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Introduc.tion

As deleterious recessive somatic mutations are hidden in diploids but not in haploids,
and as most mutations are probably deleterious recessives, a multicellular organism
is usually better off with two sets of chromosomes rather than one (for references and
discussion see ref. 1). Why then do some genes (i.e. imprinted genes) behave as
though they are haploid, with the same copy inactive in many tissues?

A variety of hypotheses have been proposed to account for the evolution of
imprinting. It is the function of this chapter to critically review and evaluate these.
This is prefaced, however, with a brief word on how this chapter is different from the
others in the book.

Non-competing theories of imprinting: evolution and
mechanism

If one were to ask a molecular geneticists why insulin-like growth factor II was
imprinted, the answer may well be a statement about the gene having certain features
that ensure that it is methylated in one germline but not the other (the precise details
are not important here). Ask an evolutionary biologist the same question and a very
ditferent form of answer will appear. It may be framed in terms of imprinting being
good for this or good for that. How can both answers to the same question be right?

The answer is trivial but important. They are not really the same question. The
molecular biologist is interested in the problem of how the imprint is achieved in
mechanistic terms. The evolutionary biologist is telling you about why, when the trait
was rare (when nearly all IGF2 alleles were not imprinted), the trait increased in
frequency in the population to the point where all {or a significant fraction) of the
alleles of IGF2 are imprinted.

There exists in addition a third form of question. The analysis of the spread of the
trait (e.g. an imprinted version of IGF2) assumes that at some point in time there were
only non-imprinted versions and then somehow an imprinted version appears in the
population (initially at very low frequency). How did this come about? This is a
question about mutation. This problem has attracted little attention but one
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tissue (8), whilst gene-specific imprinting is found in eutherians (9) and angiosperms
(10).
No one theory is competent to explain all of the above incidences. I shall restrict

discussion to theories of imprinting in mammals and angiosperms as these may find a

unified explanation (or at least several theories are competent to explain imprinting in
these lineages).

One of the failings of several theories is not that they cannot account for imprinting,
but that they cannot account for why some lineages do not have imprinting. The lack
of imprinting in non-mammalian vertebrates is particularly problematic as they have
extensive methylation (see ref. 11). For this reason a constraint type of explanation (i.e.
the mutation to produce an imprint is not possible) is not an easily acceptable
hypothesis. In addition, the width of the phylogenetic distribution (algae, fungi,
higher plants, arthropods, mammals) would suggest that it is not parsimonious to
suppose there to be a constraint. Further, that transgenes can be differentially
methylated in zebrafish (12) suggests that the establishment of an imprint could be

trivial.

Growth effects

Altered expression levels of imprinted genes, as revealed in for example uniparental
disomies, sometimes result in either enhanced or reduced growth of the embryo (see
Chapter 7). Comparison of the effects of knock-outs of imprinted genes and non-
imprinted genes, shows that imprinted genes affect growth much more often than do
non-imprinted ones (13). Imprinting seems also to affect postnatal behaviour,
particularly that relevant to suckling behaviour (14) and hence again to growth.

In addition, from a sample of eight imprinted genes known to affect growth, it has
been demonstrated that there is a statistically significant correspondence between the
direction of growth effects and the direction of imprinting: genes that are paternally
expressed tend to be growth promoters, whilst those that are maternally expressed
tend to be growth suppressors (15). Since this analysis a further example of a
paternally expressed growth promoter has been provided (16). The data used for this
test are knock-outs and over-expression studies (see for example refs 17 and 18).
Mash2 may be an exception to this general rule. In agreement with the general pattem
is the finding that the invasiveness of placental tissue is positively correlated with the
relative proportion of paternally-derived chromosomes (19).

Analysis of uniparental disomies is more ambiguous. Whilst paternal disomies
often result in large progeny, and maternal disomies result in the opposite (20, 21),
there are several exceptions to these rules (e.g. mouse proximal chromosome 7 and
distal chromosome 17) (22).

It is unclear what should be done with data regarding sex chromosomes. That
mammalian Y chromosomes have growth factors is consistent with the trend that
paternally-derived genes are growth enhancing (23). However, XO mice are larger if
the X is maternally-derived than when it is paternally-derived (24) (the opposite of
the usual trend). Given that there is probably interference between X inactivation an
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In th{_f best‘studied example, the mouse, it appears that not every chromosome
contains an imprinted region. To be more precise (27), we know that in mice, maternal
or paternal disomies of some chromosomes effect neither growth nor viabil’ity There
are for example probably only six distinct imprinted regions on the 19 autc;somes
(discussed in ref. 28). It does not follow that there is not an imprint on these
Fhromosomes. However, many theories require that disruption of the dosage of
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Lethality

Disruption of the pattern of imprinting has strange effects on lethality. Unbalanced
over- and underexpression of some imprinted genes results in lethality (30). In
‘contrast,'double deletion of reciprocally imprinted genes does not necessarily reé:ult
in lethality {e.g. IGF2, IGF2R) (31). These two features appear at first sight to be
mutually contradictory. As shall be seen however, several models are consistent with
this sort of effect, whilst several others are divectly falsified.
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Table 1 Percentage identity at the pratein level of the seven

imprinted genes that have been described inthe mouse-rat
comparison?

Gene % identity
1GF2 96.7°
Insutin 1 93.5
insulin 2 94.5
Mas-oncogena 97
IGFZR 931
Gifl 90.3
SNRPN 100¢

# For this comparison, the mean for an array of 360 genes is ~ 94% + 8 {SD)
(61}. Data compiled by the author,

*Note alsc, the guinea-pig sequence is identica; to the human sequence
°Note, the human sequence is also identical (see ref. 78)

(77).

—

4.12° Chromosomal clustering

Most of the imprinted genes discovered so far are
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what we can be sure of is that some imprinted
important if only because several theories would
should be maximally dispersed.

There may be a trivial explanation for this clustering, namely, that it is easier to
plant an imprint on a gene by extending a locally available imprint. Or perhaps the
close location is due to the genes acting as switches (as may be the case for H19 and
IGF2). There may however need to be a more sophisticated explanation. In population
genetical terms, tight linkage facilitates co

-evolution between genes (37) and the
clustering may be a consequence of such processes.
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Theories of imprinting

In broadest outline theories of imprinting can be divided into three categories (for an
alternative taxonomy see ref. 38). First, there exists a class that view the phenomenon
as an organismic adaptation. Much as the beaks of Darwin’s finches are seen as the
result of selection to maximize individual fitness, so too imprinting is somehow * good

for the individual’. Often this implicily means ‘good for the mother’ and fetal
interests are not considered, It may,

for example, be a means by which a cel! (or
progeny) with an abnormal chromosome constitution is guaranteed an early death
hence nipping a problem in the bud. An opposing theory sees imprinting as the
outcome of a conflict of interests between maternally- and paternally-derived gernes.
This theory sees selection as under

pinning the evolution of imprinting but does not
stuppose that imprinting is ‘good for the individual’. Instead the paternally expressed
genes are supposed to be acting as parasites on the maternal sup

ply of resources. The
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of genes that oppose this to some extent will be favoured by the maternally-derived
genome. In the mouse model then, insulin-like growth factor 2 (IGF2) and the IGF2
receptor (alias the cation-independent mannose-6-phosphate receptor) are inter-
preted as two of the opposing players in this game (43). Fetally expressed IGF2 is one
of the factors that are supposed to promote the acquisition of resources from the
mother whilst IGF2R, the effect of which is to bind to IGF2 and prevent it from
binding to the receptor that will initiate growth, is seen as the response of the
maternally-derived genome.

In the above version of the conflict hypothesis, the mother is perceived as that
which is manipulated by the paternal genome. It is instructive to note that an
alternative version of the conflict hypothesis can be envisaged. One might imagine
the mother as making informed decisions as to whom to allocate resources to
dependent upon the fitness of the progeny. The intensity of expression of the
paternally-derived factors may be an indication of fitness (much as the intensity of
begging at the nest by chicks may be an indication of their quality or need) (45). The
conflict in these terms can be thought of in terms of the paternal genomes ‘desire’ to lie
about fetal quality and the mother’s interest to receive an honest indication of quality.
As such a ‘signal’ hypothesis has yet to be mathematically modelled, it shall not be
discussed further, except to note that it seems to make the same predictions as the
manipulation hypothesis.

Match to the data—on the whole the manipulation theory provides a respectable
match to the data. Perhaps its strongest point is its ability to explain both the existence
and direction of the majority of growth effects. The model requires that over-
expression of genes that have paternal expression should lead to growth
enhancement, whereas over-expression of those genes expressed off the maternally-
derived genome should lead to reduced growth. This is the typical pattern.

The distribution of imprinting between tissues (brain, liver, and placenta) is also
easily accounted for as the theory is, at one level, one of metabolicmanipulation (hence
placenta, liver, and hypothalamus), but also potentially one of behavioural inter-
actions postnatally (e.g. one might expect imprinting to affect kin recognition abilities
and possibly inter-individual aggression during the postnatal suckling period).

In addition, the theory makes good sense of the phylogenetic distribution
(angiosperms, mammals). The hypothesis supposes that intimate contact between
mother and offspring is necessary to permit subtle manipulation. Hence, the
endosperm-plant boundary, the placental-maternal boundary, and the fetal
marsupial-maternal nipple boundary are considered as important to the evolution of
imprinting. It should however be noted that this condition is not an absolute
prerequisite as postnatal behavioural differences are also considered as being
possible grounds for differential activity of genes (see e.g. ref. 14),

Several of the curiosities of the molecular biology of imprinted genes are also
explainable. The theory is consistent with the viability of embryos with deletion of
both IGF2 and IGF2R. The hypothesis supposes that neither need be absolutely
necessary and hence that their absence need not be lethal. Likewise, changes are
expected between imprinting systems dependent upon the rate of multiple paternity.
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in the lineage of any extant mammal. Given also that imprinted genes are clustered
most uniparental disomies will also be duplications of several imprinted loci.

Thirdly, the lack of imprinting of IGF2 type 1 receptor gene (that initiating growth)
has been considered problematic. It is however possible to argue that IGF2 type I
receptor protein is not Jimiting in dose and hence a twofold reduction would not
affect growth rates. That IGFIR (+/-) mice are phenotypically normal, but IGFIR

_/-) mice are severly growth retarded, is consistent with hypothesis (54) and hence
suggests that the conilict hypothesis has some power to even explain which growth
factors might be imprinted and which not.

Fourthly, the theory fails to explain why the soma in mammals has random X
inactivation. To explain X inactivation in marsupials the theory notes that
maternal—fetal conflict here is all about suckling, so control must be exercised in
). But eutherians suckle too. Indeed considerable amounts of

muscle tissue (14
resources are passed from mother to fetus this way. So why does eutherian soma have
tion? A possible

random inactivation when marsupials have non-random inactiva
explanation has been provided (52) and it remains to be seen whether the predictions
of this model are borne out.

Fifthly, a classical arms race between conflicting parties often may result in rapid
sequence ovolution of the genes concerned. So, for example, components of the
immune system and parasite antigens show dramatically rapid sequence evolution
(55-58) (Fig. 1). One might imagine that if the interaction between IGE2 and IGF2R is
antagonistic, as supposed, thena gene coding for mutant version of IGF2 that avoided
binding with 1GF2R should spread (much as a gene for novel parasite antigen
spreads). Why then are imprinted genes not fast evolving? Had fast evolution been
found this could easily be claimed as evidence in favour of the hypothesis. Slow
‘evolution should hence be considered as being problematic to the hypothesis.

One might argue that the above result is not counter to the expectations of the
conflict model if something constrains the evolution of genes involved in
maternal-fetal interactions. This argument is somewhat undermined however by the
finding that a significant number of genes that are involved in maternal-fetal
interactions (59), but of unknown imprinting status, show very high rates of sequence
evolution in some lineages: these being placental lactogens 1 and 2 (53, 60, 61), growth
hormone (62), growth hormone releasing factor (61), and prolactin (63). A constraint

form of explanation does not hence seem valid. However, this latter group of genes
are different from most classical imprinted genes as the above tend to be directly
involved in transplacental maternal-fetal interactions (i.e. they are either secreted by
fetuses into maternal circulation or are the maternal receptors of these factors). The
classical imprinted genes tend not to be of this nature and have their activity restricted
to fetal tissue. This may be an important distinction. We may then conclude either:

(a) That the second group of genes are involved in maternal-fetal conflict but

imprinted genes are not.

(b) Thatboth groups are involved in conflicts but th
do not evolve fast for some unknown reason.

ose whose activity is fetal-specific
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imprinting we may then ask what happens if a modifier of imprinting is introduced,
1 this modifier spread? The modifier may spread if
the costs of modification (including the increased mortality rate due to exposure of
somatic mutations) are less that the advantages accrued from the reduced rate of
whatever imprinting is considered asa defence against.

A number of theories (e.g. defence from parthenogenesis, from zygotes with
chromosome loss/gain) note that the advantages of aborting unfit embryos are
potentially greater in mammals (and by extension angiosperms) as, if done early
enough, maternal resources are saved (and can hence be re-invested into relatively fit
progeny). This canbe contrasted with the state in species in which there is no parental
investment after zygotic provisioning. In this circumstance there is little ox nothing to
be gained from aborting unfit embryos as this does not free up unused resources (here
1 assume a negligible rate of inbreeding and an absence of sib competition, the

avoidance of both of which can provide advantages to the abortion of progeny evenin
rce allocation). This feature of these theories is

species with no parental resou
attractive in so much as they go some way to explaining the phylogenetic distribution

(see later).

i, Parthenogenesis

Whether a trait providing a defence against parthenogenesis could invade a

population is not as straightforward an issue as might at first be thought. One might
henogenetic lineages tend to go extinct, so a means to prevent the

imagine that as part
initiation of a doomed lineage would be a good idea. Imagine, however, that the

occasional female is incapable of sexual reproduction and hence can only reproduce
asexually. Imprinting would probably prevent her from doing this. But why should
the death of these parthenogenetic embryos allow the spread of a gene whose
function is to kill these progeny? The gene diesin the progeny as well.

A modifier of imprinting could however potentially spread if females produced
occasional parthenogenetic progeny. The death of these could, through re-allocation
of resources, provide benefit to surviving sexual progeny of the same mother, some of
whom will contain the modifier. Even this however is not an adequate condition. If
the potentially asexually produced progeny were capable of sexual reproduction then
a female may be better off producing parthenogenetic progeny than aborting the

asexually produced ones.

Alternatively, if the asexua
be a viable strategy. In this instance, the model require
abortion prior to the termination of maternal investment an
natural mortality (perhaps dueto homozygosity) would occur.

Match to the data—the defence from parthenogenesis arguments has two strong
features. First, it is consistent with the phylogenetic distribution. Necessary to the
argument is reproductive compensation and hence species with continuous

rovisioning of young (marsupials, cutherians, and angiosperms) are those that are
expected to have imprinting. Secondly, it is consistent with the fact that imprinting

appears to be reduced when provisioning stops.

1 progeny were to die then early abortion would indeed
s that imprinting acts to force
d prior to the time that
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which do not have invasive trophoblasts (71, 72). The same might be said of
marsupials. This point Varmuza and Mann (69) object to arguing that it is unknown if
imprinting in angiosperms and eutherians has one origint (and hence if not they may
not be comparable). This is an irrelevant reply however as the criticism concerns the
phenotype of imprinting, not the mechanistic means by which this is achieved.

Like the other parthenogenesis arguments, these two defence hypotheses do not
convincingly explain why any imprint should ever leave a paternally-derived gene
inactive (and hence also ¢ail to account for X inactivation. pattems) and hence why
hese should be growth repressors. In addition they also fail to explain imprinting
activity in most tissues (e.g. brain and liver) and why the imprinting status persists
until after birth. As regards the ovarian teratoma defence hypothesis, it s again
unclear why more than one gene need be imprinted (71). One gene that initiates
zygote development that is switched on only after being patern ally-derived would be
perfectly adequate.

There are many other details that, along with the parthenogenesis argument, these
hypotheses make no sense of: asymumetric replication, chromosomal clustering, 1oss
of imprinting at JGFZR. Whilst no doubt some proportion of the selective deaths
favouring imprinting are the result of a higher rate of trophoblast disease in non-
imprinted competing lineages (71), and no doubt mothers do benefit from not having
over-invasive embryos, in general, these hypotheses cannot be considered thorough
explanations of imprinting. Haig and Trivers (73) have proposed thata simple way to
chow the above two theories to be non-general explanations would be to show that
mammals with non-invasive placentas also have imprinting. This has yet to be done.

iii. Chromosome loss and gairt

The theories for chromosome loss/ gain can be divided on two axes (all possible
theories can hence fit in one of four spaces in a two by two square). First, one set of
theories sees imprinted genes as necessary, whilst another set sees them as foxic.
Secondly, one set envisages the advantages of imprinting as coming about due to
mortality of cells that have somatic mutation in chromosome number (this could
possibly occur in adult life), whereas another set sees the advantage being solely due
to inherited chromosomal abnormalities and acts to affect fetal viability. If one evokes
somatic abnormalities that occur soon after the first zygotic divisions, then the two
hypotheses collapse to the same. It is however helpful to separate out those theories

that rely solely on fetal viability effects from those that need have no impact on fetal

viability.
If imprinted genes are necessary genes, the Joss of whose activity is fatal, the 10ss of
a chromosome may then cause cell lethality (and hence possibly protect against
cancer) (28) or fetal tethality if the monosomy was inherited (28; see also ref. 29).
Monosomics are however inviable without imprinting. For this to function as a theory
of imprinting lethality should occur (as with the parthenogenesis argument) sooner
than in the non-imprinted case. This advantage is open to experimental verification.
The alternative to the necessary gene argument is to postulate that the products of

jmprinted genes are toxic. Thomas (29) argues that reciprocally imprinted genes may
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imprinting should extend through to maturity. The cancer protection hypothesis
would also not predict imprinting in non-dividing cells such as brain cells and has a
problem explaining the lack of a relationship between monosomy and cancer
(discussed in ref. 20).

As regards the other axis, the necessary gene model and the titration of toxins
models can make some sense of some data but are contradicted by more. Unlike the
necessary gene model the toxin model has the advantage of being able to explain the
viability of IGF2/IGF2R null mice. Given the inadequacy of this hypothesis on so
many counts, however, this finding should not be taken as license to consider this
hypothesis seriously. The necessary gene model would appear (o be falsified by this
finding,.

Both sets of theories whilst not predicting that imprinted genes should effect
growth are not falsified by the fact. Neither set of hypotheses predicts the covariance
of growth direction and imprint direction and this should be considered a major
weakness.

In contrast to the above two models (parthenogenesis and ovarian trophoblast
disease) the loss/gain models are consistent with an imprint in both males and
females and the existence of multiple imprinted genes is what would be expected.
This being said however, both forms of the hypothesis struggle to explain why
uniparental disomies of only a few parts of mouse chromosomes affect fitness. The
theories would predict extensive spacing of imprinted genes so as to ensure one on

every chromosome. Why have two paternally imprinted genes in a very small
domain? Thomas, in advocacy of the Joss/ gain arguments notes that there are
probably over 100 imprinted genes and supposes that it is reasonable to argue that
every chromosome will have one. However, as noted previously, the uniparental
disomy data suggests that even if all chromosomes do have such genes they are not
effective when lost, at least as regards fetal abortion {as would be required by the
model). Secondly, as it is well known that imprinted genes exist in clusters, it is
unclear that it need be the case that jmprinted genes exist on every chromosome. In
summary then, none of the version of the chromosome loss/gain arguments make

particularly good explanation of the facts.

iv. Dominant deleterious somatic mutations

That imprinting affects the dominance of mutant versions of the genes involved must
be true. 1t is unclear whether this could however be the reason for the spread and
maintenance of imprinting (27). The idea that it might be has rightly been rejected by
Sapienza on the grounds that imprinting would be disadvantageous as it would
ensure that deleterious recessives would be expressed and dominant gain of function
mutations would be hidden when inactivated (27). Whilst this is true, it suggests the
conditions under which imprinting, as a means to alter dominance might work. By
extension of Sapienza’s logic, imprinting would be a good defence against dominant
deleterious somatic mutations and  increase the probability of exposure of
advantageous recessives {the case for non-somatic mutations is more complicated

and will not be considered here).
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In a diploid organism a dominant mutation could occur on either chromosome ang
cause deleterious effects. However, with imprinting, approximately half the time the
mutation would affect the silent copy (no fitness reduction) and half the time it woulg
affect the active copy. In the latter case, the fitness reduction would be the same as that
in the diploid example (assuming the mutation to be of full penetrance).

Conversely, if the mutations that affect imprinted genes are advantageous
recessives then again, imprinting can be favoured as these recessives then stand a
better chance of being exposed before random drift removes them from the
population. This latter form of the argument is not a defence argument but due to its
relationship to the defence argument it is appropriate to include it here.

A further slight twist can be put onto these arguments by noting that the model
becomes yet more robust either if the penetrance of a mutation is positively correlated
with the degree of fitness reduction (or, in the advantageous inverse case, if the
degree of fitness increment is negatively correlated with penetrance). If the fitness
consequences of mutations affecting a gene were such that highly penetrant ones
were very deleterious, but highly recessive ones were greatly advantageous then
somatic imprinting of such loci would be highly advantageous (if the mutation rate
were adequately high).

Match to the data—this theory has only limited ability to explain the data. It is
consistent with the fact that numerous genes are imprinted and that not all
chromosomes have an imprint with major fitness effects. However, although it
explains imprinting, it does not really account for the phylogenetic distribution and,
like so many other hypotheses, it fails to allow one to understand why every diploid
organism doesn’t have imprinting. In addition, the fact that imprinting stops soon
after birth is not what would have been predicted (in this regard this theory is quite
similar to chromosome loss/gain models of somatic viability). The direction of
imprinting and possible relationship to growth effects are not inconsistent but would
not have been predicted.

The assumption of the model that some genes are more liable to be affected by
dominant deleterious mutations or advantageous recessives is also very
questionable, although one might appeal to the instance of P33 as regards deleterious
dominants. Mutant versions of this gene, when co-translated with wild-type versions

appear to alter the wild-type protein to behave as if mutant type. This is a novel form

of dominance. One might however wonder why p53 is not imprinted. Going against
the hypothesis however is the finding that typically very recessive genes tend to be

very deleterious (discussed in ref. 74)—the opposite of what the model requires. By
equal measure however, one might then claim that genes that are different in this

regard are going to be quite rare and hence there should only be a few imprinted
genes in the genome.

-+ Advantageous mutations are also thought to be rare

s0 a model predicated on their
arrival in the

soma is on relatively weak ground, but again the same logic concerning
the rarity of imprinted genes could be employed (perhaps these do have a high
somatic mutation rate and one where most changes are advantageous). In this regard
however, that imprinted genes appear not to be rapidly evolving (Table 1) can be

5.2.2
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is what would be expected and the tissue specificity is understandable. If the conflict
argument can explain these tissues in terms of competition between brood members,
then one can suppose that reduced variance is also a viable strategy.

Likewise, the fact that multiple genes are imprinted is consistent, as is the findin
that, at least in mice, not every chromosome has an imprint that affects fetal viability,
That some genes can alter their imprinting status {e.g. IGF2R is not imprinted in
humans) can be accommodated.

The hypothesis can explain why over-expression of imprinted genes so frequently
results in inviability. One can simply postulate maternal rejection of over- or
undersized progeny. It is also consistent with slow evolution of imprinted genes.

The argument however does not make sense of some data. Although the model
predicts that imprinted genes should be associated with growth, the model cannot
easily accommodate the direction of such effects. The model would not predict that
paternally expressed genes are growth enhancing but maternally expressed ones are
the opposite. Furthermore, the hypothesis similarly does not require that IGF2R and
IGF2 need be imprinted in different germlines. Indeed in general, the hypothesis
requires an imprint only in one germline. Perhaps most importantly, if variance
between progeny is to be reduced there should never be paternal expression as most
of the variance between progeny is paternally derived (if there is polyandry). This
being said, the hypothesis can then make good interpretation of the paternal X
inactivity in what the conflict hypothesis sees as the tissues that matter. By equal
measure, if this is to be argued, then the argument must have similar difficulties as the
conflict hypothesis explaining random X inactivation in eutherian soma.

Like the conflict hypothesis this one cannot explain why imprinted genes are
associated with chromosomal regions with asynchronous replication, why they are
clustered and why IGF2s growth promoting receptor is not imprinted. The theory as
formulated above does not attempt to account for imprinting in arthropods, yeast, or
Chlamydomonas, although there may be other situations in which variance in gene

regulation is important. Likewise, the finding of imprints not affecting growth need
not be inconsistent.

ii. Control of cellular d ifferentiation

Holliday (75) has noted that the control of cellular differentiation is much more
regular with imprinting than with diploid expression. He considers the problem to be
one of segregation of inactive and active status at mitosis (see Fig. 2}. Consider, for
example, a stem cell that must divide to produce both another stem cell and also a cell
that will become specifically differentiated. In such a cell, Holliday argues, there is a
segregation of gene activities during cell division. Assume, as seems reasonable, that
a change in a stem cell to become differentiated involves some molecular level switch
(methylation for example) that occurs during chromosome replication. Pre-
mitotically there will then be a pair of centromeres each with two chromatids, A cell
that initially had two genes in active status may then inactivate one copy during DNA
replication such that within each chromatid pair one copy of the gene is active and
one inactive. The problems arise because mitosis is a random event. Hence either both
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Tmprinted
Non-imprinted p

-+ X

+ +
+ -

OR

OR
+ | x -1x
- + | x -1 x
+ |- +1- + {4 -

i i that has
ting—accuracy of control of states of gene expre55|on._00ﬂ§sder_ ? Igteir;ed%irable
tly iocked (i.e. cannot switch state) {x), active {+), an?ltzstu;ﬁv ; y;, s gesiebe

j ivity status such that one <e ays,
i hat ensures segregation of actlwt_y . o e e atom
st miiChuagﬂt:fg: cteils in different configurations, whilst aisc.) 90nservmg tlzi :}rﬁ:i&:iﬁai o e o
ImI)IdéJ Ceetggngaanother stem ceil pius a differentiated lineage). This ;sbpzc;‘blcin;; ; e e wmg ocoure during
orpress i i Il starts off with bo !

i i {imprinted). Consider that the ce . o e, S o e
express&qn (;:e,.q n:f? 'chI?; prerm)itotic cell has iwo identical chromatid pamngs. 33321:2 S e s meeded for
DNgA e§3i|§ssl?s possibie. Either both active copies go to one ceil agd :é)tl: ;2238 o e e of he two
ditte . tive copy and ¢ . ¥

i jati n celis) or both cells have one ac : . inactive on e O onter co
diﬁ‘?rentlitlgg bsg:vn?:nently )locked and hence cannot switch (t.e.k \ncrilthhrlgnmp:g:rzi) tt:e B e racti
rbmato i n active plus a locked ¢ , '

inati 5 the same. One contains a . d cl e el
Cﬁmblﬂatfl";s ahrreofr:g:zme Note this is not necessarily a theory of imprinting and could be
and alocked ¢ .

exclusion {compare with randorn X inactivity).

Fig. 2 Holliday's theory of imprin
three possible states, permanen

hr the gene inactive and one with the gene
nes and the other the pair of inactive
the daughter cells and hence

cells will end up with one chrpmosome wit
active, or, one cell will inher}t both.actwe geb d
genes. In the first case there is no difference betwe
both must be in the same state. X

The complication will not arise if one O.f the
maintains its gene inactive..At th(? mitosis, on
inactive copy and one cell will receive two inact M
of developmentally important switch genes

diploid pair of chromosomes always
e cell will receive one active and one
ive copies. Inactivation of one of a pair
us ensures tighter control of cell




232

EVOLUTIONARY THECRIES OF GENOMIC IMPRINTING

differentiation. This theory is not really a theory

model requires simply that one allele be inactive a
adequate.

Match to the data—the theor
with the variance in rates argur
model, the direction of growtt

that imprinted genes must be vital to development. Whilst

of imprinting in so much as the
nd random inactivation would be

v has problems with several observations. First, ag
ment, although growth effects are consistent with the

pted to ask how it is that any multicellular organism
could ever develop without allelic exclusion of some vari

lety. Fifthly, the model does
not require that both germlines need be imprinted (and i

fii. Temporal spacing

A further variety of theories relate im

could, for example, be thought tha

replication transcription is necess

replicates early and the other o

interfere with transcription,
Match to the data—the temporal spacing

printing to control of gene expression (40), It
t imprinted genes are so vita] that during
ary so imprinting is a means to ensure that one copy
ne late, so guaranteeing that replication does not

argtment, although adequate in
enetic distribution is not accounted
re not predicted, and the viability of

e been expected. The pattern of X
inactivity in marsupials and eutherians is unaccounted for and it is unclear why non-

dividing brain tissue should have imprinting. That imprints do not extend to
Mmaturity is also not well accounted for.

One can also imagine easier ways to achieve the same effect—one might for
example have diploid expression and translational control of gene expression, as
done for example in many late translating genes in spermatozoa (76).

This all being said, there may be something in the argument as it is found that
imprinted genes are in the chromosomal domains for which the time of replication is
asynchronous (reviewed in ref. 36). This however is not a unique feature of imprinted

genes and may simply reflect conformational differences in methylated and
unmethylated sequences,

This author is also unaware of any evidence that the ‘inactive’ imprinted allele is

ever active during the replication (and transcriptional inactivity) of the other allele.
Until there is concrete evidence that inactive alleles are active whe

n the active ones are
being replicated, this hypothesis sits on weak territory.
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5.3 Aside-product

inti 1 ide-product (see
A few authors have conjectured that imprinting may bImPIy be e;lfégg }; roduct (see
eref 38). Both the view that imprinting is a defencle algamts_t PtalrOf on r;cl;e ol
defence ag: i t account for the inactivity
inst ovarian teratomas mus : ey
dEfﬁ"ng ag:;es as a curious side-effect. Is this adequatet?, Sol}t}er 1(Cél'ézl)r S(to;ry of the
derlvé3 neffs of the parthenogenesis hypothesis) argues that ‘we bs fm;e e
{71"0}3 lain all imprinted phenomena in these {selective] terms befo
0 ex ; ms
resor]?to the idea of the innocent bystander”. I can only coinhc  ifferences n the age of
In contrast, it is probably quite reasonable to suppose tha fferences in the age of
ons?}tcof vari(;us diseases, dependent upon the sex—spzaﬁatyec():l . {:j C1e eritance of the
b i d hence a side-cons . :
i he product of selection an ’ ons . The difference
’Eﬂf o ;181 ?}?(:sz digease onset findings and ‘normal fuqctmn;ng of 1rtr1r}iacrt1ir(1)’;l tOgWithin
t}e mxrf:it]nin population rarity of the former (and po_ssﬂ)ly t etu:b ée;so e
hie ). That is not to say that an adaptive explanation cannot be sought,
umans).

obvious that one is needed.

Conclusions

inti i incidences of imprinting. The exampies m
e iﬂ}prmﬁml?ncif} sggféglzgt g;;dAe; Chlanzydinongs are best cor%ider;c;
e aﬁd lmpgila (b%lt see discussion of accurate control given above). . 1eo;nd
35 Sﬁparo:if ef;;??\xat can potentially put imprinting in eutherians, marsupials,
o how
anglosperms L.mder O}rgle zl?éfc-)unted as being logically inviable (e. g the titration c/1 tox;r;
N e o eeloss) However, most theories, even if logically viable, ; ;’llke
oo Chl‘ﬁmoﬁoﬁi scrutin.ized against the data. Most are not competg.ntt t% mak
Stan?mli)};li‘f(\;tels i:teipretation of the facts, for example the phylogenetic distri ,
ars o
fhe g e‘f' fectséallii?f!tsﬁ}?;ﬁig{s and the minimization of variance inl ratfzs‘;: t(;f
e "Eheoliles (tth? iCs) stand out in that they can make sense of many ;)f t'};e acts.
Borh have in con Cosn the view that imprinting is related to the c_ontrq] of em{brl);t nie
D HI C}?milthesés have trouble explaining patterns of X inactivation e
r]? VSVQt?-lgtcz)itt;neryga'1ms to explain the clustering of imprintéd genes (but see a
ref. 52). 0 ex |
e aSYHFhFO11-0U55;I;1;iﬁst£?és over the conflict hypotheses in being copsmtgg; Swri)l:
S + tht impr ted genes are not relatively fast evolving. This finding oes ot
e fact el }Jlfnp}rll?conf{?ict model. More critically, the conflict arguments scor _\n e
el ?”f ;ent as regards prediction of the correspondence_ b}e}tweﬁheses
the C(?ﬂﬁ”o} 318U1th effects and the direction of imprinting. The confhct. yp heses
e e o r-expression of paternally-derived alleles should give ttge owin
e et %ri accgrate control hypothesis predicts either a r‘zlndO{l.xfaonde,n o
(tglnhtagcaigzigﬁy éxpressed genes should never be acti;e. As t(:lssC r?ﬁi;;:gng ik
ot irecti impri irection was the one atin,
between growth direction and imprint direc
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prediction that the conflict ar
' gument makes, it a :
resent : i , ppears that the confl
P provides the most convincing match to the data. It remains to béC;iZlOdel o
overed

whether this pattern is hi
hethe is highly robust and wh i
disomies, there exist some exceptions to the rules v when it comes to uniparenta
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