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The overgrowth- and tumor-associated Beckwith-Wiedemann
syndrome results from dysregulation of imprinted genes
on chromosome 11p15.5. Here we show that inherited
microdeletions in the H19 differentially methylated
region (DMR) that abolish two CTCF target sites cause
this disease. Maternal transmission of the deletions results in
hypermethylation of the H19 DMR, biallelic IGF2 expression,
H19 silencing and Beckwith-Wiedemann syndrome, indicative
of loss of function of the IGF2-H19 imprinting control element.

A subclass of individuals with Beckwith-Wiedemann syndrome (BWS;
OMIM 130650) show hypermethylation and silencing of the maternal
H19 allele and activation of both parental IGF2 alleles1,2. Upregulation
of IGF2 is important for the somatic overgrowth and tumor predis-
position of BWS; the role of the putative tumor-suppressor gene H19
is uncertain3,4. No mutation has yet been associated with these
epigenetic alterations. In mice, a targeted deletion showed that
imprinting of the paternally expressed Igf2 and maternally expressed
H19 genes is controlled by a 2-kb DMR located 5¢ of H19 (ref. 5). The
DMR contains a chromatin boundary that is methylated on the
paternal chromosome and interacts with the zinc finger protein
CTCF on the maternal chromosome6–9. This binding is required to
maintain the unmethylated status and the insulator function of the
maternal DMR10–12.
We analyzed seven individuals with BWS with H19 hypermethyla-

tion for the presence of deletions in the H19 DMR. The H19 DMR
sequence differs from the homologous mouse region in that it is
organized into two repeat units, each consisting of two types of direct
repeats, and contains seven potential binding sites for CTCF
(Fig. 1a)13. We analyzed by Southern blotting a region spanning all
the repeats and found an allele with a 1.8-kb deletion in two
individuals (Fig. 1b). We then amplified DNA fragments
encompassing the deletion’s breakpoints by PCR and sequenced
them. The two mutations were very similar, each deleting 2.5 copies
of the B repeat and one copy of A repeat and abolishing two CTCF

sites (Fig. 1a). Both deletions were generated by recombination of the
B6 repeat with the B3 repeat and differed only with respect to the
cross-over breakpoints, which were 20 bp apart. The sister of proband
1 died prenatally with signs of BWS. By PCR amplification of an 88-bp
fragment encompassing the mutation from an autopsy specimen, we
found that she also inherited the 1.8-kb deletion from her mother
(data not shown). We then looked for the presence of the deletion in
the relatives of the probands who had no features of BWS. In family 1,
we found the mutation in the mother, maternal grandfather, an uncle
and his daughters (Fig. 1b). In family 2, we found the mutation in the
mother, maternal aunt and maternal grandfather, indicating that the
1.8-kb deletion is associated with the BWS phenotype only when
maternally transmitted (Fig. 1b). We did not detect the 1.8-kb
deletion in any of 14 individuals with BWS with defects other
than H19 hypermethylation or in any of 50 healthy individuals
(data not shown).
We first determined the effect of the 1.8-kb deletion on the

methylation of the H19 DMR by digestion with HpaII and Southern
blotting (Fig. 2a). We observed the normal pattern of 50% methyla-
tion, indicating differential methylation of the parental alleles, in the
fathers of the probands. In their mothers, the deleted paternal allele
(DR1-R4) was methylated whereas the wild-type maternal allele (H2-
R2) was not. We observed a similar methylation pattern in the other
unaffected carriers (data not shown). In the probands, however, both
the deleted maternal allele (DR1-R4) and the wild-type paternal allele
(R1-R2+R3-R4) were intensely methylated at all the HpaII sites that
we analyzed.
We then determined the methylation of the DNA regions encom-

passing the CTCF sites in the probands and their mothers by bisulfite
genomic sequencing. The repeat (B1) containing CTCF site 6 is
differentially methylated on the parental alleles of normal indivi-
duals14. We observed intense hypermethylation in the probands (22
of 25 and 21 of 24 template molecules, respectively) but normal
paternal-specific methylation in their mothers (Fig. 2b and data not
shown). The repeats containing the other CTCF sites were reported to
be highly methylated in normal embryos, but the methylation extent
of each parental allele was not assessed14. By sequencing across the
telomeric breakpoints of the 1.8-kb deletions, we determined the
allele-specific methylation of the repeat containing CTCF site 4. In the
mothers, this region normally had paternal-specific methylation
(Fig. 2c and data not shown), but both the paternal CTCF site 4
(included in the B3 repeat) and the maternal CTCF site 4 (included in
the hybrid B6/B3 repeat) were methylated in the probands (Fig. 2c).
We also determined the methylation of CTCF sites 2 and 3. These

sequences are included in the 1.8-kb deletions; therefore, only the
maternal allele is present in the mothers and only the paternal allele in
the probands. These sequences were hypomethylated in the mothers
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and hypermethylated in the probands (Fig. 2d and data not shown),
indicating that CTCF sites 2 and 3 are also normally preferentially
methylated on the paternal allele. Thus, the 1.8-kb deletion abolishes
two paternally methylated CTCF sites and its maternal transmission
results in hypermethylation of the remaining part of the H19 DMR.
Next, we examined the effect of the 1.8-kb deletion on the

expression of IGF2 and H19. We isolated RNA from fibroblasts
derived from skin biopsies of proband 1 and his mother and from
primary cells derived from a tongue biopsy of proband 2. Amplifica-
tion of transcribed polymorphisms by RT-PCR allowed us to deter-
mine the allele-specific expression of IGF2. Both alleles were expressed
in skin fibroblasts from proband 1 (maternal:paternal ratio 1:2) and in
tongue cells from proband 2 (maternal:paternal ratio 1:1), but one
allele was mainly expressed in the mother of proband 1 (maternal:
paternal ratio 1:10; Fig. 2e). We assessed the total level of H19 RNA in
the skin fibroblasts by quantitative real-time RT-PCR (Fig. 2f). H19
expression in proband 1 was 34 times lower than in his mother,
showing that loss of IGF2 imprinting was accompanied by down-
regulation of H19.

By showing that internal deletions of the humanH19 DMR affect
the imprinted expression of IGF2 and H19, we define the imprinting

control element of the locus and indicate how its mutation can result
in BWS. The activation of the maternal IGF2 allele and the suppres-
sion of H19 are probably caused by loss of the insulator function due
to hypermethylation of the maternal DMR (Supplementary Fig. 1
online). This can be the result of inefficient protection from de novo
methylation in somatic cells or lack of erasure of the grandpaternal
imprint in the maternal germ line.
Most cases of BWS occur sporadically and are believed to result from

‘pure’ epigenetic errors1,2. Our results indicate that at least some of the
DNA-methylation defects are caused by mutation in an imprinting
regulatory region. Similar imprinting mutations have been found on
chromosome 15q11–q13 in individuals affected by Prader-Willi and
Angelman syndromes15. Such mutations can be transmitted silently
through the germ line of one sex, but result in imprinting defects when
they go through the germ line of the opposite sex.
All the genetic analyses were done after informed consent was

obtained from the parents of the affected individuals. The experi-
mental plan was approved by the ethical committee of the Second
University of Naples, Italy (Supplementary Methods online).

GenBank accession number. H19, AF125183.
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Figure 1 Identification of the 1.8-kb deletions in the H19 DMR. (a) Structure of the wild-type and mutated H19 DMR. The wild-type allele is depicted

above the deleted allele. The deletion breakpoints are at –4822/–4810 and –2988/–2976 (relative to the H19 transcription start site) in family 1 and

at –4800/–4783 and –2966/–2949 in family 2. (b) Analysis of the 1.8-kb deletions. Blood leukocyte DNAs were digested with ApaI and analyzed by

Southern-blot hybridization with the probe indicated in a. This probe hybridizes at two locations owing to the high homology between the A repeats. In

individual III4 of family 1, the deletion was identified by PCR amplification and DNA sequencing. Unaffected carriers are indicated by targeted symbols.

A, ApaI; H, HpaII; R, RsaI.
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Note: Supplementary information is available on the Nature Genetics website.
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Figure 2 Effect of the 1.8-kb deletion on imprinted methylation and expression of the IGF2-H19 locus. (a) DNA methylation of the H19 DMR determined
by Southern blotting. Blood leukocyte DNAs of the probands (III5 and III1) and their parents (II4 and II5, and II4 and II3) in families 1 and 2, respectively,

were digested with HpaII and RsaI and hybridized with the probe indicated in Figure 1a. (b–d) DNA methylation profiles of CTCF site 6 (b), CTCF site 4

(c) and CTCF sites 2 and 3 (d) and flanking regions determined by bisulfite genomic sequencing. The results from the probands and one of the mothers are

shown. Each line corresponds to a single template DNA molecule cloned; each circle corresponds to a CpG dinucleotide. Filled circles designate methylated

cytosines; open circles, unmethylated cytosines. The CpGs included in the CTCF sites are indicated. The maternal (Mat) and paternal (Pat) alleles of the

CTCF site 6 region of the mother were discriminated by known single-nucleotide polymorphisms. The bisulfite sequencing of CTCF site 4 crossed the

telomeric breakpoints of the 1.8-kb deletions (DB) and different forward primers were used for the deleted (Del) and wild-type (WT) alleles. (e) Allele-specific

expression of IGF2. RNAs extracted from cultured skin fibroblasts of proband 1 (III5) and his mother (II4) in family 1 and from tongue tissue of proband

2 (III1) in family 2 were analyzed by hot-stop RT-PCR. The parental alleles were discriminated by typing for a HhaI restriction fragment length polymorphism

(RFLP) in family 1 and by typing for a direct repeat (DR) in family 2. As control, the RNAs were amplified with (RT + ) and without (RT–) previous treatment

with reverse transcriptase. (f) Determination of the H19 RNA level. RNAs derived from the fibroblasts of proband 1 and his mother in family 1 were analyzed

by quantitative real-time RT-PCR using primers specific for the H19 transcript and the GAPD mRNA.
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