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The closely linked H19 and Igf2 genes show highly similar patterns of gene expression but are reciprocally
imprinted. H19 is expressed almost exclusively from the maternally inherited chromosome, while Igf2 expres-
sion is mostly from the paternal chromosome. In humans, loss of imprinting at this locus is associated with
tumors and with developmental disorders. Monoallelic expression at the imprinted Igf2/H19 locus occurs by at
least two distinct mechanisms: a developmentally regulated silencing of the paternal HI9 promoter, and
transcriptional insulation of the maternal Igf2 promoters. Both mechanisms of allele-specific silencing are
ultimately dependent on a common cis-acting element located just upstream of the H19 promoter. The
coordinated expression patterns and some experimental data support the idea that positive regulatory ele-
ments are also shared by the two genes. To clarify the organization and function of positive and negative
regulatory elements at the H19/Igf2 locus, we analyzed two mouse mutations. First, we generated a deletion
allele to localize enhancers used in vivo for expression of both H19 and Igf2 in mesodermal tissues to sequences
downstream of the H19 gene. Coincidentally, we demonstrated that some expression of Igf2 is independent of
the shared enhancer element. Second, we used this new information to further characterize an ectopic H19
differentially regulated region and the associated insulator. We demonstrated that its activity is parent-of-
origin dependent. In contrast to recent results from Drosophila model systems; we showed that this duplication
of a mammalian insulator does not interfere with its normal function. Implications of these findings for current
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models for monoallelic gene expression at this locus are discussed.

Igf2 and H19 are closely linked and reciprocally imprinted
genes located on the distal end of mouse chromosome 7 (48)
(Fig. 1a). The regulation of the two genes has been intensively
studied both as a model system for understanding mechanisms
of genomic imprinting and because dysregulation of /GF2 in
humans is associated with the developmental disorder Beck-
with-Wiedemann syndrome and with many types of tumors
(33). The two genes are part of a large cluster of imprinted
genes whose organization and monoallelic expression patterns
are well conserved between mice and humans (30, 31). H19
represents one limit of this imprinted cluster, as the next
known genes, Nctcl and L23mrp, are both biallelically ex-
pressed (19, 49).

Both HI9 and Igf2 are highly expressed during fetal and
early postnatal development and show essentially identical spa-
tial and temporal specificities. In fact, as suggested by their
close linkage, their reciprocal imprinting, and their overlap-
ping expression patterns, the two genes share transcriptional
regulatory elements. The paternal silencing of H79 and mater-
nal repression of Igf2 both depend on a common cis-acting
element, here called the HI9ICE (for HI19 imprinting control
element), located upstream of the H79 promoter (Fig. 1a) (20,
42). The boundaries of the ICE are not entirely precise, as they
differ depending on the specific assay used. Sequences to kb
—7 (relative to the start site of the H/9 mRNA transcript) are
sufficient to imprint single-copy H19 transgenes (20). If se-
quences to only kb —3.8 are used, only transgenes inserted as
multiple copies are imprinted, and even then paternally inher-
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ited HI9 transgenes are expressed in occasional pups (32).
Deletion of endogenous sequences between kb —3.8 and 2.0
(or between kb —7 and —0.8) on the maternal chromosome
results in the loss of imprinting of the paternal HI9 allele.
Significantly, the same deletion inherited through the maternal
germline results in activation of the normally silent maternal
Igf2 allele (36, 42). The ICE includes DNA sequence domains,
centered at kb —2.4 and —3.8, that show nuclease hypersensi-
tivity specifically on the maternal chromosome (16, 23, 39).
These regions of hypersensitivity were identified in somatic
tissue and lie within a 2-kb domain of DNA showing hyper-
methylation specific to the paternal chromosome (4, 8, 14, 29,
43, 44). This differentially methylated region (H/9DMR) is
hypermethylated on the paternal chromosome at all stages of
development and has been demonstrated to have both silenc-
ing and insulating activities (7, 9, 17, 20, 21). On the unmeth-
ylated maternal chromosome, the HI9ICE functions as a tran-
scriptional insulator and blocks activation of the Igf2
promoters by distal enhancer elements. On the paternal chro-
mosome, the methylation imprint at the HI9DMR acts to dis-
rupt insulator function and thereby allows expression of Igf2 on
that chromosome. Several labs have recently demonstrated
that CTCF, a known enhancer-blocking protein, selectively
binds to nonmethylated CpG-containing sequences within the
HI9DMR, thus providing a molecular basis for parent-of-ori-
gin-specific activity of the insulator (7, 17, 22, 38). Other stud-
ies, however, indicate that this model does not explain all
aspects of Igf2 monoallelism and that elements in addition to
the HI9DMR are required for imprinting of Igf2 (1, 12).

The insulator model for Igf2 monoallelic expression de-
mands that all H79 and Igf2 enhancers be located downstream
of the HI9DMR or its associated insulator, while the coexpres-
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FIG. 1. Diagram of the wild-type, CRK10, and VM3 chromosomes in the Igf2/H19 region. (a) Summary of the wild-type (i), CRK10 (ii), and VM3
(iii) alleles, depicting the relative organization of the Igf2, H19, Nctcl, L23mrp, and Tnnt3 genes (open rectangles). Endodermal and skeletal-
muscle-specific enhancers for H19 and Igf2 expression are represented by closed and hatched circles, respectively. The mapped locations of these
enhancers are based on in vivo analyses of chromosomal deletions (reference 26 and this study) and also on in vitro transfection experiments (20,
46). The ICE, for imprinting control element, is defined genetically as the minimal upstream sequence required to imprint single-copy HI19
transgenes (20) and as a sequence whose deletion results in the loss of imprinting of H79 and Igf2 (20, 36, 42). Within the /CE is the 2-kb DMR
(for differentially methylated region) (oval) that is hypermethylated specifically on the paternal chromosome (4, 8, 14, 29, 43, 44). Mapping to the
DMR are domains of maternal-chromosome-specific nuclease hypersensitivity. The CRK10 allele (ii) carries a 9.2-kb insertion at kb +10.7 (relative
to the H19 transcriptional start site). The inserted DNA includes the HI9DMR, all the maternal-chromosome-specific nuclease-hypersensitive
domains, and additional 5" sequences that encompass all of the 5" sequence elements required to imprint single-copy H19 transgenes (20). The
inserted element is the minimal DNA sequence that is known to carry a parent-of-origin-specific transcriptional insulator (reference 20 and this
study). The VM3 allele (iii) deletes sequences showing muscle-specific enhancer activity in vitro and in transgenic mice (18, 20). This deletion
encompasses the Nctcl gene body. (b) Strategy for construction of the M3 allele by deleting from kb +10.7 to +34.7 downstream of the H19 gene.
The wild-type chromosome (i), the targeted V’M3neo chromosome (ii), and the targeted VM3 chromosome after Cre recombinase-mediated
excision of the neomycin-selectable marker (iii) are depicted. The endodermal enhancers, as defined by in vitro transfection studies, are
represented by a closed circle (46). The deletion confirming the role of these enhancers for in vivo expression of both H19 and Igf2 is indicated
by the closed rectangle below line i (26). Also depicted below line i are sequences conserved between human and mouse (C) (18) as well as
sequences showing enhancer activity specifically in myoblast cell lines (hatched rectangle) (20). The flanking sequences used to direct homologous
recombination are represented by the thickened lines. Probes used to detect the correctly targeted clones are depicted above line i. B, BamHI; S,
Sall; R, EcoRI; H, HindIII; X, Xbal.

sion of Igf2 and H19 suggests that these enhancer elements are in its normal chromosomal location nor their role in the ex-

shared. In fact, much of the endoderm-specific expression of
both genes is dependent on shared enhancers that must lie
between 7.2 and 13 kb downstream of the H19 promoter and
about 80 kb downstream of the Igf2 promoter (26). However,
the location of regulatory elements required to drive expres-
sion in mesodermal tissues is less clear. Transgenic mouse and
in vitro transfection studies together indicate that enhancers
capable of directing expression of H19 in skeletal muscle are
located at between kb +25 and +28 (18, 20). Transgenic stud-
ies also suggest that additional enhancer elements that can
direct H19 expression in several tissues, including cardiac mus-
cle, may lie downstream of kb +35 (2, 20). However, neither
the necessity of these elements for expression of the H19 gene

pression of Igf2 has yet been tested.

In addition to its role in regulating activity of the insulator
element, the paternal imprint at the HI9DMR has a second,
genetically distinct function of blocking transcription of the
paternal H19 allele by directing CpG methylation of the pa-
ternal H19 promoter and gene body sequences. Once estab-
lished, this promoter methylation and associated epigenetic
changes are capable of silencing the H19 promoter indepen-
dently of the HI9DMR (36). We have previously generated a
mutant allele, CRK10, in which the sequences from kb —10 to
—0.8 that encompass the HI9DMR were inserted at the kb
+10.7 position (Fig. 1b) (20). As predicted by the insulator
model, transcription of H19 in skeletal muscle was blocked
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while expression in liver was unaffected. We also demonstrated
that CpGs in the inserted DMR element were methylated only
when paternally inherited. However, it could not be deter-
mined whether this methylation was capable of blocking insu-
lator activity or whether the hypermethylation from the exog-
enous H19DMR could spread to neighboring sequences.

In this study, we generated a 24-kb chromosomal deletion of
sequences that included the presumptive mesodermal enhanc-
ers, and we further analyzed the CRKI0 insertion mutation to
clarify the organization and function of regulatory elements at
the Igf2/H19 locus. First, by deletion of the putative mesoder-
mal enhancer elements, we demonstrated that normal expres-
sion of H19 and Igf2 in both the tongue and limb muscle is
dependent on these sequences. However, expression in meso-
dermal cells in other organs is dependent on additional en-
hancers downstream of kb +36. We demonstrated the latter
point by using the CRK10 allele of chromosome 7 in which the
HI9ICE has been moved to kb +10.7. In a second set of
experiments, we further analyzed the function of this exog-
enously located ICE/H19DMR/Igf2-insulator. We showed that
while the insulator function remained parent-of-origin depen-
dent, in its new location it could not direct methylation of
neighboring sequences as it does the H19 promoter. We also
demonstrated that insertion of this second HI9DMR element
had no effect on expression of Igf2 from the maternal chromo-
some. Thus, the insertion of a second active insulator element
did not interfere with silencing of the maternal Igf2 gene.
Implications of this finding for possible mechanisms of tran-
scriptional insulation are discussed. Finally and parentheti-
cally, we demonstrated that the mouse Nctcl gene is not re-
quired for normal mouse development or fertility.

MATERIALS AND METHODS

Generation of VM3 mutant mice. For the structure of the flanking sequences
used to direct homologous recombination, see Fig. 1b. The targeting vector was
linearized and transfected into RI mouse embryonic stem cells. To identify
VM3neo clones, DNAs from G418-resistant colonies were digested with BamHI
and probed with a 1.2-kb BamHI-Sall fragment from just outside the 5" flank to
identify a 11.3-kb band in wild-type cells and an additional 10-kb band in targeted
lines. Likewise, digestion with HindIIl and probing with a 4-kb HindIIl-Xbal
fragment from just outside the 3’ flank identified a 15-kb band in wild-type cells
and an additional 5.5-kb band in correctly targeted clones. Two independently
derived lines were injected into C57/BL6-J blastocysts to generate chimeric
founders. Founder males were mated with mice carrying the Ella-cre transgene
(25) to excise neomycin resistance-encoding sequences. Successful excision of the
neomycin resistance gene was assayed by digestion with Xbal and hybridization
to a 2.0-kb internal Xbal-EcoRI fragment which displays 3.1-, 2.4-, and 4.3-kb
bands for the VM3, wild-type, and VM3neo alleles, respectively.

RNA analysis. Tissues were homogenized in TRIZOL reagent (Life Technol-
ogies) by using a power homogenizer, and the RNA was isolated according to the
manufacturer’s protocol. Expression levels were analyzed by Northern blotting.
Probes used to quantitate H19, Igf2, and EF2a RNAs were described previously
(20). cDNA from p6 skeletal muscle was amplified using L23mrp-specific primers
(5'-ATGTGTTGTACCCCCTTTACC-3" and 5'-TGGTCCAAATCCTGCTGT
C-3') to obtain a 455-bp probe or using Tnnt3-specific primers (5'-AGAAGAG
AGGAGGAGGATG-3' and 5'-GTGCAGAGCTGGAATAAG-3') to obtain a
475-bp probe. Expression levels were quantified with the Molecular Dynamics
Storm PhosphorImaging System.

Allele-specific expression of Igf2. Mice carrying the CRKI0 mutation were
crossed with Dis7CAS mice as described in the legend to Fig. 5. Dis7CAS mice
are mostly Mus domesticus but are homozygous M. castaneous across the H19/Igf2
locus (15). Allele-specific expression of Igf2 was analyzed using the single-nucle-
otide primer extension (SNuPE) assay (36, 40).
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RESULTS

A shared skeletal muscle enhancer for H19 and Igf2. In vivo
transgenic analyses indicated that enhancers capable of driving
transcription of H19 in skeletal muscle lie between kb +13 and
+36 (3, 10, 18, 20, 32). This region includes six short sequence
elements that are well conserved between mice and humans
and therefore are potentially important regulatory sites (18).
In vitro transfection studies confirmed the presence of at least
one set of skeletal muscle-specific enhancers in sequences cen-
tered between kb +22 and +28 (20). This 6-kb region includes
one of the conserved sequence elements which had also been
assayed by transient transgenesis and shown to drive expres-
sion of reporter constructs in midgestation embryos (18). To
examine directly the requirement of these enhancer sequences
for directing in vivo expression of HI9 and Igf2 in skeletal
muscle and in other mesodermal tissues, a 24-kb targeted de-
letion of sequences between kb 10.7 and 34.7 was constructed
as shown in Fig. 1b. This M3 allele was constructed in two
steps so that the selection marker encoding resistance to neo-
mycin sulfate was removed prior to quantitation of H/9 and
Igf2 expression levels.

To determine whether the deleted elements are required for
expression of H19, RNAs from pups inheriting the deletion via
the maternal chromosome were analyzed by Northern blotting
(Fig. 2a). Multiple samples from two mutant strains generated
from independently derived cells lines were analyzed. HI19
levels in liver, heart, lung, gut, and kidney tissues were unaf-
fected. In contrast, expression of H19 in skeletal muscle and
tongue tissue was reduced five- to sixfold compared with that
of wild-type littermates. Thus, we concluded that the enhancer
elements identified in transgene and transfection studies are,
in fact, functional and necessary for expression of the H79 gene
in its normal chromosomal context. These enhancers are not
required for all mesodermal expression but are specific to
skeletal muscle.

To determine whether mesodermal expression of H19 and
Igf2 is likely driven through a common set of enhancers, the
effect of paternal-chromosome-based inheritance of the VM3
deletion on Igf2 expression was examined by Northern blotting
(Fig. 2b). Qualitatively, the effects of the mutation were iden-
tical to those noted for H19 on maternal-chromosome inheri-
tance: Igf2 RNA levels were normal in liver, heart, lung, gut,
and kidney tissues, while expression in skeletal muscle and
tongue tissue was reduced. Quantitatively, expression of Igf2 in
VM3 mutants was 3.5 times lower than that in wild-type litter-
mates. These results provided experimental evidence that H19
and Igf2 do have a common set of mesodermal enhancers. The
location of these enhancers downstream of the HI9DMR is
consistent with the demands of the insulator model.

We did note some residual expression of H/9 and of Igf2 in
mutant mice. We noted this same level of expression even in
pups that were homozygous for the VM3 deletion allele (data
not shown). Thus, we did not see any evidence for transvection
at this locus. Rather, the residual expression is likely due to the
activity of enhancer elements outside the M3 deletion. In situ
hybridization experiments did not reveal any cell type-specific
loss of expression in tongue tissue and skeletal muscle but
rather showed a generalized decrease in transcript levels
throughout these tissues (data not shown).
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FIG. 2. Northern analysis demonstrating the effect of the 1’/M3 enhancer deletion on HI9 and Igf2 expression. (a) H19 RNA levels were
examined in p2 pups inheriting the VM3 mutation via the maternal chromosome (—/+). (b) Igf2 RNA levels were examined in p2 pups inheriting
the VM3 mutation via the paternal chromosome (+/—). In both cases, mutants were compared to wild-type littermates (+/+). Blots were probed
for EF2a to verify equal loading. For each tissue, RNA levels of at least two wild-type and two experimental animals from multiple independent

litters were quantitated.

Nctcl is not essential for normal mouse development. Nctcl
is a skeletal-muscle-specific transcript that like H79 is unlikely
to encode a peptide product (19). The VM3 mutation deletes
the entire mRNA coding region for Nctc1. Since mice homozy-
gous for the VM3 mutation are viable as well as fertile and
appear and behave normally, we concluded that Nctcl gene
activity is not essential for normal mouse development. Al-
though we consider it unlikely, we cannot rule out the possi-
bility of a requirement for Nctcl transcription for activation of
HI19 and Igf2 in cis.

VM3 allele and L23mrp expression. The gene encoding the
L23 (mitochondrion)-related protein (L23mrp or Rpl23), lo-
cated 40 kb from the imprinted H19 gene (Fig. 1a), is bialleli-
cally and ubiquitously expressed at low levels relative to em-
bryonic H19. Targeted deletion of the endodermal enhancers
located downstream of H79 has no effect on L23mrp expres-
sion, suggesting that the latter gene is functionally insulated
from H19 (49). Likewise, we saw that mice homozygous for the
VM3 mesodermal enhancer deletion exhibited no loss of
L23mrp expression in skeletal muscle, nor was there any in-
crease in L23mrp transcription in fetal liver tissue (data not
shown). Thus, the VM3 deletion, which removes sequences to
within 4 kb of the L23mrp transcriptional start site, has no
effect on the mechanism insulating L23mrp from the H19/Ig2
endodermal enhancers or on the mechanisms driving expres-
sion of L23mrp in muscle tissue.

VM3 and TNNT3 expression. The gene encoding the faster-
migrating isoform of skeletal muscle troponin-T (TNNT3) is
located 55 kb from L23MRP (47). The linkage of Tnnt3 to H19
is conserved in mice (27). Thnt3 is biallelically expressed and
shows expression parallel to that of H19 in different adult
skeletal muscle types, which led to the suggestion that H79 and
TNNT3 have common enhancer elements (47). However, mice
homozygous for the VM3 enhancer deletion exhibited no
change in Thnt3 expression levels (data not shown).

Additional mesodermal enhancer sequences downstream of
kb +35. Endoderm-specific enhancer elements shared by H79
and Igf2 were identified by deletion of sequences between kb
+7.2 and +13 (26), while experiments described above dem-
onstrated that some shared mesoderm-specific enhancer ele-

ments map to sequences centered at kb +26. Comparison of
expression patterns of mice carrying YAC (3) and BAC (20)
H19 transgenes extending to about kb +36 and +140, respec-
tively, suggested that additional enhancers capable of driving
high levels of mesoderm-specific expression of H19 in several
tissues, including the gut, heart, lung, and kidney, are likely to
lie downstream of kb +35. To test directly whether such en-
hancer elements play a role in expression of H19 in its normal
chromosomal context, we examined the effect of maternal-
chromosome-based inheritance of the CRKIO allele. The
CRKI0 mutation is an insertion of a 9.2-kb element, including
the H19DMR/Igf2-insulator, +10.7 kb downstream of the H79
promoter (Fig. 1a).

As previously demonstrated, there was no loss of expression
in the liver, consistent with the location of the endodermal
enhancers upstream of the inserted insulator (Fig. 3a). As
previously demonstrated for limb muscle, expression in the
tongue was almost completely lost (Fig. 3a). This loss of ex-
pression in skeletal muscle is consistent with our above-de-
scribed demonstration that transcription of H79 in these tis-
sues is dependent on enhancer elements downstream of the
insulator insertion site as defined by the VM3 deletion.

We next looked at tissues with significant contributions of
cells of mesodermal origin but which were unaffected by the
VM3 deletion. Any effect unique to CRK10 would presumably
be due to the insulator-blocking enhancer elements that are
downstream of kb +35. We noted a 50% reduction in H19
RNA levels in the gut (Fig. 3a). By in situ hybridization, we
determined that the loss of expression was specific to the
smooth muscle layer, with continued high levels being noted in
the epithelium (Fig. 3c). This is essentially reciprocal to the
pattern seen on deletion of the endodermal enhancers (26).
The pattern is also consistent with previous transgenic studies
in which the endodermal enhancers were demonstrated to be
capable of driving expression only in the endodermally derived
endothelium (9).

We also noted a modest decrease in total mRNA levels in
the heart (Fig. 3a). Since only about 50% of cardiac expression
is blocked by the CRKI0 insulator insertion, and because ex-
pression in the heart is not altered by the VM3 deletion or by
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FIG. 3. Effect of the CRKI0 mutation on H19 and Igf2 expression. (a) H19 RNA levels in embryonic day 18.5 pups inheriting the CRK10
mutation via the maternal chromosome (CRKI0/+) were analyzed by Northern blotting. (b) Igf2 RNA levels in skeletal muscle of pups inheriting
the mutation via the paternal chromosome (+/CRK10) were also examined by Northern blotting. Expression of wild type littermates (+/+) was
also quantitated. Blots were probed with EF2c to verify equal loading. For each tissue, RNA levels of at least two wild-type and two experimental
animals from multiple independent litters were quantitated. (c) In situ analysis of H79 expression patterns in embryonic day 14 embryos. Wt, wild

type; H, heart; G, gut; K, kidney.

the deletion of the enhancers centered at kb +8, the location
of most cardiac enhancer activity remains puzzling.

The loss of H19 expression from the CRK10 chromosome in
the lung and the kidney was almost complete (Fig. 3a). In
contrast to the patterns seen in the heart and gut, the effect
does not appear to be cell type specific; rather, the reduction in
RNA levels appears to be uniform. Curiously, these results are
very similar to what is seen on deletion of the endodermal
enhancer (26).

Parent-of-origin-specific activity of the CRK10 insertion.
Having demonstrated directly that Igf2 shares the downstream
mesoderm-specific enhancers necessary for expression in skel-
etal muscle, the effect of a paternal-chromosome-based inher-
itance of the CRKI0 insertion could be discerned by examining
Igf2 expression. The ability of the inserted insulator to block
activation of Igf2 by the distal skeletal muscle enhancers was
studied. In contrast to its effect on H79 upon maternal inher-
itance, the insulator did not have the ability to block transcrip-
tion of the paternal Igf2 allele (Fig. 3b). Rather, the paternal
Igf2 promoters continued to be expressed at high levels in
skeletal muscle despite the presence in cis of the CRKI0 in-
sertion separating them from the skeletal muscle enhancers.

Thus, we concluded that the inserted insulator is not active on
the paternal chromosome and therefore must be subject to the
same parent-of-origin-specific modulation of its insulator func-
tion as is postulated in its normal location. These results are
consistent with and perhaps were predicted by our previous
finding that the ectopic insulator is specifically hypermethyl-
ated when inherited via the paternal chromosome (20).
Methylation activity of the CRK10 insertion. In its normal
location, the HI9DMR not only functions as a transcriptional
insulator that blocks activation of the maternal Igf2 promoter
but also acts to direct methylation of cytosine residues in the
paternal HI9 promoter. These epigenetic modifications are
presumed to then be directly responsible for monoallelic re-
pression of H19. To determine whether the inserted sequences
act as a nucleation center for developmentally regulated mod-
ification of adjacent sequences, the methylation status of DNA
located immediately downstream of the CRKI( insertion was
examined. Genomic DNAs were prepared from pups inherit-
ing the CRKI0 insertion and from their wild-type littermates.
These DNAs were subjected to restriction digestion with en-
zymes sensitive to methylation. Whether inherited via the ma-
ternal or paternal chromosome, endogenous sequences adja-



8194 KAFFER ET AL.

Maternal Paternal
Bilim Tlai TTi Balm
| 1 1
*RI Hpa Hpa Hpa
1 kb

FIG. 4. Methylation analysis of sequences downstream of the
CRK10 insertion mutation. DNAs from heterozygous pups inheriting
the CRKI0 mutation via the maternal or the paternal chromosome
were digested with BamHI and hybridized with an 2.4-kb EcoRI-
BamHI fragment from sequences immediately 3’ of the CRK10 inser-
tion. This hybridization reveals an 11-kb band specific to the wild-type
chromosome and a 3.4-kb band specific to the CRKI0 chromosome.
The 3.4-kb band is thus a junction fragment including 1 kb of se-
quences from the H19DMR (thin line on the diagram) and 2.4 kb of
3’-flanking sequences (thick line on the diagram). Topologically, these
flanking sequences are in the same position relative to the inserted
HI9DMR as the endogenous H19 promoter and gene body are to the
endogenous HI9DMR. To determine whether these flanking se-
quences are differentially methylated in a parent-of-origin-specific
manner, aliquots of the BarmHI-digested DNA were also digested with
methylation-sensitive enzymes, including 7ail (Tai) and Hpall (Hpa).
A restriction map of the 3.4-kb BamHI fragment specific to the CRK10
chromosome is depicted, with the probe shown as a thickened line. The
thin line represents the sequences that are part of the H/9DMR that
was inserted at the EcoRI (RI) site.

cent to the inserted H19DMR remained unaffected; there was
no apparent increase in CpG methylation of the downstream
sequences (Fig. 4). Rather, the sequences in this region appear
to be largely unmethylated.

Effect of insulator activity on Igf2 regulation. In light of
recent data suggesting that insulators work in tandem to “loop
out” genetic loci into regulatory domains (see Discussion), we
next examined the effect of the CRKI0 mutation on maternal
transcriptional regulation of Igf2 in the liver and also in skel-
etal muscle. The relative contribution of the maternal Igf2
allele was quantitated by SNuPE assay (24, 35). On the CRKI0
chromosome, the enhancer responsible for expression in the
liver is flanked by insulator elements and is separated from the
Igf2 promoter by a single insulator, just as it is on the wild-type
chromosome. As expected, we saw no expression of maternal
Igf2 from the CRK10 chromosome in liver tissue (Fig. 5). How-
ever, we also did not detect any activation of maternal Igf2
from the CRKI0 chromosome in skeletal muscle (Fig. 5), in
which the relevant enhancer is separated from the promoter by

MoL. CELL. BIOL.

Muscle

FIG. 5. Effect of maternal-chromosome-based inheritance of the
CRKI0 mutation on Igf2 expression. Skeletal muscle and liver RNA
samples were treated with DNase I, amplified for Igf2 by reverse
transcription-PCR, and analyzed for allele-specific expression by
SNuPE. Expression was analyzed in neonates inheriting the CRK10
mutation with an M. domesticus Igf2 allele via the maternal chromo-
some and inheriting a wild-type chromosome with an M. castaneous
Igf2 allele via the paternal chromosome (CRKI0/+). Their control
littermates likewise have maternal-chromosome-derived domesticus
and paternal-chromosome-derived M. castaneous alleles of Igf2, but
both chromosomes are wild type (+/+). Lane F1 is a control repre-
senting a 50:50 mix of M. castaneous and M. domesticus substrates. M.
domesticus (or maternal) RNA results in incorporation of cytosine (C),
and M. casteneous (or paternal) RNA results in incorporation of thy-
midine (T).

Liver

a paired set of functional insulators. Thus, as discussed below,
pairing of insulators did not result in their inactivation in this
mammalian system.

DISCUSSION

Transcriptional regulation of the Igf2 and HI19 genes has
been intensively studied because of the association of dysregu-
lation at this locus with several human diseases and also as a
primary model system for investigating mechanisms of
genomic imprinting. The currently favored model for imprint-
ing of the two genes posits that monoallelic expression of each
gene depends on a common cis-acting element, the ICE, lo-
cated just upstream of the HI9 promoter (Fig. 1) (34, 41).
Sequences within this region are hypermethylated specifically
on the paternal chromosome. This DNA methylation is postu-
lated to enable expression of the Igf2 gene by inactivating a
transcriptional insulator. The paternal-chromosome-specific
DNA methylation also induces developmentally programmed
epigenetic changes at the H19 promoter which silence it. This
popular model requires that the enhancers for both H79 and
Igf2 must be located downstream of the H19 gene, while the
coordinate expression patterns of the two genes suggest that
these enhancers are likely to be shared.

Previous studies have demonstrated the corequirement of a
common set of endodermal enhancer elements located down-
stream of H19 (26). Here we examined a mouse with a targeted
deletion of a region downstream of the H19 gene which had
previously been shown to have enhancer activity in vitro (20)
and in transgenic lines (18, 20), and we directly demonstrated
that the deleted sequences included the primary enhancer el-
ement important for skeletal muscle expression of both H79
and Igf2. Northern analysis demonstrated that both the H79
and Igf2 RNA levels in the liver, heart, gut, lung, and kidney
were unaffected by the deletion. In contrast, the H19 and Igf2



VoL. 21, 2001

RNA levels were reduced 5.5- and 3.5-fold, respectively, in
skeletal muscle. The nonequivalent reduction in expression of
the two genes suggests that expression of Igf2 may also be
driven by other mesodermal enhancers which are not utilized
by HI19. This hypothesis could explain recent reports demon-
strating that monoallelic expression of Igf2 requires sequences
in addition to the Igf2 insulator at the ICE/HI9DMR (1, 12).

With verification that H79 and Igf2 both utilize skeletal mus-
cle enhancers downstream of the insertion site at +10.7 kb, the
parent-of-origin activity of the CRKI0 allele could be defined
further. We first looked at paternal-chromosome inheritance
and demonstrated that the CRKI0 insertion mutation has no
effect on transcriptional regulation of Igf2. Just as in its normal
location upstream of the HI19 gene, the insulator activity is
parent-of-origin specific. Consistent with this finding, we had
previously shown that the ectopic insulator remains unmethyl-
ated on the maternal chromosome but is specifically hyper-
methylated on paternal inheritance (20). Our results are in
contrast with those obtained in a recent study by Hark and
coworkers, in which the insulator activity of an ectopic HI9ICE
element was determined not to be parent-of-origin specific
(17). In the latter study, the activity of a smaller insert encom-
passing only sequences between kb —3.8 and —0.8 was tested
by using randomly integrated transgenic constructs. We are
presently testing whether we were able to see maternal-chro-
mosome-specific transcriptional insulation in our system be-
cause the genetic context of mouse distal chromosome 7 sup-
plies crucial information or because of the additional
sequences included in the CRKI0 insertion (i.e., sequences in
addition to the H19DMR).

Further analysis of the CRKI0 allele revealed that the in-
serted DMR lacks the ability to affect the methylation status of
adjacent sequences. Our experiments cannot distinguish be-
tween a requirement for particular target sequences, such as
the relatively CpG-rich H19 promoter, and a deficiency in the
ectopic element’s function.

Insertion of the HI9DMR between the liver and skeletal-
muscle enhancer elements located downstream of HI9 has
confirmed the presence of downstream enhancer elements re-
quired for transcription of H79 in the mesoderm. Interestingly,
the CRKI10 mutation almost completely abolished H19 expres-
sion in the lung and kidney. Previous transgenic and deletion
analyses have shown that endodermal enhancers required for
both genes are located around kb 8 (10, 26). Deletion of this
region caused a complete loss of H/9 expression in the lung
and kidney. Similarly, the insertion of an insulator at kb +10
caused an almost complete loss of HI9 expression in those
tissues. Together these results suggest that there are at least
two required sets of enhancer elements necessary for the tran-
scription of H19 in these tissues. Although these enhancers are
very distant on the chromosome, their effects are extremely
synergistic. This model explains the puzzling inability of the
proximal endodermal enhancers to direct high levels of expres-
sion in kidney and lung tissues in transgenic mice (10, 32, 45)
even while their necessity in these same tissues was demon-
strated through deletion mutations. Future studies will exam-
ine the nature of the synergism to determine whether this is a
mechanism for specifically directing the enhancers to H79 and
Igf2 to the exclusion of other genes within striking distance of
the enhancers.

REGULATORY MECHANISMS AT THE MOUSE Igf2/H19 LOCUS 8195

Insulators are thought to play an important role in gene
regulation. At least two models for insulator action have been
proposed. In one case, the insulator is predicted to block the
progress of a positive signal that moves from the enhancer
toward the promoter. In a second model, insulators regulate
gene activity by organizing loci into transcriptionally active and
transcriptionally inactive domains (5, 37). Very recent studies
examining the effect of paired insulator elements in Drosophila
support the notion that insulators regulate enhancer-promoter
interactions through the formation of chromatin loops (11, 28).
In these experiments, an enhancer flanked by the Su(Hw)
insulator was unable to interact with its promoter. However,
when an enhancer was separated from its promoter by a paired
set of insulators, the enhancer retained the ability to activate
that promoter. It was proposed that two insulators work in
tandem to loop out any intervening DNA between them and
leave the enhancer and promoter elements, which remain in a
single active domain, thus allowing the enhancer-promoter in-
teractions. (See also a review by Bell et al. [6].)

To examine this model in a mammalian system, we returned
to the CRKI0 chromosome, whose organization relative to the
Igf2 promoter mirrors that of the transgenic constructs used in
the Drosophila experiments (Fig. 1a). The analysis was de-
signed not to determine the minimal sequences required for
insulator function but rather to determine a possible role for
functional insulators in organizing the locus into independent
arrays. On a maternal CRKI0 chromosome, the endodermal
enhancer sequences that drive expression of Igf2 and H19 in
the liver are flanked by two functional insulator elements, but
only a single insulator lies between the enhancer sequences
and the Igf2 promoter. However, the skeletal-muscle-specific
enhancer is separated from the Igf2 promoter by paired insu-
lator elements. We examined expression of Igf2 specifically
from the maternal CRK10 chromosome because we already
knew from examination of H19 expression that the enhancers
and the insulators were all functioning. In contrast to results
demonstrated in Drosophila for the Su(Hw) insulator, the ma-
ternal Igf2 promoter remained silent not only in the liver but
also in skeletal muscle. Thus, in the mammalian Igf2-insulator
system, we do not see evidence for looping; instead, the very
large distances over which the insulators and enhancers work
in this system may be more supportive of alternate models for
insulator function (5, 13).
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