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of the germ lines. Previous data have suggested that in nonmalignant
tissues an imprint is constant throughout life and is not susceptible to
modification, except during gametogenesis.

The present study examines allelic expression of the IGF2 gene in
human liver during postnatal development. The data show that the
IGF2 gene is imprinted (i.e., monoallelically expressed) in liver at the
age of 6 months, but at the age of 8â€”10months imprinting is relaxed
and expression of the IGF2 gene is clearly biallelic by the second year
of life, indicating the presence of a tissue-specific activity that can
modify genomic imprinting.

Materials and Methods

Liver Samples. Hepatectomy samples, frozen at â€”70Â°C, were obtained

from the Liver Tissue Procurement and Distribution System (NIH Grant
NO1-DK-6-2274). Samples of 25 livers from individuals of varying ages
undergoing hepatectomy for nonmalignant conditions were tested for heterozy
gosity at a previously described JGF2AJXIJ polymorphism (13). Eight samples
were found to be informative. These individuals included 5 undergoing hep
atectomy for extrahepatic biliary atresia (ages 189, 198, 270, and 320 days and

19 months), 1 for a1-antitrypsin deficiency (age 203 days), 1 for oxalosis (age
3 years),and1witha normalliver(23 years)thatwas collectedbutnotsuitable
for transplantation to another individual.

Allele-specific Gene Expression. Genomic DNA was extracted using stan
dard techniques. Allele-specific gene expression was examined using an ApaI
polymorphism as described previously (14). Briefly, IGF2 genomic DNA was

amplified using primers A (5'-CrfGGACITFGAAGTCAAATrGG-3') and

B (5'-GGTCGTGCCAArFACA1TFCA-3'),as described by Ogawa et al.
(15). Primer B was end-labeled with [32PJATP using T4 polynucleotide kinase.
Polyadenylated RNA was isolated (Fast Track; Invitrogen) and reverse tran
scribed into cDNA (Moloney munne leukemia virus reverse transcriptase;
Stratagene) using primer B. JGF2 cDNA was then amplified using primers C
(5'-TCCTGGAGACG-TACFGTGCFA-3') and B. As this primer pair spans
an intron, a genomic DNA-specific PCR product (1.4 kilobase) could be
detected separate from the eDNA-specific product (1.12 kilobases) by agarose
gel electrophoresis to exclude the possibility of contamination of RNA (and
hence cDNA) with genomic DNA, which would lead to misleading results.
PCRwas performedusingTaqpolymerase(PerkinElmer/Cetus)withaninitial
denaturation of 4 mm at 94Â°C,followed by 35 cycles of 94Â°Cfor 1 mm, 55Â°C
for 2 mm, 72Â°Cfor 3 mm, and 1 cycle of 72Â°Cfor 7 mm. PCR products
amplified from genomic DNA and cDNA were digested with Hinfi to yield a
256-base pair product, and then with ApaI, followed by electrophoresis
through 6% denaturing polyacrylamide gels, which were then dried and auto
radiographed. All amplifications and digests were repeated at least 3 times
to exclude the possibility of partial digests. All amplifications included a
control amplification with no added DNA to exclude the possibility of PCR
contamination.

Results

Genomic DNA from 25 liver samples from individuals of differing
ages was amplified by PCR and digested with ApaI to identify the
presence of the previously described polymorphism in IGF2. Eight
individuals were found to be heterozygous for theApal polymorphism
and were studied further. Polyadenylated RNA was extracted from
these samples and cDNA was synthesized using Moloney murine
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Abstract

Control of the expression of the human insulin-like growth factor II
gene is known to be complex, displaying both tissue-specific and develop
mental regulation. Insulin-like growth factor II is expressed at high levels

in most tissues in the human fetus and appears to be important in fetal
growth. In adult life, high levels of expression are found chiefly in liver,
kidney, skin, nerve, and muscle tissue. Recent studies in the human fetus
have demonstrated that in all tissues examined, Includingliver, the human
insulin-like growth factor H gene is imprinted, with the paternally inher
ited allele expressed and the maternally inherited allele silent. The present
study demonstrates that while the insulin-like growth factor gene is ha
printed in human fetal liver, imprinting is relaxed in the second half of the
first year of postnatal life, and thereafter the insulin-like growth factor
gene is blallelically expressed.

Introduction

IGF23 is a polypeptide growth factor which appears to be a major
embryonic mitogen, at least in rodents (1, 2). In the rat, IGF2 is highly
expressed in fetal life, and levels fall rapidly after birth (3). In humans,
the majority of fetal tissues express IGF2, but significant circulating
levels of IGF2 (300â€”500 @Wml)are also detectable in the serum of
adults (4). The biological function of IGF2 in adult life remains
unclear.

The regulation of the IGF2 gene expression is complex, involving
both developmentally regulated promoters and alternative splicing of
different 5'-untranslated leader sequences (5â€”7).In addition to these
controls of expression, it has recently been demonstrated that the
human JGF2 gene is imprinted (8, 9). Genomic imprinting is the
phenomenon of parental allele-specific gene expression and was first
suggested by the observation that both a maternally and a paternally
derived genome are absolutely necessary for the normal development
of an embryo (10, 11). This indicates that for at least part of the
genome, maternally and paternally inherited genes are not equivalent.
This hypothesis has been confirmed for the human IGF2 gene by
studies which demonstrated monoallelic expression of IGF2 in human
fetal and adult tissue, with only the paternal copy transcribed (8, 9).

The mechanism by which a gene is imprinted is currently unknown.
An imprint, once introduced, must be stable through many rounds of
DNA replication, must affect the expression of the imprinted gene,
and must be able to be reversibly switched following passage through
a germ line of the opposite sex (12). Since the imprint can be erased
in gametogenesis, it appears that marking is conferred by an activity
controlled by an â€œimprintorâ€•gene that is expressed exclusively in one
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189 days 198 days 203 days

Fig. 1. Expression of the IGF2 gene in human
liver samples from individuals ages 189â€”203days.
In each gel, the PCR product digested with Hinfl is
shown on the left, and the same product digested
with HÃœIJIand then Apal is shown on the right. For
each individual at the ages shown, the PCR product
generated from genomic DNA (g DNA) is dis
played, confirming that the individual is heterozy
gous for the ApaI polymorphism. The PCR product
derived from cDNA is shown to demonstrate allelic
expression. The presence of a single band in the
Apal digest of the cDNA-derived PCR product in
dicates monoallelic expression and the presence of
imprinting.

leukemia virus reverse transcriptase. Genomic and complementary
DNAS were then amplified using PCR. The cDNA samples were
amplified using primers which spanned an intron, allowing the iden
tification of any DNA contamination of the RNA preparation, which
would generate a larger band on agarose gel electrophoresis and could
be the cause of misleading results. In these experiments no 1.4-
kilobase genomic DNA band was seen, indicating that there was no
DNA contamination of the RNA preparations. Results are shown in
Figs. 1 and 2. In each individual, digestion of the genomic DNA
derived PCR product with Hinfl and ApaI yields bands of 256 and
231 base pairs, indicating heterozygosity for the ApaI polymorphism.

When PCR product amplified from cDNA from the livers of the
individuals ages 189, 198, and 203 days is digested with Hinfl and
then ApaI, only one band is visible, indicating expression of a single
allele and the presence of genomic imprinting (Fig. 1). When the PCR
product amplified from cDNA from the livers of the individuals ages
270 days, 19 months, 3 years, and 23 years is digested with Hinfl and
ApaI, bands of 256 and 231 base pairs are visible, indicating that
genomic imprinting is no longer operative (Fig. 2). The increased
proportion of the 256-base pair band relative to the 231-base pair band
is consistently seen and has been ascribed to the formation of het
erodimers during PCR which are resistant to digestion (15â€”17).The
individual aged 320 days had a major band of 231 base pairs and a
minor band of 256 base pairs which were present in similar propor
tions in repeated amplifications and digests (Fig. 2). While it is not
possible to totally exclude a partial ApaI digest, it is possible that this
represents the start of relaxation of the imprint, with low level ex

pression of a previously imprinted allele. Taken together, these data
suggest that in human liver the JGF2 gene is imprinted in early life
and that this imprinting is relaxed toward the end of the first year of
postnatal life.

Discussion

IGF2 is a polypeptide with structural homology to insulin which
possesses mitogenic activity (18). In the rodent, IGF2 functions as a
major embryonic growth factor, and levels fall rapidly after birth. In
humans, IGF2 levels in serum persist into adult life, although the
biological function of IGF2 in the adult remains unclear (4). IGF2 is
produced in most tissues in the human fetus but the liver is probably
the major biosynthetic site for IGF2 in the adult, with significant
expression occurring also in adult skin, striated muscle, and nerve
tissue (4).

A single JGF2 gene is present at chromosome locus 1ipl5, close to
the insulin gene (19). The expression of the human IGF2 gene is
complex and is regulated in a tissue-specific and developmental
stage-specific fashion (4â€”7).In humans, major IGF2 transcripts of at
least three different sizes have been described (4, 20). At least one of
these transcripts appears to be expressed almost exclusively in fetal
tissues, while expression of a second transcript appears to be unique
to the adult liver. This complex regulation appears to be achieved by
the action of both development-specific promoters and alternative
splicing, or possibly transcriptional initiation events that generate
mRNAs containing different 5'-untranslated sequences (4â€”7).Despite

270 days 320 days 19 mos 23 yrs3 yrs
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Fig. 2. Expression of the JGF2 gene in human liver samples from individuals ages 270 days to 23 years. In each gel, the PCR product digested with Hinfl is shown on the left,
and the same product digested with Hinfl and then ApaI is shown on the right. For each individual at the ages shown, the PCR product generated from genomic DNA (g DNA) is
displayed, confirming that the individual is heterozygous for the ApaI polymorphism. The PCR product derived from cDNA is shown to demonstrate allelic expression. The presence
of two bands in the ApaI digest of the cDNA-derived PCR product indicates biallelic expression and the relaxation of imprinting.
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this complexity, the cognate IGF2 protein is invariant. The in vivo
function of IGF2 may require local autocrine and paracrine loops, and
these multiple and different levels of segulation may be needed for the
fme spatial and temporal control of expression.

A new level of complexity in the control of IGF2 gene expression
has been added by the recent demonstration that the human JGF2 gene
is imprinted (8, 9). Genomic imprinting is the phenomenon of gamete
specific modification of the two alleles of a gene in somatic cells,
leading to differential allele expression (reviewed in Ref. 21). In
studies of fetal tissue, the maternal allele of the human IGF2 gene has
been shown to be silent with only the paternally inherited allele being

expressed (8, 9). In the adult, imprinting appears to be maintained
with monoallelic expression in most tissues, but a recent study has
shown biallelic expression in the 4 samples of adult liver studied (17).
This paper demonstrates that the human JGF2 gene is imprinted
(monoallelically expressed) in liver for the first 6 months of postnatal
life, but in the second 6 months of postnatal life the imprinting is
relaxed, leading to biallelic expression of the IGF2 gene thereafter.

Overexpression of IGF2 has been identified in a number of malig
nancies, including Wilm's tumor, rhabdomyosarcoma, and hepato
blastoma, and IGF2 has been shown to be a major autocrine growth
factor for rhabdomyosarcoma and neuroblastoma cells (4, 20, 22â€”25).
Recent studies have demonstrated that in Wilm's tumors that retain
heterozygosity at the IGF2 locus, a majority of tumors show relax
ation of imprinting of the JGF2 gene, and expression is biallelic (15,
16). This is in contrast to the situation in normal adult kidney where
imprinting is maintained and expression is monoalleic in both fetal
and adult tissue. The situation in Wilm's tumor appears to be the
reverse of that in hepatoblastoma, an embryonal liver tumor in which
monoallelic expression of IGF2 has been described in a study of three
tumors (14). The tumors described in that study were removed from
children aged 4Â½years, 14 months, and 4 days. Thus, the demon
stration that imprinting of the IGF2 gene is relaxed in the first year of
life, as described in the current paper, indicates that the maintenance
of imprinting in the hepatoblastoma tissue is inappropriate, at least in
the two older cases, because IGF2 gene expression in normal liver
tissue is biallelic at that age. In hepatoblastoma, the maintenance of
imprinting is a persistence of the fetal situation, and may reflect the
embryonal nature of this tumor. It appears that the mechanisms for
overproduction of IGF2 in Wilm's tumor and hepatoblastoma are
likely to be different.

The phenomenon of postnatal relaxation of imprinting offers an
excellent model for the study of the DNA modifications which cause
a human gene to be imprinted and the cellular factors which recognize
the imprint. The mechanism of genomic imprinting remains uniden
tified, although circumstantial evidence implicates DNA methylation
changes, and studies of methylation in the imprinted and unimprinted
human liver IGF2 genes identified in this study are currently under
way (26â€”28).The tissue specificity of the relaxation of imprinting
described in this study raises the possibility that tissue-specific trans
acting factors may be able to override the imprint placed in gameto
genesis, and studies are also in progress to try to identify such factors.
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