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AA 400 kb region on mouse chromosome 17 contains three maternally-expressed protein 
codingg genes (Igf2rlSlc22a2IStc22a3) and one paternally-expressed antisense non-coding 
RNAA  (Air)  that overlaps the promoter  of one of these genes (Igf2r). Experimental trun -
cationn of the Air  RNA from 108 kb to 4.2 kb has been shown to relieve repression of all 
geness in this cluster  demonstrating that repression acts via the Air  RNA itself. Although 
thiss truncation experiment showed that Air  can repress non-overlapping genes, the pos-
sibilit yy exists that repression is secondary to Igf2r silencing caused by transcriptional 
overlapp with the antisense Air  RNA. In order  to test the role of sense/antisense tran-
scriptionall  overlap we have generated mice in which a thymidine kinase promoter 
replacess the Igf2r promoter  (that preserves the transcriptional  overlap) and mice with a 
completee deletion of the Igf2r promoter  that lack any transcriptional overlap. The data 
showw that imprintin g of AirlSlc22a2ISlc22a3 is maintained by the substitute thymidine 
kinasekinase promoter  and is also maintained in the absence of any transcriptional overlap at 
thee Igf2r locus caused by deletion of the substitute promoter. These results indicate that 
neitherr  multipl e CpG islands nor  transcriptional overlap are necessary for  imprinted 
expressionn at this gene cluster. 
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Introduction n 

AA subset of genes in the mammalian genome are subjected to a mechanism knows as genom-
icc imprinting that results in expression from one of the two parental alleles in a parent-of-ori-
ginn dependent manner (reviewed in [1]). Imprinted genes occupy a clustered location within 
thee genome and an interesting observation is the frequent occurrence of imprinted non-coding 
transcriptss within an imprinted gene cluster. In fact 27% of the imprinted transcripts identified 
upp to date are non-coding and most of them show reciprocal expression with coding genes in 
thee cluster, meaning that the allele that expresses the coding genes, does not express the non-
codingg RNA and that expression of the non-coding RNA correlates with a silent coding genes 
[2].. A key issue in resolving the imprint mechanism has been the question whether expression 
off  the non-coding RNA is the cause or a consequence of the silent neighbouring genes and 
bothh explanations have been implicated. 

Thee non-coding H19 RNA is imprinted and expression of H19 correlates with silent 
neighbouringg Ig/2 and Ins2 imprinted genes. However, the HI 9 RNA plays no role in silenc-
ingg the Igf2/Ins2 genes, as has been shown by precise deletion of the HI 9 promoter and gene 
[3].. Instead, the unmethylated H19 Imprint control element (ICE) upstream of the H19 pro-
moterr has recently been shown to operate at the DNA level as an active boundary that uni-
directionallyy insulates an enhancer from the linked Igf2/Ins2 neighbouring genes by attracting 
thee CTCF insulator protein. In this unmethylated state, expression of the non-coding H19 
RNAA occurs as a side-effect [4-6] (reviewed in [7-9]). Methylation of the HI9 boundary abro-
gatess CTCF interaction, allowing Igf2/Ins2 expression and spreading of DNA methylation 
fromfrom the HI 9 boundary towards the HI9 promoter has been postulated to cause HI9 silencing 
[10]. . 

Inn contrast to the uni-directional boundary/insulator model in which non-coding 
RNAss are a consequence of gene silencing, we have recently revealed a bi-directional imprint 
mechanismm in which a non-coding RNA directly silences imprinted genes. Silencing of the 
Igf2r/SIc22a2/Slc22a3Igf2r/SIc22a2/Slc22a3 genes on proximal mouse chromosome 17 is caused by an ICE, known 
ass Region2, located within intron 2 of the Igf2r gene [11]. The ICE silences in a bi-direction-
all  manner, as deletion of the paternal Region2 ICE, leads to reactivation of both the upstream 
Igf2rIgf2r as well as the downstream Slc22a2 and Slc22a3 genes [11]. The Region2 ICE contains 
thee promoter for the non-coding Air RNA and Air expression is reciprocal to expression of the 
Igf2rlSlc22a2ISlc22a3Igf2rlSlc22a2ISlc22a3 genes, meaning that on the paternal allele, expression of Air correlates 
withh a silent Igf2rlSlc22a2iSlc22a3 gene cluster, whereas on the maternal allele the Air pro-
moterr carries a methylation imprint and is silent, which correlates with expression of the 
linkedd gene cluster. We have recently been able to pinpoint the silencing activity to the Air 
RNAA rather than to the Region2 DNA element. By truncation of the Air RNA without dis-
turbingg imprinted methylation and expression of the Air promoter, we demonstrated a loss of 
silencingg of the Igf2rlSlc22a2ISlc22a3 gene cluster, thereby identifying the Air RNA as the 
silencerr for the gene cluster (FS, R. Zwart and DPB, submitted). The demonstration that an 
imprintedd gene cluster is directlyy repressed by a non-coding RNA revealed the existence of a 
novell  imprinting mechanism in addition to the mechanism shown for the H19/Igf2/Ins2 clus-
terr and strikingly revealed parallels with the X chromosome inactivation system. 
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Femaless (XX) equalise dosage of X linked genes compared to males (XY), by silencing one 
XX chromosomes through expression of the Xist non-coding RNA (reviewed in [12]). The Xist 
RNAA shares features with the Air RNA such as large exons and small and few introns, and both 
RNAss bi-directionally silence multiple genes in cis. This has led to the suggestion that they 
mayy silence in a mechanistically similar manner [1, 13] (FS, R. Zwart and DPB, submitted). 
Thee Xist RNA has been postulated to attract proteins in a sequence specific manner to medi-
atee the silencing. Interestingly, the Xist RNA associates with the inactivated X chromosome in 
aa process visualized as coating [14,15]. Silencing and coating by Xist is not specific for the X 
chromosomee as Xist on autosomally inserted transgenes can silence and coat the autosome 
locallyy around the site of integration [15]. Booster elements, possibly LINE repeats, have been 
postulatedd to facilitate the spreading of the silenced state across the entire X chromosome, and 
thesee booster element might be missing on autosomes [16]. The non-coding Air RNA could 
similarr to the Xist RNA silence in a sequence specific manner and attract proteins, that bi-
directionallyy silence neighbouring genes, but instead of silencing genes along an entire chro-
mosome,, Air would only affect a sub chromosomal domain. Coating properties for the Air 
RNAA have not been studied yet and although Air can imprint Igf2r transgenes on exogenous 
integrations,, it is not known whether Air is specific for silencing the Igf2rlSlc22a2ISlc22a3 
genee cluster or whether it can silence additional genes besides the cluster [17]. 

Ann alternative to the X inactivation model has been postulated to explain the silenc-
ingg activity of the imprinted non-coding RNAs. This model proposes that the non-coding RNA 
silencess ann imprinted gene through transcriptional overlap and silencing therefore depends on 
thee antisense orientation of the non-coding RNA [8, 18]. The Air RNA is 108 kb and overlaps 
288 kb of the primary Igf2r mRNA including the Igf2r promoter in antisense orientation. Thus, 
thee paternal Igf2r promoter, being overlapped by the Air RNA could be silenced, for example 
byy promoter occlusion or via a cis restricted RNA interference mechanism that could act on 
thee double stranded RNA formed from the overlap. Note that the Air RNA also overlaps part 
off  the upstream-located Mas gene. However, the Mas gene is not imprinted and Air only over-
lapss with the last Mas exon and not with the Mas promoter [19]. 

Silencingg models trough transcriptional overlap demand an additional step to 
explainn how non-overlapped genes belonging to the same gene cluster are silenced. Thus, in a 
secondd step the antisense mediated repression must spread via e.g. the formation of repressive 
chromatinn along the chromosome, and silence the non-overlapped neighbouring Slc22a2 and 
Slc22a3. Slc22a3. 

Thee potential role of transcriptional overlapping non-coding RNAs is underlined by 
fourr additional examples of imprinted paternally expressed non-coding RNAs with features 
similarr to the Air RNA that transcriptionally overlap the silent allele of an imprinted protein-
codingg gene (Nespas overlapping Nesp [20], Copg2as/Cop2 [21], Ube3a-as/Ube3a [22] and 
Kcnqlotl/KcnqlKcnqlotl/Kcnql [23]). And in one case, deletion of the CpG island promoter for the 
KCNQIOTIKCNQIOTI antisense RNA in a human/hamster somatic cell hybrid line resulted in loss of 
repressionn of the flanking imprinted KCNQ1 and CDKNLC genes, similar to the re-expression 
off  the Igf2r/Slc22a21SIc22a3 genes seen in the Air promoter deletion [11, 24]. Interestingly, a 
transcriptionallyy overlapping and antisense RNA to the Xist RNA has recently been described 
namedd Tsix. The Tsix RNA is reciprocally expressed to Xist and is, like Xist, a non-coding 
RNA.. A role for the Tsix RNA in silencing Xist in cis has been strengthened by targeted dele-
tionn of the Tsix promoter and interrupting the Tsix RNA by a targeted insertion [25, 26]. These 
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recentt data raised the hypothesis that the non-coding Tsix RNA could regulate expression of 
thee non-coding Xist RNA through transcriptional overlap [18]. 

Genee silencing through double stranded RNAs has well been documented in a vari-
etyy of species, including nematodes, plants, drosophila and also claimed to exist in mammals 
[27]]  (reviewed in [28]). Double stranded RNA involvement has been studied in detail in post-
transcriptionall  gene silencing, also known as RNA interference (RNAi). When these double 
strandedd RNAs, are produced from transcribed, exonic regions of a gene, gene activity is lost 
byy specific destruction of the mRNA and not through decreased promoter activity [28]). 
Howeverr double stranded RNAs have recently also been implicated in transcriptional gene 
silencing.. When directed against promoter sequences in plants, these double strand RNAs can 
transcriptionallyy silence the promoter and interestingly, the promoter gains methylation remi-
niscentt to gain of methylation of the silenced Igf2r promoter in the post implantation mouse 
embryoo [29, 30]. A shortcoming of the current gene regulation mechanisms through transcrip-
tionall  overlap is that these work in trans, whereas silencing through the imprinted Air RNA 
onlyy works in cis. Thus, a cis restricted action of the overlapped RNAs should be incorporat-
edd in order to accommodate the current double stranded RNA silencing models. 

Inn this report, we test the model whether silencing by the non-coding Air RNA acts through 
transcriptionall  overlap. In a first experiment we tested whether the Air RNA could silence 
additionaladditional transcriptionally overlapped promoters besides the Igf2r promoter by analysing Air 
mediatedd silencing in Igf2r targeted VI and V2 alleles in which part of the Igftr promoter is 
replacedd by a tk promoter driving neomycin. Our results indicate that the Air RNA transcrip-
tionallyy overlaps and silences the tkneo cassette on the paternal allele. However, because the 
AirAir  silencing activity in the VI and V2 alleles could be directed against remnants of the Igf2r 
CpGG island promoter, present in these alleles, we created an allele, in which the tkneo cassette 
replacedd the entire Igftr CpG island promoter. Imprinting of this allele is identical to a wild 
typee situation and the Air RNA transcriptionally overlaps and silences the tkneo cassette upon 
paternall  transmission. In a next step we deleted the tkneo cassette thereby abrogating tran-
scriptionall  overlap with the Air RNA. However, the Air RNA can, without transcriptional 
overlap,, silence the Slc22a2 and Slc22a3 genes, indicating that silencing by the Air RNA is 
notnot mediated by transcriptional overlap. These results reject the model in which the Air non-
codingg RNA silences imprinted genes through transcriptional overlap and favour the Xist 
modell  for X inactivation in which the non-coding RNA attracts silencing proteins in a 
sequencee specific manner and associates with the silenced chromosome. 

Resultss and Discussion 

AA substitute thymidine kinase promoter is imprinted. 

Inn order to test whether the non-coding Air RNA can silence other promoters besides the 
Igf2r/Slc22a2/Slc22a3Igf2r/Slc22a2/Slc22a3 promoters, we analysed two Igf2r targeted alleles in which part of the 
Igf2rIgf2r CpG island promoter has been replaced by a tk promoter driving a neomycin selection 
genee (tkneo cassette). In the VI allele a 440 bp fragment containing the minimal Igf2r pro-
moter,, the Igf2r transcription starts and part of Igf2r exon 1 were replaced by a tkneo cassette 
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Figuree 1. Imprinting of the Igf2r targeted VI and V2 alleles. 
(A)) The VI and V2 alleles (see Figure 2A for a map, [35]) contain a paternal methylation imprint on the 
tkllgfïrtkllgfïr  promoter. Genomic DNA blot of 16.5 dpc embryos, cut with EcóRl and hybridised with probe tai. 
Thee VI allele generates 4.0 kb when the EcoRl is unmethylated and 5.8 kb for a methylated EcoRl site. 
Thee V2 allele yields 4.4 or 6.2 kb for an unmethylated and methylated EcoRl site respectively. The wild 
typee allele is 5.2 kb. A hybridisation to mitochondrial DNA was used as a control for digestion by the 
methylationn sensitive restriction enzyme [33]. (B and C) The VI and V2 alleles have imprinted expres-
sionn for Air and neo. RPA on 16.5 dpc embryo RNA with probe Airneo that detects the Air RNA at the 
positionn of the neo cassette (panel B), or with probe tkneo that detects the neo RNA produced from the tk 
promoterr (panel C). A probe that detects Aprt exon 3 is used as loading control. Lane P show the input 
probess and lane C is the tRNA hybridisation to the probes. 

andd in the V2 allele the identical cassette replaced 29 bp of Igfir exon 1 [35] (see also Figure 
22 A). Ludwig et al [35] had previously observed that digestion of an EcoRl restriction site with-
inn the tkneo cassette of the VI and V2 alleles depended on the parental origin of the targeted 
allele.. The EcoRl site was sensitive to digestion upon maternal transmission but insensitive 
uponn paternal transmission. This indicated that the tkneo cassette has gained a paternal specif-
icc methylation imprint, similar to the endogenous Igftr promoter and suggests that the imprint 
mechanismm is still functional despite the targeted modification of the Igf2r locus. We expand-
edd the imprint analyses of the VI and V2 alleles by analysing 16.5 dpc embryos and mem-
braness of heterozygous V1/+, V2/+ and reciprocal crosses (+IV1 and +/V2, note that the mater-
nall  allele is written at the left side) using methylation and expression as criteria for imprint-
ing. . 

Methylationn of the Igf2r and tk promoters was analysed by the methylation sensitive 
restrictionn enzymes, EcoRl (present in the tkneo cassette, Figure IA) , Smal (2 sites present in 
thee wild type Igf2r promoter and V2 allele and 1 site present in the VI allele, data not shown) 
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andd Mlul (present in the tkneo cassette, data not shown) that cut within these CpG island pro-
moters.. DNAmethylation patterns were identical for embryo (Figure 1 A) and membrane (data 
notnot shown) and revealed a methylation difference on the Igf2rltk promoter between a pater-
nallyy and maternally inherited allele. The maternal inherited VI and V2 alleles have a lower 
degreee of methylation (V1/+, 40% and V2/+, 0% methylation, quantified by phosphorimager, 
dataa not shown) compared to the paternally transmitted alleles (+/VJ, 90% methylation and 
+IV2,+IV2, 90% methylation). Similar to the initial observation by Ludwig et al [35], this revealed 
aa paternal specific methylation imprint on the Igf2r/tk promoters. Note the higher degree of 
methylationn of the maternal VI allele compared to the V2 and wild type alleles (Figure 1 A, 
comparee lanes VI1+ to V2/+ and +/+). The presence of methylation on the maternal VI allele 
cann be attributed to the larger replacement of the Igfir promoter in the VI allele (440 bp) com-
paredd to the V2 allele (29 bp). Igf2r promoter methylation on maternal transmission has also 
beenn described for imprinted and non-imprinted 20 and 44 kb Igf2rlAir transgenes that con-
tainn a GFP tag inserted into Igf2r exon 1 and for 300 kb Igf2r/Air transgenes that contain a tag 
fromfrom the plasminogen gene inserted into Igf2r exon 1 [17, 34]. 

Thee VI and V2 alleles were also analyzed for imprinted features of the Air promot-
er.. Methylation analyses of the Air promoter from VI and V2 embryo and membrane DNA by 
MlulMlul  digestion revealed a maternal specific methylation imprint identical to a maternal wild 
typee allele (data not shown). Finally we tested the VI and V2 alleles for imprinted expression 
off  Igf2rltk and Air using RPA on 16.5 dpc total embryo RNA (Figures IB and 1C). The het-
erozygouss VI and V2 embryos contain an inserted tkneo cassette, which can be used as the 
allelicc mark, enabling parental allele specific expression analyses. The probe used in the RPA 
analysess is a part of the neomycin cassette and allows detection of neo RNA or Air RNA 
dependingg on the strand being used as probe. When analysing the VI and V2 alleles for Air 
RNA,, running in antisense orientation through the tkneo cassette we detected Air expression 
uponn paternally transmission of the VI and V2 alleles, but not upon maternal transmission 
(Figuree IB, compare lanes +/V1 with V1/+ and +IV2 with V2/+). In contrast, when RPA was 
usedd to analyse the VI and V2 alleles for neomycin expression neomycin RNA was detected 
onlyy upon maternal transmission of the VI and V2 alleles (Figure 1C, lanes VI/+ and V2/+). 
Inn summary, the Igfir targeted VI and V2 alleles contain an imprinted Air and tk/Igf2r pro-
moterr similar to a wild type allele. On the paternal allele the tk/Igftr promoter is silent and 
transcriptionallyy overlapped by the Air RNA, implying that the Air RNA has silenced the 
tk/Igf2rtk/Igf2r promoter. 

ImprintingImprinting of a substitute tk promoter is independent of the Igf2r promoter. 
Althoughh the tk promoter in the VI and V2 alleles is silent, it could be argued that the silenc-
ingg activity is not directed against the tk promoter but directed against the remaining part of 
thee Igftr CpG island promoter in these alleles. In order to test whether the Air RNA could 
silencee any overlapping promoter in the absence of the Ig/2r promoter, we generated an allele 
thatt resembles the VI and V2 alleles, but now replacing the entire Igf2r CpG island on a 4.7 
kbb fragment, including transcriptional starts, exon 1 and flanking sequences, with a tk pro-
moterr driving neomycin expression flanked by loxP sites. Figure 2A shows the targeting strat-
egyy in mouse embryonic stem (ES) cells with a vector that contains 5.0 and 2.7 kb of flanking 
sequencess for homologous recombination at the 3' and 5' end respectively and shows the 
replacementt of the 4.7 kb fragment containing the Igf2r CpG island by a 1.2 kb tkneo cassette, 
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yieldingg the Igf2r-neo allele. Out of 174 ES clones, 4 had undergone homologous recombina-

tion,, yielding a targeting efficiency of 2% (Figure 2B). The targeting frequency is comparable 

too the 3% for the VI and V2 alleles [35], the 5% for the LacZ tagged Igftr allele [36] and 6% 

forr the allele generated by Lau et al [37]. 
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Figuree 2. Generation of the Igf2r-neo and Igf2r-del alleles. 
(A)) A schematic diagram presents the wild type Igf2r/Air/Slc22a2/Slc22a3 locus. The arrows mark the 
promoterss and the transcriptional orientation. The targeting vector contains a 12.4 kb £coRV fragment of 
thee lgf2r locus from which a 4.6 kb SnaBVSful fragment including the entire Igf2r CpG island promoter 
andd exon 1, was replaced by a loxP (triangles) flanked cassette containing a tk promoter, neomycin resist-
ancee gene and polyadenylation signal (neo box). Homologous recombination yielded the lgj2r-neo allele 
andd Cre mediated deletion of the neo cassette generated the Igf2r-del allele. The VI and the V2 alleles in 
whichh respectively 440 and 29 bp of the Igf2r allele were replaced by a tkneo cassette are indicated at the 
topp [35]. (B) Sg/II; (E) £coRV; (M) MM; (N) Notl; (Sn) SnaBl; (Sf) Sful. Probes used for the methyla-
tionn analyses are shown with black lines (for details see the methods). (B) Homologously recombined ES 
celll  clones with the Igf2r-neo allele were identified by a DNA blot of Bglll digested genomic DNA and 
hybridisedd with probe kodel (see Figure 2A), yielding a 6 kb fragment instead of the 9.5 kb wild type frag-
ment.. (C) The Igf2r-del allele was generated by crossing mice with the Igf2r-neo allele with mice carry-
ingg a CMV-Cre transgene [40]. The Igf2r-del allele was identified by DNA blot using Sg/II digested 
genomicc DNA followed by hybridisation with probe kodel (see Figure 2A). Cre mediated deletion of the 
tk-nsotk-nso cassette shifts the 6.0 kb fragment from the Igf2r-neo allele to 4.9 kb, generating the Igf2r-del allele. 
(D)) Absence of lgf2r mRNA from the Igf2r-neo and Igf2r-del alleles. RNA blot of 11.5 dpc embryo RNA 
hybridisedd with a cDNA probes detecting Igf2r or Gapd, which is used as loading control. 
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Micee were generated with heterozygously targeted Igf2r-neo ES cells and subse-
quentlyy maintained on a FVB/N background. For the previously targeted Igf2r alleles it has 
beenn described that mice inheriting an Igflr targeted allele from their mother die around birth, 
whereass mice inheriting a paternally targeted Igf2r allele are identical to wild type [35-37]. We 
confirmedd this phenotype for the Igf2r-neo allele: paternally transmitted offspring are indis-
tinguishablee from wild types, and no viable mice were found with a maternally inherited lgf2r-
neoneo allele (data not shown). 

Heterozygouss Igf2r-neo mice were crossed to Thp mice in reciprocal crosses. The 
ThpThp mice lack a 3 cM region encompassing the imprinted gene cluster, thereby allowing 
parentall  specific expression analyses of the genes on the Ig/2r-neo allele. The Igf2r-neo tar-
getedd allele was first tested for expression of Igf2r mRNA by RNA blot (Figure 2D). Both the 
maternallyy (Igftr-neolThp) and the paternally (Thp/Igf2r-neo) transmitted Igf2r-neo allele 
lackedd Igf2r mRNA, and the absence of Igf2r mRNA in Igftr-neolThp mice supports the 
absencee of mice born with a maternally transmitted Igf2r-neo allele. Next, we analysed 
imprintingg of the tklSlc22a2ISlc22a3IAir locus on the Igf2r-neo allele in the Thp reciprocal 
crosses.. Imprinting of the gene cluster was analysed in 11.5 and 13.5 dpc embryos and pla-
centas,, because the Slc22a2/Slc22a3 genes are only imprinted in placenta [11]. 

Thee Igf2r-neo allele was first tested for DNA methylation imprints. Methylation of 
thee Air CpG island promoter was analysed by using the methylation sensitive restriction 
enzymess Mlul (Figure 3 A) and Sfitl (data not shown). The Air promoter of the Igf2r-neo allele 
iss methylated on maternal transmission identical to the wild type allele (Figure 3A, compare 
Igf2r-neolThpIgf2r-neolThp to +/Thp) and unmethylated on the paternal promoter, identical to a wild type 
allelee (Figure 3A, compare Thp/Igf2r-neo to Thp/+). Next we analysed the tkneo cassette for 
DNAA methylation using the restriction enzymes Mlul (Figure 3C), Notl and Sail (data not 
shown),, which cut within the tkneo cassette. These three enzymes present identical DNA 
methylationn patterns (data not shown) and the results for the Mlul enzyme are shown in figure 
3C.. The tkneo cassette on the paternal allele (Thp/Igf2r-neo) contains more than 95% methy-
lationn whereas the maternal allele (Igf2r-neo/Thp) has 50% methylation on the tkneo cassette 
(Figuree 3C, quantified by phoshorimager, data not shown). This shows a methylation differ-
encee for the tkneo cassette of the Igf2r-neo allele with the paternal allele containing more 
methylationn than the maternal allele. This methylation difference is comparable to the Igf2r 
promoterr from the wild type allele, which contains 50% methylation upon paternal transmis-
sionn (Figure 3B, lane Thp/+) and 0% methylation upon maternal transmission (Figure 3B, lane 
+IThp).+IThp). Note that the overall increased methylation of the tkneo cassette of the Igf2r-neo allele 
comparedd to the Igf2r promoter of the wild type allele resembles the increased methylation of 
thee VI allele compared to the V2 allele. This might be explained by the proposed function of 
CpGG islands, and specifically of the Spl sites within the CpG island, which is to keep the CpG 
islandd promoter methylation free [38, 39]. In the VI allele part of the lgf2r CpG island pro-
moter,, including the putative Spl binding sites has been replaced by the tkneo cassette. 
Althoughh the minimal CpG island *fc promoter, part of the cassette, contains putative Spl sites, 
interferencee with Spl function could potentially explaining the increased methylation level. 
Furthermore,, note the incomplete methylation on paternal transmission of the tkneo (95%) and 
thee Igf2r promoter (50%), which can be explained by the fact that the lgflr  promoter on the 
paternall  allele is only fully methylated neonatally [30]. 
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(A)) The Igf2r-neo allele carries a methyla-
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Bg/III  (- lanes) or Bglïï and Mlul (+ lanes) 
andd hybridised with probe msi (see Figure 
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-- 9.5 kb 

-- 6.0 kb 

-- 5.5 kb 

-- 6.0 kb 

Next,, we analysed the expression of the tk and Air promoters of the Ig/2r-neo allele 
byy RPA as performed for the VI and V2 alleles. A strand specific RPAprobe from the neomycin 
cassettee can detect Air running through the neo cassette in antisense orientation or detects neo 
expressionn from the tk promoter. The RPA in figure 4A on 11.5 dpc embryo RNA shows that 
thee Air RNA transcriptionally overlaps the neo cassette in antisense orientation and that the Air 
RNAA has paternal specific expression (Figure 4A, compare ThplIgf2r-neo to Igfir-neolThp). 
Moreover,, the tk promoter producing neo RNA is imprinted as well and shows expression from 
thee maternal allele only (Figure 4B, compare lanes Igf2rlThp with ThplIgf2r-neo). 

AA  y <f 

PP C «P s0' * 

Air Air 
3799 bp 

B B 

pp c 

-Aprl -Aprl 
134bp p 

Figuree 4. The Igf2r-neo allele shows imprinted expression for Air and neo. 
RPAA on 11.5 dpc embryo RNA with probe Aimeo that detects the Air RNA at the position of the neo cas
settee (panel A), or with probe tkneo that detects the neo RNA produced from the tk promoter (panel B). A 
probee that detects Aprt exon 3 is used as loading control. Lane P shows the input probes and lane C is the 
tRNAA hybridisation to the probes. 
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Thee Igf2r gene has recently been shown to belong to a cluster of imprinted, mater-
nallyy expressed genes on proximal chromosome 17 [ 11 ]. The cluster includes the Slc22a2 and 
Slc22a3Slc22a3 genes, which are imprinted and silenced by the Air RNA in placentas of early embry-
onicc stages (FS, R. Zwart and DPB, submitted). We tested the imprinted status of the Slc22a2 
andd Slc22a3 genes in 11.5 dpc placentas of Igf2r-neo/Thp and reciprocal crosses by RNA blot. 
Figuree 5 shows that both the Slc22a2 and Slc22a3 genes are expressed on a maternal Igf2r-neo 
allelee {Igf2r-neolThp) and silent on a paternal Igf2r-neo allele (Thp/Igf2r-neo), therefore show-
ingg maternal specific expression identical to wild type allele. 

^ ^ 
ftS S 

^^g^^g 1^^#"̂ ^ W ^^ w ^ ^ v 

•• Slc22a2 2.2 kb 

Figuree 5. The Igf2r-neo allele shows imprinted 
Slc22a3Slc22a3 3 5 kb expression for Slc22a2 and Slc22a3. 

RNAA blot of 11.5 dpc placenta RNA hybridised with 
aa cDNA probes detecting Slc22a2 (top panel), 

-- Gapd 1.3 kb Slc22a3 (middle panel) or Gapd (bottom panel), 
whichh is used as loading control. 

Inn summary, the Igf2r-neo allele has a fully functional imprint mechanism, similar 
too the wild type and VI and V2 alleles. The Igf2r promoter is dispensable for imprinting of Air, 
Slc22a2Slc22a2 and Slc22a3 and can be replaced by a tk promoter that is silenced by the overlapping 
AirAir  RNA. These results therefore show that the silencing activity of the Air RNA is not specif
icallyy directed against the Igf2r, Slc22a2 and Slc22a3 promoters, but can also be directed 
againstt exogenous promoters, as has been shown for Xist mediated silencing [15]. 
Interestingly,, the inserted sequences of the tkneo cassette are part of the Air RNA in the VI, 
V2V2 and Igftr-neo allele but do not seem to interfere with the ability of the RNA to silence the 
genee cluster. A similar observation has been made for the Air RNA that is transcribed through 
thee 13 KB inserted cassette of the LacZ targeted Igf2r allele [36], (W. Lerchner and DPB 
unpublished). . 

CompleteComplete deletion without replacement of the Igf2r promoter 
Withh the Igf2r-neo allele, we could not address the question whether the Air RNA mediates 
silencingg through transcriptional overlap or promoter occlusion or via a mechanism independ
entt of overlap, because the Air RNA does overlaps the tkneo cassette in the Igf2r-neo allele. 
However,, because loxP sites flanked the tkneo cassette in the Igf2r-neo allele, it could be 
removedd by Cre expression, yielding the Igf2r-del allele that leaves no promoter at the target
edd site (see Figure 1A for a map). To generate the Igf2r-del allele we crossed heterozygous 
Igf2r-neoIgf2r-neo males (+/Ig/2r-neo) with female mice containing a Cre transgene driven by a CMV 
promoterr [40]. Heterozygous offspring in which the tkneo cassette was deleted to produce the 
Igf2r-delIgf2r-del allele (Figure ID) were obtained and crossed to Thp mice to generate embryos and 
placentass with a germline transmitted Igf2r-del allele which could be analysed for allele-spe-
cificc expression. The Igf2r-del allele was, like the Igf2r-neo allele, first tested for expression 
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Figuree 6. The Igf2r-del allele is imprinted for Air. 
(A)) The Air promoter on the maternal Igf2r-del allele has a methylation imprint identical to the wild type 
allele.. Genomic DNA blot of 13.5 dpc embryos, cut with Bgtll (- lanes) or Bgltt and MM (+ lanes) and 
hybridisedd with probe msi (see Figure 2A). The methylated and unmethylated alleles are 9.7 and 8.2 kb 
respectively.. (B) The Air promoter on the Igf2r-del allele is expressed from the paternal allele only, iden
ticall to the wild type situation. RPAusing probe MIMsl on 11.5 dpc embryo RNA. This probe detects mul
tiplee fragments as it overlaps multiple Air transcription start sites (see methods for details). A probe detect
ingg Aprt exon 3 is used as loading control. Lane P show the input probes and lane C is the tRNA hybridi
sationn to the probes. 

o f /g />> mRNAby RNA blot on 11.5 dpc (Figure 2D) and 13.5 dpc embryo RNA (data not 
shown).. Identical to the Igftr-neo allele, the Igf2r-del allele does not produce any Ig/2r mRNA 
onn paternal nor on maternal transmission and therefore shows that in the Igf2r-del allele the 
AirAir  RNA does not transcriptionally overlap with Igflr  mRNA. 

Thee Igf2r-del allele was subsequently analysed for imprinted methylation and 
expressionn of the Air promoter and imprinted expression of the Slc22a2 and Slc22a3 genes, 
similarr to the Igf2r-neo allele analyses. Methylation of the Air promoter was again analysed 
byy methyl sensitive restriction enzymes MM (Figure 6A) and Sful (data not shown). Figure 
6AA shows the presence of maternal specific methylation on the Air promoter (compare Igf2r-
dellThpdellThp to ThplIgf2r-deT) identical to the wild type alleles (compare +IThp to Thpl+). 

Expressionn of the Air promoter was analysed in 11.5 dpc (Figure 6B) and 13.5 dpc 
(dataa not shown) total embryo RNA by RPA with a probe that covers multiple transcription 
startss of the Air CpG island promoter and shows that the Air promoter on the Igf2r-del allele 
iss expressed on paternal transmission but silent on maternal transmission (Figure 6B, compare 
laness Thpllgf2r-del to Igf2r-dellThp). This expression pattern is identical to the Igf2r-neo and 
wildd type alleles (Figure 6B) and shows imprinted paternal-specific Air expression. 
Expressionn of the Slc22a2 and Slc22a3 genes on the Igf2r-del allele was analysed similar to 
thee analyses of the Igf2r-neo allele. RNA blot on 11.5 dpc placentas shows imprinted mater
nall specific expression identical to the wild type allele (Figure 7, compare lanes Thpllgf2r-del 
too Igftr-dellThp). 

Inn summary the Igf2r-del allele has a functional imprinting mechanism, and reveals 
thatt neither the Igf2r promoter nor expression is necessary for imprinting. The presence of an 
imprintedd Air promoter in the absence oflgftr expression and promoter is an independent con
firmationn of the invalidity of the expression-competition model originally proposed to explain 
imprintingg of the Igf2r/Air transcripts [41]. These results show there is no cross talk between 
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Figuree 7. Slc22a2 and Slc22a3 are imprinted on 
~~ • • - s 'e22aJ 3-5 kb the Igflr-del allele. 

RNAA blot of 11.5 dpc placenta RNA hybridised 
withh a cDNA probes detecting Slc22a2, Slc22a3 

II "Gapd ' 3 kb [ 11 ] or Gaprf, which is used as loading control. 

thee Zg/2/- promoter and the Air promoter in the imprinting mechanism and question the two 
CpGG island hypothesis which postulates that imprinting is associated with multiple CpG 
islandss [42]. 

Importantly,, our results shows that silencing of the Igf2/Slc22a2/Slc22a3 gene clus
terr is not mediated at a primary level through transcriptional overlap between the Air RNA and 
thee Igf2x mRNA. We therefore reject silencing models that depend on transcriptional overlap, 
suchh as the RNAi and promoter occlusion models, and propose a silencing model for the Air 
RNAA that resembles the Xist model for X inactivation. This model postulates that the Air RNA 
wouldd generate a localized cis acting silencing effect that can repress any susceptible gene pro
moterr within a specific region. It is possible that Air silences in a sequence specific manner by 
directingg silencing proteins to the inactivated gene cluster, locally on the chromosome similar 
too the mechanism proposed for Xist. The next steps in understanding imprinting of this cluster 
willl be to define the limits of the chromosomal region silenced by Air and to test the propos
all that Air associates with silencing proteins. Whereas the Xist RNA associates with and coats 
thee inactivated X chromosome, it will be important to test the coating properties for the Air 
RNA. . 

Materialss and Methods 

GenerationGeneration of the Igf2r-neo allele 
Thee targeting vector contains a 12.4 kb £coRV fragment (bp 89965-102345; GenBank 
Accessionn number AJ249895) including the Igf2r promoter, isolated from BAC 18pll 
(Researchh Genetics). A 4.6 kb SnaBVSful fragment (bp 95005-99687; AJ249895), including 
thee entire Ig/2r CpG island promoter and exon 1, was replaced by a loxP flanked cassette of 
1.22 kb containing a tk promoter, neomycin resistance gene and polyadenylation signal. This 
yieldedd 5.0 and 2.7 kb for recombination at the 5' and 3' end respectively. 15xl06E14 ES [31] 
cellss were electroporated with 0.02 ug Notl linearized targeting vector and selected with 0.2 
mg/mll G418. Correctly targeted ES cells were identified by DNA blot and chimeric mice were 
subsequentlyy generated by injecting a targeted heterozygous Igf2r-neo ES cell into C57/B16 
blastocystss [32]. All Mice, except the VI and V2 mice, were maintained on a FVB/N back-
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groundd and identified by DNA blot analyses. The VI and V2 mice were maintained on a 
C57/B16C57/B16 background. Embryos and placentas (including membranes) were collected after 
timedd mating where the vaginal plug counts as 0.5 days post coitum (dpc). 

DNADNA and methylation analyses 

Genomicc DNA preparation and DNA blots were performed by standard procedures. Digestion 
off  methylation sensitive enzymes was regularly monitored with a hybridisation to mitochon-
driall  DNA as described [33]. 
Methylationn analyses probes (see also Figure 2A): Probe kodel is a 325 bp fragment (bp 
102813-103137;; AJ249895) generated by PCR with oligos: S'-CTCCAGATTGGCAGTTCA-
CAC-3'' and 5,-ACGTTTTGGGGTTGCTGGGTG-3,. Probe msi is an SjuVMM fragment (bp 
124992-126086;; AJ249895). Probe tai is an EcoYOIHindlll fragment (bp 94104-94986; 
AJ249895)) located upstream of the Igf2r promoter. 

RNARNA analyses 

Totall  RNA was isolated with Tri Reagent (Molecular Research Centre) according to the man-
ufacturerss protocol. For the RNase protection assay (RPA) the RPAIII kit (Ambion) and for 
thee Northern blot assay the formaldehyde method were used. 
Probess used for RPA analyses: tkneo/Airneo: a 629 bp PstI fragment (bp 923-1554; U43611) 
fromm the neomycin resistance gene, taken from plasmid pMClneo (Stratagene) cloned into a 
pBluescriptlll  vector (Stratagene), and cut with Ncol generated the Airneo and tkneo templates. 
Thee Airneo probe is 470 bp and protects 379 bp of Air RNA. The tkneo probe is 332 bp and 
protectss 250 bp from the neomycin gene. The Aprt probe is a 252 bp XhoVXbal fragment (bp 
2165-2417;; M11310) that protects 134 bp of Aprt exon 3 [34]. Probe MIMsl is an MluVMsel 
fragmentfragment (bp 126086-126293; AJ249895) that overlaps multiple Air transcription starts and 
detectss 207,171 and 148 bp for ^ i r RNA [19,34]. For RNA blot analyses the following probes 
weree used: Igf2r, cDNA covering Igf2r exons 3-6; Slc22a2 (bp 989-1605; AJ006036); Slc22a3 
(bpp 1-2766; AF078750). Gapd: (bp 1-1066; NM_008084). 
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