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Imprinting is a form of epigenetic gene regulation whereby the expression of an allele is
dictated by parental origin. This parental legacy is established in the germ-line via heritable
epigenetic modifications such as DNA methylation1 that are maintained throughout the
somatic development of offspring. Imprinting is important in aspects of growth and
development in mammals,2 flowering plants3 and in genetic disease,4 but in the context of
this review, imprinted genes provide a model for dissecting epigenetic mechanisms because
the active and silent alleles are in the same cell. In the presence of an identical complement
of trans-regulatory factors, allelic differences in transcription are likely to be largely
attributable to epigenetic factors. However, imprinting is historically associated with
influences on transcription purely at the point of transcript initiation, where maternally and
paternally derived alleles of genes are differentially active, allele-specific differences in
termination processes have not been previously reported. We discuss how alternative
polyadenylation (poly(A)) sites at the imprinted H13 gene are utilized in an allele-specific
way and how other imprinted loci behave similarly.

There are a large number of poly(A) sites in the mammalian genome5 and many human
genes use more than one poly(A) site.6 Epigenetic modifications can influence transcription
initiation by altering the accessibility of promoter sequences to initiation complex
components.7,8 Regions of heterochromatin can subtly impede the progress of an elongating
polymerase complex regulating transcriptional output.9 However, it has not been shown that
epigenetic modifications downstream of a promoter can lead to variant gene products
through alternative poly(A) or splicing.

To study epigenetic regulation at imprinted loci, we focused on what are termed ‘intronic-
host’ imprinted gene loci. These loci are organised such that an imprinted ‘intronic’ gene
with a differentially methylated region (DMR) at the promoter resides in the intron of
another gene known as the ‘host’ (Fig. 1). The host generally falls victim to imprinted
expression as a consequence of intronic gene imprinting, but this victimisation does not
extend beyond the two genes. This is in contrast to the organisation of the more complex
imprinted domains, within which multiple mechanisms can act.10-14 The systematic
dissection of multi-layered imprinting mechanisms at complex loci is important for
understanding regulatory mechanisms genome-wide, however the study of small, less-
complex intronic-host imprinted gene pairs can provide insight into the minimum features
necessary and sufficient for imprinting, and facilitate the study of epigenetic regulatory
mechanisms.
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How might a gene come to be resident in the intron of another functionally unrelated gene in
an intronic-host configuration? Probably the most common method is by retrotransposition
of the intronic gene from elsewhere in the genome. This can occur through proteins encoded
by transposable elements such as LINEs acting upon an endogenous mRNA followed by
reverse transcription and integration into the genome at a new location.15 We believe this is
the method by which three of the intronic-host gene pairs we discuss arose: The Mcts2/H13
domain on mouse chromosome 2, the U2af1-rs1/Commd1 (also known as Murr1) domain on
chromosome 11, and the Nap1l5/Herc3 domain on chromosome 6. The Inpp5f_v2/Inpp5f
imprinted locus also likely originated this way, however at this locus, the host gene Inppf5,
unlike the other examples, is not imprinted.16 The provenance of Nnat/Blcap,17,18 also
located on mouse chromosome 2, is less easy to determine. Although Nnat has also been
postulated to be the product of a retrotransposition event, unlike in the other domains, no
homologous gene elsewhere in the mouse genome can be found from which Nnat might
have originated19 so its provenance is still debatable. In addition, Nnat is multi-exonic
whereas retrotransposed genes are generally expected to be intronless. See Table 1.

A consequence of the arrangement of genes into intronic-host pairs is that of marked
transcript diversity. In this context, transcript diversity means the production of more than
two transcripts from a intronic-host cluster. On a genome-wide level, transcript diversity is a
common phenomenon in mammals, as the ~25,000 genes in the mammalian genome are
predicted to be generating around 200,000 gene products using a number of mechanisms.
These include alternative splicing, the use of alternative promoters and alternative poly(A).
More than half of human and a third of mouse genes have multiple alternative poly(A) sites
and the high degree to which they are conserved indicates their functional significance.20
The use of alternative promoters and alternative poly(A) sites are methods of generating
transcript diversity that may be controlled by epigenetic means at intronic-host loci.

At the Mcts2/H13 locus, we showed how the choice of poly(A) site can be controlled by
epigenetic mechanisms, albeit indirectly.21 This results in allele-specific transcript diversity
as one set of polyadenylation sites is used on one allele of the H13 host gene, and a second
set on the other allele, resulting in two sets of nascent transcripts of different lengths, and
different protein-coding abilities, being transcribed from the two alleles (Fig. 2A). The
removal of methylation at the Mcts2 promoter DMR abolishes this alternative poly(A). All
other CpG islands in the region have been examined and the Mcts2 CpG island is the only
DMR.21 Therefore all the imprinted transcripts at this locus are regulated directly or
indirectly, by the methylation at the Mcts2 DMR. Studies are in progress to elucidate the
precise mechanism by which this epigenetic mark mediates poly(A) site choice.

At the Inpp5f_v2/Inpp5f imprinted locus, unusually the host gene expression is not affected
by the imprinting of the intronic gene, however another transcript, Inpp5f_v3 which arises
from a different promoter and unique first exon within this cluster, is exclusively paternally
expressed in brain. It is likely that this is as a result of Inpp5f_v2 methylation and paternal
expression, so while in this case the host gene is not the victim of Inpp5f_v2 imprinting,
Inpp5f_v3 is.16 The Nnat/Blcap intronic-host cluster has an interesting history. It was
initially thought than Blcap was not imprinted,22 however Blcap displays tissue-specific
imprinting in the brain.18 Through the use of alternative promoters on the two alleles, Blcap
transcripts of different lengths are expressed from the maternal and paternal alleles (Fig.
2B). Preliminary data have also shown that there are paternal transcripts present in the
region of the promoter that produces the maternal Blcap transcript. However it is not known
whether these are Blcap specific transcripts or read-through from Nnat (Fig. 2B).

At Nap1l5/Herc3, we found evidence for allele-specific alternative poly(A) of the host
Herc3 gene (Wood A, unpublished data) and allele-specific alternative transcripts of Herc3
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exit. At the U2af1-rs1/Commd1 cluster on mouse chromosome 11, allele-specific
transcription of the U2af1-rs1 intronic gene through the host Commd1 promoter in an
antisense orientation is thought to cause imprinting of the Commd1 host gene.23 In all
intronic-host imprinted loci where imprinting of the intronic gene affects the host’s
imprinting status, it seems likely that one DMR at the promoter of the intronic gene
regulates the imprinted expression of the entire cluster and in three of the five cases,
reciprocally imprinted transcripts of the host gene are present. This mechanism is likely to
be particularly important in tissue-specific imprinting and the brain is the common tissue in
which the imprinted intronic genes are expressed and the corresponding host genes affected.

What are the functional, evolutionary and practical consequences of imprinted transcript
diversity at intronic-host gene clusters? While the Mcts2/H13 and Nnat/Blcap clusters both
display allele-specific transcripts of different lengths with reciprocal patterns of expression,
the consequences for the proteins produced may be rather different. At Mcts2/H13, the
shorter nascent H13 transcript has a truncated open reading frame, so the translated protein
is predicted to have a different structure, and possibly function (Fig. 2A). The maternal and
paternal alleles are transcribing different ‘genes’, if a gene is regarded as encoding a
particular protein product. The functionality of the truncated H13 protein should be
investigated, so that conclusions about the potential evolutionary benefits, or indeed costs, of
regulating imprinting in this way at this locus can be made.

In the case of Blcap, the alternative transcripts only differ in terms of the 5′ untranslated
region of the mRNA, and so the structure of the Blcap protein is unchanged (Fig. 2B). In
this case, there does not appear to be much functional significance to the alternative
transcripts. However, there may be evolutionary consequences for transcript diversity even
at Nnat/Blcap. The transcript diversity at this locus might be considered ‘noise’; a by-
product of locating a gene inside the intron of another. However, this ‘biological noise’
could also be thought of as ‘raw material’, which may differ between individuals, upon
which natural selection might be acting to produce biologically advantageous patterns of
gene expression. The existence of large amounts of transcript diversity at small imprinted
domains may contribute to the evolution of the more extensive and more complex imprinted
loci that are the subject of investigation today.

Let us not overlook the practical consequences of reciprocally imprinted transcripts. The
discovery of novel imprinted genes is an ongoing and popular activity for researchers in the
field. If attention is not paid to the possible existence of reciprocally imprinted transcripts of
a gene of interest, then both transcripts could be assayed together, resulting in the
appearance of biallelic gene expression. In terms of epigenetic gene regulation, it is
important to remember that while epigenetic mechanisms are intimately associated with
transcript initiation, the co-transcriptional processes associated with termination are also
likely to be subject to epigenetic influences. The next obvious step is to determine how
widespread these mechanisms are and to what extent they influence the mammalian
transcriptome.
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Figure 1.
Genes in an intronic (green)—host (blue) configuration.
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Figure 2.
Schematic showing transcripts at two imprinted intronic-host gene pairs in brain. Maternal
transcripts are indicted in red, paternal in blue. Maternal methylation at the intronic gene
DMR represented by black (filled) lollipops. (A) The Mcts2/H13 gene pair. (B) The Nant/
Blcap gene pair.
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Table 1

Information about the intronic genes, in the order mentioned in the text

Intronic gene Origin Host gene Orientation compared to host gene

Mcts2 Retrogene H13 sense

U2af1-rs1 Retrogene Commd1 antisense

Nap1l5 Retrogene Herc3 antisense

Inpp5f_v2 Retrogene Inpp5f sense

Nnat Unclear Blcap antisense
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