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ABSTRACT We have previously shown that the four promoters of the IGF2 gene are under a tight
but dynamic control during human liver development, whereby P3 and P1 are reciprocally active
before and after birth respectively while the P2 and P4 promoters are constitutively active at a
relatively lower level. In this study, we investigated the methylation status of the promoters P1and
P3 of IGF2 and the promoter region of the H19 gene in developing human livers ranging from fetal
to late adult. A region of about 300bp immediately upstream of the /GF2 exon 5 was found to be
subjected to a developmental-specific methylation and this may correlate to the P3 promoter
activity. The P1 domain of IGF2 was also found to be methylated in a developmentally-specific
pattern. The promoter region of the H19 gene displayed different methylation patterns in different
development stages showing decreased general methylation with increase of age. Therefore,
regional- and developmental-specific DNA methylation is displayed in the promoter regions of the
IGF2 and H19 genes. This may be an important factor involved in gene regulation in the developing

human liver.
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Introduction

DNA methylation is an epigenetic modification representing
another kind of information involved in gene regulation in addition
to the primary genetic information encoded by the four bases.
Although both 6-methyladenine and 5-methylcytosine can be
found in bacteria and some lower eukaryotes, only cytosine can be
subjected to the activity of the DNA methyltransferase in mammals
resulting in 5-methylcytosine occurring mostly in CpG doublets
(Bird, 1992).

The role of DNA methylation during development has been
intensively studied. Oncogenically transformed mouse cell lines
can differentiate into muscle and other cell types after treatment
with the methylation inhibitor, 5-azacytidine (Taylor and Jones,
1979). Although the question remains if 5-azacytidine can mimic a
real in vivo mechanism, recent evidence has shown that DNA
methylation is important for embryo development since mice with
a methyltransferase mutation fail to develop beyond the early
embryonic stage (Li et al., 1993).

DNA methylation may regulate gene expression in different
ways. It may inhibit gene transcription through binding of proteins

to methylated sites, thus preventing the binding of transcription
factors and/or altering chromatin structures. Suppression of gene
transcription by DNA methylation is well illustrated by the fact that
the inactivated X chromosome is highly methylated in CpG islands
while the active one is not (Monk, 1990). DNA methylation may also
promote transcription by suppressing the binding of repressors
(Stoger et al., 1993). The mouse /gf2r gene is a good example in
support of this, since in order to be expressed, the active maternal
allele has to be methylated in an intron region and unmethylated in
its 5°-region (Wutz et al., 1997).

Plenty of data have shown a correlation between DNA methyla-
tion and /gf2 expression. In a mouse cell line, the /gf2 gene can be
reactivated by treatment with the methylation inhibitor, 5-aza-2'-
deoxycytidine (Eversole-Cire etal., 1993). Studies from human cell
lines also show that the IGF2 P3 promoter is highly methylated
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when it is inactive (Raizis et al., 1993). In normal adult human
leukocyte DNA, the IGF2 gene was found to be allele-specifically
methylated by showing paternal allele-specific hypermethylation
(Schneid et al., 1993).

Current data has shown that the four promoters of IGF2 may
function in different ways. The mRNA from the promoter P3 was
found to be translated only in exponentially growing cells, while the
mRNA from promoter P4 was suggested to be responsible for the
constitutive IGF-II production (Nielsen ef al., 1995). The promoter
P1 is different from the other three since it escapes the imprinting
process and is only expressed at a relatively high level in human
liver after birth (Vu and Hoffman, 1994; Ekstrém ef al., 1995;
Taniguchi et al., 1995a; Li et al., 1996). In human liver, which may
be the major site for IGF-1l production and where IGF2is expressed
in a developmental- and promoter-specific way (Li et al., 1996), the
involvement of DNA methylation in the regulation of the gene is still
unclear. To our knowledge, no information regarding the methyla-
tion status specifically in the /GF2 P3 or P1 promoters in human
liver has been published. We therefore found it important to gain
more insight into the promoter-specific methylation status of IGF2.

The H19 gene has been shown to be expressed in a develop-
mental-specific way in thatitis highly expressedin fetal tissues and
significantly downregulated shortly after birth. In human placenta,
the effect of DNA methylation on H19 expression is shown by the
progressive methylation of the 3" portion of the gene atthe paternal
allele after gestation, and which occurs in parallel with the silencing
of this allele (Jinno et al., 1995). However, the requlatory relation-
ship between DNA methylation and H79expression is not yet clear
although allele-specific methylation is considered to be an imprint-
ing marker for this gene (Forne et al., 1997).

In this study, we investigated the methylation status of the
promoters P1 and P3 of IGF2 and the promoter region of the H719
gene in human normal livers from different developmental stages.
The results suggest that developmental- and region-specific DNA
methylation in the promoter domains of these two genes may be
correlated to the gene expressions.

Results

Methylation pattern at the IGF2 P3 region is developmentally-
specific in human livers

The promoter P3 of the /IGF2 gene produces about 70% of the
total /IGF2 transcripts in fetal and neonatal liver, and becomes
silenced shortly after birth in most cases (Li etal., 1996). Tofind out
more about the regulatory mechanisms of this phenomenon, we
used a 1.37 kb fragment spanning almost the whole intron region
betweenexons 4 and 5, and 130bp ofthe 5" end of the exon 5 (Figs.
1A and 2A, probe A) as a probe to investigate the methylation
pattern of this region of the IGF2 gene in nine normal human livers
ranging from perinatal to late adult and the liver tumor cell line,
HepG2. The results show that the P3 region was hypermethylated
shortly afterbirth and maintained a relatively stable pattern through-
out different ages in adult (Fig. 2B). In the two perinatal liver
samples, which displayed high P3 activity according to previous
studies (Li ef al., 19986), the P3 region was hypomethylated. From
the age of two-months and onwards when P3 starts to be silenced
(Li et al., 1996), the promoter region also starts to become
methylated as shown by the extra bands in the Hpall cut lanes
(indicated by the leftarrows in Fig. 2B). The human hepatoblastoma
cell line, HepG2, showed a similar hypomethylated pattern as

observed in livers from prematurely born individuals, although the
cell line may be slightly more methylated displayed by a weak band
not present in the perinatal livers. The hypermethylation in this
region after birth may thus be involved in the silencing of the P3
promoter activity.

Mapping of the developmentally-specific methylated region
of P3

The entire P3 region of IGF2is about 1.4 kb. It contains two Sp1-
like sequences, two Egr-1 consensus sequences, a potential
CCAAT-box and a TATA box within the 300bp region immediately
upstream of exon 5. In order to find out if this specific region is
subjected to the developmental-specific methylation, a 430bp
fragment spanning 130bp of exon 5 and its upstream region (Fig.
2A, probe B) was subcloned and used as a probe to hybridize the
same membranes analyzed with the 1.37 kb probe described
above. This probe revealed that the region methylated after birth is
located within or around this 430bp region (Fig. 2C). The picture
shows that the common bands present in all the samples from
different developmental stages disappeared (indicated by the
arrow between Fig. 2B and C) as compared with using the 1.37 kb
probe, while the bands only existing in the samples after birth
remain (indicated by the left arrows in Fig. 2B). We conclude that
CpG sites within oraround the 430bp region of IGF2P3 are atarget
for developmental-specific methylation which may affect the pro-
moter activity.

Methylation of the promoter P1 domain of IGF2 is decreased
with age in normal human livers

The promoter P1 of the IGF2 gene is silent in fetal tissues and
activated shortly after birth in human liver. The function and the
mechanism of its activation are poorly understood. Seven normal
human livers from 5-week fetal to 65-year old adult were investi-
gated for their methylation status around the IGF2 promoter P1
region. A genomic fragment of about 8 kb including the INS gene
and the first intron of /GF2 (Fig. 3A) was used as a probe. Figure
3B shows that in the samples of the fetal, perinatal, two-month and

A

Prumoler | Promater 3

— A H——0

kawm 1 Fvm? Lysm) Faen 4 kxmm & Fam & From T Fyon X Faom @

i 7t 7L i s »
7/ 77 17 ML >

F 3

Promoter region

—

CDINA prube

HHHH —— —

Exon 2 Exon 4
Exon }

Excn |

Exon §
—_—
1 kh

Fig. 1. Gene structures of IGF2and H19. (A) IGF2 gene. The open boxes
are the nine exons of IGF2, and the black boxes are the common coding
region. Promoter P1 and P3 regions are investigated for DNA methylation
status. (B) H19 gene. The open boxes are the five exons of the gene. The
indicated promoter region is investigated for methylation status in this
study. The cDNA probe is used to investigate the H19 expression level



one-year old individuals which displayed no or low transcripts from
P1 (Lietal, 1996), this regionis highly methylated (indicated by the
left arrows in Fig. 3B). After one-year of age, when P1 becomes
more activated as reported previously (Li et al., 1996), the region
is significantly demethylated. We have not yet mapped the precise
region of the demethylated sites. However, the region around P1
may be subjected to a developmental-specific methylation and the
specific methylation pattern may be related to the developmental-
specific regulation of the promoter P1 activity.

The H19 promoter is developmentally-specific methylated in
human liver

Although plenty of data have shown that the regulation of the
H19 gene is developmental-specific, the molecular basis of this
regulation is not yet completely illustrated. We have previously
shown that the H79 gene is highly expressed in fetal liver and
downregulated after birth. In liver from the older adult, the expres-
sion is very low or undetectable (Ekstrém et al., 1995). To continue
this study, seven normal human livers ranging from 5-week fetal to
65-year old were investigated for their methylation patterns within
the H719promoter region. A fragment spanning 0.8 kb immediately
upstream of the first exon of the gene was used as a probe (Fig.
4A). The results are illustrated in Figure 4B. In the livers from
individuals younger than one year, which expressed high levels of
H19mRNA (Fig. 5), the promoter was highly methylated. The left,
upperarrow in Figure 4B indicates the fully methylated 2.1 kb Rsal
band covering the promoter region as represented in Figure 4A. In
the adult samples, the intensity of the 2.1 kb fragment is decreased
while the intensity of the 0.54 kb band (left, lower arrow in Fig. 4B)
isincreased, suggesting that demethylation occurred within the 2.1
kb region. The intensities of the 2.1 kb and the 0.54 kb bands were
measured by densitometry, and the ratios of the 2.1 kb signal/0.54
kb signal are shown in Figure 4B for each sample. In adult, this
value is about 4-fold decreased (average) compared to that of the
young individuals. However, additional bands (the right arrow in
Fig. 4B) coincidentally appear with the demethylation of the 2.1 kb
bands in the adult as well as in the 2 months samples. These
additional bands are not likely due to be incomplete digestion,
since when another probe, the 8 kb P1 fragment, was used with the
same filters, these samples displayed obvious demethylation (Fig.
3B). We therefore suggest that retention, or even re-establishment
of methylation in specific sites occur synchronously with the
demethylation of other sites within the 2.1 kb region covering the
H19promoter, displaying a developmental-specific methylation of
this region.

To further characterize the relationship of the methylation pat-
tern observed in Figure 3B to H19gene expression, in particular to
examine if the small extra band (the right arrow in Fig. 4B) is
associated with the suppression of H19 expression, RPA (RNase
protection analysis) was performed to investigate the expression
level of H19in those samples using an H79cDNA probe (Fig. 1B).
The results were quantified by phosphor imager using GAPDH as
an internal control. The values of H719 expression shown in Figure
S are arbitrary numbers normalized to GAPDH. As shown in Figure
5, H19 expression is decreasing with age in adult samples in
agreement with previous reports. However, this decrease does not
seem to be correlated with the observed additional band (the right
arrow in Fig. 4B) since samples with or without this band can
display high (2 months) or very low (34 years) H19 expression
respectively.
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Fig. 2. Developmental-specific methylation of the P3 region of IGF2.
(A) Probes used in this study. The 3.3 kb fragment is generated by the Rsal
digestion. The open boxes are the exons 4 and 5 of IGF2. Vertical bars on
the top indicate the Hpall sites in F3 and exon & region. (B) Methylation
status of P3 region in human developing liver using probe A. Arrows with
asterisks to the left indicate the bands in the livers after birth representing
a developmental-specific methylation. P3 expression status is indicated
under each sample according to previous reports. Control analysis of
genomic DNA using digestion with Rsal alone and with Rsal + Mspl! were
performed to assess the pattern for total digestion as shown in the first two
lanes to the left. (C) Methylation status of P3 region using probe B with the
same membrane as in Figure 2B. The arrow between Figures 28 and C
indicates the disappearance of the common bands when probe B was
used, while the developmental-specific bands are maintained.

Discussion

Methylation of the P3 domain of IGF2

We and others have previously shown that DNA methylation of
the IGF2 P3 region and the promoter activity are inversely corre-
lated in both human hepatoblastoma (Li et al., 1997) and liver cell
lines (Raizis et al., 1993). During human liver development, the
expression status of this promoter has been intensively studied but
little is known about the regulatory mechanism behind the develop-
mental-specific control of this promoter.

In this study, the two perinatal liver samples which expressed
high levels of P3 transcripts display hypomethylation of the pro-
moter region while the samples coming from patients of two
months and older display hypermethylation. This may suggest a
potential methylation switch after birth in the P3 region. Interest-
ingly, this potential switch matches well with the time point of the
activation of the promoter P1 of IGF2. We do not yet know if these
simultaneous events are correlated or just coincidental. A larger
number of samples is needed for further investigation to confirm
this. However, the possibility exists that region-specific methyla-
tion might affect common factors involved in the regulation of the
P1 and P3 promoters. Our previous data also support the fact that
the P1 and P3 promoters of the /GF2 gene are always oppositely
regulated in normal liver and liver tumors (Li et al., 1995,1996), but
additional investigations are needed to examine the possible
regulatory relationship of the two promoters.

In the present study, the P3 region was found to be
hypermethylated after birth in parallel with the disappearance of
the P3 transcript. Thus, this hypermethylation may be correlated
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Fig. 3. Developmental-specific methylation of the P1 domain in hu-
man developing livers. (A) The probe used in the study. Open boxes are
the exons of the IGF2 and INS genes. The arrow indicates the start of the
transcription site of the IGF2 gene. The Rsal digestion pattern is not
indicated because of the unknown sequence of the IGF2 gene. (B)
Methylation status of the IGF2 P1 domain in human developing liver. The
two arrows with asterisks to the left indicate the developmental-specific
methyilation that is decreased in samples from individuals older than one
year. The respective P1 activity of each sample is indicated below accord-
Ing to previous reports.

with the silencing of the P3 promoter in adult liver. Similar results
reported previously showed thatthe P3 region was hypermethylated
in the Hela cell line which does not express any P3 transcript
(Raizis et al., 1993). However, DNA methylation is not likely to be
the only factor responsible for the suppression of P3 since small
amounts of P3 transcripts can still be seen within the first half year
after birth in human liver (Li et al, 1996) irrespective of the
hypermethylation of this region.

Previous data have shown that the immediate upstream region
of IGF2 exon 5 plays an important role for the activity of the P3
promoter (van Dijk et al., 1991). Our finding is consistent with the
previous reports. This region may participate in the control of the
P3 activity by means of a developmental-specific DNA methylation
pattern. Itis possible that hypomethylation of the P3 region may be
a prerequisite for the promoter activity, and region-specific meth-
ylation may be involved in the slow silencing of the promoter in
human liver after birth. At this point one can not exclude however,
that the developmental-specific methylation pattern is established
as a consequence of a reduced promoter P3 activity rather than
being the cause of silencing. The complexity of this regulation
however, may be reflected by the fact that at the branchpoint of P3
deregulation, in the 2 months individual when the promoter still has
high activity, it has already become hypermethylated.

Methyilation of the P1 domain of IGF2

Although a low level of the IGF2 P1 expression can be seen in
fetal choroid plexus/leptomeninges (Ekstrém etal., 1995), levels of
P1 transcript detectable by RNase protection analysis, can only be
seenin human liver after birth, and transcript levels furtherincrease

with age (Li et al., 1996). C/EBP, the CCAAT/enhancer binding
protein which is expressed predominantly in adult liver, adipose
tissue and lung has been shown to be involved in the activation of
P1 (vanDijk etal., 1992). Recentdata have also shown that the Sp1
sites within the P1 region are important for the promoter activity
(Rodenburg, 1997). This fact also ties methylation as a possible
factor to the regulation of P1 since the Sp1 site has been shown to
be involved in methylation directed regulation (Clark et al., 1997).
The function of this transcript and the regulatory mechanism of P1
are still far from clear.

In this study, the P1 domain is shown to be highly methylated in
normal human liver of fetal and young children but becomes
demethylated after one-year of age. This may suggest that a
methylation-free state of some specific sequences is needed for
full P1 expression, which is consistent with the classical hypothesis
in which methylation at the promoter region is commonly consid-
ered to be a suppressive factor for gene expression. However,
DNA methylationis clearly not the only factorinvolvedin P1 activity.
The methylation patterns in the livers of the two months and the one
year old patients where P1 activation is initiated, do not change
much compared to that of the fetal sample in which P1 transcripts
can not be detected at all. It is thus possible that a demethylated
state in the P1 domain may be a requirement for allowing the full
activity of the P1 promoter. It will also be necessary to map the
developmentally-specific methylated sequences in more detail in
order to understand the functional relevance of the DNA methyla-
tion status. Shorter probes should give more accurate information
since subtle changes could be overlooked when an 8 kb long
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Fig. 3. Developmental-specific methylation of the P1 domain in hu-
man developing livers. (A) The probe used in the study. Open boxes are
the exons of the IGF2 and INS genes. The arrow indicates the start of the
transcription site of the IGF2 gene. The Rsal digestion pattern is not
indicated because of the unknown sequence of the IGF2 gene. (B)
Methylation status of the IGF2 P1 domain in human developing liver. The
two arrows with asterisks to the left indicate the developmental-specific
methylation that is decreased in samples from individuals older than one
year. The respective P1 activity of each sample is indicated in below
according to previous reports.
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Fig. 4. Developmental-specific methylation of the H19 promoter
region. (A) The 0.8 kb probe used in this study. The 2.1 kb fragment is
generated by the RAsal digestion. The open box and the single arrow
indicate the exon 1 of the H19 gene. (B) Methylation status of the H19
promoter region in normal livers. The upper arrow indicates the fully
methylated 2.1 kb fragment. The lower left arrow indicates the fully
digested band in all the samples. The right arrow Indicates the extra bands
in the adult samples as well as in the sample of the 2 month-old individual.
The methylation degree of each sample is presented in arbitrary numbers
according to the 2.1 kb/0.54 kb values from densitometric signals, The H19
expression status in arbitrary numbers normalized to GAPDH is also shown
falso see Fig. 5). nd, not determined.

fragment is used as a probe. Another possibility which can not be
completely excluded is that the demethylation is due to the INS
gene which is also covered by the probe. However, since the INS
gene is not transcribed in the liver throughout development, this
possibility is not likely.

DNA Methylation and the H19 gene

Several lines of evidence confirm that methylation at the up-
stream region of the H79gene is established during spermatogen-
esis and preserved in the development of the embryo in both
human and mouse (Tremblay et al, 1995; Jinno et al., 1996).
Hypermethylation and correlated downregulation of the gene ex-
pression have been observed for several kinds of diseases,
including Wilms™ tumor (Steenman ef al. 1994; Taniguchi et al.,
1995b) and hepatoblastoma (Li et al., 1997). In this study, the
methylation of the promoter region of the H19 gene is regulated in
a developmental-specific way. The 2.1 kb region is highly methyl-
ated in liver from individuals younger than one year old. However,
in samples from older individuals, demethylation occurs in this
region with concomitant remethylation or retention of methylation
in specific sites as displayed by extra small bands in our assay. As
explained in the Results section, these bands are not likely due to
incomplete digestion, since on the same membrane, when hybrid-
ized with the 8 kb P1 fragment, those samples with the extra bands
displayed obvious demethylation. However, the relationship of the
H19 expression and the extra bands, which suggest specific
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methylation, are not conclusive based on the limited number of
samples investigated and this prompts for additional more compre-
hensive studies.

Recently, new methods have been established regarding DNA
methylation studies. One of these is the bisulphite sequencing
method whereby single methylated cytosines can be detected by
chemical conversion of unmethylated C:s into U:s, followed by
PCR and sequencing. This method is more informative but is
mainly appropriate for use in cell lines or tissues where a high cell
type homogeneity can be obtained. Another technique is the
methylation-sensitive PCR method in which genomic DNA is cut by
DNA methylation-sensitive restriction enzymes followed by PCR
amplification. This method is more accurate when a single restric-
tion site is investigated. However, when the investigated region
contains a cluster of methylation sensitive sites, like the IGF2 P3
region, this method is not optimal because of the possibility of
losinginformation in methylated sites when there is an unmethylated
site within the investigated region, or when there is a partial
methylation/demethylation for a specific site. In this study, the
investigated regions (P3 promoter and H19 promoter) are CpG
islands ina mixed cell population (approximately, 70% hepatocytes,
15% kupffer cells and 15% others). This heterogeneity may also be
the reason for the partial demethylation shown here in the H19
promoter in some of the samples. Therefore, a better technique
needs to be established to study the methylation status in detail in
the IGF2 and H19 promoters in human liver.

The mechanism and biological significance of this developmen-
tal- and sequence- specific demethylation and methylation of the
promoter region of H79 is unknown. However, despite the
demethylation of the H19 promoter occurring in adult liver, a
downregulation is still evident. Since the observed demethylation
most likely occurs on the paternal allele (the 2.1 kb band in Fig 4), the
investigated region can not involve methylated sites responsible for
maintaining the imprinting status, since H79 has been shown to be
mono-allelelically expressed in these tissues (Zhang et al., 1993).
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Fig. 5. H19 expression status in normal human livers. An H19 cDNA
probe of 150bp (Fig. 1B) and the GAPDH probe were used simultaneously
in the RPA assay with total cellular RNA. The first two lanes to the left show
the individual probes hybridized with human liver RNA. The negative
control is GAPDH and H19 probes hybridized to yeast RNA. The results
were quantified by a phosphor imager. The H19 expression data are In
arbitrary numbers and in relation to GAPDH.
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Although the reason and the consequence of the demethylation
or remethylation in the H19 promoter region after birth is unclear,
a dynamic methylation pattern which might be necessary for the
developmental-specific regulation observed for the H19 gene,
suggests thatfurther study is necessary to characterize the precise
relationship between gene expression and DNA methylation dur-
ing human liver development.

Materials and Methods

Tissue samples

Normal liver tissues were obtained from operational material on
autopsy from Huddinge Hospital, Huddinge, Sweden; St Géran Children’s
Hospital, Stockholm, Sweden. The tissues were snap frozen in liquid
nitrogen and stored at-70°C. Alltissues were examined histologically and
morphologically at the respective pathology department and were found
to be normal.

Nucleic acid extraction

DNA was extracted from tissues by incubation with Proteinase Kin the
presence of SDS and EDTA, followed by phenol:chloroform extraction and
alcohol precipitation as described (Li et al. 1995). DNA quality was
examined by gel electrophoresis.

Analysis of methylation status

Fifteen pg of DNA were taken for each digestion with 10x unit excess of
Rsal. Complete digestion was checked for the expected Rsal digestion
pattern by Southern blot hybridization with specific probes. 15 11g from the
samples were subsequently digested with 10x unit excess of each Hpall or
Mspl and subjected to electrophoresis using 1.6% agarose gels and
transferred to Hybond Nfp membrane (Amersham). Hybridizations were
carried out according to the manufacturers protocol (Amersham). Before
membranes were reprobed, complete stripping was ascertained by over-
night exposure on phosphor imaging screens.

Probes used in this study

For the IGF2 promoter P3 region, a 1.3 kb fragment spanning part of
exon 5 and its upstream region (Fig. 2A, probe A), cloned into the BamHi-
Hindll sites of a bluescript SK |l vector (Stratagene) was used as the probe
for the methylation investigation. In order to map the developmental-
specific methylation sites more accurately, a 450bp fragment was subcloned
into the EcoRI-Sall sites of the same vector, containing a small part of exon
5 and its upstream region (Fig. 2A, probe B).

For the methylation study of the IGF2P1 domain, an 8 kb fragment (Fig.
3A) including the insulin gene and part of the first intron of the IGF2 gene
was used.

A 0.8 kb probe for the methylation study of the H19promoterregion (Fig.
4A) was generated by PCR amplification encompassing five Hpall sites
using primers 5-AACAACCCTCACCAAAGGCC-3" (upstream) and 5'-
CCTGCTCCTCGGTCCTAGCCCGG-3' (downstream).

All probe clones were labeled using a random primer labeling kit
(Amersham) and *?P-dCTP at a specific activity of 6000 Ci/mmol, according
to the manufacturers instructions (Amersham).
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