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MINIREVIEW

Genomic Imprinting and Cancer

Randy L. Jirtle*

Department of Radiation Oncology, Duke University Medical Center, Durham, North Carolina 27710

Although we inherit two copies of all genes, except
those that reside on the sex chromosomes, there is a
subset of these genes in which only the paternal or
maternal copy is functional. This phenomenon of
monoallelic, parent-of-origin expression of genes is
termed genomic imprinting. Imprinted genes are nor-
mally involved in embryonic growth and behavioral
development, but occasionally they also function inap-
propriately as oncogenes and tumor suppressor genes.
The evidence that imprinted genes play a role in car-
cinogenesis will be discussed in this review. Addi-
tional information about imprinted genes can be
found on the Genomic Imprinting Website at: (http://

www.geneimprint.com). © 1999 Academic Press

INTRODUCTION

Genomic imprinting is a non-Mendelian inherited
epigenetic form of gene regulation that results in
monoallelic expression. In contrast to the random al-
lele inactivation that occurs for example at the Xist
locus [1], the expressed allele for imprinted genes is
dependent upon parental inheritance [for reviews see
2—-4]. Thus, genomic imprinting is a phenomenon
where the expression of a gene in this generation is
dependent upon whether it resided in a male or female
the past generation. Epigenetic events such as DNA
methylation at CpG sites control the imprinting of
genes [4]. Therefore, factors other than the sex of the
parent could even modify the imprint process, thereby
resulting in a Lamarkian-like inheritance of acquired
traits. Such potential imprint-altering factors could
include the parental level of nutrition, stress, and ex-
posure to chemical and physical agents.

The existence of imprinted genes first became appar-
ent when nuclear transplantation experiments demon-
strated that diploid androgenotes derived from two
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male pronuclei, and gynogenotes formed from two fe-
male pronuclei failed to develop properly during em-
bryogenesis [5, 6]. Similarly, in humans complete hy-
datidaform moles which contain only paternal
chromosomes produce primarily placental tissue, while
dermoid cysts which contain only maternal chromo-
somes produce primarily embryonic tissue [7, 8]. These
findings demonstrated that the mammalian genome
contains autosomal genes that are only expressed from
either the maternal or paternal allele. There are now
more than 20 human imprinted genes identified rang-
ing from growth factors to untranslated RNA, and it is
postulated that 100 to 500 imprinted genes may exist
[for review see 9].

The first endogenous imprinted gene identified was
1gf2 [10]. In 1991 De Chiara et al. [10] discovered that
homozygous Igf2-null mice were approximately 40%
smaller than wild-type mice when they were born,
consistent with the known growth effects of 1gf2. Im-
portantly, the dwarfing phenotype was also observed in
heterozygous mice, but only when the mutated allele
was inherited from the father. This demonstrated that
the Igf2 gene is imprinted and expressed only from the
paternal allele. IGF2 is also imprinted in human tis-
sues with the notable exception of the adult liver where
expression is biallelic because of promoter switching
after birth [11].

The second imprinted gene discovered was the ma-
ternally expressed mannose 6-phosphate/insulin-like
growth factor 2 receptor (M6p/lgf2r) [12]. The M6p/
Igf2r maps to the Tme locus on mouse chromosome 17
[12], and is the gene responsible for this maternal
lethal effect [13]. The M6p/Igf2r encodes for a receptor
that binds both M6P-containing glycoproteins and 1gf2
through independent binding sites [for review see 14].
The primary function of this receptor is the intracellu-
lar trafficking of phosphomannosyl glycoproteins from
the Golgi apparatus to the lysosomes, and the inter-
nalization of 1gf2 and other extracellular ligands to the
lysosomes for degradation [14]. Igf2 signaling is not
mediated by M6p/Igf2r, but rather it occurs principally
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through the Igfl receptor and the insulin receptor [15,
16].

Thus, the bioavailability of Igf2 is controlled by a
receptor that is also imprinted but expressed only from
the maternal allele. The reciprocal imprinting of the
Igf2 and M6p/lgf2r genes suggested that the evolution
of genomic imprinting may have resulted from a par-
ent—offspring conflict to control fetal growth [17]. This
parental “tug-of-war” model postulated by Haig [17]
predicts that paternally expressed genes promote pre-
natal and postnatal growth while maternally ex-
pressed genes are growth suppressors. The identifica-
tion of additional imprinted genes and their function
will be required to determine whether this provocative
model is adequate to explain the evolutionary pressure
that resulted in the creation of genes that are function-
ally haploid [18].

Imprinted genes are not only important in prenatal
[10, 19] and postnatal [20, 21] growth control, but also
in behavioral development. People with Angelman syn-
drome, a congenital disease that evidence suggests is
caused by the inactivation of the maternally expressed
UBE3A (ubiquitin protein ligase 3A) gene, are severely
retarded in addition to having ataxia, tremulousness,
sleep disorders, seizures, and being hyperactive [for
review see 9, 22]. PEGI/MEST, a member of the o/p-
hydroxylase fold family, is a paternally expressed gene
that maps to human chromosome 7q32 [23]. Pegl/
Mest(+/—)-deficient mice are viable and fertile; how-
ever, they exhibit growth retardation and increased
lethality [24]. Interestingly, the females that inherit
the mutated allele from their fathers also have a de-
creased reproductive fitness because of an abnormal
nurturing behavior. It is presently unknown whether
PEG1/MEST inactivation has a similar effect on ma-
ternal nurturing behavior in humans or what effect
gene inactivation has in males. Furthermore, the
M6P/IGF2R has been identified as the first putative
“1Q gene,” implicating imprinted genes in the develop-
ment of cognitive ability [25]. Parent-of-origin inheri-
tance effects suggest that imprinted genes are also a
genetic determinant in autism [26], bipolar effective
disorder [27, 28], and schizophrenia [29], to name only
a few [30]. These results demonstrate that imprinted
genes play a prominent role in behavioral genetics.

IMPRINTED ONCOGENES AND TUMOR
SUPPRESSOR GENES

Imprinted genes are normally involved in embryonic
growth and behavioral development; however, occa-
sionally because of inappropriate expression, they also
function as oncogenes and tumor suppressor genes.
Loss of heterozygosity (LOH) or uniparental disomy
(UPD) at an imprinted locus may result in the deletion

of the only functional copy of an imprinted tumor sup-
pressor gene [9, 31]. Alternatively, loss of imprinting
(LOI) or UPD at an imprinted locus may result in an
increased expression of an imprinted proto-oncogene.
Furthermore, mutational inactivation of an imprint
control center could cause aberrant expression of mul-
tiple imprinted proto-oncogenes and/or tumor suppres-
sor genes since imprinted genes often occur in chromo-
somal domains [32, 33]. Imprinted genes now impli-
cated in human carcinogenesis include: IGF2, WT1,
p57"'7, p73, NOEY2, and M6P/IGF2R [9].

Aberrant genomic imprinting and its role in cancer
are best exemplified by studies on Wilms’' tumor, a
sporadic and familial childhood kidney tumor that
arises from metanephric blastemal cells. Direct genetic
evidence linking tumorigenesis and aberrant imprint-
ing was identified when 70% of Wilms' tumors were
found to have biallelic expression of IGF2 [34-36], a
gene that encodes for a growth factor known to be
oncogenic when overexpressed [37, 38]. Inactivation of
the reciprocally imprinted H19 gene was also present
in a number of these cases [36] suggesting that LOI at
the IGF2 locus in Wilms’ tumor could result from loss
of H19 expression [39, 40]. This postulate is supported
by the finding that H19-null transgenic mice show
biallelic expression of IGF2 [41]. The coupling of bial-
lelic IGF2 gene expression with H19 inactivation is
even observed in phenotypically normal kidney tissue
surrounding Wilms’ tumors [42]. Thus, H19 inactiva-
tion and the biallelic expression of IGF2 appear to be
linked and occur early in tumor development. Deregu-
lation of IGF2 imprinting has now been shown to occur
in over 20 different tumor types, demonstrating its
fundamental mechanistic importance in carcinogene-
sis [9].

Another imprinted gene involved in Wilms’' tumor
formation is WT1, a tumor suppressor located at hu-
man chromosome 11p13 [43]. WT1 is biallelically ex-
pressed in the kidney, heart, lung, liver, and intestine,
but is expressed largely or exclusively from the mater-
nal allele in fetal brain [44]. It is also imprinted in 40%
of preterm placenta [44, 45]. Since the imprint status is
not correlated with gestational age of the placenta [45],
imprinting of the WT1 gene in the placenta is a poly-
morphic trait. Imprinting at the WT1 locus is also
polymorphic in fibroblasts and lymphocytes, but the
paternal rather than the maternal allele is expressed
[46]. These findings suggest the interesting possibility
that polymorphic imprinting of the WT1 tumor sup-
pressor gene could result in both tissue- and individ-
ual-dependent susceptibilities to cancer.

The maternally expressed cyclin-dependent kinase
inhibitor, p57"'**, maps to human chromosome 11p15.5
[47, 48]. Approximately 10% of Beckwith—Wiedemann
syndrome patients have p57"'*> mutations, but p57"'*
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has not been found to be mutated in tumors [49, 50].
The maternal allele of p57'™ is selectively lost in 85%
of lung cancers with 11p15 deletions [51]; however, in
Wilms’ tumors with maternal loss of p57¢'*, the nor-
mally silent paternal allele is expressed [52]. This sug-
gests that p57"'* is not a tumor suppressor, at least in
Wilms’ tumor. Since the imprinting of p57"'** is incom-
plete in humans with paternal expression occurring
even in some tissues, the putative tumor suppressor
function of p57'* needs to be further clarified.

NOEY2 is a recently identified member of the RAS
superfamily with high homology to both RAS and RAP
[53]. It maps to human chromosome 1p31 and is ex-
pressed only from the paternal allele. LOH at this locus
is observed in 41% of ovarian and breast cancers, and
the paternally expressed allele is preferentially de-
leted. Furthermore, transfection of NOEY?2 into breast
and ovarian tumor cells that normally lack expression
suppresses growth. Thus, NOEY2 appears to be an
imprinted tumor suppressor gene whose function is
frequently abrogated in ovarian and breast cancers.

p73 is an imprinted, maternally expressed gene that
encodes for a protein sharing considerable homology
with the tumor suppressor p53 [54]. It maps to human
chromosome 1p36, a region containing a putative neu-
roblastoma tumor suppressor gene expressed predom-
inantly from the maternal allele. The frequent loss of
p73 in neuroblastomas coupled with the demonstration
that its overexpression inhibits growth suggested that
p73 is a tumor suppressor gene [55]. Additional studies
with a variety of tumors, however, were unable to
demonstrate either preferential loss of the expressed
maternal allele or somatic mutations in the remaining
allele. These findings suggest that p73 is not the puta-
tive imprinted tumor suppressor present at this chro-
mosomal location [56-62].

Monoallelic expression of p73 has recently been dem-
onstrated in normal lung and kidney tissue, whereas
expression is biallelic in the tumors that develop in
these tissues [63, 64]. The high frequency of LOI and
imprint switching at the p73 locus in lung cancer and
renal cell carcinomas suggest that p73 is involved in
tumorigenesis through the activation of the silent al-
lele and overexpression of wild-type p73. Conse-
guently, p73 may function as an oncogene rather than
as a tumor suppressor gene as originally proposed. It
would be ironic if both p53 and p73 were initially
described to have an oncogenic function opposite to
that which it possesses.

The M6P/IGF2R, at human chromosome location
6026, is inactivated in a variety of tumors at the ear-
liest stage of transformation [65-68]. It is mutated in
60% of dysplastic liver lesions and hepatocellular car-
cinomas (HCCs) of patients with or without hepatitis
virus (HV) infection [65, 66, 68, 69]. The M6P/IGF2R is

also mutated in rat liver tumors induced with the
genotoxic agent, diethylnitrosamine [70]. The gene
contains a poly-G region that is a common mutational
target in colon, gastric and endometrial tumors with
mismatch repair deficiencies and microsatellite insta-
bility [71-73]. Moreover, the M6P/IGF2R is mutated in
human gliomas that do not contain mutations in the
transforming growth factor B type Il receptor or Bax
genes [73], and in 30% of human breast tumors [67].
Thus, the M6P/IGF2R has been shown to be frequently
mutated in a number of different cancers.

Although gene imprinting is often conserved be-
tween mammalian species, the imprint status of the
M6P/IGF2R in humans and rodents is strikingly dif-
ferent. The M6p/Igf2r is imprinted in mice [12] and
rats [70], but imprinting at this locus appears to be a
polymorphic trait in humans, with most individuals
having biallelic expression [74-76]. The existence of
individuals with an imprinted M6P/IGF2R tumor sup-
pressor suggests that they may have increased suscep-
tibility to tumor development because of aberrant im-
print control. This postulate is supported by Xu et al.
[77] who recently reported partial imprinting of the
M6P/IGF2R in 50% of Wilms’ tumor patients. Further-
more, only 1 hit rather than 2 hits would be required to
inactive the tumor suppressor function of the M6ép/
Igf2r in mice. This may in part explain why mice are
more sensitive to tumor formation than humans. It
also suggests that transgenic mice with biallelic ex-
pression of the M6p/lgf2r may be better human surro-
gates for carcinogen risk assessment than those pres-
ently employed.

The precise molecular mechanism for genomic im-
printing of the M6P/IGF2R is not completely defined.
Methylation of a CpG-rich region in intron 2 (region 2)
of the expressed maternal allele carries the imprint
signal for this gene in mice [78, 79], and the imprinting
box in this region has also now been identified [80].
This region appears to function as the promoter of an
antisense transcript that originates only from the re-
pressed paternal allele. This indicates that a form of
expression competition may regulate imprinting of the
M6p/Igf2r gene in mice [79]. Region 2 of the human
M6P/IGF2R also contains parent-of-origin methyl-
ation, but gene expression is biallelic [81, 82]. Conse-
guently, humans and mice appear to possess an altered
ability to “read” the M6P/IGF2R imprint marks.

M6P/IGF2R inactivation is an early event in liver
carcinogenesis, occurring in the initiation rather than
the progression stage of transformation (Fig. 1) [68].
Clonal expansion of normal-appearing, preneoplastic
hepatocytes with a single M6P/IGF2R allele inacti-
vated often occurs in patients chronically infected with
hepatitis virus. These precancerous hepatocytes have
an enhanced risk of developing into tumors because
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FIG. 1. Oncogenesis model of hepatocellular carcinoma (HCC) development in patients with liver cirrhosis. (A) Normal human liver. (B)
Chronic hepatitis virus infection and/or alcohol abuse results in hepatocyte loss (white areas), and the formation of preneoplastic hepatocytes
in which a single allele of the M6P/IGF2R tumor suppressor gene is inactivated (@®). (C) The preneoplastic, M6P/IGF2R-mutated hepatocytes
preferentially regenerate and/or survive, forming clonal lesions (black areas) in the cirrhotic liver. (D) These clonal regions of preneoplastic
hepatocytes (black areas) continue to expand as liver cirrhosis progresses. Approximately 60% of HCCs (large sphere) ultimately arise from
this clonally expanded population of preneoplastic, M6P/IGF2R-mutated hepatocytes; both alleles of the M6P/IGF2R are commonly

inactivated in the HCCs.

they ultimately give rise to more than 60% of human
HCCs [65, 66, 68]. This suggests that a primary “initi-
ation event” in human liver carcinogenesis is the inac-
tivation of a single allele of the M6P/IGF2R gene. The
“promotion event” in the transformation process is the
clonal expansion of these phenotypically normal, M6P/
IGF2R-mutated preneoplastic hepatocytes at high risk
of completely losing the tumor suppressor function of
this gene. All other oncogenic events observed in dys-
plastic to neoplastic liver lesions occur in the progres-
sion stage of transformation. The inactivation of the
M6P/IGF2R is also an early event in breast cancer [67,
83], but it is unknown whether gene inactivation re-
sults in clonal growth in the breast as it does in the
liver.

In conclusion, genomic imprinting is an epigenetic
form of gene regulation that results in the expression of
only one parental allele. Imprinted genes not only play
an important role in embryogenesis and behavioral
development but are also mechanistically involved in
carcinogenesis. Because imprinted genes are function-
ally haploid, imprinted tumor suppressor genes and
proto-oncogenes are particularly vulnerable to inacti-
vation and activation, respectively. The imprinting of
genes also varies between species, individuals, tissues,
cells, and stage of embryonic development. Therefore,

the overall effect of genomic imprinting on cancer sus-
ceptibility and penetrance is potentially great.

This study was supported by NIH Grants CA25951 and ES08823,
DOD Grant DAMD17-98-1-8305, Rohm & Haas Chemical Company,
and 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., lhara, T.,
and Fujiwara, A. (1985). Origin of immature teratoma of the
ovary. Am. J. Obstet. Gynecol. 152, 896—-900.



22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

RANDY L. JIRTLE

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.

DeChiara, T. M., Robertson, E. J., and Efstratiadis, A. (1991).
Parental imprinting of the mouse insulin-like growth factor 11
gene. Cell 64, 849-859.

Vu, T. H., and Hoffman, A. R. (1994). Promoter-specific imprint-
ing of the human insulin-like growth factor-11 gene. Nature 371,
714-717.

Barlow, D. P., StSger, R., Herrmann, B. G., Saito, K., and
Schweifer, N. (1991). The mouse insulin-like growth factor
type-2 receptor is imprinted and closely linked to the Tme locus.
Nature 349, 84-87.

Wang, Z. Q., Fung, M. R., Barlow, D. P., and Wagner, E. F.
(1994). Regulation of embryonic growth and lysosomal target-
ing by the imprinted Igf2/Mpr gene. Nature 372, 464—467.

Kornfeld, S. (1992). Structure and function of the mannose
6-phosphate/insulin-like growth factor Il receptors. Annu. Rev.
Biochem. 61, 307-330.

Czech, M. P., Lewis, R. E., and Corvera, S. (1989). Multifunc-
tional glycoprotein receptors for insulin and the insulin-like
growth factors. Ciba Found. Symp. 145, 27-41.

Morrione, A., Valentinis, B., Xu, S.-Q., Yumet, G., Louvi, A.,
Efstratiadis, A., and Baserga, R. (1997). Insulin-like growth
factor Il stimulates cell proliferation through the insulin recep-
tor. Proc. Natl. Acad. Sci. USA 94, 3777-3782.

Haig, D., and Graham, C. (1991). Genomic imprinting and the
strange case of the insulin-like growth factor Il receptor. Cell
64, 1045-1046.

Hurst, L. D., and McVean, G. T. (1997). Growth effects of
uniparental disomies and the conflict theory of genomic im-
printing. Trends Genet. 13, 436—443.

Sun, F. L., Dean, W. L., Kelsey, G., Allen, N. D., and Reik, W.
(1997). Transactivation of Igf2 in a mouse model of Beckwith—
Wiedemann syndrome. Nature 389, 809-815.

Nezer, C., Moreau, L., Brouwers, B., Coppieters, W., Detilleux,
J., Hanset, R., Karim, L., Kvasz, A., Leroy, P., and Georges, M.
(1999). An imprinted QTL with major effect on muscle mass
and fat deposition maps to the IGF2 locus in pigs. Nat. Genet.
21, 155-156.

Jeon, J. T., Carlborg, O., Tornsten, A., Giuffa, E., Amarger, V.,
Chardon, P., Andersson-Eklund, L., Andersson, K., Hansson, 1.,
Lundstrom, K., and Andersson, L. (1999). A paternally ex-
pressed QTL affecting skeletal and cardiac muscle mass in pigs
maps to the IGF2 locus. Nat. Genet. 21, 157-158.

Lalande, M. (1996). Parental imprinting and human disease.
Annu. Rev. Genet. 30, 173-195.

Kobayashi, S., Kohda, T., Miyoshi, N., Kuroiwa, Y., Aisaka, K.,
Tsutsumi, O., Kaneko-Ishino, T., and Ishino, F. (1997). Human
PEG1/MEST, an imprinted gene on chromosome 7. Hum. Mol.
Genet. 6, 781-786.

Lefebvre, L., Viville, S., Barton, S. C., Ishino, F., Keverne, E. B.,
and Surani, M. A. (1998). Abnormal maternal behaviour and
growth retardation associated with loss of the imprinted gene
Mest. Nat. Genet. 20, 163-169.

Chorney, M. J., Chorney, K., Seese, N., Owen, M. J., Daniels, J.,
McGuffin, P., Thompson, L. A., Detterman, D. K., Benbow, C.,
Lubinski, D., Eley, T., and Plomin, R. (1998). A quantitative
trait locus associated with cognitive ability in children. Psych.
Sci. 9, 159-166.

Cook, E. H., Jr., Lindgren, V., Leventhal, B. L., Courchesne, R.,
Lincoln, A., Shulman, C., Lord, C., and Courchesne, E. (1997).

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Autism or atypical autism in maternally but not paternally
derived proximal 15¢g duplication. Am. J. Hum. Genet. 60, 928—
934.

Grigoroiu-Serbanescu, M., Wickramaratne, P. J., Hodge, S. E.,
Milea, S., and Mihailescu, R. (1997). Genetic anticipation and
imprinting in bipolar I illness. Br. J. Psychiatry 170, 162—166.

Kato, T., Winokur, G., Coryell, W., Keller, M. B., Endicott, J.,
and Rice, J. (1996). Parent-of-origin effect in transmission of
bipolar disorder. Am. J. Med. Genet. 67, 546-550.

Ohara, K., Xu, H. D., Mori, N., Suzuki, Y., Xu, D. S., and Wang,
Z.C. (1997). Anticipation and imprinting in schizophrenia. Biol.
Psychiatry 42, 760-766.

Morison, I. M., and Reeve, A. E. (1998). A catalogue of im-
printed genes and parent-of-origin effects in humans and ani-
mals. Hum. Mol. Genet. 7, 1599-1609.

Pulford, D. J., Falls, J. G, Killian, J. K., and Jirtle, R. L. (1999).
Polymorphisms, genomic imprinting and cancer susceptibility.
Mutat. Res. 436, 59—67.

Hendrich, B. D., and Huntington, F. W. (1995). Epigenetic
regulation of gene expression: the effect of altered chromatin
structure from yeast to mammals. Hum. Mol. Genet. 4, 1765—
1777.

Feil, R., and Kelsey, G. (1997). Genomic imprinting: A chroma-
tin connection. Am. J. Hum. Gent. 61, 1213-1219.

Ogawa, O., Eccles, M. R., Szeto, J., McNoe, L. A,, Yun, K., Maw,
M. A., Smith, P. J., and Reeve, A. E. (1993). Relaxation of
insulin-like growth factor Il gene imprinting implicated in
Wilms' tumour. Nature 362, 749-751.

Rainier, S., Johnson, L. A., Dobry, C. J., Ping, A. J., Grundy,
P. E., and Feinberg, A. P. (1993). Relaxation of imprinted genes
in human cancer. Nature 362, 747-749.

Steenman, M. J. C., Rainier, S., Dobry, C. J., Grundy, P., Horon,
I. L., and Feinberg, A. P. (1994). Loss of imprinting of IGF2 is
linked to reduced expression and abnormal methylation of H19
in Wilms’ tumour. Nat. Genet. 7, 433-439.

Bates, P., Fisher, R., Ward, A., Richardson, L., Hill, D. J., and
Graham, C. F. (1995). Mammary cancer in transgenic mice
expressing insulin-like growth factor 11 (IGF-11). Br. J. Cancer
72, 1189-1193.

Rogler, C. E., Yang, D., Rossetti, L., Donohoe, J., Alt, E., Chang,
C. J., Rosenfeld, R., Neely, K., and Hintz, R. (1994). Altered
body composition and increased frequency of diverse malignan-
cies in insulin-like growth factor-11 transgenic mice. J. Biol.
Chem. 269, 13779-13784.

Hao, Y., Crenshaw, T., Moulton, T., Newcomb, E., and Tycko, B.
(1993). Tumor-suppressor activity of H19. Nature 365, 764—
767.

Webber, A. L., Ingram, R. S., Levorse, J. M., and Tilghman,
S. M. (1998). Location of enhancers is essential for the imprint-
ing of H19 and Igf2 genes. Nature 391, 711-715.

Leighton, P. A, Ingram, R. S., Eggenschwiler, J., Efstratiatis,
A.,and Tilghman, S. M. (1995). Disruption of imprinting caused
by deletion of the H19 gene region in mice. Nature 375, 34-39.
Okamoto, K., Morison, I. M., Taniguchi, T., and Reeve, A. E.
(1997). Epigenetic changes at the insulin-like growth factor
11/H19 locus in developing kidney is an early event in Wilms
tumorigenesis. Proc. Natl. Acad. Sci. USA 94, 5367-5371.
Huff, V. (1998). Wilms tumor genetics. Am. J. Med. Genet. 79,
260-267.

Jinno, Y., Yun, K., Nishiwaki, K., Kubota, T., Ogawa, O., Reeve,
A. E., and Niikawa, N. (1994). Mosaic and polymorphic imprint-
ing of the WT1 gene in humans. Nat. Genet. 6, 305-309.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

GENOMIC IMPRINTING AND CANCER 23

Nishiwaki, K., Niikawa, N., and Ishikawa, M. (1997). Polymor-
phic and tissue-specific imprinting of the human Wilms tumor
gene, WTL1. Jpn. J. Hum. Genet. 42, 205-211.

Mitsuya, K., Sui, H., Meguro, M., Kugoh, H., Jinno, Y., Ni-
ikawa, N., and Oshimura, M. (1997). Paternal expression of
WT1 in human fibroblasts and lymphocytes. Hum. Mol. Genet.
6, 2243-2246.

Hatada, 1., Inazawa, J., Abe, T., Nakayama, M., Kaneko, Y.,
Jinno, Y., Niikawa, N., Ohashi, H., Fukushima, Y., lida, K.,
Yutani, C., Takahashi, S., Chiba, Y., Ohishi, S., and Mukai, T.
(1996). Genomic imprinting of human p57"'" and its reduced
expression in Wilms’ tumors. Hum. Mol. Genet. 5, 783-788.

Hatada, 1., and Mukai, T. (1995). Genomic imprinting of
p57KIP2, a cyclin-dependent kinase inhibitor, in mouse. Nat.
Genet. 11, 204-206.

Hatada, I., Ohashi, H., Fukushima, Y., Kaneko, Y., Inoue, M.,
Komoto, Y., Okada, A., Ohishi, S., Nabetani, A., Morisaki, H.,
Nakayama, M., Niikawa, N., and Mukai, T. (1996). An im-
printed gene p57KIP2 is mutated in Beckwith-Wiedemann syn-
drome. Nat. Genet. 14, 171-173.

O'Keefe, D., Dao, D., Zhao, L., Sanderson, R., Warburton, D.,
Weiss, L., Anyane-Yeboa, K., and Tycko, B. (1997). Coding
mutations in p57KIP2 are present in some cases of Beckwith—
Wiedemann syndrome but are rare or absent in Wilms tumors.
Am. J. Hum. Genet. 61, 295-303.

Kondo, M., Matsuoka, S., Uchida, K., Osada, H., Nagatake, M.,
Takagi, K., Harper, J. W., Takahashi, T., and Elledge, S. J.
(1996). Selective maternal-allele loss in human lung cancers of
the maternally expressed p57KIP2 gene at 11p15.5. Oncogene
12, 1365-1368.

Taniguchi, T., Okamoto, K., and Reeve, A. E. (1997). Human
p57(KIP2) defines a new imprinted domain on chromosome 11p
but is not a tumour suppressor gene in Wilms tumour. Onco-
gene 14, 1201-1206.

Yu, Y., Xu, F., Peng, H., Fang, X., Zhao, S., Li, Y., Cuevas, B.,
Kuo, W. L., Gray, J. W., Siciliano, M., Mills, G. B., and Bast,
R. C., Jr. (1999). NOEY2 (ARHI), an imprinted putative tumor
suppressor gene in ovarian and breast carcinomas. Proc. Natl.
Acad. Sci. USA 96, 214-219.

Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J. C.,
Valent, A., Minty, A., Chalon, P., Lelias, J. M., Dumont, X,
Ferrara, P., McKeon, F., and Caput, D. (1997). Monoallelically
expressed gene related to p53 at 1p36, a region frequently
deleted in neuroblastoma and other human cancers. Cell 90,
809-819.

Jost, C. A, Marin, M. C., and Kaelin, W. G., Jr. (1997). p73is a
human p53-related protein that can induce apoptosis. Nature
389, 191-194.

Nomoto, S., Haruki, N., Kondo, M., Konishi, H., and Takahashi,
T. (1998). Search for mutations and examination of allelic ex-
pression imbalance of the p73 gene at 1p36.33 in human lung
cancers. Cancer Res. 58, 1380-1383.

Kovalev, S., Marchenko, N., Swendeman, S., LaQuaglia, M.,
and Moll, U. M. (1998). Expression level, allelic origin, and
mutation analysis of the p73 gene in neuroblastoma tumors and
cell lines. Cell Growth Differ. 9, 897-903.

Nimura, Y., Mihara, M., Ichimiya, S., Sakiyama, S., Seki, N.,
Ohira, M., Nomura, N., Fujimori, M., Adachi, W., Amano, J.,
He, M., Ping, Y. M., and Nakagawara, A. (1998). p73, a gene
related to p53, is not mutated in esophageal carcinomas. Int. J.
Cancer 78, 437-440.

Mai, M., Huang, H., Reed, C., Qian, C., Smith, J. S., Alderete,
B., Jenkins, R., Smith, D. I., and Liu, W. (1998). Genomic

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

organization and mutation analysis of p73 in oligodendroglio-
mas with chromosome 1 p-arm deletions. Genomics 51, 359—
363.

Sunahara, M., Ichimiya, S., Nimura, Y., Takada, N., Sakiyama,
S., Sato, Y., Todo, S., Adachi, W., Amano, J., and Nakagawara,
A. (1998). Mutational analysis of the p73 gene localized at
chromosome 1p36.3 in colorectal carcinomas. Int. J. Oncol. 13,
319-323.

Kroiss, M. M., Bosserhoff, A. K., Vogt, T., Buettner, R., Bogen-
rieder, T., Landthaler, M., and Stolz, W. (1998). Loss of expres-
sion or mutations in the p73 tumour suppressor gene are not
involved in the pathogenesis of malignant melanomas. Mela-
noma Res. 8, 504-509.

Tsao, H., Zhang, X., Majewski, P., and Haluska, F. G. (1999).
Mutational and expression analysis of the p73 gene in mela-
noma cell lines. Cancer Res. 59, 172-174.

Mai, M., Qian, C., Yokomizo, A., Tindall, D. J., Bostwick, D.,
Polychronakos, C., Smith, D. I., and Liu, W. (1998). Loss of
imprinting and allele switching of p73 in renal cell carcinoma.
Oncogene 17, 1739-1741.

Mai, M., Yokomizo, A., Qian, C., Yang, P., Tindall, D. J., Smith,
D. I, and Liu, W. (1998). Activation of p73 silent allele in lung
cancer. Cancer Res. 58, 2347-2349.

De Souza, A. T., Hankins, G. R., Washington, M. K., Fine, R. L.,
Orton, T. C., and Jirtle, R. L. (1995). Frequent loss of heterozy-
gosity on 6qg at the mannose 6- phosphate/insulin-like growth
factor 11 receptor locus in human hepatocellular tumors. Onco-
gene 10, 1725-1729.

De Souza, A. T., Hankins, G. R., Washington, M. K., Orton,
T. C., and Jirtle, R. L. (1995). M6P/IGF2R gene is mutated in
human hepatocellular carcinomas with loss of heterozygosity.
Nat. Genet. 11, 447—-449.

Hankins, G. R., De Souza, A. T., Bentley, R. C., Patel, M. R,
Marks, J. R., Iglehart, J. D., and Jirtle, R. L. (1996). M6P/IGF2
receptor: a candidate breast tumor suppressor gene. Oncogene
12, 2003-2009.

Yamada, T., De Souza, A. T., Finkelstein, S., and Jirtle, R. L.
(1997). Loss of the gene encoding mannose 6-phosphate/insulin-
like growth factor Il receptor is an early event in liver carcino-
genesis. Proc. Natl. Acad. Sci. USA 94, 10351-10355.

Piao, Z., Choi, Y., Park, C., Lee, W. J., Park, J. H., and Kim, H.
(1997). Deletion of the M6P/IGF2r gene in primary hepatocel-
lular carcinoma. Cancer Lett. 120, 39-43.

Mills, J. J., Falls, J. G., De Souza, A. T., and Jirtle, R. L. (1998).
Imprinted M6p/lgf2 receptor is mutated in rat liver tumors.
Oncogene 16, 2797-2802.

Souza, R. F., Appel, R,, Yin, J., Wang, S., Smolinski, K. N.,
Abraham, J. M., Zou, T.-T., Shi, Y.-Q., Lei, J., Cottrell, J.,
Cymes, K., Biden, K., Simms, L., Leggett, B., Lynch, P. M.,
Frazier, M., Powell, S. M., Harpaz, N., Sugimura, H., Young, J.,
and Meltzer, S. J. (1996). The insulin-like growth factor Il
receptor gene is a target of microsatellite instability in human
gastrointestinal tumours. Nat. Genet. 14, 255-257.

Ouyang, H., Shiwaku, H. O., Hagiwara, H., Miura, K., Abe, T.,
Kato, Y., Ohtani, H., Shiiba, K., Souza, R. F., Meltzer, S. J., and
Horii, A. (1997). The insulin-like growth factor Il receptor gene
is mutated in genetically unstable cancers of the endometrium,
stomach, and colorectum. Cancer Res. 57, 1851-1854.

Leung, S. Y., Chan, T. L., Chung, L. P,, Chan, A. S., Fan, Y. W.,
Hung, K. N., Kwong, W. K., Ho, J. W., and Yuen, S. T. (1998).
Microsatellite instability and mutation of DNA mismatch re-
pair genes in gliomas. Am. J. Pathol. 153, 1181-1188.



24

74.

75.

76.

77.

78.

79.

RANDY L. JIRTLE

Kalscheuer, V. M., Mariman, E. C., Schepens, M. T., Rehder,
H., and Ropers, H.-H. (1993). The insulin-like growth factor
type-2 receptor gene is imprinted in the mouse but not in
humans. Nat. Genet. 5, 74-78.

Ogawa, O., McNoe, L. A., Eccles, M. R., Morison, I. M., and
Reeve, A. E. (1993). Human insulin-like growth factor type |
and type Il receptors are not imprinted. Hum. Mol. Genet. 2,
2163-2165.

Xu, Y., Goodyer, C. G., Deal, C., and Polychronakos, C. (1993).
Functional polymorphism in the parental imprinting of the hu-
man IGF2R gene. Biochem. Biophys. Res. Commun. 197, 747-754.
Xu, Y. Q., Grundy, P., and Polychronakos, C. (1997). Aberrant
imprinting of the insulin-like growth factor Il receptor gene in
Wilms' tumor. Oncogene 14, 1041-1046.

StSger, R., Kubicka, P., Liu, C. G., Kafri, T., Razin, A., Cedar,
H., and Barlow, D. P. (1993). Maternal-specific methylation of
the imprinted mouse Igf2r locus identifies the expressed locus
as carrying the imprinting signal. Cell 73, 61-71.

Wutz, A., Smrzka, O. W., Schweifer, N., Schellander, K., Wag-
ner, E. F., and Barlow, D. P. (1997). Imprinted expression of the

Received March 3, 1999

80.

81.

82.

83.

1gf2r gene depends on an intronic CpG island. Nature 389,
745-749.

Birger, Y., Shemer, R., Perk, J., and Razin, A. (1999). The
imprinting box of the mouse Igf2r gene. Nature 397, 84—
88.

Smrzka, O. W., Fae, |., Stoger, R., Kurzbauer, R., Fischer, G. F.,
Henn, T., Weith, A., and Barlow, D. P. (1995). Conservation of
a maternal-specific methylation signal at the human IGF2R
locus. Hum. Mol. Genet. 4, 1945-1952.

Riesewijk, A. M., Schepens, M. T., Welch, T. R., Van den Berg-
Loonen, E. M., Mariman, E. M., Ropers, H. H., and Kalscheuer,
V. M. (1996). Maternal-specific methylation of the human
IGF2R gene is not accompanied by allele-specific transcription.
Genomics 31, 158-166.

Chappell, S. A., Walsh, T., Walker, R. A., and Shaw, J. A.
(1997). Loss of heterozygosity at the mannose 6-phosphate in-
sulin-like growth factor 2 receptor gene correlates with poor
differentiation in early breast carcinomas. Br. J. Cancer 76,
1558-1561.



	INTRODUCTION
	IMPRINTED ONCOGENES AND TUMOR SUPPRESSOR GENES
	FIG. 1

	REFERENCES

