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Summarizingg discussion 

Mammalss carry two copies for each autosomal chromosome; one copy inherited from the 
motherr via the oocyte (the maternal allele) and the other inherited from the father, donated by 
thee sperm (the paternal allele). For most genes, these two copies behave in an identical man-
nerr meaning that both parental alleles are expressed or silent at the same moment in the same 
cell.. However, for imprinted genes the two alleles are discriminated based on their parental 
originn leading to expression of one allele in a parent-of-origin dependent manner (reviewed in 
Chapterr 1). Parental allele discrimination cannot be based on the genetic content of the allele 
(becausee mice that contain genetically identical parental alleles can also imprint their genes), 
butt must instead be based on modifications of the genetic information. These types of modifi-
cationn that alter gene expression without changing the genetic information are known as epi-
geneticc modifications. For genomic imprinting, the epigenetic modification that distinguishes 
betweenn the parental alleles must be specific for one parental gamete, and must remain asso-
ciatedd with that parental chromosome following cell division. The best candidate for the 
imprintingg epigenetic modification is DNA methylation, which is supported by the observa-
tionn that mice deficient in genomic DNA methylation loose their ability to imprint genes [1]. 
Strikingly,, the reduced methylation levels in these mice lead to repression of some imprinted 
geness whereas others are activated, indicating that methylation imprints can both activate and 
represss genes (reviewed in Chapter 1). Epigenetic mechanisms regulating imprinted gene 
expressionn may have evolved from or even be similar to normal epigenetic mechanisms that 
regulatee the expression of non-imprinted genes, but imprinted genes provide an unique oppor-
tunityy to investigate these epigenetic mechanisms as both an active and silent copy of an 
imprintedd gene are present within the same cell nucleus and can be directly compared. 
Identificationn of the epigenetic modifications and characterization of their function in gene 
regulationn is of importance to understand how genes are normally epigenetically regulated and 
howw this regulation is disturbed in diseases such as cancer [2]. Epigenetic gene regulation is 
exploredd in this thesis using the imprinted locus on proximal mouse chromosome 17 as a 
model. . 

Inn between the Mas proto-oncogene and the cluster of the three Slc22a organic cation trans-
porterr genes on mouse chromosome 17, resides the gene encoding the Insulin-like growth fac-
torr type 2 receptor (Igf2r). This receptor has diverse transport functions including transport of 
mannose-6-phosphatee tagged molecules and other proteins to the lysosomes for activation or 
degradation,, as well as mediating the entry of regulatory proteins into the cell [3], The Igf2r 
genee is imprinted and maternally expressed in all tissues of the post implantation mouse 
embryoo and in adult tissues. The paternal Igf2r allele is not silenced until after implantation of 
thee embryo and thus it is important to realize that transcriptional repression of the paternal 
IgflrIgflr allele occurs in a developmental phase that is distinct from allele discrimination [4]. 
Allelee discrimination whereby one parental allele of an imprinted gene acquires an ' 
occurss during gametogenesis or in the early zygote before nuclear fusion, when the alleles are 
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locatedd in physically separate compartments. The maternal Igflr allele is marked by a methy-
lationn imprint acquired in the oocyte and is maintained on the maternal allele after fertilization 
[5].. Thus, Igflr is imprinted on the maternal allele in the pre-implantation embryo but the 
absencee of an imprint on the paternal allele is not used to silence the allele until after implan-
tation. . 

Thee Igf2r methylation imprint is present on a CpG island known as Region2, that is located 
withinn intron 2 of the gene. The Region2 element on the maternal allele is methylated in the 
oocytee and in all stages and tissues after the formation of the zygote, whereas the paternal 
Region22 element is completely unmethylated in the male gamete and at all other stages [5]. 
Deletionn of Region2 from the paternal allele reactivates the repressed Igf2r promoter, thereby 
identifyingg the unmethylated and non-imprinted Region2 as the repressor for the Ig/2r gene 
[6].. Region2 contains a promoter that is expressed from the paternal, unmethylated allele only. 
Thiss promoter generates an RNA that runs through the silent Igf2r promoter and is called Air 
forr Antisense Igflr RNA [7]. In contrast, the Air promoter on the maternal allele is epigeneti-
callyy modified by the methylation imprint and is silent, and this state correlates with Ig/2r 
expression.. The imprinted Air RNA is an unusual RNA of 108 kb, apparently unspliced or with 
feww and small introns, and non-coding as it does not contain a significant open reading frame 
[7].. The presence of imprinted non-coding RNAs with reciprocal expression to neighboring 
imprintedd protein-coding genes has become a continuing theme in genomic imprinting. Of the 
currentlyy known imprinted transcripts 27% are non-coding and for 10 of them, including the 
AirAir RNA, reciprocal allelic expression of neighboring imprinted protein-coding genes has 
beenn shown (Chapter 1). 

AA valuable approach to study the imprint mechanism is the use of mouse transgenics, as this 
allowss the identification of the minimal setting that is sufficient to recapitulate imprinting of 
thee endogenous locus. An imprinted setting for the Air and Igflr genes has already been iden-
tifiedd on 300 kb mouse transgenes that included both genes [8]. In order to delineate this con-
figurationn to the minimal elements sufficient for imprinting of the Air promoter only, mouse 
transgeness were generated that contain the Air promoter in different settings (Chapter 2). 
Surprisingly,, in 27 out of 30 transgenic lines, the Air promoter was hypo- or unmethylated and 
expressedd upon passage through both parental germ-lines. This indicates that the critical step 
inn imprinting the Air promoter is to gain or to maintain the methylation imprint which corre-
latess with a silent Air promoter on the maternal allele. Transgenes with Air as a single pro-
moterr were not imprinted, but when introduced on a 4.6 kb fragment coupled to an Aprt pro-
moterr or coupled to the Igf2r promoter, imprinting occurred in 15% of the transgenic lines. 
Thus,, although a 4.6 kb fragment containing the Air promoter can be sufficient when coupled 
too second promoter, reliable Air imprinting needs additional factors that must be located out-
sidee the 44 kb surrounding both the Air and Igflr promoters but within the 300 kb defined by 
earlierr experiments [8]. These data indicate that a second CpG island promoter may facilitate 
imprintingg of the Air CpG island promoter and support the "two CpG island rule for imprint-
ing""  that was postulated from the observation that imprinted genes are associated with more 
thann one CpG island [9]. The results obtained with the Air transgenes contrast with those from 
otherr imprinted genes such as the H19 and Snrpn that are reliably imprinted on respectively 
188 and 1.2 kb transgenes in a single CpG island configuration [10-14]. Reliable imprinting 
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howeverr requires multiple elements, which might explain why short Air transgenes are 
imprintedd at a relative low efficiency (Chapter 2). 

Imprintedd genes strikingly exhibit a clustered localization in the genome (Chapter 1). The sin-
glee imprinted Igf2r gene on mouse chromosome 17 was thought to be an exception to this rule, 
butt in Chapter 3 the Igf2r gene is shown to be similar to other imprinted loci with the discov-
eryy that the neighboring organic cation transporter genes, Slc22a2 (Orct2) and Slc22a3 (Orct3) 
aree imprinted and maternally expressed. Similar to the Igf2r gene, Slc22a2 and Slc22a3 repres-
sionn on the paternal allele is shown to depend on the linked Region2 imprint control element. 
Thiss observation identified the Igf2r gene as part of a cluster of imprinted genes that are coor-
dinatelyy regulated by one imprint control element. Imprint control elements that, like Region2, 
regulatee a cluster of flanking genes have also been identified close to the HI 9 and Snrpn pro-
moters,, but whereas the Snrpn element appears to be an activating element for flanking 
upstreamm and downstream imprinted genes, the H19 and Region2 imprint control elements 
silencee neighboring genes [15, 16]. It is however important to note that for all imprint control 
elementss that have been tested, the silencing or activating activity resides in the unmethylated 
elementt and that the parental specific methylation found on these imprint control elements 
appearss to abolish their action. The HI9 DNA element has recently been shown to operate as 
aa boundary that uni-directionally can insulate an enhancer from the linked Igf2/Ins2 neighbor-
ingg genes by attracting the CTCF insulator protein [17, 18]. The unmethylated HI9 DNA ele-
mentt binds CTCF and actively insulates the Igf2/Ins genes from the enhancer, thereby allow-
ingg expression of the non-coding H19 RNA as default. Methylation of the H19 boundary abro-
gatess CTCF interaction, allowing Igf2/Ins expression. In contrast to the uni-directional bound-
ary/insulatorr H19 model, the Igf2r Region2 silences both up and downstream flanking genes 
andd therefore reveals the existence of a novel imprint mechanism that exhibits bi-directional 
silencingg activity. Region2 could work at the DNA level by attracting silencers that act bi-
directionally,, or the Region2 element, which includes the Air promoter, could act as a promoter 
competingg with flanking genes for expression. Alternatively, Region2 could act at the RNA 
level.. The Air RNA could attract silencing proteins, or interfere with the Igf2r RNA or pro-
moterr because of the overlap with the Air transcription unit. 

Thee question whether the silencing action of the Region2 imprint control element resides in 
thee RNA or the DNA is tested in Chapter 4. In order to distinguish between silencing by die 
Region22 DNA element and silencing through the Air RNA a truncated Air RNA was generat-
edd by targeted insertion of a polyadenylation signal into the Air transcription unit 3 kb down-
streamm from the promoter. The Air RNA was truncated without disturbing imprinting and 
expressionn of the Air promoter. Truncation of the Air RNA however, relieved silencing of the 
Igf2r/Slc22a2/Slc22a3Igf2r/Slc22a2/Slc22a3 gene cluster on the paternal allele thereby identifying the Air RNA 
itselff  as the direct repressor of the imprinted gene cluster (Chapter 4). The result that an 
imprintedd gene cluster is repressed by a non-coding RNA revealed the existence of a novel 
imprintingg mechanism in addition to the mechanism shown for the H19llgf2llns2 involving an 
insulator/boundaryy DNA element. Imprinting through non-coding RNAs, as we show for the 
AirAir RNA, may represent a widespread imprint mechanism as expression of nine other imprint-
edd non-coding RNAs has been shown to correlate with repression of neighboring imprinted 
geness (Chapter 1). 
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Thee cw-repression of a sub-chromosomal domain by the Air RNA reveals striking parallels 
withh the action of the Xist RNA in X chromosome inactivation. Expression of the non-coding 
XistXist RNA is directly involved in cw-repression of most but not all genes on the entire X chro-
mosomee in female cells and results in dosage equalization of X-linked genes between male 
(XY)) and female (XX) cells (reviewed in [19]). The X chromosome inactivation system shares 
featuress with genomic imprinting such as the involvement of a non-coding RNA whose 
expressionn correlates with repression of neighboring genes in cis, and the regulation of the 
non-codingg RNA by chromosome-specific methylation. In addition, in both systems second-
aryy methylation of the CpG island promoters of repressed genes may maintain their inactive 
statee and some genes escape repression. It has been postulated that the X chromosome inacti-
vationn mechanism arose from a single imprinted locus on the X chromosome but later evolved 
too spread along the entire X chromosome [20]. Our results support a link between autosomal 
imprintingg and X chromosome inactivation and also highlight the role of non-coding RNAs in 
genee regulation. The regulatory potential of non-coding RNAs is receiving increased attention 
withh their identification in dosage compensation in Drosophila and mammals and their iden-
tificationn in developmental pathways in nematodes. Non-coding RNAs have also been identi-
fiedd in several 'normal' bi-allelically expressed genes in mammals and might therefore be part 
off  an under-appreciated and more generally used epigenetic gene regulation mechanism (see 
Chapterr 4). 

Thee results in Chapter 4 show that the non-coding Air RNA is a bi-directional cis acting repres-
sor,, but the details of repression by Air remain to be clarified. One possible mode of repres-
sionn by the Air RNA is that the non-coding RNA, similar to the non-coding Xist RNA works 
inn a sequence dependent manner and attracts repressor proteins to silence both upstream and 
downstreamm neighboring genes (reviewed in [19]). An alternative for this X inactivation type 
modell  is a two-step model in which repression by the Air RNA depends on its antisense ori-
entationn to another gene. The paternal Igf2r promoter, being part of the Air transcription unit, 
couldd be silenced by promoter occlusion or via a cis restricted RNA interference mechanism 
thatt could act on the double stranded RNA formed from the overlapping Ig/2r and Air tran-
scripts.. In a second step this antisense mediated repression could spread via the formation of 
repressivee chromatin in both directions along the chromosome, and silence the non-overlapped 
neighboringg Slc22a2 and Slc22a3 genes. Although evidence for promoter occlusion and cis 
restrictedd RNA interference models is lacking in mammalian cells, the potential role of over-
lappingg non-coding RNAs is underlined by four additional examples of paternally expressed 
non-codingg RNAs with features similar to the Air RNA that transcriptionally overlap the silent 
allelee of an imprinted protein-coding gene (Nespas [21], Copg2as [22], Ube3a-as [23] and 
KcnqlotlKcnqlotl [24]). In Chapter 5 the silencing model through transcriptional overlap is tested with 
aa genetic approach. Removal of the Igf2r promoter and thereby abrogating transcriptional 
overlapp with die Air RNA, does not abolish imprinting of Air, Slc22a2 and Slc22a3, indicat-
ingg that the Igf2r CpG island promoter and its expression are dispensable for imprinting of the 
genee cluster (Chapter 5). These results reject the promoter occlusion and RNA interference 
modelss for silencing at the imprinted gene cluster, and favor a sequence specific repression 
modell  like the Xist model for X-inactivation. Xist expression is sufficient for X chromosome 
inactivationn and Xist transgenes can partially inactivate autosomal chromosomes [25, 26]; 
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characteristicss that have not yet been tested for the Air RNA. An interesting observation for 
thee non-coding Xist RNA is its association and coating of the inactivated chromosome and it 
wil ll  be important to test this coating property for the Air RNA. The sequence specific repres-
sionn by sequestering silencing proteins, as postulated for Xist mediated repression, will be the 
currentt model for the silencing action of the Air RNA, and experiments to identify Xist and Air 
associatedd silencing proteins will be a future challenge. 

Inn summary, the work in this thesis identified a new imprinting mechanism that reveals paral-
lelss to X chromosome inactivation, as both systems bi-directionally repress a cluster of genes 
byy the action of a non-coding RNA. Whereas on the paternal allele the non-coding Air RNA 
silencess the Igf2r/Slc22a2/Slc22a3 imprinted gene cluster, expression of these genes is 
ensuredd on the maternal allele through the acquisition of a methylation imprint that epigenet-
icallyy silences the Air promoter. 
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