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Inn genomic imprintin g one of the two parental alleles of an autosomal gene is epigeneti-
callyy silenced by a cts-acting mechanism. The silencer  for  a 400 kb region that contains 
threee imprinted maternally-expressed coding genes (Igf2rf Slc22a2, Slc22a3) is located in 
aa 3.7 kb sequence that includes the promoter  for  an imprinte d paternally-expressed non-
codingg RNA (Air). Air expression on the paternal allele correlates with repression of the 
codingg genes. To test whether  the Air RNA is directly involved in silencing we inserted a 
polyadenylationn signal to generate a truncation mutant. The truncated Air allele main-
tainstains imprinted expression of the Air promoter  but shows a complete loss of silencing of 
thee Igf2r/Slc22a2/Slc22a3 cluster  on the paternal chromosome. These results show that 
paternal-specificc silencing of this region directly involves a non-coding RNA and they 
reveall  mechanistic parallels between autosomal genomic imprintin g and X chromosomal 
inactivation. . 
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Introduction n 

Genomicc imprinting is an epigenetic gene regulatory mechanism that is activated during 
mammaliann development and results in parent-of-origin dependent gene expression in diploid 
somaticc cells (reviewed in [1, 2]). Although only a small number of genes is directly affected 
[3],, it is not yet clear whether the imprinting mechanism is unique or is part of the general epi-
geneticc apparatus used in the mammalian genome to regulate the expression of genes in dif-
ferentiationn and development. 

Imprintedd genes are clustered but not restricted to any particular subchromosomal 
region,, and a striking observation is the frequent occurrence of non-coding RNAs within an 
imprintedd gene cluster. In fact, 27% of imprinted transcripts are non-coding and of those so far 
identified,, nine show reciprocal expression (i.e., expressed from the opposite parental allele) 
too a linked imprinted protein-coding gene cluster [2, 3]. Five of these non-coding transcripts 
(Nespas,(Nespas, Copg2as, Ube3aas, Kcnqlotl and^i'r̂  are antisense and overlap the silent allele of 
ann imprinted protein-coding gene [4-8]. Two others, HI9 and Meg3 lie close to an imprinted 
protein-codingg gene and have the same transcription orientation [9-11]. The Xist non-coding 
RNAA that is essential for imprinted and random X chromosome inactivation, was the first indi-
cationn that non-coding RNAs may possess ds-regulatory properties in mammals [12, 13], 
reviewedd by [14]. Parallels between mammalian X inactivation and genomic imprinting of 
autosomall  gene clusters have been previously noted and it has also been proposed that X inac-
tivationn arose from a localised form of genomic imprinting that initially affected only a small 
regionn of the X chromosome [15, 16]. In addition, autosomal imprinted non-coding RNAs 
havee been noted to share features in common with the Xist RNA, such as abundant expression 
thatt correlates with cis-repression and the presence of large exons and small introns in the 
maturee transcript [2, 17, 18]. 

Thee imprinted Air non-coding RNA maps to the proximal part of mouse chromo-
somee 17 and is an abundant 108 kb long and apparently unspliced RNA. The Air promoter lies 
withinn intron 2 of the Igflr gene and generates an antisense RNA that overlaps the Igflr pro-
moterr and extends to a polyadenylation signal in the last intron of the upstream flanking, non-
imprintedd Mas gene [8]. Expression of the non-coding Air RNA from the paternal chromo-
somee correlates with repression of the Igf2r promoter on the same allele [19, 20]. The pres-
encee of Air transcripts overlapping the silent Igflr promoter on the same parental allele indi-
catedd the possibility of a direct repressive role for the Air RNA itself. Repression by the Air 
RNAA could depend on the sequence (and act, for example, via local recruitment of repressor 
proteins),, or could be independent of the sequence but dependent on promoter activity (and 
act,, for example, via promoter occlusion or expression competition [21, 22]). A potential role 
forr the Air RNA in cw-repression of the Igflr promoter was strengthened by the identification 
off  four other examples of non-coding RNAs overlapping the silent allele of an imprinted pro-
teinn coding gene (Nespas/Nesp, Copg2as/Copg2, Ube3aas/Ube3a, Kcnqlotl/Kcnql) [4-7]. 

Deletionn of region2, a 3.7 kb element that contains the Air promoter, is sufficient to 
causee complete re-expression of the normally silent paternal Igflr promoter to a level equal to 
thatt of the maternal allele [19, 20]. This experiment identified region2 as an imprint control 
element,, but left open the possibility that the 3.7 kb DNA element could function as a repres-
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sorr independently of the Air RNA transcript. We have recently shown that the region2 3.7 kb 
deletionn also induces a loss of imprinting of two newly identified maternally-expressed 
imprintedd genes (Slc22a2/Orct2 and Slc22a3/Orct3/EMT) whose promoters lie 110 kb and 155 
kbb 3' to Igf2r and are thus not overlapped by the Air RNA [61]. These results clearly show that 
region22 has a bi-directional action as a long range cw-acting silencer of genes that are not over-
lappedd by the Air RNA. 

Iff  the region2 DNA element and not the Air RNA is important for m-repressor func-
tion,, the imprinting mechanism may function as has been recently shown for the H19/Igf2/Ins2 
genee cluster. Maternal expression of the HI 9 non-coding RNA has been shown by precise 
deletionn of the promoter and gene, to play no role in cis-repression of the linked protein-cod-
ingg Igf2/Ins2 genes [23]. Instead, a methylation dependent boundary or insulator element 
locatedd upstream to the HI9 promoter controls the activity of an enhancer located downstream 
too all three genes, that cannot simultaneously activate both H19 and Igf2/Ins2 [24-27]. An 
analogouss role for region2 as a uni-directional DNA boundary is, however, precluded by the 
recentt demonstration that this element represses upstream and downstream genes [61]. If the 
AirAir  RNA and not the region2 DNA element is important for cw-repressor function, the imprint-
ingg mechanism may instead be analogous to that described for mammalian X chromosome 
inactivation,, whereby in female cells diploid for the X chromosome, expression of the Xist 
RNAA is necessary and sufficient for cis inactivation and transcriptional silencing of the entire 
XX chromosome [28] (reviewed in [14]). 

Too test for the involvement of the Air RNA in silencing the Igf2rlSlc22a2ISlc22a3 
imprintedd gene cluster in mice, we have truncated the Air RNA without disrupting the integri-
tyy of the region2 element, by targeted insertion of a polyadenylation signal 3 kb downstream 
off  the Air promoter. Truncation of the Air RNA results in loss 0ÏIgf2rlSlc22a2ISlc22a3 silenc-
ingg on the paternal allele which shows that the Air RNA is directly involved in silencing the 
genee cluster. The finding that a non-coding RNA is directly involved in repression of an auto-
somall  imprinted gene cluster demonstrates that other imprinting mechanisms, in addition to 
thatt described for the H19/Igf2/Ins2 cluster, exist in mammals and, furthermore, reveals a 
mechanisticc parallel with the action of the Xist RNA in X chromosomal inactivation. These 
resultss indicate that the imprinting mechanism may be part of a more widespread epigenetic 
cw-repressingg mechanism in the mammalian genome that is based on regulatory non-coding 
RNAs. . 

Results s 

GenerationGeneration of the Air-T allele 
AA truncated Air-Tallele was generated in two steps (Figure 1 A). A neomycin-thymidine kinase 
cassettee flanked by loxP sites and linked to a polyadenylation cassette orientated for the Air 
RNA,, was inserted into a BamHl site 3.0 kb downstream from the mapped transcriptional start 
sitesite of the endogenous Air promoter (Figure 1A, IB and see Experimental procedures for 
details).. The polyadenylation cassette is a 1.2 kb fragment from the rabbit beta-globin gene 
andd contains part of exon 2, complete intron 2 and exon 3 that harbours the polyadenylation 
signal.. To avoid potential interference in the imprinting mechanism from the PGK promoters 
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Figuree 1. Generation of the Air-T allele. 
(A)) The top line is a restriction map of the wild type Air/Ig/2r/Slc22a2/Slc22a3 locus. The arrows mark 
thee four gene promoters in this map and their transcriptional orientation. The paternally expressed Air 
RNAA is the arrow above the map. Maternally expressed genes (Igf2r, Slc22a2 and Slc22a3) are indicated 
ass arrows below the map. The black numbered boxes are the first 3 (out of 48) Igf2r exons. The wild type 
AirAir  locus was targeted at a BaniHl site 3.0 kb downstream of the first mapped ^V transcription start with 
aa targeting vector containing a polyadenylation cassette from the rabbit beta-globin gene (black box 
markedd Ap) and PGK-neomycin (grey box marked neo) and PGK-thymidine kinase (grey box marked tk) 
selectionn genes flanked by loxP sites (dark grey triangles). Targeted clones (neo-tk allele) were identified 
byy DNA blots and the neomycin/thymidine kinase selection genes were deleted in ES cells by transient 
CreCre transfection, which resulted in the /4i>-7"allele. DNA Probes (A, C, D and E) used in the analyses are 
indicatedd above the maps (for details of probe construction see Experimental Procedures). (B) BamRl; 
(Bg)) flg/II;  (E) EcoKl; (M) MM; (Sa) Sail; (S) Seal. (B) Correctly targeted ES cell clones carrying the 
neo-tkneo-tk allele were identified by DNA blot with Seal digested genomic DNA hybridised with probe C 
(Figuree 1 A) that yielded a 10 kb targeted fragment instead of the 14 kb wild type fragment. (C) Cre medi-
atedd deletion of the selection cassette. ES cells with the neo-tk allele (Figure 1A) were transiently trans-
fectedd with a plasmid encoding the Cre recombinase and alleles deleted for the neo-tk selection genes were 
identifiedd by DNA blot using BglU digested genomic DNA followed by hybridisation with probe D 
(Figuree 1A). Deletion of the selection cassette shifts the fragment size of the targeted neo-tk allele from 
7.00 to 5.4 kb, generating the Air-T allele. (D) The parental origin of the targeted neo-tk allele. ES clones 
withh the neo-tk allele were analysed by an EcoRI/Mlul digestion and hybridised with probe E (Figure 1 A). 
Paternallyy targeted clones yield a 3.6 kb fragment (since the Mlu\ site is unmethylated [33]) whereas 
maternallyy targeted clones yield a 4.8 kb fragment (since the Mlul site is methylated). Maternal (M) and 
paternall  (P) wild type alleles are 6.3 kb and 5.1 kb respectively and the absence of the 5.1 kb fragment in 
targetedd ES cells indicates that the paternal allele was targeted. 
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drivingg neomycin and thymidine kinase expression, the selection cassette was flanked by loxP 
sitess and subsequently removed from the targeted mouse embryonic stem (ES) cells by tran-
sientt Cre transfection to yield the Air-T allele (Figure 1A and 1C). A maternal allele-specific 
methylationn imprint present on the Air promoter was used as a parental allelic polymorphism 
too identify the targeted allele and showed that in 18 out of 18 ES cell clones the paternal Air 
allelee was targeted (Figure ID). Previous targeting of the Igf2r promoter, 28 kb upstream of 
thee Air promoter, similarly identified a bias towards targeting the paternal allele (13/14 cases, 
[29]).. Chimeric mice were generated from Air-T ES cells and the Air-T allele was routinely 
maintainedd on an FVB/N background. Maternal transmittance of the A ir-T allele (Air-T/+, note 
thatt the maternal allele is written on the left side) generated normal sized offspring (n=l 1) that 
weree viable and fertile. Paternal transmittance (+/Air-T) generated viable and fertile offspring 
(n=46)) that were 15% smaller than wild type littermates at the age of 9-13 weeks (data not 
shown).. A similar reduction in size has previously been shown to occur in mice with paternal 
inheritancee of a deletion of region2 (+/AR2) that have biallelic Igftr expression [20]. Mice 
homozygouss for the Air-T allele (n=9) were indistinguishable from the +/Air-T mice. 

Micee carrying an Air-T allele were also bred to Thp mice for analysis. Thp mice con-
tainn a 3 cM deletion that includes the Igf2r/Air/Slc22a2/Slc22a3 region and these crosses allow 
examinationn of parental specific expression of the imprinted gene cluster on the Air-T allele in 
thee absence of a second parental allele. Paternal transmission of the Thp allele in wild type 
laboratoryy mouse strains (+/Thp) has no effect on viability, but maternal transmission (Thp/+) 
iss lethal between embryonic day 15.5-17.5 due to the absence of Igf2r leading to an excess 
off  Igf2 [20, 29]. It has been previously shown that ThplisSl mice are normal sized and viable 
duee to the re-expression of Igf2r from the paternal AR2 allele [20]. To analyse parental-spe-
cificc expression from the Igf2r/Air/Slc22a2/Slc22a3 gene cluster on the Air-T allele, offspring 
withh the genotypes Air-TlThp (n=12) and ThplAir-T (n=13) were generated, and both geno-
typess were normal sized, viable and fertile (data not shown). 

TheThe Air RNA from the Air-T allele is truncated 
Too characterise the Air RNA expressed from the Air-T allele, tissues with high levels of Air 
expressionn (adult heart and lung and 11.5 dpc embryo) were used for RNase protection analy-
sess (RPA) with probes positioned across the 108 kb spanned by the endogenous Air RNA 
(Figuree 2A and [8]). We first used probes positioned downstream of the inserted polyadenyla-
tionn cassette. RPA analyses were performed with probe I (95 kb, downstream of the Air pro-
moter),, probe H (41 kb downstream of the Air promoter), probe B (spanning the Igf2r pro-
moter,, 28 kb downstream of the Air promoter), probes C (9.8 kb downstream of the Air pro-
moter)) and probe D (4.4 kb downstream of the Air promoter). These five probes, all positioned 
downstreamm of the inserted polyadenylation cassette, detect Air RNA from the paternal wild-
typee allele but not from the paternal Air-T allele indicating that Air RNA downstream of the 
insertedd polyadenylation cassette is absent from the paternal Air-T allele (Figure 2B probes I, 
H,, B, compare Thp/+ to ThplAir-T, probes C, D, data not shown). 

Wee next used probes positioned upstream of the inserted polyadenylation cassette. 
RPAA analyses with probe G overlapping the Air promoter (that detects multiple fragments of 
207,, 171 and 148 bp) and probe J positioned in between the Air promoter and the polyadeny-
lationn cassette (that protects a single 155 bp fragment). Both probe G and J detect Air RNA 
fromfrom the paternal Air-T allele (Figure 2C). However, we noted that the signal intensity from 
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Figuree 2. The Air-T allele generates a truncated Air RNA. 
(A)) A map of the Air-T allele. The Mas, Igf2r and Air promoters are indicated with black arrows showing 
theirr transcription orientation. The first 3 (out of 48) Ig/2r exons are shown as black numbered boxes. The 
blackk Ap box represents the inserted polyadenylation cassette. RNA probes B, C, D, F, G, H, I, J, K and 
LL are shown with black lines above the map. Note that probe K is discontinuous. The RACE and PX6R 
oligoss used for 3' RACE analyses are indicated. The unspliced Air-T RNA is shown with a thin black arrow 
andd the spliced Air-T RNA is shown as a thick dashed arrow. The Air-T specific exon 1 is shown as the 
blackk box, upstream of the Mlu\ site (M). (B) The Air-T allele lacks RNA downstream of the inserted 
polyadenylationn cassette. RNase protection (RPA) with probes B, H or I indicate an absence of Air RNA 
onn the Air-T allele downstream of the inserted polyadenylation cassette. Probe B on 11.5 dpc embryo RNA 
showss the absence of Air expression from the paternal Air-T allele at the position of the Igfir promoter 28 
kbb downstream to the Air promoter (compare lane Thp/Air-T with lane Thp/+). Probes H and I on heart 
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RNAA show an absence of Air RNA from the Air-T allele 41 kb and 95 kb downstream of the Air promot-
er.. (C) The Air-T allele generates both spliced and unspliced truncated Air RNA. RPA with probes G, J 
andd K and L on 11.5 dpc embryo RNA shows expression of both spliced and unspliced truncated Air RNA 
fromfrom the Air-T allele. Probe G overlaps the splice donor at +53 bp from Air and overlaps multiple Air tran-
scriptionn start sites protecting 207,171 and 148 bp for unspliced Air RNA (see Experimental Procedures). 
Probee G also shows that the paternal Air-T allele generates 20% of unspliced Air RNA compared to the 
wildtypee paternal allele (lanes Thp/Air-T compared to lanes Thp/+). Probe J locates within the intron of 
thee spliced Air-T RNA and shows that 20% of the Air RNA from the Air-T allele is unspliced compared 
too wild type allele. Probe K is the 3' RACE fragment, generated with oligos RACE and PX6R and pro-
tectss 287 bp for spliced and 240 bp and 47 bp for unspliced polyadenylated RNA. Probe K shows that the 
paternall  Air-T allele generates 80% spliced and 20% unspliced Air RNA (compare the intensity of the 287 
bpp to the 240 bp fragment in lane Thp/Air-T) and also indicates that both RNAs are polyadenylated as no 
largerr sized fragments are protected. Transgene LAI-313 is used as polyadenylation control as it contains 
thee identical rabbit polyadenylation cassette that protects 240 bp for polyadenylated RNA [30] (*  indicates 
aa faint 47 bp protected fragment in Thp/Air-T, that is overexpressed from the multicopy transgenic A ir  pro-
moterr on construct LAI-313). Probe L covers the inserted polyadenylation signal and the presence of the 
1733 bp protected fragment (identical to the multicopy LAI-313 transgene which contains the identical 
polyadenylationn cassette [30]) shows that both the spliced and unspliced Air RNAs are truncated at the 
polyadenylationn signal. A probe detecting Aprt exon 3 was used as loading control for the RPA assays. The 
lanee marked P shows the input probes and lane C is the tRNA hybridisation to the probes. (D) Sequence 
off  the spliced Air RNA from the Air-T locus, based on the 3'RACE product generated with oligos RACE 
andd PX6R. The first Air transcription start is marked with an arrow labelled Air. The polyadenylation sig-
nall  is boxed and the splice site is shown withh a vertical line. The sequence that originates from the globin 
polyadenylationn cassette is shown in grey. 

thee paternal ̂ ir-7allele was only 20% of that from the paternal wildtype allele (compare lanes 
Thp/Air-TThp/Air-T to Thp/+, probes G and J, Figure 2C) as quantitated by Phosphorimager using the 
AprtAprt signal as loading control (data not shown). 

Wee have previously shown that short transgenic constructs containing the Air pro-
moterr linked to different 3' sequences, can use a novel splice donor at +53 bp downstream 
fromfrom the Air promoter that is not used at the endogenous locus. The use of this +53 bp splice 
donorr site did not correlate with loss of imprinting of either Igf2r and Air in this mouse trans-
genicc study [30]. As the polyadenylation cassette inserted in the Air-T allele contains the beta-
globinn exon 3 splice acceptor, the Air-T allele could potentially generate a spliced Air RNA. 
Too test for spliced Air RNA from the Air-T allele, we employed 3'RACE-PCR on adult heart 
RNAA using a polyd(T) RACE primer in combination with the gene-specific primer, PX6R, 
locatedd immediately downstream of the Air transcription multiple starts (see Experimental 
Proceduress and Figure 2A). The RACE-PCR generated a 314 bp Air-T specific fragment that 
sequencingg revealed to arise from a spliced and polyadenylated RNA that used the splice 
donorr located 53 bp downstream from the major Air transcription start and the splice acceptor 
fromfrom the beta-globin exon 3 in the inserted polyadenylation cassette (Figure 2D). 

Probee J (Figure 2C) is positioned in the intron of the spliced Air RNA as defined by 
thee RT-PCR, thus the signal represents unspliced Air RNA generated from the Air-T allele. 
Althoughh probe G spans the three mapped Air transcription starts as well as the +53 bp splice 
donorr (Figure 2A), it does not detect the shorter spliced forms of these multiple fragments 
underr the RPA conditions used (data not shown). Probe K that corresponds to the entire 
RACE-PCRR fragment was, however, able to detect bom the spliced (287 bp fragment) and 
unsplicedd (240 bp and 47 bp fragments) RNA from the Air-T allele (Figure 2C). The relative 
intensityy of the signals obtained with Probe K confirms that the spliced and unspliced Air-T 
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RNAA are present at a 4:1 ratio. The absence of larger protected probe K fragments also con-
firmss that both the spliced and unspliced Air RNA are truncated at the inserted polyadenyla-
tionn signal (Probe K, lane Thp/Air-T). As an additional test for truncation of both the spliced 
andd unspliced Air-T VÜ As at the inserted polyadenylation signal, we used probe L that spans 
thee inserted polyadenylation signal (Figure 2A). Probe L protects a 173 bp fragment in Air-T 
RNAA (Figure 2B) that is the same size as a previously characterised fragment in the mouse 
LAI-3133 transgene that uses the same polyadenylation signal [30], The absence of larger frag-
mentss protected by probe L in Thp/AirTKNA confirms that both the spliced and unspliced Air 
RNAA on the Air-T allele are correctly truncated at the inserted polyadenylation signal. Together 
thesee data show that the Air-T allele generates an abundant Air transcript in a spliced and 
unsplicedd form in a 4:1 ratio that is truncated at 4.2 kb downstream from the major mapped 
AirAir  transcription start site. 

AirAir  is imprinted on the Air-T allele 
Imprintingg of the Air promoter from the Air-T allele was characterised using methylation and 
expressionn as criteria in Thp/Air-T reciprocal crosses. Methylation analyses using the methy-
lationn sensitive restriction enzyme Mlul (Figure 3A) and Sful (data not shown) that cut within 
thee Air CpG island promoter were used on DNA from 11.5 dpc embryos (Figure 3 A) and adult 
taill  and spleen (data not shown). Figure 3A shows the presence of maternal allele-specific 
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Figuree 3. The Air promoter of the Air-T allele is imprinted. 
(A)) The Air-T allele retains a methylation imprint on the Air promoter. DNA blot of genomic DNA from 
11.55 dpc embryos, cut with EcoRI (- lanes) or EcoRl and Mlul (+ lanes) and hybridised with probe E (see 
Figuree 1A). The wild type methylated and unmethylated alleles are 6.3 and 5.1 kb and the Air-T methy
latedd and unmethylated alleles are 4.8 and 3.6 kb respectively due to the presence of an EcoRl site in the 
polyadenylationn cassette. (B) The Air-T allele maintains imprinted Air expression. RPA on 11.5 dpc 
embryoo RNA with probe F (Figure 2A), that detects the first 47 bp from both the spliced and unspliced 
Air-TAir-T and endogenous Air transcripts. Probe F detects equal expression from the paternal Air-T and wild 
typee alleles (compare lane Thp/Air-T with lane Thp/+) and no expression from the maternal Air-T and wild 
typee alleles (compare lane Air-T/Thp with lane +/Thp). Aprt exon 3 was used as a loading control. The 
lanee marked P shows the input probes and lane C is the tRNA hybridisation to the probes. 
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methylationn on the Air-T promoter (lane Air-T/Thp), identical to that found on the wild type 
allelee (lanes +/Thp). Note that the EcoRl fragment in the Air-T allele is shortened to 4.8 kb 
duee to an internal EcoRI site in the polyadenylation cassette (Figure 1A). The expression of 
thee Air RNA was analysed by RPA using RNA from 11.5 dpc embryo (Figure 3B) and adult 
heartt (data not shown) using probe F which is located close to the transcription start of the Air 
RNAA (see Figure 2A). Probe F is located upstream to the donor splice site identified in Figure 
22 and thus detects both unspliced and spliced Air RNA. Probe F is completely contained with-
inn probe G and performs better in RPA in protecting small fragments. The RPA with probe F 
showss that the Air promoter on the Air-T allele is expressed only from the paternal allele (lane 
Thp/Air-T),Thp/Air-T), identical to the wild-type situation (lane Thp/+, Figure 3B). This paternal specif-
icc Air expression has also been confirmed with probes G, J, L and K (data not shown). 
Moreover,, probe F shows that the paternal Air-T allele behaves similar to the wild type Air 
promoterr in terms of expression level as quantified by Phosphorimager (data not shown). 
Togetherr these data show that the Air promoter on the Air-T allele is expressed and imprinted 
inn the same manner as the Air promoter on the wildtype allele. 

Igf2rIgf2r imprinting is lost on the paternal Air-T allele 
Imprintingg of the Igf2r promoter on the Air-T allele was characterised using methylation and 
expressionn as criteria in Thp/Air-T reciprocal crosses. The Igflr promoter on the wild type 
paternall  allele is repressed only in post-implantation embryonic stages [31,32] and this repres-
sionn coincides with the presence of methylation on the paternal Igf2r promoter which is only 
maximallyy present in neonates [33]. Methylation of the Igflr promoter was analysed in tail 
genomicc DNA (Figure 4A) and adult spleen (data not shown), using the methylation sensitive 
restrictionn enzymes Sail (Figure 4A), Notl and Smal (data not shown), that cut within the Igf2r 
CpGG island promoter. In contrast to the wild type paternal Igflr allele (lane +/+ shows a 
methylatedd fragment compared to lane +/Thp that lacks the paternal allele, Figure 4A), Igflr 
methylationn was completely absent from the paternal ^ir-Tallele (Thp/Air-Tcompared to Air-
T/Thp,T/Thp, Figure 4A). Note that post-natal methylation cannot be directly tested in the Thp/+ 

AA B 

^^  f * x* <T f # ? ** 
- + - + -- + - + 

mm m  -«kb mmm m-w^^ 

JËÉ|| ÊÊÊk - S S kb 

Figuree 4. Loss of Igf2r imprinting on the Air-T allele. 
(A)) The lgf2r promoter on the Air-T allele lacks a methylation imprint. DNA blot of tail genomic DNA 
fromfrom maternal and paternal wild type and Air-T alleles, cut with Bgltt (- lanes) or Bg7II and Sail (+ lanes) 
andd hybridised with probe A (see Figure 1 A). The Igflr promoter on the paternal Air-T allele is completely 
cutt by Sail in contrast to the wild type allele. (B) The paternal fgf2r promoter on the Air-T allele is not 
repressed.. RNA blot of embryo 11.5 dpc RNA hybridised with a cDNA probe covering Igflr exons 3-6 
showss expression of Igflr from the paternal Air-T allele in contrast to the wild type allele (compare lane 
Thp/Air-TThp/Air-T with lane Thp/+). Gapd is used as loading control. 
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genotypee due to embryonic lethality while Thp/Air-T mice are viable. Expression analyses of 
IgftrIgftr  in 11.5 dpc embryos (Figure 4B) and adult heart (data not shown) shows that Igftr 
mRNAA levels in Thp/Air-T embryos (paternal Air-T allele) are the same as those in +IThp 
embryoss (maternal wildtype allele), indicating a complete loss of silencing at the paternal Igftr 
promoterr following Air truncation to 4.2 kb. Igftr re-expression from the paternal Air-T allele 
providess a molecular explanation for the viability of Thp/Air-T offspring described above. 
Figuree 4B also shows that maternal Igftr expression from the Air-T allele (Air-T/Thp) is at the 
samee level as the maternal expression in +/+ and +/Thp mice, indicating that the targeting 
eventt did not alter Igftr expression from the maternal allele. 

Slc22a2/Slc22a3Slc22a2/Slc22a3 imprinting is lost on the Air-T allele 
Thee Igftr gene belongs together with the Slc22a2 and Slc22a3 genes to a newly defined clus-
terr of imprinted genes on chromosome 17 that are co-ordinately repressed by the region2 3.7kb 
elementt [61]. To address whether the Air RNA is also directly involved in silencing the 
Slc22a2Slc22a2 and Slc22a3 genes that are not overlapped by Air, expression of these two genes from 
thee Air-T allele was analysed in 11.5 dpc placentas from Thp/Air-T reciprocal crosses. Note 
thatt the Slc22a2 and Slc22a3 genes only show imprinted expression in the placenta and lack 
parentall  specific methylation [61]. Figure 5 (comparing lanes Thp/Air-T with Thp/+) shows 
thatt both Slc22a2 and Slc22a3 are completely de-repressed on the paternal Air-T allele while 
maternall  expression is unchanged (comparing lanes Air-T/Thp and +/Thp). 

B 9 * **  **  -s,c22a222kb 

* »» fp> W «•» - Slc22a3 3.5 kb 

Ü ÜÜ mm ^f c . 
•• • V M M - Gapd \.3 kb 

Figuree 5. Loss of Slc22a2 and Slc22a3 imprinting on the Air-T allele. 
RNAA blot of 11.5 dpc placenta RNA hybridised with cDNA probess detecting Slc22a2 or Slc22a3 shows 
expressionn from the paternal Air-T allele in contrast to the wild type allele (compare lane Thp/Air-T with 
lanee Thp/+). Gapd is used as loading control. 

Inn summary, we have inserted a polyadenylation signal downstream of the Air promoter and 
generatedd an Air-T allele that maintains the imprinted status and expression levels of the wild-
typee paternal Air promoter. The paternal Air-T promoter produces spliced and unspliced Air 
RNAA in a 4:1 ratio that are truncated 4.2 kb downstream of the major transcription start result
ingg in a complete loss of repression of the Igftr/Slc22a2/Slc22a3 gene cluster on the paternal 
chromosome. . 
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Discussion n 

Thee observation that paternal silencing of the Igf2r/Slc22a2/Slc22a3 imprinted gene cluster 
dependss on the region2 3.7 kb DNA element, which also contains the promoter for the non-
codingg Air RNA [20, 61], prompted us to test whether repression arises through the direct 
actionn of the Air RNA. The goal was to truncate the Air RNA without disturbing the integrity 
off  the 3.7 kb region2 element, in order to maintain normal expression and imprinting of the 
AirAir  promoter. This was achieved by targeted insertion of a polyadenylation signal that trun-
catedd the Air RNA from 108 kb to 4.2 kb. Imprinting and expression of the Air-T promoter was 
unchangedd with respect to the wild type Air promoter, but the truncated Air-T RNA failed to 
represss the Igf2r, Slc22a2 and Slc22a3 genes on the paternal chromosome. Paternal transmis-
sionn of the Air-T allele resulted in a 15% weight loss in 3-4 month old mice, and also rescued 
embryonicc lethality in mice carrying a maternal Thp deletion allele. The same phenotype has 
alsoo been described for the region2 3.7 kb deletion [20]. Insertion of the polyadenylation cas-
settee which also included the rabbit globin exon 3 splice acceptor, generated a spliced as well 
ass an unspliced Air-T RNA in a 4:1 ratio. The wildtype paternal Air RNA is not spliced and 
mayy contain no, or few and small introns [8]. However transgenic experiments indicate that 
splicingg per se is not incompatible with Igf2r repression by the Air RNA. A 44 kb single copy 
transgenee that spans the wildtype Igf2r and Air promoters generates a spliced Air RNA upon 
paternall  transmission (using the same +53 bp splice donor as the Air-T allele) that is capable 
off  paternal specific repression of the linked Igf2r promoter [30]. 

Ourr results demonstrate the direct involvement of the Air RNA in silencing the 
imprintedd Igf2r/SIc22a2/Slc22a3 gene cluster and also argue against a role for the region2 3.7 
kbb DNA element. This contrasts to results previously obtained for the Ins2/Igf2/H19 imprint-
edd gene cluster. Maternal expression of the HI 9 non-coding RNA correlates with repression of 
thee protein coding Ins2 and Igf2 genes on the same allele. Maternal repression of lns2 and Igf2 
hass however been shown to be caused by a boundary/insulator DNA element located immedi-
atelyy upstream to the H19 promoter, that is methylation sensitive and controls the activity of 
ann endoderm enhancer located downstream to all three genes [25-27]. Binding of the CTCF 
insulatorr protein to the unmethylated boundary on the maternal allele, prevents access of the 
enhancerr to Ins2 and Igf2 and maternal-specific expression of H19 is thought to arise as a 
defaultt (reviewed in [24, 34-36]). In addition, gene deletion experiments have excluded a 
directt role for the H19 non-coding RNA in this cluster [23]. The demonstration here, of a direct 
repressivee role for the Air non-coding RNA therefore reveals the existence of an additional 
imprintingg repression mechanism that depends on an RNA rather than a DNA element. The 
Ins2/Igf2/H19Ins2/Igf2/H19 and the Igf2r/Air/SIc22a2/Slc22a3 imprinted gene clusters show two additional 
contrastingg differences. In the former, the HI 9 non-coding RNA is maternally expressed and 
thee upstream DNA boundary element carries a paternal methylation imprint. In the latter case, 
thee Air RNA is paternally expressed and carries a maternal methylation imprint on the Air pro-
moter.. It should be noted that in both cases the methylation imprint is epigenetically activat-
ingg the respective linked protein coding genes which are repressed on the non-imprinted allele 
byy default (reviewed in [2]). The possibility exists that these two imprinted gene clusters rep-
resentt prototypes for paternal and maternal methylation imprints, mat differ not only in the 
parentall  allele carrying the activating imprint, but also in the mechanism acting to silence the 
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non-imprintedd chromosome. Some support for this notion comes from the identification of 
otherr imprinted gene clusters with similarities to either the Ins2/Igf2/H19 or the 
Igf2r/Air/Slc22a2/Slc22a3Igf2r/Air/Slc22a2/Slc22a3 clusters. A gene cluster with the same reciprocal expression, organ-
isationn and paternal methylation as the Ins2/Igf2/H19 gene cluster, is the imprinted gene clus-
terr that contains the Dlkl protein coding gene and the Meg3 non-coding RNA [10,11, 37, 38]. 
Conversely,, four examples are known whereby an imprinted paternally expressed non-coding 
RNAA with features similar to the Air RNA, transcriptionally overlaps the silent allele of an 
imprintedd protein-coding gene (Nespas, Copg2as, Ube3a-as and Kcnqlotl) [4-7]. In one case, 
deletionn of the CpG island promoter for the KCNQIOTI antisense RNA in a human/hamster 
somaticc cell hybrid line resulted in loss of repression of the flanking imprinted KCNQ1 and 
CDKNLCCDKNLC genes, similar to the re-expression of the Igf2r/Slc22a2/Slc22a3 genes seen in the 
AirAir  promoter deletion [20,39]. The prevalence of non-coding RNAs that overlap the repressed 
allelee of a maternally expressed gene that requires an epigenetic imprint for activation, indi-
catess that cw-regulatory RNAs may be a widespread mechanism for silencing the repressed 
allelee in genomic imprinting 

Thee ci's-repression of a large sub-chromosomal domain by the Air RNA has clear 
parallelss with the action of the Xist RNA in X chromosome inactivation. Expression of the 
non-codingg Xist RNA is directly involved in cw-repression of most, but not all genes along the 
entiree length of the X chromosome in female cells and results in dosage equalisation of X-
linkedd genes between male (XY) and female (XX) cells [12,13] (reviewed in [14]). It has also 
beenn argued that X chromosome inactivation arose from a localised form of genomic imprint-
ingg in a small region of the X chromosome that contained a dosage sensitive gene not present 
onn the Y chromosome. Whole X chromosome inactivation subsequently evolved as the X and 
YY chromosomes continued to diverge in sequence [16]. The X chromosome may also have 
simultaneouslyy evolved specialised sequences to enhance the spread of inactivity along the 
lengthh of this chromosome, and it has recently been suggest that the repetitive LINE-1 ele-
mentss may perform this function [40]. Similarities between genomic imprinting and X-inacti-
vationn have been previously noted [15, 41]. The data we present here strengthens this associ-
ation.. The features in common between the two processes include: i. the regulatory gene is a 
non-codingg RNA, ii . expression of the non-coding RNA correlates with repression of neigh-
bouringg genes on the same chromosome, iii . chromosome-specific methylation regulates 
expressionn of the non-coding RNA, iv. methylation of CpG island promoters of repressed pro-
teinn coding genes may maintain their inactive state and, v. some genes escape repression 
(reviewedd in [15]). The Xist non-coding RNA has some additional features that have not yet 
beenn characterised or may be absent for the Air RNA. First, transgenic experiments whereby 
thee Xist cDNA can induce autosomal chromosomal silencing, suggests a sequence-specific 
functionn [28], Secondly, the Xist RNA co-localises with the repressed X chromosome in inter-
phasee in human cells [42] and in interphase and metaphase in mouse cells [43, 44]. Third, 
expressionn of the Xist transcript is regulated in undifferentiated embryonic cells by a second 
antisensee non-coding RNA named Tsix [45, 46]. The noted similarities between genomic 
imprintingg and X-inactivation do not imply that these are identical mechanisms. If, as sug-
gestedd the latter evolved from the former [16], it is likely that the Xist RNA may have also 
evolvedd extra functions when compared to the Air RNA, particularly with regard to its ability 
too spread along the entire X chromosome. 

Theree are at least two possible models by which the imprinted non-coding Air RNA 
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couldd act to repress a sub-chromosomal domain containing several genes. In the first model, 
thee Air RNA could act in a sequence specific manner as proposed for Xist, by recruiting chro-
matinn repressor proteins [14] to a region that extends beyond the Air transcription unit to 
includee the downstream Slc22a2 and Slc22a3 genes lying 110 and 155 kb distant. Specialised 
sequencess to enhance the spread of inactivity may be lacking in autosomes, limiting the repres-
sionn to one sub-chromosomal domain. Sequences that may fulfi l the function of recruiting 
repressorr proteins cannot at this time be easily identified within the 108 kb Air RNA that con-
sistss of 43% repetitive sequences of which 14% are LINE-1 elements [8, 47]. A necessary 
futuree step would be to determine whether the Air RNA is able to interact with chromatin 
repressorr proteins. In the second model, the Air RNA may act as part of a two-step mechanism, 
suchh that initial repression of Igftr may be a necessary condition for the spread of silencing to 
thee Slc22a2 and Slc22a3 genes. The initial silencing of Igf2r could occur for example, by pro-
moterr occlusion that depends on the Air transcript running through the Igf2r promoter, or by a 
formm of cw-restricted RNAi acting via dsRNA intermediates that form between the 28 kb over-
lapp of the Igf2r and Air precursor RNAs. These types of gene regulation have not yet been 
describedd in mammals, and RNAi in particular has only been described as a tawts-acting 
silencingg mechanism with the potential to act only on very short lengths of dsRNA less than 
300 bp long in mammalian cells [48] (reviewed in [49]). It should be possible to test a two-step 
modell  by abrogating the transcriptional overlap. This could be achieved by deleting the sense 
RNAA generating Igf2r promoter and testing the effect on the Slc22a2 and Slc22a3 genes. One 
mechanismm for the initial repression of Igf2r that can be excluded by this study is the 'expres-
sion-competition'' model, that originally proposed that the lgf2r and Air promoters competed 
forr trans-acting factors or cis-regulatory sequences that prevented their co-expression from 
onee chromosome [21]. 

Whilee further experiments will be needed to discriminate between the possible mode 
off  actions of the Air RNA and to refine the details of the repression mechanism, the data pre-
sentedd here demonstrate the high degree of similarity at the molecular level between cis-
repressionn on autosomes by imprinted non-coding RNAs and cis-repression of the X chromo-
somee by the non-coding Xist RNA. The regulatory potential of non-coding RNAs is receiving 
increasedd attention with their identification in dosage compensation in Drosophila, as well as 
inn mammals and their recent identification in developmental pathways in nematodes [50, 51]. 
Non-codingg RNAs have also been identified in several 'normal' biallelic expressed genes such 
ass the N-myc gene [52], beta-FGF [53], Hoxll [54] and RPS14 [55] and, in the case of the 
mousee beta-globin cluster, have been linked to chromatin remodelling [56]. Non-coding RNAs 
mightt therefore be part of an under-appreciated and more generally used epigenetic gene reg-
ulationn mechanism in mammals. 

Experimentall  Procedures 

GenerationGeneration of the Air-T allele 
Thee targeting vector consists of a 9.6 kb Bglil genomic DNA fragment (bp 117878-127575; 
Accessionn AJ249895) isolated from cosmid 940PS [33] that contains the Air promoter. A 
selectionn cassette flanked by loxP sites that contains a neomycin and thymidine kinase gene 
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eachh driven by a PGK promoter and a 1.2 kb fragment from the rabbit beta-globin gene (bp 
31392-32590;; Ml8818) containing part of exon 2, complete intron 3 and complete exon 3 with 
thee polyadenylation signal, was inserted at the BamUl site (position 123159; AJ249895) in the 
correctt orientation for the Air promoter. The final targeting vector contained 4.4 kb for homol-
ogouss recombination at the 5' end and 5.2 kb for homologous recombination at the and 3' end. 
15xl066 El4 ES cells [57] were electroporated with 0.02 mg linearized targeting vector and 
selectedd with 0.2 mg/ml G418. The selection cassette was deleted by electroporation of a Cre 
recombinasee encoding plasmid [58] and transient puromycin selection. Chimeric mice were 
generatedd by injecting paternally targeted Air-FES cells into C57/B16 blastocysts [59]. Mice 
carryingg the Air-T allele were maintained on an FVB/N background and all mice were kept 
underr approved guidelines for animal welfare. Embryos and placentas (including membranes) 
weree collected after timed mating where the vaginal plug counts as 0.5 days post coitum (dpc). 

MethylationMethylation and Expression 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 [60]. RNA was isolated with Tri Reagent (Molecular Research Centre) 
accordingg to the manufacturers protocol. For the RNase protection assay (RPA) the RPAIII kit 
andd procedure were used (Ambion) and for the RNA blots the formaldehyde method was used. 
Expressionn was quantified with a Phosphorimager (Fujix). For 3' RACE analyses, 5 \xg total 
heartt RNA was reverse transcribed with Superscript (Gibco) using oligo RACE: 5'-
CTGGGAAACAGCTATGACCATGATCGATTTTTriTTTTTTTTTTNN -3', amplified in 30 
cycless (94°C, 30 seconds; 59°C, 30 seconds 72°C, 120 seconds) by PCR using oligos: RACE 
andd PX6R: 5'- GAAGCACAGCACCGCCAGTTAC -3' and separated on a 1% agarose gel. 

ProbesProbes used for DNA analyses (see Figures I A) 
Probee A: a 325 bp fragment (bp 102813-103137; AJ249895) generated by PCR with oligos: 
5'-- CTCCAGATTGGCAGTTCACAC -3' and 5'- ACGTTTTGGGGTTGCTGGGTG -3'. 
Probee C: 0.9 kb EcóRl/HtnCü fragment from EST AA592338 [8]. Probe D: (bp 121834-
122862;; AJ249895). Probe E: MluVSful (bp 124992-126086; AJ249895). 

ProbesProbes used for RNA analyses (see Figures 2A) 
Probee B: described as probe GFPAIR [30] protects 185 bp from the Air RNA at the position 
off  the Igftr promoter. Probes C and D, see DNA analyses probes. Probe F: protects 47 bp (bp 
126181-126227;; AJ249895) immediately downstream from the major Air transcription start 
sitesite [8]. Template for probe F is generated by PCR with oligos: PX7FT7 5'- TAATACGACT-
CACTATAGGGAGGCTCAGTTCCCCAGGATGTCTGG -3' and PX6R 5'- GAAGCACAGC 
ACCGCCAGTTACC -3'. Probe G: MluVMsel fragment, (bp 126086-126293; AJ249895) 
detectss unspliced (207, 171 and 148 bp) or spliced Air RNA (112, 76 and 53 bp) and has pre-
viouslyy been describes as probe MlMsl [8, 30]. Probe H protects 221 bp of Air RNA (bp 
85250-85029;; AJ249895) and has previously been described as probe RPA1 [8]. Probe I pro-
tectss 196 bp and has previously been described as probe MS1B8 [8]. Probe J: Template gen-
eratedd by PCR with oligos: 5'- TAATACGACTCACTATAGGGAGGAGGTAGCAGTGGAA-
GAAGGTTCC -3' and 5'- AAACCCCTTGACATCCCCTTC -3' which protects 155 bp of Air 
RNA(bpp 123233-123387; AJ249895). Probe K is the 3' RACE fragment as described above, 
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clonedd into a pGEM-T Easy vector (Promega) that protects 287 bp for spliced and 240 and 47 
bpp for unspliced polyadenylated RNA. Probe L spans the rabbit beta-globin gene polyadeny-
lationn signal (bp 32032-32204; Ml8818) and protects 173 bp for polyadenylated RNA. The 
AprtAprt template is a 252 bp XholiXbal fragment (bp 2165-2417; M11310) and protects Aprt exon 
33 (134 bp). For RNA blot analyses the following probes were used: Igf2r, cDNA covering 
Igf2rIgf2r exons 3-6; Slc22a2 (bp 989-1605; AJ006036); Slc22a3 (bp 1-2766; AF078750). Gapd: 
Templatess generated by PCR with oligos: 5'- CGGGGTACCACAGCCGCATCTTCTTGT-
GCAGG -3') and 5'- CGTCTAGATGGGTGGTCCAGGGTT-TCTTAC -3'. 
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