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Abstract

Loss of imprinting (LOI) is a common epigenetic event in can-
cer and may serve as an early biomarker in some cancers.
To obtain a better understanding of LOI, we studied 41 blad-
der tumors and their adjacent normal bladder mucosa. We
found 2/9 (22.2%) cases that displayed LOI of IGF2 and 2/16
(12.5%) that had LOI of H19 , as determined by the evaluation
of mRNA for biallelic expression. In addition, we examined
allele-specific methylation of the differentially methylated reg-
ions (DMR) of IGF2 and H19 using a new allele-specific pyro-
sequencing assay. We found that DNA methylation changes
were a common finding (21/30, 70%) in the DMR regions, but
could not clearly link DNA methylation changes with LOI as
measured by biallelic expression. LOI and allele-specific DNA
methylation changes are present in bladder cancer; however,
a better understanding of the biology of LOI and its relation-
ship to DNA methylation changes is needed before its use as
an epigenetic biomarker. [Cancer Res 2007;67(22):10753–8]

Introduction

Genomic imprinting is a mechanism by which there is pre-
ferential expression of a gene based on the parental origin of the
allele. Two well-studied reciprocally imprinted genes, IGF2 and
H19 , are located on human chromosome 11p15.5 (1). IGF2 encodes
the insulin-like growth factor II (IGF-II), whereas the H19 tran-
script apparently does not encode any protein; however, expression
of H19 is associated with silencing of IGF2 (2). IGF2 is exclusively
expressed from the paternal allele, whereas H19 is only expressed
from the maternal allele. The transcription of the IGF2 gene is
regulated by a differentially methylated region (DMR) upstream
of the H19 promoter and by an H19 downstream enhancer (3–6).
The H19 DMR contains binding sites for CTCF, a chromatin
insulator that binds to the unmethylated DMR on the maternal
allele, preventing IGF2 transcription and enabling H19 expression.
On the paternal allele, methylation of the DMR prevents CTCF
binding, leading to IGF2 expression and H19 silencing (5, 6). This
is commonly referred to as the enhancer competition model (7).
Biallelic expression of IGF2 has been reported in a number of

cancer types and is commonly referred to as loss of imprinting
(LOI; ref. 7). Methylation changes of the DMR have been asso-
ciated with LOI. The aberrant methylation at this site corre-
lates with LOI in Wilms’ tumors (8), bladder cancer (9), and colon
cancer (7, 10), as well as chronic myelogenous leukemia (11). Cui
et al. (8) reported that hypermethylation of the normally unmethy-

lated allele was found in Wilms’ tumors with IGF2 LOI, whereas
hypomethylation of the normally methylated allele was found in
bladder cancers with H19 LOI (9). Takai et al. showed that only
the sixth CTCF-binding site showed allele-specific methylation,
and the sixth CTCF-binding site acts as a key regulatory domain for
switching of H19/IGF2 expression (9). The mechanisms responsible
for retention of imprinting (ROI) and LOI are still unresolved.
Several studies have reported DNA methylation changes in

bladder cancer (12). The p16 and p14 genes have been described to
be aberrantly hypermethylated in bladder cancer, and this meth-
ylation has been associated with worse prognosis (13). DNA meth-
ylation changes have also been reported in the IGF2 and H19 locus
(10), but these have not been studied along with imprinting or LOI
status. LOI may be a common event in bladder cancer, as Hochberg
A reported 50% of bladder cancer samples had LOI in both IGF2
and H19 gene (14).
To obtain a better understanding of the relationship of DNA

methylation and imprinting, we have developed an allele-specific
pyrosequencing assay that can quantitate DNA methylation of
an individual allele (15). We studied 41 matched sets of bladder
tumors along with adjacent normal bladder mucosa. We deter-
mined the frequency of LOI as measured by biallelic expression of
IGF2 and H19 and tried to correlate these results to allele-specific
DNA methylation changes of the DMR.

Materials and Methods

Materials. Matched sets of normal bladder mucosa and bladder tumor
samples were obtained from 41 patients. The patients’ age varied from 40 to

81 years old, with a mean age of 64 (Table 1). Tissue was immediately frozen

after cystectomy and snap frozen in liquid nitrogen and stored at �80jC.
Institutional guidelines were followed, and tissue was obtained through the
Norris Cancer Center Pathology Core. This study was approved by the

University of Southern California Institutional Review Board.

Nucleic acid isolation and bisulfite treatment. Genomic DNA was
isolated by standard proteinase K digestion and phenol-chloroform

extraction (16). Total RNA was collected and extracted from cultured cells

with the RNeasy Protect minikit (Qiagen) according to the manufacturer’s

recommended protocol. Bisulfite modification of genomic DNA has been
described previously (17).

Genotyping of IGF2 and H19 and loss of heterozygosity of
chromosome 11. Many of our assays depend on a single nucleotide

polymorphism (SNP). Therefore, to genotype our samples, we used an ApaI
polymorphism for IGF2 and a RsaI polymorphism for H19 as described

previously (18, 19). Primer sequence for genotyping for allelic specific

expression: IGF2-Apa-F: CTTGGACTTTTGAGTCAAATTGG; IGF2-Apa-R:
GGTCGTGCCAATTACATTTCA; H19-Rsa-F: TACAACCACTGCACTACCTG;

H19-Rsa-R: TGGAATGCTTGAAGGCTGCT. For our allele-specific methyla-

tion assay, we analyzed a SNP (dbSNP ID: rs3741204) that was genotyped

using PCR followed by HpaII digestion within IGF2 DMR region. To
determine the SNP for the H19 DMR region (dbSNP ID: rs2071094) we used

pyrosequencing (see Fig. 1). Primer sequences for genotyping of DMR

regions were as follows: IGF2-DMR-F: GTGAAAAGTTTCCTCCCGTTGC;
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IGF2-DMR-R: TGTCCAATTTCTTGCTGGTG; H19-DMR-F: GGTCTCACCG-

CCTGGATG; H19-DMR-R: GACCCGGGACGTTTCCAC.
Chromosome 11 deletion is a common finding in bladder cancer, and to

identify chromosomal deletions of the 11p15 region of chromosome 11, we

assayed for loss of heterozygosity (LOH). We did PCR with genomic DNA of

bladder tumor and adjacent normal bladder. The PCR product was then
ApaI digested for IGF2 or RsaI digested for H19 as described above to

identify samples that were heterozygous for the SNP. For samples that were

heterozygous for the SNP within IGF2 or H19 , we could determine loss of

chromosome 11 by looking for LOH of the SNP in tumor samples when
compared with their matched normal samples. LOH in the tumor sample

reflects loss of a chromosome 11 allele.

Analysis of allelic expression of IGF2 and H19. To assess allele-specific
expression, we did reverse transcription-PCR (RT-PCR) and restriction

digestion by ApaI for IGF2 (20) and RsaI for H19 (18) as previously

described. Total RNA was treated with DNase I (Qiagen) before the reverse

transcription reaction (New England Biolabs) to avoid genomic DNA
contamination. The absence of genomic DNA in DNase I–treated RNA was

confirmed by an identical RT-PCR reaction that lacked the reverse tran-

scriptase (RT) control. Primer sequences for allelic specific expression

were as follows: IGF2-LOI-Apa-F: CTTGGACTTTGAGTCAAATTGG; IGF2-
LOI-Apa-R: GGGTCGTGCCAATTACATTTC; H19-LOI-Rsa-F: TACAAC-

CACTGCACTACCTG; and H19-LOI-Rsa-R: TGGAATGCTTGAAGGCTGCT.

Amplifications were done in a PTC-100 (MJ Research). PCR products were

digested by ApaI and RsaI (New England Biolabs) and electrophoresed on a

2% agarose gel.
Methylation status analysis of IGF2 and H19 DMR region by

pyrosequencing. PCR product of each gene was used for the individual

sequencing reaction. The biotinylated PCR product (40 AL) was purified by
using streptavidin-Sepharose beads (Amersham Biosciences). Purification
with streptavidin-Sepharose HP beads and codenaturation of the biotiny-

lated PCR products and the sequencing primer (15 pmol per reaction) were

conducted following the PSQ 96 sample preparation guide using the

pyrosequencing vacuum prep tool (Biotage AB). The single-strand PCR
product acted as a template in a pyrosequencing reaction, and all the

reactions were designed as recommended by the manufacturer’s instruction

(Biotage AB). After completion of primer annealing, sequencing was done
on a PSQ 96HS system with the Pyrogold reagent kit according to the

manufacturer’s instructions. Raw data were analyzed with the allele

quantitation algorithm with the provided software. Percent methylation

was calculated for the H19 CTCF region (sixth CpG site) and IGF2 DMR
( first CpG site adjacent to the rs3741204 SNP). The average percentage

methylation between the parental alleles and between the normal and

tumor groups were compared with the paired t test and m2 test,

respectively. Primer sequence for pyrosequencing of DMR region were
IGF2-PQ-DMR-F: TATTTTTAGAGATAAATAGGAGA; IGF2-PQ-DMR-R:

TATCCAATTTCT TACTAATAATC; IGF2-A allele-sequencing primer:

GGAGATTTTGTAGAGGAG TYA; IGF2-G allele-sequencing primer:

Table 1. Patients’ characteristics and four required SNP sites

Patients Diagnosis Grade Stage IGF2 DMR DNA IGF2 Exon 9 DNA H19 DMR DNA H19 Exon DNA

3317 SQ no P3bN0MX G/A A A G/A

3488 TCC 4/4 T3bN2MX G/A G C/A A

3670 TCC 3–4/4 pT2aN0MX A G C/A G/A
3900 Pap TCC 3/4 pT1N+ G A C/A G/A

4084 TCC 3/4 pTisT1N0 A G/A A G/A

4221 TCC 3–4/4 pT2bN1MX G/A G A G/A
4326 TCC no pT1N0MX G/A G C/A G/A

4328 SQ 3/4 pTisT2aN3MX G/A G C A

4421 TCC 3–4/4 pT2bN0MX A G/A A G

4430 Pap TCC 2–3/4 pT1N0 G/A G/A C/A A
4467 TCC 3–4/4 pTisT1T4aN0MX A G C/A G/A

4475 TCC 3/4 pT3bN0 G/A G C/A G/A

4501 TCC 4/4 pT3aN0MX G/A G C/A G/A

4541 TCC 4/4 pT3bN1MX G/A G/A C A
4556 N 4/4 pT4aN1MX G/A G C/A G/A

4566 TCC 4 T3bN1MX A G/A A G/A

4567 TCC 4/4 T2aN1MX G/A G C/A G/A

4644 TCC 3/4 pT3bN1MX G/A G A G/A
4657 TCC 4/4 T4aN2MX A G/A C A

4681 TCC 4/4 pT3aN0MX G/A G/A A G/A

4684 Pap TCC 3/4 pTaN0MX G/A G C/A G/A
4703 TCC 2/4 pTaN0MX G/A G/A A G

4707 PA no pT4N1MX A G/A C A

4708 TCC 3/4 pT3bN1MX G/A G A G/A

4712 TCC 3/4 pT1N0MX G G/A C/A G/A
4728 TCC 4/4 pT2aNOMX A G/A C/A G/A

4740 TCC 3/4 pT3bN2MX G/A G C A

4813 TCC 3/4 pT1N0MX A G A G/A

4816 TCC 2&3/4 pT3bN0MX G/A G C A
4891 SQ no no A G/A A G/A

4897 TCC 4/4 pT3bN2MX A G/A C A

4937 TCC 2/4 pT2N0MX G/A G A G

Abbreviations: TCC, transitional cell carcinoma; SQ, squamous carcinoma; Pap, papillary.
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GGAGATTTTGTAGAGGAGTYG; H19-PQ-DMR-F: GTTTTTATGAGTGTTT-
TATTTTTAGATC; H19-PQ-DMR-R: CACATAAATATTTCTAAAAACTTCT-

CC; H19-G allele-sequencing primer: GAATTTTAGTTG; and H19-T allele-

sequencing primer: GAATTTTAGTTT.

Multiplex PCR assay for IGF2 promoter usage. To assay for IGF2
promoter usage, cDNA samples were amplified in a multiplex PCR reaction

with four promoter-specific 5¶ primers and a common 3¶ primer (see Fig. 1).
PCR sequences for promoter assay were IGF2-64067-F: GTCCTGAGGTG-

AGCTGCTGTGGC; IGF2-57451-F: ACCGGGCATTGCCCCCAGTCTCC; IGF2-
54755-F: CGTCGCACATTCGGCCCCCGCGACT; IGF2-53624-F: TCCTCCT-

CCTCCTGCCCCAGCG; and IGF2-51846-R: CAGCAATGCAGCACGAGGC-

GAAGGC. The promoter-specific primers were designed to have a similar

Tm, so that they have similar amplification kinetics by combination with
the 3¶-common primer as previously described (21). Products have been

shown to reflect the relative abundance of the promoter-specific derived

transcripts (22).

Results

Allele-specific expression and LOI in bladder cancer.
Imprinting of IGF2 and H19 has previously been shown through
analysis of allele-specific expression. We were interested in
comparing allele-specific expression to allele-specific methylation
of the IGF2 and H19 genes. Assays for both allele-specific
expression and methylation depend on SNP to distinguish the
two alleles. We therefore genotyped our 41 patient samples for the
four required SNPs for our assays (Tables 1 and 2). A schematic
of the IGF2 and H19 genes is shown in Fig. 1. The methylation
assay polymorphisms were in the IGF2 DMR (rs3741204) and H19
DMR (rs2071094) in 5¶-untranscribed region of the genes. The
allele-specific expression assays used SNPs in exon 9 of IGF2 (ApaI)
and exon 5 of H19 (RsaI). IGF2 and H19 are imprinted genes
that are discordantly monoallelic expressed from the paternal and
maternal alleles, respectively. Unfortunately, for many samples,
we did not have RNA that could be used to generate cDNA for our
expression assay (N/D in Table 2). For IGF2 , 7/7 (100%) normal
bladder tissues showed monoallelic expression, and 7/9 (77.8%)
matched bladder tumors showed monoallelic expression. LOI as
shown by biallelic expression of IGF2 was found in 2/9 (22.2%)
bladder cancers. For one sample, examination of the genomic DNA
showed the normal tissue to be heterozygous, and the matched

tumor tissue had lost heterozygosity consistent with a chromo-
somal deletion in this locus.
H19 12/13 (92.3%) samples showed monoallelic expression in the

normal, and 14/16 (70%) bladder tumors showed ROI. We found
2/16 (12.5%) tumor samples that showed LOI that is a much lower
frequency than previously reported. Interestingly, we found one
tumor sample that seemed to show a monoallelic expression for
one allele in the normal, but expressed only the other allele in the
tumor. The monoallelic switch in expression was explained by the
examination of the genomic DNA that showed LOH in the tumor
sample consistent with a chromosomal deletion for the expressed
allele (Table 2). Loss of chromosome 11 is a common event in
bladder cancer, and this may complicate LOI analysis by allelic
expression studies. Finally, we found one sample that had LOI in
the normal (1/13) but not the matched tumor, showing that LOI
may occur in normal tissue independent of cancer.
LOI of IGF2 is not due to a promoter switch in bladder

cancer. IGF2 can be transcribed from four distinct promoters, P1
to P4 (23), of which P3 and P4 are predominant in most tissues (24).
P2 to P4 is contained in a CpG island, and transcription from these
promoters is subject to parental imprinting (25, 26). P1, however,
is normally biallelically expressed (21) and seems to be regulated
differently than P2 to P4 in that it escapes imprinting in several
adult tissues (27). Therefore, we examined whether biallelic
expression of IGF2 could be attributable to the use of the P1
promoter in bladder cancer. Loss of IGF2 imprinting could then
result from promoter switching if transcription from the imprinted
promoters P2 to P4 declines and transcription from the non-
imprinted promoter P1 increases. To examine this possibility, we
used a multiplex promoter-specific RT-PCR assay. MCF-7, a breast
cancer cell line, has previously been reported to use all four
promoters in the expression of IGF2 and served as a positive
control for our assay (Fig. 2). In all the bladder tumors examined,
IGF2 transcripts were predominantly from P3 and P4 promoters
(Fig. 2). Thus, biallelic expression of IGF2 was not due to a change
in promoter usage.
Allele-specific methylation of the IGF2 DMR and H19 CTCF

region. Previous reports have shown that allele-specific DNA
methylation of the IGF2 DMR and the H19 CTCF region inversely

Figure 1. Schematic representation of the IGF2 and H19 gene
locus. A, specific primer P1, P2, P3, and P4 for multiplex PCR
for promoter usage were marked. Allele expression was
identified using an Apa I polymorphism in exon 9 of IGF2 gene.
For the methylation status of the DMR region of IGF2 , we used
rs3741204 polymorphism. B, allele expression was identified
using an Rsa I polymorphism in exon 5 of H19 gene. For the
methylation status of the sixth CTCF region of H19 , we used
rs2071094 polymorphism.
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correlated with allelic expression. We therefore used a novel
pyrosequencing assay to assess allele-specific DNA methylation.
Our assay uses bisulfite pyrosequencing directed toward a
heterozygous SNP to distinguish the two alleles. As expected,
we always found one allele to be much more methylated than
the other, consistent with the region being a DMR (Figs. 3 and 4;
IGF2 normal bladder, P = 0.001; IGF2 bladder tumor, P = 0.00004;
H19 normal bladder, P < 0.000001; and H19 bladder tumor,
P = 0.0002). In the case of H19 , the percentage of methylation was
significantly decreased from normal bladder to bladder tumor
(82.4% to 58.3%; P = 0.02) in the methylated allele. However,
the methylation of the unmethylated allele slightly changed (1.6%
to 3.6%; see Fig. 3).
In addition, we found four joint H19 heterozygous cases in the

CTCF region that matched our H19 exon 5 heterozygous to exam-
ine whether a DNA methylation change played a role in biallelic
expression. The significant decreased methylation level of methyl-
ated allele (88.6% to 46.4%) of this CTCF region occurred with
biallelic expression of H19 in one bladder tumor case, but meth-
ylation level also decreased, showing monoallelic expression of H19
in three other bladder tumor cases.
Takai et al. reported that the methylation status of the sixth

CTCF-binding site of H19 controlled the IGF2 and H19 expression.
In this experiment, three samples contained the correct combina-
tion of polymorphism in the exon 5 of IGF2 and that CTCF region
of H19 . Unfortunately, all three samples have ROI, and none of
these samples showed biallelic expression of IGF2 . With our data,
we suggested that the methylation status in the DMR region of
IGF2 was a more affective factor for biallelic expression of IGF2 .
In addition to this, as shown in Fig. 4, the methylation status of
IGF2 was variable and unstable compared to the H19 methylation
status. The H19 methylation pattern of unmethylated allele and
methylated allele was more consistent in normal bladder.
In the case of IGF2 , we examined 17 heterozygous patients for

the IGF2 DMR. In normal bladder tissue, the methylated allele
showed a mean methylation of 70.5% and 29.6% for the unmeth-
ylated allele. In contrast to normal bladder tissue, the percent of
DNA methylation in bladder tumors was 54.5% in methylated allele
and 18.8% in the unmethylated allele (Fig. 4). There was one sample
that was heterozygous for both our allelic expression assay and our
allele-specific DNA methylation assay, and it was found that the
unmethylated allele was unchanged. The methylated allele,
however, decreased the DNA methylation of the DMR from 70.4%
to 54.5% in the tumor. A total of 12 patients showed a greater
decrease in methylation of the IGF2 DMR, but no RNA was avail-
able to perform the RT-PCR assay to evaluate expression. In
the same manner, the considerable decreased methylation level of

the methylated allele (86.0% to 37.2%) of the IGF2 DMR region
occurred with biallelic expression of IGF2 in the bladder tumor.
There was no change of the methylation level of the unmethylated
allele (0%).
These data suggest a relationship between LOI and the altered

methylation profile of IGF2 and H19 in bladder tumors; that is, the
loss of methylation of the methylated allele shows LOI in IGF2 and
H19 . For H19 , several more tumor samples were heterozygous for
the H19 locus and were analyzed by allele-specific pyrosequencing.
Five samples were heterozygous for both the methylation and
expression assays (Fig. 4). Of these, one showed biallelic expression
that could be measured and showed allele-specific DNA methyl-
ation changes. However, the other three loci studied also showed
significant allele-specific DNA methylation changes but maintained
monoallelic expression of H19 consistent with ROI. Therefore,
predicted biallelic expression (LOI) was independent of allele-
specific DNA methylation changes.

Discussion

In our study DNA methylation of the IGF2 and H19 DMR could
not be correlated with biallelic expression of either IGF2 or H19 .
We clearly found biallelic expression of both IGF2 and H19 , which
has been previously reported (8). In addition, we clearly found DNA
methylation changes in both the IGF2 and H19 DMR; however, we
were unable to link between the two. It should be noted that our
sample size is small, and the number of samples that are jointly
heterozygous for both our DNA methylation and RNA expression
assays is limited. Interestingly, we found that the expression assay
can be complicated by chromosome 11 deletions (LOH) that are a
common event in bladder cancer and can lead to the incorrect
assessment of LOI (28). In addition, we observed biallelic expres-
sion of H19 gene in normal bladder tissue; however, the matched
tumor did not show biallelic expression. In this patient, DNA
methylation level of the DMR in the H19 gene was slightly higher in
the bladder tumor compared with normal bladder tissue. This
result may show that during bladder carcinogenesis, the aberrant
DNA methylation in the DMR of the H19 gene preceded the
biallelic expression of the H19 gene. Increased expression of H19 is

Figure 2. IGF2 promoter usage assay in bladder cancer. Multiplex PCR was
used on cDNA from bladder cancers to determine which of the four promoters
(P1–P4) do IGF2 transcripts arise.

Table 2. Frequency of heterozygosity for the expression
assays of IGF2 and H19

IGF2 H19

Normal Tumor Normal Tumor

Heterozygous 13/41 11/41 20/41 20/41

LOH 0/13 (0%) 1/13 (7.7%) 0/20 (0%) 4/20 (20%)

ROI 7/7 (100%) 7/9 (77.8%) 12/13 (92.3%) 14/16 (70%)
LOI 0/7 (0%) 2/9 (22.2%) 1/13 (7.7%) 2/16 (12.5%)

N/D 6/13 4/13 7/20 4/20
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a marker of early recurrence in human bladder cancer (14). It is
possible that this increased expression is due to the expression of
the methylated paternal H19 allele that is usually not expressed,
and aberrant allele-specific methylation or LOI may be involved in
this increased aberrant expression of H19 and IGF2 .
LOI occurs in approximately one third of human colon cancers,

and LOI is a potential marker of colorectal cancer risk (29, 30).
Interestingly, colon LOI was also present in normal colonic mucosa
from patients with colon cancer. These changes were common
even in individuals without cancer, occurring in f10% of all
normal colon samples (29). Furthermore, LOI was also found in the
peripheral blood of individuals with colon cancer (29) and poses
the possibility that LOI can be used as a possible screening tool for
cancer risk. We have also found that a patient with bladder cancer
had biallelic expression of the IGF2 gene (LOI) in their normal
bladder mucosa. However, this patient’s bladder cancer had ROI

and monoallelic expressed IGF2 . Furthermore, we and others found
that DNA methylation changes do occur in the IGF2 and H19 locus,
but we could not correlate them with LOI (31). Thus, additional
studies of LOI are needed before it can be employed as a useful tool
in screening for cancer.
In colorectal cancer, biallelic expression of the IGF2 gene was

associated with a gain of DNA methylation in the unmethylated
allele of H19 (32). However, LOI in colorectal cancer has also been
associated with a loss of DNA methylation in the methylated allele
of IGF2 (7). In bladder cancer, H19 methylation was shown to be
decreased in the DMR (9). Our results show that loss of DNA
methylation in the methylated allele of H19 and IGF2 can be found
in tumors with LOI, but these DNA methylation changes can occur
in the absence of LOI. We found that all cases of biallelic expression
of H19 or IGF2 were associated with a decrease in DNA
methylation of the methylated allele. However, we also found cases

Figure 3. H19 allele-specific methylation
in normal bladder and bladder cancer.
Allele-specific pyrosequencing was used to
quantitatively measure the DNA methylation
of the H19 DMR. Hatch mark, mean. ROI,
samples that show ROI; LOI, samples that
show LOI by a RNA expression–based assay.

Figure 4. IGF2 allele-specific methylation
in normal bladder and bladder cancer.
Allele-specific pyrosequencing was used to
quantitatively measure the DNA methylation
of the IGF2 DMR. Hatch mark, mean. LOI,
samples that show LOI by a RNA expression–
based assay.
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in which there were changes in DNA methylation of the DMR

that were not associated with biallelic expression. We hypothesize

that aberrant DNA methylation of the methylated allele is an early

event in LOI and precedes biallelic expression of the imprinted

gene in bladder cancer. Again, our data suggest that aberrant DNA

methylation changes in the DMR region are necessary, but not

sufficient for LOI.
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