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Abstract

Loss of imprinting (LOI) of the IGF2 gene (which encodes insulin-like growth factor I1) is the
most common genetic or epigenetic alteration in Wilms tumor; LOI involves aberrant activation of
the normally repressed maternally inherited allele. We found previously that LOI of IGF2 occurs
in approximately half of all Wilms tumors (i.e., those arising from lineage-committed nephrogenic
progenitor cells). We investigated whether LOI of IGF2 is associated with relaxation of imprinting
at loci other than IGF2 or with widespread alterations in DNA methylation. We stratified 59 Wilms
tumor samples by IGF2 LOI status by use of hot-stop reverse transcription-polymerase chain
reaction and/or methylation analysis of the differentially methylated region of the H19 gene and
identified 31 samples with and 28 without LOI. We used quantitative allele-specific expression
analysis to determine whether six other imprinted genes (i.e., H19, KCNQ1, LIT1, TSSC5,
GRB10, and MEG3) had subtle LOI. No statistically significant difference in allele-specific
expression between Wilms tumor with or without LOI was found for LIT1, TSSC5, GRB10, and
MEGS3. For the KCNQL1 gene there was a slight difference between the groups with (37.0%, 95%
confidence interval [CI] = 31.8% to 42.2%) and without (27.7%, 95% CI = 21.8% to 33.5%) LOI
(P=.02 for Ftest of group differences in a mixed-effects model). For H19, we also found a slight
difference between the groups with [7.5%, 95% CI = 2.4% to 12.7%) and without (2.2%, 95% CI
=-3.2% to 7.6%) LOI of IGF2 (P= .15 for Ftest). In 27 tumor samples, we also used a
microarray technique to analyze methylation of 378 genes, 38 of which were suspected or
confirmed imprinted genes. We found that statistically significant alterations in only the
differentially methylated region of the H19 gene were associated with LOI of IGF2. Thus,
epigenetic alterations in Wilms tumors are not widespread, supporting the gene and lineage
specificity of LOI of IGF2.

Genomic imprinting is the differential expression of the two alleles of a gene that is
dependent on the parent of origin of the allele (1). Loss of imprinting (LOI) of the IGF2
gene (encoding insulin-like growth factor I1) involves aberrant activation of the normally
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repressed maternally inherited allele (1), related to biallelic hypermethylation of the H19
differentially methylated region. LOI of IGF2 was first described in Wilms tumor, the most
common solid tumor during childhood (2,3), and has been found in the last decade in many
human cancers, including other embryonic tumors (e.g., rhabdomyosarcoma) and adult
tumors including colorectal, ovarian, and lung cancers (1,4).

Wilms tumor has two distinct histopathologic types (i.e., arising from perilobar nephrogenic
rests or intralobar nephrogenic rests) that represent differing stages of renal development,
with each group representing about half of all Wilms tumors (5). LOI is associated virtually
uniformly with Wilms tumors that arise from perilobar nephrogenic rests, i.e., lineage-
committed nephrogenic progenitor cells located in the periphery of the developing renal lobe
(6,7). Perilobar nephrogenic rests also show LOI of IGF2, leading to expression from both
alleles of the IGF2 gene and a double dose of IGF2 mMRNA (6). Wilms tumors that arise
from intralobar nephrogenic rests, which are not yet fully committed to renal development,
do not have LOI of IGF2 (6), indicating the specificity of LOI for perilobar nephrogenic
rest—like tumors. A previous study (8) found that TSSC3, TSSC5, KCNQ1, and ZNF195
genes were normally methylated, but the authors did not examine imprinting directly or by
stratifying by IGF2 imprinting status. Another study (9) found rare (i.e., in four of 25
samples) hypomethylation of the LIT1 gene, also termed KCNQ1OT1, but no association of
this change with LOI of IGF2. A recent study showed that genetic alterations at other loci
are also uncommon in Wilms tumor with LOI (10). An exception appears to be chromosome
16q loss, which is associated with LOI of IGF2, possibly because of haploinsufficiency in
the CTCF gene, which maps to that region and regulates IGF2 imprinting (11,12). As CTCF
plays a role in the imprinting of multiple genes, this observation raises the question that
imprinting alterations in Wilms tumor might be generalized.

Subtle changes in the proportion of alleles at single-nucleotide polymorphisms can now be
measured by pyrosequencing (13), and microarray-based approaches allow methylation
analysis of hundreds of target genes simultaneously (14). We therefore used these methods
to determine whether LOI is specific to IGF2 or whether there is a generalized disruption of
the epigenome in Wilms tumor with LOI.

Fifty-nine tissue samples were obtained from the National Wilms Tumor Study tissue bank
(Edmonton, Alberta, Canada) and the Cooperative Human Tissue Network (Columbus, OH),
under a local institutional review board—approved exemption. These samples had previously
been examined by a pathologist to verify identity and homogeneity (6). A subset of these
samples (n = 39) had available information regarding LOI status (6), and an additional 20
samples were typed for LOI status. Total cellular RNA was isolated by use of RNA STAT-60
(Tel-Test, Friendswood, TX). Genomic DNA was isolated from the organic—aqueous
interphase of the RNA STAT-60 preparation with the protocol for TRIZOL Reagent
(Invitrogen, Carlsbad, CA). RNA samples were treated with deoxyribonuclease by use of the
TURBO DNA-free kit (Ambion, Austin, TX), and then reverse transcription (RT) was
performed by use of the Superscript First-Strand Synthesis System for RT—polymerase chain
reaction (PCR) (Invitrogen, Carlsbad, CA). We used the higher concentration of Superscript
I1 (200 U/uL), which is available as a separate item but not as part of the Superscript First-
Strand Synthesis System (50 U/uL). Primers were designed to amplify both genomic DNA
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and cDNA, so that genomic DNA results could be used to verify the linearity of results for
each batch run, thereby acting as an intrinsic quality control measure. Therefore, a reaction
mixture without RT was used as a negative control for each of the samples to exclude DNA
contamination.

We assessed imprinting of IGF2 in all Wilms tumors examined, so that we would not be
limited by the informativeness of an IGF2 single-nucleotide polymorphism for comparisons
between IGF2 LOI status to the allele-specific expression results from the other genes. To
increase the informativeness of IGF2, we took advantage of the fact that LOI of IGF2 in
Wilms tumor occurs only if there is aberrant methylation of the differentially methylated
region, which is upstream of the nearby imprinted gene H19 that regulates IGF2 imprinting
(15,16). This observation is due to the fact that silencing of the maternal allele of IGF2 in
the kidney requires that the maternal allele of H19 be unmethylated so that the insulator
protein CTCF can bind to the differentially methylated region of the maternal allele and
insulate IGF2 from downstream enhancers (17). LOI was assessed by methylation analysis
(18) on all samples and by hot-stop RT-PCR (19) on the 26 samples that were heterozygous
for a transcribed polymorphism in IGF2 (rs680). As expected, agreement was found between
the two methods—11 samples had LOI and 15 did not have LOI.

Using both hot-stop PCR of a transcribed polymorphism within IGF2 and Southern blot
hybridization of the differentially methylated region of the H19 gene, 31 Wilms tumor
samples could be classified as showing LOI of IGF2 and 28 Wilms tumor samples as
showing normal imprinting (Supplementary Table 1, available online). We investigated
whether there are subtle quantitative allele-specific expression differences in other imprinted
genes in Wilms tumors with LOI of IGF2 by use of highly quantitative allele-specific
expression assays for four genes located in the same chromosomal band as IGF2—i.e., H19,
KCNQ1, LIT1, and TSSC5—and two genes outside of that band—i.e., GRB10 at
chromosome 7p12 and MEG3 at chromosome 14q32 (Fig. 1, A; Supplementary Table 2,
available online). Reconstitution experiments for LIT1, GRB10, and MEG3 DNA and for
IGF2 RNA (Supplementary Fig. 1, available online) demonstrated the linearity of the
method (13), indicating that the assays can accurately predict a wide range of allelic ratios.

As expected, for the 26 samples heterozygous for a transcribed polymorphism in IGF2 there
was a marked difference in the average expression of the less abundantly expressed allele
between the groups with (46.8%, 95% confidence interval [CI] = 44.4% to 49.2%) and
without (5.6%, 95% CI = 3.5% to 7.6%) LOI of IGF2. This difference was statistically
significant (P<.001 for Ftest comparing groups in a mixed-effects model; Table 1). We next
assessed the H19, KCNQ1, LIT1, TSSC5, GRB10, and MEG3 genes, respectively, for
heterozygosity of transcribed polymorphisms and identified 19, 18, 23, 23, 27, and 26
tumors with such heterozygosities. Allele-specific expression of these samples was then
assessed by pyrosequencing analysis. For KCNQ1, we found a small but statistically
significant difference between average expression of the lower allele among groups with
(37.0%, 95% CI = 31.8% to 42.2%) and without (27.7%, 95% CI = 21.8% to 33.5%) LOI of
IGF2 (difference = 9.2%; P=.02) (Table 1). For H19, we found a slight difference between
groups with (7.5%, 95% CI = 2.4% to 12.7%) and without (2.2%, 95% CI = -3.2% to 7.6%)
LOI of IGF2 (difference = 5.3%; P=.15) (Table 1), which could be related to the epigenetic
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silencing of the maternal allele of H19 in LOI (15,16) rather than activation of the paternal
allele. No statistically significant differences in allele-specific expression of LIT1, TSSC5,
GRB10, or MEG3 were found between groups with or without LOI of IGF2 (Table 1). As
expected, IGF2 has the highest difference between the tumors with and without LOI of
IGF2. Although of relatively lower magnitude, the second and third greatest P values were
for genes on either side of IGF2, H19 and KCNQ1 (Fig. 1, B).

Finally, we also performed pairwise comparisons of the allele-specific expression
measurements across genes in tumors that were heterozygous for both genes. The
neighboring genes LIT1 and TSSC5 demonstrated a statistically significant correlation
between their respective allele-specific expression (£=0.817 and 2= .004; Supplementary
Fig. 2, available online), which might indicate coregulation of these two genes at the locus,
although allele-specific expression of these genes was not related to IGF2 imprinting. Thus,
LOI of IGF2 appears to be a specific epigenetic event, in that there is not a generalized
disruption of imprinting stringency associated with it.

DNA methylation analysis was also performed at 1178 sites in 378 genes, 38 of which were
suspected or confirmed imprinted genes, with altered DNA methylation in other cancers, as
well as the CTCF-binding sites in the H19 differentially methylated region (Supplementary
Table 3, available online). We examined 14 Wilms tumors with and 13 without LOI of IGF2,
by use of a modification of the Illumina Golden Gate genotyping assay as described (14).
Briefly, DNA (1 pg) was treated with sodium bisulfite to convert unmethylated DNA to
uracil while leaving methylated DNA intact, by use of the EZ DNA methylation kit (Zymo
Research, Orange, CA). Therefore, methylated versus unmethylated cytosines were analyzed
as single-nucleotide polymorphisms. Methylation status of CpG sites were quantified by use
of a B value, which is defined as the ratio of the fluorescent signal of converted allele to the
sum of the fluorescent signals from the converted and unconverted alleles (14). A difference
of 0.17 between B values is the limit of detection of methylation changes (14). Data were
analyzed with the Comparative Marker Selection algorithm in GenePattern Client software
(Broad Institute, Boston, MA).

Using permutation analysis (20) and a cutoff of P value less than or equal to .01, 25 sites
showed statistically significant methylation changes between Wilms tumors with and
without LOI. Of these 25 sites, only six had a difference in  values greater than 0.17, the
detection limit of the assay. All six sites were associated with the H19 gene, five within the
differentially methylated region and one within the promoter (Supplementary Fig. 3,
available online). Nineteen additional sites showed statistically significant methylation
differences but did not have a difference in B values greater than 0.17. Eighteen of these sites
were also associated with the H19 gene, one in the promoter and seventeen in the
differentially methylated region. The remaining site was in the androgen receptor gene on
the X chromosome (Supplementary Table 4, available online). This would suggest that
methylation changes at known tumor-related sites appear specific to the H19 gene in Wilms
tumors with LOI of IGF2.

In summary, using highly quantitative allele-specific expression assays, we have
demonstrated that LOI of IGF2 in Wilms tumors appears epigenetically specific; i.e., LOI of
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IGF2 was not associated with a generalized disruption of imprinting. In addition, a
microarray-based analysis of methylation changes in tumors with LOI of IGF2, compared
with those with normal imprinting of IGF2, showed that methylation differences in Wilms
tumors were not widespread and appeared to be confined to the differentially methylated
region, which controls IGF2 imprinting. Thus, epigenetic changes in Wilms tumor with LOI
appeared specific, just as the histopathology of Wilms tumors with LOI is specific for
tumors of the perilobar nephrogenic rest type. Interestingly, there appeared to be regional
specificity of epigenetic abnormalities, in that the genes that demonstrated subtle LOI were
located on either side of IGF2 (Fig. 1, B).

Limitations of the study are that we have neither examined all imprinted genes nor analyzed
all potentially methylated sites within the genome. However, given that the true number of
imprinted genes is unknown, and the technology for gene-specific genome-wide methylation
analysis is still in the “incubator” phase, the next level of resolution will require further
technical development.

These results may have important therapeutic implications. Because of their potential
reversibility, epigenetic modifications are under investigation as potential targets for the
treatment of various common cancers (21). The epigenetic specificity of LOI of IGF2 in
Wilms tumors indicates that IGF2 might be a good pharmacologic target for drug
development, without the usual substantial concerns about other preexisting genetic or
epigenetic changes that would be selected for by the treatment.
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CONTEXT AND CAVEATS
Prior knowledge

Loss of imprinting (LOI) of the IGF2 gene is the most common genetic or epigenetic
alteration in Wilms tumor and involves aberrant activation of the normally repressed
maternally inherited allele. LOI of IGF2 occurs in approximately half of all Wilms
tumors.

Study design

Molecular biologic study of 59 Wilms tumor samples to determine whether LOI of IGF2
is associated with relaxation of imprinting at loci other than IGF2 or with widespread
alterations in DNA methylation.

Contribution

LOI of IGF2 in Wilms tumors appears epigenetically specific and is not associated with a
generalized disruption of imprinting.

Implications

Epigenetic alterations in Wilms tumors are not widespread, supporting the gene and
lineage specificity of LOI of IGF2. Thus, IGF2 might be a good pharmacologic target for
drug development, without the usual substantial concerns about other preexisting genetic
or epigenetic changes that would be selected for by the treatment.

Limitations

Only 59 tumors were examined. Not all imprinted genes or all potentially methylated
sites could be examined.
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Fig. 1.
Localization of genes of study and the strength of association for each of the genes for the

allele-specific expression of differences between Wilms tumors with and without loss of
imprinting (LOI) of IGF2 (encoding insulin-like growth factor I1). A) Localization and
orientation of genes selected for allele-specific expression analysis. For this analysis, we
selected five genes on 11p15 (i.e., H19, IGF2, KCNQ1, LIT1, and TSSC5) and two genes at
other locations (i.e., GRB10 at 7p12 and MEG3 at 14932). The approximate distances in
megabases (Mb) between genes and their approximate locations are according to coordinates
in the Santa Cruz Genome Browser (http://genome.ucsc.edu/). B) Log1g (1/P) plot for the
strength of association for each gene, comparing Wilms tumors with and without LOI of
IGF2. The difference is represented by plotting the values in a logyo(1/P) plot to visually
demonstrate the difference in allele-specific expression for each gene, comparing Wilms
tumors with and without LOI of IGF2.
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