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Although we inherit two copies of all genes, except
hose that reside on the sex chromosomes, there is a
ubset of these genes in which only the paternal or
aternal copy is functional. This phenomenon of
onoallelic, parent-of-origin expression of genes is

ermed genomic imprinting. Imprinted genes are nor-
ally involved in embryonic growth and behavioral

evelopment, but occasionally they also function inap-
ropriately as oncogenes and tumor suppressor genes.
he evidence that imprinted genes play a role in car-
inogenesis will be discussed in this review. Addi-
ional information about imprinted genes can be
ound on the Genomic Imprinting Website at: (http://
ww.geneimprint.com). © 1999 Academic Press

INTRODUCTION

Genomic imprinting is a non-Mendelian inherited
pigenetic form of gene regulation that results in
onoallelic expression. In contrast to the random al-

ele inactivation that occurs for example at the Xist
ocus [1], the expressed allele for imprinted genes is
ependent upon parental inheritance [for reviews see
–4]. Thus, genomic imprinting is a phenomenon
here the expression of a gene in this generation is
ependent upon whether it resided in a male or female
he past generation. Epigenetic events such as DNA
ethylation at CpG sites control the imprinting of

enes [4]. Therefore, factors other than the sex of the
arent could even modify the imprint process, thereby
esulting in a Lamarkian-like inheritance of acquired
raits. Such potential imprint-altering factors could
nclude the parental level of nutrition, stress, and ex-
osure to chemical and physical agents.
The existence of imprinted genes first became appar-

nt when nuclear transplantation experiments demon-
trated that diploid androgenotes derived from two

1 To whom reprint requests should be addressed at Duke Univer-
ity Medical Center, Box 3433, Durham, NC 27710. Fax: (919) 684-
m584. E-mail: jirtle@radonc.duke.edu.
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ll rights of reproduction in any form reserved.
ale pronuclei, and gynogenotes formed from two fe-
ale pronuclei failed to develop properly during em-

ryogenesis [5, 6]. Similarly, in humans complete hy-
atidaform moles which contain only paternal
hromosomes produce primarily placental tissue, while
ermoid cysts which contain only maternal chromo-
omes produce primarily embryonic tissue [7, 8]. These
ndings demonstrated that the mammalian genome
ontains autosomal genes that are only expressed from
ither the maternal or paternal allele. There are now
ore than 20 human imprinted genes identified rang-

ng from growth factors to untranslated RNA, and it is
ostulated that 100 to 500 imprinted genes may exist
for review see 9].

The first endogenous imprinted gene identified was
gf2 [10]. In 1991 De Chiara et al. [10] discovered that
omozygous Igf2-null mice were approximately 40%
maller than wild-type mice when they were born,
onsistent with the known growth effects of Igf2. Im-
ortantly, the dwarfing phenotype was also observed in
eterozygous mice, but only when the mutated allele
as inherited from the father. This demonstrated that

he Igf2 gene is imprinted and expressed only from the
aternal allele. IGF2 is also imprinted in human tis-
ues with the notable exception of the adult liver where
xpression is biallelic because of promoter switching
fter birth [11].
The second imprinted gene discovered was the ma-

ernally expressed mannose 6-phosphate/insulin-like
rowth factor 2 receptor (M6p/Igf2r) [12]. The M6p/
gf2r maps to the Tme locus on mouse chromosome 17
12], and is the gene responsible for this maternal
ethal effect [13]. The M6p/Igf2r encodes for a receptor
hat binds both M6P-containing glycoproteins and Igf2
hrough independent binding sites [for review see 14].
he primary function of this receptor is the intracellu-

ar trafficking of phosphomannosyl glycoproteins from
he Golgi apparatus to the lysosomes, and the inter-
alization of Igf2 and other extracellular ligands to the

ysosomes for degradation [14]. Igf2 signaling is not

ediated by M6p/Igf2r, but rather it occurs principally
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19GENOMIC IMPRINTING AND CANCER
hrough the Igf1 receptor and the insulin receptor [15,
6].
Thus, the bioavailability of Igf2 is controlled by a

eceptor that is also imprinted but expressed only from
he maternal allele. The reciprocal imprinting of the
gf2 and M6p/Igf2r genes suggested that the evolution
f genomic imprinting may have resulted from a par-
nt–offspring conflict to control fetal growth [17]. This
arental “tug-of-war” model postulated by Haig [17]
redicts that paternally expressed genes promote pre-
atal and postnatal growth while maternally ex-
ressed genes are growth suppressors. The identifica-
ion of additional imprinted genes and their function
ill be required to determine whether this provocative
odel is adequate to explain the evolutionary pressure

hat resulted in the creation of genes that are function-
lly haploid [18].
Imprinted genes are not only important in prenatal

10, 19] and postnatal [20, 21] growth control, but also
n behavioral development. People with Angelman syn-
rome, a congenital disease that evidence suggests is
aused by the inactivation of the maternally expressed
BE3A (ubiquitin protein ligase 3A) gene, are severely

etarded in addition to having ataxia, tremulousness,
leep disorders, seizures, and being hyperactive [for
eview see 9, 22]. PEG1/MEST, a member of the a/b-
ydroxylase fold family, is a paternally expressed gene
hat maps to human chromosome 7q32 [23]. Peg1/
est(1/2)-deficient mice are viable and fertile; how-

ver, they exhibit growth retardation and increased
ethality [24]. Interestingly, the females that inherit
he mutated allele from their fathers also have a de-
reased reproductive fitness because of an abnormal
urturing behavior. It is presently unknown whether
EG1/MEST inactivation has a similar effect on ma-

ernal nurturing behavior in humans or what effect
ene inactivation has in males. Furthermore, the
6P/IGF2R has been identified as the first putative

IQ gene,” implicating imprinted genes in the develop-
ent of cognitive ability [25]. Parent-of-origin inheri-

ance effects suggest that imprinted genes are also a
enetic determinant in autism [26], bipolar effective
isorder [27, 28], and schizophrenia [29], to name only
few [30]. These results demonstrate that imprinted

enes play a prominent role in behavioral genetics.

IMPRINTED ONCOGENES AND TUMOR
SUPPRESSOR GENES

Imprinted genes are normally involved in embryonic
rowth and behavioral development; however, occa-
ionally because of inappropriate expression, they also
unction as oncogenes and tumor suppressor genes.
oss of heterozygosity (LOH) or uniparental disomy
UPD) at an imprinted locus may result in the deletion s
f the only functional copy of an imprinted tumor sup-
ressor gene [9, 31]. Alternatively, loss of imprinting
LOI) or UPD at an imprinted locus may result in an
ncreased expression of an imprinted proto-oncogene.
urthermore, mutational inactivation of an imprint
ontrol center could cause aberrant expression of mul-
iple imprinted proto-oncogenes and/or tumor suppres-
or genes since imprinted genes often occur in chromo-
omal domains [32, 33]. Imprinted genes now impli-
ated in human carcinogenesis include: IGF2, WT1,
57KIP2, p73, NOEY2, and M6P/IGF2R [9].
Aberrant genomic imprinting and its role in cancer

re best exemplified by studies on Wilms’ tumor, a
poradic and familial childhood kidney tumor that
rises from metanephric blastemal cells. Direct genetic
vidence linking tumorigenesis and aberrant imprint-
ng was identified when 70% of Wilms’ tumors were
ound to have biallelic expression of IGF2 [34–36], a
ene that encodes for a growth factor known to be
ncogenic when overexpressed [37, 38]. Inactivation of
he reciprocally imprinted H19 gene was also present
n a number of these cases [36] suggesting that LOI at
he IGF2 locus in Wilms’ tumor could result from loss
f H19 expression [39, 40]. This postulate is supported
y the finding that H19-null transgenic mice show
iallelic expression of IGF2 [41]. The coupling of bial-
elic IGF2 gene expression with H19 inactivation is
ven observed in phenotypically normal kidney tissue
urrounding Wilms’ tumors [42]. Thus, H19 inactiva-
ion and the biallelic expression of IGF2 appear to be
inked and occur early in tumor development. Deregu-
ation of IGF2 imprinting has now been shown to occur
n over 20 different tumor types, demonstrating its
undamental mechanistic importance in carcinogene-
is [9].
Another imprinted gene involved in Wilms’ tumor

ormation is WT1, a tumor suppressor located at hu-
an chromosome 11p13 [43]. WT1 is biallelically ex-

ressed in the kidney, heart, lung, liver, and intestine,
ut is expressed largely or exclusively from the mater-
al allele in fetal brain [44]. It is also imprinted in 40%
f preterm placenta [44, 45]. Since the imprint status is
ot correlated with gestational age of the placenta [45],

mprinting of the WT1 gene in the placenta is a poly-
orphic trait. Imprinting at the WT1 locus is also

olymorphic in fibroblasts and lymphocytes, but the
aternal rather than the maternal allele is expressed
46]. These findings suggest the interesting possibility
hat polymorphic imprinting of the WT1 tumor sup-
ressor gene could result in both tissue- and individ-
al-dependent susceptibilities to cancer.
The maternally expressed cyclin-dependent kinase

nhibitor, p57KIP2, maps to human chromosome 11p15.5
47, 48]. Approximately 10% of Beckwith–Wiedemann

KIP2 KIP2
yndrome patients have p57 mutations, but p57
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as not been found to be mutated in tumors [49, 50].
he maternal allele of p57KIP2 is selectively lost in 85%
f lung cancers with 11p15 deletions [51]; however, in
ilms’ tumors with maternal loss of p57KIP2, the nor-
ally silent paternal allele is expressed [52]. This sug-

ests that p57KIP2 is not a tumor suppressor, at least in
ilms’ tumor. Since the imprinting of p57KIP2 is incom-

lete in humans with paternal expression occurring
ven in some tissues, the putative tumor suppressor
unction of p57KIP2 needs to be further clarified.

NOEY2 is a recently identified member of the RAS
uperfamily with high homology to both RAS and RAP
53]. It maps to human chromosome 1p31 and is ex-
ressed only from the paternal allele. LOH at this locus
s observed in 41% of ovarian and breast cancers, and
he paternally expressed allele is preferentially de-
eted. Furthermore, transfection of NOEY2 into breast
nd ovarian tumor cells that normally lack expression
uppresses growth. Thus, NOEY2 appears to be an
mprinted tumor suppressor gene whose function is
requently abrogated in ovarian and breast cancers.

p73 is an imprinted, maternally expressed gene that
ncodes for a protein sharing considerable homology
ith the tumor suppressor p53 [54]. It maps to human

hromosome 1p36, a region containing a putative neu-
oblastoma tumor suppressor gene expressed predom-
nantly from the maternal allele. The frequent loss of
73 in neuroblastomas coupled with the demonstration
hat its overexpression inhibits growth suggested that
73 is a tumor suppressor gene [55]. Additional studies
ith a variety of tumors, however, were unable to
emonstrate either preferential loss of the expressed
aternal allele or somatic mutations in the remaining

llele. These findings suggest that p73 is not the puta-
ive imprinted tumor suppressor present at this chro-
osomal location [56–62].
Monoallelic expression of p73 has recently been dem-

nstrated in normal lung and kidney tissue, whereas
xpression is biallelic in the tumors that develop in
hese tissues [63, 64]. The high frequency of LOI and
mprint switching at the p73 locus in lung cancer and
enal cell carcinomas suggest that p73 is involved in
umorigenesis through the activation of the silent al-
ele and overexpression of wild-type p73. Conse-
uently, p73 may function as an oncogene rather than
s a tumor suppressor gene as originally proposed. It
ould be ironic if both p53 and p73 were initially
escribed to have an oncogenic function opposite to
hat which it possesses.

The M6P/IGF2R, at human chromosome location
q26, is inactivated in a variety of tumors at the ear-
iest stage of transformation [65–68]. It is mutated in
0% of dysplastic liver lesions and hepatocellular car-
inomas (HCCs) of patients with or without hepatitis

irus (HV) infection [65, 66, 68, 69]. The M6P/IGF2R is a
lso mutated in rat liver tumors induced with the
enotoxic agent, diethylnitrosamine [70]. The gene
ontains a poly-G region that is a common mutational
arget in colon, gastric and endometrial tumors with
ismatch repair deficiencies and microsatellite insta-

ility [71–73]. Moreover, the M6P/IGF2R is mutated in
uman gliomas that do not contain mutations in the
ransforming growth factor b type II receptor or Bax
enes [73], and in 30% of human breast tumors [67].
hus, the M6P/IGF2R has been shown to be frequently
utated in a number of different cancers.
Although gene imprinting is often conserved be-

ween mammalian species, the imprint status of the
6P/IGF2R in humans and rodents is strikingly dif-

erent. The M6p/Igf2r is imprinted in mice [12] and
ats [70], but imprinting at this locus appears to be a
olymorphic trait in humans, with most individuals
aving biallelic expression [74–76]. The existence of

ndividuals with an imprinted M6P/IGF2R tumor sup-
ressor suggests that they may have increased suscep-
ibility to tumor development because of aberrant im-
rint control. This postulate is supported by Xu et al.
77] who recently reported partial imprinting of the

6P/IGF2R in 50% of Wilms’ tumor patients. Further-
ore, only 1 hit rather than 2 hits would be required to

nactive the tumor suppressor function of the M6p/
gf2r in mice. This may in part explain why mice are
ore sensitive to tumor formation than humans. It

lso suggests that transgenic mice with biallelic ex-
ression of the M6p/Igf2r may be better human surro-
ates for carcinogen risk assessment than those pres-
ntly employed.
The precise molecular mechanism for genomic im-

rinting of the M6P/IGF2R is not completely defined.
ethylation of a CpG-rich region in intron 2 (region 2)

f the expressed maternal allele carries the imprint
ignal for this gene in mice [78, 79], and the imprinting
ox in this region has also now been identified [80].
his region appears to function as the promoter of an
ntisense transcript that originates only from the re-
ressed paternal allele. This indicates that a form of
xpression competition may regulate imprinting of the
6p/Igf2r gene in mice [79]. Region 2 of the human
6P/IGF2R also contains parent-of-origin methyl-

tion, but gene expression is biallelic [81, 82]. Conse-
uently, humans and mice appear to possess an altered
bility to “read” the M6P/IGF2R imprint marks.
M6P/IGF2R inactivation is an early event in liver

arcinogenesis, occurring in the initiation rather than
he progression stage of transformation (Fig. 1) [68].
lonal expansion of normal-appearing, preneoplastic
epatocytes with a single M6P/IGF2R allele inacti-
ated often occurs in patients chronically infected with
epatitis virus. These precancerous hepatocytes have

n enhanced risk of developing into tumors because
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21GENOMIC IMPRINTING AND CANCER
hey ultimately give rise to more than 60% of human
CCs [65, 66, 68]. This suggests that a primary “initi-
tion event” in human liver carcinogenesis is the inac-
ivation of a single allele of the M6P/IGF2R gene. The
promotion event” in the transformation process is the
lonal expansion of these phenotypically normal, M6P/
GF2R-mutated preneoplastic hepatocytes at high risk
f completely losing the tumor suppressor function of
his gene. All other oncogenic events observed in dys-
lastic to neoplastic liver lesions occur in the progres-
ion stage of transformation. The inactivation of the
6P/IGF2R is also an early event in breast cancer [67,

3], but it is unknown whether gene inactivation re-
ults in clonal growth in the breast as it does in the
iver.

In conclusion, genomic imprinting is an epigenetic
orm of gene regulation that results in the expression of
nly one parental allele. Imprinted genes not only play
n important role in embryogenesis and behavioral
evelopment but are also mechanistically involved in
arcinogenesis. Because imprinted genes are function-
lly haploid, imprinted tumor suppressor genes and
roto-oncogenes are particularly vulnerable to inacti-
ation and activation, respectively. The imprinting of
enes also varies between species, individuals, tissues,

FIG. 1. Oncogenesis model of hepatocellular carcinoma (HCC) de
hronic hepatitis virus infection and/or alcohol abuse results in hepat

n which a single allele of the M6P/IGF2R tumor suppressor gene is in
referentially regenerate and/or survive, forming clonal lesions (blac
epatocytes (black areas) continue to expand as liver cirrhosis progre
his clonally expanded population of preneoplastic, M6P/IGF2R-m
nactivated in the HCCs.
ells, and stage of embryonic development. Therefore,
he overall effect of genomic imprinting on cancer sus-
eptibility and penetrance is potentially great.

This study was supported by NIH Grants CA25951 and ES08823,
OD Grant DAMD17-98-1-8305, Rohm & Haas Chemical Company,
nd Zeneca Pharmaceuticals.

REFERENCES:

1. Brockdorff, N., and Duthie, S. M. (1998). X chromosome inacti-
vation and the Xist gene. Cell Mol. Life Sci. 54, 104–112.

2. Barlow, D. P. (1995). Gametic imprinting in mammals. Science
270, 1610–1613.

3. Bartolomei, M. S., and Tilghman, S. M. (1997). Genomic im-
printing in mammals. Annu. Rev. Genet. 31, 493–525.

4. Constancia, M., Pickard, B., Kelsey, G., and Reik, W. (1998).
Imprinting mechanisms. Genome Res. 8, 881–900.

5. McGrath, J., and Solter, D. (1984). Completion of mouse em-
bryogenesis requires both the maternal and paternal genomes.
Cell 37, 179–183.

6. Surani, M. A., Barton, S. C., and Norris, M. L. (1984). Develop-
ment of reconstituted mouse eggs suggests imprinting of the
genome during gametogenesis. Nature 308, 548–550.

7. Kajii, T., and Ohama, K. (1977). Androgenetic origin of hyda-
tidiform mole. Nature 268, 633–634.

8. Ohama, K., Nomura, K., Okamoto, E., Fukuda, Y., Ihara, T.,
and Fujiwara, A. (1985). Origin of immature teratoma of the

opment in patients with liver cirrhosis. (A) Normal human liver. (B)
te loss (white areas), and the formation of preneoplastic hepatocytes

tivated (F). (C) The preneoplastic, M6P/IGF2R-mutated hepatocytes
reas) in the cirrhotic liver. (D) These clonal regions of preneoplastic
s. Approximately 60% of HCCs (large sphere) ultimately arise from
ated hepatocytes; both alleles of the M6P/IGF2R are commonly
vel
ocy
ac

k a
sse
ut
ovary. Am. J. Obstet. Gynecol. 152, 896–900.



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

22 RANDY L. JIRTLE
9. Falls, J. G., Pulford, D. J., Wylie, A. A., and Jirtle, R. L. (1999).
Genomic imprinting: implications for human disease. Am. J.
Pathol. 154, 635–647.

0. DeChiara, T. M., Robertson, E. J., and Efstratiadis, A. (1991).
Parental imprinting of the mouse insulin-like growth factor II
gene. Cell 64, 849–859.

1. Vu, T. H., and Hoffman, A. R. (1994). Promoter-specific imprint-
ing of the human insulin-like growth factor-II gene. Nature 371,
714–717.
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