
INTRODUCTION

Imprinted genes are expressed from one of the parental
chromosomes only and have important roles in mammalian
development, including in the control of foetal growth,
placental development and behaviour after birth (Brannan and
Bartolomei, 1999; Ferguson-Smith and Surani, 2001; Reik and
Walter, 2001; Tilghman, 1999). Imprinted genes are regulated
by epigenetic modifications, including DNA methylation, that
originate in the parental germlines and are further elaborated
after fertilisation. Several elements have recently been
identified that contribute to the regulation of imprinted genes,
including enhancers, promoters, silencers and chromatin
boundary elements. Of these, promoters, silencers and
boundary elements have been shown to be regulated
epigenetically, leading to gene silencing or activation
selectively on one allele. Many imprinted genes occur in
clusters in which they can share some of these regulatory
elements. 

A large cluster of imprinted genes in the mouse is located
on distal chromosome 7 and contains at least 15 imprinted
transcripts (Reik and Walter, 2001). Genes in this cluster are
particularly important for the control of foetal growth and
placental development. The human orthologues of these genes
are implicated in growth disorders and cancer (Feinberg, 2000;

Maher and Reik, 2000; Tycko, 2000). Within this domain,
the paternally expressed Igf2 gene and the closely linked
maternally expressed H19 gene provide a well-studied
paradigm of imprinting regulation. Igf2 encodes a potent foetal
growth factor and mice that lack the gene are only 50-60% of
normal size at birth (DeChiara et al., 1991). H19 encodes an
RNA of uncertain function (Hao et al., 1993; Jones et al., 1998;
Li et al., 1998). Both genes are expressed coordinately in the
majority of foetal tissues that arise from endodermal and
mesodermal lineages. 

Several elements have been identified that are important for
the coordinate regulation of imprinting and expression of Igf2
and H19. A set of two endodermal enhancer elements are
located a few kilobases downstream of H19, and are necessary
for endodermal expression of both genes (Leighton et al.,
1995a). The access of the Igf2 promoters to these enhancers is
restricted on the maternal allele by a chromatin boundary
element located upstream of H19 (Bell and Felsenfeld, 2000;
Hark et al., 2000; Kaffer et al., 2000; Kanduri et al., 2000;
Szabo et al., 2000; Thorvaldsen et al., 1998). On the paternal
allele, H19 is silenced by promoter methylation (Bartolomei et
al., 1993; Ferguson-Smith et al., 1993). The intergenic region
and the region upstream of Igf2 contain silencer elements that
are also crucial for keeping the maternal Igf2 gene silenced
(Ainscough et al., 2000a; Constancia et al., 2000). The silencer
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The radiation-induced mutation minute (Mnt) in the mouse
leads to intrauterine growth retardation with paternal
transmission and has been linked to the distal chromosome
7 cluster of imprinted genes. We show that the mutation is
an inversion, whose breakpoint distal to H19 disrupts and
thus identifies an enhancer for Igf2 expression in skeletal
muscle and tongue, and separates the gene from other
mesodermal and extra-embryonic enhancers. Paternal
transmission of Mnt leads to drastic downregulation of Igf2
transcripts in all mesodermal tissues and the placenta.
Maternal transmission leads to methylation of the H19
differentially methylated region (DMR) and silencing of

H19, showing that elements 3′ of H19 can modify the
maternal imprint. Methylation of the maternal DMR leads
to biallelic expression of Igf2 in endodermal tissues and
foetal overgrowth, demonstrating that methylation in vivo
can open the chromatin boundary upstream of H19. Our
work shows that most known enhancers for Igf2 are located
3′ of H19 and establishes an important genetic paradigm
for the inheritance of complex regulatory mutations in
imprinted gene clusters. 
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upstream of Igf2, like the chromatin boundary upstream of
H19, is epigenetically regulated by DNA methylation (Eden et
al., 2001; Holmgren et al., 2001). 

However, a complete picture of Igf2 and H19 regulation and
their phenotypic effects has not emerged, partly because some
of the crucial elements have yet to be identified. The Igf2
silencers show specificity for mesodermal tissues (Ainscough
et al., 2000a; Constancia et al., 2000); it is unknown whether
there are similar elements for endodermal tissues. What is
clear, however, is that several mesodermal enhancers must exist
for Igf2 and H19. One of these is located on a YAC transgene
that extends to 35 kilobases downstream of H19 (Ainscough et
al., 2000b) and is likely to be downstream of the endoderm
enhancers (Kaffer et al., 2000). Several conserved sequence
elements have been detected in this region, some of which can
direct expression in some mesodermal tissues in transgenic
assays (Ishihara et al., 2000). Other mesodermal elements are
outside the region covered by the YAC transgene (Ainscough
et al., 2000b). 

We show that the radiation-induced mouse mutation minute
(Mnt) (Cattanach et al., 2000) has lost expression of Igf2 in
mesodermal tissues and in the placenta, thus leading to
intrauterine growth retardation. The molecular identification of
the mutation enabled us to locate mesodermal and extra-
embryonic enhancers that are required for Igf2 expression, and
has provided a valuable mouse model for complex regulatory
mechanisms in imprinted gene clusters. 

MATERIALS AND METHODS

Growth analysis
Crosses were set up between different strains of mice as required, and
vaginal plugs were checked daily. For developmental staging
purposes, the day of vaginal plug detection is considered to be day 1
of pregnancy. The days of embryonic development (E) were counted
from day 1. The days of postnatal development (P) were counted from
day 1 being the day of birth. In all experiments the wet weight of
embryos, placentae and other organs are the weights after partial
removal of fluid from around the tissue with absorbent paper. An
unbalanced analysis of variance (Genstat statistical package) was used
to test for differences between the genotypes (wild type and mutant),
taking into account differences between litters. The tables of means
were derived by calculating the mean of the mean weights of
individual offspring of the genotype concerned in each litter. This
provides a more representative analysis, accounting for the differing
number of mutant and wild-type animals in each litter, and minimising
the variation that could occur due to environmental differences that
individual litters might have experienced. The standard deviation
(s.d.) was obtained using the standard formula for the variants of the
mean of random variables:

where s.d.1 was the s.d. for litter 1 etc. and n was the number of litters.

Mouse strains used
The mice used in most experiments (and controls) were F1 hybrids
from C57BL/6J and CBA/Ca inbred strains, which are of Mus
musculusdomesticus origin.

SD7 is a congenic stock in which the distal region of chromosome
7 is of Mus spretusorigin on an otherwise Mus musculus domesticus
background. It was produced by backcrossing mice carrying the Mus

spretus Igf2-H19 region to the F1 hybrid C57BL/6J×CBA/Ca
background over four generations and then intercrossing these to
make homozygotes. 

The minute mutation (Mnt) investigated was induced in a male
mouse of an F1 (C3H/HeH×101/H) hybrid background. It was
subsequently crossed with SD7 and F1 (C57BL/6J×CBA/Ca) hybrid
stock to produce SD7/Mnt and F1/Mnt animals respectively, although
the region surrounding the Mnt mutation is assumed to retain its
C3H/HeH or 101/H genetic identity.

Igf2 RIA
Radioimmunoassay for Igf2 was performed on mouse serum as
previously described (Hill, 1990) after extraction of Igf2 binding
proteins by separation on Sephadex G50. Cross-reactivity of Igf1 in
the Igf2 RIA was less than 2%.

Nothern blot analysis 
RNA was extracted from tissues using a Qiagen RNeasy Kit according
to the protocol of the manufacturer. The concentration and purity of
RNA was determined by measuring the absorbance at 260 nm and
280 nm in a spectrophotometer (Cecil 2041). RNA (10 µg) was
electrophoresed through 1% formaldehyde gels and subsequently
blotted onto nylon membrane according to the protocol supplied
(Schleicher and Schuell). The filters were hybridised with DNA
probes labelled with [α-32P]dCTP using Pharmacia’s oligolabelling
kit and the random priming method (Feinberg and Vogelstein, 1983).
Prehybridisations and hybridisations were performed in hybridisation
buffer (0.5 M sodium phosphate, pH 7.2, 1 mM EDTA, 7% SDS) at
65°C. After hybridisation, the filters were washed in 25 mM sodium
phosphate, pH 7.2, 1% SDS at 65°C, and exposed to X ray film for
an appropriate length of time. The probes used were as follows: a 0.9
kb KpnI/BamHI genomic fragment which detects all Igf2 transcripts,
comprising intron 5 and the 5′ region of exon 6 (Feil et al., 1994). A
2.2 kb EcoRI/BamHI fragment that specifically detects the P0
transcript of Igf2 (Moore et al., 1997). A 1.9 kb EcoRI fragment
comprising the entire H19cDNA sequence, and a 250 bp HindIII/PstI
fragment comprising the 5′ end of the glyceraldehyde-3-phosphate
dehydrogenase gene (Gapdh) for RNA loading control.

RT-PCR 
First strand cDNA synthesis from 1 µg of total RNA was performed
using GibcoBRL Superscript II Reverse Transcriptase according to
the protocol of the manufacturer using random hexamers as primers.
Igf2 PCR was performed on the cDNA, using primers
GGCCCCGGAGAGACTCTTGC (forward) and TGGGGGTGG-
GTAAGGAGAAAC (reverse) (60°C annealing temperature, 2.5 mM
MgCl2). PCR products were digested with BsaAI in order to
determine the allelic origin of the transcript (Dean et al., 1998).

In situ hybridisation
E14 embryos were fixed for 3-4 hours at 4°C in Bouins solution (75
ml picric acid, 25 ml 37% formalin, 5 ml glacial acetic acid), wax
embedded and sectioned at 7 µm. Sections were post-fixed in 4%
paraformaldehyde (PFA) in PBS and subjected to in situ hybridisation
according to published protocol (Braissant and Wahli, 1998). A 426
bp BamHI/SacI fragment from mouse Igf2 cDNA (encompassing exon
5) was used to generate sense and antisense probes to detect the Igf2
transcripts. The probes were labelled by in vitro transcription using
the digoxigenin RNA labelling kit (Roche) and NBT/BCIP was used
to detect the signal in accordance with the manufacturer’s protocol. 

Genotyping by PCR 
Genomic DNA was prepared according to a standard protocol (Laird
et al., 1991). PCR using the following primer combinations
(56°C annealing temperature) was used to identify wild-type and
Mnt samples: GGTTCCTGCCTTGAGTCCTTA (forward) and
TTTGGGTGGCTAAGTGCTCAG (reverse) amplify over BP2 on the

√ 3(s.d.1)2 + (s.d.2)2 + (s.d.n)2 ….4
n
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Mnt chromosome (Fig. 6D); CACAGCCCTCAAACCCACTAA
(forward) and GGGCAGTAGAGGAGCAAGCAT (reverse) amplify
over BP1 on the wild-type chromosome. PCR primers
CGTGTGAAGGCACACCTG (forward) and GAGCATCTGTGTGT-
GTGCCT (reverse) were used to amplify a polymorphism at MIT
marker D7Mit167 to determine the presence of either an SD7 (219 bp
product) or Domesticus (189 bp product) allele.

Southern hybridisation
Genomic DNA digested with the appropriate enzymes was
electrophoresed through a 1×TBE-agarose gel of appropriate
concentration and subsequently immobilised on nylon membrane
(Schleicher and Schuell) according to the protocol supplied with the
membrane using 0.4 M NaOH. After the transfer of DNA, the filters
were neutralised in 1.5 M NaCl, 0.5 M Tris (pH 8) before
hybridisation. The filters were hybridised with [α-32P]dCTP-labelled
DNA probes as described above. Before hybridisation, labelled
cosmids were incubated with 250 µg of sheared genomic DNA for 1
hour at 65°C to block hybridisation to repetitive DNA sequences.

FISH
Fluorescent in situ hybridisation (FISH) was performed essentially as
described (Croft et al., 1999) on three-dimensionally preserved nuclei
using adult spleen cells from a heterozygous Mnt mouse applied to
poly-L-lysine slides at a density of approximately 5×104/cm2 and
treated before hybridisation as described (Croft et al., 1999). Cosmid
AH (Fig. 5) and a BAC-spanning BP2 were labelled with biotin
and digoxigenin, respectively, using the Nick Translation System
(Promega). Probes (30-50 ng per slide) were precipitated with 10 µg

of CotI DNA and 5 µg of salmon sperm DNA and re-suspended in
10 µl of hybridisation mix (50% deionised formamide, 2×SSC, 1%
Tween, 10% dextran sulphate). Before hybridisation, the probe
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Fig. 1.Foetal and plactental weights of Mnt mutants. Weights following paternal (blue circles) and maternal (red circles) transmission of the
Mnt mutation, and their corresponding wild-type littermates (black squares) are shown in grams. (A) Foetal weights at embryonic (E) and
postnatal (P) stages following paternal transmission of the Mnt mutation. (B) Placental weights with paternal transmission of Mnt (blue circles).
(C) Foetal weights at embryonic (E) and postnatal (P) stages following maternal transmission of the Mnt mutation. (D) Placental weights with
maternal transmission of Mnt (red circles). 

Table 1. Foetal and postnatal weights following
transmission of Mnt mutation

Weight in Offspring: Difference in mean
Genotyope Age g (±s.d.) litters weights (%)

Pat+ E13 0.087±0.004 16:3 83.2**
MntP E13 0.073±0.013 18:3
Pat+ E14 0.175±0.027 15:4 75.2**
MntP E14 0.132±0.024 15:4
Pat+ E18 0.933±0.117 14:3 59.1**
MntP E18 0.551±0.072 15:3
Pat+ P1 1.513±0.092 18:3 53.3**
MntP P1 0.807±0.061 6:3
Pat+ P15 8.802±1.298 47:4 56.3**
MntP P15 4.960±1.110 19:4
Pat+ P21 11.336±0.689 26:5 55.8**
MntP P21 6.332±0.797 7:5

Mat+ E14 0.149±0.019 16:5 108.7 (NS)
MntM E14 0.162±0.009 17:5
Mat+ E18 0.894±0.132 22:4 113.6*
MntM E18 1.016±0.098 16:4
Mat+ P1 1.553±0.148 16:4 107.7*
MntM P1 1.674±0.137 14:4

The significance values were obtained from unbalanced analysis of
variance: NS not significant; *P<0.01; **P<0.001. E, embryonic; P, postnatal.
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hybridisation mix was denatured at 70°C for 5 minutes and pre-
annealed at 37°C for 15 minutes. Hybridisation was performed for 36
hours at 37°C in a dark moistened chamber. After hybridisation, slides
were washed four times for 3 minutes in 50% formamide/2×SSC, pH
7.5 at 45°C, four times for 3 minutes in 2×SSC at 45°C, four times
for 3 minutes in 0.1×SSC 60°C and transferred to 4×SSC/0.1% Tween
20 (Solution A). Blocking buffer (40 µl 4×SSC/5% Marvel) was
applied for 5 minutes prior to application of the first antibody. Each
antibody incubation was performed in a dark moistened chamber for
1 hour at 37°C. Slides were washed three time for 3 minutes with
Solution A at 37°C in between each antibody incubation. Antibodies
were diluted in blocking buffer and applied in the following order:
sheep anti-digoxigenin (1:1000), rabbit anti-sheep fluorescein
(1:200), goat anti-rabbit fluorescein (1:200) and avidin D-Texas Red
(1:250) together, goat anti-avidin D-Biotin (1:250), and D-Texas Red
(1:250).

Production of transgenic mice and β-galactosidase
staining
DNA fragments to be injected were liberated from vector sequences
by restriction digestion, electrophoresed in an agarose gel and
recovered using QIAEX II gel extraction kit (Qiagen). Fertilised one-
cell eggs were microinjected with about 200 copies of the transgene
fragments, cultured overnight and transferred to the oviducts of
pseudopregnant females at the two-cell stage. Embryos were
recovered at E14 and fresh frozen, while the yolk sacs were collected
and stained for β-galactosidase activity as described (Hogan et al.,
1994) in order to identify embryos that expressed the transgene.

Positive embryos were subsequently cryosectioned at a thickness
of 15 µm and slides were processed for β-galactosidase activity
according to the above method.

RESULTS

Altered foetal growth correlates with levels of Igf2
expression
Paternal transmission of the Mnt (MntP) mutation resulted in
intrauterine growth retardation (IUGR) first detected at E13
with a birth weight of >50% of normal (Cattanach et al., 2000).
Placental weights were also reduced, and there were postnatal
losses of up to 75% of the MntP offspring between birth
and weaning, the extent of which was strongly dependent on
genetic background. Homozygous Mnt foetuses died between
E15 and E17 (Cattanach et al., 2000).

Progeny from paternal transmission of the Mnt mutation [F1
C57BL/6J×CBA/Ca) female × (F1/Mnt) male] and maternal
transmission (Mnt/SD7 female×SD7 male) were collected at
various time points and the wet weights were analysed. The
statistical significance between the weights of wild-type (+)
and Mnt littermates was determined by an unbalanced analysis
of variance test, performed using the linear model fitting
facilities of the Genstat statistical package (see Materials and
Methods for details). 

The growth retardation resulting from paternal transmission
of Mnt was evident at embryonic (E) day 13 (83% of +),
although the difference between + and MntP littermates
increased until the day of birth (53% of +) (Fig. 1A, Table 1).
Placental weights were also reduced from E13 (78% of +),
reaching 56% of + at E18 (Fig. 1B, Table 2). The size
difference between + and MntP offspring observed at birth
averaged 55%, but can vary depending on the genetic
background (the inheritance of an SD7 allele appears to affect
birth weights – data not shown) and was subsequently
maintained into adulthood (Fig. 1A, Table 1). While in E18
litters the expected 50% of MntP offspring was observed, there
were immediate postnatal losses of MntP animals so that on the
day of birth (P1) only one third of the expected MntP offspring
were present (Table 1). The cause of death is currently not
known. 

Maternal inheritance of the Mnt mutation (MntM) resulted in
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Fig. 2.Expression analysis of Igf2 and H19 in Mnt. (A) Northern blot analysis of total RNA prepared from the different classes of E14
intercross embryo and placenta samples; MntP n=4; MntM n=4; wild type n=4; homozygous Mnt (Hom) n=2 (n=sample number analysed).
(B) Histogram of Igf2 (3.8 kb transcript) relative expression levels obtained in A normalised against Gapdhfor each class of intercross sample,
error bars show the standard deviations. (C) Circulating Igf2 serum (ng/ml) levels in neonates (P1) following paternal (n=12) and maternal
(n=17) transmission of Mnt, and their corresponding wild-type littermates (n=9 and n=11, respectively). Error bars show the standard
deviations.

Table 2. Placental weights following transmission of Mnt
mutation

Weight in Offspring: Difference in mean
Genotype Age g (±s.d.) litters weights (%)

Pat+ E13 0.067±0.012 15:3 78.0**
MntP E13 0.052±0.009 17:3
Pat+ E14 0.086±0.011 15:4 72.6**
MntP E14 0.063±0.013 15:4
Pat+ E18 0.088±0.015 14:3 55.9**
MntP E18 0.049±0.006 15:3

Mat+ E14 0.111±0.111 16:5 91.9 (NS)
MntM E14 0.102±0.012 17:5
Mat+ E18 0.131±0.016 22:4 115.3*
MntM E18 0.151±0.013 16:4

The significance values were obtained from unbalanced analysis of
variance: NS, not significant; *P<0.01; **P<0.001.
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foetal overgrowth, which was first significant at E18 (113% of
+, Fig. 1C, Table 1). Overgrowth (108% of + on the day of
birth) did not affect survival and equal numbers MntM and +
neonates were obtained. Similarly, maternal transmission of
Mnt resulted in an overgrown placenta on E18 (115% of +)
(Fig. 1D, Table 2). This effect of maternal transmission of
the mutation on growth has not previously been described
(Cattanach et al., 2000), presumably because the effect is only
moderate.

Paternal transmission of Mnt thus resembled the phenotype
of Igf2-null mice (DeChiara et al., 1991), whereas maternal
transmission resembled that of the H19 knockout, which
expresses Igf2 biallelically (Leighton et al., 1995b), although
here the degree of overgrowth is not as great. As Mnt was
genetically linked to MIT markers D7Mit46 and Mit167
(Cattanach et al., 2000) located at the Igf2 gene on distal
chromosome 7, expression levels of Igf2 were analysed by
northern blotting to determine if the growth phenotype was

Fig. 3. Tissue specific analysis of Igf2 expression. (A) Northern analysis ofIgf2 and H19 in neonatal (P1) tissues following paternal
transmission of Mnt and the corresponding wild-type littermates. (B) Histogram of relative Igf2 expression levels normalised against Gapdh.
Error bars show the standard deviations when multiple samples were analysed: tongue 35% (n=2 wild type, n=2 MntP), liver 110% (n=5 wild
type, n=6 MntP), intestine 71% (n=4 wild type, n=5 MntP), muscle 62%% (n=1 wild type, n=2 MntP). (C) In situ hybridisation analysis of Igf2
expression in E14 MntP embryos and placentae. Images were captured with standardised exposure times, degree of illumination and level of
magnification. Choroid plexus (cp), tongue (t), heart (h), lung (lu), liver (li), intestine (i) and intercostal muscle (im). Note the difference in
embryonic and placental sizes between MntP and wild type. (D) Higher magnification of some organs. Note the reduced levels (apparently cell-
type specific) observed in the intestine, lung and tongue. (E) Cell-type specific expression within the intestine. Expression in MntP is retained in
the endodermal epithelial lining (e) but lost in the mesodermal muscular layer (m) of the intestine. (F) Cell-type specific expression within the
lung. Igf2 expression in MntP is only retained in those bronchi with closed lumen (c) while it is lost in the open bronchi (o) and mesenchyme.
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induced through alterations in the control of Igf2. Embryos
were obtained from (Mnt/SD7) female × (F1/Mnt) male
intercrosses at E14, before the death of homozygous Mnt
embryos (Fig. 2A). This cross allowed the distinction of the
parental origin of the different alleles and all four classes of
embryos were obtained (verified by genotyping PCR – see
Materials and Methods for details), although homozygous
embryos were under-represented (from nine litters + (SD7/F1)
n=16; MntM (Mnt/F1), n=18; MntP (SD7/Mnt), n=23;
Mnt/Mnt, n=4). Homozygous embryos did not significantly
differ in weight from MntP embryos at E14 (data not shown),
although their placentae were smaller [homozygous placenta
were 60% of + (data not shown) compared with 78% of + for
MntP at E14]. 

Igf2 expression was substantially reduced in MntP embryos
(18% of +) and in homozygous Mnt embryos (38% of +), but
was normal in MntM embryos at this stage (Fig. 2A,B). Igf2
transcripts, including the placenta-specific transcript P0, were
absent from the placenta of MntP and homozygous Mnt embryos
(Fig. 2A,B). Moreover, the neighbouring maternally expressed
H19 gene was silenced in both MntM and homozygous Mnt
embryos and placentae, while paternal transmission of the
mutation did not affect its expression (Fig. 2A).

Additionally, serum levels of Igf2 peptide were determined
in MntM and MntP neonates (Fig. 2C). Circulating levels of Igf2
were reduced in MntP mice (54% of +), and were elevated in
the MntM mice (129% of +). Thus, there is a correlation
between the levels of Igf2 transcripts, the levels of circulating
Igf2 peptide, and the growth patterns observed in the two
classes of Mnt mutants (maternal and paternal transmission) in
comparison to + animals. Thus, the Mnt mutation is highly
unusual in that three different classes of phenotype are
observed: IUGR following paternal transmission, overgrowth
after maternal transmission, and embryonic lethality in the
homozygous state.

Paternal transmission of Mnt leads to repression of
Igf2 in mesodermal tissues and placenta 
The northern blot analysis of whole foetuses showed that while
the level of Igf2 expression was substantially reduced in E14
MntP embryos (Fig. 2), some residual levels of expression
remained (18%). Therefore, Igf2 transcripts were analysed
in specific tissues from MntP neonates (Fig. 3A). A striking
pattern of tissue specificity was found, with complete
repression of Igf2 in the heart, lung and kidney, substantially
reduced levels of Igf2 in the tongue and skeletal muscle (35%
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Fig. 4. Expression and methylation analysis with maternal transmission of Mnt. (A) Northern analysis ofIgf2 and H19 in neonatal (P1) in MntM

and the corresponding wild-type littermates. (B) Representation of the Igf2 expression levels normalised against Gapdh (in tissues in which Igf2
expression was detectable after paternal transmission). Error bars show the standard deviations when multiple samples have been analysed.
Tongue wild type n=1, MntM n=1; lung wild type n=4, MntM n=3; liver wild type n=5, MntM n=3; intestine wild type n=4, MntM n=4; muscle
wild type n=1, MntM n=1. (C) Methylation analysis of H19DMR in homozygous Mnt foetuses (E17) using a 3.8 kb SacI probe, hybridised to
SacI- and AatII-(methylation sensitive) digested genomic DNA (Tremblay et al., 1995). Note the absence of the unmethylated allele in the
homozygous Mnt sample, showing methylation of the maternal Mnt allele, while in the wild type the maternal allele is unmethylated. (D) Allele
specific expression analysis of Igf2 in MntM neonatal (P1) tissues (Mnt×SD7) and the corresponding wild-type littermates (F1×SD7) by RT-PCR
(Dean et al., 1998) (three individual samples analysed). The 602 bp band corresponds to the maternal allele, while the 473 bp corresponds to
the paternal SD7 allele.
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Fig. 5. Identification and characterisation of the Mnt mutation.
(A) Representation of three cosmids used to screen for alterations
in the Igf2-H19 region. The approximate location of the Mnt
mutation is marked with #. (B) Hybridisation of cosmid CH to
homozygous (Mnt) and wild-type EcoRI and BamHI digested
genomic DNA. Note differences in bands between Mnt and wild-
type samples are marked with *. (C) Arrangement of the two
breakpoint regions on a wild-type chromosome. The breakpoint 1
(BP1) region (downstream of H19) is shown as a red line, while
the BP2 region which is 3.5 cM further centromeric is shown as a blue line. The regions conserved between mouse and human (1-
10) as identified by Ishihara et al. (Ishihara et al., 2000) are shown (green squares), while the region (+22 to +28 kb from the H19
promoter) identified by Kaffer et al. (Kaffer et al., 2000) as possessing enhancer activity is shown by a black line. (D) The
arrangement of the two breakpoint regions on the Mnt chromosome. Note that the rearrangement isolates the conserved elements 9
and 10 from the H19 region. PCR primers (1-4) for the detection of the breakpoints are shown. (E) Relative positions of the two
Mnt breakpoints, the surrounding genes and the genetic distance between the two breakpoints. The red and green lines represent
the probes used in the FISH analysis. (F) Fluorescence in situ hybridisation (FISH) analysis on heterozygous Mnt/F1 nuclei,
verifying that an inversion has occurred on the Mnt chromosome. Red, H19probe; green, BP2 probe. In the merged image, 1 is the
H19 region on the wild-type chromosome; 2 is the BP2 region on the wild-type chromosome; 3 is the 3′ part of the BP2 region on
the Mnt chromosome (see E); and 4 is the co-localisation of the 5′ part of the BP2 region and the H19 region on the Mnt
chromosome (yellow). 
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and 62%, of + respectively), and moderately reduced levels in
intestine (71%). By contrast, Igf2 expression levels in the
neonatal liver (and E14 livers – data not shown) were normal,
although variations were observed (Fig. 3A,B). Reduction of
Igf2 expression was therefore found in all organs with
mesodermal tissue contributions. 

The distribution of Igf2 expression was further analysed in
detail by in situ hybridisation. This confirmed that Igf2
expression was abolished in the placenta (Fig. 2; Fig. 3C) and
in mesodermal tissues such as the heart and kidney. Expression
in other mesodermal tissues (intercostal muscle and tongue)
was greatly reduced (Fig. 3C,D). Importantly, in tissues that
possess both endodermal and mesodermal components (e.g.
intestine), the residual Igf2 expression was restricted to the
epithelial lining (endodermal) and expression was absent in the
smooth muscle (mesodermal) layer (Fig. 3D,E) thus explaining
the partial reduction of Igf2 levels on northern blots. This
pattern of expression was also observed in the lung where Igf2
was downregulated in the mesenchymal tissues, but continued
to be expressed from the epithelial cells in the bronchi (Fig.
3F). However, there was heterogeneity in that bronchi with no
or small lumina continued to express Igf2, but those with a
larger lumen did not (Fig. 3F). Whether this indicates a
developmental delay of the Mnt lung, or heterogeneity of Igf2
regulation during development of the bronchial epithelium is
not known. Other notable regions that lack Igf2 expression in
the MntP embryo include the dermal layer, diaphragm and
genital tubercle. It is interesting to note that the choroid plexus,
a tissue that normally expresses Igf2 biallelically (DeChiara et
al., 1991), maintained normal levels of Igf2 expression in MntP

embryos (Fig. 3C). Hence, the regulatory elements that control
Igf2 expression in this tissue are not disrupted by the Mnt
mutation. 

We conclude that the presence of the Mnt mutation on the
paternal allele results in a disruption of Igf2 expression
specifically in mesodermal tissues. This could occur as a result
of the disruption of regulatory elements required for Igf2
expression in mesodermal tissues such as enhancers. The pattern
of residual Igf2 expression is indeed largely complementary to
that in the knockout of the endodermal enhancers for Igf2
(Leighton et al., 1995a).

Maternal transmission of Mnt leads to methylation
and repression of H19
Analysis of the expression patterns of Igf2 and H19 following
maternal transmission of the Mnt mutation demonstrated that
H19 was repressed in all neonatal tissues analysed (Fig. 4A).
This was associated with aberrant DNA methylation of the
maternal H19 allele in the DMR upstream of H19 (Fig. 4C)
and in the H19 promoter (not shown) in all stages and tissues
analysed. (Paternal transmission of Mnt did not lead to altered
methylation of the H19 DMR, which remained methylated.)
Igf2 transcript levels by contrast were elevated in lung, liver
and intestine (Fig. 4A,B) after maternal transmission of the
Mnt mutation. As the endodermal enhancers are likely to be
intact in MntM (ascertained from the analysis of MntP animals),
methylation of the DMR boundary region upstream of H19
might lead to reactivation of the maternal allele of Igf2 in
endodermal tissues. Allele specific expression analysis of Igf2
using RT-PCR did indeed reveal that the maternal Igf2 allele
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Fig. 6. Transgene expression analysis to
identify mesodermal enhancers for Igf2.
(A) The two transgenes microinjected
for transient expression analysis.
Restriction sites NotI (N) and SalI (S)
cut within the bluescript vector to excise
+gh transgene. NotI and XhoI (X) digest
excises –gh transgene. 5′ H19
constitutes nucleotides 4700-5523 (H19
promoter), while 3′ H19constitutes
nucleotides 9511-36040 (GenBank
Accession Number, AF049091).
(B) lacZexpression analysis in +gh-
positive E14 embryo. (C)lacZ
expression analysis in –gh-positive E14
embryo. Organs indicated are liver
(li), intestine (i), tongue (t), heart (h)
and lung (lu).
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was expressed in liver, lung and intestine of MntM animals (Fig.
4D), which thus accounts for the increased levels of expression
of Igf2 (Fig. 4A), and the increased Igf2 serum levels (Fig. 2).
In addition, the activation of Igf2 from the maternal MntM allele
in endodermal tissues can account for the higher levels of Igf2
expression observed in homozygous Mnt embryos compared
with MntP heterozygotes (Fig. 2).

The Mnt mutation is an inversion that disrupts a
candidate region for muscle specific enhancers
The Mnt mutation was induced using radiation mutagenesis, a
technique that often results in rearrangements (translocations,
inversions, insertions or deletions) (Cattanach et al., 1993).
Cytogenetic analysis by G-banding, however, provided no
evidence of any gross chromosomal changes in Mnt (Cattanach
et al., 2000). 

In order to identify any minor chromosomal change, a 130
kb region encompassing 5′ of Igf2 to 3′ of H19 was analysed
in detail by Southern hybridisation with 3 cosmids (Fig. 5A).
The cosmids were hybridised to EcoRI- and BamHI-digested
genomic DNA from homozygous Mnt and + embryos. The
resulting banding pattern showed that a region covered by
cosmid CH had been disrupted in the Mnt mutation (Fig. 5B).
The expected 13 kb EcoRI fragment was replaced by two other
fragments (8.5 kb and >13 kb), providing evidence that the Mnt
mutation was not a deletion (a single fragment has been
replaced by two fragments the combined length of which is
greater than the original fragment). The appearance of a
fragment of a 3 kb was the only abnormality evident in the
BamHI digest (Fig. 5B). 

The altered 8.5 kb EcoRI fragment identified in Mnt samples
was cloned in a lambda library (Stratagene Lambda FIX II)
using homozygous Mnt DNA enriched for fragments of
approximately 8.5 kb. Clones positive for the expected wild-
type sequence 5′ to the region disrupted in Mnt were
sequenced. The 8.5 kb clone was located approximately 25 kb
downstream from the H19 promoter (Fig. 5, BP1), and
approximately 200 bp of novel sequence were found fused to
the expected sequence. The 200 bp novel sequence was used
to probe a 129/SvJ genomic DNA lambda library (Stratagene
catalogue number 946313) and a 16 kb lambda clone was
identified that provided the sequence of a second endogenous
region (BP2) that was disrupted in Mnt (Fig. 5C). This
suggested that the Mnt mutation was an inversion between two
breakpoints (BP1 and BP2). PCR analysis across the
breakpoints in the re-arranged DNA confirmed that this was

indeed the case (Primers 1 and 3, and primers 2 and 4, Fig. 5D)
and that there was no loss of any DNA (Fig. 5D). 

The inversion on the Mnt chromosome was confirmed by
fluorescence in situ hybridisation (FISH) analysis using two
probes, one specific for each breakpoint region (Fig. 5E),
hybridised to nuclei heterozygous for the Mnt mutation (Fig.
5F). Co-localisation of the signal on the Mnt chromosome
demonstrated that DNA from the BP2 region was relocated
close to H19 on the Mnt chromosome (Fig. 5F). 

However, this analysis does not provide any indication of the
location of the second breakpoint (BP2) (centromeric or
telomeric to the BP1 region?), nor does it provide an indication
of the distance between the two breakpoints. Genetic mapping
using a panel of [M. m. domesticus× (M. m. domesticus ×
SD7)] backcross DNAs showed that the BP2 region was
approximately 2 cM centromeric of Nttp1 (two recombinants
in 106 meioses occurred between Nttp1 and BP2) (Fig. 5E).
Nttp1 is located 1.5 cM centromeric of H19 (Paulsen et al.,
1998). Thus, the second breakpoint region is located several
megabases (Mb) further centromeric of H19.

Sequence analysis of the BP2 region identified several
features such as homology to ESTs and repeat structures (Fig.
5C) disruption of which in Mnt may contribute to the
phenotype. However, because this region is several megabases
away from Igf2 and H19, it is unlikely that its disruption causes
the altered regulation of the two genes. Instead, we focussed
on the analysis of the BP1 region. While this work was in
progress, several sequence elements were discovered in the
BP1 region that were conserved between mice and humans
(Fig. 5C, elements 1-10) (Ishihara et al., 2000). Perhaps of
greater significance was that some of these elements displayed
enhancer activity. In addition to the known endoderm
enhancers (elements 3 and 4), enhancer activity was detected
in mesodermally derived structures including embryonic
myotome and rib primordia (elements 6 and 9), mesenchymal
cells (element 7) and the neural tube floor plate and ectoderm
of the limb buds (element 5). Furthermore, in vitro transfection
assays confirmed that the region covering approximately +22
to +28 kb from the H19 promoter possesses enhancer activity
in muscle cell lines (Kaffer et al., 2000). The combined
evidence indicates that the BP1 region is likely to contain at
least one of the long sought mesodermal enhancer regions for
Igf2 and H19. 

Transgenic identification of mesodermal enhancers
In order to confirm that the BP1 breakpoint region contained

A

+ Pat

+ MatIgf2 H19

Igf2 H19

E M1 M2

MntP

MntMIgf2 H19

Igf2 H19

E M1

B

Fig. 7. Summary of the main features of the Mnt mutation. (A) The situation in wild type with the endoderm enhancers (E), the mesoderm
enhancers for tongue and skeletal muscle (M1), and the mesodermal enhancers for heart, lung and kidney (M2) activating paternal Igf2 and
maternal H19. (B) The Mnt situation with disruption of the M1 enhancers, isolation of the M2 enhancers, maternal methylation at the H19
DMR (hence the absence of a functional boundary on the maternal allele), absence of H19expression, and subsequent biallelic activation of
Igf2 from the remaining active enhancers (E).
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mesodermal enhancers, and that they were affected by the
inversion, two transgenic constructs were made (Fig. 6A). The
first construct (+gh) contained 0.8 kb 5′ of exon1 of H19 (the
H19 promoter) coupled to a lacZ reporter and a further 27 kb
of the region downstream of H19. The downstream region
contained the 10 regions identified as being conserved between
mouse and human. The second construct (–gh) was produced
by truncating the first construct at a XhoI site located 400 bp
upstream of BP1 in Mnt, reducing the downstream region to
approximately 21 kb (Fig. 6A).

These two transgenes were microinjected into fertilised
oocytes and the expression of lacZ(driven by the H19promoter
under the influence of any enhancer elements present on the
transgene) was analysed in E14 embryos (Fig. 6). Embryos
positive for the +gh transgene showed expression in the liver,
epithelial layer of the intestine but not the smooth muscle layer,
the epithelial layer of the lung, but not in other cell types in
the lung, the tongue, and the cartilage and intercostal muscles.
Expression was also absent in the kidney and heart (Fig. 6B).
This shows that the enhancers responsible for controlling Igf2
and H19 expression in muscle and tongue are present in the
BP1 region, while those elements required to drive expression
in other mesodermal tissues (heart, kidney and lung) are
missing. 

The –gh transgene was designed to mimic the Mnt mutation,
isolating conserved regions 9 and 10 from the rest of the region.
The most obvious difference between the two constructs was
a reduction in expression levels observed in the tongue and
intercostal muscles with construct –gh (Fig. 6C). Expression
with the –gh construct continued to be absent in the heart and
kidney, and the majority of cell types in the lung (except
epithelial cells), while being maintained in the liver and
epithelial cells in the intestine (Fig. 6C).

DISCUSSION

This study reports on the molecular characterisation of the Mnt
mutation, and shows that the mesodermal enhancers
controlling expression of Igf2 in skeletal muscle and tongue are
disrupted by this mutation. Furthermore, our results indicate
that other mesodermal enhancers that control expression in the
heart, lung and kidney, and the placental enhancers are located
even further distal to H19 (Fig. 7), showing that most of the
known enhancers are located 3′ of H19. Our study also
establishes a model in which the effects of Igf2 deficiency in
mesodermal tissues can be studied for the first time. Finally, it
reveals that the H19 maternal germline imprint is either
controlled by sequences 3′ to the Mnt mutation, or is
overridden by novel sequences brought into close proximity to
H19 by the inversion. 

Molecular analysis revealed that the Mnt mutation is an
inversion of a DNA segment encompassing several megabases,
which is typical of radiation mutations (Cattanach et al.,
1993). Characterisation of the region surrounding the most
centromeric breakpoint (BP2) has identified several repeat
structures and ESTs. Although the cause of death of the
homozygous Mnt embryos is not known, the disruption of
genes and genetic elements encoded in this region could
contribute towards the phenotype. Furthermore, the presence
of an inversion and the organisation of the disrupted regions

following the rearrangement, could contribute to the
characteristics identified in each of the Mnt classes. It will be
interesting to investigate if expression of any of the adjacent
genes (e.g. Nctc1, L23, Lsp1, Tnnt3) is also affected by the Mnt
mutation. 

The breakpoint proximal to H19 (BP1) is in a cluster of
DNA elements that show a high degree of conservation
between human and mouse (Ishihara et al., 2000). Some of
these elements (6,7,9) showed enhancer activity in some
mesodermal tissues in transgenic assays. Our analysis shows
that the intact cluster is required for appropriate expression of
Igf2 in skeletal muscle and tongue, and suggests cooperation
between individual elements is required for full expression in
these tissues. Cooperativity of enhancer elements has been
shown previously in transgenic mice (Kruse et al., 1995), but
not in an in vivo situation such as this. The residual levels of
Igf2 RNA in muscle and tongue may be due to the combination
of the remaining elements (5-8). A very recent knockout
experiment found that elimination of elements 5-10 resulted in
substantial reduction of Igf2 expression in skeletal muscle and
tongue, thus confirming our analysis (Kaffer et al., 2001). The
identification of an enhancer for expression in the tongue is of
particular relevance to the understanding of the molecular
pathology of the human foetal overgrowth syndrome, Beckwith
Wiedemannn syndrome, in which overgrowth of the tongue is
one of the most consistent symptoms (Maher and Reik, 2000). 

The loss of Igf2 expression in heart, kidney, lung and
placenta suggests the additional mesodermal and extra-
embryonic enhancer elements are located 3′ to the inversion
breakpoint. These elements have thus far not been detected by
any transgenic approach (Ainscough et al., 2000b; Kaffer et al.,
2000). How far distant they are from the breakpoint is currently
not known, but we are sequencing BAC clones covering this
area in order to identify conserved segments as candidates for
enhancers. Surprisingly, a recent experiment that has placed an
additional H19 DMR 3′ of the endoderm but 5′ of the muscle
and tongue enhancers here identified, caused downregulation
of Igf2 expression in the heart by 50% (Kaffer et al., 2001).
This may indicate that either the unmethylated chromatin
boundary is partially open for the heart enhancers, or that some
heart enhancers are not located distal to H19, a possibility that
is more difficult to reconcile with our results. In Mnt, the
complete loss of expression in the kidney is surprising, as
epithelia, particularly in the glomeruli, would be expected to
show expression (the endoderm enhancers are known to
be intact and functional in Mnt). The endoderm enhancer
knockout also showed markedly reduced expression in the
kidney (Leighton et al., 1995a), suggesting perhaps again that
co-operation between different enhancer elements is required.
Expression was found in bronchial epithelia as expected, but
not in those with larger lumina, indicating perhaps that as
differentiation into secretory epithelia takes place, regions
other than the endoderm enhancers are required but are
disrupted in Mnt. 

The location of most known enhancers for Igf2 distal to H19
(Fig. 7) now provides an explanation for reactivation of the
silent Igf2 allele in both endodermal and mesodermal tissues
when the DMR/boundary region upstream of H19 is deleted
(Leighton et al., 1995b; Thorvaldsen et al., 1998) (Fig. 7). Thus
the boundary operates in both tissue types. This leaves
unanswered the question of why maternal deletion of silencer
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elements in the intergenic region or in DMR1 reactivates the
silent Igf2 allele (Ainscough et al., 2000a; Constancia et al.,
2000). It seems most likely now that interaction between these
elements might be required for full repression, as previously
suggested (Constancia et al., 2000).

A second effect of the Mnt mutation is the methylation of
the H19 DMR and associated silencing of the maternal H19
allele (Fig. 7). This aberrant methlyation leads to reactivation
of the maternal Igf2 allele in all tissues for which enhancers
are intact (liver and others) showing for the first time in vivo
that the DMR/boundary can be opened by DNA methylation
(as well as by deletion). H19methylation on the maternal allele
is likely to arise in the female germline, or in the early embryo,
as it was present in all tissues analysed. It is possible that
sequences 3′ to the Mnt breakpoint are necessary to keep the
maternal H19 gene unmethylated, although transgenic
experiments have shown that sequences further 3′ than 8 kb
from H19 are not necessary for imprinting (Cranston et al.,
2001). Alternatively, sequences from the other end of the
inversion which have been moved close to H19 may have a
dominant methylating effect. We note particularly in this
respect that ovary specific ESTs are located close to the
breakpoint with a direction of transcription towards H19 (Fig.
5D). If there are indeed transcripts running antisense to H19
and its DMR, this might lead to methylation of the DMR as
suggested (Reik and Walter, 1998). The maternal H19 DMR
has also been found to become methylated in some tumours
with biallelic Igf2 transcription (Cui et al., 2001; Nakagawa et
al., 2001).

Lack of Igf2 in many mesodermal tissues and in the placenta
leads to intrauterine growth deficiency as expected. However,
the magnitude of the effect (as much as in the Igf2 null) is
unexpected as there is normal Igf2 expression in the liver,
leading to substantial serum levels of the peptide. The most
likely explanation is that absence of Igf2 from the placenta
leads to marked growth restriction independent of Igf2 levels
in the foetus. Indeed a knockout of the placenta specific Igf2
transcript resulted in IUGR of 70% of normal birthweight
(Constancia et al., 2000). By contrast, overexpression of Igf2
in the maternal transmission of Mnt largely limited to
endodermal tissues leads to foetal overgrowth, showing that the
contribution of these tissues to circulating Igf2 is substantial. 

The molecular analysis of the Mnt mutation establishes an
important paradigm in genetics in that transmission of the
mutation from either parent leads to different phenotypes from
wild type, and the homozygous phenotype is different again.
A similar (but not identical) pattern of inheritance is seen with
the ‘polar overdominance’ mutation Callipyge in sheep, in
which the phenotype is observed with paternal, but not with
maternal transmission or in homozygotes (Charlier et al.,
2001). The mutation has not been identified but has recently
been linked with abnormal expression of the imprinted gene
cluster including DLK and GTL2 (Charlier et al., 2001). We
suggest that as in Mnt regulatory sequences such as enhancers
or silencers in this region might be mutated.
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the transgenes. We thank all our colleagues for discussion and
comments on the manuscript. Our work is supported by BBSRC and
HFSP.
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