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Epigenetics is considered by many to be the “new genetics” because many biological
processes are controlled not through gene mutations, but rather through reversible and
heritable epigenetic phenomena ranging from DNA methylation to histone modifications
to prions. Epigenetic processes occur in diverse organisms and control a vast array of
biological functions, such as tissue/organ regeneration, X-chromosome inactivation, stem
cell differentiation, genomic imprinting, and aging. Epigenetic aberrations underlie many
diseases, including cancer and disorders of the immune, endocrine, and nervous systems;
clinical intervention is already in place for some of these disorders and many novel
epigenetic therapies are likely on the horizon.

Handbook of Epigenetics: The New Molecular and Medical Genetics is the first comprehensive
analysis of epigenetics, and summarizes recent advances in this intriguing field of study. This
book will interest students and researchers in both academics and industry by illuminating
the evolution of epigenetics, the epigenetic basis of normal and pathological processes, and
the practical applications of epigenetics in research and therapeutics.
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CHAPTER

Genomic Imprinting

Wendy Chao
Department of Ophthalmology, Schepens Eye Research Institute, Harvard Medical School,
20 Staniford Street, Boston, MA 02114, USA

INTRODUCTION

When eukaryotic organisms reproduce sexually, each parent contributes a haploid set of
chromosomes to create diploid progeny. Two copies, or alleles, exist for most gene loci.
According to classical Mendelian genetics, both copies are expressed, and certain variations
in DNA sequence may allow the phenotype of a dominant allele to prevail over a recessive
one. However, some genes carry epigenetic marks that distinguish between maternally and
paternally inherited alleles. These genomic “imprints” can dramatically alter gene expression
depending on parent of origin - even if the two alleles are otherwise identical.

In mammals, genomic imprinting manifests in monoallelic silencing according to parental
lineage. Because a second allele may provide genetic diversity and mask undesirable traits
[1], it is somewhat counterintuitive to find functionally haploid genes in complex diploid
species. However, genomic imprinting arose in mammalian evolution over 150 million years
ago [2], which implies that monoallelic expression is not necessarily detrimental to genetic
fitness. Rather, it is imperative for several loci to maintain imprinted monoallelic expression.
In humans, aberrant imprinting underlies numerous developmental and neurological
disorders [reviewed in Ref. 3], and loss of imprinting is common in cancer [reviewed in

Ref. 4].

Even though it is highly relevant to human development and disease, genomic imprinting
went undiscovered in mammals until relatively recently. Imprinted (as opposed to random) X
chromosome inactivation has been a known phenomenon since the early 1970s [5,6], but it
was twenty more years before imprinted autosomal genes were discovered in mammals [7-9].
The existence of these genes was predicted by earlier nuclear transplantation experiments,

that produced mouse embryos with both sets of chromosomes derived from one parent.

Not only were these uniparental embryos abnormal, but gynogenetic (female-derived) and
androgenetic (male-derived) embryos displayed contrasting phenotypes [10-13]. These studies
demonstrated the nonequivalence of maternal and paternal genomes - even after accounting
for sex chromosome differences. Subsequent complementation studies narrowed these
parental effects to discrete autosomal regions [14].

In 1991, three imprinted genes in mice were characterized: insulin-like growth factor 2
receptor (Igf2r), which is maternally expressed [7]; its ligand, insulin-like growth factor

2 (Igf2), a paternally-expressed regulator of growth and development [9]; and H19, a
maternally-expressed noncoding RNA [8] that is physically linked to Igf2 [15] and regulated
by shared elements [16,17]. These archetypes of genomic imprinting have yielded much
insight into various epigenetic regulatory mechanisms. The Igf2 gene is particularly
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interesting because its complex regulation involves both the H19 gene at the transcriptional
level and the Igf2r protein at the post-translational level [reviewed in Ref. 18]. Igf2 is also
highly conserved among vertebrates [2,19], but its imprinting status is not. The divergence
of Igf2 imprinting in the phylogenetic tree has fueled many theories on vertebrate evolution
and the origin of genomic imprinting.

Genomic imprinting is often described as an exclusively mammalian phenomenon, yet
parental effects on gene expression were documented in insects and plants long before

the discovery of imprinted mammalian genes. The term “imprint” was actually used as

early as 1960 to describe epigenetic parental effects in fungus gnats of the genus Sciara.

At various stages of sciarid development, certain paternally-derived chromosomes are
heterochromatized and eliminated from cells independently of genomic constitution and
“determined only by the sex of the germ line through which the chromosome has been
inherited” [20]. Allele-specific silencing in Drosophila was recorded in the mid-1930s, when
vague reports noted the preferential silencing of the X-linked scute-8 gene when paternally
inherited [21,22]. The earliest (and perhaps most extreme) example of genomic imprinting
in insects can be traced to a 1931 report, which described sex determination in the family
Pseudococcidae [23]. Coccids (commonly known as mealybugs) represent a striking example
of haplodiploidy, a system of sex determination commonly employed by insects, in which
females are diploid but males are haploid [reviewed in Ref. 24]. In males, all paternally
derived chromosomes are either silenced by heterochromatin or completely eliminated; thus,
all male coccids are functionally haploid [reviewed in Ref. 25].

Epigenetic parent-specific effects were demonstrated even earlier in plants. In 1918 and 1919,
two independent studies demonstrated parent-specific effects at the maize R locus, which
controls anthocyanin pigment expression in the aleurone endosperm [26,27]. When the
female gamete transmits the dominant R allele in RR (pigmented) X 7 (colorless) crosses,
354 the aleurone seed covering is solidly pigmented; conversely, if R originates from the paternal
(pollen) parent in a reciprocal cross, the endosperm is lightly pigmented, and mottled or
spotted in appearance (Fig. 22.1A). Although the endosperm of flowering plants is usually
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FIGURE 22.1

Influence of parental lineage on the A-mottled phenotype in maize AR (pigmented) X rr (colorless) crosses. (A) When Ris
transmitted by the maternal gamete (left), the RR/rtriploid aleurone of the progeny is solidly pigmented. In the reciprocal
cross (right), the resulting 7R aleurone is lightly pigmented and mottled [26,27]. (B) Maize genotypes that yield solid or
mottled phenotypes. M and P designate maternal and paternal origin, respectively. The solid phenotype occurs only when R
is maternally derived, irrespective of gene dosage. A paternally transmitted R allele yields a mottled phenotype if the female
gamete is homozygous for the rallele, and even when the maternal gamete is deficient (-) for the R region [28].
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polyploid, later experiments [28] confirmed that the mottling effect is indeed dependent on
parental origin rather than differences in gene dosage (Fig. 22.1B).

Definitions of “genomic imprinting” do not always include parent-of-origin effects in insects
and plants, but are instead limited to those observed in mammals. However, syntactic
differences aside, these processes use conserved regulatory mechanisms to achieve a common
purpose: to epigenetically distinguish maternal and paternal genomes. Though genomic
imprinting may not be a uniquely mammalian phenomenon, its discovery in mice did
uncover an epigenetic basis of human disease, and catalyzed a field of research devoted to
parent-specific gene expression. As with many genetic processes, the epigenetic phenomena
in other organisms have helped elucidate the mechanisms of mammalian imprinting and its
evolutionary origin.

MECHANISMS OF GENOMIC IMPRINTING

What distinguishes an imprinted gene from its non-imprinted counterparts, and destines it
for allele-specific expression? This question has puzzled scientists for decades, and is now
beginning to be understood. Genomic imprinting is currently known to involve numerous
epigenetic processes — many of which are conserved among diverse species. While its exact
catalyst is not entirely clear, the primary imprint in many organisms involves the classic
epigenetic mark: DNA methylation. This primary mark is propagated by cis and trans factors
that trigger additional modifications and culminate in allele-specific gene expression.

DNA Methylation

Many organisms - from primitive bacteria to complex eukaryotes — use methyl groups to
distinguish DNAs of different origins [reviewed in Ref. 29]. In higher eukaryotes, methylation
primarily occurs on the cytosine residue of CpG dinucleotides, which tend to cluster around 355
promoter regions as “CpG islands” but appear sparsely in the rest of the genome due to
spontaneous deamination of 5-methylcytosine to thymine [reviewed in Ref. 30]. In the
mammalian genome, much of the DNA methylation targets transposable elements, which
illustrates a role in host defense mechanisms that silence invasive DNAs [31]. Methylation is
also a common denominator of differential DNA regulation; before the first imprinted genes
were discovered in mammals, studies demonstrated that transgenes could acquire allele-specific
methylation patterns depending on the transmitting parent [32,33]. Differential methylation
was thus identified as a heritable epigenetic feature that distinguishes maternal and paternal
alleles - and a central mechanism in genomic imprinting.

IMPRINT ESTABLISHMENT AND MAINTENANCE IN MAMMALS

Mammalian imprinted genes are often (if not always) situated near differentially-methylated
regions (DMRs), also known as differentially-methylated domains (DMDs), which are
believed to be the primary targets of epigenetic modifications. DMRs may in turn direct other
cis and trans elements to achieve stable allele-specific gene expression [reviewed in

Ref. 34]. Thus, DMRs may serve as imprinting control regions (ICRs), also known as imprinting
control elements (ICEs) or imprinting centers (ICs). Aside from the high frequency of CpG
dinucleotides, DMRs share little sequence homology; instead, they are characterized by
tandemly repeated elements [35-37]. These repetitive structures are believed to trigger de
novo differential methylation [35-37], similarly to how retrotransposon-derived repetitive
sequences - such as short interspersed nuclear elements (SINEs) and CpG-rich Alu repeats —
may acquire germline-specific differential methylation [38,39]. Primary imprints occur in the
germline, where the prospective parent’s existing imprints can be erased and reestablished

in the haploid gametes. This occurs through global demethylation in germ cells, followed by
differential methylation by the de novo DNA methyltransferase Dnmt3a [40] and its cofactor
Dnmt3L [41].
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It is not entirely clear how the de novo methyltransferases differentiate between maternal
and paternal DMRs in the germline, though this seems to be partially determined by DMR
location. Maternally-methylated DMRs coincide with transcription units, whereas the few
known paternally-methylated DMRs occur within intergenic regions (Table 22.1). Paternal-
specific germline methylation appears to target tandem repeat sequences, as evidenced by
the H19 [42] and Rasgrf1 [43] loci, which contain two of the three known paternal germline
DMRs. On the other hand, the act of transcription may dictate maternal-specific methylation
in oocytes, as demonstrated by the Gnas/Nesp locus (Fig. 22.2). This complex imprinted
domain [reviewed in Ref. 44] includes Gnas, which exhibits maternal-specific expression

in some tissues. Gnas encodes the highly conserved signaling protein Gsaq; alternative
promoters give rise to two paternal-specific transcripts, Gnasx! (which encodes the variant
protein XLas) and the noncoding IA. The upstream Nesp locus encodes the Nesp55 protein,
which is involved in the secretory pathway. This maternally expressed Nesp transcript also
appears to have a major functional role in imprinting the entire locus. There are two DMRs
in this domain: one encompassing the promoters for the paternally-expressed Gnasxl and the
noncoding Nespas, and another at the 1A promoter. Truncating Nesp transcription disrupts
methylation of both DMRs in the female germline, suggesting that the act of transcription
facilitates de novo methylation [45]. This model is supported by the fact that all known
maternal DMRs occur in transcribed regions - either in introns or near promoters that are
downstream of alternate transcription start sites (Table 22.1). It is hypothesized that oocyte-
specific transcription facilitates germline DMR methylation by favorably altering chromatin
structure; alternatively, the RNA itself might recruit de novo methyltransferases or other trans
regulatory factors that promote germline methylation [45].

Allele-specific methylation also involves germline-specific timing of Dnmt3L expression.

This protein lacks in vitro methyltransferase activity, but is required for de novo methylation
356 by Dnmt3a [40,41]. Additionally, alternate germline-specific promoters lead to differential

Dnmt3L expression in oocytes and spermatocytes [46]. Oocytes express Dnmt3L for only

TABLE 22.1 Known Germline DMRs and Their Locations

DMR/location Locus

Maternal/intron Gnas (1A) Inpp5f Peg3
Gnas (Nespas/Gnasxl) Kcnq1 (KvDMR) Peg13
Grb10 Mcts2 Snrpn
Igf2r (Air) Nap1l5 U2af1-rs1
Impact Peg1 Zact

Maternal/promoter Peg10 Slc38a4

Paternal/intergenic DIk1-Gtl2 (IG-DMR) H19 Rasgrf1

Adapted from Ref. 45

M Nesp b b Gnas*
P Nespas Gnasxl ex 1A Gnas

FIGURE 22.2

The Gnas imprinted domain (not drawn to scale), including the protein-coding transcripts (Nesp, Gnasxl, and Gnas) and
noncoding transcripts (Nespas and 7A4). Maternal (M) transcripts are indicated by arrows above the line, while paternal (P)
transcripts are below the line. Arrowheads indicate the direction of transcription. Gnas shows maternal-specific expression in
some tissues, as indicated by the asterisk (*). Two germline DMRs (black boxes) acquire maternal methylation imprints (black
circles) in oocytes. Nesp transcription is believed to facilitate germline methylation, as indicated by dashed arrows. A somatic
DMR (gray box), which covers the Nesp promoter, is methylated on the paternal allele after fertilization. Adapted from

Ref.45.
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a few days before ovulation, and primary methylation imprints are established during

this short time frame [41]. On the other hand, Dnmt3L expression begins prenatally

in embryonic prospermatogonia, and continues until a few days after birth; paternal-
specific DMR methylation then persists in the male germline well into adulthood [47].
Because methylated cytosine residues spontaneously deaminate to thymine, the prolonged
methylation time may explain why paternal DMRs tend to have far fewer CpGs than

their maternal counterparts; moreover, this gradual sequence degeneration may explain
why so few paternal DMRs have been identified [reviewed in Ref. 48]. Coincidentally,
retrotransposon silencing depends heavily on Dnmt3L in male germ cells [49] but to a
lesser extent in the female germline [41,50]. Since paternal-specific DMR methylation
requires tandemly-repeated elements [42,43], the primary paternal imprint likely targets the
retrotransposon-like nature of DMRs.

After the maternal and paternal genomes join during fertilization, the primary germline
imprints persist while the rest of the zygotic genome is demethylated [reviewed in Ref. 51].

It is not entirely clear how these primary parental imprints survive this early embryonic
demethylation; however, methyl-CpG-binding proteins (MBDs), which regulate transcription
by binding methylated DNA and recruiting additional silencing factors [52], are required

to maintain differential methylation of imprinted mouse genes in somatic cells [53]. The
murine maintenance methyltransferase Dnmt1 is also pivotal for preserving parental
methylation patterns during zygotic demethylation and subsequent somatic cell divisions
[54]. PGC7/Stella and ZFP57 are additional factors that appear to protect imprinted DMRs
from zygotic demethylation. PCG7/Stella is a nuclear protein that is highly expressed in both
male and female primordial germ cells (PGCs); maternal-specific expression of PCG7/Stella
continues in the early embryo, and is essential for maintaining methylation at maternal
DMRs [55]. ZFP57 is a Kruppel-associated box (KRAB) zinc finger protein that is expressed in
oocytes and in certain somatic tissues; it is required for maternal imprint establishment (and 357
for both maternal and paternal imprint maintenance) at some DMRs [56].

Many imprinted genes occur in clusters in the genome, which can be several megabases
(Mb) in length and contain multiple differentially-expressed genes under the control of one
or two DMRs. Such is the case with an approximately 3-Mb region on human chromosome
15q11-13 that is implicated in Prader-Willi syndrome (PWS) and Angelman syndrome (AS)
[reviewed in Ref. 57]. At least five paternally expressed genes (MKRN3, MAGEL2, NDN,
SNURF, and SNRPN) and two maternally expressed genes (UBE3A and ATP-10A) lie in this
region (Fig. 22.3). On the homologous region on mouse chromosome 7¢, Atp10a is not
imprinted [58,59]; however, an additional paternally-expressed gene, Peg12/Frat3, lies distal
to the Mkrn3/Magel2/Ndn cluster [60,61]. A bipartite ICR for this region was defined by
observed microdeletions in PWS and AS patients; it encompasses the maternally-methylated
SNURF/SNRPN promoter and a region 35 kb upstream that also has ICR function. Deletions
in this upstream region (known as AS-IC) cause AS when maternally inherited, whereas

— -~ -
M IC .» UBE3A | ATP10a
P Frat3* |MKRN3 MAGEL2 | NDN SNURFISNRPN, UBE3A-AS Atp10at

R > > <«

FIGURE 22.3

The PWS/AS imprinted domain on human 15q11-13 (not drawn to scale). Maternal transcripts are above the line; paternal
transcripts are below the line. An additional paternal-specific gene, Peg12/Frat3, lies distal to Mkrn3 on mouse chromosome
7¢ (*); however, murine Atp70a is not imprinted (1). The ICR near the SNURF/SNRPN promoter (PWS-IC, black box) is
methylated in the female germline (black circle) and implicated in PWS. The upstream ICR (AS-IC, gray box) is implicated in
Angelman syndrome, and facilitates germline methylation of PWS-IC (indicated by the curved dashed arrow). /C transcripts
that arise from oocyte-specific alternate promoters may facilitate methylation of PWC-IC [64].
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deletions in the SNURF/SNRPN promoter (called PWS-IC) cause PWS when paternally
inherited [reviewed in Ref. 62]. The upstream ICR is believed to help establish the primary
maternal imprint on PWS-IC [reviewed in Ref. 63]. In mouse and human oocytes, alternative
promoters upstream of AS-IC give rise to maternal-specific IC transcripts that may facilitate
PWS-IC methylation [64]. This is consistent with the hypothesis that maternal germline
imprints are dependent on transcription [45].

The 5 DMR of H19 is one of three known paternal germline DMRs (Table 22.1) and displays
persistent paternal methylation in both mice [65] and humans [66]. It was initially identified
as an ICR when its deletion in mice abolished imprinting for both Igf2 and H19 [67]. CpG
mutations that prevent methylation also disrupt imprinting in this region [68]. In humans,
IGF2 overexpression is implicated in Wilms’ tumor and in the overgrowth disease Beckwith-
Wiedemann syndrome (BWS) [69]. Loss of imprinting (resulting in biallelic expression) is
one of several known mechanisms that cause IGF2 overexpression [70,71]. Not surprisingly,
many BWS or Wilms' tumor cases involve mutations or deletions in the ICR [72-76].
Because IGF2 overexpression is a common denominator in carcinogenesis, it is

also not surprising that ICR dysfunction has been noted in numerous cancers [reviewed in
Refs 77,78].

METHYLATION AND GENOMIC IMPRINTING IN PLANTS AND INVERTEBRATES

Some plants and insects also use DNA methylation to achieve parent-specific gene
expression, albeit with several distinct features. In plants, the major role of methylation
appears to be in maintaining differential expression [79,80], whereas the primary

imprint is established by a DNA glycosylase rather than a de novo methyltransferase [81].

In mealybugs, parent-specific genome silencing also involves differential methylation,
though the heterochromatic paternal DNA is associated with hypomethylation rather than
hypermethylation [82]. In Drosophila, parent-specific genomic imprints appear to involve
chromatin-modifying proteins rather than DNA methylation [83,84]. It was once believed
that DNA methylation does not occur at all in Drosophila [85,86]; however, it is now known
that methylation does in fact occur - though only at early stages of development at non-CpG
dinucleotides (most often CpT and CpA) [87,88]. It remains unclear whether methylation
is involved in Drosophila imprinting, yet homologs of Drosophila Polycomb group (PcG)
proteins appear to coordinate differential methylation of imprinted genes in mice [89]

and plants [reviewed in Ref. 90]. Another model organism, Caenorhabditis elegans, exhibits
imprinted X chromosome inactivation [91] and also imprints exogenous transgenes [92],
despite the long-held notion that C. elegans does not genomically imprint [93]. However,
these parent-specific effects in C. elegans apparently do not involve methylation, as attempts
to detect 5-methylcytosine have failed [94]. Because the C. elegans genome is considerably
less complex than higher eukaryotic genomes, constitutive silencing mechanisms such as
DNA methylation are thought to be less critical [95].

Replication Timing

Asynchronous DNA replication is a curious hallmark of imprinted alleles and other
monoallelically-expressed genes, including those on the active and inactive X chromosomes
[5]; actively transcribed genes tend to replicate early, while late replication is characteristic
of repressed genes and transcriptionally silent heterochromatin [reviewed in Ref. 96].
Differential methylation correlates with replication asynchrony on human chromosomal
region 15q11-q13, which contains multiple imprinted genes and is associated with PWS and
AS (see Fig. 22.3). This implies that replication and methylation are coordinately regulated
[97]. While differential replication could simply be a consequence of genomic imprinting,
there is some evidence that it may occur independently of methylation imprints and might
even play a regulatory role. In some cases of aberrant human IGF2/H19 imprinting, loss

of differential methylation does not disrupt asynchronous replication [98]. Moreover,



CHAPTER 22
Genomic Imprinting

in mouse embryonic stem (ES) cells that lack de novo methylation machinery (Dnmtl

and Dnmt3L), the Igf2/H19 locus continues to replicate asynchronously despite loss of
imprinting [99]. On the other hand, methylation imprints may also be established at the
Igf2/H19 locus without affecting replication timing [100]. Nonetheless, these results suggest
that replication asynchrony does not necessarily occur secondary to genomic imprinting. Of
note, asynchronous replication is reset during gametogenesis and maintained throughout
zygotic development, which coincides temporally with imprint erasure, reestablishment,
and maintenance [101]. Thus, a component of the primary epigenetic imprint may indeed
involve replication timing; however, this remains uncertain.

Chromatin Modifications

Gene expression is not only affected by covalent DNA modifications such as methylation,
but also by higher-order changes in chromatin structure that involve DNA-protein
interactions. Conformational changes in chromatin (revealed by differential DNAsel
hypersensitivity) may determine whether genes are accessible to transcription factors and
other regulatory proteins [reviewed in Ref. 102]. Thus, differential modifications of key
chromatin structures, such as core histones, are epigenetic events that can contribute to
allele-specific gene expression.

HISTONE MODIFICATIONS

Differential histone modifications occur in many examples of genomic imprinting, including
paternal genome silencing/elimination in insects [reviewed in Ref. 103] and imprinted

X chromosome inactivation in mammals [104]. Modifications (generally to the lysine residues
in histone N-terminal tails) may result in either transcriptional activation or silence, and
often coordinate with DNA methylation status [reviewed in Ref. 105]. Acetylation is a well-
known histone modification that generally associates with active transcription; deacetylation
may require DNA methylation, as certain methyl-CpG binding proteins (such as MECP2)
can recruit histone deacetylases that repress transcription in mice [106] and frogs [107].

359

Methylation not only takes place on CpG residues of DNA, but also on lysine residues

of histones; these may be either transcriptionally repressing or activating, depending on
lysine position and level of methylation [reviewed in Ref. 108]. Methylation on lysine 9 of
histone H3 (H3K9) is required for DNA methylation in Neurospora [109] and Arabidopsis
[110]; it also coincides with methylation of pericentric heterochromatin [111] and the
inactive X chromosome in mammals [reviewed in Ref. 108]. Differential H3K9 methylation
corresponds with imprinting in the PWS/AS domain (see Fig. 22.3). In human cells, both
H3K9 methylation and CpG methylation occur at the maternal PWS-IC [112]. In mouse

ES cells, deleting the gene that encodes G9a (the H3K9 methyltransferase) reduces PWS-IC
methylation and disrupts imprinting at the PWS/AC locus, suggesting that H3K9 methylation
regulates allele-specific ICR methylation [113].

While H3K9 methylation is associated with transcriptional repression, methylation of
histone H3 lysine 4 (H3K4) is associated with transcriptional activation [reviewed in Ref.
108]. On the unmethylated and transcriptionally active paternal PWS-IC (see Fig. 22.3),
H3K4 is methylated and H3K9 is unmethylated [112]. H3K4 has also emerged as an
important variable in primary imprint establishment. Dnmt3L, the critical cofactor of the
de novo DNA methylase Dnmt3a [41], functions in part by binding H3 and recruiting Dnmt3a
to DNA; this complex cannot occur with methylated H3K4, which essentially prevents

de novo CpG methylation [114]. H3K4 demethylation by the lysine demethylase KDM 1B,
which is highly expressed during late oogenesis, is required for de novo methylation of some
(but not all) maternal DMRs [115]. Because different maternal DMRs acquire methylation
imprints at specific stages of oocyte development [116], and only DMRs imprinted during
late oogenesis are associated with H3K4 demethylation, KDM1B expression timing is

likely to be a factor in maternal DMR specificity [115]. At the three known paternal DMRs
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(see Table 22.1), histone methylation may also direct primary imprint establishment. In
sperm, H3K4 methylation occurs specifically at unmethylated maternal DMRs; in somatic
tissues, the methylated paternal DMRs coincide with H3K9 and H4K20 methylation

[117]. This concurs with the DNA/histone methylation patterns of the heterochromatin in
pericentric satellite repeats [111]. Thus, histone methylation appears to be a critical precursor
to primary imprinting of both maternal and paternal DMRs.

POLYCOMB AND TRITHORAX GROUP PROTEINS

Polycomb group (PcG) and trithorax group (TrxG) proteins, which have reciprocal functions in
maintaining chromatin stability, may also regulate differential expression at imprinted regions.
Both PcG and TixG proteins were originally identified as modifiers of Drosophila position

effect variegation, but are now known to control gene expression in mammals and many other
species [reviewed in Ref. 118]. In Drosophila, TrxG and Su(var) (suppressor of variegation)
proteins mediate imprinting of the mini-X chromosome [119]. Drosophila PcG proteins are also
able to recognize the murine Igf2/H19 ICR [120], and the mouse PcG protein Eed apparently
mediates histone methylation and initiation of imprinted (but not random) X chromosome
inactivation [104,121]. Murine Eed may also regulate autosomal imprinted loci, where it
appears to modulate differential methylation of ICRs [89] and histones [122]. PcG proteins
appear to coordinately regulate DNA and histone methylation to achieve tissue-specific gene
expression, as evidenced by the differential methylation patterns associated with tissue-specific
Grb10 imprinting [123]. Interestingly, genes that encode PcG proteins may themselves be
imprinted; in mice, the PcG gene Sfmbt2 has paternal-specific expression in extraembryonic
tissues [124], and several PcG genes that control endosperm development are imprinted in
Arabidopsis and maize [reviewed in Ref. 90].

Chromosomal Position Effects

When inserted into imprinted chromosomal regions, transgenes acquire allele-specific
methylation patterns that are determined by the transmitting parent [32,33]. This
phenomenon bears resemblance to Drosophila position effect variegation, in which gene
expression patterns may change upon transposition to other chromosomal locations - either
by juxtaposition to enhancing elements, or insertion into heterochromatic DNA [reviewed
in Ref. 125]. Thus, it has been proposed that position effects, similar to those observed in
Drosophila variegation, may occur at imprinted domains. In this model, primary imprints
established at ICRs lead to secondary methylation and heterochromatization, which can in
turn spread to surrounding regions and silence distant genes [126]. In Drosophila, classical
modifiers of position-effect variegation (such as chemicals and PcG proteins) mediate
paternal-specific silencing of three closely linked genes on a mini-X chromosome [84,119].
The site of the primary imprint is a cis regulatory ICR; its effects extend to silence a distal
gene within a 1.2-Mb region, as well as the entire 1.5-Mb mini-X chromosome, which is
distinguished by reduced transcription and late replication [126]. Imprinting of a novel
gene in the mouse PWS/AS cluster, Peg12/Frat3 (Fig. 22.3), is believed to be a product of
analogous position effects; this gene lacks a human homolog, and was likely retrotransposed
during species divergence into the mouse PWS/AS locus, where it acquired the imprinted
status of the surrounding genes [60,61]. Interestingly, ICRs themselves remain faithfully
imprinted when inserted into non-imprinted regions, and can imprint hybrid transgenes
[127,128]. Even more remarkably, mammalian ICRs function as silencers in Drosophila;
although imprinting is not established, this demonstrates that genomic imprinting involves
highly conserved silencing mechanisms [129,130].

360

Chromatin Insulators

Chromatin insulators establish boundaries between different DNA regulatory domains, and
demarcate transcriptionally inactive heterochromatin from euchromatin that is conducive
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to transcription. Thus, insulators can protect against chromosomal positional effects and
cis regulatory elements such as enhancing and silencing elements [reviewed in Ref. 131].
Insulators feature at several imprinted domains, most notably at the Igf2/H19 locus (Fig.
22.4), which has become a paradigm of imprinted gene regulation. The ICR between

Igf2 and H19 contains binding sites for CCCTC binding factor (CTCF), a multifunctional
transcription factor; at the Igf2/H19 locus, CICF acts as a methylation-sensitive insulator
protein that dictates whether a shared downstream enhancer can activate either promoter
[132,133]. On the maternal chromosome, CTCF binds the ICR and forms a chromatin
barrier between Igf2 and the downstream enhancer, resulting in Igf2 silence and H19
expression. On the paternal chromosome, methylation of the ICR prevents CTCF binding -
thus allowing the enhancer to activate the Igf2 promoter (Fig. 22.4). This likely occurs
through CTCF-mediated chromatin arrangements, that allow the enhancer to differentially
activate the Igf2 and H19 promoters [134]. ICR methylation then leads to secondary H19
methylation and transcriptional repression on the paternal allele [135].

Chromatin insulators have been proposed to regulate several other imprinted domains. At
the Xist/Tsix locus, the identification of functional CTCF binding sites [136,137] has led to

a similar model for X chromosome inactivation (Fig. 22.5). The ICR for this region exhibits
differential methylation [138] and bidirectional promoter activity [139]; it is also part of a
bipartite enhancer that is believed to activate Tsix expression on the active X chromosome
[140,141]. CTCF also binds at the ICRs of several other imprinted loci [142], and is strongly
correlated with imprinting in cross-species comparisons [143]. Another multifunctional
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FIGURE 22.4

The insulator model of genomic imprinting at the /gf2/H79 locus. This region (not drawn to scale) contains a downstream
enhancer (gray oval) that may activate either /gf2 or H19 (curved dashed arrows), likely by chromatin looping events that allow
the enhancer to contact either promoter [134]. The intergenic ICR (black box) is one of three known paternal germline DMRs
(Table 22.1). When this DMR is paternally methylated (black circle), the enhancer activates /gf2 expression on that allele, as
indicated by the curved dashed arrow. The paternal H79 promoter is then silenced by secondary methylation (gray box with
black circle). On the maternal allele, the unmethylated DMR binds CTCF, which prevents the enhancer from accessing /g72.
The downstream enhancer thus activates maternal-specific H79 expression (dashed curved arrow).

Xa CTCF. "~ TSI’% .
Xi Xist

FIGURE 22.5

The Xist/Tsix region (not drawn to scale), which controls both random and imprinted X chromosome inactivation. The Xist
ncRNA mediates silencing of the inactive X chromosome (Xi), and is antagonized by the 7six antisense ncRNA on the active

X chromosome (Xa) [reviewed in Ref. 152]. The ICR for this region exhibits paternal-specific methylation (black circles) and
contains multiple CTCF binding sites; it also shows bidirectional promoter activity (arrows). The ICR and a downstream element
(gray oval) both have enhancing activity on the Tsix promoter (dashed curved arrows). The Tsix promoter is believed to acquire
biallelic methylation (gray box) as a secondary event after X inactivation takes place [138].
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transcription factor, yin yang 1 (YY1), similarly functions as a methylation-sensitive insulator
that mediates parent-specific expression at several imprinted loci [144-146]. Interestingly,
YY1 associates with CTCF through protein-protein interactions and serves as a cofactor in

X chromosome inactivation; because both proteins are ubiquitously expressed, they are
hypothesized to alternately regulate (or co-regulate) developmentally or tissue-specific
imprinting [147].

Noncoding RNAs

While only a fraction of the mammalian genome is actively transcribed in differentiated cells
[148], much of the transcriptional activity produces non-coding RNAs (ncRNAs) [reviewed
in Ref. 149]. Several of these ncRNAs - ranging from ~21 nucleotides to several kilobases in
length - are now known to serve regulatory functions [reviewed in Refs150,151]. Perhaps the
most well known ncRNA in mammalian gene regulation is Xist, which mediates long-range
silencing of the X chromosome to achieve dosage compensation [reviewed in Ref. 152].
Many imprinted loci studied to date contain ncRNAs [reviewed in Ref. 153], which form the
basis of another genomic imprinting paradigm.

The maternally-expressed Igf2r was the first of three imprinted mouse genes identified

in 1991 [7]. It encodes a receptor for the Igf2 protein, and primarily serves as a negative
regulator by internalizing Igf2 and targeting it for degradation [reviewed in Ref. 154]. The
Igf2r domain includes several nonimprinted genes (Slc22al, Mas1, and Plg), two additional
maternally-expressed genes (SIc22a2 and Slc22a3), and a single paternally-expressed gene
that encodes the antisense Igf2r RNA (Air) (Fig. 22.6). The first intron of the Igf2r gene
contains a DMR that coordinates the maternal-specific expression of Igf2r [128], Slc22a2, and
Slc22a3 [155]. Air transcription originates within this DMR, and proceeds in an antisense
orientation to Igf2r [156]. When Air transcription is prematurely terminated, the remaining
promoter retains its imprint; however, all of the paternally-silenced genes (Igf2r, Slc22a2,

M |Plg  Slc22a3 ||Sic22a2  Sic22a1 Igfer Mas1
P |pyg Slc22a1 Air Mas1
e - -~
FIGURE 22.6

The Igf2r/Air region (not drawn to scale), which demonstrates ncRNA-dependent imprinting. Maternally expressed genes
(Slc22a2 and Slc22a3) are represented by solid arrows above the line, and the single paternally expressed antisense lgf2r
RNA (Air) is indicated below the line. Biallelic genes (Plg, Slc22a2, and Mas1) are also shown. The DMR for this region resides
in the first intron of the /gf2r gene, and is methylated on the maternal allele (black circle); it also serves as the origin of Air
transcription on the paternal allele. The Air ncRNA overlaps the reciprocally imprinted /gf2r, and also mediates silencing at
Slc22a2 and Slc22a3 [157]. The Air transcript overlaps (but does not silence) Mas7 [156].

— - < ————p & -+ —— ——>
M | Osbpl5 | Phida2 Sic22a18 || Cdknic ; Kcng1 | Tssc4 | Cd81| | Ascl2
P

CTCF Kcnqg1ot1

FIGURE 22.7

The Keng1 locus (not drawn to scale) contains several maternally expressed genes (indicated above the line); a single
paternally expressed Keng1ot1 ncRNA is transcribed antisense to the Keng1. The ICR lies within a Keng intron and is
methylated on the maternal allele; on the paternal allele, the unmethylated ICR binds CTCF and also serves as the origin of
Kenq1ot1 transcription. While the Keng7ot1 ncRNA is required to imprint the maternally expressed genes [159], CTCF has
been proposed to regulate imprinting of Cdkn1c in some tissues [161].
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and Slc22a3) become active, which indicates that the full-length Air transcript is required to
silence the maternal-specific genes in this region [157].

The Kcng1 locus also supports an ncRNA-dependent model of genomic imprinting. It
contains several maternally expressed genes and one paternally expressed ncRNA, Kenglotl,
which is transcribed antisense to the Kcngl potassium channel gene (Fig. 22.7). The ICR for
this domain, which is also the origin of Kcnglotl transcription, lies within a Kengl intron
(Table 22.1) and is methylated on the maternal allele [158]. Premature termination of the
Kcnglotl ncRNA disrupts imprinting in the locus, but the truncated Kcnqglotl retains its
imprint [159]. This is consistent with the observations at the Igf2r-Air locus [157].

Interestingly, the Kcngl locus may also utilize the insulator model of genomic imprinting,
as the unmethylated paternal ICR not only serves as the origin of Kenglot1 transcription but
also binds CTCF [160]. Truncating Kcnglot1 transcription does not affect Cdknlc imprinting
in some tissues, which implicates ncRNA-independent mechanisms that are perhaps
mediated by CTCF [161]. Likewise, the Igf2/H19 domain (Fig. 22.4), which is believed to
follow a strict CTCF-dependent insulator model [162], may also use multiple imprinting
mechanisms - some of which may require the H19 ncRNA. In a targeted disruption of the
H19 transcriptional unit, the DNA cassette inserted in its place becomes imprinted - yet Igf2
becomes biallelic; this indicates that full-length H19 is required for imprinting Igf2 [163],
though its precise function remains unclear.

These ncRNAs are distinct from the protein-coding transcripts that contribute to maternal

germline imprints [45], and the antisense orientations of Air and Kcnglotl evoke a possible

dsRNA-based mechanism for silencing Igf2r and Kcnq1, respectively. This model would

emulate RNAI, a system that likely evolved to silence transposable elements, viral DNAs,

and other parasitic nucleic acids [reviewed in Ref. 150]. However, these antisense ncRNAs

do not overlap all oppositely imprinted genes in their domains; moreover, non-imprinted 363
genes may be overlapped, such as Mas1 in the Igf2r/Air locus [156]. These observations argue

against the likelihood of a homology-dependent silencing mechanism.

Imprinted silencing by ncRNAs may be similar to Xist-mediated X chromosome inactivation.
In this scenario, transcripts coat the DNA and recruit chromatin modifying proteins and
silencing factors [reviewed in Ref. 152]. Consistent with this hypothesis, Kcnglot1 associates
with the PcG proteins at the chromatin level [164], and both Air and Kcnglotl recruit
repressive histone methyltransferases to their target promoters - an effect that requires the
full-length ncRNAs [165,166]. The silent genes in both the Keng1 and Igf2r loci also become
contracted into repressive nuclear compartments that exclude RNA polymerase II [164],
which mirrors the transcriptionally silent nuclear compartment formed by the repressive Xist
RNA [167]. Thus, imprinted silencing by ncRNA has been proposed to be mechanistically
similar to Xist-mediated gene silencing [164].

However, there is some indication that Xist antagonism by the complementary Tsix does
involve RNAIi, whereas RNAi does not appear to be sufficient for silencing at the Kcng1 locus.
The Xist and Tsix ncRNAs have been shown to form double-stranded duplexes processed by
Dicer, a central protein in the RNAi pathway [168]. Though this study showed that Dicer
deficiency abolishes Tsix-dependent Xist repression, other studies have shown Dicer-deficient
ES cells to have normal Xist expression patterns and X chromosome inactivation [169,170].
Likewise, abolishing Dicer function does not affect Kcnglotl-mediated gene silencing, which
suggests that RNAi pathways are not involved [171]. Interestingly, in the Dicer-deficient
embryos that exhibit normal Xist expression, the Xist promoter is hypomethylated -
suggesting that Dicer affects promoter methylation indirectly by regulating Dnmt3a [170],
the de novo methylase involved in primary imprint establishment [40]. These studies
demonstrate an interesting intersection of various epigenetic mechanisms, which may all
contribute to genomic imprinting.
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Transposable Elements

As evidenced by the incorporation of Pegl12/Frat3 into the murine PWS/AS domain

(Fig. 22.3), previously non-imprinted genes may acquire allele-specific expression when
transposed next to other imprinted genes [60,61]. However, there is increasing evidence that
transposition not only adds genes to existing imprinted domains, but may also establish
genomic imprinting de novo. This is conceptually similar to position effect variegation

in Drosophila, in which genes are silenced when placed adjacent to heterochromatin
[reviewed in Ref. 125]. Interestingly, genomic imprinting in Drosophila is usually confined
to heterochromatin [reviewed in Ref. 172], which is characterized by repetitive sequences
and transposable elements [reviewed in Ref. 173]. Due to its ability to silence genes by
juxtaposition and its correlation with genomic imprinting in Drosophila, heterochromatin has
been hypothesized to establish imprinted domains when transposed to euchromatin [172].

The concept of transposable “controlling elements” originated with Barbara McClintock’s
seminal discovery of transposons in maize [174], and transposable elements are now
believed to serve major regulatory functions in genomic imprinting. Retrotransposons, which
are transposons that replicate via RNA intermediates, are especially abundant in eukaryotes;
much of the eukaryotic 5-methylcytosine is targeted to these elements [reviewed in Ref. 31].
In plants, transposable elements are differentially methylated and maintained by DDM1
[175], a homolog of the yeast SWI2/SNF2 chromatin-remodeling complex [176]. Differential
methylation of the imprinted Arabidopsis FWA promoter is targeted to a retrotransposon-
derived SINE element, which in itself is sufficient for imprinted silencing of FWA [177]. This
SINE element of FWA also corresponds to small interfering RNAs (siRNAs), which supports a
role for RNAi in genomic imprinting in plants [175].

Retrotransposons compose about 50% of the human genome [reviewed in Ref. 178],
which also contains several hundred coding sequences for reverse transcriptases that
facilitate retrotransposon replication [31]. While mammalian imprinted domains tend to
have an overall lower frequency of retrotransposon-derived SINEs [143,179], DMRs and
ICRs themselves are highly enriched with repeats [35-37], which may be remnants of
transposition. Indeed, the repeat-rich ICR of the Xist/T5ix locus (Fig. 22.5) bears a striking
resemblance to the ERV family of endogenous retrovirus-like transposons [139]. Known
paternal DMRs are also correlated with tandemly repeated sequences [42,43], which are
likely to be vestiges of retrotransposons that are targeted for allele-specific methylation by
Dnmt3L [49].

Retrotransposons have been shown to act as novel promoters [180], which may also be
imprinted. In mice, a retrotransposon inserted upstream of the agouti gene drives ectopic
expression in a parent-specific manner [181,182]. Several imprinted retrotransposons
have been found within introns, which are sometimes called “microimprinted” domains;
these may serve as maternal germline DMRs that give rise to paternal-specific transcripts
on the opposite allele [183]. Retrotransposons also serve as oocyte-specific promoters,
which produce abundant transcripts (over 10% of the mRNA pool) that persist into

the early embryo [184]. It has been proposed that transcripts from oocyte-specific
alternative promoters facilitate maternal DMR methylation [45]; given the abundance of
retrotransposon-derived transcripts in the oocyte [184], it is very likely that these alternative
promoters are of retrotransposon origin.

ON THE ORIGIN OF GENOMIC IMPRINTING

The underlying mechanisms of genomic imprinting - such as DNA methylation, chromatin
modification, and ncRNAs - are well conserved across diverse taxa and may theoretically be
traced to common origins. It is likely that diverging species independently recruited these
mechanisms, and evolved modes of imprinting that fundamentally differ while retaining
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striking similarities. For example, entire chromosomes are often silenced or eliminated

in insects [reviewed in Refs 25,185] whereas in mammals (with the exception of the X
chromosome), imprinting generally targets discrete loci [14]. However, when transgenically
introduced into Drosophila DNA, mammalian ICRs can silence neighboring genes [129,130],
which demonstrates remarkable mechanistic conservation. The most highly conserved
silencing mechanism (at least among higher eukaryotes) is methylation, which is

used by both animals and plants to maintain differential gene expression [reviewed in

Ref. 186]. In mammals, de novo methylases establish primary imprints [reviewed in Ref.
187]; in contrast, imprinted alleles in plants are selectively activated from a default silent
state by DNA glycosylases [81]. Yet in both phyla, imprinted genes feature prominently in
tissues that support embryonic development - such as the mammalian placenta and the seed
endosperm of flowering plants [reviewed in Ref. 186]. Selective forces in these tissues form
the basis of prominent evolutionary models of genomic imprinting.

Though ongoing research is steadily increasing our understanding of genomic imprinting,
the phenomenon remains puzzling in many ways. Opinions differ as to how genomic
imprinting originated, how parent-specific expression is selected, why imprinting affects only
some genes, and why only certain taxa exhibit genomic imprinting. As expected, the field

is rife with theories and models - the most prominent of which consider the phylogenetic
distribution of genomic imprinting in vertebrates. The Igf2 gene is of particular interest
because it is well conserved among vertebrates but not universally imprinted [reviewed in
Refs 188,189]; thus, studies have examined Igf2 in various vertebrate classes [2,19,143,
190-194] in an effort to pinpoint the evolutionary origin of genomic imprinting. Only
mammals in the subclass Theria, which includes metatherians (marsupials) and eutherians
(mice, humans, and most other contemporary mammals), are known to genomically
imprint; therefore, established theories are largely based on both physiological and genomic
differences between therian and prototherian (monotreme) mammals [reviewed in Ref. 195]. 365

According to philosophical tradition, scientific theories may be classified as organismic,
mechanistic, or reductionist [196]. Organismic theories center on interactions between
individual organisms; in terms of genomic imprinting, these interactions may favor allele-
specific expression, rather than biallelic or stochastic (random) monoallelic expression,

for certain genes. These models consider the physiological functions of imprinted genes,
and attribute their parent-specific expression to genetic conflicts or co-adaptive interactions
within populations. In contrast, mechanistic models focus mainly on the fundamental
processes of genomic imprinting, such as silencing mechanisms that target certain genomic
elements. According to the established mechanistic theories, genomic imprinting evolved
from host defense mechanisms against invasive genetic elements, which reflect increasing
genome complexity. Finally, reductionist theories dissect complex systems into interactions
between individual parts; in the case of genomic imprinting, this may focus on the
interaction between two alleles. Reductionist theories of genomic imprinting examine the
possible benefits of monoallelic gene expression in diploid organisms. Various organismic,
mechanistic, and reductionist theories have been presented as opposing viewpoints;
however, they address different levels of hierarchy in imprinted gene regulation, and may
actually form complementary models of genomic imprinting.

Organismic Models of Genomic Imprinting

The majority of known imprinted genes have established roles in growth, metabolism, or
behavior during mammalian development [reviewed in Refs 188,189]. Because resources
must be carefully allocated between the mother, offspring, and siblings during this time,

it has been proposed that competition for resources imposes selective pressure on these
genes. Prominent evolutionary models of genomic imprinting are based on these organismic
interactions between related individuals. The parent—offspring conflict theory was originally
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formulated by Trivers [197], before imprinted genes were characterized, and proposed that
genes (such as those governing altruistic behavior and maternal instinct) would be positively
or negatively selected to optimize resource allocation during maternal care. A variation on
this concept, known as the kinship theory, includes adaptations driven by additional familial
or social interactions - such as in litters or social insects [24]. Thus, these selective pressures
optimize survival not just for individuals, but also for populations. After the discovery

of genomic imprinting, genes were increasingly viewed as modular alleles as opposed

to singular units; thus, these concepts were adopted by Haig to explain parent-specific
monoallelic expression in angiosperm (flowering) plants [198] and mammals [199].

Therian mammals are distinguished from the extant egg-laying prototherians by viviparity
(live birth) and the presence of a highly-developed placenta, which is the site of nutrient
transfer between mother and fetus [reviewed in Ref. 200]. Therefore, many organismic
models of genomic imprinting correlate the known functions of imprinted genes with
prolonged gestation and postnatal care. The parent-offspring conflict theory proposes that
growth-promoting genes, such as Igf2, favor paternal expression — particularly in the
placenta - to maximize resource transfer to the embryo, which represents the paternal
genetic contribution; in contrast, maternal expression of growth-suppressing genes (such
as H19 and Igf2r, which both negatively regulate Igf2) would optimize maternal health
[reviewed in Ref. 188]. Imprinted genes are not only common in the placenta but also in
the brain [reviewed in Ref. 201], where they may contribute to cognitive processes [202],
postnatal adaptation to feeding and novel environments [203,204], and other neurological
processes that may also be relevant to parent-offspring interactions.

Because imprinted genes were first identified based on developmental phenotypes, this may
have created a sampling bias for genes involved in embryonic or postnatal development;
thus, it is not surprising that most imprinted genes conform to the parent-offspring conflict
theory. However, not all imprinted expression patterns are so easily predicted by this
theory. Mash2, a gene required for trophoblast development in mice [205], is a notable
example [reviewed in Ref. 206]. The trophoblast is one of the more critical placental tissues
for embryonic growth, as it promotes nutrient transfer to the embryo [207]. The conflict
theory predicts a paternal expression pattern, yet Mash? is biallelic in the early embryo
then maternally expressed by 8.5 days past coitum [208]. Complex trophoblast-mediated
processes involving placental hormones may justify this paradoxical expression pattern
[reviewed in Ref. 206]. Imprinted genes, such as Rasgrfl, may also indirectly control growth
by regulating non-imprinted growth factors such as insulin-like growth factor I (Igf1)

[209]. Other genes may display complex imprinting patterns that manifest more strongly
in adulthood, after maternal contribution has ceased [210]; these expression patterns may
not be obviously consistent with the simple parent-offspring conflict theory, but the more
intricate aspects of the kinship theory may apply.

366

In social animals, survival is not restricted to maternal-offspring conflict, but also involves
interactions between related individuals and other members of society [reviewed in Refs
206,211]. Hence, the more inclusive kinship theory may apply to imprinted genes without
obvious relevance to simple maternal-offspring conflict. For animals that group together for
warmth, such as emperor penguins and species with large litters, this might include genes
that govern “huddling” behavior in addition to metabolic processes, such as thermogenesis
[reviewed in Ref. 212]. Furthermore, parental investment in higher mammals is not limited
to perinatal development, but includes courtship and mating; these complex interactions
may explain why some genes that affect sexual behavior may also be imprinted. One such
gene is the paternally expressed Peg3, which not only regulates suckling behavior in mouse
pups but also olfactory-dependent maternal instincts (such as licking and grooming of
pups) and male sexual behavior [213-216]. Because Peg3 is involved in complex co-adaptive
interactions that are beyond the scope of maternal-offspring conflict, the kinship theory
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has been challenged with the co-adaptation theory [217,218]. The co-adaptation theory has
also been proposed for unexpected patterns of imprinted expression, such as the apparent
preponderance of maternally-expressed genes [219]. However, since the kinship theory is
not limited to maternal-offspring interactions but involves all interactions between related
individuals [206], the co-adaptation theory may not be that dissimilar to the kinship theory.

Theories based on organismic interactions also predict genomic imprinting to occur in
species that make significant maternal contributions to their young during gestation

and postnatal development, such as the placental (therian) mammals. Indeed, genomic
imprinting is characteristic of viviparous therian mammals [reviewed in Ref. 200] and
apparently lacking in egg-laying (oviparous) animals, including monotreme mammals [191]
and birds [19]. However, viviparity is also characteristic of certain placental fish and reptiles
[reviewed in Ref. 220], which so far have not been associated with genomic imprinting
[reviewed in Refs 188,189]. Comparative analyses in teleost fishes (which include both
oviparous and viviparous species) have linked placental development with positive selection
at the Igf2 locus, which supports the notion that genomic imprinting is coincident with
placental evolution [192]. However, the apparent lack of genomic imprinting in monotreme
mammals - which have primordial placentas yet lay eggs — suggests that a stronger link may
exist between genomic imprinting and viviparity [reviewed in Ref. 200].

Oviparity has also been linked to primordial imprinting mechanisms. Orthologs to imprinted
mammalian genes (complete with CpG islands) occur in many egg-laying fish, such as
zebrafish [221], puffer fish [222,223], and goldfish [194]; however, conservation is rather poor
in terms of synteny (chromosomal position) [190,222] and differential methylation [194,223].
The biallelic methylation patterns in fish orthologs may be explained in part by Dnmt3L, the
cofactor in primary imprint establishment in mouse [41]. Dnmt3L is conserved among therian
mammals [224] but lacking in animals that do not genomically imprint, such as monotremes
[225], fish, and birds [224]. Interestingly, though zebrafish lack Dnmt3L, they can differentially 367
methylate exogenous transgenes according to parent of origin [226]. Furthermore, the CpG
island near the goldfish Igf2 gene is hypermethylated in goldfish sperm but not in eggs; this
mirrors the methylation patterns of mammalian orthologs, though differential methylation is
not maintained zygotically in goldfish [194]. Together with the reduced viability of uniparental
zebrafish [227] and goldfish [228], both of which are oviparous, these data suggest that a
primordial form of genomic imprinting exists in fish — and is not strongly correlated with
viviparity or placentation. In addition to fish, other invertebrate genomes (such as chicken and
frog) contain orthologous arrays with varying degrees of synteny with mammalian imprinted
loci; this suggests that primordial imprinting mechanisms existed in a common vertebrate
ancestor prior to mammalian divergence [190].

Mechanistic Models of Genomic Imprinting

It is important to note that the organismic conflict-based theories seek to explain the parent-
specific expression patterns of imprinted genes, as well as to justify their natural selection
during evolution; they do not explain how or why the mechanisms of genomic imprinting
arose. This aspect of the kinship theory is sometimes interpreted as a weakness. However, the
kinship theory assumes preexisting mechanisms and proposes selective pressures to impart
allele specificity on these mechanisms; it does not actually attempt to explain their origins
[206]. Mechanistic models of genomic imprinting address these fundamental processes.

One such model proposes that genomic imprinting evolved from a primitive host-defense
mechanism [229,230]. In many species, this manifests as methylation and silencing of foreign
nucleic acids, endogenous transposed DNAs, and repetitive elements [229]. Unlike conflict-
based theories, the host defense hypothesis does not consider the biological functions of
imprinted genes or species-specific reproductive features. Rather, it correlates imprinting with
distinguishing genomic features and mammalian divergence [reviewed in Ref. 195].
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Molecular and genomic evidence for this hypothesis again centers on Dnmt3L. This
component of the de novo methylation machinery not only establishes germline-specific
imprints in mammals [41], but also silences retrotransposons and repetitive DNA sequences
[49]. Cross-species genome comparisons also support the link between retrotransposon
silencing and imprinting, as Dnmt3L is present in therian mammals [224] but lacking in
monotremes, fish, and birds [224,225]. Interestingly, most de novo methyltransferases are
highly conserved between mice and humans (at least 80% identical), yet the Dnmt3L protein
sequence is highly divergent (<60% identical); this rapid rate of evolution is consistent

with a role in host defense [231].

Recent comparative genome analyses also support the notion that genomic imprinting is
an incarnation of a primordial host defense mechanism against retrotransposons. Paternally
expressed 10 (Peg10) belongs to the sushi class of retrotransposon-derived genes that have lost
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The Peg10locus (not drawn to scale), which correlates genomic imprinting with retrotransposition and genome expansion
during vertebrate evolution. (A) In teleost fish, SGCE lies adjacent to the PPP7R9A gene. (B,C) This intergenic region is
expanded in avian (bird) and prototherian (monotreme) genomes by retrotransposon-derived short and long interspersed
elements (SINES and LINES), indicated by the short gray vertical lines. (D,E) In metatherian (marsupial) and eutherian
mammals, the acquisition of the Peg70 gene is coincident with imprinted paternal expression (solid arrow below the

line) and maternal methylation (black circle). This novel imprinted gene is associated with increased long terminal

repeat (LTR)-like sequences (short black lines), which are also indicative of retrotransposition. (E) In eutherians

(humans and most contemporary mammals), SGCE is also imprinted; this is coincident with further genome expansion.
[Adapted from Ref. 234].
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the ability to transpose in mammals, which presents a link between genomic imprinting and
retrotransposon silencing [232,233]. Pegl0 and the neighboring sarcoglycan epsilon (Sgce)
gene are imprinted with paternal-specific expression in eutherians (mice and humans);
however, the Peg10 gene is conspicuously absent in the non-imprinted homologous region
in platypus (Fig. 22.8), which correlates its retrotransposition into the therian genome

with genomic imprinting [234]. Moreover, Peg10 is imprinted in a marsupial (the tammar
wallaby) but Scge is not (Fig. 22.8). This suggests that Peg10 acquired differential methylation
and primordial imprinting upon retrotransposition [234]. Compared to imprinted domains
in therians, orthologous monotreme regions also have fewer repeat elements; thus, genomic
imprinting coincides evolutionarily with retrotransposition and the accumulation of
repetitive sequences in therian genomes [235].

The genomic evidence strongly correlates imprinting with increased retrotransposition
during therian divergence. This implicates a host-defense origin for genomic imprinting
mechanisms, yet does not address why certain alleles are preferentially expressed based on
parent of origin. This may be better resolved with organismic models, such as the kinship
theory; however, the host defense hypothesis may also provide underlying mechanisms

for allele-specific silencing. The primary imprint in the male germline requires repeat
elements in paternal DMRs [42,43] and is coincident with retrotransposon silencing by
Dnmt3L [49]; thus, it is possible that Dnmt3L expression in the male germline targets the
retrotransposon-like characteristics of DMRs. Conversely, maternal germline imprints appear
to require transcription from oocyte-specific alternative promoters [45], which may also

be of retrotransposon origin. This is supported by the regulatory role of retrotransposons

in oocyte-specific transcription [184]. Since Dnmt3L-mediated retrotransposon silencing
appears to be limited to the male germline [50], this may explain the abundance of
retrotransposon-derived transcripts in the oocyte. Nonetheless, it remains unanswered why
genes should be monoallelically expressed at all - whether they are silenced randomly or 369
in a parent-dependent fashion. This question is addressed with reductionist theories of
genomic imprinting,.

Reductionist Models of Genomic Imprinting

Considering the purported genetic advantages of diploidy [1], it is perplexing for autosomal
genes to be hemizygous - or expressed from just one allele - in diploid organisms.
Reductionist theories of genomic imprinting address this paradoxical nature of genomic
imprinting. These hypotheses not only apply to imprinted genes, which number around
125 according to several online databases (Table 22.2), but also to autosomal genes that are
subject to stochastic (random) monoallelic expression. This includes genes in the immune
and odorant systems that are randomly silenced via allelic exclusion [reviewed in Refs
96,236,237], as opposed to genes on the X chromosome that are silenced to achieve dosage
compensation. Random monoallelic expression is a widespread phenomenon; according to
a recent genome survey, 5-10% of autosomal genes — or well over 1000 - may be randomly
expressed from only one allele at any given time [238]. While genomic imprints are set

in the germline, random monoallelic expression is a zygotic process; however, similar
mechanisms are used in either imprinted or random allelic silencing, which suggests that the
two processes are related [reviewed in Ref. 96]. The prevalence of monoallelic expression -
imprinted or random - implies that it may serve some sort of evolutionary purpose.

It is generally agreed that hemizygosity increases the evolvability of a particular locus,
and hence the adaptability of the overall population [217,239,240]. Because diploidy
may mask both deleterious and beneficial mutations, functional haploidy may quickly
eliminate undesirable recessive traits while simultaneously promoting beneficial
mutations. In complex multicellular organisms, monoallelic expression of multiple loci
may combinatorially increase phenotypic variability and facilitate adaptive responses.
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TABLE 22.2 Select Online Databases of Imprinted Genes

Database Taxonomic Group(s)

Brain Imprinted Source Tables | Cardiff University Mouse (brain)
http://www.bgg.cf.ac.uk/imprinted_tables

Catalog of Parent of Origin Effects | Otago University Human, mouse, rat, cow, pig,
http://igc.otago.ac.nz sheep, marsupial, monotreme
Geneimprint | Duke University Human, mouse, rat
http://www.geneimprint.com

Genomic Imprinting | MRC Harwell Mouse
http://www.har.mrc.ac.uk/research/genomic_imprinting

WAMIDEX | King’s College London Mouse

https://atlas.genetics.kcl.ac.uk/atlas.php

This is plainly illustrated by the broad range of highly specific receptors generated via
allelic exclusion in the immune and olfactory systems [reviewed in Ref. 241]. Monoallelic
expression is even characteristic of Drosophila odorant receptor genes, which are unrelated
to vertebrate olfactory genes [reviewed in Ref. 242]. Thus, monoallelic expression is
fundamental to adaptive processes, and may in fact be evolutionarily advantageous.

Because hemizygosity is so widespread, one might speculate that it reflects the economic
costs associated with maintaining diploid genomes. Heterozygosity may be genetically
advantageous; however, for a multicellular organism, the benefits of diploidy must outweigh
the costs of replicating or expressing two copies of a locus in every single cell. An analogy
can be made using one of the simplest model organisms, the bacterium Escherichia coli. It is
a widely known fact that E. coli cultures only retain plasmids if they confer some selective
advantage, such as antibiotic resistance; if there is no selective pressure, then cells without
plasmids are at a growth advantage because they do not expend resources replicating
extraneous plasmid DNA [243]. More primitive forms of genomic imprinting, such as
paternal genome elimination in mealybugs and fungus gnats [reviewed in Refs 25,185],
might illustrate this extraneous nature of duplicate genomes. In higher eukaryotes, the need
to repress superfluous DNA is demonstrated by the targeted methylation and silencing

of duplicated genes [244,245]. Gene silencing is also a fundamental property of complex
multicellular organisms [95], and it is estimated that less than 10% of mammalian genes are
transcribed at any given time in differentiated cell lineages [148]. Thus, it should not come as
a surprise that monoallelic silencing is a widespread phenomenon. In the most basic model
of genomic imprinting, monoallelic expression may simply represent an economical means
of maintaining a diploid genome. Whatever the rationale, monoallelic expression may be
subject to additional selective pressures that determine random or allele-specific silence.

One common limitation of reductionism is that it may not adequately accommodate
complex systems or concepts [246]. Indeed, neither the mechanistic nor reductionist
models presented here can fully account for the parent-specific expression that is central to
genomic imprinting, which is best explained by the organismic kinship theory. Nonetheless,
the mechanistic theories provide insight into the origin of genomic imprinting processes,
and, as with many reductionist theories, those presented here may serve to facilitate the
understanding of this complex phenomenon. Most importantly, none of these theories are
mutually exclusive, and may serve complementary functions in deciphering the complex
phenomenon of genomic imprinting.

CONCLUSION

Genomic imprinting was once perceived as a bizarre characteristic of plants, insects, and a
handful of mammalian genes; it has since become the focus of intensive research, which
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has produced numerous implications for development, disease, and evolution. Genomic
imprinting may also explain the long-standing mystery of reciprocal interspecies hybrids,
which produce progeny with dramatically different phenotypes. For example, crossing

a male tiger with a female lion produces a tigon, which is about the same size as either
parent; however, the reciprocal cross produces a liger, which is known for its great size [247].
Another notable example is the mule, a hybrid of a male donkey and a female horse. It has
been known for millennia that the hinny, which is the lesser-known reciprocal hybrid, differs
remarkably in appearance from the mule [248]. Genomic imprinting is now known to
underlie the inequality of reciprocal hybrid crosses [reviewed in Ref. 249].

In just three decades, the number of known imprinted genes in mice and humans has

grown from three to over 100. In the past, most imprinted genes were recognized based on
measurable phenotypes or by association with previously known imprinted genes; however,
newer genome-wide analyses may predict novel imprinted genes based on expression profiles
or even DNA sequence characteristics. Conservative estimates suggest that up to 150 or so
additional imprinted genes exist [250,251]. Recent genome-wide analyses have also revealed
complex patterns of imprinting that manifest over multiple generations, and depend not just on
parent of origin but also on other imprinted alleles [210]. Thus, more finely tuned approaches
may identify additional candidates - particularly those with expression profiles that are more
complicated than the traditional binary (on-or-off) definition of genomic imprinting.
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Abstract

Insulin-like growth factor II (IGF2) is perhaps the most intricately regulated of all growth factors characterized to date. Its gene is
imprinted — only one allele is active, depending on parental origin — and this pattern of expression is maintained epigenetically in almost all
tissues. IGF2 activity is further controlled through differential expression of receptors and IGF-binding proteins (IGFBPs) that determine
protein availability. This complex and multifaceted regulation emphasizes the importance of accurate IGF2 expression and activity. This
review will examine the regulation of the /GF2 gene and what it has revealed about the phenomenon of imprinting, which is frequently
disrupted in cancer. IGF2 protein function will be discussed, along with diseases that involve IGF2 overexpression. Roles for IGF2 in sonic
hedgehog (Shh) signaling and angiogenesis will also be explored.
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Table 1

A brief history of the insulin-like growth factors (IGFs)

1912 Albert Schaefer coins the term ““insulin” for a substance in blood that controls glucose metabolism [2]

1913 The landmark article “Artificial activation of the growth in vitro of connective tissues” is published [1]

1957 Serum is found to contain “‘sulfation factor activity” (SFA), which mediates the effect of growth hormone (GH) on sulfate uptake
by cartilage [3]

1963 The insulin-like factor in human serum, that is not neutralized by anti-insulin antibodies, is given the term ‘“‘non-suppressible
insulin-like activity” (NSILA) [4]

1972 Because SFA and NSILA have similar (if not identical) activities, the term ‘“‘somatomedin” is proposed to denote the ability to
promote somatic growth [5]

1973 “Multiplication-stimulating activity” (MSA), which induces proliferation of chicken embryo fibroblasts, is found in rat liver
cell-conditioned media [6]

1976 NSILA is sequenced and found to be two distinct proteins, similar to human and tuna fish insulin. They are named IGF1 and IGF2 [7]

1981 MSA is purified, sequenced, and found to differ from human IGF2 by only five amino acids. Thus, MSA is designated as rat IGF2 [8]

1987 The IGF nomenclature is adopted to denote SFA, NSILA, somatomedin, and MSA [9]

Carrel was mistaken that this finding would have no
practical application—rather, it pioneered the discipline
of tissue culture and the widespread use of serum to support
in vitro cell growth. He was right, however, that this
“activating power”” would eventually lead to the discovery
of growth factors, many of which were isolated and
characterized in the decades that followed. Two of these
factors, which were structurally similar to insulin, had many
effects on cell growth and differentiation. In 1987, after 30
years of confusing nomenclature, these proteins were
designated as insulin-like growth factor I (IGF1) and
insulin-like growth factor II (IGF2) (Table 1).

The IGFs regulate cell growth and differentiation in
many species. The anabolic functions of growth hormone
are largely mediated by IGF1, which designates IGF1 as a
major determinant of somatic growth [10]. Rare mutations
in the human /IGF1 gene lead to severe growth inhibition
and mental retardation [11]. /gf1-null mice are born at 60%
of normal birth weight, and the few that survive to
adulthood are less than one-third the size of normal mice
[12,13]. On the other hand, IGF2 is virtually dispensable
for post-natal development in mice, since Igf2 expression
is almost entirely limited to the embryo in rodents [14]. At
birth, Igf2-null mice are also growth-impaired but are
otherwise normal, and subsequent growth proceeds at
normal rates [13].

These studies support a somewhat redundant role for
IGF2; furthermore, its designation as the ‘“‘second” IGF
seems to have relegated it to a lesser role than IGFI.
However, IGF2 is the predominant IGF in adult humans
(reviewed in Ref. [15]), and inappropriate IGF2 expression
is implicated in a growing number of diseases (reviewed in
Ref. [16]). The importance of IGF2 is highlighted by its
complex and multifaceted regulation. The gene that codes
for IGF2 is imprinted such that only one allele is expressed,
depending on parental origin [14]. Besides the intriguing
mechanisms that surround its imprinted expression, IGF2 is
further modulated by a concert of differentially expressed
proteins and receptors that determine IGF availability
(reviewed in Ref. [17]). This review will examine the
complex epigenetic regulation of the /GF2 gene and provide

a broad introduction to IGF2 signaling. The ability of IGF2
to stimulate cell proliferation and differentiation will be
reviewed, which will lead to a discussion on its involvement
in various cancers and other diseases. The angiogenic
functions of IGF2 will be addressed, and conclude with a
proposal that IGF2 is a key mediator facilitating the
angiogenic activity of sonic hedgehog (Shh).

2. The IGF2 gene
2.1. Epigenetic regulation of 1gf2

Igf2 is widely expressed during murine embryonic
development, and is particularly important in placental
growth [18]. As with many genes that regulate placental
development, Igf2 is imprinted, or expressed monoalleli-
cally, and active only on the paternally inherited allele. Igf2
is highly expressed in the mouse embryo, but levels decline
dramatically after birth; in adult mice, Igf2 transcripts are
detectable only in the choroid plexus and leptomeninges,
where expression is biallelic [14]. IGF2 is also imprinted in
humans, but is expressed biallelically in the choroid plexus,
leptomeninges, and perhaps the developing retina [19].
However, human IGF2 is also expressed in the adult, with
transcripts arising from an adult-specific promoter [20]. The
corresponding region in the mouse Igf2 gene contains two
pseudo-exons and what appears to be a remnant of this adult-
specific promoter which may explain why Igf2 expression
ceases after birth in mice but not in humans [21].

Almost all known imprinted genes occur in clusters with
one or more reciprocally imprinted genes (reviewed in Ref.
[22]). The mouse Igf2 gene lies on the distal region of
chromosome 7 with the oppositely imprinted, non-coding
gene HI19. Igf2 and H19 share a set of enhancers that act on
either gene, depending on parental origin. In eukaryotic
DNA, promoters generally harbor regions dense with CpG
dinucleotides, which are targets of methylation. These
“CpG islands™ are often methylated in inactive promoters.
On the paternal chromosome, the H/9 promoter region is
methylated and inactive; this methylation and expression
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Fig. 1. (A) Model of imprinted regulation at the Igf2-H19 locus. Adapted from Ref. [25]. (B) Model of allele-specific repression in X chromosome inactivation
by CTCFE. Adapted from Refs. [26-28]. DMR: differentially methylated region. Lollipops: methylated CpGs. X; and X,: inactive and active X chromosomes,

respectively.

pattern is passed on when cells divide. Because this
inheritance of gene expression patterns is achieved without
altering the DNA sequence, it is called epigenetic.

The Igf2 promoter is not methylated on the maternal
chromosome, so another mechanism must account for
silencing /gf2. Several kilobases (kb) upstream of the H19
promoter is a differentially methylated region (DMR) that,
when deleted, reactivates Igf2 on the maternal chromosome
[23]. This region, also called the imprinting control region
(ICR), was found to harbor binding sites for CCCTC binding
factor (CTCF), an insulator protein that demarcates active
and inactive chromatin domains (reviewed in Ref. [24]).
Methylation of the CG-rich CTCF binding sequence
prevents CTCF binding. Thus, on the paternal chromosome,
the DMR/ICR is methylated, CTCF is excluded, and
the enhancers act on the Igf2 promoter. Conversely, on the
maternal chromosome, CTCF forms a chromatin insulator
that blocks the enhancers from activating Igf2 (Fig. 1A).

2.2. Igf2 imprinting as a model of allele-specific
repression

Murine Igf2 was the first gene found to be imprinted, and
has served as a model of allele-specific gene repression—the
most extreme example being X chromosome inactivation,
where one X is silenced in each somatic cell of XX female
mammals to equalize gene dosage with XY males [29]. Igf2
imprinting and X chromosome inactivation are the most
well-studied mechanisms of epigenetic regulation, and the
parallels between these mechanisms give insight into the
epigenetic alterations that are abundant in cancer.

X chromosome inactivation generally occurs in a random
fashion and silences either X; however, in some mammals
and in certain tissues of others, the paternal X is always
silenced. In either random or imprinted X chromosome
inactivation, the X that is destined to be silenced expresses
the non-coding Xist RNA, which covers the chromosome
and mediates silencing (reviewed in Ref. [30]).

Xist lies in a region called the X inactivation center (XIC)
along with another non-coding gene, Tsix, which is
transcribed antisense to Xist and expressed on the active X

chromosome [31]. Not long after CTCF was shown to regulate
imprinting at the Igf2/H19 locus, a similar mechanism was
found at the Xist/Tsix locus. In a region implicated in
controlling both random and imprinted X chromosome
inactivation, functional methylation-sensitive CTCF binding
sites were identified (Fig. 1B). This region was later found to
contain developmentally specific enhancers [28] and to be
differentially methylated in vivo [27]. CTCF has since been
demonstrated to control imprinting at several other gene
domains, and putative binding sites have been discovered in
several other imprinted loci [32]. However, not all imprinted
genes contain functional CTCF binding sites. It is proposed
that another multifunctional transcription factor, yin yang 1
(YY1), functions as a methylation-sensitive insulator that
mediates allele-specific gene activation or silencing at some
loci. YY1 has been found to control imprinting at the human
SNURF-SNRPN locus within the Prader—Willi syndrome and
Angelman syndrome locus, and the PEG3, Gnas, and Nespas
genes ([33] and references therein). Interestingly, it was
reported recently that YY1 is a cofactor for CTCF in X
chromosome inactivation [34]. Because both CTCFand YY1
are ubiquitously expressed, it is possible that tissue- and
developmentally specific imprinting of Igf2 is accomplished
through a combination of these factors.

The similarities between Igf2/H19 and Xist/Tsix regulation
have additional implications for other regulatory mechanisms
that may be aberrant in cancer. The X chromosomes initiate
silencing after forming a transient interchromosomal complex
(reviewed in Ref. [30]). This pairing phenomenon has also
been observed with the Igf2/HI19 region, in which CTCF
mediates interchromosomal colocalization and induces trans
effects on a non-homologous chromosome [35]. Interchro-
mosomal pairing may increase the frequency of mitotic
recombination, which can account for both heritable and
sporadic mutations [36]. Because CTCF mediates inter-
chromosomal pairing of the IGF2/H19 region, it may very
well facilitate such mitotic recombination events. X
chromosome inactivation has also drawn attention in the
field of cancer research with the recent discovery of X-linked
tumor suppressor genes; when mutated, these can lead to
hemizygosity in males and skewed X inactivation in females
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(reviewed in Ref. [37]). One gene, FOXP3, codes for a
forkhead family transcription factor that represses the HER-2/
ErbB2 oncogene [38]. Interestingly, the forkhead transcrip-
tion factors are targets of the PI3-kinase pathway, which is
activated by IGF signaling (reviewed in Ref. [39]). The other
X-linked tumor suppressor, WTX, is frequently inactivated in
Wilms’ tumor, a disease also associated with disrupted IGF2
imprinting [40].

X chromosome inactivation can have other implications
for Igf2/H19 regulation as well. There is mounting evidence
that non-coding (especially antisense) RNAs regulate allele-
specific gene expression (reviewed in Ref. [30]). Multiple
sense and antisense transcripts have been detected in the
mouse Igf2 5’ region, and the major antisense transcript,
Igf2AS, is paternally expressed and non-coding [41]. An
antisense message transcribed from a homologous region
near human /GF2 encodes a putative 273-amino acid protein
of unknown function [42]. It remains unclear whether
IGF2AS regulates IGF2 or H19 imprinting; nonetheless, it
may have biological importance. In Wilms’ tumor, IGF2AS
is highly expressed and demonstrates sporadic loss of
imprinting [42,43]. As stated before, disrupted IGF2
imprinting is implicated in a number of diseases, and
may be attributed to increased gene dosage and subsequent

increases in IGF2 signaling, which will be discussed in the
following section.

3. The IGF2 protein
3.1. IGF system overview

The IGFs signal primarily through the type I IGF receptor
(IGF1R), but there is significant crosstalk between the IGF
and insulin systems as certain variants of the insulin receptor
(IR) have been shown to bind IGFs (Fig. 2). The
alternatively spliced IR-A isoform, which is expressed
predominantly during embryogenesis [44], binds insulin and
IGF2 (but not IGF1) with high affinity [45]. IGF2 can also
stimulate insulin-like metabolic responses by binding the
classical IR-B isoform; furthermore, functional heterodi-
mers can form between IGFIR and the IR isoforms
(reviewed in Ref. [46]). Thus, tissue-specific effects of
insulin and the IGFs may be accomplished through
differential expression of the receptors and receptor hybrids.
Though IGFIR is activated more efficiently by IGF1 [47],
the ability to signal through IR potentially gives IGF2 a
broader range of biological functions than IGF1.
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Fig. 2. Overview of the insulin/IGF system. IR exists in two isoforms: IR-A and IR-B. IR-B is responsible for the classic metabolic responses induced by
insulin, and also binds IGF1 and IGF2 with low and intermediate affinity, respectively. IR-A has high affinity for insulin and IGF2, and binds IGF1 with low
affinity. IGF1R binds the IGFs to stimulate anabolic activity, and also binds insulin at high concentrations. IR-A/IGF1R heterodimers bind insulin and IGFs with
similar affinity, whereas IR-B/IGFIR heterodimers bind IGF1 exclusively. IGF2R exclusively binds IGF2 and targets it for degradation. Adapted from Refs.

[47,46].

Table 2

IGFBP functions (adapted from Ref. [17])

IGFBP-1 Physiological levels stimulate IGF1 action; molar excess inhibits mitogenic and insulin-like activities of IGF1 and IGF2
IGFBP-2 Inhibitor of IGF-induced DNA synthesis; stimulatory effects on IGF function have also been observed

IGFBP-3 Major carrier of IGFs in serum and modulator of IGF endocrine action; potentiates IGF activity; excessive levels are inhibitory
IGFBP-4 Only IGFBP shown to consistently inhibit IGF action; serum concentration generally low; expression appears to be tissue-specific
IGFBP-5 Inhibitory; association with extracellular matrix (ECM) lowers its affinity for the IGFs, resulting in increased IGF activity
IGFBP-6 Specifically binds IGF2; generally thought to be inhibitory
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IGF2 has high affinity for another receptor, IGF2R, and is
its principal ligand (Fig. 2). However, IGF2R does not
transduce a signal; rather, it serves mainly to limit IGF2
bioavailability by targeting IGF2 for degradation (reviewed
in Ref. [48]). Interestingly, the /IGF2R gene is also imprinted
but it is maternally expressed (reviewed in Ref. [16]).

Whereas insulin circulates freely in the bloodstream, the
IGFs are found in complexes with the IGF-binding proteins
(IGFBPs). Six different IGFBPs have been identified, and
each binds the IGFs with significantly higher affinity than
IGF1R. The expression patterns of the various IGFBPs differ
both spatially and temporally, and they have distinct
activities (Table 2). Thus, IGFBPs are important modulators
of IGF action, availability, and tissue distribution (reviewed
in Ref. [17]). Differential expression of IGFBPs, as well as
differential expression of IGF receptors and receptor
hybrids, may govern the cell- and tissue-specific actions
of IGFs.

3.2. IGF2 in cell growth and differentiation

IGF1 and IGF2 are well known for their mitogenic
activities. Almost all cell types express IGF1R, so the IGFs
can stimulate growth and differentiation in many tissues
(reviewed in Ref. [49]). Upon binding to IGFIR, the IGFs
trigger the receptor tyrosine kinase activity, which leads to
phosphorylation of itself and its major substrate, the insulin
receptor substrate 1 (IRS-1). Phosphorylated IRS-1 can
activate the Ras/Raf/MAPK and PI3-kinase/Akt cascades,
and depending on the cell type, stimulate proliferation,
differentiation, or both (reviewed in Ref. [50]). PI3-kinase
activation can lead to anti-apoptotic signals, and compo-
nents of this pathway are frequently amplified or mutated in
cancers (reviewed in Ref. [51]).

The role of IGF2 in muscle development has been studied
extensively. IGF2 is upregulated early in MyoD-induced in
myocyte differentiation, and signals in an autocrine loop to
activate PI3-kinase and Akt [52]. IGF2 inhibition leads to
reduced expression of MyoD target genes, which suggests
that IGF2 is essential for amplifying and maintaining MyoD
efficacy [53]. IGF2 is also essential in bone development,
where it promotes proliferation and differentiation of bone
cells. Down-regulation of IGF2 most likely accounts for the
decrease in bone mass observed with cortisol use [54]. Thus,
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IGF2 has great therapeutic potential in wound and fracture
healing.

Growth in the developing mouse embryo is largely
governed by IGF2. When a targeted Igf2 deletion is
transmitted paternally, mouse embryos inherit only the
inactive maternal allele and are born runted [14].
Conversely, IGF2 overexpression, achieved by disrupting
the inhibitory Igf2r [55], by deleting HI9 [56], or by
transactivating Igf2 [57], leads to fetal overgrowth and
malformations with characteristics that resemble Beckwith—
Wiedemann syndrome (BWS, discussed below).

4. IGF2 and disease
4.1. Loss of IGF2 imprinting

IGF2 is regulated precisely to ensure monoallelic
expression in most tissues [19], which emphasizes the
importance of gene dosage. Normal development requires
accurate expression, and many disorders can be attributed
to an abnormally high dose of IGF2 caused by loss of
imprinting (LOI). BWS is one such disease, characterized
by fetal and neonatal overgrowth, and is often accom-
panied by an increased risk of childhood cancers
(reviewed in Ref. [58]). BWS patients almost always
have mutations in the chromosome 11p15.5 region, a large
cluster of imprinted genes that includes IGF2 and p57%'"?
(Fig. 3). Most of these mutations affect imprinting; quite
often, biallelic /IGF2 expression and H/9 methylation are
observed (reviewed in Ref. [16]). BWS usually occurs
sporadically, but in rare familial cases /GF2 LOI may be
caused by deletions of the CTCF binding sites in the
maternal /IGF2/HI19 ICR [59,60].

Disrupted imprinting is perhaps the most common
observation in cancer (reviewed in Ref. [61]), and IGF2
overexpression is a recurring theme. Wilms’ tumor, a
childhood cancer of the kidney, is often associated with
defects in the WT1 gene, which encodes a transcriptional
repressor of IGF2 [62]. Wilms’ tumor is also associated with
mutations in the 11p15.5 region that affect /GF2 imprinting:
altered IGF2 expression accounts for nearly 50% of all cases
of Wilms’ tumor, and /GF2 LOI is found in the vast majority
(90%) of pathological cases [63]. IGF2 LOI has also been
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Fig.3. (A) Normal and (B) BWS gene expression patterns on chromosome 11p15.5. Arrows represent active genes. Lollipops: methylated CpGs. Red octagon:
CTCEF. Asterisks: point mutations. Filled triangles: translocation breakpoints. Open triangles: deletions. Adapted from Refs. [16,59,60].
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observed in many other cancers. Both benign and malignant
breast lesions show biallelic /GF2 expression, and altered
imprinting of /GF?2 has been identified in hepatoblastoma,
lung cancer, cervical carcinoma, rhabdomyosarcoma,
choriocarcinoma, and testicular cancer ([64] and references
therein).

The epigenetic mutations associated with cancer, such
as aberrant methylation or LOI, may magnify the effects
of genetic mutations or even have causal roles. In either
case, epigenetic changes have potential value for
assessing disease risk and prognosis. In a mouse model
of intestinal cancer, where the adenomatous polyposis coli
(Apc) gene is mutated, supplementary Igf2 LOI increases
the incidence of intestinal hyperplasia. The clinical
relevance of this is corroborated by the fact that
patients with /GF2 LOI also have an increased risk of
developing colorectal cancer [65]. Alterations involving
CTCF may also be informative. Elevated CTCF expression
levels have been reported in breast cancer, where it is
postulated to have anti-apoptotic actions [66]. Gene activation
by a CTCF homolog is observed in lung cancer [67,68], and
methylation changes in CTCF binding sites have also been
reported in osteosarcoma [69]. Because epigenetic changes
such as LOI and demethylation are among the earliest events
in cancer progression (reviewed in Ref. [70]), assays for
epigenetic biomarkers may allow for early detection,
prevention, and treatment of cancer.

4.2. IGF2 and other signaling pathways in disease
pathogenesis

Igf2 overexpression sometimes occurs without apparent
LOI or gene duplication. Other factors, such as sonic
hedgehog (Shh), can also transcriptionally activate Igf2. Shh
is a developmental morphogen involved with patterning and
organ specification, and its signaling pathway is mutated in
several diseases (reviewed in Ref. [71]). The Shh cascade
culminates in the activation of Gli, a transcription factor that
induces several target genes (Fig. 4).

Shh has been demonstrated to upregulate /gf2 both in
vitro and in vivo. When mouse mesenchymal cells are
treated with Shh or transfected with Glil, Igf2 mRNA is
upregulated [72]. A Ptc-deficient mutation in mice, which
results in constitutive Gli activation, increases IGF2 protein
levels and also the formation of medulloblastomas and
rhabdomyosarcomas [73]. It is not entirely clear how Shh
induces Igf2 expression. Though putative Gli-binding sites
have been identified in the mouse /gf2 promoter [72], it is not
known whether these sites are functional, or if they exist in
the human VEGF promoter. However, functional Gli sites
have been documented in the human IGFBP-6 promoter
[74]. IGFBP-6 specifically binds IGF2 and is generally
thought to have anti-proliferative properties. Nonetheless,
like most of the IGFBPs (Table 2), IGFBP-6 can have
contrasting activities, and has also been shown to be anti-
apoptotic and tumorigenic (reviewed in Ref. [75]).

IGF2 itself may provide an oncogenic signal in some
systems, such as the mouse mammary gland, where
transgenic Igf2 overexpression induces adenocarcinomas
[76]. In mouse models of rhabdomyosarcoma and medullo-
blastoma, Igf2 alone is insufficient to generate tumors;
however, it can enhance the tumorigenic potential of Shh
[73,77]. Interestingly, tumors often overexpress the IR-A
variant, which binds IGF2 with high affinity; thus,
concomitant IGF2 and IR-A overexpression can potentially
generate an autoproliferative loop [30]. Taken together,
these observations substantiate the hypothesis that IGF2 can
supply the “second hit” necessary for oncogene-induced
tumors [78].

4.3. IGF2 and angiogenesis

Angiogenesis, or blood vessel growth, is another critical
element of tumor progression that may involve IGF2.
Oxygen, nutrients, and metabolic wastes can simply diffuse
in and out of small tumors, but growth beyond a critical size
(1 mm®) requires a vascular network (reviewed in Ref. [79]).
Areas of hypoxia within tumors induce the expression of

Y .
@ Gli tarf—et fenes:

Fig. 4. The Shh signaling pathway. (A) In the absence of signal, the receptor patched (Ptc) is complexed with smoothened (Smo), and Gli exists in a truncated
form that acts as a transcriptional repressor [99,100]. (B) When bound by Shh, Ptc releases Smo, which signals to produce a full-length Gli activator protein. Gli
target genes include Gli, Ptc, and genes involved in proliferation and morphogenesis.
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angiogenic factors, which prompt an influx of vessels from
surrounding tissues. Neovascularization also facilitates the
spread of cancer cells to other tissues; thus, there is a
correlation between high metastatic potential and tumor
vascularity (reviewed in Ref. [80]).

Vascular endothelial growth factor (VEGF) has a central
function in both normal and pathological neovasculariza-
tion, and its expression is upregulated in tumors (reviewed in
Ref. [81]). Hypoxia-inducible factors (HIFs) are principle
mediators of VEGF upregulation, though VEGF mRNA
levels are also increased via message stabilization [82].
Transcriptional regulation also occurs through other cis
elements in the VEGF promoter, and can be instigated by
various growth factors, hormones, and oncogenes (reviewed
in Ref. [83]).

Though studies of the IGFs in vascular development are
limited, IGF2 may participate in angiogenesis through its
ability to upregulate VEGF. In hepatocellular carcinomas
cells, hypoxia-induced VEGF expression is increased by
IGF2, which is itself upregulated by HIFs [84]. Other studies
have suggested that IGF2 signaling upregulates VEGF in
part by increasing HIF levels [85,86]. Because reciprocal
upregulation of IGF2 and HIF has been demonstrated [87],
they may act in synergy to induce VEGF expression. Though
the mechanisms remain unclear, the ability to induce VEGF
accentuates the importance of IGF2 in tumor development.

IGF2 may also be involved in the pathological
neovascularization that characterizes proliferative diabetic
retinopathy (PDR) and retinopathy of prematurity (ROP).
Several studies have implicated IGF1 in retinopathy
(reviewed in Ref. [88]), but IGF2 has been largely
overlooked—despite reports of 10- to 30-fold more IGF2
in the vitreous of diabetic patients than IGF1 ([89] and
references therein). A recent study showed that IGFBP-3
suppressed retinal neovascularization irrespective of IGF1
levels [90], which supported the long-standing notion that
IGFBPs can act independently of IGF signaling through
IGFIR (reviewed in Ref. [75]). However, the potential
contribution of IGF2 needs to be examined—specifically, its
interactions with other receptors (such as IR-A variant) and
whether these interactions are subject to IGFBP regulation.
Clearly, the likely role of IGF2 in retinopathy calls for
further exploration.

4.4. IGF2: the missing link between Shh and
angiogenesis?

In recent years, Shh has been identified as an angiogenic
factor. Studies in zebrafish reveal vascular defects in Shh-
mutant embryos [91,92], and place Shh upstream of VEGF
signaling during arterial differentiation [93]. The cascades
induced by Shh also appear to regulate vessel formation in
mammals. In the mouse embryo, Indian hedgehog (Ihh), a
Shh homolog, has been suggested to be critical for early
vasculogenesis [94,95]. In Shh-deficient mice, the develop-
ing lung is poorly vascularized [96]; conversely, Shh

overexpression in the neural tube results in hypervascular-
ization [97]. Shh can also induce angiogenic factors
(including VEGF) and promote neovascularization in adult
mice [98]. Thus, vessel formation may depend on the ability
of Shh to induce VEGF. Though the exact mechanism
remains elusive, it may very well involve IGF2, which is a
downstream target of the Shh cascade [72] and has a
demonstrated ability to synergize with Shh [73,77]. More-
over, IGF2 has also been shown to induce VEGF [84-86].
Thus, IGF2 may mediate the angiogenic effects of Shh, and
provide the critical link between Shh and VEGF.

5. Conclusions

Though interest in IGF2 has been somewhat skewed
towards the study of gene regulation and imprinting, it is
likely to attract attention from other fields as studies
implicate IGF2 in an increasing number of diseases. The
complexity of IGF2 regulation indicates that overexpression
can occur at multiple levels. Since IGF2 is pivotal in many
developmental and pathological processes, its multifaceted
regulation presents a number of potential therapeutic targets.

Because imprinting defects are now recognized as
common in the pathogenesis of cancer, the mechanisms
surrounding /GF2 imprinting are likely to gain interest as
well. Perhaps the most thoroughly studied of known
imprinted genes, /GF2 has yielded valuable insight into
other epigenetic gene regulatory mechanisms—namely X
chromosome inactivation, which also gained significance
with the discovery of X-linked tumor suppressors (reviewed
in Ref. [37]). These studies highlight the multifactorial
nature of cancer, in which IGF2 may have a pivotal role.
More importantly, they suggest that imprinting and X
inactivation are not just interesting epigenetic phenomena,
but have considerable functional relevance.
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ments for the complex pattern of transcrip-
tional regulation of the py235 genes remain to
be elucidated. Py235 proteins have previous-
ly been shown to be involved in red blood
cell invasion. Because a subset of these pro-
teins is expressed in the sporozoite and is the
target of antibodies that inhibit hepatocyte
invasion, these proteins may be important in
the recognition and/or invasion of the mos-
quito salivary glands and the liver. Merozo-
ites released from both the liver and the
infected erythrocyte invade red blood cells,
so the need to express a distinct set of py235
genes in the infected hepatocyte is puzzling.
This differential expression of py235 in the
hepatic schizont reinforces the idea that the
obligatory passage of the parasite through the
liver not only amplifies the number of para-
sites injected by the mosquito but also pre-
adapts the parasite to invade red blood cells.
The presence of distinct rhoptry proteins in
the sporozoite and the liver-stage malaria par-
asite may form the basis of an efficient vac-
cination strategy to target these pre-erythro-
cytic—stage parasites, which are present in
small numbers and are at their most vulner-
able. Conserved regions of the rhoptry pro-
teins that are the target of protective immune
responses may also form the basis of a vac-
cine against both pre-erythrocytic— and eryth-
rocytic-stage parasites.
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CTCF, a Candidate Trans-Acting

Factor for X-Inactivation Choice

Wendy Chao, Khanh D. Huynh, Rebecca J. Spencer,
Lance S. Davidow, Jeannie T. Lee*

In mammals, X-inactivation silences one of two female X chromosomes. Si-
lencing depends on the noncoding gene, Xist (inactive X-specific transcript), and
is blocked by the antisense gene, Tsix. Deleting the choice/imprinting center in
Tsix affects X-chromosome selection. Here, we identify the insulator and tran-
scription factor, CTCF, as a candidate trans-acting factor for X-chromosome
selection. The choice/imprinting center contains tandem CTCF binding sites
that function in an enhancer-blocking assay. In vitro binding is reduced by CpG
methylation and abolished by including non-CpG methylation. We postulate
that Tsix and CTCF together establish a regulatable epigenetic switch for

X-inactivation.

Dosage compensation ensures equal expres-
sion of X-linked genes in XX females and
XY males. In mammals, this process results
in inactivation of one female X chromosome
(XCI) (/) in a random or imprinted manner.
In the random form (eutherian), a zygotic
counting mechanism initiates dosage com-
pensation and enables a choice mechanism to
randomly designate one active (Xa) and one
inactive (Xi) X [reviewed in (2)]. In the
imprinted form, zygotic counting and choice
are superseded by parental imprints that di-
rect exclusive paternal X-silencing (3, 4).
Imprinted XCI is found in ancestral marsupi-
als (3) but vestiges remain in the extraembry-
onic tissues of eutherians such as mice (4).
An epigenetic mark for random and imprint-
ed XCI has long been postulated (2). The marks
are placed at the X-inactivation center (Xic) (5),
which includes the cis-acting noncoding gene,
Xist (6, 7), and its antisense counterpart, 7six
(8). Xist RNA accumulation along the Xi ini-
tiates the silencing step (9, 10), whereas Tsix
represses silencing by blocking Xist RNA ac-
cumulation (/1, 12). A cis-acting center for
choice and imprinting lies at the 5’ end of Tsix,
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partment of Genetics, Harvard Medical School, Bos-
ton, MA 02114, USA.
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as its deletion abolishes random choice in epi-
blast-derived cells to favor inactivation of the
mutated X (//, 13) and disrupts maternal Xist
imprinting in extraembryonic tissues (/4, 15).
Thus, while imprinted XCI is parentally direct-
ed and random XCI is zygotically controlled,
both work through 7Tsix to regulate Xist.

To date, only X-linked cis-elements have
been identified as XCI regulators. Yet, virtually
all models invoke frans-acting factors which
interact with the X-linked sites. In one model
for imprinted XCI, a maternal-specific trans-
factor confers resistance to XCI (/6). In models
for random XCI, an autosomally expressed
“blocking factor” protects a single X from si-
lencing (2). We have proposed that Tsix is the
cis-target of both frans-factors (11, 14).

To isolate candidate frans-factors, we now
used computational analysis (Fig. 1) to identify
mouse-to-human conserved elements within the
2- to 4-kilobase (kb) sequence implicated in
choice and imprinting (/1, 13-15), a region
including DXPas34 (17). We found that the
region is composed almost entirely of 60— to
70—base pair (bp) repeats with striking resem-
blance to known binding sites for CTCF, a
transcription factor with a 60-bp footprint and
11 zinc fingers that work in various combina-
tions to generate a wide range of DNA-binding
activities (/8). CTCF functions as a boundary
element at the globin locus (/9), regulates en-
hancer access to the H19-Igf2 imprinted genes
(20-23), and associates with CTG/CAG repeats
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Fig. 1. Tandem CTCF-like binding sites in the Tsix imprinting/choice center. (A) Histogram of
conserved human and mouse sites with 0 to 3 mismatches to the CTCF consensus (20, 27). Open
and shaded bars represent two orientations. (B) Alignment of mouse Tsix, H19, DM1, and chicken
B-globin sites. Shading indicates identity with the consensus. (C) Clustering of CTCF motifs. ACpG
(77, 714), ADXPas34 (73), and AA2A1.7 (15). Filled triangles, sites with O to 3 mismatches. Open
triangles, sites in the center with >3 mismatches. Forward sites, gray; reverse sites, black. Tested
CTCEF sites are indicated by red letters.
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Fig. 2. Tsix elements bind CTCF in vitro and in vivo. (A) Gel-shift assay of P32-labeled Tsix oligos
and CTCF protein. Reactions were carried out for 30 min at room temperature with 0.5 to 5.0 pl
in vitro—synthesized CTCF protein (see SDS-PAGE) and 10 fmol double-stranded DNA probes in 20
mM HEPES (pH 7.5), 50 mM KCl, 5 mM MgCL,, 1 mM dithiothreitol, 0.3 mg/ml BSA, 5% glycerol,
0.5% Triton X-100, and 1 g poly-dI:dC before resolution in 5% acrylamide, 0.5X TBE gels at 4°C.
Cold competitors here and below (comp) were added at 200X molar excess. Supershifts were
carried out using normal IgG or COOH-terminal CTCF antibodies (79). Site A, 5'-TGGAGCCTAA-
ACCTGTCTGTCTCT TTACCAGACGCAGGGCAGCCAGAAGGCAGCCAT TCACAATCCAGGAAGACAG-
GAAGGG-3'; site B, GGGGTTGGT TATAAGGCAGGGATTTTAGCGATCTCCCCAGGTCCCTGGCG-
GCGGCAGGCATTTTAGTGATAGCCCAGGTCCCCG; site C, ATTTTGGCTCCAGGACCCAGCAGA-
CATTTTAGTTATTCCTCCGT TATGCGGCAGGCATTTTAACTATCGGT TCGGGACTACGCAGG;  site
D, CAGATCCCCAGTGGCAGACATTTTAGTGATAGCCCAGGTCCCCGGTGGCAGGCATTTTAGTGAT-
AGCCCAGGTCCCCGGTGGCA. H19, MS1 (20). Arrowhead, Tsix DNA-protein complex. (B) An
activity in Hela nuclear extract (1 to 2 pg/reaction) also binds Tsix sites. (C) Mutated CTCF sites
show reduced binding. Mut, mutated; WT, wild type. MutA, 5'-TGGAGCCTAAACCTGTCTGTCTCTT-
TACCAGTAATAGAAT TCATGTAATATATCCAT TCACAATCCAGGAAGACAGGAAGGG-3'; MutB, GG-
GGTTGGTTATAAGGCAGGGATTTTAGCGATCTCCCCAGGTCTAATAGAATTCATGGCATTTT-
AGTGATAGCCCAGGTCCCCG; MutC, ATTTTGGCTCCAGGACCCAGCAGACATTTTAGTTA-
TTCCTTAATAGAATTCATGGCATTTTAACTATCGGTTCGGGACTACGCAGG; MutD, CAGAT-
CCCCAGTGGCAGACATTTTAGTGATAGCCCAGTAATAGAAT TCATGGCATTTTAGTGATAGCCCA-
GGTCCCCGGTGGCA. (D) Unlabeled H19 sites compete against Tsix sites for CTCF. (E) CTCF binds
Tsix in vivo (female fibroblasts) using ChIP analysis as described (28). Immunoprecipitations were
performed overnight at 4°C with anti-CTCF antibodies (Upstate) or normal IgG. Primers pairs
GTGTGTCATAGCTCAAGAGG, GGAGCCTAAACCTGTCTGTC (site A); AATGCT TGCCAGCTATGCGG,
TAACCACCTGTAAGGGACAG (site C).
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BamHI-BamHI (F) 90.2 32.4 0.45
BamHI-BamHI (R) 18.2 7.25 <0.0001
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Fig. 3. The 5' end of Tsix contains enhancer-
blocking activity. (A) The enhancer-blocking assay
(26) for Tsix sites in K562 cells. Sites A, B, and C
are indicated by black boxes. Fragments in both
forward (F) and reverse (R) orientations (“F,"” Tsix
and Neo transcription in same direction) were
inserted between the (3-globin LCR and a neomy-
cin-resistance reporter (Neo). Flanking globin in-
sulators (Ins) protects against position effects
(26). + control, globin insulators (pJC13-1) (26).
(B) Results of enhancer-blocking assay. We trans-
fected 1.5 pmol each of test plasmid and pTK-
Hygromycin (transfection efficiency control).
Neo-resistant colonies were counted 2 to 3
weeks after transfection and normalized to hy-
gromycin-resistant colonies. Three to four exper-
iments were averaged. P-values, unpaired one-
tailed Student’s t test in pairwise comparisons
against the no-insulator control. (C) Enhancer-
blocking activities for sites A, B, C, and mutated B.
Constructs contained 1.5 kb of spacer to maintain
equal distance. P-values, unpaired one-tailed Stu-
dent’s t test in pairwise comparisons against mu-
tated B.

at DM1 (24). Murine Tsix contains >40 CTCF
motifs and the human sequence has >10 (Fig.
1A). Dotplot analysis indicated a contiguous
head-to-tail arrangement of highly homologous
DXPas34 repeats (25). This clustering is rare,
with only three other loci of comparable density
(40 sites per 1629 bp) occurring in 40.4 Mb of
available sequence (ScanACE, http://twod.
med.harvard.edu). The clustering of nine human
elements is not above genome average (test of
933 random 100-kb fragments; random se-
quence selection program, J. Aach). CTCF func-
tion, however, does not require a clustering of
sites (20-23).

To determine if the sites could bind CTCF
in vitro, we performed gel retardation analysis
of representative sites A, B, C, and D (Fig. 1, B
and C). Using in vitro—translated murine
CTCF, we observed a protein-DNA complex at
all sites that was eliminated by unlabeled self-
competitor DNA (Fig. 2A). The complex mi-
grated more rapidly than that formed by H19,
possibly due to differential binding of CTCF
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Fig. 4. CTCF binding is sensi- CTCF HeLa
tive to DNA methylation in Site D H19 A C D
vitro. Gel-retardation analysis ggggc’cmq - t oo

using Tsix probes which were
unmethylated (=), methylated
at CpGs only (+), or methyl-
ated at all C-nucleotides
(++). Cold competitor (CH,-
comp) at 200X was methylat-
ed at all Cs. CpG methylation,
achieved by Sssl methylase
and confirmed by insensitivity
to Hpall or Acil digestion. Non-

CpG methylation, achieved by direct synthesis. Arrow, Tsix DNA-protein complex.

isoforms (Fig. 2A; SDS-PAGE) or differential
DNA bending induced by CTCF (22). Unpro-
grammed lysates did not shift the probe, indi-
cating that the activity was specific to CTCF.
HeLa extracts yielded two bands (Fig. 2B), one
similar to that seen with in vitro—synthesized
CTCEF and one of lower intensity with a mobil-
ity similar to that for A9 (this band was not
always seen, e.g., Fig. 2D). Preincubation with
polyclonal anti-CTCF antibodies blocked com-
plex formation (Fig. 2, A and B). Mutating the
14-bp consensus (20, 21) within the 70-bp sites
reduced binding (Fig. 2C) and unlabeled H79
DNA effectively competed against Tsix for
CTCF binding (Fig. 2D). Thus, CTCF specifi-
cally binds Tsix in vitro.

To test if CTCF binds Tsix in vivo, we
carried out chromatin immunoprecipitation
(ChIP) using anti-CTCF antibodies followed
by Tsix-specific polymerase chain reaction in
female mouse fibroblasts. Because the CTCF
sites are tandemly repetitive, only sites A and
C could be tested. Like the HI9 site [MS2
(20)], both sites were specifically coimmuno-
precipitated with CTCF (Fig. 2E). In contrast,
random loci on mouse chromosome 12
(MT498; www.jax.org) and in Xist (cDNA bp
13,177 to 13,428) did not coimmunoprecipi-
tate (MT498 shown). Thus, CTCF complexes
with Tsix DNA in vivo.

At some loci, CTCF sites act as chromatin
insulators (/9-21). In the established assay, in-
sertion of these sites between the globin LCR
and a neomycin (neo)-resistance reporter results
in fewer neo-resistant K562 colonies (26).
When a 4.3-kb Bam HI-Bam HI fragment con-
taining all the 7six sites was tested, we observed
a dramatic reduction in colony number which
was stronger in the R-orientation (Fig. 3, A and
B). A 1.1-kb Pml-Age I fragment containing
only sites B, D, and DXPas34 also reduced
colony number more strongly in the R-orienta-
tion (Student’s ¢ test, P << 0.0001; ANOVA,
P < 0.0001). This modest orientation-depen-
dent effect is consistent with published reports
(19-23). The greater activity in the Bam HI-
Bam HI fragment might be attributable to addi-
tional CTCF sites outside of DXPas34 or to
possible unmapped 7six promoter activity in the
Bam HI-Bam HI fragment that would be anti-
sense to Neo. Individual sites A, B, and C each

www.sciencemag.org SCIENCE VOL 295

exhibited fewer colonies relative to mutated site
B (Fig. 3C; ¢ test, P < 0.05; ANOVA, P <
0.05). Thus, Tsix can block enhancer-promoter
interaction and insulating activity correlates
with CTCF binding in vitro.

Since CTCF responds to CpG methylation
at some loci (20-22), we tested methylation-
sensitivity at 7six using gel retardation anal-
ysis. Unexpectedly, CTCF binding was only
partially blocked by CpG methylation but
was abolished when non-CpG methylation
was included (Fig. 4). This contrasted with
total inhibition at H/9 by CpG methylation
alone. Relevant to this, H/9 sites contain
three to four CpG’s (20, 21), whereas many
Tsix sites contain zero or one CpG in the
consensus despite being strongly C-rich (Fig.
1B). These findings raised the possibility that
non-CpG- together with CpG-methylation
might regulate CTCF binding to 7six. Nota-
bly, recent bisulfite sequencing has not un-
covered differential CpG methylation in DX-
Pas34 (27). In light of our findings, the meth-
ylation status of non-CpG sites in the CTCF
array will be critical in future work.

In summary, we have identified CTCF as a
binding protein for the cis-acting choice/im-
printing center in 7six. We propose that CTCF
and Tsix coordinately establish the epigenetic
switch for Xist (Fig. 5). Because knocking out
the CTCF array (choice/imprinting center) re-
sults in inactivation of the mutated X (11, 13—
15), we favor a model in which binding of
CTCF designates the future Xa. In this model,
the zygotic blocking factor and the maternal
protective factor work through CTCF to pro-
mote Tsix expression on the Xa. CTCF could
directly stimulate 7six transcription or do so by
default through blocking Xist’s access to un-
identified shared enhancers (20-23). Tsix tran-
scription would in turn block Xist RNA accu-
mulation (/2). On the Xi, CTCF binding is
excluded from Tsix, possibly by methylation
(CH,) of the CTCF array, thereby allowing the
up-regulation of Xisz. In the future, finer muta-
tional analysis and the identification of differen-
tially methylated regions will be required to test
details of the model. Because CTCF is ubiqui-
tous, developmental specificity must be
achieved combinatorially with stage- and locus-
specific factors. Identification of these protein-

Imprinted XCI Random XCI
o ;
parental 5 | counting
cues = choice

& N &

paternal maternal

factor? protective bigztcirrwg

J factor o inactive X
inactive X
CTCF

+

_m \ennancer'é
Xa choice & TSIX .
imprinting

center enhancer?

i

Fig. 5. Model of a regulatable epigenetic switch
created by CTCF and Tsix.
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protein interactions will be instrumental in de-
fining the long-postulated zygotic and maternal
factors.
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