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Imprintin gg of the maternally-expressed Igf2r gene is controlled by an introni c Imprin t 
Controll  Element (ICE) known as Region2, that contains the promoter  of the non-coding 
AirAir RNA whose transcript overlaps the silenced paternal Igf2r promoter  in an antisense 
orientation.. Two novel imprinted genes, Slc22a2 and Slc22a3 are described here that lie 
1100 and 155 kb 3' to Igf2r that are not overlapped by the Air transcript but are regulat-
edd by the /g/2r-ICE, as previously shown for  Igf2r. These results identify a new cluster 
off  imprinted genes whose repression by the bidirectional action of the Region2-ICE is 
independentt  of transcript overlap by the Air RNA. 
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Introduction n 

Cis-actingg epigenetic mechanisms that regulate gene expression are of critical importance in 
understandingg how gene regulation is controlled in development and disease, but are current-
lyy understood only at a basic level. Of the many mammalian systems currently used to inves-
tigatee epigenetic mechanisms, parental-specific gene expression induced by genomic imprint-
ingg has the best potential to identify relevant DNA sequences and modifications, since both the 
activee and silent parental alleles are retained in the same nuclear environment and can be 
directlyy compared (reviewed by [1, 2]). At present, 50 imprinted genes have been identified 
withh approximately equal numbers of maternally and paternally expressed examples [3]. This 
mayy represent a near complete collection since the total number of imprinted genes predicted 
too be in the range of 200 should now be reduced by 60%, following the reappraisal of the total 
numberr of genes in the mammalian genome [4]. 

AA large body of evidence indicates that imprinted genes are regulated by cis-linked 
DNAA "Imprint Control Elements" (ICE) that are epigenetically modified by an imprint either 
inn the maternal germline (for maternally-imprinted genes), or paternal germline (for paternal-
ly-imprintedd genes). Experimental data also indicates that DNA methylation is the imprint or 
att least, is involved in maintaining the imprint for most, but not all genes [5, 6]. In contrast to 
earlyy expectation, the data clearly show that imprints can act either as epigenetic activators to 
activee one allele of an imprinted gene, or as epigenetic repressors to silence one allele [5, 7, 
8].. The observation that imprinted genes are clustered within a chromosomal region has led to 
thee suggestion that the ICE may also serve as an epigenetic domain regulator that controls 
imprintedd expression of more than one imprinted gene. So far 7 clusters have been identified 
inn the mouse genome that are also conserved in the human genome [3]. The clusters show the 
generallyy similar behaviour whereby a majority of the clustered genes are expressed from one 
parentall  chromosome and only a minority from the reciprocal parental chromosome. Two well 
knownn examples are the Prader-Willi Syndrome (PWS) region (human 15qll-15 syntenic to 
mousee 7D) that contains 11 paternally-expressed transcripts and 1 maternally-expressed tran-
script,, and the Beckwith-Weidemann Syndrome (BWS) region (human li p 15 syntenic to 
mousee 7C) that contains 13 maternally-expressed transcripts and 4 paternally-expressed tran-
scriptss [3]. 

Genomicc deletions inn mice and humans have confirmed that imprinting of more than 
onee gene can be regulated by an ICE, but these data also show that not all genes present in one 
clusterr are regulated by the same element. For example, in the mouse 7C cluster homologous 
too the human BWS region, deletion of the HI 9 ICE that lies close to the H19 promoter, caus-
ess re-expression of the silent allele of the downstream HI9 gene and two upstream genes, Igf2 
andd Ins2, but does not affect imprinted expression of the more distal upstream Mash2, Cdknl 
andd Kcnql genes [6,9]. Deletion of the mouse PWS ICE that maps to the Snrpn gene promoter 
showss a similar effect on multiple genes but, in contrast, leads to silencing of the active allele 
off  flanking upstream and downstream imprinted genes [10]. Similar regulation has been 
observedd following spontaneous ICE deletions in the human PWS region that resulted in a 
completee loss of expression of at least five imprinted paternally-expressed transcripts located 
acrosss a 1.5 Mb domain [11]. In addition, an in vitro model system has shown that targeted 
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deletionn of the LIT1 (KCNQ10T1) promoter from a paternal copy of human chromosome 11 
andd subsequent analysis in a hamster monochromosomal hybrid cell, results in re-expression 
off  the silent allele of the upstream CDKN1 and SMS4 genes, and of the downstream KCNQ1 
promoterr but did not affect the more distal IGF2/H19 genes [12]. 

Inn contrast to the finding of clusters of imprinted genes, the mouse Igf2r gene that 
encodess an intracellular transport receptor, has been proposed to be a solo maternally-
expressedd imprinted gene [13, 14]. Paternal repression of the Igf2r promoter is regulated by a 
3.77 kb ICE, called Region2 [15, 16]. Region2 is located within intron 2 of the Igfir gene and 
containss a 1.5 kb maternally-methylated CpG-island that is the promoter for an antisense RNA 
namedd Air that overlaps the Igftr promoter. The Air RNA is specifically expressed from the 
paternall  unmethylated ICE, but not from the maternal methylated ICE. The finding that the 
maturee Air RNA is a 108 kb long, non-spliced, repeat-rich, non-coding RNA has led to the pro-
posall  that this may not be a legitimate gene and instead, may represent genomic RNA [17]. An 
additionall  transcript in this region corresponding to the Mas locus and previously described as 
imprinted,, has now been shown to be part of the Air transcript where it overlaps the 3' Mas 
exonss [17]. No other imprinted genes have been identified on mouse chromosome 17 and 
analysiss of mice with maternal or paternal disomy for proximal parts of this chromosome, does 
nott predict their existence [3]. 

Wee recently identified a new gene Slc22a3 (also known as Orcti/EMT) whose pro-
moterr is located 155 kb from the 3' end of the Igf2r gene, that lies in close association with 
twoo related genes Slc22a2/Orct2 and Slc22allOrctl (Figure 1, [14]). The Slc22al, a2 and a3 
geness all encode membrane-spanning transporter proteins that show a highly tissue-specific 
expressionn pattern in the embryo and adult, in contrast to the ubiquitous expression of the Igftr 
genee [14, 16]. We show here by expression analysis that the Slc22a2 and the Slc22a3 genes 
aree imprinted and maternally-expressed in the placenta. Imprinted expression of Slc22a2 and 
Slc22a3Slc22a3 shows tissue and temporal specificity in contrast to the widespread imprinted expres-
sionn of the Igf2r gene. Despite their contrasting gene expression and imprinted expression pro-
files,, and despite the fact that they are not overlapped by the antisense Air transcript, targeted 
deletionn of the Region2 ICE results in de-repression of the paternal alleles of Slc22a2 and 
Slc22a3,Slc22a3, as previously shown for the Igflr gene [16]. These results identify the presence of a 
neww cluster of imprinted genes spanning more than 400 kb on proximal mouse chromosome 
17,, the majority of which show maternal-specific expression. Furthermore, the data shows that 
thee Ig/2r-lCE generates a long-range effect that acts in a bi-directional manner to repress 
upstreamm and downstream genes. 

Slc22a3Slc22a3 Slc22al Igflr Mas Sod2 

Figuree 1. Map of all known genes within 600 kb of the mouse Igftr locus relative to centromere (cen) and 
telomeree (tel). Region2 is shown as a black oval, genes as white boxes which represent the locus size, 
arrowss or arrowheads indicate direction of transcription when known. 
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Resultss and Discussion 

Thee position of genes analysed in this study is shown in Figure 1. The Igf2r, Air, Slc22a2 and 
Slc22a3Slc22a3 gene loci span approximately 400 kb. The Igf2r promoter Hes 30 kb downstream to 
Region22 and is overlapped by the Air RNA, the Slc22a2 and Slc22a3 gene promoters lie 170kb 
andd 210 kb upstream to Region2 and are not overlapped by Air. The Thp (hairpin) mouse 
mutantt used for the analyses below, carries a 3 cM deletion that includes the entire region 
shownn in Figure 1. Paternal inheritance of the Thp allele (+/Thp) is viable, while maternal 
inheritance,, the maternal allele is written on the left hand side (Thp/+) is lethal during 
16.5-18.55 dpc (days post conception) due to the absence of Igf2r expression. Parental allele-
specificc expression can be analysed before the lethal period [16]. 

Slc22a3Slc22a3 is a new imprinted gene linked to the Igf2r locus 
Imprintedd expression of Slc22a3 was analysed in placentas of embryos heterozygous for a 
paternallyy or maternally-inherited Thp allele. Slc22a3 expression is restricted to placenta in 
developmentt but shows widespread expression in adult organs [14]. Figure 2A shows that at 
11.55 dpc Slc22a3 was absent in Thp/+ placentas, while +/Thp placentas showed expression 
equall  to wildtype placentas (+/+). Thus Slc22a3 shows maternal-specific expression at 11.5 
dpc.. In contrast at 15.5 dpc, expression is detected in both paternal and maternal Thp het-
erozygotes,, and so Slc22a3 is expressed from both parental alleles at this stage, as reported 
previouslyy [14], These results show that Slc22a3 imprinted expression is restricted to an early 
timee window in development, in contrast to the imprinted expression of Ig/2r (Figure 2A). 

Thp/++ placentas show increased growth from 13.5 dpc [18]. To exclude the possi-
bilityy that absence of Igf2r directly leads to loss of Slc22a3 expression, we also analysed 
imprintedd expression in placentas of embryos heterozygous for a targeted deletion of the 
Slc22a3Slc22a3 gene. Mice with a null mutation of Slc22a3 (Aa3) show impaired transport of the neu-
rotoxinn MPP+ in placenta and adult heart, but lack any obvious biological or cytological phe-
notypee and are viable and fertile [19]. Figure 2B shows that Slc22a3 expression is imprinted 
att 11.5 dpc (compare Aa3/+ with +/Aa3) in placentas with a wildtype Igf2r allele. The Aa3 
mutantt mice were further used to test imprinted expression in adult organs. In Figure 2C, adult 
brain,, heart and skeletal muscle from maternal (Aa3/+) and paternal (+/Aa3) heterozygous 
knockoutt mice show equal levels of expression, equivalent to 50% of wildtype expression 
(quantitatedd by Phospholmager, data not shown), demonstrating an absence of imprinting in 
adultt tissues. These results show that Slc22a3 is imprinted in a tissue-specific fashion in pla-
centa,, and in manner temporally restricted to early post-implantation stages. Several examples 
off  placental or extra-embryonic specific imprinted expression have been described: e.g., the 
humann WT1 gene [20] and the mouse genes Ins2, Tssc4, Obphl and Kcnql [6, 21-23]. 
Temporall  changes of imprinted expression in placenta have also been reported for Mash2 and 
Ins2Ins2 [6,21]. 
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Figuree 2. The Slc22a3 gene is imprinted in placenta. 
(A)) Blot of placental RNA from Thp/+, +/Thp and +/+ offspring isolated at 11.5 and 15.5 dpc. The two 
(Thp/+)) lanes are independent samples. The same blot was hybridised with Igf2r and Pail. (B) RNA blot 
off  11.5 dpc placentas isolated from wildtype mice (+/+) and mice with a maternally (Aa3/+) or paternally 
(+/Aa3)) inherited Slc22a3 targeted allele. (C) RNA blot of adult heart, skeletal muscle and brain RNA iso-
latedd from wildtype mice (+/+) and mice with a maternally (Aa3/+) or paternally (+/Aa3) inherited Slc22a3 
targetedd allele. (D) Methylation analysis of the Slc22a3 CpG-island. A 4.3 kb genomic BamHl fragment 
thatt contains Slc22a3 exon 1 (Grey box) embedded in a CpG-island is shown (top) with the positions of 
twoo methyl-sensitive SraHII restriction enzyme sites. The complete 4.3 kb BamHl fragment was used as 
aa probe on a DNA blot of genomic DNA of 11.5 dpc and 15.5 dpc wildtype embryos and placentas digest-
edd with BamHl (-) or BamHl and BraHII (+). Only a 3.3 kb genomic fragment was detected upon diges-
tionn with .BssHII showing the Slc22a3 CpG-island is unmethylated. (E) RNA blot of 13.5 dpc placental 
RNAss isolated from wildtype mice (+/+) maternally (Aa3/+) or paternally (+/Aa3) inherited targeted allele, 
andd homozygous targeted mice (Aa3/Aa3). The 2.8 kb Slc22a3 RNA is specific for the targeted allele. 

Thee Slc22a3 promoter is embedded in a CpG-island [14], (Genbank AF078748). To investi-

gatee if the Slc22a3 CpG-island is methylated in a manner that correlates with imprinted 

expressionn in placenta, we performed a methylation-sensitive DNA blot analysis. Complete 

digestionn of two 5 M H I I sites (Figure 2D) and 5acII and HpaW sites (present at several sites in 

thee CpG island promoter, data not shown) was observed in both 11.5 dpc and 15.5 dpc embry-

onic,, placental and adult tail genomic DNA. Thus, the Slc22a3 CpG-island is non-methylated 

onn both alleles in expressing and non-expressing tissues, irrespective of the imprinted expres-

sionn of Slc22a3 in early placenta. 
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Targetedd inactivation of Slc22a3 removed a 4.3 kb fragment containing the complete 
CpGG island and exon 1. This deletion abolished Slc22a3 gene expression in Aa3/Aa3 adult tis-
suess and in 11.5 dpc placentas (Figure 2B [19]). However, in placentas from 12.5 dpc onward, 
aa 2.8 kb aberrant, non-translated Slc22a3 transcript that uses exons 3-11 was identified in mice 
carryingg the targeted allele [19]. As the original Slc22a3 gene promoter (PI) was deleted, an 
alternativee promoter sequence (P2) must be employed to drive expression of the 2.8 kb tran-
script.. Figure 2E shows that expression of the 2.8 kb transcript is specific to the targeted allele 
andd is expressed only from the maternal allele in 13.5 dpc placenta (compare lanes Aa3/+ with 
+/Aa3).. Note that the Aa3/+ lane shows maternal expression of the 2.8 kb transcript and pater-
nall  expression of the 3.5 kb transcript indicating the partial depression of the PI promoter at 
thiss stage. The aberrant 2.8 kb transcript is expressed one day later than the 3.5 kb wildtype 
mRNAA and imprinted expression persists until 15.5 dpc in most, but not all offspring, indicat-
ingg a temporal difference between the PI and P2 Slc22a3 promoters (Figure 2 and data not 
shown). . 

TheThe flanking Slc22a2 gene is imprinted in placenta. 
Thee finding that both the Slc22a3 wildtype PI and the aberrant P2 promoter were imprinted in 
earlyy placenta prompted us to re-examine imprinted expression of other genes flanking Igf2r. 
Wee had previously shown in 14.5 dpc embryos that the Pig, Tcp-1, and Sod2 genes (Figure 1) 
weree not imprinted, however, placental tissues were not tested [24]. We have re-tested these 
geness and find no imprinted expression in 11.5 dpc embryos, nor in 11.5 dpc and 15.5 dpc pla-
centass (data not shown). Other genes in this region include the Masl gene, initially described 
ass imprinted in embryonic tissue, but later shown to be expressed solely in adult brain and 
testiss and to lack any imprinted expression [13, 17], and the Slc22al and Slc22a2 genes that 
liee between Slc22a3 and Igf2r. Slc22al is not expressed during embryonic development, and 
expressionn in adults has been shown to be biallelic [13]. Slc22a2 expression had previously 
beenn reported only in adult kidney and brain [25]. However, hybridisation of wildtype pla-
centall  RNA with an Slc22a2 cDNA probe detects abundant expression (Figure 3 A). Analysis 
off  embryos heterozygous for the Thp allele shows that in both 11.5 dpc and 15.5 dpc placen-
tas,, Slc22a2 was repressed on the paternal allele (Thp/+), but showed normal expression from 
thee maternal allele (+/Thp). Imprinted maternal-specific Slc22a2 expression was also con-
firmedfirmed at these two developmental ages in placenta of mice carrying a targeted Slc22a2 null 
mutationn that are wildtype for the Igf2r allele (Hans Jonkers and AS, data not shown). 
Methylationn analysis of the Slc22a2 promoter region in 13.5 dpc placental DNA from Thp/+ 
reciprocall  crosses demonstrated an absence of parental-specific methylation at Hpall sites 
(dataa not shown). Paternal expression of Slc22a2 in later placental stages could not be exam-
inedd in Thp/+ offspring due to lethality at 16.5 dpc, however, adult mice can be obtained in 
crossess with the PWD Mus m. musculus subspecies [26]. Figure 3B shows that while imprint-
ingg of Igf2r is maintained in adult kidney, the Slc22a2 gene is expressed from the paternal 
allele.. However, comparison with Actin indicates that expression of the paternal Slc22a2 allele 
iss reduced compared to the maternal allele. 

Inn development, imprinting of Slc22a2 and Slc22a3 is restricted to placenta. Neither 
genee is expressed in embryonic tissues assessed by non-amplification techniques although low 
levelss of Slc22a2 can be detected by RT-PCR in early embryos (RZ data not shown, [14, 25]). 
Slc22a3Slc22a3 show a loss of imprinted expression in late placenta contrasting with Slc22a2, which 
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Adultt Adult 
kidneyy liver 

Figuree 3. Slc22a2 is imprinted in placenta but not in adult tissue. 
(A)) RNA blot of 11.5 and 15.5 dpc wildtype (+/+) and maternal T-hairpin (Thp/+) and paternal T-hairpin 
(+/Thp)) placentas. The blot was hybridised successively with Slc22a2 and Pail. (B) RNA blot of adult 
liverr and kidney from maternal (Thp/PWD) and paternal (PWD/Thp) The blot was hybridised succes-
sivelyy with Igf2r, Slc22a2 and Actin. 

maintainss imprinted expression at this stage. The Igf2r gene differs from Slc22a2 and Slc22a3 
becausee it shows imprinted expression in embryos that is maintained in adult tissues (Figure 
3B,, and [26]. Adult brain has been reported as showing a loss of Ig/2r imprinting [27]. 
However,, while the paternal Igf2r allele is re-expressed to some extent in brain, it remains 
repressedd compared to the maternal allele when analysed by non-amplification techniques 
[13].. Thus, these three genes show differences both in the regulation of their imprinted expres-
sionn and in their general expression patterns. The biological significance of Slc22a2 and 
Slc22a3Slc22a3 imprinting is not clear at this time as neither gene has an essential developmental 
functionn in embryos or adults ([19], H. Jonker and AS, personal communication). Taken 
togetherr these results identify a new cluster of imprinted genes in the proximal part of mouse 
chromosomee 17. 

ControlControl of imprinted expression by Region2 
Thee imprinted expression of the two Slc22a3 PI and P2 promoters and of the Slc22a2 gene, 
resembless that of the Igf2r gene in that all transcripts show maternal-specific expression. The 
imprintedd expression of Igf2r has been shown, by using targeted deletion in mice, to be con-
trolledd by the Region2 ICE that lies in intron 2 [16]. To investigate whether this ICE also reg-
ulatess imprinted expression of the Slc22a3 and Slc22a2 genes we performed gene expression 
analysiss in placentas from double heterozygote crosses of T-hairpin (Thp) and Region2 dele-
tionn (AR2) mice (Figure 4). Thp/+ placentas showed no expression of the Slc22a3, Slc22a2, 
andd Igf2r genes at 11.5 dpc, confirming the absence of expression from the paternal copy of 
thesee genes at this time point in this genetic background. When a Region2 deletion was intro-
ducedd on the paternal allele (Thp/AR2), paternal expression of the three genes; Slc22a3 (PI 
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Figuree 4. The Region2-ICE regulates imprinting of Slc22a2 and Slc22a3. 
RNAA blot of 11.5 and 15.5 dpc wildtype (+/+), maternal T-hairpin (Thp/+), paternal Region2 deletion 
(+/AR2),, and maternal T-hairpin/paternal Region2 deletion double heterozygote (Thp/AR2) placentas. The 
blott was hybridised successively with Igf2r, Slc22a2 Slc22a3and Pail. 

promoter,),, Slc22a2, and Igf2r, is now apparent to a level which approximates the maternal 
expressionn observed in the wildtype placentas (+/+). Thee Slc22a3 P2 promoter was not tested 
sincee the tight linkage (210 kb) would have required an excessive breeding program to place 
thee Slc22a3 P2 promoter in cis to the Region2 deletion. At 15.5 dpc Slc22a3 is expressed from 
thee paternal allele in (Thp/+) placenta indicating that it has also lost its imprinted expression 
inn placenta in this genetic background. Imprinted expression of the Slc22a2 and Igftr genes is 
maintainedd at this later time point in this genetic background and is still dependent on the pres-
encee of Region2 (15.5 dpc, Thp/AR2). 

Region2Region2 is a bidirectional silencer 

Thee data presented here show that the Region2 ICE is a bidirectional silencer on the paternal 
allelee able to simultaneously repress a cluster of genes in a 400 kb domain. The silencing activ-
ityy of Region2 on the paternal chromosome correlates with absence of methylation and the 
presencee of Air RNA, in contrast expression of the Igf2r/Slc22a2/Slc22a3 cluster on the mater-
nall  chromosome correlates with Region2 methylation andv4;> repression [15]. The presence of 
aa methylation imprint on the active maternal allele indicates interestingly, that this allele is epi-
geneticallyy activated by DNA methylation. This interpretation contrasts with results obtained 
inin vitro based on demethylating agents [27], but is consistent with results obtained in vivo 
basedd on mouse mutants lacking the maintenance methyltransferase gene [5]. A large number 
off  imprinted genes have now been shown to be epigenetically activated by imprints (reviewed 
inn [2]. 
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Thee earlier demonstration that deletion of the Region2 ICE containing the Air pro-
moterr leads to de-repression of the Igf2r promoter, suggested several models to explain its 
actionn [15]. The expression-competition model proposed that competition for limiting tran-
scriptionn factors, or for the use of shared cw-acting elements, could prevent co-expression of 
thee Igf2r and Air promoter in cis. However, the identification of four additional examples of 
imprintedd protein-coding genes overlapped by antisense non-coding RNAs on their silent 
allelee (UBE3A-as overlapping UBE3A [28], KCNQIOTI overlapping KCNQ1 [29], Nesp-as 
overlappingg Nesp [30], Cop2-as overlapping Cop2 [31]), indicated a function for sense/anti-
sensee transcription, e.g., by promoter occlusion or by the formation of double-stranded inter-
feringg RNA on one chromosome. The demonstration here of the bi-directional action of 
Region22 is a surprise, and while it does not directly exclude a function for the Air RNA, it does 
indicatess that neither the antisense orientation nor the physical overlapping of coding/non-cod-
ingg transcripts is necessary for repression at least of Slc22a2 and Slc22a3 (see Figure 1). While 
alll  three genes are regulated by the Region2 ICE, it remains possible that a dual mechanism 
operatess for transcriptional silencing, and a role for the Air RNA in silencing Igf2r is not yet 
excluded.. In vitro deletion of the antisense KCNQIOTI promoter in a hamster/human hybrid 
celll  line, leads to de-repression of upstream and downstream genes, indicating it may also be 
bidirectionall  silencer [12]. 

Thee recent demonstration that imprinting of the Igf2/H19 genes is caused by the 
insulatorr CTCF protein binding to the unmethylated maternal allele at the H19 ICE and so pre-
ventingg interaction between the Ig/2 promoter and enhancer; showed that repressed genes lie 
onn one side of the ICE and indicates that repression is unidirectional (reviewed in [32]. 
Recently,, it has also been proposed that that 'epigenetic regulation of access to shared 
enhancers'' may be a common feature of imprinting mechanisms [33]. Although enhancers for 
nonee of the genes studied here have been identified, the location of the Slc22a2 and Slc22a3 
geness on the opposite side of the Region2 ICE as the Igf2r promoter shows the bi-directional 
actionn of Region2 and argues against the generality of the shared enhancer model. The data 
presentedd here are compatible with a model that the Region2-ICE has a long range effect on 
thee paternal allele leading to silencing of upstream and downstream susceptible gene promot-
ers.. The details of the silencing action are not yet known but may involve chromatin changes 
suchh as indicated by the observation that a 1 Mb domain around the Igf2r locus shows a 
parental-specificc replication asynchrony whereby the paternal allele replicates before the 
maternall  [34]. Since the early replicating allele is predicted to indicate a less compact chro-
matinn structure, this pattern reflects the paternal-specific expression of Air and may provide a 
possiblee explanation as to why Region2 ICE fails to silence the paternal Air promoter. 

Thee data presented here demonstrates the existence of a cluster of three imprinted 
andd maternally-expressed protein-coding genes on proximal mouse chromosome 17 that are 
silencedd on the paternal chromosome by the unmethylated Region2 ICE. While these results 
cannott directly exclude a rolee for Air expression because the 3.7 kb deleted in the AR2 allele 
includedd the Air promoter, they do clearly demonstrate that silencing mechanisms in genomic 
imprintingg can act bi-directionally on several genes in a sub-chromosomal domain. 
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Materialss and Methods 

Mice Mice 
Al ll  mouse strains were maintained on an FVB/N background. Genotyping as described: Thp, 
AR22 [15], Aa3 [19]. Timed matings (vaginal plug = 0.5 dpc) were used to collect samples at 
differentt developmental stages. 

ExpressionExpression analysis 

RNAA was isolated by LiCl/Urea and analysed by standard formaldehyde gels and hybridiza-
tionn techniques. Probes: Igf2r, exon 3 to exon 6 RT-PCR fragment; Slc22a2, 626 bp RT-PCR 
fragmentt (bp 989-1605; AJ006036); Slc22aS, 2.7 kb £coRI cDNA fragment detects the wild-
typee and aberrant transcript (bp 1-2766; AF078750); Pail, 500 bp cDNA fragment [19]; Pig, 
5266 bp RT-PCR fragment (bp 2129-2655; NM008877); Sod2, 1 kb cDNA fragment and Tcp-
1,1, 0.8 kb cDNA fragment [24]. 
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