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Summary

In the present thesis, bioinformatics analysesesfogic DNA sequences identified a number of
features that distinguish imprinted genes from radynbiallelically expressed genes. Despite
species-specific differences, which particularlynpticate identification of functional CpG islands,
imprinted genes of human and mouse are enrichéatrionic CpG islands and tandem repeats.
Together with conserved LINE-1 repeats they mighinvolved in the establishment of the allele-
specific marks in the germ line. Striking in compan to non-imprinted genes is also the
enrichment of CpG-rich motifs as well as a decrdasgtimated deamination ratio in conserved
sequences, which hints at unanticipated effectfiftdrential methylation. Genome-wide analyses
showed that highly conserved elements in exonmpfinted genes are less conserved and shorter
than those of normal genes. Maternally expressedsgand the proteins encoded by them are more
divergent between rodents and other mammals, whgra@rnally expressed genes are conserved
above average between mouse and rat. The assoojgpedite patterns of selection suggest that
imprinted genes played a role in the evolutionafyerodents. The existence of conserved paralogs
with similar functions may have facilitated divenge.

Zusammenfassung

In der vorliegenden Arbeit wurde durch bioinforrsahie Untersuchungen von genomischen DNS-
Sequenzen eine Reihe von Merkmalen bestimmt, tielieh gepragte Gene gegentber normalen,
biallelisch exprimierten Genen auszeichnen. Traspezifischer Unterschiede, die insbesondere
die ldentifizierung von funktionalen CpG-Inseln @raeren, besitzen gepragte Gene in Mensch
und Maus vermehrt intronische CpG-Inseln und Tamdpeats. Zusammen mit konservierten
LINE-1-Repeats koénnten diese zur Einrichtung ddelsgezifischen Markierungen in der
Keimbahn beitragen. Aufféllig im Vergleich zu niapepragten Genen sind auch die Anreicherung
von CpG-reichen Motiven und eine erniedrigte gesathdDesaminierungsrate in konservierten
Sequenzabschnitten, was auf unvorhergesehene éffitdarentieller Methylierung schliel3en lasst.
Genomweite Analysen ergaben, dass hochkonsenkdetmente in Exons bei gepragten Genen
weniger konserviert und kirzer sind als bei norm&enen. Maternal exprimierte Gene und von
ihnen codierte Proteine zeigen erhohte Divergenizchen Nagetieren und anderen Saugetieren,
wohingegen paternal exprimierte Gene zwischen MadsRatte einen Uberdurchschnittlich hohen
Konservierungsgrad aufweisen. Die damit verbundemegegengesetzten Selektionsmuster lassen
darauf schliel3en, dass gepragte Gene eine RoléeinEvolution friiher Nagetiere spielten.
Mdglicherweise erleichterte die Existenz von komigten Paralogen mit ahnlicher Funktion die
Divergenz.
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Chapter 1 - Introduction

Genomic imprinting is a special epigenetic mechanisf gene regulation in mammals and
flowering plants. In contrast to the vast majonfygenes that are biallelically expressed, i.emfro
the alleles of both chromosomes, imprinted genesnamnoallelically expressed depending on
whether they were inherited from the mother or friva father (Fig. 1.1). The Imprinted Gene
Catalogue at the University of Otdg@Morison et al. 2001, Glaser et al. 2006) and Mwuse
Imprinting Website at the Mammalian Research Cehtarwelf provide records of imprinted
genes identified in human and mouse. Since 200&ingathe beginning of the studies presented
here, when there were about 40, their lists haem Isékowly but steadily growing to approximately
90 as of June 2009. It is estimated that a few rechdenes may be subject to imprinting (Reik and
Walter 2001, Morison et al. 2005, Luedi et al. 200807). As, due to their monoallelic expression,
the alleles of imprinted genes are quasi dominang disturbance on the expressed allele
immediately shows its consequences. Mutations orilmed genes or their regulatory elements,
which cause either over- or underexpression ofjees, result in severe growth anomalies, organ
malfunctions, behavior anomalies, and cancer. Toerethey are of particular interest for research
on human diseases.

Oocyte Sperm
0 -
Igf2 Igf2r lgf2 lgf2r
—_— —— —am— 1

§ ¥
§o—o

Igf2 Igf2r

Paternal gene copy —mp— 4}
Maternal gene copy ﬂ} —p—

Figure 1.1: Imprinting of Igf2 and I gf2r in the mouse

In mice, the insulin like growth factor genkgfR), which encodes the IG&X)rotein, is only
transcribed from the chromosome transmitted byfdtteer. In contrast, the insulin like growth
factor receptor geneldf2r), coding for the IGF2R protein, is only expressiedm the
chromosome inherited from the mother. The figure Wiadly provided by M. Paulsen.

! http://igc.otago.ac.nz/home.html

2 http://www.har.mrc.ac.uk/research/genomic_imprigtin

® The nomenclature in this thesis follows the recomita¢ions of the Mouse Genome Informatics
Nomenclature Committee (http://www.informatics.@g/mgihome/nomen/gene.shtml): Gene

symbols are always italicized. Mouse gene symbetgrbwith an uppercase letter followed by all

lowercase letters whereas human ones are all uggeerdrotein symbols correspond to gene
symbols using all uppercase letters and are ratizied.



Chapter 1 - Introduction

After beginning with a short overview of the mosaportant terms and concepts related to
imprinting, this chapter will give more detailedpdamations in the following sections. The specific
patterns of regulation are presented, includingestablishment and maintenance of imprints, and
the genomic organization of imprinted regions. law of the roles performed by their protein
products, functional implications and the evolutafrthese genes are discussed. Special emphasis
IS put on what bioinformatics research could rexaadut the features that distinguish imprinted
genes from normal, biallelically expressed genas. @vn contributions, which are presented in
chapters 3 and 4, are shortly referred to in thieesponding sections.

1.1 Important terms and concepts related to genomienprinting

Epigenetics describes inheritance patterns thathessreek prefix "epi" implies, are "on top of"
the DNA sequence. While genetic information is eletb in the DNA sequence, epigenetic
information consists of DNA methylation and histamedifications. Thus, without changing the
nucleotide sequence, these epigenetic modificatimfisence gene expression and can be
transmitted to the next generation, thereby reptes a mechanism of long-term gene regulation.
In the special case of genomic imprinting, difféi@n marking of paternal and maternal
chromosomes — the imprint — results in the repoessi gene copies depending on their parental
origin.

Paternal and maternal alleles are distinguishedifigrent epigenetic modifications of the
DNA, such as methylation of cytosines followed hyagines in CpG dinucleotides (Bestor and
Tycko 1996). 5-methylcytosine is sometimes refetceds "the fifth base" of the DNA. So-called
differentially methylated regions (DMRs, see sattlo3) are highly methylated (hypermethylated)
on one chromosome but more or less unmethylategb(hgthylated) on the other (Umlauf et al.
2004, Kobayashi et al. 2006). These DMRs oftenlapenith CpG islands (CGls, see section 1.2).
CpG islands are enriched in CpG dinucleotides #natotherwise rare in mammalian genomes.
They were found to be frequently associated withmater regions of biallelically expressed genes
(Bird 1986, Larsen et al. 1992). Normally, CpG r&la are unmethylated; if one happens to
become methylated, though, the chromatin struaifiies associated promoter region is thought to
become dense, hindering the access of the tratiearimachinery and causing silencing of the
associated gene (Bird 2002; see also Fig. 1.7jiffgrentially methylated CpG islands, i.e. DMRs,
transcription can only be initiated on the unmedlad allele of the two chromosomes. Methylated
regions are established by tde novo DNA methyltransferases DNMT3A and DNMT3B and
maintained by DNMT1 which, during DNA replicatioransfers methyl groups onto CpG
cytosines on the newly synthesized strand.

DMRs constitute central regulatory regions at imf@d loci around which most of the
imprinted genes are clustered (section 1.3). Tlieence of a DMR can extend over several
thousands of base pairs so that deleting it calosssof the correct expression patterns in the
affected region. Therefore, such regions are afarned to as imprinting control regions (ICRs) or
imprinting centers (ICs).

Another important factor involved in epigenetice agpetitive elements, shortly called repeats.
As the name suggests, repetitive elements are otit#gepatterns that occur multiple times in the
genome. In the case of tandem repeats, thesensates repeated directly following each other
either as perfect copies or with slight variatioRepeats attract methylation, which might interfere
with the establishment and maintenance of DMRs.sTlituis not surprising that the vicinity of
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imprinted genes shows a special distribution ofediint repeats (section 1.6). Since none of the
above mentioned sequence features alone is suffié@ the establishment of a DMR, a
combination of different factors appears to be agagy, such as transcription in the oocyte, histone
modifications, and a specific pattern of CpG spgamthe DMR sequences (Chotalia et al. 2009).

The main task of proteins encoded by imprinted geseems to provide nutrients to the
developing embryo. Many paternally expressed genesde growth factors. Maternally expressed
genes include antagonistic growth-suppressing ifomstas well as ion channels and transporters.
There is also a number of imprinted genes that oiboemcode proteins but regulatory RNAs
(section 1.7). According to the parental confligbbthesis (Moore and Haig 1991, see section 1.8),
genes from the father "want" to become their offgpias large as possible whereas the maternal
ones try to save the mother's resources for fudfigpring, probably fathered by different males.

To elaborate on strategies for identifying imprihtgenes is beyond the focus of this
introduction. Most research is done on the moudavblves the generation of parthenogenetic and
androgenetic embryos (Nikaido et al. 2003), uniptaiedisomies, chromosomal translocations, and
reciprocal crosses of different strains with singlecleotide polymorphisms to determine which
parent the transcribed allele stems from (Babak.€2008, Wang et al. 2008). For human, mainly
pedigrees and linkage analysis are used sincercbsea human material is a problematic matter.
Nowadays, bioinformatics approaches help to nardmwn the search space for promising
candidates (Oakey and Beechey 2002, Luedi et &5,20007, Ruf et al. 2007). Genome-wide
screens for methylation (Smith et al. 2003) andiohis modifications (Wen et al. 2008, see also
section 1.5) can also facilitate finding new impehgenes.

1.2 CpG islands as regulatory elements

The following section is mainly taken from the oduction of Hutter et al. (2009), which
recapitulates what is known and hypothesized aBp@ islands (CGIs) according to the literature.

In mammalian genomes the CpG dinucleotide is deglédwards 20-25% of the frequency
expected by the G+C content (Lander et al. 2001te¥s®n et al. 2002). The cytosines of CpG
dinucleotides are usually methylated and 5-methgkipe can easily deaminate to thymine (Fig.
1.2) so that, if this mutation is not repaired, #ifected CpG is permanently converted to TpG, or
CpA on the complementary DNA strand (Bird 1980, tBesind Tycko 1996, Jones et al. 1998).
Thus, 5-methylcytosines represent mutational hotssthat can cause diseases (Bestor and Tycko
1996). If such mutations occur in the germ lineytthecome heritable. A constant loss of CpGs
over thousands of generations can explain the isgafchis special dinucleotide.

Nevertheless, some genomic regions maintain a GigB content close to the frequency of
other dinucleotides. These so-called CpG islanddigiCare believed to escape methylation at least
in the germ lines. CpG islands were originally déxsx asHpall tiny fragments (Bird 1986), i.e.
CpG-rich sequences cut by the methylation-sensi@ggiction enzyméipall. Showing frequently
absence of DNA methylation, and presence of histoodifications that are characteristic for an
open chromatin structure, CGIls have a commonly @aeledged potential to act as regulatory
elements.
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Figure 1.2: Pyrimidine nucleobases

From left to right: structures of cytosine, 5-mddyyosine, thymine, and uracil. Hydrolytic

deamination converts methylated cytosines into thgs In contrast to the deamination of
unmethylated cytosines into uracil, the RNA coupdet of thymine, this mutation is not easily
recognized and removed by DNA repair enzymes.

Based on the nucleotide composition kpall tiny fragments, Gardiner-Garden and Frommer
(1987) introduced the original criteria for the qmmtational identification of CGI sequences. About
half of the sequences identified as CGls with thEsameters in the human genome coincide with
repetitive elements (Lander et al. 2001). Beingmadly methylated and transcriptionally silenced
(Jones et al. 1998, Meissner et al. 2008), suchs@idl not obey the original definition as an
unmethylated sequence providing an open chroméatictare (Bird 1986, Tazi and Bird 1990).
Therefore, more stringent parameters were develdpatihave nowadays been widely adopted for
the identification of CGls in genomic sequenceséiand Jones 2002).

Having a CGl in the promoter region was first bedig to be a feature limited to housekeeping
genes (Larsen et al. 1992). Ponger and coworké@&ljZound that most genes that are expressed
in the early embryo have promoter CGls as well amacluded that transcription prevents them
from being methylated. This is consistent with thesumption that CGlIs allow binding of
ubiquitous transcription factors, thereby facilitat expression of the corresponding gene (Bird
1986, Cross et al. 2000, Hannenhalli and Levy 2@0itequera 2003). More precisely, genes with
a single transcriptional start site (TSS) in th€iGl-associated promoters are predominantly
involved in basic cellular functions whereas thosigh several TSSs exhibit tissue-specific
expression (Carninci et al. 2006, Saxonov et &062Baek et al. 2007). Although G+C and CpG
contents are generally increased in the vicinityrafiscriptional start sites (Yamashita et al. 2005
promoters with a CGI can be clearly distinguishexhf promoters without a CGI (Saxonov et al.
2006). As at least half of all human genes posS€&Hs in their promoter regions (Gardiner-Garden
and Frommer 1987, Larsen et al. 1992, Cross €080, Ponger et al. 2001), these elements are
successfully being used for detecting transcrigiictart sites in genomes (loshikhes and Zhang
2000, Hannenhalli and Levy 2001). CGIs have alssndgypothesized to coincide with origins of
replication (Antequera and Bird 1999).

Since it was discovered that CGls can be methylatedome cases, they have come of
increasing interest in epigenetic research. Tumppressor genes are silenced in cancer cells by
de novo methylation of their promoter CGls (Robertson &vidlffe 2000, Jones and Baylin 2002).
Somatic methylation of CGIs has also been obsenvewrmal tissues (Strichman-Almashanu et
al. 2002, Yamada et al. 2004, Song et al. 2005nil&ily, methylation plays a role in X
chromosome deactivation (Hellman and Chess 2003)s @hat are not located at promoters but at
intronic or intergenic locations were shown to filme as regulatory elements, e.g. in imprinted
genes (Reik and Walter 2001). Moreover, recennfoomatics approaches have revived the notion
of CGls as transcriptionally active sites, findidigferences between somatically methylated and
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unmethylated CGls in the DNA structure (Bock e2806). Thus, computationally identified CGls
can be classified into CGls with open chromatirtdess and false positive ones that are probably
associated with heterochromatin (Bock et al. 2007).

Despite their important roles, there is only lirditexperimental data available for detection of
transcriptionally active CGls so that especially fmn-human species one is restricted to mere
sequence criteria. For the mouse, however, whiokeseas model organism in molecular biology,
the commonly used parameters designed for usenmahwsequences (Takai and Jones 2002), may
be too strict for identifying important function@Gls. In the mouse genome, CpG is even more
depleted than in the human genome (Zhao and zZh@f§a2 2006b). This difference can be
explained to some extent by the insertion of CpsB;rprimate-specific repetitive elements (Al
repeats) into the human genome. Additionally, imparison to the human genome, the mouse
genome exhibits an elevated accumulation of C t@ilsitions and single nucleotide substitutions
in general (Waterston et al. 2002). These spegiesHic patterns of sequence conservation appear
to be influenced by various factors such as diffees in recombination rates, the shorter
generation times in rodents, and weight-specifitatnaic rates resulting in increased oxidative
DNA damage and elevated DNA replication rates (Hyvand Green 2004). As a consequence,
rodent CGls are supposed to undergo a faster erdsie to the loss of CpGs that is reflected in the
lower number of CGls identified in the mouse gendghissani and Bernardi 1991, Antequera and
Bird 1993, Matsuo et al. 1993, Cuadrado et al. 20@ihg et al. 2007). Antequera and Bird (1993)
estimated that the mouse genome lacks about 208tediuman CGIs. Nevertheless, out of the
27,000 CGils identified in the human genome (Laneteal. 2001) and 15,500 in the mouse,
approximately 10,000 have been found to be sigmfly conserved with respect to sequence
between human and mouse (Waterston et al. 2008ubAtantial part of the remaining ones may
be structural analogs since for orthologous geiespresence or the absence of a promoter CGl,
respectively, is highly correlated (Yamashita e2805). CpG-rich promoters are characterized by
a lower conservation than CpG-poor ones and haee blescribed as plastic and fast-evolving
(Carninci et al. 2006, Baek et al. 2007), possibgcause of the rather unspecific binding of
transcription factors (Antequera 2003).

Coming back to the issue of genomic imprinting, Cpfands are of special interest because
most DMRs overlap with CGls. The hypothesis thaprimted genes possess more CGls than
biallelically expressed genes (Reik and Walter 20@dulsen et al. 2000, Paulsen and Ferguson-
Smith 2001) stimulated further research and imtlathe work presented in this thesis. Various
strategies for the identification of CGI candidatequences by bioinformatics methods are
explained in chapter 2.2. Sections 3.1 and 3.2 tremassociation of imprinted and biallelically
expressed genes in human and mouse with CGls figenby different computational criteria.
Their performance is evaluated and advice on thse is given in section 4.2. Although the
original hypothesis was invalidated (Ke et al. 2902002b, Allen et al. 2003, Hutter et al. 2006),
our analyses confirmed that intergenic CGls, wivigne often shown to give rise to alternative or
antisense transcripts, are key feature of imprigiees. Moreover, CGlIs in imprinted regions are
enriched in tandem repeats (Hutter et al. 2006).
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1.3 Differentially methylated regions and imprinting clusters

CpG-rich regions at imprinted loci that show diffetial methylation are the key regulatory
elements that convey the parent-of-origin dependeoroallelic expression of these genes. The
specific DNA methylation patterns that differ beamematernal and paternal chromosomes are
established during germ cell development and miaedaafter fertilization (Tucker et al. 1996,
Olek and Walter 1997, Hajkova et al. 2002). Thipésuliar since the genome of the early embryo
is subject to global demethylation. More preciséhge paternal genome is actively demethylated
shortly after fertilization, when the parental games are still separated, whereas the maternal
genome undergoes passive demethylation due tostewlof DNMT1. Afterwards, there is a wave
of methylation introduced by the de novo methylsfanases DNMT3A and DNMTS3B. In contrast,
parental imprints are resistant to this epigeneprogramming; they are only erased and re-set in
primordial sperm cells and maturing oocytes toefthe transmitting sex (Reik and Walter 2001,
Morgan et al. 2005; Fig. 1.3). Little is known abothe protein complexes involved in
establishment of the associated DMRs. They redpMMT3A and a methyltransferase related
protein, DNMT3L, which is thought to recruit andretit the methyltransferases (Bourc'his and
Bestor 2004, Kaneda et al. 2004).

Interestingly, transcription causes the intrageaicomatin structure to open up so that
methyltransferases can access the DNA. This mighteponsible for the paradox situation of
heavy methylation inside highly transcribed genesengas the promoters are shielded by
transcription factors and remain unmethylated (3ob@99, Hellman and Chess 2007). DMRs
might be established by transcription in oocytdsictv often use alternative promoters upstream of
the somatic ones (Chotalia et al. 2009). Of thewkm@rimary DMRs in mouse, 17 are set in
oocytes and only three in sperm cells (Chotali@l.€2009). Some secondary DMRs are established
later, after fertilization, through chromatin irdetions (Murrell et al. 2004). By knockout
experiments on the three paternally derived printa¥iRs it has been shown that DNMT3A alone
is sufficient for methylation at thégf2/H19 and DIk1/GtI2 loci whereas both DNMT3A and
DNMT3B are required for establishment of tRasgrfl DMR (Kato et al. 2007). DNMT3L is
indispensable at either locus.

Since methylated CpGs are prone to deaminate tq gpfn line DMRs are expected to lose
CpGs. Indeed, compared to maternally derived pgriavRs, the paternal ones are CpG-depleted
(Kobayashi et al. 2006, Bourc'his and Bestor 2008)s is attributed to the fact that imprints are
set much earlier in male germ cells (before mej@sisund birth, Davis et al. 2000) than in oocytes
(after meiotic recombination, just prior to ovutatj Lucifero et al. 2004) so that the methylated
CpGs have a higher probability to deaminate (Bbig@nd Bestor 2006). Differential methylation
could affect whole imprinted regions, most likelyleading to increased CpG deamination. Taking
measures for CpG deamination into account (seeteh&p, we observed that in conserved and
protein-coding regions, there seems to be no peavébss due to deamination but rather retention
or even enrichment of CpG.

As already mentioned, imprinted genes are predamiindound in clusters around DMRs,
which regulate the correct expression of genes digtances up to several kb. Isolated imprinted
genes are usually associated with a DMR of theim,aaven if it is very distant. So far, imprinting
clusters have been identified on several chromosofifigy. 1.4). There is no evident pattern of
direction or expression of the individual genesdaghese clusters. Similarly eluding a common
scheme, DMRs are found at different locations:riommter regionsGommdl, Cdknlc, Gtl2, H19,



1.3 Differentially methylated regions and imprimgiolusters

Ndn, Nnat, Pegl0/Scge, Plagll, Srpn, Impact), at alternative intragenic promotgiGnas locus,
Grb10, 1gf2, Mest), and in introns where they give rise to antisease&lownstream transcripts
(Kengl, lgf2r, Peg3, DIkl). Whereas all paternally methylated DMRs residéwben genes
(H19/19f2, Rasgrfl/A19, DIk1/Gtl2), the maternally methylated primary ones are agpromoters
on the paternal allele (Wood and Oakey 2006).
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Figure 1.3: DNA methylation maintenance, erasure athestablishment

The simplified depiction taken from Reik and Wal2001) shows the cycle of DNA methylation at
imprinted loci as an overview (top) and in companmisto the rest of the genome (bottom).
Methylation at the DMRs of imprinted loci is altdrat different time intervals than in the genome
(black). Blue represents paternal and red matetmalmosomes or alleles, respectively. Differential
methylation is reset in the germ cells accordinght sex of the developing embryo, which will be
the parent of the next generation. In its somatitscthe existing imprints determine the expreassio
of the associated genes. The DMR at the IC1 impgntenter is paternally methylated, that at 1C2
is maternally methylated (shown by black marks).
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Mouse imprinted genes, regions and phenotypes
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Figure 1.4: Harwell* imprinting map of the mouse

Most imprinted genes reside in clusters aroundrtlweintrol centers, the differentially
methylated regions. They are unevenly distributddoughout the genome. Mouse
chromosome 7 harbors most of the imprinted genesvinn this species in three separated
clusters. Their orthologs are found on human chsomes 11, 15, and 19. The genes studied
in the present thesis are listed in Appendix B Biband Appendix D Tab. D3.

1.4 Reading the imprint

After the imprint — the DMR — has been set in tkengline, it is converted into differential gene
expression in somatic cells, which is, however, aoteasy on-off mechanism. Morison et al.
(2005) suggest to use the terms maternally or paitgrepressed, respectively, because silencing
of one allele may be only partial. In the casele&Ky" imprinting, which may affect a lot of yet
undetected imprinted genes, expression does noayalwakes place exclusively but rather
predominantly from one of the two alleles. Expresscan additionally require the presence of
tissue-specific transcription factors. Some geresgss several alternative promoters of which not
all are subject to imprinting. Thus, a gene may did imprinted in certain tissues but biallelically
expressed in othersyf2, Moore et al. 1997), or even switch the allébel(10, Hikichi et al. 2003,
Sanz et al. 200&3nas locus, Coombes et al. 2003). Consistent with tfiests, the most upstream
promoter regions of imprinted genes do not shoveraichment of special sequence patterns and
exhibit similar conservation profiles as biallellgaexpressed genes (section 3.3).

Moreover, intragenic CpG islands can act as proraaté antisense transcripts which disturb
the expression of neighboring genes in imprintingsters (Pauler et al. 2007), notably the

* http://www.har.mrc.ac.uk/research/genomic_imprigtin
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untranslatedcnglotl that controls the Beckwith-Wiedemann SyndromeaedEngemann et al.
2000, Paulsen et al. 2000, Mancini-DiNardo et @03). The presence of an intronic DMR in the
humanlGF2R does not make the gene imprinted, probably becafiske lack of an antisense
transcript originating at this CpG island as in s®@{Smrzka et al. 1995, Wutz and Barlow 1998).
Antisense transcripts, however, are not peculiaimprinting but seem to be quite common in
mammalian genomes (Lehner et al. 2002, Kiyosava. €003, Yelin et al. 2003, Lavorgna et al.
2004, Chen et al. 2005, Zhang et al. 2006). Mocenty, the repressing function of numerous
small noncoding RNAs in imprinted regions is beingestigated (reviewed in Peters and Robson
2008, Royo and Cavaillé 2008). They play importafds in gene regulation by RNA interference,
predominantly post-transcriptional but also dine@y inducing DNA methylation (He and Hannon
2004).

To further complicate the matter, there is also petition between imprinted genes. On the
maternal allele, the unmethylated imprinting contenter of thdgf2-H19 region is bound by the
methylation-sensitive transcription factor CTCF (€K binding factor). CTCF inhibits the
interaction of thdgf2 promoter with the enhancers downstrearid® (Bell and Felsenfeld 2000,
Hark et al. 2000). Consequentlgf2 is silenced andH19 is active. On the paternal allele, this
pattern is reversed. The process involves chromatips inside which the thereby inactivated
genes cannot be accessed by the transcription naghiMurrell et al. 2004, Kurukuti et al. 2006;
Fig. 1.5).

Maternal

Paternal

DMR1

O =

Figure 1.5: Chromatin loop model for thelgf2-H19 locus

Differing chromatin organization on the maternaldapaternal chromosome can explain
imprinted expression dfyf2 andH19 in the mouse (Murrell et al. 2004, from where figeire

is taken). The two genes are separated by appréedynz0 kb. On the maternal chromosome,
CTCF proteins are bound to the unmethylated DMReyTimteract with other proteins like
cohesin (Rubio et al. 2008) and the secondary, atsoethylated DMR1. This results in
shutting offlgf2 in a loop where it cannot be accessed by the Rdlpnperase Il complex that
transcribes protein-coding genes and regulatory &NA contrastH19 can interact with the
enhancers and be expressed at a high level. Quathenal chromosome, the methylated DMR
does not bind CTCF. Instead, it interacts with heaosecondary, methylated DMR2. Thus, the
Igf2 promoter is brought into contact with the enhasgcactivating its expression wherg#k

is silenced with its promoter hypermethylated. Moeeent research suggests that, on the
maternal allele, instead of one large loop theeetawo tight ones, divided shortly aftéig2
(Kurukuti et al. 2006).
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It is assumed that at the other two paternally giated DMRSs, pairs of protein-coding genes and
regulatory RNAs compete for an enhancer like atlgi2/H19 locus DIkU/Gtl2, Rasgrfl/Al9,
Wood and Oakey 2006[Rasgrfl andAl19 are, however, both paternally expressed (de late et

al. 2002). CTCF binding sites have been identifiede as well as at several other imprinted loci
(Paulsen et al. 2001, Hikichi et al. 2003, Yoonakt 2005, Fitzpatrick et al. 2007) and it is
conceivable that they induce similar chromatin Bofs dynamic epigenetic elements guided by
protein interactions, they can easily change ifediht developmental stages and cell types and
thus lead to altered expression patterns not dnipgrinted genes.

Loop formation may be responsible for the silenariggenes with an unmethylated promoter
CpG island within imprinting cluster®(kl, Ascl2, KIfl4, Parker-Katiraee et al. 200Ppplr9a,
Asb4, Calcr, Monk et al. 2008). So far, CTCF is the only knoimsulator protein. As the nhame
implies, it establishes an epigenetic boundary eetwadjacent genomic regions. This may, as
mentioned above, occur by separation of genes ahdneers into different chromatin loops
(Yusufzai et al. 2004). Interactions of CTCF witlostly yet unidentified proteins may explain its
varying role as insulator, enhancer blocker, regmeand activator of transcription (Ohlsson et al.
2001). CTCF can multimerize (Yusufzai et al. 200d)eract with the also methylation-sensitive
transcription factor Yin-Yang 1 (YY1; Donohoe et 2007), and directly recruit the largest subunit
of RNA polymerase Il (Chernukhin et al. 2007). CT@&pletion in mouse oocytes results in the
misregulation of zygotic gene expression, includ®t2, Grbl0, Sc22al8, and Phlda2, with
subsequent apoptosis (Wan et al. 2008). Therefioecauthors suggested th@ict is a maternal
effect gene, although the functions of its protai@ not limited to imprinting.

1.5 Chromatin marks at imprinted regions

Chromosome structure is greatly influenced by thgawization of histones, the proteins around
which the DNA is wrapped. A considerable numbediéferent modifications of histone tails have
been described mostly at lysine residues. In génaethylated and deacetylated tails induce tight
packing associated with transcriptional repressidiereas acetylation enables expression (Fig.
1.6). Some methyl-CpG binding proteins and methygliferase DNMT1 complex with histone
deacetylases (Reik and Walter 2001). The resuttangse chromatin packing may not only affect
transcription but also initiation of DNA replicatiacduring the S phase of the cell cycle. DNA in
imprinted regions replicates in an asynchronousn@grthe paternal allele before maternal one, at
lgf2r, 1gf2/H19 andShrpn (see references in Paulsen and Ferguson-Smith).2001

Primary DMRs have been shown to present allelefspdistone modifications: H3K4me3 on
the unmethylated DMR, H3K9me3 on the other one Kdiken et al. 2007b, Parker-Katiraee et al.
2007, Meissner et al. 2008, Wen et al. 2008). Cqunmetly, imprinted regions exhibit bivalent
chromatin marks in genome-wide histone analyses. rbles of other histone modifications are
less clear. H3K27me3 is associated with silenchMilkKelsen et al. 2007b, Barski et al. 2007) and
found on the inactive maternal allele Basgrfl, excluding DNA methylation (Lindroth et al.
2008). It is also present in the unmethylated paiepromoter region oBrbl10 in the absence of
expression but reduced during neural cell develepnpe®ncomitant with induction of transcription
(Sanz et al. 2008). Repressed paternal alleldw#tcngl domain show H3K27me3 as well (Monk
et al. 2006, Lewis et al. 2006). Hence, this madiibn seems to silence at least part of the
imprinted genes that do not possess a promoter DiMRay be established by YY1 which recruits

10
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the histone H3K27me3 methyltransferase complexidiol the polycomb-group protein EED and
the zinc finger protein SUZ12, which is a componehtthe polycomb repressive complex 2
(Mager et al. 2003, Ferguson-Smith and Reik 2008 &t al. 2003, Kim et al. 2006, Kim J et al.
2007, Kim 2008).
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Figure 1.6: Putative chromatin structure at differentially methylated promoters

Methylation of the cytosine of CpG dinucleotidespimmoter regions (Allele 1) is associated
with methylation and deacetylation of histonesgasd chromatin structure and transcriptional
silencing. At unmethylated promoters (Allele 2)stbnes are acetylated, chromatin structure is
loose and transcription can take place. The arrdeict repeats that are a characteristic
feature of DMRs. CpG stands for CpG island. Tharkgs taken from Reik and Walter 2001.

Another mediator of higher order chromatin archiee are matrix attachment regions (MARS).
They have the potential to form heterochromatin s@egluester genomic regions onto the nuclear
matrix where they are inaccessible for transcripti®n the other hand, they are frequently
associated with enhancers. Conserved MARs haveitiestified atZfp127 (Greally et al. 1999) as
well as at thdgf2/H19 andDkl1/Gtl2 loci where they interact with the DMR in a tissspecific
manner (Kurukuti et al. 2006, Braem et al. 2008ha&hcer blocking functions of CTCF seem to be
related to matrix attachment via interactions witicleophosmin and other proteins with roles in
subnuclear architecture (Yusufzai et al. 2004)s tbombining chromatin loops and MARs into a
joint mechanism for gene inactivation (Kurukutiaét 2006). Such or similar complexes bound to
the nucleolar surface might also stop the spreaafimgethylation by excluding methyltransferases,
consistent with the role of CTCF as a boundary etgrat imprinted regions.

Lastly, human imprinted regions are enriched ironaigination hot-spots where chromosomes
cross over during meiosis (Reik and Walter 200hd8wici et al. 2006, Luedi et al. 2007). Special

11
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DNA structures during recombination might attracethylation (Bestor and Tycko 1996) or

transfer methylation (Bird 2002). Thus, interactobetween the homologous regions on two
chromosomes may contribute to the establishmelmMRs. Since CTCF interacts with cohesin,

which holds together sister chromatids, it is passithat it might act on an intra- and

interchromosomal level (Rubio et al. 2008). Funthere, germ line specific proteins might be
involved in chromatin interactions and protectinyiRs from methylation. Candidates are the
transcription factors BORIS (Brother of the Regotadf Imprinted Sites), which stands in for its

paralog CTCF in the male germ line and is therefdse known as CTCF-like protein (Loukinov

et al. 2002, Hore et al. 2008), and SP1 that iquitnius at active CpG island promoters (Macleod
et al. 1994, Brandeis et al. 1994). Overreprese@ @-rich motifs and an enrichment of CTCF
binding sites in intronic and intergenic regionsimprinted loci confirm the special role of this

protein in imprinting (chapter 3.3). Ongoing resdaon chromatin structure, which is still in its

infancy, will reveal valuable insight into the sj@@rotein-DNA and protein-protein interactions

at imprinted loci, especially in the germ lines.

1.6 Roles of repetitive elements

Most repetitive elements belong to the categorgmtalled interspersed repeats that occur in a
dispersed fashion. They are virus-derived sequetha#sbecame integrated into the genome and
there developed into mobile elements. RNA interfeee seems to be responsible for their
transcriptional silencing. On the other hand, tpassble elements can be recruited for gene
regulation and even give rise to genes (Jordah 2083, Oei et al. 2004, Lowe et al. 2007, Slotkin
and Martienssen 2007). Short interspersed tranbfsdements (SINEs) depend on long ones
(LINEs) for transposition via an RNA intermediafEhe broader term "repeat” includes low
complexity regions with a biased base composigog, polypurine or AT-rich, and simple repeats.
The latter are short tandem repeats or microsaeNvith motifs of 1-6 nucleotides. Long terminal
repeats (LTRs) are retrotransposons that contaieta repeats.

Repeats convey a high mutational potential. Apaoimf transcriptional interference and
insertion events, recombination between homologepstitive elements can cause translocations
and other rearrangements (Yoder et al. 1997).deisated whether CpG methylation was invented
by evolution as a protection against the trandomal activity of interspersed repeats or for gene
regulation in general (Bestor and Tycko 1996, Yaateal. 1997, Suzuki and Bird 2008). Anyhow,
repetitive sequences are usually heavily methyleedilar to centromeric repeats, tandem repeats
are thought to attract methyltransferases by aswyran unusual structure (Bestor and Tycko
1996). InArabidopsis thaliana, they are methylated by means of RNA interferef@kberman et
al. 2007), which is assumed to be the case alsarimals (Martienssen 2003). Tandem repeat
arrangements can also attract DNA methylation iniotiee processes in filamentous fungi
(Malagnac et al. 1997). Although a similar conmattcould not yet be established for mammals,
tandem repeats are likely to be involved in variepsgenetic silencing and heterochromatin
formation processes (Volpe et al. 2002, Savelieal.eR003). Curiously, arrays of tandem repeat
motifs are frequently found in DMRs and throughwoprinted regions (Neumann et al. 1995, Ke
et al. 2002a, Walter et al. 2006, Khatib et al. Z08ppendix B Tab. B5), leading to the tandem
repeat hypothesis of imprinting (Neumann et al.5)9%ome are necessary for correct differential
methylation Rasgrfl) but at other loci, they are dispensable (Lewiale2004). Analogous DMRs

12
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contain mostly divergent tandem repeats, only a fmssess conserved motifs that occur in

different numbers and at variable locations (Pauteal. 2001, Kim et al. 2003, Lewis et al. 2004,

Paulsen et al. 2005, Khatib et al. 2007; Fig. 100 systematic investigations revealed that
compared to biallelically expressed genes, thexesiginificantly more imprinted genes that possess
at least one CpG island that is associated wiimdem repeat (Hutter et al. 2006).
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Figure 1.7: Repetitive DNA elements at IC2

The figure from Paulsen et al. 2005 shows the wdiffgally methylated region of IC2, which is
located in intron 10 of humaKCNQL and mouseKcngl. It acts as a promoter for the
KCNQ1O0T1 (Kenglotl) antisense transcript. CpG islands, CCAAT boxesl, warious highly
repetitive DNA elements were identified by Paulserd coworkers (2005) in the human and
mouse IC2 sequences as well as in homologous egfdiour additional mammals. Motif MD
had been previously reported by Mancini-DiNardalet(2003). The chicken sequence lacks
tandem repeats and only contains one small CpGdslandicating that both features are
important for imprinted expression.

Other repetitive elements show a particular behraagowell. SINEs are reduced in the vicinity of
human and mouse imprinted genes whereas LINEsciedipefrom the L1 subfamily, LTRs,
simple repeats, and low complexity regions occurenfcequently (Greally 2002, Ke et al. 2002a,
2002b, Allen et al. 2003, Walter et al. 2006, Kbagit al. 2007). In combination with other
sequence features, the distinguishing distributadnrepetitive elements has been used for
prediction of putative imprinted genes in the mo(lseedi et al. 2005) and human genomes (Luedi
et al. 2007). Our findings are in line with thedeservations and argue for a conservation of
intronic and intergenic LINEs in imprinted regioft$utter et al. 2006, chapter 3 sections 2 and 3).
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SINE methylation seems to interfere severely witlferential methylation so that there is most
likely purifying selection against these elememtsnprinted regions. In contrast, the mechanism
for other repeats, namely L1, might have gainedleggry functions in the context of imprinting,
possibly for spreading methylation from DMRs like the X chromosome (Lyon 2006; see also
chapter 3.3). Orthologous regions in platypus dantewer LTRs and DNA elements and more
SINEs than eutherian imprinting clusters, indicgtthat the distribution of repetitive elements is
indeed linked to the evolution of imprinting (Wanret al. 2008, Pask et al. 2009; Fig. 1.10).

Interestingly, L1 repeats and retroviruses are ritdek in a hypermethylated state on the
paternal allele, but are hypomethylated on the mateone whereaslu elements, which are the
most abundant SINEs in the human genome, behawdlethe other way round (Howlett and
Reik 1991, Hellmann-Blumberg et al. 1993, Rubinakt1994, Chesnokov and Schmid 1995).
Although this scenario reminds of imprinted gent® methylation status of repeats is not
maintained. After fertilization, L1 repeats are dehylated andde novo methylated during
embryogenesis like all other interspersed elemérisler et al. 1997, Walter et al. 2006). The
LTRs of murine Intracisternal A Particle (IAP) elents maintain most of the methylation acquired
in both sperm and oocytes (Lane et al. 2003). Kootkstudies revealed that different
combinations of DNA methyltransferases are respgdmsior methylation of different repeat
classes. DNMT3A target satellite repeats, DNMT3Ba@atB1, the murinélu homolog, and both
are required for correct methylation of L1 and I@Rto et al. 2007).

1.7 Functional implications of imprinted genes

Since several known human diseases have been litdkeitnprinting disorders on certain
chromosomes, the corresponding imprinting cluséeesnamed after them. Proteins encoded by
imprinted genes take part in many pathways anddaotiens, including regulatory cascades and
metabolic pathways (Grandjean et al. 2000, Arimalet2005, Varrault et al. 2006; Fig. 1.8).
Notably, there are many transcription factors tiete the potential to regulate other genes. Most
imprinted genes are connected with growth reguiati®thers are brain-specifically imprinted or
highly expressed in the brain (Tierling et al. 20B6eed et al. 2008). Misregulation of imprinted
genes at other loci is known to lead to neuron&éats, e.g. in Angelman Syndrome (AS) and
Prader-Willi syndrome (PWS). PWS results from madérdisomy of chromosome 15 or
microdeletions on the paternal one that resultilansing of paternally expressed genes, namely
SNPRN, which encodes a small nuclear ribonucleoprotagwell asNDN, a gene coding for a
neuronal growth suppressor, and various noncodiNgR(Nicholls et al. 1998, Paulsen and
Ferguson-Smith 2001, Reik and Walter 2001, Congéet al. 2004). The inverse scenario is
responsible for AS. It leads to biallelic expressif these genes and silencing of the ubiquitin
protein ligase gen®&/BE3A and the ATPase ge®TP10A, the only maternally expressed genes
identified at this locus. Both syndromes are charézed by mental retardation, PWS also by
undergrowth, muscular hypotony, and eating diserdesulting in severe obesity. Unlike AS
patients, which exhibit a peculiar motion patterd drequent laughing (thence the name "happy
puppet syndrome"), PWS patients are easily frisftalhe orthologous region in the mouse
genome is on chromosome 7.

Mouse chromosome 7 also contains imprinted lodidhafound on other human chromosomes,

> http://www.har.mrc.ac.uk/research/genomic_imprigtiunction.htmi
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1.7 Functional implications of imprinted genes

namely the Beckwith-Wiedemann syndrome (BWS) redichr. 11) andPEG3 region (chr. 19;
Fig. 1.4). BWS is another well-known imprinting dider with an overgrowth phenotype,
predominantly caused by biallelic expression|@2. Silencing of the normally maternally
expressed tumor suppressor ge&mKN1C makes the patients susceptible to tumors (Const&tc
al. 2004). Mouse models suggest that loss of malttemethylation at IC2 is responsible for
aberrant expression (Fitzpatrick et al. 2002).dnegal, cancers often exhil{sF2 overexpression
and silencing ofCDKN1C. Research on mice showed that other imprintedstrgots from the
BWS region influence the morphology and functiortleé placenta. In contrast, the transcription
factor genePeg3 influences not only fetal growth, but also sucfliand maternal behavior
(Constéancia et al. 2004), similarMest (Lefebvre et al. 1998).

Silver-Russell syndrome is characterized by growetriction that already starts before birth
and is caused by maternal disomy and duplicatidres region on human chromosome 7 (mouse
chr. 6). Mutations iPLAGL1 (human chr. 6, mouse chr. 10), another transorigtctor gene, are
responsible for transient neonatal diabetes andnthese ortholog also has role in bone formation
(Varrault et al. 2006)GNAS (human chr. 20, mouse chr. 2), encoding a G pragebunit, is
involved in metabolism disorders (Constancia et28l04). Besides, a number of other human
disorders including autism, bipolar affective dins, and schizophrenia have been linked to
imprinting effects, but it is not known yet whickres are involved.
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Figure 1.8: Network of imprinted genes

A gene network involved in the regulation of embrigo growth and differentiation was
derived from microarray data by Varrault et al. @8)) from where the figure is taken. 246
genes are linked with at least three imprinted gebeld style) by similar expression patterns
and thus assumed to be coregulated. Zacl is a gyms name for the transcription factor
encoded by the imprintdélagl1 gene. Additionally, IGF2 influences the expressédknlc
(Grandjean et al. 2000). The humRIPAGL1 gene is involved in the activation KCNQ10T1,
which in turn repressd§CNQ1 andCDKN1C (Arima et al. 2005).
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Chapter 1 - Introduction

1.8 Evolution and parental conflict

1.8.1 Occurrence of imprinting

The first mammalian imprinted genes were identifiedhe 1990s. To date, about 90 imprinted
genes have been detected in human and mouse. Bluss that are imprinted in one species have
been shown to be also imprinted in the other, bate are some discrepancies (Morison et al.
2005). For exampleCommdl and Impact are imprinted in mouse but not in human; T6PM5
andL3MBTL, the situation is reversed. A few genes show dppespression patterns in the two
species such aopg2, Grbl0, andzZim2 that are maternally expressed in mouse and pdiema
human. This may be due to a different organizatainthese loci. In humanZIM2 is a
transcriptional variant oPEG3 as opposed to two separate ger#s)2 and Peg3, in mouse.
Conflicting data ol GF2R arose because of polymorphic imprinting as imprgivas lost in the
primate lineage but is still present to some exterthe human population (Killian et al. 2001).
Since the necessary experimental procedures afieuttifand time-consuming, the imprinting
status of some orthologs remains unknown. For géineesreason, data on other mammals are very
limited. The Otago Catalogue currently lists a nembf entries for cow, a few for pig, rat, and
sheep, as well as one entry each for d@gF2R, O'Sullivan et al. 2007) and rabbitmpact,
Okamura et al. 2005). Recently, a large study oprimed genes in the pig was published
(Bischoff et al. 2009). Additionally, imprinting bébeen detected for some marsupial geRid9,(
IGF2, IGF2R, INS MEST, PEG10; Weidman et al. 2006, Ager et al. 2007, Smits |e2808,
Suzuki et al. 2005, 2007).

IGF2, which was one of the first imprinted genes digced, has become something like the
"standard test gene", showing that among the vextiely imprinting is limited to the placental
mammals (Fig. 1.9). Interestingly, orthologs of miogprinted genes reside in syntenic regions in
the genomes of not only mammalian, but also othetebrate species, where they are often
arranged in clusters as well, for example in plagyp/Narren et al. 2008), chicken, and even fish
(Paulsen et al. 2005, Dunzinger et al. 2007). Thhusir existence and arrangement predate the
evolution of their special regulation. Providing arample of how the function of a gene co-
evolves with its regulationGF2R in non-therian species is not imprinted and itstgin lacks the
IGF2 binding domain (Killian et al. 2000, 2001).

Convergent evolution took place in flowering plantghich also have established imprinting
mechanisms, however of completely unrelated geX@sough imprinting effects were observed in
plants prior to their discovery in mammals, to diite number of identified imprinted genes is
limited to ten in Arabidopsis and four in maize i(Fend Berger 2007, Gehring et al. 2009).
Nevertheless, the epigenetic marks, namely difteaemethylation and histone modifications, are
strikingly similar to those present in mammals (Bed Berger 2007).

1.8.2 Embryonic devel opment and parental conflict

What do plants and placental mammals have in comswrihat parent-of-origin dependent
monoallelic expression could be evolutionary adagebus for such different organisms? The
answer is likely that both have a direct conneckietween mother and embryo, leading to the post-
zygotic extraction of maternal resources (Feil Bedger 2007). Just like the mammalian placenta,
the endosperm of plants acts as an interface threugch nutrients are transferred from the
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1.8 Evolution and parental conflict

mother to the embryo. Compared to spore plantgg#aying species, seed plants and viviparous
animals invest considerable amounts of maternauress in their embryos.
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Figure 1.9: Evolution of imprinting

Imprinting supposedly came into being before tméntion" of the distinct placenta and long

gestation in eutheria, but after that of milk sypp} the mother, as imprinting is apparently
absent in echidna and platypus. Eutherians (thel™'nglacental mammals) are commonly

grouped together with the marsupials, whose emiicyaevelopment largely takes place in the
pouch, to form the taxon theria. It is opposedhi® prototheria, i.e. monotremes, also called
egg-laying mammals. The figure is taken from Wasetal. 2008.

Based on the finding that the earliest identifiedrime imprinted genekgf2 and Igf2r encode a
growth factor and its receptor, which targets |G B/sosomes for degradation, it became apparent
that embryonic growth was one of the key elemeamtshfe evolution of imprinting. As a prominent
example for humans, the phenotype of the Beckwithd&mann Syndrome is characterized by
fetal and postnatal overgrowth and caused by li@llexpression oflGF2. Notably, I1gf2 is
expressed from the paternal allele dgt®r from the maternal one. This antagonism led to the
nowadays widely accepted parental conflict hypathe$ imprinting, a concept describing the
conflicting maternal and paternal interests witbifspring, often also called kinship theory (Moore
and Haig 1991). In polygamous species, siblingoaraverage more related to each other through
the mother because they can have different fatfi¢nss, whereas maternally expressed genes act
for treating all her children equally in a tradé-oétween the fitness of individual offspring amhe t
costs for the siblings, also future ones, pateyn@dpressed genes aim at extracting a maximal
amount of maternal resources for each of theidohil at a time. The paternal conflict hypothesis
is supported by the functions of numerous otherrimipd genes as well as the contrasting
phenotypes of embryos with two paternal chromosose#d (so-called androgenotes) and those
with two maternal chromosomal sets (parthenogermteg/nogenotes). Parthenogenetic embryos
have a small placenta whereas androgenetic onetogelarge extraembryonic tissues. Neither of
them develop beyond mid-gestation. Thereby it wasally shown that maternal and paternal
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Chapter 1 - Introduction

chromosomes are unequal and both are needed faectembryonic development (McGrath and
Solter 1984, Surani et al. 1984).

Acquisition of imprinting may have been vital teethvolution of the placenta as an interface of
parental conflict (Wood and Oakey 2006; Fig. 1R@markably, some imprinted genes are highly
expressed in the placenta and important for itspimalogy. It must also be mentioned that special
placental genes act in protecting the mother hefewh overly demanding offspring. For egg-
laying species, imprinting would make no sense iliog to the parental conflict theory because
the amount of yolk is fixed around fertilizatiomnly before the expression of embryonic genes, so
that the embryo has no access to additional mdteesources (Moore and Haig 1991).
Quantitative trait loci with parent-of-origin effiscand reciprocal effects have been linked to
imprinting in chicken but neither monoallelic exgs®on nor differential methylation of the
examined orthologous genes was detected (Tuiskatavlsto and Vilkki 2007).

When parental conflicts are reduced, as it is tmedn self-fertilizing plants likérabidopsis
thaliana (Spillane et al. 2007) or in monogamous mammalsxation of imprinting would be
expected (Feil and Berger 2007). Taking severalutiomary steps into account, the imprinting
coevolution oflgf2 andIgf2r has been modeled by Wilkins and Haig (2001, 208&gr Igf2
became maternally silenced, expression from thé&veagiaternal allele increased and with it
patrilinear fitness. Acquisition of the IGF2 bindisite by the mannose phosphate receptor, which
thereby became IGF2R, was a beneficial mutatiderims of the parental conflict theory, allowing
for fast degradation of the growth factor. As areumove to this, imprinting ofgf2r arose,
leading in turn to elevated expression from theemetl allele to increase matrilinear fitness.
Expression levels digf2 andigf2r eventually reached an evolutionary equilibriumgéneral, the
allele of the parent that benefits from a high picitbn of a gene is predicted to produce its fagtore
amount while the other allele is silent (Wilkinsdadaig 2003). Thus, dosage compensation (which
could as well be implemented by random monoallekpression such as it is the case with
olfactory receptor genes) is brought into agreemmtit parental interests. In primates and their
closest relatives, reactivation of paterf@aF2R may be related to increased paternal contribution.
Reduced interest in exploiting maternal resourtesilsl decreaseGF2 expression to the level of
the maternal optimum (Wilkins and Haig 2001). Aatiog to the models, imprinted demand
inhibitors like IGF2R are more likely to be reactivated than demand medra likel GF2 since
degrading proteins requires energy, which is in@mse unfavorable for the offspring (Wilkins and
Haig 2001).

1.8.3 Evolution of imprinting regulatory elements

Having discussed a probable reason for why imprigntiame into being, the next question is how it
was established on a genomic level. The regulagdeynents that modulate parent-of-origin
dependent monoallelic expression must have arisancommon ancestor of the species that show
imprinting of the respective genes. Starting witte tfirst appearance of genomic imprinting,
assumed to have taken place in the late Juraskicebthe marsupial-eutherian split (Fig. 1.9),
genesis of imprinting centers seems to be an oggmiocess since some genes are imprinted in a
lineage-specific way. Paulsen et al. (2005) suppleatethe Beckwith-Wiedemann syndrome region
evolved from the ancestral non-imprinted statesgedenic in fish) by gaining a DMR. Comparison
to ancient states represented by the organizafidgheocorresponding marsupial and monotreme
loci can reveal the evolution of eutherian impngticlusters (Hore et al. 2007). As an example,
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1.8 Evolution and parental conflict

before the split between marsupials and eutheriammmals the retroposon-derived gdPEG10
brought with it a DMR leading to its imprinting. tex on, its influence expanded to neighboring
genes that are now imprinted in eutherians butimebarsupials. In other cases, rearrangements
conferred imprinting to loci that are only impridten eutherians. At thBLK1-DIO3 domain, this
happened by integration MEG3 (Gtl2), and in the Prader-Willi/Angelman Syndrome regimpn
NRPN, which is a paralog to ancestri@dRPB. At both regions, noncoding RNAs and more
transposed genes were added (Hore et al. 2007)etkeatly reported, maternally expressed genes
KlIf14 andKLF14 are likely retrotransposons integrated into asteng imprinted domain after the
marsupial-eutherian divergence (Parker-Katiraesd.e2007). This example shows that if paralogs
of biallelically expressed genes are inserted amtomprinting cluster, they can become imprinted
as well. Also the murine-speciffeegl2 is such a proposed "innocent bystander" (Chdi @081).
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Figure 1.10: Distribution of repeats and CpG island in orthologous sequences

Presumably in the process of becoming subject printing, the corresponding regions — here
orthologous sequences of thBF2R region as an example, taken from Pask et al. (2609
accumulated different repetitive elements. Whei®@iEs are reduced and LINEs prevail in
species that show imprinting, the platypus showgkment of SINEs, which is, however, not
significant (Pask et al. 2009). CpGs denote Cpé&hds (gray bars of half the size of repeat
bars).

In contrast tdPEG10 andIGF2/H19, no DMRs were identified at the imprinted marsupaF2R,
MEST, andINSIoci (Killian et al. 2000, Suzuki et al. 2005, Agst al. 2007). Although marsupials
have not yet been investigated for the presenaeactivating histone modifications, it is assumed
that these are sufficient for imprinting in thepeaes. The histone-based silencing mechanism has
been proposed to be more ancient than DNA metlylattor murind gf2r, allele-specific histone
variants in the absence of methylation at the imadllele have been reported (Vu et al. 2004).
Histones as an epigenetic memory that provideserdifitiating chromatin structures after
demethylation might be responsible for the asynubws methylation of maternally and paternally
inherited alleles during imprint establishment: Tginally methylated allele dfi19 becomes re-
methylated earlier in murine sperm cells (Daviale000), likewisegnrpn in oocytes (Lucifero et
al. 2004). Involvement of histones seems very fdolebaince in primordial germ cells, DNA
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demethylation occurs before histone replacemenikfida et al. 2008). Thus, DNA methylation
might be a secondary trait to make the imprint nzadle.

Bourc'his and Bestor (2006) assume that, afteiCjh@ island character of paternally derived
primary DMRs had been lost due to CpG depletionew mechanism with paternally expressed
noncoding RNAs evolved "to counter the erosion afemally methylated regions”. Similarly,
Reik and Walter (2001) argue that paternally deriidVIRs should be unstable because of the
demethylation of the paternal genome. Antisensastidpts might have gained increasing
influence in imprinting clusters. Alternatively,e may have been the original mechanism. The
complexGnas locus represents an example of an evolutionarys agoe in terms of the parental
conflict hypothesis in which maternal genes switfflpaternal ones and vice versa (Coombes et al.
2003).

A suspicious concentration of imprinted genes drch@omosome 1 (M. Paulsen, unpublished
data) suggests that the genes in question migle been distributed from a few ancestral regions,
together with their regulatory elements, possiblydducing imprinting effects into new regions.
Furthermore, duplications may have played an eis¢enoile in the establishment of imprinting
since many genes that are subject to this speicidld regulation possess non-imprinted paralogs
(Walter and Paulsen 2003, Wood et al. 2007) andAtfadbidopsisSMEDEA gene is a lineage-
specific imprinted duplicate that acquired new ftiowes (Spillane et al. 2007). Systematic
investigation of paralogous genes has been one tdphis thesis, thus the mechanisms underlying
duplications are explained in more detail in cha@& and the implications for imprinting are
treated extensively in sections 3.4, 4.5, and 4.8.

1.8.4 Natural selection on imprinted genes

The evolution of species is considered as a dynamecplay of mutations and different kinds of
selection. If a mutation has strong negative comseces on fitness, it will not be propagated in the
population. This purging is the action of the pyinfy selection (also called negative or stabilizing
selection) that, on the genomic level, resultsighltonservation. Relaxation of purifying selection
tolerates mutations that do not have severe effscsalled slightly deleterious mutations. In
contrast, mutations that lead to a beneficial phgreoare maintained by positive selection and,
consistent with the alternative notation "Darwiniaalection”, can give rise to new species.
Mutations affect both genes and their regulatogia®s; they can influence expression as well as
the sequence of the encoded proteins and evemgratéitional events.

The monoallelic expression of imprinted genes drar tconnection with DMRs suggest that
they may also be subject to a different selectivesgure than biallelically expressed genes,
resulting in different patterns of sequence core@m. Strong purifying selection on regulatory
elements that convey imprinting would be expectéén&as positive selection could be mirrored in
species-specific features. The actual picture mpdizated. Despite being the key regulatory
elements, imprinting centers are little conservetth wespect to their DNA sequences (Paulsen et
al. 2001, Paulsen et al. 2005, Walter et al. 2@@Bnpare Fig. 1.7). In some cases, existence of
structural analogs may be sufficient. For examitie,DMR in an intronic CpG island ¢GF2R
consists of completely unrelated sequences in humanise, and cow (Riesewijk et al. 1996).
Nevertheless, highly conserved elements have laeanified in imprinted regions outside of genes
or CpG islands (Engemann et al. 2000, Paulsen 20@al, Tierling et al. 2006), and some of them
act as additional regulatory elements (Ishihaia@.€2000, Takada et al. 2002, Lin et al. 2003).
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1.8 Evolution and parental conflict

There are few reports on the evolution of proteémeoded by imprinted genes. On the
evolutionary most ancient level, the marsupial eantherianl GF2R evolved from the mannose-6-
phosphate receptor gene by gaining an IGF2 binsiteg(Killian et al. 2001). Studies involving a
limited set of mouse and rat imprinted genes didpnovide evidence for positive selection in the
rodent lineage (McVean and Hurst 1997, Smith andsH1099). Unlike the IGF2R-IGF2 interface
region, which is highly conserved, the signal seqeeofl GF2R that determines its location in the
cell is strikingly divergent between mouse andasatvell as between human and cow (McVean and
Hurst 1997, Smith and Hurst 1998). Consequenthgractions that are vital for protein function
are likely preserved whereas the protein conceotranay be altered by transporting it with
increased or decreased efficienkyF14 shows an enrichment of single nucleotide polymispk
(SNPs) and accelerated evolution in the human diegRarker-Katiraee et al. 2007). As this gene
encodes a transcription factor, that is, a memlbeax olass of highly evolvable proteins jointly
responsible for species diversity (Gibbs et al.£200ikkelsen et al. 2007a), imprinting might not
be involved as a crucial mechanism. It is, howewgriguing to remember that the set of imprinted
genes contains many transcription factors. Resaar@nabidopsis species identified tMEDEA
gene as an evolutionary recent gene under posileetion (Spillane et al. 2007). Interestingly, al
three genes mentioned above are maternally exphessich brings evolution in context with the
parental conflict hypothesisAscl2, Cdknlc, and Phlda2, genes important for placental
development, and genes encoding organic catiospaaters involved in nutrient transfer to the
embryo @c22a2, 9c22a3, and Sc22al8), are maternally expressed as well. Also due #r th
transcription in the oocyte (Chotalia et al. 200@gternally expressed genes might be subject to
special evolutionary patterns related to femalesiigebeneficial mutations.

Generally speaking, imprinting results in functibhaploidy of the affected gene. If there are
two different alleles, heterozygotes behave likmbpygotes of the expressed allele and reciprocal
heterozygotes differ with respect to phenotype findss (Patten and Haig 2008). Since imprinted
genes also have direct effects on reproduction,riitipg is expected to sharpen selective
elimination (Wilkins and Haig 2003). In the casedefeterious mutations on the expressed allele,
purifying selection would eradicate any haploingight individual and with it the mutated gene
whereas beneficial mutations would provide a swsfaéphenotype and promote positive selection.
On the other hand, the inactive allele may accutautautations that remain unexposed as long as
the sex of the transmitting parent does not swiitfikins and Haig 2001). As a consequence,
different kinds of selection might act more effitiy on different sets of imprinted genes, similar
to the situation on the X chromosome, of which ¢eeond copy is silenced in female mammals
(Vicoso and Charlesworth 2006).

It seems likely that lineage-specific evolution iafprinting regulation contributed to the
speciation of mammals (Reik and Walter 2001). Embiy lethality of crosses between two
species of deer mice is related to imbalanced sgje of placental imprinted genes (Duselis and
Vrana 2007) and strongly suggests that imprintsxgnvolved in reproductive isolation between
species. Imprinting might evolve quickly in certajroups of eutherians, namely in those where
selective pressure is highest, whereas it mightobein monogamous species (Feil and Berger
2007). In line with these hypotheses, we deteatedeased divergence of maternally expressed
rodent genes from their human orthologs (chap®#y. Z2\ctually quite a number of genes that are
imprinted in mouse show no or only developmentalyissue-specifically restricted imprinting in
human (Monk et al. 2006). Genes reported to beintgd in a placenta-specific manner in mice
but not in humansTépan32, Cd8l, Tssc4) might be false positives. The placenta combines
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maternal and embryonic tissues which are hard parate because of the small size of this organ
(M. Paulsen, pers. comm.). Thus, if there is highbression from the homozygous maternal tissue,
but little or none from the heterozygous embryopért, it seems that the maternal allele is
preferentially expressed. Nevertheless, there &en esome species-specific imprinted genes
without any ortholog DIRAS3 and TCEB3C in human,Pegl2, Pegl3, Tnfrsf23, and Ziml in
mouse). Ongoing Darwinian selection may theref@edstricted to evolutionary young imprinted
genes or their regulatory elements.

Different imprinting equipment might be explained the light of the conflict hypothesis.
Having usually only one offspring a time would dbblintrauterine competition as well as limit
necessity to conserve maternal resources and ttugquire stringent imprinting (Morison et al.
2005, Monk et al. 2006). It is unclear if imprirgitnas relaxed in humans or expanded in mice,
which have a very short gestation time and mamgréit Our finding that mouse and rat imprinted
genes, contrasting with their divergence from huymame highly conserved between the two
modern rodents argues for the acquisition of bera@fimutations in a common ancestor with
subsequent purifying selection in extant specibafter 3.4). Unfortunately, experimental data on
other species like cow, dog, pig, and rabbit acelitmited. They would permit validation of this
singleton pregnancy hypothesis and might revealdleyance of multiple paternity.

1.9 Previous bioinformatics research related to impnting

Experimental studies on imprinted genes are nowadagre often than not accompanied by
bioinformatics analyses. The numerous relevantreafees were already mentioned in the
corresponding previous sections. On the other hgedome-wide studies that address gene
expression patterns (Su et al. 2004) or histoneiffoations and CpG methylation (Mikkelsen et
al. 2007b, Meissner et al. 2008) often cast a glatémprinted regions. A limited number of large-
scale bioinformatics studies were specially deéitab imprinting, above all to the analysis of
repetitive elements (Greally 2002, Ke et al. 20@2%)2b, Allen et al. 2003, Walter et al. 2006; see
section 1.6). Indeed, locations and orientation repeats are among the most important
discriminative features for the prediction of imped genes (Luedi et al. 2005, 2007). Besides
repetitive elements, other specific DNA sequenceghtrmark genes that show parent-of-origin
specific monoallelic expression. An attempt to deran "imprinting signature" from regions
conserved in 24 human and mouse orthologs founchdtifs significantly enriched in their non-
exonic, non-repetitive sequences (Wang Z et al4200sing a them in a logistic regression model,
only eight imprinted genes of a test set of twelsexe predicted correctly. None of the motifs has
been linked to a regulatory element. One of themingilar to the tandem repeat motif in the
intronic DMR of KCNQ1 (Mancini-DiNardo et al. 2003, Paulsen et al. 208§; 1.7).

Comparisons between imprinted genes and genesatilatsubject to random monoallelic
expression revealed that they are similar in sagspeacts (Allen et al. 2003). Both classes show a
depletion of SINEs and enrichment of LINEs. Fordamly monoallelically expressed genes,
however, the younger LINE subclasses prevail. Tdnsup differs from both imprinted and
biallelically expressed genes by a lower G+C carded fewer CpG islands. Little is known about
the mechanisms leading to random monoallelic espas which are assumed to be similar to
those of genomic imprinting and X inactivation. Td@nmon origin of silencing one allele may be
related to dosage compensation. Having functioasdre quite different from those of imprinted
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genes, randomly monoallelically expressed genesirarglved in odorant perception and the

immune system, interestingly classes where alswiban selection acts (Gimelbrant et al. 2007).

Since the phenomenon is widespread, functional hagosity seems to be evolutionary favorable.
The parental conflict hypothesis gives a comprelbéngxplanation why in certain cases, such as
those of genes related to embryonic developmeatchivice of the expressed allele is not left to
chance.

Expression patterns of imprinted genes were ingatdd by Steinhoff et al. 2009. They found
distinctive expression profiles and transcriptiactbr binding site signatures for imprinted genes
that are expressed in hormone producing tissuedhan@lacenta. Kang et al. 2009 performed a
systematic analysis on conserved predicted CTCFyafidbinding sites near imprinted genes with
subsequent experimental validation, emphasizing gpecial role of these proteins. Finally,
evolution of imprinted genes was addressed forematoding sequences of mouse and rat
(McVean and Hurst 1997, Smith and Hurst 1999)jridividual genes (Parker-Katiraee et al. 2007,
Spillane et al. 2007), and with reference to imimop clusters (Paulsen et al. 2005, Hore et al.
2007, Pask et al. 2009).

Christoph Bock, an affiliated researcher at the MPanck Institute for Computer Science,
performed sequence analysis on CpG islands. Hedfthet CGls that are prone to methylation
(Yamada et al. 2004) are characterized by T+Gsgeduence patterns, specific DNA repeats, and a
particular DNA structure (Bock et al. 2006). Traigisupport vector machines on epigenetic data —
including DNA methylation, histone modificationsydachromatin accessibility — resulted in so-
called epigenetic scores that for each CGI in tinmdn genome predict the probability of having
an open and transcriptionally active chromatin citme (Bock et al. 2007). CGlIs with an
intermediate score probably correspond to tisseeiip DMRs.

Initiated by several hypotheses, investigating $bquence characteristics of imprinted genes
has been the main topic of this thesis. Their aadon with CpG islands, repeats, conserved
elements, DNA motifs, and paralogs as well as pésseffects of CpG deamination and
evolutionary aspects are dealt with in detail intier 3 and discussed in chapter 4.

23



Chapter 1 - Introduction

24



Chapter 2 — Materials and Methods

In the first section of the following chapter, |lwbriefly describe the three public genome
databases used in my studies. The second sectinorates on various approaches for the
identification of CpG islands, followed by an indaction to repeat detection. How to extract
evolutionary conserved elements from alignmentsxigained in section 2.4. Strategies used for
the annotation of regulatory sites in the UCSC lukzda are shortly explained subsequently. Section
2.6 is dedicated to motif search. After that, laté® methods for finding patterns of evolution and
custom Perl scripts. The last section gives adhiction into statistical methods.

2.1 Molecular databases and annotation resources

DNA sequences along with their annotations areigeal/by various sources. They share most of
the available sequenced genomes but differ withertsto builds (versions of genome assemblies)
and annotation of genes and other features.

2.1.1 NCBI

The RefSeq database of the United States Natioi@hfBrmatics Instituté (NCBI) contains
amino acid sequences, genomic DNA and cDNAs (gplin®NAs reverse transcribed into DNA)
of a great variety of organisms. Identifiers stagtwith "NC_" or "NT_" are genomic contigs,
"NM_", " NR_", and "NP_" refer to manually curatemtries for cDNAs, noncoding RNAs, or
protein sequences, respectively; those with an stead of the N are predicted ones based on
genomic DNA. Genes are predicted with tgeomon method by using alignments of the
sequences in the RefSeq databaseabnditio models. cDNAs are aligned to the genome directly
with BlastN® (Altschul et al. 1997), protein sequences ontottaeslated genome sequence using
BlastX. After filtering the resulting heuristic local giments for compartments in which the gene
is approximately located, splice signals are tak#o account to construct the exon-intron
structure. A Hidden Markov transcript model, foriglha schematic overview is given in figure
2.1, generates putative genes which are evalag@idst the database of existing proteins.

The MapViewer” is useful for visualizing the organization of genmarkers, etc. on individual
chromosomes. Genomic sequences of single genasger Iregions can be retrieved there via the
download link in fasta format, which only contam$eader line followed by the raw sequence, or
in GenBank format, which also provides annotatiohgenes, transcriptional start sites and ends,
coding exons, transcriptional and splice variaiitsis format is the default for RefSeq entries.
Accession numbers for two groups of control ger@$s &énd G2) were generated by appending
random numberdo the NM_ prefix.

Another useful source is HomoloG&nsee sections 2.7 and 3.4). The Entrez Programming
Utilities” provide an interface to the NCBI Entrez query dathbase system so that records can be

! http://www.ncbi.nim.nih.gov

2 http://www.ncbi.nlm.nih.gov/genome/guide/gnomoinsh

® http://www.blast.ncbi.nim.nih.gov/Blast.cgi

* http://www.ncbi.nlm.nih.gov/imapview

> http://www.random.org

® http://www.ncbi.nlm.nih.gov/homologene

’ http://eutils.nchi.nim.nih.gov/entrez/query/statidils_help.html
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retrieved by automated online queries. Last butleast the NCBIPubMed database has been
indispensable for literature research. Entrieslaygu in the MEDLINE format can be imported
directly into reference management programs.

Figure 2.1: State diagram of a Markov Model

A Markov Model consists of different states, hene.t Every time it is in its "+" state, it
produces a nucleotide that belongs to the regiah widistinguishing feature, e.g. protein-
encoding, CpG island, or conserved. The "-" statedyces background bases. By either
staying in one of the states or alternating betvthem with so-called transition probabilities p
and q, the Markov Model generates a DNA sequentcea IHidden Markov Model, the
production and transition probabilities are givart b is unknown which sequence of states
(called a path) produced a given DNA sequence.riibst probable path that assigns a state to
each single nucleotide can be determined with ther algorithm (Durbin et al. 1998). To
separate the regions of interest from the backgtotire sequence is divided into stretches of
"+" and "-" states.

2.1.2 UCSC Genome Browser

Developed and provided by the University of SantaizCin California, the UCSC Genome
Browsef comprises a great amount of so-called "tracksiddrfrom genome-wide bioinformatics
analyses: genes and gene prediction, expressiompasative genomics, variation and repeats, etc.
In the "Genomes" graphic interface, users can @éhooslisplay items of genomic features on the
chromosome level. The "Table Browser" allows to dimad sequences and annotations. It is also
possible to combine annotations from differentksae.g. intersecting CpG islands with conserved
elements retrieves all CpG islands that have at le@e base pair conserved. By choosing a cutoff,
the regions may be restricted to a minimum overlagditionally, one can apply filters.
Unfortunately, due to a condensed format, the tegilthese operations lack most of the original
annotations. Therefore it was necessary to devalopwn strategy including the overlap program
from UCSC, custom scripts, and database queriessgsiion 2.8.2).

The general data format for tables inside UCS(k#rag a list of genomic coordinates followed
by optional annotations with all items separateddais. To define regions of interest for a genome,
a similarly structured "custom track" must be pdad (Tab. 2.1). The so-called browser extensible
data (BED) format is intended for the graphic ifdaee; it allows different colors to be assigned to
specific positions.

® http://genome.ucsc.edu
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Table 2.1: Example custom track for UCSC

chrom chromStart® chromEnd annotation (optional)
chrll 2246304 2248758 ASCL2
chrl5 43440613 43458272 GATM
chrl9 62015614 62043876 PEG3

#In the UCSC database, all start coordinates am-lzased. To convert coordinates shown on
the graphic genome browser to the correctly comedimg region in the database, it is
necessary to subtract one from the start. Zero-basemes tricky when calculating overlaps:
For example, "chrl 3000 4000" and "chrl 4000 5060"not overlap by one nucleotide
because the first sequence ends with base numio€r, #0t the second sequence starts with
base number 4001.

In contrast to NCBI MapViewer and Ensembl (see3),1UCSC does not fuse genes into the
longest possible transcripts but lists all variafitsere are several types of genes available.Heor t
RefSeq ones, cDNAs of protein-coding genes from NRBfSeq are projected onto the human
genome usinglat’, UCSC'sBlast-like alignment program (Kent 200Blat keeps an index of all
non-overlapping 11-mers with their positions on denome. It is designed to quickly find
sequences of 95% and greater identity of lengttbgr more, as to map a sequence onto a
chromosom¥. Other gene sets comprise information on trantcfipm various sources, including
protein databases. We used data from the March BO8&n genome assembly (hg18, NCBI build
36.1) and the mouse genome assemblies February (8008, NCBI build 36.1) and July 2007
(mm9, NCBI build 37.1). An additional control gro$3) was composed of randomly chosen
genes from the human autosomes with orthologoussenganes in mm8. Transcriptional variants
were merged into genes beforehand by taking thé opstream transcriptional start site and the
most downstream transcriptional termination siten{pare section 2.8.1). THdtOver tool was
used to map genomic coordinates between differenbme assemblies. The hgl8 annotation
database and part of the mm9 one were downloadddapplied for genome-wide analyses
presented in chapter 3.3 and 3.4.

2.1.3 Ensembl Genome Browser

The European counterpart to NCBI and UCSC, Enséniblrun by the Sanger Instititeand the
European Bioinformatics Institute They use essentially the same base data bufeaedif gene
build process favoring data from EMBlLso that genes have their own identifiers, startisit
ENSHUM for human, ENSMUS for mouse, and so on. dntast to UCSC, all Ensembl gene
predictions are based on experimental evidencejghacords from RefSeq and protein sequence
databases. Although Ensembl genes are linked terret identifiers like RefSeq accession
numbers and gene names, the connection is incaenflbts imposed problems for relating gene

® http://genome.ucsc.edu/cgi-bin/hgBlat

19 hitp://genome.ucsc.edu/FAQ/FAQDblat

! http://www.ensembl.org

12 http://www.sanger.ac.uk

13 http://www.ebi.ac.uk
 http://www.ensembl.org/info/about/docs/genome_cdation. html
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data between Ensembl and NCBI (chapter 3.4). Seggeand annotations can be downloaded
with BioMart'. This database systems, like the UCSC one, allondifferent kinds of queries.

2.2 CpG islands

CpG islands (CGls) are unmethylated CpG-rich idaindmammalian genomes that are otherwise
depleted in CpG. They can mark promoter regiongiafes and are found experimentally by
cutting the DNA with methylation-sensitive restract enzymes. There are several definitions and
even more programs dedicated to the identificatib@Gls in DNA sequences. According to the
original definition (Gardiner-Garden and FrommeB7p a CGI must have a G+C content of 50%
or more, be at least 200 bp long, and have a mtimbserved CpGs to expected CpGs,
CpGdCpGeyp 0f > 0.6. There is some inconsistency between diffepeoggrams on whether the
values must be strictly greater or at least equahé¢ thresholds. More stringent parameters have
been suggested to prevent detection of CpG-ricttitege elements (Takai and Jones 2002). They
require G+C content 55%, CpG,/CpG.p > 0.65 and lengtl» 500 bp. Most simply, the G+C
content and Cpg/CpG;,, for candidate CGls are calculated in a slidingdew. This approach
and three basically different methods used by tbgnams applied in our studies will be presented
in more detail below. The first section will presahe calculation and implications of the
CpGudCpGeyp ratio, as elaborated in Hutter et al. 2009.

2.2.1 CpGep/ CpGeyp, the margin effect and artifact CpG islands

To calculate the enrichment of CpG, its expecteduency is taken into account because the CpG
content is highly correlated with the G+C contdrttus, for a sequence of the lengtbonsidered,

the ratio CpG,JCpG.yp, is defined as the frequency of CpG, CpGlivided by the product of the
frequencies of G and C, Gand Ch:

CpGund CpGexp = (CpGh) / (Gh - Cin) = (CpG-n) / (G- C)

A small example for highlighting the mathematicatkground: The sequence CGCGCCAG has a
G+C content of 7/8 = 87.5%, and CRB_PGxp=(2- 8) / (4- 3) = 1.33.

The same sequence, extended by an A+T-rich stogt¢he right to CGCGCCAGAATAT, has
a G+C content of 7/13 = 53.8%, and GREPG.,= (2- 13) / (4- 3) = 2.17.

This example also shows how the GpE&pG,,, ratio can be artificially elevated by extending
the central G+C rich core region by margins wheran@ C are underrepresented, as long as the
G+C content stays above the required thresholpheaomenon we termed the margin effect.

A high content of either G or C in low complexitggaiences often results in a low expected
CpG frequency (Fig. 2.2). In order to avoid thatlsisequences are identified as mathematical
CGls, the method implemented in tBpG Island Searcher'® program (Takai and Jones 2002)
requires the number of CpG dinucleotides per C@date window to be at least seven. This
minimum results from the Gardiner-Garden and Fromid®87) criteria. According to these
values, in a 200 bp sequence with a G+C conte®0% one would expect 20A/16 = 12.5 CpGs

'3 http://biomart.org
'8 http://cpgislands.usc.edu
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2.2 CpG islands

if all dinucleotides were equally distributed (CRECPG., = 1). With CpG being still slightly
depleted in CGls, causing CRFCpG,, = 0.6, this ratio reduces to 12:50.6 = 7.5 CpGs.
Rounded to 7, this corresponds to a fraction d¥3.5

cccecttceccececttcececttcectcttccccttceccccttcceccttcececttceccececcttcecceccttccct
tccececttcecccttcectecttececegttcececegttcececcttcecceccttceccecttcgettccececttccce
ttccecttecececcttececcttcecceccecttcecectttceccecttcececccttecccctttcetecttececcttcececce
ttcctcttccce

Figure 2.2: Effect of low complexity regions

This 200 bp C- and C+T-rich sequence in the huAdKSL genomic sequence is identified as
a CpG island by the progra@PGed (Luque-Escamilla et al. 2005). It has a G+C contdn
63%, 123 Cs and only 3 Gs which provide the 3 Cfiadd). This yields an Cp/CpG.yp
ratio of 1.626. However, the resulting CpG contehiL.5% is far from the enrichment to be
expected in a per definition CpG-rich island.

It must be kept in mind that computationally dezecCGls do not necessarily have regulatory
functions. The identification of epigentically reémt CGls is further complicated by CpG-rich
repetitive elements like the huma&hu elements (see also sections 1.2 and 1.6). Theydraly
fulfill the sequence criteria but, since their Cp@® generally methylated, do not obey the
biological definition of providing an open chronrastructure. Using repeat masked sequences, in
which repetitive elements are replaced by stretofiédss, supposedly avoids detecting such repeat-
dependent CGls. However, we observed a severe dchkwdf this approach as artifact CGls are
created due to a phenomenon we call the N-effebeM\C- and/or G-rich sequences are converted
to Ns by repeat masking (see section 2.3.1), th€ Gntent decreases compared to original DNA.
Provided that enough CpG dinucleotides are prede@®@pGpdCpGy, is elevated and a CGl may
be reported that would not have been identifiethenunmasked sequence (Fig. 2.3). This effect is
also seen for CGI detection in genome draft seqgernbat contain gaps of unsequenced
nucleotides which are filled with stretches of Ns a placeholder. Omitting Ns from the
calculations as it is done by the progr@pGProD (Ponger and Mouchiroud 2001) raises the G+C
content, shortens the CGI (maybe even below thegthethreshold), and reduces CpEEpG.y,
(Fig. 2.3).

AGCGGTCCATGGECATGECCTGAGgCt get get get get get get t ct gAGGCGATCACTGGAG
CAGGCACCGCATCAGCACT GT TCCCAAGCACT CCTCCTGGGECTCCTGCGACTTTCAACCCAAG
AGT GAGGAGCAGCACT TGAGCACCCCGT CCCTTGCATACGCGATGTAGGACAGACT GTACCAG
GTCATCGACAA

Figure 2.3: N-effect

When the simple (CTG)n repeat (bold, lower casghénmurineAdam19 genomic sequence is
converted to NsCpG Island Searcher using the GGF criteria reports a CGI of 200 btan
with a G+C content of 51.5% and Cp@CpG.,, = 0.603. The according section of the
unmasked DNA has a G+C content of 59.5% and &flpG.,, 0.45, which would never meet
the constraints for being a CGI. Excluding Ns frima calculations would result in a length of
175 bp, a G+C content of 58.86%, and GRGpPG.,, = 0.53, discarding this region because of
a too low CpG,dCpG,, ratio and being too short.
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Unfortunately, omitting Ns has a drawback of itsnowCpG/CpG.y, Can also be elevated
compared to the original DNA and G+C content caeneuvse when As and Ts are masked,
resulting in the above described margin effect,the discovery of CpG rich sequences that are
actually too short to be CGls (Fig. 2.4). For thessesons, we did not use repeat masked sequences
for CGI detection but excluded CGls that criticatiyerlap with repetitive sequences afterwards
(see chapter 3.1).

TTGGAATTGAGCATCATCACACT TAACCCCGACCACAGGCTATGT GAGT GGCCGGATGAGT CC
TTTTAGATGACCT CCATGCCAGCTGGTGTGGCTCATTCCGT CGGT CATTTGAAGCTAGTCGCTC
ATCAAAGCT AGCACACT GAGCACGCCCCT CGATCGCCTGCAGTGCTTTGTATGT TTGGCGCGA
GICTTCAGACTCTTAGIGTTCCCCAGAACCAaagt gct gct gt t gt ct ct gt t ggt gt aggga
acagaggcacagggcagct cagt aact ggt cct at gt

Figure 2.4: Inverse N-effect and margin effect

Omitting the SINE/MIR repeat section (bold, lowease) from this 289 bp sequence in the
Apbb2 genomic sequence from mouse, it is assigned a @e@ent of 52.2% and
CpGypdCpGeyp = 0.602, thus being labeled a CGI by GGF critdvate the margin effect that
is particularly pronounced on the right side: ThistfCpG is at position 30 and the last one at
position 187 of 289. The values calculated inclgdime nucleotides provided by the repeat are
G+C = 52.24% and Cp/CpG;,, = 0.456. There are 9 CpGs, which corresponds 1493.
CpG, but the actual CpG-rich part is rather smHI( bp) and would therefore not fulfill the
GGF criteria although reaching 55.35% G+C, 5.66% @pd CpGydCpGux, = 0.739.

2.2.2 The diding window method

For determining CGls in the most classical way,used the Perl script command line version 1.3
cpgil30.pl of theCpG Idand Searcher (Takai and Jones 2002). Starting at the beginninthe
sequence, this program scans the sequence in awviofcdthe minimum length a CGI must possess
(200 bp for Gardiner-Garden and Frommer criter& 300 bp for Takai and Jones parameters) that
is moved forward in steps of 1 bp. As soon as adain meets the criteria, the next window is
immediately shifted by 200 bp (or 500 bp, respe&tyiv If the criteria are not fulfilled by the last
potentially enlarging window, it is shifted backuards the 5' end in steps of 1 bp until the new
200 (500) bp window meets the criteria. Then, G-eGtent and CpgdCpG,,, are evaluated for
the resulting large candidate CGI. If necessairg, titimmed from both sides by 1 bp until it fuldil

the criteria. Candidate windows that overlap or lass than 100 bp apart are fused under the
condition that the merged region still fulfills tloeiteria. In a few cases, an unidentified program
bug caused sequences to be reported as CGls ditlibay failed to fulfill the CpGdCpGup
criterion. As a result of the above mentioned magdfect, the sequences of CGls determined with
CpG Island Searcher usually have CpG-depleted margins.

2.2.3 Segmentation methods

Other programs split a sequence into CpG-rich ap&-goor parts and afterwards check if the
CpG-rich segments are CGls according to the reispectiteria. The Perl scriptpg (Li et al.
2002) was obtained from the webbitand the executable progra®®Ged (Luque-Escamilla et al.
2005) Version beta, 06-feb-2006 was kindly provitgd. Martinez-Arosa. Both methods perform
entropic segmentation based on the calculatiorhefJensen-Shannon divergence (JSD) of the

7 http://www.nslij-genetics.org/wli/dnaseg/
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CpG distribution in two adjacent windowsandV:
JSD =n/N - (H[CpGuln] + H[—|CpGU/n]) + (N - n)/N : (H[Cval(N - n)] + H[—lchvl(N - n)])

whereN is the length of the sequencahe length of the left window, CpGy the number of CpG
dinucleotides irJ, -CpGy the number of non-CpGs ld (analogous foW), andH is the entropy,
calculated a#i(x) = x - log(X) (Shannon 1948). The border between two segmeatwe-the CGI
and the other the non-CGl flanking sequence xedfwhere JSD is maximal.

In cpg, the left window is enlarged in steps of 1 bp frbrto N — 1 while the right one shrinks
from N — 1 to 1. At the first maximum of the Jensen-Slwandivergence, which is determined
using the Bayesian information criterion, the sexeaeis split in two segments. Then, the recursive
segmentation is applied again and again separ&belyhe two segments until no significant
maximum is found anymore. The runtime of this mdtksotherefored(n log n). The segmentation
strength was set to 0.5. By an extension of thgiral script, | determined segments constituting
CGlIs as having a CpG content »f3.5%, which also corresponds to the threshold sadoby
Takai and Jones (2002) of 7 CpGs in 200 bp fordimgi "mathematical” CGls. Neighboring CGI
candidate segments were merged and their CpG afdc@rtents were recalculated as well as the
CpGudCpGyp ratio. CGls often consist of subdomains with daiéfee CpG content. In particular,
the margins display lower values than the coreoregBetting the CpG content to 6%, as
proposed by Matsuo et al. (1993), excludes suciomsgin contrast, the permissi¥e3.5% CpG
criterion allows detection of weak CGls as well rasrging of otherwise separated CGls. All
candidate CGIl segments smaller than 200 bp werkided afterwards. Since borders between
CGls and their CpG-depleted flanking sequenceslerermined at individual CpG dinucleotides,
there is no margin effect.

The method implemented iGPGed calculates the Jensen-Shannon divergence betwaen t
windows moved by steps of 1 bp which are of theesaire except for the beginning and the end of
the sequence. Thus, the algorithm conducts a lomalparison. The estimated distance between
two local maxima is called the sample intervalsgithe Jensen-Shannon divergence is determined
for the whole sequence. On both sides of its glo@imum, the so-called jumping dwarf search
algorithm searches for further maxima in jumpshef $ample interval size. These must also exceed
a divergence threshold of 0.001 to be significBdfault values are search window size 200 bp,
CpGudCpGeyp > 0.65 and G+C content > 55%, a sample interval, @insl minimum length 200 bp
for CGls. All segments determined by segmentatreraéterwards checked for their CRBCPGoxp
ratio, G+C content, and length. Those fulfillingetleriteria are assigned CGIs and merged if
possible. The CpG content itself is not used irsghsteps, nor is a minimum number of CpGs
required for a CGI. Thus, the program reports sbma&thematical" CGls that, being rich in either
G or C, have a sufficiently high G+C content andS6gCpG,, ratio but are in fact depleted in
CpGs (Fig. 2.2). Some reported CGI sequences haaetaal G+C content or Cp(dCpG,,, ratio
below the given threshold, which is probably dueusing a slightly different formula for the
calculation of CpGJCpG., (Matsuo et al. 1993) that slightly overestimaties enrichment of
CpG:

(CpG-M) /(G- C- (n—-1))

Despite the use of stringent criteria derived fithimse of Takai and Jones (2002), the authors also
recommend repeat masking of the sequences, whigrerer, results in artifacts. Margins of CGls
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determined withCPGed can be CpG-depleted but these are rarely longar1b bp.

2.2.4 CpG clustering

CpGcluster'® (Hackenberg et al. 2006) uses a very differentr@gh without relying on
established criteria. Instead, it determines ctasite which CpGs follow more closely after each
other than expected if they were randomly distedutThe Perl script requires two input
parameters that are not related to conventional éd@tacteristics, namely the percentile and the p
value (definitions see section 2.9). The first stéphe CpGcluster algorithm is to calculate the
distances between all neighboring CpG dinucleotidethe sequence. Immediately neighboring
CpGs are assigned a distance of 1. THB frcentile or median is the distance threshold tha
separates the distances into a lower half of k&ltidensely neighboring CpGs and an upper half
of more distantly distributed ones (see also se@i®). The median is the recommended value for
the percentile parameter. Alternatively, thd percentile allows CpGs to be further apart ughto t
value that comprises 75% of all observed distaraiespThe program adds CpGs to an initial
cluster as long as their distance corresponds tooat the selected percentile. Consequently, with
the 75" percentile, clusters can become longer than wieh 30" percentile. After finishing the
extension, the p value of the resulting protoislendalculated. It depends on both the CpG cluster
length and the number of CpGs in it and servegherdistinction between a CpG enrichment by
chance and a significant clustering. Only clusteeg have a p value lower than or equal to the
selected limit (the recommended value we used ) &fe reported as CpG islands. S@&HG
clusters begin and end with a CpG.

2.2.5 The UCSC eongation method

The method used at UCSC for the generation of e islands tracRis kind of an intermediate
between sliding window and clustering. The UCSQypeim scans the repeat masked sequence one
base at a time. It incorporates an additional agoff it finds a G after a C, it adds 17; in ather
cases, the score is decreased by 1. At the erftefeiquence (or earlier, if the score becomes 0),
the segment from the start until the position with maximum score is evaluated. Unless it meets
the requirements of G+C > 50%, Cp@BCpG.,, > 0.6, and length > 200 bp, it is discarded. The
same is done with the segment from the maximalesposition up to the current one. Then search
continues from the last position onwards. Thistega finds CpG islands with a very high CpG
content that start and end with a CpG but it dossreport stretches that would qualify by the
traditional criteria only. The CpG islands trackoes the percentage CpG as twice the number of
CpGs divided by the sequences length. | recalalildtas the more commonly used ratio of the
given number of occurrences to the length. SineeQpG dinucleotide is symmetric, the opposite
strand needs not be taken into account. The anpsore of 17 is based on a heuristic that yialds
similar number of CGls and genes in the human genamwell as an enrichment of CGls in
promoter regions.

18 http://bioinfo2.ugr.es/CpGcluster
19 http://genomewiki.cse.ucsc.edu/index.php/CpG_tidan
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2.3 Repetitive elements

As already mentioned in section 1.6, repetitivenapts are nucleotide patterns that, in contrast to
unique sequences, occur multiple times in the gendmfact, a substantial part of mammalian
genomes consists of repeats. Masking them is regebefore making alignments or performing
motif search because they cause false positive Qiisthe other hand, the occurrence of specific
repeats can give hints on the evolution of gendaac

2.3.1 RepeatMasker

The standard tool for detection and masking of kmogpetitive elements in genomic sequences is
RepeatMasker® (Smit et al., unpublished). It creates consensgsiesees of known interspersed
repeats from the Repbase libraries (copyrightedheyGenetic Information Research Instiftjte
and aligns them to the query sequence — thatasgenomic sequence to scan for repeats — with the
Blast-like programcross match?”. RepeatMasker is also capable of finding short simple repeats
and low complexity regions (compare Fig. 2.2, FXg3). Only di- to pentameric and some
hexameric tandem repeats are scanned for whematesiepeats shorter than 20 bp are ignored.
By default, repeats are replaced by stretches aifNise same size. UCSC, which applies the most
up-to-date and not yet publicly available versiofhfepeatMasker and repeat data, makes use of
so-called softmasked sequences in with repetitieanents are represented in lower case.
Sometimes it is of interest to know what kinds epeats are in the sequence. Therefore,
RepeatMasker also provides their annotation including data leeirtalignment scores, divergence
from the consensus, orientation, and repeat ctassyell as a summary table for the classes. By
using the annotations, individual repeat typeslmmmarked in the sequence.

During the repeat masking process, different clasderepeats are searched for one after the
other. Since an old repeat can be split by a yauoge integrated into iRepeatMasker removes
already detected repeats before it scans the segdensuch "tough" elements. Options for the
program include different sensitivity modes (fast fough scan, sensitive and therefore slow for
detecting highly diverged elements), limiting tdbsets of repeats that have a certain maximum
divergence from the consensus, and fragmentatidargé sequences. Adjusting for G+C content
takes isochores into account and allows using tlst mppropriate scoring matrices for the
alignment. There are sometimes discrepancies batiteemasked sequence and the annotation,
which can lead to more or less masked bases iaeraftthem: Unmasked regions between flanking
identical simple repeats are annotated as oneclstiefewer than 10 bases separate them, and
fragments of repeats shorter than 10 bp are nodtated but are masked. When reconstructing
masked sequences according to the annotation tablesfound that they contained more
nucleotides assigned to repetitive elements thawtiginal masked sequences.

UCSC RepeatMasker tracks were taken for the analyses presented dtioss 3.3 and 3.4
whereas for the studies in sections 3.1 and 3peate masking was performed with local
installations ofRepeatMasker open version 3.08, the alternative alignment mognMuBlast®®, and
the RepbasBepeatMasker Libraries July 2004.

20 http://www.repeatmasker.org
%L http://www.girinst.org
22 http://www.phrap.org
2 http://blast.wustl.edu
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2.3.2 Tandem Repeats Finder

A tandem repeat array consists of a sequence paitemotif that is repeated several times in a
head-to-tail fashion without being interrupted byrelated sequence. The individual copies need
not be 100% identical. Dependent on the identificatmethod, already an incomplete second
instance of the motif is sufficient to form a tandeepeat. Since motif length, number of
repetitions, and deviation of individual copiestnd a quite huge parameter space, the detection of
tandem repeats is a complex bioinformatics probkigorithms applied to this task include suffix
trees (Delcher et al. 2003), alignments (Parsor@5)Yl9data compression and others. Most
programs are slow with runtimes of r®( logn) or worse and require a highpriori knowledge,
e.g. length of the repeat, or even the motif (eéerences in Benson 1999).

A widely applied tool with fast runtime i$andem Repeats Finder® (Benson 1999). UCSC
applies it for the generation of the simple tandepeats track. All bases in lower case that do not
overlap with theRepeatMasker track are tandem repeats (see also section 308)idEntifying
tandem repeats in CpG islands (chapter 3.2), | adedal installation of version 3.21. The current
version is 4.00Tandem Repeats Finder is based on a probabilistic approach and therefstead
of numbers requires probabilities for matches aapsgas well as penalties for mismatches and
indels. The chosen values are adapted fromTdr®lem Repeats Finder description page as
follows: match score = 2, mismatch score = 5, ingt@re = 7, match probability = 80, indel
probability = 10, minscore to report = 100, maxpeér{maximal possible motif length) = 2000. All
values are upper bounds, that means the given ptesmncan find copies that are at most this
divergent.

First, the program generates all patterns (probé&s) certain size&k whose positions in the
sequence serve as a kind of anchors. Since thissneeating 4possible probeg must be chosen
as a sufficiently small number. Whereas it is wliikthat a large pattern is exactly repeated, small
probes occur too often to be informative. Theretbeeprobabilistic model checks a set of different
ks where each value kfis optimal for a range of pattern sizes, &g 4 for 1-29 bp. Motifs of up
to 500 bp can be detected wkhl 7. The maximal possible motif length is currgr2D00 bp. All
probes are looked up by scanning the sequenceoonly. The positions of all identified probes are
saved in a history list. As soon as the same pi®lfeund at two sites andj, a possible pattern
size has been determined as the distance betweesndhNext, the program checks if any probes
between andj also occur at the same distance. Hits are stor@ddistance list which is updated
with the new position every time a match at a distantés detected. At the same time, lists for
slightly different values ofl are updated likewise because the distance bettmerenopies (which
eventually converges to the pattern size) may dagyto indels.

After checking if the information in the distanast Ipasses several statistical tests (described
below), all candidate patterns froml to j+i are aligned with their surrounding sequence. The
resulting alignments yield a consensus pattern peoen Tab. 2.5) that is used for realignment.
These steps are the most time-consuming ones. demarrepeat is modeled as a Bernoulli
sequence, that is, the result of a series of @ssds. Runs of heads (matches) may be interrupted
by tails (mismatches or indels). Figure 2.5 showsyxample.

24 http://tandem.bu.edu/trf/trf.html
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A B
TCATGT TCATGT
TCATGT TCTTGT
HHHHHH HHTHHH

Figure 2.5: Tandem repeats as Bernoulli sequences

For two adjacent copies of a repeat pattern, Hcatds a match, T a mismatch (including
indels). The two copies in A can be detected bxilug for identical probes. The divergent
copies in B will be identified in the alignment ste

The sum of heads provides information about thegrgridentity between two copies. From its
distribution, approximated by a normal distributieith the given match and mismatch parameters,
a minimal expected number of heads per pattern cirebe calculated. The distance variation
between two copies is estimated from a random wigtkibution. Random Bernoulli sequences are
used to simulate the distribution of pattern sigesrder to distinguish real tandem repeats from
direct repeats that are not arranged in a heaaltasanner. The range of probe sizes is taken from
the geometric distribution, which is also knownaasting time distribution: How many coin tosses
does it take until the first occurrence of a ruk bleads? E.g. for a match probability of 0.75, a run
of 5 heads is seen with a 95% chance after at Bdastals. That means, fér=5 we expect to find
the next identical probe at a distance of at |84sbp if there is a tandem repeat. For detecting
tandem repeats with smaller or considerably langetifs, respectively, different sizes lbhave to

be chosen.

Finally, if the score calculated from the alignmest high enough compared to random
sequences, match statistics, base compositionrarapg (see below) are calculated. In the case of
very long motifs, 1.8 approximate repetitions aheeady sufficient for a tandem repeat to be
reported. Repeats with many copies are often reghthdreported for different motif sizes, which
yield slightly different scores. Also start and epoints may be shifted. Sometimes, a tandem
repeat in which the copies diverge gradually igtspto two or even more overlapping ones.
Therefore, the output was manually edited: Redundgpeat arrays, starting and ending at the
same position with different single copy length,reveounted as one. Two repeat arrays were
regarded as a single one if the smaller one wadapged by the larger one by more than 50%.
The length was counted from the start of the tiosthe end of the second array. As a consensus
sequence, the smaller motif was chosen.

The entropyH of a sequence is a measure of the sequence catypleis calculated as already
mentioned in section 2.2.3, thus for a sequence

H(j) = _inij [og, (n;)

wherenj is the frequency of nucleotideat positionj. For example, a poly-A sequence has entropy
0, a simple repeat like (AT)n has entropy 1 andguence in which all four nucleotides are equally
frequent would have a value of 2. Jag used because it requires two bits of information

determine which nucleotide is at a position: Thetfhit encodes the group, the second one then
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differentiates between the two possible basesdh geoup. An example is given in table 2.2.

Table 2.2: Possible encoding of nucleotides with twbit information

bit1/bit2 1 (3 hydrogen bonds) 0 (not 3 but 2 hydrogen bonds)
1 (pyrimidine) 1=C 01=T
0 (not pyrimidine = purine) 10=G 00=A

2.4 Alignments and conserved elements

In order to detect functional elements, comparatij@momics analyzes the conservation of
orthologous genomic sequences. This approach askalswn as phylogenetic footprinting since

evolution has left its traces on the DNA sequenkesping protein-coding or regulatory regions
conserved while allowing unimportant ones to dieerghe prerequisite for identifying conserved

elements is to produce reliable alignments. Anothitical issue is the definition of conservation.

Conserved elements may be detected in global aégisnby sliding window approaches

considering a minimum of identical alignment pasis, or they may be derived by combining

local alignments. In this section, we will firstolo at the alignment tool used by UCSC and then
discuss two methods of identifying differently aefd conserved elements.

2.4.1 Blastz

Similar toBlast (Altschul et al. 1997)BlastZ’ is a high-performance program for generating local
alignments (Schwartz et al. 2003). It is, howewet,designed for database searches but for the fast
and sensitive alignment of two DNA sequences. tuse quite sophisticated substitution matrices
which account for the different probabilities ofsitions and transversions (Tab. 2.3). One
sequence is the reference that is kept fixed terdwhe the order of the hits. Per defaBlastz

first looks for all 19-mers which must contain afs$t 12 identical positions between the two
sequences. Not allowing transitions reduces thebeunof possible 19-mers and makes the
program run faster. Alternatively, one can, a8liast, set a specific word length to determine all
possiblew-mers that have a similar score as the originaddwafter a query word has been found
in the sequence to align, the hit is extended dh bidesBlast does this without gaps, adding pairs
of residues as long as the score does not dropvieeleertain threshold which is call&din Blastz
(default 3000) with its gapped alignment. This Hessin high scoring segment pairs, of which the
best ones, called diagonals, are combined usingrdignprogramming with gaps. Since indels are
usually longer than one bp and do not alternaté wiatch positions, there is a strict gap open
penalty to set the first gap symbol (O = 400); sgjoent gaps come "cheaper” with a gap extension
penalty (E = 30). Alignments are not allowed tatsia repetitive elements that are indicated by
lower case letters, but they may extend into théos aligning conserved repeats.

% http://www.bx.psu.edu/miller_lab/
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Table 2.3: Default substitution matrix of Blastz

A C G T
A 91 -114 -31 -123
C -114 100 -125 -31
G -31 -125 100 -114
T -123 -31 -114 91

Replacing a purine nucleoside by the other purfké&], or pyrimidine by pyrimidine (C-T,
e.g. by cytosine deamination), is called transitaomd more likely to occur in nature than
mutation of a purine into a pyrimidine or vice \arscalled transversion. Consequently,
transitions are less severely penalized in thenalgnt. The bases that form three hydrogen
bonds (C and G) are slightly underrepresented immalian genomes.

2.4.2 Pairwise evolutionary conserved elements

Evolutionary conserved elements (ECRs) are defasedequence stretches that have at least 70%
identity over at least 100 bp (Loots et al. 2008pts and Ovcharenko 2005). Our identification
procedure used in sections 3.3 and 3.4 emulatestridtegy ofPipMaker®® (Schwartz et al. 2000).
After building Blastz alignments with the B = 0 and C = 2 options, thegpamsingle_cov from the
MultiPipMaker package (Schwartz et al. 2003) was applied taigiefue hits for ambiguous local
alignments. This program only keeps the hit with Itlest score and discards hits with5 bp. This
trimming invalidates information about the percil@ntity of the first and last gap-free segment.
ECRs were then extracted and combined from lodgthlents with a modified version of the Perl
programstrong-hits from thePipTools packag# (Elnitski et al. 2002): Adjacent gap-free segments
that must fulfill the> 70% identity threshold are joined if they have medly 100 gaps between
them. The original script discounted gaps thatict feduce the identity, therefore | modified it to
discount gaps from the length of the ECR. Additlgnan ECR is allowed to contain at most 10%
gaps in its alignment. Only ECRs of at least 10@dxzluding gaps) are regarded.

2.4.3 PhastCons most conserved elements

To date, the genomes of about 30 vertebrate spkeaigsbeen more or less completely sequenced
and assembled. These data can be used to detsetreet elements shared by all of them or by
specific lineages, for example mammals. In essetioe, genome-wide conserved elements
provided by UCSC are generated with a combinatioBlastz pairwise alignments into a multiple
alignment, from which the highly conserved sectians extracted with a phylogenetic Hidden
Markov model. In chapters 3.3 and 3.4, we workeith Wie subset for the 18 placental mammals.
After masking or even removing repetitive elemettis, threaded blockset aligner (Blanchette
et al. 2004) callBlastz to create all possible pairwise alignments on fdrevard and reverse
complementary strand. To improve the alignmenty tire filtered based on reciprocal best hits
and synteny to reduce both paralogs and suspeicnefrom low-quality assemblies. Next, the
Multiz program creates a progressive multiple local afignt. In contrast to the algorithm of
ClustalW (Thompson et al. 2002, Larkin et al. 2007), whére order of the sequences is

%6 http://pipmaker.bx.psu.edu/pipmaker/
2" http://www.bx.psu.edu/miller_lab/
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determined by their pairwise identitiddultiz is guided by a given phylogenetic tree. Moreover,
whereas inClustalW each resulting global alignment is fixed, thieltiz local one is iteratively
improved as more species are added. The final rakigh can be projected onto a reference
genome.

Eventually, the phylogenetic Hidden Markov ModelpbiastCons (Siepel et al. 2005) divides
the alignment into regions that are probably geedray the conserved state and such which are
more likely to be generated by the non-conservaig s€Conservation scores are calculated in a way
that weighs the contribution of each species aaegrtb its position in the phylogenetic tree.
Species with a high evolutionary distance from dtkers, like rodents (compare Fig. 2.11),
therefore gain greater influence than closely eelaines. The raw score of a sequesiethe log-
odds ratio (lod):

P(Y conservedtate)
P(S| nonconsergdstate)

lod =log

It is converted into a normalized score by dividingy the length of the conserved region and thus
is independent of any reference genome. High saanede reached by short but highly conserved
regions as well as by long but not so highly consgiones. The set phastCons mammalian most
conserved regions (PCSs) given in the "Mammal @@asElements28wayPlacMammal)” track
comprises those that receive a normalized scoed Hast 189 in the alignment subset of the 18
placental mammals. For the mouse genome version, nttm9updated 30way alignments were
used.

bin chrom chromStart chromEnd name score

585 chrl 1865 1948 lod=16 260
585 chrl 2873 2916 lod=16 260
585 chrl 3081 3132 lod=18 275
585 chrl 3996 4038 lod=18 275
585 chrl 4565 4651 lod=16 260
585 chrl 4826 4904 lod=17 268
585 chrl 5646 5794 lod=36 360

Table 2.4: Sample of the phastConsElements28wayPMammal track

There are 2,040,42phastCons mammalian most conserved elements in the entiraahu
genome, including sequences whose exact locatidghexhromosome is unknown as well as
alternative haplotypes for some regions. The "figld contains an index used by programs to
speed chromosome range queries. In the "name" ooltiva log-odds ratio of thehastCons
Markov Model is given. Normalized by the lengthth& conserved regions, it is reported as
the score. The highest possible score in thisssg99.

A shortcoming of theghastCons method is the treatment of gaps as missing dBtasastCons does

not model indels, and its conclusions about cordem depend purely on aligned bases.” (A.
Siepel, pers. comm.). This means that in regiorsr&vbnly sequences of a few species are present,
their conservation immediately yields a high sc@dditionally, the conserved regions are only
available as projections onto individual genomgthdre is a insertion or deletion in the species o
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interest on which the PCS is projected onto, infdiamn on the length of the conserved element is
invalidated. Thus, we required the PCSs te 126 bp long.

2.5 Annotations of regulatory regions and polymorpisms

UCSC offers several genome-wide annotations ofafu) regulatory elements. CpG islands
(section 2.2) belong to them as well. Additionalhromatin structure, variations like single
nucleotide polymorphisms (SNPs), and repetitivenelets (section 2.3) influence gene expression.
Here, | will present some of the data that weradeethe analyses in chapter 3.3.

The tfbsConSites table of the TFBS Conserved tregktains computationally predicted
transcription factor binding sites (TFBSs) that es@served in human (hgl8), mouse (mm8), and
rat (November 2004 assembly rn4, Rat Genome Senuge@onsortium build 3.4). For creating it,
multiple local alignments of the three genomes scanned with 258 matrices for TFBS of
transcription factors known in human, mouse, or Tdiey are taken from the Transfac Matrix
Database version 7.0 created by BioBa@datys et al. 2003). Table 2.5 shows the TATA lasx
an example for such a matrix. An alternative repmégtion is in the form of a logo (Schneider and
Stephens 1990, Shaner et al. 1993), given for KBATbox in Fig. 2.6.

Table 2.5: Matrix for the TATA box

nucleotide/ 1 2 3 4 5 6 7
position

A 0 14 0 13 9 14 7

T 14 0 14 1 4 0 6

G 0 0 0 0 0 0 1

C 0 0 0 0 1 0 0

consensus * T A T A w A A

4To calculate the consensus sequence, at eachopasié most frequent nucleotide is taken. In
case of equal occurrence, there is the possiliitghoose a IUPAC ambiguous nucleotide
character (Tab. 2.6). Note that there are no gépsed in alignments of TFBSs.

To convert the matrix into a position-specific sngrmatrix (PSSM), the score at each position can
be calculated with the formula

(n; +p)/(N+1)
P

score=1In

wheren;; = frequency of nucleotidieat position, pi= a priori frequency of the nucleotide (given in
background table; 0.25 if there is no compositidnas), andN = number of sequences.

The score of the matrix itself is just the sumh# scores of its consensus sequence. The score
of a sequence is that of its nucleotide scores valigned with the matrix. To be conserved, the

28 http://www.gene-regulation.com/pub/databases.html
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putative TFBS must exceed a significant score Herdequences all three species. Summing them
up results in the score of the TFBS. An additioAadcore, which gives the significance of the
binding site, is computed by comparison with TFB8the 5000 bp upstream regions of all RefSeq
genes. Since some matrices are redundant, at ppertpsites the factor with the highest Z score is
chosen as the representative one. There is naoirfitavith respect to coding exons, which are
highly conserved but not expected to harbor TFB®® matrix names can be linked to their
accession numbers, factor names, and speciesigi@nadditional table, tftbsConsFactors.

0 o -
3.’

>

o (] =

Ll

Figure 2.6: Sequence logo of the TATA box

Alignments of transcription factor binding sitessimilar motifs can be transformed into logos
by calculating their information content. The heigif basen at positionj is equal to its
information contentpy; - R(j), whereR(j) = 2 —H(j) — e(n) with the entropyH (see section
2.2.3) ande(n) as a correction factor for short sequences. Tdgo lwas created with
WebLogo®.

- o

weblogo bereley =du

Other data available at UCSC are adapted from pwolurces. The Open Regulatory Annotation
database ORegAnffo (Montgomery et al. 2006, Griffith et al. 200§)rovides data of
experimentally validated regulatory regions, retaria polymorphisms, and transcription factor
binding sites (most of them CTCF binding sites)ated from the literature. Regions are reported
with > 40 bp of the flanking sequence in the UCSC oregamack. The identifiers, which are
composed of the prefix OREG and a number, canniedi to their attributes via the oregannoAttr
table.

Single nucleotide polymorphisms (SNPs) are of spednterest in medicine and
pharmacogenomics since they have influence on ggpeession and even protein sequences. In
coding regions, SNPs can change amino acids ocadtop codons; at synonymous sites or in
untranslated regions, they act on mRNA stabilityranic SNPs can abolish or create splice sites;
SNPs in promoter regions may affect the bindingrariscription factors. Basic information for the
current UCSC snp129 track is taken from the NCEBNIB databade(Sherry et al. 2001). Besides
SNPs in the strict sense (exchange of one nuckbtdanother), also short deletion and insertion

29 http://weblogo.berkeley.edu
%0 http://www.oreganno.org/oregano/Index.jsp
3% http://www.ncbi.nlm.nih.gov/SNP/
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polymorphisms are deposited in the repository. Jliemitted SNPs are mapped onto the genome
of the respective species to compare them to tfezerce assembly and to infer their location
relative to genes. Their estimated frequency in fapulation is calculated as average
heterozygosity. For the human genome, UCSC provi8ld® masked sequences in which the
polymorphic bases are represented as the corresigodPAC ambiguous characters (Cornish-
Bowden 1985; Tab. 2.6). Indels are not includetkerbstingly, SNPs frequently occur in conserved
regions: Only four out of 57 protein-encoding inmpeid genes analyzed in chapter 4.4 do not have
a SNP in highly conserved parts of their codingusege.

Other regulatory data from experiments are notadlgtiavailable genome-wide but only for
individual chromosomes in different tissues, mostycer derived. The ENCODE project (Birney
et al. 2007) has generated chromatin immunopredtipit data for DNA binding proteins like
TATA box binding protein, RNA polymerase I, thatscription factors c-Fos, c-Jun, chromatin
remodeling proteins, and histone modifications. ifiddal resources of chromatin structure
comprise replication origins (Uva DNA Rep trackdabnasel hypersensitive sites (Duke/NHGRI
Dnase track). The scarcity of the annotated regieesns to be a problem. Although asynchronous
replication times have been reported for imprirgedes, preliminary analyses with 482 origins of
late replication only yielded one overlap li@F2 and none of the 582 early replication origins
occurred near an imprinted gene.

Table 2.6: IUPAC ambiguous nucleotide symbols

symbol nucleotides mnemonic
B C,GT not A
D AGT not C
H ACT not G
K GT Keto group
M A C aMino group
N ACGT aNy
R A G puRine
S C, G Strong
\% AC,G not T
w AT Weak
Y C,T pYrimidine
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2.6 Motif search

In a set of sequences, overrepresented oligonigdsok-mers) may represent relevant motifs like
unknown repeats or transcription factor bindingsitor be responsible for special DNA structures.
Algorithms for motif search were first developed fwomoter regions of coexpressed yeast genes
(van Helden et al. 1998, Hughes et al. 2000, Sartth Tompa 2002) and then extended to other
organisms. Phylogenetic footprinting, i.e. seanghorthologous regulatory regions, has proven
useful for vertebrate sequences to reduce the pgiopoof false positive predictions (Blanchette
and Tompa 2002, Sinha et al. 2004). A significamichment of motifs must be statistically
verified. Numerous different approaches exist tt@hpare the motif frequencies in the set of
interest to those in a background set, which cargdmerated by Markov Models, consist of
genomic DNA not supposed to be under functionalstraints, or be a set of control sequences
provided by the user.

Although the procedure of identifying regulatorgmlents seems simple in theory, it is not for
metazoan genomes (Wasserman and Sandelin 2004ngis work | tried out several programs
and found that motif search is rich in complicasiofirst, a sequence can be decomposed into
oligonucleotides in different ways. For example, AAA may generate the 4-mer AAAA three
times if overlaps are allowed (else only one oange), and TTTT three times if also the reverse
complement is taken into account. Masking of lowmptexity regions should be considered to
avoid that they introduce a bias. Similarly, inpensed repeats and tandem repeats should be
removed from the sequences before motif searchgseon 2.3). Another problematic issue is
that motifs, particularly if they correspond tortsaription factor binding sites, may deviate at som
positions or overlap in parts. Although this mayrésolved by clustering (van Helden et al. 1998),
this step is rarely realized as it requires addéloparameters and cutoffs. Additionally, some
sequences may contribute many occurrences of tme saotif whereas in others it is absent.
Simple enumeration programs that just reportkihgers sorted by frequency, likerdcount from
the EMBOSS package (Rice et al. 2000), do not adprsthe resulting bias. More advanced
methods require each motif to be present in at Eeasrtain number of sequences.

Most tools are designed for finding TFBSs. An ovemw of some current methods and their
performance is given in Tompa et al. 2005. Sina#gims interact with the DNA in a structure-
dependent way and any indel completely displacespatial configuration of the bases, there are
no gaps allowed in the motifs (compare Tab. 2.5kigd2.6). However, transcription factors often
form dimers which bind to the DNA like a clothespwith two specific interaction points
separated by a stretch of nucleotides that needenconserved (Fig. 2.7). The partial motifs can be
found as separate patterns but may be too shoitharelto be re-combined by specifying a spacer
of certain length. The dyad analysis tool (van ldalét al. 2000), which is part of the Regulatory
Sequence Analysis Tools sifteis optimized to find pairs of conserved 3-meracgm by a non-
conserved region of fixed width.

Two methods were applied in chapter EBiGraph® (Bock et al. 2009) considers all 4-mers
including the reverse complement and statisticzttigcks for overrepresentation in each sequence.
However, 4-mers are likely not very informativethsre are only 4= 256 possible 4-mers, each of
which is statistically expected to occur once ir6 2. Nevertheless, overrepresented ones may
give a clue about the composition of the sequeng€dsactor (Lee et al. 2007) determines the

%2 http://rsat.ulb.ac.be/rsat/
% http://epigraph.mpi-inf.mpg.de/WebGRAPH/
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normalized frequencies of dttmers in the input and background sets as welhasnumbers of
sequences that contain them. From these valuakitlates an enrichment score and a Z score that
incorporates average and standard deviation difdlogiencies. The program can use genome-wide
precomputed values for comparison. Alternativelllows to input a control set. It reports the
mers in descending score order for each set bt mlateoffer a method to determine which of them
are significantly overrepresented in which set. Té®mmended is 6 since smallek-mers are
rather uninformative and larger ones increase ¢ingpcitational effort.

Figure 2.7: Dimer of the transcription factor Gal4 binding to DNA

Transcription factor dimers bind to the DNA at soked dyads, i.e. short conserved sequence
pairs or half-sites separated by a nonconservedesp&gion. For homodimers, these are
palindromic sequences. The consensus sequence ofeflicted yeast Gal4 homodimer (pdb
ID 3coq, A) binding site is CGG(N)CCG. The interaction of Gal4 with the DNA is medidt
through the coordination of zinc atoms with cysteiasidues (Pan and Coleman 1990), similar
to zinc finger proteins, which can also use hisediHomodimers are formed by coiled-coil
and helical bundle superstructures (Hong et al32®). Another possibility for dimerization
are interacting basic leucine zipper domains, apathi alpha helices in which every'7
residue is a leucine.

A completely different approach is to find motifs &cal multiple alignments with heuristic
algorithms for unsupervised learning: Expectaticaxivhization, as done byIEME* (Bailey and
Elkan 1994, 1995a, 1995b), and Gibbs sampling (eae& et al. 1993), as implemented in
AlignACE (Hughes et al. 2000). Both use essentially the sstiragegy which is also applicable for
amino acid sequences and consists of two altenatieps. First, preliminary residue frequency
matrices (also called position-specific scoring nwas, short PSSMs) for the motif and the
background are estimated. This is done by regarelegyk-mer substring of either all sequences
or a randomly selected one as a possible instdrbe onotif and from this deriving a motif matrix
by including pseudocounts to avoid zero entriege background model is estimated from the rest
or by a Markov Model. The E-step of expectation immazation corresponds to the sampling step
of Gibbs sampling. Given the estimated matricef;utate the probability for each substring to

% http://meme.sdsc.edu/meme4/
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have been generated by the motif or the backgrouwdkl, respectively. Choose the one with the
maximal likelihood for being a motif (compare seati2.4.3, log-odds ratio). In the following M-
step, which is equal to the predictive update stiep,matrices are newly estimated based on the
preliminary motif. The two steps are repeated wdihvergence. How to calculate the likelihood
and estimates is the main difference between tleaigorithms. Both of them perform well on
poorly conserved motifs that escape detection bylased methods and are able to find multiple
motifs simultaneously. Gibbs sampling has lineartimme but needs the exact motif width as an
input parameter and is limited to the detectionmuitifs that occur at least once per sequence.
MEME has quadratic runtime but can find motifs withiaale numbers of occurrences and in a
range of sizes (both between 2 and 300). The nuofbmscurrences per sequence can be chosen as
one, zero or one, or any number and influencegrtimmal and maximal number of sites. The
huge parameter space has been expanded furtheonisydering different background models,
special options for palindromes, and the possyhilitgiving weights to individual sequences.

Since the algorithms are heuristic, different ranghe same data can yield different results and
there is the problem of getting stuck in a locakimmum instead of finding the global one, which
would be the true motif. AlthougMEME reportsE-values for the motifs (given in alignment
form), manual inspection reveals that unspecifit¢ifmavith low E-values can be found for any set
of sequences and that they could often be imprduwedhifting or extending the alignments.
Whereas highly conserved patterns are readily thtedt is almost impossible to tell poorly
conserved ones from noise. The authors recommendy tdifferent parameters, or shuffle the
nucleotides in the input sequence before repe#tim@nalysis with the same parameters, to assess
the significance of the obtained motifs. Howeverilas requires manual inspectiddEME is not
suited for large-scale analyses. For biologiswragted in finding transcription factor bindingesit
there are web-based applications that determinenfiat ones by scanning sequences with known
matrices and reporting those that belong to comrskesites in multiple alignments, for instance
rVISTA® (Loots et al. 2002) and the toolsIXEODE® (Loots and Ovcharenko 2005), where pre-
compiled data are available as well.

It must be kept in mind that all motif search pargs should report similar motifs if there are
somewhat conserved patterns, which one would asgampromoter regions of genes that are
regulated by the same transcription factors. Merless random input sequences are not expected
to show such similarities, as | found it to be tase for computationally identified CpG islands
from imprinted genes (compare chapter 3.2). If jgpnesly unknown patterns are found, they should
give a clue for experimental studies to confirmirtHanctional importance. Combinations of
TFBSs, so-called cis-regulatory modules, have becomncreasing interest as they regulate gene
expression at metazoan promoters (Wasserman arniBa004, Blanchette et al. 2006) and can
serve to predict enhancers (Pennacchio et al. 20@&R)ertheless, the performance of the methods
is still rather poor due to the noise-creating claxipy of vertebrate genomes. Additionally,
comparative genomics has some limitations becatiS¢-BSs turnover (Dermitzakis and Clark
2002, Frith et al. 2006), alternative promotersr(@ai et al. 2006, Baek et al. 2007), and
divergent expression profiles between primatesraddnts (Liao and Zhang 2006, Steinhoff et al.
2009).

% http://www-gsd.lbl.gov/vista/
% http://www.dcode.org
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2.7 Homology and evolution

2.7.1 Orthologs and paralogs

Homologous genes are believed to have derived &iaommon ancestor gene by speciation or
gene duplication (Fig. 2.8). A homologous gene wiith same function in different species is an
ortholog. In contrast, paralogous genes are foundhe same organism; they can diverge
considerably to assume new functions but may aéscdmserved (Studer and Robinson-Rechavi
2009).

(H ]

Transcription and RNA splicing
Mature

MRNA Intron sequences are

AAAAAAA spliced out during

mMRNA maturation
Reverse

transcription

CONA[[ | ——— -[[ (|

Random The parental gene
insertion into resides in a difterent
the genome chromosome

TRENDS in Ecology & Evolution

Figure 2.8: Origin of duplicated genes

Paralogous genes share a common ancestor. Theyisarby chromosomal or whole genome

duplications, from segmental duplication events tzen be mediated by unequal crossing over
(A, figure from Wikipedia), or via retroposition (Bigure taken from Zhang 2003). Retrogenes
normally lack introns and the original regulatolgions since they are reverse transcribed
from mature mRNA. They may, however, carry dowratiepromoter sequences associated
with alternative transcriptional start sites oryhecruit existing CpG islands at the new

genomic location they are integrated into (Kaessn&tnal. 2009).

Due to the high degree of sequence duplicatiomsammalian genomes it is difficult to distinguish
orthologs from interspecies paralogs. Strategielidie best reciprocdlast hits, synteny, and Ks
and Ka ratios of the cDNAs (see below) but arefai$afe. The Ensembl homology prediction
method” works on the longest translation of each genkérgenomes of all species. Via clustering
into gene families, multiple alignments of the piotsequences and phylogenetic trees derived
from the corresponding cDNAS, pairwise relation®hology and paralogy are inferred. Paralogs
are sorted by taxonomy level, which means thabtiereported first in the list is the most recent.
Usually it corresponds to the best one in termdeftity of both the query and the target sequence,
therefore we chose this hit as the representatiedar the analyses presented in chapter 3.4.

37 http://www.ensembl.org/info/docs/compara/nomolaggthod. html
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A similar method is used by HomoloGene at N&Bor identifying homologs, the difference
being that proteins from the RefSeq database a#d dsectly and the one producing the best
alignment is chosen. Close paralogs are sometinobsdied in the groups that otherwise consist of
orthologous sequences.

2.7.2 Estimation of selection

When analyzing homologous genes, it is often isterg to know which kind of selection has
acted on them in order to get a clue about theudieol of their function. Both orthologs and
paralogs can substantially diverge on the DNA segedevel but still encode highly similar
proteins. On the other hand, the exchange of desmgrleotide might result in the replacement of
a functionally important amino acid. A commonly dsenethod for estimating selection is
estimating the rate of synonymous (Ks, also call&)i and nonsynonymous substitutions (Ka or
dN) per site in alignments of coding DNA, Ka/Ks @N/dS, often abbreviated ag. A Ka/Ks
ratio < 1 signifies purifying selection whereas aue > 1 is indicative of Darwinian (positive)
selection. For closely related species, high raticss predominantly observed for transcription
factors and genes related to reproduction, olfactémd the immune system (Gibbs et al. 2004,
Mikkelsen et al. 2007a). They contribute to speéammtby positive diversifying selection. For
distant species, evolutionary patterns are obfadcdEpisodes of initial Darwinian selection are
followed by strict purifying selection and synonymso substitutions accumulate faster than
nonsynonymous ones so that with increasing divexgieda/Ks decreases. Ks estimates tend to
become unreliable because of so-called saturatibich occurs when the third codon positions are
more than 40% different. In general, a range ofi®+2asonable for Ks (Z. Yang, pers. comm.).

With the exception of methionine and tryptophdhamino acids are encoded by more than one
RNA triplet (Fig. 2.9). Thus, multiple substitut®mtan occur when transforming one codon into
another. Consequently, there are several methoctdalate the differences per codon as weighed
sums of the possible mutation steps and to contrerse estimates into synonymous and
nonsynonymous substitutions per site. Ka and Kesrgiven in the HomoloGene database are
calculated using the method of Nei and GojoborB@)9which neglects weighting and estimates
the number of substitutions per site with a Jukast@r model.

PAML® (Yang 2007) is a software package for phylogeratialysis by maximum likelihood.
Among its applications are simulations of sequems®lution, reconstruction of ancestral
sequences, estimation of species divergence times, estimation of synonymous and
nonsynonymous substitution rates. The latter agiitin, implemented in the prograsodeml, was
used in section 3.4. The Ka/Ks ratio between twjusaces is estimated by a maximum likelihood
method that includes transition/transversion radiogd codon frequencies (Yang and Nielsen 2000).
An initial value for Ka/Ks, which is used to calaté the substitution rate per codon, is iteratively
refined by maximizing the log likelihood functiofhis function involves a transition probability
matrix derived from the substitution rate matrixighhfor each codom gives the probability to
become a specific codgnafter timet. For simplificationt is set equivalent to the sequence
distance. Ka and Ks are calculated as counts e$ sihd differences and base frequencies at

% http://www.ncbi.nlm.nih.gov/HomoloGene/
% http://abacus.gene.ucl.ac.uk/software/paml.html
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synonymous and nonsynonymous sites with correctmmsultiple mutations at the same site.

Figure 2.9: Codon sun

Due to the degeneracy of the genetic code, mostaatids are encoded by more than one
mMRNA triplet. The respective codon is determinedrégding from the inner to outer circles.

Note that with a few exceptions, the third codosipon is not needed to specify the amino
acid (fourfold degenerate site). The figure is takem Wikipedia.

The input forcodeml is an alignment of the coding parts of the cDNAijsk was performed with
the longest open reading frames udirapsAlign® (Bininda-Emonds 2005). This tool looks for the
longest open reading frames, translates them heocorresponding amino acid sequences, calls
ClustalW (Thompson et al. 2002, Larkin et al. 2007) on theemd back-translates the resulting
protein alignment into a DNA alignment by assignihg original codons to the amino acids. Thus,
frameshifts due to gaps that are not multipleshod¢ are avoided, which makes more biological
sense most of the time, although manual inspectgaals that sometimes a frameshift would be
more probable (Fig. 2.10). Codon-based DNA aligrnnadso cannot take into account exceptions
that seem to occur with elevated frequency in tie#-studied imprinted genes: non-AUG (CUG)
translation initiation site WT1), selenocysteine encoded by the stop codon UBKOS), and
ribosomal frameshift which is also seen in retrostas PEG10). Although it is recommended to
manually improve automatic alignments, this is @firse not applicable for genome-wide analyses.
codeml has an option to remove gap positions and ambgynaaleotides (see Tab. 2.6) since there
are no evolutionary models for insertions and st

“ http://www.personal.uni-jena.de/~b6biol2/Progranaahhtmi#Sequences
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A
>humanCOMMD1
... agtat cagcacact gat cagccagcct aact ga

S 1 S T LI S Q P N *
>mouseCommdl
... agt at caacaggct gat gcaggcagcct aa-- - [ ct ga]

S 1 N RL M Q A A * - [Joutside alignment]
>dogCOMMD1
... agtat cagcacact gat gcagccagcct ag[ ct ga]

S 1 S T L M Q P A * [outside alignment]
B

>humanCOMMD1 with G inserted
... agtat cagcacact gat gcagccagcct aa[ ct ga]
S 1 S T L M Q A A * [outsidealignment]

>mouseCommdl with G deleted
... agt at caacaggct gat caggcagcct aact ga
S 1 NRL I A QP N *

Figure 2.10: Amino acid guided cDNA alignment andrimeshift

(A) Alignment of three sequences in multiFasta fatnTranslated amino acids are centered
below their codons.* denotes the stop codon. "outside alignment" metra the
corresponding noncoding part of the cDNA was n&emainto account. Note that identical
amino acids, such as the glutamine (Q), are notyawaligned because a mismatch is
"cheaper" than inserting a gap. It seems likelyt #itathe underlined positions, insertion or
deletion of a single base pair has occurred instfathat of a complete codon. The dog
sequence favors the deletion of guanine in the humaage.

(B) Insertion of a single guanine (underlined) ie humarCOMMD1 sequence or deletion of
a single guanine (between the two underlined baseshouseCommdl would induce a
frameshift and produce a sequence that can be béitieed to its ortholog in (B).

codeml can estimate pairwise Ka and Ks rates betweespaties in an alignment as well as
lineage-specific ones. The latter application isiraérest to test the hypothesis of selection in
specific lineages or branches, therefore the agpfiethods are called branch models (Yang 1998).
They require a phylogenetic tree in which the bhdes) in question is/are marked. The one-ratio
model assigns the same Ka/Ks ratio to all branelteseas a two-ratios model estimates a ratio for
the marked branch that is different from the baclkgd. It is possible to assign individual Ka/Ks
ratios to all branches, however the increase iamater space makes the estimations unreliable. A
modification of the two-ratios model additionallijoavs to fix Ka/Ks in the branch of interest to a
specific value, e.g. 1. Ka and Ks are then estidhate way to fulfill the given Ka/Ks.

Using a two-ratios model with the tree in figura2.a different Ka/Ks ratio is assigned to the
branch marked with #1 that leads from the euardglinés ancestor (8) to the rodent one (10). All
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other ratios are kept fixedodeml reports Ka and Ks rates and Ka/Ks ratios for djaeent
sequence pairs, e.g. rodent ancestor (10) and m(8)seor mammalian ancestor (7) and
euarchontoglires ancestor (8), or primate ancé9)aand human (1).

A
1human\ o /3mous‘
o A _— T 4rat
2chimpanze/ ‘
6dog
5cow
B

(((1hurman, 2chi npanzee), (3nobuse, 4rat)#1l), 5cow, 6dog)

Figure 2.11: Phylogenetic tree of six mammalian spees

A dendrogram drawing (A) displays a phylogenet&etm a human-readable way; parenthesis
notation (B) is used by computer programs. Ancéstrades can be represented by

reconstructed sequences. Note that this is an teddcee and that there is a trifurcation at the
mammalian ancestor (7) that leads to three lineagesich lengths, which correspond to the
evolutionary distance and are usually includedhia tree, are approximately to scale in this
example. Although primates are phylogeneticallyselado rodents, together forming the

euarchontoglires, sequence identity is generallyefobetween them than between primates
and cow or dog.

For the genome-wide analysis performed in chap#r lBuman, mouse, rat, and cow sequences
given as accession numbers in the HomoloGene XMLwiere retrieved from the NCBI web site
with Entrez Programming Utilities and were alignadth transAlign. Branch models were
constructed witlcodeml for each alignment with the unrooted tree (hunfamuse, rat)#1, cow).
Genes with Ks = 0 and Ks > 2.5, which is a resbifaturation, were omitted from further analyses
because these data are unreliable. To see if thedtios model provided a better fit than the one-
ratio model — in our example, if the Ka/Ks ratiothe rodent ancestor branch was significantly
higher than that of the other lineages —, twice dtiterence of the two reported log likelihood
ratios was compared togadistribution with one degree of freedom (seeiea.9.1). The critical
value of> 2.71 must be reached for a significance level ef(p05. Comparing the log likelihood
ratios of the two-ratios model with and withoutdikKa/Ks likewise results in the probability that
the Ka/Ks ratio is significantly different from K. this is the case, one can infer at least relaxed
constraints, if not positive selection, on the midencestor's gene.
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2.8 Custom Perl scripts
Perf! is a scripting language of invaluable utility. e handling, string processing, and the
existence of regular expressions make it especglitable for bioinformatics applications that
involve DNA sequences. | found the only drawbackneccuracy when adding small fractions to
large numbers (e.g. when summing up CpG contenis $et of sequences to calculated the mean).
| used Perl extensively for writing a large variefycustom scripts: automatically call programs on
files from a folder, parse their outputs, creastsliof genes, their exons and coding regions from
GenBank files or UCSC tables, extract DNA sequelfic@a GenBank files, reverse complement
them, extract substrings, convert lower case ktieiNs, find given motifs and patterns, calculate
(di)nucleoctide frequencies or fractions of somegha interest, construct the longest open reading
frame from a cDNA, extract certain lines from & f{fe.g. those that have the name of an imprinted
gene in them), process alignments, sort and sdisited data from whatever format, calculate
distances and find overlaps, create random dasa @atduct statistical tests (see section 2.9), and
many more. To this collection student researclsts# Matthias Bieg contributed a versatile script
capable of efficiently calculating overlaps betwdem large sets of genomic regions given by
chromosome coordinates using binary search (sesvpskction 2.8.2) as well as other scripts to
parse the HomoloGene XML data set (chapter 3.4}@amebrk with the UCSC database.

It would be too tedious to describe all these usefuipts that are sometimes not even
mentioned in the publications because they seeralttior bioinformaticians. | will, however,
elaborate on the algorithms underlying two moreaaded ones.

2.8.1 Merging transcript variantsinto genes

UCSC RefSeq genes are listed as all their trartgumgd variants in the refGene table, which is not
particularly useful if one would like to downloalet genomic sequence of the whole gene. To
construct the longest possible transcribed regisnt is done in other databases, it is necessary t
find the most upstream transcriptional start sited dhe most downstream transcriptional
termination site as well as all the exons. Thestattay differ in length due to alternative splicing
in which case the longest version has to be deteuaipy merging.

Genes that partially overlap with their neighborseside inside introns of other genes are easy
to handle by taking the gene name as an identi@arthe other hand, genes that have the same
name (and even the same RefSeq identifier) bubaeted on either different chromosomes or the
same one, but without an overlap of their transsrifnave to be differentiated from actual
alternative transcripts. In some rare cases, thextibns of transcription do not match, in others,
two non-overlapping transcripts can be merged vihiral one that overlaps with both. The Perl
script, for which the algorithm is given in pseudde below, considers all those possibilities. It
generates output RipMaker format (Fig. 2.12).

“L http://www.perl.org
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Listing 2.1: Pseudocode for merging transcript vamnts into genes

for each current transcript in the file
{
# |s there already an entry with the sane nane in the gene list?
# Then check if they both belong to the same gene because
# sometines the two transcripts do not overlap
# and some gene nanes appear on different chronosones (paral ogs).
# Entries for each gene have their start coordinates as a unique key

if (current_name exists in gene_list)

{

nunber

}

el se

probl em = true;
for all entries in gene_list where (current_nane == entry_nane)
# (sinmplified in so far that, if there is nore than one entry, the names have a

appended; see bel ow)
{
# |ls there is an overlap of the start and end coordi nat es?

# If yes, it is a new version of the gene and they can be merged.
if (current_chrom == ol d_variant_chrom & overlap((current, old_variant)))

{
probl em = fal se;
mer ged++;
merge_variants(current, ol d_variant);
# That subroutine updates the start and end coordi nates and nerges
# exons of the old and new versions to construct the |ongest ones.
# Addi tional exons can be gained as well. The procedure is
# simlar to the present one for transcripts.
}

# current may overlap with several old entries, thereby nerging them
# Thus, update counter of occurrences of non-overl appi ng

# transcripts that have the same nane

if (merged > 1)

{

count erhash(current _nane) - -;

}

# if there is no overlap, the problemrenains

# the nane does not exist yet

# make a new entry in the gene |ist
new_gene(current, current_nane);

if (problem== true)

count er hash(current _nane) ++;

# make a new entry, distinguish it by appending a nunber to its nane:
nunber = | ookup(counterhash, current_nane);

new_gene(current, current_nane."_".nunber);

2.8.2 Calculating overlaps with binary search

It is frequently necessary to calculate the intetiea of two data sets: to compare CpG island
reported by two different programs to see how mamsye detected by both of them, or to link
regions given as genomic coordinates, for instazmeserved elements with genes to find out
which of them coincide with promoter regions. Ofi¢he data sets represents the fixed intervals to
which hits found in the other list are appendedlier output. Table 2.7 shows an example in which
conserved regions are fixed and locations reldtivienprinted genes are appended. If start or end
coordinates were the same in both data sets, shentauld be easily done by comparison of two
sorted lists. However, this is not the case as megbns do not exactly coincide but overlap in
parts. Comparing each entry of one list with eactne other to see if there is an overlap of adtlea
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1 bp causes a runtime 8{n?). While this is still well practicable for a fewoden intervals like the
CpG islands of a gene, it becomes very time-consgrand thus nearly infeasible for 10,000s of
entries.

The solution is binary search on the sorted listsghromosome. Binary search is a divide-and-
conquer algorithm with logarithmic runtim§(log n). First, both lists are sorted in ascending
order. An entry from the fixed list is chosen and compared toehiey in the middle of the second
list, m. In our case, this means checking for an overfapetwo intervals [stattend] and [start,
endy. If there is a match, it is appended. If the nfedentry is smaller than the sought one (erd
start), matches can only be found in the right half led second list. Otherwise, if it is greater
(start, > enq), we expect matches only in the left half. Therefahe middle element of the
respective half is chosen for the next compariS@arch continues in this way until either a match
has been found or no overlap could be determinethéonly remaining middle value. In case that
there are overlaps between the entries of the ddezinwhich often happens for genes, the vicinity
of a hit interval is also checked for overlaps.c8ithe lists must be sorted and search is done for
each entry on the fixed interval list, the totahtime of the algorithm is ®(log n), considerably
faster than the quadratic one before.

> 58954 59871 OR4F5
+ 58954 59871

58954 59871

> 357522 358460 OR4F29
+ 357522 358460
357522 358460

> 357522 358458 OR4F3
+ 357522 358458
357522 358458

> 357522 358458 OR4F16
+ 357522 358458
357522 358458

< 610959 611897 OR4F29_1
+ 610959 611897
610959 611897

> 850984 869825 SAMD11
+ 851185 869396
850984 851043
851165 851256
855398 855579
856282 856332
861015 861139
864283 864372
864518 864703
866387 866549
867379 867494
867653 867731
867802 868301
868496 868620
868941 869051
869151 869825

Figure 2.12: List of human genes iPipMaker format

All coordinates are 1-based. Direction of trandaipis indicated by > for the forward strand
(+), and < for the reverse complementary strand THe lines beginning with + show the
extent of the coding region, all others represemneintervals. Non-overlapping genes that
share the same name are distinguished by appeadingand the counter for the number of
additional occurrences.
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Table 2.7: Example of overlap script output

chrom chromStart chromEnd score length location® gene (gene geneStart geneEnd strand
chr

chr2 | 80384553 80385083 745 | 530 promoter LRRTM1 chr2| 80382513 80384998 -

chr7 1129720208 129720229 320 | 21 |promoter CPA4 |chr7 129720229/129751249 +

#promoter was defined as overlap with the most epstrtranscriptional start site of the gene.

2.9 Statistical Tests

Descriptive statistics pools and represents numeriata whereas statistical analysis makes
conclusions based on the observations. If datapamted into size categories and plotted as
frequencies, this results in a histogram for thgstribution (Fig. 2.13). Normal distributions are
described by their mean (averageand standard deviation (std.dew.)The mean partitions the
values into a lower and an upper half;, the standbdation (calculation see section 2.9.2)
describes the average deviation from it. Approxetya®5% of the data lie inside the twofold
standard deviation area around the mean.

(x)
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Figure 2.13: Differently shaped distributions
A normal distribution corresponds to a Gaussiarvewvith a bell shape determined by its
meanu and standard deviatian

f(x) :\/erwex;{—(xgé’)J

(A) p=10,6=5; B)p=20,6=5; (C)p=10,6 =3
A and B would represent different populations veifnificantly different means.

X
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For non-Gaussian distributions, the appropriatéitparing into a lower and an upper half is done
by the median, which is found at the middle positio a list of the sorted values. (Of course, for
normal distributions the median is equal to the melnstead of the standard deviation, percentiles
are given, e.g. the #Jercentile (lower quartile) as the value belowahh25% of all values lie.
The 7% percentile is likewise called the upper quartieiartiles are depicted in boxplots (also
called box-and-whisker plots; Fig. 2.14).
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Figure 2.14: Boxplots

The box extends from the 950 the 7' percentile with a line representing the mediane Th
interquartile range (IQR) is the difference betwéen 7% and the 2% percentile. Data that lie
more than 1.5IQR below the lower quartile or above than thearpguartile, respectively, are
labeled as outliers and represented as small si(€leE). Whiskers commonly extend from the
box ends to the smallest or highest value thabisan outlier, but sometimes, with a different
definition of outliers, represent other percentiles even the minimum and maximum.
Constricting the box with notches is optional. Nwts extend to +- 1.58QRAN (with n being
the number of data points), giving sort of a 95%fiztence interval around the median. If the
notches of two plots do not overlap, this is a fiarta significant difference of the medians,
e.g. in the case of A and B. Sometimes) i6 small, notches go outside of the box so that th
rims are folded up (E). Despite their usefulnespeeially for skewed distributions (D, E),
boxplots are not available within Excel or gnuplotit in R% For normally distributed data,
boxplots are symmetric (A, B, C).

“2 http://www.r-project.org
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The so-called null hypothesis {Hsays that two distributions are essentially equna the observed
difference between them is just caused by randastuétions, so that both groups belong to one
population (or two populations that cannot be dgiished via the measured feature). The
alternative hypothesis (Hi claims that the difference is due to a reallyedént distribution of the
values in the two groups, which therefore represantples from two different populations.
Statistical tests serve to calculate a test sttighat has a certain distribution if I8 true. As
figure 2.15 shows, the probability of obtainingeatain value of the test statistics is calculated a
the integral between this value and the "end ofctimee" and then mapped into a table. One then
needs to check whether the probability of the olesgrresult, i.e. the valué (in German:
Prifgrofe) reported by the test applied to our,datat least as high as a critical vatyg If it is
not, this means that the probability of a realadighce is low and one should rejegtifl favor of
Ho. Else, it is appropriate to rejectid favor of Ha.

f(t)

t < t.ii: keep Hg

t = teq: reject Hg

P(tcrit) =a

/

tcrit

Figure 2.15: Test statistics

The probability of obtaining a test statistigg is equal to the error probability indicated by
the blue area. §Is rejectedn favor of H, if the obtained valué> tg. If t <ty Hois kept. For
a two-tailed testq is divided between the two tails of the curve éast of being applied to the
right tail only; hence, two-tailed tests requireadier error probabilities.

tyic can be determined beforehand by fixing a so-cadledr probabilitya, for biological data
commonly 5%. Alternativelyt can be looked up in the appropriate table to deternthe
associated p value, which is given in decimals.sTlaudifference yielding with a p value of 0.05
or less is called "significant” (on the 5% levellhe lower the p value, the less likely the
differences are just random. However, as it is juebabilities, the decision may still be incorrect
To falsely reject Hlis called error of the first kind. To falsétgep His an error of the second kind;
this is likely to happen if (for fear of an errdrtbe first kind) the significance level is chosewn
strictly. Often, 0.05 < p < 0.1 is called a trenmdt@ndency to indicate that the result is not highl
significant but the two samples still look diffeteamough that calling them similar is not justified

If m different features on the same data set servstdtistical comparison (multiple hypothesis
testing), the threshold of each test must be asfjusi prevent accumulation of first kind errors.
The classical method is the Bonferroni one, whieethreshold of each test is chosem'as o/m,
where a is the total significance level. It can be easiBen that the largan, the lower the
probability to reject one of the null hypotheses.slightly less conservative alternative is the
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Bonferroni-Holm method. Here, the individual p veduare sorted in ascending order and
compared to their respectivg whereq; = o/(m —i + 1). Hy must be kept as soon as a p value
becomes larger than its. The false discovery rate (FDR) is suited for ¢éargata sets like
microarray data.

p values become smaller with increasing size ofda& sets since the degrees of freedom
enlarge with the sample sizes, which in turn hawgon influence on the calculation of the test
statistics. For large sample sizes, the distrilmgtiof the test statistics approximate a normal
distribution. Most statistical tests are optimiZed samples from a normal distribution, as shown
by biological populations. There are also stattiests for testing whether a sample has a normal
distribution. Not normally distributed data can tansformed, e.g. by taking their logarithms.
However, this might not always make biological gns

2.9.1 Chi-sguaretest

The »? (chi-square) test is a nonparametric test as is dm assume the data to have a normal
distribution. Table 2.8 shows the example of asitad fourfold test or cross tab, for which the
calculations are given below. It is applied forafatining if a certain feature is significantly
enriched or decreased in one group relatively aileT group.

Table 2.8: Cross tab for fourfold test

group feature present (S) feature absent (F) row sum
A a b a+b=Na
B c d c+d=Ng
column sum a+c=Ng b+d=Ng N=a+b+c+d

N is the sample size. The test statistics, whiclyslag? distribution with one degree of freedom, is
calculated as follows:

, _ NOald -ble)?
N, [N, [N, [N,

Thisy*value is then compared to the table to infer itslpe. For example? > 3.841 is significant

on the 5% level. A high value corresponds to a kerabr probability. For small data setd € 30),

it is appropriate to apply a Yates' correction woid rejection of H (equal proportions of the
feature between the two groups). It redugeand thus increases its p value. The formula changes
into:

, NI ali-bie|-14)’
N, N, [N, [N,
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If the sample size is very small (one of the foasgible combinations of row sum - column um/

is below five), one should use Fisher's exact sy’ test can also be expanded to more than two
categories (data grouped in bins) and more thargteops. Then, the degrees of freedom are equal
to (number of rows — 1) (number of columns — 1). The higher the numbethefcategories, the
higher they? value must become to obtain a low p value. | immeted both the fourfold and the
multiple y*test as Perl scripts. Another application of ghest is to check if data obey a special
distribution (normal, uniform, ...). In this caggpup B is assigned the expected frequencies for
each category. An alternative 4bis the Kolmogorow-Smirnow test, which is howevet mery
exact and was not used in the analyses.

292t test

The Student's t test, named after the pen namts afeiveloper, also called two-sample t test, is
used to test if the means of two data sets arel equfathere is a location shift. The samples need
to be (at least approximately) normally distributeecause only then the mean and standard
deviation are appropriate to describe their shapesboth are used in the calculation of the t value
Thus, the t test is a parametric test. It is venysgtive to outliers since they have a large infaee

on the mean. The t value shows a Student's (tjlmison withny + ng - 2 degrees of freedom,
wheren, andng are the sample sizes of set A and set B, respéctive

t= Ha— Hg

[ 2 2
o, t0;

whereu, andug are the means (averages) afdandc’; are the variances, calculated as the sum
of squares divided by the sample size — 1.

n
2 -\ (x-p)°
g = n-1
x=1

The square root of the varianeé is the standard deviatiom. The original formula assumes
equality of variances, but if this is not the caere is a modification for pooled standard
deviation. It requires the degrees of freedom tochk&ulated with the Welch-Satterthwaite
equation. | implemented this variant in a Perlcri

Depending on whether or not there is a beforehasdrmption which group’s mean is greater,
one applies the one-tailed test or the two-taikest, twhich requires to be greater for the same
significance level (the error probability is halviedaccount for both ends of the curve). In pragtic
this just means looking upin different parts of the same table. The F testn extension for more
than two groups. It yields significance if at lease of the groups is different from the others. In
order to find out which one that is, all pairwises$ts have to be performed.
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2.9.3 Wilcoxon test

The Wilcoxon two sample test, also called Mann-\WéWtWilcoxon test, Wilcoxon rank-sum test,
Mann-Whitney-U test, or short U test, is not toceafused with the Wilcoxon signed rang test that
is applied for dependent groups. As it comparesiansd it belongs to the nonparametric order
statistics (German: Rangstatistik) and is an &dtiera to the t test if the distributions are not
Gaussian. It is less sensitive to outliers but alghtly less likely to detect a location shifaththe
t test. The U test orders the values of the twa dats and assigns ranks to them: the smallest one
gets rang 1, the next smallest rang 2, and sof ¢wolor more identical values occur (ties), ranks
are counted on and the tied values are assigriesf ¢ite average or the median rank.

To determine significance, the rank sum of the Bnabmple (witm, values) is compared to a
distribution of rank sums from a pooled sampleeAiatively, adJ value is calculated for either the
smaller sample (one-tailed test) or both (two-thilest) by

Ua=ny,-Np+ % ny - (N + 1) — rank_sum(sample a)

(analogous for sample b) which is then compardtddest statistics,

n, [h 1
Uza—b—uaE{/—nDh n.+n +1
S U@ qn iy n, +n, +1)

wherea is the desired significance level/Z for two-tailed test)u(a) is to be taken from a table.
Ho is rejected if the eithdd, or Uy, (or, for a two-tailed test, the smaller of themysmaller tharJ.

U can also be taken from tables. The extension t@ i@n two groups is the Kruskal-Wallis test.
Wilcoxon tests were performed with R and a scrighimed by R. van Séh

frequency
*

Figure 2.16: Differences in variation

If one of the samples (A) has a larger variaticantithe other (B), it receives both the highest
and the lowest ranks so that its rank sum is simhlahat of the less variable set. In this case,
the result of the Wilcoxon test will not be signdnt. The difference between the groups then
consists in the shapes of the distributions ratthen a difference in the centers of location.

3 http://www.fon.hum.uva.nl/rob/SignedRank/WIcxTgét.
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2.9 Statistical Tests

2.9.4 Correlation

If two features show interdependence, they arestaied. Their connection can be linear or more
complex (Fig. 2.17). To determine the degree ofatation and its significance, there are three
common methods. Their correlation coefficients eaghges between -1 (perfect negative or
anticorrelation) and 1 (perfect correlation). lisitnear 0, there is no correlation.
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Figure 2.17: Correlations

Upper left: perfect linear correlation (r = 1). Wppright: prefect linear anticorrelation or
negative correlation (r = -1). Lower left: non-larg(parabolic) correlation ( r= 0.967 p = 1).
Lower right: no correlation. For the explanationtbé different correlation coefficients see
text.

The most commonly applied method is Pearson's letioe, abbreviated as r, which measures the
strength of a linear connection:

((xy) = &Y

o, Lo,

whereo? is the variance and the covariance is defined as
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n
— (% =)Wy —1ty)
cov(x,y) = )~
-

with n the number of data pairg,andy; individual values ang andp, means. Sometimes, r is
reported as its squared value,Significance is determined by calculating thalue as

t=rd/(n-2)g/l-r?)

that can be looked up in the t distribution talderd — 2 degrees of freedom. No significant linear
correlation can mean that there is either no iejgetidence or at least not a linear one. Although
low values like r = 0.2 can be highly significahthere are many data points, scatter plots often
reveal a point cloud for which any biological irgestation of correlation is highly speculative.

Nonlinear correlation can be detected with the ttfeer methods: Spearman's rank correlation,
which performs Pearson's correlation on the rahkiseovalues instead of the values themselves, or
Kendall's correlation, which compares all pairshwétach other and therefore has a runtime of
O(n). Its coefficientr is calculated from the numbers of concordant p@its< x2 andyl < y1, or
x1 > x2 andyl >y1), discordant pairsx{ < x2 andyl >y2 or vice versa), and pairs in which either
thex values (extra_x) or thgvalues (extra_y), but not both, are identical:

concordant discordant

7=
\/ (concordant discordant+ extra_x){concordanh+ discordant- extra_y)

The number of discordant pairs is known as the K#rdistance or bubble sort distance of two
lists. It is equivalent to the number of swaps blaéble sort algorithm would make. The higher it
is, the more dissimilar the values are. To makeomparable between different lists, it is
normalized to the interval [-1,1]:

iscordant

n{n-1)

dist=2

In this work, both Pearson's and Kendall's conabatvere computed with my own Perl scripts. For
Spearman's correlation, | used a script from Jigfenf*.

* http://www_sics.se/~jussi/Vertyg/spearman.htmi
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The genomic sequence features of individual impdngenes and imprinting clusters have been
intensely investigated by various researchers. Mewdn these studies little attention has been
paid to comparisons with non-imprinted genes. Maeepthe existing data might be biased
because of taking regions on certain chromosone®tsols or extracting data from resources that
focus on specific groups of genes. Therefore, terofremains unclear whether the reported
enrichment or depletion of features is really statally significant. We tried to perform unbiased
comparisons by randomly choosing several groupsaftrol genes and applying the same
procedures to them and the imprinted sets. Firstetrated on human and mouse genomic
sequences, the analyses were subsequently expandegnome-wide scale. The results presented
here compile the work reported in two publicatidmg) manuscripts in preparation, and additional
findings. In the first section, we tested the perfance of different methods for the identification
of CpG islands in human and mouse (Hutter et &0920Then, we investigated the relationship
between imprinted genes and CpG islands and riepegiiements (Hutter et al. 2006). The last two
sections explore sequence conservation on thesleskelgenomic DNA and protein-coding
sequences in the context of imprinting, includimgemtial effects of CpG deamination, substitution
patterns, and paralogous genes.

3.1 Characteristics of human and mouse CpG islands

CpG islands (CGls) are commonly regarded as epiigekey regulatory elements. Intriguingly,
differences between the CpG islands of human andsendvave been reported several times
(Aissani and Bernardi 1991, Antequera and Bird 198&tsuo et al. 1993, Cuadrado et al. 2001)
but later on it was suggested that the genomic GHsIribution pattern has effects on the
commonly used algorithms (Waterston et al. 200R)eré&fore, we applied several methods for
computational identification of CGls on three sgft®rthologous genomic sequences from the two
species. Truly species-specific differences shdnddindicated by consistency between all three
groups. We also investigated the influence of iépet elements on CGI detection since
interspersed repeats, namely SINEs, often fulfi# CpG islands criteria but do not obey the
definition of regulatory elements (Jabbari et 8197, Lander et al. 2001, Ponger et al. 2001, Takai
and Jones 2002, Oei et al. 2004). The study, oflwvhh abbreviated version is presented here, was
published in Hutter et al. (2009).

3.1.1 Effects of different algorithms and repetitive sequences on CpG idand identification

Two groups of 79 randomly selected autosomal geaeh were collected by converting random
integer numbers into accession numbers for the NBBfSeq nucleotide database. If the
corresponding entry was from human or mouse andgsssed an orthologous gene in the other
species, the gene pair was included under the tondhat both genomic sequences were available
at the NCBI Map Viewer. Numbers for the first gro{fpl) cover a range from 1 to 300,000; for
the second group (G2), random numbers were rexiricta range from 1 to 16,000. A third group
(G3) contains 79 human genes randomly taken framX8SC hgl8 RefSeq annotation and their
murine orthologs in mm8 as determined with BioM&rEnsembl. The entire genomic sequence of
each gene including 10 kb upstream of the tranonigl start site and 10 kb downstream of the
end of the last exon was downloaded from MapVielngman build 35.1 and mouse build 33.1
(G1, G2), or UCSC hgl18 and mm9 (G3), in the dimectf transcription. Since the assembly of the
mouse genome used for this study is still not fiads some mouse sequences contain stretches of
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undefined nucleotides (represented as stretchBis)ofThe murine sequences of genes containing
over 5% of undefined nucleotides were replaced ragroved assemblies of build 34.1. The

locations of the genomic sequences with respedabotiigs, their G+C and CpG contents, and

chromosomal origins are given in Appendix A Tab. Al

Gene lengths are similarly distributed throughd groups; murine genes are insignificantly
shorter than human ones (Wilcoxon test, p > 0.4GG&@nd G+C content are highly positively
correlated (Pearson's r between 0.71 and 0.940®801). The correlation is always higher in
human sequences than in mouse sequences. All gsbopsan overall similar tendency towards a
bimodal distribution of G+C contents. However, BeC content of human sequences is more
variable than that of mouse sequences, indicaliagthe G+C content of some human sequences is
more extreme, consistent with published data (Veadaret al. 2002). Human sequences have a
mean CpG content of 1.71 + 0.86% and are thusfgigntly enriched in CpG compared to mouse
with 1.33 = 0.49% (t test, p < 0.001), reflectinwe tthe more pronounced CpG scarcity in the
mouse genome (Waterston et al. 2002, Zhao and Zka0Bg, 2006b). Note that one should rather
speak of a smaller depletion in human as the Cpteabis in both cases much lower than that of
other dinucleotides.

For identifying CGls in the genomic sequences, ins fipplied the traditional sliding window
methods implemented in tli&G Island Searcher (Takai and Jones 2002) using two widely known
different parameter sets: The Gardiner-Garden awathimer (1987) criteria (GGF) detect CGls of
at least 200 bp length with G+C conten60%, and CpGJCpG,, > 0.6. In contrast, with the
more stringent criteria from Takai and Jones (2p@Bpreviated as TJ, only stronger CpGls of at
least 500 bp length with G+C contenb5%, and CpgJCpG.,, > 0.65 are reported. Additionally,
we identified CGls with three alternative methodsvo programs implement segmentation
methods that divide sequences into CpG-depletedCpélenriched segments based on the CpG
content in two adjacent windows. A CGI segment frgpg (Li et al. 2002) has to fulfill CpG
content> 3.5% and lengtl> 200 bp. Requiring a CpG content of at least 6% pm@ginally
recommended (Matsuo et al. 1993, Li et al. 200@stitally reduced the number of CGls (data not
shown). For CGlI detection witbiPGed (Luque-Escamilla et al. 2005), G+#C55%, CpGpd CpGixp
> 0.65, and a minimal size of 200 bp were requildtk third methodCpGcluster (Hackenberg et
al. 2006), does not identify conventional CGls lmaa-called CpG clusters in which CpG
dinucleotides are more tightly spaced than expebtedhance. Its main parameter, the maximal
distance between two CpGs up to which a CpG clustezxtended, is determined from the
distribution of pairwise CpG distances in the inpetjuence. It was set to the"%ercentile in
order to obtain longer CpG clusters that overlapenfrequently with transcriptional start sites than
when using the recommended median, thus being swtable for comparison with conventional
CpG islands.

Most CGls were identified applying GGF parameté&ise lowest numbers were obtained when
taking TJ parameters and with the segmentationranogpg (see Tab. 3.1, column "CGls"). As to
be expected from the parameter choice, the nundfeZ®Ged CGls range between GGF and TJ.
They are similar to those of CpG clusters, as lawsd ofcpg and TJ CGIs. In general, the number
or length of CpG islands are uncorrelated withgbguence length. Thus long genes do not have
proportionally more CGlIs and CGls are not equalbtributed throughout a sequence. The CGI
length distributions are highly left-skewed, shapgdhe minimal length criteria of 200 bp (GGF,
CPGed, cpg) or 500 bp (TJ). CpG-rich segments identifieddB8Ged andcpg can nevertheless be
up to several 1000 bp long. Althou@pGcluster does not use a length limit, the distribution of
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CGl lengths has a similar shape as for the othéhads. At the short extreme, CpG clusters can be
eight bp long only, consisting of four CpGs. G+Q@ &pG contents are approximately Gaussian
distributed. Depending on the parameters, the mediee lowest for GGF (52% G+C, 4.4% CpG)
and highest forcpg (65% G+C, 8.2% CpG). CGIs with 100% G+C, a maximpeculiar to
CpGclugter, consist of low complexity sequences with onlygas Cs.

Since repetitive elements are not expected to geogn open chromatin structure, all CGls
critically depending on them have to be regardedats® positives. Using sequences in which
repeats are replaced by Ns, however, changes #ralbgistribution of CpG distances and thereby
identification thresholds foICpGcluster, results in extensive splitting of CGls especidity
segmentation methods, and can even induce aftifiCi@ls due to the elevation of the
CpGdCpGyp ratio (see chapter 2.2). Alternatively, omittinge thucleotides that coincide with
repetitive elements, we recalculated G+C contepG,£J/CpG., number of CpGs, and length of
sections identified as CGls in the original seqesn@ CGl that still fulfills all respective critiar
can be regarded as a single copy, unique sequanmugue” in Tab. 3.1) whereas one that fails to
meet them is classified as repeat-dependent ("teje@ab. 3.1). In some cases, repeat-dependent
and unique CGls do not sum up to the total numbeabise program bugs caused a few CGls to be
reported despite not fulfilling the required criger

Table 3.1: Numbers of CpG islands and overlaps withepetitive elements

human mouse
method, CGls [repeat (%) |unique (%) CGls repeat (%) unique (%)
group

GGF G1 1106 62.30 37.70 659 26.56 73.14
GGF G2 1486 61.17 38.76 645 27.75 71.47
GGF G3 933 65.70 34.19 582 29.04 70.96
TIG1 140 22.14 77.86 97 10.31 89.69
TJ G2 179 24.58 75.42 118 11.02 87.29
TJ G3 131 24.43 75.57 101 14.85 85.15
CPGed G1 447 54.81 37.81 212 19.34 75.47
CPGed G2 542 57.93 35.61 206 24.27 70.39
CPGed G3 366 65.03 29.51 190 25.79 68.95
cpg G1 142 22.54 77.46 88 5.68 94.32
cpg G2 146 20.55 79.45 99 6.06 93.94
cpg G3 129 26.36 73.64 91 5.49 94.51
Cluster G1 364 34.89 65.11 252 14.68 85.32
Cluster G2 428 32.24 67.76 238 15.97 84.03
Cluster G3 346 40.46 59.54 241 14.52 85.48

Most repeat-dependent CGls are detected with G@Eriar in human sequences where they
constitute approximately 60% of the total numbeosiof them are caused by overlap with SINEs,
namely the CpG-rich humallu and its murine homolog, the B1 element (AppendiXah. A2).
Repeat classes like simple repeats, low complegyons, and DNA elements contribute a minor
amount of CGls. B1 elements are shorter and CpGegpdbanAlu elements (Quentin 1994) and
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less abundant in the mouse genome anelements in the human one (Waterston et al. 2002).
Therefore, it is not surprising that in mouse mtiran 70% of the GGF CGls are unique. Their
numbers come close to those of human unique GGFE.@RPGed has a similarly low rate of
unique CGils.

Unigue CGls show higher median values for length\CGand CpG content than repeat-
dependent ones. Nevertheless, there is a largéapveetween the ranges so that making stricter
requirements for these parameters not only disdatde positive CGlIs but also unique, possibly
functional ones, as can be seen when comparingutmbers of unique GGF CGls with that of TJ
CGils in both species. Although more than 75% ofthéCGls are unique, repeat-dependent CGls
cannot be completely excluded even with theseggrihcriteria. Similar to TJ, only a few repeat-
dependent CGls are identified wittpg. CpGcluster does not use simple numerical criteria,
therefore it is unclear when a cluster would havéd called repeat-dependent. Since the smallest
clusters without any repeat overlap contain fouG€pfor simplicity a cluster that possess at least
four CpGs outside of repetitive elements is regadrde unique. Under these conditions, 64% of
human CpG clusters are unigue and in mouse 85%.

3.1.2 Promoter CpG idands possess pronounced characteristics and are reliably detected

Only very few promoter CGls are declared as redependent due to G+C-rich simple repeats or
low complexity regions and even fewer comprisergpersed elements. The number of promoter
CGls is similar throughout the methogg {est, p > 0.1) and, in contrast to CGls at otbeations,
most promoter CGIs are reliably detected by allgpams (Fig. 3.1). Regarding homologous
promoter pairs, the CGI tends to be missing forrtimeise in more cases than vice versa (p < 0.1;
Appendix A Tab. A3). Thus, the existence or absemican analogous promoter CGI is mostly
conserved, consistent with the results of Yamasitd. (2005).

Promoter CGls are in general longer and show hi@heZ and CpG contents than CGls that do
not overlap with transcriptional start sites. THeimgth is approximately Gaussian distributed with
both GGF and TJ parameters (see also Takai and 2012). Typical promoter CGls have been
reported to be around 1000 bp or longer (Gardirend&n and Frommer 1987, Larsen et al. 1992).
The length difference between human and mouseitisemgoronounced, nor is the observed trend
consistent over the three sequence groups. Coimgideairs of homologous promoter CGls
(Appendix A Tab. A3), human ones are longer in ntastes (p < 0.001), except for CpG clusters
(p > 0.1). The G+C content is only marginally lowermouse than in human for GGF and TJ
(Wilcoxon test, p < 0.05) but similar for the othaethods. CpGJCpG., and CpG content are
also not significantly different between both speci

Non-promoter CGls identified in similar positiongtiwdifferent methods or criteria sets are
promising candidates for possessing regulatorytiong as well. As to be expected, virtually all
TJ, cpg, andCPGed CGls as well as more than 90% of CpG clusterslaperith GGF CGls but
there are many GGF CGls, even unique ones, withom@atch (Tab. 3.2). If compared to each
other, TJ,cpg, CPGed, andCpGcluster do not consistently identify the same CGls (Apperidl
Tab. A4, A5). Exonic CGls are frequently identifibg different programs due to the conservation
of CpGs in protein-encoding sequences. These CglGségments are not expected to fulfill
additional regulatory functions but can be eastigleded if the exon annotation is known.

Apparently, the identification of truly functionaitronic CGls is the most challenging task for
the tested programs since the numbers of introtsCGre highly variable between the groups
(Fig. 3.1) and their recovery rates are low (Tal2).3The ones in common may represent
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promoters of alternative or antisense transcriptsontrast, considerable numbers of CGls with

high recovery rates are located in intergenic negjioi.e. in the portions of upstream and

downstream sequences that do not overlap with beiifig genes. This indicates that these regions
might encompass additional yet unidentified epigjenegulatory elements, such as alternative
upstream promoters, enhancers or silencer elements.
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Figure 3.1: Distribution of CGIs under various criteria in different locations

The numbers of CGls reported BpG Island Searcher with GGF or TJ parameter€pGed,

cpg, andCpGcluster show large differences between the methods asaselietween human
(A) and mouse (B). Upstream CGls reside in a 1@vkidow 5' of the transcriptional start site
of the reference gene but do not overlap with rignpoter CGls were defined as overlapping
with the most upstream transcriptional start sitehe reference gene as annotated in the
database; intragenic CGls are located betweenmdhsdriptional start site and the 3' end of this
gene; downstream CpG islands have to reside coatpletthe 10 kb window downstream of
the annotated transcriptional termination site le# tespective gene. The high numbers of
intragenic, upstream and downstream GGF CGls anelyrzaused by repetitive elements.
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Table 3.2: Common unique CGls

human
method, group total promoter exonic intronic intergenic
GGF G1 417 56 133 79 67
TJG1 27% 86% 19% 8% 19%
CPGed G1 46% 75% 52% 29% 39%
cpg G1 44% 88% 29% 22% 46%
Cluster G1 42% 96% 43% 24% 27%
GGF G2 576 64 187 192 59
TJ G2 24% 92% 13% 8% 27%
CPGed G2 39% 63% 39% 27% 47%
cpg G2 28% 94% 17% 5% 46%
ClusterG2 37% 98% 35% 16% 41%
GGF G3 319 57 96 69 44
TJ G3 31% 93% 15% 6% 11%
CPGed G3 38% 67% 35% 25% 25%
cpg G3 32% 86% 11% 7% 30%
Cluster G3 47% 100% 30% 23% 36%
mouse
method, group total promoter exonic intronic intergenic
GGF G1 482 51 149 134 66
TIG1 18% 88% 9% 4% 12%
CPGed G1 35% 78% 34% 14% 32%
cpg G1 21% 82% 9% 2% 24%
Cluster G1 41% 98% 36% 21% 41%
GGF G2 461 55 142 131 69
TJ G2 23% 87% 8% 4% 23%
CPGed G2 33% 62% 33% 15% 29%
cpg G2 23% 87% 7% 4% 29%
Cluster G2 39% 96% 30% 21% 32%
GGF G3 413 58 122 117 55
TJG3 22% 88% 8% 3% 15%
CPGed G3 35% 79% 31% 16% 33%
cpg G3 25% 84% 13% 3% 22%
Cluster G3 43% 98% 34% 32% 24%

The numbers refer to unigue GGF CGls. The percestathow their rate of overlap with

unique CGils identified with the other listed method

3.1.3 General differences between human and mouse CpG islands

Table 3.3 shows the results for comparing the ptmgseof human and mouse CGls detected with
different programs. Detailed data are given in Ampe A Tab. A6. In consensus, mouse
sequences have fewer CGls than human ones and dhege+C poorer with a tendency to be
shorter, which is consistent with published datie Genome of the mouse contains fewer CGls
than the human one (Antequera and Bird 1993, Waterst al. 2002). In genome-wide analyses
using TJ criteria, which found similar average lasgas our study, human CGls were found to be
slightly longer than those of mouse (Zhao and Zh2@@6a, 2006b). A higher G+C content of
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human CGls was confirmed experimentally as wellcamputationally (Gardiner-Garden and
Frommer 1987, Aissani and Bernardi 1991, Anteqa&ich Bird 1993, Matsuo et al. 1993, Zhao
and Zhang 2006a, 2006b). In the literature, catiriijc data have been reported on the
CpGodCpGeyp ratios of murine and human CGls (Gardiner-Gardwh lrommer 1987, Matsuo et
al. 1993, Yamashita et al. 2005, Hackenberg e2@06, Zhao and Zhang 2006a, 2006b). For the
sequences and methods used here, there are nstennslifferences of the Cp3CpG.,, ratio
between the two species. The obtained data indibatethis measure more likely depends on the
algorithms than on species-specific features. Likewthe CpG content of CGlIs is in general
similar in both species.

In addition, | later analyzed the data for the aatnal CGlIs annotated by UCSC for the human
(hg18) and mouse (mm8) genomes and found them tofwstent with the results for most other
methods, although this investigation was not peméa on orthologous genes. Interestingly, the
minimal CpG content is 5.8% for human and 6.0%nfiouse CGls, respectively, which should be
indicative of general hypomethylation of the UCS@33slands (Matsuo et al. 1993).

Table 3.3: Comparison of human and mouse CGls dettsd with different methods

method number | length 5+C content CpG by CpGexn| CpG content
GGF + 0 + 0 0
unigue GGF 0 + + 0 +
TJ 0 + + 0 +
cpg + 0 0 - -
CpGed + - 0 0 0
CpG cluster + - + 0 +
UCSC genome + + + - +

"+" signifies that the value for human CGils is dezdhan that of mouse CGls; "-" refers to the
opposite; 0 means that they are similar or diffeesrare not consistent throughout all groups.

3.1.4 The (TpG+CpA)/(2*CpG) ratio is correlated to epigenetic properties of CpG islands

According to the original definition, CGls are Cpiéh, unmethylated genomic regions. Therefore,
in contrast to functional, unique CGIs, CGls depegdn repetitive elements that are usually
methylated should accumulate more mutations dubytiyolytic deamination of 5-methylCpG,
which converts CpG to TpG, or CpA on the reversemglementary DNA strand (compare Fig.
1.2). A positive correlation between the 5-methyBgontent and the enrichment of TpG and CpA
in CGIs has been reported (Gardiner-Garden and mAen1987, Matsuo et al. 1993). If the
dinucleotides were equally distributed, one woulgext the ratio (TpG+CpA)/{ZpG) to equal
one. Overrepresentation of CpA and TpG as potemtightion products would markedly increase
the value whereas a relative enrichment of CpG evbaver it. Thus, this ratio could serve as an
estimated deamination rate to distinguish betweatarent types of CGlIs. Indeed, in human and
mouse, the (TpG+CpA)/(€pG) ratio is significantly higher in repeat-depentdCGls compared
with unique CGls in TJ¢pg, and GGF (p < 0.001; Fig. 3.2). FGPGed and CpGcluster, no
significant differences between unique and repepeddent CGlIs could be observed. This might
be due to the generally low CpG conteniGsiGed CGls and the definition of repeat-dependence
for CpG clusters.
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Murine CGls have been suggested to erode due todép@ination in the germ line (Antequera
and Bird 1993, Matsuo et al. 1993). In line withsthypothesis, both the mouse genome and
computationally identified CGls therein have a igbhontent of CpA and TpG and a lower content
of CpG compared to human (Zhao and Zhang 2006660 order to assess the differences
between the species with respect to the estimagachithation ratio and to derive a threshold for
using the (TpG+CpA)/(EpG) ratio as a filter for epigenetic relevant CGésalyses were
concentrated on GGF criteria, where there is dcseffitly large number of CGls of each category
to compare. Unique, repeat-dependent, and thetyotdlmouse CGls have a significantly higher
(TpG+CpA)/(2CpG) ratio than their human counterparts (Wilcoxest, p < 0.001). As can be
seen in figure 3.2, the estimated deamination imtmore variable in mouse than in human.
Interestingly, promoter CGls, which are most prdpatiways unmethylated, behave similarly in
both species. 90% of the unique promoter CGIs imdruhave a ratio below or equal to 1.0. For
mouse, the 9Dpercentile is 1.2. While promoter CGls only cotsé 13.5% of the three unique
GGF CGI sets in human, their proportion is 45% bfuaique human GGF CGls that fulfill
(TpG+CpA)/(2CpG) < 1.0. Using the corresponding value of 1.2 astarfilor mouse, a similar
enrichment is observed: 46% instead of only 12%albfunique GGF CGls overlap with the
annotated transcriptional start sites of the gefks.total number of CGls fulfilling the respective
criteria is similar to that of TJ CGIs and mosttloé filtered GGF CGls are also detected with TJ
criteria (Appendix A Tab. A7). On the other handbe tfitered GGF CGIs capture a lower
percentage of TJ CGIs (Appendix A Tab. A8). Thupplging a species-specific ratio of
(TpG+CpA)/(2CpG)< 1.0 for human o 1.2 for mouse GGF CGils, respectively, as an aufiti
filter appears to be suitable for highlighting thest promising candidate regulatory CGls.

Experimental data on the epigenetic propertiehef@Gls investigated here are not available.
However, predictions have been established foG&8F CGls in the human genome (Bock et al.
2007). They are based on epigenetic data for C@hluman chromosomes 21 and 22, which were
used to train a support vector machine. Histone[2NA modifications characteristic for an open
chromatin structure were found to correlate withaia features of the DNA sequence (Bock et al.
2006). Using these attributes, an epigenetic scanebe calculated that predicts the likelihood of
absence of DNA methylation, promoter activity anio chromatin structure (Bock et al. 2007).
The epigenetic score ranges between 0 and 1. A& \dl0.5 corresponds to a CGl that is equally
likely to be either transcriptionally active or oieve whereas a CGI with a scord).67 has a high
confidence of possessing an open chromatin steiciire uniqgue human GGF CGls were assigned
epigenetic scores by mapping their sequences tdJ®SC hgl7 genome, for which the pre-
calculated scores are available. Sometimes, a €@leset overlapped with more than one CGI of
the other set, which happens because starting diiffarent points on the genomic sequence may
result in splitting or merging of some CGls that reveidentified when using the whole
chromosomal sequence. In such cases, the uniqued&Bwas assigned the score of the CGI with
the larger overlap. If a CGl was assigned to mbas tone gene, it was counted only for the CGI
with the larger overlap.
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Figure 3.2: (TpG+CpA)/(2-CpG) ratio in Gardiner-Garden and Frommer CGls

The ratio (TpG+CpA)/(XpG) serves as an estimation of the deaminatiom iiCGlIs of
human (A) and mouse (B). Its distribution in presioy unmethylated promoter CGls (red) is
centered at much lower values than that of uniglo¢t€d) or repeat-dependent, most probably
methylated CGls (blue). Apart from a few outliettse ratios of promoter CGls are below 1.4.
Having a 98 percentile of 1.0 for human and 1.2 for mousey iten be well separated from
repeat-dependent CGls with little overlap betweeth lgroups.

The length of a CGI has been suggested as a gtredgctor for an open chromatin structure (Bock
et al. 2007) and there is indeed a significantedation between the lengths of the GGF CGls and
their epigenetic scores (Pearson's r = 0.65; Kéadat 0.41). The correlation, however, is not
linear (Fig. 3.3 A). CGls that are very long (mdh&n 2000 bp) have a high probability to be
transcriptionally active whereas the scores of Cédlow 1000 bp almost span the entire range.
Although most of the CGls near the lower lengthitliof 200 bp are assigned values below 0.5,
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which means that they are more probably inactigaesachieve very high scores. A considerable
number of short CGls with high scores would themfbe discarded by focusing only on long
CGls. A much better, negative correlation can beeoked between the (TpG+CpAYPG) ratios

of unique human GGF CGls and their predicted e@tierscores (r = -0.74,= -0.52; Fig. 3.3 B).
CGls with a low (TpG+CpA)/(ZpG) ratio are concentrated in the upper rangdefepigenetic
score, consistent with the assumption that theyianeethylated and transcriptionally active. Thus,
the lower the (TpG+CpA)/(ZpG) ratio, the more likely the CGl is transcripiddly active.
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Figure 3.3: Correlation of CGI length and (TpG+CpA)/(2-:CpG) ratio with the assigned
predicted epigenetic score

(A) Correlation between the lengths of the uniqueaman GGF CGlIs and their assigned
epigenetic scores. Note that the x-axis is in liblyanic scale. (B) The predicted epigenetic
score of the unique human GGF CGIs shows a marleghtive correlation with their
(TpG+CpA)/(2CpG) ratio.
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3.2 CpG islands in imprinted and non-imprinted oegi

The human promoter CGls identified in this studhiage median scores of 0.70, consistent with
their transcriptionally active state. For all GGEIS that fulfill the above mentioned threshold of
(TpG+CpA)/(2CpG) < 1.0, the median score is 0.66. In both groups, loheer quartile (28
percentile) is above 0.5, which means that more #&#6 of these CGlIs have a high probability to
function as open chromatin CGls. This finding suppthe choice of the estimated deamination
rate cutoff. For the mouse, predictions of epigerstores are not yet available. By transferrirg th
obtained results from human, taking a (TpG+CpAE(&5) ratio of< 1.2 into account might help
to identify CGI with regulatory functions in thipecies.

3.1.5 Summary and conclusions of chapter 3.1

By comparing different methods for CGI identificatji we found that promoter-associated CGls
are quite reliably detected by all methods butrtiperformance differs largely for CGls at other
locations. Most programs identify fewer CGls in reeuhan in human sequences, and these CGls
are shorter and G+C poorer. CpG content turns @uiet a highly variable feature among the
programs. Repetitive elements are differently cetedk with human and mouse CpG islands.
Moreover, an estimation of the CpG deamination mte/ides means to distinguish functional
regulatory CGls from probably methylated, non-fimal ones.

3.2 CpG islands in imprinted and non-imprinted regbns

The key question of the following analysis was wkeetimprinted genes stand out against
biallelically expressed ones in terms of sequeeegures, particularly G+C and CpG content and
CpG islands. Especially CGls might be influencedtihy presence of differentially methylated
regions. In order to get a statistically verifietsever, imprinted genes of human and mouse were
compared to two random control groups of doublé wiee, namely the before mentioned G1 and
G2. The use of two control groups allowed us tockhehether they both differed from the
imprinted set. If they did not agree on this bufeded from each other, there would be a bias in
one of them which would go undetected when onlynglone control group. Human and mouse
genes were treated separately to differentiate dmtwieatures that are imprinting-specific and
those that are species-specific. Most of the resuiésented here are published in Hutter et al.
(2006).

3.2.1 Different sequence properties of human and mouse imprinted and non-imprinted genes

As the imprinted group, we selected 38 human aneh@%ne imprinted genes for which imprinting
effects have been reported in at least one ofwlespecies. Thirty-four genes are orthologous:
ASB4, ASCL2, ATP10A, CDKNIC, CD81, COPG2, DIO3, DLK1, DLX5, GATM, the NESP-GNAS
locus,GRB10, MEG3 (murine orthologGtl2), H19, HTR2A, IGF2, KCNQ1, MAGEL2, NAP1L55,
NDN, NNAT, PEG3, PEG10, PHLDA2, PLAGL1, RASGRF1, SGCE, S.C22A2, S .C22A3,

9. .C22A18, 9.C38A4, SNRPN, UBE3A, andWTL1. Due to some genes being unavailable in the
mouse genome assemblies and others having no agtlool being reported as not imprinted in
human, the human imprinted group additionally idelssMEG8, MEST, USP29, and ZNF264
whereas the mouse imprinted group is completeBdgg2, Commdl, Ins2, Igf2r, andlmpact. The
Copg2 andMEGS8 sequences were taken from the Ensembl Genome Braetease 30, and the
Grb10 sequence from release 32. Sequences were dowdlqasteas the control groups G1 and
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G2 (see section 3.1.1) and processed RifeatMasker. Detailed data for the imprinted sequences
can be found in Appendix B Tab. B1. In table 3.4obe an overview of the general sequence

properties is given, listing means and standardatiens.

Table 3.4: Lengths, G+C and CpG contents of imprired and control sequences

group median total G+C |G+C content | total CpG |CpG content
gene length | content (%) | in repetitive |content (%) | in repetitive

(bp) elements (%) elements (%)

human imprinted | 26,583 |46.93+7.68 |44.96 +5.65|1.82+0.97| 1.54+0.79
human G1 27,992 |46.27 £6.37 |45.82+4.18 |1.66 £+ 0.83 | 1.68 + 0.88
human G2 24,270 |46.02+6.14 |46.29+4.37 (1.70+£0.83 | 1.72+0.87
mouse imprinted | 20,697 |45.43+4.65|43.90+3.18 |1.28+ 0.46| 0.87 +0.42
mouse G1 21,603 |46.37+£4.22 |45.46+2.43 (1.35+£0.47 | 0.93+0.29
mouse G2 15,103 |45.87 +4.11|45.59+2.30 |1.35+0.52 | 0.93 +£0.26

The imprinted and the control groups have similemeglengths (Wilcoxon test, p > 0.4). Ranging
from 0 to 4.97% with a total average of 0.¥11.22%, the ratio of Ns is lowest in the murine
imprinted group. G+C content and the rate of Cp@dieotides are similar between imprinted and
control groups for both species. More interestin@yC and CpG content are more variable in the
imprinted groups than in the control groups andsilgeificant contrast between human and mouse
sequences is more pronounced. This may be causad byerrepresentation of imprinted human
genes in the category of very CpG- and G+C-richegeparticularly genes from the BWS region
(chr. 11) and thé®KL1-GTL2 domain (chr. 14), andINAT. Their murine orthologs do not reach
comparably extreme CpG contents. For the contraugs, the difference seems to be
predominantly caused by a significantly higher pmipn of CpGs in human-specific repeat
elements: When omitting the repetitive elementstified with RepeatMasker, the difference is
reduced to a tendency (p < 0.1). Sequences imtparted group, on the other hand, comprise a
lower content of repetitive elements than contegjueences (p < 0.01), especially with regard to the
SINE Alu/B1 family (p < 0.00005; Greally 2002, Kead. 2002a, 2002b, Allen et al. 2003, Walter
et al. 2006; Tab. 3.5). The reported enrichmeritINE-1 repeats (Walter et al. 2006) can only be
observed on a larger genomic scale.

Table 3.5: Contents of repetitive elements
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group total (%) SINE (%) |B1/Alu (%) |LINE (%) LINE-1 (%)

human imprinted [32.01 + 13.36| 9.73+5.70 | 7.34 +5.51 |12.66 +8.39|10.18 +7.99
human G1 38.10 £12.20({18.37 £9.60 |14.96 +9.08 |11.26 +£9.54 | 8.35+9.33
human G2 39.81 +12.09[20.11 + 10.24{16.90 + 10.34|10.44 £ 7.35 | 7.30 + 6.67
mouse imprinted [23.36 £ 11.70| 7.02 +5.04 | 2.23+2.06 | 6.82+8.13 | 6.61+8.13
mouse G1 27.80+£9.03|11.91+6.33| 4.61+3.16 | 5.52+6.43 | 5.21 +6.27
mouse G2 28.74+£9.38|13.16 +7.85| 5.06 +3.64 | 550 +5.85 | 5.13+5.74




3.2 CpG islands in imprinted and non-imprinted oegi

3.2.2 General CpG idand properties do not distinguish imprinted genes

Several authors previously reported that CpG igai@isls) seemed to be enriched in imprinted
regions (Paulsen et al. 2000, Paulsen and Ferdgsisoti- 2001, Reik and Walter 2001). Thus, we
searched to investigate whether this hypothesisbeastatistically verified by comparison with
biallelically expressed genes. For simplificatieve only looked at CGls reported by tlepG
Island Searcher with Gardiner-Garden and Frommer (1987) or Takai dones (2002) parameters,
respectively, both before and after masking reipetielements. With respect to length, G+C and
CpG content of CGls and the fractions of the seqai@overed by CGls (Appendix B Tab. B2), no
consistent differences could be found between semse of imprinted and randomly chosen
biallelically expressed genes. Table 3.6 lists agerCGl numbers. Using the Gardiner-Garden and
Frommer criteria (GGF), more CGls per gene weratified in human than in mouse also in the
imprinted (t test, p < 0.05), but the differencent as pronounced as in the control groups (p <
0.001). When masking repetitive elements beforeH@@F_mask), the CGl number decreases
significantly in human control sequences, but notthe imprinted group. This can be easily
explained by the lower SINE content of imprintedige (Greally 2002; see above, Tab. 3.5), which
particularly results in feweAlu-dependent CGls. Likewise, mouse repetitive elementely
coincide with CGls in general so that both GGF &@F mask identify a similar number of CGls.
Thus, in contrast to the control sets, only 44%hefhuman and 16.5% of the murine GGF CGils in
imprinted regions are repeat-dependent (Tab. Bi&yertheless, the difference of this rate between
the two species is still highly significant®(test, p < 0.0001). The Takai and Jones parameters
exclude most of the rather small CpG islands iretiipe elements, resulting in similar values
without (TJ) or with (TJ_mask) masking of repettiglements for all groups.

Table 3.6: Average numbers of CpG islands per gene

group GGF GGF_mask TJ TJ_mask
human imprinted 14.9 9.9 2.5 2.4
human G1 14.0 5.3 1.8 1.7
human G2 18.8 8.2 2.3 2.0
mouse imprinted 6.5 5.9 15 1.6
mouse G1 8.3 6.6 1.2 1.0
mouse G2 8.2 6.3 15 1.5

When classifying CGls in single-copy sequenceshieyr tocations, only intragenic ones stand out
as distinguishing. Human control groups contaimi§icantly more sequences with intragenic CGls
than mouse control groupg’ (test, p<0.05). In contrast, for the groups of imi@d genes both
species behave similarly, suggesting that theyestter feature of strong intragenic CpG islands.
Concentrating on those identified in repeat magegiences with TJ parameters (TJ_masked), the
imprinted group seems to contain a higher proportd intragenic CpGls satisfying the most
stringent criteria (Fig. 3.4). For the mouse, tkisnainly the result of more imprinted genes than
control genes having at least one TJ intragenic Gp®d §° test, p < 0.05). In human, however,
? tests only yield a tendency (p < 0.1) for TJ_ma4sides, there is a trend for intragenic CpG
islands in imprinted genes to be longer than thongbe control groups (Wilcoxon test, p < 0.1).
Both weak effects and the presence of additiortedimic CGls provided by genes liIkeCNQ1 add

up to the difference of average CGI lengths atagenic positions observed in figure 3.4. Such

73



Chapter 3 — Results

intronic CGls may be associated with the promoggians of antisense or alternative transcripts
(Reik and Walter 2001).
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Figure 3.4: Average lengths of CpG islands per gene

CpG islands in repeat masked sequences at fouareiiff locations (definitions see Fig. 3.1)

were identified according to the Takai and Joneasupaters for human and mouse imprinted
and two groups of control genes (G1, G2). Precighly CpG island lengths were summed up
per sequence, group, and location, then dividethbynumber of sequences in the respective

group.

74



3.2 CpG islands in imprinted and non-imprinted oegi

3.2.3 Estimating CpG deamination effects on CpG idandsin imprinted regions
In order to unravel the species-specific differenckCGls from the potential effects of differehtia
methylation, | investigated the estimated CpG deation ratio of the CGls identified in the
imprinted group. Also here, unique GGF CGls hal@ner (TpG+CpA)/(2CpG) ratio than repeat-
dependent ones (Wilcoxon test, p < 0.002), indigathat deamination acts on CpG rich repetitive
elements independent of differential methylationithiAfegard to all GGF CGls, the estimated
deamination rate is similar in human and mouse (2¥. Uniqgue GGF CGls, however, and even
more significantly repeat-dependent ones show heligatio in mouse (p < 0.05 and p < 0.001,
respectively). Compared to control sets, the (Tp@AX2:CpG) ratio is not significantly reduced
in CGls in imprinted regions (p > 0.2) and the epigtic scores are not lowered (p > 0.1).
Promoter CGls, which are all unique, have esséntiaé same ratios in both species (p > 0.6).
Here, the 99 percentile of the ratio is 1.2 for human and Iot fouse. Filtering with the
(TpG+CpA)/(2CpG) limits proposed above elevates the portionpromoter CGls from 9% to
38% for human and from 12% to 47% for mouse (Tab). ®nly before filtering is the lower ratio
for the human imprinted group compared to controlugs significant ) test, p < 0.05), which
may be due to the enrichment of intragenic CGls €pigenetic score of uniqgue human GGF
CGls in imprinted regions correlates with their gén (r = 0.6531,7 = 0.3534) and
(TpG+CpA)/(2CpG) ratio (r = -0.6965; = -0.4893) to a slightly lower degree than ithe tase
for biallelically expressed genes. The median epgtie score is 0.73 for promoter CGls and 0.63
for CGls with (TpG+CpA)/(ZpG)< 1.0. In summary, all observations are highly samtb those
made when analyzing CGls of biallelically expresgedes. This is confirmed by analyses with
EpiGraph (Bock et al. 2009) in which no consistent diffexes were found between the CGls of
imprinted regions and those of control groups Gd @&2. Apparently, the effects of differential
methylation have less influence on the CGI charesties of imprinted regions than species-
specific peculiarities.

Table 3.7: GGF CGils in imprinted regions of human ad mouse

GGF | unique | unique CGils that fulfill [promoter| promoter CGls that fulfill
CGls| GGF (TpG+CpA)/(2:CpG) | CGls (TpG+CpA)/(2:CpG)

CGils threshold threshold
human | 566 316 58 29 22
mouse | 254 212 51 26 24

3.2.4 Supporting evidence from genome-wide conservation studies
Later, parts of the analyses were extended to gedaset of orthologous imprinted genes (see
Appendix D Tab. D3) and to all autosomal geneshim iuman and mouse genome. The CpG
islands annotations from UCSC used here are ctosket original criteria (Gardiner-Garden and
Frommer 1987) but exclude repetitive elements aadeha higher CpG content. Although
imprinted genes do not show an enrichment of C@&lganeral, 15 out of 57 protein-encoding
imprinted genes (26.32%) possess at least onaniat@Gl in human and 11 out of 53 (20.75%) in
mouse, which is significantly more than the 8.6486 8.77% for autosomal human and mouse
genes, respectively{test, p < 0.001).

To further investigate whether CGls differ in feawithat, in contrast to length, G+C and CpG
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content etc., do not depend on algorithmic pararsetge analyzed the overlap of mammalian
phastCons highly conserved sequences (PCSs; Siepel et 8b)26f length> 20 bp and CpG
islands (see also section 3.3.3, Tab. 3.9). Eightgnt of the PCSs in human imprinted regions
overlap with CGls, whereas the genome-wide ratioomdy 4%. Regarding the mouse, the
percentages are lower in both groups but nevedbdlee difference is highly significant. In both
species, the enrichment is most prominent for tloei of intronic PCSs. This is in line with the
observation that intragenic CGls occur more fretiyeand are slightly longer in imprinted genes
(Fig. 3.4, section 3.2.2).

Interestingly, CpG islands in imprinted regions aret significantly less conserved than
genome-wide)¢ test, p > 0.6): 65% of the 133 human and 83% @b®murine CGls in imprinted
regions overlap with PCSs, the genome-wide rate$8% and 86%, respectively. If also PCSs of
size < 20 bp are included, the rates increase % &id 73% for the human imprinted regions and
autosomes, respectively, and to 85% and 90%, régelec for mouse imprinted regions and
autosomes. The coverage of CGIs by PCSs as wétleasconservation score — calculated as the
average of the scores of the overlapping PCSs -vigrelly identical for all groups (p > 0.8).
Thus, the only clear difference between imprintethegs and biallelically expressed ones is the
increased association with intronic CGls.

3.2.5 Enrichment of tandem repeats

Since the existence of tandem repeats has beertgegor many imprinted genes, leading to the
tandem repeat hypothesis of imprinting (Neumaral.et995), and most known repeats were found
in CpG islands, we examined if they are signifibaenriched in comparison to randomly chosen
biallelically expressed genes. Direct tandem repeadre identified in the CGI sequences with
Tandem Repeats Finder (Benson 1999). Tandem repeats are not only foumdimgle-copy
sequences but also in microsatellites and repdatstroviral origin. Human and murine control
CGI sequences contain several tandem repeats d¢edrtecLTRs, SINEs, and LINEs. In contrast,
murine imprinted sequences do not have such repetisir CGls. They are, however, enriched in
simple repeats (Waterston et al. 2002, Luedi e2@D5). In human control sequences there are
some tandem repeats associated with the hominfep&VA (SINE-VNTR-AIu) retroposon,
which contains a variable number of tandem rep@&ETR) region (Strichman-Almashanu et al.
2002).

Depending on the CGI criteria and repeat maskirgiable numbers of tandem repeats are
found in a subset of the sequences (Appendix B Ba8h.B4). As figure 3.5 shows, significantly
more imprinted than control sequences containest lene tandem repeat array in one of their CGls
(* test, p < 0.01), except for human GGF. When exotudetroelements and microsatellites, the
enrichment in imprinted genes is even more pronedn@ < 0.005). The number of tandem
repeats for TJ is very small in mouse, due to fe@g® islands with stringent criteria and probably
more diverged sequences. By concentrating on unsggeiences, several tandem repeats were
found in or in the vicinity of imprinted genes thad not been reported before (Tab. 3.8). A more
detailed comparison of the repeats to the liteeatan be found in Appendix B Tab. B5.

The general structures of repeat arrays, i.e. rfesiifth (10-140 bp), number of repetitions (1.9-
50.5 times) and array length (50-1618 bp) are ammil imprinted and control sequences as well as
in mouse and human (Appendix B Tab. B4). Analy$ithe consensus sequences WEME and
wordcount revealed that they do not share a common motifwese any motifs found to be over-
or underrepresented in the imprinted group. Aseakpected for CpG islands, a number of their
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tandem repeats contains patterns similar to thditmnsite motif of the ubiquitous transcription
factor SP1, GGGGCGGGG.

60

50

40 —
20 +—

il [
0 T

human imprinted human G1 human G2

sequences (%)
w
o

60

50 —

30 —

sequences (%)

20 +— ]

mouse imprinted mouse G1 mouse G2

|0 GGF BGGF_mask OTJ ETJ_mask |

Figure 3.5: Percentage of sequences that possesdeaist one tandem repeat array in one
of their CpG islands

In order to assess conservation, the consensusrsaegiof each repeat motif were concatenated to
a dimer and searched against the genomic sequehaltgienes with a local installation BEAST.

The murinePeg3 repeat matches the humBEG3 gene twice with an e value < 0.001 and more
than half of the nucleotides aligned. This consegmepeat has been reported to contain binding
sites for YY1 (Kim et al. 2003). A truncated versiof the repeat motif in the mouse control
sequencelrrap was found in humamRRAP. The lack of further matches indicates that the
identified tandem repeats are generally not coeseand exactly tandemly arranged repeat motifs
may be a unique feature of each sequence. WittastCons most conserved elements in imprinted
genes, simple tandem repeats are absent for humdromly present for four murine PCSs,
confirming that the motifs of tandem repeats in @G islands of imprinted genes are not
conserved between human and mouse.
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Table 3.8: Tandem repeat arrays in imprinted sequeces

human
gene ocation |motif |repeti- | array |consensus sequence previously
length | tions |length identified by
(bp) (bp)
IATP10A |intragenic| 53 1.9 103 |ATGGCTGAAAACATGGGTGGGGCCCCTCCCCACCTCGC n
CCGGGTCGTGTTGTG
CD81 intragenic| 17 156 | 269 [TCTTGTGGGGTGGGGCG Paulsen et al.
2000
intragenic| 31 7.0 221 |GCACCCGTGCTGTGGCGTGCCCGTCGTCTGT Paulsen et al.
2000
down- 30 2.3 69 [CTCGGCCTCACCCAGGTGCTCCCGCTTGTG
stream
GNAS intragenic| 27 8.7 238 |GCAGCCCCAGCCGATCCCGACTCCGGG Coombes et al.
2003
GRB10 down- 41 12.2 | 498 [TACTCACACGTGGGACACAGATCCACTCTGCCGTAGCTG
stream TA
H19 upstream| 29 145 | 426 [TGTCCCACCCGGGTGACGTGCCGTACCCG Lewis et al.
2004
down- 39 3.3 127 |GGGTGTGCGGGCGATGGGGGAGATGGACAACAGGACC
stream GA
KCNQ1 |intragenic| 44 3.6 160 [TCCACATGCCCGTCTGCAGCTCGAGAATTAGACGTGCCC
TGGGC
intragenic| 40 1.9 76 |GGAATCCTGGGCTGGAACCGGAAACTTCCCCGAGTACA
TA
intragenic| 50 3.9 193 |CCTGACTCAGAACCACAACGTGGATTCCCAACTCCGATC | Paulsen et al.
CCAATTCGGGC 2005
intragenic| 26 5.8 152 |GGGAGGGCCGCGCTGAGGAGCCCCCA Paulsen et al.
2005
intragenic| 26 4.0 102 |AGAACCGCGCCGAAGAACCCCCGGGG Paulsen et al.
2005
intragenic| 27 9.0 235 |CCGAGGAGAACCGCGCTGAGGGGCGC Paulsen et al.
2005
MAGEL2 |upstream| 30 6.8 204 [TCCCCCTCCGGGGACACCGATGGCTCATCC
upstream| 21 12.2 257 |CCCACCACCGATCCGACAGGC Boccaccio et al.
1999
MEG3 upstream| 13 8.2 106 |CAGGCAGCGGTGG
MEST intragenic| 20 2.9 57 |CCTGTGGGGTTTGTGGGCAG n
intragenic| 37 2.3 85 [TTAGGATTTTTAGACCCCGGCATCCCTCTGGTGCGAT
PEG3 intragenic| 84 1.9 162 |[CAAGCCCCACCCACCTGGGCGCCATCTTTAATGAAAGAGIKIm et al. 2003
CTTGAGATTTGCCGCGCAGGCGCTGCCCGAATTGGTTG
GGCGAGA
PHLDA2, |down- 43 7.0 303 [CCGGGGATGGGCTCGGTGGGACAGGCTCGGCCGCAGG n
SLC22A18 [stream CTGCTC
down- 36 14.7 | 529 |CTGCCAGCCACCCGAACCCCAGAACCGCACCAGACA
stream
SNRPN _fintragenic| 16 6.9 113 |GTGGGCATTGGCGGCG Hug et al. 1997
ZNF264 |intragenic| 40 2.3 90 [GGCGGCGGCCCTGCGTCTGGAACGCCGTTGCCACCGA n
GGA

The location indicates the position of the CpGridlavith reference to the transcribed portion of geme
(see also Fig. 3.1). The consensus sequence is gs/eeported byandem Repeats Finder (Benson 1999).
Previous identifications are indicated by the origireference. An "n" means that no tandem repeais
been reported for this genes.
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mouse
gene ocation motif  |repeti- |array |consensus sequence previously
length tions [length identified by
(bp) (bp)
Commdl (intragenic| 38 5.0 194 |CCTGCGCAGTTACCCGGTTATCCGCAGTACGTAGCCAG | Pearsall et al.
1996
intragenic| 45 2.3 106 |CTGCGCAGTTACCCGATTATCCAGTTATCCGCAGTACAG | Pearsall et al.
GCCTGC 1996
Gnas intragenic| 36 3.3 120 |GCCGAGCCTGCCTCCGAGGCAGTCCCTGCCACCCAG Coombes et al.
2003
Grb10 intragenic| 10 32.1 | 321 |GCGTGTCGGC Arnaud et al.
2003; Hikichi et
al. 2003
Gtl2 intragenic| 23 3.3 79 |GAGGACCCCAGGAAGCCCAGCGC
H19 upstream| 11 9.5 109 [GGGGGTATAGT Lewis et al.
2004
Igf2r intragenic| 31 2.8 88 ([TCTCCTGCAACGTGGCACTTTTGAGCTCACC Reinhart et al.
2002

intragenic| 24 11.1 | 265 |CACACACCCACGGCATGGCGGTCT

Impact intragenic| 140 2.5 362 [GCTTTGCTGCATTGTCACATGAGCAGGCCCGGCCCACTC|Okamura et al.
GGCTCGGCTCGGCACAGCTCGGCTGTTGCGTCACTGGC 2000
GCCTGCTCGGCTGCGTTGTCACATGTTAGCAAGGCCGA
CTAGGCTGCTGCGTCACACGAGCAG

Magel2 upstream| 33 3.4 113 |GCTGAGAGCTGCGGTGCCAGCCAGGCAGCGCTC

Peg10, upstream| 17 3.8 65 |CTCCCACCTCCCATCAT n
Sgce promoter

promoter | 29 10.8 | 309 |ACTAATGGGCGCTTCATGCGCTACAAAAT

Peg3 intragenic| 21 9.2 196 |ATGGAGAGGCTGAAGAGCCAG

Slc22al8 (intragenic| 31 2.0 62 |AATACACCCACTCTCTCCCGGAGAAAGCAGG n

Slc22a3  |intragenic| 44 2.0 88 |AGACACACGGGGACATATATGACAGACGGAAGGAAGCT n
IAGCGAC

Slc38a4 |intragenic| 37 9.9 367 |GGGATCGGGCTGGGGTTCCCGTGGAGGGACCCTCGCG |R. Smith, pers.
commun.

3.2.6 Summary and conclusions of chapter 3.2

In general, the CpG islands of imprinted loci dd didfer from those of non-imprinted regions in
terms of numbers, lengths, G+C and CpG content;iwisi in agreement with the literature (Ke et
al. 2002a, 2002b, Allen et al. 2003). They alsowslsomilar levels of conservation. Applying an
estimation of the CpG deamination rate to the Cgl@nis in imprinted regions revealed that the
potential effects of differential methylation areibsrdinate to species-specific differences.
Imprinted genes, however, are enriched in intr@@s, indicating that these constitute important
regulatory elements. Additionally, significantly neoimprinted genes possess tandem repeats in
their associated CGls. Their apparent lack of amagi®n hints at a recent appearance and suggests
that similar epigenetic functions can be triggetsdindependently evolving DNA sequences.
Consequently, the proposed special structure adopye tandem repeats seems to be more
important for epigenetic regulation than conserseguences.
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3.3 Sequence conservation at imprinted loci

In order to investigate other potential regulatelgments of imprinted genes, the focus of further
studies was directed on comparative genomics. Tiadyses concentrate on the well-annotated
human and mouse genomes since sequence retrigvathier mammalian species resulted in
complications that may be related to a specifiootatin structure of imprinted regions. Starting
with an enlarged imprinted set and the three cbgnaups, we identified conserved elements from
pairwise alignments of orthologous genes (ECRs).ektending the investigations onto a genome-
wide scale, we used annotations of RefSeq genephastCons most conserved sequences (PCSs)
provided by UCSC.

3.3.1 Low recovery rates of orthologs of imprinted genes

The updated set of imprinted genes comprises 5&iprencoding genes (see Appendix D Tab.
D3) and three noncoding large RNA$19, MEG3, MEGS) that are orthologous between human
and mouse. The three control sets used before i3 Gland analyses were reduced to 78
orthologous gene pairs each (omittih®RC6, TUBA2, and theS.C2A14-Sc2a3 pair due to
annotation difficulties). The work of Siba Ismaelho worked as a student research assistant on
this project, revealed that, using the Ensembladotip annotations anBlast, fewer imprinted than
random control genes from cow, dog, opossum, aatygls could be assigned to chromosomal
coordinates, although the difference was not sicanit ¢ test, p > 0.1; Appendix C Tab. C1). If
an imprinted region is insufficiently sequencedssembled, several genes are missed at once, e.g.
the PWS/AS region in cow, the genes of which arstimdocated on unplaced contigs. Sequencing
and assembly might generally be more difficult imprinted regions because of special DNA
structures, e.g. chromatin loops and tandem rep@atther issue are paralogs: TREG3 region

in dog can be located to chromosome 1Bliast but since there is a larger number of the highly
similar zinc finger proteins in the correspondiegion than in other species, it is unclear whieh ar
the actual orthologs. Opossum and platypus seqeeace mostly located on contigs and
annotations seem unreliable. For these reasonsartalyses concentrate on human and mouse.
Genomic sequences of the longest transcript inctu@00 kb upstream and downstream were
taken from the updated genome builds hg18 and nirkBC&C. The cow and dog sequences with
known chromosomal location were downloaded as Welhk conservation of imprinted genes
between human and mouse has been reported (Engenahr2000, Paulsen et al. 2000, Paulsen
et al. 2001). However, no systematic comparisonbiadlelically expressed genes has been
performed yet. Therefore, | generatldstZ alignments of the human sequence as a referertice wi
mouse, cow, and dog sequences, respectively. Qmerm alignability, is calculated as the
percentage of the human gene that has matchegheithligned species. Sequence identity is the
percentage of identical aligned bases. There maysuimstantial amounts of non-conserved
repetitive elements inside the noncoding regions gene which cannot be aligned, resulting in
low total alignability and identity, although thepding portion may be well conserved. Low
alignability can be caused by alternative promotéiféering UTRs and/or introns, species-specific
indels like different extends of repetitive elenePaulsen et al. 2000), and long unsequenced
stretches in the aligned species. Neverthelessahumprinted genes are 4 to 100% alignable to
their murine orthologs, with a median of 64%, whishslightly higher than for control genes
(Wilcoxon test, p < 0.1). The noncoding transcrgitew surprisingly good coveraddi9 is 100%
alignable MEG3 88%, andVIEG8 51%. Without them, maternally expressed genes tindrds a
lower coverage and identity than paternally exmésmes (p < 0.08), which in turn achieve better
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3.3 Sequence conservation at imprinted loci

values than control genes (p < 0.05). Howeverr ttaiservation is more variable.

Cow and dog sequences give a better coverage btthan sequences than mouse ones and the
identity of the genes is higher (p < 0.05). Herelightly increased identity of the 21 paternally
expressed genes compared to genes in the contso{pse 0.1) is the only trend for a difference
between the groups. G+C content and GPGPG.,, are also similar between the groups, with G3
being strikingly CpG poor. Interestingly, the G+@ntent of the genomic sequence is significantly
correlated with the identity of the alignment (85, p < 0.001), making G+C-rich sequences more
conserved than G+C-poor ones. Thus, the CpG-righrimed genes mentioned in section 3.3.1
may introduce a bias in the imprinted group. In swary, there is no pronounced difference
between imprinted and randomly selected genes weipect to the conservation of genomic
sequences.

3.3.3 Properties of pairwise and genome-wide conserved elements

Next, we determined pairwise evolutionary consemegions (ECRSs) in the genomic sequences.
ECRs are defined as sequence stretches/6Pb6 identity over at least 100 bp (Elnitski et2002,
Loots and Ovcharenko 2005). They were identifiemmfrthe BlastZ alignments mimicking the
approach oPipMaker (Schwartz et al. 2000; see section 2.4.2). Thebaurof ECRs per sequence
is very variable, depending on multiple factoreligene length, numbers and size of introns and
coding regions, conservation, and algorithmic ¢ffeReasons for no ECR being found in a region
may either be due to weak or absent conservatenptesence of unsequenced parts, or a shorter
transcript in the aligned species. Consistent tidir lower conservation, there are fewer ECRs in
mouse-human alignments than if cow and dog seqsesreealigned to human ones and they are
shorter (Wilcoxon test, p < 0.001). However, thare still substantial parts unsequenced in both
species. ECRs have similar amounts of gaps inraligs (p > 0.2). The percentage of ECRs that
overlap with repetitive elements is similar betwdba imprinted and the control groups; it is
significantly lower in alignments with mouse (20%g9mpared to those with cow or dog (42¢%;
test, p < 0.001). On the one hand, this can beamad by the fast mutation rate, especially
deletions, in the rodent lineage (Waterston e2@02). Additionally, since there are more ECRs in
cow and dog, the probability of extending an ECR mrepetitive sequence is higher.

Most of the imprinted genes are located in clusfEnsis there is a large overlap of their +/-300
kb genomic environments, resulting in the repeatetkction of the same ECRs. If overlapping
regions are omitted, the sequences in the imprigtedp sum up to barely 50% of the total
sequence length in any of the control groups, wharely have an overlap. Consequently, the
number of non-redundant intergenic ECRs is loweitha imprinted group. Imprinted genes,
however, are not closer to each other than coganés to their neighbors (Wilcoxon test, p > 0.1).
In order to exclude ECRs in promoter and codingoregyof neighboring genes, intergenic ECRs
must be at least 1 kb distant from the next gemg @6). Under these conditions, the density of
ECRs is similar in all groups: There are two humaouise ECRs per 10 kb in intergenic regions
and four ECRs per 10 kb in intragenic regions. Tdéer include both intronic and exonic
sequences.
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Figure 3.6: Classification of conserved elements

Boxes represent genes, circles stand for conseeleahents. (A) To be counted as an
intergenic conserved element (red circle) assatiatgh a reference gene (blue box), the
element must be at least 1000 bp distant from ¢éix¢ gene (cutoff shown by vertical bars). (B)
In the case of imprinting clusters, the cutoff refto the non-imprinted neighboring genes.

Attempts to find ECRs in common between all fourrmaals were hampered by incomplete
sequences. For example, a considerable part ohinthuman-mouse ECRs in imprinted genes did
not correspond to human-cow or human-dog ECRs. thhdilly, it became desirable to perform
analyses on a genome-wide scale. The obvious cHoiceghis purpose were thphastCons
28wayPlacMammal most conserved sequences (PC$el 8teal. 2005) provided by UCSC. PCSs
are determined from multiple alignments of the gees of 18 placental mammals via a Hidden
Markov model and projected onto each genome. Tihes, conservation score is independent of
any reference, but the resulting length may devieden that in the original alignment due to
insertions or deletions in the species the PC%ojegted onto. As a part of his work on the pragject
student research assistant Matthias Bieg implerdeatebinary search algorithm to calculate
overlaps of genomic coordinates. Using it, the 1,236PCSs with lengtk 20 bp were mapped to
all 17,916 autosomal protein-coding human (hgl8egdrom the UCSC RefSeq Genes track, for
which the longest possible transcripts were constol PCSs inside genes are divided into
intronic, coding exonic and non-coding exonic. ASP&erlapping the transcriptional start site of a
gene is termed promoter PCS. A conserved elemerdliesd exonic if it overlaps by at least 1 bp
with an exon, else, it is intronic. To be codingmust cover at least 1 bp of coding sequence.
Intergenic PCSs reside between genes and are eddigthe next neighboring gene. All sequence
features are calculated based on the human gerfeimee PEG3 is a transcriptional variant of
ZIM2 in the human genome, the effective gene numbgreoimprinted group is 57.

Compared to genome-wide data, similar numbers obsP@er gene were detected in the
imprinted regions, which possess 3969 PCSs (Wiledgst, p > 0.8). The median number of PCSs
per gene is 16 for the imprinted group and 14 genaide. PCSs associated with imprinted genes
stand out as exceptionally G+C and CpG-rich (Fig, &ppendix C Tab. C2). The number of
PCSs that contain at least one CpG is also hightirei imprinted group than for the genome (42%
vs. 36%,° test, p < 0.001).
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Figure 3.7: Boxplots for discerning features of huran phastCons sequences

PCSs in imprinted regions are G+C and CpG-riclems konserved and shorter than PCSs on
human autosomes. Although the differences of theliams are rather small, they are
significant (Wilcoxon test, p < 0.001). For the ptot of the CpG content, PCSs without CpG
were omitted. Note that for CpG content and lenéghtures where the majority of PCSs is
concentrated at small values, the y axes are mriitgnic scale to transform the highly skewed
distributions into a more convenient form.

Unexpectedly, PCSs in imprinted regions have lavesiservation scores and are shorter than those
in the entire autosomal genome (Fig. 3.7, Apper@iXab. C2). The correlation between G+C
content and conservation score is, unlike the hagtrelation between G+C content and the
proportion of identical alignment positions of getrio sequences observed in section 3.3.1, very
low for PCSs (r = 0.13). Additionally, the (TpG+Cp&-CpG) ratio of all PCSs in imprinted
regions is lower than for PCSs in the whole gen@W@écoxon test, p < 0.001; Fig. 3.8). This
effect is mostly caused by lower ratios in introard intergenic regions.
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Figure 3.8: (TpG+CpA)/(2-CpG) ratio in human phastCons sequences

The (TpG+CpA)/(2CpG) ratio serves as an estimation of the CpG detion rate. Since it is
not defined for sequences with 0 CpGs, PCSs thatalacontain a CpG dinucleotide were
omitted

To verify that these results are not biased byptioperties of the human genome, the analyses were
repeated for the mouse genome (mm9), which is Cp@gp. 18,772 genes including 53 imprinted
mouse orthologs are annotated as RefSeq genes twsomes. In the corresponding
phastCons30wayPlacMammal track there are 1,26&fi8y conserved PCS element20 bp,

of which 3502 reside in the vicinity of the impmat genes. Although some differences exist, the
general features are essentially the same (Appe@dibkab. C3). Likewise, PCSs in intergenic
regions and introns behave similarly to all PCSgpéndix C Tab. C4).

The significantly elevated association of PCSs WG islands in imprinted regions (Tab. 3.9)
has already been mentioned in section 3.2.4. Whefea introns it can be attributed to an
enrichment of intronic CGls, the accumulation olemgenic CGIs in the imprinted group is not
significant compared to the human and mouse gencfyfesest, p > 0.2). The estimated
deamination ratio of PCSs in CGils is slightly thbugpt significantly higher in imprinted regions
(median 0.73) than the genome-wide ratio (medi&8;0ilcoxon test, p > 0.3). Hence, the CpG
island character of these PCSs is apparently netechby reduced CpG deamination rates due to
germ line specific methylation patterns. Moreoviemprinted regions possess more PCSs that
overlap with repetitive elements, indicating thia¢de are better conserved than in non-imprinted
regions. The enrichment is pronounced in interganit intronic regions as well as in both species
(% test, p < 0.01; Tab. 3.9).
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Table 3.9: Overlap ofphastCons sequences with CpG islands and repetitive elements

human | PCSs in imprinted regions PCSs genome-wide
location | total | with repeat | with CpG total with repeat with CpG
overlap (%) island overlap (%) | island overlap
overlap (%) (%)
intronic | 1120 14.0 7.1 365,258 9.9 2.2
intergenic | 1787 13.3 4.6 588,309 9.8 2.6
coding |1015 4.8 13.0 306,508 3.3 9.4
exons
all 3969 11.5 8.1 1,271,956 8.4 4.4
mouse | PCSs in imprinted regions PCSs genome-wide
location | total | with repeat | with CpG total with repeat with CpG
overlap (%) island overlap (%) | island overlap
overlap (%) (%)
intronic | 1141 14.3 4.3 348,063 8.3 1.7
intergenic | 1230 12.0 3.0 606,271 8.8 2.0
coding |1072 3.6 7.4 302,787 3.1 5.4
exons
all 3502 10.3 5.7 1,268,568 7.4 3.1

As figure 3.9 shows, LINE elements (L1, L2 and othBNES) are the most abundant repeat class
with regard to overlap with PCSs. Compared to titessomal genomes, significantly more PCSs in
the imprinted regions of both human and mouseauatéd inside LINEsyf test, p < 0.005). The
same holds for the subset of intergenic PCSs (p.05 @or human, p < 0.005 for mouse,
respectively). There is also a marked enrichment®fL1 subclass of LINEs for human imprinted
regions (p < 0.001) whereas for the mouse, it Ig tantative (p < 0.1). Additionally, overlap with
SINEs and LTRs is reduced for PCSs in intergenccahmurine imprinted regions (p < 0.001 and
p < 0.05, respectively) but not in human (p > 0Qfher repetitive elements are not discerningly
distributed.

The data obtained for ECRs are similar to the desdrresults for the PCSs: The densities of
intergenic and intragenic ECRs associated with im@d genes are similar to those of the control
groups. ECRs of imprinted genes exhibit reducedGHPPA)/(2CpG) ratios and significantly
more ECRs overlap with CpG islands in the imprirgeaup than in the control groups. The ECRs
that overlap with CpG islands show similar (TpG+Qi2ACpG) ratios in imprinted genes and in
the control groups. In contrast, the ratio of reépeerlapping ECRs is not significantly elevated in
the imprinted group for human-mouse (21% vs. 18-38%est, p > 0.1). However, there is an
enrichment of LINE-1 in intronic (p < 0.01) and, ragpronouncedly, in intergenic ECRs (p <
0.005). We also identified the PCSs for the congeries and and found the results consistent with
genome-wide analyses. Thus, the differences depertte alternative method rather than on the
choice of the control groups.
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Figure 3.9: Distribution of repetitive elements inphastCons sequences

PCSs from the human genome that contain at lebpt df a repetitive element were summed
up in categories according to the first overlappiegeat. The most prominent enrichment is
that of PCSs with LINE-1 repeats (L1, red) in igiemic regions of imprinted genes relative to
the genome.

3.3.4 Features of the promoter regions of imprinted genes

Promoter regions harbor transcriptional signalsictvimay be distinguishing for imprinted genes.
Not all of the promoters in the imprinted group aually imprinted. Sometimes, the imprinted
transcript arises from an alternative promoterhewrtdownstream as it is the case Wil
alternative transcript (Hancock et al. 2007)Begain (Tierling et al. 2009). In other cases, tissue-
specific promoters are found far upstream (Chottlial. 2009). Even imprinted promoters are not
always differentially methylated in clusters withased regulatory elements (Lin et al. 2003,
Parker-Katiraee et al. 2007, Ruf et al. 2007). Thaidng the most 5' annotated transcriptional star
site (TSS) as for biallelically expressed genesukhgield unbiased results for the investigation of
typical promoter features.

In total, 9794 (55%) of the most upstream annotatadscriptional start sites coincide with
CpG islands but only 3711 (38%) of these CpG idasdo overlap with PCSs. Imprinted genes
show virtually identical ratios: 54% of their magtstream promoters are located in CpG islands,
of which 42% overlap with PCSs. Only 30% of the lamngenes, likewise 16 imprinted ones, have
a conserved region (PCS) overlapping their modt¥5. This is not surprising since turnover at
transcription start sites is a general propertsnammalian genomes (Frith et al. 2006).

As the requirements for ECRs are less stringent thase forphastCons sequences, an ECR
can consist of several PCSs or not coincide wBCS. Regarding ECRs, the number of conserved
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promoters in human-mouse alignments is higher thanof PCSs (Tab. 3.10), thus they are better
suited for further analysis. Far more than halthef promoter ECRs coincide with CpG islands in
all groups. Promoter ECRs are of highly variablegte and can even extend throughout highly
conserved intronless genes liKKeF14. Nevertheless, neither PCSs nor ECRs in prometgomns

of imprinted genes do stand out from those of #ieoge or control genes with respect to lengths,
CpG and G+C content, CRECpG.,, (TpG+CpA)/(2CpG) ratio, or conservation scores

(Appendix C Tab. C4). Also when analyzing conserpeaimoter regions defined as the part of
human sequences from -1000 to the transcripticaal site that could be aligned to mouse with
BlastZ, these features were similar or showed no comistiferences between the imprinted and

control groups.

Table 3.10: Conserved promoter regions

group genes PCS ECR alignable

imprinted 61/57% 16 28/25% 56/53%
Gl 78 47 35 73
G2 78 30 47 74
G3 78 21 33 74

4The numbers on the left refer to data with the oty RNAsH19, MEG3, andMEGS, the
numbers on the right to protein coding imprintedegeonly.

When applyingEpiGraph (Bock et al. 2009) on the complete -1000 to TSS§iores, the
recombination rate was found to be significantigveted in the imprinted group compared to all
controls. Imprinted regions have indeed been repoitio contain recombination hot spots
(Sandovici et al. 2006). Overlap of the examinegiaies with the histone modification H2A.Z,
which is found in promoter regions as well as ie thody of transcriptionally silenced genes
(Barski et al. 2007), was not consistently reducld. sequence patterns or DNA structure
predictions showed up with discriminative featurBatterns of four nucleotides as analyzed by
EpiGraph may be too short to be meaningful. Thus, for 6smeported bywvordcount to have a
large difference of occurrences in the imprintedveesus all control sets, the presence or absence
in individual conserved promoter regions was codnfdthough some, especially GA-rich, 6-mers
seem to be depleted in the imprinted group, theilligion is not significantly different test, p >
0.1). However, cccccc is overrepresented (p < 0.0B¢ progranK-Factor (Lee et al. 2007) did
not report any 6-mers to be consistently enrichethe imprinted set compared to control sets.
Additionally, the occurrence of TATA boxes as wedl that of consensus binding sites of SP1 and
the zinc finger protein encoded by tREagll gene, which has been reported as binding at C4G4
motifs in theH19 andKCNQL1 regions (Varrault et al. 2006, Arima et al. 200B¢re examined but
did not show significant differences. Intriguingl$he occurrence of specific motifs is not
conserved between the species.

On a genome-wide scale, we investigated the asswtiaf the human most upstream promoter
regions with regulatory elements from the ORegAmtatabase of known regulatory regions
(Montgomery et al. 2006, Griffith et al. 2008). ®nB.6% of all autosomal genes have
experimentally determined transcription factor longdsites (TFBSs) annotated. Similarly, this is
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the case for five of the 58 imprinted genESH2, INS, PEG10, PHLDA2, andSGCE). With the
exception ofiNS there are exclusively CTCF binding sites anndtéte them. The ratio is almost
identical to the genome, where 1255 of the 154legéghat have an ORegAnno TFBS in their
promoter possess at least one CTCF binding sitas, Tpromoter-associated CTCF binding sites
are not discerningly distributed. Investigating Hrenotated putative TFBSs that are conserved in
human, mouse, and rat for the 1000 bp upstreammeofiost upstream transcriptional start site, we
assigned at least one conserved TFBS to 29 (509%heohuman imprinted genes, which is an
insignificantly lower ratio compared to the genowiede one (10,805 genes, 60%). Promoter
regions of both groups contain on average two TEB33 A boxes and predicted YY1 binding
sites are similarly rarely represented in imprirdged autosomal geneg test, p > 0.4). According

to K-Factor, there are two motifs with a significant enrichméK-Factor score> 3.5) in the
regions 1000 bp upstream of the transcriptionat sti¢e in human imprinted genes (tgcgta and
gcgtat) and seven different ones in mouse imprigtkes (atagcg, atcgca, cgtacg, ctacga, tgcgtg,
tgtcga, ttggcg). Most of these motifs share thetufea of having both a TpG and a CpG
dinucleotide, indicating their CpG island assooiatand possible deamination effects.

3.3.5 CpG-rich motifsin intragenic and intronic conserved regions
Conserved elements in the introns of imprinted geare exceptionally G+C rich (median 38.89%
compared to 36.54% based on the human genome; Xliictest, p < 0.0001). The imprinted
group has more intronic PCSs that contain a Cp@ctiotide than the genome (32% and 25% in
human, 40% and 33% in mouse, respectivgfytest, p < 0.001) and their CpG content is
significantly higher (Wilcoxon test, p < 0.001; Agpudix C Tab. C4), consistent with the before
mentioned enrichment of intronic CpG islands. Teestigate whether there are sequence patterns
distinguishing for imprinted genes, | concatenateel sequences of all intronic PCSs per gene,
separated by 6 Ns each to prevent artificial secpi@@mbinationskK-Factor identified a large
number of 6 bp motifs that are overrepresentech@nimprinted set compared to both the pre-
calculated genomic background and the autosomateteed intronic sequences. All of them
contain at least one CpG whereas TpG and CpA aee wdnich is in accordance with the lowered
(TpG+CpA/(2CpG) ratios of intronic PCSs. Converting repetit@ements to Ns to exclude
potential motifs in repeats did not alter the n®@ind only marginally influenced their scores.
Table 3.11 shows the ten 6-mers that show a sigmifienrichmenti{-Factor score > 3.5) in both
human and mouse imprinted sets.

Similar motifs were detected for the concatenatgcgenic PCSs, which are likewise enriched
in G+C and CpG (Appendix C Tab. C4). In generadréhwvere no genome-wide overrepresented 6-
mers that were underrepresented in the imprintedpy. Of the % possible 8-mers, there are as
many as 1,486 overrepresented in the conservedniotsequences of both human and mouse
imprinted genes. They mostly contain two or eveiedhCpGs. Since they might overlap in the
sequences, clustering would be required for a betterpretation. It is most likely that CpG rich
sequences, just as CpG islands, provide an opemeélin structure associated with promoters of
alternative and antisense transcripts. Although paomeons of the imprinting-specific 6-mers to
CpG rich binding site motifs of transcription facdike SP1, CTCF, and YY1 did not show
congruencies, they might represent alternativeepadt Kim et al. (2007) reported that 75% of the
CTCF binding sites identified by ChIP-on-Chip exp®nts share a common motif (Fig. 3.10) — to
which several of the overrepresented 6-mers caalipeed — whereas the rest is highly divergent.
This is not surprising because CTCF possesses pheultinc fingers which can alternate in
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contacting the DNA, making its possible bindingesitvery diverse (Loukinov et al. 2002).
Nevertheless, evolutionary conservation allowsredt the seemingly most crucial ones (Xie et
al. 2007, Kang et al. 2009).

Table 3.11: 6-mers enriched in intronigphastCons sequences of imprinted genes

human imprinted mouse imprinted
6-mer score against score against score against score against
genomic autosomes human genomic autosomes
background background
cgccgc 6.21 4.08 5.91 4.04
cgcg ac 3.51 431 3.64 3.82
gccgceg 5.79 4.47 5.46 4.39
gcegtc 3.62 4.32 5.37 4.70
gcgccg 6.02 3.65 9.36 5.92
gcgtcg 4.31 6.65 5.96 6.52
gggcecg 3.82 4.01 3.70 3.99
ggggcg 5.30 4.28 4.75 3.61
gtcgcg 10.53 7.32 10.92 5.60
tccgeg 451 418 4.68 3.96

Analyses of transcription factor binding sites restricted to conserved elements revealed that 20
human imprinted genes (34.48%) and 25.76% of thtsamal ones have at least one
experimentally verified TFBS annotated by ORegAimone of their intronsyf test, p > 0.1). The
rates for intergenic TFBSs are 48.28% and 47.98%pactively (p > 0.9). CTCF binding sites are
present in the introns of 20 imprinted genes, wiigch slight enrichment compared to 22.43% of
the autosomal genes (p < 0.05). With regard tagetsic regions, 27 imprinted genes (46.55%)
and 7588 autosomal genes (42.35%) have a nearby @ir@ing site (p > 0.6). In total, CTCF
binding sites are found in or in the vicinity of%6of the human imprinted genes and 54% of the
autosomal ones (p > 0.1). Thus, intronic CTCF higdsites might be most distinguishing.
Unfortunately, genome-wide CTCF data are missimgife mouse and, due to the lack of a binding
site matrix for CTCF, not available in the UCSCsftilons track that annotates putative TFBSs that
are conserved in human, mouse, and rat.

Predicted YY1 binding sites from tfbsCons are foundntrons of ten imprinted imprinted
genes, including both previously reported and nases, and 1744 autosomal genes (17.24% vs.
9.73%, p < 0.1). In intergenic regions, anotherir@Printed genes have such a site, a notable
enrichment compared to the autosomes with 24% @085). If all locations are taken into
account, the ratio increases to 52% for imprinted 31% for autosomal genes (p < 0.005). Since
CTCF and YY1 interact (Donohoe et al. 2007), a coetb occurrence of TFBS for both proteins
might be particularly meaningful. Indeed, thistie tase for 40% of the human imprinted genes as
opposed to 21% on autosomes (p < 0.005). Ongoisgareh is focussing on the overlap of
conserved regions with annotated regulatory elesnemd histone modifications.
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Figure 3.10: CTCF binding site motifs

The logo for CTCF binding sites, taken from Kim Etal. (2007), is derived from ChIP-on-

Chip experiments and compared to the previous cmusesequence (Bell and Felsenfeld
2000). Notably, the positions of CpGs — methylatidrwhich abolishes CTCF binding — are

different between the previous and the new consensu

3.3.6 Weak conservation of exonic sequences

Coding regions are supposed to be subject to sedeconstraints due to protein function. As
imprinted genes encode proteins that are impoftarembryonic development, one would expect
them to be highly conserved. Nevertheless, the 1B2&s overlapping with coding exons of
imprinted genes are significantly shorter and aahiwer conservation scores than all 309,941
coding PCSs as well as randomly sampled PCS grotigee same size (Wilcoxon test, p <
0.0002). Closer investigation as shown in figurE03evealed that these differences are especially
caused by the subset of 538 coding PCSs of thee@8sgwith maternal expression in human. In
contrast, those in the 29 paternally expressedsgenly tend to have lower scores compared to the
genome-wide values (p < 0.09) and higher scores tnaternally expressed ones (p < 0.08), but
are not significantly different from both in terro$ length (p > 0.2). Length, however, might be
biased by projection onto the human genome asetigih of a PCS sometimes deviates from that
in the original alignment due to insertions or tieles in the species the PCS is projected onto.
Therefore, we repeated the analyses for mouse RG&= the set of paternally expressed genes is
reduced because some are not annotated as RefBes a@dGrbl0 and Copg2 show maternal
expression. Although paternally expressed murimeegeshow similar scores but increased length
compared to maternally expressed ones, the othdinfis are completely in line with the results
based on human, thus excluding a projection bias.

Suspecting that conservation of non-mammalian s could also be different between
imprinted and biallelically expressed genes, weesgtigated if there was an enrichment of
mammalian-specific PCSs. Such PCS that are omgarged in the 18 mammals subset, but not in
the whole 28 vertebrates set were termed mPCSslantified as depicted in Fig. 3.12. The simple
approach has a disadvantage: If orthologous geeeabsent in some species, e.g. nhon-mammals,
high conservation of the existing ones is suffitiengive rise to PCSs (compare section 2.4.2).
Thus, the selected mPCSs are truly mammalian-spdxif exclude an unknown number of false
negatives. In the human genome, there are 37,6289%P48% of them in intergenic and 42% in
intronic regions. Only 3,532 (6%) overlap with aogliexons of 17,916 genes. With a similar
distribution, 66 mMPCSs are assigned to imprintategeSince only six mPCSs are located in the
coding regions of six imprinted genes, there ishagian enrichment nor a significant depletion of
mammalian-specific coding PCSg fest, p > 0.4).
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Figure 3.11: Conservation score and length of exanphastCons sequences

Using the human genome as a reference, the cotisenszore (A) and length (B) of PCSs
that overlap with coding exons were determined. ganmed to genome-wide data (black bars),
the PCSs of maternally expressed genes (red baesklerter and achieve lower scores

whereas PCSs of paternally expressed ones (bli® bex similar to PCSs of biallelically
expressed genes.

We next asked whether the low conservation couldhtiibuted to increased divergence in a
particular mammalian lineage. Rodents spring todn@a they are fast-evolving (Waterston et al.
2002, Gibbs et al. 2004) and seem to exhibit p#gity strict imprinting that might affect
conservation (Morison et al. 2005, Monk et al. 2006oreover, in thephastCons Hidden Markov
model, where sequences are weighed according itoeti@utionary distances, the contribution of
rodent sequences is relatively high. Using theteggairwise ECRSs is a logical way to peruse the
hypothesis. There is no significant difference sbetween imprinted and control genes with
respect to coding ECRs derived from human-cow andam-dog alignments (Wilcoxon test, p >
0.2). In contrast, coding ECRs in human-mouse inted genes, namely in the maternally
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expressed ones, have lower identities than the@dBCRs (p < 0.02). They are not significantly
shorter (p > 0.4), which may result from the pragedof finding ECRs with a lower limit of 100
bp for the length. This is considerably above theglian length of PCSs, 67 bp, whereas the median
ECRs length is 200 bp. Paternally expressed gemesimilar to the control genes. The results
obtained for PCSs in the control genes are comsistéth genome-wide analyses. The ECR
approach demonstrates that, although decreasedreatien of imprinted genes in other species
may also contribute to the reduced PCS scores rnadlieexpressed murine and human genes are
highly diverged.

Figure 3.12: Identification of mammalian-specificphastCons elements

The set of mammalian-specific codipgastCons elements (hatched) is the complement of the
phastConsElements28way set (blue circle) relativethte phastConsElements28wayPlac-
Mammal set (red circle). mPCSs comprise all eles¢imat are highly conserved in the 18

mammals but do not fulfill the conservation reqmients in the whole 28 vertebrates set. From
these mPCSs, we chose the subset with a lengtHeds 20 bp.

Interestingly, the overlap of the analyzed PCS# witding exons is higher for imprinted genes
compared to the rate for all protein-coding humaneg (Wilcoxon test, p < 0.0001). In order to
distinguish between the contribution of proteiniogdsequences and adjacent intronic parts to
PCSs, I looked at the subsets of PCSs that areletstyplocated in coding exons. They comprise
51% of those in the imprinted group and 41% ofahsomal oneg{ test, p < 0.001). Here, the
weak conservation of PCSs in all imprinted gened #nmaternally expressed genes is less
significant (Wilcoxon test, p < 0.02). Only a trenémained for the difference in length for
maternally expressed genes (p < 0.06). Togethdr thé& increased exon overlap rate this implies
that intronic sequences near exon boundaries xmple splice signals, contribute substantially to
the differences between PCSs in coding exons ofiimga genes and those of biallelically
expressed genes.

3.3.7 Summary and conclusions of chapter 3.3

Imprinted regions have a similar content of evalodrily conserved elements as the whole human
genome contents but these elements have lowerrvatis& scores and are shorter. PCSs that are
associated with imprinted genes also stand outeasgghG+C and CpG-rich. They overlap more
frequently with CpG islands and ancient repetiements, particularly LINES, which indicates
that not CpG islands and the distribution of repeat se, but conserved ones constitute important
elements in imprinting. The estimated deaminatiate rof conserved elements in the imprinted
group is lowered compared to the genome. Consénterjenic and intronic regions are enriched
in CpG-rich motifs, arguing for an open chromatirusture and an enrichment of antisense or
alternative transcripts. Most interestingly, th&vloonservation of conserved elements in coding
exons of genes with a maternal expression pattesniimt at a specific mode of evolution.
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3.4 Divergence and conservation of protein-codingnprinted genes

Reduced conservation of conserved elements indtim@ regions of imprinted genes implies that
protein conservation should also be reduced. lerorl find out why they might be so divergent,
the obvious next step was trying to assess theugophry history of protein-coding regions by
using genome-wide data from HomoloGene. Furthermsiece imprinted genes have been
frequently linked to paralogs, we investigated wiketthe existence of paralogs had an influence
on the conservation of protein-coding genes.

3.4.1 Contrasting evolution of rodent imprinted genes

The evolutionary history of imprinted genes in gllaial mammals was investigated on a genome-
wide scale using data from HomoloGene release @xtabase that provides information on the
conservation of orthologous RefSeq cDNA and protsgguences derived from pairwise
alignments. Matthias Bieg wrote a parser for thelXiNe to extract identity values of human DNA
and amino acid sequences, respectively, with asgmlof mouse, rat, chimpanzee, dog, cow,
chicken, and zebrafish. As orthologous sequencesnat always available, comparably low
numbers were obtained for statistical analysesgchvidid not reach the high significance level
observed for the conserved elements.

Table 3.12 shows the data for human-mouse orthakgene pairs. Compared to genome-wide
data, maternally expressed genes are less congerterans of cDNA identity (Wilcoxon test, p <
0.05) and the proteins encoded by them show a tr@mdrds reduced identity (p < 0.06). The
comparisons to control groups are slightly morenificant, which is not surprising because the
proteins encoded by genes in G1 and G2 are moreepaed than the genomic average (p < 0.05).
In contrast, paternally expressed genes are noifisntly worse conserved (p > 0.15). This is in
accordance with what one would expect from the cedwscores and identities of exonic conserved
elements. There is a high correlation between teeagie PCS score of the imprinted genes and the
identity of their human-mouse orthologs (r = 0.64).

Table 3.12: HomoloGene data for human-mouse orthoffous gene pairs

group genes |protein ID + cDNAID + Ka/Ks + Ks + std.dev.
std.dev. (%) | std.dev. (%) std.dev.
imprinted 53 83.7#11.3(*) 83.4+6.4(*) [0.148+0.113(*) P.655+0.232
maternal expr. 26  82.5+£10.1*(**){82.5+5.9**(**) 0.161+0.116*(*)0.674+0.179
paternal expr. 27 84.81£12.4 84.3+6.9 0.136£0.110 0.639+0.272
genome 16,582°|85.6+11.7 84.4+6.5 0.129+0.109  D.641+0.227
X chromosome 538 [85.4+13.6 85.2+7.6 0.141+0.127  [.584+0.255***
Gl 75 [88.7+9.2* 85.6+5.0 0.100+0.084* D.654+0.225
G2 75 88.1+10.9* 85.4+6.1 0.104+0.102* D.638+0.211
G3 76 |87.5+8.8 85.3+4.5 0.105+0.074  P.651+0.163

# Ka/Ks rates are undetermined for 21 genes
*p<0.1, *p<0.05, * p <0.001 (Wilcoxon tédor comparison of the respective group to
genome data). The significance level in compartsozontrol groups is given in parentheses.

Conservation between human and chimpanzee, dog, addeken, and zebrafish is similar for
imprinted and biallelically expressed genes (p 2, Appendix D Tab. D1). Consequently,
increased divergence at imprinted loci did not taleee in the human lineage but in the mouse or
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in rodents in general. Further evidence for thietatypothesis is given by human-rat gene pairs,
for which the data are consistent with those frorouse (Tab. 3.13). Here, the reduced
conservation of maternally expressed genes is m@e significant, which can be attributed to a
higher number of substitutions in the rat (Gibbale2004).

When basing the same analyses on mouse as thenaderalso the conservation of imprinted
genes with cow is lower than that of non-impringgzhes on protein and cDNA level (p < 0.04;
Appendix D Tab. D1). Comparisons with other speeies inconclusive, probably due to a high
number of predicted sequences in their genomes tl@drather large evolutionary distance.
However, they do not contradict the suggested as=é divergence of murine imprinted genes.
Dog and chimpanzee data comprise more than 95%edligbed sequences and thus have to be
considered with caution. Genome-wide, mouse-chimpanorthologs are less conserved than
mouse-human orthologs (p < 0.02) but in the limgets of imprinted or control genes, they show
virtually identical values (p > 0.6). For G1 and,®2e results of mouse-chimpanzee conservation
are consistent with those obtained for human-maslsswing a trend for reduced protein and DNA
identity of genes with maternal expression in mose 0.07). For G3 and the genome, there are
no significant differences.

Intriguingly, when comparing mouse and rat orthsld@ab. 3.14), it is obvious that, whereas
the protein identity is not significantly elevatgrd> 0.6), DNA conservation of the imprinted group
is above the genome-wide level (median 93.80%, @.02). This is caused by the paternally
expressed genes (median 94.45%) whereas matemgihessed ones (median 94.1%) do not
exhibit higher conservation. Also here, controlups proved different from genome-wide data by
exhibiting higher protein identities (p < 0.08).eTHistributions of both protein and cDNA identity
are similar between control groups and imprintedege(p>0.18). Notably, in all comparisons the
standard deviation is always smallest for imprirgedes. This indicates that this group represents
a quite homogeneous set on which evolution seerhave acted equivalently. Given the marked,
if not even elevated conservation of imprinted geloetween the two rodent species as opposed to
their divergence from other mammals, most of tlsea&lining DNA changes must have taken place
before the split of rat and mouse.

Table 3.13: HomoloGene data for human-rat orthologos gene pairs

group genes |protein ID cDNAID + Ka/Ks + Ks + std.dev.
std.dev. (%) | std.dev. (%) std.dev.
imprinted 47/46° 83.2+11.6* 83.116.4 0.152+0.113* [.186+0.074***
maternal expr. 24 |81.7+10.5**  {82.045.7** 0.164+0.115* [.192+0.069*
paternal expr. 23 84.6+£12.7 84.2+7.1 0.139+0.111 .178+0.081**
genome 15,146/85.5+11.7 84.216.4 0.128+0.109 0.229+0.107
15,1317

#The second number refers to sequences availalfleeitiomoloGene database for Ks and
Ka/Ks analyses

*p<0.1, *p<0.05, * p <0.001 (Wilcoxon tégor comparison of the respective group to
genome data)
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3.4.2. Divergence at the base of rodent imprinting

Relaxation of the selective constraints that acpaitein-coding sequences implies that evolution
might have favored changes in imprinted genes cbrmmon ancestor of mouse and rat. The
different kinds of selection are commonly estimalbgdcomparing the rates of synonymous (Ks)
and non-synonymous substitutions (Ka) per sitevedrfrom pairwise alignments of coding DNA
(Nei and Gojobori 1986, Yang and Bielawski 2000). deneral, Ka/Ks ratios of below 0.25
indicate strict purifying or negative selection, Which in spite of changes at the DNA level the
amino acid sequence is largely maintained. Ka/K$ s indicative of positive selection, also
known as Darwinian selection, which favors DNA ntigtias that lead to changes of the protein
sequence. A value of 1 suggests neutral evolutibim relaxed constraints. It must be considered
that for very distantly related species, Ka/Ks figm undefined due to unreliable estimates of the
rate of synonymous changes. Therefore the numbsemqiences available for comparisons is low
with chicken and zebrafish.

Synonymous substitutions have been used beforgsiss mutation rates in imprinted genes
(McVean and Hurst 1997, Smith and Hurst 1999). lRonan-mouse and mouse-cow gene pairs,
Ks rates are essentially similar in all groups (p.2), indicating that there is no specific selezti
pressure on silent changes. Ka/Ks is thus conttdilethe rate of nonsynonymous changes. In line
with the high correlation between Ka/Ks and Ka (086 for human-mouse and r = 0.85 for
mouse-cow orthologs, respectively), sequencesaviitgh Ka achieve high Ka/Ks ratios. Between
human and mouse, Ka/Ks tends to be elevated foyrtngp of 26 maternally expressed genes (p <
0.08) but not for the 27 paternally expressed ¢pes0.15; Tab. 3.12). The Ka/Ks ratios of the 38
imprinted orthologs available for mouse and cowtargatively elevated as well (p < 0.1 genome-
wide; Appendix D Tab. D1). Ka/Ks ratios in G1 an@ @re lower than in the genome (p < 0.03),
implying that their above mentioned strong consgowmaon protein level results from strict
purifying selection. Thus, these control groups alogiously not representative for the genome.
Taken separately, the 22 pairs of genes showingrmalt expression in mouse and their cow
orthologs show lower significance, indicating thia¢ 16 paternally expressed ones, although not
significantly different from non-imprinted geneentl to be less conserved between mouse and cow
as well. It must be noted that the variance of npailey expressed genes is very high as this set
comprises both the most conserved and the mostgdine genes. The results support the
conclusion that imprinted genes have evolved fadtan biallelically expressed genes in the
mouse.

Table 3.14: HomoloGene data for mouse-rat orthologes gene pairs

group jenes proteinID+ [cDNAID +  [Ka/Ks + std.dev.Ks * std.dev.
std.dev. (%) |std.dev. (%)
imprinted 46 [94.943.3 94.442.1 0.137+0.091 0.186+0.074***

maternal expr. 26 194.5+3.4 94.1+2.0 0.147+0.092 0.192+0.069**
paternal expr. 20 [95.5+3.1 94.8+2.3** 0.124+0.091 0.178+0.081**
genome 16,800°93.2+7.1 92.944.0 0.147+0.149 0.229+0.107

X chromosome | 533 [92.8+48.3 93.4+4.6*** 0.167+0.170 D.207+£0.175%**

@ Ka/Ks rates are undetermined for 49 genes
** p < 0.05, ** p <0.001 (Wilcoxon test for compigon of the respective group to genome
data)
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Between mouse and rat (Tab. 3.14), the Ka/Ks ratiamprinted genes (median 0.12) is not
significantly higher than genome-wide (median 0.1By concentrating on genes with human
orthologs, we found a lower Ka/Ks median of 0.09 fenome-wide data. Compared to this
probably more appropriate set, there is a trenéoincreased Ks/Ks ratio in imprinted genes (p <
0.09). Contrary to the pattern observed for mous®edn and mouse-cow gene pairs, mouse-rat
imprinted orthologs have a decreased rate of synong substitutions, Ks (p < 0.008), whereas
the rate of nonsynonymous changes, Ka, is notfgigntly elevated (p > 0.15). This holds for both
paternally and maternally expressed genes andagreement with the results of Smith and Hurst
(1999). Selection on silent sites is related teraktive splicing and RNA secondary structure
requirements (Xing and Lee 2006) and has been texpéor the rodent X chromosome (Smith and
Hurst 1999). Indeed, the Ks rate is significantbyvér for 533 X-linked rodent orthologs as
opposed to 16,268 autosomal genes (p ¥)1This finding explains why the DNA identity of X-
linked genes is higher despite not significantigvaked protein identity (compare also Tab. 3.14).
Rather unexpectedly, mouse-rat imprinted gene gdadfsave like X-chromosomal genes with
respect to Ks as well as protein and cDNA iden{ity> 0.9) and Ka/Ks (p > 0.7). (Paternally and
maternally expressed ones separately: p > 0.4).

Previous reports on a limited data set observesl phienomenon as well and it has been
attributed to hemizygous expression as a commduarieaf both types of genes (Smith and Hurst
1999). A similar connection is neither seen for Bmamouse orthologs, where imprinted genes are
less conserved than X-chromosomal genes and hhigher Ks rate (p < 0.05, Tab. 3.12), nor for
human-chimpanzee orthologs, which show similar &eg in the two sets (p > 0.1, Appendix D
Tab. D1). Compared to the autosomes, the Ks ratgrsficantly reduced for X-chromosomal
genes in the case of human-mouse orthologs (me@ligh7, p < 108% but not for human-
chimpanzee orthologs (median 0.015, p > 0.6). Hitterd may be related to the low number of
available genes (388 only). In a study on a difierdata set of human-chimpanzee sequences,
reduced Ks rates on the X chromosome were rep@iecnd Wu 2005). However, consistently
with published results (Chimpanzee Sequencing amaly&is Consortium 2005, Lu and Wu 2005,
Vicoso and Charlesworth 2006), the data used e a highly significant elevation of Ka/Ks on
the X chromosome compared to the autosomes (p% d0d imprinted genes (p < 0.05). In
contrast, human-mouse orthologs on the X chromostoneot show an elevated Ka/Ks ratio (p >
0.1) but higher conservation on the cDNA level (pl€°, Tab. 3.12). This complex pattern
probably results from the X chromosome comprisiegmeas both under positive and purifying
selection (Vicoso and Charlesworth 2006). In additialthough the evolutionary distance between
mouse and rat is larger than that between humahsl@mpanzee, it has been argued that there is
stronger purifying selection in extant rodents ttue¢heir population sizes being larger than those
of humans or chimpanzees (Chimpanzee Sequencingraaigsis Consortium 2005).

The highest mouse-rat Ka/Ks ratio in the impringed is 0.372 fotgf2. Between mouse and
human the maximum is 0.465 f@dknlc. For the 45 imprinted genes present in all thpeeies,
Ka/Ks values are not significantly increased in seauman compared to mouse-rat (p > 0.8), nor
are they in the control groups. Genome-wide, tlaeeeno values above 0.780 for mouse-human
while mouse-rat reaches up to 1.623 (1.739 inclydodent-specific genes) with some genes that
are clearly under Darwinian selection in rodent®BS et al. 2004). Human-chimpanzee Ka/Ks
entries in HomoloGene can go as high as 16468 (encoding a transcription factor) and 14 for
GYPE (glycophorin E; see also Chimpanzee Sequencing Aamalysis Consortium 2005). In
summary, imprinted genes are obviously not undegoiny Darwinian selection in extant
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mammals. However, increased divergence levels cardga biallelically expressed genes hint at
relaxed constraints early in the rodent lineage.

3.4.3 Reconstruction of ancestral evolutionary patterns
The divergence of human-rodent orthologs in theriint@d group as opposed to their conservation

between mouse and rat indicates that an evolugopariod of relaxed constraints in the rodent
ancestor was followed by a phase dominated byypngfselection (Fig. 3.13).

time

B e B\ &

sequence
divergence

Figure 3.13: Different patterns of divergence

Imprinted genes (black) supposedly evolved fasizn biallelically expressed genes (gray) in a
common ancestor of extant rodents. They may haireddeneficial functions related to the
production of many offspring. After the split oftand mouse (dots), imprinted genes seem to
have been subject to stricter purifying selectibant biallelically expressed genes. Both
mechanisms counteract and thus obscure the pattah® sequences of extant species. The
present conservation data reflect a high divergesicenprinted human-rodent orthologs as
opposed to high conservation between mouse and rat.

In order to get estimates about this branch ofptiidogeny, two simple formulas were derived to
approximately reconstruct protein and DNA identi{ga and Ks between human and the rodent
ancestor from pairwise alignment data on human-eghs_mm), human-rat (hs_rn) and mouse-
rat (mm_rn), using formula (1) for protein or cDNdentity given in percent and formula (2) for
Ka or Ks rates:
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hs_rodent =max(hs_mm,hs_ rn) +% (100~ (mm_rn) ~|hs_mm~hs_rnl) 1)

hs_rodent =min(hs_mm,hs_rn) - % (mm_rn~|hs_mm~hs_rn 2)

With regard to this reconstructed rodent ancestequence identities become higher but more
discriminative between imprinted and biallelicadlypressed genes. When comparing the obtained
values of 46 imprinted genes to 14,517 genome-wégenstructions, results are consistent with
the observations described above and the incredisetigence of maternally expressed genes
becomes slightly more significant. Elevation of ikamaternally expressed genes (p < 0.03) and,
tentatively, in the whole imprinted set (p < 0.@8)well as a trend towards higher Ks and Ka/Ks
rates for maternally expressed genes (p < 0.09)iemphat extensive mutation processes took
place in the coding regions of imprinted genes.

Additionally, | estimated Ka/Ks ratios for 12,148rges for which human, mouse, rat, and cow
sequences were available in HomoloGene. | infaittredDNAS of the longest open reading frames
and aligned them witkransAlign (Bindinda-Emonds 2005). Branch models were consduwith
codeml from the PAML package (Yang 2007) for each alignment. Sincectireect rooted tree
((human, (mouse, rat)#1), cow) caused a warningpdlied the unrooted tree (human,(mouse,
rat)#1, cow). The null model assigns the same Ka#{i® to each branch, the alternative model
estimates a different ratio for the rodent ancest@nch marked by #1. Ks and Ka rates are
calculated separately lmpdeml to fulfill the respective Ka/Ks. Genes with Ks =a@d Ks > 2.5,
which is a result of saturation, were omitted frdurther analyses because these data are
unreliable.

In the imprinted group, the lineage leading to thdent ancestor has similar Ka/Ks ratios as
other lineages except for eleven out of 34 gen2%j3for which the two-ratios model assuming a
different Ka/Ks ratio is significantly more likelthan the one-ratio model assuming the same
Ka/Ks ratio for all branches (p < 0.05). For fowwngs Cdknlc, Igf2r, Magel2, and Ndn), the
Ka/Ks calculated by the two-ratios model is elestate comparison to the one-ratio model.
However, as it is lower than 1, there is no signgositive selection at the base of the rodent
lineage. On a genome-wide scale, the two-ratioseinfiid better for 3588 of 12032 genes (30%).
For those genes, Ka/Ks is higher in 679 cases anid Klevated in 2913 cases. Only for two genes
(FAM100A andPTMS) is Ka/Ks significantly greater than 1 in the gaddent linaege. With both
models the Ka/Ks ratios are highly similar for tingprinted, the maternally expressed, and the
genome-wide sets (p > 0.4). Imprinted genes (likewthe 20 maternally expressed ones among
them) tend towards elevated Ka ratios (p < 0.03)pared to genome-wide data. Ks rates of the
whole imprinted set (median 0.424) and maternalipressed genes (median 0.442) are
significantly elevated compared to genome-wide Ktes (median 0.313) under the one-ratio
model (p < 0.002) whereas they are only tentatietdyated under the two-ratios model (p < 0.03).
The 14 paternally expressed ones do not behaviicagrly different (p>0.2).

For 21 imprinted genes present in six species¢tinect unrooted tree (((human, chimpanzee),
(mouse, rat)#1), cow, dog) (see Fig. 2.11) coul@aied. Only in two cases the two ratio model
fits better: the Ka/Ks ratio is lowered in tBe22a18 early rodent branch whereas it is elevated for
Ndn. For the other candidate genes mentioned al@dienic, Igf2r, andMagel2), there are no dog
and chimpanzee orthologous sequences availableough both Ka and Ks are elevated in the
rodent ancestor compared to the other lineage¥&<ia/always lower than 1. Hence, there is no

98



3.4 Divergence and conservation of protein-codingrinted genes

indication for positive selection.

3.4.4 Assessing ongoing evolution with single nucleotide polymor phisms

Although most imprinted genes seem to have develtyeéore mammalian radiation, evolution is
still ongoing for at least some of them. For exampénrichment of single nucleotide
polymorphisms (SNPs) indicating accelerated evoituin the human lineage has been reported for
KLF14 (Parker-Katiraee et al. 2007). We investigated tiethere might be indications for more
sequence variants associated with imprinted gemnesising human-specific single nucleotide
exchanges and indels of dbSNP version 129. 14,d#tssa@amal genes are associated with at least
one SNP in their coding region, including 50 impeih ones, which thus have a similar ratid (
test, p > 0.4). The median number of SNPs per dfkdmding sequence is 3.94 for the 50 imprinted
genes and 3.19 genome-wide, thus insignificandyaded in the imprinted set (Wilcoxon test, p >
0.4). The annotations of missense and nonsense SMiRsmber those of synonymous ones.
Whereas the density of nonsynonymous SNPs doedistaiguish the imprinted group from the
human autosomal genes, synonymous SNPs are tehtaginriched (p < 0.08). The subsets of
maternally and paternally expressed genes diffegherefrom each other nor from biallelically
expressed genes. Since the SNP database compatse®rd both individual genes and whole-
genome projects, it may be biased in favor of weiHied genes. Curiously enough, KitF14
there is only one synonymous coding SNP annotatede snp129 track whereas Parker-Katiraee
and coworkers (2007) found several and also nomsynous ones by analyzing genome project
data for 826 genes. Nevertheless, the resultsraffiat recent sequence variations do not seem to
be a common feature of human imprinted genes (Riidkiraee et al. 2007).

The same analyses based on the mouse genome, it felwer SNPs are annotated, show
different results. 29 of the 53 murine imprintechge (54.72%) contain SNPs in their coding
regions, a similar percentage as the autosoma®%w (f° test, p > 0.8). Whereas the latter contain
a median of 3.57 SNPs per 1 kb of coding sequetig,rate is significantly lower for the
imprinted group with only 2.35 SNPs (Wilcoxon tgsts 0.04). Synonymous SNPs are tentatively
depleted as well (p < 0.06), otherwise there aresigoificant differences. Since a possible bias
resulting from intensive investigations of impridtgenes would result in a relative enrichment of
SNPs, the observed depletion provides clear eveldrat this group actually contains fewer SNPs.
Therefore, accelerated recent evolution can bedrolgt. Additionally, SNP depletion strongly
argues for ongoing purifying selection on murin@imted genes.

3.4.5 Other factorsinfluencing the low conservation of imprinted genes

As imprinted genes are associated with particualele-specific DNA methylation patterns, the
observed divergence of their protein-encoding secgg might be due to an increased rate of CpG
to TpG transitions. Silent CpG mutability, i.e. Cpi@amination that does not change the encoded
amino acid, has been proposed as a measure ofigermethylation density (Smith and Hurst
1998, Smith and Hurst 1999). To investigate whetheright be increased in the imprinted group,
we made use of the four-species alignments mertdiaimve. After splitting them into the
respective pairwise alignments, | calculated thelmers of CpG pairs and CpG-TpG pairs with C
at the third codon position (Smith and Hurst 1998yith and Hurst 1999). Similarly, exchanging
CpG to CpA due to 5-methylcytosine deamination loa teverse complementary strand does not
change the amino acid if the G/A transition isheg third position. Irrespective of the method, the
imprinted group shows lower levels of CpG-TpG mitthas (Appendix D Tab. D2), which is in
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agreement with reports on mouse-rat orthologs (sand Hurst 1999). As with conservation data,
there is no apparent relation of CpG mutations Wgttalization of genes in a cluster, parental
expression, or conserved expression patterns betingaan and mouse.

Human-mouse alignments of the protein sequencesdedcby the 20 maternally expressed
genes contain more gaps than those correspondihg tt?2,143 autosomal genes (Wilcoxon test, p
< 0.05). The whole imprinted group also exhibit¢rend towards an enrichment of long gaps
corresponding to insertions or deletions>df0 amino acids (p < 0.1). The difference is, hosvev
not significant for maternally or paternally exmed genes taken separately. Thus, besides
mismatches, also long regions without a counterpathe orthologous protein contribute to the
weak conservation of maternally expressed genes.

3.4.6 Paralogous genes may facilitate divergence

Gene duplication war reported as an important faictdhe evolution of imprinting (Walter and
Paulsen 2003). Genes that possess paralogs magealwile acquiring new functions. Thus, we
searched to analyze whether there is indeed achemeint of paralogs in the imprinted gene group.
For the autosomes of the human genome, Ensemblseee? annotates 19,950 human autosomal
protein-coding genes. The X and Y chromosomes, lwhiere not included, differ from the
autosomes by having a much higher number of pasalag also achieve higher identities.

As the representative paralog, we chose the oreigHisted first by Ensembl, which is the
evolutionary youngest and in most cases also tieewdth the highest identity to the query gene.
For some imprinted genes the approach used hetdsyifferent results than the literature
(Appendix D Tab. D3) and for some genes that haparalog according to the literatufdAP1L5,
DIk1, MAGEL2, Ndn, andPeg10), it does not report one (Walter and Paulsen 28@3isen et al.
2005, Wood et al. 2007). Nevertheless, 60.71% @frtiprinted genes possess at least one paralog,
which is a higher percentage than that of the obrgroups as well as the genome-wide ratio
(48.22%; y* test, p < 0.1). Compared to genome-wide data amdral groups, there is no
significant difference of the paralog numbers pamey(Wilcoxon test, p > 0.2). Paralogs located on
the same chromosome occur at a similar rate foriimga genes as for biallelically expressed ones,
excluding a bias for segmental duplications (Tak5B8 Several imprinted genes were linked to
paralogs on the X chromosome (Walter and Pauls@B,2@orison et al. 2005, Wood et al. 2007)
and it has been speculated that imprinting and drabsome inactivation may have co-evolved
(Ferguson-Smith and Reik 2003, Reik and Lewis 2@@iler et al. 2007, Wood et al. 2007). Here,
we find three imprinted genes with their youngeatapog on the X chromosom&$29, DCN,
HTR2A) and an additional threeSl(C38A4, L3MBTL, UBE3A) that have a paralog on the X
chromosome which is not the highest scoring onengzoed to non-imprinted genes, the resulting
10.71% is no significant enrichment (p > 0.1) simsemuch as 5.19% of all autosomal genes
possess X-chromosomal paralogs (Tab. 3.15).

Using data from the mouse, we found essentiallystime patterns although a higher percentage
of genes is linked to paralogs. They include thprimed genes$nsl andPon2 that are not part of
the analyzed set. Compared to genome-wide dataamumprinted-paralog gene pairs tend to be
less conserved on the protein level (Wilcoxon t@st,0.06, Tab. 3.15). In the mouse this relaxation
in paralog conservation is more pronounced (p €0.,0and is probably caused by the stronger
divergence of imprinted genes in the rodent ancestaescribed above.
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Table 3.15: Pairs of genes and their paralogs

group penes °| with | median |paralog |youngest has |protein identity
paralog | number |on same| paralog |paralog based on
of chromo- on X on X original gene
paralogs | some (%)

human 56 34* 2 6 3 6 47.12+15.24**
imprinted

human |[19,950| 9619 2 2986 288 1035 56.85+22.73
autosomes

mouse 54 33* 2% 7 2 4 44.94+18.02%**
imprinted

mouse |21,871| 10919 3 4270 309 1029 60.68+24.07
autosomes

#Deviating numbers compared to the previously meetioRefSeq genes are due to a different
gene annotation procedure at Ensembl.

*p<0.1, *p<0.05, * p <0.001 (Wilcoxon tédor comparison of the respective group to
genome data)

To investigate whether the existence of paralogghtrinfluence the evolution of protein-coding
imprinted genes, we linked the paralogs to thefrienin HomoloGene. Interestingly, the paralogs
show a higher conservation than their imprintedntexparts and biallelically expressed genes and
show remarkably lower Ka/Ks ratios between humamsgep and human-rat (Tab. 3.16).
Unexpectedly, mouse-rat pairs of imprinted genesadso less conserved than their paralogs on
protein level (p < 0.005) although they have simd&lA identities (p > 0.1) and Ks rates (p > 0.6).
At the same time, the Ka/Ks ratio of the paralagserily half as high (median 0.0535, p < 0.001;
Tab. 3.16). These relations are confirmed by corsparof the 28 pairs with g test. Purifying
selection seems to act far more strictly on thelpas of rodent imprinted genes than on the
imprinted genes themselves.

Table 3.16: HomoloGene data for paralogs of impriréd genes

orthologs |genesprotein ID + DNA ID +Ka/Ks + std.dev. Ks * std.dev.

of std.dev. (%) |std.dev. (%)

human- 32 [90.04+10.42**86.90+£6.01*** 0.0940+0.0925* 0.5696+0.1847
mouse

human-rat | 28 [89.85+11.04**86.56+6.25** 0.0888+0.0827** |0.6025+0.1934
mouse-rat | 28 |97.08+2.19*** 94.81+1.68*** 0.0646+0.0415*** |0.2060+0.0651

* p<0.1, ** p<0.05, *** p<0.01 (Wilcoxon test for amparison of the respective group to
genome data)

In the entire genome and also in case of imprirgedes, orthologs that possess paralogs are
significantly more conserved between human and mausbetween mouse and rat than those
without a paralog and they have lower Ka/Ks ra\@dcoxon test, p < 0.001; Tab. 3.17). A higher

divergence of genes that do not possess paralagsdam noted before (Jordan et al. 2004, Brunet
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et al. 2006). Comparing imprinted genes with or haitt paralogs, respectively, to the
corresponding groups of autosomal genes, reveatsriprinted genes with paralogs are subject to
decreased conservation between human and rodert®@4) and tend towards a higher Ka/Ks
ratio (p < 0.09) whereas there is no significafiedence between genes without paralogs in both
groups (p > 0.3). Between mouse and rat, genespaitilogs behave similarly in both groups (p >
0.2) but imprinted ones without paralogs show iasesl conservation on DNA level and a lower
Ks ratio (p < 0.002). In all comparisons maternadliyd paternally expressed genes behaved
similarly.

In summary, there are different patterns of evohitiThe orthologs of genes without paralogs
are in general more divergent than those of geriisparalogs. Over a large evolutionary distance,
as is the case between human and rodents, imprig¢ee@s appear to diverge more than
biallelically expressed genes even if they havealpgs. In contrast, between extant rodents,
imprinted genes without paralogs are more conservag implies that after initial divergence,
imprinted genes without a paralog that might takerat least part of its functions were subject to
purifying selection. As an additional level of cdexity, paternal and maternal expression come
into play.

Table 3.17: HomoloGene data for genes with or withd paralogs
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group genes “protein ID + DNAID + |[Ka/Ks + Ks + std.dev.
std.dev. (%) |std.dev. (%) |std.dev.

imprinted human- 32 85.0+10.8** 83.6+5.9** 0.131+0.106* P0.678+0.189

mouse with

paralogs

imprinted human- 20 [82.7£11.6 [83.3t7.3 0.165+0.116 [.623+0.294

mouse without

paralogs

genome human- 7235/ 88.2+10.5 B85.7+5.9 0.105+0.096 [.625+0.229

mouse with 7228

paralogs

genome human- 7765/ 83.7£11.9 B3.416.4 0.145+0.112 0.656+0.212

mouse without 7756

paralogs

imprinted mouse-rat| 28 [94.843.4  [93.9+2.0 0.120+0.081 [0.211+0.066

with paralogs

imprinted mouse-rat| 18/17 [95.1+3.1  [95.2+2.2*** .166+0.102 D.148+0.072***

without paralogs

genome mouse-rat | 7638/ [94.3+6.4 93.5£3.4 0.125+0.138 .224+0.096

with paralogs 7636

genome mouse-rat | 7509/ [93.0+6.4 92.9+£3.4 0.155+0.143 P.229+0.082

without paralogs 7505

& The second number refers to sequences availaltleeirHomoloGene database for Ka/Ks

analyses

*p<0.1, *p<0.05, * p <0.002 (Wilcoxon tédor comparison of the respective group to

the corresponding genome data)
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3.4.7 Summary and conclusions of chapter 3.4

Imprinted, especially maternally expressed, mouskrat genes show reduced conservation with
their non-rodent orthologs on cDNA and protein lelost of the divergence seems to have taken
place at the base of rodent evolution as opposeoutifying selection in extant rodents. The
divergence at both silent codon position and tlesalting in amino acid changes is apparently not
caused by increased mutation of CpG positionss ttanceivable that, according to the parental
conflict hypothesis, adaptations related to indrepsnaternal demand occurred in the muride
ancestor. Moreover, there is an enrichment of pgglin the imprinted group and imprinted-
paralog gene pairs are less conserved on proteal mmpared to genome-wide data. More
interestingly, the paralogs are subject to strigtifping selection. Thus, the presence of highly
conserved paralogs may allow relaxation on thectete constraints acting on imprinted genes.
Since increased divergence might cause alteredidunscand interactions of the proteins encoded
by imprinted genes, the findings of this study hgweential implications on the suitability of
murine models for studies related to human impratisorders.

103



Chapter 3 — Results

104



Chapter 4 — Discussion

The aim of this work was to find features of impeith genes that distinguish them significantly

from biallelically expressed genes. Analyses of Ggl@nds, repetitive elements, conservation on
the levels of genomic DNA and protein-coding se@asn substitution patterns, putative effects of
CpG deamination, and paralogous genes revealegecid similarities and differences. To the

best of our knowledge, this is the first comprehenstudy of the sequences of imprinted genes on
a genome-wide level. The results of this work dbote to a better understanding of the

implications of genomic imprinting and will stimiafurther research.

4.1 Imprinted genes versus control genes and thergame

4.1.1 Choosing appropriate control groups

A crucial point of any statistical analysis is ttteice of an appropriate control group. Since most
imprinted genes reside in clusters, the first qoaesis whether to compare complete imprinted
regions to chromosomal regions of similar size &@¥C content (Greally 2002) or to treat the
genes separately, taking into account the complicstof overlaps if also adjacent genomic
sequences are considered. In previous work, cogitoalps for the latter approach comprised genes
near imprinted regions for which monoallelic exjgies has been excluded (Luedi et al. 2005,
2007), randomly selected BACs (Walter et al. 2008)dom genes (Luedi et al. 2005, 2007), or
the whole genome. As our studies showed, any choag be biased. For example, randomly
generated RefSeq accession numbers yield genesigitbr conservation levels than the genomic
average. Especially control group G2, where thebrarsmiwere restricted to a range of 1 to 16,000,
seems to contain a large fraction of housekeepengg that are expressed in a wide range of
tissues. Such genes are supposed to be under setgajive constraints. In the public sequence
databases, genes that have been studied for dilnagre represented by various transcriptional
variants, whereby the probability of a random nunibting one of them is increased compared to
a gene with a single transcriptional variant. Thenn or mouse genome itself, however, features
many genes of unknown function and even prediciees dhat are, in contrast to the selected
imprinted ones, not necessarily present in othecisg. In part, transcripts are also redundant,
namely in the mouse, where the RefSeq list incligtesembl genes. Randomly selecting genes of
a list comprising all RefSeq genes on human autesand taking those with orthologs in mouse
resulted in control group G3, which seems to beemm@presentative of the genome by being
relatively CpG-poor and having a similar conseatievel.

Furthermore, we recommend to perform bioinformastsdies on imprinted genes for both
human and mouse in order to distinguish speciesiipéeatures from those related to epigenetic
effects. For analyses limited to rather small seqaesets, pairwise comparisons emerged as
sufficient to highlight the most important featur@$ie conservation between human and cow or
dog is in general higher than between human andsenso that little additional information is
gained by including these species. Unfortunatelystngenomes are not sequenced, assembled and
annotated well enough to be useful for unbiasediesatg retrieval of individual genes. On a
genome-wide scale, this disadvantage is circumderite part by multiple alignments and
conserved elements derived thereof. However, tige lamount of data only averages out problems
caused by missing sequences and incorrect aligsment
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In summary, it appears useful to have several obiggroups. If the statistical analyses are
consistent for all of them, this provides strongeidence than the results of comparing the
imprinted set to just one control group. On thesotand, contradicting results allow inference on
whether imprinted genes share features of, for pi@nhousekeeping genes. When there are
genome-wide data available for analyses, randommbsen control groups (which, in contrast to
expectations, are likely not representative of dbaome) should rather be replaced by specially
selected sets of genes with known properties. @Quliess revealed a new group of possible control
genes that had not been taken into consideratieniqursly: Paralogs of imprinted genes. They
may also be well suited for experimental analysesabse they presumably have highly similar
functions but are not subject to monoallelic expi@s. Thereby, epigenetic influences could be
separated from functional constraints.

4.1.2 Imprinting candidates

Expecting at least 1-3% of all genes to be impdnt&andom selection might by chance have
included a few candidates in the control sets, vingpresent roughly one hundredth of all human
or mouse genes, respectively. Indeed, G2 contams gene,PRIM2A, that was reported as
maternally expressed in humans (Pant et al. 208&(litionally, there are some control genes
predicted as maternally expressed in either humamnownise, or both (Luedi et al. 2005, 2007). For
these and some additional genes that possess picetbtandem repeats in their CpG islands — a
feature we found to be significantly enriched fanprinted genes — information on their
conservation and that of their evolutionary youmgesralogs is collected in table 4.1. These
features were selected because, according to adrest imprinted genes are highly diverged
between human and mouse but highly conserved betexant rodents. Furthermore, imprinted
genes and their paralogs show increased sequemnetgeice, as opposed to the strong
conservation of the paralogs between all spec@sere also sections 3.4 and 4.8). Judging from
these data, no candidate fulfills all criteria, haither do all imprinted genes.

It is interesting to note that only one gene i ttandidate seGDNF, is predicted as imprinted
for both species. A genome-wide discordance haskaen stated by Luedi and coworkers and has
been attributed to species-specific differencee@iet al. 2007). Since for more than half of the
predicted genes expression is expected from thernadtallele, it is little surprising that the case
present here do not include a predicted patermadpressed gene. From our studies we conclude
that paternally expressed genes, which for varitestures show a higher variability than
maternally expressed ones, are also a more hetexoge group that cannot be easily separated
from non-imprinted genes. Thus, their predictiolikely more challenging.
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Table 4.1: Potential imprinting candidates among tk control genes

gene number of| tandem | human- human- mouse-| mouse- paralog paralog evidence
(group) human |repeatin mouse mouse| rat rat human- human-
paralogs, +-10 kb | protein Ka, Ks, protein Ka, Ks, = mouse | mouse
youngest ID (%), Ka/Ks |ID (%), Ka/Ks | protein Ka, Ks,
one, cDNA ID cDNA ID (%), | Ka/Ks
identity (%) ID (%) cDNAID
(%)
PRIM2A - human NA NA 96.3 | 0.017 - — | Pantetal
(PRIM2) only 93.6 | 0.281 2006
(G2) (simple 0.060
repeat)
GDNF 3 - 929 0.036 99.1 @ 0.004 87.2  0.073 Luedi et al.
(G2) NRTN 89.7 | 0.429 97.0 | 0.126 83.1 0.621 2005,
28% 0.084 0.032 0.118 2007
ADARB1 3 human | 94.9 0.026 99.0 0.004 83.5 | 0.093 Luedi et al.
(G2) ADARB2 | only 87.7 | 0.653  96.2 | 0.165 80.8 | 0.856 2007
49% 0.040 0.024 0.109
CACNA1B - human | 93.2 | 0.036 98.1 | 0.009 - —  Luedietal.
(G1) and 87.1 0.645 951 | 0.206 2005
mouse 0.056 0.044
CNTNAP1 - human | 934 | 0.035 984 | 0.008 - —  Luedietal.
(G2) and 87.9 0562 952 | 0.199 2005
mouse 0.062 0.040
FASTK* - human | 89.5 | 0.055 97.2 | 0.013 - —  Luedietal.
(G3) and 86.7 | 0.490 95.7 | 0.145 2007
mouse 0.112 0.090
OLIG2 1 - 96.3 | 0.018 99.1 @ 0.004 98.5 | 0.007 Luedi et al.
(G2) OLIG3 88.1 | 0.571 959 @ 0.160 91.2 0454 2007
46% 0.032 0.025 0.015
PPAP2C* 7 human | 90.5 | 0.049 96.0 | 0.018 75.1 | 0.156 Luedi et al.
(G2) PPPAP2A  only 845 0.745 94.1 | 0.211 76.5 | 1.010 2007
46% 0.066 0.085 0.154
ASB13 3 human | 97.8 0.010 96.8 0.014 93.6 | 0.033 -
(G1) ASB5 and 87.3 1 0.826 94.1 | 0.235 87.4 | 0.648
39% mouse 0.012 0.060 0.051
CSNK1D 6 human | 99.7 | 0.001 97.8 | 0.015 98.8 | 0.006 -
(G1) CSNK1E | only 89.8 | 0.638 97.2 | 0.076 90.7 | 0.518
82% 0.002 0.197 0.012
CuXx1 - human | 85.6 | 0.097 97.3 | 0.012 - - -
(CUTLY) only 819 0.752  96.0 | 0.143
(G2) 0.129 0.084
DPYSL4 5 human | 93.0 4 0.033 99.0 | 0.005 98.8 | 0.006 -
(G1) DPYSL2 | only 86.3 | 0.741 957 | 0.185 91.5 | 0.459
75% 0.045 0.027 0.013
FBLN1 1 human | 855 | 0.076 96.5 | 0.016 83.1 | 0.097 -
(G2) FBLN2 only 84.7 1 0.659 94.6 | 0.216 82.2 | 0.729
45% 0.115 0.074 0.133
POFUT2 - human | 925 | 0.039 98.4 | 0.007 - - -
(G1) only 841 | 1.070 952  0.214
0.036 0.033
TRRAP - human | 99.1 | 0.006 99.6 | 0.002 - - -
(G2) and 87.9 1 0.855 945 | 0.277
mouse 0.007 0.007

NA: not applicable
* high confidence candidate (Luedi et al. 2007)
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4.2 CpG islands associated with human and mouse impted and biallelically
expressed genes

4.2.1 Performance of alternative methods for CpG island identification

One of the key questions at the beginning of mydistl was which criteria to use for the
identification of CpG islands (CGlIs) since they siinte important regulatory elements and may
be associated with differentially methylated regiohesting different criteria and programs on the
orthologous control sequences lead to the conclugiat murine CGls are shorter, G+C-poorer,
and more affected by CpG deamination than humas ¢iHatter et al. 2009), which is again in
agreement with published data (Aissani and Berrid@i, Antequera and Bird 1993, Matsuo et al.
1993, Cuadrado et al. 2001, Waterston et al. 2gafhashita et al. 2005, Zhao and Zhang 2006a,
2006b, Jiang et al. 2007). Nevertheless, promaso@ated CGls are reliably detected by all
programs in both species. In contrast, at otheations, especially in introns, there is a high
variability. Therefore, the identification of potelly regulatory CGls outside of promoter regions
is a challenging task. It is complicated by CpGtriepetitive elements, nameBlu elements,
which often coincide with CGls, making repeat-degent CGIls much more frequent in human
than in mouse. Such CGls are not expected to betifunal for gene regulation since they are
usually methylated. Consistent with their rapidosyte deamination, they show a notably higher
(TpG+CpA)/(2CpG) ratio than unique and promoter CGls. Whenadiing repeat-dependent
CGls, orthologous sequences of both species aignasgssimilar numbers of CGls. Since using
repeat masked sequences as input results in &stif@&G] identification in original genomic
sequences with subsequent removal of critically eagverlapping CGlIs is highly
recommendable.

Although species-specific parameters might be dblr determining them requires detailed
analyses. It is still unknown whether the recenitfined CpG clusters (Hackenberg et al. 2006,
Glass et al. 2007) manage to identify regulatorylBetter than traditional sliding window
methods as implemented in thepG Idand Searcher program (Takai and Jones 2002).
Unfortunately, experimental evidence is lacking @sls identified with the more recent methods.
Han and Zhao (2009) conclude from their studies@p& Island Searcher is more appropriate for
identifying promoter-associated CpG islands in elerate genomes tha@pGcluster. We found
that the approach d€pGcluster (Hackenberg et al. 2006) is especially problemb#cause its
parameters depend on the input sequence. A CpGseighence in which CpGs are more or less
well clustered will generate very low B@nd 7%' percentiles compared to a CpG-poor sequence.
As a consequence, the detection threshold will beerstringent for a CpG-rich sequence than for
a CpG-poor one. Moreover, if one identifies CpGstdus in a certain gene and in the same
sequence with an additional genomic neighborhodterdnt clusters can be found (Hutter et al.
2009).

Rather than demonstrating advantages, also the alteenative programs come with their own
limitations. The segmentation algorithmapfg (Li et al. 2002) is likely to miss a CGI that caa b
found with traditional methods if the borders beaweCpG-rich and CpG-depleted regions are
blurred by a gradually increasing/decreasing Cp@tartd rather than a sharp boundary. This
scenario is quite likely for CGls in the processadding due to CpG deamination (Matsuo et al.
1993). Recently, such CGI erosion was supportethbyfindings of Jiang and coworkers (2007)
who reported enrichment of TpG and CpA at the eageSGIs and that human CGIs comprise
relatively CpG-poor margins whereas the shorter saddGls display sharper borders. Increasing
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the required CpG content to the originally recomdeshminimum of 6% (Li et al. 2002) instead of
the 3.5% applied in our analyses may exclude regmat also discards many possibly functional
CpG-rich segments, especially in murine sequernBesides,cpg lacks a user interface, which
makes it hardly attractive for experimentalistseTdame holds for the progra@iPGed (Luque-
Escamilla et al. 2005) which additionally involvesmny parameters. When choosing the directly
CGl-related ones similar to those of Gardiner-Garaled Frommer (1997), there is an equivalently
high number of repeat-dependent CGls and G+C ar@ cdmtent of the identified promoter CGls
are considerably lower than those reported by theranethods.

4.2.2 Recommendable strategies for detection of functional CpG idands

Intriguingly, a higher rate of conserved CGls ie thouse compared to the human genome implies
that non-conserved CGIs have been lost prefergntiSlince conservation is indicative of
functionality, there seems to be a high selectivesgure on maintaining the present CGIs.
According to the literature, CGl loss is prominentodents (Antequera and Bird 1993, Matsuo et
al. 1993) but also present in human on a smallegdiang et al. 2007). For identifying promoter
CGls in mammalian species for which annotationgerfes or repetitive elements are scarce, the
rather strict Takai and Jones (2002) parametersnare appropriate than the ones of Gardiner-
Garden and Frommer (1987) since they exclude D@ttt that have a low probability of being
functional and reduce overlap with CpG-rich repedfsa more detailed analysis of all
epigenetically relevant CGls is planned, it sholdd performed on unique Gardiner-Garden and
Frommer CGls in noncoding regions. A further fotngson CGIs that most likely possess
regulatory functions can be achieved by using tarfithat takes into account differences in the
deamination rate. In contrast to repeat-depend&is,Ghe (TpG+CpA)/(ZpG) ratio is low in
promoter CGls, indicating the expected absence N Dmethylation in the germ line and,
consequently, reduced CpG deamination. MoreovenamuCGls with a low (TpG+CpA)/(€pG)
ratio have a high probability of being transcripadly active (Bock et al. 2007). This correlati@n i
not surprising because the calculation of the dleadaepigenetic score includes TpG and CpA
patterns (Bock et al. 2006, 2007). Calculating(f@G+CpA)/(2CpG) ratio is a simple alternative,
especially in case genome-wide epigenetic dataatravailable for epigenetic score prediction. A
(TpG+CpA)/(2CpG) ratio pattern comparable to human is also se#me mouse, suggesting that
similar cytosine deamination effects take placengthylated CGls in all mammalian species. For
genome-wide use, we found the CGI annotations geaviby UCSC to be well suited. Besides
their easy availability, the results obtained basedhem agree with previous findings. Moreover,
the program circumvents the repeat overlap probderd reports very CpG-rich islands, thus
considerably decreasing the portion of CGlIs thabably do not fulfill regulatory functions.

4.2.3 Special features of CpG islandsin imprinted regions

CGls were suspected to be enriched in imprintedonsg(Paulsen et al. 2000, Paulsen and
Ferguson-Smith 2001, Reik and Walter 2001). Howetbhair numbers and extends in orthologous
imprinted regions of various mammals are quite mjeat (Paulsen et al. 2001, Paulsen et al.
2005). Do these differences result from imprintorgare they species-specific? The analyses on
human and mouse genomic sequences presented siutlisrevealed that neither the number nor
the length, G+C or CpG content of CpG islands diffetween imprinted and randomly chosen
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biallelically expressed genes (Hutter et al. 2008kese findings support previous reports (Ke et al.
2002a, 2002b, Allen et al. 2003).

Maintaining CGls might be especially importantmmpirinted regions. Compared to biallelically
expressed genes, a significantly larger numbempfinted genes possesses intronic CpG islands,
which probably act as promoters for antisense trgmis (Reik and Walter 2001) or contain
alternative transcriptional start sites. Indeed, $tvrong intragenic CGls o§f2 (Sasaki et al. 1996,
Moore et al. 1997) and thdesp-Gnas locus (Coombes et al. 2003) are associated vdth sites of
alternative sense transcripts. Even more such Q@iscide with the promoter regions of
previously identified antisense transcripBoihmdl, Wang Y et al. 2004igf2, Sasaki et al. 1996,
Moore et al. 1997Lgf2r, Wutz and Barlow 199&cngl, Mancini-DiNardo et al. 2003ylesp-Gnas
locus, Coombes et al. 2003). Hence, although ardisganscripts have recently been identified as
a widespread feature of gene regulation (Kiyosaina.e2003, Yelin et al. 2003, Lavorgna et al.
2004, Chen et al. 2005, Zhang et al. 2006), theydaviously concentrated as key regulatory
elements in imprinting.

Another difference is that, due to the decreasetteth of SINES, there are fewer repeat-
dependent CGls in imprinted regions. However, epgie scores and estimated deamination ratios
of unique Gardiner-Garden and Frommer CGls in inipd regions are essentially the same as for
biallelically expressed genes. On the other hamu; Gland associated conserved elements in
imprinted regions do not exhibit a lowered (TpG+Jf&CpG) ratio compared to genome-wide
levels, indicating that CpG deamination rates ao¢ specially reduced in them. Also their
conservation corresponds to genome-wide conditibmsust be kept in mind that, although DMRs
often share little or no sequence similarity betwspecies and thus do not contribute to conserved
regions, only some CGls in imprinted regions afeciéd by epigenetic modifications in the germ
line so that most of them should be subject to dame mechanisms as "conventional® CGIs.
Consequently, species-specific differences domioage putative effects of imprinting

4.3 Influence of CpG deamination in imprinted regims

Since methylation spreads over several thousantiss# pairs from germline methylated regions
(DMRs), imprinted regions may be prone to increaGe& deamination. However, since even in
germ cells CpGs in the bulk genome are methylatkele-specific hypomethylation could show a
contrary effect. Indeed, the (TpG+CpA)YPG) ratio is reduced in conserved elements of
imprinted regions. DNA methylation also appeard¢othe primary cause for elevated mutation
rates at CpG positions. Hence, monoallelic DNA mwiation patterns might influence mutation
rates. We did not observe a relation between retissgiuence conservation and estimated
deamination rates in the coding regions of impdngenes. In contrast, CpG deamination related
mismatches have even less influence on the pretanding regions of imprinted genes than on
those of biallelically expressed genes. Conseqguentprinted regions are less affected by loss of
CpG due to methylation and subsequent deaminatiothe germ line than might naively be
expected.

One possible explanation is that methylation spenatically whereas in the germ line, it is
restricted to DMRs that reside mainly outside aling regions. Thus, somatic mutations related to
CpG deamination in imprinted regions would not hieerited. Imprinted genes rather seem to be
hypomethylated relatively to the rest of the geno®ech a scenario has been observed for the
inactive X chromosome that is hypermethylated atlZpG islands but hypomethylated in regions
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outside of these regulatory elements (Hellman ahds€ 2007). In general, whereas the rather
small promoter regions of active genes are unmatbg| there is a high level of methylation in
their intragenic regions. This paradox (Jones 1928) been noted long before methylome studies
in various higher eucaryotes reported gene bodyytaton as very frequent event on the human
X chromosome (Hellman and Chess 2007) andribidopsis thaliana (Zilberman et al. 2007).
The open chromatin structure provided by the trapson machinery also allows
methyltransferases to access the DNA. Being moa@ th by-product, gene body methylation
seems to inhibit the generation of intragenic tcapss that could interfere with the regulation of
the main gene. This mechanism was first investihéde imprinted genes but is, as it since turned
out, far from being limited to them. Still, impred genes have the special feature that transcriptio
in the oocyte leads to the establishment of DMR&iénmaternal germ line (Chotalia et al. 2009).

Alternatively, a potential bias of the T-G mismatejpair mechanism would both maintain most
of the existing CpG dinucleotides and create neasoiihis may explain the lack of conservation
of DMRs and CGl-associated tandem repeats as weleaG+C- and CpG-richness of conserved
elements associated with imprinted genes, whichatitbe same time less conserved and shorter
than the genome-wide average. Interestingly, a Didpair-based model for active cytosine
demethylation has been proposed (Hajkova et al8)280d is subject of current research. Since
DMRs escape the genome-wide demethylation in thg embryo (Hajkova et al. 2002), different
factors involved in the putative shielding of DMBstheir establishment may subject them to a
special mode of evolution.

4.4 Possible epigenetic functions of tandem repeats

Depending on the criteria used for CpG island iidfieation, 24-51% of the imprinted genes are
associated with at least one tandem repeat in 6ribetr CGIs (see Fig. 3.5). Although this
percentage is significantly higher than that ofd@n control genes, it would be clearly incorrect to
infer that possessing a tandem repeat is a gefealre of any imprinted gene. Some tandem
repeats known from the literature could not be fified in this study because of several reasons:
They are either located outside of the analyzedtd @enomic environmentGfl2, Paulsen et al.
2001), are not associated with a C®gfZ, Sasaki et al. 1996, Moore et al. 19Magel2,
Boccaccio et al. 199est, Lefebvre et al. 1997), do not constitute tandepeats in the strict
senseld19, Bell and Felsenfeld 2000, Hikichi et al. 200EG3, Kim et al. 2003Kcngl, Paulsen

et al. 2005), or are too short and divergent taeaehthe lower score limitNesp-Gnas locus,
Coombes et al. 2003). Taking into account such eteswould require to treat the control genes in
the same way to avoid biases but most probably dvoat change the relative proportions. Still,
not even every imprinting domain was found to harddandem repeat that is associated with a
CGl.

There has been much speculation about which fumetiandem repeats might convey for
imprinting. Arnaud et al. (2003) proposed that Opeh- repeats might be expansion events that
counteract the loss of CpGs by deamination. Thegareions might be species-specific, consistent
with the finding that virtually no conserved elerteein CGls of imprinted regions overlap with
simple tandem repeats. Repeat sequences can epelyb®rphic between different mouse strains
as inlmpact (Okamura et al. 2000). Nevertheless, some condarfeats that are not tandemly
arranged in the strict sense have been shown siituge binding sites for the transcription factors
YY1 (in the DMRs ofPeg3 and at theGnas locus, Kim et al. 2003, Kim et al. 2006, Kim Jakt
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2007, Kim 2008) and CTCH(9Y/1gf2 locus, Bell and Felsenfeld 2000, Hikichi et al030Szabd
et al. 2004). These examples may be exceptions siust tandem repeats do not share apparent
sequence motifs. Instead, they are thought to assaurspecial DNA structure (Neumann et al.
1995, Constancia et al. 1998) which might providsignal for special DNA-binding proteins
without requiring sequence conservation. Thus, dandepeats may play an important part in the
interplay of different mechanisms that lead togél&blishment of DMRs (Chotalia et al. 2009).
Interestingly, thelGF2R gene, whose imprinting got lost in human (Killiah &. 2001,
Weidman et al. 2004), is associated with a tandgmeat in its nonconserved, intronic CGI, which
is still a DMR (Smrzka et al. 1995, Riesewijk et H096). But, in contrast to the moug2r locus
(Wutz and Barlow 1998), it does not act as a premof an antisense transcript (Vu et al. 2004).
For the orthologs dfmpact, it has been hypothesized that existence of eetarm@peat determines
over its imprinting (Okamura et al. 2000). This via®r revised as rabHimnpact does not possess
a repeat but is imprinted (Okamura et al. 2005)c&isome imprinting domains possess several
tandem repeats, these may be redundant to somet,egiglaining that deletion of the single
tandem repeat in thRasgrfl regions abolished imprinting (Pearsall et al. J988ereas deleting
one out of several ones in tHA9/1gf2 regions did not show any consequences (Reed 20@d).
Tandem repeats originate by unequal crossing avBy oetrotransposition. Thus, it is tempting
to establish a connection between them and thesased recombination rate at imprinted loci
(Reik and Walter 2001, Sandovici et al. 2006, Lutdal. 2007) as well as the integration of novel
genes into imprinting clusters (Walter and Pau®@®3). The latter association is supported by the
existence of tandem repeats and a L2 repeat abtibgration site ofNnat in the intron ofBlcap
(Evans et al. 2005). In support of the former catina, Sigurdsson and coworkers (2009) recently
found recombination and DNA methylation to be hjgkbrrelated in the male germ line and
conclude that either DNA methylation could attraetombination events or methylation could
mark a region after recombination. Lastly, protebisding to tandem repeat structures might
induce chromatin loops as it was shown for [tf@/H19 region (Murrell et al. 2004). They may
also be responsible for general epigenetic regulasince some genes from the control groups
possess tandem repeats as well and it is quiteolmapie that these should all be imprinted.

4.5 Connections between imprinted genes and the Xromosome

Genome-wide studies have shown that sex chromosareedifferent from autosomes in terms of
chromosomal organization and evolution (Waterstbale2002, Gibbs et al. 2004, Chimpanzee
Sequencing and Analysis Consortium 2005, Vicoso @hdrlesworth 2006). Thus, they were
largely excluded from the analyses. Imprinted gearetthe X chromosome, however, have some
striking similarities. First, in female mammals thecond copy of the X chromosome is largely
inactivated via the extremely long noncoding RNAst. Xist induces repressive histone
modifications and CpG island methylation. Thus, Keinactivation center is similar to an
imprinting center. Second, determining which copysilence requires pairing of the two X
chromosomes and was shown to be mediated by CTGF{(4l. 2007), a transcription factor that
also has a prominent role in imprinting. Third narsupials and in the extraembryonic parts of the
placenta of rodents and cattle, it is always therpal X chromosomes that is inactivated. Forth,
both X chromosome and imprinted regions show padicdistributions of repetitive elements.
Numerous studies report a depletion of SINEs arritlement of LINEs for imprinted genes in
human and mouse (Greally 2002, Ke et al. 2002a2208llen et al. 2003, Walter et al. 2006,
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Hutter et al. 2006). Taking into account that neEs are either primate or rodent specific, it is
not surprising that the overlap of conserved eléamesith SINEs in imprinted regions corresponds
to that of the whole human and mouse genomes. Vitgerd purifying selection against such
evolutionary young elements indicates that SINEhylation seems to interfere severely with the
establishment of DMRs. In contrast, conserved eftsnén imprinted regions show substantial
enrichment for overlaps with LINEs. These anciemetitive elements were likely integrated early
in the evolution of imprinted regions (Warren et2008, Pask et al. 2009) and might have gained
regulatory functions, possibly for spreading medligih from DMRs as on the X chromosome,
where there is a similar enrichment of LINEs angleléon of Alu elements (Waterston et al. 2002,
Lyon 2006). Repetitive elements can also gain egguy roles in the human genome (Jordan et al.
2003, Oei et al. 2004). So-called exapted repeaeguiatory mobile elements that are subject to
purifying selection — are often found near develeptal genes (Lowe et al. 2007). Since they
include all classes of repetitive elements, theeplel enrichment of L1 repeats in imprinted
regions and on the X chromosome implies a speai@lin epigenetics.

Due to the similarity of X inactivation and impring it has been suggested that the two
mechanisms may have co-evolved or share a commmesiay and imprinting may be related to
dosage compensation (Ferguson-Smith and Reik 2068, and Lewis 2005, Pauler et al. 2007,
Wood et al. 2007). Since according to the Ensembbtations only six imprinted genes possess X-
linked paralogs@®CN, HTR2A, L3MBTL, S.C38A4, UBE3A, andUSP29), which is no significant
enrichment in comparison to the whole human andsemayenomes, it does not seem that they
constitute a major factor in the evolution of inmiimg. Nevertheless, a few duplicates may have
taken regulatory elements from the X chromosomé thiém and thus initiated the development of
an imprinting domain. Interestingly, the six gemggh X-chromosomal paralogs are distributed
over different imprinting domains. Similar obsergat have been reported in the literature for a
different set of genes. Wood et al. (2007) examitvgglve murine imprinted genes, all of which
are paternally expressed, that show charactefesiicres of retrotransposition, e.g. lack of ingon
Four of them are paralogous to genes on the X absome Kcts2, Inpp5f, Napll5, and U2af1-
rsl; Walter and Paulsen 2003, Morison et al. 2005, &Veb al. 2007). They form so-called
microimprinted domains with an oocyte-derived DMRcle. As these genes are absent in
marsupialsMcts2 even in cow and dog, ahdPafl-rsl is rodent-specific, they might present initial
states of imprinting domains. The newly integraldR might expand its regulatory influence to
neighboring genes during the course of time. Inak@rnative scenario, whole genomic regions
including their regulatory elements could have banslocated from an ancestral X chromosome
by genome rearrangement (Rapkins et al. 2006).

Additionally, it has been argued that evolutionprgcesses should act likewise on imprinted
genes and genes on the X chromosome because theyhbmizygous expression as a common
feature (Smith and Hurst 1999). Analysis of mouse it orthologous genes showed that the rate
of silent substitutions, Ks, is reduced in imprthigenes as in X chromosomal genes, which has
been reported before (Smith and Hurst 1999). Algb vespect to protein and cDNA identity as
well as the rate of nonsynonymous substitutions, afal Ka/Ks, imprinted genes behave highly
similar to those on the X chromosome in rodentsdntrast, the evolutionary patterns for human-
mouse and human-chimpanzee genes differ betwedéntyjpés of genes. Consequently, as seen
with respect to CpG islands, there seems to bengplex interplay of species-specific, general
epigenetic, and imprinting-specific effects. Thelueed Ks rate might again be connected to a
possible relative hypomethylation. If this was tase, silent CpG mutability — as measured by the
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ratio of CpG deamination related exchanges attsdedon positions in protein-coding regions —
should be low. However, this ratio has been repaitebe high for the X chromosome (Smith and
Hurst 1999). In contrast, the present study shotkatl imprinted genes have a lower estimated
CpG deamination ratio than the genome-wide one.sThlthough the X chromosome and
imprinted genes possess quite a number of sindgyithey differ in detail. This might be related t
the fact that there are always two copies of intpdrgenes present in germ cells before meiosis, so
that they are equally transmitted by males and fesnawhereas only one copy of the X
chromosome is transmitted through the male geren lin

4.6 Is there an "imprinting transcription factor"?

Their parent-of-origin dependent monoallelic expr@s suggests that imprinted genes possess
similar regulatory elements. The simplest scenadald be that all imprinted genes are transcribed
upon the presence of certain transcription factorsvhich binding sites should be detectable as
conserved motifs in their promoter regions. SudtEE sequence patterns and transcription factor
binding sites (TFBSs) should be enriched in therimed group compared to biallelically
expressed genes. However, no discerning differena&l be seen in the analyses presented here.
Despite sharing the feature of parent-of-origin etefent monoallelic expression and often
occurring in genomic clusters, imprinted genes dbseem to possess similar regulatory motifs
and, as to be expected judging from their variaunstions, they constitute a very inhomogeneous
group.

For both imprinted and biallelically expressed gentie most upstream TSS region rarely
overlaps with conserved elements, but frequentlth wCpG islands. Consistent with these
observations, it has been reported that espegaltgs with tissue-specific expression and roles in
development have several transcriptional stars siteheir CpG-rich promoter regions (Carninci et
al. 2006, Baek et al. 2007). Such genes are likelyulated by specific combinations of
transcription factors, so-called cis-regulatory mled. By using data on transcription factor
binding sites annotated based on experimental ee@er conservation, only a low number of hits
were obtained for the most upstream promoter ragionaking it impossible to derive cis-
regulatory modules. To see whether genes in theriteol group share common motifs will require
other approaches.

An alternative, promising strategy is the analydispotential regulatory elements ouside of
promoter regions, namely in conserved intronic amergenic regions. Here, the significant
enrichment of CpG-rich motifs may indicate the preee of protein binding sites. One candidate
for such a putative imprinting-specific transcrgptifactor is CTCF because binding sites have been
reported for several DMRsD(kL/Gtl2, Grbl0 and GRB10, H19/1gf2, GNAS Kcngl,
PEG10/SGCE, Rasgrfl, WT1; Bell and Felsenfeld 2000, Hark et al. 2000, Raulst al. 2001,
Hikichi et al. 2003, Szabé et al. 2004, Yoon et24l05, Fitzpatrick et al. 2007, Hancock et al.
2007, Monk et al. 2008). Additional occurrencesenbeen reported falAGEL2, CDKN1C and
GNAS (Kang et al. 2009). These sites might also be 8daynthe CTCF-like protein (Loukinov et
al. 2002). The DMRs oPeg3, at theGnas locus and in the PWS/AS region are associated with
binding sites of a second candidate, YY1 (Kim et28l03, Rodriguez-Jato et al. 2005, Kim et al.
2006, Kim J et al. 2007, Kim 2008).

Genome-wide experimental analyses identify CTCF¥i#l as ubiquitous transcription factors
(Barski et al. 2007, Kim TH et al. 2007). Neverded, CTCF binding sites appear to be
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overrepresented in imprinted regions (Lindroth kt2008). We found that only 66% of the
analyzed imprinted genes are associated with expetally verified CTCF binding sites. Thus,
just like tandem repeats, this feature is oversgareed in comparison to biallelically expressed
genes but neither unique to imprinted genes nastlgtnecessary. Similarly, less than half of the
imprinted genes investigated by Wen et al. (2008)canneted to triple hits of DNA methylation,
H3K4me2, and the presence of CTCF binding sitess&mesults support the hypothesis that there
may be several ways to establish imprints and &mglay of different factors may be required. For
example, the finding that CTCF and YY1 form prot@omplexes with a critical role in X
inactivation suggests that such interactions mahbd occur at imprinted loci (Donohoe et al.
2007), possibly in association with chromatin logpturrell et al. 2004, Kurukuti et al. 2006).
Indeed, only 21% of the autosomal genes posseds dxperimentally verified CTCF and
conserved predicted YY1 binding sites in intronsnointergenic regions but 40% of the imprinted
genesATP10A, BEGAIN, CALCR, CDKNIC, DCN, DIO3, DLK1, GNAS HTR2A, IGF2, KCNK9,
KCNQ1, L3MBTL, MAGEL2, NDN, OSBPL5, RASGRF1, SLC22A2, S_.C38A4, TRPM5, USP29,
WT1, and ZIM2. Experimental analyses of thedin vitro YY1 binding capacity and potential
interactions would be needed to gain more insigtd the role of these transcription factors in
imprinting.

4.7 Distinguishing patterns of conservation and dergence

4.7.1 Possible contributions to murine speciation

The observed low recovery rate of orthologous imted genes in the genomes of other
mammalian species than human and mouse initiatedioser investigation of their general
conservation. With respect to genomic sequences;dhservation is more variable but essentially
similar to that of randomly chosen genes. Imprintedions also contain similar amounts of
conserved elements as the whole genome, with ttebleoexception of protein-coding regions.
Conserved elements that overlap by at least one jbais with coding exons of imprinted genes
have significantly lower conservation scores arelsiorter, which indicates a different pattern of
evolution. The cDNA and protein based investigaticomprise less than 60 imprinted genes for
statistical comparison. For species other than nuanal mouse, there is an even smaller number of
sequences available. Thus, analyses on proteincBMA level could only reveal the most
prominent differences, namely the decreased coatenv between human and mouse or rat,
respectively, and mouse and cow, as opposed thigheconservation between the two rodents. In
summary, our analyses support a special role irenbavolution. We cannot exclude that
distinguishing processes acted on some imprintaégalso in other mammalian lineages, thereby
contributing to the low conservation scores for maatian conserved elements. Notably, compared
to their chicken and zebrafish orthologs, impringgghes show similar sequence identities and
Ka/Ks distributions as biallelically expressed gen€his suggests that at the split of mammals
from other vertebrates, there has been no speamfitern of evolution on protein-encoding genes
that later became subject to imprinting. It is ygprobable that instead, distinguishing regulation
and expression patterns were established.

Early studies on the evolution of imprinted gemembuse and rat did not reveal indications for
conspicuous mutation rates or positive selectiothinrodent lineage (McVean and Hurst 1997,
Smith and Hurst 1999). From this it was concludeat imprinted genes in general did not show
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special patterns of evolution. However, with thgusmces of only 15 imprinted genes available at
that time, the authors might have looked at thengolace. Purifying selection in extant rodents is
stronger than for example in humans or chimpanzeesumably due to their larger population
sizes (Chimpanzee Sequencing and Analysis Conso2i05). Thus, although rodents are fast-
evolving and thus prone to show increased divergéWaterston et al. 2002), genes that acquired
beneficial mutations in a common ancestor shouldigkly conserved between mouse and rat. In
the millions of years that have passed since tlie afpthe rodent lineage from other mammals,
signs of possible initial Darwinian selection wouldve become obscured by the counteracting
marks of purifying selection (see also Fig. 3.1Bhe results presented in this study strongly
support increased protein evolutionary rates ofrimpd genes in a rodent ancestor followed by
purifying selection in modern rodents. The laterlso supported by a low number of SNPs in
murine imprinted genes. The observed reduced ks ratrodent orthologous imprinted genes may
either hint at different mutations rates or at fyimg selection not only on protein function, but
also on post-transcriptional regulation (Xing areel2006, Resch et al. 2007). In other mammalian
lineages there is no apparent difference compardaatlelically expressed genes. Nevertheless,
conserved elements that are fully located in codirgns of imprinted genes do not exhibit the
same weak conservation as those for which an qverficonly 1 bp is required. Thus, intronic
sequences near exon boundaries, for example spfioals, also seem to be less conserved in
imprinted genes than on a genome-wide level.

Initial divergence with subsequent purifying sell@ctis assumed to be typical for the evolution
of new functions, for example of duplicated genksdan et al. 2004, Brunet et al. 2006, Conant
and Wolfe 2008), and for the evolution of new spech role for imprinted genes in speciation has
been suggested by Reik and Walter (2001) who ratéfer to regulation than to protein-coding
genes. Indeed, mutations affecting expression aghmore common than those affecting protein
function (Wilkins and Haig 2001). This might explathat, despite their important roles in
embryonic development, the correlation of expresspmofiles between human and mouse
imprinted genes is not higher than that of randethatogs (Steinhoff et al. 2009). In the mouse,
more genes are imprinted and their regulatiorristet than in humans (Morison et al. 2005, Monk
et al. 2006). Other typical features, such as aitlement of intronic CpG islands, are also more
pronounced in murine than in human imprinted gdigter et al. 2006). It is conceivable that,
consistent with the paternal conflict theory (Moared Haig 1991), short gestation time, frequent
pregnancies and offspring of different paternity ooly favored strict imprinting in rodents but
also changes in the associated protein-coding seqae

4.7.2 Reconstruction of ancient evolutionary patterns

The results of the branch models (see section )3gbBtradict the assumption of accelerated
evolution in early rodents. Although at least saeees are expected to have been under positive
selection in the ancestral rodent lineage (Gibbal.eR004), our attempts wittodeml failed to
detect more than two genes where Ka/Ks would haea Isignificantly greater than 1. A possible
explanation for this is that using the simplifiedrooted tree (human,(mouse, rat)#1, cow) is
inappropriate because it compares the cow direotlthe euarchontoglires ancestor instead of a
mammalian ancestor (Fig. 4.1). As a consequencé&KKis likely artificially elevated in this
lineage. Since it corresponds to the background,ridite overall Ka/Ks ratio becomes similar to or
even higher than the early rodent ratio, whicHhlmaaed to differ in the two-ratios model.
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Figure 4.1: Phylogenetic tree of rat, mouse, humamnd cow

The correct unrooted tree can be rooted at the n@iamancestor node (1). From this
common ancestor, the cow and the euarchontoglhrem@ns and rodents, with a common
ancestor of mouse and rat represented by nodecBjesiv An unrooted tree in which no such
mammalian ancestor is constructed compares the aswan outgroup directly to the
euarchontoglires ancestor node (2), from which ékelutionary distance is substantially
higher than if the mammalian ancestor was takemaotount.

The most severe drawback is surely the low numbé&us sequences per gene because maximum
likelihood methods profit from the integration ofora information. With the HomoloGene data,
however, it was not possible to obtain the recondedrten or more sequences per gene. Only for
21 imprinted genes the cDNAs of all six mammalipaces were available. When analyzing them
with the correct unrooted tree (Fig. 2.7), just tgenes had a Ka/Ks ratio that was significantly
different in the early rodent branch. Orilgn, a gene of the Prader-Willi/Angelman syndrome
region that encodes a neural growth suppressoramadevated rodent Ka/Ks ratio. It seems that
branch models are well suited for the analysis efieg that exhibit positive selection in one
terminal branch but may come to their limit whemlgiming genes with opposite patterns of ancient
divergence and recent conservation. Overall, thadir models imply an excess of both silent and
nonsilent substitutions in imprinted genes throudttbe lineages whereas Ka/Ks is similar to the
genome-wide level. This at least still argues tdeersive mutational processes on imprinted genes.
From the pairwise comparisons it became clear ithahe branches leading from the rodent
ancestor to mouse and rat, respectively, the Ka#ke should be low due to purifying selection.
On the other hand, for some genes there are immlisabf adaptations in other lineages, e.g.
PLAGL1, where Ka/Ks is elevated in the branch leadindgnuman. These issues would call for
applying models that assign individual ratios tahedoranch. Their disadvantages are a huge
parameter space (Yang 2007), which increases timapility to get stuck in a local minimum, and
that they require an even larger computational reffban constructing the simpler models.
Analyzing 10,000 alignments with theodeml program already takes several hours and
downloading and aligning the sequences more thablds the time needed. In contrast, the Perl
script for calculating divergence patterns of aapué rodent ancestor and human from pairwise
HomoloGene data (see section 3.4.3) runs in lems ¢me minute and gives additional data for
protein and cDNA identity. The reconstructions eo@sistent with both the pairwise data and the
branch models in that Ka and Ks rates tend to éeattd in maternally expressed genes. Although
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we found a trend for increased Ka/Ks comparedadbdically expressed genes, relaxed constraints
or even Darwinian selection must be ruled out.

4.7.3 Maternally expressed genes and femal e-specific benefits

A possible explanation why especially maternallpressed genes show increased divergence
might be gain of function. As two prominent exangp)lksF2R developed from the mannose-6-
phosphate receptor gene by gaining an IGF2 binsiteg(Killian et al. 2001), and the Arabidopsis
MEDEA gene assumed a crucial role in seed developmgiitaf® et al. 2007). In a "feminist"
view of imprinting evolution, changes in the protiencoded by maternally expressed genes may
have provided female-specific benefits. Supportthig hypothesis, the highest Ka/Ks ratios
between human-mouse imprinted genes (Appendix M, T8) are exhibited bydknlc and
Phlda2, maternally expressed genes that fulfill importamtctions in the mouse placentalso
Tspan32 andAscl2, showing placenta-specific maternal expressionémntiouse, have Ka/Ks ratios
over 0.3. Apart from being able to control embryogrowth, maternally expressed genes are
transcribed in the oocyte from alternative prom®{&hotalia et al. 2009). Here, they may have yet
unknown special functions. A dominant maternal riolémprinting is further insinuated by the
facts that maternally expressed noncoding RNAsiamite the expression of paternally expressed
genes (Lin et al. 2003) and that most DMRs are mally methylated. Thus, paternal repression
rather than maternal expression might be the dyifance of imprinting evolution.

Also paternally expressed genes have placentatifunscand influence maternally expressed
genes (Varrault et al. 2006). They comprise boghrttost conserved and the most diverged genes
(Appendix D Tab. D3). Whereas there is no nonsynmws substitution isnprn, Usp29 is by far
the least conserved gene between human and modi$aarhe third highest Ka/Ks ratio. The high
divergence might be related to the different gemoonganization of th€®eg3 domain (Kim J et al.
2007). Among rodents, paternally expressed gerepaticularly well conserved. Loss of function
is probably devastating if it affects (paternallypeessed) growth factors that are involved in
crucial cellular pathways. In contrast, (maternadlypressed) growth inhibitor genes might
degenerate with less deleterious effects. Undariaparcumstances, their putative loss of function
might even be associated with increased fitnesgerbent growth factors could also have acquired
new function. In viviparous fish species that depeld placenta-like structureB5F2 shows
indications of Darwinian selection (O'Neill et 2D07), indicating that evolutionary adaptations of
growth factors might predate or be alternativentprinting.

4.7.4 A critical look on sequence-based methods to keep track of protein evolution

Use of the nonsynonymous to synonymous substitutitio as a means for detecting Darwinian
selection is controversial (Hughes 2007). SinceKKadecreases with evolutionary distance, it is
virtually impossible to discover any patterns otiant selection (O'Neill et al. 2007). Positive
selection on individual lineages is especially herddetect (Kosiol et al. 2008) and efforts to
identify such genes are traditionally concentratadevolutionary recent events, especially when
comparing human sequences to chimpanzee orthoBgstgmante et al. 2005, Nielsen et al.
2007). Low quality of genomic sequences can leadatee positive mismatches, as has been
reported for chimpanzee (Mallick et al. 2009). Thsght explain that mouse-chimpanzee
HomoloGene data are not fully consistent with thoeemouse-human and that our results for
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human-chimpanzee Ks rates differ from publishedolaions (Lu and Wu 2005).

Since the Ka/Ks ratio is calculated as an average a whole protein-coding sequence, a few
but decisive nonsynonymous substitutions can edsdy outweighed by an enrichment of
(supposedly neutral) synonymous ones. One exchaagedo acid, however, can already be
sufficient for altering the phenotype, as the vkelbwn example of sickle cell anemia shows. On
the other hand, if functional sites exhibited frequchanges, it would become impossible to find
orthologs (Hughes 2007). Moreover, the common apsom that synonymous substitutions are
neutral is questioned by findings that the thirda@o position is important for alternative splicing
and RNA secondary structure (Xing and Lee 2006)ns&ently, both purifying and positive
selection on silent sites is a widespread phenomerdependent of protein evolution (Resch et al.
2007).

Another disadvantage of codon-based models isttiegtcannot account for drastic mutational
events like exonization of intronic sequences (N al. 2007) because alignment gaps are
discarded or treated as missing data. Our anafgsesled that gaps are enriched in human-mouse
alignments of the protein sequences encoded byrnadiie expressed genes and thus contribute
substantially to the observed divergence. In muaneno acid sequences that align with <50%
identity to their human counterparts (eRjagll, Tspan32, and Usp29), unmatched sequence
stretches containing large amounts of proline aghihe, methionine, and histidine can be observed
which might indicate intron retention.

Without experimental evidence, it remains unclebetler changes in the amino acid sequence
induce altered protein functions and interactidxsthe example ofGF2R shows, divergence did
not take place at the IGF2 binding site but atdigeal sequence (McVean and Hurst 1997, Smith
and Hurst 1998), indicating that protein-proteinteractions must be preserved whereas the
concentration of the functional protein may be deghby transporting it with altered efficiency.

In conclusion, Darwinian selection can probablyyobke detected for recently established
imprinted genes such &EDEA (Spillane et al. 2007). Notably, when contrasting divergence
of human and mouse imprinted genes with the existerfi orthologs in non-mammalian species
(Paulsen et al. 2005, Dunzinger et al. 2007, Paak 2009), there is a suspicious concentration of
evolutionary young genes among those that havesiavilarity or even lack HomoloGene data
(Appendix D Tab. D3). We concluded that initial eigence and subsequent fixation may be a
common pattern of imprinted genes. However, chatlyssaffect gene expression are much more
frequent and important than mutations of proteioeeling sequences (Wilkins and Haig 2001).
Rearrangement events like gene duplications aredtions are a typical feature in the evolution of
imprinting clusters (Paulsen et al. 2005, Rapkinal.e2006, Hore et al. 2007, Warren et al. 2008).
Most remarkably, evolution is still going on withet appearance of lineage-specific imprinted
genes.

4.8 Paralogous genes and the evolution of imprintg

The existence of paralogs may have enabled a grdiagrgence of imprinted genes by relaxation
of purifying selection. One might expect that dodunctional redundancy, the orthologs of genes
with paralogs are more diverged from each othen thase of genes that do not possess paralogs,
so-called singletons. Strangely enough, exactlyoposite is the case (Jordan et al. 2004, Brunet
et al. 2006, Chain and Evans 2006, Conant and V2888, Studer and Robinson-Rechavi 2009).
Retention of gene duplicates seems to be favoneddines with important functions, whereas less
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important genes tend to remain singletons (Jordaal. £004). Gene duplication appears as the
driving force for the evolution of new functionscaspecies (He and Zhang 2005, Han et al. 2009).
He and Zhang (2005) estimated that by this medmsytal0,000 new protein interactions evolved
in humans since they diverged from mice. Notabgy wuplicates still have the same targets as the
original, but by divergence, the type of interaciomay switch from activating to repressing
(Bridgham et al. 2008).

Most mammalian paralogs date back to a whole gendupdication in Euteleostomi, after
which many gene duplicates were deleted (McLysaghal. 2002, Dehal and Boore 2005).
Younger ones arose by tandem duplications andcimtemosomal rearrangements mediated by
transposons, which is frequent in mammals (Jai#oral. 2004). In the mouse genome, more
duplicates have been retained that became procpseadogenes in the human genome (Shiu et al.
2006), which is reflected in our observation thatigher percentage of murine genes has
duplicates. Whereas most duplicates became noidaattand eventually so mutated that they
cannot be recognized any more, other gene pairsrwett combined evolution. If the original
protein had several functions, they can be splitbepveen the two copies, a process termed
subfunctionalization. In the case of neofunctiaration, one copy develops a new function.
Apparently, these two processes cannot be cleaglyarated, leading to the concept of
subneofunctionalization (He and Zhang 2005). Im&pf evolution, such duplication events are
characterized by two phases. First, immediatelgraftiplication, relaxed constraints — sometimes
also positive selection — act on the two geneslihgato their fast divergence. After new functions
of the paralogs have been established, they ati@ aghject to purifying selection (Jordan et al.
2004, Brunet et al. 2006, He and Zhang 2005, ComadtWolfe 2008, Studer and Robinson-
Rechavi 2009). Still, it can be assumed that pafrsparalogs are similar in function to a
comparable degree as orthologs in different spg&egler and Robinson-Rechavi 2009).

Interestingly, when studying the conservation ofhologs, divergence of one paralog is
balanced by conservation of the other (Jordan.e2@)4, Brunet et al. 2006, Chain and Evans
2006, Conant and Wolfe 2008). As to imprinted gemasmade the striking observation that they
are obviously concentrated in the faster evolvirgug (Fig. 4.2) and are more diverged from their
paralogs as the average pair. The strict conservafitheir paralogs indicates that these may have
maintained the original functions and thus may héaalitated changes in the sequences of
imprinted genes. In the mouse, divergence betwegminted genes and their paralogs is higher
than in human, which, given the strong conservatiothe paralogs, again speaks for an increased
divergence of imprinted genes in the rodent ancekioreased conservation of singletons between
mouse and rat, in turn, corroborates purifyingc@e due to lack of a buffering paralog.

It has further been suggested that many imprintyteg arose from transposons (Walter and
Paulsen 2003, Wood et al. 2007). Retroposed paradng integrated in a new genomic and
epigenomic context, hence they will likely exhiblifferent expression patterns. In other tissue
types than the original ones, they will experiefest evolution leading to new functions. This
scenario is strongly supported by the finding timgny young, lineage-specific duplicates have
undergone positive selection whereas the origieakg remained subject to strict constraints (Han
et al. 2009). For the imprinted genes and theialpgs analyzed in this study, direction of the
duplication has not been assessed. Since mostsedet& back to the Euteleostomi whole genome
duplication (Appendix D Tab. D3), retrotranspositidoes not seem to be a major factor for their
divergence. However, as already mentioned in seetid, a few more recently duplicated genes
might have introduced regulatory elements that imecenprinting control centers into previously
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non-imprinted regions and thus may have influertbecevolution of whole gene clusters.

time

al;

sequence
divergence

Figure 4.2: Complementary divergence

The orthologs of single copy genes (s) are morerdad than the orthologs of genes that
possess paralogs. Regarding paralogous pairs idlisially expressed genes (b1, b2), one is
usually more diverged than the other. If an imm@ihtgene (gl has a paralog (a2), the
imprinted gene itself is in most cases the morergjent one.

4.9 Conclusions and outlook

Imprinted genes are an enigma because they represeny heterogeneous group that has little in
common apart from their monoallelic expression depat on their parental origin and their
important role in embryonic development. They diffa terms of their regulation, sequence
properties, function, conservation and evolutiortgisgory. Nevertheless, they share some features
that distinguish them from biallelically expressggghes. The studies presented in this thesis could
statistically verify or refute existing hypothesas such properties. Moreover, the association of
imprinted genes with tandem repeats in their Cpl@nds, enrichment of conserved ancient
repetitive elements, as well as the lineage-speeifolutionary patterns of the proteins encoded by
them and their paralogs, might provide alternatheans for the identification of new imprinting
candidates (compare also section 4.1.2). In cdntwalsrge-scale predictions involving dozens of
features (Luedi et al. 2005, 2007), detailed anslgkthe apparently most prominent ones allows a
better biological interpretation.

In summary, we could shed some light onto improptmechanisms — only to see that the
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implications are larger than anticipated. As figdr8 shows, different features participate in a
complex network of interactions that regulate paodrorigin dependent monoallelic expression.

Future research will concentrate on more detailealyaes of intronic and intergenic conserved
elements in order to find the most promising po&ntegulatory elements that can be

experimentally assessed. Additionally, relatedqmty will investigate the coexpression patterns of
imprinted genes and interactions of proteins enddnjethem to gain a better understanding about
their involvement in metabolic pathways.

selection

imprinted binding
proteins

conserved
elements

::> transcription

repetitive
elements

Figure 4.3: Overview of the imprinting regulatory network

Genomic sequences of imprinted regions containraéfeatures that influence DNA structure
and, either directly or indirectly, transcriptiohhese features are highly interconnected and
may have in part redundant functions. Moreoverunahtselection acts via the phenotype
(represented by the mouse) on several levels, inhathe existence of paralogous genes may
have decisive influence. Features not included leee DMRs, which may coincide with
conserved elements, CGls, or repeats; histone matiifins, which influence DNA structure as
well; and antisense transcripts, which are involwettanscriptional regulation and are a target
of selection.
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Appendices

Appendix A

Table Al: Locations and data of genomic sequences

The abbreviation dir. stands for the directionrahscription (+: on forward strand, C: on reverse
complement). Ns in the mouse represent stretchemadéfined nucleotides. All data refer to the
genomic sequences of the genes with 10 kb of wpsti@nd downstream sequences each. UCSC
coordinates are zero-based.

human G1, NCBI build 35.1

gene symbol contig, dir. start length (bp) |chr. G+C CpG content
(synonym) version content (%) (%)
ADAM19 NT_023133.12 C 1703872 118455 5 46 1.2
ANKRD1 NT_030059.12 C 11410373 29176 10 40 0.8
AQP8 NT_010393.15 |+ 16531364 31969 16 47 1.4
ARF4 NT_022517.17 IC 57487130 45989 3 41 1.3
ARHGAP24  INT_016354.17 |+ 11336131 92396 4 37 0.7
ARL2BP NT_010498.15 |+ 10883237 28508 16 46 1.6
ASB13 NT_077569.2 C 34584 46854 10 48 2.0
ATP5G2 NT_029419.10 C 16192143 27596 12 45 1.7
BACE1 NT_033899.7 C 20708833 50556 11 47 1.5
BCKDHB NT_007299.12 |+ 18626535 259624 6 37 0.6
CACNA1B NT_024000.16 [+ 1545244 264391 9 50 1.8
CHRNB3 NT_007995.14 |+ 12862951 59648 8 46 1.6
CIR NT_005403.15 C 25412297 67564 2 39 1.2
CLDN12 NT_007933.14 |+ 15257072 32473 7 39 0.8
CPT1B NT_011526.6 |C 217353 29707 22 55 2.7
CRYBB3 NT_011520.10 [+ 4976394 27500 22 48 1.4
CSNK1D NT_010663.14 |C 406349 49332 17 56 3.4
CSTF1 NT_011362.9 |+ 20010527 31489 20 43 1.7
DDX20 NT_019273.17 |+ 8374369 31946 1 42 1.1
DPYSL4 NT_024040.14 |+ 262877 38863 10 58 3.5
ELOVL3 NT_030059.12 [+ 22724669 23204 10 49 2.2
FAIM2 NT_029419.10 C 12393986 57041 12 53 1.7
GLP1R NT_007592.14 |+ 29864867 58904 6 50 1.2
GMPPA NT_005403.15 [+ 70563028 28099 2 59 2.6
GPR142 NT_010641.15 [+ 6279917 25095 17 55 2.2
GSTM1 NT_019273.17 |+ 6306557 25926 1 46 1.3
GTF3C5 NT_035014.4 |+ 2673053 47775 9 53 2.4
HIST4H4 NT_009714.16 C 7672628 20412 12 42 1.9
HOXB6 NT_010783.14 C 5316391 29222 17 54 3.6
HSBP1 NT_010498.15 [+ 37445827 23647 16 45 1.7
HSD11B1 NT_021877.17 [+ 3312657 68746 1 41 0.6
HTR3B NT_033899.7 [+ 17328005 61695 11 43 1.2
IREB2 NT_010194.16 [+ 49510946 80842 15 41 1.2
IRF3 NT_011109.15 C 22421019 26286 19 57 3.3
KIF13B NT_023666.17 |C 7289083 215846 8 43 1.3
KLF3 NT_016297.15 [+ 5804460 54585 4 43 15
LPL NT_030737.9 [+ 7631706 47992 8 42 1.3
LRG1 NT_011255.14 C 4467228 22809 19 56 3.2
LRRC6 NT_008046.15 |C 46792628 123365 8 40 0.7
LTBP2 NT_026437.11 C 55954640 134148 14 51 1.6
MAFG NT_010663.14 IC 80256 24945 17 61 4.4
MBNL1 NT_005612.14 |+ 58470983 217741 3 36 0.7
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gene symbol contig, dir. start length (bp) |chr. G+C CpG content
(synonym) version content (%) (%)

MCSP (SMCP) INT_004487.17 |+ 3331153 26726 1 40 0.7
MOS NT_008183.18 IC 8868854 21041 8 44 2.0
MPP2 NT_010783.14 C 596537 52158 17 50 1.5
NKX6-1 NT_016354.17 IC 9899141 24952 4 46 2.8
NOL1 NT_009759.15 C 6510290 31056 12 51 2.3
OSBPL9 NT_032977.7 |+ 5892157 191378 1 39 0.9
OSMR NT_006576.15 [+ 38808893 108267 5 41 0.9
PDCD6IP NT_022517.17 [+ 33770086 88417 3 37 0.9
PDE6D NT_005403.15 C 82796562 68828 2 43 1.4
PLAT NT_007995.14 C 12343144 52440 8 47 1.7
POFUT2 NT_011515.11 C 1991188 43949 21 54 3.3
POLK NT_006713.14 |+ 25391939 107553 5 37 0.8
PPGB (CTSA) INT_011362.9 |+ 9563112 27253 20 52 2.0
PPP4R1 NT_010859.14 C 9526842 87726 18 41 1.3
PRDM1 NT_025741.13 [+ 10693624 43619 6 42 1.3
PRKCBP1 NT_011362.9 C 10881289 167094 20 47 1.6
(ZMYND8)

PTPRA NT_011387.8 [+ 2774830 194486 20 44 1.3
PTPRO NT_009714.16 [+ 8224461 294849 12 38 0.7
PTPRU NT_004538.16 [+ 745980 110289 1 51 1.6
RAB17 NT_005120.15 C 4405719 36772 2 53 1.9
RBMS3 NT_022517.17 [+ 29253029 729731 3 36 0.6
REL NT_022184.14 |+ 39914733 61171 2 39 1.1
RGS3 NT_008470.17 [+ 23535583 155640 9 49 1.2
SAMD10 NT_011333.5 C 1332098 25525 20 56 3.5
SC4AMOL NT_016354.17 [+ 90733989 35010 4 39 1.0
SGCA NT_010783.14 |+ 6886669 29899 17 53 2.0
SLC14A2 NT_010966.13 [+ 24673868 88307 18 46 1.0
SLC1A4 NT_022184.14 |+ 44022527 54406 2 45 1.4
SPRR2A NT_004487.17 C 3508952 21392 1 37 0.6
STAT3 NT_010755.15 C 4179639 95171 17 46 1.6
STX16 NT_011362.9 [+ 22269235 48255 20 44 1.7
TCF19 NT_007592.14 [+ 21975498 23292 6 52 2.0
TRIM14 NT_008470.17 IC 8157842 54852 9 47 1.5
WNT11 NT_033927.7 C 6110119 40205 11 58 2.8
YTHDF1 NT_011333.5 C 553416 40754 20 53 2.4
ZDHHC3 NT_022517.17 IC 44896665 70954 3 47 1.2
ZHX1 NT_008046.15 [C 37468881 45845 8 41 1.5
human G2, NCBI build 35.1

gene symbol contig, dir. start length (bp) |chr. G+C CpG content

(synonym) version content (%) (%)

ABCF1 NT_007592.14 |+ 21387421 39920, 6 48 1.7
ADARB1 NT_011515.11 |+ 1801851 171960 21 46 1.6
AGR2 NT_007819.15 |C 16117109 33173 7 39 1.1
ANKS1 NT_007592.14 |+ 25705291 222150 6 45 1.2
APBB2 NT_006238.10 |C 508591 419851 4 42 1.2
BCL2 NT_025028.13 |C 8571425 215467 18 43 1.2
C9 NT_006576.15 |C 39247763 99650 5 38 0.6
CABP2 NT_033903.7 |C 12582213 24450 11 52 1.7
CALB1 NT_008046.15 |C 4279011 44270 8 36 0.7
CALM3 NT_011109.15 |+ 19362787, 29471 19 52 2.2
CDH6 NT_006576.15 [+ 31156553 151442 5 38 0.8
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gene symbol contig, dir. start length (bp) |chr. G+C CpG content
(synonym) version content (%) (%)

CHAF1B NT_011512.10 |+ 23409559 51437 21 47 1.9
CLCN2 NT_005612.14 C 90549552 34874 3 54 2.4
CLK1 NT_005403.15 IC 51917221 31552 2 44 1.8
CNTNAP1 NT_010755.15 [+ 4548928 37201 17 55 2.8
COMMD2 NT_005612.14 C 55943686 31747 3 38 0.8
CPN1 NT_030059.12 C 20540598 59523 10 44 1.0
CTSK NT_004487.17 IC 1249042 32126 1 43 1.1
CUL1 NT_007914.14 |+ 8961949 122270 7 42 1.5
CUTL1 (CUX1) NT_007933.14 |+ 26632352 487959 7 49 2.1
DCT NT_009952.14 C 8171519 60081 13 40 0.8
DHFR NT_006713.14 C 30506406 48769 5 41 1.2
EFS NT_026437.11 C 4815452 29231 14 54 2.0
ENPP1 NT_025741.13 |+ 36223589 103191 6 38 0.9
EVC NT_006051.17 |+ 1790369 137861 4 48 1.5
FBLN1 NT_011522.5 [+ 1155300 118296 22 53 2.2
FUT1 NT_011109.15 C 21509458 24580 19 56 3.2
GDNF NT_006576.15 |C 37778510 44030 5 46 1.9
GPR2 (CCR10)NT_010755.15 |C 4545731 22411 17 59 4.3
GSPT1 NT_010393.15 C 3269618 63270 16 43 1.7
H1FX NT_005612.14 C 35518769 21503 3 54 2.2
HBXIP NT_019273.17 C 7019994 26668 1 44 1.6
HIST1H4H NT_007592.14 C 17133605 20374 6 42 1.5
ILIR1 NT_022171.13 |+ 4826426 45933 2 42 1.0
ILLRAP NT_005612.14 |+ 96717049 157411 3 38 0.9
ITGB1 NT_008705.15 IC 15154645 77503 10 39 1.0
KLF4 NT_008470.17 IC 17558340 24621 9 46 2.6
MADCAM1 NT_011255.14 |+ 426490 28853 19 60 4.4
MASP1 NT_005612.14 C 93421100 93529 3 44 0.9
MFAP5 NT_009714.16 C 1547514 36894 12 43 1.2
MPDU1 NT_010718.15 |+ 7074514 24345 17 53 2.4
MX1 NT_011512.10 |+ 28450024 52985 21 48 1.6
NCF2 NT_004487.17 IC 33923637 55314 1 45 1.0
NFE2L1 NT_010783.14 |+ 4769024 33097 17 49 1.7
NPY1R NT_016354.17 C 88730248 28632 4 37 0.8
NR2F1 NT_023148.12 |+ 1224514 29188 5 50 3.5
0GG1 NT_022517.17 |+ 9720705 37638 3 51 1.8
OLIG2 NT_011512.10 |+ 20050163 23209 21 54 3.5
PDHB NT_022517.17 IC 58343398 26197 3 45 1.4
PIK3R3 NT_032977.7 C 315206 112501 1 42 1.1
PPAP2C NT_011255.14 C 211046 30390 19 54 2.9
PRIM2 NT_007592.14 1+ 48030653 350955 6 38 0.7
(PRIM2A)

PRKDC NT_008183.18 IC 529021 207075 8 42 1.4
PSTPIP1 NT_010194.16 |+ 48067874 62118 15 54 1.6
RBM9 NT_011520.10 C 15520162 116782 22 39 0.9
RGNEF NT_006713.14 |+ 23506341 335836 5 39 0.8
RHOD NT_033903.7 |+ 12120116 35164 11 55 2.3
RNF44 NT_023133.12 C 20753286 30722 5 55 3.0
RPL27 NT_010755.15 |+ 4864742 24531 17 48 1.9
SEPHS2 NT_010393.15 C 21758032 22272 16 47 1.8
SOCS5 NT_022184.14 |+ 25732032 83829 2 38 0.9
SOCS7 NT_010755.15 |+ 222424 67935 17 46 1.5
SOX17 NT_008183.18 |+ 7213847 22437 8 47 3.3
SUMO1 NT_005403.15 C 53270325 52402 2 42 1.5
SVIL NT_008705.15 |C 11711602 298454 10 44 1.4
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gene symbol contig, dir. start length (bp) |chr. G+C CpG content
(synonym) version content (%) (%)

TACC2 NT_030059.12 |+ 42487215 285369 10 48 1.6
TAX1BP3 NT_010718.15 C 3159562 25788 17 56 3.0
TFEB NT_007592.14 C 32499967 71082 6 54 1.7
TIMM23 NT_008583.16 IC 133245 51247 10 40 1.1
TJP1 NT_010194.16 C 772916 142348 15 39 1.1
TNFRSF8 NT_021937.17 |+ 6650801 100831 1 51 1.8
TNFSF18 NT_004487.17 IC 23409390 29606 1 37 0.5
TOPORS NT_008413.16 IC 32520543 32059 9 41 1.5
TRRAP NT_007933.14 |+ 23700389 154727 7 47 1.9
TUBA2 NT_024524.13 C 717920 28017 13 49 1.5
UNG NT_009775.15 |+ 94924 33384 12 47 1.9
VPS24 NT_022184.14 C 65536493 79937 2 41 1.2
YPELS5 NT_022184.14 |+ 9175761 33572 2 42 1.4
ZNHIT1 NT_007933.14 |+ 26034045 26487 7 55 2.7
human G3, UCSC hg18

gene symbol chr. start end length (bp) dir. G+C CpG

(synonym) content (%) |content (%)
ABCD2 chrl2 38222813 38310237 87424C 35 0.6
ABCG5 chr2 43883115 43929462 46347C 44 1.2
AFM chr4 74556325 74598581 42256+ 37 0.5
ALDH4A1 chrl 19060512 19111659 51147C 54 2.1
APH1B chrl5 61346843 61395165 483221+ 41 1.3
ATAD1 chr10 89492854 89577897 85043C 37 0.7
ATRN chr20 3389675 3589760 200085[+ 41 1.0
BACH1 chr21 29583090 29666086 82996+ 41 1.1
BCMP11 (AGR3) [chr7 16855555 16898138 42583C 37 0.7
BNIP1 chr5 172494050 172533996 39946+ 44 14
C160rf53 chrl6 29725028 29751317 26289+ 57 3.3
CA8 chr8 61253976 61366508 112532C 39 0.8
CD207 chr2 70900855 70926461 25606/C 47 1.0
CHD1 chr5 98208808 98300138 91330(C 36 1.0
CLCA2 chrl 86652412 86704826 52414+ 39 0.6
COLEC10 chr8 120138626] 120198376 59750+ 37 0.5
CREB3L4 chrl 152197020] 152223456 26436+ 51 2.5
CXXC5 chr5 138998701 139053110 54409+ 57 2.3
DMAP1 chrl 44441711 44468938 27227+ 47 1.3
DSCR1L1 chr6 46286427 46411490 125063C 40 0.6
(RCAN2)
DUS2L chrl6 66604704 66680684 75980+ 48 1.5
EDEM1 chr3 5194432 5246642 522101+ 43 1.3
EPS15L1 chrl9 16323407 16453762 130355/C 51 2.1
FAM104A chrl7 68705086 68750128 45042C 45 1.7
FAM21C chr10 45532672 45618417 85745+ 42 1.3
FASTK chr7 150394640 150418884 24244C 60 4.1
FLJ22313 chr7 35628796 35711254 82458C 39 0.9
(HERPUD2)
GRRP1 chrl 26348097 26371705 23608+ 54 2.7
GTF3C1 chrl6 27369435 27478752 109317,C 49 1.7
HDCMA18P chr4 113767568, 113808190 406221+ 39 1.2
(LARP7)
HOXA6 chr7 27141640 27163893 22253C 53 4.1
HYAL2 chr3 50320243 50345146 24903C 56 2.7
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gene symbol chr. start end length (bp) dir. G+C CpG

(synonym) content (%) |content (%)
KBTBD10 chr2 170064457, 170101018 36561+ 39 1.0
KIAA0523 chrl7 5904657 5978469 73812+ 50 1.7
(WSCD1)
LOC136242 chr7 141172554 141197690 25136/C 39 0.6
LOC285148 chr2 9522120 9556041 33921+ 45 1.8
(IAH1)
LRRC6 chr8 133643628 133766995 123367,C 40 0.7
LSDP5 chrl9 4463545 4496208 32663C 56 3.0
LSM1 chr8 38130014 38163183 33169C 45 1.9
MRPL24 chrl 154963717 154987547 23830(C 52 2.1
MRPL40 chr22 17790035 17813594 23559+ 48 2.0
MTNR1B chril 92332436 92365596 33160+ 44 0.9
MTRR chr5 7912216 7964233 52017+ 38 1.0
NDUFS2 chrl 159425728 159460806 35078+ 50 1.6
OCIAD2 chr4 48572163 48613572 41409C 42 0.8
OR8Al chrll | 123935174 123956154 20980+ 38 0.7
PARL chr3 185019867 185095387 75520(C 44 1.7
PDE4D chr5 58290622 59235378 944756/C 37 0.6
PDZD6 (INTU) chr4 128763569 128867380 103811+ 37 0.7
PLCZ1 chrl2 18717382 18792185 74803C 36 0.6
PLD3 chrl9 45536446 45586229 497831+ 52 2.1
POLM chr7 44068373 44098607 30234C 53 1.9
PRMT3 chril 20355678 20497349 141671+ 37 0.8
PRPH chrl2 47965175 47988747 23572+ 50 2.4
PSMB7 chr9 126145565 126227542 81977C 45 1.5
PUS7L chrl2 42398678 42448863 50185,C 37 0.7
RAB21 chrl2 70424924 70477417 52493+ 38 1.0
RAP1GDS1 chr4 99391549 99594035 202486[+ 37 0.8
RBM22 chr5 150040548/ 150070817 30269C 42 1.2
REG1B chr2 79155658 79178627 22969C 41 0.8
RSAD1 chrl7 45901188 45928335 27147+ 50 2.0
SCN2B chrll | 117528729 117562546 33817C 52 1.7
SERTAD4 chrl 208462817 208493061 30244+ 44 1.7
SESN1 chr6 109404339 109531970 127631C 38 0.9
SH2D5 chrl 20908811 20941720 32909C 54 2.7
SLC2A14 chrl2 7847664 7926762 79098C 45 1.7
SMAD9 chrl3 36310320 36361966 51646/C 42 1.1
TANC1 chr2 159523391 159807414 284023+ 43 1.1
TGM6 chr20 2299553 2371399 71846+ 45 1.1
TMEM44 chr3 195779691 195845402 65711C 50 2.4
TPSABL1 (TPSB2) chrl6 1220678 1242555 21877+ 57 3.3
TUBG1 chrl7 38005219 38030775 255561+ 48 1.9
TUEM chrl6 28751612 28775144 23532C 50 2.2
TXNDC5 chr6 7816752 8019596 202844C 42 1.2
UBE2V1 chr20 48121067 48175901 54834[C 46 1.6
UBL3 chrl3 29226543 29332160 105617,C 37 0.8
VCP chr9 35036560 35072564 36004C 48 1.8
XRCC5 chr2 216672376] 216789248 116872+ 40 0.9
ZNF629 chrl6 30687270 30716024 28754C 55 2.7

127



Appendices

mouse G1, NCBI builds 33.1 and 34.1

gene symbol contig, dir. start length chr.| Ns G+C CpG

(synonym) version (bp) (%) |content (%) |content (%)
1700023B02Rik [NT _039207.3 |C 14108761 486320 2 0.0 42 1.6
3632413B07Rik [NT _039210.3 |C 16172156/ 1316420 2 0.0 50 1.7
Adam19 NT 096135.1 [+ 11156817 111292 11 0.0 46 1.2
Ankrdl NT 039689.3 |C 2362099 27880 19 0.0 43 1.2
Agp8 NT 039433.3 [+ 41540093 25675 7| 0.0 45 0.9
Arf4 NT _039597.3 [+ 1642472 39062 14 0.0 39 0.9
Arhgap24® NT _039308.4 [+ 6780727| 443371 5 35 42 0.9
Arl2bp NT _078575.2 |+ 19707068 27668 8 0.0 47 1.4
Asb13® NT 039573.4 |+ 508457 37704 13 0.0 44 1.1
Atp5g2° NT 039621.4 |C 63923802 28180 15 0.0 44 1.2
Bacel NT 039473.3 [+ 5275698 43913 9 0.5 47 1.2
Bckdhb NT 039475.3 [+ 3523653 196217, 9 4.0 42 1.0
Cacnalb NT 039206.3 |C 2025021 176778 2| 0.0 47 1.0
Chrnb3 NT 039456.3 [+ 5831769 51853 8 2.7 44 1.1
Cldn12 NT 039297.3 [C 2501828 29765 5 0.0 42 1.2
Cptlb NT 039621.3 [C 50936601 28667 15 4.3 49 1.9
Crybb3 NT 080546.2 |C 3055117 42795 5 3.5 52 1.7
Csnkid NT 039521.3 [C 32353905 47898 111 0.0 49 1.4
Cstfl NT 039210.3 [+ 22757855 30084 2 0.0 49 1.9
D630039A03Rik [NT _039260.3 |C 31445342 27733 4 0.0 47 1.1
Ddx20 NT 039239.3 [C 7496201 29298 3 0.0 44 1.4
Dpysl4 NT 039436.3 |+ 13932 35697, 7| 0.3 52 1.6
ElovI3 NT 039692.3 [+ 6506766 23796 190 0.0 48 1.6
Faim2 NT 039621.3 |C 61086916 47899 15 0.2 52 1.4
Glplr NT 039649.3 [+ 7430097 54613 17| 4.3 50 1.3
Gmppa® NT 039171.4 + 306942 27190 1 0.0 55 2.0
Gprl42 NT 039521.3 [+ 26189407 27822 11 0.0 52 1.6
Gstml NT 039239.3 [C 9892371 25717) 3 0.0 47 1.1
Gtf3c5 NT 039206.3 |C 5984961 36932 2 0.0 51 1.4
Hist4h4 NT 039359.3 [C 4413381 20312) 6 0.0 45 1.9
Hoxb6 NT 039521.3 [+ 7689648 22399 11 0.0 51 2.7
Hsbpl NT 078575.2 [+ 44467205 243920 8 3.1 49 1.8
Hsd11bl NT 039190.3 [C 1158186 62357 1 0.0 45 0.8
Htr3b NT 039473.3 [C 8383753 49643 9 0.8 45 0.9
Ireb2 NT 039474.3 |+ 1137655 687060 9 0.6 40 0.8
Irf3 NT 039420.3 [+ 1828282 25063 7| 0.0 53 2.2
Kif13b NT _039606.3 [+ 10957710 213501 14| 1.2 45 0.9
KIf3 NT_039305.3 [+ 26646917 461260 5 1.0 46 1.7
Lpl NT_039462.3 [+ 4123874 46244 8 0.6 42 0.8
Lrgl NT_039656.3 |C 2193208 22267 17| 0.4 55 2.2
Lrrc6 NT_039621.3 [C 27775452  142231] 15 1.1 41 0.6
Ltbp2 NT_039551.3 [C 29721411 113320, 12| 0.5 50 1.3
Mafg NT_039521.3 [C 32018831 25200, 11 0.0 53 25
Mbnl1l NT_039230.3 [+ 9820111] 1479200 3 2.5 38 0.8
Mcsp (Smcp) NT_039238.3 [C 671213 25128 3 0.0 40 0.3
Mos NT_039258.3 [C 787930 21175 4 0.0 41 1.1
Mpp2 NT_039521.3 [C 13447496 51484 11| 0.0 50 1.7
Nkx6-1 NT_039308.3 [C 24165277 25514 5 0.0 47 25
Noll NT_039356.3 [+ 599259 33015 6 1.7 51 2.0
Osbpl9 NT_039264.3 C 9174906 60943 4 0.0 42 1.0
Osmr NT_039617.3 |C 3632082 80887 15 0.2 43 1.2
Pdcd6ip NT_095756.1 C 4248391 72756 9 2.2 43 1.1
Pde6d NT 039173.3 [C 886368 59697, 1 0.5 44 0.9
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gene symbol contig, dir. start length chr.| Ns G+C CpG

(synonym) version (bp) (%) |content (%) |content (%)
Plat NT_039456.3 [+ 1152303 45077 8§ 0.0 47 1.2
Pofut2 NT_039496.3 [+ 3088740 29390 10 2.5 52 1.9
Polk NT_039590.3 |C 4479924 81796 13 0.0 41 1.1
Ppgb (Ctsa) NT_039210.3 [+ 15220653 27227) 21 0.0 51 2.0
Ppp4rl NT_039657.3 [+ 9317186 41703 17| 0.2 46 1.3
Prdml NT_039492.3 |C 22096825 41456 10 1.3 45 1.5
Ptpra NT_039207.3 [+ 71183216 70554 21 0.0 45 1.0
Ptpro NT_039359.3 [+ 4884128 230813 6 0.0 43 1.2
Ptpru NT_078435.2 C 1194106 89832 4 0.0 51 1.7
Rab17° NT_039173.4 |C 11858036 31486 1 0.0 50 1.2
Rbms3 NT_039482.3 |C 2263424 6960720 9 1.0 43 0.9
Rel NT_039515.3 |C 20627558 48980, 111 0.0 39 0.9
Rgs3 NT_039260.3 [+ 35156058 162489 4/ 0.0 49 1.3
Samd10 NT_039212.3 |C 3871045 23927) 21 0.0 49 1.9
Sc4mol NT_039461.3 |C 9294915 35361 8 0.3 42 1.0
Sgca NT_039521.3 |C 6353685 331200 11 0.0 49 1.1
Slc1l4a2 NT_039676.3 |C 207063 470866/ 18 0.0 43 0.9
Slclad NT_039515.3 |C 17187777 50465 11 0.0 46 1.2
Sprr2a NT_039238.3 [+ 338078 23955 3 0.0 39 0.6
Stat3 NT_039521.3 |C 12278713 71169 11 0.0 47 1.2
Tcf19 NT_039650.3 |C 35835 24021 17| 3.3 52 2.0
Trim14 NT_039260.3 |C 20020648 49295 4 0.0 49 1.8
Wntl1l NT_039433.3 [+ 16708280 34904 7| 0.0 54 1.9
Ythdfl NT_039212.3 |C 3180292 36558 21 0.0 47 1.1
Zdhhc3 NT_039482.3 |C 8806958 589400 9 0.0 46 1.0
Zhx1 NT_039621.3 |C 19370726 42348 15 0.0 41 1.0
4 NCBI build 34.1
mouse G2, NCBI builds 33.1 and 34.1

gene symbol contig, dir. start length chr.| Ns G+C CpG

(synonym) version (bp) (%) |[content (%) |content (%)
Abcfl NT_039650.3 |C 476788 32931 17, 0.3 48 1.6
Adarbl NT_039496.3 |C 3123871 85020, 10 0.7 46 1.2
Agr2 NT_039548.3 + 28009364 31157 121 0.0 41 0.9
Anks1 NT_039649.3 + 4420635 173298 17| 0.0 50 1.6
Apbb2 NT_039305.3 |C 28115450 336517 5 0.0 45 1.3
Bcl2 NT_039174.3 C 853211 196084 1 0.1 43 0.8
C9 NT_039617.3 [+ 3259655 73393 15 2.8 40 0.8
Cabp2 NT_082868.2 [+ 861960 23851 19 0.0 49 1.3
Calbl NT_039258.3 [+ 12798364 45385 4 0.0 38 0.8
Calm3 NT_039395.3 |C 1151805 28577) 7 0.8 52 2.0
Cdh6 NT_039618.3 |C 3989926 77048 15 1.2 42 1.2
Chaflb NT_039625.3 [+ 28794369 42026| 16 3.6 47 1.5
Clcn2 NT_039624.3 |C 9412228 33278 16 3.9 51 1.9
Clk1 NT_039170.3 |C 36091169 32011y 1 0.6 42 1.1
Cntnapl NT_039521.3 + 12566594 33731 11 0.0 53 2.2
Commd2 NT_039230.3 |C 6912791 263120 3 24 41 0.9
Cpnl NT_039692.3 |C 4327415 50214 19 0.0 47 1.4
Ctsk NT_039238.3 |+ 3370403 30077, 3 0.0 43 0.9
Cull NT_039341.3 + 16747462 92538 6 1.7 40 0.7
Cutll (Cux1) NT_080526.2 |C 1582466) 339106 5 0.0 46 1.0
Dct NT_039609.3 |C 19911069 59379 14 0.0 44 1.3
Dhfr NT_039590.3 |+ 327786 51428 13 1.2 42 1.0
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gene symbol contig, dir. start length chr.| Ns G+C CpG

(synonym) version (bp) (%) |content (%) |content (%)
Efs NT_039606.3 |C 1247802 29273 14 1.2 52 2.1
Enppl NT_039492.3 C 2141746 90873 10 1.8 42 1.2
Evc NT_039303.3 [C 634119 63039 5 1.8 50 1.2
Fbinl NT_039621.3 [+ 46689116 99646/ 15 0.0 50 1.4
Futl NT_039420.3 [+ 2456171 21134 7 2.5 51 2.0
Gdnf NT_039617.3 [+ 4655284 46590 15 0.6 47 1.6
Gpr2 (Ccrl0) NT_039521.3 |C 12563475 22446 11 0.0 54 3.0
Gsptl NT_096986.1 |C 7904894 53596 16/ 0.0 41 1.0
H1fx® NT_039353.4 |C 2175226 21062] 6 0.0 50 2.0
Hbxip NT_039239.3 + 9159626 25225 3 3.9 44 1.0
Hist1h4h NT_039578.3 [+ 10217292 20470, 13 0.0 42 1.9
l11rl NT_039170.3 + 17835687 111803 1| 4.0 44 1.0
ll1lrap NT_039624.3 [+ 15364256/ 153043 16/ 2.0 40 0.7
ltghl NT_078575.2 |+ 53797525 67059, 8 1.5 40 0.8
Klf4 NT_039260.3 |C 29041018 25202) 4 0.0 47 2.2
Madcaml NT_039496.3 [+ 5506711 23954 10 1.3 52 1.7
Maspl NT_039624.3 |C 12230587 91051 16/ 0.6 45 0.9
Mfap5 NT_094510.1 + 13706977 35935 6 2.3 45 1.1
Mpdul NT_096135.1 C 34730290 25939 11 0.0 50 2.2
Mx1 NT_039627.3 |C 1212176 33913 16/ 3.6 46 0.6
Ncf2 NT_039184.3 + 5159970 491020 1 3.8 47 1.1
Nfe2l1 NT_039521.3 |C 8207909 30524 11 0.0 48 1.5
Npylr NT_039462.3 [+ 1902238 22261 8 0.0 41 1.1
Nr2fl NT_039589.3 |C 1581516 29319 13 4.8 47 2.4
Oggl NT_094510.1 + 4406984 27285 6 4.3 49 1.4
Olig2 NT_039625.3 [+ 26084706 20972 16 0.0 52 2.9
Pdhb NT_081916.2 |C 954503 27955 14 0.7 45 1.2
Pik3r3 NT_039264.3 [+ 16335170, 101143 4 0.0 42 0.9
Ppap2c NT_039496.3 |C 5367540 26440 10, 0.0 51 1.1
Prim2 NT_039170.3 [C 11023971 235293 1 1.8 42 1.0
Prkdc NT_039624.3 [+ 4349384 223531 16| 1.6 40 0.8
Pstpipl NT_039474.3 + 2353791 59433 9 4.0 50 1.2
Rbm9 NT_039621.3 |C 38537062 244592 15 0.0 44 0.9
Rgnef NT_039590.3 |C 5898237 327692 13 1.5 44 1.2
Rhod NT_082868.2 |C 1203927 33968 19 0.0 49 1.2
Rnf44 NT_039586.3 |C 314390 345400 13 0.6 51 1.8
Rpl27 NT_039521.3 + 12832892 23119 111 0.0 46 1.4
Sephs2 NT_039433.3 [C 45340998 22178 7| 0.0 47 1.4
Socs5 NT_039658.3 [+ 20814688 49907, 17| 0.0 45 1.6
Socs7 NT_039521.3 + 8753028 51082 11 0.0 47 1.4
Sox17 NT_039169.3 |C 1493577 25485 1 0.0 43 1.5
Sumol NT_039170.3 |C 37329961 51258 1 1.0 40 0.7
Svil NT_039674.3 [+ 2080977 218694 18 0.0 45 1.0
Tacc2 NT_081265.2 + 349024 1872700 7| 0.4 48 1.3
Tax1bp3 NT_096135.1 + 38250668 24964 11| 0.0 50 1.6
Tfeb (Tcfeb) NT_039655.3 [+ 7489536 26465 17| 0.4 53 1.5
Timm23 NT_039598.3 |C 5396696 41704 14 0.2 40 1.0
Tjpl NT_039428.3 |C 5311549 95146 7| 0.8 41 1.0
Tnfrsf8 NT_039267.3 |C 12572266 66172) 4 0.0 48 0.9
Tnfsf18® NT_039185.4 + 5323735 30636/ 1 0.0 39 0.6
Topors NT_039260.3 |C 14619727 30224 4 0.0 43 1.6
Trrap NT_080570.2 + 879272 108084 5 0.5 49 1.8
Tuba2 NT_039621.3 |C 60520371 22993 15 3.5 47 1.6
Ung NT_078458.2 |+ 584737 28122 5 0.0 51 24
Vps24 NT_039350.3 [+ 1497863 57721 6 1.5 41 0.8
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gene symbol contig, dir. start length chr.| Ns G+C CpG

(synonym) version (bp) (%) |content (%) |content (%)
Ypel5 NT_039658.3 [+ 6378473 349700 17| 1.6 42 1.3
Znhitl NT_080526.2 |C 2321160 22765 5 24 52 2.1
4 NCBI build 34.1
mouse G3, UCSC mm38

gene symbol chr. start end length  [dir. | Ns G+C CpG

(synonym) (bp) (%) |content (%) |content (%)
1700016GO05Rik |chr6 40434430 40459115 24685C 0.0 39 0.4
2310076LO09Rik  |chr17 55694894 55720591 25697C 0.0 56 1.9
2900092E17Rik |chr7 126796198 126818500 22302C 0.0 55 2.7
4833421E05Rik [chrl2 21552881 21580095 272141+ 0.0 48 1.5
(lah1)
5031400M0O7Rik [|chr9 24848539 24911918 63379C 0.5 40 0.8
(Herpud?)
Abcd2 chrl5 90963638| 91029574 65936/C 0.0 39 0.9
Abcg5 chrl7 84556559 84601249  44690C 0.0 47 1.4
Afm chrb 91584148 91638744 54596[+ 0.0 42 1.1
Agr3 chrl2 36425958 36469996) 44038+ 0.0 39 0.4
Aldh4al chr4 138885085 138931757 46672+ 0.0 52 1.8
Aphlb chr9 66564630 66604567 39937C 0.0 42 0.8
Atadl chrl9 32728560 32788295 59735C 0.0 40 0.9
Atrn chr2 130587936 130731765 143829+ 0.0 42 0.7
Bachl chrl6 87578149 87632541 543921+ 0.0 47 1.9
BC030477 chrll 71556897 71615839 589421+ 0.0 49 1.3
(Wscd1)
Bnipl chrl7 26498813 26530248 314354+ 0.0 45 1.1
Car8 chr4 8058640, 8176188 117548C 0.0 42 0.9
Cd207 chr6 83626872 83653515 26643C 0.0 47 0.7
Chdl chrl7 15399979 15485054 850751+ 0.0 40 1.2
Clca5 chr3 144997650 145046427 48777|C 0.0 42 1.1
Colec10 chrl5 54230856| 54306441 75585+ 0.0 38 0.5
Creb3l4 chr3 90313426| 90339439 26013C 0.0 47 1.5
Cxxch chrl8 35945791 35997661 51870+ 0.0 53 1.8
D11Wsu99e chrll | 113467408 113510241 42833C 0.0 48 1.7
D6Wsull6e chr6 116163675 116238284 74609+ 0.0 44 1.2
Dmapl chr4 117162618 117190157 27539C 0.0 47 1.4
Dscrlll (Rcan2) [chrl7 43254905 43512571 257666[+ 0.0 43 0.9
Dus2| chr8 108890635 108952948 623131+ 0.0 46 1.3
Edeml chr6 108784417 108835133 50716+ 0.0 44 1.2
Eps15I1 chr8 75259987 75360449 100462C 0.0 48 0.9
Fastk chr5 23941104) 23965300 24196/C 0.0 53 2.5
Grrpl chr4 133513185 133536182 22997|C 0.0 53 2.3
Gtf3cl chr7 125422102 125508836| 86734C 0.0 49 1.2
Hoxa6 chr6 52125947 52148207 22260C 0.0 50 3.1
Hyal2 chr9 107417263 107440879 23616+ 0.0 51 2.0
Intu chr3 40722315 40811289 88974+ 5.6 43 1.1
Kbtbd10 chr2 69460958 69495078 34120+ 0.0 43 1.3
Larp7 chr3 127518737 127555371 36634C 0.0 41 1.1
Lrrc6 chrl5 66199527 66340510 140983C 0.0 41 0.6
Lsml chr8 27241135 27279520 38385+ 0.0 44 1.3
Mrpl24 chr3 87995470 88019360, 23890+ 0.0 48 1.6
Mrpl40 chrl6 18775780, 18800200, 24420C 0.0 44 1.2
Mtnrlb chr9 15603059 15634853 31794C 0.0 44 0.8
Mtrr chrl3 69018150 69059492 41342C 0.0 46 1.6
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gene symbol chr. start end length  [dir. | Ns G+C CpG
(synonym) (bp) (%) |content (%) |content (%)
Ndufs2 chrl 173061534 173093787 32253C 0.0 49 1.7
Ociad?2 chr5 73591335 73627774 36439C 0.0 45 1.3
Olfr160 chr9 37451019] 37471948 20929C 0.0 39 0.4
Parl chrl6 20183363 20225905 42542C 0.0 43 1.0
Pde4d chr13 | 109765040 111082352 1317312+ 0.0 40 0.8
Plczl chré 139942127 140013823 71696/C 0.0 41 0.9
Pld3 chr7 27230778 27271872 41094C 0.0 50 1.6
Polm chril 5717863 5747763 29900C 0.0 48 1.2
Prmt3 chr7 49636378 49736286/ 99908+ 0.0 43 0.9
Prphl (Prph) chrls 98873240 98896703 23463+ 0.0 49 1.5
Psmb7 chr2 38400054 38475915 75861/C 0.0 44 0.9
Pus7I chrls 94340819 94381670 40851C 0.0 45 1.7
Rab21 chrl0 | 114683972 114729701 45729C 0.0 44 1.6
Raplgdsl chr3 138853292 139022586 169294C 0.0 40 1.0
Rbm22 chrl8 60676154] 60708098 31944+ 0.0 46 1.5
Regl chré 78345491 78368175 22684+ 0.0 40 0.4
Rsadl chril 94345888 94375289 29401/C 0.0 48 1.5
Scn2b chr9 44858870 44891065 32195+ 0.0 50 1.4
Sertad4 chrl 194535212 194566445 31233C 0.0 47 1.6
Sesnl chrl0 41565863 41606838 40975+ 0.0 43 1.2
Sh2d5 chr4 137512486 137543044 30558+ 0.0 52 2.0
Slc2a3 chré 122683444 122718138 34694C 0.0 45 1.3
Smad9 chr3 54833510 54899186) 65676+ 0.0 46 1.6
Tancl chr2 59402882 59656988 254106+ 0.0 46 1.4
Tgm6 chr2 129804725/ 129855666) 50941+ 0.0 46 0.8
Tmem44 chrl6 30421603 30480325 58722C 0.0 48 1.6
Tpsabl chrl7 25060845 25083127 22282C 0.0 49 1.1
Tubgl chrll | 100926220 100952507 26287+ 0.0 47 1.7
Tufm chr7 126268579 126291878 23299+ 0.0 48 1.6
[Txndc5 chrl3 38497740/ 38545926) 48186/C 0.0 48 1.5
Ube2vl chr2 167288843 167333210 44367,C 0.0 52 1.8
UbI3 chr5 148804979 148873137 68158C 0.0 43 1.3
Vep chr4 42991063 43031534 40471C 0.0 45 1.1
Xrcch chrl 72230727 72338155 1074281+ 0.0 44 1.1
Zfp629 chr7 127388182 127415581 27399C 0.0 51 2.1
Table A2: Overlap of CpG islands with selected reg#ive elements
human mouse
SINE (%) Alu (%) LINE (%) SINE (%) B1 (%) LINE (%)
GGF G1 54.34 53.07 5.24 11.23 3.95 2.58
GGF G2 53.50 51.82 4.98 11.47 6.67 1.40
GGF G3 57.98 57.56 5.47 12.54 6.19 5.84
TJIG1 9.29 9.29 0.71 1.03 0.00 3.09
TJ G2 12.85 12.29 1.68 2.54 0.00 0.00
TJG3 12.98 11.45 5.34 0.00 0.00 3.96
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Table A3: Ananlogous promoter CpG islands

group method  |both have [both have [mouse human has a jmouse mouse
promoter [no has a promoter promoter  |promoter CGl
CGls promoter |promoter [CGI, mouse [CGI longer [shorter than
CGls CGl, not than human [human one
human not one
G1 GGF 45 (59%) |17 (22%) 5 9 7 38
(76 pairs) 13 40 (53%) [19 (25%) 5 12 6 34
CPGed [40 (53%) [19 (25%) 4 13 6 34
cpg 32 (42%) [20 (26%) 8 16 5 27
Cluster (44 (58%) [17 (22%) 7 8 20 24
GGF filter [38 (50%) [21 (28%) 6 11 4 34
G2 GGF 54 (68%) |11 (14%) 3 11 17 37
(79 pairs) |73 50 (63%) [15 (19%) 3 11 19 31
CPGed [51 (65%) [13 (16%) 3 12 13 38
cpg 44 (56%) |16 (20%) 3 16 11 33
Cluster 49 (62%) [13 (16%) 6 11 30 19
GGF filter {42 (53%) [17 (22%) 8 12 11 31
G3 GGF 52 (66%) |16 (20%) 6 5 15 37
(79 pairs) |13 45 (57%) |16 (20%) 9 9 12 33
CPGed [52 (66%) [16 (20%) 5 6 12 40
cpg 39 (49%) |19 (24%) 10 11 8 31
Cluster  [56 (71%) [17 (22%) 4 2 25 31
GGF filter (43 (54%) [18 (23%) 12 6 9 25

GGF filter: CGls identified with GGF criteria thdb not depend on repetitive elements and thatlfalfiatio

of (TpG+CpA)/(2*CpG)< 1.0 for human and 1.2 for mouse. In group G1, the three mouse Riken

sequences and their human counterparts were onfittiedthe analysis which is thus concentrated atytr
orthologous gene pairs.
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Table A4: Overlap of TJ CGls with cpg CGls

species/group

human total promoter exonic intronic intergenic
TJ G1 140 54 25 16 19
cpg G1 82% 91% 68% 69% 79%
TJ G2 179 61 29 29 27
cpg G2 77% 97% 62% 34% 89%
TJ G3 131 54 15 18 17
cpg G3 76% 91% 60% 28% 71%
mouse total promoter exonic intronic intergenic
TJ G1 97 46 17 7 8
cpg G1 75% 87% 41% 29% 50%
TJ G2 118 53 12 10 19
cpg G2 84% 94% 67% 60% 74%
TJ G3 101 54 13 5 10
cpg G3 84% 89% 77% 60% 70%

The numbers refer to Takai and Jones (TJ) CpGdslam different locations. The percentages show the
rate of overlap with CGls identified topg.

Table A5: Overlap of cpg CGls with TJ CGls

species/group

human total promoter exonic intronic intergenic
cgp G1 142 50 18 22 28
TJ G1 73% 100% 78% 36% 46%
cpg G2 146 60 17 16 28
TJ G2 79% 98% 82% 56% 54%
cpg G3 129 50 12 17 10
TJ G3 73% 100% 67% 24% 60%
mouse total promoter exonic intronic intergenic
cgp G1 88 41 11 3 11
TJ G1 78% 98% 55% 67% 36%
cpg G2 99 47 10 6 12
TJ G2 92% 100% 100% 67% 75%
cpg G3 91 49 8 6 5
TJ G3 90% 96% 88% 83% 60%

The numbers refer to CpG islands indentified wjh in different locations. The percentages show trai
of overlap with Takai and Jones (TJ) CGls. CpG-selgments identified witbpg can be several 1000 bp
long and thus comprise several TJ CGls.

Table A6: Median values for CpG islands groups
| | length (bp) G+C content (%) CpG  obs/CPGexp | CpG content (%) |
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human all unique jprom. jall |unique [prom. fall unique |prom. fall unique [prom.

GGF G1 263 300 1422 53 59| 65 0.61 0.61 0.78 4.4 5.4 7.7
GGF G2 207 272| 1430, 52 56| 64 0.61 0.61 0.77] 4.3 4.8 7.6
GGF G3 258 272| 1163 52 58 65 0.61 0.62] 0.77] 4.3 5.4 7.8
TJ G1 1206) 1368 1515 62 62 63 0.720 0.74 0.77] 6.8 7.1 7.4
TJ G2 1011 1269 1481 61 62 64 0.69 0.72 0.77] 6.7 7.0 6.8
TJ G3 1154 1328 1441 61 62 62 0.71 0.75 0.75 6.9 7.3 7.3
CPGed G1 285  417| 2416 57 59| 56/ 0.67| 0.66| 0.66 5.7 5.9 5.5
CPGed G2 281 363 2855 57 57| 55 0.68 0.67| 0.66] 5.5 5.7 5.1
CPGed G3 283 738 2186/ 57 57| 56/ 0.68 0.68 0.67| 5.5 5.7 5.3
cpg G1 1167| 1363 1523 64 64 65 0.76 0.77] 0.79 7.5 7.9 8.7
cpg G2 1209 1360 1653 64 65 64 0.76 0.77) 0.79 7.2 7.7 6.6
cpg G3 883 1057, 1337 63 66/ 67| 0.78 0.80 0.81 7.6 8.5 8.4
Cluster G1 511 675/ 1340, 60 65 65 0.77] 0.78 0.80 6.5 7.8 8.2
Cluster G2 448 540 1315 61 64 66 0.75 0.78 0.81 6.6 7.8 8.8
Cluster G3 494 714 1202 59 64 61 0.73 0.77) 0.79 6.3 7.7 7.4
mouse all unique |prom. jall |unique [prom. all unique [prom. jall unique [prom.

GGF G1 241 252/ 1009 53 54 62 0.61 0.61 0.79 4.3 4.5 7.1
GGF G2 205 243 1278 52 54 62 0.61 0.61 0.77] 4.2 4.4 7.6
GGF G3 249 265 997| 52 53 63 0.62] 0.62] 0.76/ 4.3 4.4 7.7
TJ G1 999 1053 1186/ 59 59| 60 0.700 0.74/ 0.76/ 6.5 6.6 6.7
TJ G2 1080 1117 1369 60 60 61 0.73 0.74 0.76 6.6 6.6 7.3
TJ G3 1095 1144 1230/ 60 60 61 0.70 0.71 0.74 6.4 6.6 6.8
CPGed G1 365 371 1590, 57 57| 56/ 0.67| 0.67| 0.67] 5.5 5.5 5.6
CPGed G2 4300 430 2080 56 57/ 57| 0.67/ 0.70| 0.67] 5.5 5.5 5.1
CPGed G3 477 477 1537 56 56| 56/ 0.67| 0.67| 0.67] 5.5 5.5 5.4
cpg G1 847 850, 1000, 64 64 65 0.81 0.82 0.89 7.8 8.1 9.0
cpg G2 995 1053 1195 64 65 66 0.81 0.81 0.83 8.2 8.3 7.1
cpg G3 840 867| 902 65 64 65 0.81 0.82 0.83 8.2 8.3 8.8
Cluster G1 640 720 1171 58 59 60 0.72] 0.68 0.76/ 5.9 5.8 6.7
Cluster G2 695 759 1322 59 60 61 0.76 0.75 0.79 6.5 6.5 7.3
Cluster G3 671 7911204 | 58 58 61 0.74 0.73 0.77] 6.2 6.2 6.9

prom. = promoter
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Table A7: Overlap of filtered uniqgue GGF CGls with TJ CGls

human fotal promoter exonic intronic intgrgenic

GGF G1,1.0 114 50 20 6 14
TJ G1 85% 100% 70% 50% 64%
GGF G2, 1.0 122 54 17, 7 14
TJ G2 87% 100% 65% 71% 93%
GGF G3,1.0 101 49 12 5 11
TJ G3 91% 100% 83% 40% 73%
mouse fotal promoter exonic intronic intgrgenic

GGF G1,1.2 105 45 15 6 15
TJ G1 73% 96% 60% 50% 27%
GGF G2, 1.2 112 50 11 9 17
TJ G2 85% 100% 64% 67% 65%
GGF G3, 1.2 99 51 14 4 7
TJ G3 82% 98% 43% 25% 100%

The numbers refer to unique GGF CGls that do npedé on repetitive elements and that fulfill acadf
(TpG+CpA)/(2CpG) < 1.0 for human and 1.2 for mouse. The percentages show their rateveflap with
CGls identified with Takai and Jones (TJ) criteria.

Table A8: Overlap of TJ CGls with filtered unique GGF CGls

intronic

human {otal promoter exonic intgrgenic

TJ G1 114 50 20 6 19
GGF G1, 1.0 69% 96% 52% 25% 47%
TJ G2 122 54 17 7 27
GGF G2, 1.0 58% 90% 38% 14% 44%
TJ G3 131 54 15 18 17
GGF G3, 1.0 72% 91% 67% 11% 53%
mouse total promoter exonic intronic intgrgenic

TJ G1 105 45 15 6 8
GGF G1, 1.2 78% 93% 59% 29% 38%
TJ G2 112 50 11 9 19
GGF G2, 1.2 81% 94% 50% 60% 63%
TJ G3 101 54 13 5 10
GGF G3, 1.2 79% 94% 46% 20% 50%

The numbers refer to TJ CGls. The percentages #fiwrate of overlap with unique GGF CGls thatrabd
depend on repetitive elements and that fulfill toraf (TpG+CpA)/(2CpG) < 1.0 for human ang 1.2 for

mouse.
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Appendix B

Table B1: Locations and data of imprinted genes

The abbreviation dir. stands for the directionrahscription (+: on forward strand, C: on reverse
complement). Ns in the mouse represent stretchemadfined nucleotides. All data refer to the

genomic sequences of the genes with 10 kb of wgetend downstream sequences each.

human imprinted genes, NCBI build 35.1

gene symbol contig, dir. | start length (bp) |chr. G+C CpG content

(synonym) version content (%) (%)
ASB4 NT_007933.14 |+ 20339560 71788 7 38 0.7
ASCL2 NT_009237.17 [C 1066970 22454 11 56 3.5
ATP10A NT_026446.13 C 2347219 206451 15 46 1.6
CD81 NT_009237.17 |+ 1175981 39888 11 60 3.1
CDKN1C (P57) [NT_009237.17 |C 1682117 22100 11 57 3.3
COPG2 NT_007933.14 |C 55319658 90791 7 40 1.0
DIO3 NT_026437.11 |+ 83017441 22098 14 57 3.5
DLK1 NT_026437.11 |+ 82183006 28208 14 54 2.6
DLX5 NT_007933.14 [C 21873988 24432 7 47 2.7
GATM NT_010194.16 |C 16433879 37388 15 40 1.2
GNAS NT_011362.9 |+ 22457691 91453 20 46 2.2
GRB10 (MEG1) [NT_033968.5 [C 239414 210220 7 45 1.3
H19 NT_009237.17 [C 794154 25788 11 61 3.6
HTR2A NT_024524.13 |C 28377514 82663 13 39 0.7
IGF2 NT_009237.17 |C 931197, 26047 11 60 3.7
KCNQ1 NT_009237.17 |+ 1243462 424120 11 52 1.8
MAGEL?2 NT_026446.13 |C 313494 22295 15 46 2.0
MEG3 (GTL2) |NT_026437.11 |+ 82283462 21935 14 54 2.7
MEGS8* NT_026437.11 |+ 82350958 61132 14 41 1.1
MEST NT_007933.14 |+ 55299622 40088 7 42 1.3
NAP1L5 NT_016354.17 |C 14101771 21914 4 40 0.9
NDN NT_026446.13 C 355353 21897 15 43 1.4
NNAT NT_011362.9 [+ 1192522 22486 20 50 2.1
PEG10 NT_007933.14 |+ 19510603 32678 7 40 1.3
PEG3 NT_011109.15 |C 29581993 48262 19 43 1.3
PHLDA2 NT_009237.17 |C 1726751 21141 11 59 3.3
PLAGL1 (ZAC1) [NT_025741.13 |C 48355868 88115 6 40 0.9
RASGRF1 NT_010194.16 |C 50034606 148555 15 49 1.3
SGCE NT_007933.14 C 19438818 90937 7 37 0.8
SLC22A18 NT_009237.17 |+ 1698192 45526 11 61 2.9
SLC22A2 NT_007422.12 [C 2915135 62166 6 42 0.8
SLC22A3 NT_007422.12 |+ 3046766 126590 6 42 1.0
SLC38A4 NT_029419.10 [C 9291850 81196 12 37 0.7
SNRPN NT_026446.13 |+ 1493593 615816 15 42 1.0
UBE3A NT_026446.13 C 2007195 121733 15 37 0.8
USP29 NT_011109.15 |+ 29898201 23284 19 45 1.6
WT1 NT_009237.17 [C 31186566 67753 11 47 1.9
ZNF264 NT_011109.15 |+ 29961077 47639 19 45 1.3

#sequence taken from Ensembl release 30 (Vega@€&melUMGO00000029055)

137



Appendices

mouse imprinted genes, NCBI builds 33.1 and 34.1

gene symbol contig, dir. | start length chr. [Ns (%) | G+C |CpG content
(synonym) version (bp) content (%)
(%)

Asb4 NT 039340.3 [+ 2105836| 62470 6 0.2 42 1.0
Ascl2 NT 039437.3 |C 1213793 21072 7 0 49 1.6
Atpl0a NT 039424.3 [+ 7816525/ 190579 7 0.3 42 0.7
Cd81 NT 039437.3 [+ 1298670 35130 7 0 51 1.2
Cdknlc NT 039437.3 |C 1704215 22657 7 0 52 2.3
Commdl1 (Murrl) INT 039515.3 |C 19785331 99233 11 0 43 0.9
Copg2° NT 039353.3 [+ 2083716| 45500 6 0.2 47 1.2
Dio3 NT 039553.3 [+ 6423115 21863 12 0 53 2.4
DIk1 NT 039553.3 [+ 5600361 27113 12 0 51 1.9
DIx5" NT 039340.4 |C 3840563 24264 6 0 46 2.0
Gatm NT 039207.3 |C 63274218 36788 2 0 43 1.1
Grb10° (Megl) NT 039515.4 |C 8815301] 126892 11 0 47 2.0
Gtl2 (Meg3) NT 039553.3 [+ 5692251 34979 12 0 43 1.0
H19 NT 039437.3 |C 821407| 22615 7 0 50 1.6
Htr2a NT 039606.3 [+ 20763944 85855 14 0 52 1.4
Igf2 NT 039437.3 |C 896643 31093 7 1.6 42 0.9
Igf2r NT_039638.3 |C 5193580, 107465 17 0 51 1.9
Impact NT_039674.3 [+ 10328112 40697 18 0.7 48 1.3
Ins2 NT_039437.3 |C 924536/ 21048 7 0 42 1.1
Kcngl NT_039437.3 [+ 1353323 339595 7 0 47 0.6
Magel2 NT_039428.3 [+ 2340325 22177 7 0 47 0.8
Nap1lI5 NT_039343.3 [C 10625880, 21833 6 0 42 1.1
Ndn NT_039428.3 [+ 2309209 21581 7 1.4 41 1.1
Nnat NT_039210.3 [+ 7947206 22382 2 0 38 0.8
Peg10® NT_039340.4 [+ 1690266) 33097 6 0 50 1.9
Pegl2 (Frat3) NT_039428.3 |C 2422732 22640 7 0 43 1.5
Peg3 NT_095092.1 [+ 12921 24146 7 0 41 1.1
Phida2 NT_039437.3 [C 1747425 20961 7 0 44 1.1
Plagll (Zacl) NT_039491.3 [+ 5544235 58980, 10 0 52 1.5
Rasgrfl NT_039476.3 [+ 653914 137152 9 0 43 1.1
Sgce” NT_039340.4 |C 1617236 92750 6 0 46 1.0
Slc22al8 NT_039437.3 [+ 1719664 45534 7 0 41 1.3
SIc22a2” NT_039638.4 [+ 4270125 64296 17 0 52 1.4
Slc22a3 NT_039638.3 |C 4930247, 107728 17 0 45 0.9
Slc38a4 NT_039621.3 |C | 58553511 81218 15 0 45 1.1
Snrpn NT_039428.3 |C 71251 42104 7 0.2 44 1.6
Ube3a NT_039424.3 [+ 8389056| 96135 7 0.2 36 0.5
Wtl NT_039207.3 [+ 45950064 67084 2 5.0 34 0.5

# sequence taken from Ensembl release 30

®NCBI build 34.1

¢ sequence taken from Ensembl release 32
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Table B2: Sequence portions covered by CpG islands

group GGF (%) GGF_mask (%) TJ (%) TJ_mask (%)
human imprinted 7.68 5.60 3.74 3.32
human G1 7.31 3.49 2.94 2.63
human G2 8.27 4.43 3.10 2.63
human all 7.79 431 3.17 2.77
mouse imprinted 5.19 4.80 3.10 2.81
mouse G1 4.15 3.44 1.75 1.29
mouse G2 4.65 3.83 2.39 2.22
mouse all 4.54 3.84 2.25 1.93

The CpG island lengths were summed up per sequertelivided by the accumulated sequence lengths of
the respective group.

Table B3: Total numbers of tandem repeat arrays

group sequences GGF GGF_mask TJ TJ_mask
human imprinted 38 35 28 26 16
human G1 79 59 31 15 4
human G2 79 58 20 25 6
mouse imprinted 39 29 18 13 8
mouse G1 79 32 12 5 1
mouse G2 79 32 7 7 2
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Table B4: Distribution of tandem repeat arrays in GSls identified in repeat masked sequences with GGériteria

group tandem |genes |minimum |maximum |mean minimum maximum mean no. of minimum  jmaximum mean array
repeat |with motif motif motif no. of no. of repetitions array array length [length (bp)
arrays ftandem |length (bp) [ength (bp) [length repetitions  |repetitions length (bp) |(bp)
repeats (bp)

human imprinted 24 14 13 84 34.17 1.9 20.5 7.25 57 596 221.63

human G1 30 10 16 92 45.37 2 50.5 8.05 60 1618 320.1

human G2 21 9 17 79 39.71 2 45.4 6.61 91 790 207.48

mouse imprinted (16 14 10 140 35.63 2 32.1 7.06 65 367 177.75

mouse G1 12 9 16 69 28.33 1.9 16.9 5.53 50 397 141.42

mouse G2 7 7 19 48 35.14 2.7 7.5 4.17 55 206 136.4

Table B5: Repeat arrays in imprinted genes accordigto the literature

human

gene symbol  |not motif |no. of |consensus sequence reference

(synonym) found [length [repeti-

(bp)  ftions

CD81 c 31 10.1 |GTCTCCCTCAGCCCCCACCCCCAGGGTCCACA Paulsen et al. 2000

CD81 17 15.9 |ACCCCACAAGCCGTCCC

CD81 14 16.6 |ACAGACGACGGGCA

GRB10 s 5-7 5 ACCGCCC Hikichi et al. 2003

H19 i 45-48 |7 GGTTGTAgyTGTGGAATCgGAAGTGGCCGCGCGGCGGCAGTGCAGGCT Bell and Felsenfeld
2000

H19 31 19 AYaGYgCYgTaCCCgYgTCYCtAYCCgGGTG Lewis et al. 2004

IGF2R * 8 4 CCCTNGNG Smrzka et al. 1995

IGF2R 38 3 CCCCCTCGCGCCTCCCTGTACCCTGCATGCCCCGTGTG

IGF2R 26 3 GTGCGCCTGCTGCGCCCCACGCGCCT

IGF2R 18 2 GGAGCTGTCCAGGCGCGG

INS * 14 40-157 IACAGGGGTGTGGGG Kennedy et al. 1995

KCNQ1 8 6 TCCGAGTY Paulsen et al. 2005

KCNQ1 12 6 YGYGGTTCYGAG

KCNQ1 18 3 YGYGGTTCYGAGTYGGGG
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gene symbol  |not motif |no. of |consensus sequence reference
(synonym) found [length [repeti-
(bp) ftions

KCNQ1 12 17 CGYGGTTCYCCC

KCNQ1 22 18 TCCTCNnGCGTGGTTCTCCTCGG

KCNQ1 27-32 4 YYCTCnGCgYGGTYCTCCTCGGYGygyyYc Mancini-DiNardo et
al. 2003

KCNQ1 C 72 3 CACCAGGAACNCCAGCTTGGGCCAGAGGGCGTCCCACGCCAGGAACCCNAGCNTGGG| Paulsen et al. 2000

TCAGAGGGGTCCCA

KCNQ1 c 18 28.2 |CCCCCAGGATGGACGTCA

MAGEL2 21 9.5 AGGCCCCACCKGTGATCCGCC Boccaccio et al. 1999

MEG3 (GTL2) r 18 9 GTTGCCYGYGGCTCACCA Paulsen et al. 2001

NESP55 s 12 11 GAGACCGAGccC Coombes et al. 2003

PEG3 11 10 GGCGCCATCTT Kim et al. 2003

PHLDA2- C 15 ~70  TATTCACACYRAGCR Engemann et al. 2000

NAP1L4

SNRPN 21-43 |nd nd Hug et al. 1997

[TSSC6-ASCL2 |r 56 20.4 |CGGGTGGCACGCCTCTGCGAATATACTAAAGCGGGGAGTTGTTTTTGGGGGTGCTG Paulsen et al. 2000

XLalphaS C 60 4 TGaCCAgCCaGGCCTGGGAGGCTICNGNCCWCcCACTcgwRSAGSCYggAgcCYTYAQTQag Coombes et al. 2003

XLalphaS s 21 7 CRGCCCCCCNRTCRAGATNGA

XLalphaS 27 4 TCCGGGGCRGCCCCAGCCGATCCCGAC

XLalphaS 36 6 TCCGGGGCRGCCCCTGACGCCCCAGCCGATCCCGAC

mouse

gene symbol  |not motif |no. of |consensus sequence reference

(synonym) found [length [repeti-

(bp)  fions

Cdknlc (p57) |m 12 15 GCMGGgCGAGGA Hatada et al. 1995

Gnasxl 36 6 GCSGAGCCNGCCNCCGGGGCAGTCCCTGYCACCCYn Coombes et al. 2003

Gnasx| s 18 5 GCCCGSGCAGCCyYCTGCY

Grb10 10 12 GGCGCGTGYT Hikichi et al. 2003

Grb10 C 27-28 9.2 GCCCATCACCTCCCCCATCCTCACCCCA Arnaud et al. 2003

Grb10 r 19-20 3 CGCGGCAACACGCGCCAACA

Grb10 r 15-20 3 CAACACAGGCCGGCACGCGC

Grb10 r 21 3.6 AACGCGAGCCCGGCACGCGCC
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gene symbol  |not motif |no. of |consensus sequence reference
(synonym) found [length [repeti-
(bp) ftions

Grbl10 r 9-10 10 GCCGACACGC

Gtl2 (Meg3) r 24 7 TAGTGCCGCGGtTCGCCgTGgACT Paulsen et al. 2001

Gtl2 (Meg3) r 43 11 CTACGGTATAaGCCAAGTGYYtcGCgGCACAGNTAYygTGgTA

H19 i 45-48 4/5 GyTgCCGCGYGGYGGCAGYAaYnT Bell and Felsenfeld

2000, Hark et al. 2000,

H19 8-9 32 (G)GGGGTATA Reed et al. 2001,
Lewis et al. 2004

H19 c 30 22 ACACYYCTGTGYCCATGTCCYATcYatGTG Lewis et al. 2004

Igf2 C 11 35 AGGCCTGAGCC Sasaki et al. 1996,
Moore et al. 1997

Igf2r i 8 10 CCCTNGNG Smrzka et al. 1995

Igf2r 30-32 3 TCTCCTGCAACGTGGCACTTTTGAGCTTnn Reinhard et al. 2002

Igf2r i 172- 3 GAACCCTccGAAICCtccCCTTGTGCAGCTTtgCACCCTcAGgaTayCTCGgAAcCticcgageYyte

180 yTtcCcytyCccTcgecNgyaNttcNNaaaacCyNagNaycagggcaNNNggggNNgygctNCgaaCccyCgA
gCaycyygGCNgcgcNgyNcCgggGNaccCyNc

Impact 57 5 GCACTAGCTTTGCCGCATTGTCACATGAGCAGGCCCGGCCCACTCGGCYNGGCTcGG | Okamura et al. 2000

Impact m 60-93 |6 TCGGC-rich

Kcngl C nd nd poly-A Engemann et al. 2000

Kcngl i 8 7 TCCGAGTY Paulsen et al. 2005

Kcngl i 12 4 YGYGGTTCYGAG

Kcngl i 18 1 YGYGGTTCYGAGTYGGGG

Kcngl i 12 1 CGYGGTTCYCCC

Kcngl i 22 10 TCCTCNGCGTGGTTCTCCTCGG

Kcngl i 27-32 5 YYCTCnGCgYGGTYCTCCTCGGYGygyyYc Mancini-DiNardo et

al. 2003

Magel2 C 18 11.5 |GGTGCCACAGGAGCTCCC Boccaccio et al. 1999

Mest (Pegl) [ 5 24 WGGGG Lefebvre et al. 1997

Nesp s 12 10 GAGaCCGAGCCn Coombes et al. 2003

Peg3 i 11 14 GGCGCCATCTT Kim et al. 2003

Snrpn i 28-31 |5/8 TGGQCTCCaGGATGCngGAGCTCTGTTGCcCGCAGCCTGYGGGCT Reinhart et al. 2002

Rasgrfl r 42 41 CTGCCCCTGCCCCAGCCGCTACTGCTGCCCCTGCCCCnCCA Pearsall et al. 1999

U2afbp-rs (in nd nd nd Pearsall et al. 1996

Commd1)
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Consensus sequences are given. At less conserseibp® the following IUPAC symbols were used: &or T; M: AorC; R: AorG; S: GorC; W: Aor¥:CorT
(see also Tab. 2.6). Lower cases indicate a wesfkngnce for the nucleotide at the respective jposihd: not defined

The NESP55 andXLaS genes are included in our hum@NAS sequenceyesp andGnasxl genes are included in mouSeas.

Some repeats could not be identified in this stirBasons for this are marked as follows: (r) seggi@utside of range, (c) not in a CpG island, (rigrosatellite repeat,
(s) score under threshold, (i) not a direct tandepeat.

* |GF2R (Smrzka et al. 1995) was excluded from the sealise there is strong support that, although thdetarepeat region is differentially methylated, ¢fame is not
imprinted in humans (Riesewijk et al. 1996, Vu kt2004). INS (Kennedy et al. 1995) was excluded as well sitee léngth of the minisatellite repeat regulates
transcription by binding PUR-1. Thus, differentéés/of expression from paternal and maternal allelay not be related to imprinting effects but tefom different
numbers of repetitions.
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Appendix C

Table C1: Retrieval of orthologs of imprinted genesnd control genes

species imprinted (61 genes) | G1 (78 genes) G2 (78 gene s) | G3 (78 genes)
cow (bosTau3) 40+5+12 65+1+7 66 +4+8 67 + 4
dog (canFam?2) 48°+0 + 12 72+0+2 73+0+3 68 +1
opossum 25+4+7 64+1+6 51+2 +5 60+2+7
(monDomb5)
platypus 7+24+17 9+46+10 10+41+16 9+36+25
(ornAnal)
cow and dog ° 38 (62%; 66%°) 61 (78%) 65 (83%) 58 (74%)
all four species ° 22 (36%; 38%") 41 (53%) 40 (51%) 35 (45%)

Numbers indicate: Ensembl Biomart annotations cowdd byBlast with genes placed on chromosomes +
unplaced genes + recoveredBlgst only. Blast hits were filtered with respect to synteny.

& Hits for ZIM2 andPEGS are identical

® Ensembl Biomart annotations confirmedigst with genes placed on chromosomes

“withoutH19, MEG3, MEG8

¢Ensembl Biomart annotations confirmedRigst with genes placed on chromosomes or, in case of
platypus, contigs
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Table C2: Properties ofphastCons sequences for the human genome

hgl8 conservation score length (bp) G+C content (%)  QpG content (%) CpGobs/CpGexp repeat overlap (%)
imprinted |genome |imprinted |genome |imprinted [genome |imprinted [genome |imprinted |genome |imprinted |genome

mean 365.5 381.89 67.62| 75.98 43.64| 40.94 1.69 1.18 0.25 0.2 8.25 5.73
std.dev. 101.7 114.44 72.91| 85.03 14.46| 13.43 3.05 2.49 0.39 0.38 25.93 2.84
minimum 235 189 20 20 3.85 0 0 0 0 0 0 0
lower quart. 288 288 28 29 33.33] 31.71 0 0 0 0 0 0
median 342 353 44 46 41.67| 39.07 0 0 0 0 0 0
upper quart. 427 452 81.5 91 53.44| 49.09 2.44 1.43 0.43 0.31 0 0
maximum 842 999 1236 3895 95.24 100 25.81 45 7.33 23 100 100
quart. = quartile (lower quart. = ®®ercentile, upper quart. =7Hercentile)

Table C3: Properties ofphastCons sequences for the mouse genome

mm9 conservation score length (bp) G+C content (%)  QpG content (%) CpGobs/CpGexp repeat overlap (%)
imprinted |genome |imprinted |genome |imprinted [genome |imprinted [genome |imprinted |genome |imprinted |genome

mean 363 381.11 70.51] 77.01 44.47| 42.67 1.71 1.34 0.28 0.24 6.49 4.6
std.dev. 104.1 116.69 77.92| 86.63 13.03| 12.47 2.76 2.4 0.43 0.4 22.54 19.24
minimum 228 196 20 20 3.45 0 0 0 0 0 0 0
lower quart. 282 288 29 29 35.29| 34.09 0 0 0 0 0 0
median 337 355 45 47 43.48| 41.89 0 0 0 0 0 0
upper quart. 432 453 83 92 53.22| 50.84 2.6 2.01 0.47 0.39 0 0
maximum 854 999 1268 4733 91.89 100 20.59 38.1 4.5 28 100 100

quart. = quartile (lower quart. = ®®ercentile, upper quart. =7Hercentile)
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Table C4: Properties of humanphastCons sequences at different locations

intron intron |promoter | promoter | intergenic | intergenic exon exon
imprinted | genome |imprinted | genome | imprinted genome |imprinted | genome
(1120) |(365,258) (16) (5337) (1787) (588,309) | (1015) |(306,508)
conservation score
mean 346.61 359.51 482.94 479.1 348.32 366.59 413.91 436.06
std.dev. 94.27 108.73 133.32 127.18 92.51 110.52 106.84 110.1
minimum 235 235 310 235 235 189 235 235
lower quart. 275 275 391.5 379 275 281 329 349
median 320 329 462.5 474 325 338 396 429
upper quart. 398 412 589.5 568 398 423 493 517
maximum 764 937 745 895 693 967 842 999
length (bp)
mean 60.81 66.84 207.75 175.21 60.63 72.22 84.03 92.3
std.dev. 60.61 76.31 174.86 191.02 60.87 81.45 89.31 94.4
minimum 20 20 21 20 20 20 20 20
lower quart. 27 27 63.5 54 28 28 32 36
median 40 40 164.5 114 40 43 60 67
upper quart. 70 73 324.5 220 71 82 106 118
maximum 706 1977 600 2101 905 2402 1236 3895
G+C content (%)
mean 41.37 38.06 66.77 66.18 40.99 37.88 50.06 49.55
std.dev. 14.64 12.29 14.11 12.98 13.61 12.18 13.09 12.55
minimum 3.85 0 33.33 20 7.14 0 11.43 0
lower quart. 30.86 30 60.39 58.33 31.82 30 40.695 40.28
median 38.89 36.54 68.62 68.52 39.06 36.36 50 50
upper quart. 50 4472 76.295 75.86 49.41 44,12 59.21 58.97
maximum 95.24 100 85.41 100 92.68 100 89.58 100
CpG content (%)
mean 1.31 0.69 9.31 9.21 1.19 0.76 2.77 2.37
std.dev. 2.83 1.84 5.51 5.83 2.57 2.05 3.36 2.98
minimum 0 0 0 0 0 0 0 0
lower quart. 0 0 4.78 411 0 0 0 0
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intron intron |promoter | promoter | intergenic | intergenic exon exon
imprinted | genome |imprinted | genome | imprinted genome |imprinted | genome

(1120) | (365,258) (16) (5337) (1787) (588,309) | (1015) |(306,508)
median 0 0 8.705 9.57 0 0 1.75 1.5
upper quart. 1.37 0.34 14.36 13.575 1.54 0.56 4,17 3.57
maximum 18.85 32.35 18.75 30.95 25.81 45 20.69 32.56

CpGobs/CpGexp
mean 0.19 0.14 0.83 0.77 0.2 0.15 0.36 0.33
std.dev. 0.35 0.36 0.36 0.39 0.41 0.37 0.36 0.35
minimum 0 0 0 0 0 0 0 0
lower quart. 0 0 0.65 0.53 0 0 0 0
median 0 0 0.785 0.86 0 0 0.32 0.28
upper quart. 0.3 0.1 0.985 1.03 0.33 0.16 0.6 0.52
maximum 2.1 21 1.61 3.12 7.33 23 2.07 12
repeat overlap (%)

mean 10.72 7.4 12.71 10.68 10.2 7.15 1.96 0.98
std.dev. 29.36 24.89 22.33 19.67 28.87 24.38 11.26 7.58
minimum 0 0 0 0 0 0 0 0
lower quart. 0 0 0 0 0 0 0 0
median 0 0 0 0 0 0 0 0
upper quart. 0 0 14.245 15.725 0 0 0 0
maximum 100 100 74.11 100 100 100 100 100

quart. = quartile (lower quart. = #®ercentile, upper quart. =7Hercentile)
For each location, the numberspbfastCons sequences (PCSs) are given in parentheses. exeragping by at least 1 bp with the coding regidra gene. PCSs in
coding regions that also overlap with the mostngash TSS of a gene are excluded from the "exorssdtafavor of the "promoter” category. There aiefew PCSs in
5'UTR and 3' UTR regions of imprinted genes faulgses.
Just as all PCSs, those in introns of imprintecegdrave a lower conservation score than thosdrionis of autosomal genes (p < 0.005), and redwsrggth (p < 0.005).
The same holds for intergenic PCSs (score p < Q,0@dgth p < 0.0005). In contrast, G+C and CpGteais as well as the repeat overlap is elevatedeakethe
estimated deamination ratio is reduced. PCSs iimgagkons are shorter and less conserved (p < B)PBCSs in promoter regions behave similarly foprinted genes
and autosomal ones.
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Table D1: HomoloGene data for additional orthologos gene pairs

a

pairs group genes protein cDNA identity Ka/Ks Ks
identity (%) (%)
human- imprinted | 45/43 | 97.5+5.39 98.0+4.2 0.284+0.331 |0.037+0.068
chimpanzee | genome [15,848/| 98.4+3.5 98.7+2.7 0.318+0.374 |0.028+0.090
14,661
human-cow |imprinted| 40 86.2+10.6 86.3+6.6 0.165+0.130 |0.484+0.253
genome |14,647/| 87.9+10.3 87.715.8 0.152+0.131 |0.439+0.187
14,635
human-dog |imprinted| 48 90.6+7.9 89.4+4.9 0.126+0.102 |0.384+0.128
genome |14,933/| 89.2+9.4 88.615.4 0.142+0.123 |0.408+0.172
14,924
human-chicken|imprinted| 40/31 | 74.8+12.5 72.9+7.9 0.125+0.096 |1.470+0.500
genome |11,201/| 75.2+15.2 73.418.8 0.116+0.098 |1.650+0.737
9613
mouse-cow |imprinted| 38 80.6+12.2** 80.6+7.5** 0.154+0.118* |0.820+0.383
genome (14,682/| 84.2+12.3 82.816.9 0.127+0.106  |0.740+0.256
14,648

& The second number refers to sequences availalhe irlomoloGene database for Ks and Ka/Ks analyses.
For 100% identical sequences as well as for thatle ks reported as -1, Ka/Ks is not defined. Due to
saturation, Ks becomes very high for human-chicdeguences. Average and standard deviation are.given
values (Wilcoxon test) refer to comparison of geremide data with the respective imprinted group: *
p<0.1, ** p<0.05

Table D2: Silent CpG substitutions

group meanzstd.dev. mimimum lower median | upper maximum | p value
quatrtile quartile
human-mouse 2.83+2.74 0.22 0.80 1.70 3.79 11.00 0.06420
imprinted
human-mouse 3.92+4.30 0.00 1.43 2.60 4.75 85.00
genome
human-rat 2.71+2.40 0.39 0.99 2.00 4.07 10.25 0.04807
imprinted
human-rat 4.04+4.40 0.00 15 2.71 5.00 61.00
genome
mouse-rat 0.83+0.77 0.04 0.275 0.56 1.24 3.00 0.00077
imprinted
mouse-rat 1.37+£1.34 0.00 0.59 1.00 1.67 20.00
genome
human-cow 2.04+2.88 0.15 0.51 1.00 2.27 15.00 0.01635
imprinted
human-cow 2.67+3.23 0.00 0.92 1.67 3.12 58.00
genome

Silent CpG substitutions are calculated from paenalignments as the ratio of CpG pairs dividedCp%
deamination-related mismatches at silent positions.
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Table D3: Conservation and existence of orthologsd paralogs of protein-coding imprinted genes

imprinted human- human-  human- opossum platypus chicken  zebrafish | number | youngest gene-paralog paralog
gene mouse | mouse | mouse ortholog ortholog ortholog | ortholog of human protein 1D ancestor
(synonym) protein ID DNAID Ka/Ks human | paralog (%)
(%) (%) paralogs
USP29 48.2 64.6 0.384 NO NO NO NO 2 USP26 46 Eutheria
64.2 75.1 0.363 NO NO NO NO
64.4 76.4  0.362 NO NO NO NO
64.7 74.0 0.465 NO NO NO chr7
64.8 715  0.220 NO NO NO NO
65.9 72.4 0.207 unplaced NO chrs chr7
66.3 74.3 0.298 NO NO NO NO 7 KLF16 48 Eutheria
69.4 77.9  0.340 NO NO NO NO 2 MKRN1 47 Eutheria
71.1 78.1 0.390 NO Contig17670 chr5 NO 2 PHLDA1 40 Euteleostomi
71.1 76.0  0.302 NO NO NO NO
73.5 73.8 0.200 chr3 chr4 chr2 chrl9 2 KCNK3 61 Euteleostomi
74.1 77.7 0.327 NO NO NO chr7 1 ASCL1 45 Euteleostomi
78.3 79.7 0.161 NO NO chr2 chrl9 12 CALCRL 51 Euteleostomi
78.9 78.6 0.205 NO NO chrs chr7
81.6 80.7 0.149 chr8 Ultra443 chrl chr4 2 BGN 54 Euteleostomi
81.8 82.4  0.156 | notassembled notassembled  chr5 chri4 1 (Ins1) Murinae
81.8 80.5 0.113 chr2 Ultra61 chr3 chr20
82.0 83.1  0.155 unplaced NO chr2 chr16 2 PON2 65 Theria
82.2 81.5 0.136 chr7 Ultra292 chrl chr6
IMPACT 83.0 82.5 0.107 chr3 Contig20839 chr2 chr22 1 AC020937. 43 Euarchontoglires
6
NDN 83.2 85.0 0.194 NO NO NO NO
PEIG22A2N 338 83.1 0.117 |notassembled| unplaced chr3 chr20 2 SLC22A1 69 Mammalia
IGF2 83.9 86.9 0.221 | not assembled | not assembled chrb chr7
NAP1L5 84.0 80.2 0.068 NO NO NO NO
84.0 85.1 0.141 chr8 10 chri4 chr25 8 CPA2 63 Mammalia
L3MBTL 84.9 85.3 0.155 chrl Ultra337 chr20 chr23 9 L3MBTL4 34 Euteleostomi

149




Appendices

imprinted human- human- | human- opossum platypus chicken  zebrafish | number | youngest gene-paralog paralog
gene mouse | mouse | mouse ortholog ortholog ortholog | ortholog of human protein 1D ancestor
(synonym) protein ID DNAID Ka/Ks human | paralog (%)
(%) (%) paralogs
RASGRF1 85.0 84.4 0.125 chrl Contig26251 chrl0 chrl3 5 RASGRF2 64 Bilateria
BOSEPESIN 553 83.2 | 0.102 chrs NO chrs NO 1 OSBPLS 54 Euteleostomi
TRPM5 85.9 83.1 0.110 NO NO chr5 chr7 1 TRPM4 43 Euteleostomi
DLK1 86.2 87.0 0.188 chrl Ultra378 chr5 NO
PDEOVVIDEN s6.4 859  0.118 chrl Ultra56 chr3 chri
GRB10 86.5 81.4 0.070 chré chrd chr2 chrl9 1 GRB14 49 Euteleostomi
(MEG1)
SLC38A4 87.0 82.5 0.070 chr8 chr2 chrl chr4 5 SLC38A2 57 Euteleostomi
BSIC2ASN s7.6 851 | 0.129 chr2 Contig2038 chr3 NO 2 SLC22A2 48 Euteleostomi
BEGAIN 87.6 86.7 0.135 chrl Ultra378 chr5 chr20
(KIAA1446)
89.8 85.2 0.085 unplaced NO chrs chr7 4 KCNQ4 34 Bilateria
90.6 86.9 0.068 NO NO chr2 chrl9 1 PPP1R9B 34 Euteleostomi
90.7 87.0 = 0.074 chrl Ultra272 chré chr13 6 SACM1L 15 Bilateria
90.9 85.9 0.080 chrd Ultral78 chr21 chr8 2 TP63 55 Euteleostomi
91.5 87.5 0.073 chrd Ultra336 chrl chr9 16 HTR2C 46 Euteleostomi
91.9 86.7 0.066 NO NO chr5 chr7 2 CD9 31 Euteleostomi
92.5 85.7 0.038 unplaced not assembled chr2 chrl9 3 ASB18 33 Euteleostomi
95.7 87.8  0.032 chrl not assembled  chr5 chr17 2 DIO2 33 Euteleostomi
95.7 90.9 0.056 chrl chr2 chrl0 chrl8
SGCE 96.1 89.7 0.030 unplaced Contig1947 chr2 chrl9 1 SGCA 36 Euteleostomi
96.2 93.6 0.057 chr7 Ultra222 chrl chré 17 HECTD2 22 Euteleostomi
96.5 93.0 0.049 unplaced not assembled chr2 chrl9
LRRTM1 97.3 92.2 0.042 chrl Contig8748 chr4 chrl 3 LRRTM2 46 Euteleostomi
WT1 97.5 91.1 0.026 chr5 Ultra222 chr3 chr25
COPG2 97.6 91.0 0.026 chr8 chrl0 chrl4 chr4 1 COPG 83 Euteleostomi
MEST 97.9 90.8 0.021 chr8 chrl0 chrl4 chra
(PEG1)
NNAT 98.8 96.7 0.050 NO NO NO NO
SNRPN 100.0 91.5 0.000 1(SNRPB) NO NO NO 1 SNRPB 81 Theria
EVEE NA NA NA NO NO NO NO
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imprinted human- human- | human- opossum platypus chicken  zebrafish | number | youngest gene-paralog paralog
gene mouse | mouse | mouse ortholog ortholog ortholog | ortholog of human protein 1D ancestor
(synonym) protein ID DNAID Ka/Ks human | paralog (%)
(%) (%) paralogs
ZNF264 NA NA NA NO NO NO NO
ZIM2 NA NA NA NO NO NO NO
NA NA NA chrl Ultra516 chr20 chr6 15 GNAL 28 Euteleostomi
PLAGL1 NA NA NA chr2 chr2 chr3 chrl7 2 PLAGL2 44 Euteleostomi
(ZAC1)

NA: not applicable (no data in HomoloGene)

NO: no ortholog. Orthology information was takeorfr the literature (Rapkins et al. 2006, Dunzingeale2007, Hore et al. 2007, Pask et al. 2009) @dpleted by
Ensembl release 52 data.

Genes are listed in ascending order of their pmoigéntity. Maternally expressed genes are markeckd color, paternally expressed ones in blue. thhee genes
marked in violet COPG2, GRB10, andZIM2) showpaternal expression in human but their murine dotiare maternally expressed.
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