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The molecular function and clinical phenotype of
partial deletions of the IGF2/H19 imprinting control
region depends on the spatial arrangement
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At chromosome 11p15.5, the imprinting centre 1 (IC1) controls the parent of origin-specific expression of the
IGF2 and H19 genes. The 5 kb IC1 region contains multiple target sites (CTS) for the zinc-finger protein CTCF,
whose binding on the maternal chromosome prevents the activation of /GF2 and allows that of H19 by
common enhancers. CTCF binding helps maintaining the maternal IC1 methylation-free, whereas on the
paternal chromosome gamete-inherited DNA methylation inhibits CTCF interaction and enhancer-blocking
activity resulting in IGF2 activation and H179 silencing. Maternally inherited 1.4—-2.2 kb deletions are asso-
ciated with methylation of the residual CTSs and Beckwith—Wiedemann syndrome, although with different
penetrance and expressivity. We explored the relationship between IC1 microdeletions and phenotype
by analysing a number of previously described and novel mutant alleles. We used a highly quantitative
assay based on next generation sequencing to measure DNA methylation in affected families and analysed
enhancer-blocking activity and CTCF binding in cultured cells. We demonstrate that the microdeletions
mostly affect IC1 function and CTCF binding by changing CTS spacing. Thus, the extent of IC1 inactivation
and the clinical phenotype are influenced by the arrangement of the residual CTSs. A CTS spacing similar to
the wild-type allele results in moderate IC1 inactivation and is associated with stochastic DNA methylation of
the maternal IC1 and incomplete penetrance. Microdeletions with different CTS spacing display severe IC1
inactivation and are associated with IC1 hypermethylation and complete penetrance. Careful characterization
of the IC1 microdeletions is therefore needed to predict recurrence risks and phenotypical outcomes.
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INTRODUCTION

The Beckwith—Wiedemann syndrome (BWS, OMIM 130650)
is a congenital disorder characterized by overgrowth, macro-
glossia, abdominal wall defects and predisposition to
develop embryonal tumours, including Wilms’ tumour and
hepatoblastoma. The genetics of this pathology is complex,
but the majority of the BWS cases is associated with abnormal
expression of imprinted genes located in a large cluster at
chromosome 11p15.5 (1). This cluster is organized in two
regulatory domains, each including a specific imprinting
control region (ICR, 2,3). The imprinted genes are expressed
monoallelically and in a parent of origin-specific manner de-
pending on the differential DNA methylation of the maternal
and paternal alleles of the ICRs. Histone modifications likely
contribute to the establishment and/or maintenance of the dif-
ferential expression of the imprinted genes on the parental
alleles (4,5).

The reciprocal imprinting of the fetal growth factor /GF2
and the non-translated RNA HI9 genes is regulated by the
telomeric ICR (IC1) of the 11p15.5 cluster. IC1 is a chromatin
insulator that is located between /GF2 and H19. Its function is
mediated by interaction with the zinc-finger protein CTCF that
by inducing allele-specific higher-order chromatin conforma-
tions prevents the activation of /GF2 promoters by down-
stream enhancers on the maternal chromosome (6—8). On
the paternal chromosome, germline-derived DNA methylation
inhibits CTCF binding, resulting in inactivation of the insula-
tor and expression of /GF2 (3). In addition, due to CTCF
binding, the maternal IC1 is maintained in a methylation-free
status (9).

Heterogeneous molecular defects are present at 11p15.5 in
the individuals affected by BWS (1). The most frequent
ones are DNA methylation abnormalities affecting either one
of the two ICRs or paternal uniparental disomy affecting the
entire cluster. In particular, gain of DNA methylation at the
maternal IC1 results in the loss of CTCF binding and
changes in chromatin conformation favouring /GF?2 activation
and H19 silencing (6). Although in many cases aberrant IC1
methylation has not been associated with any evident sequence
change, several microdeletions within IC1 were described in
BWS and Wilms’ tumour cases (10—18). However, the pene-
trance of the clinical phenotype associated with these genetic
defects and the molecular mechanism by which they alter
IGF2-H19 imprinting are undefined.

Human IC1 is composed by repetitive modules containing
six to seven CTCF target sequences (CTS, Fig. 1). When ma-
ternally transmitted, 1.4—1.8 kb deletions removing one to two
CTSs were found associated with hypermethylation of the
remaining CTSs, loss of IGF2-HI19 imprinting and highly
penetrant BWS phenotype (10,11,13,17). In contrast, a
2.2 kb deletion removing three CTSs was not associated
with DNA hypermethylation and was accompanied by a sec-
ondary mutation in one of the individuals affected by BWS
(12,19). To explain these differences in the clinical phenotype,
we proposed that different spatial arrangements of CTSs were
associated with different IC1 activities (13). Consistent with
this hypothesis, a microduplication associated with IC1 hyper-
methylation was later identified in a familial case with Wilms’
tumour and BWS (18). However, more recently, factors other
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than CTCF, such as OCT4 and SOX2, have been implicated in
IC1 imprinting control (15,20).

To prove that CTS arrangement within IC1 affects the
mechanisms controlling genomic imprinting and ultimately
influences the phenotype, we analysed several characteristics
of the mutant IC1 alleles, both in vivo and in vitro. We
demonstrated that DNA methylation in peripheral blood
cells, and enhancer-blocking activity and binding to CTCF
in cultured cells are influenced by the spatial organization
of the CTSs, rather than their number. The results obtained
are useful to predict the clinical phenotype resulting from
IC1 mutations.

RESULTS

New clinical cases and summary of the IC1 microdeletions

Using MS-MLPA (methylation-specific multiplex ligation-
dependent probe amplification), we identified a microdeletion
in peripheral blood from a female patient (family 8 III.1)
presenting with classical features of BWS, like hemihyper-
plasia, macroglossia, hypoglycaemia and ear creases. Methy-
lation analysis by MLPA revealed a slight hypermethylation
for all methylation sensitive probes in the IC1 outside the de-
letion (data not shown). The deletion was also found in the
healthy mother and maternal aunt, who have inherited the de-
letion from their healthy father (maternal grandfather of the
patient). All three unaffected deletion carriers showed
normal methylation in the IC1 region. The deletion was con-
firmed by long-range PCR, and sequence analysis of the de-
letion breakpoints revealed that the deletion is 2.245 kb in
size (GenBank Accession No. AF125183: 5710-5720/
7955-7965). It abolishes the repeats B2, B3, B4 and A2 in-
cluding the CTSs 4 and 5 and fuses CTS3 and 6 within
the repeats BS and B1 (Fig. 1). Interestingly, the microdele-
tion is identical on the nucleotide level to a familial case
reported by Prawitt et al. (12) (family 7 in this paper), in-
cluding single nucleotide variants which are in phase with
the deletion allele (Table 1). In this family, one patient
(I1I.1) was described to have a duplication of 11pl5 in fibro-
blasts as detected by fluorescence in situ hybridization
(FISH), which was not found in a healthy carrier (12). We
did not find an 11pl5 duplication in the blood of another
patient (II1.2) of family 7 who was investigated further in
this study, nor in patient III.1 of family 8 by MLPA.

We also found a 0.8 kb deletion fusing the B3 with the B1
repeat and removing CTSs 4 and 5 (Fig. 1) in several indivi-
duals of a family, none of which was affected by BWS
(family 9, Supplementary Material, Fig. S1). However, in all
these individuals the 0.8 kb deletion was paternally inherited.

The 2.2 kb deletion (families 7 and 8) and 0.8 kb deletion
(family 9) add to a number of previously described IC1 micro-
deletions, including the 1.4 kb (fusing B5 with B3, family 3),
the 1.8 kb (fusing B6 with B3, families 2 and 4) and the 1.8 kb
(fusing B5 with B2, family 6) (Fig. 1 and 10,11,13,17). Break-
points and sequence variants of the IC1 alleles investigated are
reported in Table 1. The clinical characteristics of the indivi-
duals under study are described in Table 2.
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Figure 1. IC1 microdeletions investigated in this study. Blank spaces correspond to deleted sequences. The positions of the CTS1—-7 and the organization in
A-type and B-type repeats are shown for each IC1 allele. The relative positions of the /GF2 and HI9 genes and the common enhancers are indicated only
for the wild-type allele. The CTSs whose methylation is analysed by NGS are highlighted.

DNA methylation analysis of the IC1 DMR by next
generation bisulfite sequencing

To obtain highly quantitative DNA methylation patterns at the
IC1 DMR in individuals carrying different IC1 deletions, we
performed high-resolution methylation analysis on peripheral
blood leukocyte (PBL) DNAs using next generation bisulfite
sequencing on the Roche/454 Genome Sequencing junior
system. In normal controls, the IC1 DMR is methylated on
the paternal and unmethylated on the maternal chromosome.

First we established different PCR assays specific for the six
CTSs and for the respective deletions. We investigated the
effect on DNA methylation in affected and non-affected dele-
tion carriers from six families with different IC1 deletions. For
each deletion carrier, we separately amplified the wild-type
(WT) allele and a fusion product for the corresponding dele-
tion allele containing one CTS. Furthermore, we investigated
additional CTS without separating the alleles. We investigated
CTS1 and CTS6 in all families (Fig. 2), CTS2 in family 6,
CTS4 in families 2—4 and CTSS5 in families 4 and 6 (Supple-
mentary Material, Fig. S2). The number of CpG dinucleotides

for each CTS studied is listed in Table 3. For each of the six
CTSs, we analysed six normal individuals. An average of 47.9
to 54.9% mean methylation per CTS was observed (Supple-
mentary Material, Table S1) and the average of the mean
methylation over all CTSs was 52.9%.

In three families with different 1.8 kb deletions, we investi-
gated the index patients and the mothers, who are also deletion
carriers. As expected, the healthy mother (II-5) of family 2,
who has inherited the deletion from her father, showed a
normal methylation pattern for CTS1 and 6 (alleles were not
separated) of 55.4 and 56.8%, respectively, whereas the son
showed a hypermethylation of 93.8 and 86.5%, respectively
(Fig. 2B and C; Table 3). Methylation analysis for CTS4,
where the alleles were separated, provided nearly the same
result. Here, too, the mother showed no methylation changes,
but the affected son (III-3) showed a mean methylation of
95.4% at CTS4 on the maternal deletion allele (Supplementary
Material, Fig. S2B).

In family 4, the 1.8 kb deletion is similar to that in family 2,
but in this family both the mother (II-1) and the son (III-2) are
affected and have the deletion on the maternal chromosome.
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Table 1. Nucleotide variants in IC1 alleles
Allele Breakpoint® Variants®

4593 4628 4721 6368 7342 7357 7523 7966 8008 8097 8217 8271
Wild-type A T G C G G G T A G G T
A 0.8 B3/B1 (family 9) 6899-6941/ 7712-7754 G C A C — — — T A G G T
A 1.8 B6/B3 (family 2) 5297-5314 /7131-7148 A T G — G G A T A G G T
A 1.4 B5/B3 (family 3) 5723-5752/ 7156-7185 A T G — G G A C C A C C
A 2.2 B5/B1 (families 7,8)  5710-5720 /7955-7965 A T G — — — — T A G G T
A 1.8 B5/B2 (family 6) 5469-5516/ 7304-7350 A T G — A A G T A G G T

“Breakpoint and variant positions within GenBank accession N° AF125183.

Interestingly, methylation analysis at CTS1 for the deletion
alleles revealed different levels of mean methylation; the
mother has 70.7% and the patient 93.4% (Fig. 2B and
Table 3). This inter-individual difference in methylation at
CTS1 in these two individuals confirms previous results
obtained by combined bisulfite restriction analysis (COBRA,
11). Additionally, CTS4, 5 and 6 were investigated without
allele separation. At these sites, both, the patient and the
mother showed severe hypermethylation; however, again the
level of methylation seems to be slightly lower in the mother
than in the patient but not as pronounced as at CTS1 (Table 3,
Fig. 2C and Supplementary Material, Fig. S2B and C).

In family 6, where the 1.8 kb deletion covers the more distal
region of IC1, we analysed separate alleles for CTS2 and
CTS5 in the affected mother and the index patient. Both
carry the deletion on the maternal chromosome. On the dele-
tion allele the mother showed 81.4% mean methylation at
CTS2 and 80.4% at CTSS (Supplementary Material,
Fig. S2A and C and Table S3). The deletion allele of the
patient showed a slightly higher methylation level of 89.5%
at CTS2 and 94.5% at CTSS. Again, CTS1 and 6 were ana-
lysed without separating the alleles. Mother and patient
showed high methylation levels of 89.6 and 95.7%, respective-
ly, for CTS1. For CTS6 a similar tendency was observed, but
the methylation levels were with 68.7 and 84.2% not as high
as at the other investigated CTS (Fig. 2B and C).

In family 3, we found for the index patient (II-1), who has a
de novo deletion of 1.4 kb, an extensive hypermethylation at
CTS4 of 85.1% on the maternal deletion allele (Supplemen-
tary Material, Fig. S2B and Table S3). CTS1 showed for
both alleles together a methylation level of 95.1%, whereas
CTS6 was a bit lower with 82.7% (Fig. 2B and C).

In family 7 and 8 with the identical 2.2 kb deletion, the two
individuals with BWS (1I1.2, family 7 and III.1, family 8), who
have a maternally inherited IC1 deletion, were found to have a
methylation of 17.0 and 33.9% at the maternal CTS6, respect-
ively. As expected, the two healthy deletion carriers of family
8 (II.2 and II.3) with a paternally inherited deletion have a
methylated deletion and an unmethylated WT allele (Fig. 2C
and Table 3). But most interestingly, the mother (IL.5) of
family 7 and the grandfather (I.1) of family 8 show very
little (4.0%) or no (0.8%) evidence of methylation changes
on the deletion allele, although they have inherited the dele-
tion from their mothers. Moreover, both individuals do not
have BWS (12 and this study). These results are supported
by methylation analyses of CTS1 without separating the
alleles, where similar results were obtained in the two patients

who show a slight hypermethylation of 68.0% (II1.2 family 7)
and 72.0% (III.1 family 8), whereas the mother and aunt (II.2
and I1.3) of family 8 show normal methylation levels ~50%
(Fig. 2B and Table 3). The mother (II.5) of family 7 and the
grandfather (I.1) of family 8, however, show a moderate
hypermethylation at CTS1 of 71 and 64%, respectively,
similar to the patients.

Enhancer blocking assay

To study the effect of the microdeletions on IC1 function, we
amplified the mutant IC1 alleles from patient DNAs, cloned
them into plasmid vectors and tested their functional proper-
ties by transferring them into cultured cells. First, we mea-
sured the insulator activity by using the previously described
enhancer-blocking assay (21,22). For this purpose, we gener-
ated constructs (EpL) in which the WT or mutant IC1
sequences were inserted between the SV40 enhancer (E) and
the SV40 promoter (p) that was driving the luciferase gene
(L) (Supplementary Material, Fig. S3). In addition to the
WT ICI1, the tested alleles included the 0.8 kb (B3/Bl,
family 9), 2.2 kb (B5/B1, family 7/8), 1.4 kb (B5/B3, family
3), 1.8 kb (B6/B3, family 2) and 1.8 kb (B5/B2, family 6)
deletions.

The constructs were introduced into Hep3B cells and pools
of stably transfected clones were isolated. Copy number of ex-
ogenous DNAs was calculated and found to be similar among
different transfected samples (data not shown). CpG methyla-
tion of the exogenous IC1 alleles was measured by COBRA
and bisulfite sequencing and all integrated constructs were
found non-methylated in Hep3B cells.

Reporter gene activity was then measured in the transfected
cells. Consistent with the presence of the SV40 enhancer, the
luciferase activity expressed by the EpL construct was 3.6-fold
higher than that of the enhancer-less construct (pL; Fig. 3 and
Supplementary Material, Table S3). A control construct (E
spacer N\ pL), in which a 5090 bp fragment of the N phage
was inserted between the promoter and the enhancer,
showed luciferase activity similar to EpL, indicating that
within these limits the distance does not affect the enhancer
activity. The luciferase activity of the WT IC1 allele (E wt
pL) was 27% that of the control (E spacer N\ pL) and close
to the activity expressed by the enhancer-less construct pL,
confirming the presence of enhancer-blocking activity in the
WT IC1 fragment. Different reporter activities were expressed
by the mutant alleles (Fig. 3). In particular, the activities of the
0.8 kb (B3/B1) and 2.2 kb (B5/B1) deletion alleles were 39
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= and 31% that of the N spacer, respectively, while those of the
= 1.4kb (B5/B3), 1.8kb (B6/B3) and 1.8 (B5/B2) deletion
a alleles were 70, 56 and 63% that of the control. Therefore,
% %E the A 1.4kb (B5/B3), A 1.8 kb (B6/B3) and A 1.8 kb (B5/
= &: = B2) alleles displayed lower insulator activity than the A
wd = £ ° 0.8 kb (B3/B1), A 2.2 kb (B5/B1) alleles and WT alleles.
To further investigate the role of the A2-B4 region that is
- missing in both high-insulating and low-insulating alleles,
% 5 we generated in vitro two additional mutant constructs
© k= % (Fig. 4). In the former (AA2), the entire A2-B4 modules but
= 5 no CTS was deleted and in the latter (OCT-mut), three OCT-
£ binding motifs present within the A2 region were mutated in
g the WT IC1 allele. After transfection in Hep3B cells, we
2 found that the luciferase activity expressed by the A2 deletion
hE § (E A A2 pL) and OCT-mut (E OCT-mut pL) constructs was 70
= S and 40% that of the control construct, respectively (Fig. 4), in-
dicating that the insulator activity of the WT allele is severely
§ 5 affected by the deletion of the A2-B4 spacer but modestly
- g:: % influenced by the mutation of the OCT-binding motifs.
=| 5
g Analysis of CTCF binding
e Since CTCF binding is required for the enhancer-blocking func-
o qé tion of IC1 (21,22), we wondered if the mutant alleles with differ-
= S A SR ent insulator activities also bound CTCF in vivo with different
g efficiencies. The presence of endogenous CTCF was previously
% demonstrated in Hep3B cells (21). Therefore, we measured
B g CTCF binding to the different IC1 alleles by the Chromatin
B + o444 L4440z ImmunoPrecipitation (ChIP) assay with anti-CTCF antibodies
= in transfected Hep3B cells. We estimated the amount of
P - IC1-containing DNA fragments present in the immunoprecipi-
5 ‘§ g tated material by quantitative PCR. To specifically detect exogen-
o < 3 ous DNA, we used a set of PCR primers that was specific for the
é .- 5 transfected constructs and was targeting sequences close to CTS1.
;3 P Another set of primers, targeting CTS6, was not construct specif-
g ol P++ +++1 0+ 1+ ic. The samples were normalized against an endogenous region
E’ cSan Ll L+ that was demonstrated to bind CTCF with high affinity (23).
5 o Figure 5 and Supplementary Material, Table S3 show the
- = R T S S B I S B | I results obtained for CTCF binding to the transfected constructs
fﬂ 2 = by using primers close to CTS1. The construct containing WT
£ 2 % IC1 bound CTCF with the highest efficiency. The 0.8 kb (B3/
B = = B1) and the 2.2 kb (B5/B1) deletion alleles showed values of
& » 95 binding that were 1.2 and 1.4-fold lower than that of the WT con-
% +4a = I N B R struct, respectively. The 1.4 kb (B5/B3), 1.8 kb (B6/B3), 1.8 (B5/
£ B2) and A2 deletion alleles showed weaker CTCF binding. The
é oa amount of exogenous IC1 DNA immunoprecipitated from the
= < e_ A 1.4 kb (B5/B3), A 1.8 kb (B6/B3), A 1.8 kb (B5/B2) and A
S | a8 L+ L+ 00+ A2 alleles was\xEF\x80 3.3-, 2.6-, 7.4- and 4.2-fold lower than
5 that of the WT, respectively. In addition, the construct bearing
= oo the mutation of the OCT-binding sites showed CTCF binding
s » L values that were only 1.4-fold lower than that of the WT allele.
e | aaBE s HL I i i s e A Comparable results were obtained from the analysis of CTCF
1‘5) o = binding to CTS6 (Supplementary Material, Fig. S4 and Table S3).
8 S : _ sz 05
g s} 5<% ZEEEEZE
E 5% 243 BSEEEPo_= DISCUSSION
= 2% ° 273 SOEE QLIS
- 122,598,293 2E2%E, -
e: 8 2|35 é g g E g £E ST 5¢ 5 Possibly, due to the presence of low-copy repeats, the IC1 of
= |E | EE8ES<8EEE22585285 the IGF2-HI9 locus undergoes structural rearrangements
EOIE =10 resulting in cryptic microdeletions. These deletions are
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Family 4 A 1.8 kb (B6/B3)

Family 8 A 2.2 kb (B5/B1)

Figure 2. DNA methylation analysis. (A). Pedigrees of the families investigated. The individuals studied are underlined. Unaffected deletion carriers are indi-
cated by a dot. (B and C). Heatmaps for the methylation patterns obtained by next generation bisulfite sequencing for CTS1 and 6, respectively. The methylation
pattern of a normal control (NC) is shown on the left side. The methylation analyses were performed with or without allele separation for each deletion carrier
investigated. The results were arranged according to their parental origin. In the heatmaps of individuals, III.2 of family 7 and III.1, I1.2 and I1.3 of family 8 a
blue column inside methylated sequences represent a SNP (rs10732516 C>T) which changes a CpG to a TpG and therefore is scored as unmethylated by the BiQ
Analyzer software. Lines represent sequence reads, columns CpGs. Blue—unmethylated; red—methylated; white—missing sequence information; mat, maternal
allele; pat, paternal allele; del, allele harbouring the IC1 deletion; WT, wild-type allele; NC, normal control; CTS, CTCF target site.

associated with a spectrum of phenotypes spanning from
normal condition to complete BWS with Wilms’ tumour. By
analysing the mutant alleles both in vivo and in vitro, we dem-
onstrate that the microdeletions generally affect IC1 function
and binding to CTCF. However, the extent of IC1 inactivation
and consequently the penetrance and expressivity of the clin-
ical phenotype are dependent on the structural arrangement of
the residual CTSs of the microdeletion alleles.

CTCF binding is required to maintain the maternal IC1
hypomethylated during early embryogenesis (9). The analysis
of several IC1 mutations in the mouse indicates that the lower
the residual affinity for CTCF, the higher the gain of methyla-
tion on the maternal IC1 allele (24). Therefore, the maternal
methylation level can be considered as an indirect measure
of CTCF binding to the mutant allele in the embryo. By ana-
lysing patient PBLs, we found that when present on the mater-
nal chromosome the human 2.2 kb (B5/B1) deletion results in
variable but generally moderate methylation of the remaining
CTSI and 6 (4—34%), whereas the 1.4 kb (B5/B3) and 1.8 kb
(both B5/B2 and B6/B3) deletions are generally associated
with more consistent hypermethylation (69—96%). This is

consistent with the results reported by Demars et al. Analysis
of CTCF binding in cells transfected with the mutant alleles
indicated that binding to IC1 is partially affected by the
2.2 kb (B5/B1) deletion but severely disrupted by the 1.4 kb
and 1.8 kb deletions. Therefore, it is possible that during
early embryogenesis low CTCF binding results in frequent
de novo methylation of the 1.4 and 1.8 kb deletion alleles,
whereas moderate binding results in stochastic methylation
of the 2.2 kb deletion allele. It might also be possible that
oocytes with the deletion alleles are erroneously methylated
and some of this methylation is subsequently lost by failure
to maintain the methylation. Both interpretations are consist-
ent with the mosaic state of methylation which can be seen
to a larger extent in the 2.2 kb deletion carriers but also
through the slight inter-individual differences in the degree
of methylation at different CTS in most individuals with a
1.4 or 1.8 kb deletion, as they still have a small amount of
unmethylated sequences left.

We note with interest that the hypermethylation is more
pronounced in the second generation of families with two
affected generations so that it is tempting to speculate that
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Table 3. Summary of the results obtained by next generation bisulfite sequencing for the six families investigated

1D Status Allele harbouring ~ Mode of CTS Number of Alleles Sequence ~ Mean
the deletion inheritance investigated investigated CpGs reads methylation (%)

Family 2 “9A 1.8 kb (B6/B3) 1I-5 Mother Healthy carrier Paternal Paternally CTS1 14 Both alleles 2222 55.4
111-3 Patient Affected Maternal Maternally 14 Both alleles 2417 93.8
1I-5 Mother Healthy carrier ~ Paternal Paternally CTS4 16 Mat WT 1275 2.4
21 Pat Del 5609 92.1
1I1-3 Patient Affected Maternal Maternally 21 Mat Del 1220 95.4
16 Pat WT 1285 96.3
11-5 Mother Healthy carrier ~ Paternal Paternally CTS6 14 Both alleles 2068 56.8
111-3 Patient Affected Maternal Maternally 14 Both alleles 1784 86.5
Family 3 “9A 1.4 kb (B5/B3)  1I-1 Patient Affected Maternal De novo CTS1 14 Both alleles 2144 95.1
1I- Patient Affected Maternal De novo CTS4 21 Mat Del 3545 85.1
16 Pat WT 2318 92.5
1I-1 Patient Affected Maternal De novo CTS6 14 Both alleles 3139 82.7
Family 4 ¢ A 1.8 kb (B6/B3) 1I-1 Mother Affected Maternal Maternally CTS1 16 Mat del 2214 70.7
16 Pat WT 1655 93.7
III-2  Patient Affected Maternal Maternally 16 Mat del 3006 93.4
16 Pat WT 1218 93.9
1I-1 Mother Affected Maternal Maternally CTS4 16 Both alleles 1444 85.6
11-2 Patient Affected Maternal Maternally 16 Both alleles 1454 96.5
1I-1 Mother Affected Maternal Maternally CTSS 14 Both alleles 2159 91.6
111-2 Patient Affected Maternal Maternally 14 Both alleles 2192 95.4
1I-1 Mother Affected Maternal Maternally CTS6 14 Both alleles 3235 84.7
111-2 Patient Affected Maternal Maternally 14 Both alleles 3170 89.7
Family 6 °A 1.8 kb (B5/B2) 1I-2 Mother Affected Maternal De novo CTS1 14 Both alleles 1919 89.6
1I-1 Patient Affected Maternal Maternally 14 Both alleles 1726 95.7
1I-2 Mother Affected Maternal De novo CTS2 19 Mat del 707 81.4
20 Pat WT 537 94.9
1II-1 Patient Affected Maternal Maternally 19 Mat del 926 89.1
20 Pat WT 1107 95.8
11-2 Mother Affected Maternal De novo CTSS 15 Mat del 3423 80.4
1I-1 Patient Affected Maternal Maternally 15 Mat del 1576 94.5
1I-2 Mother Affected Maternal De novo CTS6 14 Both alleles 1916 68.7
1I-1 Patient Affected Maternal Maternally 14 Both alleles 1816 84.2
Family 7 °A 2.2 kb (B5/B1) 1L.5 Mother Healthy Maternal Maternally CTSl1 14 Both alleles 3293 71.4
1.2 Patient Affected Maternal Maternally 14 Both alleles 2433 68.0
ILS Mother Healthy Maternal Maternally ~ CTS6 19 Mat del 4922 4.0
14 Pat WT 1697 95.3
111.2 Patient Affected Maternal Maternally 19 Mat del 1226 17.0
14 Pat WT 3718 95.3

Continued
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there might be a kind of epigenetic memory effect, but an as-
certainment bias cannot be excluded and more of these rare
families must be investigated in more detail.

Control of /IGF2-HI19 imprinting requires the enhancer-
blocking activity of IC1 and this is exerted through interaction
with CTCF (9,20,21,25). Consistent with the data on CTCF
binding, we observed that the insulator activity of IC1 is mod-
estly affected by the 2.2 kb (B5/B1) deletion but severely
reduced by the 1.4 kb (B5/B3) and 1.8 kb (both B5/B2 and
B6/B3) deletions. The comparable results obtained with the
1.8 kb (B5/B2) and 1.8 kb (B6/B3) deletions indicate that dif-
ferent CTSs play similar roles inside IC1. However, the dra-
matic differences between the 2.2 kb (B5/B1l) and 1.4 kb
(B5/B3) deletions indicate that the spatial arrangement of
the CTSs rather than their overall number is important for
the insulator function. We previously proposed that the dele-
tions causing the formation of clusters of CTSs longer than
those present in the WT allele (two clusters of three CTSs
separated by 1 kb), such as the A 1.4 and A 1.8 kb (Fig. 1),
would result in weak CTCF binding and enhancer-blocking
activity (13). In contrast, deletions not changing the length
of the CTS clusters, such as the A 2.2 kb, would have a
milder effect. This model is corroborated and extended by
the present study. Indeed, the in vitro-produced A2 deletion
not removing any CTS but generating a long-CTS array se-
verely affects the insulator activity and CTCF binding. In con-
trast, the serendipitously identified 0.8 kb (B3/B1) deletion
removing two CTSs without increasing the length of the
CTS clusters has a minor effect on these activities.

The A2 region contains OCT-binding sites, which have been
found mutated in rare familial cases of BWS (15,20). The role of
such sequences in the mouse H/9 ICR is controversial. A dyad
OCT-binding sequence was implicated in the maintenance of
the unmethylated state of the mouse H/9 ICR in a cell culture
model (26). However, its deletion in the mouse has no effect
on insulation and activation of the maternal Igf2 allele (27).
We found that mutating the three OCT-binding sites of the A2
region weakly affects the enhancer-blocking and CTCF-binding
activities of IC1. Therefore, the effect of the A2 deletion on in-
sulator activity and CTCF binding is in large part not due to the
loss of the OCT-binding sites.

We observed that the efficiency of CTCF binding is influ-
enced by the spatial arrangement of the target sites within
human ICI. In particular, arrays of closely spaced CTSs
longer than three appear to bind CTCF less efficiently. Inter-
action between adjacent CTSs has been demonstrated in the
mouse (28). It is possible that steric interference occurs
when CTCF molecules interact with multiple adjacent sites.

In summary, this study shows that depending on the struc-
tural arrangement of the remaining CTSs, microdeletions
affect the insulator function of IC1 and clinical phenotype to
a different extent. Severe inactivation, such as that observed
with the 1.4—1.8 kb deletions, is associated with hypermethy-
lation of the maternal IC1 allele in vivo. This condition is gen-
erally found in pedigrees showing highly penetrant BWS
phenotype. In contrast, microdeletions causing moderate in-
activation of IC1 function, such as the A 2.2 kb, are associated
with stochastic DNA methylation of the maternal IC1 and in-
completely penetrant clinical phenotype. According to the data
obtained in cultured cells, we expect also the 0.8 kb deletion to

Mean
methylation (%)
72.0
52.8
50.5
63.9
339
93.6
0.4
88.7
0.4
87.8
0.8
94.7

Sequence
reads
2345
3766
3747
2384
1003
2002
2894
3044
1346
676
2537
1561

eles
leles
leles
leles

= =E==7

Alleles
Both a
Both a
Both a
Both a
Mat de
Pat WT
Mat WT
Pat del
Mat WT
Pat del
Mat del
Pat WT

Number of
investigated CpGs

14
14
14
14
19
15
14
19
14
19
19
14

TS
investigated

C
CTS1
CTS6

Mode of

inheritance
Maternally
Paternally
Paternally
Unknown

Maternally
Paternally
Paternally
Unknown

Allele harbouring
the deletion

Maternal
Paternal
Paternal
Maternal
Maternal
Paternal
Paternal
Maternal

Healthy carrier
Healthy carrier
Healthy carrier
Affected

Healthy carrier
Healthy carrier
Healthy carrier

Status
Affected

Patient
Mother
Aunt

Grand father
Patient
Mother
Aunt

Grand father

ID
1.1
1.2
1.3
1.1
1.1
1.2
1.3
1.1

Family has been previously described by: *Sparago et al. (10); *Prawitt et al. (12,19); “Cerrato et al. (13); Sparago et al. (11); °De Crescenzo et al. (17).

Mat, maternal; pat, paternal; del, allele harbouring the IC1 deletion; WT, wild-type allele; CTS, CTCF target site.

Family 8 A 2.2 kb (BS/B1)

Table 3. Continued
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Figure 3. Enhancer-blocking assay. Hep3B cells were transfected with the constructs described in Figure 1. Pools of Neo®-resistant clones were collected and
their luciferase activity assayed. The activity expressed by the control construct containing the \ spacer was set as 100%. Data represent the average of three
independent experiments and are expressed as the means + SD. P-values calculated with Student’s #-test are indicated, when statistically significant. Note that
the A1.4 kb (B5/B3), A 1.8 kb (B6/B3), A 1.8 kb (B5/B2) and A A2 alleles display lower enhancer-blocking activity than the A 0.8 kb (B3/B1), A 2.2 kb (B5/B1),
OCT-mut and WT alleles. EpL, plasmid without insert; pL, plasmid without enhancer and insert.

result in low-penetrance phenotype, if maternally transmitted.
Careful genotyping of the ICl microdeletions is therefore
needed to predict recurrence risks and possible phenotypical
outcomes. Furthermore, an in detail investigation of BWS
cases with a H/9 hypermethylation regarding microdeletions
should be considered even if no family history of BWS was
observed.

MATERIALS AND METHODS
Materials

Genomic DNA was isolated from peripheral blood using the
FlexiGene DNA Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s manual. Blood samples were obtained
after informed consent.

Methylation sensitive multiplex ligation-dependent probe
amplification

Gene dosage and methylation of the IC1 and 2 on chromosome
11p15 were analysed by MLPA using the SALSA MLPA KIT
MEO030-B2 BWS/RSS (MRC Holland, Amsterdam, Nether-
lands). Hybridization, ligation and PCR reactions were carried
out according to the manufacturer’s instructions. Amplification
products were analysed by capillary electrophoresis using the
ABI3100 capillar sequencer. Data analysis was carried out
using the Gene Marker Software (Softgenetics, State College,
PA, USA).

Long-range PCR and sequencing

For confirmation of the deletion and identification of the
breakpoints in individuals of family 8 long-range PCR was

conducted using the Expand long-range dNTPack (Roche,
Mannheim, Germany) according to the manufacturer’s
manual with primers H19_Del_F_longrange 5'-CCTCTATCT
AATGACACGCTGTACTC-3' and HI19_Del_R_longrange
5'-GACTCAGGAAATACTCCGGAAATAC-3". A 6.678 bp
product was generated from a present WT -allele. PCR pro-
ducts were gel purified with the Gel extraction Kit (Qiagen,
Hilden, Germany) according to the manufacturers’ instruc-
tions. Sequencing of the breakpoints was performed with an
additional primer (H19_nDNArev 5-GGGCTGTCCTTA
GACGGAGT-3 (29) using the BigDye Terminator vl.1
Cycle Sequencing Kit on an ABI-3100 automatic capillary
genetic analyser (Applied Biosystems, Fostercity, CA, USA).
Sequence analysis was conducted using the Sequencing Ana-
lysis (Applied Biosystems, Fostercity, CA, USA) and Gen-
eious (Biomatters, Auckland, New Zealand) softwares.

Bisulfite treatment

Bisulfite treatment was carried out as described elsewhere (30)
or using the EZ DNA Methylation-Gold Kit (Zymo Research
Europe, Freiberg, Germany) according to the manufacturer’s
protocol.

Generation of bisulfite amplicon libraries

Locus-specific amplicon libraries for each individual were
generated. First, PCR on bisulfite treated DNA was performed
with tagged primers using the Qiagen HotStarTaq Master Mix
Kit (Qiagen, Hilden, Germany) and standard protocols. For
primer sequences, see Supplementary Material, Table S4.
Sample-specific barcode sequences [(MIDs) multiplex iden-
tifiers] and universal linker tags (454 adaptor sequences, A- or
B-primer and key) were added in a second PCR conducted as
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Figure 4. In vitro-generated IC1 mutations. Schematic diagram shows the in vitro-generated A2 deletion and OCT-mut alleles. The position of the OCT-binding
motifs is indicated by small circles and the mutated OCT-binding motifs are slashed.

follows: 10 min denaturation at 95°C, then 35 cycles with
95°C for 20 s and 72°C for 30 s and a final elongation step
for 7 min at 72°C.

Sample preparation and sequencing on the Roche/454 GS
junior system

Amplicons were purified using the Agencourt AMPure XP
Beads (Beckman Coulter, Krefeld, Germany) system accord-
ing to the protocol recommended by Roche (Roche Amplicon
Library Preparation Method Manual) and quantitated by meas-
uring with the NanoDrop ND-1000 Spectrophotometer (Ther-
moScientific, Wilmington, USA). The bisulfite amplicon
libraries were diluted, pooled and clonally amplified in an
emulsion PCR (emPCR) and sequenced on the Roche/454
GS junior system according to the manufacturer’s protocol
(Roche emPCR Amplification Method Manual—Lib-A and
Roche Sequencing Method Manual).

Data analysis

For data analyses, special filter settings were applied (for
details contact KR). The obtained reads were sorted according
to their MID by implementing an exact pattern-matching ap-
proach in the programming language Perl. The algorithm
used identified whether either the forward or the reverse
MID is present. If an MID was assigned to more than one
amplicon, sequence reads for specific amplicon libraries
were separated using the assembly tool of the Geneious Soft-
ware (Biomatters, Auckland, New Zealand). Methylation ana-
lyses were conducted using the BiQAnalyzer HT (31). For
each amplicon, a minimum number of 500 sequence reads
was analysed. The mean methylation as a mean value for all
CpGs studied, the exact number of reads analysed for the dif-
ferent samples and CTSs are given in Table 3 and Supplemen-
tary Material, Table S1. The average bisulfite conversion rate
was 98.0% for all patients and 96.8% for the NCs.

Generation of the plasmid constructs

The plasmid constructs for the enhancer-blocking assay were
generated as follows. The DNA sequence of the SV40 enhancer
was PCR-amplified from plasmid pcDNA3.1 (Invitrogen) using
primers 5'-TATATGGGGTACCGCGTTAC-3' and 5'- GAGC
TCGGGCGGAACTGG-3'. The obtained PCR product was
digested with Kpnl and Sacl and subcloned between Kpnl and
Xhol sites in plasmid pGL3 (Promega) that is carrying a lucifer-
ase cassette under the control of the SV40 promoter. The result-
ing construct (EpL; Fig. 1B) was sequenced to verify the correct
cloning. WT and mutant IC1 alleles were PCR-amplified from
peripheral blood DNA with the primers:

5'- GTAGTGGCGCGCCATTTCCCAATG-3' and 5'- GCA
CAGGCGCGCCATCGA

ACATC-3'. The PCR products were digested with Ascl and
subcloned into the Mlul site of the EpL vector. The correct
cloning and orientation of the IC1 alleles were confirmed by
DNA sequencing.

The EAA2pL construct was obtained by deleting 1024 bp of
the A2 region from the plasmid carrying WT IC1. The 513 bp
BsaAl-Bsu361 fragment derived from WT IC1 was subcloned
between BmgBIl and Bsu36l sites in plasmid EwtpL. The
correct mutagenesis was confirmed by sequencing.

The EOCT-mutpL construct was obtained by mutating the
sequence of the A2 region containing the Octamer sites
(underlined):

CATTAACATT CCCATTCAGT GCAGGTTTGA GATG
CTAATT TAGGAGCTTG AGATGCTAAA into: CAGG
ATTTTT CCCATTCAGT GCAGGTTTGA GAAAAT

CCTT TAGGAGCTTG AGAAAATCCA (mutated nucleo-
tides are in bold). This has been achieved subcloning sequen-
tially the following synthetic DNA fragments: 5'-CTT

AAGTGGCCAGACAGGATTTTTCCCATTCAGTGCAGG
TTTGAGAAAATCCTTTAGGAGCTTGAGAAAATCCAGA
GCTGGGAGTGCCACTGCTGCTTTATTCTGGGGTCTAG
GATCC-3" and 5-GGATCCTTGTGTTGGCTGAGATAATC
TGCTAAT

GTGGGTGCAGCAGACATCCCGCGGTTTGTGGAATC
GATAAGCTT-3’ in Aflll-BamHI and BamHI-HindIII,
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Figure 5. Chromatin ImmunoPrecipitation assay. Chromatin extracted from Hep3B cells transfected with the constructs described in Supplementary Material,
Fig. S2 was immunoprecipitated with anti-CTCF antibodies. The amount of exogenous IC1 DNA present in the immunoprecipitated material was estimated by
real-time PCR and expressed as percent of input. IC1 values were normalized against the values obtained for an endogenous high-affinity CTCF-binding region.
Data represent the average of three independent experiments and are expressed as the means + SD. P-values calculated with Student’s 7-test are indicated, when
statistically significant. The results shown have been obtained by using primers specific for the CTS1 region. Similar results have been obtained by using primers
for a region close to CTS6 (Supplementary Material, Fig. S4). Primers for an endogenous region with no known CTCF binding were used to measure non-specific
binding (grey bars). Note that the efficiency of CTCF binding to the A 1.4 kb (B5/B3), A 1.8 kb (B6/B3), A 1.8 kb (B5/B2) and A A2 IC1 alleles is lower than

that to the A 0.8 kb (B3/B1), A 2.2 kb (B5/B1), OCT-mut and WT alleles.

respectively, of topo TA vector (Promega). The resulting
AfllI-Clal fragment has then been inserted between AfllI and
Clal sites of the WT IC1 sequence.

Cell culture and transfections

Hep3b cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma Co. Ltd, St Louis, MO, USA) supplemented
with 10% fetal bovine serum, 50 units of penicillin and
50 pg/ml of streptomycin at 37°C under an atmosphere of
5% CO,. For the evaluation of enhancer-blocking activity,
Hep3b were transfected in triplicate.

Cells were seeded in six-well plates (Nunc Co., Roskilde,
Denmark) at a density of 1 x 107 cells per well. The day
after cell seeding, 4 g of Sall-linearized plasmid and
0.4 g of Sall-linearized PGK-neo vector were mixed with
Lipofect Amine Plus reagent and the mixture was added to
each dish. The cells were trypsinized and seeded on to
100 mm plates (Nunc Co). 48 h later, 200 pwg/ml of neomycin
(Sigma Co. Ltd) were added to the medium for at least 5 days
in order to select the stably transfected clones. All neomycin-
resistant clones were pooled and analyzed.

Luciferase assay for enhancer-blocking activity

The luciferase activity was measured using the Luciferase
Assay System (Promega Co.) and Dia-Iatron luminometer, fol-
lowing the protocols described by the manufacturer. Firefly

luciferase activity was normalized against protein concentra-
tion and plasmid copy number, and the relative luciferase ac-
tivities were expressed as the percentage of the construct
containing the N\ spacer. Protein concentrations were deter-
mined by the Bradford method (Bio-Rad, Hercules, CA,
USA).

Chromatin ImmunoPrecipitation

Hep3b cells were fixed with 1% formaldehyde for 15 min at
room temperature. The cells were lysed, and the chromatin
was sonicated to an average size of 600 bp. For each experi-
ment, 100 pg of chromatin were immunoprecipitated with
4 g of anti-CTCF or anti H3 antibodies (by Upstate and
Abcam, respectively) according to the manufacturer’s proto-
cols. The amount of IC1-containing DNA fragments present
in the immunoprecipitated material was estimated by quantita-
tive PCR. The samples were normalized against an endogen-
ous region (23). For the analysis of CTSI1, amplicons
spanning the plasmid-insert boundaries were generated.
Primers for CTS1 were:

5'-AGCAACCAGGTGTGGAAAGT-3' and 5-ATGCATG
GGCTCCTAGACAG-3'.

Primers for analysing CTS6 were: 5'-TCTTCAGGTCGG
GCATTATC-3" and 5'- TTAGACGGAGTCGGAGCTGT-3'.
Primers for the CTCF binding control region at chromosome
6 were: 5-CAGCTCTGTGTCCTGTCTTATCC-3" and 5'-
CAGCTATAATTGATGAAGAGGCG-3’ (23). Primers for a
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distant element with no known CTCF binding (chromosome 5)
were: 5'-GCTGTGCTGAGAGTGAGGC-3 and 5-GGCT
GAGCACTAAGATGCTG-3' (23).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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