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Letter

Phylogenetic Footprint Analysis of IGF2

in Extant Mammals

Jennifer R. Weidman,' Susan K. Murphy,? Catherine M. Nolan,* Fred S. Dietrich,?

and Randy L. Jirtle’-

"Department of Radiation Oncology, 2Department of Obstetrics and Gynecology, and 3Department of Molecular Genetics
and Microbiology, Duke University, Durham, North Carolina 27710, USA; #Zoology Department, University College Dublin,

Belfield Dublin 4, Ireland

Genomic imprinting results in monoallelic gene transcription that is directed by cis-acting regulatory elements
epigenetically marked in a parent-of-origin-dependent manner. We performed phylogenetic sequence and epigenetic
comparisons of IGF2 between the nonimprinted platypus (Ornithorhynchus anatinus) and imprinted opossum (Didelphis
virginiana), mouse (Mus musculus), and human (Homo sapiens) to determine if their divergent imprint status would reflect
differences in the conservation of genomic elements important in the regulation of imprinting. We report herein that
IGF2 imprinting does not correlate evolutionarily with differential intragenic methylation, nor is it associated with
motif 13, a reported IGFZ-specific “imprint signature” located in the coding region. Instead, IGF2 imprinting is
strongly associated with both the lack of short interspersed transposable elements (SINEs) and an intragenic
conserved inverted repeat that contains candidate CTCF-binding sites, a role not previously ascribed to this
particular sequence element. Our results are the first to demonstrate that comparative footprint analysis of species
from evolutionarily distant mammalian clades, and exhibiting divergent imprint status is a powerful
bioinformatics-based approach for identifying cis-acting elements potentially involved not only in the origins of
genomic imprinting, but also in its maintenance in humans.

[The sequence data from this study have been submitted to Entrez/NCBI under accession nos. AY552325 (opossum
IGF2) and AY552325 (platypus IGF2). The following individuals kindly provided reagents, samples, or unpublished

information as indicated in the paper: M. Stoskopf and B. Munday.]

Genomic imprinting refers to epigenetic chromosomal modifica-
tions that result in the preferential expression of an allele in a
parent-of-origin-dependant manner. The evolution of genomic
imprinting more than 150 million years ago (Killian et al. 2000,
2001) is postulated to have resulted because of a parental conflict
to control the amount of nutrients extracted from the mother by
her offspring (Haig and Graham 1991; Murphy and Jirtle 2003).
Since the discovery in the early 1990s that murine and human
IGF2 predominantly exhibit expression from the paternally in-
herited chromosome (DeChiara et al. 1991), this gene has been a
central focus of numerous studies involving genomic imprinting
and its relationship to development and disease. IGF2 encodes
for a powerful mitogenic growth factor that is frequently found
to be overexpressed in cancer because of a loss of imprinting
(Rainier et al. 1993; Falls et al. 1999; Cruz-Correa et al. 2004). This
deregulation of IGF2 imprinting has been investigated in several
human malignancies, including those that affect children such as
Wilms’ tumor and hepatoblastoma (Rainier et al. 1993, 1995;
Cruz-Correa et al. 2004), and adult-onset cancers including colo-
rectal carcinoma, bladder cancer, osteosarcoma, ovarian cancer,
and breast cancer (Falls et al. 1999; Feinberg and Tycko 2004).
IGF2 is also implicated in the somatic overgrowth disorder
referred to as Beckwith-Wiedemann Syndrome (BWS; Mannens
et al. 1994; Reik et al. 1995). Moreover, individuals with BWS are
at increased risk of developing childhood tumors, especially
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Wilms’ tumors. Recent reports also implicate IGF2 deregulation
in the increased incidence of BWS in individuals conceived
through assisted reproductive technology (Gosden et al. 2003;
Niemitz and Feinberg 2004). In addition, deregulation of IGF2
imprinting, with consequent overexpression following somatic
nuclear transfer, contributes to large offspring syndrome, an im-
pediment to successful reproductive cloning (Rideout III et al.
2001; Ogura et al. 2002; Ogawa et al. 2003). Thus, a greater un-
derstanding of the cis-acting elements necessary for the proper
maintenance and regulation of IGF2 imprinting is required to
prevent and treat developmental disorders and cancer.

Nevertheless, a comprehensive understanding of the se-
quence elements necessary for the proper maintenance of ge-
nomic imprinting at the IGF2 locus has remained elusive, despite
years of intense investigation. IGF2 lies in a juxtapositioned re-
ciprocally imprinted gene domain upstream of H19 in both
mouse and human (Paulsen et al. 1998; Onyango et al. 2000).
Imprinting at the IGF2/H19 locus at least partially relies on the
presence of differential methylation at multiple binding sites for
the zinc finger protein CCCTC-binding factor (CTCF), located
upstream of the maternally expressed H19 (Bell and Felsenfeld
2000; Hark et al. 2000; Kanduri et al. 2000). Several additional
important regulatory elements involved in imprinting at the Igf2
locus in mice have been identified (Lopes et al. 2003). These
include a mesodermal silencing element located within Igf2 in
differentially methylated region 1 (DMR1), located upstream of
the fetal promoters of Igf2 (Constancia et al. 2000; Arney 2003),
and a methylation-sensitive activating element in DMR2, located
in the last exon of Igf2 (Feil et al. 1994; Murrell et al. 2001).

A major limitation to advances in these analyses is the poor
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understanding of the nonexonic regulatory sequences that are
crucial to proper maintenance of IGF2 imprinting. One method
for identifying such candidate elements is through comparative
footprint analysis of orthologous gene domains across evolution-
arily distanced species to distinguish between neutrally evolving
regions and conserved motifs that correlate with imprinting. The
IGF2/H19 domain and other independent imprinted regions
within the genomes of Eutherian mammals have already been
studied using such comparative analyses (Otte et al. 1998;
Paulsen et al. 1998; Onyango et al. 2000; Wylie et al. 2000;
Paulsen et al. 2001; Amarger et al. 2002; Takada et al. 2002).
Although providing valuable information, these prior studies
were limited in their ability to identify imprint-specific signals
because high levels of interspecies sequence conservation typify
animals that lie within the same Eutherian superordinal clade
(Murphy et al. 2001).

In this study, we provide a novel expansion to these earlier
IGF2 phylogenetic comparisons by including animals from both
the Metatherian and Prototherian subclasses of mammals. We
have cloned and sequenced IGF2 not only in the imprinted mar-
supial, American opossum (Didelphis virginiana), but also in the
monotreme, Tasmanian platypus (Ornithorhynchus anatinus), be-
cause in contrast to marsupials, monotremes are not imprinted at
the IGF2 locus (Killian et al. 2001). Therefore, marsupials are the
most ancestral mammals in which this gene is imprinted (O’Neill
et al. 2000; Killian et al. 2001). This comparative analysis of the
IGF2 gene in imprinted and nonimprinted mammalian species
allows for the identification of sequence features shared by all
species excluding monotremes, thus providing valid candidates
for mediating IGF2 imprinting. We analyzed orthologous regions
for sequences and features that had previously been associated
with IGF2 imprinting. We identified a novel imprinting signature
that fully correlates with imprint status of IGF2 in the three ex-
tant mammalian subclasses. Our results show that phylogenetic
comparison of IGF2 among Prototherian, Metatheria, and Euthe-
rian mammals is a powerful method to elucidate conserved cis-
acting elements potentially involved in regulating IGF2 imprint-
ing.

RESULTS

Genomic Structure of Opossum and Platypus IGF2
Comparison of exonic sequences for both the opossum and
platypus confirmed that the sequences were more similar to IGF2
of other species than other members of the insulin-like growth
factor family. The coding nucleotide sequence of opossum IGF2
(0IGF2; accession no. AY552325) is 79% identical to that of hu-
man (AF517226), whereas the coding nucleotide sequence of
platypus IGF2 (pIGF2; accession no. AY552324) is only 48% iden-
tical to that of human. The coding nucleotide sequences of 0IGF2
and pIGF2 are 89% identical to one another. The genomic se-
quence of oIGF2 is 7143 bp, whereas that of pIGF2 is 30,584 bp.
The overall exon/intron structure of IGF2 has been conserved in
all species examined for well over 150 million years (Figs. 1 and
2). The coding sequences for IGF2 have also remained restricted
to the three coding exons that we have designated as C1, C2,
and C3.

As expected, the 67 amino acids of the mature peptide are
most highly conserved (Fig. 3). The opossum and platypus IGF2
mature peptides are 91% and 82% identical to that of human,
respectively. The highest level of conservation between all spe-
cies is found in exon C2, from which a large portion of the ma-
ture IGF2 peptide is produced. Exon C3, which encodes the E-
domain and is clipped during processing of the peptide, displays
a significant decrease in percent identity among these species
(Fig. 3). The position of the oIGF2 and pIGF2 ATG start codon is

5 c1
My
Mouse |NLLJ T . y 'lll 75%
i el
Opossum 75%
I 1 i ) A cak o A sow
Platypus ﬁ T5%
. . . . . r -"-nald r A.L.ll ——— 50%
© 8 8 8§ §ggEdEEEEGEEGE
cz c3
AL

s m ﬁ erlf[ il 4 | -

Opossum ﬂ] - m - 75%
AL i1 |50t

Platypus f\ 75%
||l Ak J lp i) 50%

§ 88 g8 Ege38¢8

Figure T mVISTA plot of mouse, opossum, and platypus IGF2 se-
quences with respect to that of human. Conserved segments are defined
as regions in which every contiguous subsegment of 50 bp was at least
50% identical to its paired sequence. These segments were then merged
to define the conserved regions (shaded peaks). The x-axis denotes the
nucleotide positions for the human /GF2 domain sequence, where posi-
tion 1 corresponds to position 2399 of GenBank accession no. AF517226.
Exons are delineated by boxes.

consistent with the open reading frame of the contiguous coding
exon sequences obtained through 5'-RACE, and matches the
Kozak consensus sequence. Although both human and mouse
IGF2 are under the control of several promoters preceding mul-
tiple 5'-noncoding exons, only one 5'-noncoding oIGF2 exon
was identified by RACE in this study. Likewise, only one pIGF2
5'-noncoding exon exists in the determined BAC sequence, as
predicted by GrailExp (http://compbio.ornl.gov/grailexp/).
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Figure 2 Schematic representation of multispecies alignments of hu-
man, mouse, opossum, and platypus /GF2. (Rectangles) exons; (horizon-
tal bars) CpG islands (filled, methylated; unfilled, unmethylated); (black
arrows) consensus CTCF-binding sites; (triangle) putative matrix attach-
ment region; (*) “imprint-specific” motif 13 sequences (Wang et al.
2004); (white arrows) inverted repeat regions; (E) exon; (C) coding exon.
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Figure 3 Amino acid alignment of human, mouse, opossum, and platy-
pus IGF2. (Solid arrows) Coding exons, C1, C2, and C3; (dots above
sequence) perfect amino acid agreement; (vertical slash) conservative
amino acid change. Mature IGF2 peptide, amino acids 87 to 160.

Comparative Analysis of Human, Mouse, Opossum,
and Platypus IGF2 DMR2

In the mouse and human IGF2 genes, a CpG island spans a por-
tion of C3 and the intron preceding it (Fig. 2). This region is
consistently differentially methylated in Eutherian mammals in-
vestigated, and is identified as DMR2 (Catchpoole et al. 2000;
Murrell et al. 2001). The core differentially methylated region of
this island in mouse includes CpGs 18-25 (Murrell et al. 2001);
three of these CpG dinucleotides are also conserved in both the
opossum and platypus (Fig. 4A). This suggests that differential
methylation of these CpGs may also contribute to opossum IGF2
imprinting. In contrast, the nonimprinted platypus would not be
expected to exhibit differential methylation of these CpGs. Bi-
sulfite sequence analysis of 21 allele-specific clones containing
the CpGs within this conserved core region of DMR2 in oIlGF2
revealed 94% methylation of all CpGs (Fig. 4B,C). Similarly, bi-
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Human 5' GARGCAGTCCACCCAGLGELCTG -CAGGGGCCTGCCTGCC 3°
Mouse 5' GAGACAGTC GGCGACGCCTG ~CAGAGGCCTGCCTGCC 3°
Opossum 5' GCAGAAGT CCCATICGICCT --GAGGGGCCTGCCTGCC 3
Platypus 5' GCAGAAGT CCCACCGTCT ACGAGGGGCC==-CCGGCC 3
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Figure 4 Epigenetic and sequence comparison of conserved core re-
gion of DMR2 in IGF2. (A) Multispecies alignment of DMR2 core; con-
served CpGs are boxed. (B) Methylation profiles of opossum and platypus
CG dinucleotides from individual cloned alleles following PCR amplifica-
tion of bisulfite-modified genomic DNA. Filled circles represent methyl-
ated cytosines in the context of CpG dinucleotides. The number of indi-
vidual clones with each methylation profile is listed. (C) Core CpG di-
nucleotide methylation sequencing analysis from the opossum and
platypus orthologous DMR2 region following bisulfite modification.
Methylated cytosines are labeled with arrowheads.

1728 Genome Research
www.genome.org

sulfite sequence analysis of 21 allele-specific clones from the
platypus conserved core region orthologous to DMR2 exhibited
100% methylation (Fig. 4B,C).

Matrix Attachment Regions

Matrix attachment regions (MARs) are AT-rich sequences in-
volved in organization of chromatin structure and regulation of
gene expression by localizing chromosomal domains to the
nuclear envelope, a region rich in gene transcriptional activity. It
has been postulated that genomic imprinting may be modulated
by MARs (Greally et al. 1997, 1999; Burns et al. 2001). In human
and mouse IGF2, an MAR adjacent to DMR2 has been identified.
On the paternal allele of Igf2, this MAR falls under the control of
genomic imprinting (Weber et al. 2003). We have identified con-
served putative AT-rich MAR consensus sequences in ortholo-
gous regions of 0/GF2 and pIGF2 genes using a bioinformatics-
based algorithm (MAR-Wiz; http://www.futuresoft.org/MAR-
Wiz). Thus, these sequence elements are conserved in the
imprinted opossum in addition to the platypus, where IGF2 is
not imprinted (Fig. 2).

Human and Mouse Imprinting Motifs

In a recent comparative analysis of the genomic sequence of im-
printed and nonimprinted genes in mouse and human, multiple
conserved motifs were identified that are present only in im-
printed genes (Wang et al. 2004). These motifs were labeled as
“novel imprinting signatures,” and multiple copies of motif 13,
consisting of the consensus sequence: 5'-GGCCTGCCCTCCAT
CTTAG-3’, were identified in the human and mouse IGF2 but
were not identified in any of the nonimprinted genes analyzed.
Interestingly, these motif 13 sequences are present in both im-
printed o/GF2 and nonimprinted pIGF2 genes (Fig. 2). Thus, this
sequence element is not restricted to the IGF2 locus only when it
is imprinted.

Short Interspersed Transposable Elements (SINEs)

Although the coding sequences for IGF2 have remained restricted
to three coding exons (Fig. 2), the oIGF2 gene extends 7143 bp,
whereas the pIGF2 encompasses 30,584 bp. This large difference
in gene size mainly reflects the size of the intron between exons C1
and C2 of pIGF2 (25 kb), which contains several short interspersed
transposable elements (MON1, MIR3). In fact, the pIGF2 genomic
region contains a total of 88 SINE elements, occupying 9119 bp, or
28.59% of the sequence. In contrast, IGF2 sequences from ortholo-
gous regions in human, mouse, and opossum lack SINE elements.

Conserved Inverted Repeat and Putative CTCF Sites
MultiVISTA (http://gsd.lbl.gov/vista/index.shtml) allows for
alignment of conserved regions from several related sequences
on the same scale, adjusting for variable lengths of nonconserved
sequence. In addition to conservation among coding sequences,
an overall MultiVISTA plot of mouse, opossum, and platypus
IGF2 gene sequences with respect to human reveals several con-
served nonexonic regions that are present in species that are
imprinted at IGF2 yet absent in pIGF2, which is not imprinted
(Fig. 1).

One such region we identified is located between exons C1
and C2 (Fig. 2). It consists of a conserved inverted repeat in
which protein binding in mouse is reduced upon methylation at
CpG dinucleotides present within the inverted repeat (Otte et al.
1998). This region in humans also exhibits insulator activity and
directly binds CTCF (Du et al. 2003). CTCF forms a chromatin
insulator that functions in coordinating Igf2/H19 regulation (Bell
and Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000) as well
as regulating an expanding list of other imprinted and nonim-
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printed genes throughout the genome (Awad et al. 1999; Bell et
al. 1999; Arnold et al. 2000; Quitschke et al. 2000; Hikichi et al.
2003). Interspecies sequence comparisons identified 150 bp that
are conserved among opossum (accession no. AY552325, begin-
ning at 5622), mouse (accession no. U71085, beginning at
nucleotide 23409), and human (accession no. AF517226, begin-
ning at nucleotide 7258), but are lacking in the nonimprinted
platypus. Three core recognition motifs for CTCF binding, 5'-
CCCTC-3' are present within this conserved region (Lobanenkov
et al. 1990). The impact of CTCF binding within this inverted
repeat on IGF2 imprinting in Eutherian mammals has yet to be
evaluated.

DISCUSSION

Phylogenetic footprint analyses that are limited to imprinted Eu-
therian mammals lack the ability to effectively distinguish be-
tween neutrally evolving regions and conserved motifs that
strongly correlate with imprinting because numerous “highly
conserved elements” are identified even when very stringent se-
lection criteria are used (Paulsen et al. 2001; Amarger et al. 2002).
Thus, there is no simple way to distinguish between conservation
due to function versus the possibility that these “conserved” se-
quences are merely a byproduct of evolutionary relatedness. In
this report, we describe the first phylogenetic genomic sequence
comparison of IGF2 between Eutherians and Metatherians,
where this gene is imprinted, and Prototherians, where this gene
is not imprinted, in order to identify conserved cis-acting ele-
ments that are precisely associated with the evolution of genomic
imprinting. We show that IGF2 imprinting is strongly associated
with both the lack of SINEs and a conserved inverted repeat that
contains multiple candidate CTCF-binding sites, a role not pre-
viously ascribed to this element.

One of the most critical aspects of imprint regulation thus
far identified is parent-of-origin-specific, differential methylation
of regions rich in CpG dinucleotides (Reik and Walter 2001; Mur-
phy and Jirtle 2003). Methylation of cytosines in this context
regulates gene transcription by blocking access of DNA-binding
proteins to methylated DNA or by recruiting methylation-
specific DNA-binding proteins that lead to the induction of chro-
matin condensation and regional silencing. Although the major-
ity of the CpGs within the human genome are methylated, CpG-
rich regions are generally unmethylated. These CpG islands often
are associated with gene promoters and are sometimes found
intragenically. CpG islands associated with imprinting are differ-
entially methylated; that is, one allele is relatively hypermethyl-
ated. This epigenetic characteristic is thought to contribute to the
differential expression between the two alleles.

We have identified a conserved CpG island in both oIGF2
and pIGF2 that is orthologous to DMR2 in Eutherian mammals.
Previous studies of DMR2 in mice and humans have implicated it
as being a critical component of IGF2 imprinting. Studies in mice
show that methylation on the paternal allele has an activator
function (Murrell et al. 2001), whereas human studies have fo-
cused on the repression of transcription caused by the unmeth-
ylated status of the maternal allele (Catchpoole et al. 2000). Sur-
prisingly, we found that the DMR2 core in both 0I/GF2 and pIGF2
is fully methylated. This methylation status is consistent with
IGF2 not being imprinted in the monotremes (Killian et al. 2001);
however, it is inconsistent with IGF2 being imprinted in marsu-
pials (O'Neill et al. 2000) because full methylation of DMR2
would be expected to result in biallelic IGF2 expression. Al-
though we cannot rule out a role for other potential DMRs, im-
printing of oIGF2 is not dependent on differential methylation
within this region.

Matrix attachment regions are important regulators of gene

expression, and may have a role in controlling monoallelic ex-
pression of imprinted genes by differential tethering of the active
and inactive alleles to the nuclear matrix. Previously, a MAR
adjacent to DMR2 was found to be associated with imprinting
(Weber et al. 2003). The DMR2/MAR region on the paternal allele
is associated with the nuclear matrix in a DMR2-methylation-
dependent manner. We found that the orthologous regions of
both the opossum and platypus contained similar putative MAR
sequences. Moreover, we have shown that in both opossum and
platypus, the region orthologous to DMR2 is fully methylated. If
these conserved putative MAR sequences normally function to
attach the IGF2 locus to the nuclear matrix in combination with
methylated DMR2, our findings suggest that either o/GF2 im-
printing is independent of both DMR2 and the MAR or the abil-
ity of these sequences to modulate IGF2 imprinting in mouse and
human is under the control of additional elements not yet iden-
tified.

In a comparative genomic sequence analysis of imprinted
and nonimprinted genes in both mouse and human, specific
sequence motifs were identified and proposed to comprise novel
“imprinting signatures” (Wang et al. 2004). In their study, motif
13 is identified as the only sequence feature associated with im-
printing of IGF2. In our phylogenetic comparisons, we found
that motif 13 was present not only in the imprinted opossum,
but also in the nonimprinted platypus. Given the presence of
these motif 13 sequences, as well as their relative conservation in
location within the IGF2 gene in both imprinted and nonim-
printed states, our data indicate that these sequences did not play
a fundamental role in the evolutionary origin of imprinting at
the IGF2 locus.

Cross-species phylogenetic comparisons using MultiVISTA
analysis illustrate the ability to selectively identify core elements
of imprinted domains through inclusion of more distantly re-
lated species. For example, beginning at nucleotide 4800 in the
human sequence in Figure 1, a wide peak of conservation is evi-
dent between human and mouse. In the opossum, however, this
peak has tapered considerably, thus delineating putative essen-
tial sequences in a more precise manner. Within this defined
region, an inverted repeat element ~150 bp long was identified
that is present in the imprinted human, mouse, and opossum,
but not in the nonimprinted platypus. This inverted repeat is also
present in the horse IGF2 region (Otte et al. 1998). Three core
recognition motifs for CTCF binding are also located within this
region in the imprinted species (Lobanenkov et al. 1990). Intrigu-
ingly, this inverted repeat does, indeed, bind CTCF protein in
humans (Du et al. 2003), and exhibits protein-binding activity
that is methylation-sensitive in horse and mouse (Otte et al.
1998). Given the conservation of the CTCEF sites in the imprinted
opossum, mouse, and human and the lack of a similarly posi-
tioned, CCCTC-containing inverted repeat in the platypus, these
results indicate that this region may have provided an important
function in the origin and maintenance of imprinting at this
locus.

Recently, several groups have reported that SINEs tend to be
excluded from imprinted domains in humans (Amarger et al.
2002; Greally 2002), and that the paucity of these repeats may be
important in initiating and/or regulating imprinted gene expres-
sion in mammals. Our results are consistent with this postulate
in that the nonimprinted platypus is replete with SINEs, whereas
the imprinted human, mouse, and opossum IGF2 domain se-
quences are nearly devoid of these elements. This supports the
hypothesis that the exclusion of SINE elements may be required
for imprinted expression to occur.

Through comparisons of the IGF2 gene in imprinted hu-
man, mouse, opossum, and nonimprinted platypus, we have
identified strong candidates for mechanistic involvement in the
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evolution of imprinting at this locus. Phylogenetic imprint
analyses of species from evolutionarily distant mammalian
clades with divergent imprint status are therefore a valid bioin-
formatics-based approach for the identification of cis-acting ele-
ments potentially involved in both the origins of genomic im-
printing and its maintenance in humans.

METHODS

Tissue Samples

Tasmanian and mainland Australian platypus (Ornithorhynchus
anatinus) visceral organs (i.e., spleen, liver, and kidney) and skin
biopsies were obtained from wild animals that had either suc-
cumbed to dog attack or were under surveillance (kindly pro-
vided by Barry Munday, University of Tasmania). Kidney, liver,
and brain tissues were taken from adult female American opos-
sums (Didelphis virginiana; kindly provided by Michael Stoskopf
from North Carolina State University) and their pouch young
following euthanasia by North Carolina Wildlife Commission
officials as part of a predator removal/disease epidemiology study
in Hyde and Wilson Counties. Samples were transported in
RNAlater (Ambion, Inc.) from either the University of Tasmania
or Hyde and Wilson Counties, NC, to Duke University, where
they were maintained at —80°C prior to nucleic acid extraction.

Opossum IGF2 Genomic Sequence Identification

Genomic DNA was isolated from adult opossum liver, using the
Qiagen Genomic Tip protocol 100/G (QIAGEN Sciences, Inc.). To
complete the sequencing of oIGF2, Genome Walker (Clontech)
libraries were constructed as recommended by the manufacturer.
These libraries consist of multiple independent restriction-
enzyme-digested opossum genomic DNA pools that are ligated to
adapters and subjected to PCR amplification using adapter-
specific and gene-specific primers, followed by nucleotide se-
quence analysis. Amplification of oI/GF2 gene fragments from
these libraries was performed with nested PCR in the Expand
Long Template PCR System (Roche), using buffer 3. IGF2-specific
primers (based on the opossum IGF2 cDNA sequence) were used
in conjunction with the nested AP1 and AP2 primers provided
with the Genome Walker Kit (Clontech). The primary PCR reac-
tion mixture was diluted 10-fold and used as a template for the
nested reaction. PCR products were resolved on agarose gels. The
amplicons were recovered using GenElute spin columns (Sigma),
and sequenced directly with an automated ABI 377 sequencer (PE
Systems) at the Duke University DNA Sequencing Facility. From
the sequence obtained, additional pairs of gene-specific primers
were designed and used for further walking (primer sequences are
available from the authors on request). The 0IGF2 (accession no.
AY552325) gene sequence was assembled using GeneJockey (Bio-
soft), and the gene organization was confirmed by PCR amplifi-
cation of genomic DNA from several individual opossums.

Opossum IGF2 cDNA Sequence Identification

Total RNA was isolated from opossum pouch young brain, liver,
and kidney and from adult liver tissues by homogenization in
RNA-Stat 60 (Tel-Test), and subsequent processing was performed
as recommended by the manufacturer. First-strand cDNA was
oligo(dT) primed and synthesized from DNase I-treated RNA us-
ing Superscript II as recommended by the manufacturer (Invit-
rogen). Nondegenerate cross-species IGF2 primers were used to
amplify a conserved region of IGF2 from cDNA in subsequent
combinations (forward primer, CS-IGF2F1, 5'-CGGCGGGGA
GCTGGTGGACAGC; or forward primer, CS-IGF2F2, 5'-TGGGGAC
CGCGGCTTCTACTTCAG; and the reverse primers, CS-IGF2R1,
5'-GACTTGGCGGGGGTGGCACAG; or reverse primer, CS-
IGF2R2, 5'-GGGGTGGCACAGTACGTCTCC AG) using 1.5 U of
Platinum Taq DNA polymerase (Invitrogen), 15 pmoles of prim-
ers, 1.5 mM MgCl,, and 10 mM dNTPs in a 30-pL PCR reaction
volume (15 sec at 94°C, 5 sec at 55°C, and 45 sec at 72°C for
30-35 cycles). RT-PCR products were separated by electrophoresis
on a 2.0% agarose gel, and appropriately sized fragments were
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excised and gel-extracted (GenElute; Sigma Chemical Co.). Upon
nucleotide sequencing to confirm product identity (ABI 377 se-
quencer; PE Biosystems), the complete 0oIGF2 sequence was de-
termined with gene-specific primers using Rapid Amplification of
cDNA Ends (RACE) as described by the manufacturer (Invitro-
gen).

Platypus IGF2-Containing BAC Identification
and Sequencing

Our 5 X coverage platypus genomic BAC library (Munday Platy-
pus BAC Library) was generated by Amplicon Express using total
DNA isolated from a platypus kidney in Qiagen buffer ATL and
proteinase K (QIAGEN Sciences, Inc.) followed by phenol:chlo-
roform:isoamyl alcohol extraction and ethanol precipitation.
The genomic BAC library consists of 264 384-well plates for a
total of 101,376 clones. Because the average insert size in the
clones is 142 kb, this library provides ~5 X coverage of the platy-
pus genome.

Owing to the high degree of homology between the mature
peptides of known INS, IGF1, and IGF2 genes, the probe gener-
ated for hybridization of the platypus BAC genomic library was
from the pIGF2 E-domain (Killian et al. 2001). A 379-bp region of
the platypus IGF2 E-domain was successfully amplified from
DNA with forward primer Probel, 5'-CAAAAGCCATCCAGCA
CAAAGTTC, and reverse primer Probe2, 5'-GGTAGAGGTCTGT
GCCCACC, using 1.5 U of Platinum Taq DNA polymerase (In-
vitrogen), 15 pmoles of primers, 1.5 mM MgCl,, 100 uM dNTPs,
and 1 M Betaine (Sigma Chemical Co.) in a 30-uL PCR reaction
volume (30 sec at 94°C, 30 sec at 69°C, and 30 sec at 72°C for nine
cycles, —1° per cycle, followed by 30 sec at 94°C, 30 sec at 59°C,
and 30 sec at 72°C for 24 cycles). PCR products were resolved by
electrophoresis on a 1.0% agarose gel, and the appropriately sized
fragment was excised and gel-extracted (GenElute; Sigma Chemi-
cal Co.). Then 30 ng of this product was sequenced (ABI 377
sequencer; PE Biosystems) to confirm its identity, and 25 ng was
subsequently labeled with the RTS RadPrime DNA Labeling Sys-
tem according to the manufacturer’s instructions (Invitrogen).

The Munday Platypus BAC Library was screened according
to a protocol adapted from Molecular Cloning: A Laboratory
Manual. Each membrane was then exposed to autoradiographic
film (Kodak X-OMAT MR) for 2-6 d. Positive clones were identi-
fied and cultured, and DNA was isolated using Gerard Transgene
500 mL Sequencing Grade Prep (Gerard Biotech) for subsequent
screening by PCR (as above).

DNA from a single BAC containing a 100-kb insert (Field-
Inversion Gel Electrophoresis; BioRad) was isolated by alkaline-
lysis/phenol:cholorform extraction, ethanol precipitation, and
BAC DNA was mechanically fragmented to generate random
fragments. These fragments were subcloned into appropriate li-
brary vectors and sequenced (ABI 3700 sequencer; PE Biosys-
tems). Sequences were analyzed and assembled with the Pare/
Phrased sequence package (Ewing and Green 1998; Ewing et al.
1998) and Consed (Gordon et al. 1998). Gap filling was accom-
plished using primer pairs specific to each end of the assembled
contigs in various combinations using standard PCR amplifica-
tion. Amplicons produced from these reactions were sequenced,
and overlaps were joined with the contigs to complete assembly
(primer sequences available upon request).

Platypus cDNA Sequence Identification

Total RNA was isolated from adult platypus kidney, lung, and
liver tissues by homogenization in RNA-Stat 60 (Tel-Test), and
subsequent processing was performed as recommended by the
manufacturer. Platypus 5'-IGF2 sequence was obtained using the
SMART RACE cDNA Amplification Kit, as described by the manu-
facturer (BD Biosciences). RACE products were sequenced with
an ABI 377 sequencer (PE Biosystems), and compared with the
platypus genomic BAC sequence (accession no. AY552324) using
CONSED (Gordon et al. 1998) and GeneJockey (Biosoft) to iden-
tify coding exons and transcribed regions at the 3'- and 5’-ends
of IGF2. The pIGF2 ATG start site was predicted by GrailEXP
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(http://compbio.ornl.gov/grailexp/), and is contiguous with the
open reading frame of the coding exon sequences obtained
through 5’-RACE experiments. This putative start codon meets
criteria for a Kozak consensus sequence. The platypus IGF2 cDNA
sequence has been deposited in GenBank (accession no.
AY552324).

Global Comparison of IGF2 Sequences

The multiVISTA program (http://www-gsd.lbl.gov/vista/) was
used to compare the IGF2 sequences of human (accession no.
AF517226; used as the reference sequence), mouse (accession no.
U71085), opossum (accession no. AY552325), and platypus (ac-
cession no. AY552324), with a criteria of 50% identity and a
50-bp window. Translational alignments of IGF2 sequences were
performed with CLUSTALW (http://www.ebi.ac.uk/clustalw/).
CpG islands were identified using WebGene (http://125.itba.
mi.cnr.it/cgi-bin/wwwcpg.pl) with a window length of 120
bp under default parameters. RepeatMasker (http:ftp.genome.
washington.edu/cgi-bin/RepeatMasker) was used to identify
simple and complex repeats. Potential matrix attachment re-
gions were identified with MAR-Wiz software (http://www.
futuresoft.org), with a window size of 300 bp stepped at 50-bp
intervals. MEME and MAST programs (http://meme.sdsc.edu/
meme/website/meme-download.html) were used for common
motif search and consensus sequence identification. Consensus
sequence searches were also performed using Gene Jockey (Bio-
soft) with a minimum 63% identity as criterion for a match
(Wang et al. 2004).

Methylation Analysis

Sodium bisulfite modification of both opossum and platypus kid-
ney and liver DNA was performed as previously described (Wa-
terland and Jirtle 2003). Regions of interest were then amplified
in nested PCR from platypus or opossum bisulfite-treated DNA
using 1.5 U of Platinum Taq DNA polymerase (Invitrogen), 15
pmoles of primers, 1.5 mM MgCl,, 100 pM dNTPs, and 1 M
Betaine (Sigma Chemical Co.) in a 30-uL PCR reaction volume
(40 cycles; primer sequences available upon request). PCR prod-
ucts were resolved by electrophoresis on a 1.0% agarose gel, ex-
cised, and gel-extracted (GenElute; Sigma Chemical Co.). Ampli-
cons were subcloned into the pGEMT-easy vector, transformed,
and plated according to the manufacturer’s instructions (Pro-
mega). DNA from single colony forming units was amplified by
whole-cell PCR using standard T7 and SP6 promoter primers and
sequenced manually (Thermo Sequenase Radiolabeled Termina-
tor Cycle Sequencing kit; USB Corporation).
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