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INTRODUCTION 

G protein-coupled receptors (GPCRs) are central to the eukaryotic signalling 
systems. The pathways initiated by ligands binding to them vary greatly and can 
have numerous physiological effects. In human the GPCRs are essential for 
the nervous system, for the immune system, and for the endocrine system. 
Hence, signalling via GPCRs needs to be tightly controlled by regulatory 
molecules such as Regulators of G protein Signalling (RGS). 

Most members of the R4 subclass of RGS proteins are associated with 
functions in the immune system, although they are also found in the brain and 
other organs. One of them, RGS16, is even directly targeted by a virus that 
causes immune deficiency in pigs. RGS16 is also induced during antiviral 
responses and controls the expression of a number of genes associated with 
antiviral functions. However, it is also upregulated by other types of infection 
and impacts on MAP kinase activity. 

RGS16 and most of the other R4 RGS are located close together in 
the genomes of both humans and other vertebrates, thus defining a conserved 
genomic region (the ‘R4 RGS region’). The best studied region in vertebrate 
genomes that is involved in immune responses is the MHC which encodes for 
genes involved in antigen presentation (among others) and possesses four large 
paralogous segments in most vertebrate species. Intriguingly, early works have 
suggested the R4 RGS region to be associated with one of these duplicated 
copies based on its genomic location. 

Susumu Ohno postulated already in 1970 that gene and genome duplication 
is one of the main driving forces behind evolution of new species. He further 
suggested that vertebrates may have undergone genome duplications during their 
early evolution, followed by a period of extensive chromosomal rearrangements, 
gene re-specialization and gene loss in order to restore a stable diploid state. 
This theory has gained much support during the last two decades and is now 
generally accepted as it provides the most plausible explanation for the four 
copies of Hox gene clusters, four copies of regions paralogous to the MHC, and 
a number of other similar cases in many vertebrate genomes. 

With full sequences of many vertebrates available and the reconstruction of 
ancestral chordate linkage groups it appeared that many large genomic regions 
are conserved across vertebrates, even chordates. In fact, some conserved 
syntenies have even been found between vertebrates and some invertebrate 
species, suggesting they have been conserved throughout metazoan evolution. 
There are at least three theories explaining such conservation, involving 
conserved regulatory sequences of key developmental genes, beneficial 
functional co-regulation, or simply the contingent absence of recombination in 
the conserved regions. The proto-MHC or somewhat related regions have been 
identified in the amphioxus, tunicates, sea urchin, and even fruit fly. Such 
studies suggest that other regions derived from the same ancestral chromosome 
as the MHC encode for genes with immune functions in vertebrate genomes.  
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The aims of the present study were double. First, the impact of RGS16 on 
monocyte activation was assessed to get more insight on the roles of R4 RGS 
proteins in the immune system. Second, the hypothesis of an evolutionary 
connection between the R4 RGS region and the ancestral proto-MHC was tested 
by determining this gene set’s three paralogous copies and tracking them 
throughout metazoan evolution. The results presented here suggest that the link 
between R4 RGS and proto-MHC has been well conserved across metazoans 
and that this region comprises of a new set of useful markers for tracking 
the MHC in invertebrate and ancestral species.  
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GLOSSARY 

2R WGD hypothesis “Early evolution of vertebrates involved two consecutive 
rounds of whole genome duplication” 

Agranular mono-
nuclear myeloid cells 

Promonocytes, monocytes, and monocyte derived cells, 
e.g. macrophages and dendritic cells 

Allotetraploidy Hybridization of two diploid genomes 
 

Ancestral linkage group A set of genes linked in a number of genomes, suggestive 
of its presence in the common ancestor 

Autotetraploidy Duplication of a diploid genome 
 

Class I, II, III Three main regions of the vertebrate MHC 
 

Dosage balance 
hypothesis 

“Changes in copy number of certain genes are selected 
against since it is balanced with that of other genes” 

Fragile site Genomic region that is prone to DNA damage 
 

Immunoproteasome Proteasome that is encoded for by genes linked to 
the MHC and involved in antigen processing 

Linkage disequilibrium Non-random association of alleles at two or more genetic 
loci 

Neofunctionalization One of the copies resulting from gene duplications gains 
a new function and is thus retained 

Neo-
subfunctionalization 

Duplicated gene copies retain distinct functions of 
the original gene, but also obtain new functions 

Ohnologs Paralogs that originate from whole genome duplications 
 

Paralogons Paralogy regions derived from genome duplications 
 

Proto-MHC, NT, JN Invertebrate / ancestral regions that correspond to 
vertebrate MHC, NT,  JN paralogons, respectively 

Polyploidization The process of a genome becoming polyploid 
 

Re-diploidization The restoration of diploid state 
 

Scaffold Genome fragment not assigned to a chromosome yet 
 

Subfunctionalization Copies of a gene keep distinct functions of the original 
gene and are thus retained 

Synteny Conservation of a genomic region between two or more 
species 

Tetrapod Four-limbed vertebrate 
 

Ur-metazoan The hypothetical common ancestor of metazoans 
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Different phyla and species discussed in this thesis are defined on Figure 1. 
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Porifera (sponges)
Amphimedon queenslandica

Placozoans
Trichoplax adhaerens

Cnidarians (jellyfish, corals, sea anemones, etc.)
          Starlet sea anemone (Nematostella vectensis)

Ctenophora (comb jellies)

Vertebrates
          Human (Homo sapiens); mouse (Mus musculus);
          chicken (Gallus gallus); western clawed frog

Cephalochordates (amphioxi)
          Florida lancelet (Branchiostoma floridae)

Tunicates (sea squirts)
Vase tunicate (Ciona intestinalis); Oikopleura dioica

Echinoderms (starfish, sea urchins, etc.)
          Purple sea urchin (Strongylocentrotus purpuratus)

Arthropods (insects, spiders, crustaceans, etc.)
          Fruit fly (Drosophila melanogaster)

Nematodes (roundworms)
          Caenorhabditis elegans

Annelids (leeches, earthworms and polychaetes)
Capitella teleta; Helobdella robusta

Molluscs
          Pacific oyster (Crassostrea gigas); owl limpet (Lottia gigantea)

Protists

C
h

o
rd

a
te

sTwo whole genome
duplications

       (Xenopus tropicalis)

Choanoflagellates
          Monosiga brevicollis

        Sea gooseberry (Pleurabrachia bachei)

Urmetazoan

 
Figure 1. Phylogenetic relationships of animals discussed in the dissertation. 
Vertebrates, cephalochordates, and placozoans are marked with grey boxes. 
The hypothetical metazoan ancestor – the Ur-metazoan – is marked at the stem 
of metazoans. Modified from Publication III, Figure 1.  
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1. REVIEW OF THE LITERATURE 

1.1 R4 Regulators of G protein Signalling: structures, functions and 
genomic context 

1.1.1 G proteins and G protein-coupled receptors 

The superfamily of G protein-coupled receptors (GPCRs) is found across 
eukaryotes and is classified into 5-6 families based on sequence homology and 
functional similarities (Fredriksson et al., 2003; King et al., 2003; Eichinger 
et al., 2005; Wettschureck and Offermanns, 2005; Römpler et al., 2007; 
Xue et al., 2008; Krishnan et al., 2012; Jékely, 2013; Krishnan et al., 2013; 
Urano et al., 2013; de Mendoza et al., 2014; Isberg et al., 2014). In general, 
vertebrate genomes encode for much more GPCRs than invertebrate genomes 
(Römpler et al., 2007). In prokaryotes structurally similar sensory receptors have 
been identified (such as bacteriorhodopsins) and have been proposed to 
represent molecules that eventually evolved into eukaryote GPCRs (Pertseva and 
Shpakov, 2009; Ernst et al., 2014; Zhang et al., 2014). GPCRs are also encoded 
by the genomes of some large DNA viruses (such as herpesviruses and 
poxviruses), which is likely the result of horizontal gene transfer (Vischer et al., 
2006). In any case it appears that the presence of true GPCRs is specific to 
eukaryotes. It has been suggested that the genome of the common ancestor of all 
eukaryotes already encoded for all the components of a functional GPCR 
signalling pathway (de Mendoza et al., 2014), and that even the ligands for 
GPCRs have co-evolved with the receptors themselves (Mirabeau and Joly, 
2013). 

While G protein-coupled receptors can have diverse ligand binding sites, 
a typical GPCR contains an extracellular N-terminus, seven membrane spanning 
helices, and an intracellular C-terminus (Venkatakrishnan et al., 2014). 
An agonist binding to the extracellular ligand binding site induces 
conformational change in the receptor, enabling the cytosolic part of the protein 
to mediate the dissociation of small heterotrimeric G proteins into Gα and Gβγ 
subunits (Cabrera-Vera et al., 2003). The dissociated G protein subunits can then 
activate intracellular pathways depending on the subunit subtype (Figure 2); 
different phylogenetic clades can express different subtypes due to evolutionary 
processes such as lineage-specific expansions and gene loss (Anantharaman et 
al., 2011). The signal is eventually terminated by re-association of the G protein 
components (Cabrera-Vera et al., 2003). 

A heterotrimeric G protein’s structural integrity is mainly determined by 
the state of its Gα subunit. There are four classes of Gα subunits in humans (Gαi, 
Gαq, Gαs, and Gα12/13) (Lattin et al., 2007; Lagman et al., 2012), but more in 
teleost fish and invertebrates (Lagman et al., 2012). In a fully assembled Gαβγ 
heterotrimer the Gα subunit is bound to GDP; the G protein dissociates into Gα 
and Gβγ subunits when the GDP is replaced by GTP (Cabrera-Vera et al., 2003). 
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The Gβγ dimer can be bound and stabilized by molecular chaperons related to 
phosducin (Lukov et al., 2005). The Gα subunit itself contains an intrinsic 
GTPase activity, eventually resulting in GTP being hydrolysed back to GDP and 
subsequent Gαβγ re-association (Cabrera-Vera et al., 2003; Wettschureck and 
Offermanns, 2005). In line with this it has been determined that the cytoplasmic 
tail of an activated GPCR contains a guanine nucleotide exchange factor (GEF) 
activity and thus catalyses the GDP→GTP exchange on the bound Gα subunit 
(Cabrera-Vera et al., 2003). Each GPCR can couple to (and thus activate) only 
select types of Gαβγ heterotrimers, allowing for signal specificity (Cabrera-Vera 
et al., 2003; Wong, 2003). Furthermore, GPCRs can form homo- and 
heterodimers with coupling and ligand specificities different from the individual 
receptors forming the dimer (Prinster et al., 2005; Franco et al., 2007; Kasai and 
Kusumi, 2014). Rapid switching between monomeric and homodimeric states 
has been observed (Kasai and Kusumi, 2014). 

 

 

Figure 2. Simplified overview of the different pathways initiated by G protein 
signalling. The Gβγ subunit and different types of Gαi subunits are all involved in 
intracellular signalling via different mechanisms. Adapted by permission of Macmillan 
Publishers Ltd from Sun and Ye, 2012. 

The Gβγ subunits are mainly associated with ion channel regulation 
(Figure 2), but also have some other functions (Sun and Ye, 2012). The alpha 
subunits have different activities depending on the subunit class: Gαi subunits 
inhibit adenylate cyclase activity, Gαs subunits enhance adenylate cyclase 
activity, Gαq subunits activate phospholipase C and Gα12/13 subunits modulate 
the activity of Rho GTPases (Sun and Ye, 2012) (Figure 2). 
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The human genome (Lander et al., 2001) encodes for nearly a thousand 
different G protein-coupled receptors (Vassilatis et al., 2003; Wettschureck and 
Offermanns, 2005). There are sixteen genes encoding for Gα subunits (divided 
into four classes), five for Gβ and thirteen for Gγ present in the human genome 
(Lagman et al., 2012). Our immune, nervous, and endocrine systems all rely 
greatly on GPCRs – for example, blood pressure is controlled by GPCR 
signalling, taste and smell are sensed via GPCRs, neurotransmitters function by 
binding to GPCRs, and immune cells are recruited to the sites of infection using 
GPCRs (Cabrera-Vera et al., 2003; Wettschureck and Offermanns, 
2005). Among others, the GPCRs include (Cabrera-Vera et al., 2003; 
Wettschureck and Offermanns, 2005): 
 Neurotransmitter receptors (e. g. for serotonin, dopamine, glutamate) 
 Chemokine receptors (e. g. CXCR4, CCR3) 
 Hormone receptors 
 Opioid and cannabinoid receptors 
 Adrenergic receptors 
 Olfactory receptors 
 Visual receptors (e. g. rhodopsin) 
 Taste receptors 
 Pheromone receptors 
 Other receptors (e. g. Frizzled, Smoothened) 

Malfunction of GPCR signalling can result in a wide spectrum of pathologies 
and thus ~40 % of all clinically approved drugs have been developed to target 
G protein-coupled receptors; some reports suggest the number to be even higher 
(Schöneberg et al., 2004; Heng et al., 2013; Stevens et al., 2013; Wang and 
Lewis, 2013). 

1.1.2 Modulation of G protein signalling 

As described above, G protein signalling involves a fine-tuned balance between 
two states of the Gα subunit of the heterotrimeric G proteins. On the one hand, 
the GPCR exhibits a GEF activity leading to dissociation of the G protein. 
On the other hand, the Gα subunit itself contains a GTPase activity to reverse 
the dissociation. Various scaffolding proteins may tether signalling components 
near the GPCR (Ritter and Hall, 2009) and mechanisms are in place to ensure 
tight regulation and restriction of the GPCR-induced pathways. 
 Steric hindrance. For example, phosducin and related proteins stabilize 

the betagamma dimer, but this interaction can also block its signalling 
activities (Lukov et al., 2005; Partridge et al., 2006). Guanine nucleotide 
dissociation inhibitors (GDI) can bind to the Gα subunit and block its 
activation (Siderovski and Willard, 2005). 

 G protein-coupled receptor kinases (GRK). GRKs are kinases that are 
activated by binding to an activated GPCR, after which they can 
phosphorylate a variety of substrates and may even have functions other 
than kinase activity (Ribas et al., 2007; Tesmer, 2009; Gurevich et al., 
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2012; Watari et al., 2014). Phosphorylation of the GPCR by GRKs 
results in β-arrestin binding to the receptor, which reduces G protein 
coupling and can even lead to internalization of the GPCR (Ribas et al., 
2007; Liggett, 2011; Watari et al., 2014). Ubiquitination of β-arrestin is 
required for these processes as deubiquitinated β-arrestin can bind to 
GPCRs only transiently (Shenoy et al., 2007). In plants, sugar has been 
also shown to induce GPCR phosphorylation and internalization (Phan 
et al., 2013). However, even internalized GPCRs in endosomes retain 
some signalling activity (Irannejad et al., 2013). 

 Regulators of G protein Signalling (RGS). The main function of RGS 
proteins is generally associated with an RGS homology (RH) domain 
(also known as the RGS domain or ‘RGS-box’) that has a GTPase-
activating protein (GAP) activity directed at the Gα subunits (Tesmer, 
2009). Therefore the role of RGS is to accelerate the reassembly of 
the dissociated heterotrimeric G proteins, thus leading to inhibition of 
the G protein subunit-mediated signalling pathways (Ross and Wilkie, 
2000). The RGS proteins have different expression patterns, different 
Gα subtype specificities and therefore often also different functions 
(Soundararajan et al., 2008). 

 ‘Activators of G protein Signalling’. These are a small group of 
proteins that can interact with both α and βγ subunits and can have GDI 
or GEF activity on the Gα subunit. Examples are the small G proteins 
Dexras1 and Rhes, as well as the GPSM1 and GPSM2 proteins 
(De Vries et al., 2000; Cismowski et al., 2001; Kerov et al., 2005; 
Thapliyal et al., 2008; Harrison and He, 2011).  

The abovementioned regulatory mechanisms are further fine-tuned on both post-
transcriptional and post-translational levels (Riddle et al., 2005; Bansal et al., 
2007; Ribas et al., 2007; Kach et al., 2012). For example, RGS activity can be 
modulated by binding to the scaffolding protein spinophilin (Wang et al., 2005; 
Bansal et al., 2007; Fujii et al., 2008; Ma et al., 2012). 

The role of RH domains in proteins other than RGS is less straightforward 
(Tesmer, 2009). For example, GRKs specialize in phosphorylation, although 
they have an RH domain, and only GRK2 exhibits a weak GAP activity 
(Carman et al., 1999; Watari et al., 2014). Other known RH domain proteins 
include axins as well as some Rho GEFs (e. g. ARHGEF1), sorting nexins, and 
others (Siderovski et al., 1999; Ross and Wilkie, 2000; Siderovski and Willard, 
2005; Bansal et al., 2007; Tesmer, 2009). Most of the RH domain proteins are 
associated with protein-protein interactions related to G protein signalling 
pathways (Tesmer, 2009). 

There are 21 known RGS proteins encoded in the human genome for which 
the main function is based on GAP activity (Siderovski and Willard, 2005). 
While classically the RH domain proteins have been divided into at least six 
subfamilies (up to nine), these RGS proteins themselves are divided between 
four of them depending on their domain structure and phylogenetic relationships 
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(Siderovski et al., 1999; Ross and Wilkie, 2000; Siderovski and Willard, 2005; 
Bansal et al., 2007; Tesmer, 2009): 
 A/RZ - RGS 17, 19, 20 
 B/R4 - RGS 1, 2, 3, 4, 5, 8, 13, 16, 18, 21 
 C/R7 - RGS 6, 7, 9, 11 
 D/R12 - RGS 10, 12, 14 

The testis-specific protein RGS22 contains 3 RH domains and is not associated 
with any of the subfamilies (Hu et al., 2008; Tesmer, 2009). 

RGS proteins belonging to the A/RZ and B/R4 subfamilies have very simple 
domain structures, consisting of a single RGS domain accompanied by C- and 
N-terminal regions (Siderovski et al., 1999; Ross and Wilkie, 2000; Siderovski 
and Willard, 2005; Bansal et al., 2007; Tesmer, 2009). The N termini of 
RZ RGS are characterized by a poly-cysteine tail while the R4 RGS generally 
have an amphipathic helix in their N termini that enhances membrane 
association (Tesmer, 2009). 

Both R7 and R12 RGS contain additional structural features besides 
the RH domain. One of the domains present in R7 RGS is highly similar to 
the G protein subunit Gγ and forms dimers with Gβ5 (Posner et al., 1999; 
Anderson et al., 2009; Tesmer, 2009). RGS12 and RGS14 (R12 subfamily 
members) contain a C-terminal GoLoco domain with GDI activity (Kimple 
et al., 2001), providing an additional opportunity to inhibit GPCR signalling. 
RGS10 is another RGS with a very simple structure, but its N-terminal end does 
not contain features characteristic to R4 and RZ RGS and it is in fact considered 
as an R12 RGS (Tesmer, 2009). 

The presence of RGS homology domains is not specific to vertebrate or even 
metazoan genomes. A phylogenetic analysis of the GPCR pathway components 
in 75 genomes indicated that proteins with RH domains are present in nearly all 
species that encode for heterotrimeric G proteins (de Mendoza et al., 2014), 
i. e. all metazoans, fungi (except for Microsporidia, a group of parasitic 
unicellular fungi), and a number of protists (de Mendoza et al., 2014). However, 
in most lineages other than metazoans it is more common for the RH domain to 
be associated with the GPCRs themselves rather than as part of a separate 
protein (Phan et al., 2013; de Mendoza et al., 2014). 

1.1.3 R4 RGS proteins and their functional implications 

The largest subfamily of RGS proteins found in vertebrate species is the R4 RGS 
(Bansal et al., 2007). In the human genome the genes for R4 RGS can be found 
on two chromosomes: RGS3 is located on chromosome 9q32 while all the other 
R4 RGS (RGS1,2,4,5,8,13,16,18 and 21) are on chromosome 1q, suggesting that 
they originate from tandem duplications of a single gene (Snow et al., 1998; 
Sierra et al., 2002). It is therefore likely that the vertebrate ancestors had 
originally only one or two R4 RGS genes. 

Although R4 RGS themselves have very simple structures, they can undergo 
post-translational modifications such as phosphorylation, palmitoylation, 
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arginylation and ubiquitination (Bansal et al., 2007; Kach et al., 2012). 
RGS4, 5 and 16 in particular are among the very few known targets for 
the N-end degradation pathway (Lee et al., 2005). In this pathway proteolytic 
excision of a methionine leads to nitric oxide-dependent oxidation of 
the N-terminal cysteine, making it a suitable target for arginylation (Hu et al., 
2005). This chain of events creates a viable substrate for ubiquitination by 
specific ubiquitin ligases, e. g. ATE1, and subsequent degradation by 
the proteasome (Hu et al., 2005; Lee et al., 2005; Brower and Varshavsky, 
2009). The same cysteine is also a target for palmitoylation so it seems the fate 
of these three R4 RGS proteins largely depends on post-translational 
modifications of the N-terminal residues (Druey et al., 1999; Bastin et al., 2012).  

Many of the R4 RGS proteins have prominent roles in the mammalian 
(and likely other vertebrate) immune systems (Bansal et al., 2007). However, 
they can also regulate the signalling of GPCRs not directly related to 
the immune system (Bansal et al., 2007). Furthermore, functions of R4 RGS are 
not limited to GAP activity as other types of interactions have also been shown 
(Bansal et al., 2007). For instance, RGS3 interacts with the Gβ1γ2 G protein 
subunit and RGS16 can inhibit PI3 kinase activity by binding to it (Shi et al., 
2001; Liang et al., 2009). The next sections discuss in detail the different 
functions of R4 RGS in human and mouse as well as their expression patterns 
by focusing on the seven R4 RGS that in human are located at chromosome 
1q25-q31. 

RGS1 is one of the key RGS in the immune system and is expressed by all 
leukocyte subsets (Kveberg et al., 2005; Bansal et al., 2007). It restricts 
the migration of both B and T lymphocytes toward chemokine gradients (Moratz 
et al., 2004a; Moratz et al., 2004b; Agenès et al., 2005; Bansal et al., 2007), 
is highly expressed in germinal centres (Hong et al., 1993), and is differentially 
regulated in a number of malignancies (Sethakorn and Dulin, 2013). It has been 
proposed that in resting B cells the RGS1 locus is associated with centromeric 
heterochromatin (Jefferson et al., 2010). In human and mouse agranular 
mononuclear myeloid cells activation with both viral and non-viral Toll-Like 
Receptor (TLR) agonists, or even with the pro-inflammatory cytokine tumour 
necrosis factor (TNF), potently induces RGS1 expression (Shi et al., 2004; 
Barker et al., 2005; Wen et al., 2005; Gu et al., 2009; Riekenberg et al., 2009; 
Ottoboni et al., 2013). In septic heart tissue RGS1 is induced in a MAPK 
(mitogen-activated protein kinase) - dependent manner (Panetta et al., 1999). 
The expression of RGS1 is also upregulated in autoinflammatory diseases, 
e. g. spondylarthritis, psoriasis, lichen planus, and atopic dermatitis (Gu et al., 
2009; Li et al., 2013; Rivas Bejarano and Valdecantos, 2013; Xie et al., 2014). 
In chickens the upregulation of RGS1 is associated with resistance to infectious 
bursal disease virus (Koren et al., 2008). Specific RGS1 polymorphisms are 
considered a risk factor for autoimmune diseases such as celiac disease, 
type I diabetes and multiple sclerosis (MS) (Hunt et al., 2008; Smyth et al., 
2008; Romanos et al., 2009; International Multiple Sclerosis Genetics 
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Consortium, 2010; Lindén et al., 2013). In MS RGS1 polymorphisms have been 
also associated with earlier onset of the disease and reduced attack severity, 
as well as increased amounts of the chemokine CXCL13 in cerebrospinal fluid 
(Johnson et al., 2010; Lindén et al., 2013; Mowry et al., 2013).  

RGS2 is expressed almost ubiquitously (Kehrl and Sinnarajah, 2002; 
Kveberg et al., 2005; Bansal et al., 2007) and is a key player in cardiovascular 
regulation, mostly by restriction of angiotensin II - induced signalling 
(Calò et al., 2004; Hercule et al., 2007). Like many other R4 RGS, it is 
dysregulated in various cancers (Sethakorn and Dulin, 2013). Lack of RGS2 
impairs nitric oxide mediated vasodilatation in response to acetylcholine while 
vascular smooth muscle cells of Rgs2 knockout (KO) mice proliferate more 
readily than their wild type (wt) counterparts (Osei-Owusu et al., 2012; Momen 
et al., 2014). In the retina, lack of RGS2 leads to decreased intraocular pressure 
due to increased actin filament assembly in the ciliary muscle cells and increased 
drainage of the aqueous humour (Inoue-Mochita et al., 2009). Interferon gamma 
(IFNγ) inhibits cardiac hypertrophy at least partly by inducing RGS2; 
the overexpression of RGS2 in general can have results such as urinary 
incontinence due to smooth muscle inhibition (Jin et al., 2005; Lin et al., 2009; 
Nunn et al., 2010; Chrobak et al., 2013). RGS2 deficiency correlates with 
hypertension in both humans and rodents (Heximer et al., 2003; Hercule et al., 
2007; da Costa Goncalves et al., 2008; Yono et al., 2010). Polymorphisms of 
the RGS2 gene associated with hypertension (Zhang et al., 2013), but also with 
metabolic syndrome (Freson et al., 2007). RGS2 is normally highly expressed in 
adipocyte development (Cheng et al., 2008) and Rgs2 KO mice are much leaner 
than wt mice (Nunn et al., 2011), while fat chickens have higher RGS2 
expression than lean chickens (Sibut et al., 2011). The impact on blood pressure 
of mice is at least partially elicited in kidneys – wt kidneys transplanted to KO 
mice normalize the blood pressure while KO kidneys in wt mice induce 
hypertension (Gurley et al., 2010). Moreover, RGS2 is induced in kidney 
fibrosis to restrict angiotensin II-mediated disease progression (Jang et al., 
2014). RGS2 is also overexpressed in ischemic astrocytes and in cirrhotic 
cardiomyopathy (Endale et al., 2010; Nunn et al., 2010). In the nervous system, 
upregulation of RGS2 has been associated with epilepsy and is reversible by 
treatment with carbamazepine, an anticonvulsant and mood stabilizer (Almgren 
et al., 2008). Rgs2 KO mice are more anxious and have decreased male 
aggression (Oliveira-Dos-Santos et al., 2000). In humans RGS2 and one of its 
polymorphisms are associated with anxiety disorders, suicidal behaviour, 
schizophrenia and parkinsonian side effects of antipsychotics used in treatment 
of schizophrenia (Leygraf et al., 2006; Greenbaum et al., 2007; Campbell et al., 
2008; Cui et al., 2008; Amstadter et al., 2009; Mouri et al., 2010; Otowa et al., 
2011; Lifschytz et al., 2012). A recent study linked RGS2 expression with 
Parkinson’s Disease itself (Dusonchet et al., 2014). Accordingly, RGS2 
modulates the activity of LRRK2 kinase associated with Parkinson’s Disease 
and can protect against neurotoxicity of its mutations (Dusonchet et al., 2014).  
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In the immune system, engaging the T cell receptor generally upregulates RGS2 
expression (Heximer et al., 1997; Oliveira-Dos-Santos et al., 2000). T cells from 
Rgs2 KO mice have significantly impaired proliferation and IL-2 production 
(Oliveira-Dos-Santos et al., 2000). The promonocytic cell line THP-1 (Abrink 
et al., 1994) upregulates RGS2 in response to the yeast Candida albicans 
(Barker et al., 2005). Stimulating murine Natural Killer cell (NK) receptors 
induces RGS2 regardless of whether the engaged receptor is inhibitory or 
activating (Kveberg et al., 2005), suggesting a possible link with decreased 
migration toward the chemokine CXCL12 which is also observed in activation 
of both types of NK receptors (Inngjerdingen et al., 2003; Kveberg et al., 2005). 
Rgs2 KO mice have impaired antiviral response to infection with lymphocytic 
choriomeningitis virus (Oliveira-Dos-Santos et al., 2000). In the macrophages 
RGS2 is overexpressed by treatment with viral TLR agonists and IFNβ, but 
downregulated by treatment with non-viral TLR agonists (Giorelli et al., 2002; 
Riekenberg et al., 2009; Lee et al., 2010). Rgs2 KO macrophages treated with 
TLR2 agonists respond with stronger upregulation of the anti-inflammatory 
nitric oxide than wt macrophages (Byeon et al., 2012). Therefore, even though 
RGS2 has been mainly studied in the context of cardiovascular regulation, it is 
apparent that it is also involved in immune responses, which seems to be 
common for the R4 RGS proteins. 

RGS8 is mainly expressed in the central nervous system with the highest 
expression in cerebellar Purkinje cells (Gold et al., 1997; Saitoh et al., 2003; 
Saitoh and Odagiri, 2003). Although Rgs8 KO mice do not substantially differ 
from wt mice (Kuwata et al., 2007), Purkinje cells upregulate RGS8 expression 
during early development and downregulate it in the neurodegenerative disease 
spinocerebellar ataxia (Saitoh and Odagiri, 2003; Rodriguez-Lebron et al., 
2013). RGS8 in the pancreas is associated with β-cell expansion in diabetes 
models and early development (Villasenor et al., 2010). In the immune system 
RGS8 is only expressed by the NK cells, in which it can be induced by treatment 
with IL-2 (Kveberg et al., 2005). Engaging the murine activating NK receptor 
Ly49D reduces RGS8 expression up to two-fold (Kveberg et al., 2005). 

RGS13 is mainly associated with lymphatic tissues and lungs (Johnson and 
Druey, 2002; Shi et al., 2004; Chng et al., 2009). It is upregulated in adult T cell 
leukaemia/lymphoma (Pise-Masison et al., 2009), but downregulated in B cell 
malignancies (Islam et al., 2003; Cahir-McFarland et al., 2004; Iwaki et al., 
2011). In germinal centres (GCs) RGS13 is induced to restrict B cell migration 
toward chemokine CXCL12 and CXCL13 gradients and overabundant 
expression of RGS13 in the GCs can result in autoreactive B cell development 
(Shi et al., 2002; Hsu et al., 2008; Wang et al., 2013). In mast cells RGS13 
inhibits both CXCL12-induced migration and Immunoglobulin E-mediated 
allergic responses (Bansal et al., 2008a; Bansal et al., 2008b). In rat brains 
RGS13 is mostly detected in the hippocampus and in Purkinje cells (Grafstein-
Dunn et al., 2001). 
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RGS16 is another R4 RGS that is often dysregulated in tumours (Sethakorn 
and Dulin, 2013). It was first cloned from the retina where it modulates 
phototransduction (Chen et al., 1996; Snow et al., 1998). It is also highly 
expressed in other tissues, most notably brain, liver, heart and lungs, but is also 
present in most leukocyte subsets (Chen et al., 1997; Lippert et al., 2003; 
Larminie et al., 2004; Kveberg et al., 2005; Bansal et al., 2007). The best 
described role of RGS16 in the brain is in the suprachiasmatic nucleus in which 
it contributes to regulation of the circadian clock (Doi et al., 2011; Hayasaka et 
al., 2011). In the liver RGS16 is induced during fasting and downregulated 
during feeding (Huang et al., 2006). Its physiological role in the liver is 
restriction of fatty acid metabolism – RGS16 KO mice have fatty livers while 
RGS16 overexpressing mice have many fatty acid metabolites in the blood 
(Pashkov et al., 2011). Furthermore, RGS16 knockdown mice show 
significantly less anticipatory activity compared to wt when their feeding time 
approaches (Hayasaka et al., 2011). In the pancreas RGS16 is associated with 
β-cell expansion in diabetes models and early development (Villasenor et al., 
2010). RGS16 expression in the heart is upregulated in response to cell 
activation in an interleukin (IL) 1β and MAPK-dependent manner, resulting in 
decreased signalling by endothelin, a molecule associated with regulating pain 
transmission and blood pressure (Panetta et al., 1999; Patten et al., 2002; 
Patten et al., 2003; Kohan et al., 2011; Smith et al., 2014). Vascular smooth 
muscle cells upregulate RGS16 in response to stimulation with LPS or 
sphingosine-1-phosphate (Stuebe et al., 2008; Hendriks-Balk et al., 2009a; 
Hendriks-Balk et al., 2009b). In various leukocyte subsets RGS16 is inducible 
by cell activation by both TLR agonists and different cytokines, although it is 
barely responsive in macrophages (Kveberg et al., 2005; Riekenberg et al., 
2009; Xie et al., 2010). In lymphocytes, RGS16 upregulation results in 
decreased cell migration (Beadling et al., 1999; Lippert et al., 2003; Estes et al., 
2004; Agenès et al., 2005; Hsu et al., 2008; Shankar et al., 2012), which in 
germinal centres can lead to autoreactivity (Hsu et al., 2008; Xie et al., 2010; 
Ding et al., 2013). In megakaryocytes RGS16 not only inhibits migration, but 
also controls cell maturation and inhibits platelet-activating factor-induced 
activation of MAP kinases (Zhang et al., 1999; Berthebaud et al., 2005). Despite 
the very weak presence of RGS16 in macrophages and unactivated peripheral 
blood mononuclear cells (PBMC) (Giorelli et al., 2002; Kveberg et al., 2005) its 
expression can be induced by cell activation (e. g. TLR agonists, heat shock, or 
pro-inflammatory mediators) in promonocytes (THP-1 cell line (Abrink et al., 
1994)), in PBMCs, and in dendritic cells (Fong et al., 2000; Frevel et al., 2003; 
Perrier et al., 2004; Shi et al., 2004; Barker et al., 2005; Wong et al., 2008; 
Riekenberg et al., 2009; Timmusk et al., 2009). In porcine PBMCs infected by 
circovirus RGS16 has been shown to interact with a virally encoded 
apoptosis-inducing protein (Timmusk et al., 2009). Previously published RGS16 
knockdown experiments using small interfering RNA (siRNA) have resulted in 
a pro-inflammatory profile, e. g. decreased expression of antiviral genes (a result 
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obtained from murine bone marrow-derived dendritic cells treated with 
the TLR2 agonist Pam3CysSK4 (Gat-Viks et al., 2013) and enhanced activity of 
nuclear factor kappa-light-chain-enhancer of B cells (NF-κB) (result from 
a breast cancer cell line) (Vasilatos et al., 2013). 

RGS18 is most abundantly found in the bone marrow and expressed by 
hematopoietic stem cells, by megakaryocytes / platelets and by agranular 
mononuclear myeloid cells (Nagata et al., 2001; Park et al., 2001; Shi et al., 
2004; Iwai et al., 2007), although weak RGS18 expression is also detectable in 
B cells, mast cells and NK cells, in which it is upregulated by activation of 
the inhibitory NK receptor Ly49A similar to RGS16 (Kveberg et al., 2005). 
RGS18 is a negative regulator of osteoclast formation and is required for 
megakaryopoiesis (Iwai et al., 2007; Louwette et al., 2012). In response to cell 
activation dendritic cells downregulate the constitutively expressed RGS18 
while megakaryocytes upregulate it (Shi et al., 2004; Brass and Ma, 2012). 
Interestingly, RGS18 also controls the development of cilia by inner ear cells as 
demonstrated in zebrafish Danio rerio and the african clawed frog Xenopus 
laevis (Louwette et al., 2012). 

RGS21 is the most specialized and least studied among the R4 RGS proteins. 
RGS21 is specifically expressed in taste buds and lung airway epithelial cells 
where it restricts signalling via bitter taste receptors (Deshpande et al., 2010; 
Cohen et al., 2012; Kimple et al., 2014). 

In conclusion, previous works studying the R4 RGS that are located as 
a cluster on human chromosome 1q25-q31 seem to mainly associate them with 
immune functions, although they are also active elsewhere in the organism 
(reviewed by Bansal et al., 2007). RGS2 and RGS21 are notable exceptions, as 
RGS2 is mostly associated with regulating blood pressure (Tsang et al., 2010) 
and RGS21 is only found in a very specific subset of cells (Cohen et al., 
2012). As for the rest of the R4 RGS in the region – RGS1, RGS8, RGS13, 
RGS16, and RGS18 – many functions appear to be shared between them and 
thus due to the functional redundancy between them the loss of function in 
merely one of these regulatory proteins does not result in detrimental effects, 
although there can be changes in the phenotype in the context of different 
diseases.  
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1.1.4 The genomic R4 RGS region 

Most of the human R4 RGS are located on chromosome 1q: RGS4 and 5 on 
chromosome 1q23 are separated from RGS8 and 16 by a distance of 20 Mb; 
RGS8 and 16 themselves are separated from RGS1, 2, 13, 18 and 21 by 
a distance of 10 Mb. The genomic region containing RGS1, 2, 8, 13, 16, 18, 21 
is defined here as the “R4 RGS region”. The next sections focus on describing 
some of the features of the R4 RGS region that in human is in most part located 
at 1q25.3 – 1q31.3. 

The R4 RGS region is located near two fragile sites in the genome where 
the chromosome easily breaks (at 1q25.3 and 1q32.1). In an evolutionary 
perspective, the R4 RGS region likely is – at least partly – “protected” from 
rearrangements as its sequence contains a highly conserved non-coding element 
together with its target developmental regulatory gene (that could be RNF2 or 
HMCN1), forming a genomic regulatory block (Kikuta et al., 2007). This is 
supported by numerous reports and case studies showing that large changes of 
this region are relatively uncommon, often deleterious, can result in different 
developmental disorders, and are commonly associated with tumours, 
e. g. leukaemia, breast cancer, and prostate cancer (Steffensen et al., 1977; Chen 
et al., 1989; Petković et al., 1992; Baumgarten et al., 1993; Jarvis et al., 1999; 
Smedley et al., 2000; Aboura et al., 2002; Kawamata et al., 2002; Hidalgo et al., 
2003; Schaid, 2004; Mark et al., 2005; Nishimura et al., 2005; Della Monica et 
al., 2007; Wiechec et al., 2008; Prontera et al., 2011; Wiechec et al., 2011; 
Cambosu et al., 2013; Sethakorn and Dulin, 2013; Wiechec et al., 2013). 

One of the functions of the R4 RGS region is connected to G protein 
signalling regulation, which is not only due to the seven R4 RGS genes defining 
the region. Near RGS8 and RGS16 is another RH domain gene, RGS-like 
(RGSL) with mostly unknown function (Wiechec et al., 2008). The mutations of 
RGSL are associated with breast cancer and the region in general contains many 
cancer susceptibility loci (Wiechec et al., 2011).  Another gene in the region, 
PDC, is also involved in GPCR signalling: it encodes for phosducin, which 
stabilizes the betagamma dimers of heterotrimeric G proteins. In cardiovascular 
system phosducin activity regulates blood pressure as its KO mice are clearly 
hypertensive (Beetz et al., 2009). Another gene, RGL1, encodes for 
a Ral guanine nucleotide dissociation stimulator-like protein. 

Although, as discussed above, the R4 RGS are deeply involved in immune 
responses, a systemic survey shows that there are other genes besides them in 
the R4 RGS region that are associated with immune function. Not far from 
the five R4 RGS genes at 1q31 is another cluster of duplicated genes, encoding 
for complement factor H and its homologs. These genes modulate 
the complement system and their mutations result in complement damaging self 
cells and causing systemic inflammation (Dragon-Durey et al., 2009; Skerka et 
al., 2013; Chaudhary et al., 2014; Józsi and Meri, 2014). CFHR4, one of 
the genes in this cluster, is also upregulated in response to infection with 
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human herpesvirus 1 (Miyazaki et al., 2011). The R4 RGS region includes 
susceptibility loci for both different types of tumours and a number of 
autoinflammatory and autoimmune disorders, e. g. psoriasis, celiac disease, 
type I diabetes, multiple sclerosis, lupus erythematosus and Sjögren’s Syndrome 
(Johanneson et al., 2002; Hunt et al., 2008; Smyth et al., 2008; Gu et al., 2009; 
Romanos et al., 2009; Schulte-Pelkum et al., 2009; International Multiple 
Sclerosis Genetics Consortium, 2010; Villasenor et al., 2010; Li et al., 2013; 
Lindén et al., 2013; Skerka et al., 2013; Józsi and Meri, 2014; Kim-Howard 
et al., 2014; Xie et al., 2014). Changes in RGS13 and RGS16 expression are 
associated with the development of autoreactive germinal centres in BXD2 
autoimmune mice (Hsu et al., 2008; Xie et al., 2010; Hwang et al., 2013). 
The R4 RGS region also includes one gene encoding for a protein involved in 
antigen presentation (MR1) that is specifically used to present both microbially 
derived ligands and vitamin B metabolites to mucosal-associated invariant 
T cells in the gut, as only these cells express the invariant T cell receptor capable 
of MR1 recognition (Kjer-Nielsen et al., 2012; Le Bourhis et al., 2013; 
Meierovics et al., 2013). Examples of other immune-related genes present in 
the region are NCF2, which encodes for the p67 subunit of the NADPH oxidase 
capable of producing superoxide (Kim-Howard et al., 2014), and genes for 
proteins involved in prostaglandin biosynthesis, e. g. cytosolic phospholipase a2 
(gene PLA2G4A) and cyclooxygenase 2 (gene PTGS2) (Kosaka et al., 1994; 
Miyashita et al., 1995; Järving et al., 2004). Some of the genes in the region are 
bound by viral proteins during infection, such as IVNS1ABP (Influenza Virus 
Non-Structural protein 1A Binding protein) (Wolff et al., 1998). Antiviral genes 
are also present, most notably, a gene for the well-characterized antiviral effector 
ribonuclease L (RNase L) (Sadler and Williams, 2008). RNA helicase A (gene 
DHX9) can function as a sensor of viral nucleic acids (Kim et al., 2010; Zhang 
et al., 2011) and R4 RGS themselves are also involved in antiviral responses 
(see Chapter 1.1.3). Most notably, RGS16 is induced by viruses, binds directly 
to a viral protein in porcine PBMCs and controls the induction of a number of 
immune response genes in response to Sendai virus infection (Timmusk et al., 
2009; Gat-Viks et al., 2013), even though type I interferon can restrict 
the induction of RGS16 expression (Giorelli et al., 2002). 

Previous works have shown that many genes of the human R4 RGS region 
besides RGS have paralogs near the location of RGS3 on chromosome 9q32-34, 
suggestive of ancestral duplication of the entire region (Fredriksson et al., 2003; 
Hokamp et al., 2003). This specific location on human chromosome 9 
corresponds to one of the regions that have been identified as the “MHC 
paralogons” (Flajnik and Kasahara, 2010).  
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1.2 The R4 RGS region and other MHC-related genomic regions: 
a common history during vertebrate evolution 

The immune system of vertebrates is based on a large number of genes with 
specialized functions (receptors, signalling factors, transcription factors, 
cytokines etc.). This high diversity was produced in the context of the evolution 
of genomes from the first metazoans to modern vertebrates, and this history is 
a frame that can be used to understand the selection pressures exerted by 
environment (including pathogens) on the genes of immunity. 

1.2.1 The vertebrate whole genome duplication model 

In 1970, years before the first genomes were fully sequenced, Susumu Ohno 
postulated in his classical book “Evolution by gene duplication” that allelic 
mutations of already existing gene loci cannot possibly account for major 
changes in evolution (Ohno, 1970). Although there are reports of completely 
new genes rising de novo (Knowles and McLysaght, 2009; Kaessmann, 2010; 
Zhao et al., 2014), most of the major evolutionary events are largely driven by 
duplication of pre-existing genetic material and re-specialization of the duplicate 
genes (Ohno, 1970, 1999). Based on his observations that vertebrates have more 
DNA in general than invertebrates he took this idea one step further by 
proposing that vertebrate genomes may be the result of whole genome 
duplication (WGD) events, resulting in polyploidy and subsequent 
re-diploidization (Ohno, 1970). 

Subsequent studies have found evidence of large duplicated segments in 
human (Schughart et al., 1989; Lundin, 1993; Garcia-Fernández and Holland, 
1994; Holland et al., 1994; Hallböök et al., 1998; Kasahara, 1998; Pébusque et 
al., 1998; Abi-Rached et al., 2002; Larhammar et al., 2002; McLysaght et al., 
2002; Fredriksson et al., 2003; Hokamp et al., 2003; Lundin et al., 2003; 
Danchin and Pontarotti, 2004a, 2004b; Olinski et al., 2005, 2006; Nakatani et 
al., 2007; Putnam et al., 2008; Zucchetti et al., 2009; Lagman et al., 2012; 
Lagman et al., 2013), most notably the four clusters of Hox genes on 
chromosomes 7, 17, 12, and 2, suggestive of two rounds of duplications 
(Schughart et al., 1989; Garcia-Fernández and Holland, 1994; Holland et al., 
1994; Larhammar et al., 2002). The Hox genes are essential for controlling 
the identity of segments forming early in development (Kmita and Duboule, 
2003). The four clusters of Hox genes, as well as many other four-copy 
paralogous regions (‘paralogons’) found in the genomes of human, mouse, and 
most other vertebrate species, are strongly suggestive of two consecutive WGD 
events. Moreover, invertebrates such as Drosophila melanogaster have only 
a single Hox cluster (and a single copy of other duplicated regions) in their 
genome, providing further support to the WGD theory (Garcia-Fernández and 
Holland, 1994). The hypothesis of two rounds of consecutive WGD events 
during early vertebrate evolution is usually referred to as the “2R WGD 
hypothesis” or “Ohno’s hypothesis”, and in honor of Susumu Ohno 
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the paralogous genes derived from such events are referred to as ’ohnologs’ in 
the literature. 

When exactly during the early evolution of vertebrates did the genome 
duplications take place? The genomes of teleost fish suggest that duplications 
happened before the common ancestor of tetrapods and teleost fish; 
in fact teleost fish genomes have even been subjected to an additional round of 
WGD (Taylor et al., 2001; Brunet et al., 2006). It was long thought that the first 
duplication must have occurred in the common ancestor of jawed and jawless 
vertebrates and the second one right after their divergence (Sidow, 1996; 
Hallböök et al., 1998; Ohno, 1999; Abi-Rached et al., 2002; Escriva et al., 2002; 
Furlong and Holland, 2002; Putnam et al., 2008; Flajnik and Kasahara, 2010). 
However, recent sequencing of the lamprey genome has confirmed 
the alternative theory of both events happening in a common ancestor of all 
vertebrates (Kuraku et al., 2009; Smith et al., 2013). 

Critics of Ohno’s theory have proposed an alternative mechanism to explain 
the duplicated regions involving a series of tandem duplications followed by 
translocations (Hughes and Friedman, 2003; Ajmal et al., 2014). Moreover, 
vertebrates do not actually have four copies of every single gene and usually 
paralogons have only two or three copies of most ohnologs (Holland, 2003). 
Phylogenetic trees made by the critics for many genes do not support 
the 2R WGD theory, providing tree topology and diverging times inconsistent 
with the hypothesis (Hughes, 1998, 1999; Ajmal et al., 2014; Ambreen et al., 
2014). However, tandem duplications and WGD events are not mutually 
exclusive (Kasahara, 1997). It is clear that a lot of the duplicated genes are lost 
after duplications while others may be kept as is or reprogrammed with new 
functions (Figure 3) (Wolfe, 2001; Sémon and Wolfe, 2007; Gout et al., 2009). 
Zebrafish for example has many genes that originate from the duplications but 
have been lost in mammals (Postlethwait, 2007). The discrepancies surrounding 
phylogenetic trees could be explained by the quick succession of WGD events 
(Gibson and Spring, 2000), and by the fact that molecular clock speed is not 
uniform; even different paralogs in the same species could evolve at different 
speeds (Flajnik and Kasahara, 2001; Lundin et al., 2003; Flajnik and Kasahara, 
2010). By constructing ancestral linkage groups and conducting thorough 
statistical analyses it has been demonstrated that the distribution of ohnologs in 
vertebrate genomes is not random and can be best explained by polyploidization 
events (Abi-Rached et al., 2002; McLysaght et al., 2002; Hokamp et al., 2003; 
Danchin and Pontarotti, 2004b, 2004a; Nakatani et al., 2007; Putnam et al., 
2008). Large scale chromosomal rearrangements following and/or preceding 
the duplications have been incorporated into the 2R WGD hypothesis (Lundin, 
1993; Kasahara, 1999a; Kasahara et al., 2007; Nakatani et al., 2007; Sémon and 
Wolfe, 2007; Hufton et al., 2008; Putnam et al., 2008) and 2R WGD is not 
considered mutually exclusive with tandem duplications (Flajnik and Kasahara, 
2010). 
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Figure 3. Fates of duplicated genes. (A) When a gene is duplicated, the duplicates can 
either be lost, retained, or neofunctionalized (a new function is then acquired by 
the gene). Examples of gene retention include dosage balanced genes and, alternatively, 
genes that are essential for the organism; in this last case, having two copies would 
provide a "back-up" when the essential gene is mutated. (B) For genes with more than 
one function, another possibility is subfunctionalisation in which the duplicate genes 
take over different functions from the parent gene(s). In addition, different mechanisms 
can be combined, such as neo-subfunctionalization in which the subfunctionalized 
duplicates may have additional new functions as well. (C) For dosage balanced genes 
the copy numbers need to be balanced with that of specific other genes. The most 
reliable way to retain the correct ratio for such genes is WGD, after which the duplicates 
are preferentially retained since gene loss could lead to imbalance. For example, 
an inhibitor and activator could be dosage balanced with each other if the fine-tuned 
regulation of their target is so important that its dysregulation can have deleterious 
effects. Figure adapted from Sémon and Wolfe, 2007. 
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Broadly speaking, the two main types of polyploidy are alloploidy and 
autoploidy. Alloploids form by hybridization of two different individuals, while 
autoploids result from duplications in a single genome (Comai, 2005). Somatic 
polyploidy is caused by cell fusion or cell division abnormalities (Gentric and 
Desdouets, 2014) and is commonly observed in cancers (Storchova and Pellman, 
2004). Even certain types of healthy somatic cells can be polyploid, such as 
megakaryocytes in the immune system and hepatocytes in the liver 
(Winkelmann et al., 1987; Biesterfeld et al., 1994; Gentric and Desdouets, 
2014). For an entire organism to become fully autopolyploid 
the  polyploidization event must happen in germline cells and is mainly 
associated with either cell cycle / cell division abnormalities or with two haploid 
sperms fertilizing one haploid oocyte (Egozcue et al., 2002; Rosenbusch, 2008). 
Most of the time polyploidy is lethal for the embryo, and triploidy accounts for 
approximately 15% of all spontaneous abortions caused by chromosomal 
abnormalities in human (Iliopoulos et al., 2005; Wang et al., 2014). 
The rare children born triploid or tetraploid are generally retarded, malformed, 
and die soon after birth (Fryns et al., 1977; Shiono et al., 1988; Niemann-Seyde 
et al., 1993; Guc-Scekic et al., 2002; Iliopoulos et al., 2005; Stefanova et al., 
2010). However, there are reports of successfully thriving polyploid tetrapod 
species (a good example is Xenopus laevis) (Bisbee et al., 1977; Wertheim et al., 
2013; Beçak, 2014), and polyploidy is even more commonly observed in plants 
(Adams and Wendel, 2005; Wertheim et al., 2013). 

Polyploidization can have a number of effects including problems in cell 
division and genomic instability (Comai, 2005; Hau et al., 2006; Zheng et al., 
2012), and thus leads to extensive chromosomal rearrangements, 
e. g. translocations, as described for the 2R WGD events (Nakatani et al., 2007; 
Putnam et al., 2008), until the genome stabilizes, often by re-diploidization 
(Ohno, 1970; Comai, 2005). However, it should be noted that stress-induced 
DNA damage associated with chromosomal rearrangements is itself considered 
one of the driving forces leading to polyploidization (Chow and Poon, 2010; 
Pandit et al., 2013), which supports the idea that the 2R WGD could have 
happened in rapid succession (Gibson and Spring, 2000). In any case, 
polyploidization initially leads to multiple fold expression of all genes in 
the genome. It has been suggested that during the period of post WGD 
rearrangements the constraints on gene retention may be relaxed, which explains 
the massive gene loss and pseudogenization of this period (Gout et al., 2009). 

Loss of gene duplicates can often be attributed simply to one gene being 
sufficient for the biological function and the duplicates becoming redundant. 
However, there are different possibilities that could lead to retention of 
duplicated genes (Figure 3). 

 In some cases more copies of a gene can result in increased 
metabolic performance (Gout et al., 2009) or a back-up solution in 
case the other copy has a deleterious mutation (Sémon and Wolfe, 
2007). 
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 In other cases copies may be re-specialized (Wolfe, 2001; Sémon and 
Wolfe, 2007). In subspecialization two copies of a single ancestral 
gene inherit different sets of functions from the parent gene. 
In neospecialization both genes gain novel functionalities, and in 
sub-neospecialization these two are combined (Wolfe, 2001; Sémon 
and Wolfe, 2007) (Figure 3 A, B). Subspecialization also includes 
different tissue-specific expression patterns for duplicate genes, 
as can be seen for some of the R4 RGS (e.g., RGS21 and RGS8) 
(von Buchholtz et al., 2004; Kveberg et al., 2005). 

 Finally, the dosage balance hypothesis states that dosage balance 
constraints can keep different genes at a fixed copy number ratio 
(Sémon and Wolfe, 2007; Makino and McLysaght, 2010) 
(Figure 3C). Accordingly, loss of one of these genes would result in 
functional imbalance and deleterious effects (Figure 3C); to avoid 
this, such balanced genes would have to all either lose or gain a copy 
simultaneously (as happens during polyploidization). The eventually 
retained ohnologs are significantly enriched in dosage balanced 
genes, their copy number variations result in different diseases and 
are thus selected against (Makino and McLysaght, 2010; McLysaght 
et al., 2014). Moreover, antecedents of such genes seem to be dosage 
balanced even in invertebrates, as in the tunicate Ciona it has been 
shown that genes that have not went through lineage specific 
expansions and duplications in this species are more likely to have 
retained ohnologs in vertebrates (Makino and McLysaght, 2010). 
Finally, the retained ohnologs in vertebrates are associated with copy 
number variation deserts in which nearby ‘bystander genes’ are also 
unlikely to have copy number variations (Makino et al., 2013). 

For the aforementioned chromosomal rearrangements double-stranded breaks 
in the chromosome are required. Such breaks often occur in the same spots 
repeatedly, and even in different lineages (Murphy et al., 2005; Hinsch and 
Hannenhalli, 2006; Zhao and Bourque, 2009). The locations of such “fragile 
sites” or “breakpoints” tend to correlate with evolutionary “hotspots” between 
syntenic blocks (Ruiz-Herrera et al., 2006; Gu et al., 2008) that can be used to 
reconstruct ancestral genomes (Abi-Rached et al., 2002; Danchin et al., 2003; 
Vienne et al., 2003a; Danchin et al., 2004; Danchin and Pontarotti, 2004a, 
2004b; Ruiz-Herrera et al., 2006; Nakatani et al., 2007; Putnam et al., 2008; 
Alekseyev and Pevzner, 2009). These are called fragile sites because they are 
prone to breakage by stress-induced DNA damage, which has been associated 
with an ancient mechanism of increased mutagenesis and fast adaptation to 
handle sudden changes in environment (Galhardo et al., 2007). Many of 
the hotspots are located subtelomerically, a distribution that has been 
demonstrated to be non-random using computational approaches (Mackiewicz et 
al., 2013). Furthermore, the hotspots are associated with methylation deserts in 
the genome (Li et al., 2012) and can be specified by cis-acting sequences that 
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interact with chromatin-modifying proteins such as PRDM9 in humans and mice 
(Baudat et al., 2010). The evolutionarily conserved syntenic blocks located 
between the fragile sites are characterized by the presence of highly conserved 
noncoding cis-regulatory elements accompanied by both their target 
developmental genes and unrelated “bystander” genes (Kikuta et al., 2007; 
Irimia et al., 2012). The mechanism for double stranded break formation in 
fragile sites is generally associated with the replication fork stalling at DNA 
secondary structure, leading to late replication and replication errors (Glover et 
al., 2005; Lee et al., 2007; Gu et al., 2008; Dillon et al., 2010). 

Chromosomal breaks can be also induced by transposon activity, which is 
mostly mediated by retroelements in vertebrate species (Gasior et al., 2006; Pan 
and Zhang, 2007; Villarreal, 2009). In humans retrotransposon activity can cause 
at least fifty different diseases (Kaer and Speek, 2013). 

Two main mechanisms have been proposed for the repair of breaks and are 
thus also responsible for the combination of such fragments from two different 
chromosomes. These mechanisms are non-homologous end-joining (NHEJ) and 
homologous recombination. Homologous recombination can also be non-allelic 
(NAHR, Non-Allelic Homologous Recombination) (Gu et al., 2008). 
 NHEJ is used to repair breaks in chromosome when the broken ends 

don’t match: it bridges two “broken” chromosome fragments and 
ligates them together, leaving a “scar” (such as microdeletions) since 
it doesn’t check for similarities with the original sequence (Lieber et 
al., 2003; Gu et al., 2008). Usually breakage tends to occur at genomic 
fragile sites characterized by large amounts of tandem repeats 
reducing DNA stability (Ruiz-Herrera et al., 2006). 

 NAHR can happen between two highly similar genomic regions 
(>92% identity) (Chen et al., 2007) and may result in duplications, 
deletions, and insertions (Myers et al., 2005; Gu et al., 2008). 
The concerted evolution of paralogous genes is generally explained by 
gene conversion driven by NAHR (Liao, 1999). In human meiosis 
the minimal length of uninterrupted homology in two interacting 
sequences required for NAHR to happen is between 300 and 500 bp 
(Reiter et al., 1998; Gu et al., 2008), in mouse the length is >200 bp 
(Liskay et al., 1987; Waldman and Liskay, 1988). With NAHJ 
a double-stranded break in DNA can be repaired according to 
homology with a similar sequence even if it is not the same gene from 
the sister chromatid (Helleday et al., 2007). Recombination 
mechanisms for repair are utilized when NHEJ fails to repair the break 
(Shibata et al., 2011), and the fragile sites are also considered 
recombination hotspots with many gene conversion events due to 
the high number of segmental duplications associated with them 
(Kauppi et al., 2004; Cole et al., 2014).  
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1.2.2 The Major Histocompatibility Complex 

Functionally related genes often cluster together and form co-regulated units. 
While in prokaryotes such units can be transcribed as a single mRNA (operons) 
the eukaryotic equivalents are often kept together simply by evolutionary 
pressures (Makino and McLysaght, 2008; Osbourn and Field, 2009). However, 
it is not clear whether the conserved synteny is kept across wide branches of 
the tree of life by positive selection of clustering of genes with linked functions, 
or by a contingent absence of recombination. One of the best examples of such 
perplexing situation is the Major Histocompatibility Complex (MHC), 
a conserved genomic region packed with genes involved in immune responses 
(The MHC sequencing consortium, 1999). The human MHC encodes for over 
a hundred genes in a single region sized approximately four megabases 
(The MHC sequencing consortium, 1999) and includes many of the hallmark 
genes associated with adaptive immunity – such as those for the Class I and 
Class II molecules directly involved in antigen presentation and the TAP genes 
involved in antigen processing (The MHC sequencing consortium, 1999). 

The MHC is divided into three main regions – Class I, Class II, and Class III, 
although more divisions have been proposed (Gruen and Weissman, 1997). 
Class I encodes for molecules that present epitopes derived from intracellular 
proteins to the circulating T cells and function as inhibitory ligands for 
the NK cells (Moretta et al., 1996). Class II encodes for molecules that present 
epitopes from antigens digested by the cell. Both regions also contain additional 
genes, e. g. B30.2 domain proteins (Henry et al., 1997) and genes involved in 
antigen processing such, e. g. for transporter associated with antigen processing 
(TAP) and the immunoproteasome (Tanaka and Kasahara, 1998; Krüger and 
Kloetzel, 2012). Class III is perhaps the most exciting as it has been suggested to 
be the most gene-dense region in the human genome with 72% of the region 
transcribed and 14% of the sequence coding (Xie et al., 2003). The genes of 
Class III are mainly involved in innate immune responses, encoding for 
complement components and genes involved in inflammatory responses (Gruen 
and Weissman, 1997; The MHC sequencing consortium, 1999). Additionally, 
some authors have proposed to extend the MHC to include the adjacent large 
clusters of histones and olfactory G protein-coupled receptors (GPCRs), which 
are physically linked to the MHC in many species (Horton et al., 2004). 
The GPCR cluster in particular exhibits strong linkage disequilibrium and 
polymorphic genes (Ehlers et al., 2000). Genes in the MHC region itself 
generally also exhibit a lot of polymorphisms and strong linkage disequilibrium, 
leading to numerous possible alleles in the population. Many of the MHC alleles 
are associated with a variety of pathologies, including autoimmune disorders and 
susceptibility to infections (Blackwell et al., 2009; Trowsdale and Knight, 
2013). 

While there are variations in the structure of the MHC in different 
vertebrates, the key elements of the complex (including typical class I and II, 
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as well as molecules involved in antigen processing) have been found in all 
jawed vertebrates, i. e. in all animals expressing immunoglobulins (Ig) and T cell 
receptor (Flajnik and Kasahara, 2001, 2010). In humans and many other 
mammalian species the Class III region is located between Class I and Class II 
(Kumanovics et al., 2003; Xie et al., 2003); one antigen-presenting non-classical 
Class I molecule (MR1) is located separately from the rest of Class I on 
a different chromosome (Chromosome 1 in humans and mice) (Tsukamoto et al., 
2013). However, the regional architecture of the MHC is different in other 
vertebrates, and it has been suggested that in mammals there has been 
a transposition of either Class I or Class II across the Class III region (Nonaka et 
al., 1997; Kasahara, 1999a). Additionally, in mammals the genes for 
immunoproteasome and TAP are linked to Class II genes (Flajnik and Kasahara, 
2010). In fact, Class I and Class II regions originally result from a tandem 
duplication of one single ancestral region (Kasahara, 1999a; Ohta et al., 2000) 
as seen in shark (Ohta et al., 2000; Ohta et al., 2002). A good example of 
the similarity of Class I and Class II in mammals is the marsupial animal 
wallaby (Macropus eugenii), in which the classical Class I has been replaced by 
a second copy of the Class II region (including two copies of TAP). 
Non-classical Class I genes are still present; the two Class II regions are 
separated by Class III genes (Siddle et al., 2011). Moreover, antigen-presenting 
Class II genes in this animal are separated from the rest of Class II. It should be 
noted, however, that this situation is not characteristic to all marsupials. In 
the opossum Monodelphis domestica the genes encoding Class I and Class II 
antigen presenting molecules are interspersed while Class I “framework genes” 
are located on the other side of Class III, as in human and mouse (Belov et al., 
2006). Phylogenetic analyses have demonstrated that the eutherian (most 
mammals), marsupial, and monotreme (platypus, echidna) Class I genes 
represent three evolutionary lines derived from the same ancestral loci and 
evolving in parallel (Miska et al., 2002). On the other hand, the Class II genes of 
all three groups are more closely related, with monotremes positioning at 
the base of the mammalian clade (Belov et al., 2003). 

Chicken (Gallus gallus) possesses what is called a “minimal MHC” 
(all ‘non-essential’ genes have been lost, including immunoproteasome) 
(Kaufman et al., 1999; Flajnik and Kasahara, 2001). It contains merely 19 genes 
total and is thus approximately twenty times more compact than the human 
MHC. As in other non-mammalian vertebrates, the Class III genes are located 
outside of Class I and II; Class I has a single dominantly expressed gene for 
antigen presentation (Walker et al., 2011). Chicken genome in general is very 
compact and devoid of repeats; it has been even proposed that it may be similar 
to the ancestral configuration (Burt, 2002). In contrast to the general 
compactness of the chicken genome, the olfactory GPCR cluster linked to MHC 
is much larger in chicken that it is in human, containing twice the amount of 
receptors (Miller et al., 2014). An array of scavenger receptors has been also 
reported in the near proximity (Miller et al., 2014). Such ‘minimal MHC’ is also 



33 

characteristic to a number of other avian species, including quail, pheasants and 
the black grouse (Shiina et al., 2004; Ye et al., 2012; Strand et al., 2013). 
The number of some genes in ‘minimal MHC’, such as NK receptors, has been 
expanded in quail (Shiina et al., 2004; Rogers et al., 2005). However, it should 
be noted that the contracted MHC is not characteristic to all birds. Passerine 
birds like warblers and zebra finch have a much larger MHC region than chicken 
(Westerdahl et al., 2000; Balakrishnan et al., 2010). On the other hand, in birds 
of prey (such as owls and hawks) the region is more reminiscent of the chicken 
MHC, although not as “minimal” (Alcaide et al., 2007). 

In the frog Xenopus Class I genes are linked with a single antigen presenting 
Class II gene as well as antigen processing genes - TAP and proteasome 
(Nonaka et al., 1997; Ohta et al., 2003). Amphibian non-classical Class I are 
expanded separately from the rest of the MHC (Flajnik and Kasahara, 2001; 
Zhao et al., 2013). In the Class III region an immunoproteasome gene not 
present in the MHC itself in human has been found (PSMB10) (Ohta et al., 
2006). In contrast, salamanders (e. g. axolotl) have many Class I genes, but only 
a single Class II and thus rely mostly on Class I responses (Sammut et al., 1999). 

In teleost fish the Class I and Class II genes are generally not linked 
(Bingulac-Popovic et al., 1997; Hansen et al., 1999). In zebrafish (Danio rerio) 
the MHC is mostly fragmented although a core set of genes has been kept 
together (Bingulac-Popovic et al., 1997; Sambrook et al., 2005). In the rice fish 
medaka (Oryzias latipes) the Class II region is fragmented while Class I is 
mostly intact (Bannai and Nonaka, 2013). Remarkably, pipefish (Syngnathus 
typhle) and the cod (Gadus morhua) have lost Class II genes completely and 
instead have many genes for Class I and receptors involved in innate immunity 
(Star et al., 2011; Haase et al., 2013), a situation reminiscent of the amphibian 
axolotl. 

While teleost fish have an MHC configuration very different from that in 
other vertebrates (separate Class I and Class II), it does not represent the MHC 
of ancestral species. This can be concluded from studies of nurse shark, 
a cartilagenous fish. In nurse shark the Class I, Class II and Class III genes are 
all linked, suggesting that the situation in fish is derived and not ancestral (Ohta 
et al., 2000; Ohta et al., 2002). 

Jawless vertebrates (lamprey and hagfish) have evolved an alternative 
adaptive immunity based on leucine-rich repeats instead of immunoglobulins. 
These species also lack the Class I and Class II genes, although a common 
ancestor of both jawed and jawless vertebrates may have possessed 
the necessary components for both types of immunity (Boehm et al., 2012). 

1.2.3 Origin of the MHC and its paralogons 

The MHC is one of the best studied regions in the vertebrate genomes and its 
conserved paralogons are among the most extensively studied paralogon sets 
(Kasahara, 1997; Flajnik and Kasahara, 2001, 2010). Although the entire region 
is named after and defined by the Class I and Class II genes involved in adaptive 
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immunity, vertebrate-like adaptive immunity does not exist in invertebrates 
(Abi-Rached et al., 1999; Azumi et al., 2003; Du Pasquier, 2004a; Kasahara 
et al., 2004; Darbo et al., 2008). The Class I and Class II genes are in fact found 
only in jawed vertebrates and are located in most cases on a single chromosome 
instead of four. However, the MHC genomic region also contains many genes 
involved in innate immunity, most notably complement components, genes 
involved in inflammatory responses (such as TNF), the antiviral tripartite motif  
(TRIM) / B30.2 domain proteins (van der aa et al., 2009; Boudinot et al., 2011) 
and even proteasome components (Horton et al., 2004; Darbo et al., 2008). 
Tracking the genes not involved in antigen presentation has led to 
the identification of three regions paralogous to the MHC (Kasahara et al., 1996; 
Katsanis et al., 1996; Kasahara, 1997; Hughes, 1998; Flajnik and Kasahara, 
2001, 2010) that in human are at the following genomic locations (Kasahara, 
1997; Flajnik and Kasahara, 2001, 2010) (Figure 4):  
 6p21-22 / 15q13-26 
 1p11-32 / 1q21-25 
 5q11-23 / 9p13-24 / 9q32-34 
 19p13 

 

 

Figure 4. The MHC paralogons as described in 2001 by Flajnik and Kasahara.  
Black-bordered box marks the R4 RGS region. Reprinted from Flajnik and Kasahara, 
2001, with permission from Elsevier. 
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Earlier works positioned the paralogons slighty differently and did not include 
the later discovered fragments on chromosomes 5 and 15 that result from 
translocations following the WGD (Flajnik and Kasahara, 2001) (Figure 4). 

Tracking the MHC in ancestral species  has been of particular interest with 
the following questions – is it possible to determine the ancestral genes that 
eventually gave rise to the Class I / Class II molecules and to  the adaptive 
immunity as we know it? Was MHC formed from the reshuffling of existing 
proteins and their domains accompanied by other events during the period of 
extensive genomic rearrangements after the WGD, as suggested previously 
(Abi-Rached et al., 1999)? Were other genes, especially those involved in 
antigen processing, important to structure the modern MHC? And in this case, 
what did the region from which the modern MHC eventually formed (i. e. 
the "proto-MHC") look like? The genomes of invertebrates may provide 
a valuable asset in studying the formation of the proto-MHC (and other 
paralogon sets) as they share a common ancestry with the vertebrates yet can 
have very differently evolved genomes (most notably, were not duplicated by 
the vertebrate-specific WGD) (Du Pasquier, 2001; Abi-Rached et al., 2002; 
Azumi et al., 2003; Danchin et al., 2003; Danchin et al., 2004; Danchin and 
Pontarotti, 2004a; Flajnik and Du Pasquier, 2004; Holland et al., 2008). 
However, it should be also taken into account that at least some of the genes 
involved in adaptive (and maybe even innate) immunity may have a viral 
(or bacterial) origin and result from horizontal gene transfer events (Lander 
et al., 2001; Villarreal, 2009, 2011). Accordingly, viruses that ‘mimic’ 
the proteins of our defence systems may actually represent the origin of the same 
defence systems (Villarreal, 2009, 2011), which is further supported by reports 
implicating horizontal transfer events as important players in eukaryote 
evolution (Lander et al., 2001; Liu et al., 2010; de la Casa-Esperón, 2012; 
Wallau et al., 2012). For example, the RAG (Recombination-Activating Gene) 
genes important for the huge variability found in T Cell Receptor and 
the immoglobulins (Hsu, 2009) are of viral (or bacterial) origin, belong to 
the TnsB transposase family (Dreyfus et al., 1999; Kapitonov and Jurka, 2005; 
Villarreal, 2009), and have independently entered the genomes of jawed 
vertebrates, amphioxus and echinoderms (Kapitonov and Jurka, 2005; Fugmann 
et al., 2006; Villarreal, 2009; Flajnik and Kasahara, 2010; Litman et al., 2010). 
Taking into account both observations such as this and the need to combat 
the many fast-evolving pathogens, it is thus apparent that the adaptive immune 
system evolved by selective pressures on ancestral invertebrate genes in concert 
with viral activity. In the process, viruses themselves have also evolved and even 
obtained immune-related genes from their host organisms, such as 
the chemokine receptor (GPCR) homologs found in large DNA viruses (Vischer 
et al., 2006). 

Several propositions have been made concerning the invertebrate origins of 
the adaptive immunity and antigen recognition, including various proteins with 
immunoglobulin domains (the immunoglobulin superfamily (IgSF)), as well as 
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molecular chaperones (such as heat shock proteins) and even proteasome along 
with tripartif motif (TRIM) proteins targeting viral proteins for degradation 
(Niedermann et al., 1997; Marino et al., 1998; Basu and Srivastava, 2000; 
Flajnik and Kasahara, 2001; Léonard et al., 2001; Bartl et al., 2003; Du Pasquier 
et al., 2004; Litman et al., 2010; Boudinot et al., 2011). Huge variability in some 
immune-related genes (a characteristic of the antigen presenting molecules) has 
been found from invertebrates as well (i. e. The sea urchin 185/333 genes 
(Buckley and Smith, 2007), arthropod Dscam (Shi and Lee, 2012; Jin et al., 
2013) and mollusc FREPs (Léonard et al., 2001; Moné et al., 2010)), 
yet the genes do not appear to be directly related to the vertebrate antigen 
presenting ones. 

Aside the concerns surrounding adaptive immunity there is another reason to 
study proto-MHC in the invertebrate species. As the vertebrate MHC paralogons 
contain a great amount of genes involved in innate immunity (The MHC 
sequencing consortium, 1999; Horton et al., 2004; Shiina et al., 2007), it is 
thought that tracking the proto-MHC will provide insights into both the innate 
immunity and the ancestral configuration of genomic region encoding for many 
genes involved in it (Flajnik and Kasahara, 2001; Levasseur and Pontarotti, 
2010). Tracking the proto-MHC in animals that diverged from the ancestors of 
vertebrates in the distant past can thus potentially give insights on the formation 
of the immune system as such in the first place. Locations encoding for 
homologs of multiple MHC paralogon-linked genes have been already identified 
in a several invertebrate species using different markers to track the proto-MHC, 
i. e. genes encoding for proteasome subunits (Rast et al., 2000; Abi-Rached 
et al., 2002; Azumi et al., 2003; Danchin et al., 2003; Vienne et al., 2003b; 
Danchin and Pontarotti, 2004a). 

The closest species related to vertebrates are tunicates and lancelets 
(amphioxus) – these three groups form the single Chordates clade 
morphologically characterized by the presence of a notochord (Putnam et al., 
2008). The amphioxus proto-MHC and its proteins were initially characterized 
on a set of genome fragments which were later combined into a single 
chromosome (Holland et al., 2001; Abi-Rached et al., 2002; Vienne et al., 
2003b; Castro et al., 2004). This was then used to predict an ancestral 
configuration of the region that gave rise to amphioxus proto-MHC and 
vertebrate MHC paralogons (Figure 5) (Danchin et al., 2004; Danchin and 
Pontarotti, 2004a). 

In tunicates the situation is more complicated (Azumi et al., 2003; Kasahara 
et al., 2004; Denoeud et al., 2010). While tunicates are phylogenetically 
the closest relatives of vertebrates (Delsuc et al., 2006; Vienne and Pontarotti, 
2006; Putnam et al., 2008), their genome has gone through extensive 
rearrangements and one species, Oikopleura dioica, has been even reported to 
have almost no apparent conserved synteny with vertebrates (Denoeud et al., 
2010). However, in the tunicate genus Ciona fragments of a putative proto-MHC 
have been identified (Kasahara et al., 2004). 
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Figure 5. The “minimal Ur-euchordate proto-MHC” predicted from vertebrate and 
amphioxus MHC regions. Different colours mark correspondence with the fruit fly 
proto-MHC. Adapted from Danchin and Pontarotti, 2004. Figure reprinted with 
permission from Elsevier. 

Other invertebrates where the proto-MHC has been described include 
the purple sea urchin Strongylocentrotus purpuratus and the fruit fly Drosophila 
melanogaster (Rast et al., 2000; Trachtulec and Forejt, 2001; Danchin et al., 
2003; Danchin and Pontarotti, 2004a) (Figure 5). Very limited synteny has been 
also proposed for the nematode worm Caenorhabditis elegans (Trachtulec and 
Forejt, 2001). In the sea urchin a linkage has been found between homologs for 
two different complement genes (C2 and C3/4/5) and also between the orthologs 
of two classical MHC paralogon markers PBX and NOTCH, both of which exist 
in four copies in the human genome – one ohnolog on each of the MHC 
paralogons (Rast et al., 2000). In Drosophila a linkage was found between 
the homologs for RXR (another MHC paralogon marker) and NOTCH 
(Trachtulec and Forejt, 2001), this was then used to deduce a ‘minimal ancestral 
RXR-NOTCH region’ (Danchin et al., 2003). Later the analysis was further 
expanded to include the rest of the MHC region: the Drosophila proto-MHC was 
mapped to chromosome X and was found to also include the orthologs for 
proteasome and PBX genes (Danchin and Pontarotti, 2004a). 

Since the animals described above already had a proto-MHC, the origins of 
the region could be sought from even more distant species and maybe even from 
phyla close to the hypothetical Ur-metazoan, common ancestor of all animals 
(Müller et al., 2002; Schierwater and Desalle, 2007; Richter and King, 2013). 
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Toward the base of Metazoans, sequenced genomes are available for 
reprentatives of the non-bilaterian phyla Cnidaria (including jellyfish, corals, 
sea anemones and myxozoans) (Putnam et al., 2007; Feng et al., 2014), 
Ctenophora (sea combs) (Moroz et al., 2014), Porifera (sponges) (Gauthier 
et al., 2010; Srivastava et al., 2010b), and Placozoa (Srivastava et al., 2008). 
The true most basal group of metazoan is still a matter of debate although 
the general consensus seems to be that it is not Cnidaria (Dohrmann and 
Wörheide, 2013). Moreover, Ctenophora has been recently described as an 
animal group that has evolved alternative signalling systems in parallel to 
the rest of the metazoans and thus likely differs greatly from the hypothetical 
Ur-metazoan (Moroz et al., 2014). It is therefore more likely that the most 
basal-like metazoan could be represented by a species belonging to either 
Porifera or Placozoa. In particular, the placozoan Trichoplax adhaerens 
(or at least the sequenced individual, they are genetically widely different and 
even their mitochondrial genomes can vary greatly in both structure and size 
(Osigus et al., 2013)) has been reported to have very well conserved synteny 
with vertebrates (Srivastava et al., 2008; Simakov et al., 2013). 

1.2.4 Other genomic complexes related to the MHC 

There are many other sets of ohnologs conserved in vertebrates in addition to 
those located on the MHC and Hox paralogon sets, likely representing remnants 
of the 2R WGD (McLysaght et al., 2002; Nakatani et al., 2007; Putnam et al., 
2008). Among those, two sets have been linked to the MHC, and appear to share 
a common ancestral region (Flajnik et al., 2012).  

(1) The genomic locations 14q and 12p, as well as 19q all belong to the same 
set of paralogons (Hallböök et al., 1998; Olinski et al., 2005, 2006). 
The so-called “neurotrophin paralogons” (NT paralogons) were initially 
identified by four ohnologs from the same neurotrophin family: the Nerve 
Growth Factor (NGF) on the chromosome 1 NT paralogon in human; 
the Brain-Derived Neurotrophic Factor (BDNF) on the chromosome 11 NT 
paralogon in human, and two more neurotrophins mapping to the other two NT 
paralogons (NTF3 and NTF4) (Hallböök et al., 1998). Analysis of insulin genes 
in the human genome was able to further confirm the paralogon set (Olinski et 
al., 2005, 2006). The NT paralogons are even more fragmented than the MHC 
ones and have been identified at the following genomic locations (Olinski et al., 
2005, 2006; Flajnik and Kasahara, 2010; Flajnik et al., 2012): 
 1p13 / 1q32-44 / 2p12-23 / 20p11-12 
 11p12-15 / 11q12-13 / 11q23-24 
 12p11-13 / 12q22-24 / 14q11-32 
 19q13 
(2) Louis Du Pasquier and colleagues were looking for MHC-related regions 

in tunicates from the genus Ciona (Azumi et al., 2003; Du Pasquier, 2004b, 
2004a; Du Pasquier et al., 2004; Kasahara et al., 2004; Zucchetti et al., 2009). 
Proteins with IgSF domains were considered likely candidates to provide new 
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insights about the origin of adaptive immunity (Du Pasquier et al., 2004; 
Zucchetti et al., 2009). Ciona was found to encode for a number of adhesion 
molecules that have a characteristic IgSF domain, and for which the vertebrate 
homologs are virus receptors (Du Pasquier, 2004b, 2004a; Du Pasquier et al., 
2004; Kasahara et al., 2004; Zucchetti et al., 2009). Moreover, the IgSF domains 
in these proteins belong to a subset typically associated with adaptive immunity 
(V and C1 domains) (Du Pasquier, 2004a; Du Pasquier et al., 2004; Kasahara 
et al., 2004). The vertebrate homologs of these Ciona genes belong to two main 
families (the junctional adhesion molecule (JAM) / cortical thymocyte marker of 
Xenopus (CTX) family and the nectin family) and were found to cluster to four 
specific regions encoding (among others) important immune-related genes 
(Du Pasquier et al., 2004; Kasahara et al., 2004; Zucchetti et al., 2009). These 
observations led to the identification of another conserved set of MHC-related 
paralogons. The JAM-NECTIN (JN) paralogons are located in the human 
genome as follows (Zucchetti et al., 2009; Flajnik and Kasahara, 2010; Flajnik 
et al., 2012): 
 1q23-25 
 3q13-22 
 11q23-24 
 21q21-22 / 19q13 

A translocated fragment from the chromosome 3 JN paralogon to chromosome 
X has been also identified (Zucchetti et al., 2009). 

Careful examination reveals many connections between these three sets of 
human MHC-related paralogons (MHC, NT, and JN). The MHC paralogon on 
chromosome 1 overlaps with the NT paralogon at 1p13, and with one of 
the JN paralogons at 1q23-25. On 11q23-24 and 19q13 the NT and JN paralogon 
fragments correspond fairly well to each other. Furthermore, all of these three 
paralogon sets contain genes for critical components of adaptive immunity. 
The most prominent of such genes encoded in the MHC paralogons are likely 
the Class I and Class II genes (both classical and non-classical). Class I and 
Class II molecules present antigens to the T cell receptor (Smith-Garvin et al., 
2009), which is partly (alpha chain) encoded at the ‘ambiguous’ NT/JN region of 
14q11. Class I is also a ligand for the NK cell receptors (Sawicki et al., 2001) 
that in human are encoded on the NT paralogon at chromosome 12p. 
The transcription factor AIRE (AutoImmune REgulator), which is largely 
responsible for the negative selection of new T cells in the thymus to avoid 
self-reactivity (Laan and Peterson, 2013; Kisand et al., 2014), is encoded at 
the JN paralogon on human chromosome 21q (Nagamine et al., 1997). 
CD79A (MB-1) of the B cell receptor complex (Herren and Burrows, 2002) is 
encoded at 19q13 (NT/JN) and the heavy chain locus of antibodies is located at 
chromosome 14 (NT) (Tomlinson et al., 1995). Finally, members of 
the B7 family, proteins containing V and C1 IgSF domains and able to modulate 
T cell activation, are found across all 3 paralogon sets: MHC, NT, and JN 
(Flajnik et al., 2012). 
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In addition to genes involved in adaptive immunity, the three sets of 
paralogons also have a puzzling number of genes pivotal for the innate 
responses. A good example is the interferon machinery, one of the primary 
innate mechanisms for combating viruses (Lin and Young, 2014). In the human 
genome, the cluster of type I IFN genes is found on chromosome 9p21 (MHC). 
The gene for IFNγ (type III IFN) is found on chromosome 12q15 (24 Mb from 
the NT paralogon) and the type 3 IFN genes are located on 19q13 (a region 
corresponding to both NT and JN). Chromosome 21q22 contains the type I IFN 
receptor genes IFNAR1 and IFNAR2, as well as IFNGR2 (one of type II IFN 
receptor genes) and IL10RB (one of type III IFN receptor genes). The other 
receptor genes for type II and type III IFN are located on chromosome 6 and 
chromosome 1, respectively (although not on the MHC paralogons). Many of 
the best characterized IFN-responsive genes are similarly located in these 
regions - for example, in human the 2’-5’ oligoadenylate synthetase genes that 
can be found across metazoans (Päri et al., 2014) are located on chromosome 
12q24 (NT), protein kinase R (Pfaller et al., 2011) is encoded on chromosome 
2p22 (NT), and the gene for MxA (Horisberger, 1995) is located on 
chromosome 21q22 (JN). 

Taken together, it appears that many important immune functions are 
scattered across three specific sets of paralogons, a notion that could be further 
strengthened by statistical tests addressing the possibility of such a skewed 
distribution being random. 

How to explain that one genomic region apparently corresponds to two 
paralogons, with some genes belonging to, i.e, MHC-related sets of ohnologs 
and others to NT-related sets of ohnologs? Several lines of evidence have led 
researchers to hypothesize that all three sets of paralogons may in fact be derived 
from a single ancestral genomic region, which likely went through "local" 
duplication and rearrangement events prior to the WGD itself (Kasahara, 1997, 
1999b; Flajnik and Kasahara, 2001; Olinski et al., 2005, 2006) (Figure 6). 
In fact, there are some families such as the B7 family with members spread 
across two or more of the three sets (Hansen et al., 2009; Flajnik et al., 2012), 
which could be explained by ancestral duplications of the gene into what later 
became the origin sites for different paralogons. 
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Figure 6. The three sets of MHC-related paralogons. Two rounds of whole genome 
duplications along with chromosomal rearrangements eventually led to the distribution 
of paralogon fragments seen in human genome. Modified from Publication III, Figure 1. 

Kasahara suggested already in the year 1999 that the MHC and NT might 
have a common ancestor (Kasahara, 1999b). More recent reviews also tackle this 
idea and discuss the uncanny amount of similarities between the nervous system 
and the immune system (Okada and asai, 2008; Zhu et al., 2008; Kioussis and 
Pachnis, 2009). A set of indirect evidences and observations are consistent with 
this hypothesis: for example, chickens actually have NK receptors in their 
minimal MHC close to the Class I and Class II genes, while the similar 
mammalian NK receptors are found on an NT paralogon (Kaufman et al., 1999); 
the marsupial MHC includes a homolog of the gene OSCAR encoded on 19q13 
where JN and NT paralogons overlap in human (Belov et al., 2006; Siddle et al., 
2011); overall, genes with specific functions of both adaptive and innate 
immunity can be found across all three sets as described above, which would be 
consistent with this hypothesis. The final conclusive piece of evidence, however, 
is likely to come from the study of ancestral and invertebrate genomes near 
the base of metazoans. Finding genes from MHC, NT, and/or JN paralogons 
clustered together in an ancestral animal would greatly strengthen 
the hypothetical connections between the three regions. 
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1.2.5 Interest of R4 RGS region genes in relation to three sets of 
paralogons involved in immunity (MHC, NT, and JN) 

As mentioned above, Hokamp and colleagues suggested that the region 
containing R4 RGS genes on human chromosome 1q belongs to one of 
the largest paralogous blocks in the human genome with its paralogy region on 
chromosome 9q32-34 (Hokamp et al., 2003). In fact this region on human 
chromosome 9 corresponds to one of the MHC paralogons and contains the only 
R4 RGS gene not located on chromosome 1 (RGS3) (Figure 7). The current 
names of genes indicated in the work of Hokamp and colleagues include 
the R4 RGS genes themselves, PTGS2, LAMC2, PDC, aRPC5, FAM129A, 
GLT25D2 and NPHS2 (Hokamp et al., 2003). 

 
Figure 7. R4 RGS region in the human genome map to MHC paralogons on 
chromosomes 1 and 9. 

Other studies have also identified at least some of the R4 RGS region genes 
as ohnologs with copies on the MHC paralogons (Katsanis et al., 1996; 
Kasahara, 1999b; Flajnik and Kasahara, 2001; Abi-Rached et al., 2002; Vienne 
et al., 2003b; Danchin et al., 2004) (Figure 4). The calcium channel CACNA1E 
in particular has been suggested as a marker for tracking the MHC paralogons in 
both vertebrates and amphioxus (Katsanis et al., 1996; Kasahara, 1999b; Flajnik 
and Kasahara, 2001; Abi-Rached et al., 2002; Vienne et al., 2003b; Danchin 
et al., 2004). PTGS2 (the gene for cyclooxygenase 2) is another gene mentioned 
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in previous works (Katsanis et al., 1996; Kasahara, 1999b; Flajnik and Kasahara, 
2001) and has been found present in invertebrate genomes (Järving et al., 2004; 
Hansen et al., 2014). RGL1 and its homologs (Kasahara, 1999a; Abi-Rached 
et al., 2002) as well as B3GALT2 have been described on MHC paralogons 
(Kasahara, 1999a; Flajnik and Kasahara, 2001). Flajnik and Kasahara also 
identified RNF2, PRG4 and MR1 as MHC paralogon markers (Flajnik and 
Kasahara, 2001). NEK7 is another gene found in both amphioxus proto-MHC 
and on vertebrate MHC paralogons (Abi-Rached et al., 2002; Vienne et al., 
2003b; Danchin et al., 2004; Danchin and Pontarotti, 2004a). Intriguingly, 
the genomic region on chromosome 1q31 including most of the R4 RGS genes 
themselves, as well as previously described markers PRG4, PDC, PTGS2, 
B3GALT2 and NEK7 has not been considered as part of the MHC paralogon on 
human chromosome 1 in more recent reviews (Flajnik and Kasahara, 2010; 
Flajnik et al., 2012) and most of the studies mentioned above were conducted 
more than ten years ago. 

The R4 RGS region in the human genome, as defined in this thesis, is located 
on chromosome 1q25-q31. This location seems to be a "hotspot" connecting all 
three MHC-related paralogon sets discussed above – one of the MHC paralogons 
is found at chromosome 1q21-q25, a JN paralogon is at chromosome 1q23-q25, 
and NT paralogon at chromosome 1q32-44. Kasahara pointed out already in 
1999 that CACNA1E has a homolog on the chromosome 12 NT paralogon 
(Kasahara, 1999b). When mapping GPCR paralogy sets in 2003, Lundin and 
colleagues suggested the human chromosome 1 segment containing the R4 RGS 
region to have paralogy groups on chromosomes 5p-q21, 6p21-25, 9, 15q11-26, 
19p, 2p22-25, 11p, 11q13-23, 12, 14q, 19q, 20p (Fredriksson et al., 2003). 
This selection includes most of the regions associated with the MHC and NT 
paralogon sets described above. Even the R4 RGS themselves have functions in 
both immunity and the nervous system, exemplified by their polymorphisms 
being associated with both CNS and immune disorders as described in 
Chapter 1.1. It is therefore likely that the R4 RGS region and its genomic 
location between different MHC-related paralogon sets could be a remnant of 
the proposed ancestral linkage between different MHC-related paralogons that 
was described above.   
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2. AIM OF THE STUDY 

This study aims to describe the RGS16 gene and its genomic context from both 
functional aspects related to immunity and the evolutionary perspective. 
The following tasks were undertaken: 

 
1) To investigate the impact of RGS16 on monocyte pro-inflammatory 

responses (Publication I) 
 

2) To track the genomic neighbourhood of RGS16 throughout evolution 
and search for its origin in ancestral species (Publication II and III). 

 
3) To test the hypothesis of an evolutionarily conserved connection 

between the genomic neighbourhood of RGS16 and other known 
immune-related regions (Publication II and III)  
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3. MATERIALS AND METHODS 

Detailed descriptions of materials and methods are provided in 
the corresponding publications. An overview of the methods is as follows: 
 
 Animal experiments (Publications I and II) 
 Isolation of organs and cell populations (Publications I and II) 
 Cell culture and transfections (Publication I) 
 RNAi (Publication I) 
 Enzyme-linked immunosorbent assays (ELISAs) (Publication I) 
 RNA extraction (Publications I and II) 
 cDNA synthesis (Publications I and II) 
 Quantitative PCR (qPCR) (Publications I and II) 
 in silico analysis of publicly available genomes (Publications II and 

III) 
 Gene ontology enrichment analysis (Publication III) 
 Phylogeny construction (Publications II and III) 
 Statistical analyses (Publications I, II and III)  
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4. RESULTS AND DISCUSSION 

4.1 RGS16 regulates immune responses (Publications I, II) 

4.1.1 RGS16 in inflammatory responses (Publication I) 

The importance of R4 RGS proteins in the immune responses of mammalian 
myeloid cells is a complex issue. RGS16 is not detectable in rat macrophages 
(Kveberg et al., 2005) and is barely responsive to LPS in bone-marrow derived 
macrophages (Riekenberg et al., 2009), while RGS1, RGS2, RGS13 and RGS18 
are all downregulated during differentiation of monocytes into macrophages 
(Saeed et al., 2014). RGS8 and RGS21 are not even expressed by agranular 
mononuclear myeloid cells (von Buchholtz et al., 2004; Kveberg et al., 2005). 
In contrast, different R4 RGS (e. g. RGS16) are expressed in dendritic cells 
which derive from the same monocyte progenitors as macrophages (described in 
Chapter 1.1.3). The expression of RGS16 in particular can inhibit MAPK 
activity, NF-κB, and PI3 kinase, and is induced during immune responses 
(Panetta et al., 1999; Zhang et al., 1999; Fong et al., 2000; Patten et al., 2002; 
Frevel et al., 2003; Patten et al., 2003; Perrier et al., 2004; Shi et al., 2004; 
Barker et al., 2005; Berthebaud et al., 2005; Hendriks-Balk et al., 2009b; Liang 
et al., 2009; Riekenberg et al., 2009; Timmusk et al., 2009; Xie et al., 2010; 
Gat-Viks et al., 2013; Vasilatos et al., 2013).  

We hypothesized that RGS16 induction may restrict the production of 
pro-inflammatory mediators. To better elucidate the roles that RGS16 may play 
in activation and response of monocytic cells, we activated THP-1 monocytic 
cells with the synthetic TLR2 agonist Pam3CysSK4 (Pam3) in these cells after 
transfection with either RGS16 expression vector or RGS16-specific small 
interfering RNA (siRNA). The expression of pro-inflammatory cytokines 
(IL-1β, IL-6, IL-8 and TNF) and RGS16 itself was compared to the one in 
control transfected cells. Our results clearly demonstrated at the protein level 
that the overexpression of RGS16 leads to a significant decrease in 
activation-induced pro-inflammatory cytokine production, and that its 
downregulation increases the pro-inflammatory response (Publication I, 
Figure 1 and 2). However, mRNA level expression of these cytokines was 
apparently not affected (Publication I, Supplementary Figure S1), suggesting 
that RGS16 elicits its inhibitory function either post-transcriptionally or post-
translationally. RGS16 siRNA-mediated enhancement of the activation-induced 
late expression of anti-inflammatory IL-10 was also observed (Publication I, 
Figure 2). In general, this cytokine is induced in inflammatory immune 
responses as part of a negative feedback loop (Lampropoulou et al., 2010; 
Saraiva and O'Garra, 2010). Therefore RGS16 inhibits not only pro-
inflammatory cytokine expression but also its restriction mechanisms, 
suggesting a complex loop of interactions involving this protein (Publication I, 
Figure 4). 
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To gain additional insight for RGS16 function in agranular mononuclear 
myeloid cells we compared wt mice with Rgs16 KO mice obtained from 
Dr. Kirk Druey, Bethesda, Maryland. Different macrophage populations were 
isolated and tested for cytokine expression upon activation with LPS or 
Pam3CysSK4 (Publication I, Figure 3, Supplementary Data). No significant 
differences were found in alveolar or in peritoneal macrophages (Publication I, 
Supplementary Data); this is further supported by previous works showing that 
macrophages do not express significant amounts of RGS16 and respond very 
weakly to activation with LPS (Kveberg et al., 2005; Riekenberg et al., 2009). 
However, bone marrow-derived cells from Rgs16 KO mice were found to 
express higher levels of the cytokine CXCL1 than wt (Publication I, Figure 3). 
These cells were derived from the bone marrow progenitors in vitro, which 
might explain the observed difference from primary macrophages. Moreover, 
RGS16 is responsive to cell activation in other agranular mononuclear myeloid 
cells such as monocytes and dendritic cells (Giorelli et al., 2002; Shi et al., 
2004; Barker et al., 2005; Wong et al., 2008; Timmusk et al., 2009; Gat-Viks et 
al., 2013). In agreement with the current result, an enhancement of CXCL1 
expression has also been observed for LPS-treated spleen cells from Rgs16 KO 
mice as compared to similarly treated wt spleen cells (Pahtma, 2011). 
The observations in primary cells suggest that the results of the current study 
concerning cytokine production in activated THP-1 cells might have a general 
relevance. Additional experiments will be needed to gain statistical support for 
the observations made in Rgs16 KO mice. 

What could be the mechanism through which RGS16 affects 
the inflammatory response in such a way? It is known that GPCR signalling can 
activate MAP kinases via Gαi and Gαq activation (Blaukat et al., 2000; Fukuhara 
et al., 2000; Arai et al., 2003).  RGS16 can target and inhibit signalling of both 
of these types of Gα subunits (Druey et al., 1999; Bansal et al., 2007), and has 
been shown to inhibit p38 MAPK activity (Zhang et al., 1999; Liu et al., 2005; 
Vasilatos et al., 2013). The MAP kinases have been long recognized as key 
players in pro-inflammatory responses (including in monocytes) (Obata et al., 
2000; Guha and Mackman, 2001), identifying the RGS16-mediated restriction of 
p38 MAPK activity as a likely candidate for the mechanism responsible for our 
observations. While the receptors for LPS and Pam3 are not GPCRs themselves 
(Takeuchi et al., 1999; Beutler, 2005; Lattin et al., 2007; Kayagaki et al., 2013), 
signalling via them leads to secretion of inflammatory mediators out of which 
some are GPCR ligands. 

 RGS16 also directly binds and inhibits the PI3 Kinase (Liang et al., 2009), 
which can differentially modulate the pro-inflammatory responses and has some 
functional redundancy with MAPK (Günzl et al., 2010; Goc et al., 2011; 
Hochdörfer et al., 2011). Therefore, the involvement of PI3K in the effects 
observed in this study cannot be excluded either. Further studies will be needed 
to identify the exact mechanisms involved in RGS16-mediated reduction of 
cytokine production. 
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4.1.2 RGS16 in antiviral responses (Publication II) 

In addition to bacterial compounds, RGS16 is also induced by viral nucleic acids 
(Timmusk et al., 2009). Furthermore, in circovirus-infected porcine PBMCs it 
interacts directly with a viral protein (Timmusk et al., 2009), suggesting that 
either the virus targets RGS16 to inhibit the antiviral response or RGS16 binds 
viral proteins to restrict their activity. 

In Publication II it is shown that the expression of RGS16 in frog spleens is 
inhibited in vivo by infection with Frog Virus 3, a large double-stranded DNA 
virus that can be lethal to amphibian tadpoles (Publication II, Figure 4) (Gantress 
et al., 2003; De Jesús Andino et al., 2012; Morrison et al., 2014). In comparison, 
the expression of RGS16 in humans is downregulated in response to hepatitis C 
virus and influenza, but upregulated in response to herpesvirus or measles virus 
(Publication II, Supplementary Data 4). This suggests that either RGS16 
expression is induced differentially in response to different viral infections, or 
viruses often interfere with the normal expression patterns of RGS16. We favour 
the hypothesis of viruses targeting RGS16 and its expression, as this would 
explain the direct interaction with circovirus protein (Timmusk et al., 2009). 
A reason for viruses to target RGS16 was provided by a recent study published 
in Nature Biotechnology (Gat-Viks et al., 2013). In this work a computational 
approach was used together with siRNA experiments to search for 
responsiveness quantitative trait loci from the mouse genome and the gene 
Rgs16 was identified as the causal variant in the chromosome 1 viral 
stimulus-specific responsiveness quantitative trait locus in bone marrow-derived 
dendritic cells (Gat-Viks et al., 2013). Rgs16 siRNA specifically inhibited 
the expression of genes related to antiviral responses when cells were infected 
with Sendai virus or treated with an agent mimicking double-stranded RNA 
(Gat-Viks et al., 2013). Rgs16 knockdown together with Pam3 treatment 
decreased the expression of genes of the same antiviral module while Rgs16 
knockdown together with LPS treatment had no apparent effect on 
the expression of the same set of genes (Gat-Viks et al., 2013). 

Due to the antiviral effects of RGS16, the fact that a protein of circovirus 
specifically binds to RGS16 suggests that this interaction may be partly 
responsible for the circovirus’s success in inhibiting the host’s immune 
responses (Timmusk et al., 2009). In pilot experiments of a mouse model for 
circovirus infection Rgs16 KO mice also had higher virus titres than wt mice 
(Pahtma, 2011), suggesting that restriction of Rgs16 expression is indeed 
required for successful viral infection. 

In conclusion, it appears that RGS16 is induced in virus infections to enhance 
the antiviral response via an unidentified pathway. Accordingly, viruses could 
inhibit the immune response partially by targeting RGS16 itself (e. g. circovirus 
(Timmusk et al., 2009)) or other targets that regulate its expression 
(e. g. influenza virus). However, the situation is even more complex than that as 
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type I interferon generally associated with antiviral responses has been shown to 
inhibit RGS16 induction (Giorelli et al., 2002).  

Taken together, these data show that RGS16 affects immune responses at 
several levels: 

1) RGS16 expression inhibits G protein signalling pathways and their 
effects, including migration. 

2) In bacterial infections (mimicked in vitro by Pam3 and LPS treatment) 
RGS16 induction likely leads to inhibition of p38 MAP kinase activity, 
providing a restriction mechanism for pro-inflammatory responses. 
It can also lead to reduced expression of antiviral genes (Gat-Viks et al., 
2013). 

3) In viral infections RGS16 induction leads to increased expression of 
antiviral genes (Gat-Viks et al., 2013). The function of RGS16 in this is 
not simple since interferon can inhibit its expression (Giorelli et al., 
2002), but viruses seem to also target either RGS16 or its expression 
(Timmusk et al., 2009). 

These observations suggest a complex interplay involving RGS16. A model of 
known interactions in proinflammatory and antiviral responses is presented on 
Figure 8. Future works will aim to identify the unidentified mechanisms and 
variables in this network. 
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Figure 8. Simplified model of RGS16 in antiviral and pro-inflammatory responses. 
The expression of RGS16 is induced by both viral and bacterial TLR agonists 
(Timmusk et al., 2009) and inhibits GPCR signalling pathways. Bacterial infection 
induces a pro-inflammatory response, and in this context RGS16 inhibits the expression 
of antiviral genes by an unidentified mechanism (Gat-Viks et al., 2013). RGS16 also 
restricts cytokine production, likely by inhibiting MAPK activation via modulation of 
GPCR signalling. In viral infections RGS16 is induced to enhance the antiviral response 
via an unidentified pathway (Gat-Viks et al., 2013), but its induction can be inhibited by 
type I interferon (Giorelli et al., 2002).  
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4.2 The genomic neighbourhood of RGS16 (Publications II, III) 

4.2.1 R4 RGS region genes are involved in tetrapod antiviral 
responses (Publication II) 

An initial survey of the genetic neighbourhood of RGS16 revealed a number of 
genes that either interact with viruses directly or are involved in antiviral 
responses. The most notable of these is the gene encoding for RNase L 
(Sadler and Williams, 2008), which is located next to the genes for RGS8 and 
RGS16 in tetrapods (Wiechec et al., 2008; Timmusk et al., 2009). 
Other examples include IVNS1ABP that was even named by its interaction with 
the non-structural protein 1A of Influenza Virus (Wolff et al., 1998) and RGS16 
that was discussed above in Chapter 4.1.2 (Timmusk et al., 2009) We selected 
a list of genes with immune function from this region and analysed their 
expression across microarrays from the ArrayExpress database (Publication II, 
Online Resource 4). MR1, IER5, NCF2 and PTGS2 were overexpressed during 
various viral infections, others were modulated differentially depending on 
viruses (Publication II, Online Resource 4). Additionally, as described in 
chapters 1.1.3 and 4.1.2, R4 RGS themselves have also many interactions with 
viruses. 

We thus hypothesized that antiviral responses may exert an evolutionary 
pressure keeping the genes of R4 RGS region together across evolution. To test 
this hypothesis, we investigated whether the orthologs of these genes in a distant 
vertebrate species were also modulated by viral infection. For this a ranavirus 
infection model in Xenopus, developed by professor Jacques Robert and 
colleagues (Gantress et al., 2003; De Jesús Andino et al., 2012), was used. 
The mRNA expression of five R4 RGS region genes in addition to RGS16 itself 
(described above) was analysed in the spleen and kidney of virus-infected frogs 
– DHX9 (RNA helicase A), IER5, STX6, NCF2 (NADPH oxidase subunit) and 
PTGS2 (cyclooxygenase 2). Our results indicated differential regulation of these 
genes; the strongest effect was seen for NCF2 and PTGS2 in the kidney 
(~40-fold induction) (Publication II, Figure 4), although classically these are 
associated with inflammatory responses. Other tested genes were less affected. 

Overall, we demonstrated that some genes of the R4 RGS region are 
differentially modulated by viral infections in humans and frogs, while they do 
not all belong to the same gene families. Within MHC and related regions, this is 
not the only example of gene groups that are conservatively kept together across 
evolution and share related functions. Although a very large region, the MHC 
itself  may be seen as such a region (The MHC sequencing consortium, 1999), 
with B30.2 proteins, heat shock proteins, immunoproteasome, complement, 
genes for antigen processing and presentation, etc. (Flajnik and Kasahara, 2001). 
In fact, the MHC-related paralogon sets have been similarly shown to contain 
a number of genes that are related by their function in immunity (including 
antiviral response), but not necessarily by structure (Du Pasquier, 2004b, 2004a; 
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Flajnik and Du Pasquier, 2004). However, the pressures keeping such synteny 
groups together remain unclear. 

4.2.2 R4 RGS region has an ancient origin (Publications II, III) 

The human ‘R4 RGS region’ as we defined it (Publication II) contains 70 genes 
from FAM163A to NEK7 (Chromosome 1: 180,154,834 - 198,322,420), 
including the R4 RGS genes RGS1, 2, 3, 8, 13, 16, 18, and 21. This region is 
located between two genomic fragile sites and corresponds to a single vertebrate 
ancestral genomic block (Nakatani et al., 2007; Putnam et al., 2008). 
Such blocks often contain highly conserved arrays of cis-regulatory noncoding 
elements and their target genes together with bystander genes that are not 
regulated by these elements (Kikuta et al., 2007; Irimia et al., 2012). We were 
able to confirm the conserved linkage of this region between mammals (humans 
and mice), reptilians/birds (chicken and lizard) and amphibians (Xenopus) 
(Publication II, Figure 1, Supplementary Material 1). Generally even the order of 
genes had been conserved, although in chicken the region had been broken into 
three translocated regions (Publication II, Figure 1). In the teleost fish the region 
was found in two copies, both scattered across a single chromosome. 
However, even in the scattered context of teleost fish the R4 RGS region genes 
on each fragment are linked together in tetrapod species (Publication II, 
Figure 1), suggesting that the R4 RGS region was present in the common 
ancestor of teleost fish and tetrapods. 

We further tested the coherence of this region in the genome of 
the amphioxus Branchiostoma floridae, a cephalochordate, which has been 
sequenced (Holland et al., 2008; Putnam et al., 2008), but not fully assembled 
into chromosomes. We found seven genomic scaffolds containing two or more 
R4 RGS region genes (Publication II, Figure 3, Supplementary Material 3), 
and four of these had been previously mapped to a single chromosome 
(Vienne et al., 2003b; Castro et al., 2004), suggesting that the orthologs of 
human R4 RGS region genes were already kept together in the common ancestor 
of all vertebrates and cephalochordates. Of note is that a single R4 RGS-like 
domain itself was also found from the amphioxus (as part of a protein with 
domain structure characteristic of an RH domain Rho GEF) while in chickens 
and teleost fish the genes for RGS4 and RGS5 were also located next to 
the other R4 RGS (in human and mouse they are further away from the other 
R4 RGS on the same chromosome) (Publication II, Figure 1). Taken together, 
these observations support previous works suggesting that the R4 RGS on 
human chromosome 1 could stem from duplication events involving a single 
gene (Snow et al., 1998; Sierra et al., 2002). 

As mentioned before, the R4 RGS region is located between two 
“fragile sites” that are sensitive to DNA damage and prone to formation of 
double-stranded breaks (Nakatani et al., 2007; Putnam et al., 2008). 
Mutations that have originated from such events have been detected from 
a number of genes of the R4 RGS region in various disorders, including RGS16, 
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one of the R4 RGS themselves (Kawamata et al., 2002; Pichon et al., 2004; 
Wiechec et al., 2008; Francis et al., 2012; Medjeral-Thomas et al., 
2014). As discussed in Chapter 1.2, such genomic locations are often involved in 
genome rearrangement events, which may have promoted RGS gene duplication. 
In fact the R4 RGS region also contains a second cluster of highly homologous 
genes that are often mutated – complement factor H and its homologs 
(Francis et al., 2012; Medjeral-Thomas et al., 2014). However, there is 
a remarkable conservation of a core set of genes in the R4 RGS region that can 
be attributed to the presence of an evolutionarily conserved regulatory block 
near RNF2. Such blocks are generally identified by a regulatory non-coding 
sequence together with its developmental target gene (Kikuta et al., 2007), 
which in this case could be RNF2 itself as it is required for craniofacial 
development (van der Velden et al., 2013), or HMCN1 that has been associated 
with limb / fin development (Carney et al., 2010). Kikuta’s findings have been 
further confirmed by a study showing that the list of ‘essential genes’ 
the deletion of which leads to lethality or sterility is significantly enriched in 
developmental genes, and that such developmental genes remain essential even 
when duplicated into multiple copies (Makino et al., 2009). 

As we found a counterpart of the R4 RGS region in the amphioxus, we 
investigated whether its origin might be even more ancient and looked for it in 
various invertebrates. In fact, our initial survey of different invertebrate genomes 
gave the most promising results from some of the animals that are most distant 
from vertebrates – the cnidarian Nematostella vectensis and the placozoan 
Trichoplax adhaerens (but not the demosponge amphimedon queenslandica), 
compared to more derived species such as the arthropod Drosophila 
melanogaster. In particular, a single scaffold (scaffold 2) of T. adhaerens 
genome was found to encode for putative orthologs (identified as reciprocal best 
blast hits) for 14 of the 70 R4 RGS genes across a segment of four megabases, 
including the LIM homeobox gene LHX4 that has been previously described in 
T. adhaerens and N. vectensis (Srivastava et al., 2010a). Ten genes out of these 
14 had been also found linked in amphioxus (Table 1). An RH domain protein 
was also identified on the same scaffold, but its structure is more similar to 
the R7 RGS proteins as it contains an additional G protein gamma domain. 
On the human chromosome 1 one R7 RGS gene is also present, but it is located 
further toward the telomeric region of the chromosome and not in the defined 
R4 RGS region. In any case, these results suggest that the R4 RGS region was 
already constituted in the placozoans and is thus very ancient. The genome of 
the demosponge A. queenslandica may represent a case in which this linkage has 
been lost secondarily or, maybe, an even more ancestral confirmation as 
the phylogenetic relationships of sponges and placozoans are not entirely clear 
yet (Dohrmann and Wörheide, 2013).  
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Table 1. List of human R4 RGS region genes with orthologs on T.adhaerens 
scaffold 2. The T. adhaerens R7 RGS is marked with an asterisk since only its 
RH domain is shared with proteins in the human R4 RGS region. 

human 
gene 

T. adhaerens 
gene 

gene start on 
scaffold 2 

gene end on 
scaffold 2 

Amphioxus 
EntrezID 

Amphioxus 
scaffold 

R7 RGS* TriadG52866 197,869 202,848   
LAMC TriadG21436 2,288,747 2,293,368 7241772 34 
DHX9 TriadG20896 2,326,402 2,331,505 7242207 34 
SWT1 TriadG63628 2,374,744 2,378,052 7255400 34 

CDC73 TriadG53180 2,748,848 2,752,804 7221437 200 
LHX4 TriadG20649 3,694,880 3,718,801 7247591 209 
NEK7 TriadG21160 3,991,137 3,995,789 7206693 166 
GLUL TriadG49883 4,233,724 4,236,607   
RGL1 TriadG53399 4,365,993 4,374,104 7218548 136 

C1orf27 TriadG53416 4,504,423 4,508,451   
ASPM TriadG53434 4,613,305 4,625,611 7246315 209 

EDEM3 TriadG20429 4,957,269 4,962,797   
ARPC5 TriadG53486 5,060,428 5,061,610 7231377 166 

AXDND1 TriadG53503 5,189,125 5,196,454   
QSOX1 TriadG53524 5,339,787 5,345,352 7246644 209 

4.3 From the R4 RGS region to other conserved immune-related 
regions (Publications II, III) 

4.3.1 The R4 RGS region is located on one of the MHC paralogons 
and can be used to track the proto-MHC in invertebrate species 
(Publications II, III) 

The MHC is a conserved genomic region that is related to many immune 
functions in vertebrates and has three paralogons which in human are located at 
(1) 6p21-22 / 15q13-26, (2) 1p11-32 / 1q21-25, (3) 5q11-23 / 9p13-24 / 9q32-34 
and (4) 19p13 (Kasahara, 1997; Flajnik and Kasahara, 2001; Danchin and 
Pontarotti, 2004a; Flajnik and Kasahara, 2010). We observed that the genomic 
location of the R4 RGS region (1q25.3 – 1q31.3) is in fact in close proximity to 
the MHC paralogon on human chromosome 1 and hypothesized that both 
regions may be linked. 

In order to test this hypothesis we searched the human genome for paralogs 
of the R4 RGS region genes and confirmed their phylogenetic relationships. 
We found that many genes in the R4 RGS region (35 out of 70) had closely 
related paralogs (ohnologs) on one or more of the MHC paralogons 
(Publication II, Figure 2, Online Resource 2). Out of these 35 genes, 23 had at 
least one of the corresponding human ohnologs on the chromosome 9 paralogon, 
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which supports the results from earlier studies (Kasahara, 1999a; Flajnik and 
Kasahara, 2001; Fredriksson et al., 2003; Hokamp et al., 2003). Additionally, 
the only R4 RGS gene which in human is not located on chromosome 1, RGS3, 
is found on the chromosome 9 MHC paralogon (Publication II, Figure 2, 
Online Resource 2). 

We were also able to confirm that the R4 RGS region had been linked to 
an MHC paralogon throughout vertebrate evolution, and that the amphioxus 
orthologs of these genes mainly map to the scaffolds corresponding to 
the previously identified proto-MHC region of this animal (Publication II, 
Figure 2 and 3) (Abi-Rached et al., 2002; Vienne et al., 2003b; Castro et al., 
2004; Danchin and Pontarotti, 2004a). In fact, one gene of the region encoding 
for a kinase (NEK7) had been previously mapped to a minimal ancestral 
proto-MHC from which vertebrate and amphioxus MHC regions both derived 
(Danchin and Pontarotti, 2004a) (Figure 5). This led us to hypothesize that 
the R4 RGS region may consist of a set of useful markers that can be used to 
track the proto-MHC in invertebrate species. However, NEK7 in Drosophila 
melanogaster is not located in the putative proto-MHC at chromosome X 
(Danchin and Pontarotti, 2004a) (Figure 5). 

 Checking a number of invertebrate species, we identified an R4 RGS-like 
region on T. adhaerens genomic scaffold 2 (Table 1). A systematic survey of 
this scaffold revealed genes for which the vertebrate orthologs map to 
MHC paralogons. Moreover, the same scaffold has been previous described as 
a highly conserved synteny group corresponding to the MHC paralogon on 
Chromosome 9; the ohnologs corresponding to 23 R4 RGS region genes were 
located in this region (Srivastava et al., 2008) (Publication II, Figure 2; 
Publication III, Table I). One of these 23 genes was the aforementioned NEK7 
(Table 1). Altogether, these observations suggested the presence of a proto-
MHC on Trichoplax adhaerens scaffold 2. 

In order to perform a comprehensive analysis of this hypothesis we obtained 
a list of all human genes encoded on the four MHC paralogons and used them 
for reciprocal delta-blast search against the T. adhaerens genome. 
Highly significant clustering of the orthologs of these genes was detected on 
genomic locations across six of the scaffolds (on scaffolds 2, 3, 7, 9, 10 and 15) 
(Publication III, Figure 2 and 3, Supplementary Table I and II). The largest and 
most conserved of such clusters was located on scaffold 2 as expected and also 
contained most of the orthologs for the R4 RGS region genes (Table 1; 
Publication III, Figure 2). An R4 RGS gene itself was identified on scaffold 7, 
at one of the other (smaller) regions considered as part of the proto-MHC. 

The validity of our approach was confirmed by a similar analysis against 
chicken genome. The chicken genome was selected for our control survey 
beacuse it was divergent enough from the human genome to represent a real test 
for our approach, since its MHC and related regions had been studied and 
mapped (Kaufman et al., 1999; Walker et al., 2011; Miller et al., 2014). 
Our approach successfully identified the MHC paralogons, with the expected 
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exception of the MHC itself (Publication III, Supplemental Figure 1). 
Indeed, the chicken MHC is very minimal and contains much less genes than 
in human (Kaufman et al., 1999), hence the local concentration of best blast hits 
of human MHC related genes was not high enough to be detected by our 
approach. While these results provided a good validation of the method, 
they also pointed out a limit regarding the detection of fragments with a limited 
number of relevant genes. 

In the choanoflagellate Monosiga brevicollis (a unicellular non-metazoan) 
the proto-MHC could not be found (Publication III, Figure 5), suggesting that 
the proto-MHC is a metazoan innovation (Publication III, Figure 5). However, 
even in the choanoflagellate nine genes involved in the synteny between human 
chromosome 9 and T. adhaerens scaffold 2 were located on a single scaffold 
(Publication III, Figure 5). While none of the human homologs of these nine 
genes is from the R4 RGS region itself, four of them are involved in 
the regulation of G protein activity: VAV2 is a GEF while TBC1D13, GARNL3 
and RABGAP1 are GAPs. Furthermore, one of these nine genes shares a function 
with EDEM3 from the R4 RGS region (MAN1B1, an alpha mannosidase). 
These observations might reflect that G protein regulation is another function 
that could be associated with this set of genes throughout evolution. 

In conclusion it can be said that the R4 RGS region genes can be used as 
a novel set of MHC paralogon markers to identify a proto-MHC 
in evolutionarily distant metazoan species. 

4.3.2 The ancestral proto-MHC region contained genes relating to 
protein degradation, stress response, and antiviral responses 
(Publication III) 

How to explain that the proto-MHC was kept as a relatively conserved genomic 
unit across evolution from placozoans to arthropods, cephalochordates, 
and vertebrates? The simplest explanation would involve the absence of fragile 
sites or evolutionary hotspots. However, the MHC has been rearranged in 
different vertebrates. Alternative hypotheses to explain the conservation of 
an MHC region include the presence of highly conserved critical regulatory 
element stogether with their developmental target genes (Kikuta et al., 2007; 
Makino et al., 2009; Irimia et al., 2012), and also co-regulation of genes in 
the region with related functions; functional relationships between genes are 
preferentially retained in cis even after WGD (Makino and McLysaght, 2012). 

The presence of long-range regulatory non-coding cis-acting elements is 
considered as one of the main evolutionary forces keeping syntenic relationships 
intact across evolution as breakage of the relationship between such elements 
and their developmental target genes often results in detrimental effects 
(Kikuta et al., 2007). As T. adhaerens genome encodes for many non-coding 
sequences (Hertel et al., 2009), we then tested T. adhaerens proto-MHC for such 
non-coding regulatory elements that would be conserved in at least one more 
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representative metazoan genome, and may control a key transcription factor. 
However, no such sequence with obvious regulatory potential was found. In fact, 
T. adhaerens non-coding DNA has little in common with human genome and 
even the transposon content of T  adhaerens is very low (Hertel et al., 2009; 
Wang et al., 2010). Even though there are many tandem repeats in T. adhaerens, 
the most common repeat motif is unique to this animal and not found in other 
sequenced animals: the pentanucleotide ACAGT (Wang et al., 2010). Therefore 
the ancestral proto-MHC was not associated with obvious conserved non-coding 
elements that could be involved in regulating key developmental switches. 

We next studied the functional content of T. adhaerens proto-MHC. 
In particular, we expected to find genes encoding for proteasome subunits as 
the proteasome genes might have constituted the primordial frame on which 
antigen processing and adaptive immunity were built (Flajnik and Kasahara, 
2001). Indeed, the primary proteasome is mainly associated with degradation of 
aberrant, misfolded, or unneeded proteins, but the MHC-associated 
proteasome – ‘immunoproteasome’ – is responsible for the antigen processing 
for peptide presentation (Saveanu et al., 2002). In fact, in non-mammalian 
vertebrate species the proteasome genes are associated with the Class III region 
that is mostly involved in innate immunity (Ohta et al., 2006; Flajnik and 
Kasahara, 2010). Genes encoding for proteasome subunits have been found from 
the proto-MHC regions of both amphioxus and fruit fly (Danchin and Pontarotti, 
2004a) and their presence in this region thus seems to predate the appearance of 
vertebrates (and antigen presentation on MHC Class I and Class II molecules) 
by hundreds of millions of years. From the T. adhaerens proto-MHC we found 
reciprocal best blast hit orthologs of PSMB7 (on scaffold 2, in a region 
corresponding to the gene found in human MHC and invertebrate proto-MHC 
regions), PSMD5 (also on scaffold 2) and PSMA4 (on the scaffold 15 
proto-MHC fragment), suggesting that the proteasome was linked to this region 
already near the dawn of metazoan evolution. 

The list of genes orthologous to the human MHC paralogon genes and 
located at the T. adhaerens proto-MHC was next analysed for functional content. 
The genes involved in conserved synteny relationships were found not to be 
significantly enriched in human transcription factor homologs. Gene ontology 
analysis found the terms relating to proteasome and ubiquitination as 
significantly overrepresented in the list of reciprocal best blast hits of Trichoplax 
adhaerens proto-MHC as compared to all genes on human MHC paralogons, 
further supporting the idea that the proteasome functionality has been kept in 
the proto-MHC region throughout metazoan evolution.  

In addition to the aforementioned proteasome, the corresponding set of genes 
had likely implications in immunity through stress response and DNA repair. 
Other significantly overrepresented terms were related to RNA metabolism and 
gene expression. In contrast, functions traditionally associated with vertebrate 
immunity (especially with adaptive immunity) were underrepresented, 
as expected since genes of the adaptive immunity are indeed absent from 
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the genome of T. adhaerens. Thus the ancestral genomic region that eventually 
evolved into vertebrate MHC paralogons already contained genes related to 
proteasome and stress response, but obtained most of its other genes involved in 
vertebrate immunity later during evolution. 

What could be the rationale behind the clustering of immune-related genes 
near proteasome and stress response? In fact, previous studies have linked stress 
response, DNA repair, ubiquitination, and proteasome all to immune responses, 
particularly against viruses. Stress may be caused by environmental factors, 
but also by infections. In the pacific oyster there are thousands of genes involved 
in responses to different stressors and stimuli (Zhang et al., 2012). Proteins that 
are misfolded or otherwise aberrant due to cellular stress are tagged by 
ubiquitination, which then targets them to proteasome for degradation (Hilt and 
Wolf, 1996; Fang et al., 2011). Cellular stress often results in DNA damage and 
subsequent triggering of DNA repair mechanisms, which can be greatly 
decreased by proteasome inhibition (Cron et al., 2013). An explanation for this 
is provided by the importance of ubiquitination-proteasome pathway in making 
the DNA at the double-stranded breaks accessible to repair enzymes by 
removing histones and other bound proteins (Bergink and Jentsch, 2009; 
Jackson and Durocher, 2013). Furthermore, in Caenorhabditis elegans it has 
been demonstrated that DNA damage in germline cells leads to MAPK 
activation and subsequent secretion of peptides that induce innate immune 
responses in somatic tissues by activating the ubiquitination-proteasome system 
(Ermolaeva et al., 2013). Therefore it is clear that proteasome, ubiquitination, 
stress response and DNA repair are all parts of an ancient mechanism involved 
in defence regulation. As for DNA repair, the enzymes involved in DNA repair 
can function as antiviral sensors / effectors in both humans and bacteria, 
although by different mechanisms (Babu et al., 2011; Lilley et al., 2011; 
Ferguson et al., 2012). 

In fact, genes from the R4 RGS region may also be lined to these defence 
functions. One of the stress-related genes in T. adhaerens proto-MHC is 
a homolog of the human DHX9, located close to RGS16 and RNase L in human. 
DHX9 encodes for RNA helicase A, for which RNA helicase activity is only one 
of the known functions (Koh et al., 2014). This enzyme unwinds triple helical 
DNA structures, which could otherwise greatly contribute to genomic fragility 
and thus also DNA damage (Jain et al., 2013). Moreover, RNA helicase A can 
also function as a sensor of viral nucleic acids (Kim et al., 2010; Zhang et al., 
2011). EDEM3 that was also found in T. adhaerens accelerates the degradation 
of misfolded glycoproteins and its knockdown results in enhanced hepatitis C 
virus production in the infected cells (Hirao et al., 2006; Saeed et al., 2011). 
Next to the cluster of R4 RGS in tetrapod species there is a gene for 
a deubiquitinase - UCHL5, and a gene for an E3 ubiquitin ligase is also found in 
the region (RNF2). The human QSOX1 – another gene with an ortholog found in 
T. adhaerens - is inducible by cellular stress and inhibits autophagy (Morel et 
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al., 2007; Poillet et al., 2014). RGS16, one of the R4 RGS themselves, 
is inducible by heat stress (Wong et al., 2008). 

In conclusion, we propose that the MHC originates from the functional 
clustering of genes related to innate (antiviral) defence mechanisms, such as 
ubiquitination/proteasome and stress response genes, as well as some genes from 
the R4 RGS region. 

 

4.3.3 Identification of a second MHC-related region in Trichoplax 
adhaerens, the proto-NT (Publication III) 

As described in detail in Chapter 1.4, two other sets of paralogons had been 
previously associated with the MHC paralogons. The NT paralogons were 
intitially discovered by the presence of paralogs for the neurotrophins NGF and 
BDNF (Hallböök et al., 1998), but later found to include many immune-related 
genes including the leukocyte receptor complex and NK receptors (Olinski et al., 
2005, 2006; Flajnik and Kasahara, 2010; Flajnik et al., 2012). 
The JN paralogons were discovered by studying IgSF proteins in tunicates and 
their homologs in vertebrates (Du Pasquier et al., 2004; Zucchetti et al., 2009; 
Flajnik et al., 2012). Later studies have suggested that these two sets together 
with the MHC paralogons may represent rearranged pieces or duplications of 
a single ancestral region (Kasahara, 1997, 1999b; Flajnik and Kasahara, 2001; 
Olinski et al., 2005, 2006), which was further supported by finding members of 
some protein families such as the B7 proteins across all three sets of paralogons 
(Flajnik et al., 2012). 

Our search in chicken and Trichoplax adhaerens in fact also included genes 
located on NT and JN paralogons. Similar to MHC paralogons, we were able to 
successfully detect the corresponding regions in chicken (Publication III, 
Supplemental Figure 1). The proto-NT region was mostly detected on scaffolds 
1, 6, 9, 12 and a number of smaller scaffolds (Publication III, Figure 2). This is 
in contrast to proto-MHC which was found on scaffolds 2, 3, 7, 9, and 10, 
suggesting that the two regions were mostly separated already in 
T. adhaerens. Although clearly JN-related regions were not found (other than 
the very small scaffold 35) (Publication III, Figure 2), we found genes that have 
orthologs associated with JN paralogons from both proto-MHC and proto-NT 
regions, supporting a strong connection between the three sets. 

While our approach in T. adhaerens detected many regions for which most of 
the detected reciprocal best blast hits belonged to either MHC-related or 
NT-related paralogon sets, other regions had no clear dominance of one gene set 
over the other. These were found on scaffolds 1, 3, 9, and 10 and contained 
a mixture of genes from two or more of these paralogy sets (Publication III, 
Figure 2). Notably, one third of scaffold 9 was associated mainly with MHC, 
another third with NT, and the last third located between MHC and NT had 
mixed content from both (Publication III, Figure 2). 
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Finally, we were able to show that these two MHC-related gene sets might 
also be involved in both proteasome and antiviral responses. 
While the reciprocal best blast hits for three human proteasome genes mapped to 
the proto-MHC as described above, there was also a number of other proteasome 
genes that where not reciprocal best blast hits, but were the best blast hit in 
T. adhaerens for human proteasome genes. Remarkably, most of them appeared 
associated with the identified MHC-related, NT-related, and mixed content 
regions (Figure 9), suggesting that the proteasome function is also common to 
other MHC-related gene sets. Furthermore, when searching for the genomic 
locations of B30.2 genes in T. adhaerens, we found that most of them were also 
associated with the identified regions (Figure 9; Publication III, Figure 4). 
The B30.2 proteins are remarkable in that many of them are ubiquitin ligases 
and they are associated with both the MHC and with innate/antiviral responses 
(Abi-Rached et al., 1999; Rhodes et al., 2005; Darbo et al., 2008; Boudinot 
et al., 2011; D'Cruz et al., 2013). 

 

Figure 9. B30.2 and proteasome genes on the T. adhaerens MHC-related scaffolds. 
The identified Proto-MHC, Proto-NT, Proto-JN and mixed content regions are marked 
with different colours. B30.2 and proteasome genes that were reciprocal best blast hits 
between human and T. adhaerens are labelled with dark-coloured markers. Modified 
from Publication III, Figure 2. 

As an additional control, we searched the genome of the choanoflagellate 
Monosiga brevicollis (a non-metazoan, protist species) for the presence of 
proteasome genes and MHC-related regions. Our approach gave no significant 
results from this organism, suggesting that the functional clustering of 
MHC-related genes was a metazoan innovation. While one of its scaffolds 
seemed to contain some genes with human orthologs on chromosome 9 and 
T. adhaerens orthologs on scaffold 2, the proteasome genes were found scattered 
across the entire M. brevicollis genome (Publication III, Figure 5). This provides 
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even further support for the hypothesis of ancient linkage between 
the MHC-related paralogon sets (Kasahara, 1997, 1999b; Flajnik and Kasahara, 
2001; Olinski et al., 2005, 2006) being metazoan-specific. Although 
T. adhaerens is a very basal-like animal, it is in fact also derived from 
the hypothetical Ur-metazoan, in which the gene sets may have been even more 
strongly interspersed. 

4.4 Future perspectives 

4.4.1 RGS16 and its implications in immune regulation 

In the present study we showed that RGS16 is involved in both antiviral and 
inflammatory immune responses. However, pathways in which RGS16 is 
involved mostly remain to be identified and the main role of RGS16 in primary 
monocytes remains elusive. RGS16 inhibits GPCR signalling, but 
the mechanism linking it with its downstream effects of induction of viral 
response genes or reduced pro-inflammatory cytokine production is not obvious. 
Even the idea that it restricts pro-inflammatory responses by inhibiting MAPK 
activity is mostly a speculation and will require experimental confrontation. 
Of particular interest is the direct interaction of RGS16 with a circovirus protein 
described in (Timmusk et al., 2009), which might bring further light on its 
involvement in antiviral responses. The mouse model of PCV2 infection 
described in (Pahtma, 2011) will be a very useful tool for these studies. 

In addition to responses to pathogens, RGS16 has been also associated with 
various autoinflammatory disorders (Li et al., 2013), confirming its involment in 
immune regulation. An intriguing thought is that RGS16 could be also involved 
in autoimmune diseases, similar to RGS1 that is also associated with immune 
regulation (Hunt et al., 2008; Smyth et al., 2008; Romanos et al., 2009; 
International Multiple Sclerosis Genetics Consortium, 2010; Johnson et al., 
2010; Lindén et al., 2013; Mowry et al., 2013). Examples of possible interaction 
partners of RGS16 in such diseases include chemokine receptors and 
cannabinoid receptors, both of which have been previously associated with 
Multiple Sclerosis (Rossi et al., 2013; Cheng and Chen, 2014). Pilot experiments 
using a mouse model of MS on Rgs16 KO mice in collaboration with Dr. Simon 
Fillatreau, DRFZ, Berlin have shown that the disruption of the Rgs16 gene is 
protective against disease development, at least in females (Sirje Rüütel 
Boudinot, personal communications). Furthermore, preliminary data of our 
laboratory suggest that PBMCs from untreated MS patients, as compared to 
patients receiving treatment or healthy individuals, express less RGS16 (Kärdi, 
2014). This could lead to increased migration toward the inflammatory lesions in 
central nervous system (Cheng and Chen, 2014) and, according to the results 
presented here, might also contribute to increased pro-inflammatory activity. 
It would be of great interest to further study RGS16 expression as a novel 
marker of MS in humans. The mechanisms for RGS16 involvement in MS will 
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be further studied in Rgs16 KO mice in the context of both the disease and its 
various treatment options e. g. drugs based on Type I IFN or cannabinoids. 

4.4.2 Evolution of the genomic regions involved in immunity 

While the current study focused to the analysis of the proto-MHC region in 
the placozoan Trichoplax adhaerens, the proto-NT and "mixed content" regions 
received less attention. In the future we are going to analyse these genomic 
regions also in detail using a similar approach. In addition, it would be of 
interest to confront the hypothesis that the proto-MHC, proto-NT and proto-JN 
originated from rearrangements and duplications of one single region (Kasahara, 
1997, 1999b; Flajnik and Kasahara, 2001; Olinski et al., 2005, 2006). 

In T. adhaerens the region studied is incredibly similar to the vertebrate 
corresponding genomic regions. It would be of interest to track its evolution 
across different species from basal-like animals to human. In particular, a recent 
study showed that molluscs and annelids (e. g. The owl limpet Lottia gigantea) 
have very well conserved synteny with most of the ancestral linkage groups 
identified from studies of the amphioxus (Simakov et al., 2013). Hence, the owl 
limpet is one of the species that will be extensively studied in our future 
analyses. Other interesting species to consider include the recently sequenced 
Ctenophore, who has developed alternative signalling molecules in parallel to 
other metazoans (Moroz et al., 2014), and maybe arthropods (e. g. fruit fly or 
horseshoe crab) although the synteny groups are certainly less conserved in these 
organisms (Simakov et al., 2013; Nossa et al., 2014). For such study in multiple 
species, reciprocal blast searches may not be the most efficient approach. 
In collaboration with Dr Pierre Pontarroti (CNRS, Marseille, France) we 
consider to use the program OrthoMCL instead to produce a matrix of orthology 
between a dozen invertebrates (including own limpet and ctenophore) for 
the relevant genes (Chen et al., 2006; Fischer et al., 2011). The final selection of 
genomes will be done based on four main criteria: 

  
(1) Quality of the genomes that will be determined by analysis of twenty 

randomly chosen long genes. 
(2) Previous studies showing a good synteny between the selected 

genome and vertebrate genomes, especially for the proto-MHC or 
related regions. 

(3) Species in which there have been a lot of genomic rearrangements 
(based on literature) will have to be avoided as much as possible, but 
some will be kept considering (2), such as Ciona and Drosophila. 

(4) A wide diversity across different phyla of invertebrates 
 

Recent studies by Lagman and colleagues reported the identification of 
additional sets of paralogons that seems to be mostly associated with the same 
chromosomes as the MHC, NT, and JN (Lagman et al., 2012; Lagman et al., 
2013). One of these sets is mainly identified by components of G protein 
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signalling, including GPCRs such as opsins and vasopressin receptors, as well as 
Gα subunits (Lagman et al., 2013). Other involved genes include ohnologs 
corresponding to the CACNA1 ion channels, the neuronal adhesion molecule 
L1CAM, plexins, filamin, and ubiquitin pathway components (Lagman et al., 
2013). In human this "new" paralogy set has been identified at chromosomes 1, 
3, 7/12, and X and on chromosome 1 it may roughly correspond to the NT 
paralogon with genes located at 1p13 as well as 1q32 (Lagman et al., 2013), 
in proximity to the R4 RGS region. Gβ subunits are associated with another 
paralogon set that in human is located mainly at chromosome 1, 3, 12 and 17 
(Lagman et al., 2012), paralogy groups between chromosome 3 and 17 has been 
also discussed in earlier works (Larhammar et al., 2002; McLysaght et al., 
2002). It would be interesting to test whether these paralogon sets might also be 
connected to the ancestral MHC-related region. It is possible that the RGS genes 
were originally associated with the region that became the GPCR paralogons, 
but then during ancestral genomic rearrangements ended up where they are now. 

Besides the in silico studies it would be equally important to test whether 
the “immune-related” genes found in T. adhaerens are truly immune related, 
or the antiviral responses were acquired later during evolution. Experiments on 
T. adhaerens and other basal-like invertebrate species would be able to confirm 
our results experimentally. It would be especially interesting to experimentally 
compare the RGS proteins of vertebrates – such as RGS16 - and those found in 
other organisms such as amoeba (Eichinger et al., 2005).  
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CONCLUSIONS 

1. RGS16 is involved in the tetrapod immune responses. In humans and 
mice RGS16 restricts the proinflammatory response of monocytic 
cells. 

 
2. In addition to RGS16 itself, many of its neighbours on the genome 

are also involved in antiviral pathways. The origin of this entire 
region – the R4 RGS region – can be tracked throughout metazoan 
evolution to placozoans. 

 
3. The R4 RGS region genes are linked to the MHC-related gene sets in 

the genomes of both vertebrates and their invertebrate antecedants. 
This can be used to detect ancestral MHC-related regions in 
evolutionarily distant species. 

 
4. Using these markers a proto-MHC was found in the placozoan 

Trichoplax adhaerens, as well as a region that mainly corresponds to 
a proto-neurotrophin genomic segment. The gene set located in 
the proto-MHC seems to be significantly involved in the proteasome 
and stress response pathways.  
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SUMMARY 

RGS16 and other members of the R4 RGS family of regulatory proteins are key 
regulators of G protein-coupled pathways in the mammalian immune system. 
Most of the R4 RGS genes in human are located on a relatively short genomic 
stretch at chromosome 1q25.3–q31.3 that contains many immune-related genes 
in addition to the R4 RGS, e. g. RNaseL and the gene for cyclooxygenase 2. 
The aforementioned RGS16 is induced by cell activation, dysregulated in 
cancers, corresponds to a quantitative trait locus regulating antiviral responses, 
and is also implicated in inflammatory responses. It is not inducible in 
macrophages, but interacts directly with a circovirus protein in monocytic cells. 

It is generally accepted that the vertebrate genomes are in fact the products of 
two rounds of tetraploidization during early evolution, followed by subsequent 
re-diploidization. Therefore, while there are not four copies of each individual 
gene in our genomes, there are four copies (paralogons) to be found for most 
genomic regions. The R4 RGS region studied in the present work is located 
close to an MHC paralogon on chromosome 1 and flanked on the other side by 
a paralogon belonging to one of the other MHC-related paralogon sets. 
The MHC and related regions are central to the vertebrate adaptive immune 
systems as they contain gene for the antigen presenting proteins, the leukocyte 
receptor complex and Natural Killer cell receptors, among others. However, 
these regions are also involved in many innate immune responses and encode for 
genes involved in responses against both viral and non-viral infections. 

In the present work it is shown that RGS16 restricts proinflammatory 
responses, likely by its previously described function in inhibiting MAP kinase 
activity. RGS16 overexpression in THP-1 promonocytic cells led to inhibition of 
the production of Pam3 activation-induced proinflammatory cytokines while 
siRNA-mediated knockdown of RGS16 enhanced the Pam3-induced cytokine 
production. The bone marrow-derived cells of Rgs16 knockout mice responded 
to activation with LPS or Pam3 by producing larger amounts of CXCL1 than 
their wild type counterparts. 

It is also shown here that viruses modulate RGS16 expression even in 
amphibians like the western clawed frog (Xenopus tropicalis) as seen from 
the analysis of Frog Virus 3-induced gene expression in this animal. Infection 
with Frog Virus 3 led to RGS16 downregulation and differential modulation of 
other R4 RGS region genes, suggesting that they are involved in antiviral 
responses in an evolutionarily distant vertebrate species. 

The R4 RGS region in general was found to be conserved throughout 
vertebrate evolution, and linked to the proto-MHC in amphioxus. Blast searches 
and phylogenetic analyses revealed that 35 out 70 genes in the region have 
ohnologs on the MHC paralogons, and 23 genes out of these have one ohnolog 
on chromosome 9 in human. In the amphioxus the orthologs of R4 RGS region 
genes mostly mapped to the same scaffold as the proto-MHC as revealed by 
blast searches and phylogenetic analyses. 
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Finally, genes of R4 RGS region were used to track the proto-MHC in 
invertebrate species and successfully identified its presence in the placozoan 
Trichoplax adhaerens. This finding was further confirmed by large scale 
genomic comparisons, leading to the discovery of other MHC-related regions 
and genes from this basal-like animal as well. The methods employed here 
included reciprocal blast searches, synteny analyses, gene ontology analyses and 
analysis of non-coding sequences. The results obtained are in agreement with 
other works that also show Trichoplax adhaerens to have well conserved 
synteny with human. 

Follow up studies for the present work will likely continue in two directions. 
RGS16 could be further studied experimentally both in the context of antiviral 
responses to determine the exact mechanisms involved in its activity, and in 
the context of inflammation, for example in inflammatory autoimmune disorders 
such as Multiple Sclerosis. In parallel, it would be interesting to continue 
tracking the proto-MHC and related regions, e. g. The R4 RGS region, 
throughout invertebrate evolution using mainly computational approaches. 
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KOKKUVÕTE 

RGS16 ja teised R4 RGS valkude perekonna esindajad on imetajate 
immuunsüsteemis olulised võtmemolekulid kontrollimaks G valk-seoseliste 
retseptorite signaaliradasid. Enamus inimese R4 RGS valkudest paikneb 
lühikesel genoomsel alal kromosoomil 1q25.3-q31.3, kus lisaks R4 RGS geenide 
endi leidub veel teisigi immuunfunktsiooniga geene, näiteks RNaseL ja 
tsüklooksügenaas 2 geen. RGS16 tootmine indutseeritakse rakkude 
aktivatsioonil, see reguleerib viirusvastuses osalevate geenide avaldumist ja 
osaleb põletikulises immuunvastuses. RGS16 ei ole küll indutseeritav 
makrofaagides, kuid monotsüüdid toodavad seda vastusena infektsioonidele ning 
sea monotsüütides on näidatud selle seondumist ühe sigade tsirkoviiruse 
valguga. Lisaks on RGS16 normaalne talitlus sageli häiritud kasvajate korral. 

Üldlevinud arvamuse kohaselt on selgroogsete genoomid välja kujunenud 
kahe kogu genoomi haarava duplikatsiooni tulemusena, millele järgnes genoomi 
taandumine uuesti diploidseks. Seega, ehkki meil ei ole kõiki geene neli koopiat, 
on meil paljud genoomi piirkonnad esindatud neljas korduses (paralogonitega). 
Käesolevas töös uuritud R4 RGS piirkond paikneb genoomis ühe 
MHC paralogoni ning ühe MHC-seoselise regiooni paralogonite vahelisel alal. 
MHC ning MHC-seoseliste regioonide paralogonid on selgroogsete 
immuunsüsteemis kesksel kohal, kuna neil asuvad nii antigeene esitlevate 
valkude geenid, leukotsüütide retseptorikompleks (inglise keeles Leukocyte 
Receptor Complex, LRC), kui ka loomulike tapjarakkude (inglise keeles 
’Natural Killer’) retseptorite geenid. Lisaks on samad genoomsed piirkonnad 
seotud kaasasündinud immuunvastusega ning kodeerivad valke, mis on 
vajalikud nii viiruste kui muude patogeenide vastaseks kaitseks. 

Käesolevas töös on kirjeldatud RGS16 rolli põletikulises immuunvastuses, 
mis on tõenäoliselt vahendatud juba eelnevalt RGS16-le omistatud MAP 
kinaaside aktiivsuse tõkestamise funktsiooni poolt. RGS16 ületootmine THP-1 
promonotsüütide rakuliinis vähendas rakkudes sünteetilise triatsüleeritud 
lipopeptiidi Pam3 poolt indutseeritud põletikuliste tsütokiinide tootmist. RGS16 
tootmise allasurumine siRNA abil aga suurendas rakkude võimet Pam3 mõjul 
põletikulisi tsütokiine toota. Puuduva Rgs16 geeniga hiirte luuüdist kasvatatud 
rakud tootsid  bakterite endotoksiini või Pam3 mõjul rohkem tsütokiini CXCL1 
kui tavalistest hiirtest eraldatud vastavad rakud. 

Lisaks ilmneb käesolevast tööst väikese kannuskonna (Xenopus tropicalis) 
näitel, et viirused mõjutavad RGS16 tootmist isegi kahepaiksetes. Konnaviirus 3 
poolt selles loomas põhjustatud geenide avaldumise analüüsi tulemusena selgus, 
et nakatunud konnades oli RGS16 tootmine vähenenud ning lisaks olid 
mõjutatud ka ka teised R4 RGS piirkonna geenid, millest võib järeldada nende 
seotust viirusvastusega evolutsiooniliselt kaugetes selgroogsetes. 

Selgus, et R4 RGS piirkond on konserveerunud läbi selgroogsete 
evolutsiooni ja on ka selgrootus keelikloomas - süstikkalas - seotud proto-MHC 
piirkonnaga genoomis. Blast’i otsingud ning fülogeneetiline analüüs näitasid, et 
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35-l geenil 70-st antud piirkonnas asuvast geenist on genoomiduplikatsioonide 
tulemusena tekkinud paraloogid MHC paralogonitel, inimese genoomis on 23-l 
neist geenidest üks paraloogidest kromosoomil 9. Lisaks selgus Blast’i 
otsingutest ning fülogeneetilisest analüüsist, et süstikkalas asub enamus R4 RGS 
piirkonna geenidele vastavaist geenidest proto-MHC-ga ühes piirkonnas. 

Järgnevalt kasutati R4 RGS piirkonna geene otsimaks selgrootute 
genoomidest proto-MHC piirkonda. Naastlooma Trichoplax adhaerens 
genoomist see leitigi. Tulemust kinnitati genoomide bioinformaatilise võrdluse 
abil, mis viis tollest väga lihtsa ehitusega loomast ka mitmete teiste 
MHC-seoseliste piirkondade ning nende geenide avastamiseni. Selleks kasutati 
järgmiseid meetodeid: vastastikused Blast otsingud, genoomipiirkondade 
sarnasuse võrdlus, geenide funktsioonide analüüs ning mittekodeerivate 
järjestuste analüüs. Saadud tulemused toetavad teisi töid, kus on samuti 
näidatud, et naastlooma genoomil on selgroogsete genoomidega palju sarnasusi. 

Käesolevas töös saadud tulemuste põhjal on uurimistööd võimalik jätkata 
peamiselt kahes suunas. Esiteks tuleks RGS16 omadusi uurida katseliselt edasi 
nii viirusvastuses täpsete mehhanismide leidmiseks kui ka põletiku kontekstis 
põletikuliste autoimmuunhaiguste nagu hulgiskleroos näitel. Paralleelselt oleks 
huvitav jätkata bioinformaatiliselt proto-MHC ja sellega seotud regioonide – 
nagu näiteks R4 RGS piirkond - kaardistamisega selgrootute loomade 
genoomides.  
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����mC/>9A19/2/@B1>9>O=C1BK@=10A/P3>146:T6::|;B::5c6I:65I:DD6ÌQ0>9=K19BB8<<A/E/9=K@SEK=/@1KAVXC10C1BK2K1AK?A/=>K8=C>@1�/38B/@BT7TG88@2�A1P�Q�GT���=/AL>8319>=z/<K@=E/9=>O�/9/m/0C9>A>HSVmKAA199�912/@B1=S>Om/0C9>A>HSV�RK3//E1K=//6cVmKAA19965D6�V	B=>91K/IEK1A4�KK98BTB88@2KA1�==8T//7T�>?/@=z/<K@=E/9=>Ô 10@>?1>A>HSK93�EE89>A>HSV�912/@B1=S>O�>0C/B=/@̂ /310KA_/9=/@V�>0C/B=/@V��6UDU5V�G��TL>8319>=����V̂ >A/08AK@J1@>A>HSK93�EE89>A>HSVz>EK19/3/J1A2/@=V|�ac:7>8SI/9I7>BKBV�@K90/
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