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Imprinted genes are a subset of genes that are expressed from only one of the parental 
alleles. The majority of imprinted genes have roles in growth regulation and are, 
therefore, potential oncogenes or tumour suppressors. Cancer is a disease of aberrant 
cell growth and is characterised by genetic mutations and epigenetic changes such as 
DNA methylation. The mechanisms whereby imprinting is maintained in somatic cells 
and then erased and reset in the germline parallels epigenetic changes that cancer cells 
undergo. This review summarises what we know about imprinting in stem cells and how 
loss of imprinting may contribute to neoplasia. 
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INTRODUCTION AND BROAD OUTLINE 

Mammalian development requires both a maternal and a paternal genome[1,2] due to a phenomenon 
called genomic imprinting in which a subset of genes involved in growth and development are expressed 
from only one parental allele (reviewed in[3,4]). The imprint is established in the primordial germline 
(germ stem cells destined to become sperm or ova) and the memory of these parental marks are 
maintained and read after fertilisation and subsequent development resulting predominantly in 
monoallelic gene expression. Although the epigenetic imprinting mark is set up in the germline, parent of 
origin differential expression does not necessarily occur in all cells and in some cases may be tissue and 
developmental stage specific. This is presumably due to additional acquired chromatin modifications 
during somatic differentiation and differences with which various transcription factors can “read” the 
imprints in different tissues. 

The nature and mechanism whereby the primary epigenetic mark is acquired in the male and female 
germline is still not understood despite the fact that imprinted genes have been shown to have allelic 
differences in DNA methylation and in features of the underlying chromatin such as histone 
modifications, nucleosomal spacing, and chromatin looping. DNA methylation is an adequate marker to 
indicate the presence of an imprint even though it may not necessarily be the primary gametic mark. Most 
imprinted genes have CpG-rich regions where the methylation differs between the parental alleles known 
as differentially methylated regions (DMRs). Some of these DMRs are acquired in the primordial 
germline and others are acquired subsequent to fertilisation. The DMRs function as epigenetic response 
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elements and have diverse roles such as imprinting control regions, boundary elements, silencers, and 
activators[5,6,7,8,9]. Differential histone modifications also occur in imprinted genes at these 
DMRs[10,11,12] and these may serve as signals that mark parental alleles. There is evidence that a 
histone modification on H3 Lys9 (H3-K9) could be an imprinting signal that marks imprinted 
alleles[13,14]. The differences between the parental genomes are then further enhanced in the zygote by 
the preferential association of heterochromatin-associated protein HP1 to the maternal genome, which is 
rich in H3-K9 modifications[15,16,17,18]. The primary gametic imprints are inexplicably resistant to 
genome-wide epigenetic reprogramming events such as global demethylation and de novo methylation 
during early development, and yet they are completely erased prior to establishment of new imprints in 
the germline[19,20]. Silencing of imprinted genes does not require unique chromatin modifiers that differ 
from silencing factors in nonimprinted genes and, similarly, expression of imprinted alleles is not reliant 
on unique transcriptional activation factors. To date, all the biochemical components that have been 
associated with genomic imprinting have further roles in expression and silencing of nonimprinted genes 
and are constituents of the cell’s natural repertoire of regulatory mechanisms (see Table 2 at end of 
paper).  

The consequence of genomic imprinting is that maternal and paternal genomes of mammals have 
different effects on embryonic development. These differences are demonstrated by androgenotes and 
parthenotes. Androgenotes (embryos with an entirely paternal genome) in mice exhibit increased growth 
of the extraembryonic membranes and die at early midgestation. In humans, an embryo with a paternally 
derived genome develops trophoblastic cells that can transform into malignant choriocarcinoma 
(reviewed in [21]). In contrast, parthenotes (embryos with an entirely maternal genome) have retarded 
development and also die before midgestation[22]. Parent-specific gene expression has been proposed to 
be the outcome of an evolutionary conflict between the two alleles at a diploid locus of an offspring over 
how much to demand from parents; thus, the maternally expressed imprinted genes that are growth 
suppressors while those that are paternally inherited promote growth[23]. 

As the majority of imprinted genes are involved in growth regulation, they have an inevitable role in 
neoplasm if they are aberrantly expressed. Loss of imprinting (LOI) results in either biallelic expression 
due to activation of the silent allele or no expression due to suppression of the active allele. Recent 
experiments in mice where imprinted genes were demethylated showed that LOI can predispose cells to 
cellular transformation and tumorigenesis[24], supporting the view that genomic imprinting has a critical 
tumour-suppressor role. It has been shown that maternally and paternally expressed imprinted genes 
confer opposite effects on proliferation, cell cycle length, and senescence of embryonic fibroblast 
cultures[25]. In keeping with the above-mentioned conflict theory, maternally inherited expressed genes 
p57kip2 and M6P/Igf2r retard proliferation while the paternally expressed growth factor Igf2 stimulates 
proliferation.  

To systematically review the role of imprinted genes in cancer, we need to consider the 
developmental windows that are crucial for imprint erasure, establishment, and maintenance and to 
compare the imprinted gene expression profiles of stem cells, differentiated cells, and cancer cells.  

EPIGENETIC CHARACTERISTICS OF STEM CELLS AND CANCER CELLS  

Pluripotential embryonic stem (ES) cells can be derived from the inner cell mass of the blastocyst and can give 
rise to almost all cell types in the body, differentiating into the multipotential primary embryonic lineages of 
endoderm, mesoderm, and ectoderm; each capable of producing several cell types of its particular lineage. 
Pluripotential primordial germ cells (PGCs) originate in the epiblast and migrate to the genital ridge after week 
5–6 in humans (day 6.5 in mice), whereafter they are referred to as gonocytes (Fig. 1). 

Current speculations are that stem cells may represent the cellular origin of cancer, due to their 
quiescent existence over long periods of time. Whether cancers develop from stem cells or whether 
somatic cells are transformed to tumour cells is still under intense debate (reviewed [26,27]). In theory, 
quiescent stem cells can accumulate mutations during the lifetime of an individual, ultimately giving rise 
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to tumours when they start differentiating. A stem cell origin could explain the delay between an effector 
stimulus and the cancer phenotype appearing. Cancer stem cells can potentially reactivate the silent 
germline-specific genes and mediate the malignant phenotype.  

 

FIGURE 1. Ontogeny of imprinting and windows within development in which imprinting can be lost. Oocytes and sperm carry 
parental-specific germline imprints that were established during germ cell development after PGCs had migrated from the 
epiblast to the genital ridge. These imprints are stable and resist the genome-wide demethylation and remethylation that occurs 
after fertilisation during the preimplantation period. Additional somatic imprints are acquired after fertilisation and these, 
together with the germline imprints, are maintained during lineage development. Events that lead to LOI at the preimplantation 
stage are failure to establish the somatic imprints and failure to maintain imprinting. This could result in epigenetic mosaicism 
and, depending on the proportion of cells with LOI, could result in a congenital imprinting defect (such as Prader-
Willi/Angelman syndrome; Beckwith Wiedemann syndrome [BWS]) or lineage-restricted LOI with less-severe developmental 
defects and potential to develop cancers. LOI can also occur after lineage development in somatic stem cells with even further 
lineage restriction. Global remodelling occurs during germ cell development such that imprints are erased and re-established 
according to the sex of the embryo so that the gametes will carry new parent-of-origin germline imprints. Mistakes occurring 
during erasure and establishment of the imprint at this stage will be inherited in the next generation if the gametes with defective 
imprinting contribute to fertilisation.  

A recent model for a polyclonal epigenetic progenitor model of cancer proposes that early epigenetic 
changes in stem cells give rise to cancer in three steps. The first is an epigenetic alteration of 
stem/progenitor cells within a given tissue, followed by genetic mutation of tumour suppressor and 
oncogenes enabling clonal expansion of cells to form benign tumours and primary cancers. The third step 
is genetic and epigenetic instability that leads to tumour evolution[28].  

Shared features between cancer cells and those in the germ cell/gamete/trophoblast differentiation 
pathways include immortalization (involved in transformation), invasion, induction of meiosis (can lead 
to aneuploidy), and migration (contributes to metastasis). Germ cells and cancer cells commonly activate 
growth-promoting genes, silence tumour-suppressor genes, down-regulate the major histocompatibility 
complex (immune evasion), and undergo epigenetic changes such as global DNA hypomethylation of 
repeat-rich sequences, hypermethylation of CpG islands associated with gene promoters of specific genes, 
chromatin alterations, and LOI[29]. In mice, it has been shown that global DNA hypomethylation has a 
causative role in tumorigenesis[30,31]. Genome-wide hypomethylation has been associated with 
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chromosomal instability and higher mutation rates[32]. Shared characteristics between stem cells and 
cancer cells do not necessarily indicate that cancers originate from tumour stem cells and it is also likely 
that genetic alterations in cancer cells activate transformation programmes in which genes normally 
expressed in stem cells are reactivated. Such a transformation program will also necessitate epigenetic 
reprogramming. The reversibility of the epigenetic nature of cells is demonstrated by the restoration, 
albeit infrequent, of pluripotency of a differentiated somatic cell nucleus after it has been transplanted 
back into an oocyte in a process known as somatic cell transfer (reviewed by [33,34]).  

The observation of shared characteristics between germline stem cells and tumour cells plus the 
detection in tumours of a growing number of cancer/testis (CT) antigens that normally appear to be 
present only in germ cells and trophoblasts has led to a concept of gametic recapitulation[35]. Thus, 
during transformation of normal cells to malignancy, normally silent germline expression programmes are 
reactivated. A new CT gene, BORIS (brother of the regulator of imprinted sites), has been demonstrated 
to reactivate the expression of many CT genes and is proposed to play an antagonistic role to CTCF and 
to compete for CTCF binding sites[36,37] (see Table 2). The result of BORIS binding to the CTCF 
recognition sites is to change the methylation status at these sites[37]. BORIS may therefore be a 
candidate factor for a trans effect causing LOI.  

The imprinted status and epigenetic profiles of various types of stem cells and the cancers that may 
develop from these cells are therefore of interest. Human embryonic stem cells derived from in vitro 
fertilised embryos have recently been characterised for expression and methylation status of various 
paternal and maternally expressed imprinted genes[38]. The paternally expressed IGF2, IPW, and 
KCNQ1OT1 genes and the maternally expressed H19, SLC22A18, and NESP55 were shown to be 
monoallelic in these cells suggesting that monalleleic expression patterns are stable in human stem cells. 
Methylation patterns of key imprinting control regions at H19, KCNQ1OT1, and SNRPN DMRs were 
differentially methylated in these cells.  

PRIMORDIAL GERM CELLS, IMPRINTING, AND GONADAL CANCERS 

In mice, it has been shown that after erasure of the imprints in primordial germline, the resetting of the 
imprint (remethylation) of various imprinted genes at different chromosomal loci occurs at different 
stages of oocyte and spermatocyte development, such that the imprints are acquired 
asynchronously[39,40,41]. Monoallelic expression and methylation of imprinted genes (TSSC5, H19, 
IGF2, SNRPN) has been observed in human germ cell lines. These germ cell lines were derived from 
primordial germ cells obtained from the gonadal ridges of 5- to 11-week postfertilization female 
embryos[42]. In these cell lines, IGF2 showed partially relaxed imprinting even though the H19 DMR is 
normally methylated[42].  

Recently, distinct classes of a heterogeneous group of gonadal cancers have been recognised as germ 
cell tumours based on their expression of specific stem cell proteins and indirectly on their imprinting 
status. These gonadal cancers actually have imprinting profiles reminiscent of the normal imprinting 
profile of the proposed germ cell origin of the tumour[43]. Germ cell tumours (types I–V) that arise from 
PGCs can be present in testes, ovary, sacral region, have recently been extensively reviewed by 
Oosterhuis and Looijenga[43] and are summarised below in terms of the imprinting profiles shared with 
their proposed germ cell origins. 

Type I and II germ cell tumours are of interest since they are derived from PGCs, which is where the 
genomic imprint is established. In the majority of these tumours, genomic imprinting is erased or partially 
erased. Indeed, the imprinting status of these tumours enables the identification of the PGC stage from 
which the tumours presumably develop. Type I germ cell tumours occur in neonates and children, and 
typically manifest as teratomas and yolk-sac tumours that occur in the ovaries and testes; sacrococcygeal 
and retroperitoneal regions; the head and neck; pineal and hypothalamic-hypophyseal region of the brain. 
Epigenetically, type I germ cell tumours may have either normal biparental genomic imprints or partially 
erased imprints, indicating that they originated from a more immature PGC than those of type II germ cell 
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tumours in which genomic imprinting is always erased and globally demethylated[43,44,45]. These type 
II germ cell tumours are also often polyploid (triploid and tetraploid) and reminiscent of chromosomal 
instability and LOI in mouse models associated with genome-wide hypomethylation[24,30,46,47]. Types 
III (spermatocytic seminomas) and IV (dermatoid cysts in ovary) germ cell tumours originate in the 
spermatogonium/spermatocyte and oogonia/oocyte, respectively. The imprinting states of these tumours 
range from partially-to-completely paternal in the case of spermatocytic seminomas and partially-to-
completely maternal in the case of ovarian dermatoid cysts[43,45]. Thus in the case of germline tumours, 
the imprinting profiles is merely a feature of the PGC. Hydatidiform moles, on the other hand, are clearly 
an example of imprinted gene expression contributing directly to malignancy. These choriocarcinomas, 
described below, represent type V germ cell tumours since they originate from fertilised ova.  

HYDATIDIFORM MOLES AND CHORIOCARCINOMAS PROVIDE AN INSIGHT INTO 
THE MECHANISMS WHEREBY IMPRINTS ARE ESTABLISHED IN THE GERMLINE 

Complete hydatidiform moles, which are benign gestational neoplasms with the potential to develop into 
malignant choriocarcinomas, are an example of the consequence of suppressing all the maternally 
expressed imprinted genes. Most hydatidiform moles are due to dispermic fertilisation resulting in an 
androgenetic mole and, hence, have predominant paternal imprints. However, biparental hydatidiform 
moles also seem to have loss of maternal imprints. The study of hydatidiform moles may hold the key to 
understanding how the imprint is established in the female germline and how paternally expressed genes 
in the absence of maternally expressed imprinted genes transform cells to undergo rapid trophoblastic 
growth. It will be of further interest to determine which of the paternally expressed genes trigger the 
formation of malignant choriocarcinoma that may arise from molar pregnancies.  

In rare instances, families present with recurrent biparental hydatiform moles presumably due to a 
recessive maternal effect. One such family was thoroughly investigated for methylation of imprinted 
genes and it was found that the mole tissue had a global absence of methylation on imprinted genes that 
are normally methylated on the maternal allele[48]. It is thus likely that the genes mutated in these 
families have a role in establishing the maternal imprint.  

De novo DNA methyltransferases are the most likely candidates for establishing imprints on maternal 
oocytes. Indeed, female mice lacking functional Dnmt3L or Dnmt3a genes also show failure-to-methylate 
imprinted genes that are usually maternally methylated[49,50,51]. This evidence is in favour of Dnmt3a 
and Dnmt3L functioning in the establishment of imprinting in the oocyte, at least, in mouse[49,50,52]. In 
humans, Dnmt3L is not present in oocytes[53]. Moreover, no known DNMT gene has been shown to be 
mutated in families with biparental hydatidiform moles, including the human homologue of an oocyte-
specific isoform of the mouse Dnmt1 gene, DNMTo[54]. Hence, the elusive primary imprinting mark may 
still be a histone modification rather than DNA methylation and, in these families, a histone-modifiying 
enzyme such as a histone methyltransferase may be implicated. The DNMTS have been shown to interact 
with histone deacetylase HDAC1 and may, therefore, mediate silencing independently of their DNA 
methyltransferase activity[52,55]. Changes in DNA methylation influence histone modifications[56,57,58] 
and conversely, histone modifications can affect DNA methylation[59]. Surprisingly, earlier this year, 
Murdoch et al identified mutations within the NALP7 gene in familial recurrent biparental hydatidiform 
moles. NALP7 is involved in inflammatory and apoptotic pathways and there is no obvious functional 
link between NALP7 and imprint establishment[204]. 

In contrast to the gonadoblastomas and hydatidiform moles, most tumours show LOI for only a few 
imprinted genes. Congenital imprinting abnormalities of specific chromosomes that lead to clinical 
syndromes such as Beckwith Wiedemann syndrome also have a higher instance of childhood cancers and 
cancer predisposition in adulthood[3,60,61,62,63]. These diseases have varying molecular aetiologies and 
genotype-phenotype correlations give some clues as to the contribution of LOI to neoplasia and also 
heritable cancer risk.  
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CONGENITAL IMPRINTED SYNDROMES 

LOI can be due to genetic mutation or epimutation, and if these occur in the germline or even very early 
in preimplantation development, they have the potential to underlie hereditary cancer syndromes. 
Congenital diseases that occur due to disruption of imprinting or dysfunction of one or more imprinted 
genes include Beckwith Wiedemann, Silver-Russel, Prader-Willi (PWS), Angelman, Transient Neonatal 
Diabetes Mellitus (TNDM), Albrights hereditary osteodystrophy (AHO), pseudohypothyroidism type 1a 
(PHP-1a), and PHP-1b (reviewed by [64]). Molecular defects both genetic and epigenetic that give rise to 
these syndromes, arise at specific imprinted loci in the germline prior to fertilisation or during the peri-
implantation development. The perimplantation periods are critical for the incorporation of epigenetic 
errors due to the enormous amount of reprogramming that occurs during these phases. The erasure and 
establishment of imprinting of various imprinted genes in the germline has been shown to occur at 
different stages in germline development[39], suggesting that the imprints are possibly established by 
different mechanisms at each locus. This asynchrony makes LOI unlikely at all imprinted genes. LOI 
seems to be an event affecting a single cluster of imprinted genes or even a single imprinted gene. After 
fertilisation at the two pronuclei stage, the maternal and paternal genomes are each demethylated. The 
rate of demethylation differs on the maternal and paternal pronuclei with the paternal genome being 
rapidly demethylated prior to replication and the maternal genome being passively demethylated during 
replication. Global de novo methylation establishes the somatic cell pattern of DNA methylation 
following implantation[20,65]. Genomic imprints already laid down in the germline are resistant to these 
global demethylation and remethylation events. In addition to the germline imprints, additional imprints 
are acquired somatically during postfertilisation demethylation and remethylation. At the mouse Igf2 
locus, it has been shown that CTCF binding at the H19 ICR influences the methylation of these additional 
imprints[66,67,68,69,70,71] (Fig. 2).  

 
FIGURE 2. Germline and somatic imprints that are associated with the cluster of imprinted genes on chromosome 11p15.5. (A) 
Genes within the cluster at 11p15.5, with arrows depicting direction of transcription for maternal and paternal expression above and 
below the line. Germline imprints IC1 and IC2 (imprinting control centres 1 and 2) are shown as open and filled lollipops 
corresponding to unmethylated and methylated regions. IC1 (also sometimes referred to H19 DMR, DMD, and ICR) regulates H19 
and IGF2 expression, while IC2 (also referred to Lit1 DMR and KvDMR1) regulates TSSC3, SLC22A1LS, CDKNIC, KCNQ1OT1, 
and KCNQ1. (B) The IGF2-H19 region showing INS, IGF2, and H19, the germline DMR; IC1 depicted as lollipops as above and the 
somatic DMRs within IGF2 depicted as slightly smaller lollipops. Methylation at IC1 limits the binding of CTCF to the unmethylated 
maternal allele and prevents IGF2 from gaining access to the enhancers (circles) downstream of H19. Changes in methylation at 
germline imprints have been associated with LOI of IGF2 and other imprinted genes in BWS and childhood tumours such as Wilms’ 
tumour, while in adult cancers, changes in methylation at the somatic DMR0 in IGF2 have been associated with LOI of IGF2. 
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Imprinted genes occur in clusters and share regulatory mechanisms through long-range interactions 
between regulatory elements. Genetic aetiologies that underlie congenital imprinting syndromes include 
uniparental disomy (UPD), i.e., the inheritance of a chromosome or chromosome segment from a single 
parent, other chromosomal abnormalities such as translocations, deletions, or duplications and rarely 
point mutation. UPD is normally mosaic and arises due to meiotic nondisjunction followed by trisomy 
rescue and there is evidence that the presence of other chromosomal abnormalities increase the risk of 
UPD. Somatic recombination during mitosis is another mechanism whereby partial UPD can arise for a 
chromosomal segment and could be a mechanism for LOI postfertilisation. Partial UPD is quite difficult 
to detect and the small number of reports in the literature imply that it is underestimated or happens very 
rarely. Recent data suggest that somatic recombination leading to UPD could be a key event leading to 
loss of heterozygosity (LOH) without changing copy numbers of chromosomes in basal cell 
carcinomas[72]. Interestingly, the chromosomal regions involved in this study did not include imprinted 
genes. The dynamics and frequency with which somatic cell recombination occurs in proliferating and 
differentiated cells is not known. Chromosome instability and hypomethylation in cancer cell lines have 
been shown to increase the rate of somatic cell recombination[73].  

Some of the syndromes associated with imprinting disorders also have an increased risk to cancer. 
Imprinting syndromes in which a predisposition to neoplasia has been reported include Prader-Willi 
Syndrome (PWS) (OMIM #176270), where there is an increased risk for myeloid leukaemia but not other 
cancers[74]; Albright hereditary osteodystrophy (OMIM #103580 see below for summary) and Beckwith 
Wiedemann syndrome (OMIM #130650). 

The GNAS Locus: McCune-Albright Syndrome, Albright Hereditary 
Osteodystrophy, Pseudohypoparathyroidism Type 1A, and 
Pseudohypoparathyroidism Type 1B 

The GNAS gene located on chromosome 20q13 has multiple promoters, each generating a different 
imprinted gene transcript with various functions. These include NESP55 (neuroendocrine secretory 
protein 55), NESP55AS (antisense NESP55), XL αs (Golgi-specific Gsα isoform), Exon 1A (untranslated 
transcript), and Gsα (G protein alpha-subunit). This gene is emerging as a good example of a congenital 
imprinting defect that can result in various syndromes depending on the inheritance. It is also a potential 
marker to distinguish between different types of endocrine tumours and contributes to a hereditary 
predisposition to human growth hormone–secreting pituitary tumours and thyroid tumours. LOI at this 
locus also occurs in a subset of pituitary adenomas in the absence of congenital syndromes associated 
with GNAS. 

NESP55 is expressed exclusively from the maternal allele and the DMR associated with its promoter 
is methylated on the paternal allele. It is normally expressed in the chromaffin cells of the adrenal 
medulla, β pancreatic islet cells, and the pituitary[75]. NESP55 expression has been shown in a subset of 
neuroendocrine tumours such as pheochromocytomas, neuroblastomas, pancreatic endocrine tumours, but 
not in gastrointestinal and pancreatic carcinomas. Thus tumours that express NESP55 originate from  
NESP55 expressing cell lineages, making NESP55 a candidate diagnostic marker for neuroendocrine 
tumours.  

NESP55AS and XLαs are paternally expressed, as is the untranslated transcript initiating from 
Exon1A. These promoters are associated with DMRs that are methylated on the maternal allele. LOI of 
the 1A transcript leads to renal parathyroid hormone resistance PHP-1b. Patients with sporadic PHP-1b 
have been shown to also have LOI of NESP55[76]. Rare familial cases of PHP-1b have been described in 
which a mutation in a nearby gene STX16 is associated with LOI at Exon 1A, indicating a long-range 
interaction between an element within STX16 and the DMR at Exon 1A in GNAS. LOI at Exon 1A occurs 
in a subset of growth hormone pituitary adenomas[77]. 

The Gsα promoter is upstream of the first GNAS exon and in the majority of tissues the Gsα transcript 
is biallelically expressed. Tissue-specific imprinting in renal proximal tubules, thyroid, pituitary, and 
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ovary occurs with the maternal allele being expressed. This is not accompanied by methylation changes at 
the Gsα promoter. Activating missense mutations at the Gsα transcript causes McCune-Albright syndrome 
(MAS, OMIM #174800). These individuals have a high incidence of various endocrine tumours in 
addition to multiple congenital defects. Inactivating mutations of the Gsα transcript lead to Albright 
hereditary osteodystrophy (AHO) and parathyroid, thyroid, and gonadotrophin hormone resistance (PHP-
1a) when maternally inherited. The PHP-1a phenotype is due to lack of Gsα expression in the tissues 
where this transcript is normally imprinted. With paternal transmission of the inactivating mutations, 
AHO is transmitted without PHP-1a, due to the normal maternal expression of Gsα transcript (reviewed 
by [78]).  

Beckwith Wiedemann Syndrome 

BWS results from mutation and epimutation at the imprinted locus 11p15.5 and is a spectrum of disorders 
including fetal overgrowth, exomphalos, hemihypertrophy, and predisposition to childhood cancers. The 
majority of BWS cases are sporadic with a high incidence of UPD and epimutations. Children with BWS 
have been reported to have a 7.5–9% overall risk for developing embryonal tumours within the first 5–8 
years of age (reviewed [3,62,63,79]). The most common tumours include Wilms’ tumour and 
hepatoblastoma, but others including rhabdomyosarcoma, adrenocortical carcinoma, and neuroblastoma 
have been reported[60,80,81,82,83,84].  

Epigenotype/genotype and phenoptype correlations indicate that the risk of neoplasia is increased in 
cases with UPD. The study of Wilms’ tumour has led to some insight on the role of imprinting in 
neoplasmic formation and these findings are summarised below.  

Wilms’ Tumour  

Wilms’ tumour or nephroblastoma, arises from pluripotent embryonic kidney precursor cells and is the 
most common paediatric kidney cancer in children[85]. Along with retinoblastoma and neuroblastoma, 
Wilms’ tumour was one of the original tumours to be studied by Knudson during his development of the 
“two-hit” hypothesis of tumour suppression[86]. The 11p13 locus harbours the WT1 gene that encodes an 
embryonic kidney-specific zinc-finger transcription regulator essential for normal renal development. Up 
to 24 different isoforms of WT protein can be generated. Four major isoforms are generated via 
combinatorial splicing while the rest are generated from alternative translation initiation sites and RNA 
editing. Mutations in this gene account for only10–15% of Wilms’ tumours.  

Some of the earliest studies of epigenetic events were also undertaken in Wilms’ tumour[87,88]. The 
imprinted 11p15.5 domain has a high prevalence of LOH (with significant bias towards allelic loss of 
maternal alleles) in sporadic tumours and is historically thought to be the locus of a second WT candidate 
gene. H19 may in fact be the second Wilms’ tumour suppressor gene because of its involvement in the 
regulation of IGF2 imprinting. The strongest evidence for this comes from the fact that in genotype-
phenotype studies of BWS, changes in the imprinting control region upstream of the H19 gene (known as 
IC1 or ICR or H19 DMR) is more often associated with Wilms’ tumour than other subtypes of BWS. The 
risk for BWS children with epimutation in IC1 or UPD developing Wilms’ tumour is 24%, which is 
higher than the general risk of BWS developing neoplasia (see Fig. 2). Loss of IGF2 imprinting due to 
gain of methylation at the IC1 has been detected in up to a third of sporadic Wilms’ tumours. Familial 
cases of BWS with Wilms’ tumour have been described in which there is a microdeletion eliminating 
CTCF binding sites from the IC1 upstream of H19, although there is some controversy as to exactly 
which CTCF site is required for LOI of IGF2 and also whether a deletion on its own is enough to cause 
BWS with Wilms’ tumour[89,90,91].  

Genomic profiling including screens for both LOH and LOI in Wilms’ tumours have shown that LOI 
occurs more frequently than LOH in early-stage tumours, indicating that LOI is an early event in 



Murell: Genomic Imprinting and Cancer TheScientificWorldJOURNAL  (2006) 6, 1888-1910
 

 1896

tumourgenesis[92]. No reports of IGF2 or indeed any of the genes in the imprinted cluster at 11p15 have 
been reported to be direct targets for WT1. Interestingly, a recent report has described an antisense WT1 
transcript that is monoalleleically expressed from the paternal allele and, moreover, this transcript shows 
LOI in Wilms’ tumours. A further locus where LOH has been described in Wilms’ tumour is 16q which is 
provocative since this is the location of the CTCF gene. Indeed, there is evidence indicating that deletion 
of CTCF leads to changes in methylation at the IGF2-H19 DMR[93], but the above study suggests LOI 
precedes LOH of 16q[92]. 

POLYMORPHIC IMPRINTING 

Polymorphic imprinting refers to inter-individual variations of imprinting. Thus some individuals in a 
population may show no imprinting for a known imprinted gene, or show imprinting for a gene not 
normally imprinted in the majority of humans. Polymorphic loss of imprinting has been described 
for IGF2[94], which is normally paternally expressed, and polymorphic gain of imprinting has been 
reported for IGF2R and WT1, which are not normally imprinted in humans, but are expressed 
from the maternal allele in mice[95,96,97,98]. Interestingly, in the case of IGF2R, there is still a 
conserved DMR that displays differential methylation despite biallelic expression[99]. An 
antisense transcript Air regulates imprinting at the Igf2r locus in mice[100], but there is no 
evidence for such a transcript in even in humans samples in which polymorphic imprinting has 
been identified[101]. Thus, the mechanism whereby IGF2R is imprinted differs in mouse and 
human. Relaxed imprinting of some maternally expressed genes in humans have had the 
advantage of increasing the expression of tumour-suppressor genes. It is not known under what 
selective pressure imprinting of the IGF2R was lost at the stage of divergent evolution between 
primates and other mammals[102]. Polymorphic “gain of imprinting” is likely to decrease the 
amount of IGF2R expression and potentially be a marker for predisposition to cancer. IGF2R has 
been reported to be a tumour suppressor in liver and breast tumours[103,104,105], but although 
IGF2R expression has been shown to be decreased in tumours, this has been shown to be due to 
LOH rather than “gain of imprinting”[105]. To date, no individuals have been identified with 
polymorphic imprinting at IGF2R and cancer.  

There may be heritable differences between individuals in the fidelity with which allelic DNA 
methylation differences are established or maintained. Familial studies describing variability between 
individuals and parent-of-origin DNA methylation differences at specific human Alu elements has 
recently been reported by Sandovici et al.[106]. In this study, individuals who exhibited high levels of 
methylation at specific Alu elements came from families in which more than one member also exhibited 
abnormal patterns of methylation at the differentially methylated regions of the IGF2/H19 or IGF2R loci. 
Relaxation of imprinting has been demonstrated in a Japanese population where 10.5% of unrelated 
individuals showed biallelic IGF2 expression[107]. In this same study, it was shown that LOI was 
confined to IGF2 expression since SNRPN imprinting is stringently regulated. Based on these data, LOI 
of IGF2 is estimated to occur in 5–10% of the population. LOI of IGF2 has been associated with an 
increase risk for colorectal cancer[108].  

SLC22A18 (SLC22A1L/IMPT1/TSSC5/ORCTL2) is imprinted in mice and reported to be normally 
maternally expressed in the embryo. This gene was shown to be biallelic in both Japanese and North 
American population samples with variable allelic bias towards the maternal allele. In this study, 
imprinting variability was shown not to be age dependent and the allele bias was stable over time[107]. 
Differences in allele expression has been shown for nonimprinted genes, suggesting that allelic variation 
in gene expression may be a common occurrence and yet be an added factor contributing to human 
variability[109]. Gain of imprinting of SLC22A18, with reduction of expression, has been reported in 
hepatocarcinoma cells[110] and in breast cancer. 
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What is not known in these studies is whether the polymorphic LOI is present in all tissues and all 
cells or whether it is tissue specific or even mosaic. Single cell FISH analyses has shown that all 
combinations of monoallelic and biallelic Igf2-H19 expression can be found in individual mouse 
embryonic liver cells, which when analysed by PCR, generally show monoallelic Igf2 and H19 
expression[111]. It is conceivable that the same mosaicism exists in humans and that in certain 
individuals, the ratios between cells biallelic and monoallelic for IGF2 can differ so that they appear to be 
biallelic when they are in fact mosaic. Mosaicism may also explain why the 10% of individuals with LOI 
at the IGF2 locus do not present with fetal overgrowth or any features of BWS.  

The studies of Sandovici that show familial LOI[106,112] and those of Cui et al.[108,113] that show 
familial colorectal cancer associated with IGF2 LOI, suggest an underlying heritable modifier of 
imprinting. The number of candidates for such a modifier gene is large and includes the all-genes-
encoding proteins with a chromatin remodelling and histone modifiers as well as DNA methyltransferases 
and even components of the folate and homocysteine metabolic pathway.  

Epigenetic and genetic factors are likely to interact. Thus, variable DNA methylation can be 
influenced by sequence variation in cis over long distances or in trans by proteins that bind to the DNA. 
Large-scale human epigenome projects will hopefully identify methylation variable positions (MVPs) 
within the human genome[114]. Quantitative complex trait analyses will need to take variability of DNA 
methylation patterns and nucleotide variations into account when dissecting the cis and trans effects of 
the modifiers.  

MAINTENANCE OF IMPRINTING; LOI AT IGF2 IN ADULT CANCERS 

IGF2 overexpression plays a pivotal role in tumorigenesis. Aberrant expression of IGF2 has a role in 
tumour formation, regardless of imprinting due to its function as a mitogen. In fact, IGF2 has been 
reported to be upregulated in cancers without evident loss of imprinting[115]. Although IGF2 is the most 
widely reported gene to have LOI in cancer, a growing number of imprinted genes including ARH1, 
PEG1/MEST, DLK-GTL2 (and others, see Table 1) have been reported to have LOI or/and be aberrantly 
expressed in various adult cancers.  

The stem cell vs. the somatic cell mutation theory is pertinent to the mechanisms whereby imprinting 
is lost. Thus, depending on whether cancer is of stem cell origin or somatic cell origin will dictate whether 
observed LOI in cancers is due to a failure to establish the parental imprint or a breakdown in 
maintenance mechanisms and failure to read the imprint.  

LOI in cancer due to failure to establish imprint would suggest a germ cell origin of cancer and be the 
basis for LOI being a predisposing marker for cancer. LOI of IGF2 is associated with an increase in 
progenitor cells in colonic epithelium in humans[46]. In mouse models, it has been shown that LOI of 
Igf2 has a causal role in colon cancer[46]. LOI of IGF2 has been detected in the adjacent normal tissue as 
well as the tumour cells in colon cancer[108], breast cancer [108], and adenocarcinomas[116]. This could 
be due to the tumour microenvironment affecting the epigenetic state of progenitor cells or congenital 
LOI predisposing to cancer.  

LOI in the absence of a congenital imprinting syndrome could be because LOI occurred after 
fertilisation and sometime before or during early lineage differentiation of somatic cells. A small mosaic 
population of aberrantly imprinted cells could thus arise in any individual. In a stem cell model, LOI 
could be present in a population of adult stem cells. In this case, the mechanism whereby LOI occurs 
could be a failure to maintain the imprint and be linked to cell cycle and DNA repair events. Observations 
that link DNA repair pathways to maintenance of imprinting include colorectal cancer patients with 
microsatelite instability (MSI) and hypermethylation of the mismatch repair gene MLH1[117], as well as 
patients with MSI and LOI of IGF2[118,119]. Dnmt1 was identified in a screen for mismatch repair genes 
and Dnmt1-deficient ES cells exhibit MSI[120], directly linking maintenance of methylation with DNA 
repair as suggested previously[121,122,123].  
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Other than the DNMTs, maintenance of imprinting can depend on the binding of proteins such as 
CTCF, which protects against methylation[67,69], or the methyl-binding domain proteins (MBDs) which 
can bind to methylated sequences and recruit chromatin modifying complexes including histone 
deacetylases[14,124,125]. During DNA replication, several chromatin remodelling factors (histone 
chaperones, histone modifying enzymes, ATP-dependent remodelling complexes) interact at the 
replication fork, providing the opportunity to erase DNA methylation or introduce new histone variants. 
Histones can also be replaced independent of replication. For instance, double-stranded DNA breaks 
result in phosphorylation of H2A which recruits other histone modifiers and chromatin remodelling 
complexes to sites of DNA damage (reviewed in [126]). 

TABLE 1 
Imprinted Genes Involved in Human Cancers 

Chromosome 
Location 

Gene/Transcript Expressed 
Allele* 

Protein/RNA Cancer  

1p36 TP73 (P73) M Tumour-related 
protein 

A candidate neuroblastoma tumour 
suppressor. Deregulated in various 
tumours, but not yet shown to 
exhibit LOI[136]. 

1p31 DIRAS3; NOEY2; 
ARH1 

P Ras homolog aplysia 
ras homolog I 
(ARHI) 

Follicular thyroid; carcinogenesis 
[137,138]; breast and ovarian[206] 

6q24  HYMAI  P misc RNA [139] 
6q24  PLAGL1  P Zinc finger protein Fusion gene in many cancers; 

silenced by LOI in ovarian 
cancer[140,141] 

7q21 PEG10  P Retroviral gag pol 
homologue 

Up-regulated in 
hepatocarcinomas[142,143]; no 
description of LOI  

7q32  CPA4  M Carboxypeptidase Monoallelic in prostate cancer[144] 
 MEST  P Alpha/beta hydrolase 

fold family 
LOI in lung, colon, and breast 

cancer[145,146,147,148] 
11p15  H19 M misc RNA Reviewed herein 
 IGF2  P Insulin-like growth 

factor 2 
Reviewed herein 

 KCNQ1OT1  P Antisense transcript LOI colorectal cancer[149] 
 CDKN1C  M Cyclin-dependent 

kinase inhibitor 
Head and neck cancers; 

hepatoblastoma; Wilms’ tumours 
biallelic CDKN1C expression and 
LOH of maternal allele[150,151, 
152,153,154,155] 

 SLC22AA18; 
(SLC22A1LS, 
TSSC5/ORCTL2/ 
IMPT1/BWR1A) 

P Efflux transporter like 
protein regulates 
drug sensitivity  

Normally only imprinted in embryo. 
Biallelic expression in adults – 
imprinted in hepatocarcinoma 
cells[110] and breast cancer 
(Gallagher 2006). 

11p13 WT1-Alt; WT1AS P Zinc finger protein Wilms’ tumour[156] 
11q23  SDHD  PD P Succinate 

dehydrogenase, 
subunit 

Hereditary paragangliomas and 
phaeochromocytomas[157,158] 

14q32  DLK1  P Delta-like 1 homolog Epigenetic changes occur in various 
human cancers [159] 
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 GTL2  M misc RNA [159] 
19q13  IMP01/ITUP1  P Imprinted transcript 

variant1 
Gliomas [160] 

 PEG3  P Zinc finger protein Candidate tumour-suppressor gene 
glioma[147,161] 

20q11  NNAT  P Neuronatin NNAT indirect – LOH in acute 
myeloid leukemia and 
myelodysplastic/myeloproliferative 
disease[162] 

20q13  L3MBTL  P Polycomb group LOH in myeloid malignancy[163] 
20q13  NESP55  M Neuroendocrine 

secretory protein 55 
Described herein[75,164,165] 

 GNASXL I I  P arge isoform of GS-a Described herein 
 Exon-1A  P misc RNA Described herein 
 GS-alpha  M Stimulatory G-

protein, alpha 
subunit 

Described herein 

* P, Paternal; M, Maternal, PD, provisional data. 

Given the belt and braces multilayered mechanism of gene silencing, it is feasible that the imprint can 
be lost in increments, explaining why in adult cancers, LOI of IGF2 can be found with various 
combinations of loss/gain of DNA methylation at different DMRs in the locus and also why, in some 
cases, LOI is not associated with increased IGF2 expression. Detailed analyses of histone modification, 
together with DNA methylation status at the DMRs of IGF2 and neighbouring genes, together with 
quantitative allele-specific expression levels, are required in order to determine the extent to which the 
imprint is “lost”. Unfortunately, analyses of imprinting in tumour samples is often restricted by the 
availability of informative polymorphisms, difficulty in determining allele specific methylation profiles, 
limited amount of material for chromatin analyses, and the need to exclude LOH. Thus, most studies 
provide data on allele-specific expression of some genes and limited methylation analyses of the two 
imprinting control regions at 11p15. The two imprinting control regions are IC1 (also described as 
H19DMR/ICR/ DMD), which is normally methylated on the paternal allele and directly regulates IGF2 
expression, and IC2 (described as KvDMR1 and sometimes DMR2), which is normally methylated on the 
maternal allele and regulates KCNQ1, CDKN1C, SLC22A1L, ASCL2, PHLDA2, and TSSC4 (Fig. 2). 
These DMRs are methylated in the germline and are regarded as germline DMRs. In mice, it has been 
shown that Igf2 is regulated only by the IC1 and does not lose imprinting when IC2 is disrupted[127]. 
Scelfo et al.[128] demonstrated loss of methylation of IC2 in 30–50% of a variety of adult cancers 
including liver, breast, cervical, and gastric carcinomas. In this study, other genes at 11p15 were 
concomitantly hypomethylated, thus indicating loss of methylation under control of the IC2. H19 
imprinting, in keeping with being under a separate imprinting control region, was not affected in these 
cases. In some cases, LOI of KCNQOT1 (LIT1), which is a direct result of loss of methylation of IC2, has 
been reported together with biallelic IGF2 expression[110,129]. The evidence therefore suggests that in 
human tumour cells, LOI of IGF2 can occur independently of the H19 imprinting control centre. This has 
also been observed in BWS where about 50% of sporadic cases have LOI of IGF2 independent of 
methylation status of IC1 and some of these also have loss of methylation at IC2[63,79]. Furthermore, 
single nucleotide polymorphisms(SNPs) within IGF2 have been associated with loss of methylation at 
IC2 in BWS[130]. These results suggest that, at least in some disease states, either IC2 may influence 
IGF2 expression or that LOI at IGF2 and loss of methylation at IC2 can occur through a common 
mechanism. The somatically acquired DMRs within IGF2 are of interest in this regard.  

In mice, somatic DMRs within Igf2 directly interact with the germline IC1 at H19 in a parent-of-
origin–specific manner[131]. On the maternal allele, DMR interactions are mediated by CTCF 
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binding[207]. Human IGF2 has two DMRs, one that is methylated on the paternal allele (DMR2) and the 
other that is methylated on the maternal allele (DMR0). In different cancers, LOI of IGF2 is associated 
with disruption of different methylation marks, suggesting more than one mechanism whereby imprinting 
is lost. Thus, in a few cancers, a small number of cases have been shown to have biallelic expression of 
both IGF2 and H19 (e.g., ovarian cancer[132], hepatocellular carcinoma[133]). In others, LOI is confined 
to IGF2 only with hypomethylation at IGF2 DMR0 and no correlation to methylation at the H19 ICR 
region[113]. In colorectal cancer and Wilms’ tumour, loss of methylation at the DMR0 has been tightly 
correlated with IGF2 LOI[113,134].  

A simplistic explanation is that germline imprints such as IC1 and IC2 and somatic imprints such as 
IGF2 DMR0 could have varying susceptibility to being reprogrammed. Thus, germline imprints are 
generally stable once they have been established while somatic imprints that are acquired later are more 
easily reprogrammed. Applying this explanation to a stem-cell-origin-of-cancer scenario, we would 
predict that cancers originating from a germline lineage would have disrupted methylation at the germline 
DMRS (i.e., IC1 and IC2), while cancers originating from somatic stem cells (adult stem cells, epithelial 
stem cells) are more likely to have loss of methylation at a somatic DMR (i.e., DMR0 in IGF2). 
Furthermore, abolishing a germline imprint may affect more than one imprinted gene, while losing a 
somatic imprint may be localised to a single imprinted gene. Loss of germline imprints could be 
responsible for early-onset cancers, while loss of somatic imprints may be involved in adult cancers. It is 
also possible to speculate that depending on the DMR involved, there may be varying responsiveness to 
therapies involving histone acetylase and DNA methyltransferase inhibitors.  

Elegant theories remain to be tested. If DNA damage-repair mechanisms are involved in imprint 
maintenance, it may be just as easy to erase a germline imprint as a somatic imprint. An isolated study has 
reported that LOI of IGF2 is also associated with cell proliferation in adult bone marrow cells and that 
when lymphocytes are stimulated with phytohaemagglutinin(PHA) IGF2 expression is up-regulated 
through LOI and gain of methylation at the H19 ICR[135]. It is not known whether this is an in vitro 
effect, but these experiments indicate how easily even a germline imprint can be reprogrammed on 
transformation of differentiated cells.  

CONCLUSIONS 

Tumours are likely to be induced by a combination of epigenetic defects including histone modifications 
as well as genomic mutations that result in lack of mismatch repair, global changes in gene expression, 
and increased chromosomal instability. LOI needs to be considered in the context of these changes in 
order to establish whether LOI plays a role in the onset or the progression of the tumour.  

As with other epigenetic changes in tumour cells, LOI needs to be characterised in terms of the 
ultimate effects on gene expression levels and how the changes in gene expression levels contribute to 
cancer progression. Finally, we are now in a position to start high-throughput screening for cancer 
epigenetic signatures and consideration should be given to the practicalities and clinical value of these 
assays, and whether imprinted genes are likely to be biomarkers for cancer. 
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TABLE 2 
Proteins with Roles in Regulating Genomic Imprinting  

DNA Methyltransferases 
• DNMTs transfer methyl groups to cytosines. They interact with histone deacetylase and may mediate 

silencing independently of their methyltransferase activity[52,55]. 
• DNMT1 — Maintenance Dnmt[166]. Dnmt1-/- mice fail to maintain methylation at imprinted 

genes[24,65,167]. DNMTo is the human homologue of an oocye-specific isoform of mouse 
Dnmt1[54]. 

• DNMT3A, DNMT3B, and DNMT3L — DNMT3A and B essential for de novo methylation[168]. 
DNMT3a and DNMT3b interact with DNMT3L, which has no catalytic DNA methyltransferase 
domain. Female mice lacking a functional Dnmt3L or Dnmt3a[49,50] fail to methylate maternally 
methylated imprinted genes. 

Methyl Binding Domain Proteins 

• The MBDs have affinity for methylated DNA and contain transcription repression domains (TRD) 
that can recruit histone deacetylase complexes to silence chromatin (reviewed [125]). A subset of the 
DNMTs and MBD proteins can form RNA-protein complexes, suggesting that RNA participates in 
DNA methylation-mediated chromatin control[169]. 

• MECP1 is a complex containing MBD2 and MBD3/Mi2/NuRD. MBD3L1 also interacts with MBD2 
and components of the NuRD complex[170]. 

• Individual components of Mi2/NuRD: MBD3, Mi2, HDAC1, and HDAC2 are expressed from a very 
early stage of embryo development and localize with constitutive heterochromatin by the blastula 
stage[171]. 

• MECP2 is the founding member of MBDs[125,172]. It interacts with Sin3A and HDACs and is 
implicated in Rett Syndrome. MECP2 binds to DMRs at imprinted genes such as H19[124], 
UBE3A[173], and DLX4[174]. MECP2 plays a role in chromatin looping at the DLX4 locus[174]. 

• A family of Zink finger BTB/POZ domain proteins that bind to methylated DNA and mediate 
repression include KAISO, ZBTB4, and ZBTB38[175]. ZBTB4 and ZBTB38 bind within 
H19DMR[175]. KAISO has been shown to interact with CTCF[176].  

DNA Deaminases 
AID and APOBEC1 are 5-methylcytosine deaminases that can cause C --> T transition mutations in 
methylated DNA, which with mismatch repair can lead to demethylation. The mouse Aid and Apobec1 
genes are coexpressed with Nanog and Stella in oocytes, and early periimplantation embryos[177].  

Histone-Modifying Proteins 
Imprinted genes have differential histone modifications at their DMRs. The most widely studied are 
histone acetylation/deacetylation and histone methylation/demethylation. Histone modifications that 
cross-react with DNA methylation are of interest to the establishment and maintenance of imprinting. A 
recent review deals with these and their relevance to cancer in more depth[178] . 

• Histone Acetyl Transferases (HATs) — e.g., PCAF; p300; CBP act as transcriptional activators and 
coactivators.  

• Histone Deacetylases (HDACs) — e.g., HDAC1, HDAC2 are part of Sin3 NuRD complexes and act 
as transcriptional corepressors.  

• Histone Methyltransferases (HMT) — Arginine HMTs include PRMT4 (CARM1), which methylates 
arginine residues on H3 and acts as transcriptional coactivator in PCAF, P300, and other complexes. 
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• Lysine HMTs — SET7/9 methylates H3 lysine 4 and has roles in both transcriptional silencing and 
activation. Methylation on H3 lysine 4 is usually associated with transcription activation [179,180]. 

• Suv39H1/2 trimethylates H3 lysine 9 represses transcription as part of E2F1 and E2F4 complexes and 
also has a role in formation of heterochromatin when associated with HDAC1 and HP1. Loss of 
Suv39 family of histone methyl transferases impairs mammalian heterochromatin and genome 
stability[181]. Suv4-20h2 methylates H4 lysine 20 trimethylation[182].  

• MLL1 methylates H3 lysine 4 and is a transcriptional activator for proliferation of 
hematopoiesis[183]. 

• EZH2 is an HMT that acts on H3 lysine 27 which acts as a signal for transcription repression and 
maintenance of silencing via polycomb repressive complex PRC1[184]. H3 lysine 27 can also be 
methylated by G9a[184].  

• Histone demethylation — LSD1 (KIAA0601) is an amine oxidase found in association with several 
repressor complexes that recognise dimethyl lysine 4 on histone H3. RNAi knockdown of LSD 
results in increase of K4 methylation and transcriptional activation. LSD is also part of a complex 
containing MLL[185,186]. 

• PADI4 converts unmethylated or monomethylated arginine to citrulline[187].  

Proteins that Bind to DMRs at Imprinted Genes 
• CTCF — Zinc finger DNA binding protein that binds diverse DNA recognition sequences and is 

methylation sensitive. CTCF has been proven to have boundary element (prevents spreading of 
heterochromatin) and a chromatin insulator (blocks promoter access to enhancers) function (reviewed 
[188,189]). Binding of CTCF to the DMRs at H19, in addition to being methylation sensitive, also 
protects against de novo methylation[66,67,68,69]. CTCF binds to other imprinted genes at the DMR 
region[190,191,192] and also plays a role in secondary chromatin conformation at Igf2-H19.  

• BORIS — A CTCF paralogue that is expressed during spermatogenesis at a time when CTCFis 
switched off. BORIS is reactivated in a variety of cancers and it has been shown that reciprocal 
binding of CTCF and BORIS to the cancer-testes gene NY-ESO-1 coincides with depression of this 
gene[36]. In vitro ectopic BORIS expression can mediate cancer-testis gene activation by 5 
azadC[37]. 

• LSH — Lymphoid specific helicase member of the SNF2/helicase family of chromatin remodelling 
proteins[193]. Participates in imprinting control in a locus-specific manner. Lsh-/- mice display 
global hypomethylation and loss of Cdkn1 imprinting, but not other imprinted genes[194,195]. 

• Heterochromatin associated protein — Chromodomain protein essential for recognising the 
methylated Lys9 on histone H3[196,197]. 

Polycomb Proteins 

• EED — Expressed in human ovarian follicles (primordial to primary and secondary stages), and 
preimplantation embryos (2–4 cell and blastocysts)[198,199,200]. Required for imprinted X 
inactivation in mice[199,200] and regulation of some imprinted loci[201]. 

• EZH2 — Expressed in human ovarian follicles (primordial to primary and secondary stages), mature 
oocytes (metaphase II), and preimplantation embryos (2–4 cell and blastocysts). Ezh2-Eed Polycomb 
complex regulates placental imprinting of Kcnq1 domain[202]. 

• YY1 — Expressed in human ovarian follicles (primordial to primary and secondary stages), mature 
oocytes (metaphase II) and preimplantation embryos (2–4 cell and blastocysts) binds to mouse PEG3 
in a methylation sensitive manner[203].  
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