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To assess the allelic origin of expression for the
orthologous flanking genes in the human, we assessed
the expression of REMI, IDI, BAG3, CORFII9 and
FAMI3A/FAMI3A0S. These genes are expressed
biallelically in all fetal tissues (Supplementary Table S3
and Figure S3). In higher primates, including rhesus
monkey, orangutan, chimps and humans, the organization
of the genes centromeric to NAPIL5/HERCS3 is different
to that of mouse and rat, resulting in the gene PIGY
being immediately centromeric to NAPIL5/HERC3, and
ABCG2 ~300kb away. In all human fetal tissues
analyzed, including placenta, both PIGY and ABCG2
are biallelic (Figure 2C and Supplementary Figure S3).
These finding strongly suggest that imprinted
retrogene-host pairs do not form part of larger imprinting
clusters.

Histone modification and allelic repression at imprinted
retrogene DMRs

In mouse the imprinted expression of Napll5 and
Inpp5f v2 is restricted to the brain (17-19), whereas in
humans, imprinted expression is observed in a wider
variety of fetal tissues (Figure 1, Supplementary Table
S1 and Figure S4). To date all germline DMRs are
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differentially methylated in all somatic tissues, indicating
that DNA methylation on its own is not responsible
for tissues-specific differences in expression observed at
imprinted loci. To investigate whether the discrepancy
in expression profiles we observe between species could
be attributed to histone modifications, we analyzed the
allelic enrichment of both permissive and repressive
histone modifications. Our analysis focused on modifica-
tions on histone H3 and H4, including acetylation of
lysine-9 (H3K9ac) and H3K4me2 as markers of active
chromatin; and the repressive marks of H3K9me3 and
H3K27me3 of histone H3, along with the histone H4
modifications H4K20me3 and H2A/H4R3me2s.

ChIP was performed on native chromatin from brain
and decapitated embryos for both BxC and BxJF1 crosses.
We ascertained allelic enrichment using polymorphisms
mapping within the DMRs of Napll5, Inpp5f v2 and
Mects2. The active modification H3K4me2 was strongly
enriched specifically on the unmethylated paternal allele
for all three DMRs in both brain and embryo, while
most H3K9ac precipitation was predominantly in brain
(Figure 3), the tissue in which these genes are expressed.
The same regions showed precipitation of the repressive
marks H3K9me3, H4K20me3 and H2A/H4R3me2s on
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Figure 3. (A) The allelic precipitation of the mouse retrogene DMRs in embryo and brain tissues. Native ChIP followed by PCR and restriction
digest-mediated allelic discrimination of the input, antibody bound (B) and unbound (U) chromatin fractions on BxJ embryos and brains for Napll5
and Inpp5f v2, and on BxC embryos and brains for Mcts2. The asterisks represent a relative allelic enrichment of >3-fold compared to the unbound

fraction.
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the DNA methylated maternal allele (Figure 3). The re-
pressive H3K27me3 mark showed different profiles for
the three mouse DMRs. This modification did not show
allelic enrichment at the Inpp5f v2 DMR in either brain
or embryo, but was precipitated on the DNA methylated
maternal allele at the Mcts2 DMR. At the Napl/5 DMR,
we observed that H3K27me3 was precipitated on the
unmethylated paternal allele in embryo but not in brain
(Figure 3). This pattern of enrichment is reminiscent of the
monoallelic bivalent chromatin domain reported at the
Grbl0/GRBI0O gene (21,22). This monoallelic bivalent
conformation is not detected at the Napll5 DMR in
brain, suggesting that the removal of H3K27me3 is con-
comitant with the paternal expression observed for Napll5
in mouse brain.

Extensive genotyping of the human NAPILS, MCTS2
and INPP5F V2 DMRs revealed that SNPs in these regu-
latory regions are rare. However, we were able to identify
heterozygous samples that allowed us to discriminate
between alleles. The SNP rs2972011 is located ~200 bp
from the TSS of NAPILS, whereas rs7907781 and
rs1115713 are ~600bp and ~50bp from the TSS of
INPPSF V2 and MCTS2, respectively. To ensure that
these SNPs mapped within the DMRs, we performed
DNA methylation immunoprecipitation (meDIP) using
antisera directed against 5-methylcytosine. This was due
to the difficultly in amplifying bisulphite converted DNA
in the vicinity of SNPs rs7907781 and rs1115713. For all
three regions we observed monoallelic enrichment in
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heterozygous placental DNA samples, and where inform-
ative, the DNA methylation was detected on the maternal
allele (Figure 4A). Using these same amplification condi-
tions, we performed ChIP on native chromatin isolated
from adult peripheral blood leukocytes and from two
human placental cell lines, TCL1 and TCL2 (23) for the
NAPILS and MCTS2 DMRs. Unfortunately, no hetero-
zygous cell lines could be found that were informative for
INPPSF V2, despite genotyping of over 140 leukocyte
samples and normal tissue cell lines. Similar to the
mouse, we observe strong monoallelic enrichment for
H3K4me2 at the NAPIL5 and MCTS2 DMRs, but since
no parental DNA samples were available, allelic origin
could not be assigned. Unexpectedly, we did not observe
allelic precipitation for any of the repressive histone marks
at these DMRs, despite strong allelic enrichment at the
SNURF/SNRPN, HI9 and MEST DMRs (Figure 4B;
data not shown). To confirm that the histone modifications
were present at the NAPILS5 and MCTS2 DMRs, we per-
formed quantitative ChIP analysis on the placental cell
line TCL1 (Figure 4C). The precipitation values obtained
were normalized to those for the SNURF/SNRPN DMR,
which revealed that H3K4me2 is more abundant at the
MCTS2 and NAPIL5 promoters, whereas, the repressive
histone modifications were precipitated several fold less.
Interrogation of human histone maps [http://dir.nhlbi.nih
.gov/papers/lmi/epigenomes/hgtcell.aspx, and (24)] con-
firmed the absence of significant enrichment for these
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Figure 4. (A) Methylation-immunoprecipitation was performed on placental DNA using anti SmC antibody. The efficiency of IP was assessed by
PCR specific for the methylated SERPIN-B5 promoter and the unmethylated UBE2B promoter. The precipitations were subsequent used to assess
the methylation at the human MCTS2, INPP5F V2 and NAPIL5 DMRs. (B) Using the same PCR primer combinations, allelic-ChIP was performed
on human placental cell lines (for clarity, only ChIP-bound fractions are shown). (C) qPCR on ChIP-bound material from the TCLI cell
immunoprecipitations. Levels of precipitation are compared to the SNURF DMR (red line, equal to one).
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(the approximate size of the MCTS2and NAPIL5 DMRs),
despite strong H3K4me?2 enrichment. Together, these data
suggest that these repressive marks are not present, or very
low, in these two regions.

DISCUSSION

In this study, we have shown the paternal allele-specific
expression of INPP5SF V2, MCTS2 and NAPILS in a
wide range of human tissues. This is in contrast to the
mouse, where Inpp5f v2 and Napll5 show spatial expres-
sion restricted to brain. We show that the TSSs for these
three genes are embedded in regions of differential DNA
methylation, similar to their mouse orthologues.

In the mouse, Mcts2 and Naplls, like Inpp5f v2 are
organized such that the imprinted ‘intronic retrogene’
and its DMR/promoter reside in the intron of another
gene known as the ‘host’. In each case the retrogene
originated from an ancestoral gene on the X chromosome
some time in early eutheraian evolution, since Inppf5_v2,
Mects2 and Napll5 are absent in marsupials (19).
Retrotransposition has also been linked to the imprinting
of the RBI gene, however this event occurred much later
in mammalian evolution as only humans, chimpanzee and
rhesus monkeys, but not mice and rat have the processed
RBI1/KIAA0649 pseudogene (25). A recent high-resolution
analysis of parent-of-origin allelic expression in mouse
brain has revealed that the host genes Herc3 and Inpp5f
show evidence for allele-specific alternative polyA choice
similar to that of HI/3 [A.J. Wood and R.J. Oakey,
unpublished data and (14,15)].

To assess whether the human orthologues MCTS2,
NAPILS and INPP5F_ V2 are also associated with im-
printed host genes, we analyzed the allelic expression of
the host genes in a wide range of fetal tissues and term
placentas. We observe in all cases, that the host transcripts
are biallelically expressed. The genomic location of the
host gene exons are different. In the mouse, the polyA
signal for the paternally expressed H/3d isoform maps
to within 100 bp of the Mczs2 DMR, whereas these two
features are separated by >7kb in humans. Genomic re-
arrangements are more pronounced at the Napll5/
NAPILS locus, where Herc3b and Napll5 are separated
by 1.5 kb in the mouse, and by more that 39 kb in humans.
In addition, the mouse Herc3c isoform initiates from
within the Napll5 DMR, whereas the human promoter
for this isoform is adjacent to the HERC3B polyA
(Figure 1D). These differences in exon distribution could
explain the lack of host gene imprinting observed in
humans. We have previously proposed that transcription-
al interference may be involved in alternative polyA choice
at HI3, due to the high expression of Mcts2 in brain
directly inhibiting the transcription of HI3 on the
paternal allele in co-expressing cells. Alternative models,
including the recruitment of methylation-sensitive polyA
factors, or the association with the CTCF/cohesin
boundary complex to the unmethylated paternal allele of
the Mcts2, could result in similar allelic-termination of the
host genes on the maternal allele (14). For any of the
models, the imprinting of host gene transcripts may

require a close physical proximity of the host gene exons
with the retrogene, which is not observed in humans.

Genes flanking the retrogene-host pairs are biallelically
expressed

Many imprinted genes are clustered in the genome, such
that their expression is influenced by shared control
elements, such as DMRs. The imprinted retrogene-host
pairs are located outside of characterized clusters. To
confirm this, we assayed flanking genes for expression
status and found all to be biallelic, with the exception of
Abcg2 which is monoallelically expressed in the placentae
from reciprocal BxC and CxB sub-species intercrosses, but
not subject to imprinting.

It has recently become evident that non-imprinted
monoallelic expression can result from SNP-associated
DNA methylation (26). To assess whether the Abcg2
eQTL is due to monoallelic DNA methylation similar to
that described in humans, we showed that the promoter
CpG island of Abcg?2 is fully unmethylated (Figure 2 and
data not shown) suggesting that another mechanism is
regulating the allelic expression. Recently, Brideau et al.
(27) reported that the AK006067 transcript next to the
imprinted Rasgrfl gene is expressed >100-fold higher
from the C57BL/6 allele than the PWK allele. Both our
finding of the Abcg2 eQTL and the observations of
Brideau et al. (27), emphasize the necessity to study recip-
rocal F1 crosses.

Histone modification signatures at imprinted retrogene
DMRs

Recent studies have suggested that there is a link between
DNA and histone methylation at imprinted DMRs. A
comprehensive analysis of allelic histone modifications in
Dnmit3I7'* conceptuses revealed that without oocyte-
derived DNA-methylation imprints, there is a dramatic
effect on the presence of repressive histone modifications,
with maternally DNA methylated DMRs adopting a
paternal epigenotype (7). We explored whether the chro-
matin at Napll5, Mcts2 and Inpp5f_v2 is associated with
the plethora of histone modifications known to be
enriched at DMRs. In agreement with our previous obser-
vations, we found that the DNA-methylated alleles of
each DMR are enriched for the repressive histone marks
H3K9me3, H4K20me3 and H2A/H4R3me2s. Unlike
these three modifications, H3K27me3 was not consistently
associated with the DNA-methylated allele, which agrees
with earlier chromatin studies on ICRs. At the Napll5
DMR, we confirm the previous observation of bivalent
chromatin in mouse embryos (7), with H3K4me2 and
H3K27me3 both enriched on the paternal allele. This
monoallelic bivalent domain behaves in a similar fashion
to the recently described monoallelic bivalent chromatin at
the Grb10 DMR (21). Like their non-imprinted bivalent
counterparts, these genes are associated with ‘poised’
linecage-specific transcription in mouse and human ES
cells (28). In brain, we observe absence of allelic enrich-
ment for H3K27me3, and this correlates with acquired
expression of Napll5, a mechanism comparable to
what we have reported previously at the Grb10 (21,22).
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These observations suggest that monoallelic bivalent
chromatin could be a common mechanism conferring
brain-specific imprinted gene expression.

To confirm the conservation of these histone modifica-
tions at the regions we identified as DMRs in humans, we
performed ChIP on leukocytes and placenta cell lines. To
our surprise we did not find significant enrichment of the
repressive histone marks H3K9me3 and H4K20me3 on
the DNA-methylated allele. This uncoupled action of the
DNA-methylation machinery and the H3K9me3 and
H4K20me3 HMTs may be partially explained by the pro-
gressive decrease in CpG island size and CpG density at
the NAPILS5 and MCTS2 DMRs compared to other im-
printed DMRs in the genome (Supplementary Table S4).
Throughout mammalian evolution, the NAPIL5 and
MCTS2 DMRs have lost approximately half of their
CpG dinucleotides compared to mouse. Both DMRs
have diminished in size, with a reduction from >420bp
to 216 bp for MCTS2. The human NAPIL5 DMR fails to
reach standard CpG island criteria (GC content >50%;
Obs CpG/Exp CpG >0.6; min length 200 bp). The loss in
CpG island size at the NAPIL5 DMR is due to a com-
bination of CpG deamination and the integration of
numerous CpG low-density repeat elements, including
DNA-MERI115, LINE-1 and low-complexity CT-repeats
immediately downstream of the transcription start site.
The human and mouse genomes have recently been
shown to contain a similar number of CpG islands (29).
Our observation of an evolutionary loss of CpG density at
the NAPIL5 and MCTS2 DMRs goes against the general
trend. Additionally, for many imprinted DMRs analyzed
in humans (KvDMRI1, GRBI10, MEST, ZACIl, NDN,
GNAS EXIA, GNAS XL, PEG3, PEGI0, NNAT and
IGF2R/AIR), the size of the CpG islands comprising the
DMRs are all larger in humans than in mouse
(Supplementary Table S4). The low-CpG density within
the promoters of NAPILS and MCTS2 may mean that
these discrete DMRs go unrecognized by the non-histone
proteins including the HMTs for H4K20me3 and
H3K9me3, respectively (8,12). Overall these observations
are in agreement with the recent studies suggesting that
DNA methylation at functional imprints require DNA
methylation before the acquisition of repressive histone
methylation (7), and that deficiencies in repressive
histone marks do not have a direct role in the regulation
of DNA methylation at ICRs (12,13,30).

CONCLUSIONS

In summary, we have shown that the human orthologues
of mouse imprinted retrogenes are paternally expressed in
a wide range of fetal tissues. In mice, the host genes are
subject to alternative polyadenylation, presumably as a
consequence of retrogene integrations that acquired im-
printing in proximity to weak polyA signals. In humans,
we show that retrogene promoters are subject to
allele-specific CpG methylation, but internal polyA sites
of host genes are situated further upstream of the DMRs
and thereby escape their influence. In mice, these DMRs
are associated with allelic repressive histone modifications.
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At the mouse Napll5 promoter, monoallelic bivalent
chromatin i.e. the enrichment of both H3K4me2 and
H3K27me3 on the same allele, is associated with the
unmethylated paternal allele. In humans, an evolutionary
deterioration in CpG island size correlates with a lack
of allelic H3K9me3 and H4K20me3 precipitation at
NAPILS and MCTS2 DMRs indicating imprinted gene
expression in the absence of the an ICR-specific histone
signature.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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