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paradigms for transient and dynamic
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Many loci maintain parent-of-origin DNA methylation only briefly after fertilization during mammalian
development: Whether this form of transient genomic imprinting can impact the early embryonic transcriptome
or even have life-long consequences on genome regulation and possibly phenotypes is currently unknown. Here,
we report a maternal germline differentially methylated region (DMR) at the mouse Gpr1/Zdbf2 (DBF-type zinc
finger-containing protein 2) locus, which controls the paternal-specific expression of long isoforms of Zdbf2 (Liz)
in the early embryo. This DMR loses parental specificity by gain of DNA methylation at implantation in the
embryo but is maintained in extraembryonic tissues. As a consequence of this transient, tissue-specific maternal
imprinting, Liz expression is restricted to the pluripotent embryo, extraembryonic tissues, and pluripotent male
germ cells. We found that Liz potentially functions as both Zdbf2-coding RNA and cis-regulatory RNA.
Importantly, Liz-mediated events allow a switch from maternal to paternal imprinted DNA methylation and from
Liz to canonical Zdbf2 promoter use during embryonic differentiation, which are stably maintained through
somatic life and conserved in humans. The Gpr1/Zdbf2 locus lacks classical imprinting histone modifications, but
analysis of mutant embryonic stem cells reveals fine-tuned regulation of Zdbf2 dosage through DNA and H3K27
methylation interplay. Together, our work underlines the developmental and evolutionary need to ensure proper

Liz/Zdbf2 dosage as a driving force for dynamic genomic imprinting at the Gpr1/Zdbf2 locus.
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The process of germline differentiation produces mature
gametes with sexually dimorphic morphologies, func-
tions, and epigenomes. In mammals, the sperm and
oocyte genomes display notably different DNA methyl-
ation density and distribution (Smallwood et al. 2011;
Kobayashi et al. 2012a; Smith et al. 2012) despite reliance
on the same enzymatic machinery formed by the de
novo DNA methyltransferase Dnmt3A and its cofactor,
Dnmt3L (Bourc’his et al. 2001; Bourc’his and Bestor 2004;
Kaneda et al. 2004). Intergenic regions and transposable
repeats are densely methylated in sperm, while DNA
methylation preferentially occurs inside genes in the
oocyte, with deeper density at CpG islands (CGIs) co-
inciding with intragenic promoters. Genetic and genome-
wide studies have suggested a role for active transcription
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in oocyte DNA methylation whereby transcription
promotes DNA methylation deposition in gene bodies
(Chotalia et al. 2009; Kobayashi et al. 2012a). In sperm,
small RNAs are instead responsible for targeting meth-
ylation to transposons (Aravin and Bourc’his 2008).
Given the heritable nature of DNA methylation,
gametic sex-specific patterns are transmitted upon fertil-
ization; this creates tremendous opportunity for parental
asymmetry in the progeny (Duffié and Bourc’his 2013).
However, as part of the early embryonic program, se-
quential events of DNA demethylation and remethyla-
tion remodel most gametically inherited methylation.
Only a handful of regions endowed with favorable nucle-
otide sequence and chromatin environments are capable
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of maintaining parent-of-origin DNA methylation after
fertilization. These include regions subject to genomic
imprinting. Around 20 imprinting control regions (ICRs)
have been identified to date, and these dictate the parent-
specific monoallelic expression of ~130 genes in cis
(Schulz et al. 2008).

All known ICRs harbor binding motifs for ZFP57, a zinc
finger protein that recruits the KRAB-associated protein 1
(KAP1)-dependent heterochromatin complex (Schultz
et al. 2002; Quenneville et al. 2011). This property confers
the ability of ICRs to maintain methylation on one
parental allele during the genome-wide demethylation
that accompanies preimplantation development (Li et al.
2008; Quenneville et al. 2011; Messerschmidt et al. 2012;
Zuo et al. 2012). What protects the unmethylated allele of
ICRs from global de novo methylation after implantation
has not been determined precisely; occupancy by trans-
acting factors and/or features linked to active transcrip-
tion such as permissive histone modifications and R-loop
structures are likely to be involved (Ooi et al. 2007;
Lienert et al. 2011; Ginno et al. 2012). Once these critical
periods of intense DNA methylation remodeling have
reached completion, canonical ICRs perpetuate as paren-
tal differentially methylated regions (DMRs) in a life-long
manner.

We recently uncovered new forms of genomic imprint-
ing, which exist only transiently during preimplantation
development or specifically in certain tissues during
adulthood (Proudhon et al. 2012). The underlying regions
all have ZFP57-binding motifs and are protected against
DNA demethylation after fertilization. However, they
are susceptible to processes of de novo methylation that
occur in the post-implantation embryo or during tissue
differentiation and consequently lose imprinting by gain
of DNA methylation. Transient genomic imprinting is
intriguing: Whether short-term differential methylation
is only a byproduct of the divergent sperm and oocyte
methylomes or could functionally impact mammalian
genome regulation is currently unknown.

Here we report the case of a region of transient germ-
line DMRs (gDMRs) inherited from the oocyte at the
mouse Gpr1/Zdbf2 (DBF-type zinc finger-containing pro-
tein 2) locus (1qC2) (Kobayashi et al. 2009). We found that
this maternal gDMR coincides with a promoter, which
initiates transcription of long isoforms of Zdbf2 (Liz) in
a paternal-specific manner but is shut down upon DNA
methylation gain after implantation. Importantly, Liz
transient expression is associated with acquisition of a
paternal somatic DMR (sDMR| and paternal-specific
transcription of Zdbf2 from its canonical promoter, both
of which are stably maintained for the rest of life. We
further reveal the ubiquitous availability of Liz/Zdbf2
transcripts throughout development, the fine-tuned reg-
ulation of Zdbf2 promoter activity by interplay between
DNA methylation and histone modifications, and the
conservation of GPR1/ZDBF2 gene regulation in
humans. In conclusion, we demonstrate for the first time
the potential for short-term and long-term effects of
transient genomic imprinting on mammalian genome
regulation.
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Results

Two gDMRs at the Gpr1/Zdbf2 locus exhibit dynamic
allele-specific methylation during development

The Gpr1/Zdbf2 locus was first described to be paternally
imprinted, with three intergenic paternally methylated
DMRs (DMR1, DMR2, and DMR3) that are located
between 8.5 and 16 kb upstream of the Zdbf2 transcrip-
tion start site (TSS) and can be considered as a single
entity (Fig. 1A; Hiura et al. 2010). However, recent work,
including our own, suggested that this locus may be
primarily under maternal imprinting control (Kobayashi
et al. 2012b; Proudhon et al. 2012). Accordingly, we found
that the originally described paternal DMR lacks impor-
tant hallmarks of all ICRs identified so far: TGCCGC
motifs for ZFP57 binding and local ZFP57/KAP1 enrich-
ment, as seen in available embryonic stem (ES) cell chro-
matin immunoprecipitation (ChIP) sequencing (ChIP-seq)
data (Quenneville et al. 2011). Instead, ZFP57/KAP1
enrichment was found at a CGI in the second intron of
the closest neighboring gene, Gprl (G protein-coupled
receptor 1), and localized ~65 kb upstream of the paternal
DMR (Supplemental Fig. S1A). An in silico search
allowed us to uncover three ZFP57 recognition motifs
at this intragenic CGL

To resolve the parental origin of imprinting control at
the Gpr1/Zdbf2 locus, we analyzed DNA methylation by
bisulfite cloning/sequencing through mouse develop-
ment. Crosses between the C57Bl6/] (B) and CAST/Ei
(C) mouse strains permitted parental distinction based on
the presence of single nucleotide polymorphisms (SNPs).
Investigation of Dnmt3L~/* embryos derived from DNA
methylation-free Dnmt3L~/~ oocytes further allowed us
to infer the role of maternally inherited DNA methyla-
tion (Bourc’his et al. 2001). Reciprocal gDMRs were
identified, with the paternal DMR harboring sperm-
specific methylation (paternal gDMR) and the ZFP57/
KAP1 site harboring oocyte-specific methylation (mater-
nal gDMR) (Fig. 1A; Supplemental Fig. S1B). Of note, the
maternal gDMR bisulfite amplicon includes the three
ZFP57 sequence motifs, which are conserved among our
different mouse strains. In embryonic day 3.5 (E3.5)
blastocysts, DNA methylation remained at maternal al-
leles of the maternal gDMR, likely due to protection by the
ZFP57/KAP1 complex. In contrast, the paternal gDMR
underwent demethylation and loss of parent specificity.

After implantation, the two parental gDMRs were
subjected to de novo DNA methylation. At the maternal
gDMR, gain of methylation on the paternal allele abol-
ished maternal specificity by E9.5 (Fig. 1A; Supplemental
Fig. S1B). Full biallelic methylation was consistently
maintained in all somatic tissues examined (fibroblasts,
kidney, muscle, cortex, pituitary gland, and liver) (Fig. 1B;
data not shown). This classifies this locus as a transient
maternal gDMR, only present during preimplantation
development (Proudhon et al. 2012). As previously ob-
served for transient gDMRs, de novo methylation oc-
curred indiscriminately on both parental alleles in
Dnmt3L~"* embryos, which lacked methylation at the
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Figure 1. DNA methylation profiling at two parental DMRs of the Gpr1/Zdbf2 locus during mouse development. (A) Mouse Gpr1/
Zdbf2 locus indicating CGls (green bars) and positions of maternal DMRs (red bar) and tripartite paternal DMRs (blue bars) (DMRI,
DMR2, DMR3 from Ieft to right). DNA methylation was analyzed by bisulfite cloning/sequencing in gametes and embryos of wild-type
(WT) and maternal methylation-free Dnmt3L~"* background (A), adult somatic tissues (B), and extraembryonic tissues (C). The
maternal DMR is a transient gDMR: It acquires methylation in oocytes, maintains maternal-specific DNA methylation during
preimplantation development, and is lost by methylation gain after implantation, except in extraembryonic tissues. Of note, CpGs in
positions 2, 5, and 7 of the amplified maternal gDMR amplicon are embedded into hexanucleotidic ZFP57-binding motifs. The paternal
DMR is methylated in sperm and lost in the blastocyst but is re-established at implantation and provides paternal-specific information
in embryonic and adult somatic tissues, qualifying as both gDMR and sDMR (g/sDMR). Results for paternal DMR3 are depicted here;
similar patterns were obtained with DMR2 (data not shown). (Red lines) Maternal alleles; (blue lines) paternal alleles; (white circles)
unmethylated CpG; (black circles) methylated CpG; (dash) absent CpG due to SNP or, rarely, sequencing error. Mouse strains used were
as follows: C57Bl6/] (designated B) and CAST/Ei (designated C).

maternal gDMR before implantation (Fig. 1A; Supple- after implantation (Fig. 1A; Supplemental Fig. S1B). This
mental Fig. S1B; Proudhon et al. 2012). classifies this paternal DMR as both a gDMR established

Remarkably, from a totally methylation-free status, the in sperm and a sSDMR established post-fertilization. Paternal-
paternal DMR returned to paternal-specific methylation specific methylation at the SDMR was extremely stable,
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as it was maintained in all adult tissues examined (Fig.
1B; data not shown). Interestingly, in the Dnmt3L "
context, both parental alleles were targeted for de novo
methylation, and the locus was fully methylated by E9.5.
This demonstrates that paternal sSDMR specificity de-
pends on maternally inherited DNA methylation. Fi-
nally, the two CGIs flanking the paternal DMR—one
encompassing the Zdbf2 promoter and the other at an
intergenic location ~25 kb upstream—were consistently
devoid of DNA methylation throughout development
and adulthood in both the wild-type and Dnmt3L~"*
contexts (Supplemental Fig. S1C).

De novo methylation after implantation globally spares
the extraembryonic lineage (Monk et al. 1987). Accord-
ingly, we found that the maternal gDMR was maintained
in a preimplantation, blastocyst-like pattern in extraem-
bryonic tissues: Preferential maternal methylation and
paternal hypomethylation were observed in trophoblast
giant cells (TGCs) and visceral yolk sacs (VYSs) at E9.5
and later, during gestation, in E17.5 placenta (Fig. 1C).
Some de novo methylation occurred at the paternal
sDMR, but while the paternal allele reached full methyl-
ation in the embryo, the density was lower in extraem-
bryonic tissues (30%-60%), and maternal alleles were
also targeted, suggesting relaxed imprinted methylation
at the paternal sDMR in these tissues.

In summary, two DMRs at the Gpr1/Zdbf2 locus are
targeted by de novo DNA methylation in a parent-of-
origin manner during gametogenesis. During preimplan-
tation, only the maternal gDMR is maintained, placing
the locus under maternal imprinting. In post-implanta-
tion embryos, a switch in parent-of-origin information
occurs in the wake of embryonic de novo DNA methyl-
ation: The paternal DMR is somatically reestablished at
E6.5, just before the maternal gDMR disappears by
methylation gain (Supplemental Fig. S1B). Once acquired,
the paternal sSDMR provides lifelong, paternal specificity
to the locus. Extraembryonic tissues are an exception,
where maternal specificity is maintained at the maternal
¢DMR.

Characterization of Liz, a transcript linking the
two DMRs in ES cells

We next explored ES cells as a model system to in-
vestigate the molecular events that underlie the DNA
methylation dynamics at the Gpr1/Zdbf2 locus in em-
bryos. Early passages of ES cells derived in “ground-state”
pluripotency 2i conditions (Ying et al. 2008) showed
faithful maintenance of blastocyst methylation patterns;
i.e.,, maternal-specific methylation of the maternal
gDMR and lack of methylation at the paternal sDMR
(Fig. 2A). However, the maternal gDMR rapidly lost DNA
methylation upon passage (above passage 5 [P5]) or
differentiation, a feature we systematically observed in
several independent 2i lines. Furthermore, biallelic meth-
ylation was acquired at the paternal sSDMR upon differ-
entiation, as observed by day 4 (D4) of retinoic acid (RA)
treatment (Fig. 2A). These data underscore, as in in vivo
embryos, the dependence of the paternal sSDMR methyl-
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ation upon the maternal gDMR methylation status. ES
cells grown in classic serum conditions showed even
more aberrant methylation patterns, already demonstrat-
ing full paternal sSDMR methylation at undifferentiated
states (DO) (Supplemental Fig. S2A). In conclusion, no ES
cell model is likely to fully recapitulate the epigenetic
changes that occur in vivo at the Gprl/Zdbf2 locus.
However, despite loss of imprinting, we were able to
use 21 ES cells as a model system to understand what may
signal de novo methylation at the sDMR during embry-
onic differentiation.

Many sDMRs have been proposed to gain methylation
as a result of their position along the path of transcripts
controlled by promoter-associated gDMRs (John and
Lefebvre 2011). Transcriptome reconstruction from
RNA sequencing (RNA-seq) data shows evidence of a
plethora of transcriptional activity arising from the ma-
ternal gDMRs (extending antisense to Gprl and sense to
Zdbf2) and present in ES cells but not in differentiated
cell types (Guttman et al. 2010). Using RT-PCR and 3’
and 5’ RACE in 2i ES cells, we confirmed the presence of
a TSS within the maternal gDMR, identified additional
exons and splicing events, and demonstrated that these
transcripts can be polyadenylated (Fig. 2B). While the
shortest variants stopped before or within the paternal
sDMR domain, the longest extended over and linked the
Gprl and Zdbf2 genes, covering ~100 kb in genomic
distance. These long transcripts shared multiple exons
with Zdbf2, which are of relatively small sizes (110 base
pairs [bp] on average), except the large 12-kb exon 7 and 3’
untranslated region (UTR). This led us to postulate that
the maternal gDMR coincides with an alternative pro-
moter for Zdbf2 transcription, located ~73 kb upstream
of the annotated RefSeq Zdbf2 TSS. We termed these
extended transcripts Liz, for long isoforms of Zdbf2. Liz
spliced variants contain at least two 5’ exons that do not
overlap with Zdbf2, and Zdbf2 exons 1 and 2 were never
incorporated in Liz transcripts (Fig. 2B).

Northern blotting with a probe specific for Liz detected
a unique band, slightly larger than 12 kb (Fig. 2C),
indicative of a long spliced variant extending over the
last exon of Zdbf2, not significantly different in size from
canonical Zdbf2 mRNA. RT-qPCR confirmed that
spliced forms of Liz were fivefold to 10-fold more abun-
dant than unspliced forms, with ratios similar to protein-
coding transcripts (data not shown). Comparison with
a probe recognizing both Zdbf2 and Liz revealed dynamic
expression changes over RA-induced ES cell differentia-
tion. In undifferentiated DO and early D2 differentiating
ES cells, Liz was the dominant transcript. As Liz levels
declined in abundance by differentiation D4, the canon-
ical form of Zdbf2 became up-regulated, suggesting a
switch from Liz to Zdbf2 promoter usage. Using primers
specific to Liz or Zdbf2, we confirmed the reverse abun-
dance of Liz and Zdbf2 RNAs before and after differenti-
ation in multiple differentiation conditions (Fig. 2D; data
not shown).

In ES cell ChIP-seq data sets, the Liz TSS is occupied by
RNA polymerase II (Pol I) and the pluripotency transcription
factor Sox2, which could explain pluripotency-associated Liz
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Figure 2. Identification of Liz transcripts in ES cells. (A) Bisulfite analysis of maternal gDMR and paternal sSDMR methylation in
2i-derived ES cells (Cgl, Cx129 hybrid background) in undifferentiated states (DO) before and after five passages (P5) and after
differentiation (D4). (B) Transcription map of the mouse Gpr1/Zdbf2 locus, with positions of putative ORFs for Zdbf2 translation.
Transcripts originating from the maternal gDMR were characterized by sequencing of RT-PCR and RACE products from 2i ES cell
RNA. Many transcripts incorporate Zdbf2 exons, called long isoforms of Zdbf2 (Liz) (blue). (C) Northern blot analysis over ES cell
differentiation using a probe specific to Liz and a probe that recognizes Liz and Zdbf2 (probe positions in B). (D) RT-qPCR quantification
of Liz (Liz exons 1 and 2) or Zdbf2 (Zdbf2 exons 1- 3) transcripts confirms reverse abundance of these transcripts over differentiation.
Error bars indicate SEM of two individual ES cell lines: Cgl and gCé6. (E) RT-qPCR quantification of nuclear-to-cytoplasmic RNA
enrichment. Unless otherwise specified, primers detecting spliced RNA forms (spanning introns) were used. Error bars are as above. (F)
RT-qPCR quantification of spliced Liz levels after sucrose gradient fractionation of cytosolic RNA without or with EDTA treatment
(EDTA— and EDTA+). Unassembled ribosomal fractions (3 and 4) and assembled polyribosomal fractions (7-10) were determined by
285/18S ratio measurement. Error bars indicate SEM of two biological 2i ES cell grown replicates.

expression (Supplemental Fig. S2C; Mikkelsen et al.
2008). Importantly, using an RT-PCR pyrosequencing
assay exploiting strain-specific SNPs, we found Liz to be
dominantly paternally expressed in early passage 2i ES
cells (Supplemental Fig. S2B), which harbor maternal-
specific methylation at the maternal gDMR/Liz promoter
(Fig. 2A). Upon passages, as methylation was lost, Liz
expression became biallelic, and this coincided with
biallelic methylation at the paternal sDMR later upon
differentiation (Figs. 1A, 2A; Supplemental Fig. S2B). As the
paternal SDMR lies within the path of Liz transcription, we

hypothesize that Liz mediates the effect of the maternal
gDMR on the downstream paternal DMR methylation
via either the act of transcription or the RNA product
itself.

Liz and Zdbf2 transcripts have similar coding potential

Liz was previously reported to be a long intergenic RNA
with no coding potential (GenBank accession no.
AB777270) (Guttman et al. 2010, 2011; Kobayashi et al.
2012b). While this may be true for the short isoforms that
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do not extend into the Zdbf2 gene, we found the long
isoforms containing multiple Zdbf2-derived exons to be
the most abundant isoforms in ES cells. ZDBF2 is a pro-
tein of unknown function. The C2H2-type zinc finger
motif at its N terminus is the only annotated domain
(pfam07535) that relates to the budding yeast DBF4
(dumbbell-forming protein 4) protein. Two putative ORFs
exist within the RefSeq mouse Zdbf2 sequence, initiated
in exon 4 or exon 5 (Fig. 2B), and have similarly high
coding potential calculator (CPC) scores (23.1 vs. 23.2)
(Kong et al. 2007). Although the main initiating codon is
reported to be in exon 5 (University of California at Santa
Cruz [UCSC] and Ensembl genome browsers), the corre-
sponding ORF lacks the complete zinc finger motif
(UniProt Q5S200). Importantly, a large fraction of canon-
ical Zdbf2 and nearly all Liz spliced transcripts skip exon 5;
this suggests that the exon 4 initiating codon is frequently
accessible, which would potentiate translation of a 2498-
amino-acid-long protein containing the conserved DBF4
zinc finger (Supplemental Fig. S2D). Importantly, Liz and
canonical Zdbf2 exon 4-derived ORF scores are nearly
identical (22.9 vs. 23.1), making it likely that Liz is an
alternative source of zinc finger-containing Zdbf2 protein
during development, with a different 5' UTR region.

To further characterize the translational properties of
Liz, we performed subcellular fractionation of RNA from
D2 differentiating ES cells. The known noncoding Tsix
and Airn RNAs showed high nuclear to cytoplasmic
ratios in RT-qPCR assays, in contrast to the protein-
coding Igf2r and Rrm2 RNA controls, which were dom-
inantly cytoplasmic, thus potentiating their translation
(Fig. 2E; Seidl et al. 2006; Nora et al. 2012). Using Liz-
specific primers, we found unspliced forms of Liz to be
retained in the nucleus, while spliced forms were prefer-
entially exported to the cytoplasm, suggesting potential
ribosome association (Fig. 2E). Importantly, Liz cytoplasmic
enrichment was higher compared with canonical spliced
Zdbf2 at this stage of differentiation. Using sucrose gradi-
ent fractionation of cytosolic RNAs, we demonstrated that
spliced Liz RNAs are indeed bound to translating ribo-
somes (Fig. 2F). The Liz polyribosome-association profile
was similar to that of the protein-coding Rrm2 and
B-actin RNAs, while the SINEs Bl retrotransposon non-
coding transcripts were preferentially found in unassem-
bled ribosome fractions. Moreover, Liz RNA showed
a clear redistribution toward unassembled ribosomes
upon EDTA treatment, which disrupts polysomes, fur-
ther confirming the specificity of the polyribosome asso-
ciation and the possibility that Liz is efficiently translated
in ES cells. In summary, while Liz RNA may have cis-
acting function on DNA methylation, its conserved
coding potential and polyribosome association strongly
suggest that it may dually function as a message for the
Zdbf2 protein.

Liz and Zdbf2 promoter usage is dynamically
regulated during embryonic development

We hypothesized that the switch from Liz to canonical
Zdbf2 transcription observed upon ES cell differentiation
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would also occur in vivo during early embryonic de-
velopment. RT-qPCR analysis revealed that the Zdbf2
mRNA is abundantly produced in the oocyte and trans-
mitted upon fertilization (Fig. 3A). While the maternal
Zdbf2 transcript was rapidly degraded, Liz was activated
and accumulated in the pluripotent preimplantation
embryo from the eight-cell stage to the blastocyst stage.
As in ES cells, the long exon 4-containing form was
produced during this period. In the E6.5 epiblast, Liz
levels sharply dropped, and canonical Zdbf2 transcripts
became the prevailing form in post-implantation em-
bryos, consistent with what was observed in vitro in
differentiating ES cells. Therefore, Zdbf2-related tran-
scripts are continuously present in the early embryo but
originate from distinct sources: first from the canonical
Zdbf2 promoter, then from Liz, and finally, from Zdbf2
again.

To visualize Liz allelic expression on a single-cell level,
we performed RNA fluorescent in situ hybridization
(FISH) of nascent Liz transcripts with an intronic BAC
probe, spanning the intergenic region 3’ of Gpr1 and 5’ of
the Zdbf2 promoter. Single pinpoints indicative of mono-
allelic expression were visible in blastomeres of E3.5
blastocysts from a pure C57Bl6/] background (Fig. 3B).
Liz expression was not lineage-restricted, as we observed
predominant monoallelic signals in both the inner cell
mass (ICM) and the trophectoderm (TE). Determination
of allelic specificity by RT-PCR pyrosequencing further
revealed that Liz is paternally expressed in blastocysts
(Fig. 3C), concordant with maternal methylation of the
Liz promoter at this stage (Fig. 1A). The repressive effect
of DNA methylation was further demonstrated by bial-
lelic expression of Liz in maternal methylation-free
Dnmt3L~"* E3.5 blastocysts (Fig. 1A), as seen by RNA
FISH and RT-pyrosequencing. Biallelic expression
resulted in a doubling of Liz mRNA levels (Fig. 3B,C).

After implantation, in E8.5 embryos, as paternal sDMR
methylation is acquired (Figs. 1A, 3A), we also found
Zdbf2 to be paternally expressed (Fig. 3D). We validated
the positive correlation between intergenic paternal
sDMR methylation and the canonical Zdbf2 promoter
activity with the observation of biallelic and twofold
increase of Zdbf2 transcripts in E8.5 Dnmt3L~"* embryos
(Fig. 3D), where paternal sDMR methylation is biallelic
(Fig. 1A; Supplemental Fig. S1B). Moreover, reactivation
of the normally silent maternal allele of Zdbf2 in
the Dnmt3L~"* background is strong evidence that the
hypomethylated state of the Liz promoter and/or Liz
expression before implantation is associated with Zdbf2
promoter activation after implantation.

Liz expression occurs in extraembryonic tissues
and during spermatogenesis

We reasoned that Liz should also exist in male germ cells
and extraembryonic tissues, two contexts outside of the
preimplantation window where the Liz promoter is
totally or partially DNA methylation-free (Fig. 1A). We
successfully amplified Liz mRNA by RT-gPCR in testes
and placenta in levels similar to 2i ES cells but not in any
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Figure 3. Liz and Zdbf2 expression is dynamically regulated during mouse embryonic development. (A) Liz- and Zdbf2-specific detection
by RT-qPCR during mouse embryonic development. Error bars indicate SEM of technical replicates in pooled oocytes or embryos. (B) RNA
FISH detection of nascent Liz transcripts in wild-type (WT) and Dnmt3L~"* E3.5 blastocysts. (Left panel) Representative microscopy images.
Yellow arrows point to Liz FISH signals (red). Dashed white lines indicate nucleus borders delineated by DAPI staining (blue). Bar, 5p.m. (Right
panel) Cell counting of biallelic and monoallelic Liz signals. Wild type, n = 25 blastocysts/1488 cells; Dnmt3L~"*, n = 13 blastocysts/659 cells.
(C, left panel) RT-PCR pyrosequencing detects Liz paternal-specific expression in E3.5 BxC wild-type blastocysts and biallelic expression in
Dnmt3L~"* blastocysts. Genomic DNA (gDNA] was used to exclude assay-specific biases. (Right panel) RT-qPCR shows increased Liz levels
in Dnmt3L~"* blastocysts. Error bars indicate SEM technical replicates of pooled blastocysts. (*) P < 0.03, Student’s t-test. (D) Same analyses as
in C, for Zdbf2 in E8.5 wild-type and Dnmt3L~"* embryos. (**] P < 0.002, Student’s t-test. (E) RT-qPCR analysis of Liz expression in various
mouse tissues. Error bars indicate SEM of technical replicates. (F) RT-qPCR analysis of Liz expression over spermatogenesis. Levels were
measured in testes at nine different ages, from embryonic (E) to postnatal stages (days post-partum [dpp]), to follow representative male germ
cell types appearing during the course of the first spermatogenesis wave, as indicated below the graph. Dnmt3L and Scp3 expression peaks
denote periods of de novo DNA methylation and meiotic recombination, respectively. Highest values for each transcript are set to 1. Error
bars are as above. (G) Stability of Zdbf2 paternal-specific expression measured by RT-PCR pyrosequencing in tissues collected in embryonic
E8.5 and E17.5 stages and after birth at 3 and 60 dpp. Error bars indicate SEM in reverse cross BxC and CxB tissues.

other tested somatic or postnatal tissue (Fig. 3E). Because As a maternally imprinted gDMR, the Liz promoter
we were able to amplify long Liz transcripts that extend does not gain methylation in the male germline. Accord-
over the Zdbf2 RefSeq gene and include exon 4, we concluded ingly, Liz expression was biallelic in fetal and adult testes
that, like in early embryonic cells, Liz mRNA can serve as (Supplemental Fig. S3A). Interestingly, Liz expression
a source of Zdbf2 protein in the placenta and testis. exhibited developmentally regulated dynamics throughout
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spermatogenesis (Fig. 3F). In fetal testes, Liz transcripts
accumulated from E14.5 to E18.5, concomitant with the
wave of male germline de novo DNA methylation (Kato
et al. 2007) and in particular with germline methylation
of the paternal DMR (Hiura et al. 2010). After birth, Liz
transcription increased at the onset of meiosis. Consid-
ering the consistently fully methylated status of the Liz
promoter in all somatic cell types, Liz expression in the
testis is likely to emanate from germ cells. This was
confirmed in sorted primordial germ cells from fetal
testes (Supplemental Fig. S3B). Additionally, in Dnmt3L
mutant adult testes, which exhibit a severe germ cell
depletion phenotype (Bourc’his and Bestor 2004), Liz
expression was dramatically reduced, behaving as typical
germ cell markers such as Vasa (Supplemental Fig. S3C).
In extraembryonic tissues, maternal-specific methyla-
tion is globally maintained at the Liz promoter. Accord-
ingly, a strong paternal bias in Liz expression was found
in hybrid E9.5 VYSs and TGCs and E17.5 placenta (Fig.
1A; Supplemental Fig. S3D). Liz expression therefore
occurs in preimplantation embryos, extraembryonic tis-
sues throughout gestation, and male germ cells, all of
which are types in which the Liz promoter is not com-
pletely obstructed by DNA methylation. Besides these
specific contexts, we only observed use of the Zdbf2
promoter.

Stability and extent of imprinted control by
the paternal SDMR

As Zdbf2 monoallelic expression occurs without allele-
specific DNA methylation at its TSS (Supplemental Fig.
S1C), we questioned the stability of Zdbf2 paternal-
specific expression throughout life. To this end, we
conducted quantitative RT-PCR pyrosequencing using
a bank of 50 hybrid tissues from reciprocal BxC and CxB
crosses collected at fetal, neonatal, and adult stages.
According to microarray profiling data (BioGPS), Zdbf2
is most highly expressed in brain tissues. We found
paternal Zdbf2 expression bias to be extremely stable
throughout life and in a tissue-wide manner, independent
of Zdbf2 expression level (Fig. 3G).

As many imprinted DMRs exert their control over large
gene clusters (Barlow 2011), we further assessed the
imprinted status of the three most proximal genes rela-
tive to Liz/Zdbf2. We first focused on the Gprl gene (45
kb 5’ of the paternal sDMR), which houses the transient
maternal gDMR and was formerly reported to have
kidney-specific paternal expression (Hiura et al. 2010).
Despite an extensive search, we could not find evidence
of parent-specific expression in kidney or other somatic
tissues, in extraembryonic tissues where Gprl expression
levels are the highest (BioGPS), or in late blastocysts,
where we detected a slight peak of Gprl expression
(Supplemental Fig. S3E-H). Biallelic expression was also
consistently observed tissue- and stage-wide for Eef1b2
(87 kb 5’ of the SDMR) and Adam?23 (182 kb 3’ of the
sDMR) despite a report of moderately biased paternal
expression in fetal brains for the latter (Supplemental Fig.
S3E; DeVeale et al. 2012). Contrary to previous conclu-
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sions, our findings suggest that the two regions of differ-
ential DNA methylation of the Gprl/Zdbf2 locus, the
maternal gDMR and the paternal SDMR, are exclusively
linked to the local regulation of Zdbf2 imprinted expres-
sion in both its long (Liz) and canonical forms.

LIZ expression and coding potential are evolutionarily
conserved in humans

As an indication of functional relevance of Liz,
we checked its conservation from mice to humans.
Paternal-specific methylation at the paternal g/sDMR
and paternal ZDBF2 expression were previously de-
scribed in humans, showing imprinting at the syntenic
GPR1/ZDBF2 locus (2q3.3) (Kobayashi et al. 2009; Hiura
et al. 2010). We designed RT-qPCR primers that mapped
to a predicted transcript (Aceview nehura.cAugl0), which
arises from a relatively CpG-rich region within GPRI
intron 2 and is antisense to GPR1 (similar to mouse Liz)
but is interrupted before the ZDBF2 RefSeq sequence
(Fig. 4A). As in mice, we detected this transcript in the
placenta and testis but not in somatic adult tissues
(Fig. 4B). Unlike in mice, however, we failed to measure
significant expression in different human ES lines.

We confirmed the production of short truncated ver-
sions of LIZ in both the placenta and fetal testis by RT-
PCR (Fig. 4A,C). Importantly, primers anchored in the
first putative exon of LIZ and the last exon of ZDBF2
amplified long multiexonic LIZ variants in placenta but
not in testes. These extended over the full ZDBF2 RefSeq
sequence, a feature that we confirmed by the detection of
a >12-kb band by Northern blotting, which indicates the
frequent inclusion of the large last exon/3’ UTR of
ZDBF2 (Supplemental Fig. S4A). As in mice, ATG codons
exist in exons 4 and 5 of ZDBF2, but only exon 4 can
potentiate a zinc finger-containing ZDBF2 ORF (Supple-
mental Fig. S2D). Exon 4 is present in the majority of LIZ
forms (Fig. 4A); we concluded that LIZ also has the coding
potential for a functional ZDBF2 protein in humans, at
least in placenta.

Bisulfite-based methylation analysis around the puta-
tive LIZ promoter revealed absence of methylation in
sperm, full allelic methylation in somatic tissues (liver),
and differentially methylated alleles in placenta, indica-
tive of a DMR, although we could not infer parental origin
due to the lack of informative SNPs in our samples (Fig.
4D; Supplemental Fig. S4B). Therefore, DNA methylation
at the putative human LIZ promoter shows developmen-
tal dynamics similar to the mouse Liz promoter, remi-
niscent of a tissue-specific maternal gDMR maintained in
extraembryonic lineages only. However, unlike in mice,
the LIZ promoter was fully methylated in several human
ES cell lines (Fig. 4E; Supplemental Fig. S4B), in agree-
ment with the more advanced, post-implantation-like
state of human versus mouse ES cells (McEwen et al.
2013). These results explain our ability to detect LIZ
transcription in the testis and placenta but not in human
ES cells.

Finally, we analyzed the developmental dynamics of
DNA methylation at the paternal DMR in humans. The
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Figure 4. DNA methylation and expression at the human GPR1/ZDBF2 locus. (A) Map of the GPR1/ZDBF2 locus indicating RT-PCR
primers designed for a predicted transcript (green) that detect multiple LIZ-like transcripts (blue) in the placenta, including isoforms
sharing exons with ZDBF2 and incorporating ZDBF2 putative ORFs. (B) RT-qPCR analysis of LIZ in human tissues and ES cells. Error
bars indicate SEM of technical replicates for tissues and HU1 and H9 biological replicates for ES cells. (C) RT-PCR of short and long
forms of ZDBF2 in placenta and fetal testes. (D) Bisulfite-based DNA methylation analysis in the sperm, liver, and placenta of the Liz
promoter and four intergenic regions (regions 1-4) upstream of the ZDBF2 promoter (primer positions in A). (E) DNA methylation in

HUESI1 and H9 ES cells.

25-kb intergenic region upstream of the ZDBF2 promoter
exhibits low conservation across 32 eutherian mammals
(PhyloP) (Pollard et al. 2010) compared with the entire
GPR1/ZDBF2 locus (Supplemental Fig. S4C). This in-
dicates poor evolutionary constraint over the paternal
sDMR sequence, except for a 1-kb region, which maps 3’

to the short BC028329 EST and shares 74% homology
between mice and humans. We investigated four regions
within the putative paternal DMR locus, including the
conserved BC0288329 sequence (region 4) and a region of
relative homology with the mouse paternal DMR2 (58 %,
region 3) (Fig. 4A). In the liver and placenta, we consistently
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found two distinct populations of alleles, methylated and
unmethylated, indicative of a single extended DMR or
several discrete DMRs in the region (Fig. 4D). In human
ES cells, while allelic specificity was conserved in
HUES]1 and H1, H9 showed complete DNA methylation
(Fig. 4E; Supplemental Fig. S4B). This may reflect either
loss of imprinting or genetic loss of maternal chromo-
some 2. In sperm from two fertile men, only one sub-
region (region 2) was 100% methylated, as expected for
a paternal gDMR (Fig. 4D; Supplemental Fig. S4B); the
paternal DMR of the GPR1/ZDBF2 locus is therefore
more constrained in the germline than in somatic
tissues, a feature also manifested in publically available
whole-genome bisulfite sequencing data (Molaro et al.
2011). The other regions ranged from 0% (region 1) to
variable methylation (30%-60%, regions 3 and 4) with
extensive allelic variability.

Although pluripotent embryonic states were not acces-
sible due to the advanced epigenetic features of human ES
cells, the human GPR1/ZDBF2 locus seems to conserve
the same DNA methylation dynamics that we found in
mice. Importantly, LIZ transcripts also have the potential
to function as regulatory and protein-coding RNA species
in humans.

Dynamic and unusual chromatin features at
the imprinted Gprl/Zdbf2 locus

To gain insight into the chromatin regulation of promoter
usage and imprinting of the Gpr1/Zdbf2 locus, we ana-
lyzed histone modification patterns in mouse undifferen-
tiated 21 ES cells and in a differentiated tissue—the whole
brain from neonates—by ChIP-qPCR. We found enrich-
ment of histone H3 Lys 4 di- and trimethylation
(H3K4me2 and H3K4me3) at the Liz promoter in ES cells,
while the canonical Zdbf2 promoter was preferentially
enriched in the brain, reflecting differential promoter
activity in these two cell types (Fig. 5A; Supplemental
Fig. S5A,B). The intergenic CGI was occupied by these
active marks in both ES cells and the brain, in agreement
with its ubiquitous DNA methylation-free status.
Co-occurrence of H3K4 and H3K9 methylation is con-
sidered to be a hallmark of imprinted DMRs, in correla-
tion with the differential allelic activity of these loci
(McEwen and Ferguson-Smith 2010). In concordance with
the rapid loss of imprinting in culture, we did not find this
typical chromatin signature anywhere throughout the
Gpr1/Zdbf2 locus in ES cells. In the brain, the maternal
gDMR was enriched in H3K9me3 only, reflecting the
extinction and full DNA methylation of the Liz promoter
upon differentiation. Surprisingly, the intergenic paternal
sDMR also failed to display patterns of dual H3K4/H3K9
methylation, despite imprinted DNA methylation in the
brain (SDMR2 and sDMRJ3) (Fig. 5A; Supplemental Fig.
S5A,B). Instead, there was significant enrichment of
H3K9me3 compared with the rest of the locus, but the
level of H3K4 methylation was low and similar to random
intergenic sites located 5’ of the intergenic CGI border.
Finally, co-occurrence of H3K4/H3K9 methylation was
not found at the Zdbf2 promoter despite consistent
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monoallelic paternal activity in all somatic tissues. In
summary, while histone modification patterns are con-
sistent with the developmental promoter switch in Zdbf2
transcription, the imprinted status of the Gpr1/Zdbf2
locus is not apparent at the chromatin level.

Interestingly, at a region overlapping the paternal
sDMR, we found a compact block of repressive H3K2.7me3
marks that was delineated by the intergenic CGIin 5’ and
the Zdbf2 promoter CGI in 3’ (Fig. 5A). This broad local
H3K27me3 enrichment was constitutively observed in
all cell types available in public ChIP-seq data sets
(Supplemental Fig. S5A; Mikkelsen et al. 2007; Marks
et al. 2012). However, we noted some developmental
differences: The paternal sDMR was 50-fold more
enriched in brain cells compared with 2i ES cells, and
H3K27me3 marks extended into the Zdbf2 gene in brain
cells but not in ES cells (Fig. 5A).

Dual roles of DNA and H3K27 methylation
on Zdbf2 expression

We then tested the allelism of H3K27me3 enrichment by
ChIP followed by quantitative pyrosequencing of whole
neonate brains from hybrid mouse crosses. At the Zdbf2
promoter, which is constitutively devoid of DNA meth-
ylation, the maternal allele was substantially more
enriched in H3K27me3 than the paternal allele (70/30
ratio) (Fig. 5B), in agreement with maternal-specific
Zdbf2 silencing in differentiated tissues. However, at
the paternal sSDMR, there was no parental distinction in
H3K27me3 enrichment. Using sequential bisulfite se-
quencing after ChIP, we confirmed the presence of both
paternally DNA methylated and maternally unmethy-
lated alleles in H3- and H3K27me3-captured chromatin
(Fig. 5C; Supplemental Fig. S5C); this indicates that, at
least in brains, DNA and H3K27 methylation can co-occur
on the paternal allele of the paternal sDMR. While DNA
and H3K27 methylation are usually antagonistic at CGIs,
recent studies have shown their compatibility in CG-poor
regions (Tanay et al. 2007; Brinkman et al. 2012; Statham
et al. 2012), which is the case for the paternal sDMR.

We functionally tested the respective role of DNA and
H3K27 methylation on Zdbf2 expression by comparing
ES cell lines that are genetically deficient for the three
active DNA methyltransferases (Dnmtl, Dnmt3A, and
Dnmt3B; Dnmt triple knockout [TKO]) or the H3K27
methyltransferase Ezh2 (Ezh2 knockout [KO]) (Fig. 5D).
The J1 ES cells, from which the Dnmt-TKO cells were
derived (Tsumura et al. 2006), showed full DNA methyl-
ation at the paternal SDMR, as consistently observed for
serum-grown ES cells (Supplemental Figs. S2A, S5D). In
DNA methylation-free Dnmt-TKO J1 cells, RT-qPCR
assays measured increased Liz transcript levels, confirm-
ing the repressive role of DNA methylation on the Liz
promoter. In contrast, levels of canonical Zdbf2 were
reduced, arguing toward a positive role of the paternal
sDMR methylation on Zdbf2 promoter activity. Alterna-
tively, higher Liz transcripts may also be responsible for
reduced Zdbf2 expression via cross-talk between the two
promoters.



Dynamics of imprinted Zdbf2 regulation

H3K4me2 H3K4me3 H3K9me3 H3K27me3
35 03 03 06
3 0.25 0.25 05
ES 2i =23 0.2 02 0.4
2,2 0.15 0.15 03
=07 0.1 0.1 0.2
S 05 0.05 0.05 0.1
0 0 0 o
1.2 07 25
0.14
. 1 0.12 8-2 20
Whole Brain _ 038 0.1 . 15
ER 0.08 0.4
Neonate g, 0.06 0.3 10
3 0 0.04 02 s
e 02 0.02 0.1
° > o o RPN RPN CTON U o
L.V N L.V O & LV O N L.V O &
Q‘OQ,\\\O é\\o‘ OOOQQ\O \g?\ S <2,\(~.~Q}\\c.. é\\o' 00 o@?\o@‘% S Q‘oé\\o Q‘Q\OA 00 OQQ;) QQ\ S <2,\(~.~Q}\\o é\\o' 00 o@?\o@‘% ~
W @0 & @ RORS RSP S NFSFSIFSIN RORS RSP S
& ® 10 SIS 9 SRS 3 SISt 19
NN & AN
B = Maternal C paternal sDMR3 D E
= Paternal ES cells =iz MEFs uliz = Scramble
100- H3 3 Zdbf2 35 Zdbf2 S "Ezh2_shi
? Brain CxB 3 I Q =Ezh2 sh2
S 75 oo 25 % 1
S % 25 S
o g - @
Lo 5& 2 008
Z 50 T < 8
° H3K27me3 ) 2 = s
g Brain CxB % £ 15 X5 0.6
= 25 = 15
5 S5 Bo4
S T i 1. S
0 M [ | R R - ©
H3  H3 3 Ha HaK27me3 ststatteiey g02
K27me3 K27me3 Brain BxC Sstssesseen: 05 p 05 S,
o
Zabf2 paternal 3! ! 0 ol WD uo Ezh2
promoter sDMR2 Dnmt-TKO Ezh2-KO Ezh2_sh1  Ezh2_sh2
Figure 5. Interplay between histone modifications and DNA methylation at the mouse Gpr1/Zdbf2 locus. (A) Histone modification

profiling by ChIP-qPCR in 2i Cgl ES cells and neonate whole brains (WBs) over the Gpr1/Zdbf2 locus (primer positions in Supplemental
Fig. S5A). Error bars indicate SEM of two biological replicates for ES cells and SEM from reverse cross BxC and CxB neonates for whole
brains. (B) H3K27me3 allelic enrichment detected by ChIP pyrosequencing at the Zdbf2 promoter and at the paternal sDMR in neonate
brains. Error bars indicate SEM from reverse crosses BxC and CxB. (C) Bisulfite-based DNA methylation analysis of H3- and
H3K27me3-bound chromatin at the paternal sDMR (DMR3) in neonate brains from CxB and BxC crosses. (D) RT-qPCR analysis of Liz
and Zdbf2 RNA levels in Dnmt-TKO and Ezh2-KO ES cells, normalized to wild-type (WT) parental cell lines. Error bars indicate SEM
from two (Dnmt-TKO) and four (Ezh2-KO) biological replicates. (E, left panel) RT-qPCR analysis of Liz and Zdbf2 levels after Ezh2
shRNA-mediated knockdown in MEFs. Liz levels were undetectable (UD), as expected from Liz TSS full DNA methylation in somatic
cells. (Right panel) RT-qPCR analysis shows 80% depletion of Ezh2 levels by two independent hairpins. Error bars indicate SEM from

two biological replicates.

The effect of H3K27me3 marks was inferred after
tamoxifen-induced deletion of the Ezh2 gene in 2i-derived
ES cells. Ten days after Ezh2 deletion, EZH2 protein and
H3K27me3 marks were barely detectable, while the
paternal sSDMR maintained low DNA methylation levels,
comparable with the nondeleted parental 2i cell line
(Supplemental Fig. S5D,E). Upon Ezh2 knockout, we
found a highly reproducible up-regulation of Zdbf2 (Fig.
5D), which was not related to altered pluripotency state
of these cells (normal Oct4 and Nanog mRNA levels)
(data not shown). This suggests that H3K27me3 acts by
repressing the Zdbf2 promoter. To determine whether
H3K27me3 also tunes down Zdbf2 expression in differ-
entiated cells where the paternal sDMR is DNA methyl-
ated, we performed an Ezh2 shRNA knockdown in
immortalized hybrid mouse embryonic fibroblasts
(MEFs) (Fig. 5E; Supplemental Fig. S5D,E). With two
independent hairpins inducing 80% reduction of Ezh2
mRNA, we observed a more than twofold increase in
Zdbf2 levels, confirming that H3K27me3 consistently
down-regulates Zdbf2 output in different cell types.
Interestingly, we did not find a relaxation of imprinted
Zdbf2 expression in Ezh2 knockdown MEFs by RT-
PCR pyrosequencing (data not shown). Together, these

results imply that DNA and H3K27me3 methylation
oppositely regulate the activity of the Zdbf2 promoter,
with DNA methylation likely acting on expression
allelism, and H3K27me3 modulating expression levels
in a direct or indirect manner. These two marks do not
seem to be spatially competing: Loss of DNA methylation
does not increase H3K27me3 levels at the paternal sDMR
in Dnmt-TKO ES cells, as manifested in available ChIP-seq
data sets (Brinkman et al. 2012), and H3K27me3 loss does
not promote ectopic gain of DNA methylation at this locus
in ES cells or MEFs (Supplemental Fig. S5C).

Discussion

Our study of the Gpr1/Zdbf2 locus provides new impor-
tant paradigms in mammalian genomic imprinting. It
illustrates the functional relevance of transient imprint-
ing for short- and long-term genome regulation. It also
reveals the existence of dynamic genomic imprinting
occurring via a parent-of-origin switch in DNA methyl-
ation. Together, our work demonstrates how intricate
mechanisms can evolve to ensure proper gene dosage
regulation through life despite the dramatic epigenetic
reprogramming undergone by the embryonic genome.
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Genomic imprinting is currently defined by epigenetic
characteristics universally shared by all lifelong imprinted
loci: (1) acquisition of a gDMR in one of the parental
germline only, (2) an uninterrupted continuum of paternal-
or maternal-specific methylation from gametes to adult
progeny, and (3) the combination of both repressive and
permissive histone marks. The Gpr1/Zdbf2 locus breaks
these rules: It contains two gDMRs of opposite parental
origins, neither of which is permanent after fertilization,
and they lack dual patterns of H3K4/H3K9 methylation.
Importantly, the Gpr1/Zdbf2 locus demonstrates a lifelong
imprinted status (Fig. 6): The maternal gDMR provides
maternal-specific methylation in the preimplantation em-
bryo and in the placenta after implantation, while the
paternal DMR is somatically re-established in the embryo
after implantation and maintained in somatic tissues.
Discovering whether the maternal DMR alone or both
parental DMRs together act as ICRs (i.e.,, sequences
regulating imprinted gene expression) will require genetic
testing. Incidentally, our study raises the possibility that
transient gDMRs may be tissue-specific gDMRs of the
most extreme sort: those that diverge at the time of the
first lineage differentiation and are maintained in extra-
embryonic but not embryonic tissues. This implies that
the number of imprinted gDMRs may be greater in the
placenta than in the embryo.

Transcriptional events likely drive the cross-talk
between the two parental DMRs, which allows a parent-
of-origin switch in DNA methylation at the Gpr1/Zdbf2
locus: The maternal gDMR hosts a starting site for
transcripts that are paternally expressed in early embryos
and 2i ES cells. Among them, the Liz spliced variants,
which extend across the paternal DMR and incorporate
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many Zdbjf2 exons, are the dominantly produced isoforms.
Liz expression positively correlates with paternal DMR
methylation in cis: Paternal-specific Liz expression is as-
sociated with paternal-specific sSDMR methylation. When
Liz transcription is biallelic, as in Dnmt3L~"* embryos,
cultured 2i ES cells, or fetal male germ cells, biallelic
methylation is acquired. However, Liz expression is not
sufficient: The height of Liz expression coincides with the
lowest DNA methylation of the paternal sDMR in blasto-
cysts. More likely, Liz expression primes paternal sSDMR
accessibility to de novo DNA methyltransferases for when
they become available: after implantation or during ES cell
differentiation. Interestingly, ChIP-seq data sets show
evidence of H3K36me3 marks lining the path of Liz tran-
scription in ES cells (Supplemental Fig. S5A; Mikkelsen
et al. 2007). Given the ability of the PWWP domain of
DNMT3 enzymes to interact with H3K36me3-modified
tails (Dhayalan et al. 2010), changes in histone modifica-
tions likely provide intermediates between Liz expression
and paternal DMR de novo methylation. Whether the act
of Liz transcription or the Liz RNA per se is involved in
this process will be an important question to address.
Chromatin remodeling properties have been tradition-
ally attributed to noncoding RNAs, including at
imprinted loci such as Airn or Kcnglotl (Pandey et al.
2008; Khalil et al. 2009; Latos et al. 2012). Accordingly,
Liz was originally described as a long intergenic non-
coding RNA (lincRNA) (Guttman et al. 2010, 2011)
despite the lack of experimental proof (Kobayashi et al.
2012b, 2013). In contrast, we show here that Liz RNA can
be polyadenylated, is efficiently spliced and exported to
the cytoplasm, associates with translating polyribo-
somes, includes multiple exons of Zdbf2, and, most

Figure 6. Model for developmental dynam-
ics of promoter usage and parental DNA
methylation at the mouse Gpr1/Zdbf2 locus.
Zdbf2-related transcripts are produced from
alternative promoters: Liz (dark blue) is avail-
able in the male germline, preimplantation
embryos, and extraembryonic tissues; canon-
ical Zdbf2 (orange) is expressed in the female
germline, post-implantation embryos, and so-
matic tissues. Parent-of-origin methylation
occurs in a lifelong manner: Maternal-specific
(red) information is provided by the maternal
DMR in preimplantation embryos and extra-
embryonic tissues, and paternal-specific infor-
mation (light blue) is carried by the paternal
intergenic DMR in post-implantation embryos
and somatic tissues. Sex-specific methylation
occurs in the male and female germlines.

Post-implantation Embryo

Somatic Tissues



importantly, has the same coding potential as Zdbf2 for
an ORF, which is evolutionarily conserved in humans.
Because Liz and canonical Zdbf2 transcripts share the
same putative OREF, it is impossible to distinguish their
respective association efficiency and occupancy timing
with the translation machinery by ribosome footprinting
(Ingolia et al. 2011; Guttman et al. 2013). However, as Liz
and Zdbf2 vary by their 5’ UTR regions, differential
secondary structure or stability could entail additional
levels of post-transcriptional regulation. In conclusion,
we postulate that Liz likely functions as an alterna-
tive mRNA source for Zdbf2 protein translation dur-
ing development, depending on promoter availability
(Fig. 6).

Nothing is known about Zdbf2 protein function, except
for the inclusion of a DBF4-like zinc finger when trans-
lation is initiated from exon 4. The eponymous DBF4
protein is an activator of the CDC?7 serine/threonine
kinase, which has a conserved role in DNA replication
initiation from yeast to humans (Hughes et al. 2012). In
yeast, the dbf4/cdc7 complex was moreover linked to
chromosome segregation during meiosis (Kovacikova
et al. 2013; Le et al. 2013). Coincidently, we found that
Liz expression peaks at meiosis during mouse spermato-
genesis, and canonical Zdbf2 is highly transcribed in the
oocyte, leading to the exciting possibility that Zdbf2 may
fulfill meiotic roles in mammals.

Alternative promoter usage is a common process of
tissue- and stage-specific gene regulation, which may
affect 40% of protein-coding genes in mouse and human
genomes (Sun et al. 2011). Very little is known about the
nature of the mutual regulation between alternative
promoters. We found that the downstream Zdbf2 pro-
moter is turned on when the upstream Liz promoter is
turned off upon differentiation: Liz transcription may
prevent activity from the Zdbf2 canonical promoter in
a competitive model where the promoter located the
most upstream is dominant over the one located the most
downstream (Maunakea et al. 2010). However, our results
further suggest that Liz activity prior to differentiation
promotes Zdbf2 promoter activation in cis after differen-
tiation: Liz expression precedes Zdbf2 expression from
the same, paternal allele, and in cases of biallelic Liz
expression, biallelic Zdbf2 expression occurs. As dis-
cussed above, in addition to functioning as a protein-
coding RNA, Liz may prepare Zdbf2 promoter activity
via chromatin changes, therefore classifying as a bifunc-
tional RNA.

Finally, we identified an unusual interplay between
DNA and H3K27 methylation that highlights the de-
velopmental complexity of Liz and Zdbf2 regulation.
Using Dnmt3L~"* embryos, Dnmt-TKO ES cells, and 2i
versus serum ES cells, we demonstrated the functional
link between DNA methylation and transcriptional ac-
tivity but with opposite effects on Liz and canonical
Zdbf2. DNA methylation at the Liz promoter is nega-
tively correlated with Liz transcription levels. In contrast,
Zdbf2 paternal-specific expression is extremely stable
throughout somatic life yet does not rely on differential
DNA methylation or H3K9 methylation at its promoter,

Dynamics of imprinted Zdbf2 regulation

as is usually the case for imprinted genes. The only form
of parent-specific DNA methylation found in the vicinity
is at the intergenic paternal DMR located a few tens of
kilobases upstream. Here, DNA methylation positively
correlates with activity of the canonical Zdbf2 promoter:
When DNA methylation is biallelically gained, biallelic
Zdbf2 expression is observed. When DNA methylation is
absent at the sSDMR, Zdbf2 expression is down-regulated.
The other important chromatin component of Zdbf2
regulation is linked to H3K27me3 marks, which occur
on the maternal allele at the Zdbf2 promoter specifically,
while it densely accumulates on both maternal and
paternal alleles over the paternal sDMR located up-
stream. Importantly, we found that upon deletion or
knockdown of the H3K27 methyltransferase of the Poly-
comb complex (Ezh2), Zdbf2 expression levels are in-
creased. These results suggest that DNA methylation
and H3K27 methylation coregulate Zdbf2 expression,
with intergenic DNA methylation linked to the active
Zdbf2 allele, while H3K27me3 down-regulates Zdbf2
output.

Here we provide evidence for multiple conserved
mechanisms acting at the Gpr1/Zdbf2 locus for the sole
regulation of Zdbf2 dosage, which is the only gene to
show imprinted expression over 400 kb. We show here
that besides serving as a new paradigm of dynamic
genomic imprinting, the Gpr1/Zdbf2 locus can provide
an important model system for dissecting the signals
shaping DNA methylation patterns, the interplay be-
tween DNA and histone modifications, and alternative
promoter usage.

Materials and methods

Additional materials and methods can be found in the Supple-
mental Material.

Isolation of mouse gametes, embryos, and tissues

The care and use of animals used here strictly adhered to
European and National Regulation for the Protection of Verte-
brate Animals used for Experimental and other Scientific Pur-
poses (directive 86/609 and 2010/63). Mice were bred in the
pathogen-free Animal Care Facility of the Institut Curie (agree-
ment no. C 75-05-18). MII stage oocytes from superovulated
females, epididymal sperm, preimplantation embryos, post-
implantation embryos, extraembryonic tissues, and postnatal
tissues were prepared as described previously (Proudhon et al.
2012). Purity of gamete samples was assessed by bisulfite-based
DNA methylation analysis of maternally imprinted KvDMR
and paternally imprinted H19/Igf2 DMD. The Mus musculus
C57Bl/6] strain was used in a wild-type or Dnmt3L mutant
background (Bourc’his et al. 2001). Allelic information was
obtained from crosses between C57Bl6/] and Mus castaneus
CAST/Ei or Mus molossinus JF1 strains.

Bisulfite-based DNA methylation analysis

Genomic DNA was extracted according to Smith et al. (2009),
except for sperm DNA (Jeffreys et al. 1994). The Epitect kit
(Qiagen) was used for bisulfite conversion of DNA, except for
limited quantities (oocytes and embryos from E3.5 to E6.5)
where DNA was embedded in agarose beads before processing
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for bisulfite conversion according to Proudhon et al. (2012).
Nested or seminested PCR was performed using the primers
listed in Supplemental Table S1. PCR amplicons were gel-
purified (Qiagen) and subsequently cloned in pCR2.1 Topo-TA
vector (Invitrogen) before Sanger sequencing of at least 30 clones.
BiQ Analyzer software was used for sequence alignments (Bock
et al. 2005).

Polysome fractionation

Sucrose gradient polysome fractionation was performed as de-
scribed in Gu et al. (2012), with some modifications. ES cells
grown in 15-mm plates in 2i medium (5 X 107 cells per plate)
were incubated with 100 pg/mL cycloheximide (Sigma) for 15
min to arrest ribosome movement on mRNAs. Cells were then
incubated for 5 min on ice in lysis buffer (20 mM Tris-HCI at pH
7.5,50 mM KCI, 10 mM MgCl,, 1% Triton, 1 mM DTT, 40 U/mL
RNase inhibitors [Promega], 100 pg/mL cycloheximide), har-
vested by scraping off the dish, transferred to Eppendorf tubes,
homogenized by three passages through a 26-gauge needle, and
further incubated for 5 min on ice. Nuclei and insolubilized
material were pelleted by two rounds of centrifugation at 13,000
rpm for 6 min. Clarified lysates were then kept as total cytosolic
RNA fraction (input) or processed for fractionation by loading
1 mL onto an 11-mL linear 10%-50% sucrose gradient in 20 mM
Tris-HCI (pH 7.5), 50 mM KCI, 10 mM MgCl,, 1 mM DTT, and
100 pg/mL cycloheximide prepared using the gradient master
(Biocomp). A control experiment of polyribosome disruption was
performed by adding 15 mM EDTA before sucrose fractionation.
Twelve fractions were collected from top to bottom after
ultracentrifugation at 36,000 rpm for 2 h at 4°C using an SW41
swinging-bucket rotor (Beckman Coulter). To determine the
distribution of nonassembled ribosomal fractions and transla-
tion-engaged polyribosomes (without EDTA), 28S/18S ratios
were measured after RNA extraction using the 2000 Bioanalyzer
(Agilent). Nonassembled ribosomes have a 28S/18S ratio below
or above 2, while assembled 80S ribosomes show 285/18S ratios
close to 2. Based on these measurements and RNA integrity,
layers three and four were pooled as the nonassembled ribosome
fraction, and layers seven to 10 were pooled as the polyribosome-
loaded fraction.

RNA FISH

RNA FISH on preimplantation embryos was performed as
previously described (Okamoto et al. 2004) using the intron-
spanning BAC probe WI1-2819H7 (BacPac Consortium at Chil-
dren’s Hospital Oakland Research Institute). The probe maps to
chrl: 63266216-63306435 (UCSC mm9 alignment). Probe label-
ing was done with SpectrumRed-dUTP by nick translation
(Vysis). Images were acquired using a spinning-disk confocal
microscope (Zeiss) at 63X magnification with 0.3 pm between
each image obtained in Z dimension. Images were analyzed
using Image]J software (NIH).
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