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Purpose: Beckwith-Wiedemann Syndrome is caused by defects in imprinted gene expression at 11p15. Currently,

quantitative Southern analysis using DNA methylation-sensitive restriction enzymes is used in molecular diagnosis

of this syndrome. Methods: We describe a rapid and highly quantitative test for assessing DNA methylation at

11p15 using sodium bisulfite treatment of genomic DNA coupled with quantitative TaqMan methylation-sensitive

polymerase chain reaction. Results: TaqMan MSP can assess DNA methylation at both differentially methylated

region (DMR)1 and DMR2 at 11p15. In addition, by using TaqMan MSP we were able to determine the parent of

origin of a duplication of 11p15 by quantification of both DMR1 and DMR2 DNA methylation. Conclusion: TaqMan

MSP method is a robust and rapid method for detecting changes in DNA methylation that compares favorably to

the current standard of Southern blot for DNA methylation analysis. Assessment of DMR1 and DMR2 provides the

most comprehensive assay for methylation defects in Beckwith Wiedemann Syndrome, accounting for more than

70% of the cases. The advantages of TaqMan MSP are that it requires less DNA and that it is rapid, less

labor-intensive, and amenable to high-throughput analysis. Moreover, this approach can be modified to assess

DNA methylation changes anywhere in the genome. Genet Med 2006:8(10):628–634.

Defects in imprinted gene expression at 11p15 are associated
with Beckwith-Wiedemann Syndrome (BWS).1 More than 70%
of cases are found to have alterations in DNAmethylation at two
distinct differentially methylated regions (DMRs) at 11p15.2

DMR1 is located within the telomeric domain and controls the
reciprocal imprinted expression of IGF2 and H19. The centro-
meric domain contains the KCNQ1, CDKN1C, SLC22A1L, and
TSSC3 genes. The imprinted expression of these genes is con-
trolled by KCNQ10T1, located on the antisense strand in intron
10 of theKCNQ1 gene. The transcription ofKCNQ10T1 is regu-
lated bymethylation at DMR2 (Fig. 1).
IGF2 is expressed exclusively from the paternal allele and is

silent on the maternal allele. H19 has the opposite imprint,
expressed only from the maternal allele and silent on the pa-
ternal allele (Fig. 1). DNA methylation plays a critical role in
the establishment of the correct chromatin structure for the
imprinted expression of these two genes. In part, formation of
the correct chromatin structure ismediated by theCTCF chro-
matin insulator, which is sensitive to DNA methylation; thus,

CTCF will only interact with unmethylated DNA.3 There are
seven binding sites for CTCF, located between the IGF2 and
H19 genes. In healthy individuals the CTCF sites are methyl-
ated on the paternal allele, along with the H19 promoter, and
unmethylated on the maternal allele.4

CTCF binding to its cognate sites on the unmethylated ma-
ternal allele allows the formation of a chromatin loop that re-
sults in the expression ofH19 and silences IGF2.5 Gaston et al.2

found that 58 of 97 patients (60%) displayed hypomethylation
of DMR2. Of the remaining 39 patients, 13 displayed hyper-
methylation of DMR1. Altogether, 71 of 97 patients (73%)
displayed hypomethylation of DMR2 or hypermethylation of
DMR1. The hypermethylation ofH19 results in an increase in
expression of IGF2 leading to the overgrowth phenotype. It is
important to note that only methylation at theH19 promoter,
and not at the CTCF binding sites, is assessed in clinical labo-
ratory testing.
Recently, the opposite methylation defect was identified in

patients diagnosed with Silver-Russell Syndrome (SRS).6 In
some patients diagnosed with SRS there is hypomethylation of
the CTCF binding sites causing a decrease in IGF2 expression,
resulting in the growth retardation phenotype. In SRS hypom-
ethylation of H19 is found in approximately 35% of patients
clinically diagnosed with the disease.7

Defects in DNA methylation are also found at the centro-
meric DMR2, resulting in BWS.8 Unlike DMR1, defects in
DNA methylation at DMR2 have not been associated with
SRS.6 The most common DNA methylation abnormality
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found in BWS is hypomethylation of the KCNQ10T1 pro-
moter, which results in the aberrant expression of the
KCNQ10T1 antisense transcript leading to the silencing of the
genes located within DMR2. Approximately 60% of the cases
of BWS are associated with loss of KCNQ10T1 DNA
methylation.2,8 Paternal uniparental disomy is associated with
approximately 10% to 20% cases, also resulting in loss of expres-
sion of the KCNQ1, CDKN1C, SLC22A1L, and TSSC3.9 There-
fore, in approximately 70%to80%ofBWScases there is partial or
complete loss ofKCNQ10T1DNAmethylation, either because of
hypomethylation of thematernal KCNQ10T1 allele or segmental
paternal uniparental disomy for chromosome 11.
Quantitative methylation-sensitive polymerase chain reac-

tion (PCR) assays, such as MethylLight, were developed as an
alternative to Southern analysis to detect and quantify changes
in DNAmethylation in tumor-suppressor genes in cancer.10,11

In this method, genomic DNA is treated with sodium bisulfite,
which deaminates unmethylated cytosines to uracil. Methyl-
ated cytosines are resistant to this deamination and after so-
dium bisulfite treatment will remain as cytosines. After desul-
fonation and purification the DNA is used as a template in a
real-time TaqMan (Applied Biosystems, Foster City, CA) PCR
reaction with amplification primers that are designed to avoid
cytosines in CpG dinucleotides. This allows for the equivalent
amplification of both methylated and unmethylated alleles.
During PCR amplification different fluorescently labeled Taq-
Man probes are used to discriminate between methylated and
unmethylated DNAs. By interpolation on standard curves,
generated simply by titration of a sample from an unaffected
individual, the amount of methylated and unmethylated DNA
can be determined. A methylation index (MI), defined as the
amount of methylated DNA divided by methylated plus and
unmethylated DNA, can be calculated. Deviation from a pre-
determined normal range would be indicative of disease.
In clinical laboratory testing DNA methylation defects

found in patients with BWS are routinely assessed by Southern
analysis using methylation-sensitive restriction enzymes that
target the promoters of H19 (an SmaI site for DMR1 methyl-
ation analysis) or the promoter of theKCNQ10T1 gene (aNotI
site for DMR2 methylation analysis). In the TaqMan MSP as-
say reported here we designed amplification primers and Taq-

Man probes that target the promoter of the KCNQ10T1 gene,
immediately upstream of the transcription initiation site, and
CTCF binding site 6, located approximately 2 kb upstream of
the SmaI site currently used for clinical laboratory testing. We
compared the real-time TaqMan method with Southern anal-
ysis to determine the validity of this assay for clinical testing.

MATERIALS AND METHODS
Sodium bisulfite treatment

One microgram of genomic DNA from affected and unaf-
fected individuals was diluted in 25 �L dH2O. The DNA was
denatured by the addition of 2.75 �L of 2N NaOH, final con-
centration of 0.2N NaOH, and incubated at 37°C for 10 min-
utes. After denaturation, 15 �L of freshly prepared 10 mM
hydroquinone (Sigma cat no. H 9003) and 260 �L of 3.6M
sodium bisulfite pH5.0 (Sigma cat no. 243973) were added,
and the reaction was layered with mineral oil and incubated
overnight (16 hours) at 54°C. A modification of the protocol
for theWizard SV Genomic DNAClean-Up System (Promega
A2361; Madison, WI) was used to isolate the DNA after so-
diumbisulfite treatment. Briefly, 300�L of a 1:1mix of SV lysis
buffer and 95% ethanol was mixed with the 300 �L of sodium
bisulfite reaction. This mixture was transferred to a spin col-
umn and centrifuged 1 minute to bind the DNA to the resin
within the column. The sample was washed two times with 600
�L of SV wash buffer, centrifuging 1 minute for each wash. The
column was centrifuged one more time without wash buffer to
remove residual buffer and transferred to a new 1.5-mL mi-
crofuge tube. TheDNAwas eluted from the columnby adding 50
�L of H2O followed by centrifugation for 1 minute. The DNA
eluted from the column was desulfonated by the addition of 5.5
�L3NNaOHand incubationat roomtemperature for 5minutes.
The DNA was ethanol precipitated, washed one time with 75%
ethanol, and suspended in 50 �L of 10mMTris HCl (pH 8.0).

Real-time TaqMan methylation-sensitive polymerase chain reaction

Primer and probe design for DMR2: The KCNQ10T1
promoter

All primers for the TaqMan MSP were synthesized by Inte-
grated DNA Technologies (Coralville, IA). The amplification
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Fig. 1. A: The imprinted genes located at 11p15. CTCF is the chromatin insulator protein CCCTC-binding factor. KCNQ10T1, also known as Lit1, is indicated and is located on the
antisense strand in intron 10 of the KCNQ1 gene. CH3 indicates sites of DNAmethylation on the different parental alleles. Other genes within the DMR1 and DMR2 are indicated. DMR,
differentially methylated region.
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primersused in the real-timeTaqManmethylation-sensitivePCR
reactionweredesigned toavoidCpGdinucleotides in sense strand
in the promoter of theKCNQ10T1 gene, which is antisense to the
KCNQ1 gene. The KCNQ10T1 amplification primers are Lit1F-
GTTTAATTAGTAGGTGGGGGG and Lit1R-CCTAACAA-
AATCTTACTAAAAAACTCC. The TaqMan probes target the
sequence �6 to �34 relative to transcription initiation of
KCNQ10T1 (Genbank AJ006345; positions 255,041-255,069 on
the antisense strand). The TaqMan probes sequences are Lit1-M-
CGGCGGGGGTAGTCGGAGCG and Lit1-U TGGTGGGGG-
TAGTTGGAGTGTTGTTGTAG (underlined sequences indicate
CpG dinucleotides used to discriminate betweenmethylated and
unmethylated DNA). The methylated DNA-specific probe is 5=
end-labeled with FAM and quenched by the addition of Black
Hole Quencher (Biosearch Technologies Inc., Novato, CA) 1 to
the3= endof theoligonucleotide.TheunmethylatedDNAspecific
probewas5= end-labeledwithHEXandquenchedby theaddition
of Black Hole Quencher 1 to the 3= end of the oligonucleotide.

Primer and probe design for DMR1-CTCF binding site 6

The amplification primers target the sense strand and flank the
CTCF binding site 6, located upstream of the H19 gene. The
CTCF-6 amplification primerswereCTCF6F-GTATAGTATAT-
GGGTATTTTTGGAGG and CTCF6R-CCCAATTAAAAC-
RAACTCRAACTATAAT. The TaqMan probes target the core
sequence of the CTCF binding site 6 (Genbank AC087017; posi-
tions 6183-6206). The probe sequences were CTCF6M- AAGT-
GGTCGCGCGGCGGTAGTGTA and CTCF6U-TGGAAGTG-
GTTGTGTGGTGGTAGTGTAGG. As with the KCNQ10T1
promoter, the TaqMan probe specific for themethylated DNA is
labeled with FAM and the unmethylated DNA specific probe is
labeled withHEX. Both probes were quenched by the addition of
Black Hole Quencher 1 to the 3= end of the oligonucleotide.

Real-time TaqMan methylation-sensitive polymerase
chain reaction set-up

In separate reactions the methylation status of the
KCNQ10T1 promoter and CTCF binding site 6 were assessed
using 16 ng of sodium bisulfite-treated genomic DNA sus-
pended in 5 �L of 10 mM Tris HC1 (pH 8.0). The PCR was
performed in a 25 �L reaction with 1� Invitrogen (Carlsbad,
CA) PCR buffer (20 mM Tris-HCl pH 8.4 and 50 mM KCl), 1
mMMgCl2, 250�MdNTP, 2.5 pmol/�L of each amplification
primer and 0.15 pmol/�L of each TaqMan probe, and 8 units
of Invitrogen Platinum Taq (catalog no. 10966). The PCR cy-
cling parameters using a BioRad iQ5 Light-Cycler (Hercules,
CA) were initial denaturation at 95°C for 3 minutes followed
by 95°C for 10 seconds, 52°C for 30 seconds, and 72°C for 30
seconds, repeated 40 times. In parallel with each set of reactions
a standard curve was generated using a sodium bisulfite-treated
genomic DNA sample from an unaffected individual. The range
of DNA amount used in the standard curve was from 1 to 64 ng.

Data analysis

The amount of methylated and unmethylated DNAwas cal-
culated for each sample, which was assayed in triplicate, by

interpolation on the standard curve that was run in parallel
with the unknown samples. The MI was determined by divid-
ing the amount of methylated DNA by the amount of total
DNA (methylated plus unmethylated DNA). The mean of the
three assays was used to calculate the MI for that patient. A
normal range was generated by testing a series of unaffected
individuals, whom were also assessed in triplicate. The mean
and standard deviation (SD) were calculated for this set of
samples, and as with the Southern method,2 the normal range
was defined as the mean �2 SD.

RESULTS
Assessment of DNA methylation of DMR2 in healthy individuals

Initially, we chose to develop an assay for BWS that would
have the highest yield, accounting for 60% to 80% of cases,
methylation analysis of DMR2, theKCNQ10T1 promoter. The
amplification primers that target the sense strand of DMR2
were designed to avoid CpG dinucleotides, eliminating any
bias in amplification between methylated and unmethylated
templates. The TaqMan probes target the KCNQ10T1 pro-
moter at positions �15 to �34 for the methylated DNA-spe-
cific probe and positions �6 to �34 for the unmethylated
DNA-specific probe relative to the transcription initiation
site.12 The probes were labeled with FAM for methylated DNA
and with HEX for unmethylated DNA.
We generated a standard curve by titrating sodiumbisulfite-

treated DNA, from 1 to 64 ng, from an unaffected individual.
The curve was then used to determine the values of the un-
known samples. A representative example of the amplification
plots and the resulting standard curves for both methylated
DMR2DNA and unmethylatedDMR2DNA are shown in Fig-
ure 2. The crossing threshold for each individual amplification
correlates with the amount of input DNA allowing the gener-
ation of standard curves with correlation coefficients (R2) con-
sistently greater than 0.95.

DMR2 DNA methylation in patients with Beckwith-Wiedemann
Syndrome

We tested a series of unaffected individuals to establish a
normal range of DNA methylation detected in the assay (Fig.
3A). In Southern analysis for BWS the normal range is defined
as the mean �2 SD. For clinical testing by Southern analysis
the normal range is accepted to be 0.40 to 0.60.2 An individual
with an MI 2 SD below that mean is considered to have loss of
methylation of DMR2, consistent with a diagnosis of BWS. In
Figure 3A, we show the MIs for 15 unaffected individuals as-
sessed for DNA methylation changes at DMR2. Eight of these
individuals were also assessed by Southern analysis, shown as
the red bars for samples 1 to 8. In total, 92 DNA samples from
individuals not diagnosed with BWSwere assessed for methyl-
ation at DMR2. The average MI was 0.52 with an SD of 0.06
(data not shown).
We also assessed DMR2 methylation in a series of patients

with BWSwho previously were identified to have loss of meth-
ylation by Southern analysis. In Figure 3B, we compare theMIs
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from TaqMan MSP versus Southern analysis in 14 patients
with BWS. In all of the patients with complete (or near com-
plete) loss of DMR2 methylation (samples 1–7), as well as in
samples with partial loss of DNAmethylation (samples 8–14),
the TaqMan MSP detected loss of KCNQ10T1 methylation
that was similar to the MIs determined by Southern analysis.
All of the TaqMan MSP analyses were performed blinded to
knowledge of the Southern analysis results.

DNA methylation of CTCF binding site 6 upstream of H19

One advantage of TaqMan MSP is that primers and probes
can be designed to assess DNA methylation at any site in the

genome. Because alterations inDNAmethylation inDMR1 are
also implicated in BWS and SRS, we designed primers to assess
DNA methylation at this locus as well. Approximately 33% of
patients with BWS who test negative for loss of KCNQ10T1
methylation have hypermethylation of the H19 promoter.2 In
addition, approximately 35% of patients clinically diagnosed
with SRS have hypomethylation at H19.7 Instead of targeting
the H19 promoter for methylation analysis, we designed Taq-
Man probes and amplification primers that directly target the
CTCF binding site 6. This site is located at positions �2123 to
�2137 relative to the H19 gene transcription start site. In the
Southern analysis used in clinical testing, an SmaI site (located

Fig. 2. Amplification charts and standard curves for both the methylated and unmethylated probes targeting the KCNQ10T1 promoter. The amount of sodium bisulfite-treated DNA is
indicated. The crossing-threshold in themethylated DNA amplification chart (green horizontal line) and the unmethylated DNA amplification chart (purple line). The standard curves are
plotted to the right of each amplification chart. The known standards (filled circles) and the unknown samples (X’s).
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at position �15 relative to transcription initiation) is targeted
for DNA methylation analysis.2

In Figure 4A we test a series of 11 controls to establish a
normal range for the MI at DMR1. The mean from these 11
controls was 0.52 with an SD of 0.05, resulting in a normal
range from 0.42 to 0.62. This compares favorably with a mean
of 0.51 and a normal range of 0.43 to 0.59 for Southern analysis
(P. Lapunzina,MD, unpublished data, 2006). In total, 91 DNA
samples from healthy individuals were assessed for methyl-
ation at DMR1. The average MI was 0.49 with an SD of 0.08
(data not shown).
In addition, we tested 27 patients with BWS who were pre-

viously tested by Southern analysis for methylation defects at
DMR1 and DMR2 by TaqMan MSP. All of the TaqMan MSP
results for DMR2 methylation analysis were completely con-
cordant with the Southern analysis results (data not shown).
The DMR1 analysis results are shown in Figure 4B. As with
DMR2 methylation analysis, we were blinded to the results of
the DMR1 Southern analysis.
Of the five patients who scored positive for hypermethyl-

ation at CTCF6 (MI � 0.65), all five scored positive for H19
promoter hypermethylation by Southern analysis (MI� 0.60),
demonstrating the concordance between the two methods.
One patient, sample 7, had a high normal TaqManMSPMI of
0.62 and a Southern MI of 0.65. This patient, therefore, had a
TaqMan MI slightly below the cutoff of 0.65, but scored posi-
tive by Southern analysis with anMI slightly above the cutoff of

0.60. This patient also had hypomethylation of DMR2 both by
TaqManMSP and Southern analysis (data not shown) and has
a duplication of 11p15.13

Determining the parent of origin of a cytogenetically identified
11p15 duplication

We identified a duplication of 11p15 by chromosome anal-
ysis in an infant with some of the clinical features of BWS, but
without a clear clinical diagnosis of the disease. We used the
combined assay of DMR1 and DMR2 methylation analysis to
determine the parent of origin of this duplicated chromosome
11p15 segment. If the duplication was paternal in origin, as is
found in some cases of BWS, we would expect a decrease in the
MI for DMR2 from 0.5 to 0.33 because there would be two
unmethylated paternal copies of DMR2 for every methylated
maternal copy of DMR2. At the same time we would see an
increase in the MI at DMR1 from 0.5 to 0.66. In this case there
would be two methylated paternal copies of the DMR1 for
every unmethylatedmaternal copy of DMR1. As seen in Figure
5, there is a shift in the MIs predicted for a paternal origin of
this duplication indicating that the child has a methylation
profile consistent with a diagnosis of BWS.

DISCUSSION

We assayed a series of controls and patients diagnosed with
BWS at two different loci at 11p15 to assess the validity of the

Fig. 3. A: Methylation indices for 15 healthy individuals. Results from TaqManMSP (blue bars); results from Southern analysis (red bars). Samples 9 to 15 were only tested by TaqMan
MSP analysis. Assessment of 92 negative samples resulted in an average MI of 0.52 with an SD of 0.06 resulting in a normal range of 0.40 to 0.64 (red shaded box). B. Southern analysis and
TaqMan MSP comparison of the methylation indices for 14 patients diagnosed with BWS. TaqMan MSP results (blue bars); Southern analysis results (red bars). The normal range
(horizontal red box) determined in Figure 3A. MI, methylation index.
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TaqMan MSP method for clinical laboratory testing. These
results compare favorably, at both DMR1 and DMR2, with
Southern blot analysis. Simultaneous assessment of both
DMR1 and DMR2 by TaqMan MSP provides the most com-
prehensive assay for methylation defects in BWS, accounting
for more than 70% of the cases.2

Loss ofH19methylation has recently been found in patients
clinically diagnosed with SRS.6 TaqMan MSP would also be
able to test for H19 hypomethylation in these individuals. In
their investigation, Gicquel et al. 6 specifically targeted CTCF
binding site 6 by sodium bisulfite DNA sequencing analysis in
two patients who also displayed loss of methylation at theH19

promoter. Quantification of the methylation at CTCF binding
site 6 showed a more pronounced hypomethylation than that
found at the H19 promoter (patient 3 had a 29.2% MI at H19
vs. 21% MI at CTCF binding site 6; patient 8 had 8.5% MI at
H19 vs. 4.8% at CTCF6). This observation is consistent with
the idea that CTCF binding site 6 may be a better target for
methylation analysis than the H19 promoter. It is estimated
that approximately 35% of patients clinically diagnosed with
SRS have hypomethylation of DMR1.7

There are several advantages of the TaqMan MSP over
Southern analysis. Only 1 �g of DNA is required for the Taq-
Man MSP method as opposed to up to 10 �g required for

Fig. 5. Simultaneous analysis ofDMR1 andDMR2methylation in a healthy individual and in an infantwith a duplication of 11p15.DMR2methylation (blue bar) andDMR1methylation
(red bar). MI, methylation index.

Fig. 4. A: CTCF6methylation analysis in 11 healthy individuals by TaqManMSP. ThemeanMI from this set of healthy individuals is 0.52 with an SD of 0.05, resulting in a normal range
of 0.42 to 0.62. Assessment of 91 negative samples resulted in an averageMI of 0.49 with an SD of 0.08, resulting in a normal range of 0.33 to 0.65 (red shaded box). B: Comparison of CTCF6
methylation analysis, by TaqManMSP, andH19 promoter methylation analysis, by Southern analysis, in 27 patients clinically diagnosed with BWS. Methylation indices from the TaqMan
analysis (blue bars); methylation indices from Southern analysis (red bars). The normal range (horizontal red box) from Figure 4A. MI, methylation index.

Quantification of DNA methylation in Beckwith Wiedemann Syndrome

October 2006 � Vol. 8 � No. 10 633



Southern analysis. A second advantage is that the assay can be
completed in 2 days versus the typical 1 week required for
Southern analysis, resulting in faster turnaround time. A third
advantage is that the TaqMan MSP is less labor-intensive and
therefore more cost-effective. A fourth advantage is that the
assay is amenable to high-throughput analyses. For example,
with a 96-well format instrument such as the iQ5 iCycler (Bio-
Rad), 28 samples can be assayed simultaneously in triplicate,
along with the controls for generating the standard curve. Fi-
nally, with this method any site in the genome can be targeted
for DNAmethylation analysis. By simply designing amplifica-
tion primers that avoid CpG dinucleotides and TaqMan
probes that discriminate between methylated and unmethyl-
atedDNA after sodium bisulfite conversion, any CpG island in
the human genome can be assessed for alterations in DNA
methylation. Thus, clinical laboratory testing using this ap-
proach could be readily developed for all human epigenetic
disorders.
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