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backwards direction 3’ > 5’ oriented. They are labeled Alu D, Alu E and Alu F in the following, that also
includes the analogy of the type - ], Y or S - and the orientation:

—  Alu D = most upstream one of the three; of the | family; 5 = 3’ oriented.
— Alu E = middle one of the three; of the Y family; 3° - 5’ oriented.

— Alu F = most downstream one of the three; of the S family; 3’ - 5’ oriented.

These three Alu elements lie just upstream of the 3’ CGI, which showed the distinct hypermethylation in
humans but not in mice (Figure 25). Alu elements can influence the methylation of their vicinity. Hence, it
is an assumption that the hypermethylation of the intron2 region in the human POMC gene can be caused
by the presence of those three Alu repeats. To test this hypothesis, genomes of other primates were
analyzed: First, the presence and distribution of the primate-specific Alu elements were described.
Secondly, the methylation status of the 3’ CGI of the primate POMC locus was tested. Last, the Alu element
incidence was correlated to the methylation patterns of the different primates.

3.4.1 Sequence analysis of various primate POMC loci for Alu element incidence

Alu elements are a primate-specific family of retrotransposable elements. To test the influence of Alus
within the intron2 region of the POMC gene on the methylation pattern of the subsequent 3’ CGI, the
sequences of various non-human primates were tested for Alu element incidence in this region. For some
non-human primates like Pan troglodytes (chimpanzee, ENSPTRG00000011721), Gorilla gorilla (gorilla,
ENSGGOG00000003480), Pongo pygmaeus (orangutan, ENSPPYG00000012592), Macaca mulatta
(macaque, ENSMMUGO00000016463), Callithrix jacchus (marmoset, ENSCJAG00000008148), and Eulemur
macaco (lemur, ENSMICG00000001616) DNA sequence information was available online. Nevertheless,
DNA of gorilla, orangutan, and lemur was resequenced to fill gaps in the available sequences and to
elucidate possible convergences between the published sequences and the exact sequence of the available
DNA samples. Furthermore, the complete intron2 regions of Papio hamadryas (baboon) and Galago
senegalensis (galago) were sequenced. All newly obtained sequences were submitted to NCBI GeneBank to
obtain accession numbers (Figure 26). Using the RepeatMasker Web Server tool, the sequences of the

various primates were analyzed for Alu incidence (Figure 26).



Figure 26: Overview of the branching of various primates and their Alu incidence within the POMC intron2 region. Primate
strains with trivial names are designated to primate families. Accession numbers of the POMC loci, Alu element incidence within the
intron2 region and chromosomal location are listed. Alu elements are noted in the order in which they appear within the intron2
region. The time scale is based on (Goodman, 1999; Janecka et al,, 2007; Siepel, 2009). n.d. = no data available; - = Alu not present; v/
= Alu of this type is present in the DNA sequence; Alu Ad1 = additional Alul; Alu Ad2 = additional Alu2; AluD/E/F = the three Alu

elements which are present in the intron2 of the human POMC.
3.4.1.1 Hominids sequences

Humans are most closely related to chimpanzees, gorillas, and orangutans. They are all members of the
hominids group. Therefore, the sequences of the POMC gene of three hominids, the chimpanzee, the

gorilla, and the orangutan, were analyzed for Alu incidence.

Pan troglodytes = chimpanzee

The POMC gene of Pan troglodytes (ENSPTRG00000011721) is located on chromosome 2a. Sequence
analysis revealed that chimpanzees have three Alu elements integrated in the intron2 region of the POMC
gene that are highly equivalent to the human Alu elements D, E and F in this region. Just like in humans,
the upstream Alu element of the intron2 region is of the most ancient AluJ family. This Alu element is
oriented in the 5° - 3’ direction. The next Alu element is a member of the most recent discovered AluY
family, while the Alu element located downstream in this region belongs to the second oldest AluS family.

The latter two Alus are both orientated ‘backwards’ in the 3’ = 5’ direction.

Gorilla gorilla = gorilla

The gorilla POMC gene is also located on chromosome 2a. The gaps of ENSGGOG00000003480 were filled
by sequencing (JF421754). Analysis for the existence of retrotransposable elements by RepeatMasker
showed the same results as obtained for the chimpanzee sequence. All three Alus D, E, and F are present in

the intron2 region of the gorilla POMC gene.



Pongo pygmaeus = orangutan

Just as the other two hominids examined, the POMC sequence of the orangutan (ENSPPYG00000012592
and JF421751) contains all three Alu elements D, E, and F in its intron2 region, corresponding in type and

orientation to the human ones.

To summarize: all three apes of the hominid family analyzed here showed the same number, kind,
orientation, and distribution of Alu elements within the intron2 region of their POMC genes. The Alu
elements correspond with the Alus D, E, and F from the human sequence (ENSG00000115138) in type,
order, and orientation. The three Alu repeats found are of the three different types: the upstream one is of
the ] family and orientated in sense direction, the middle one is of the Y family and is orientated antisense,

just as the Alu element downstream, which is of the S family.

3.4.1.2 Cercopithecoidea sequences

Cercopithecoidea and hominids both belong to the catarrhines, which are often referred to as old world
monkeys in common parlance (Figure 26). Therefore, cercopithecoidea are closely related to hominids and
branched approximately 25 million years ago. The genomes of the baboon and the macaque, two members

of the cercopithecoidea, were tested for the presence of Alu elements in their POMC regions.

Papio hamadryas = baboon

The baboon POMC gene (JF421752) only possesses two Alus in its intron2, which are equivalent to the

adverse oriented Alu D and Alu F.

Macaca mulatta = macaque
Analysis of the macaque POMC (ENSMMUGO00000016463) located on chromosome 13 revealed the

presence of only two Alus in the intron2 of the POMC gene. The upstream Alu D-equivalent is orientated in

the 5’ 2 3’ direction and the downstream Alu F-equivalent is orientated the other way around.

The two cercopithecoidea members macaque and baboon have one Alu repeat less than the tested

hominids. The middle Alu E-equivalent, a member of the most modern Y family, is missing.

34.13 Platyrrhines sequences

Platyrrhines, colloquial named new world monkeys, branched off the main strain 40 million years ago

(Figure 26). Callithrix jacchus is a platyrrhine and its POMC sequence was tested for Alu incidence.

Callithrix jacchus = marmoset

The marmoset POMC intron2 sequence (ENSCJAG00000008148) contains four Alu elements. The anterior
one is not present in the human or any other sequence analyzed. It is of the second oldest AluS family and
orientated in antisense direction. [ will refer to it as ‘Alu Ad1’ (additionall). The second and the third Alu
elements correspond to the two Alu elements identified in catarrhines, Alu D- and Alu F-equivalents. They
occur in opposing directions. The fourth Alu element is again a member of the S family, and is orientated in
the antisense direction. | will refer to it as ‘Alu Ad2’ (additional2). Similar to the cercopithecoidea, the Alu

element of the most recent Y family is also missing in the platyrrhines.



34.14 Strepsirrhinis sequences

Strepsirrhinis are the farthermost relatives to humans within the primates. They branched off the hominid
strain approximately 65 million years ago (Figure 26). The POMC genes of the two strepsirrhinis

members, the Galago senegalensis and the Eulemur macaco, were sequenced for presence of Alu elements.

Galago senegalensis = galago

The POMC intron2 sequence of galagos (JF421753) is Alu-free.

Eulemur macaco = lemur

Analysis of the lemur POMC intron2 (JF421755) with RepeatMasker showed that there are no Alu
elements in the region of interest at all.

The farthermost relatives of humans within the group of non-human primates, the strepsirrhinis, diversed
off the main strain almost 65 Ma ago at the time that the Alu elements began to proliferate in the genomes
of primates (Batzer and Deininger, 2002). The strepsirrhinis have no Alu elements in the gene region of

interest.

Figure 26 illustrates the Alu incidence in the intron2 region of POMC of various primates in the context of
their relation to each other. However, besides Alu elements there are also other relevant structural
elements within this gene region, such as binding sites of transcription factors (TF) or regulatory proteins.
All primate gene sequences were analyzed for a selection of this sequence features. The results of this

analysis are posed in the next paragraph.

3.4.2 In silico analysis of POMC sequences of various primates for identification of
putative binding sites

The POMC locus of primates exhibits various potential binding sites for transcription factors or regulatory
proteins. We chose three of them for further analysis in all primate intron2 sequences, based on their
estimated relevance regarding DNA methylation or energy homeostasis regulation. These were: (i) the
p300 binding site, (ii) the STATx binding site and (iii) the Sp1 binding site. The intron2-exon3 junction in
human POMC exhibits a histone acetylase p300 complex binding site. STATx is involved in the POMC
activation through leptin signaling. The Sp1 transcription factor is involved in gene expression in the early
development of an organism and is said to influence DNA methylation establishment (Graff et al., 1997;
Turker, 1999). Binding dynamics of these factors could possibly be influenced by DNA methylation status
of respective binding regions. Thus, a putative existence of those three binding site in the intron2 region of
the different primate sequences were in silico analyzed using the TFSEARCH transcription factor search
web tool (Table 11).

We found that all primates, except the galago, have a predicted p300 complex binding site. The p300
binding sites have all the exact same sequence and location at the intron2-exon3 junction. For the putative
Sp1l and STATx binding sites the results were more diverse. Only lemurs, galagos, and mice exhibit
predicted Spl binding sites in this region. All recognized target sequences differ and lie in different
locations. In lemurs and galagos, Sp1 binding sites lie upstream of the exon3 start, while in mice the Sp1
binding site is located within the exon3. Predicted STATx binding sites in humans and macaques have
similar but not equivalent sequences and a similar location within the exon3. In lemurs and mice, putative

STATx binding sites differ highly and lie upstream of the exon3 start.



Table 11: Putative binding sites for Sp1, STATX, and histone acetylase p300 complex in the POMC intron2 sequences of
various primates and mice. Sp1 binding sites have different locations within the sequences in which they occur. In lemurs [-78 bp
(1.) and -507 bp (2.)] and galagos [-241 bp (1.) and -1.871 bp (2.)] they are located upstream of exon3 start. In mice, the Sp1 binding
site is +193 bp downstream of the exon3 start. STATx binding sites are downstream of the exon3 start in humans (+57 bp) and
macaques (+58 bp) and upstream in lemurs [-1.556 bp (1.) and -1.822 bp (2.)] and mice [-1.129 bp (1.) and -1.445 bp (2.)]. The p300

binding sites, if existent, have always the same location exactly at the intron2-exon3 junction.

(:c’c';'s‘::‘:;*r;w) Trivial Family  |Chr.| Sp1 binding site |STATx binding site| p300 binding site
(E&fg& O%gﬂ‘;g; hurnan hominids 2 TTCCCGGGA CCCAGGAGTGCATC
(Eﬁgprlréi(‘;%g[!godoﬁ?ej) chimpanzee hominids 2a - - CCCAGGAGTGCATC
Gorilla gorilla
(ENSGGOG000000 03480 gorilla hominids 2a = = CCCAGGAGTGCATC
new: JF421754)
Pongo pygmaeus
(ENSPPYGO0000012592 orangutan hominids 2a -— -— CCCAGGAGTGCATC
new: JF421751)
(EQ"S?A‘KA%%%O"O’B‘SQ?Q;) macaque |cercopithecoidea | 13 TTCCGGGCA CCCAGGAGTGCATC
Pa?nie?v r\}ggﬁg{)yas baboon | cercopithecoidea| n.d. - - CCCAGGAGTGCATC
(E:SIKIJEECEL’; ij[?JCUUCS':ZJSS) marmoset platyrrhines 14 = === CCCAGGAGTGCATC
Eulemur macaco 1. TCCCCGCCGC 1. TTAGGGGAA
I t irrhini d. CCCAGGAGTGCATC
o reey et SUEPSITANS 1 12| 5 GAGGCGGGTT | 2. TTCAGGGAA
Galago senegalensis o 1. GGGTGGGGT — -
{new. JF421753) galago | strepsimhinis | nd. |5 1GGGGCTGGGA
Mus mulucus 1. TTCCCCCAA
(ENSMUS G00000020650) mouse . 12 | GAGGCGGTGT 2. TTCAGGGAAA -

3.4.3 POMC DNA methylation of the 3’ CpG island of various primates

The primates of which the sequences were previously determined and tested for Alu element incidence
(Paragraph 3.4.1) were also analyzed for their methylation status in the 3’ CGI region. Therefore, the
sequences of the POMC loci of the primates were first in silico converted into bisulfite treated sequences.
Based on those sequences, appropriate primers were designed for bisulfite genomic sequencing to amplify
fragments that span the intron2-exon3 junction and are similar to the hPOMC-F3 fragment. The location of
the primers varies in the different primates due to the sequence reasons. As a result, the amplified
fragments vary in length. Moreover, the fragments of interest of different primates show varying numbers
and locations of CpG moieties (Figure 27). Figure 27 depicts the different fragments in proportion; hence,
comparison of the CpG moiety location relative to the exon3 start is possible. The CpG number and
location in the hominid fragments (human, chimpanzee, and gorilla) are similar. In addition, the fragments
of the two cercopithecoidea, baboon and macaque, reveal a comparable CpG incidence within this region.
The marmoset has another pattern than the hominids and the cercopithecoidea, especially in the intron2
region. The galago sequence shows depletion of CpGs within the intron2 region; 12 CpG moieties instead
of 18 CpG moieties in an equivalent stretch of DNA in humans. The other strepsirrhini, the lemur, had
more CpG moieties in the intron2 region, than the human, 21 CpG moieties instead of 18 CpG moieties. The
exon3 regions of both strepsirrhini look more similar to the human region, with 10 CpGs in the stretch of
galago sequence and 11 CpGs in the lemur, where the human possessed 11 CpG moieties. The sequences of

the other primates showed high similarity in the exon3 regions, too.
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Figure 27: Lollipop figures of the 3’ CGI fragments of the POMC locus in different primates. Each lollipop indicates the position
of one CpG group within the fragment. Illustration of the CpG positions and fragment lengths are in proportion. The dashed line
indicates the intron2-exon3 junction. human = 513bp, 53 CpGs; chimpanzee = 521bp, 54 CpGs; gorilla = 512bp, 51 CpGs; baboon
=353bp, 29 CpGs; macaque = 506bp, 53 CpGs; marmoset = 522bp, 54 CpGs; galago = 291bp, 22 CpGs; lemur = 300bp, 32 CpGs.

The DNA of the primates was analyzed using the genomic bisulfite sequencing strategy by application of
primate-specific primers for amplification. The resulting fragments were purified from the agarose gel and
TOPO cloned. Single colonies were picked for colony PCR, subsequent Exo/SAP and sequencing reaction.
Not all CpG positions within the fragments were accessible because of the primer positions and
sequencing reasons. The results were converted in semi-quantitative descriptive methylation intensity
plots, comparable to the human and mouse data (Figure 25). The CpG moieties, which were not detectable
or readable due to methodological reasons especially in the posterior parts of the fragments, were
excluded from the displayed methylation intensity plots (Figure 28, Figure 29, and Figure 30) to prevent

from misinterpretation.

3.4.3.1 Hominids DNA methylation

Homo sapiens = human

The hPOMC-F3 fragment, which coincides with the 3’ CGI, is 511 bp long with 19 CpG dinucleotides in the
intron2 region and 34 CpGs in the exon3 region. The DNA methylation pattern is striking as described
above with hypermethylation in the intron2 region and hypomethylation in the exon3 region. The
transition from hypermethylation to hypomethylation is sudden at the exon3 boundary and at CpG
position -13 a heterogeneous methylation dip is recognizable (Figure 28A). In silico analysis revealed, CpG
-13 lies within a putative binding area for upstream transcription factors (USF) and transcription factors

of the myelocytomatosis viral related oncogene family (N-Myc).

Pan troglodytes = chimpanzee

The amplified chimpanzee DNA fragment (521 bp) contains 19 CpG dinucleotides in the intron2 region
and 35 CpG dinucleotides in the exon3 region. The DNA of five different chimpanzees was converted,
amplified, and sequenced. The resulting methylation intensity plot (Figure 28B) looked similar to the
human pattern with hypermethylation in the intron2 region, hypomethylation in the exon3 region and a
clear drop zone in between at the boundary of exon3. Likewise, the dip to heterogeneous methylation at
CpG position -13 was noticeable. The sequence around the CpG -13 also codes for equivalent transcription

factor binding sites as detected for humans.



Gorilla gorilla = gorilla

The 50 CpG moieties (18 in intron2 plus 32 in exon3) of the gorilla fragment are spread over a fragment
size of 512 bp. The DNA methylation pattern from five gorillas was determined and was similar to the
human and chimpanzee patterns. It showed a hypermethylated intron2 and a strictly non-methylated
exon3 which starts exactly at the junction of exon3. The distinct methylation reduction at CpG -13 was not

as pronounced as seen in humans and chimpanzees but also detectable (Figure 28C).
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Figure 28: DNA methylation pattern of the 3’ CGI of POMC of the hominids humans, chimpanzees, and gorillas. The plots are
semi-quantitative and display CpG methylation intensity (in %) over the particular CpG position within this region. CpG positions are
numbered according to their relative position to the exon3 start. Vertical dashed lines mark the intron2-exon3 junction. POMC gene
schemes indicate number, orientation, and distribution of Alu elements in the intron2 region of respective primate. (A = human

newborns; B = chimpanzees, C = gorillas).



All members of the hominid family have a similar POMC DNA methylation pattern of the 3’ CGI with a clear
difference between hypermethylation in the intron, hypomethylation in the exon and an obvious
methylation drop zone at exon3 start. The methylation dip at CpG -13 was observed in all three primates.
In combination with the sequencing results described above, it can be said that all examined hominids
possess equivalent three Alu elements upstream of exon3 and showed a block of hypermethylation in the

intron2 region.
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Figure 29: DNA methylation pattern of the 3’ CGI of POMC of the caterrhines baboon and macaque and the platerrhine
marmoset. The plots are semi-quantitative and display CpG methylation intensity (in %) over the particular CpG position within this
region. CpG positions are numbered according to their relative position to the exon3 start. Vertical dashed lines mark the intron2-
exon3 junction. POMC gene schemes indicate number, orientation, and distribution of Alu elements in the intron2 region of

respective primate. (D = baboons; E = macaques; F = marmoset).



3.4.3.2 Cercopithecoidea DNA methylation

The two members of the cercopithecoidea, the baboon and the macaque, both possess only two Alu
elements within the intron2 region upstream of the 3’ CGl. The middle Alu E element of the Y-family,

which is present in hominids, is missing in both.

Papio hamadryas = baboon

The 3’ CGI fragment of the baboon counts 353 bp and 17 CpG positions in the intron region plus 11 CpG
positions in the exon region. Five members of the family were analyzed. The summary of all colony
sequences is displayed in Figure 29D.In the anterior part of the amplified fragment, the hypermethylation
was similar to the plots of the hominids. Towards the boundary of exon3, the methylation intensity
decreased stepwise. At CpG residue -3 and -11, heterogeneous methylation dips were detectable. In
addition, in the predominantly hypomethylated exon region a small noise peak of 20% methylation at CpG
position +5 was observed. In silico analysis of the three areas of conspicuous methylation change showed

no association to specific putative binding sites.

Macaca mulatta = macaque

The pattern of the macaque 3’ CGI fragment, which was observed in the five samples (Figure 29E), was
similar to that of the baboons. The 16 CpG moieties lying in the intron2 region of the fragment showed
hypermethylation like the hominids and the baboons, with two dips of distinct heterogeneous methylation
at CpG position -12 and -3. The methylation decrease to hypomethylation in the exon region was stepwise.
Furthermore, the methylation of the exon part (37 CpGs) was low but noisier than in baboons and
hominids and showed an irregular slow increase towards the posterior part of the 506 bp long fragment.
At positions +20 and +27 distinct peaks of methylation were detectable. As seen for the baboon, the

macaque’s areas of methylation dips and peaks did also not lie within specific predicted binding sites.

Both cercopithecoidea members only possess the Alu D and Alu F elements. Nevertheless, they showed
similar methylation patterns to the hominids. However, their patterns appeared less strict concerning the
extreme conditions of methylation and the transition from hypermethylation to hypomethylation.

Moreover, both families had a hypermethylation dip at CpG -3.

3.4.3.3 Platyrrhines DNA methylation

Callithrix jacchus = marmoset

Fragments of 522 bp length were amplified from the marmoset samples. The mean of the results of all
four monkeys are shown in Figure 29F. A distinct block of hypermethylation in the intron2 region with a
dip at CpG -8 was noticeable. The exon3 region predominantly showed hypomethylation with prominent
peaks at CpG +20 and +23. However, the transitional drop zone was shifted downstream, into the exon3
region, in comparison to all previously described patterns. While for the methylation peak-areas not
putative binding sites can be detected, the dip at CpG -8 is associated with a predicted binding site area for
USF, N-Myc, c-Myc and the aryl hydrocarbon receptor (AHR) nuclear translocator (ARNT). Interestingly,
the position of CpG -8 in the marmoset sequence coincided with the human CpG -13, when the fragments

were aligned (Figure 27).

The platyrrhine family member Callithrix jacchus combines the characteristics of the hominid and

cercopithecoidea DNA methylation patterns, but shows a slightly later drop zone and small peaks of



methylation within the exon3 region. If this methylation pattern could be influenced by the two additional

Alus of the S-family present in the marmoset POMC locus, will be debated in the discussion paragraph.
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Figure 30: DNA methylation pattern of the 3’ CGI of POMC of strepsirrhinis and the mouse.The plots are semi-quantitative and
display CpG methylation intensity (in %) over the particular CpG position within this region.CpG positions are numbered according
to their relative position to the exon3 start. Vertical dashed lines mark the intron2-exon3 junction. The plots are semi-quantitative
and descriptive. POMC gene schemes indicate number, orientation, and distribution of Alu elements in the intron2 region of

respective organism. (G = galago; H = lemur; [ = mouse).

3.43.4 Strepsirrhinis DNA methylation

Galago senegalensis = galago

Due to the sequence characteristics of the galago POMC locus, the amplified fragment of the galago DNA is
relatively short (291 bp) and contains only 21 CpG positions (12 in the intron plus 9 in the exon region).



Four DNA samples were processed and analyzed. The results are shown in Figure 30G. Hypermethylation
was detectable in the intron region with heterogeneous methylation dips at CpG positions -8 and -10, of
which the dip at CpG -10 coincides with a putative GATA-1 binding site. The exon region was
hypomethylated. However, the descent from hypermethylation to hypomethylation started more

upstream, already at CpG position -5, and was softer than and not as abrupt as in the previous samples.

Eulemur macaco = lemur

In the relative of the galago, the lemur, the methylation state was completely different (Figure 30H). Even
though the amplified fragment is only 300 bp long, there are more CpG groups in the region, respectively
21 in the intron2 and 10 in the exon3. The determined pattern of the four lemurs is unusual. In contrast to
the patterns described above, the lemur POMC gene was not hypermethylated in the intron2 region, but
rather heterogeneous hypomethylated with some irregularities in the anterior region, peaking in CpG -18
at a methylation intensity of 45%. The whole remaining fragment, intron region as well as exon region,
was throughout hypomethylated. The sequence around the major peak at CpG -18 was inconspicuous
concerning predicted TF binding sites. Interestingly, the noise peak at CpG -14 draw our attention on a
putative binding site for factors with myeloid zinc finger domains (MZF1) and the human transcription
factor specific protein 1 (Sp1).

The galago and the lemur showed divergent methylation patterns for the intron2 region of the POMC
locus, although sequence analysis revealed no Alu elements within this region for both. There is no
occurrence of retrotransposable elements in this gene region of interest in the two primates, exactly as in
the murine POMC locus. The lemur pattern was highly similar to the murine pattern (Figure 30I) and
showed hypomethylation in the intron and exon region. However, the pattern of the galago, was rather

similar to the patterns of all other primates analyzed, including the human pattern.

Interestingly, all primates analyzed had a hypomethylated exon3 region, even though some patterns
showed regions of heterogeneous methylation peaks. This was independent of primate family and Alu
incidence within the intron2 region. Moreover, the hypomethylation of exon3 was also detected for the
POMC locus in mice.
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4 Discussion

The BMI is estimated to be heritable for 50 to 84% (Allison et al., 1996; Barsh et al., 2000; Stunkard et al,,
1986). However, the overall impact of identified mutations and genetic variations that are associated to
the weight phenotype variation is minor. Only about 10% of the severe obesity cases with early onset can
be explained by diagnosed genetic causes, which mostly constitute insufficiencies within the leptin-
melanocortin pathway (Speliotes et al, 2010). Consequently, it is compulsive to elucidate the
pathogenesis of obesity further. This may ultimately lead to identification of early markers for obesity
enabeling customized prevention, intervention, and treatment strategies. Inherently, this may also lead to

the reduction of the related health care costs and to increased quality of life for the individual.

Epigenetic modifications, like DNA methylation, are metastable and capable of changing gene expression
without changing the DNA sequence itself. Therefore, it is conceivable that, in the context of body weight
regulation, epigenetic changes of involved genes might lead to disruption of the minute control of food
intake and the energy expenditure equilibrium. Moreover, stable epigenetic modifications of specific

genes may suite as early recognition markers for diseases, such as obesity.

The pre-proopiomelanocortin (POMC) gene is a central pivot in the catabolic leptin-melanocortin-axis of
the body weight regulating system. Previous studies detected a CpG-methylation polymorphism (CMP) - a
stable change in the DNA methylation pattern - in the 3’ CpG island (CGI) in humans that is significantly
associated with obesity (Kuehnen et al, in revision). For a better estimation of the role of POMC DNA
methylation in the development of obesity, or as early marker for the disease, it is important to gain

insight in the function and origin of the DNA methylation of the POMC locus.

Therefore, it was the aim of this thesis to examine the ontogenetic development of the POMC methylation
patterns and possible influencing factors, as well as the phylogenetic origin of the POMC DNA methylation.
In in vitro reporter gene assays, | analyzed the promoter function of both CGI regions of the human POMC
gene, and tested the influence of DNA methylation on the promoter activity, to estimate a potential

functional relevance of the obesity-associated CMP in the 3’ CGIL.

4.1 DNA methylation influence on the promoter activity of the POMC CGls

Ten years ago, Newell-Price et al. revealed that the promoter region and transcription start site (TSS) of
the regular long POMC transcripts of the human POMC gene is located within the 5’ CGI, which surrounds
the exon1 start site. This 5° CGI promoter shows differentially methylation in concordance with the POMC
expression status of the respective tissue examined. Predominant methylation of the 5’ CGI promoter was
detected in somatic and tumor cells with repressed POMC gene expression. In contrast, the 5 CGI
promoter was specifically unmethylated in expressing cells and cell lines (Newell-Price, 2003; Newell-
Price et al,, 2001). However, CGIs that are not located in 5’ regions of annotated genes, but lie within their
gene body, can also exert characteristics of functional promoters and are referred to as alternative
promoters (Illingworth et al., 2010). For the POMC gene, it is conceivable that such an intragenic

alternative promoter region is associated with the 3’ CGI that surrounds the exon3 start.

Hence, I tested the promoter activity of both CGIs of the human POMC in this thesis work. As proof-of-
concept for the assay with the CpG-free vector backbone and the hypothalamic mouse cell line (GT1-7), I
used the defined 5’ CGI fragment (PromlI) of the human POMC (-493 bp to +98 bp relative to exon1, 48 CpG
residues), which was also used by Newell-Price et al. (2001), to analyze the promoter activity of this
region in vitro. In contrast to our approach, the construct of Newell-Price et al. was based on a CpG-
containing vector backbone (Newell-Price et al.,, 2001). As expected, the CpG-free backbone construct of

the 5’ CGI also exhibited transcriptional activity in the performed promoter gene assays, and its activity
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was abolished by complete methylation of the fragment, as shown before (Newell-Price et al., 2001).
These data outline the functional role of the 5’ CGI fragment as promoter of POMC and confirm the impact

of hypermethylation on promoter activity for the POMC gene, which was also detected in vivo.

In addition, a novel fragment from the intragenic 3’ CGI region of the human POMC gene was analyzed
(Island2; -256 bp to +294 bp relative to exon3 start, 53 CpG residues). This fragment significantly
activated transcription of the downstream-located luciferase gene in an unmethylated state, too. This
result suggests a separate activity of an intragenic alternative promoter within the 3’ CGI, which was
never described before for POMC, but for other genes (Illingworth et al,, 2010; Kleinjan et al., 2004;
Macleod et al., 1998).

After Sssl-induced complete methylation of the alternative promoter (Island2) construct, the luciferase
expression vanished completely. That is analogous to the effect shown for the 5’ CGI promoter of POMC
and in concordance with the findings that gene body methylation can interfere with gene transcription
and is involved in the regulation of alternative promoters (Ball et al., 2009; Flanagan and Wild, 2007). For
alternative promoters it was shown that their activity depends in a larger extend on their methylation
state than the activity of 5’ promoter regions (Illingworth et al., 2010; Maunakea et al., 2010). This
methylation state-dependent activity of alternative promoters may regulate the expression of associated
transcripts in a cell context-specific manner (Maunakea et al,, 2010). In the case of POMC, short POMC-
related transcripts were detected in peripheral tissues such as testis (Gardiner-Garden and Frommer,
1994), encoding for truncated peptides including the functional relevant MSH peptides, but lacking the
signal peptide that seems to be essential for processing and secretion (Clark et al., 1990). However, to date
no peptides derived from the alternative short POMC transcripts were observed in vivo. Nevertheless, it is
tempting to speculate that the alternative POMC transcripts originate from the alternative promoter in the
3’ CGI and that their transcription is controlled by DNA methylation. However, due to methodical reasons
the expression of short POMC transcripts cannot be quantified directly. Therefore, a correlation of the 3’
CGI methylation state with the transcription of the short transcripts is not possible. Moreover, the
identified 3’ CGI-associated alternative promoter of POMC might also influence the expression of genes,
which lie in the downstream vicinity of the POMC locus. These include several non-characterized loci and
pseudogenes, but also the adenylate cyclase 3 (ADCY3) gene. The ADCY3 is part of the cAMP-dependent
pathway and shall be involved in a number of physiological and pathophysiological metabolic processes
(Haber et al.,, 1994). If the 3’ alternative POMC promoter influences the expression of the 150,000 bp
downstream located ADCY3 gene, and if this expression is associated to the methylation state of the 3’
POMC promoter should be subject of future research. Nevertheless, this work reveals that the DNA
methylation statuses of both CGI regions of the human POMC influence the gene activity in general. Hence,
further analyses of the regular 5’ promoter and the novel alternative 3’ promoter were performed to find

out about methylation sites and structural motifs that are important for POMC gene regulation.

The application of methyltransferases Hhal and Hpall stimulated methylation of isolated specific CpG
moieties. Thereby, it was possible to elucidate the importance of specific DNA methylation for gene
regulation in contrast to random methylation changes. For instance, no significant reduction of the
promoter activity of both CGI fragments was observed after partial methylation with Hhal. In contrast,
partial methylation of both CGI fragment catalyzed by Hpall resulted in significant reduction of luciferase
expression. For both fragments, always one of the Hpall target sites was situated within a putative STATx
binding site. Members of the STAT family (STAT1, STAT3, and STAT5) are known to be involved in leptin
induced hypothalamic POMC expression (Munzberg et al., 2003). However, those STATx binding sites
were only predicted based on sequence homology and not empirical tested. Nevertheless, this may
suggests a possible influence of the predicted STATx binding site methylation on the reduced

transcriptional activity of both fragments. To investigate the hypothetical relevance of unmethylated
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STATx binding sites for POMC expression further, it would be reasonable to verify STAT-binding to the
putative binding sites first, for instance by chromatin immunoprecipitation (ChIP) and electrophoretic
mobility shift assays (EMSA).

In the 3’ CGI fragment, the first CpG position downstream of the exon3 start (CpG +1) was also identified
to belong to the Hpall targets, which in their entirety caused significant reduction of the 3’ promoter
activity upon methylation. CpG +1 is adjacent to the p300 binding site, which spans the intron2-exon3
junction. Interestingly, this CpG residue also shows significant hypermethylation in obese patients in
comparison to normal weight humans, and the p300 binding site at the intron2-exon3 junction of the
POMC was identified by ChIP assays to be a probable biological transcription factor binding site (Kuehnen
et al,, in revision). The p300 protein, which acts as a coactivator of transcription and is involved in the
formation of open euchromatin by its integrated histone acetyltransferase (HAT) activity (Liu et al., 2008;
Ogryzko et al., 1996; Spiegelman and Heinrich, 2004), is expressed moderately in GT1-7 cells, as [ detected
by RT-PCR. Therefore, it seems reasonable that the transcriptional activity of the 3’ CGI fragment is
diminished by Hpall methylation due to methylation of the CpG +1 residue, which may change the binding
dynamics of the p300 complex to its binding site and, therefore, transcription activity of POMC and
subsequent signaling. This would be in concordance with the findings that the p300 binding is
significantly decreased in obese patients with the POMC hypermethylation variant in this region (Kuehnen

et al,, in revision).

Altogether, these data support the theory that rather the specific location (Newell-Price et al.,, 2001) than
the quantity of methylated CpG dinucleotides seems to be critical to exert effects on expression activity
(Boyes and Bird, 1992; Harris et al,, 1994). Hence, drastic methylation changes of individual CpG moieties,
as described for the CMP associated with obesity (Kuehnen et al,, in revision), could have a relevant effect
for gene expression depending on the location of the CpG residue. Therefore, they should be considered as
potentially functional relevant. For further estimation of the relevance of the CpG +1 residue methylation
status in particular, the application of the CpG +1-mutation variant in reporter gene assays after Hpall
methylation would be a possibility. This mutant construct showed no activity difference to the non-
mutated original construct in an unmethylated state. After Hpall methylation, which would exclude the
mutated CpG +1 (since it is a TpG), the specific influence of the CpG +1 methylation on the 3’ promoter
might be elucidated.

To narrow down, which sequence elements of the 3’ CGI are crucial for the activity of the alternative
3’ promoter, further transfection experiments were performed, applying various modification and length
variations of the 3’ CGI fragment constructs. Partial deletion of the p300 binding site significantly
decreased the promoter function of the fragment, underlining the theory that adequate p300 binding is
required for normal transcription activity. However, destruction of the p300 recognition sequence due to
mutation of this region, introduced a putative GATA-1 binding site instead. Although GATA-1 is considered
to be an erythroid development regulating transcription factor (Ohneda and Yamamoto, 2002), a slight
GATA-1 expression in the used GT1-7 cell line was detectable. Nevertheless, it was surprising that the
GATA-1 variant of the 3’ CGI construct increased the transcription activity of the fragment. The performed
experiments did not resolve which structural elements of the 3’ CGI region are crucial for the in vitro
observed activity of the alternative promoter. However, it is reasonable that sequence and structural
elements that occur in the exon3 region could be important. Which sites or elements that are, should be

analyzed in future research.

As observed for the 5’ CGI promoter, also the methylation state of the alternative 3’ CGI promoter is
associated with its transcription activity in vitro. Hence, the analysis of the POMC DNA methylation
patterns of both regions in vivo could be informative regarding their role for the gene expression not only

of the POMC gene. While the 5’ CGI promoter was already described to have a methylation-correlated
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expression state (Newell-Price et al., 2001), the information about the 3’ CGI promoter methylation are
rather rare to date. It is known that human peripheral blood cells (PBC) and arcuate nucleus cells, which
originate from different germ layers and both express POMC, although in different functional contexts,
show identical methylation patterns for the 3’ CGI promoter region (Kuehnen et al, in revision). That
implies stable methylation states of this region, independent of the physiological function of the cells and
contrasts with the expressing-matched methylation state of the 5’ promoter. To test this hypothesis,
comparative analysis of the POMC DNA methylation patterns of different tissues and sundry
developmental stages were performed to determine the occurrence and stability of POMC DNA

methylation during the ontogenetic development.

4.2 Ontogenesis and stability of the POMC DNA methylation patterns

CGIs are regions of interest for analysis of the DNA methylation status of genes since (i) CGIs are
frequently located in promoter regions and (ii) changes in their methylation status can affect promoter
activity. As shown in this thesis work in vitro, this also accounts for both promoter regions of the human
POMC gene: the regular 5’ CGI promoter and the alternative 3’ CGI promoter. To get insight in the stability
of the DNA methylation patterns of both regions in vivo, the methylation statuses of both CGIs were
determined in various POMC-expressing and non-expressing tissues of different mice strains. In DNA
samples from peripheral blood cells (PBC) of 20 different C57BL/6 mice (wild type), distinct patterns for
the 5’ CGI and 3’ CGI region were observed. This high resemblance of DNA methylation patterns in
different mice suggests that the patterns are predestined and not established by chance.

The observed CGI methylation patterns from C57BL/6 PBC were also found in DNA from ten different
other tissues of C57BL/6 mice. Also in NMRI mice, identical patterns were detected in blood, as well as in
ten additional tissues. Despite the high concordance of DNA methylation patterns in diverse tissues from
different mouse strains, minute differences in methylation patterns were observed for a few stray CpG
positions in some samples, independent of strain, germ layer of origin, or tissue. However, in terms of
methylation patterns and in the scope of a basic overview of the pattern development it seems reasonable
to neglect the differences in single CpGs as random variations and to assume the patterns of the various
tissues of different mouse strains as similar, independent of the germ layer of origin and the physiological

function.

It is known that the methylation status of a gene is metastable, meaning it is passed to the daughter cells
during cell division (Bestor, 2000; Bird, 2002). Regarding the observed congruence of the POMC
methylation patterns in various tissues from different mouse strains some questions arise: (i) Do the
observed methylation patterns develop independently in the different tissues or do they have a common
origin? (ii) If the patterns have a common origin, do they develop during embryogenesis before the
deviation of the germ layers, or do they resist global demethylation after fertilization and are directly
transmitted from the parental germ cells as it has been observed recently for several other genes (Borgel
etal, 2010)?

To tackle those questions, embryonic mouse samples from various prenatal stages were examined.
Analysis of these samples showed similar patterns as observed before in the various tissues of adult mice,
except for slight heterogeneous methylation variances in the posterior part of the 5’ CGI (mPOMC-F2
fragment). Apart from that the methylation pattern of the samples from embryonic stages E8.0 until E14.5
were exactly the same as the patterns observed in adult mice with distinct hypermethylation of the
anterior part of the 5’ CGI, heterogeneous methylation of intron2, and the strict hypomethylation in exon3.
In conclusion, it can be stated that the distinct methylation patterns of the mouse POMC locus are already

present in embryonic stage E8.0 and remain stable during further development throughout tissues.
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Therefore, these methylation patterns are most likely established during embryogenesis before the
deviation of the germ layer cell fates or are directly transmitted and preserved from the parental germ

cells.

Besides its maintenance during cell division, the DNA methylation of the genome changes during lifetime
in a well-staged way. A substantial part of the genome is demethylated after fertilization followed by a
phase where new DNA methylation patterns are established (Dean et al., 2003; Reik et al, 2001).
However, recent studies showed that several non-imprinted germline and somatic genes resist the post-
fertilization DNA methylation reprogramming and inherit their promoter DNA methylation from parental
gametes (Borgel et al., 2010). To test the fate of the POMC methylation patterns in the post-fertilization
phase, I determined the DNA methylation of early mouse blastocysts. In this early stage of embryogenesis,
the CGI regions were completely hypomethylated, and only a few stray methylated CpGs were detectable.
The interval of minimal methylation is really narrow, since the demethylation event has its nadir at the
morula stage and de novo methylation occurs between the morula and blastocystal stage of the germ just
before implantation (Santos et al.,, 2002). Therefore, it is possible that the observed stray CpGs were still
or already de novo methylated. That the stray methylated CpG in the predominantly non-methylated
blastocysts samples showed hypermethylation in positions which were heterogeneously methylated at
the most in embryo or adult samples has a methodical background: To treat the blastocysts samples
reasonable, sequencing was performed after sub cloning. Sub cloned constructs contain only a single
strand of target DNA and not a variegation as PCR products. As a result, no C/T-double peaks appear in
sequencing readouts, suggesting heterogeneous methylation, but only C or T peaks. If sufficient numbers
of sub-cloned constructs of one sample are sequenced, the prediction of heterogeneously methylated

areas should match the results that would be obtained from the same samples when directly sequenced.

It can be concluded that the overall hypomethylation of POMC in blastocysts differs significantly from all
POMC DNA methylation patterns described for later developmental stages. This shows that the
methylation patterns of the POMC locus are not directly transgenerational transmitted from the parental
germ cells. The mechanism of direct transgenerational transmission of DNA methylation patterns was
already suggested for the AvY and AxinFu loci ten years ago, to explain the transgenerational heritability of
epigenetic states and related phenotypes (Morgan et al., 1999; Rakyan et al, 2003), but was never
specifically proved for these loci, but for IAPs in general (Lane et al, 2003). However, recently
transgenerational transmission of DNA methylation patterns from parental germ cells was genuinely
observed for specific genes. For instance, the somatic expressed genes Rrh (retina) or Cd4 and Fyb
(hematopoietic cells) were shown to escape the post-fertilization DNA methylation reprogramming

process (Borgel et al., 2010).

Yet, my data indicates that the DNA methylation patterns of the POMC gene are not directly
transgenerational transmitted, but arise during early embryogenesis. That means that existing patterns of
POMC DNA methylation of the germ cells are erased after fertilization. Subsequent de novo methylation
leads then to the establishment of the methylation patterns that were detectable after the blastocystal
stage. However, I could not show when these new methylation events take place, and if the methylation
patterns are already fully established before germ layer division. Since the de novo methylation wave is
usually observed before implantation (Santos et al.,, 2002) it is likely that the POMC gene is also newly
methylated before division of germ layers. Consequently, the distinct methylation patterns observed in
this study did not develop independently in the different tissues but originate from the newly established
pattern of the blastocystal stage.

How the development of the specific DNA methylation patterns is determined and signaled in numerous
different individuals remains unclear. A case of transgenerational epigenetic inheritance of the patterns,

as described for the imprinted IGF2/H19 locus, is thinkable. Thereby, the methylation profile is somehow
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genetically transmitted from the parental generation, possibly through cis or trans regulation, even though
the methylation is dynamic in the periconceptional phase (Tost et al., 2006). That the DNA methylation
patterns of the POMC locus are erased and newly established during the periconceptional period and
maintained stably throughout intrauterine and postnatal life, I revealed for the POMC locus in mice. If this

also accounts for the human POMC locus was tested within the possible scope.

Due to obvious ethical reasons, it was not possible to examine the human POMC methylation patterns
prenatally. An alternative for that would have been the analyses of non-human primate samples of
prenatal stages. The implementation of primate embryonic stem cells (ESC) as model for the early
embryogenesis state is not possible, since ESC show abnormal methylation states. It is indicated that
cultured ESC bear the DNA signature resembling the postimplantation embryo, possibly due to culture
conditions (Borgel et al, 2010). However, I studied human newborn PBC samples from the earliest
possible time point after birth and found DNA methylation patterns that were highly similar to the
patterns determined for adult humans from PBC and arcuate nucleus cells for the 5’ and 3’ CGI promoter
(Kuehnen et al,, in revision). Beyond the distinct shift of hypermethylation to hypomethylation at the
intron2-exon3 junction, the DNA methylation pattern from newborn PBC also showed the heterogeneous
methylation dip at CpG-13 in the intron2 region that was already detected in adult PBC and arcuate

nucleus cells.

The high conservation of the block of hypermethylation in intron2, the distinct shift to hypomethylation in
exon3 and the heterogeneous methylation dip at CpG -13 suggest some kind of function of those features.
It is known that DNA methylation influences the accessibility of DNA regions to proteins that modulate
chromatin formation and gene transcription and, hence, interfere with gene expression (Bird, 2007;
Cedar, 1988; Lorincz et al.,, 2004). DNA methylation of promoters can influence a genes transcription via
two possible mechanisms: (i) Direct inhibition by inaccessibility of TF binding sites or (ii) indirect
repression by recruitment of inhibiting proteins, such as methyl-CpG binding proteins (MeCP-1),
induction of inactive chromatin states, or expression regulation of repressing antisenseRNAs or
microRNAs (Bartel, 2004; Boyes and Bird, 1992; Tate and Bird, 1993). Accordingly, the hypermethylation
of the intron2 region could exert repressing function via both mechanisms. As opposed to this, the
hypomethylated state of exon3, which is highly conserved among species, suggests importance of an
associated open chromatin state of this POMC region, for instance for adequate gene expression. The 3’
CGI region has never been described as alternative promoter of POMC before, not to mention being
involved in the expression of the functional full-length transcripts. The 3’ CGI region was just suggested to
serve as TSS for the short alternative POMC transcripts (Gardiner-Garden and Frommer, 1994). Thereby,
it is argumentative that the regulation of the short transcripts may be a direct mechanism, while the
influence on full-length transcript expression might be indirect. However, the function of the short POMC
transcripts has not been resolved yet and is even doubted, since the lack of the signal sequence probably
renders the molecule to be nonfunctional (Clark et al, 1990; Rees et al, 2002), even though it is
moderately expressed (Ehrlich et al., 2010). Maunakea et al. detected recently that intragenic located
alternative promoters are common, and can induce the expression of alternative transcripts in vivo,
regulated by DNA methylation in a cell-context specific manner (Maunakea et al.,, 2010). Furthermore, it is
suggested that alternative intragenic CGI promoters play a functional role during development
(Illingworth et al.,, 2010). Since the POMC locus retains its methylation patterns once they are established
a cell- or developmental-context specific expression due to the 3’ CGI promoter does not seem probable,
but a regulatory role of the short transcripts, maybe in the line of regulating antisense-RNAs, could be
considered. Further investigation is needed to get insight into the role of the alternative 3’ CGI promoter

with its stable DNA methylation pattern and the alternative short POMC transcripts in vivo.
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To summarize: the DNA methylation patterns of the 5’ CGI and the 3’ CGI region of the murine POMC locus
are not directly transgenerational transmitted as shown for other genes, but are established by de novo
methylation in early embryogenesis and are perinatal stable. Furthermore, the DNA methylation patterns
of the murine, as well as the human POMC loci are stable in postnatal life throughout tissues. These results
match the available information about DNA methylation stability and constancy, which state that the
constancy of methylation in various somatic tissues is high (Eckhardt et al, 2006) despite a high
interindividual variability of the methylation of specific loci (Feinberg et al., 2010; Heijmans et al., 2007).
While the global methylation has been reported to change over time (Bjornsson et al., 2008; Fraga et al,,
2005), the DNA methylation of some specific loci was detected to be more stable (Feinberg et al.,, 2010;
Heijmans et al., 2007; Talens et al,, 2010). According to our findings, the POMC locus is one of the specific
loci with stable methylation throughout life and tissues. Therefore, it seems reasonable to see the POMC

methylation pattern of PBC as representative for the pattern of different tissues and cells.

Despite the high stability of the POMC methylation patterns over time and tissues, one should not forget
that the DNA methylation of specific loci could differ significantly between individuals. For instance,
Feinberg et al. identified more than 200 genomic regions in humans that showed extreme interindividual
variability and called them variably methylated regions (VMR). Approximately half of them are stable
within individuals and can represent a personalized epigenetic signature, which could have marker
function regarding disease risks (Feinberg et al., 2010). One VMR-analogue for the POMC locus is the CMP,
whose hypermethylation variant is associated with obesity (Kuehnen et al, in revision). This
demonstrates clearly that methylation of the POMC locus can also vary interindividual. How and when the
variations in the POMC VMR arise has not been resolved yet. However, I tried to determine if
intraindividual changes could emerge due to life characteristics of the individual or environmental effects,
as it was shown for global DNA methylation (Zhu et al., 2010).

For several years it is communicated that interindividual differences in disease susceptibility, such as
predisposition for obesity, is not only depend on genetic circumstances but also on epigenetic factors.
Epigenetic factors are capable of influencing the phenotype through changing gene expression without
altering the nucleotide sequence of the DNA. Dietary components have the potency to influence epigenetic
events such as DNA methylation (Singh et al, 2003; Walsh et al, 1998; Waterland and Jirtle, 2003),
altering gene expression and potentially modify disease risk. This phenomenon was often discussed.
Already 35 years ago, Ravelli et al. detected in a cohort from the Dutch famine an association of nutrition
deprivation in utero with obesity in later life (Barker, 2004; Gluckman et al., 2007; Ravelli et al., 1976)).
Further studies about the role of prenatal nutrition also detected various correlation of exposure to
nutritional extremes with increased risk for disease states in adulthood, such as coronary heart disease,
raised lipids, obstructive airways disease, decreased glucose tolerance, and schizophrenia (Painter et al,,
2005; St Clair et al,, 2005). Thereby, the timing of the exposure seems to be relevant for the outcome. All
these data is only strong on epidemiological basis, but not proven molecularly. Nevertheless, also
molecular alterations, such as changes in DNA methylation patterns, could be correlated with early
nutritional exposures like the Dutch famine or seasonal changes. However, the persistent epigenetic
changes detected in humans could not be matched to specific phenotypes so far (Heijmans et al., 2008;
Steegers-Theunissen et al., 2009; Tobi et al.,, 2009; Waterland et al., 2011).

In animal models, also nutritional effects on epigenetic marks of specific loci are detectable. Since animal
experiments are better to regulate and easier to survey, also associations of altered epigenetic states with
(pathophysiological) phenotypes can be made. For example, the in utero methyl donor supplementation of
Avw/2 mice can determine the epigenetic state of the AY locus of the offspring and the associated weight

and fur phenotype (Wolff et al, 1998). For the studies showing molecular associations to prenatal
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nutritional exposures, also a relevance of timing was observed (Tobi et al., 2009; Waterland, 2009a;
Waterland, 2009b).

The role of postnatal nutrition in the modification of epigenetic patterns and the potential transmission of
changed patterns through gametes is a subject of debate (Cobiac, 2007). Although some specific loci were
studied, human data about epigenetic changes arising after birth are rare and focus largely on the global
methylation of the genome. However, in general, the postnatal environment can be associated with
changes in the epigenome (Campion et al, 2009; Fraga et al., 2005; Wong et al., 2005). Some animal
studies claim that postnatal nutritional exposure, for example to overfeeding or high fat diet, is capable of
changing the DNA methylation of specific body weight related loci (Plagemann et al., 2009; Widiker et al.,
2010). Even though, the observed effects are significant in numbers, it should be critical estimated if the

observed changes are relevant.

In this thesis work, the influence of 29 weeks high fat diet after weaning on the DNA methylation of the
murine POMC locus was tested. Since longitudinal comparative tissue analyses suggest good correlation of
pattern-development between tissues, the DNA methylation of PBC appears to be representative for other
tissues (Talens et al., 2010). Moreover, the usage of PBC samples enables the analysis of the patterns
before and after the feeding period in the same animals. Two different mouse strains, a lean wild type
strain (C57BL/6) and members of the obesity-predisposed strain BFMI860, were analyzed. No significant
alterations of the methylation patterns by postnatal diet were observed. In conclusion, it can be stated that
neither the diet nor the different mouse strain origins had influence on the DNA methylation patterns of
the murine POMC locus, at least not in this study design. It would have been more reasonable to
implement a different study design, for example with enlarged group sizes and the first blood sampling
parallel to the beginning of the 29 week long feeding period. Moreover, a study exposing periconceotional
germs to a high fat diet in utero might have been more promising regarding the observation of DNA
methylation changes, as already stated above. Nevertheless, the results of the samples from this feeding
experiment are analogue to the observation of the ontogenetic analyses. The DNA methylation patterns of

the POMC locus are highly stable longitudinal, as well as throughout different mouse strains.

This suggests that DNA methylation pattern-formation at the POMC locus can rather be attributed to
genetics with stochastic components, than environmental factors. The stochastic component of DNA
methylation was underscored for other specific loci by the observation of substantial discordances of DNA
methylation patterns in monozygotic twins (Kaminsky et al.,, 2009; Ollikainen et al., 2010; Waterland et al,,
2011), while a strong locus specific genetic component was detected for the imprinted IGF2/H19 locus.
The substantial variation of the IGF2/H19 methylation of the imprinted allele is mainly accounted to
single nucleotide polymorphisms (SNPs) in humans (Heijmans et al,, 2007), hence to genetic control. In
addition, DNA methylation maintenance relies on genetic components. This was indicated in a family-
based cohort from Utah, showing familial clustering of methylation changes over time (Bjornsson et al.,
2008). In the scope of genetic factors, not only genetic variations like SNPs seem to play a role, but also cis-
acting genetic factors were described to participate in DNA methylation pattern manifestation
fundamentally. DNA binding proteins with respective binding sites, such as Sp1 and VEZF1, are suggested
to determine the methylation, but also sequence motifs like retrotransposable elements were identified to
contribute to pattern establishment (Dickson et al., 2010; Han et al., 2001; Li et al., 2010c). Beyond that,
transgenerational parental effects on the manifestation of DNA methylation patterns are observable, in
imprinted and in non-imprinted loci. For instance, the epigenetic state at the Axinftlocus can be inherited
after maternal and paternal transmission, while the inheritance of the A epigenetic state occurs through
the female line only (Rakyan et al, 2003). That militates for a system that is under strong genetic
influence, rather than facilitating easy dynamical changes through environmental factors, and, therefore,

capable of establishing stable predetermined epigenetic signatures. Hence, it virtually obtrudes to
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investigate the origin of the distinct 3’ CGI DNA methylation pattern of POMC on a genetic basis. Thereby, I
considered the sequence of the locus as indicatory and chose a comparative phylogenetic approach to
investigate the manifestation of the 3’ CGI DNA methylation pattern of POMC in association with the

presence of Alu elements within the gene region.

4.3 Potential phylogenetic origin of the 3’ CGI DNA methylation pattern

The 3’ CGI methylation pattern of the human POMC shows a prominent hypermethylation in the intron2
region and a distinct shift to hypomethylation at the intron2-exon3 junction. In accordance the mouse
exon3 is also hypomethylated, indicating a phylogenetically conservation of this non-methylated state.
Hence, the hypomethylation of exon3 might be important for POMC expression, for example to enable
binding of proteins which are crucial for the activity of the gene (Choy et al., 2010). However, the murine
methylation pattern of the intron2 region differs fundamentally from the human one with heterogeneous
methylation. Comparison of the underlying sequences of the POMC locus in mice and humans revealed
high sequence homology in the exon regions, while the consensus in non-exon regions was, as expected,
significantly lower (Eberwine and Roberts, 1983; Notake et al, 1983). A large difference in the locus
structures is represented by the presence of six retrotransposable elements of the primate-specific Alu
family in the human POMC gene that have no equipollents in the murine POMC gene (Tsukada et al., 1982)
(Figure 17 and Figure 22). Three of those six Alu elements of the human POMC locus are located in the
intron2 region just upstream of the distinctly methylated 3’ CGI. In general, retrotransposable elements
like Alu elements are methylated to prevent them from retroposition (Liu and Schmid, 1993; Yoder et al,,
1997b). This methylation is established for silencing reasons and can spread on the surrounding regions,
resulting in modification of the DNA methylation near an Alu element (Batzer and Deininger, 2002; Turker
and Bestor, 1997; Xie et al.,, 2010). Hence, the hypothesis arose that the hypermethylated region of the 3’
CGI detected in humans is caused by the presence of those three Alu repeats within the intron2. To test
this hypothesis, initially genomes of other primates were analyzed for Alu incidence, since Alu elements
are only present in primate genomes but to a different extend (Xing et al,, 2007). Afterwards, it was
evaluated if the methylation status of the 3’ CGI of the other primates is associated with the Alu incidence

in their genomes.

All analyzed non-human primates of the hominid strain (chimpanzee, gorilla, and orangutan) exhibited
the same Alu element incidence in the intron2 region as humans. The three Alu elements detected in all
four sequences were congruous for type and orientation, indicating integration of the three Alus before
the branching of the different families of the hominids. The two cercopithecoidea macaque and baboon
have one Alu repeat less in their intron2 region compared to the hominids tested. Types and orientations
of the two remaining Alus are congruent to the Alu D and Alu F of the hominid genomes, suggesting a
common origin, since the distribution of Alu elements is free from homoplasy (Batzer and Deininger,
1991). Interestingly, the middle Alu E, which is not present in the baboon and the macaque genome, is of
the youngest Alu family, the Y-family that still shows transposition activity (Batzer et al., 1996; Bennett et
al,, 2008; Liu and Schmid, 1993). Most likely, this Alu element was integrated into the genome after the
catarrhines split into hominids and cercopithecoidea 25 Ma ago. In the marmoset, the primate family with
the greatest density of Alu elements (Liu et al.,, 2009), again only the Alu D- and Alu F-equivalents of the
human genome can be detected. However, there are also two additional (Ad) repeats present, which were
not found in one of the other primate genomes examined. Alu Ad1 and Alu Ad2 are of the S type, which is
considered the second oldest Alu family. Either these repeats were located in their positions already
before the off splitting of the new-world strains 40 Ma ago and were subsequently eliminated in the
catarrhine branch, or they were integrated into the POMC gene in platyrrhines just after branching 50 Ma

ago.
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Lemurs and galagos belong to the group of the strepsirrhinis and are the farthermost relatives of humans
within the group of primates. For lemurs and galagos, no Alu elements in the gene region of interest were
detected. The separation of strepsirrhinis from the main branch took place almost 65 Ma ago. Around the
same time Alu elements began to proliferate in the genomes of primates (Batzer and Deininger, 2002).
Global assessment of the distributions, phylogenies, and consensus sequences for Alu elements in
primates revealed a steady rate of Alu retrotransposition activity in lemurs (Liu et al,, 2009). Hence, not a
general Alu deprivation but rather the early branching is likely the reason why there are no Alu elements
located within the strepsirrhinis intron2 region of the POMC locus, which are present in all other analyzed

primates.

In conclusion, it can be stated that closely related primates share the same Alu elements in the POMC
intron2 region. Further, several strain-specific Alu elements were established after the branching of
strains and are, therefore, only present in one of the branches where they form an individual signature. In
general the differences in Alu incidence and distribution in various primate genomes have played an
important role in shaping the primary structure of the genome, but the secondary and tertiary structure,
as well, and make functional consequences of these changes among the diverse primate lineages rather
likely (Liu et al., 2009). Of which type and to which extend these functional consequences of the Alu
incidence within the POMC intron2 region are was not examined in detail here, but at the level of DNA

methylation pattern-manifestation in the adjacent 3’ CGI region.

The DNA methylation status of the 3’ CGI regions of most primates was determined in PBC. Only the DNA
of the strepsirrhinis was obtained from muscle tissue due to sampling reasons. Since this work revealed
high conservation of the POMC DNA methylation patterns in fourteen different mouse tissues, including
PBC and muscle tissue, the difference of samples should be negligible. To determine the DNA methylation
status of the 3’ CGI regions of the various primates, species-specific primer pairs were designed. As a
result, the fragments of different primates not only vary in length, but also in CpG number and location.
The latter is not only result of the different lengths but more importantly of the dynamics of DNA. CpG
positions are prone to mutate by conversion of methylated cytosine to thymine in vivo (Bird, 1980).
Therefore, CpG dinucleotides are underrepresented in the human genome (Duret and Galtier, 2000) and
lead to differences in the sequences of different primates. Nevertheless, there is a high consensus of CpG
positions within the exon3 regions of the different primates. This is in accordance with the high level of
conservation of the translated regions due to the common ancestor of the POMC locus (Dores and Baron,
2011). In contrast, the CpG occurrence in the intron2 region has a higher variability, especially between
primate families, which are not so closely related, such as strepsirrhini and hominids. Interestingly, also a
high variability in the CpG moiety distribution in the galago and the lemur can be observed, although both
species belong to the group of strepsirrhinis and their intron2 region sequences align well. Thus, the
mutation rate of CpGs = TpGs must be higher in galagos than in lemurs. A quarter century ago, it was
proposed that the clustering and spacing of CpG residue contribute to the de novo methylation process
(Bolden et al., 1985; Bolden et al., 1986). However, Yates et al. found the CpG density for methylation of
the Aprt gene in mice as negligible, and instead demonstrated the importance of a tandem B1 repetitive
element-motif upstream of the gene instead (Yates et al,, 1999). In addition to acting as strong signals for
de novo methylation, the tandem B1 element also acted synergistically in the scope of spreading
methylation. This function was also indicated for Alu elements before (Turker and Bestor, 1997), which
are the primate equivalents to the murine B1 elements. Therefore, I focused on a presumable association
of the final methylation pattern of the 3’ CGI region with the incidence of Alu elements in the upstream

region.

In all primates examined, the POMC exon3 region was hypomethylated as also observed in mice and

humans before. This high degree of conservation of the hypomethylated state of the exon3 region in
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different species underscores the hypothesis of a related functional relevance, since the methylation state
of a gene region can be correlated with the gene activity by interrelating with TF binding and the
chromatin formation (Choy et al., 2010; Martinowich et al., 2003).

Alu elements are strongly methylated, presumably to reduce transcriptional activity of the
retrotransposomal DNA. Mummaneni et al. coined the term methylation center for cis-acting genomic
regions that provide significant de novo methylation signals (Mummaneni et al., 1993; Turker, 2002; Yates
et al., 1999). By acting as methylation center, Alu elements trigger methylation in their genomic vicinity
(Graff et al., 1997; Li et al., 2010c). Therefore, I expected primates with the same Alu incidence as humans
to share a similar methylation pattern in this region. The hypothesis was confirmed by the results of the
chimpanzees and gorillas, which also have the three ‘human’ Alu elements in their intron2 sequence. For
chimpanzees and gorillas, the same distinct methylation patterns as in humans could be observed and
matched in details, such as the sharp junction from hypermethylation to hypomethylation at the intron-
exon junction and the heterogeneous methylation dip in the anterior intron2 region. This correlation
between the occurrence of Alu elements in the intron2 region and the establishment of the methylation
state in this region indicates that those Alu elements function as a trigger for methylation. However, this
methylation force seems to be restricted in areas that are presumably relevant for expression, such as CpG

-13 and the exon3 region.

Similar methylation patterns were also found for primate families like baboons, macaques, and marmosets
that share only two Alus of this region with humans. Even the methylation dip of hominids was conserved
and occurred in marmosets at CpG -8 instead of CpG -13 due to CpG depletion reasons. However, a minor
dose-effect of Alu number could be observed. In baboons and macaques with the two Alu elements, the
drop zone at the intron-exon junction is flatter and step wise. Marmosets have additional Alus and show a
slightly shift of the drop zone into the exon region. This dose-effect has never been described before and is

strengthened by the methylation pattern observed in lemurs.

The lemur pattern is highly similar to the murine pattern and showed predominant hypomethylation
throughout the whole fragment. Both, mice and lemurs, do not possess Alu elements or equipollents in the
gene region of interest. This supports the hypothesis that the distinct hypermethylation in the intron2
region of the human, hominids, cercopithecoidea, and platyrrhine POMC is correlated to - or even caused
by - the upstream-located Alu elements. Therefore, it is tempting to pose that (i) the methylation of this
region is induced by the upstream-located Alu acting as methylation center during early development and
is stably transmitted to daughter cells during further development. (ii) The methylation force that
emanates from the methylation center has a dose-effect depending on the number of Alu elements that are
present in the methylation center region. (iii) The Alu-triggered methylation is restricted to the intron2

region to keep the exon3 region non-methylated.

Of course, the variance of the DNA methylation pattern of lemurs in comparison to the human-like
methylation pattern might also have other causes apart from the missing Alu elements. For example, DNA
binding proteins, such as the Spl protein, were frequently suggested to be cis-acting factors, which
prevent DNA methylation of promoter regions and CGIs (Graff et al.,, 1997; Holler et al., 1988; Straussman
et al, 2009; Tate and Bird, 1993; Turker and Bestor, 1997). The two in silico predicted Sp1 binding sites
within the lemur intron2 sequence could inhibit the methylation of this region. However, these binding
sites were not empirical proved by ChIP analysis. In addition, further weakening this possibility, in mice
no Sp1 binding sites within the intron2 region are predicted that could exert an equivalent effect. That
would imply that the analogue hypomethylation of the intron2 region in lemurs and mice would be due to
different causes. Since this seems unlikely, it abates the hypothesis that the hypomethylation of the lemur
intron2 region of POMC may result from the Sp1 binding sites in the intron2 regions. By implication, the

hypothesis of the Alu-dependency of the intron2 methylation is strengthened.
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For galagos like lemurs, Sp1 binding sites are predicted to be located in the intron2 region of the POMC
gene. Nevertheless, galagos show no predominant hypomethylation of the 3’ CGI region as lemurs,
weakening the possible influence of Sp1 on the specific methylation deprivation of intron2 even further.
Instead, the galago pattern is more similar to the human pattern, than to the lemur and mouse, with
hypermethylated regions within the intron2, although the start of the transition to hypomethylation is

shifted upstream.

Resembling the sequences of lemurs and mice, the galago also does not possess Alus in the POMC intron2
region. Given the human-like DNA methylation pattern of the galago the observation of an Alu-free intron2
raises assumptions about additional involved factors besides the direct influence of intron2 Alu elements
on the hypermethylation of the subsequent region. It is known that chromatin is a complex system. Within
this three-dimensional assembly of DNA and proteins, not only directly adjacent regions of the genome
influence each other. Also further afar regions are capable of cross acting in a regulatory way (Gondor and
Ohlsson, 2009; Lanctot et al., 2007). Moreover, it was observed that the epigenetic regulation of gene
expression can be controlled in trans by long-range chromatin interactions, and that those long-range
chromatin interactions can coordinate epigenetic changes (Gondor and Ohlsson, 2009; Kurukuti et al.,
2006; Lanctot et al., 2007). Presumably, there are further 5’ sequence-motifs involved in DNA methylation
establishment of the POMC locus. For instance, three more Alu elements are present in more upstream
regions of the human POMC gene aside from the three Alus located in the intron2. They might act in trans
on the methylation drive. For both investigated strepsirrhinis, not the complete POMC locus has been
sequenced to date. Therefore, it is possible, that galagos and lemurs differ from each other in the upstream
region of the POMC gene. It is conceivable that the galago possesses Alu elements in the intron1 or further
upstream that exert DNA methylation force, which the lemur lacks. Therefore, it should be a goal of future
research to further sequence and analyze the unexploited gene regions of less familiar primates, such as
the strepsirrhinis. Then investigation of chromatin interactions of the POMC locus in various primates
would be possible, such as the application of new techniques for comprehensive three-dimensional
analyses (Fullwood et al, 2010; Fullwood and Ruan, 2009; Li et al., 2010a). That could bear further
insights in the triggering mechanisms of the POMC methylation patterns.

In parallel, the elucidation of the role of the intron2 Alu elements as methylation center could be promoted
by research focusing on other species. It would be useful to determine the POMC DNA methylation
patterns of species, (i) which do not possess Alus or equivalent retrotransposable elements in this region
as the mouse (for example horses or dogs), (ii) that exhibit retrotransposable elements in the locus, but

different from Alu elements (for example dolphins and cows).

In conclusion, I can state that the comparative sequence and methylation analyses of the intron2 and
3’ CGI region of the POMC locus of various primates and mice provide strong evidence that the Alu
elements in the intron2 region act as methylation center that triggers the DNA methylation pattern of the
subsequent 3’ CGI. This concept of Alu-triggered DNA methylation of the 3’ CGI region is applicable to mice
and all analyzed primates with exception of the galago. The galago data necessitate considering of further
trans-acting factors and mechanisms determining the POMC DNA methylation pattern, which should be
investigated in future research. However, the methylation force exerted by the intron2 Alu elements is
apparently restricted to the intron2 region, preserving the exon3 region hypomethylated. The molecular
mechanism that regulates the exact border restriction of the CpG-methylation in the case of POMC 3’ CGl is
unknown. However, there are some theories about the limitations of DNA methylation to specific regions.
Certain DNA binding proteins are thought to protect gene regions from de novo methylation (Han et al,,
2001). The Sp1 protein was detected to segregate highly methylated Alu element containing flanks from

unmethylated CGI sites, a mechanism that is overridden in pathological states (Graff et al., 1997). In the



Discussion 78

region of interest of the human POMC locus, Sp1 binding sites are only predicted to be located within the
exon3 region, approximately 600 bp downstream of the exon start. If DNA binding proteins have a far-
distance effect, this might explain the methylation restriction to the POMC intron2 region, but this has not
been described to date. However, analogous methylation restricting effects have also been described for
other DNA binding proteins (Dickson et al.,, 2010). Therefore, it is possible that other binding proteins,
which are located in the methylation junction region, can exert the observed effect.

In addition to DNA binding proteins, also sequence motifs, such as an A-rich repeat sequence in the human
GSTP1, have been shown to form a boundary between methylated and unmethylated DNA (Millar et al.,
2000). Turker proposed in 1999 a model of the dynamic equilibrium between forces that support and
inhibit the spread of DNA methylation (Turker, 1999). Respective methylation-counteracting forces could
be Alu elements exerting methylation force and active promoter regions promoting an open chromatin
state. Thereby, the methylation boundary might be shifted slightly back or forth, depending on the
strength of both forces (Turker, 2002). For the POMC intron2-exon3 boundary the following scenario is
thinkable: The intron2 Alu elements form an upstream methylation center, which counteracts to the
methylation blocking force of the POMC 3’ CGI promoter, whose functional relevant sites are probably
located in the exon3 region. That could determine the intron2-exon3 methylation border of the POMC
locus, with possible stochastically defects leading to epigenetic variants like the obesity-associated CMP
described by Kuehnen et al. This theory would also fit the observation of a dose-dependent methylation

force depending on the number of Alu elements present in the intron2 region.

Differences in the distribution and rates of Alu transposition have played an important role in shaping the
structure of primate genomes and defining the activity of certain gene regions by various mechanisms,
including epigenetic regulation (Batzer and Deininger, 2002; Liu et al,, 2009). They are described to have a
close relation to DNA methylation in the genome. Hence, they contribute to genome organization, gene
expression, and related phenotypes in various ways. Transposon-induced methylation spreading can be
observed in the melon plant where it determinates the sex of the flowers (Martin et al, 2009). This
phenotype-determining transposon-induced alteration of the DNA methylation is stably forwarded to the
next generation. Therefore, it not only has a marker function for the sex of the flower, but also contributes
to the evolution of the species. Similar to the DNA methylation mechanism in melon, [ detected that the
DNA methylation pattern of the POMC locus may have evolved upon Alu insertion into the gene region.
Events like this can lead to pathological consequences, as observed in the X-linked dystonia-parkinsonism.
The X-linked dystonia-parkinsonism is a movement disorder in humans, in which a newly retroposed
element induces abnormal DNA methylation. The changed DNA methylation is assumed responsible for
decreased TAF1 gene expression and, therefore, involved in the disease genesis (Makino et al., 2007). In
the case of the human POMC gene, the Alu presence and position is manifested in the genome. Therefore, it
is possible that these Alu elements induce the conserved regular DNA methylation pattern of the 3’ CGI of
the POMC. If the Alu-induced methylation pattern changed the expression of the whole gene per se,
remains unclear. However, it was shown, that in individuals with the hypermethylation variant of the
weight phenotype-associated CMP of POMC, the POMC expression is decreased (Kuehnen et al, in
revision). Therefore, an altered methylation of only a few CpG residues might be causally linked to the
weight phenotype via a changed gene dose effect. That abnormal CpG methylation of only a few CpG
moieties can be associated with disease was also observed in ependymomas. In the pediatric intracranial
ependymomas, the aberrant DNA methylation is correlated with progression of the tumorigenesis. The
aberrantly hypermethylated CpG sites are found in the vicinity of Alu elements (Xie et al., 2010),
comparable to the hypermethylated CMP site in obese children. However, in contrast to ependymomas

only one specific gene site near Alu elements is affected in the POMC CMP. Application of the hypothesis of
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methylation-counteracting forces for the DNA methylation border restriction makes it seem possible that
the abnormal methylation of individual CpG residues - in the ependymoma-genome and in the POMC CMP
- could be exerted by an excessive Alu methylation force. As result, an Alu element-triggered methylation

defect might emerge.

In general, it is debated, how and when anomalous methylation states arise, and how stable they are. Data
imply that genetic and stochastic factors, as well as environmental factors may contribute to the
establishment of the epigenome (Bjornsson et al., 2008; Boks et al., 2009; Campion et al., 2009; Fuke et al.,
2004; Heijmans et al.,, 2007). Studies examining the influence of concrete environmental exposures on
disease states in humans tend to have difficulties to filtrate explicit outcomes on molecular level that are
associated with a certain phenotype. There are various studies showing an association of (i)
environmental influences with increased disease risk in later life (Gluckman et al., 2007; Painter et al,,
2005; St Clair et al., 2005) and (ii) altered DNA methylation - genome wide or of specific loci - with
disease (Heijmans et al., 2008; Steegers-Theunissen et al., 2009; Tobi et al., 2009; Waterland et al., 2011).
Nevertheless, the linkage of environmental exposure with changes in DNA methylation that are associated
with an increased disease risk seems to be challenging. This could be due to various reasons: In a normal
environment, exposing events are manifold and can cross-act. The same applies for compensating
mechanisms. Therefore, the outcome - on molecular and phenotype level - may be disguised. However, it
is also possible that environmental-based alterations are minute and are superposed by stochastic and

genetic factors.

How the POMC CMP develops in particular in humans can be estimated based on the results of this thesis
work, which demonstrate that the methylation patterns of the POMC locus are established in early
embryogenesis, most likely due to Alu-triggered methylation spreading. After being passed through all
germ layers, the POMC methylation patterns are highly stable in various tissues throughout life. In
contrast to studies focusing on global DNA methylation (Zhu et al., 2010), my experiments revealed no
effects of individual life characteristics (mouse strain) or environmental influence (long-term exposure to
high fat diet) on the POMC methylation patterns in mice. That indicates resistance against environmental
factors, at least postnatal, and independence of life characteristics of the POMC DNA methylation.
Environmental factors cannot be excluded to have an influence on the specific DNA methylation pattern.
Based on my results it is likely that the POMC CMP arises during the reprogramming phase in early
embryogenesis on a stochastically basis. Since the CMP is not associated with genomic rearrangements of
any kind, it may be connected to stochastically occurring termination failure of the Alu-triggered

methylation.

In individuals with the obesity-associated hypermethylated POMC CMP variant, reduced p300 binding and
reduced POMC expression were detected. Regarding the observed 3’ CGI promoter activity, which is
diminishable in vitro by methylation, the CMP might have functional relevance for POMC expression. This
could be either by influencing TF binding or elongation efficiency through DNA methylation directly (Choy
et al,, 2010; Lorincz et al., 2004) or indirectly by participating in chromatin formation (Pennings et al.,
2005; Tanaka et al., 2010; Vaissiere et al., 2008). Hence, the 3’ CGI promoter could be involved in the
transcription of full-length transcripts by inducing an open and active chromatin structure long-range, in
addition to the direct regulation of short alternative transcripts. In this line of thought, the CMP might
affect total POMC expression and reduce the gene dosage effect. Consequently, this could increase the risk
of developing obesity. Insufficient gene expression due to transposable element-induced methylation
alteration has been described before (Makino et al., 2007; Martin et al., 2009; Morgan et al., 1999), as well
as aberrant DNA methylation being directly involved in the genesis of diseases, such as obesity (Bjornsson

et al, 2004). Thus, it should be an issue of future investigation to find out about the role of variegating Alu-
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triggered DNA methylation on POMC expression, to determine if the POMC CMP has direct functional

relevance or if it could serve indirectly as a marker for an increased obesity risk.

Stable interindividual differences in DNA methylation of specific loci, such as the Alu element-triggered
POMC CMP, are common. It is becoming more evident that this kind of epigenetic variation might be
connected to obesity susceptibility. The VMR identified by Feinberg et al. included a handful of stable VMR
that were found near, or within, body weight- or diabetes-regulating genes. They were significantly
associated with the BMI (Feinberg et al., 2010), just like the VMR-analogue POMC CMP. In the meanwhile,
more and more obesity-associated epigenetic changes are detected (Campion et al., 2009). For most of
them, it is not clear if the BMI-associated epigenetic aberrations have functional relevance or not. Either
way, they represent a personalized epigenetic signature and may serve as risk markers for obesity
susceptibility. The identification of individuals possessing these changes in their epigenetic profile could
help to predict their risk to develop obesity. That might allow the implementation of sufficient prevention

or therapy interventions to impede the progress of obesity development.

Besides their involvement in the pathogenesis of obesity, epigenetic factors are also discussed to be
involved in the genesis of diseases in general (Bjornsson et al.,, 2004). Various studies identified global
epigenetic changes in disease states, such as cancer, and postulated their contribution to aberrant gene
regulation and genomic instability (Robertson, 2005; Wilson et al., 2007). Global epigenetic changes are
hardly assignable to one concrete disease state. Moreover, it is difficult to distinguish between cause and
effect (Laird and Jaenisch, 1996), which makes global epigenetic changes useless as early-recognition
markers. Gene-specific epigenetic changes are easier to correlate with diseases and could be used as early-
recognition markers for screening (Jiang et al,, 2004; Karouzakis et al., 2009; Urdinguio et al., 2009).
Developmental and exposure analysis may help to find out about the stability of specific epigenetic
changes to estimate their sense as marker-aberration, as shown in this work. Thereby, it might be useful
to pay attention to changes near Alu elements, since Alus trigger the DNA methylation and can induce

changes on a stochastic basis.

This kind of epigenetic approaches to diseases opens new chances for their comprehension, early
detection, and handling, as genetic analyses have done before. Since genetic analyses met their limitations
in various respects, it is a promising opportunity to deepen the knowledge of epigenetic factors that mark
or influence the risk of disease susceptibility. Even if the genesis of diseases cannot be elucidated, early-
recognition markers could be identified. By establishing appropriate biomarkers for diseases, such as the
Alu-triggered POMC CMP for obesity, customized intervention strategies could be designed and applied as
early as possible, to prevent the development or progression of diseases. This eventually may lead to an

increase of health and quality of life of the individual.
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5 Summary

Obesity is a chronic disease with an increasing prevalence worldwide. Besides environmental, socio-
cultural, and genetic determinants, also epigenetic factors are discussed to contribute to the manifestation
of the weight phenotype. The pre-proopiomelanocortin (POMC) gene is a pivotal element of the central
anorexigenic leptin-melanocortin signaling pathway. Mutations within this gene can cause severe
monogenic early onset obesity in humans and mice. In addition to these POMC mutations, recently a single
nucleotide polymorphism (SNP) in the POMC vicinity and a POMC CpG methylation variant in the
intragenic 3’ CpG island (CGI) were identified to be associated with obesity. The latter indicates a possible
role of epigenetic modifications in body weight regulation. To gain further insight into the functional
relevance, stability, and origin of the POMC DNA methylation, both CGIs of the POMC gene - the promoter-
associated 5’ CGI and the intragenic 3’ CGI - were analyzed with regard to the functionality, ontogenesis,
and phylogenesis of their DNA methylation status.

Via in vitro analyses, DNA methylation-dependent promoter activity for both CGIs was revealed. Thereby,
the intragenic 3’ CGI was identified as a potential alternative promoter of POMC, which has not been
described before. Because of the known impact of DNA methylation on gene expression activity, we
analyzed the in vivo situation of POMC DNA methylation, starting with the ontogenetic aspects. Therefore,
we applied bisulfite genomic sequencing (BGS) to (I) murine samples from various tissues, different
developmental stages, and from mice receiving distinct diets, and (II) blood samples from newborn
humans. Postnatally, stable POMC DNA methylation patterns with interindividual conservation were
detected for both CGIs in humans and mice. In addition, it was observed in mouse samples that the POMC
DNA methylation patterns are non-tissue-specific, stable upon long time administration of a high fat diet,
and already present prenatally at the stage of early organogenesis. However, mouse blastocysts were
found to be completely hypomethylated, indicating the establishment of the DNA methylation patterns
after this stage.

Comparative analysis of the 3’ CGI DNA methylation of humans and mice revealed distinct pattern
differences upstream of exon3. These pattern differences could be linked to the presence of Alu elements
within the intron2 of the human POMC gene, which might trigger methylation spreading in humans, but
have no equipollents in the mouse genome. This hypothesis was tested by analyzing primate families for
the respective Alu elements and their 3’ CGI DNA methylation pattern. An association of these particular
Alu elements with the establishment of the DNA methylation pattern upstream of exon3 was indicated.
However, the results also suggest an influence of additional factors on the DNA methylation pattern, such

as further Alu elements within the POMC gene region.

This work contributes to the field of epigenetics by demonstrating that the DNA methylation patterns of
the POMC locus are species-specific highly conserved, and that they are stably established during early
embryogenesis possibly triggered by the presence of Alu elements within the intron2. Stochastic variances
in the manifestation of POMC DNA methylation patterns might alter the POMC gene expression, as
indicated by in vitro analyses. Consequently, epigenetic variants may increase the risk of developing
obesity. Future research will show whether DNA methylation changes might play a role in the

development of common diseases, such as obesity.
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6 Zusammenfassung

Adipositas ist eine chronische Erkrankung mit weltweit ansteigender Pravalenz. Man geht davon aus,
dass neben umfeldbedingten, soziokulturellen und genetischen Determinanten auch epigenetische
Faktoren zur Ausbildung des Gewichtsphédnotyps beitragen. Das Proopiomelanocortin Gen (POMC) ist ein
zentrales Element des anorexigenen Leptin-Melanocortin-Signalwegs, und Mutationen im POMC kénnen
zu frithmanifester Adipositas fiithren. Kiirzlich konnten ein Single- Nukleotid-Polymorphismus (SNP) in
der umgebenden Sequenz des POMC sowie eine CpG-Methylierungsvariante in der intragenischen 3’ CpG-
Insel (CGI) identifiziert werden, die mit Adipositas assoziiert sind. Die CpG-Methylierungsvariante weist
auf einen moglichen Einfluff von epigenetischen Modifikationen auf die Gewichtsregulation hin. Zur
Aufklarung der Relevanz, der Stabilitit und des phylogenetischen Ursprungs der POMC-DNA-
Methylierung, wurden beide CGls (die Promoter-assoziierte 5° CGI und die intragenische 3’ CGI) in

Hinsicht auf ihre Funktionalitat, Ontogenese und Phylogenese untersucht.

In in vitro Analysen konnte ich fiir beide CGIs DNA-Methylierungsabhéingige Promoteraktivitit feststellen.
Die Transkriptionsaktivitit der 3’ CGI konnte somit erstmals beschrieben werden und weist auf einen
separaten alternative Promoter des POMCs hin. Wegen des bekannten Effekts von DNA-Methylierung auf
die Genexpressionsaktivitait habe ich die in vivo Situation der POMC-DNA-Methylierung untersucht,
begonnen mit den ontogenetischen Aspekten. Hierzu wurde Bisulfit-genomische-Sequenzierung auf (I)
murine Proben von verschiedenen Geweben und Entwicklungsstadien sowie nach bestimmter Diat, und
(II) humane Proben von Neugeborenen angewandt. Postnatal wurden stabile DNA-Methylierungsmuster
mit interindividueller Konservierung fiir beide CGls im Mensch und in der Maus festgestellt. Des Weiteren
zeigte sich eine Gewebeunabhingigkeit der DNA-Methylierung in der Maus mit bereits prenatal im
Stadium der frithen Organogenese ausgebildeten Mustern. Die Analyse von murine Blastocysten hingegen

deutete auf eine Entstehung dieser Muster in einem spateren Entwicklungsstadium hin.

Der Vergleich des DNA-Methylierungsmusters der 3’ CGI in Mensch und Maus zeigte klare Unterschiede
upstream des Exon3, was auf das Vorkommen von Alu-Elementen im IntronZ des humanen POMCs
zuriickzufithren sein konnte, die einen Einfluss auf die DNA-Methylierung ihrer Umgebung haben kénnen.
Da es fiir die Alu-Elemente keine Aquivalente in der murinen POMC Region gibt, wurde diese Hypothese
iiberpriift, indem verschiedene Primatenfamilien auf das Vorkommen entsprechender Alu-Elemente,
sowie ihr DNA-Methylierungsmuster der 3’ CGI untersucht wurden. Wir konnten eine bedingte
Assoziation dieser Alu-Elemente mit der Auspriagung der DNA-Methylierung upstream des Exon3
feststellen. Jedoch lassen die Ergebnisse noch weitere Einflussfaktoren auf das DNA-Methylierungsmuster

vermuten (zum Beispiel weitere Alu-Elemente).

Diese Arbeit ist ein wichtiger Beitrag zur epigenetischen Forschung. Es konnte gezeigt werden, dass die
DNA-Methylierungsmuster des POMC Spezies-spezifisch konserviert sind und in der frihen
Embryogenese ausgebildet werden, vermutlich ausgeldst durch das Vorhandensein von Alu-Elementen im
Intron2. In vitro Ergebnisse weisen darauf hin, dass stochastische Variationen dieser Muster die POMC-
Expression beeinflussen und somit das Risiko fiir Adipositas erhohen konnten. Zukinftige
Untersuchungen werden zeigen, ob spezifische Anderungen der DNA-Methylierung eine Rolle in der

Entwicklung von haufigen Erkrankungen, wie zum Beispiel der Adipositas, spielen.
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