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Duckbill Platypus, painted by San Francisco Bay artist, Pat Sherwood. As the most ancestral
mammalian relatives of humans, the egg-laying monotremes, the platypus and echidna, offer
insight into events that occurred at the dawn of mammalian evolution. Killian et al. demonstrate
in thisissue that IGF2 is not imprinted in monotremes, providing the first compelling evidence
that the phylogenetic breadth of this epigenetic gene regulatory phenomenon is restricted to
marsupials and placental mammals.



JOURNAL OF EXPERIMENTAL ZOOLOGY (MOL DEV EVOL) 291:205-212 (2001)

RAPID COMMUNICATION

Monotreme IGF2 Expression and Ancestral Origin of

Genomic Imprinting

J. KEITH KILLIAN,' CATHERINE M. NOLAN,? NIALL STEWART,?
BARRY L. MUNDAY,? NIELS A. ANDERSEN,* STEWART NICOL,* axD
RANDY L. JIRTLE'*

"Departments of Radiation Oncology and Pathology, Duke University
Medical Center, Durham, North Carolina 27710

’Department of Zoology, University College Dublin, Ireland

3School of Biomedical Science, University of Tasmania, Launceston,
Tasmania 7250, Australia

*Discipline of Anatomy and Physiology, University of Tasmania, Hobart,
Tasmania 7001, Australia

ABSTRACT IGF?2 (insulin-like growth factor 2) and M6P/IGF2R (mannose 6-phosphate /insu-
lin-like growth factor 2 receptor) are imprinted in marsupials and eutherians but not in birds.
These results along with the absence of M6P/IGF2R imprinting in the egg-laying monotremes
indicate that the parental imprinting of fetal growth-regulatory genes may be unique to vivipa-
rous mammals. In this investigation, we have cloned IGF2 from two monotreme mammals, the
platypus and echidna, to further investigate the origin of imprinting. We report herein that like
MG6P/IGF2R, IGF2 is not imprinted in monotremes. Thus, although IGF2 encodes for a highly
conserved growth factor in chordates, it is only imprinted in therian mammals. These findings
support a concurrent origin of IGF2 and M6P/IGF2R imprinting in the late Jurassic/early Creta-
ceous period. The absence of imprinting in monotremes, despite apparent interparental conflicts
over maternal-offspring exchange, argues that a fortuitous congruency of genetic and epigenetic
events may have limited the phylogenetic breadth of genomic imprinting to therian mammals. J.

Exp. Zool. (Mol. Dev. Evol.) 291:205-212, 2001.

A fundamental tenet of Mendelian principles of
inheritance is that a gene’s parent-of-origin does
not influence its dominance or recessiveness in
phenotype determination. Nevertheless, “genomic
imprinting” in sexually reproductive organisms
including plants, insects, invertebrates and chor-
dates predetermines allelic fate in a parental-de-
pendent manner (Pardo-Manuel de Villena et al.,
2000). Mammals have diverged from other sexu-
ally reproductive organisms through the imprint-
ing of a restricted group of genes involved in
embryogenesis (Tilghman, ’99). Diploid offspring
distinguish between the maternally and pater-
nally inherited copies of these genes, and selec-
tively express only one of them. Thus, allelic sex
discrimination and silencing at imprinted loci is
now essential for the successful generation of wild-
type mammalian progeny.

The idea that maternally and paternally de-
rived genetic material function differently in the
mammalian cell originated from pronuclear trans-
plantation studies (Barton et al., ’84; McGrath
and Solter, ’84; Surani et al., ’84), and was later
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confirmed with the identification of imprinted
genes. The first imprinted genes discovered en-
coded for the growth factor, IGF2 (insulin-like
growth factor 2) (DeChiara et al., ’91), and its re-
ceptor, M6P/IGF2R (mannose 6-phosphate/insu-
lin-like growth factor 2 receptor) (Barlow et al.,
’91). IGF2 is transcribed predominantly from the
allele inherited from the father (DeChiara et al.,
’91), whereas M6P/IGF2R is expressed from the
allele inherited from the mother (Barlow et al.,
’91), consistent with nonMendelian parent-of-ori-
gin dependent mutation penetrance at these loci.

IGF2 is a positive growth effector, and embryos
with deficient or excessive production manifest
dwarfing and gigantism phenotypes, respectively
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(DeChiara et al., ’90; Eggenschwiler et al., ’97).
In contrast, M6P/IGF2R suppresses fetal growth
by internalizing extracellular IGF2 and traffick-
ing it to lysosomes for degradation (Wang et al.,
'94; Ludwig et al., '96; Jirtle, '99). M6P/IGF2R
null mice are larger than wild-type mice and die
soon after birth (Ludwig et al., ’96). Interestingly,
these mutant animals are rescued from this peri-
natal lethality when in an IGF2 null background
(Wang et al., ’94; Ludwig et al., ’96). Thus, M6P/
IGF2R and IGF?2 are reciprocally imprinted genes
that play a crucial role in regulating embryonic
growth and development.

While no benefits of imprinting have been dem-
onstrated, imprints clearly generate haploin-
sufficiency at diploid loci and render an organism
vulnerable to heterozygous recessive mutations
and uniparental disomy (Pulford et al., ’99). These
disadvantages have spawned a philosophical de-
bate not only over why imprinting evolved but also
why it has been maintained throughout the mam-
malian radiation (Hurst, ’97). Diverse hypotheses
of an advantageous role of imprinting include the
prevention of parthenogenesis, the silencing of
parasitic foreign DNA, and the facilitation of mei-
otic recombination and pairing of chromosomes
(Barlow, ’93; Varmuza and Mann, ’94; Pardo-
Manuel de Villena et al., 2000). Implicit to these
hypotheses is the concept that imprinting is an
adaptive mechanism beneficial to the survival of
the species, and that functional diploidy at im-
printed loci is sacrificed for the “greater good” of
the genome.

In contrast, the genetic conflict hypothesis views
imprinting not as a beneficial adaptation of the
species but rather as a deleterious consequence
of a genetic battle between the sexes to control
the amount of resources extracted from the mother
by her offspring (Haig and Westoby, 89; Haig and
Graham, ’91; Moore and Haig, ’91). This ances-
tral genetic conflict is purported to have occurred
because of a reproductive scenario involving po-
lygamy, viviparity, and substantial maternal in-
vestments in the offspring, in the absence of a
similar level of investment by the father (Haig
and Westoby, '89; Haig and Graham, ’91; Moore
and Haig, ’91). Thus, the conflict hypothesis sug-
gests that the antagonistic parent-specific silenc-
ing of growth genes arose because of a genetic
parental tug-of-war to control offspring growth.

In exploring the phylogenetic origin of genomic
imprinting, we previously demonstrated that the
MG6P/IGF2R is imprinted in marsupials, but not
in monotremes and birds (Killian et al., 2000;
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Nolan et al., 2001). We also discovered that like
birds, platypus M6P/IGF2R does not bind IGF2
and therefore does not regulate embryonic growth
in monotremes. Because receptor imprinting may
be related to its ability to regulate embryonic
growth, this functional divergence of M6P /IGF2R
makes it noninformative for tracing the origin of
imprinting beyond therian mammals. Further-
more, unlike most imprinted genes, M6P/IGF2R
imprinting is divergent in therian mammals. Im-
print analysis in monotremes must therefore be
extended beyond M6P/IGF2R to more precisely
determine the phylogenetic origin of imprinting.

IGF2 is structurally conserved throughout chor-
dates, and gene imprinting is universal in analyzed
therian mammals. Although IGF2 is imprinted in
both marsupials and eutherians, we report herein
that it is not imprinted in monotremes. The overall
pattern of M6P/IGF2R and IGF2 imprinting in
birds, monotremes, marsupials, and eutherians in-
dicates a brusque origin of genomic imprinting in
Jurassic/Cretaceous therian mammals following
their divergence from prototherians. The discrep-
ant IGF2 imprinting between monotremes and mar-
supials, despite significant reproductive similarities,
suggests that genetic and epigenetic convergences
required for locus imprinting limited its phyloge-
netic breadth.

MATERIALS AND METHODS
Tissue samples

Tasmanian and mainland Australian platypus
(Ornithorhynchus anatinus) visceral organs (i.e.,
kidney, liver, and spleen) and skin biopsies were
obtained from wild animals that were a victim of
dog attack and were under surveillance, respec-
tively. Echidna (Tachyglossus aculeatus) tissues
(i.e., intestine, kidney, liver, and spleen) were har-
vested from animals that were accidentally killed
in Tasmania by automobiles. All samples were
transported in either dry ice or RNAlater (Ambion,
Austin, TX) from the University of Tasmania to
Duke University where they were maintained at
—80°C until DNA and RNA extraction.

Isolation and sequencing of platypus
and echidna IGF2

Total RNA was isolated from platypus and
echidna tissues by homogenization in RNA-Stat
60 (Tel-Test, Friendswood, TX), and subsequent
processing was performed as recommended by the
manufacturer. First-strand cDNA was synthesized
from 1-5 pg of DNase-treated RNA using Super-
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Script II as recommended by the manufacturer
(Life Technologies, Baltimore, MD). Four nonde-
generate cross-species IGF2 primers were designed
based upon sequence alignment of available
orthologues in GenBank. A highly conserved re-
gion of IGF2 was successfully amplified from
cDNA with four primer combinations consisting
of the forward primer CS-IGF2F1 (5'-CGGCGG-
GGAGCTGGTGGACAC) or the forward primer
CS-IGF2F2 (5'-TGGGGACCGCGGCTTCTACTT-
CAG) and the reverse primer CS-IGF2R1 (5'-
GACTTGGCGGGGGTGGCACAG) or the reverse
primer CS-IGF2R2 (5'-GGGGTGGCACAGTAC-
GTCTCCAG) using 1.5 U Platinum 7aq DNA poly-
merase (Life Technologies, Baltimore, MD), 15 pmol
of primers, 1.5 mM MgCl,, and 100 pM dNTPs in a
30-pl PCR reaction volume (94°C x 15 sec, 55°C x 5
sec, and 72°C x 45 sec for 30-35 cycles). RT-PCR
products were analyzed by electrophoresis on a 2.0%
agarose gel, and the appropriately sized fragments
were excised and gel-extracted (GenElute, Sigma
Chemical Co., St. Louis, MO). Following direct se-
quencing of these RT-PCR products (ABI 377 se-
quencer; PE Biosystems, Foster City, CA), the
complete monotreme IGF2 sequence was ascer-
tained with the use of gene-specific primers in 3'-
RACE and 5'-RACE reactions as described by the
manufacturer (Life Technologies, Baltimore, MD).
Introns of the echidna and platypus IGF2 (Fig. 1A)

A
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were amplified by long-template PCR (Roche Boeh-
ringer Mannheim, Indianapolis, IN) with the use
of primers to putative flanking exons. Translational
alignments of IGF2 domains A through D were
performed with ClustalW followed by Boxshade-
assisted shading (Biology Workbench, UCSD
server). GenBank accession numbers for platypus
and echidna IGF2 are AF339166 and AF339165,
respectively.

Determination of IGF2 imprinting in
the platypus and echidna

The imprint status of IGF2 in monotremes was
determined using SNPs (single nucleotide poly-
morphisms). SNPs were screened for in mono-
treme IGF2 sequences by direct sequencing of the
3 exons and intron 2 (ABI 377 sequencer; PE
Biosystems) (Fig. 1A). A single C-T transition
polymorphism was detected in exon 3 of echidna
IGF2 (nucleotide 548 of AF339165), whereas SNPs
were not detected in 7 different platypuses. Echid-
nas that were polymorphic were selected for RT-
PCR imprinting analysis (Kelsey and Reik, ’98).
Total RNA was extracted from tissues from the
informative animals and reverse-transcribed as
described above. PCR primers exon2F (5'-GTTGC-
TTCAGCAGCTGCGAC) and exon3R (5'-CGGAA-
AGGCGGATGGGGTAATAAATAC) designed to
cross the spliced exon 2/exon 3 junction were used

all
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Fig. 1. Monotreme IGF2. (A) Genomic structure of
monotreme IGF2. PCR primers and the C/T SNP in exon 3
used to assess echidna IGF2 allelic expression are shown.

(B) Species comparison of IGF2 domains A to D. Amino acid
comparison demonstrates that IGF2 is highly conserved
among chordates.
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to amplify the SNP from ¢cDNA, while int2F2 (5'-
CCCCTCCTGCCCTGTCCTAC) and exon3R were
used with genomic DNA (Fig. 1A). PCR amplifi-
cation was a single round of 30-35 cycles. The
absence of contaminating genomic DNA during
c¢cDNA amplification was demonstrated by amp-
limer size and by direct sequencing across the
spliced exon—exon junction. Unbiased amplifica-
tion of allelic variants was also demonstrated
(data not shown). The imprint status of IGF2 was
determined by comparing the genomic DNA and
cDNA sequence at the polymorphic nucleotide po-
sition. All IGF2 allelic expression analyses were
repeated 3 times, beginning with the cDNA syn-
thesis step.

RESULTS AND DISCUSSION

Sequence and genomic structure
of monotreme 1GF2

IGF2 has been highly conserved in vertebrate
evolution (Rotwein, ’91). We initiated cloning of
the echidna and platypus IGF2 by cross-species
RT-PCR using four nondegenerate primers de-
signed to conserved coding sequences of IGF2.
These sequences were identified through visual in-
spection of an alignment of fish, avian, and mam-
malian IGF2 orthologues available in GenBank.
Various combinations of the four CS-IGF2 prim-
ers yielded appropriately-sized PCR products from
all mammals tested, including platypus and
echidna. The complete cDNA sequence of platy-
pus IGF2 was then obtained by 5'-RACE (i.e.,
rapid amplification of cDNA ends) and 3'-RACE.

IGF2 is a member of a family of homologous
genes that include IGF1, insulin, and relaxin
(Rotwein, ’91). Our conclusion that the isolated
platypus and echidna transcripts correspond spe-
cifically to IGF2 was based upon the following
findings. Sequence alignment demonstrated that
platypus IGF2 is highly homologous to orthologues
from other vertebrate species (Fig. 1B). The ma-
ture platypus IGF2 peptide is 87% identical to ar-
tiodactyls and 85% identical to human and rodent
IGF2. In contrast, the mature platypus IGF2 pep-
tide is only 61%—64% identical to vertebrate IGF1
orthologues. The position of the stop codon in both
the platypus and echidna IGF2 transcripts also
corresponds exactly to that in other mammalian
IGF2 orthologues.

The completed platypus IGF2 transcript re-
vealed an uninterrupted open reading frame that
contained a mature peptide consisting of domains
A to D. It also contained a carboxyl terminal E
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domain that is not present in the mature IGF2
peptide. Consistent with the known large diver-
gence of the IGF2 E domain across vertebrates
(Rotwein, ’91), the E domain encoded by the
monotreme transcripts is only 42%, 37%, and 36%
identical to those in therian mammals, birds, and
fish, respectively. Moreover, there is no homology
between the monotreme IGF2 E domain and the
carboxyl termini of other members of the IGF
family. Thus, the presence of a moderately con-
served IGF2 E domain in monotremes is diag-
nostic for IGF2.

Characterization of the genomic structure of
platypus and echidna IGF2 uncovered exon—in-
tron junctions analogous in position and intron
phase to other IGF2 orthologues (Fig. 1A) (Rot-
wein, '91). Specifically, there are three monotreme
IGF?2 coding exons, interrupted by a proximal in-
tron of 5 kbp and a distal intron of 2 kbp. The
first intron disrupts B-domain glycine 25 after the
first nucleotide of the codon (intron phase 1); the
second intron interrupts the E domain coding se-
quence before D-Y-Q ... (intron phase 0). The po-
sition and phase of the monotreme IGF2 introns
are therefore identical to those present in IGF2
of other vertebrates. Thus, the recovered platy-
pus and echidna transcripts can be unambiguously
classified as IGF2.

Imprint status of monotreme 1GF2

Platypuses and echidnas can only be bred in
captivity with great difficulty, and such animals
are not available for scientific studies. IGF2 im-
printing studies in these species therefore require
the availability of wild animals that are polymor-
phic at this locus. The use of wild animals carries
the benefit of not introducing unknown experi-
mental influences on imprinting, which occurs
with the generation of interspecific hybrids and
transgene manipulation (O’Neill et al., ’98; Vrana
et al., ’98). A C - T IGF2 transition polymorphism
was identified in the 3'-UTR of the echidnas while
polymorphisms were not found in the screened
platypus samples.

Therefore, to determine the imprint status of
IGF?2 in monotremes, RNA was prepared from in-
testine, liver, kidney, and spleen of two informa-
tive echidnas. cDNA was synthesized by reverse
transcription of DNase-treated RNA, and ¢cDNA-
PCR was primed with oligonucleotides that hy-
bridize in exons separated by a 2 kbp intron (Fig.
1A). The amplification of a spliced IGF2 transcript
was confirmed by amplimer size and sequencing
across the spliced exon—exon junctions. Sequenc-
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ing the echidna IGF2 transcript amplimers dem-
onstrated biallelic IGF2 expression in all tissues
examined (Fig. 2). Our detection of biallelic IGF2
expression in multiple echidna tissues, coupled

Echidna A
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with the absence of evidence for polymorphic IGF2
imprinting in any previously investigated mam-
malian species (O’Neill et al., 2000), demonstrates
that IGF2 is not imprinted in monotremes.

rcecccTCcAcCCSTTCCCTCC!

] 400 4 460

c

AGGGTCCCCTCACCHT TCCCT

470

DNA
Spleen

Echidna B

cDNA
Spleen

c

AGGGTCCCCTCACCRTTCCCT
460

470 460

agggrecccrcaccSrrecerc
470 460

AGGGT CCCCT CACCSTT CCCT
470

cDNA cDNA
Intestine Kidney
;ﬂ-’: cc:::Tcac:rif:-Drr TCccecTCC AGGGT Ci$GCT CAcchT4:;
cDNA cDNA
Liver Spleen

Fig. 2. Allelic expression of IGF2 in the echidna. DNA of
echidna A and B contain a C/T transition polymorphism (ar-
row) in IGF2 exon 3. RT-PCR analysis of spliced IGF2 mRNA

transcripts in the spleen of echidna A and the intestine, kid-
ney, liver, and spleen of echidna B demonstrate equal biallelic
expression of parental alleles.
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Phylogenetic distribution of
genomic imprinting

Biallelic expression of IGF2 in monotreme
mammals parallels our earlier finding that M6P/
IGF2R is not imprinted in monotremes. Thus, the
imprinting of two genes critically involved in
embryonic growth—IGF2 and M6P/IGF2R—is
present in marsupial and eutherian species but
is absent in monotremes, birds, and presumably
all other chordates (Fig. 3). Because M6P/IGF2R
is divergent among mammals in both its function
and imprint status (Killian et al., 2000), it is not
the best gene for determining the phylogenetic ori-
gin of genomic imprinting. In contrast, IGF2 is
imprinted in all marsupials and eutherian mam-
mals investigated. The combined imprint profile
of M6P/IGF2R, an evolving growth factor recep-
tor (Jirtle, ’99; Killian et al., 2000), and IGF2, a
highly conserved growth factor (Fig. 1A) (Rotwein,
’91), indicates that the imprinting of genes prin-
cipally involved in regulating gestational growth
originated in Jurassic/Cretaceous therian mam-
malian ancestors (Fig. 3).

Monotreme and marsupial reproduction are in
many ways more akin than those of marsupials
and eutherians (Table 1) (Griffiths, ’78, '99;
Tyndale-Biscoe and Renfree, 87; Hughes, '93;
Hughes and Hall, ’98). This raises the question
of what reproductive distinction in therian mam-
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mals drove the evolution of genomic imprinting.
The most remarkable qualitative difference be-
tween monotreme and marsupial gestation is the
loss of the egg shell 2/3 of the way through ges-
tation in marsupials. A vascularized yolk-sac pla-
centa then establishes an intimate relationship
with the uterine epithelium in the case of the
opossum (Krause and Cutts, ’85). Among mam-
mals, the unshelled apposition of embryo and
uterine wall is unique to therians and might
therefore escalate interparental conflicts to the
point where imprinting is selected.

Although the quantity of monotreme and marsu-
pial maternal investments appear equally conten-
tious from the mother’s and father’s perspectives,
evolutionary change in response to selective pres-
sures is neither progressive nor predictable.
Rather, evolution occurs by way of contingent and
fortuitous events (Gould, '94). The substrates for
natural selection are random genetic and epige-
netic events coupled with an appropriate genetic
background and selective pressures. IGF2 and
MG6P/IGF2R imprinting in therian mammals may
therefore have evolved in the context of unique
but still undiscovered epigenetic, genetic, and en-
vironmental convergences unknown to proto-
therian mammals. Thus, despite the ostensible
presence of adequate interparental conflict, the
imprinting of select loci may have been histori-

350 208 146 65 Million Years Ago
Paleozoic Mesozoic Cenozoic
Carboniferous | Permian | Triassic |Jurassic |Cretaceous | Tertiary | Quaternary
Birds
N— Monotremes
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L
/ Eutherians

Imprinting

Debut

Fig. 3. Phylogenetic distribution of genomic imprinting.
Imprinting of both IGF2 and M6P/IGF2R in marsupials and
eutherians, but not in birds and monotremes points to an

ancestral origin of imprinting 150—200 million years ago in
the therian mammalian lineage.
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TABLE 1. Comparative reproductive physiology of Amniotes®
Reproductive parameter Birds Monotremes Marsupials Eutherians
Pre-fertilization egg yolk Substantial Insufficient Insufficient Negligible
Post-fertilization IUG None 3 weeks 1+ weeks 3+ weeks
EEM proliferation Ex utero In utero In utero In utero
Placenta None Shelled yolk-sac Unshelled yolk-sac Chorionic
Gravid uterine structure N/A Progestational Progestational Progestational
Post-natal nursing (in pouch) Absent Present (+/-) Present (+/-) Present (-)
Embryonic stage in utero 0 Somite 18-20 Somite Altricial Fetal
Imprinted genes None found None found Present Present

"nformation based on Hughes et al. ('75), Tyndale-Biscoe and Renfree (°87), Hughes ("93), Hughes and Hall (°98), Griffiths ("99), and Renfree
and Shaw (’99). IUG, intra-uterine gestation; EEM, extra-embryonic membranes.

cally impossible in monotremes. This postulate is
supported by our recent finding that M6P/IGF2R
imprinting only evolved subsequent to the recep-
tor acquiring the ability to bind IGF2 (Killian et
al., 2000).

Among Amniotes, gestation of developing off-
spring is not limited to mammals: studies of squa-
mate reptiles reveal that viviparity has evolved
convergently upwards of 100 times (Blackburn,
2000). The genetic and physiological adaptations
to viviparity are diverse, and universal mecha-
nisms and common pathways are unlikely. Fortu-
itous genetic and epigenetic events in therian
mammalian ancestors may have permitted the es-
calation of an interparental arms race through the
imprinting of gestation-regulatory genes in the
IGF-pathway. While IGF-pathway imprinting ap-
pears limited to therian mammals, entirely un-
known interparental genetic conflicts may yet be
identified in reptiles and monotremes.

Beyond reproductive physiology, the imprint sta-
tus of IGF?2 in the three living monophyletic divi-
sions of mammals also helps resolve their sister
relationships. The Theria hypothesis argues for
the early divergence of monotremes from a sepa-
rate taxon comprised of marsupial and eutherian
mammals (Marshall, ’79), whereas the heterodox
Marsupionta hypothesis proposes a close kinship
between monotremes and marsupials exclusive of
eutherians (Gregory, ’47). Imprinting of both IGF2
and M6P/IGF2R in therian but not prototherian
mammals provides further support of the Theria
hypothesis of mammalian taxonomy (Fig. 3)
(Killian et al., 2000, 2001; Luo et al., 2001).

CONCLUSIONS

We have identified the ancestral mammalian
origin of parental imprinting of growth regulatory
genes in the IGF-pathway, and demonstrated that
both IGF2 and M6P/IGF2R are imprinted in
therian but not in prototherian mammals. It is

still unknown, however, if all mammalian im-
printed genes evolved in a common ancestor to
therian mammals or if some genes became im-
printed after marsupials diverged from eutheri-
ans. Thus it is still essential to establish the
phylogenetic distribution of imprinting for other
genes, most notably those that regulate behavior
such as PEG1/MEST and PEG3 (Lefebvre et al.,
’98; Li et al., ’99).
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