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SUMMARY

Although many long non-coding RNAs (IncRNAs) are
imprinted, their roles often remain unknown. The
DIk1-Dio3 domain expresses the IncRNA Meg3 and
multiple microRNAs and small nucleolar RNAs
(snoRNAs) on the maternal chromosome and consti-
tutes an epigenetic model for development. The do-
main’s DIk1 (Delta-like-1) gene encodes a ligand
that inhibits Notch1 signaling and regulates diverse
developmental processes. Using a hybrid embryonic
stem cell (ESC) system, we find that DIk7 becomes
imprinted during neural differentiation and that this
involves transcriptional upregulation on the paternal
chromosome. The maternal DIk1 gene remains
poised. Its protection against activation is controlled
in cis by Meg3 expression and also requires the
H3-Lys-27 methyltransferase Ezh2. Maternal Meg3
expression additionally protects against de novo
DNA methylation at its promoter. We find that Meg3
IncRNA is partially retained in cis and overlaps the
maternal DIk1 in embryonic cells. Combined, our
data evoke an imprinting model in which allelic
IncRNA expression prevents gene activation in cis.

INTRODUCTION

The DIk1-Dio3 imprinted domain is controlled by an intergenic
“imprinting control region” (ICR) and plays diverse roles in devel-
opment and metabolism. This large domain (Figure 1A) com-
prises three protein-coding genes, DIk1 (also called Pref1),
Rtl1, and Dio3, whose imprinted expression is tissue-specific
and from the paternal chromosome predominantly. The maternal
chromosome expresses multiple non-coding RNAs (ncRNAs),
including the long ncRNA (IncRNA) Meg3 (maternally expressed
gene 3, also called Gt/2), the Rtl1-antisense Rtl/1as, the C/D-box
snoRNA cluster Rian, and the microRNA cluster Mirg (da Rocha
et al., 2008).

The domain’s ICR—called the IG-DMR—is essential for the
allelic expression of the ncRNAs and protein-coding genes (Lin
et al., 2003). On the maternal chromosome, the ICR is hypome-
thylated, displays enhancer features, and activates Meg3 during
preimplantation development (Kota et al., 2014; Luo et al., 2016;
Wang et al., 2017b). The maternal Rtl1 allele is repressed by the
anti-sense transcript Rt/1as and this is important for placental
development (Ito et al., 2015). How the preferential paternal
expression of DIk1 and Dio3 is controlled is less clear. Dik1
and Dio3 are not known to be controlled by antisense transcrip-
tion and are positioned further away from the IG-DMR. Despite
several studies (Takahashi et al., 2009; Zhou et al., 2010), the
imprinting mechanism remains unclear.

DIk1 is imprinted in many tissues and encodes an antagonistic
Notch ligand that plays roles in placental development, nutrient
metabolism, and adipocytosis (Charalambous et al., 2014;
Moon et al., 2002). Dio3 imprinted expression is less pronounced
than that of DIk, including in brain tissues (Yevtodiyenko et al.,
2002).

It has been postulated that one of the locus’ ncRNAs could
repress DIk1 on the maternal chromosome (da Rocha et al.,
2008). The Mirg miRNAs are cytoplasmic, control neonatal
metabolic adaptation and mitochondrial metabolism, and do
not influence DIk1 imprinted expression (Kameswaran et al.,
2014; Labialle et al., 2014). Rian small nucleolar RNAs (snoRNAs)
are also unlikely candidates given their post-transcriptional role
in 2’-O-methylation of RNA (Falaleeva et al., 2017). Meg3 IncRNA
is a potential candidate (Kota et al., 2014). Similarly, as many
other nascent and IncRNAs (Davidovich et al., 2013; Kaneko
et al.,, 2013; Wang et al., 2017a; Zhao et al., 2010), it interacts
in vitro with the lysine methyltransferase (KMT) Ezh2 and other
components of the polycomb repressive complex-2 (PRC2) (Ci-
fuentes-Rojas et al., 2014; Kaneko et al., 2014).

Hybrid embryonic stem cells (ESCs) derived in 2i-medium
recapitulate imprinted gene expression during neural differentia-
tion (Bouschet et al., 2017). We applied this experimental system
to explore the DIk1-Dio3 locus and found that Dik7 imprinted
expression arises through transcriptional upregulation on the
paternal chromosome. This developmental activation is pre-
vented on the maternal chromosome, and Meg3 IncRNA expres-
sion and Ezh2 play essential roles in this process.
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RESULTS

DIk1 Imprinted Expression Arises through Paternal
Allele Activation

To explore imprinted gene expression at the DIk7-Dio3 domain
(Figure 1A), we generated mice that were hybrid between
C57BL6/J and M. m. molossinus inbred strain JF1. Total RNAs
from neonatal (PO) brain tissues were analyzed (Figure 1B).
DIk1 expression was high in hypothalamus (HT), cortex (C),
and cerebellum (CB). Much lower expression was apparent in
hippocampus (HC). DIk1 expression was paternal in the neonatal
brain tissues, but for the lowly expressing hippocampus, where
DIk1 expression was biallelic (Figures 1C and S1A).

In agreement with earlier studies (Yevtodiyenko et al., 2002),
Dio3 expression was low and largely biallelic in neonatal
cortex, cerebellum, and hippocampus, whereas paternally
biased expression was observed in neonatal hypothalamus
(Figure 1B). Expression of Meg3, Rian, and Mirg was high and
maternal allele-specific in all brain tissues analyzed (Figures
1B, 1C, and S1B).

To explore gene expression during differentiation, we derived
ESC lines in serum-free 2i-medium that were hybrid between
C57BL/6J (B) and JF1 (J). Two of the obtained lines, BJ1-WT3
and JB1-WT6 (hereafter called BJ and JB, respectively), were
chosen for further studies, performed on early passages (pas-
sages 3-12). Both ESC lines had an unaltered chromosome
number (Figure S2A) and could be readily differentiated into neu-
ral progenitor cells (NPCs) with perinatal frontal cortex identity.
For this, an established procedure was used, with addition of
the sonic hedgehog inhibitor cyclopamine (Gaspard et al.,
2009). Following 12 days of cortical differentiation, most cells
displayed neural morphology with axonal outgrowth and expres-
sion of the neural markers Nestin, Tubb3, Emx1, and Fabp7
(Figure 1D).

DIk1 expression was very low in undifferentiated ESCs and de-
tected on both parental alleles. Expression levels increased
strongly from day 6 of corticogenesis onward. At day 12, the at-
tained levels were comparable to those in neonatal cortex (Fig-
ure 1E). In both ESC lines, the kinetics of upregulation correlated
with acquisition of paternal allele-specific expression (Figures 1F
and S1C). DIk1 activation seemed stronger in the JB than in the
BJ neural cells, but another JB ESC control line (JB-WT2; Fig-
ure S1D) showed comparable Dik1 activation as in the BJ cells.

Upon neural differentiation into NPCs, there was a mild in-
crease in Dio3 expression, which remained biallelic (Figure S1E),

and this agreed with the biallelic expression observed in cortex
(Figure 1B). Upon neural differentiation, Meg3 expression
increased moderately and remained strictly maternal (Figures
1E, 1F, and S1C).

To assay whether allelic DIk1 activation occurs in other kinds
of neural cells as well, ESCs were differentiated with all-trans ret-
inoic acid (RA). This generates neurons and neural progenitors
with hindbrain and spinal cord identity (Kim et al., 2009). Again,
DIk1 imprinting acquisition coincided with the kinetics of the
gene’s upregulation (Figures S1F and S1G). Combined, these
studies indicate that the paternal Dik7 allele is strongly upregu-
lated during neural differentiation, whereas expression on the
maternal chromosome remains low.

Meg3 Prevents DIk1 Upregulation on the Maternal
Chromosome

CRISPR-Cas9 technology was used to generate BJ-derived ESC
lines with deletions in Meg3: a biallelic 198-bp deletion within the
Meg3 promoter (Apromoter "), a 2,195/2,217-bp deletion of the
3’ part ofintron-1 on the maternal, the paternal, or on both parental
chromosomes  (Aintron1™*, Aintron1*’~, and Aintron1™/",
respectively) and a biallelic 29-kb deletion that removed the
intron-1 to intron-9 region (Aintron1-977) (Figure 2A).

The small promoter deletion abolished Meg3 expression and
gave loss of Rian and Mirg expression (Figure 2B). Absence of
the maternal ncRNAs resulted from maternal intron-1 deletion
as well. Paternal intron-1 deletion had no effect. Loss of Meg3,
Rian, and Mirg expression occurred also in Aintron1-97/~
ESCs (Figure 2B).

The Meg3-targeted ESCs were maintained under serum-free
conditions and studied at early passages (4-13), had a normal
karyotype (Figure S2A), and could be readily differentiated into
NPCs, similarly as the BJ WT ESCs (Figures S2B And S2C).

Meg3-targeted ESCs had unaltered DNA methylation levels at
the IG-DMR. However, in the maternal deletion lines, which all
showed loss of Meg3 expression (Figure 2B), there was
increased DNA methylation at the Meg3 promoter (Figure S2D).
This suggests that Meg3 expression contributes to keeping its
promoter unmethylated.

The loss of Meg3 expression did not affect DIk1 upregulation
during differentiation (Figure S2E). However, DIk1 activation
was biallelic in the KO NPCs. This “loss of imprinting” (LOI)
was apparent in all maternal deletion lines, but not in the
Aintron1*~ line or in non-targeted control cells (Figures 2C
and 2D).

Figure 1. DIk1 Imprinting Arises through Allelic Upregulation during Differentiation

(A) Schematic presentation of the murine DIk71-Dio3 locus. Genes are shown as rectangles with their allelic expression (arrows) state in neonatal cortex. The Meg3
polycistron is indicated as an interrupted line. The IG-DMR imprinting control region (black box) is methylated (filled lollipops) on the paternal chromosome.
(B) DIk1, Meg3, and Dio3 expression levels in postnatal day 0 (P0) and 2 months (2mo) brain tissues. Levels of expression relative to three housekeeping genes are
indicated. Error bars indicate the SEM of qPCR triplicates. Bottom: allele-specificity of expression assayed by Sanger sequencing of RT-PCR products. Arrows
indicate SNPs that distinguish maternal (M) and paternal (P) alleles. C, cortex; CB, cerebellum; HT, hypothalamus; HC, hippocampus.

(C) DIk1 and Meg3 expression assayed by quantitative allele-specific PCR.

(D) Immunofluorescence (IF) staining of Tubulin-p3 and Nestin in NPCs at d12 of cyclopamine-mediated differentiation. Scale bars, 100 um. Bottom: relative
expression of Oct4, Nanog, and neural markers in BJ ESC and ESC-derived NPCs (d12); data from three different differentiations, normalized to the levels in

ESCs. Error bars represent the SD of three biological replicates.

(E) Relative expression of DIk1 and Meg3 during cyclopamine-mediated differentiation. Error bars indicate the SEM of qPCR triplicates.
(F) Quantitative assessment of allelic DIk1 and Meg3 expression. The allele-specific data (C, E, and F) represent one differentiation experiment.

See also Figure S1.
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Figure 2. Targeted Deletions within Meg3 Induce Loss of DIk1 Imprinting

(A) Map depicting three independent deletions generated by CRISPR-Cas9. Right: the deleted sequence positions (in mm9).

(B) Meg3, Rian, and Mirg expression is abolished as a result of maternal and biallelic deletions within Meg3. Expression levels in ESCs and BJ-derived NPCs (day
12) shown in white and black, respectively. Error bars indicate the SEM of gPCR triplicates.

(C) Sanger sequencing-based assessment of DIk expression in the NPCs; the arrow indicates the SNP used to distinguish the maternal (M) and paternal (P) alleles.
(D) Quantitative assessment of the paternal/maternal ratio of DIk1 expression in BJ and the Meg3-targeted NPCs of one representative differentiation series.
See also Figure S2.

RNA sequencing (RNA-seq) was performed on the wild- Dio3 domain were no longer expressed in the Meg3-targeted
type (WT) and Apromoter ™~ and Aintron1~/~ NPCs (see Supple-  NPCs (Figure S2F; Table S5).
mental Experimental Procedures). This showed that the allelic Analysis of RNA-seq reads confirmed that DIk1 expression
expression of Grb10 and Kcngiot! (KvDMR1 promoter) and was paternal in the control and biallelic in the Apromoter™~
other imprinted genes was unaltered in the Meg3-targeted and Aintron1™~ NPCs (Figure S2G). All reads at Dik1 were in
NPCs. RNA-seq also confirmed that the maternal ncRNA genes  the sense orientation, both in WT and Apromoter™~ and
(Meg3, Rian, Mirg, AF357359, and 6430411K18Rik) of the DIk1-  Aintron1™”~ NPCs. RNA-seq on the Apromoter”~ and
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Aintron1~~ NPCs did not reveal consistent expression changes
elsewhere in the genome.

A Fraction of Meg3 RNA Is Retained and Overlaps the
Maternal DIk1 Gene (in cis)

RNA fluorescence in situ hybridization (FISH) with a cDNA probe
covering exons 1-10 (Figure S3A) showed that Meg3 RNA pre-
sents in the majority of ESCs as a unique large focus of
1-2 um in diameter (Figures S3B and S3C), on the maternal
DIk1-Dio3 locus (Kota et al., 2014). To better visualize its nuclear
localization, we applied single-molecule inexpensive-FISH
(smiFISH) (Tsanov et al., 2016) with fluorophore-tagged, gene-
specific, probes covering 24 regions across Meg3. In ESCs,
besides a single bright RNA accumulation indicating active
transcription site, small spots were apparent elsewhere in the
nucleoplasm, likely corresponding to individual Meg3 RNA mol-
ecules (Figure S3C). In NPCs, additional foci containing a large
number of individual Meg3 RNA signals were apparent in some
nuclei, suggestive of dispersion to other nucleoplasmic sites
(Figure S3C).

Our own and published RNA-seq data (ESC, NPCs) indicate
that Meg3 expresses different introns at comparable levels as
exons, particularly introns 5 and 9 (Figure S3A). Using a probe
against intron-9 for RNA FISH, strong single foci were detected
that overlapped the ones detected with the cDNA probe (Figures
S3A and S3B). Similar data were obtained for introns 5 and 8
(data not shown). This indicates that the main Meg3 RNA foci
comprise intronic sequences.

To determine whether Meg3 RNA foci also comprised the
small last exon, we inserted 64 (degenerate) tandemly arranged
copies of MS2 repeats into exon-10 in BJ ESC cells. Two clones
with maternal insertion were obtained. These showed unaltered
Meg3 expression and unaltered DNA methylation at the Meg3
promoter and the IG-DMR (Figures S3D-S3F). FISH with oligo-
nucleotides designed against the degenerate MS2 copies
showed that in each cell, exon-10 RNA was apparent as a large
focus that overlapped the cDNA probe signal. Similarly as for
smiFISH, also individual small spots were apparent throughout
the nucleoplasm, which likely correspond to processed single
RNA molecules (Figure S3F). Concordantly, following differenti-
ation into NPCs, imprinted DIk1 expression was acquired
(Figure S3G).

To further explore the apparent partial retention of Meg3 RNA
at the transcription site, we treated the Meg3-MS2 expressing
ESCs with the RNA-Polll inhibitor actinomycin-D (ActD) (Fig-
ure 3A) at a concentration (5 pg/mL) that inhibits transcription
within minutes (Bensaude, 2011). In untreated ESCs (control),
75% of the cells showed a large Meg3 RNA focus. After 30 min
of ActD treatment, 45% of the cells maintained a bright RNA

focus, and after 60 min of treatment, 37% still did. A control
housekeeping gene, Gata6, showed a faster disappearance of
nascent RNA foci, with only 20% remaining visible after 30 min
of treatment (Figures 3A and 3B). The persistence of Meg3
RNA foci upon ActD treatment suggests a partial retention at
the transcription site and corroborates our earlier study on the
CDKO9 inhibitor DRB, which prevents RNA polymerase elonga-
tion (Kota et al., 2014).

Next, DNA FISH was performed with a 35-kb fosmid probe
comprising DIk1 in combination with Meg3 RNA smiFISH (Fig-
ure S3C). The spatial relationship of the detected signals was
quantified and we calculated the pixel-intensity-based co-local-
ization coefficients using Pearson’s correlations. This revealed
that the two signals (Meg3 RNA and DIk1) are highly correlated
in ESCs (Pearson’s coefficient = 0.6). In agreement with the
dispersed nature of Meg3 RNA in post-mitotic neural cells, there
was less overlap between Meg3 RNA and DIk1 in the NPCs
(Pearson’s coefficient = 0.26) (Figure S3C). The MS2-based
RNA-FISH approach showed a similar overlap between Meg3
RNA and DI/k1 in ESCs (Pearson’s coefficient = 0.54). A spatial
separation was apparent, however, between the Dio3 signal
and Meg3 RNA in the ESCs (Figures 3C and 3D, Pearson’s coef-
ficient = 0.17).

Meg3 Expression Prevents Chromatin Activation on the
Maternal DIk1 Promoter

We performed chromatin immunoprecipitation (ChlP) on WT
NPCs with an antiserum against H3-lysine-4 tri-methylation
(H3K4me3), a marker of active chromatin. At a control imprinted
promoter—the KvDMR1 at the Kcnq7 domain—as expected
(Kota et al., 2014), H3K4me3 was enriched on the active paternal
allele. At the DIk1 promoter, H3K4me3 was precipitated from the
paternal allele predominantly in the WT NPCs. In Apromoter™~
and Aintron1~/~ NPCs, H3K4me3 was enriched on both parental
chromosomes (Figure 4A), which agrees with the biallelic Dik1
expression in these cells (Figure 2C).

We assessed whether DIk1 activation in the WT NPCs corre-
lated with enrichment of the serine-5-phosphorylated form of
the CTD of RNA polymerase-Il (Polll-S5P), indicative of initiation
of RNA transcription. At the KvDMR1, there was PolllI-S5P enrich-
ment on the active paternal allele. At DIk1, Polll-S5P was precip-
itated at similar levels as at the housekeeping gene B-Actin, on
the paternal allele predominantly (Figure 4B). Next, we performed
ChIP on Apromoter '~ and Aintron1~~ NPCs. In these Meg3
RNA-deficient NPCs, the KvDMR1 showed unaltered Polll-S5P
enrichment on the paternal allele. At the DIk7 promoter, however,
there was biallelic Polll-S5P precipitation (Figure 4B).

To assess the in vivo relevance of the findings in NPCs, ChIP
was performed on neonatal hypothalamus, a tissue in which

Figure 3. Meg3 IncRNA Overlaps the Maternal DIk1 Gene in ESCs

(A) Representative RNA FISH of MS2-tagged exon-10 of Meg3 (green) in ESCs (line 2D1, see also Figure S3) with detection of main foci at transcription site
(zoom-in, arrowheads), following ActD treatment. Right: representative RNA FISH for Gata6.

(B) Main Meg3 RNA foci are present in most cells; many remain visible after 60 min of ActD treatment.

(C) RNA FISH detection of MS2-tagged exon-10 of Meg3 (red) in ESCs (line 2D1) and concomitant DNA FISH with the DIk7 fosmid (white) and a 20-kb fosmid

comprising Dio3 (green).

(D) Pearson coefficients for Meg3 RNA overlap with DIk1 and Dio3 on the maternal chromosome (20 nuclei). ****p < 0.0001 (unpaired t test). Error bars indicate SD.

See also Figure S3.

342 Cell Reports 23, 337-348, April 10, 2018



OPEN

ACCESS
CellPress

WT NPCs

A promoter -/- NPCs
ChIP H3K4me3

A intron1 -/- NPCs

ChIP H3K4me3 ChIP H3K4me3
100 100 100
5 50 5 501 5 501 i
s 1 ] 2 m_ 2 =
= 1 L = 1
R I I ® I I S i i I I
0 0 0
N . % \'\ 0 N N . ) \'\ ¥ N N 9 \’\ Ry N
N 0‘°°+° ‘?5"0\33~ N 0‘°°+° v~°°\§. N O‘°°+° v~°°§g.
IS IS IS
DIk1 KvDMR1 DIk1 KvDMR1 DIk1 KvDMR1
2 \ 2 \7 2 I\

TGGhGCcA AATTCG GG

T GGlcGC AATCG G TGGWGCA AATTCG G G

o (o i afnoin AR e

TG GC GCA AATC GGG TGGWMGC AATCGG TGGWGCA AATC GGG

P P P+M P P+M P
B WT NPCs A promoter -/- NPCs A intron1 -/- NPCs
ChlIP RNA Pol II-S5P ChIP RNA Pol lI-S5P ChiIP RNA Pol II-S5P
4 4 4
: i i .
S 02 == £ o2 m £ 02 -
R i I I E I i ES I I
0.0 0.0 0.0
N .0 '\\ © D > - '\\ N N > . » '\\ 0 o
N8 W AR N8 O
> & Ry & > &
DIk1 KvDMR1 Dik1 KvDMR1 DIk1 KvDMR1

¥ ¥

/\ 1\ 1\ ” \7 1\
input AMAAA MAAAA AAAAAAA
TG GTGC

AAT TG G

T 66 C AATTG G TGeecGcA AATCG GG
ap ool ) oty e
RNA Polll-S5P

TGGCGC AATC GG T eeTgec AATTG G TGGTGCA AATTCG GG

P P

P+M P>M P+M P>M
(o3
Hypothalamus Hypothalamus DIk1 KvDMR1
ChIP H3K4me3 ChIP RNA Polll-S5P \Z \
‘g 80 ‘g- 8 InPUt T GGTGCA AATTIGG G
g 60 £ 6 -
e 40 e 4
¢ ; o ol i
H3K4me3
N S5 N 0 N N %S5 N 0 N
& NS X & N XS T cech AATCGG G
> 0‘°°+° v~°o§' & o‘oo-\-"’ v~°°§' °° PG b
S S
o (it slaann
RNA Polll-S5P
P>M P
(legend on next page)

Cell Reports 23, 337-348, April 10, 2018 343



OPEN

ACCESS
CellPress

we had detected the highest levels of DIk1 expression (Fig-
ure 4C). Similarly as in WT NPCs, H3K4me3 and Polll-S5P
were enriched on the paternal Dik1 promoter relative to the
used input chromatin. Combined, the above studies indicate
that the developmental activation of DIk7 involves RNA-Polll
activation and H3K4me3, and Meg3 expression prevents this
process on the maternal chromosome.

We also explored H3K36me3 (Figure S4A), a modification
linked to transcriptional elongation that can influence in different
ways the establishment of H3K27me3 by the PRC2 complex (Cai
et al., 2013; Schmitges et al., 2011). In WT and Apromoter‘/‘
NPCs, as expected, at the control imprinted gene Grb10 precip-
itation was maternal allele-specific (Figure S4A). At Meg3, the-
assessed exon-10 region showed considerable H3K36me3
precipitation in WT NPCs, on the maternal allele only. In the
Apromoter '~ NPCs, which no longer express Meg3, there
was an almost complete lack of H3K36me3. At DIk1, at the
3’-most exon (DIk1-3'), paternal enrichment was observed in
WT NPCs, and biallelic enrichment in the Apromoter ™~ NPCs.
These findings indicate that H3K36me3 is linked to expression
at both DIk1 and Meg3.

The PRC2 Complex Contributes to D/k1 Imprinting
PRC2-mediated H3K27me3 contributes to keeping develop-
mental genes poised and, when CpG island-promoters are
no longer expressed, many bind PRC2 complexes, possibly
through the action of Polycomb-like proteins (Li et al., 2017; Ri-
ising et al., 2014).

Published ChIP-seq data on ESC and NPCs reveal a broad re-
gion of H3K27me3 enrichment around DIk1 (Figure S4B). In
cross-linked chromatin of ESCs and NPCs, H3K27me3 precipi-
tation at DIk7 was similarly high as at the repressed Hoxa11 gene
and Grb10, an imprinted gene marked by paternal H3K27me3
(Sanz et al., 2008). H3K27me3 at DIlk1 seemed biallelic in
both ESC and NPCs (Figures 5A and S4D). Concordantly,
H3K27me3 precipitation levels at DIk were comparable in
androgenetic and parthenogenetic ESCs (Figure S4C). In agree-
ment with this finding, in ESCs, there was biallelic precipitation of
Ezh2 at Dik1 (Figure S4D). In NPCs, Ezh2 precipitation, although
lower than in ESCs, remained largely biallelic (Figure 5A).

DIk1 encodes a cell surface protein, which allowed us to purify
DIk1-expressing cells by “magnetic activated cell sorting” (Fig-
ure S5A). Both in DIk7-expressing (DIk1*) and negatively sorted
(DIk17) neural cells, H3K27me3 precipitation was apparent on
both the parental chromosomes (Figure S5B). This indicates
considerable H3K27me3 on both parental alleles at the gene, ir-
respective of levels of DIk1 expression.

Next, we explored H3K27 acetylation (H3K27ac), which is
mutually exclusive with H3K27me3. In WT NPCs, in which Dik1
expression is paternal, H3K27ac was enriched on the paternal

DIk1 promoter (Figures S4E and S5C). Allelic enrichment was
not apparent at day 4 of differentiation, suggesting that acquisi-
tion of an active chromatin configuration occurs at the time of
DIk1 activation. In the Meg3 Apromoter™'~ neural cells that ex-
press DIk1 from both the parental chromosomes, there was bial-
lelic H3K27ac promoter enrichment (Figure S4E). Combined,
these data suggest acquisition of H3K27ac at the activated
paternal DIk1 promoter during ESC differentiation, while there
is considerable maintenance of H3K27me3 at the region on
both parental chromosomes.

To explore a possible involvement of PRC2 in DIk1 imprinting,
first we used an inducible Eed~'~ ESC line (Ura et al., 2008). Two
days after tetracycline-induced targeting, Eed was no longer de-
tected, and at day 3, H3K27me3 was globally lost as well (Fig-
ure S6A). Meg3 expression was unaltered in Eed '~ cells and
the IncRNA remained present as a large nuclear focus in the
ESCs. Mirg and Rian expression was also unaltered (Figures
S6B and S6C). ChIP showed absence of H3K27me3 at DIk1 in
the Eed ™~ cells (Figure S6D). DIk1 expression was several-fold
higher than in WT ESCs, suggesting a possible repressive role
of PRC2 (Figure S6B).

Next, we performed gene targeting directly on Ezh2 in the BJ
ESCs. We did not ablate Ezh2, which affects PRC2 stability
through loss of interaction with Eed and other PRC2 components
(Han et al., 2007). Rather, we deleted the first start codon (in
exon 2) to generate an isoform that initiates at the second start
codon (in exon 3) and lacks the first 40 aa. Despite its intact
SET domain (at the C terminus) and expression at physiological
levels (Figure 5B), the smaller isoform (AEzh2) gave an almost
complete global loss of H3K27me3 (Figure 5B). As expected
(Han et al., 2007), the expression of Eed was unaffected (Fig-
ure 5B). ChIP showed that the AEzh2 protein was not recruited
to the DIk1-Dio3 locus (Figure 5C), which agrees with an earlier
study on the N terminus (Cha et al., 2005)

Expression of Meg3, Rian, and Mirg was unaffected by the
Ezh2 truncation and Meg3 IncRNA foci were as in WT cells (Fig-
ures 5D and 5E). Concordantly, there was also unaltered DNA
methylation at the Meg3 promoter and the IG-DMR (Figure SEE).

AEzh2 ESCs could be readily differentiated into neural cells,
with a high proportion expressing Nestin and Tubb3 (Figures
S6F and S6G). Differentiation had proceeded sufficiently to
strongly induce DIk1 (Figure 5D). In the AEzh2 NPCs obtained,
there was biallelic DIk1 expression at day 12 and two further
time points of differentiation (Figure 5F).

The above findings indicate that besides Meg3 expression,
KMT Ezh2 prevents DIk1 upregulation on the maternal chromo-
some during differentiation. Recruitment of Ezh2 to DIk7, how-
ever, seemed independent of Meg3 expression. In the Meg3
Apromoter"‘ and neural cells, there was unaltered biallelic
Ezh2 recruitment to the DIk7 promoter region (Figure 5A).

Figure 4. Meg3 Expression Prevents Active Chromatin Formation at DIk1
(A and B) ChIP on WT, Apromoter’~, and Aintron1~~ NPCs (d12) against H3K4me3 (A) and Polll-S5P (B). Levels of precipitation (% input chromatin) were
determined by real-time PCR. Bottom: Sanger sequencing profiles show the allele-specificity of the precipitated chromatin at D/k7 and the control imprinted

promoter KvDMR1. P, paternal chromosome; M, maternal chromosome.

(C) ChIP of H3K4me3 and Polll-S5P in neonatal hypothalamus (at PO). Quantification and allele-specificity assays were as for (A) and (B). Error bars indicate the

SEM of gPCR triplicates.
See also Figures S4 and S5.
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DISCUSSION

Our main finding is that DIk7 imprinted expression arises through
upregulation of the paternal allele. The maternal allele remains
poised and this is controlled in cis by expression of the Meg3 poly-
cistronic gene. Ezh2 contributes to the protection against develop-
mental upregulation as well, although its recruitment to DIk 7 is bial-
lelic and does not depend on Meg3 IncRNA. Despite the nuclear
availability of transcription factors that control the developmental
DIk1 activation, both Meg3 expression and the PRC2 complex pre-
vents such activation to occur on the maternal chromosome.

The Meg3 RNA cis foci included different intronic sequences.
Given that these main RNA foci were still detectable a consider-
able time after RNA-Polll inhibition, this partial lack, or delay, of
splicing may serve as a local-retention signal. A future challenge
will be to assess whether the Meg3 IncRNA itself plays a role in
chromatin repression and which structure(s) might be involved.
Our data, however, do not exclude a contribution of Meg3 tran-
scription (e.g., through transcription-linked H3K36me3 or other
modifications on the maternal chromosome) that, in turn, could
influence chromatin regulation elsewhere in the locus (Cai
et al., 2013; Schmitges et al., 2011).

Paternal DIk1 activation is linked to RNA-Polll phosphorylation
and local acquisition of H3K4me3 and H3K27ac. These marks of
active chromatin are not acquired on the maternal DIk1 pro-
moter. Possibly, this is because Meg3 IncRNA overlaps Dik1 in
cis in embryonic cells and could thereby influence transcription
factor binding or the efficacy of the PRC2 complex. Alternatively,
the overlap of Meg3 RNA and DIk1 results from the close prox-
imity of the two loci but is functionally independent of PRC2.
Our study provides no evidence for a role of PRC2 in Meg3
expression, DNA methylation at the promoter or the IncRNA’s
localization, which contrasts with a recent report on constitutive
Ezh2~'~ cells (Das et al., 2015).

Two earlier studies on mice used homologous recombination
to generate deletions upstream and comprising Meg3 (Takaha-
shietal., 2009; Zhou et al., 2010). Although of considerable inter-
est, these led to opposite conclusions as to the role of Meg3 in
DIk1 imprinting. This may have been linked to the large sizes of
the deleted regions or the non-removal of selection cassettes,
which in one case still gave expression through the Meg3 tran-
scription unit, and in the other, transcription from the cassette
toward the IG-DMR. Our CRISPR-Cas9 NHEJ approach did
not yield such complications, and the DIk1 gene showed sense
transcription only in both the WT and Meg3 KO cells.

Many IncRNA genes enhance the expression of close-by
protein-coding genes (Tan et al., 2017). This stimulatory effect
occurs because the promoters of many IncRNA genes act as en-
hancers as well, and at some, because of the transcription itself
(Engreitz et al., 2016). The action of Meg3 is the exact opposite:
its expression keeps close-by protein-coding gene(s) lowly ex-
pressed. It seems unlikely that the active Meg3 promoter plays
a role in this process.

Loss of Meg3 expression correlated with an aberrant gain of
DNA methylation at the maternal Meg3 promoter. This protective
role of Meg3 expression agrees with the observation that in blas-
tocysts this promoter acquires DNA methylation on the non-acti-
vated paternal allele (Kota et al., 2014; Sato et al., 2011). It also
agrees with type 2 diabetes studies in which downregulation of
MEGS3 correlated with acquisition of methylation at its promoter
(Kameswaran et al., 2014).

Our findings are likely relevant to the imprinting disorder
Kagami-Ogata syndrome (KOS14), which is often caused by
paternal uniparental disomy of chromosome 14 (Ogata and Ka-
gami, 2016). A minority of patients have maternal micro-deletions
of MEG3 promoter that do not affect the IG-DMR (Beygo et al.,
2015). In one KOS14 family, a maternal micro-deletion left intact
the IG-DMR and the MEG3 promoter but affected the expression
of the MEG3 transcription unit (van der Werf et al., 2016).
Although further studies are required, these human studies may
agree with our finding that Meg3 expression prevents activation
of protein coding gene(s) on the maternal chromosome.

EXPERIMENTAL PROCEDURES

ESC Derivation and Differentiation

Hybrid ESCs were derived in serum-free (2i) medium with LIF, Mek inhibitor
PD0325901 (1 uM), and Gsk3 inhibitor CHIR99021 (3 M) and maintained in
ESGRO 1imedium (LIF and Gsk3 inhibitor) (Millipore). Institutional Review Board
approval for the usage of C57BL6/J and JF1 mice was obtained from the
Reseaux Animalerie de Montpellier, Montpellier, France. ESC characterization
and karyotyping were as described (Kota et al., 2014; Nagy et al., 2008). Lines
BJ-WT3 and JB-WT2 are male; line JB-WT6 is female. Cells were differentiated
into NPCs on Matrigel-coated dishes as described (Gaspard et al., 2009; Kota
etal., 2014). Cyclopamine (1 uM) was added during days 2-10 of differentiation.
Retinoic acid (RA)-mediated ESC differentiation was performed by addition of
all-trans RA (1 uM) during days 2-10 of differentiation (Kim et al., 2009). For mag-
netic activated cell sorting, see the Supplemental Experimental Procedures.

CRISPR-Cas9 NHEJ-Mediated Deletions
Single guide RNAs (sgRNAs) (Table S3) were designed using CRISPR Design
tool (http://crispr.mit.edu/), were synthesized with Bbsl sticky ends and cloned

Figure 5. Ezh2 Contributes to D/k1 Imprinted Gene Expression

(A) Ezh2 and H3K27me3 ChIP on WT, Apromoter'~, and Aintron1~~ NPCs (d12). Levels (% input chromatin) and the allele-specificity of precipitation were
assayed as for Figure 4. The control imprinted gene, Grb10, has paternal allele-specific H3K27me3 and Ezh2 in neural cells (Sanz et al., 2008). In the quanti-
fications, Hoxa11 and ActB constitute positive and negative controls, respectively. Error bars indicate the SEM of gPCR triplicates.

(B) CRISPR-Cas9 deletion within exon-2 of Ezh2 in BJ ESCs. Western blotting shows that the obtained 40 aa-truncated protein (AEzh2) does not alter Eed
expression, but gives loss of H3K27me3. As a control, Eed /= ESCs were included.

(C) ChIP on cross-linked chromatin of WT and AEzh2 ESCs against the N-terminal part of Ezh2 (present both in the full-length and truncated Ezh2). Error bars
indicate the SEM of qPCR triplicates.

(D) DIk1, Meg3, Rian, and Mirg expression in WT and AEzh2 NPCs at d12 of neural differentiation. Error bars indicate the SEM of gPCR triplicates.

(E) Sustained focal Meg3 accumulation in AEzh2 cells analyzed by smiFISH. Scale bars, 5 um.

(F) Allele-specificity of DIk1 and Meg3 expression in WT and KO cells at days 12, 16, and 21 of neural differentiation in one representative differentiation
experiment. Right: allelic quantitative PCR to assess DIk1 expression.

See also Figure S6.
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into pSpCas9(BB)-2A-GFP (Addgene, 48138). Constructs were transfected
into BJ ESCs using Amaxa nucleofector (Lonza). 48 hr after transfection,
GFP-positive cells were sorted by flow cytometry (FACS Aria, Becton Dickin-
son) and plated at low density (1,000 cells per 10-cm dish). After 7-8 days of
culture, cell lines were established from single colonies.

RNA Expression and DNA Methylation Analysis

RNA expression and DNA methylation studies were as described before (Kota
et al., 2014; Riso et al., 2016). Tables S1 and S2 describe the PCR primers
used. Further details are in the Supplemental Experimental Procedures.

Chromatin Imnmunoprecipitation
Analysis of precipitated cross-linked chromatin is described in the Supple-
mental Experimental Procedures. Table S2 presents the PCR primers used.

Histone Extraction and Western Blotting

For total protein extraction, cells were lysed in RIPA buffer (Sigma) (30 min, on
ice), centrifuged at 13,000 x g (15 min, 4°C); supernatants were quantified us-
ing the BCA protein assay (Thermo Scientific, 23227). Histone extraction and
western blotting are presented in the Supplemental Experimental Procedures.

Fluorescence In Situ Hybridization and Immunofluorescence

Studies

RNA-FISH was as described (Kota et al., 2014). Images were acquired on a
laser scanning confocal microscope (LSM780, Zeiss) with 63xNA1.4 Plan-
Apochromat objective (Zeiss). z stacks of 0.4-um slices were analyzed using
ImageJ software. RNA FISH against Gata6 was with a BAC probe (RP23-
129L1) (Miyanari and Torres-Padilla, 2012). For RNA-smiFISH, 24 oligonucle-
otides of 54-60 nt in length were designed to Meg3 (Table S4) and synthesized
with 28-nt “FLAP sequences” and were hybridized by secondary fluorescent
probes as described (Tsanov et al., 2016). Simultaneous RNA and DNA FISH
is explained in the Supplemental Experimental Procedures. Immunofluores-
cence staining of proteins was as described (Gaspard et al., 2009). Primary an-
tibodies: anti-Nestin (Biolegend, 839801), anti-Tubb3 (Biolegend, 801201).
Secondary antibodies: goat anti-mouse Alexa Fluor 488 (Life Technologies,
A-11011), goat anti-rabbit Alexa Fluor 594 (Life Technologies, A-11012).

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO:
GSE99903.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, and five tables and can be found with this article online at
https://doi.org/10.1016/j.celrep.2018.03.044.
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