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Host Defense to Gene Regulation? 
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Mammals inherit two complete sets of chro- 
mosomes from their Darents and thus two 
copies of every autosomal gene. Normally 
both copies are expressed, but, in a minority 
of cases, a mechanism known as genomic 
imprinting causes the expression of a gene to 
vary according to its maternal or paternal 
origin (I). The raison d'etre of imprinting is 
unclear. Nevertheless, working on the prin- 
ciple that once you know hau, the why be- 
comes self-evident, an increasing effort is 
being put into understanding the molecular 
mechanism that leaves a gene with an "im- 
print" from its mother or father. Analysis of 
endogenous imprinted genes isolated in the 
last 2 years supports previous links between 
imprinting and DNA methylation. Of par- 
ticular interest is the fact that these new 
findings suggest that imprinting may have 
evolved as an extension of the host defense 
role that DNA methylation plays against in- 
vading organisms. 

Genetic analyses in mice predict that only 
a small number of genes are imprinted (2); 
although these genes likely act-during em- 
bryonic development (3, 4), it is not clear 
whether imprinted genes share a common 
function. Indeed, the recent identification 
of four imprinted genes in the mouse sug- 
gests they do not. Igf2 (5) and Igf2r (6)  en- 
code insulin-like growth factor type 2 and its 
receptor; HI9 (7) encodes an embryonic 
RNA of unknown function; and Snrpn (8) 
encodes part of a ribonucleoprotein that 
catalyzes RNA splicing in the brain. Igf2 
and Snrpn are exclusively paternally ex- 
pressed, while Igf2r and HI9 are exclusively 
maternal. In all cases the repressed locus 
shows a complete absence of messenger 
RNA. This means that the cellular transcrip- 
tion machinery must be able to discriminate 
between the maternal and paternal gene 
copy. Because inbred mice, which are geneti- 
cally identical at all loci, are used for these 
experiments, this discrimination cannot be 
due to nucleotide sequence differences, but 
must be due to some form of ~arent-s~ecific 
modification that affects the ibility of'a gene 
to be transcribed. 

A simple model to explain how imprinted 
genes are modified in a parent-specific man- 
ner proposes that the modification is added 
during gametogenesis [see figure and (9)]. 
This is the only period when the maternal 
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ing an imprinting box is subject to parent- 
specific modification by the imprinting fac- 
tor during gametogenesis. Since some genes 
are paternally expressed and others are ma- 
ternal, an additional complication is to pro- 
pose the existence of maternal and paternal 
variants of imprinting boxes and imprinting 
factors. Many of the features proposed for 
this model are based on analyses of endog- 

and paternal genomes are separate and can enous imprinted genes (5-8) and imprinted 
be subjected to differing influences. Accord- "transgenes" [DNA constructs containing 
ing to this model there are at least two steps eukaryotic and prokaryotic sequences (lo)] 
involved: recognitionofasequenceelement, in mice, and together the data can be used 
also known as an "imprinting box" (5), at the to describe four properties of the imprinting 
gene locus and modification of this sequence factor and the imprinting box. First, addition 
by an imprinting factor. Any gene contain- of the imprinting factor to the imprinting 
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A model for genetic imprinting. The maternal imprinting box (MIB) of a gene on a maternally 
inherited chromosome has been modified by the oocyte imprinting factor (OIF). The same MIB 
remains unmodified on a paternally inherited chromosome. The opposite situation occurs with a 
gene containing a paternal imprinting box (PIB), modified by a spermatogenic imprinting factor 
(SIF) on the paternally inherited chromosome but not modified on the maternal. The OIF and the 
SIF are removed from the chromosomes of early germ cells, producing amnesic chromosomes that 
have erased their imprint. After sex determination, germ cells differentiate either into oocytes or 
spermatozoa. Oocytes produce OIF and spermatozoa produce SIF that interact with their respective 
imprinting boxes, leaving a chromosome once more with a memory of its mother or father. 
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box is reversible; second, the factor changes 
transcription; third, the factor modifies the 
imprinting box in gametogenesis and is erased 
in the gametes of the next generation; and 
finally, the factor is heritable in a chromo- 
some-specific manner in the diploid embryo. 
These properties closely resemble the behav- 
ior of DNA methylation in mammals. 

DNA methylation, like gene imprinting, 
is reversible. associated with changes in tran- - 
scription, subject to fluctuations during ga- 
metogenesis and development, and heritable 
in a chromosome-specific manner (1 1 ). Al- 
though all of these features suggest a link 
between methylation and the imprinting 
factor, the strongest link has been demon- 
strated by the use of transgenic mice. In a few 
of these mice the foreign transgene becomes 
methylated in a parent-specific manner in 
the gamete and diploid cells of the embryo 
and, subsequently, the modification is erased 
and reestablished upon passage through the 
germ line ( 10). In one exceptional case ( 12), 
methylation is associated with repression of 
the TG.A transgene. A drawback to these 
experiments is that these transgenes contain 
prokaryotic DNA sequences that are foreign 
to the mouse, and thus their modification 
may not accurately reflect what happens to 
endogenous imprinted genes. DNA meth- 
ylation in both prokaryotes and eukaryotes 
is considered to be primarily a system to 
neutralize invading, foreign DNA ( 13,14): 
in mice retroviral genomes introduced into 
the early embryo are reliably methylated 
(15). Thus, methylation of transgenes may 
simply reflect a host defense response. This 
concern has now been addressed by analyz- 
ing the methylation patterns of endogenous 
imprinted genes. 

Is DNA methylation the imprinting fac- 
tor? If the imprinting factor for endogenous 
genes is DNA methylation, then the meth- 
ylation profile of an imprinted gene should 
follow a pattern in which parent-specific 
methylation is present in the mature gamete 
and is maintained in the diploid embryo and 
adult as long as imprinted gene expression 
persists. The 1gf2r gene (1 6) contains a dis- 
crete region located in a 5' intron that is 
methylated with a developmental profile 
exactly as predicted above. These results 
strongly suggest that methylation is the im- 
printing factor for endogenous genes as well 
as for transgenes. Earlier work describing 
methylation of an expressed imprinted TG .A 
transgene ( 1  2) showed that the repressed lo- 
cus was methylated, while the expressed lo- 
cus was unmodified. In complete contrast to 
these results, the methylated region in 1gf2r 
is on the expressed (maternal) locus, but 
the repressed (paternal) locus is not modi- 
fied. Thus in 1gf2r, methylation is associated 

with expression, and the locus is both mater- 
nally imprinted and maternally expressed. 
This situation can result in maternal-specific 
expression if Igf2r transcription depends on 
either methylation-sensitive repressors or 
methylation-sensitive activators (1 6). In the 
Igf2 locus, parent-specific methylation of 
the expressed (paternal) locus was identified 
( 1  7), but only in late embryos and adults. A 
more detailed study of three imprinted genes 
(Igf2r, Igf2, and H19) confirms that differen- 
tial methylation occurs at all three loci in 
late embryos and adults, but suggests that 
gamete methylation may act as a focus for 
later ~arent-s~ecific methvlation that occurs 
after 'implan;ation ( I  8). 'Thus, so far only 
methylation of the Igf2r gene (1 6) and the 
TG.A transgene (12) clearly meets the re- 
quirements for the imprinting factor, and, 
although there are clear indications that 
methylation is involved in imprinting 1gf2 
and H19, the final verdict is not yet in. The 
excitine uossibilitv now exists to test di- " A 

rectly the involvekent of methylation in 
imprinting by using mice that lack DNA 
meth~ltransferase. Mutant mice that have 
been generated by gene inactivation after 
homologous recombination in embryonic 
stem cells (19) do not survive to birth, but 
embryos could be analyzed for the expres- 
sion of imprinted genes. Because methyla- 
tion of the 1gf2r gene is associated with ex- 
pression of the locus ( 16) and methylation of 
the TG.A transgene is associated with re- 
pression of the locus (12), I would ~redic t  
that embryos lacking DNA methyltrans- 
ferase will also lack 1gf2r transcripts but will 
show an increase in TG.A expression. 

Why are imprinted genes methylated? 
The methylation profile of two imprinted 
genes, 1gf2r and the TG.A transgene, sug- 
gests that the imprinting factor in mammals 
is methylation. What then is the nature of 
the imprinting box at these two genes and 
are the two boxes similar? At the Igf2r locus 
a discrete region is methylated ( 1  6) ,  while 
at the TG.A transgene locus a larger region 
containing plasmid, retroviral, and eukary- 
otic sequences is methylated (1 2). Although 
we have not vet defined the seauences that 
specify the imprinting box, the ability of 
retroviruses to become methvlated de novo 
in the early embryo (15) suggksts the follow- 
ing: The TG.A transgene becomes methyl- 
ated as part of the host defense function of 
DNA methvltransferase because it contains 
sequences ,;hat are recognized as foreign 
DNA, and the 1gf2r gene is meth~lated by 
the same system because it contains an im- 
printing box that looks like foreign DNA. If 
this is the case, genomic imprinting may be 
the missing link that bridges the evolution 
of DNA meth~ltransferase from an agent for 

host defense to a mechanism that regulates - 
gene expression. By extension, this implies 
that the origins of gene imprinting lie in an 
existing biochemical system that serves to 
neutralize foreign invading DNA. The meth- 
ylation profile of Igf2r and the TG.A trans- 
gene also suggests the curious prospect that 
imprinting and the host defense function for 
methylation may occur only in the maternal 
germ line. Evidence to support this point of 
view is that genes that are imprinted by me- 
thylation on the maternal chromosome can 
be either maternally expressed [1gf2r (1 6)] or 
maternally repressed [TG.A transgene (1 2)]. 
In addition, in all cases of parent-specific 
transgene methylation, it is always the ma- 
ternal locus that is methylated, never the 
paternal (9).  A paternal imprinting factor 
may not be required (although the paternal 
imprinting system may just differ from the 
maternal one). Whatever the outcome con- 
cerning the mechanism of imprinting, the 
role of DNA methylation in mammals is a 
topic that generates a certain amount of heat, 
especially among colleagues whose favorite 
organisms have chosen to eschew the ben- 

D 

efits of reprogramming their inherited ge- 
netic information. A suggestion that imprint- 
ing may have evolved in mammalian oocytes 
as an extension of the host defense role of 
DNA methylation is just a little extra fuel to 
keep the pot boiling. 
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