB genes (Figure 2). In the common marmoset (Callithrix
jacchus) the evolution of LHB/CGB genes have been studied more thoroughly
as marmoset is a commonly used animal model in medical studies. The pituitary
of common marmoset only produces CG instead of luteinizing hormone, for LH
mediated functions in most species (Muller et al. 2004). Although LHB and
CGB genes are present at the genomic level, the LHB gene has become non-
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functional and only CGB gene is expressed in both the pituitary and placenta
tissues (Gromoll et al. 2003; Muller et al. 2004). Marmoset CGB possesses one
N-glycosylation and two O-glycosylation sites and therefore shows differences
both with human CGB and LHB representing a peptide like hCGβ but with a
glycosylation pattern intermediate between human LHβ and hCGβ (Amato et
al. 1998; Simula et al. 1995). CGB gene expression in marmoset pituitary is
activated similar to human LHB. In vivo study of pregnant marmoset monkeys
showed that during pregnancy there is no significant decrease of pituitary CG
production, contrasting human LH down-regulation (Henke et al. 2007).

Table 3. Copy numbers of CGB genes in primates.

Species No. of
CGB
genes

Method of detection Reference

1 Human
(Homo sapiens)

6 Human genomic
library screening and
sequencing

Policastro et al. 1983

2 Orangutan
(Pongo pygmaeus)

4 Southern blot Maston and Ruvolo 2002

3 Gorilla
(Gorilla gorilla)

~50 Array-CGH Fortna et al. 2004;
Dumas et al. 2007

4 Rhesus macaque
(Macaca mulatta)

3 Southern blot
Sequence analysis
based on macaque
genome project data

Maston and Ruvolo 2002;
Henke and Gromoll 2008

5 Guereza monkey
(Colobus guereza)

5 Southern blot Maston and Ruvolo 2002

6 Dusky leaf monkey
(Presbytis obscura)

5 Southern blot Maston and Ruvolo 2002

7 Common marmoset
(Callithrix jacchus)

1 Reverse-transcription
PCR

Simula et al. 1995

8 Owl monkey
(Aotus trivirgaus)

1 Southern blot Maston and Ruvolo 2002

9 Dusky titi monkey
(Callicebus moloch)

1 Southern blot Maston and Ruvolo 2002

10 Ring-tailed lemur
(Lemur catta)

0 Southern blot Maston and Ruvolo 2002

11 Aye-aye
(Daubentonia
madagascariensis)

0 Southern blot Maston and Ruvolo 2002

12 Philippine tarsier
(Tarsius bancanus)

0 Southern blot Maston and Ruvolo 2002

8
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Figure 2. Schematic evolution of LHB and CGB genes in primates. NWM – New
World monkeys, OWM – Old World mokeys (Henke and Gromoll 2008).

1.2.3.3 Co-evolution of CG and placental morphology

The occurrence of CG hormone is in accordance with the evolution of placental
morphology (Maston and Ruvolo 2002). CG has to move from the placenta into
the maternal bloodstream and then be transported to the ovary in order to act on
its target, corpus luteum. Anthropoid primates all have hemochorial placenta, in
which placental tissue is directly bathed in maternal blood, making it easy for
placentally derived molecules to enter the maternal bloodstream (King 1993).
Hemochorial placentation first appears in tarsiers. Strepsirrhine primates and
most other mammals have an epitheliochorial placenta, in which both the
uterine epithelium and the maternal vascular endothelium remain present during
pregnancy (Moffett and Loke 2006). These two additional tissue layers impede
the flow of large macromolecules from the placenta to the maternal blood-
stream. Horses have also evolved specialized placental structures – endometrial
cups – which help in the delivery of equine CG to the mare’s bloodstream
(Maston and Ruvolo 2002).
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1.2.4 The human LHB/CGB genes

1.2.4.1 LHB/CGB gene cluster at 19q13.32

In human genome, the LHB/CGB gene cluster is located on chromosome
19q13.32, consisting of one LHB and six CGB genes and spanning approxi-
mately 50 kb (Figure 3)(Fiddes and Talmadge 1984; Policastro et al. 1983;
Policastro et al. 1986). The beta-subunit of hCG hormone is encoded by four
genes: CGB, CGB5, CGB7 and CGB8. Amino acid sequence identity between
the hCGβ-coding genes is 98–100% and to LHB 85% (Bo and Boime 1992;
Hollenberg et al. 1994).

Two genes, the CGB1 and CGB2, in the human LHB/CGB cluster do not
encode for the β-subunit of hCG hormone and have long been considered to be
pseudogenes. CGB1 and CGB2 underwent further differentiation from
canonical CGB owing to a DNA insertion/deletion event involving the 5’ UTR
and upstream region of hCGβ-coding genes. These rearrangements led to a
novel exon 1 (58 bp) and constitutive skipping of canonical exon 1, in which the
donor splice site is disrupted. The two known exons 2 and 3 are included in the
ORF but are frame-shifted, thereby leading to a hypothetical ORF of 132
codons with a new stop codon and elongated 3’UTR. The predicted protein has
no similarity to hCGβ-subunit nor to any other known protein (Bo and Boime
1992; Dirnhofer et al. 1996; Hollenberg et al. 1994).

1.2.4.2 Expression of human LHB/CGB genes

Despite the high sequence similarity, LHB and CGB genes have different
expression sites and patterns. LHB is expressed in pituitary, CGB genes in
normal placenta and in several non-trophoblastic normal (testis, pituitary,
prostate, thymus, skeletal muscle and lung) and malignant tissues (breast, ovary,
bladder, lung, kidney) (Berger et al. 1994; Dirnhofer et al. 1996; Madersbacher
et al. 1994; Marcillac et al. 1992; Reimer et al. 2000; Rull et al. 2008a; Stenman
et al. 2004). LHB has a short 5’UTR (9 bp) and a consensus TATA box se-
quence that is located 38 bp upstream from ATG codon that is used for trans-
lation initiation. The hCGβ genes have, in contrast, a long 5’UTR, and
transcription is initiated 365 bp upstream of the homologous promoter region in
the LHB gene. The TATA box in 5’UTR of hCGβ genes is retained in non-
functional state (Hollenberg et al. 1994).

In vivo studies from first trimester placenta showed that the level of
expression is following: CGB5 > CGB = CGB8 > CGB7, CGB1/2 (Bo and
Boime 1992; Miller-Lindholm et al. 1997). Slightly different pattern of β-
subunit expression in first trimester has been found by (Rull and Laan 2005):
CGB8 > CGB5 = CGB >> CGB7 and for the third trimester placentas the
pattern was altered to CGB8 ≈ CGB5 > CGB >> CGB7.  However, hetero-
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geneity is found at the levels of expression of each gene in individual placentas,
suggesting that the important factor during the first trimester of pregnancy is the
total amount of hCGβ gene transcription and not from which gene the mRNA is
derived (Miller-Lindholm et al. 1997). hCGβ has been detected already at the
two-cell stage of blastocyst (Jurisicova et al. 1999).

Low expression of CGB1 and CGB2 mRNAs have been described in
placenta, pituitary, testis and few other tissues, however no protein products
have been demonstrated yet (Berger et al. 1994; Bo and Boime 1992; Dirnhofer
et al. 1996; Hollenberg et al. 1994; Miller-Lindholm et al. 1997; Rull et al.
2008a; Rull and Laan 2005) and the functionality of these genes is unclear.

1.2.5 Genetic variants affecting the functions
of LH and hCG hormones

So far only a few mutations have been identified in gonadotropin genes and all
these have been associated with reduction or loss of function.

The only genetic alteration so far reported in the common CGα-subunit gene
is a single Glu56Ala amino acid substitution in α-subunit ectopically secreted by
human carcinoma. This mutated protein failed to associate with β-subunit and
had a higher molecular weight compared to native α-subunit (Nishimura et al.
1986).

Three mutations have been found in human LHB gene (Gly36Asp, Glu54Arg
and G536C in intron 2) causing total functional inactivation of LH hormone
(Table 4). The amino acid changes have been found in only two male patients;
the intron 2 mutation was described in three siblings (Lofrano-Porto et al. 2007;
Valdes-Socin et al. 2004; Weiss et al. 1992). Gly36Asp mutant LHB subunit
showed absence of α/β heterodimerization, resulting in the absence of cir-
culating LH (Valdes-Socin et al. 2004). In case of the Glu54Arg mutation, serum
LH was present but devoid of biological activity because of inability to bind to
LH receptor (Weiss et al. 1992). The G536C mutation in intron 2 disrupted the
splicing of intron 2 of the LHB mRNA and resulted in the insertion of 236
nucleotides in the mutant transcript leading to absence of active LH hormone
(Lofrano-Porto et al. 2007).

Four polymorphisms found in human LHB gene have been found to lead to
normal or slightly decreased activity. In vitro experiments with Trp8Arg and
Ile15Thr LH have shown higher activity than wild-type LH in bioassays, but
shorter half-life in circulation (Haavisto et al. 1995; Pettersson et al. 1992;
Suganuma et al. 1996). The biological function of these variants is unclear,
several reports have suggested association with infertility, menstrual distur-
bance, spontaneous miscarriage, polycystic ovary syndrome and endometriosis
(Berger et al. 2005; Elter et al. 1999; Kurioka et al. 1999; Okuno et al. 2001;
Rajkhowa et al. 1995; Ramanujam et al. 1999; Takahashi et al. 1999). In vitro
studies of the Ala–3Thr variant of LHB gene have showed a slightly different
signal transduction properties compared to the wild-type LH (Jiang et al. 2002).
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The Ser102Gly has been found in some Asian populations like in Singapure and
China and has been associated with infertility, menstrual disorders and endo-
metriosis (Liao et al. 1998; Ramanujam et al. 1998; Ramanujam et al. 1999;
Roy et al. 1996).

So far only one substitution in the CGB genes has been characterized leading
to a Val79Met change in CGB5 gene. In vitro experiments showed that the
assembly of α-subunit and mutated β-subunit was inefficient, although those
dimers that did form had normal bioactivity (Miller-Lindholm et al. 1999).

Table 4. List of currently known mutations and polymorphisms in LHB and CGB genes.

Gene and
location

Nucleotide/
amino acid
change

Effect at
protein level

Phenotype Reference

LHB mutations
Exon 2 G519A/

Gly36Asp
Absent
bioactivity

Reduced
spermatogenesis,
hypoplastic Leydig
cells

Valdes-Socin et al.
2004

Exon 3 G809C/
Glu54Arg

Absent
bioactivity

Absence of spon-
taneus puberty, no
testosterone

Weiss et al. 1992

Intron 2 G536C Absent
bioactivity

Hypogonadism,
azoospermia,
infertility

Lofrano-Porto et al.
2007

LHB polymorphisms
Exon 2 T434G/

Trp8Arg
&
T456C/
Ile15Thr

Increased in
vitro
bioactivity,
decreased
circulatory
half-time

Slightly surpressed
fertility

Berger et al. 2005;
Elter et al. 1999;
Haavisto et al. 1995;
Kurioka et al. 1999;
Pettersson et al. 1992;
Suganuma et al. 1996

Exon 2 G404C/
Ala–3Thr

Normal Normal Jiang et al. 2002

Exon 3 G952C/
Gly102Ser

Decreased in
vitro
bioactivity

Infertility,
menstrual
disorders

Lamminen et al.
2002; Liao et al.
1998; Ramanujam et
al. 1998; Ramanujam
et al. 1999; Roy et al.
1996

CGB5 polymorphism
Exon 3 G882A/

Val79Met
In vitro
inefficient
assembly of
dimer

Miller-Lindholm et
al. 1999

The nucleotide number was calculated according to the translation start site.

9
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2. AIMS OF THE PRESENT STUDY

The aim of the present study was to investigate the duplicated Luteinizing
hormone/ Chorionic Gonadotropin hormone beta-subunit (LHB/CGB) genome
cluster in human and higher primates.

Primate-specific LHB/CGB gene cluster was used as a model to study:
1. Fine-scale sequence variation and LD structure in duplicated regions
2. Evolution of duplicated genes in closely related species
3. Emergence and evolution of novel genes created by duplication events

The specific focus of the current thesis was the following:
1. Genetic variation in the human LHB/CGB genes (Ref. I, II):

(i) The role of gene conversion in shaping the diversity and LD
patterns

(ii) Determinants of crossover and gene conversion events
2. Evolution of LHB/CGB genome cluster in sister-species (Ref. II, III):

(i) Comparison of human and chimpanzee LHB/CGB genome
clusters

(ii) Variation in substitution rates; genic and intergenic divergences
(iii) Impact of intra-species gene conversion in phylogeny and

divergence
(iv) Evidence of natural selection

3. Fate of novel genes (Ref. II):
(i) The origin and evolutionary conservation of CGB1 and CGB2

genes
(ii) In silico analysis of putative CGB1/2 promoter – implication to

the gene function
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3. RESULTS

3.1. The human LHB/CGB genome cluster: diversity, gene
conversion and linkage disequilibrium (Ref. I, II)

3.1.1 The human LHB/CGB cluster

The genomic structure of human LHB/CGB cluster was constructed based on
NCBI GenBank sequence, locus no. NG_000019. The human cluster is located
at 19q13.32, contains seven genes (one LHB gene and six CGB genes) and
spans 45,165 bp (Fiddes and Talmadge 1984; Policastro et al. 1983; Policastro
et al. 1986). The cluster is flanked by RUVBL2 and NTF5 genes at the centro-
meric and telomeric sides, respectively (Figure 3). The CGB gene most
probably arose in the primate lineage by the duplication of the ancestral LHB
gene and the CGB gene copy numbers differ greatly between different primate
species (Table 3).

The lengths of human LHB/CGB genes are following: LHB – 1,111 bp,
CGB5/7/8 – 1,467 bp, CGB1/2 – 1,366 bp. All human LHB/CGB genes are
highly identical on DNA level. The identity between the four hCGβ-subunit
coding genes (CGB, CGB5, CGB7, CGB8) is 97%–99%, identity to the
functionally divergent LHB ranges 92%–93% and with CGB1 and CGB2 genes,
85%. Identity between CGB1 and CGB2 genes is 97%. In addition to the genes,
also the intergenic regions show very high identity ranging from 78% to 97%.
The intergenic regions are rich in repetitive sequences (mainly Alu SINE
sequences) ranging from 14.13% to 61.14%. Current structure of the LHB/CGB
cluster reflects several past duplication events of the genes and intergenic
regions. The initial duplication event probably involved also the 3’ part of the
flanking neutrophin 5 (NTF5) gene, which is now located in three intergenic
regions in the human cluster (Figure 3). The duplicated fragment of NTF5 gene
contains a χ-sequence (GCTGGTGG) that has been associated to recombination
and gene conversion activity (Smith 1988). Exon 3 of NTF5 has also given rise
to five NTF6 pseudogenes (psNTF6A, 6G, 6B, 6G’, 6A’).



36

Figure 3. Structure of the human LHB/CGB cluster. Identical color codes refer to highly
identical homologous DNA sequences within the cluster. Genes are depicted as wide
arrows in the direction of transcription.
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3.1.2 Human population diversity

To characterize the human population diversity of LHB/CGB genes, six of the
genes (LHB, CGB, CGB1, CGB2, CGB5, CGB7) were re-sequenced in popula-
tion samples from three continents: Europe (Estonians, n=47), Africa (Manden-
kalu, n=23) and Asia (Chinese Han, n=25). The re-sequenced regions (including
the entire coding area) ranged from 1,510 bp to 2,233 bp. In total 191 SNPs
were identified from the six genes and the total re-sequenced region per
individual was 10,009 bp. The number of SNPs identified per gene varied from
20 (for CGB1) to 50 SNPs (for CGB7) and the SNP density ranged from ~13/kb
to ~22/kb, respectively (Table 1 in Ref. I). The sequence variation data from
this study was submitted to dbSNP under accession numbers ss48399882-
ss48400071 (Appendix 1). The studied genes exhibited the highest variation in
the African population, Mandenkalu (Figure 4A; Table 1 and Supplemental
Table S1 in Ref. I). Compared to the results of 74 genes (π= 1 x 10–3 for African
Americans, π= 0.8 x 10–3 for European Americans (Crawford et al. 2004)), the
nucleotide diversity (π) values of LHB/CGB genes in both Estonians and
Mandenkalu were found up to 7 times higer (Figure 4A; Table 1 in Ref. I).
Although the genes are up to 99% identical, the identified SNP patterns varied
greatly between genes. The diversity of the LHB/CGB genes is characterized by
lower variation in the central genes of the cluster (CGB2, CGB1 and CGB5) and
increased variation in the peripheral loci (LHB, CGB and CGB7).

Tajima’s D statistic was calculated to determine if the observed patterns of
diversity in the three populations are consistent with the standard neutral model
(Tajima 1989). The basis of the Tajima’s D value is the difference between the
π (per-site heterozygosity derived from the average pairwise sequence differen-
ces) and θ (Watterson’s θ, per-site heterozygosity based on the number of
segregating sites) estimates: under neutral conditions π = θ and Tajima’s D = 0.
Positive Tajima’s D values pointed out the excess of high-frequency SNPs for
CGB7, CGB and LHB consistent with the alternative scenarios of balancing
selection or population bottlenecks and subdivision. In contrast, for CGB1,
CGB2 and CGB5 the Tajima’s D values were mostly negative indicating higher
frequency of rare variants. Enrichment of rare variants in a population is
consistent with recent directional selection or population expansion (Figure 4A;
Table 1 in Ref. I).

1 0
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Figure 4. (A) SNPs identified in three studied population samples (Est – Estonians,
n=47; Han – Chinese Han, n=25; Man – Mandenkalu, n=23). Numbers above each
column show estimated nucleotide diversity per site calculated from average pairwise
difference among individuals x10–3 (π). MAF – minor allele frequency. (B) The
summary distribution of manually detected gene conversion acceptor sites and multisite
variants (MSVs) within the genes in parallel with (C) the consensus exon-intron
structure of LHB/CGB genes. Open circles denote for MSV1 (SNPs that are represented
as paralogous sequence variants in other duplicons), black diamonds for MSV2 (shared
SNPs between duplicons). The genes with increased variation and excess of high-
frequency SNPs are marked with red squares, genes with lower variation and excess of
rare SNPs with blue squares.
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3.1.3 Gene conversion in human LHB/CGB genes

Gene conversion is known to lead to concerted evolution of duplicons and to the
spread of mutations between duplicated highly identical genomic regions
(Bettencourt and Feder 2002; Hurles 2001; Papadakis and Patrinos 1999). To
study the potential role of gene conversion in shaping the diversity patterns in
human LHB/CGB genes, two alternative approaches were used: (i) manual
analysis of aligned haplotypes and (ii) Sawyer’s gene conversion detection
algorithm implemented in GENECONV program (Sawyer 1989).

For manual detection a minimum gene conversion site was defined as a
region within an acceptor gene with ≥2 associated, motif-forming poly-
morphisms for which a potential donor gene could be defined. 25 gene
conversion tracts were identified with a minimum observed tract 2–387 bp
(mean 57 bp, median 23 bp) and maximum extension up to 796 bp (mean 229
bp, median 138 bp). The number of acceptor sites varied from two (for LHB and
CGB1) to eight (for CGB)(Figure 4B-C and 5; Figure 2 and Table 2 in Ref. I).
Highest numbers of gene conversion acceptor sites were identified within the
two genes (CGB7 – 7 sites and CGB – 8 sites) which also had the highest diver-
sity in human populations (Figure 4A). Gene conversion might be a potential
source of high diversity and positive Tajima’s D values “transporting” poly-
morphisms from one homologous gene to the other.

Sawyer’s gene conversion detection algorithm does not rely on poly-
morphism data, but searches for regions where pairs of sequences are unusually
similar compared to overall similarity and predicts the fragments likely to have
been converted between gene pairs. The GENECONV algorithm estimated 398
conversion tracts between LHB/CGB genes. The length of the estimated tracts
ranged from 35 to 1055 bp (mean 313 bp, median 291 bp)(Supplementary Table
S3 in Ref. I). CGB2 appeared as the most active participant of gene conversion,
the maximum number of estimated between-loci events reaching 49 for CGB2-
CGB and 44 for CGB2-CGB7 gene pairs. An association was detected between
the number of conversion events estimated by GENECONV and the number of
shared SNPs (MSV2) between gene pairs (Pearson’s correlation coefficient
0.44, p=0.044)(Supplemental Fig. S3 in Ref. I).
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 3.1.4 Linkage disequilibrium in human LHB/CGB genes

A growing amount of studies have shown that gene conversion has a role in
decreasing the extent of LD in duplicated regions (Ardlie et al. 2001; Frisse et
al. 2001; Przeworski and Wall 2001; Ptak et al. 2004; Sedman et al. 2008). To
study the patterns of LD in human LHB/CGB genes, three methods were used:
(i) r2, the correlation coefficient between alleles, (ii) the Li and Stephens (2003)
“product of approximate conditionals” (PAC) likelihood method which calcu-
lates crossing-over parameter ρ and allows estimations of putative recombina-
tion hotspots (Li and Stephens 2003) and (iii) Hudson’s (2001) “composite
likelihood” (CL) method which allows the simultaneous estimation of crossing-
over and gene conversion rate (Hudson 2001).

The r2 showed that in all studied populations strong allelic associations at the
periphery (LHB, CGB and CGB7) and breakdown towards the center (CGB1,
CGB2, CGB5) characterize the LD structure of the cluster (Figure 5; Figure 3A-
C in Ref. I). In contrast to predictions (Andolfatto and Nordborg 1998; Ardlie et
al. 2001; Wiehe et al. 2000) most manually detected gene conversion acceptor
sites were found to co-localize with high LD (Figure 5; Figures 3A-C in Ref. I).
Thus, gene conversion may have contributed to both high diversity and high
short-range LD in the peripheral (mostly acceptor genes) compared to central
loci (mostly donor genes).

The average recombination rates calculated across the LHB/CGB genes for
SNPs with MAF >10% using the Li and Stephens (2003) and Hudson’s (2001)
methods, fell in the range published for a large set of 74 genes (Table 3A in Ref.
I)(Crawford et al. 2004). The Li and Stephens (2003) algorithm estimates the
factor λ, by which the recombination rate between loci exceeds the average
recombination rate in the cluster. The λ >1 indicates increased recombination
activity. The algorithm estimated a recombination “hotspot” (λ >10) between
CGB5 and CGB7 in all populations (λ=57.1 for Estonians, 11.6 for Han and
13.6 for Mandenkalu), a “warm spot” (1<λ<10) was identified between CGB
and CGB2 (λ=2.36 for Estonians, 5.47 for Hans and 4.17 for Mandenkalu).
Both the hotspot and warm spot co-localized with LD breakdown on the r2 blot
and were located in regions containing the χ-sequence (Figure 3A, B and C in
Ref. I).
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Figure 5. Linkage disequilibrium in human LHB/CGB genes based on r2 and locali-
zation of manually detected gene conversion acceptor sites (A) Estonians, (B) Chinese
Han and (C) Mandenkalu. Gene conversion acceptor sites detected by manual analysis
of aligned haplotypes are marked by red triangles.

11
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 3.2 Human and chimpanzee LHB/CGB clusters
(Ref. II and III)

3.2.1 Comparison of human and chimpanzee LHB/CGB cluster

In order to sequence the LHB/CGB genome cluster in the common chimpanzee,
the BAC library RPCI-43 was used (BACPAC Resource Centre at the
Children’s Hospital Oakland Research Institute, Oakland, CA). A shotgun
library was constructed based on two BAC clones (68p2 and 109b10) chosen by
hybridization screening of the library and sequenced with an average redun-
dancy of 7x using a primer-walking approach. The full sequence of the chim-
panzee LHB/CGB genome cluster has been deposited in GenBank (accession
number EU000308)(Appendix 2). The sequence characteristics of the cluster
were similar between the human and chimpanzee including high GC content
and high fraction of CpG islands (Table 5-A; Additional file 1 in Ref. III).

However, a substantial difference in cluster size was observed between the
species: 45,165 bp in human and 39,876 bp in chimpanzee (from the end of
LHB gene to the end of NTF5 gene). Two highly identical, apparently ortho-
logous segments within the cluster were identified: RUVBL2/LHB/ intergenic
region A (Hu 7,973 bp, Ch 8,084 bp, 96% sequence identity) and the region
spanning from CGB1 to NTF5 (Hu 28,568 bp, Ch 29,136 bp, 94.8% sequence
identity)(Figure 6B). A large species-specific structural rearrangement was
localized between intergenic region A and CGB1 gene, resulting in discordant
size of the clusters as well as species-specific number of duplicated genes,
seven for human (1 LHB and 6 CGB) and six for chimpanzee (1 LHB and
5 CGB genes). In human the rearranged region (12,700 bp) harbors one hCG
beta-coding gene (CGB) and one CGB1/2-like gene (CGB2), in chimpanzee
(6,725 bp) only a CGB1/2-like gene (CGB1B) is present in an inverted
orientation compared to human.

Table 5. (A) Sequence parameters and (B) divergence values for LHB/CGB cluster of
the current study and comparative values of previously published studies.

A – Sequence parameters
Current study Previous studies

Human/
Chimpanzee

Previous
results

Reference

GC% 57%/ 57% 41% Watanabe et al. 2004
CpG islands 6.6%/ 6.1% 1–3.5% Britten et al. 2003;

Ebersberger et al. 2002
Repetitive
sequences

26.9%/ 25.15% 40–50% Lander et al. 2001;
Mikkelsen et al. 2005
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B – Divergence between human and chimpanzee
Current study Previous

results
Reference

Indels 2.7% 3–11.9%
Nucleotide
substitutions

2.3% 1.2–1.5%

Promoters 3.22% (1–5.1%) 0.75–0.88%
Exons 1.39% (1–1.88%) 0.51–1.09%
Introns 2.62% (2.04–3.24%) 1.03–1.47%
5’ UTR 2.54% (0–3.83%) 1–1.41%

Anzai et al. 2003;
Britten 2002;
Chen and Li 2001;
Chen et al. 2001;
Ebersberger et al. 2002;
Elango et al. 2006;
Hughes et al. 2005;
Mikkelsen et al. 2005;
Shi et al. 2003;
Watanabe et al. 2004;
Wetterbom et al. 2006

in human and chimpanzee LHB/CGB genome clusters

Several lines of evidence support the scenario that independent duplication
events have occurred in LHB/CGB clusters in human and chimpanzee (Figure 6-
B,D,E). First, it was the most parsimonious solution requiring the smallest
number of rearrangement events. Assuming that the ancestral state of Hu-Ch
LHB/CGB cluster consisted of the highly identical segments, the current struc-
ture of chimpanzee cluster would be explained by only one direct duplication of
a region including the CGB1 gene and most of an intergenic region B. In human
the current structure would have required two events: inverted duplication of the
entire region from CGB1 to CGB5 and a direct duplication of intergenic region
C. This hypothesis was also supported by the results of phylogenetic analysis
(Figure 6-D,E; Fig. 2 in Ref. III).

These independent parallel duplications in sister species were possibly
initiated by Alu-mediated NAHR as Alu SINE sequences are found at the poten-
tial rearrangement breakpoints in both species (Figure 6-C). This is consistent
with several studies indicating a high frequency of non-allelic recombination
events and gene conversion between Alu sequences leading to genomic re-
arrangements but also to spreading polymorphisms due to gene conversion (Roy
et al. 2000; Sen et al. 2006; Zhi 2007).

3.2.2 Evidence of parallel independent duplication events
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Figure 6. (A) A simplified schematic presentation of the evolution of LHB/CGB genes
in primates. Duplication of an ancestral LHB gene in primates has given rise to a novel
gene, CGB.
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(B) Comparative structure of the human and chimpanzee LHB/CGB clusters. Identical
color and pattern codes refer to the DNA segments within the cluster with highly similar
sequences, direction of the DNA sequence is indicated as on the sense strand.
(C) Location of SINE and simple repeat sequences near the duplication breakpoints of
human and chimpanzee LHB/CGB genome clusters. Brackets denote the ancestral
regions that indepenently duplicated in human (upper) and chimpanzee (lower) giving
rise to intergenic regions B’ and C’. I and II denote the two duplications of intergenic
regions B and C in human genome.
(D) Neighbor-joining trees based on genic and
(E) intergenic regions within the LHB/CGB cluster. The full sequences of LHB/CGB
genes are included from human (hu), chimpanzee (ch), gorilla (gor) and orangutan
(orang). (*) denotes sequences from Ref. II, others are from Ref. III. Homologous

structure of the intergenic regions in LHB/CGB cluster (boxed, from Figure 6B).
Bootstrap support values are shown at the nodes (1,000 bootstrap replications).

The total divergence in the whole orthologous region was 5% (2.7% indels,
2.3% nucleotide substitutions, total compared region covered 37,220 bp for
chimpanzee and 36,541 bp for human)(Table 5-B). Previous studies have
suggested that the majority of genomic divergence between human and chim-
panzee comprises of indels (3.0–11.9%) compared to nucleotide substitutions
(1.2–1.5%)(Anzai et al. 2003; Britten 2002; Ebersberger et al. 2002; Mikkelsen
et al. 2005; Watanabe et al. 2004). Divergence of the orthologous genes LHB,
CGB1, CGB5, CGB8 and CGB7 ranged from 1.8% in LHB to 2.59% in CGB5
and CGB8 which exceeds the estimates for single-copy genes even several
times. Even after including the intraspecific population variation data of human
(n = 95, from Ref I) and chimpanzee (n = 11, unpublished data), the higher
divergence compared to published data for single-copy genes remained (Figure
5 and Additional file 3 in Ref. III).

In order to study the evolutionary forces acting on LHB/CGB orthologous
genes in human and chimpanzee, the non-synonymous (dn)/ synonymous (ds)
rate ratio (ω) was estimated using the maximum likelihood method (Goldman
and Yang 1994). For four of the genes (LHB, CGB5, CGB8 and CGB7) the ω <
1, indicating purifying selection (Table 6). The only locus showing ω> 1 was
CGB1 (ω= 2.658), which would be consistent with positive selection or adap-
tive evolution. These results are consistent with Reference II suggesting that
CGB1/2-like genes might be evolving towards a new function in human and
chimpanzee, but not in gorilla (Gorilla gorilla) and probably are absent in the
genome of orangutan (Pongo pygmaeus).

12

3.2.3 Divergence and selection in orthologous regions

segments used for the phylogenetic tree are indicated with a green circle on a consensus
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Table 6. Maximum likelihood estimation of ω (=dn/ds) values by PAML analysis and
amino acid divergence in human and chimpanzee orthologous genes.

Gene na ωb AA %c

LHB 141 0.087 1.42
CGB1 132 2.658 3.03
CGB5 165 0.180 1.82
CGB8 165 0.099 1.21
CGB7 165 0.378 1.82
a number of codons in the sequence
b non-synonymous/ synonymous rate ratio, averaged over sites (dn/ds)
c Divergence at amino acid level (%)

in interspecies analysis

The comparison of human and chimpanzee LHB/CGB genome clusters indi-
cated a role of gene conversion in the evolution of both species.

First of all, the higher divergence between human and chimpanzee found in
LHB/CGB genome cluster and the genes compared to unique genomic regions
(Table 5-B) could possibly result from the effect of frequent intraspecies gene
conversion events (Figure 3, 5 and Additional file 3 in Ref. III).

Next, the footprint of gene conversion was observed in the phylogenetic tree
of human and great apes LHB/CGB genes as some genes clustered together
within the species instead of forming separate clades for orhtologous genes
(Figure 6-D).

Gene conversion might also explain the patterns of nucleotide substitutions
between human and chimpanzee in the orthologous LHB/CGB region. Transi-
tions (C⇔T, A⇔G) were found to contribute to 62% and 57% of the total
substitutions in five orthologous LHB/CGB genes and in the whole orthologous
region, respectively (Figure 4 in Ref. III), being ~10% lower than reported in
previous studies comparing human and chimpanzee genomic regions (68.87% –
70.3%)(Anzai et al. 2003; Ebersberger et al. 2002). The ~10% lower fraction of
transitions in the LHB/CGB genome cluster contradicts the expectations based
on its genomic structure rich in CpG dinucleotides and rapidly diverging Alu
sequences (Figure 3 and Additional File 1 in Ref. III)(Chen and Li 2001). It is
generally accepted that a high proportion of transitions are C to T substitutions
in CpG dinucleotides, exhibiting about 10 times higher mutation rate than the
genomic average (Mikkelsen et al. 2005; Nachman and Crowell 2000). Active
gene conversion between multiple duplicated and highly homologous segments
might be one explanation for the higher proportion of tranversions in the
LHB/CGB cluster as gene conversion has no preference for either transitions or
transversions.

3.2.4 Footprints of intraspecies gene conversion
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3.3 CGB1 and CGB2: most recent members
of the LHB/CGB clusters (Ref. II, III)

3.3.1 CGB1/2 genes in human and great apes

Two genes of the human LHB/CGB cluster, CGB1 and CGB2, have long been
considered to be pseudogenes as they have been predicted to encode for a 132
aa hypothetical protein that has no similarity to hCGβ-subunit nor to any other
known protein (Bo and Boime 1992). The DNA sequence identity of human
CGB1 and CGB2 to hCGβ-subunit coding genes is 85%. The main difference
between CGB1/2 and hCGβ-genes is an inserted DNA fragment that creates a
novel CGB1/2 specific putative promoter fragment, novel exon 1 and leads to
one basepair shift in the open reading frame of exons 2 and 3.

To study the evolution of CGB1 and CGB2 genes and look for indirect
evidence of their functionality, human and three great ape species were studied
(common chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla) and orangutan
(Pongo pygmaeus)). LHB gene was used as a reference as it is a functional gene
that exists in the genome of all vertebrates. Human-specific PCR primers were
capable of amplifying the LHB gene and two CGB1/2-like genes from the
genomic DNA of chimpanzee and gorilla. However, from the genomic DNA of
orangutan, only LHB, but not the CGB1/2-like genes, was amplified. The
sequences of the CGB1/CGB2-like genes (for chimpanzee and gorilla) and LHB
genes (for chimpanzee, gorilla and orangutan) have been deposited in GenBank
(accession numbers DQ238547-DQ238553)(Appendix 3).

When comparing the sequences of the human and chimpanzee’s genes no
changes were found leading to ORF shift or preliminary stop-codon in CGB1 or
CGB2 (chCGB1B) of the chimp. In gorilla, a 1 bp insertion in CGB1 exon 2 and
a 12 bp deletion in exon 2 of CGB2 were identified presumably leading to the
disruption of the predicted protein (Figure 2 in Ref. II).

Based on the results it was suggested that the CGB1/2-like genes have arisen
among the common ancestor of African great apes as two CGB1/2-like genes
were amplified from chimpanzee and gorilla but none from the orangutan. In
human and chimpanzee no disruptive changes were found in the studied genes.
However, in gorilla both the CGB1/2-like genes harbor insertion/deletion
changes disrupting the predicted protein. Therefore the genes might potentially
be functional in human and chimpanzee, but pseudogenes in gorilla.

 3.3.2 Analysis of 5’ upstream regions
of human CGB1/2 genes

The 5’ upstream regions of human CGB1 and CGB2 genes were studied in
silico for possible transcription factor binding sites using MatInspector 2.2 and
Alibaba 2.1 programs (Cartharius et al. 2005; Grabe 2002). CGB1 and CGB2
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were found to be lacking 52 bp of the proximal promoter segment of hCGβ
containing two Ets-2 binding sites. Other sequence motifs playing a crucial role
in regulating hCGβ expression were conserved among the genes (Figure 1B and
C in Ref. II).

The in silico anaysis predicted the novel CGB1/2-specific insert (736 bp for
CGB1 and 724 bp for CGB2) to contain several regulatory elements essential
for gonadotrope expression and also several transcription factors regulating
implantation and placental development (Figure 1D in Ref. II).
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4. DISCUSSION

4.1 Methodological challenges
in studying duplicated genomic regions

Segmentally duplicated regions of >1kb in size and >90% identity have been
estimated to comprise a high proportion of human genome (5.2%) (Bailey et al.
2002; Bailey et al. 2001). Also copy-number variations (~12% of human
genome and >1 kb in size) are found to be frequent (Redon et al. 2006). High
DNA identities raise several aspects making the studying of such duplicated
genomic regions rather challenging.

First of all, problems arise with sequence assembly of duplicated regions.
Genomes of many different species have been sequenced and the availability of
high-throughput sequencing systems like 454 Sequencing system and SOLiDTM

System enable very fast sequencing of whole genomes. Despite the availability
of large amount of data, the quality of duplicated regions in databases is often
poor due to erroneous assembly of highly identical sequences. For example, the
common chimpanzee’s (Pan troglodytes) genome was already published in
2005 (Mikkelsen et al. 2005) but the database sequences of many duplicated
regions, including the LHB/CGB cluster, are still of low quality.

The problem rises also with studies based on SNPs starting with initial SNP
determination. An apparent enrichment of SNPs in segmental duplications has
been found in dbSNP database (Estivill et al. 2002; Fredman et al. 2004;
Sengupta et al. 2008). Part of this increase in SNP density is probably due to
sequence variation between copies that are falsely interpreted as SNPs. A few
years ago a new type of polymorphisms were described in duplicon regions, the
multisite variations (MSVs) that are represented as paralogous sequence
variants among duplicons (MSV1) or “shared” SNPs located at the same posi-
tion in several duplicated regions (MSV2)(Fredman et al. 2004). In human
LHB/CGB genes, 35%-77% of the SNPs were actually identified as being
MSVs (Table 1 in Ref. I). It is important to study duplicated regions in detail to
characterize the actual diversity patterns in the duplicons. In genomic regions
containing copy-number variations and/or segmental duplications many of the
highly heterozygous sequence variants stored in public databases are likely to
be erroneusly recorded MSVs (Fredman et al. 2004; Lindsay et al. 2006; Redon
et al. 2006; Sengupta et al. 2008).

Also, duplicated regions are shown to harbor a large number of population-
specific variants and low LD due to the activity of gene conversion making it
technologically challenging to select reliable tag-SNPs and to establish
genotyping methods capable of targeting unique SNPs in duplicated genes (Rull
et al. 2008b; Sedman et al. 2008). To be able to design studies for duplicated
regions, it is very important to know the correct structure and sequence varia-
tion of such clusters.

13
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Several large-scale methods like array-CGH and Illumina HumanCNV370-
Duo DNA Analysis BeadChip are available for studying the copy-number
differences between individuals and species, but these methods are not capable
of giving detailed information on rearrangements and exact structure of the
regions under study.

Considering the aspects mentioned above, a resequencing method was used
in the current study to characterize human population diversity of LHB/CGB
genes and conduct a shotgun sequencing of BAC clones to obtain the
chimpanzee’s LHB/CGB genome cluster sequence.

4.2 Diversity in duplicated genes:
balance between gene conversion and selection

In LHB/CGB genome cluster, active gene conversion may have contributed to
both higher variation levels in human populations and also higher interspecies
sequence divergence between human and chimpanzees compared to unique
regions. However, probably a balance between gene conversion and selection
exists in LHB/CGB cluster and also in other duplicated clusters. As these genes
are very important for reproduction, spreading of non-functionalizing mutations
probably cannot be tolerated. Only a few changes in the sequence of LHB and
CGB coding regions that do not affect the reproductive function severely are
allowed (Table 4).

Duplicated gene families are often characterized by higher diversity
compared to unique genomic regions. Higher than genome average diversity
estimates have been found in several duplicated regions like SMT1A-REP
(Lindsay et al. 2006), AZFa region (Bosch et al. 2004), LCR22 (Pavlicek et al.
2005), Growth Hormone gene family (Esteban et al. 2007; Sedman et al. 2008).
Also MHC region shows both high diversity within and high divergence
between species (Anzai et al. 2003; Shiina et al. 2006). In many cases higher
variation levels have been associated to the gene conversion activity as it can
spread mutations among the members of gene families although other factors
like selection are also important in influencing the diversity patterns (Papadakis
and Patrinos 1999).

High diversity in MHC regions has been explained by different factors
including both the concerted evolution of the genes by gene conversion and
non-homologous recombination (Jeffreys and May 2004; Ohta 1991; Pease et
al. 1993; Zangenberg et al. 1995) and selective forces acting on the biologically
important loci (Hughes and Nei 1988; Hughes and Nei 1989b; Piertney and
Oliver 2006). Positive selection is well known as an important factor operating
on MHC loci to maintain MHC variation, higher diversity leading to better
protection from various pathogens. Several studies have suggested that although
gene conversion affects the MHC loci, its effects on MHC polymorphism is
quite minor and the diversity is mainly generated by nucleotide substitution and
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positive selection (Gu and Nei 1999; Martinsohn et al. 1999; Nei and Rooney
2005).

Several studies in mammals have indicated that non-crossovers outnumber
the crossovers by several times. Also, the current study of gene conversion in
LHB/CGB cluster found that the rate of gene conversion was several times
higher than the recombination rate. The ratio of the two parameters (f) depended
inversely on the conversion tract length – as the length of the tract decreased,
the estimated rate increased. Including only common SNPs, the maximum
likelihood estimate for conversion tract L = 30 bp ranged from 6 (Han) to 16
(Mandenka); whereas for L = 500 bp, ƒ was 0.5 (Han) to 1.5 (Mandenka).

In literature, the ratio of gene conversion to recombination rate has been
estimated 1.6 across a 28 Mbp region on chromosome 21 for a mean conversion
tract length of 500 bp and f = 9.4 for the mean tract length of 50 bp
(Padhukasahasram et al. 2004). Gene conversion rate was found ~1.5 times
higher than recombination rate in the MS32 hotspot on human chromosome 1
and ~9 times higher in the TAP2 region of MHC (Gay et al. 2007). In the
growth hormone/ chorionic somatomammotropin genes the gene conversion
rate exceeded recombination rate tens to even hundreds of times (Sedman et al.
2008).

4.3 Divergence and evolution
of primate-specific duplicated genes

The current study found that human and chimpanzee differ in the CGB gene
number: humans having six CGB copies compared to five copies in
chimpanzee. Independent duplications in human and chimpanzee explain best
the contemporary structure of the cluster. It is possible that the duplications
found in the human and chimpanzee LHB/CGB cluster are mediated by NAHR
between repetitive sequences as Alu SINE sequences were found at the
rearrangement breakpoints in both species (Figure 6-C).

It has been suggested that many of such duplications may have been
facilitated by NAHR events between Alu sequences, expanded into millions of
copies all over primate genomes (Fitch et al. 1991; Kulski et al. 1997). Detailed
analyses of the boundaries of segmental duplications have revealed an
enrichment of Alu sequences at the breakpoints and are restricted to younger
subfamilies (AluY and AluS) that have emerged recently during primate evolu-
tion (Bailey et al. 2003; Johnson et al. 2006a). Also the breakpoints of human
copy-number variations have been found to be enriched in Alu repeat elements
(de Smith et al. 2008).

There are several examples of independent duplication events in primate
lineage. For example, the OWM and apes have three Opsin genes and are
trichromats due to gene duplication at the base of OWM lineage. In NWM, the
situation is more variable: most species exhibit two Opsin genes, but in the
howler monkey an additional gene duplication has led to full trichromacy (Hunt
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et al. 1998; Kainz et al. 1998). In Growth Hormone gene cluster most mammals
including prosimians have a single gene (GH1) encoding for the pituitary
growth hormone, whereas in anthropoids five to eight GH-related genes arisen
through successive events of duplication have been described (Li et al. 2005; Ye
et al. 2005). Gene duplications that gave rise to the New World monkey and Old
World monkey/ hominoid GH gene family occurred independently after the
division of NWM and OWM lineages (Li et al. 2005; Wallis and Wallis 2002).
Other gene clusters with independent gene duplications in humans, apes and
macaque lineages are MHC and testes-expressed PRAME genes (Birtle et al.
2005; Boyson et al. 1996; Chen et al. 1992; Gibbs et al. 2007). In addition to the
structural differences between human and chimpanzee LHB/CGB genes
reported in this study, an expansion of CGB genes up to 50 gene copies has
been shown in gorilla (Dumas et al. 2007; Fortna et al. 2004).

Different evolutionary patterns can be seen in duplicated gene families. For
example, the MHC class I and II gene families include a large number of loci
and have been shown to evolve according to the birth-and-death process
(Hughes and Nei 1989a; Nei et al. 1997). As a result, these multigene families
consist of a mixture of different genes. In class II genes the rate of birth-and-
death is relatively slow. It has been estimated that most of these loci originated

class II genes have been identified in addition to apes, Old World monkeys,
New World monkeys and prosimians also in mice (Go et al. 2003). The class I
loci have gone through the birth-and-death evolution at much faster rate: rapidly
expanded and contracted in evolutionary time and the number of loci varies
from six in the pig (Singer et al. 1982) to over a thousand in the African mouse
(Delarbre et al. 1992). As a result there seem to be no orthologous relationships
of different class I loci among different mammalian orders. The divergence
occurred so recently, that even humans and New World monkeys, which
diverged only about 33–35 MYA, do not share functional genes (Cadavid et al.
1997; Hughes and Nei 1989a; Watkins et al. 1990).

In addition to creating structural divergence among the species, duplications
provide also the basis for diversification of gene functions. For primate-specific
gene duplications, there is evidence of variability in evolutionary rates among
the gene copies within and among the species, and in different selective
constraints acting on different members of the gene clusters such as MHC, beta-
globin, GH/CSH, PRAME, Rh blood group, CD33rSiglec and beta-defensin
genes (Aguileta et al. 2004; Aguileta et al. 2006; Angata et al. 2004; Birtle et al.
2005; Gibbs et al. 2007; Hughes and Nei 1988; Li et al. 2005; Salvignol et al.
1993; Sedman et al. 2008; Semple et al. 2003).

at least 170–200 MYA (Takahashi et al. 2000). Loci orthologous to the human
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4.4 Duplications as a source of new genes

After duplication gene copies can undergo three possible routes: (i) losing an
original function due to accumulation of deleterious mutations (nonfunctionali-
zation), (ii) gaining a new function under positive selection for advantageous
mutations (neofunctionalization) or (iii) partitioning of original functions
among the copies (subfunctionalization)(Force et al. 1999; Hughes 1994; Ohno
1970; Walsh 1995).

4.4.1 Emergence of primate-specific placental hormone CG

Duplication of the ancestral LHB gene in the common ancestor of anthropoid
primates gave rise to novel gene CGB and in contemporary primate species the
CGB copy numbers vary from one in New World primate species to six in
human and even up to ~50 copies in gorilla (Table 3)(Fortna et al. 2004; Maston
and Ruvolo 2002). In the LHB/CGB genes, the prerequisite for a rise of a novel
functional gene was only a 1 bp deletion in the last exon of the duplicated LHB
gene leading to a frame-shift and elongation of the open reading frame into the
previously 3’ untranslated region (Fiddes and Goodman 1980). In horses a
similar C-terminal extended domain was observed by a 10 bp deletion in the
third exon, which occurred independently from primate 1 bp deletion. Interes-
tingly, the LHB gene is not duplicated in horses, but two hormones are obtained
from the same gene by differences in post-translational modifications (Sherman
et al. 1992). The novel CGB gene in primates encodes for the β-subunit of
chorionic gonadotropin CG, a new primate-specific placental hormone. CG
hormone differs from the luteinizing hormone by the time and tissue of
expression, circulating half-life and biological function (Fiddes and Talmadge
1984; Moyle and Campbell 1996; Themmen and Huhtaniemi 2000).

Interestingly, in New World monkeys with only one copy of CGB gene the
evolution has led to a totally different situation compared to Old World Mon-
keys, apes and human. Based on studies of common marmoset it has been
shown that the novel chorionic gonadotropin hormone has completely taken
over the role of luteinizing hormone. Although both LHB and CGB genes are
present at the genomic level, at mRNA and protein levels the marmoset does not
have LHB and only CGB gene is expressed in the pituitary and placental tissues
(Gromoll et al. 2003; Muller et al. 2004; Simula et al. 1995). Thus in marmosets
the CG is the only gonadotropin with luteinizing function present in the pitui-
tary. Whether these results apply to other NWM species is to be studied further.

14
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 4.4.2 CGB1/CGB2-like genes:
recent duplicates with unknown function

The CGB1/CGB2-like genes are regarded as the youngest members of the
LHB/CGB genome cluster. In human these genes have long been considered to
be pseudogenes, they differ from the hCGβ-genes by an inserted DNA fragment
creating a novel CGB1/2-specific putative promoter fragment, novel exon 1 and
leading to one basepair shifted open reading frame for exons 2 and 3.

The results of Ref. II suggest that CGB1/2-like gene probably arose first in
the common ancestor of African great apes. However, the divergence calcula-
tions between human, chimpanzee and gorilla CGB1/2 genes in Ref. II should
be taken with caution. Based on Ref. III the human CGB2 and chimpanzee
CGB1B (defined as chimpanzee CGB2 in Ref. II) are not orthologous but
paralogous genes independently duplicated within both species. At least two
CGB1/2-like genes obviously also exist in the genome of gorilla but unless the
whole cluster is sequenced, the real copy number and ancestry of the CGB1/2-
like genes in gorilla will remain unclear. Amplification of these genes failed
from the genome of orangutan and the in silico search for the CGB1/2-like
genes from the OWM rhesus macaque (Macaca mulatta, Genbank accession no.
AC202849) was unsuccessful.

The mRNAs of CGB1 and CGB2 have been detected in human placenta,
pituitary, testis, prostate, ovary, thymus, kidney and colon (Berger et al. 1994;
Bo and Boime 1992; Dirnhofer et al. 1996; Hollenberg et al. 1994; Miller-Lind-
holm et al. 1997; Rull et al. 2008a; Rull and Laan 2005). Contribution of CGB1
and CGB2 to the summarized expression of the six CGB genes in human
placenta was found to be as low as 1/1000 to 1/10,000 (Rull et al. 2008a; Rull
and Laan 2005). Higher expression of CGB1 and CGB2 genes was detected
during the first trimester of pregnancy compared to the second and third
trimesters (Rull et al. 2008a; Rull and Laan 2005), consistent with in silico
predictions of transcription factors in Ref. II suggesting that these genes might
have a role in implantation and placentation. Interestingly, in testis the
proportional contribution of CGB1/2 to the total hCGβ transcript pool was as
high as 1/3 (Rull et al. 2008a).

Unlike the hCG beta-coding genes that each produce a single mRNA tran-
script, four splice variants have been described for CGB1 and CGB2 (Bo and
Boime 1992). The major transcript of CGB1/CGB2 codes for a unique 5’ UTR
and exon 1, and one base pair shifted open reading frame (ORF) for exon 2 and
exon 3. The alternative mRNAs contain additional +47, +166 or +176 bp of
DNA sequence from intron 1 that alter the amino acid sequence of transcript.
Approximately equal fractions of the CGB1/2 transcript coding for a hypo-
thetical 132 aa protein and the alternative +176 mRNA containing a premature
stop-codon (60 aa) were detected in human placenta and testis, +47 form being
transcribed at borderline of detection limit (Rull et al. 2008a). However, it is not
clear if these transcripts might have a regulatory role at RNA-level or are
translated into a protein.
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Interestingly, a recent study identified two novel small genes located within
the CGB1/2 specific putative promoter region (Figure 7)(Parrott and Mathews
2007). These genes encode for non-coding RNA substrates for a nuclear factor
90 (NF90) protein and are called snaR (small NF90-associated RNA). The
NF90 protein family members are double-stranded RNA binding proteins that
participate in many aspects of vertebrate RNA metabolism, have been
implicated in development, cell cycle and virus infection. The novel genes are
located 86 bp and 85 bp upstream of 5’ ends of CGB1 and CGB2 genes and are
named SNAR-G1 (128 bp) and SNAR-G2 (119 bp), respectively. From a set of
19 human tissues, the snaRs were detected predominantly in testis, weak
expression was found in placenta and brain. SnaR orthologs are present in chim-
panzee but not in other mammals and their function is currently unknown
(Parrott and Mathews 2007). Thus, the expressional activity of CGB1 and
CGB2 in testis may result as a by-product from the transcriptional activation of
SNAR-G1 and SNAR-G2 genes. Similarly, the transcription of CGB1 and CGB2
in placenta could be associated with concerted transcriptional activation of the
other CGB genes through simultaneous chromatin modifications and/or by
highly homologous DNA sequences (>95%) in the promoter regions of CGB
genes (Rull et al. 2008a). To date, all three options are possible: CGB1/2 genes
are pseudogenes or protein coding loci or a source of regulatory RNAs. Further
studies are necessary to study the functionality of CGB1/2 genes.

Figure 7. Location of the novel SNAR-G1 and SNAR-G2 genes respective to CGB1 and
CGB2 in human LHB/CGB cluster. 5’ and 3’ UTR’s are denoted as white boxes, coding
segments of CGB1/2 genes as dark gray boxes. Light gray boxes mark the novel SNAR-
G1 and SNAR-G2 genes. The direction of transcription is indicated by black triangles.

4.4.3 Additional examples of novel functions
evolving after gene duplication

Examples of novel or altered functions arising after duplication event(s) could
be drawn from other gene families. For example, globin paralogs have explored
diverse evolutionary pathways, with some functional genes retaining their
original function, some having become nonfunctional and some having changed
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their function and time of expression (Aguileta et al. 2004; Fitch et al. 1991).
After the ancestor of the anthropoids diverged from those of prosimians,
developmental expression of γ-globins changed from embryonic to fetal in the
emerging anthropoids (Goodman et al. 1987; Tagle et al. 1988). The γ-globin
genes continued to function as embryonic genes in rodents, lagomorphs and
prosimian primates, in the ancestral anthropoid lineage however they act as
fetally expressed genes (Fitch et al. 1991; Johnson et al. 2006b; Tagle et al.
1988).

Also, in the higher primates a rapid evolution of growth hormone gene has
occurred. In great apes and Old World monkeys the duplicated GH loci, apart
from a couple of GH-related genes, have acquired a novel function and code for
chorionic somatomammotropin (CSH genes), also known as placental lactogen
expressed in the placenta (Chen et al. 1989; Li et al. 2005; Ye et al. 2005).

A good example of how a gene duplication could be a source of novel
protein functions are the two ribonuclease genes in the colobine monkey the
douc langur (Pygathrix nemaeus). They are unique among primates in using
leaves rather than fruits and insects as their primary food source, the leaves are
fermented in the foregut by symbiotic bacteria. Similar to ruminants, colobines
recover nutrients by breaking and digesting the bacteria with the use of various
enzymes, including pancreatic RNase1. A recent duplication (~4 MYA) of the
RNase1 gene was identified in douc langur, that occurred after the divergence of
the colobine lineage from the other Old World monkeys (Zhang et al. 2002).
The novel ribonuclease is effective in degrading bacterial RNAs at lower pH
values of colobine’s small intestine (pH 6–7 compared to pH 7.4–8 in humans
and other monkeys), whereas the RNase1 retained its former function (Zhang et
al. 2002).

In addition, evidence of parallel adaptive evolution of digestive RNases in
Asian and African leaf monkeys was recently found (Zhang 2006). Colobine
monkeys are separated into Asian and African clades, which diverged from each
other ~13 MYA. In addition to Asian colobine the douc langur (Pygathrix
nemaeus), Zhang studied RNase genes of African colobine the guereza monkey
(Colobus guereza). The guereza monkey has three genes: RNase1 and inde-
pendently duplicated RNase1β and RNase1γ genes. It was suggested that the
duplication events occurred 6.7 and 7.8 MYA The independently generated
douc langur RNase1B and guereza RNase1β and RNase1γ genesshow very si-
milar patterns of sequence evolution: role of positive selection leading to lower
optimal pH compared to the ancestral RNase1 gene (7.4 for RNase1, 6.3 for
RNase1B of douc langur, 6.7 for guereza RNase1β and RNase1γ) and losing the
ability to degrade double-stranded RNA. The pancreatic RNase1 gene was
duplicated independently in Asian and African colobines and the duplicated
genes subsequently experienced parallel functional changes by means of
parallel amino acid replacements driven by selective pressure. Additional
duplications of RNase1 gene in Asian and African colobines have been reported
by Schienman et al. (Schienman et al. 2006).
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CONCLUSIONS

Following conclusions can be drawn from the current PhD thesis:
1. Duplicated and highly identical LHB/CGB genes are characterized by a very

high diversity in three human populations (Estonians, Chinese Han and
African Mandenkalu). High sequence diversity, strong LD and concentration
of gene conversion acceptor sites co-localized at the periphery of the cluster
(LHB, CGB and CGB7 genes); lower diversity, breakdown of LD and gene
conversion donor activity was characteristic to the central region (CGB2,
CGB1 and CGB5 genes). The results indicate an important role of gene con-
version in spreading polymorphisms among the duplicon copies and gene-
rating LD around them. The directionality of gene conversion events might
be associated to the predicted recombination “hotspot” and “warm spot” in
the vicinity of the most active acceptor genes at the periphery of the cluster.

2. Comparison of human and chimpanzee LHB/CGB genomic regions revealed
independent duplication events in these species resulting in discordant
number of CGB genes (6 in human, 5 in chimpanzee). A difference in CGB
copy numbers between species indicates active dynamics of LHB/CGB
genomic region and suggests potential susceptibility to intraspecies re-
arrangement events.

3. Active gene conversion may have contributed to higher interspecies
sequence divergence (both genic and intergenic) and altered transition/ trans-
version ratio compared to single-copy loci. Probably a balance exists
between gene conversion and selection in the studies genes. Despite a high
sequence identity (85–99%), the individual LHB/CGB genes might be
evolving under different selective constraints.

4. Study of the CGB1/CGB2-like genes in humans and great apes (chimpanzee,
gorilla and orangutan) indicated that these genes may have arisen in the
common ancestor of African great apes. In human and chimpanzee these
genes might be functional as no ORF disturbing mutations were identified.
In gorilla however, the CGB1/CGB2-like genes might be pseudogenes as in
both of them insertion/deletion events were found disrupting the predicted
protein.

Implications and further development of the study:
It is evident that duplicated genes and genomic segments have an important role
in intra- and interspecies genetic variation and in a number of disorders.
Detailed studies of such regions aid in understanding the mechanisms of past
and ongoing gene and genome evolution. Understanding the dynamics of the
duplicated gene clusters might help to predict the regions in human genome
susceptible to rearrangement events and therefore prone to genomic disorders.
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SUMMARY IN ESTONIAN

Inimese ja šimpansi Luteiniseeriva hormooni/ Koorion Gonadotropiini
beeta-subühiku (LHB/CGB) geeniklaster: liigisisene varieeruvus ning

noorte duplitseeritud geenide lahknemine sõsar-liikides

Geneetilise materjali duplitseerumist peetakse üheks peamiseks evolutsiooni
mehhanismiks, olles aluseks uute geenide ja bioloogiliste protsesside tekki-
mises. Arvatakse, et primitiivsete eluvormide evolutsioon keerulisemate suunas
on olnud võimalik tänu duplikatsioonisündmuste toimumisele eellasgenoomi-
des. Selgroogsete evolutsioonis on teadaolevalt toimunud kaks kogu genoomi
haaravat geneetilise materjali kahekordistumist. Kolmas sarnane sündmus on
toimunud ainult kiiruimsete kalade klassis. Kogu genoomi duplikatsioonid
annavad alusmaterjali nii bioloogilise mitmekesisuse kui ka uute liikide tekki-
miseks. Harvadest laiaulatuslikest kogu genoomi hõlmavatest duplikatsioo-
nidest on sagedasemad lühemaid genoomi fragmente “paljundavad” evolut-
sioonisündmused.

Käesolevaks ajaks on paljude liikide genoomid sekveneeritud ning on selgu-
nud, et DNA fragmentide duplikatsioonid on toimunud ja toimuvad sagedamini,
kui varem arvatud. Ka inimese ja šimpansi vahelistest geneetilise materjali
erinevustest hõlmavad suured (>20 000 aluspaari ja >94% DNA järjestuse
sarnasususega) duplitseerunud genoomilõigud rohkem (2.7%) kui ühe nukleotii-
dilised erinevused (1.2–1.5%). Primaatide evolutsiooni käigus  “paljundatud”
geenid osalevad mitmetes reproduktsiooni, immuunsust, arengut, adaptatsiooni
ja aju funktsioone reguleerivates protsessides.

Inimese genoomis on nn. segmentaalseid duplikatsioone umbes 5.2% (ula-
tusega tuhat kuni mitusada tuhat aluspaari ja >90% DNA järjestuse sarnasu-
sega). Erinevalt unikaalsetest genoomi piirkondadest on sellised väga kõrge
DNA järjestuse homoloogiaga piirkonnad altid mitte-alleelsele homoloogilisele
rekombinatsioonile ja geenikonversioonile. Mitte-alleelne homoloogiline re-
kombinatsioon võib põhjustada genoomsete piirkondade ümberkorraldusi (de-
letsioone, insertsioone, inversioone). Geenikonversioon soodustab mutatsioo-
nide levikut geenikoopiate vahel ja/või homogeniseerib suguluses olevate
geenide järjestusi. Lisaks olulisele rollile multigeensete perekondade evolut-
sioonis, on mõlema mehhanismi osalust näidatud ka mitmete geneetiliste hai-
guste tekkel.

Lisaks nn. duplikaatpiirkondade struktuuri ja DNA järjestuste erinevustele
liikide võrdlusel, võib neis genoomsetes piirkondades olla varieeruvusi ka ühe
liigi indiviidide vahel. Näiteks moodustab inimese genoomist koguni ~12%
selline geneetiline materjal, mille olemasolu või puudumine populatsioonis
varieerub.

Kuigi on selge, et genoomsete segmentide, s.h. geenide duplikatsioonidel on
oluline roll liigisiseses ja liikide vahelises varieeruvuses, pole nende tekkimine,
evolutsioon ja funktsionaalsed tagajärjed kuigi hästi mõistetud.
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Luteiniseeriva hormooni/ Koorion Gonadotropiini beeta-subühiku (LHB/
CGB) geeniperekond on tekkinud primaatide liinis mitmete järjestikuste dupli-
katsioonisündmuste tagajärjel. LHB/CGB geenid kodeerivad gonadotroopsete
hormoonide beeta subühikut. Gonadotroopsetel hormoonidel on väga oluline
roll reproduktiivsüsteemis, olles asendamatud sugurakkude normaalse arengu
ning eduka raseduse tagamisel.

Inimese LHB/CGB geeniklaster asub kromosoomis 19q13.32 ning koosneb
seismest väga kõrge DNA sarnasusega (85–99%) geenist – ühest LHB ning
kuuest CGB geenist. CGB geen on tekkinud primaatide liinis ilmselt LHB geeni
duplikatsiooni ning divergeerumise tagajärjel. CGB geen erineb oma eellasest
nii ekspressiooni aja (rasedus vs. täiskasvanu iga), koe (platsenta vs. ajuripats)
kui hormooni eluea (LH ~1 h vs. hCG ~6 h) poolest. CGB geenide koopiate arv
varieerub erinevates primaatide liikides: ühest Uue Maailma ahvidel kuni
umbes 50’ni gorillal. Antud uuringus kasutati LHB/CGB geeniperekonda kui
mudelit primaatide-spetsiifiliste duplikaatgeenide varieeruvuse ja evolutsiooni
uurimiseks.

Doktoritöö eksperimentaalne osa keskendus järgmistele küsimustele: (i) geeni-
konversiooni roll inimese LHB/CGB geenide DNA varieeruvuse ja alleelse
aheldatuse mustrite kujundamises, (ii) inimese ja šimpansi LHB/CGB genoomi-
klastrite võrdlus ning (iii) LHB/CGB klastri evolutsiooniliselt kõige nooremate
geenide CGB1 ja CGB2 iseloomustamine.

Uurimistöö peamised tulemused võib kokku võtta järgnevalt:
1. Duplitseeritud LHB/CGB geenide resekveneerimisel kolmes inimpopu-

latsioonis (Eesti; Hiina Han; Aafrika Mandenkalu) selgus, et DNA järjes-
tuse varieeruvus uuritud geenides on kuni 7x kõrgem, kui unikaalsetes
geenides. Geeniklastri servades paiknevaid geene (LHB, CGB ja CGB7)
iseloomustavad väga kõrge DNA järjestuse varieeruvus, tugev geeni-
sisene alleelne aheldatus ning aktseptori roll geenikonversiooni prot-
sessis. Klastri keskel asuvate geenide (CGB2, CGB1 ja CGB5) varieeru-
vus on madalam ehk umbes inimese genoomi keskmisel tasemel, alleelse
aheldatuse ulatus lühem kui klastri äärtes paiknevates geenides ning
geenikonversiooni sündmustes osalevad nad peamiselt doonorina. Saadud
tulemused viitavad geenikonversiooni olulisele rollile polümorfismide
levitajana geenikoopiate vahel. Geenikonversiooni toimumise suuna võib
määrata rekombinatsioonilise aktiivsuse “kuumade punktide” asukoht
kõige aktiivsemate aktseptorgeenide läheduses geeniklastri servades.

2. Inimese ja šimpansi LHB/CGB genoomiklastrite võrdlemisel selgus, et
mõlemas liigis on toimunud sõltumatud duplikatsioonid, mille tagajärjel
CGB geenide arv liikide vahel erineb: inimesel on kuus CGB geeni-
koopiat, šimpansil viis. Mõlemal liigil on duplitseerunud sama genoomne
piirkond, ainult et erinevas ulatuses. CGB geenide koopiaarvude erine-
vused nii inimese ja šimpansi kui ka muude seni uuritud primaatide
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liikide vahel osutavad aktiivse dünaamikaga genoomsele piirkonnale, mis
on soodus pinnas ka liikide sisestele genoomsetele ümberkorraldustele.

3. Aktiivne liigisisene geenikonversioon on ilmselt: (a) viinud inimese ja
šimpansi LHB/CGB geeniklastri (nii geenide kui intergeensete alade)
kõrge lahknevuseni võrreldes unikaalsete genoomsete piirkondadega ja
(b) muutnud transitsiooniliste/ transversiooniliste mutatsioonide suhet
uuritud regioonis. LHB/CGB geenide evolutsiooni võti on ilmselt tasakaal
geenikonversiooni ja loodusliku valiku vahel. Kuigi LHB/CGB geenid on
väga sarnased (DNA järjestuse sarnasus 85–99%), võib üksikute geenide
evolutsioon toimuda erinevate loodusliku valiku survete all.

4. Inimese ja inimahvide CGB1/CGB2-sarnaste geenide resekveneerimise
tulemused viitavad, et need geenid on tekkinud evolutsiooni mastaabis
suhteliselt hiljuti, ilmselt Aafrika inimahvide ühisel eellasel. Inimesel ja
šimpansil võib tegemist olla funktsionaalsete geenidega, kuna ühtegi
avatud lugemisraami muutvat mutatsiooni geenide kodeerivates järjes-
tustes ei leitud. Gorillal on aga CGB1/CGB2-sarnased geenid arvatavasti
pseudogeenid, sest mõlemas geenis leiti insertsioone/ deletsioone, mis
rikuvad ennustatud valgu järjestuse.

Geenide ja genoomi segmentide duplikatsioonidel on oluline osa liikide siseses
ja liikide vahelises geneetilises varieeruvuses ning mitmete haiguste kujune-
mises. Selliste piirkondade detailne uurimine aitab mõista toimunud ning
käimasolevaid geenide ja genoomide evolutsiooni mehhanisme. Detailsemad
teadmised duplitseeritud geeniklastrite dünaamikast võivad olla abiks, et ennus-
tada selliseid piirkondi inimese genoomis, mis on altid ümberkorraldustele ja
seetõttu võivad osaleda genoomsete haiguste tekkimises.
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APPENDIX

1. The human population sequence variation data of LHB/CGB genes from Ref.
I is deposited in dbSNP database under accession numbers:
- LHB – ss48399882 – ss48399902
- CGB – ss48399909 – ss48399943
- CGB1 – ss48399944 – ss48399963
- CGB2 – ss48399964 – ss48399997
- CGB5 – ss48399998 – ss48400022
- CGB7 – ss48400023 – ss48400071
- CGB8 – ss48399818 – ss48399832
- CGB5 – CGB8 intergenic region – ss48399833 – ss48399849
- CGB8 – CGB7 intergenic region – ss48399850 – ss48399881

2. The full chimpanzee LHB/CGB genome cluster sequence from Ref. III is
deposited in NCBI GenBank, accession number EU000308.

3. The sequences of the CGB1/CGB2-like and LHB genes for chimpanzee,
gorilla and orangutan from Ref. II are deposited in GenBank under accession
numbers:
- Chimpanzee CGB1/CGB2-like genes – DQ238547, DQ238549
- Gorilla CGB1/CGB2-like genes – DQ238548, DQ238550
- Chimpanzee LHB gene – DQ238551
- Gorilla LHB gene – DQ238552
- Orangutan LHB gene – DQ238553
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