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ABSTRACT

Differences in chromatin state inherited from the parental gametes influence the
regulation of maternal and paternal alleles in offspring. This phenomenon, known as genomic
imprinting, results in genes preferentially transcribed from one parental allele. While local
epigenetic factors such as DNA methylation are known to be important for the establishment of
imprinted gene expression, less is known about the mechanisms by which differentially
methylated regions (DMRs) lead to differences in allelic expression across broad stretches of
chromatin. Allele-specific higher-order chromatin structure has been observed at multiple
imprinted loci, consistent with the observation of allelic binding of the chromatin-organizing
factor CTCF at multiple DMRs. However, whether allelic chromatin structure impacts allelic
gene expression is not known for most imprinted loci. Here we characterize the mechanisms
underlying brain-specific imprinted expression of the Peg13-Kcnk9 locus, an imprinted region
associated with intellectual disability. We performed region capture Hi-C on mouse brain from
reciprocal hybrid crosses and found imprinted higher-order chromatin structure caused by the
allelic binding of CTCF to the Peg13 DMR. Using an in vitro neuron differentiation system, we
showed that imprinted chromatin structure precedes imprinted expression at the locus.
Additionally, activation of a distal enhancer induced imprinted expression of Kcnk9 in an allelic
chromatin structure-dependent manner. This work provides a high-resolution map of imprinted
chromatin structure and demonstrates that chromatin state established in early development

can promote imprinted expression upon differentiation.
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INTRODUCTION

Evolutionary and molecular basis of genomic imprinting

Prior to fertilization, the maternal and paternal genomes differ in multiple aspects of
chromatin state, reflecting the unigque processes of oogenesis and spermatogenesis (Guibert et
al. 2012; Collombet et al. 2020; Smith et al. 2012). While most of these differences, which
include DNA methylation, histone modifications, and higher-order chromatin structure, are
equalized by epigenetic reprogramming in early embryogenesis, some withstand this process
and are maintained throughout development (Xie et al. 2012; Monk 2015). These long-term
imbalances in chromatin state between the parental alleles, known as genomic imprinting, result
in parent-of-origin specific differences in transcriptional levels at approximately 200 genes in
humans (Tucci et al. 2019; Ferguson-Smith and Bourc’his 2018) (Fig. 1). While genomic
imprinting has provided an important model system for the study of an array of biological fields
including epigenetics, noncoding RNA function, and sexual evolutionary dynamics, many basic

guestions regarding genomic imprinting remain poorly understood.

Paternal

Maternal —h i—
Paternally-expressed Maternally-expressed
gene gene

Figure 1 — Genomic imprinting
Cartoon showing imprinted gene expression. Red = maternal expression; blue = paternal
expression; black = transcriptionally silent.

Genomic imprinting has been observed in diverse sexually-reproducing lineages
including placental mammals, flowering plants (Raissig et al. 2011) and insects (Anaka et al.

2009). Although the evolutionary origins of genomic imprinting remain a matter of some debate,



one of the most successful models explaining the selective pressure behind the acquisition of
imprinted expression of a particular gene is the genetic conflict theory (Haig 2000). This theory
says that in a species with promiscuous sexual reproduction with high maternal resource
investment in individual offspring, the optimal behavior of the offspring will be different for male
and female parents. The female, which is equally related to all maternal offspring, has an
evolutionary incentive for as many offspring as possible to survive and reproduce. The male, on
the other hand, is not related to its offspring’s half siblings, and therefore these half siblings are
direct competitors of the male’s offspring when it comes to acquiring maternal resources.
Consequently, gene expression patterns that lead to a higher consumption of maternal
resources are favorable to the paternal genome, while expression patterns that lead to a more
equitable distribution of maternal resources to all offspring are favorable to the maternal
genome. As a result of this competition between males and females as well as between rival

males, there is evolutionary pressure for parent-of-origin specific expression of certain genes.

Mechanistically, genomic imprinting in mammals derives from differences in chromatin
state between the maternally and paternally derived chromosomes. The male and female germ
lines undergo extensive epigenetic reprogramming during gametogenesis (Messerschmidt et al.
2014). This provides each sex with the opportunity to optimize the epigenetic state of the germ
cells for the benefit of the male or female reproductive strategy. However, because maternally-
deposited factors within the oocyte are largely responsible for the epigenetic reprogramming
that occurs during early embryogenesis, the maternal genome has the opportunity to drive this
reprogramming. One particularly dramatic example of this is observed in several insect
lineages, where whole paternally-derived chromosomes are eliminated during development,
including during gametogenesis (Goday and Esteban 2001; Herbette and Ross 2023). In
mammals, this early developmental power imbalance is observed in the differences in the rate

of epigenetic reprogramming on the maternal and paternal genomes, with the paternal genome



experiencing active, rapid demethylation and the maternal genome experiencing passive,
slower demethylation (Mayer et al. 2000; Gu et al. 2011). Consistent with this, most genomic
regions with differences in DNA methylation between the parental genomes that survive
epigenetic reprogramming have a methylated maternal allele and an unmethylated paternal
allele (Li et al. 2018). Overall, it is this early embryonic reprogramming stage that provides the
ultimate basis for genomic imprinting, with the epigenetic differences that survive this process
having the opportunity to be inherited during cell division throughout differentiation and go on to

drive allele-specific transcription patterns.

Tissue specificity of genomic imprinting in placental mammals

While imprinted expression is found across many developmental timepoints and tissues
in placental mammals, it is especially prevalent during early embryogenesis. Imprinting is
particularly well studied in the placenta and other early developmental extraembryonic tissue
(Hanna 2020). This tissue is at the maternal-embryonic interface and plays an important role in
regulating the transfer of resources from female to offspring, making it a natural front line in the
genomic imprinting battle of the sexes according to genetic conflict theory. Among the first
imprinted genes discovered in mammals were insulin-like growth factor 2 (Igf2) and its receptor
Igf2r (Barlow et al. 1991; Ferguson-Smith et al. 1991). Igf2 is an important embryonic growth
factor that leads to an increase in embryonic growth, while Igf2r is a receptor that leads to the
degradation of Igf2 (Ghosh et al. 2003). Consistent with the genetic conflict theory, the growth-
promoting 1gf2 is expressed exclusively from the paternal allele, while the growth-restricting
Igf2r is expressed exclusively from the maternal allele. Extraembryonic tissue also has the most
diverse chromatin mechanisms of genomic imprinting thus far identified in placental mammals.
While all embryonic genomic imprinting known to date is mediated by allelic differences in DNA

methylation, the repressive histone modification H3K27me3 has been shown to play a role in



the paternal-specific expression of several genes in extraembryonic tissue (Inoue et al. 2017),

further highlighting the importance of imprinted expression in these lineages.

In addition to extraembryonic tissue, mammalian genomic imprinting is especially
prevalent in the developing and adult brain (Perez et al. 2015), and many neurodevelopmental
disorders are associated with the dysregulation of imprinted genes (Perez et al. 2016; Isles
2022). Because many imprinted genes are exclusively expressed from one parental allele,
heterozygous deletions or mutations in this allele can lead to a complete loss of expression of
the imprinted gene, often with severe consequences. For example, at the well-studied 15q11-
g13 imprinted locus, maternal deletions lead to the neurodevelopmental disorder Angelman
syndrome, while paternal deletions lead to a distinct disorder known as Prader-Willi syndrome
(Cassidy et al. 2000). Angelman syndrome is caused by the loss of expression of the maternally
expressed ubiquitin ligase Ube3a. This gene is normally active on the maternal allele and
silenced on the paternal allele due to transcriptional interference of the paternal-specific
antisense transcript Ube3a-AS. Recent work to activate paternal Ube3a through the use of
antisense oligonucleotides (ASOs) to knock down Ube3a-ATS has shown promise (Meng et al.
2015; Dindot et al. 2023), highlighting the importance of understanding the molecular
mechanisms underlying imprinted expression to treat imprinting disorders. The precise
molecular cause of Prader-Willi syndrome is less clear, although genetic mapping of the causal
paternally-derived deletions has isolated a small region encompassing the SNORD116 small
nucleolar RNA (snoRNA) cluster as the minimal sufficient deletion (Bieth et al. 2015). These
genetically similar but phenotypically distinct diseases highlight the importance of understanding
the genetics and molecular mechanisms underlying imprinted disorders in order to treat human

disease.

DNA methylation as the epigenetic basis of genomic imprinting



An early observation regarding genomic imprinting was that imprinted genes are not
randomly distributed across the genome, but rather tend to occur in clusters (Cattanach and
Kirk 1985). These large genomic clusters, often exceeding a megabase in size, are linked to the
presence of differentially methylated regions (DMRs) known as imprint control regions (ICRs)
that are typically a few kilobases or less (Gigante et al. 2019). DNA methylation is an epigenetic

mark in which the 5-position of a cytosine nucleotide is methylated (Fig. 2A). DNA methylation is
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Figure 2 — DNA methylation

A. Chemical structure of cytosine (left) and 5-methylcytosine (right). B. Inheritance of DNA
methylation state following DNA replication. Step 1: Following DNA replication, each of the
daughter double helices will inherit one strand from the original helix (black), which preserves
the methylation state of the parent, and one newly synthesized strand (grey), which is
unmethylated. Step 2: DNMT1 recognizes hemimethylated CpGs and methylates the
unmethylated cytosine, thus restoring the methylation state of the parental double helix.

most often found in the palindromic CpG dinucleotide context, although low levels of cytosine
methylation are observed in other sequence contexts (Xie et al. 2012). De novo DNA
methylation on unmethylated cytosines is primarily catalyzed by the methyltransferases
DNMT3A and DNMT3B (Moore et al. 2013). These methyltransferases catalyze the methylation
of both cytosines at a CpG site, one on each of the two strands of the DNA double helix.
Following DNA replication, the two new copies of double-stranded DNA will each have one
methylated cytosine on the template strand and one unmethylated cytosine on the newly
synthesized strand (Fig. 2B). This hemimethylated state is recognized by a separate

maintenance methyltransferase, DNMT1, which catalyzes the methylation of the unmethylated



cytosine (Moore et al. 2013). Through this method, the original methylation state is inherited by
both daughter DNA strands, making DNA methylation a robustly heritable epigenetic mark. DNA
methylation can be removed either passively by inhibiting the action of DNMT1, thus leading to
a dilution in methylation over successive DNA replications, or actively by the oxidation of

methylated cytosine by TET proteins.

In mammals, most cytosines in a CpG context are methylated, with approximately 60-
80% of CpG cytosines being methylated depending on the tissue type (Xie et al. 2012). The
major exception to this trend is at CpG islands (CGlIs), which are typically found at gene
promoters, have a high density of CpG, and tend to have low levels of methylation. Outside of
CGils, there is a general depletion of CpG dinucleotides genome wide (Beck et al.). This is likely
due to the increased mutagenic tendency of methylated cytosines. Cytosines are subject to
spontaneous or enzymatic deamination (Krokan et al. 2002). While the deamination of
unmethylated cytosines creates uracils that can be recognized by the DNA repair machinery
and corrected, deamination of methylated cytosine creates thymines which are not as efficiently

recognized as mutations by the repair machinery (Lindahl 1993).

Mechanisms of DNA methylation-mediated chromatin silencing

DNA methylation is an important repressive epigenetic mark in most eukaryotes and is
involved a wide array of genome silencing functions including the induction and maintenance of
constitutive heterochromatin, repressing transposable elements, and the silencing of some gene
promoters (Mattei et al. 2022). DNA methylation leads to chromatin repression by a variety of
mechanisms (Héberlé and Bardet 2019). Methylated cytosine can directly block activating
transcription factors from binding to DNA, preventing them from recruiting the transcriptional
machinery. On the other hand, many repressive proteins have a high affinity specifically for
methylated DNA. For example, the highly conserved methyl-CpG-binding domain (MBD)

domain is found on many DNA binding proteins such as MeCP2, which can be used to recruit



repressive chromatin modifiers to DNA (Fuks et al. 2003b). DNA methylation can also cooperate
with other repressive epigenetic marks and associated factors to further induce chromatin
silencing. DNA methylation frequently colocalizes with the repressive histone mark H3K9me3,
an important feature of constitutive heterochromatin, and the two repressive marks can mutually
reinforce each other. For example, DNMT3A binds to the H3K9me3 methyltransferase
SUV39H1 as well as well characterized heterochromatin proteins such as HP1 (Fuks et al.
2003a). DNMT1 can also be recruited to chromatin by H3K9me3, thus reinforcing the
maintenance of heterochromatin during cell division (Ren et al. 2020). Conversely, active
histone marks such as H3K4me3 may play a role in preventing DNA methylation at active
promoters and enhancers. DNMT3A has a high affinity for unmethylated H3K4, but much lower
affinity for H3K4me3 (Otani et al. 2009). Interestingly, deletion of the H3K4 demethylase LSD1
leads to a global loss of DNA methylation due to reduced DNMT1 stability, further highlighting
the relationship between these systems (Wang et al. 2009). Finally, DNA methylation is also
antagonistic with facultative polycomb-induced heterochromatin. Polycomb domains, which are
often found at unmethylated CpG islands and marked with the repressive histone marks
H3K27me3 and H2AK119ubl, are associated with the facultative silencing of lineage specific
developmental genes. Loss of DNA methylation leads to a gain of H3K27me3 throughout the
genome, suggesting that DNA methylation prevents H3K27me3 (Hagarman et al. 2013).
Additionally, loss of the DNA demethylase Tetl leads to a loss of the H3K27 methyltransferase
Ezh2 at gene promoters along with a concomitant reduction in H3K27me3 (Chrysanthou et al.
2022). Overall, DNA methylation is a central repressive epigenetic mark in mammalian cells,
which along with its high heritability during cell division makes it an ideal epigenetic mark for the

maintenance of genomic imprinting.

Developmental dynamics of DNA methylation



DNA methylation is highly dynamic throughout development (Fig. 3). There are two
major epigenetic reprogramming phases that take place during the mammalian life cycle, one
during gametogenesis and one following fertilization (Messerschmidt et al. 2014). Primordial
germ cells (PGCs) undergo a wave of demethylation, resetting the epigenetic state for the next

generation (Seisenberger et al. 2012). Following demethylation, there is a remethylation phase
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Figure 3 — Developmental dynamics of DNA methylation

Schematic showing global DNA methylation dynamics during mammalian development. Two
waves of global DNA methylation occur, one during gametogenesis and one following
fertilization. Imprinted loci are resistant to the post-fertilization wave of demethylation, allowing
for parent-of-origin specific DNA methylation profiles.

that leads to different methylation patterns in males and females (Kota and Feil 2010). While the
differences in methylation established during this remethylation phase provide the ultimate basis
for the parental differences in DNA methylation that will become the basis of imprinted gene
expression in the embryo, many more DMRs are detected between sperm and oocyte than are
detected in the offspring following embryogenesis (Smallwood et al. 2011). The final set of

DMRs that go on to become ICRs is determined during the second wave of epigenetic



reprogramming that occurs following fertilization. During this process there is another global
wave of demethylation that occurs through different rates and mechanisms on the maternal and
paternal DNA, with paternal DNA being demethylated more rapidly that maternal DNA (Mayer et
al. 2000; Gu et al. 2011). ICRs are resistant to this global wave of DNA methylation erasure that
occurs in the early embryo (Messerschmidt et al. 2012; Li et al. 2008). The KRAB zinc finger
protein ZFP57 has been identified as an essential factor for protecting allelic DNA methylation at
ICRs, and humans with mutations in Zfp57 display hypomethylation at multiple ICRs (Li et al.
2008; Mackay et al. 2008). Additional factors such as TRIM28 have been shown to be important
for ICR maintenance both before and after epigenetic reprogramming as well (Messerschmidt et

al. 2012; Alexander et al. 2015, 28).

Higher-order chromatin structure and enhancer-mediated

transcription regulation

In addition to factors such as DNA methylation and histone modification that play a
crucial role in the accessibility of chromatin on nucleosomal scale, the higher-order structure of
genomic regions on the kilobase to megabase scale can also play an important role in
transcription regulation (Rao et al. 2014). The interactions between cis-regulatory elements
such as promoters, enhancers, and insulators within a given genomic neighborhood often
determine whether the nearby genes are silenced or expressed. Enhancers are regulatory
sequences whose function is to regulate the expression of nearby genes. There are far more
enhancers than genes within mammalian genomes, and developmentally regulated genes are
typically regulated by multiple enhancers (Donnard et al. 2018; Gonzalez et al. 2015).
Enhancers share many of the characteristics of promoters (Spicuglia and Vanhille 2012). They
are bound by transcription factors, contain low levels of DNA methylation, display active histone
marks such as H3K27 acetylation and H3K4 methylation, and are transcribed by RNA

polymerase Il. The RNAs that are generated by enhancers tend to be short-lived and



bidirectionally transcribed, and enhancer transcription correlates with transcription at genes
regulated by the enhancers (Mahat et al. 2023). Many disease-causing SNPs are located within
enhancers, emphasizing the important role they play in gene expression (Claringbould and

Zaugg 2021).

The mechanisms by which enhancers activate nearby genes remains a subject of
significant research. Enhancers are capable of regulated genes hundreds of kilobases away,
and yet which genes a particular enhancer regulates can be tightly regulated, with some
enhancers regulating certain nearby genes and not others (Vangala et al. 2020). In recent
years, it has become clear that higher-order chromatin folding patterns can play a significant
role in determining enhancer-promoter communication patterns. The use of techniques such as
Hi-C has revealed that chromatin folds into hierarchical regions of high-contact frequency known

as topologically associating domains (TADs) (Rao et al. 2014) (Fig. 4A,B). Enhancers tend to be
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Figure 4 — TADs as revealed by Hi-C
A. Cartoon of a topologically associating domain (TAD) showing restricted enhancer activity. B.
Theoretical Hi-C results showing the TAD from A.
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found within the same TAD as the promoters that they regulate, and genes within individual
TADs have correlated levels of gene expression (Dily et al. 2014). High resolution Hi-C and
other techniques derived from it show that in addition to TADs there are individual contacts
between distal genomic regions that can be mapped to nucleosome depleted regions on the
chromatin (Krietenstein et al. 2020). While TADs are mostly formed early in development and
are relatively stable during differentiation, individual contacts can be more dynamic and

correlate with the activation of tissue-specific gene expression (Bonev et al. 2017).

The role of CTCF in regulating higher-order chromatin structure

Among the most important determinants of chromatin structure in mammalian cells is the
DNA-binding protein CTCF. CTCF is usually found at TAD boundaries and is known for its
ability to insulate promoters from surrounding enhancers (Rao et al. 2014; Bell et al. 1999).
CTCEF is thought to mediate higher-order chromatin structure by acting as barrier to the loop
extrusion processivity of the cohesin complex, causing CTCF and cohesin subunits to colocalize
at TAD boundaries (Davidson et al. 2019). Acute depletion of CTCF or cohesin leads to a sharp
decrease in TAD structure genome-wide (Nora et al. 2017; Hyle et al. 2019). Interestingly, while
techniques such as Hi-C that take the average chromatin structure of large numbers of cells are
highly reproducible with regards to overall TAD structures, single-cell methods including Hi-C
based techniques as well as microscopy reveal that CTCF-mediated loops are highly dynamic,
and only a fraction of individual chromosomes at a time show the loops observed in bulk Hi-C
(Tan et al. 2018; Wang et al. 2016). Thus Hi-C maps are more a measure of contact frequency
between genomic regions than they are a picture of a static structure. Theoretical work on
models of transcription regulation show that the distance-expression relationship between
enhancers and promoters can be explained by a model whereby transient contacts between
promoters and enhancers can lead to robust transcriptional outputs, providing insight into the

mechanisms by which enhancers affect promoters (Zuin et al. 2022). However, the precise role
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of higher-order chromatin structure remains a matter of debate. While many individual examples
of the importance of CTCF-mediated chromatin structure on gene expression exist (Ushiki et al.
2021; Gombert and Krumm 2009; Lupiafiez et al. 2015), severe ablation of native chromatin
structure through the acute depletion of CTCF produces only modest changes in global gene
expression (Nora et al. 2017; Hyle et al. 2019), leading to questions about the precise role of

CTCF and higher-order chromatin structure more broadly in regulating transcription.

Higher-order chromatin structure and genomic imprinting

Studies of genomic imprinting have played an important part in our understanding of
CTCF-mediated chromatin folding. Most notably, the H19-1gf2 locus has long served as a critical
model system for CTCF function, higher-order chromatin structure, and enhancer-mediated
gene regulation (DeChiara et al. 1991; Bartolomei et al. 1991; Szabd et al. 2000). Early studies
of the H19-Igf2 locus found that CTCF binds only the unmethylated maternal ICR and plays
multiple roles in regulating imprinted expression at the locus (Singh et al. 2012). First, allelic
binding of CTCF leads to allelic higher-order chromatin structure at the H19-Igf2 locus, thereby
regulating imprinted gene expression through parent-of-origin differences in enhancer-promoter
contacts (Kurukuti et al. 2006; Lléres et al. 2019). Second, allelic CTCF binding to the maternal
allele is essential for maintaining the unmethylated state of the ICR and surrounding secondary
DMRs (Pant et al. 2004). Third, CTCF is important for maintaining allelic differences in histone
modifications at the locus (Han et al. 2008). Allelic CTCF binding has since been shown to
occur at many imprinted loci, which often correlates with allele-specific chromatin folding
patterns. For example, allelic higher-order chromatin structure has been implicated in regulating
imprinted expression at the murine DIk1-Dio3 and Grb10-Ddc loci (Lleres et al. 2019; Juan et al.
2022). Additionally, recent work has revealed that allelic chromatin structure is present at

multiple imprinted loci in human (Richer et al. 2023). However, whether this allelic chromatin
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folding is functionally important for allelic gene expression has not been determined at most

imprinted clusters.

Long noncoding RNAs in genomic imprinting

Imprinted clusters are enriched for noncoding RNAs, including IncRNAs, snoRNA, and
mMiRNAs. Genomic imprinting has served as an important model system for the understanding of
these noncoding RNA classes, with some of the best studied IncRNAs originating from
imprinted gene clusters (Di Michele et al. 2023). Imprinted INcCRNAs are especially well known
for their role in mediating gene repression in cis, both through the recruitment of repressive
chromatin complexes to surrounding genomic loci and through transcriptional interference
(Pandey et al. 2008; Nagano et al. 2008; Meng et al. 2013; Sanli et al. 2018). The paternal-
specific INcRNAs Kcnglotl and Airn mediate polycomb repression of the surrounding genes on
the paternal allele in at their respective loci in extraembryonic tissue in a manner that is also
dependent on pre-existing chromatin structure (Pandey et al. 2008; Nagano et al. 2008;
Schertzer et al. 2019). Interestingly, the mechanisms of silencing by these INncRNAs has
similarities to that of Xist, the well-characterized IncRNA that is important for mediating X-
chromosome inactivation (XCI) (Statello et al. 2021). XClI itself is achieved in an imprinted
manner in extraembryonic tissue (Engel 2015). Upon fertilization, the paternal X chromosome is
condensed and silenced while the maternal X chromosome is open. In the extraembryonic
lineages, this imprinted XCI is maintained while in the embryonic lineages the paternal X

chromosome undergoes decondensation, after which random XCI is initiated.

In addition to chromatin level repression, cis-acting INcRNAs can also act through
transcriptional interference, where the transcription of the IncRNA through a protein-coding gene
can disrupt the transcription of the protein-coding gene (Di Michele et al. 2023). One example,
mentioned above, is Ube3a-ATS, which is exclusively transcribed from the paternal and disrupts

the transcription of Ube3a on the paternal allele, leading to maternal bias in Ube3a expression.
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Another example of transcriptional interference is the antisense transcript Nespas, which
overlaps the Nesp gene and is transcribed exclusively from the paternal allele (Williamson et al.
2006). This leads to maternal-specific expression of Nesp in a manner that is dependent upon
Nespas transcription across the Nesp promoter (Tibbit et al. 2015). Finally, the paternal Airn
acts to repress the expression of Igf2r by transcribing over the Igf2r promoter, causing silencing
of 1gf2r on the paternal allele (Latos et al. 2012). Airn provides an example of an imprinted cis-
repressive INCRNA that works by both modes, with its silencing of 1gf2r coming from
transcriptional interference and its repression of more distal genes in the locus like Slc22a2 and
Slc22a3 coming from the recruitment of repressive complexes to the chromatin. These
examples demonstrate that INcRNAs or their transcription can act in cis to repress the
transcription of surrounding genes through a variety of mechanisms, and can serve as a potent

means of transmitting the epigenetic information contained the ICRs to surrounding chromatin.

The Pegl13-Kcnk9 imprinted cluster

One poorly understood imprinted cluster that potentially combines many of the themes
discussed above, including brain-specific imprinting, DNA methylation, higher-order chromatin

structure, and cis-repressive INncCRNAs is the Peg13-Kcnk9 imprinted locus (Fig. 5). The Peg13-

Kecnk9 Peg13 Trappc9 Chrac1 Ago2

Mat

Pat ﬂ7

Figure 5 — The Peg13-Kcnk9 imprinted cluster

The Pegl13-Kcnk9 imprinted cluster is composed of the paternally expressed INncRNA Pegl3,
the maternally expressed protein-coding gene Kcnk9, and the maternally biased protein-coding
genes Trappc9, Chracl, and Ago2. The locus DMR overlaps the Peg13 promoter region (filled
circle = methylated DMR; open circle = unmethylated DMR).

DMR

14



Kcnk9 imprinted locus is composed of the protein-coding genes Kcnk9, Trappc9, Chracl, and
Ago2, as well as the INcRNA Peg13. Imprinted expression of the locus has been observed in
murine brain tissue but not in body tissues (Perez et al. 2015; Smith et al. 2003; Ruf et al. 2007;
Court et al. 2014). More specifically, in mouse brain tissue, Kcnk9 is expressed exclusively from
the maternal allele, Peg13 is expressed exclusively from the paternal allele, and Trappc9,
Chracl, and Ago2 exhibit a maternal bias. In body tissues, Kcnk9 and Pegl3 are
transcriptionally silent, and Trappc9, Chracl, and Ago2 are expressed in a biallelic manner.
Peg13 is located within an intron of the large Trappc9 gene, and is transcribed in an intronless
manner in the sense direction relative to Trappc9. A maternally methylated DMR overlaps the
promoter of Peg13 (Smith et al. 2003; Xie et al. 2012) and is the putative ICR controlling
imprinted expression of the entire locus (Court et al. 2014; Singh et al. 2011). Although the
protein coding genes found at the Peg13-Kcnk9 locus are conserved across mammals, with the
basic genomic structure found in mammals ranging from humans to mice to cows, the
acquisition of the DMR and the Peg13 IncRNA into the intron of Trappc9 appears to be a more
recent phenomenon that occurred in the ancestor of the Euarchontoglires (Suzuki et al. 2011,
Chen et al. 2016). Peg13 expression and imprinting of the surrounding protein coding genes is

therefore restricted to this clade, which includes mouse and human.

Birk-Barel syndrome

Genetic mutations within the Peg13-Kcnk9 cluster are associated with intellectual
disability (Marangi et al. 2013; Abbasi et al. 2017; Mortreux et al. 2018), most notably Birk-Barel
syndrome, which is caused by maternal inheritance of a missense mutation in the potassium
leak channel Kcnk9 (Barel et al. 2008). Birk-Barel syndrome is a rare genetic disorder caused
by missense mutations in the potassium leak channel Kcnk9. This disease can by caused by a
variety of Kcnk9 mutations; while G236R and R131H are the most common causal mutations to

be identified, at least 17 unique mutations associated with Birk-Barel disease have been
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identified within the coding region of Kcnk9 (Cousin et al. 2022). Kcnk9 is only expressed from
the maternally inherited allele, and therefore Birk-Barel syndrome only occurs when the
missense mutation is inherited maternally. While the majority of cases that have been identified
are due to maternal inheritance of the causal mutation, cases where the mutation arose de novo
in the affected individual rather than being inherited from the mother have also been identified

(Cousin et al. 2022).

Patients with Birk-Barel syndrome display significant intellectual disability, hypotonia,
and facial dysmorphia (Barel et al. 2008). As a potassium leak channel, Kcnk9 plays an
important role in setting the resting membrane potential of neurons. Electrophysiological studies
of Kcnk9 in xenopus oocytes show that unlike WT Kcnk9, mutant Kecnk9 with the pathological
G236R mutation does not produce a measurable current in voltage clamp studies. The G236R
mutation is predicted to place a positively charged arginine residue within the ion conductance
channel of the protein. Co-expression of WT Kcnk9 with the G236R mutant leads to a decrease
in conductance relative to WT alone, suggesting that the G236R mutation may act in a
dominant-negative fashion (Barel et al. 2008). However, co-expression of WT and mutant do
lead to higher overall conductance compared to no expression controls, suggesting that
activation of WT paternal Kcnk9 in Birk-Barel patients may be a strategy to provide some relief
of the associated symptoms. However, knockout studies in mice reveal that loss of Knck9 leads
to impaired neuronal migration during cortical development (Bando et al. 2014), and so
intervention early in development in patients with mutant Kcnk9 may be critical. Despite this, a
detailed understanding of the mechanisms underlying imprinted expression of Kcnk9 and the

Peg13-Kcnk9 imprinted locus is still lacking.

Potential mechanisms underlying imprinted expression of the Peg13-

Kcnk9 locus
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While the Peg13 DMR is the putative ICR, the mechanisms by which it mediates the
imprinted expression of surrounding genes is not known. Two major models are possible based
on what is known from previously characterized imprinted loci. The first is a model by which
allelic higher-order chromatin structure leads to allelic enhancer-promoter contacts, thus
resulting in allelic expression. Allele-specific binding of CTCF has been observed at the Peg13
DMR (Prickett et al. 2013), and previous studies have shown that the human CTCF binding site
has insulator activity (Court et al. 2014). The second model is one in which the Pegl13 IncRNA
mediates silencing of the surrounding genes on the paternal allele in a cis-repressive manner.
This model is consistent with the observation that imprinted of the maternally-biased protein-
coding genes is only observed in brain, which coincides with the brain-specific expression of
Peg13. These two models are not mutually exclusive, and it is possible that different genes in

the locus are regulated by different mechanisms, as is the case with the Airn-lgf2r locus.

Here we characterize the role of allelic CTCF binding and chromatin structure at the
murine Pegl13-Kcnk9 imprinted locus. We performed region capture Hi-C on brain tissue from
reciprocal hybrid mouse crosses and found differences in TAD boundaries, insulation, and
enhancer-promoter contact frequency between the two parental alleles due to allelic CTCF
binding at the Peg13 DMR. Deletion of the paternal CTCF binding sites at the Peg13 DMR in an
in vitro neuron differentiation system led to a maternalization of paternal chromatin structure,
loss of the Peg13 IncRNA, and an accompanying loss of Peg13-Kcnk9 locus imprinted
expression. Moreover, we found that imprinted chromatin structure precedes imprinted
expression at the locus, and that pre-existing allelic chromatin structure is sufficient to induce
maternal-specific expression of Kcnk9 upon activation of distal enhancers. This work contributes
to our understanding of how higher-order chromatin structure can regulate tissue-specific
imprinted expression and has broad implications for the role of pre-existing chromatin structure

in developmental gene expression.
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RESULTS

Chromatin structure at the Peg13-Kcnk9 locus is imprinted

The Peg13-Kcnk9 locus is composed of the INcRNA gene Pegl13 and the protein-coding
genes Kcnk9, Trappc9, Chracl, and Ago2 (Fig. 6A). Imprinted expression of the locus has been
observed in murine brain tissue but not in body tissues (Perez et al. 2015; Smith et al. 2003; Ruf
et al. 2007; Court et al. 2014). More specifically, in mouse brain tissue, Kcnk9 is expressed
exclusively from the maternal allele, Pegl13 is expressed exclusively from the paternal allele,
and Trappc9, Chracl, and Ago2 exhibit a maternal bias. In body tissues, Kcnk9 and Pegl3 are

transcriptionally silent, and Trappc9, Chracl, and Ago2 are expressed in a biallelic manner. A
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Figure 6 — The Peg13-Kcnk9 imprinted locus

A. The structure of the murine Peg13-Kcnk9 locus. B. Allelic CpG methylation (reanalyzed from
Xie et al., 2012) and allelic CTCF binding (reanalyzed from Prickett et al., 2013) at the Pegl13-
Kcnk9 locus in mouse brain.

maternally methylated DMR overlaps the promoter of Peg13 (Fig. 6B) (Xie et al. 2012) and is

the putative ICR controlling imprinted expression of the entire locus (Court et al. 2014; Singh et

18



al. 2011). While paternal-specific expression of Pegl13 is almost certainly due to the DMR at its
promoter, it is not known how imprinted expression of the distal genes is achieved, or why
imprinted expression is exclusively observed in the brain. Analysis of publicly available CTCF
ChlIP-seq datasets from mouse brain showed paternal-specific CTCF binding at the Peg13 DMR
(Fig. 6B) (Prickett et al. 2013), consistent with the known antagonistic relationship between DNA
methylation and CTCF binding (Wang et al. 2012; Damaschke et al. 2020; Luo et al. 2021) and

previous observations in human brain tissue (Court et al. 2014).

In order to determine if allelic CTCF binding at the Peg13 DMR results in allelic
chromatin structure, we generated reciprocal mouse crosses of the distantly related mouse
strains M.m.musculus (B6) and M.m.castaneus (CAST). Leveraging single-nucleotide
polymorphisms (SNPs) to distinguish between the B6 and CAST genomes, we first developed
an allele-specific droplet-digital PCR (ddPCR) assay (Fig. 7A-D) and observed the expected
imprinted expression of Kcnk9, Pegl3, Trappc9, and Ago2 in reciprocal mouse brain tissue (Fig.
7E). Chracl does not contain any exonic SNPs and was therefore excluded from analysis. We
then performed region capture Hi-C on brain tissue from reciprocal hybrid crosses using
biotinylated capture probes to 1.5 Mb of chromatin at the Peg13-Kcnk9 imprinted locus and
neighboring genes. Seventy-two percent of Hi-C read pairs contained strain-specific SNPs and
were used to generate allelic contact maps. The allelic contact maps were highly reproducible
between biological replicates (Fig. 8A) and merged for further analysis. Allelic contact maps
showed clear differences in the chromatin contacts between the maternal and paternal
genomes across the Peg13-Kcnk9 locus in both crosses (Fig. 8B). To isolate parent-of-origin
effects from strain effects, allelic reads from the reciprocal crosses were randomly
downsampled to the same depth and merged by parent-of-origin (Fig. 8C). On the maternal
allele a single TAD crossing the DMR predominates, anchored by a strong contact between the

Kcnk9 transcription start site (TSS) and a distal region in an intron of Trappc9 (Fig. 8C,
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Figure 7 — Allele-specific droplet-digital PCR accurately demonstrates imprinted
expression at the Peg13-Kcnk9 locus
A-B. Allelic ddPCR for each of the indicated genes on genomic DNA from hybrid mouse

embryonic stem cells (ESCs) showing maternal to paternal allelic ratio (A) and allelic counts (B).
C. Allelic ddPCR for each of the indicated genes on genomic DNA from B6 or CAST strains.
ND, not detected. D. Allelic ddPCR for Peg13 on genomic DNA from B6 or CAST strains mixed
at the indicated ratios. Error bars, Poisson 95% confidence interval. E. Ratio of maternal to
paternal expression in brain tissue from reciprocal hybrid mouse crosses as measured by RT-
ddPCR. Note that biallelic expression is when y = 0. Mean = SEM (n=3).
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arrowhead ‘a’). On the paternal allele, this TAD is less pronounced and two additional smaller,
paternal-specific TADs are observed that are anchored at the CTCF-bound Peg13 DMR (Fig.
8C, arrowheads ‘b’ and ‘c’). Long-range, paternal-specific contacts anchored at the DMR are
also seen (Fig. 8C, arrowheads ‘d’ and ‘e’), as well as a weak paternal-specific contact between

the DMR and the Ago2 TSS (Fig. 8C, arrowhead f").
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Figure 8 — Chromatin structure at the Peg13-Kcnk9 locus is imprinted

A. Comparison of region capture Hi-C maps between biological replicates for each hybrid cross
and parental allele. B. Allelic contact maps from region capture Hi-C of reciprocal hybrid mouse
brain. C. Merged allelic contact maps combining both crosses from (C). Arrowheads indicate
contacts of interest. D. (Top) Hi-C subtraction plots (maternal — paternal) showing allelic biased
contacts. (Middle) Virtual 4C analysis of the region capture Hi-C datasets anchored at the Kcnk9
TSS or the Peg13 DMR. Contacts of interest are highlighted. (Bottom) Allelic insulation score
analysis.
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The parental bias in contacts across the imprinted locus can be further visualized as
allelic subtraction maps (maternal minus paternal reads) (Fig. 8D, top). This view reveals that
contacts crossing the Pegl3 DMR are less frequent on the paternal allele. This reflects the
insulating effect of paternal-specific CTCF binding and is consistent with previous results
showing that the human Peg13 DMR has insulator activity (Court et al. 2014). We additionally
performed virtual 4C analysis of the allelic Hi-C data from two anchor points, the Kcnk9 TSS
and the DMR (Fig. 8D, middle). Using the Kcnk9 TSS as the anchor, we confirmed a maternally
biased contact with the Trappc9 intronic region (arrowhead ‘a’) and a paternal-specific contact
with the DMR (arrowhead ‘b’). Using the DMR as the anchor, we confirmed that all major
contacts made by the DMR are paternal-specific (arrowheads ‘c’-'f’), thereby demonstrating the
strong effect of paternal-specific CTCF binding at the unmethylated DMR. Finally, allelic
insulation score analysis highlights the paternal-specific TAD boundary at the Peg13 DMR (Fig.
8D, bottom). These results provide a high-resolution view of imprinted chromatin structure at the
Peg13-Kcnk9 locus and are consistent with allelic CTCF binding at the Peg13 DMR as the basis

of the structural differences between the two parental alleles.

Imprinted chromatin structure precedes imprinted expression at the

Peg13-Kcnk9 locus

To investigate the mechanisms regulating brain-specific imprinted expression at the
Peg13-Kcnk9 locus, we implemented an in vitro neuron differentiation system from hybrid
mouse embryonic stem cells (ESCs) which is amenable to allelic measurements and rapid
genetic perturbations (Whipple et al. 2020). Briefly, ESCs were derived from a B6 x CAST
cross. Hybrid ESCs were then differentiated into induced neurons (iNs) by doxycycline-inducible

expression of Ngn2 for 6-12 days. Successful differentiation was noted by appearance of
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neuronal cell morphology (Fig. 9A) in addition to down-regulation of the pluripotency genes

Nanog and Oct3/4 and upregulation of the neuronal marker Tubb3 (Fig. 9B).
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Figure 9 — Allele-specific in vitro neuron differentiation
A. Light microscopy showing ESCs and iNs. B. RT-gPCR of pluripotency and differentiation
marker genes during in vitro neuron differentiation.

We first characterized allelic DNA methylation and gene expression patterns at the
Peg13-Kcnk9 locus during neuron differentiation. Targeted nanopore sequencing of native
genomic DNA in ESCs and iNs at the Peg13 DMR showed >90% methylation on the maternal
allele and 25-50% methylation on the paternal allele (Fig. 10A,B), a finding which was
corroborated using bisulfite Sanger sequencing (Fig. 10C). RT-gPCR showed that Kcnk9 and
Peg13 are robustly upregulated during neuron differentiation, with modest upregulation of
Trappc9 and Ago2 (Fig. 10D). ddPCR showed that the expression of Kcnk9 is strongly maternal
in iNs and Peg13 is strongly paternal (Fig. 10E). Trappc9 and Ago2 are bi-allelically expressed
in ESCs and acquire a maternal bias upon neuron differentiation (Fig. 10E). The parental bias in
expression of all four genes in iNs is similar to mouse brain tissue. These results show that

imprinted expression of the Peg13-Kcnk9 locus is acquired during neuron differentiation in the
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absence of changes in methylation at the DMR (Fig. 10F). This, therefore, provides a good

model system to interrogate the mechanistic basis of cell type-specific imprinted expression.
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Figure 10 — Imprinted expression of the Peg13-Kcnk9 locus is acquired during neuron
differentiation

A. Targeted nanopore sequencing of native genomic DNA to measure allelic DNA methylation
levels at the Peg13 DMR in ESCs and iNs. B. Quantification of average methylation levels at
individual CpGs at the DMR from (A). C. Bisulfite Sanger-sequencing in ESCs and iNs
indicating methylated (closed circles) and unmethylated (open circles) CpGs. D. Relative total
expression levels of the genes in the Peg13-Kcnk9 locus during differentiation as measured by
RT-gPCR. Mean + SEM (n=3). E. RT-ddPCR during neuron differentiation. Mean + SEM (n=3).
ND, not detected. F. Diagram summarizing allelic DMR methylation and gene expression
patterns in ESCs and iNs.
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Figure 11 — Imprinted chromatin structure precedes imprinted expression at the Peg13-
Kcnk9 imprinted locus

A. CTCF ChIP-gPCR at the Peg13 DMR and a non-CTCF bound control region (Neg Ctl) in
ESCs and iNs. Mean + SEM (n=3). B. ChIP-ddPCR for the allelic ratio of CTCF binding in ESCs
and iNs. Mean + SEM (n=3). ND, not detected. C. Allelic contact maps from region capture Hi-C
in ESCs (left) and iNs (right). Arrowheads indicate contacts of interest. D. (Top) Hi-C subtraction
plots (maternal — paternal) showing allelic biased contacts. (Middle) Virtual 4C analysis of the
region capture Hi-C datasets anchored at the Kcnk9 TSS or the Peg13 DMR. Contacts of
interest are highlighted. (Bottom) Allelic insulation score analysis.

We next examined how chromatin structure may change during neuron differentiation.
First, we performed CTCF ChIP and found that CTCF binds to the Peg13 DMR in a paternal-
specific manner in both ESCs and iNs (Fig. 11A,B). We then performed region capture Hi-C

before and after neuron differentiation. Like our in vivo studies, allelic contact maps were highly
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reproducible between biological replicates (Fig. 12A). We observed imprinted chromatin
structure in both ESCs and iNs, and major allelic contacts observed in vivo were also seen in
vitro (Fig. 11C,D). The contact maps are largely similar between ESCs and iNs, with iNs
exhibiting some strengthening of existing contacts at nearby CTCF sites (double arrowheads ‘a’
and ‘b’) and gain of additional long-range contacts between the paternal DMR and regions
outside the imprinted domain (arrowheads ‘d’ and ‘e’). This is further appreciated on subtraction
maps (ESC — iN) for each allele (Fig. 12B). These results show that imprinted chromatin
structure is already established in ESCs and precedes imprinted gene expression at the Peg13-

Kcnk9 locus.
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Figure 12 — Further analysis of ESC and iN region capture-Hi-C
A. Comparison of region capture Hi-C maps between biological replicates for ESCs and iNs. B.
Hi-C subtraction plots (ESC - iN) showing cell type-biased contacts.

The CTCF region of the Peg13 DMR is essential for imprinted

expression
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The Pegl3 DMR consists of approximately 2 kb of genomic sequence overlapping the

Peg13 promoter (Gigante et al. 2019). Given that this is the only DMR that has been identified in
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Figure 13 — Genetic and structural analysis of Peg13 DMR DEL1
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(Figure 13, continued) A. Diagram of the Peg13 DMR depicting the CRISPR-mediated
deletions of DEL1. Genomic tracks show single-end mapping of Hi-C genomic DNA. B. Agarose
gel showing PCR products from the clonal ESC line using primers spanning the Peg13 DMR.
Deletion products were validated by Sanger sequencing to determine parent-of-origin using
strain-specific SNPs. C. Bisulfite Sanger-sequencing across the Peg13 DMR in DEL1 ESCs
indicating methylated (closed circles) and unmethylated (open circles) CpGs. Two CpGs
overlapping the deleted CTCF site are indicated with A. D. Allelic contact maps from region
capture Hi-C of WT and DEL1 ESCs. Arrowheads indicate contacts of interest. E. Virtual 4C
analysis of region capture Hi-C from WT and DEL1 ESCs.

the genomic region it is presumed to be the locus ICR, but the mechanism(s) by which the DMR
may regulate the allelic expression of the surrounding protein-coding genes is not known. Within
the DMR there are two CTCF motifs located approximately 300 bp apart, one in the forward

orientation and one in the reverse orientation (Fig. 13A). We hypothesized that the CTCF-bound

region of the DMR may be the region critical for imprinted expression.

If CTCF binding is necessary for neuron-specific imprinted expression, then deletion of
the paternal DMR CTCEF sites should result in a maternal-like expression pattern from the
paternal allele (i.e., equal gene expression between the two alleles). We used CRISPR-Cas9
and multiplexed sgRNAs to generate two clonal paternal DMR CTCF deletion lines — DEL1 (Fig.
13) has an 18 bp deletion overlapping the reverse CTCF motif and a 180 bp deletion
overlapping the forward CTCF motif (Fig. 13A,B), and DEL2 (Fig. 14) has a single 348 bp
deletion, including all of the forward CTCF site and most of the reverse CTCF site (Fig. 14A,B).
Both DEL lines also had large deletions on the maternal allele of ~4500 bp (DEL1) and ~1300
bp (DEL2) (Fig. 13A,B; 14A,B). Bisulfite treatment followed by Sanger sequencing of DEL ESCs
revealed that the paternal allele gained methylation upon deletion of the CTCF binding sites
(Fig. 13C, Fig. 14C), suggesting that CTCF maintains the unmethylated state on the paternal

allele.

We asked if deleting the paternal CTCF sites at the Peg13 DMR had an effect on the

structure of the paternal allele. Region capture Hi-C on WT and DEL ESCs revealed that loss of
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Figure 14 — Genetic and structural analysis of Peg13 DMR DEL2

A. Diagram of the Peg13 DMR depicting the CRISPR-mediated deletions of DEL2. Genomic
tracks show single-end mapping of Hi-C genomic DNA. B. Agarose gel showing PCR products
from the clonal ESC line using primers spanning the Peg13 DMR. Deletion products were
validated by Sanger sequencing to determine parent-of-origin. C. Bisulfite sequencing of the
DEL2 paternal DMR. D. Allelic region capture Hi-C of DEL2 ESCs. E. Virtual 4C analysis of
DEL2 ESC region capture Hi-C.

paternal CTCF led to a maternalization of chromatin structure on the paternal allele, with an

absence of paternal-specific sub-TADs and a strengthening of the long-range contacts crossing

the Peg13 DMR (Fig. 13D,E; Fig. 14D,E). Deletion of the methylated maternal ICR had no effect
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on the chromatin structure of the maternal allele. This demonstrates that the CTCF-bound

region of the Pegl13 DMR is critical for imprinted chromatin structure.

We then differentiated WT and DEL ESCs to iNs and measured total and allelic
expression at the Peg13-Kcnk9 locus (Fig. 15A,B). The DEL2 ESCs lost pluripotency and failed
to properly differentiate and therefore gene expression analysis was only performed in DEL1
iNs. Peg13 expression was strongly reduced in DEL1 iNs (Fig. 15A), reflecting the deletion of
the Pegl3 TSS. Kcnk9 expression increased approximately two-fold, consistent with an
activation of paternal Kcnk9 (Fig. 15A). The neuronal allelic biases in Kecnk9, Trappc9, and Ago2
were significantly reduced (i.e., trended toward biallelic expression) (Fig. 15B). Kcnk9 retained a
slight maternal bias, which may reflect residual secondary epigenetic effects or additional roles
for the non-deleted regions of the DMR. These results demonstrate that the Peg13 DMR acts as
the locus ICR, and that CTCF binding at the paternal DMR and/or paternal Peg13 expression

are required for imprinted expression of the locus.
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Figure 15 — Gene expression analysis of Peg13 DMR DEL1 iNs
A. Total expression measured by RT-gPCR of WT and DEL1 iNs. Mean £+ SEM (n=3). B. Allelic

expression measured by RT-ddPCR of WT and DEL1 iNs. Mean + SEM (n=3). *p < 0.05,
calculated using unpaired two-tailed Student’s t-test. ND = not detected.

Peg13 IncRNA knockdown does not affect imprinted expression
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Several imprinted INcCRNAs, such as Airn, Kcnglotl, and Ube3a-ATS, localize to their
site of transcription and act in cis to repress surrounding genes, either through direct
transcriptional interference or by recruiting repressive factors to the locus (Pandey et al. 2008;
Nagano et al. 2008; Terranova et al. 2008; Schertzer et al. 2019; Meng et al. 2013). We wanted
to determine if the Peg13 IncRNA may mediate repression of neighboring protein-coding genes
on the paternal allele. The onset of Pegl3 expression on the paternal allele is correlated with
the transition to maternal-biased expression of the surrounding genes during neurogenesis (Fig.
10D,E), and deletion of the Pegl13 TSS in DEL1 cells was correlated with loss of maternal-
biased expression of surrounding genes. Additionally, Peg13 has been shown to interact with
the PRC2 complex (Li et al. 2023), which is responsible for deposition of the repressive

H3K27me3 histone modification, further supporting this model.
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Figure 16 — Peg13 IncRNA knockdown does not affect imprinted expression

A. Subcellular localization of Peg13 in mouse brain sections measured using smFISH probes to
Peg13 and the neighboring intronic region of Trappc9. Scale bar = 10 um. B. Total expression
measured by RT-gPCR following ASO treatment in iNs. Mean £ SEM (n=3). C. Allelic

31



(Figure 16, continued) expression measured by RT-ddPCR following ASO treatment in iNs.
Mean £ SEM (n=3). *p < 0.05, calculated using unpaired two-tailed Student’s t-test.

We first determined the subcellular localization of Peg13 in mouse brain by single
molecule fluorescent in situ hybridization (smFISH). In contrast to other cis-repressive INCRNAs
(Nagano et al. 2008; Clemson et al. 1996; Mohammad et al. 2008), Peg13 was cytoplasmic and
did not form a large focus near its site of transcription (Fig. 16A). Our observation is consistent
with previously published results regarding Peg13 localization in neural stem cells (Jiang et al.
2020). Next, we tested if knockdown of Peg13 in iNs would result in a loss of imprinted
expression of the surrounding protein-coding genes. Treatment of iNs with antisense
oligonucleotides (ASOs) against Peg13 led to a ~70% knockdown of Peg13 and a ~50%
knockdown of Trappc9 (Fig. 16B). The entire Pegl3 sequence is contained in an intron of
Trappc9 and therefore the ASOs are fully complementary to the Trappc9 pre-mRNA,; this
implies the ASOs are, at least in part, knocking down nascent RNA in the nucleus. ASO
treatment caused no change in either the total or allelic expression of Kcnk9 or Ago2 (Fig.
16B,C). These data suggest that the Peg13 IncRNA may not be required for imprinted
expression of Kenk9 or Ago2 in iNs, but further experiments are required to determine if the act

of transcription of Peg13 may have cis-repressive effects on the surrounding genes.

Pre-existing allelic chromatin structure is sufficient to drive imprinted

expression of Kcnk9 upon enhancer activation

We next sought to determine the role of imprinted chromatin structure in the maternal-
specific expression of Kcnk9. The Kenk9 TSS forms maternally biased contacts that cross the
DMR. Potential regulatory elements located downstream of the DMR (with respect to Kcnk9) are

insulated from Kcnk9 on the paternal allele by the CTCF-bound DMR, making them strong
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candidates for regulation of Kcnk9 imprinted expression. This region was previously identified to
have brain-specific enhancer activity in human tissue (Court et al. 2014). Analysis of publicly
available ChlP-seq datasets from mouse tissues suggests that there are at least two tissue-

specific, maternal enhancers in this region, which we called E1 and E2 (Fig. 17A). E1 is ~40 kb
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Figure 17 — Identification of putative enhancers in the Peg13-Kcnk9 locus

A. ChlP-seq genome browser tracks from mouse brain of histone modifications, DNA
accessibility, and CTCF binding at E1 and E2. Total H3K27ac, H3K4mel, H3K4me3, and CTCF
ChlIP-seq are from ENCODE mouse postnatal day 0 whole brain samples and allelic H3K27ac
is from Xie et al., 2012. B. Virtual 4C from region capture Hi-C on hybrid mouse brain showing
maternally biased contacts between the Kcnk9 TSS and the enhancers.
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downstream of the Pegl13 DMR, and E2 is adjacent to the Trappc9 intronic CTCF site that

anchors the major maternal TAD (Fig. 17A). Both enhancers have high levels of H3K27ac and

H3K4mel, and low levels of H3K4me3 in mouse brain. Moreover, an allelic H3K27ac dataset

from hybrid mouse brain shows a maternal bias in E1 and E2 activity. Both enhancers make

maternally biased contacts with the Kcnk9 TSS in mouse brain (Fig. 17B), further supporting

their potential role in driving maternal-specific expression of Kcnk9 in neurons. These regions

do not show active enhancer marks in peripheral tissues or ESCs (Fig. 18A,B), indicating they

are brain-specific enhancers with preferential activity on the maternal allele.
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Figure 18 — Tissue specificity of putative enhancers
A. ENCODE tracks across mouse tissues for H3K27ac. B. ENCODE tracks across tissues for

H3K4mel.

Given that allelic chromatin structure at the Peg13-Kcnk9 locus is formed prior to the

onset of Kcnk9 expression, we hypothesized that pre-existing allelic contacts with these



enhancers may be driving maternal-specific imprinted expression of Kcnk9 in neurons. We
therefore asked if premature activation of these enhancers in the context of pre-existing allelic
chromatin structure would drive maternal-specific expression of Kcnk9. We tested this in hybrid
ESCs, which do not yet express Kcnk9 but do have imprinted chromatin structure at the Peg13-
Kcnk9 locus. We guided biallelic transcriptional activation of the enhancers in WT ESCs using
dCas9-VPR and multiplexed sgRNAs targeted to the enhancers (Fig. 19A). We then assessed
the effects on gene expression in the Peg13-Kcnk9 locus. We found that activation of E1 and
E2 individually increased Kcnk9 expression 5-fold and 25-fold, respectively. Co-activation of
both enhancers simultaneously increased Kcnk9 expression over 50-fold (Fig. 19B). This
upregulation occurred in a maternally biased manner in WT ESCs (Fig. 19C). These results are
not due to allelic differences in chromatin state at the Kcnk9 promoter, as directly targeting the
promoter of Kcnk9 with dCas9-VPR led to a strong, biallelic upregulation of Kcnk9 (Fig. 19B,C),
and nanopore sequencing showed that the Kcnk9 promoter is unmethylated on both alleles (Fig.
20A,B). This supports a model in which both alleles of Kcnk9 are accessible and
transcriptionally competent, but only the maternal allele can be induced by enhancer activation

due to differential chromatin structure.

In contrast to the strong effects of enhancer activation on Kcnk9 imprinted expression,
other genes in the locus were minimally affected. E2 forms a paternal-specific contact with the
Peg13 DMR (arrowhead ‘c’ in Fig. 8C), but E2 activation by dCas9-VPR only produced a 2.5-
fold upregulation of Peg13 (Fig. 20C). A similar fold change in Peg13 was observed using
SgRNAs to the Kcnk9 TSS. All Peg13 expression is presumed to be on the paternal allele due to
methylation of the maternal promoter. Of note, E2 activation did not increase Trappc9 or Ago2
expression (Fig. 20D,E) even though the promoters of these genes are hundreds of kilobases

closer to the enhancer than is the Kcnk9 promoter.
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Figure 19 — Distal enhancer activation leads to imprinted expression of Kcnk9 in an
allelic chromatin structure-dependent manner

A. Diagram of CRISPR activation experimental design. dCas9-VPR was guided to the
enhancers (E2 depicted) or the Kcnk9 TSS. B. Total expression of Kcnk9 as measured by RT-
gPCR after guiding dCas9-VPR to the indicated target sites in WT and DEL ESCs. CTL
samples were transfected with the sgRNA plasmid backbone with no sgRNAs inserted. C.
Allelic expression of Kcnk9 as measured by RT-ddPCR following dCas9-VPR treatment in WT
and DEL ESCs. ND, not detected.
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To further test this model, we then examined the effects of biallelic enhancer activation
in DEL1 and DEL2 ESCs which do not have any imprinted chromatin structure or Peg13
IncRNA. In this case, biallelic activation of the enhancers led to biallelic activation of Kcnk9 (Fig.
19C). This demonstrates that the effect of enhancer activation on Kcnk9 imprinted expression is
dependent on allelic chromatin structure and/or Peg13 transcription, and that pre-existing allelic

chromatin structure is sufficient to drive imprinted expression of Kcnk9 upon enhancer

activation.
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Figure 20 — Allelic promoter accessibility of Kcnk9

A. Targeted nanopore sequencing of native genomic DNA of the Kcnk9 TSS to determine CpG
methylation levels in WT ESCs and iNs. B. Quantification of (C). C. Total Peg13 expression as
measured by RT-gPCR after guiding dCas9-VPR to the indicated target sites in WT ESCs. Note
that this was not done in DEL ESCs as the Peg13 promoter is deleted in those cell lines. CTL
samples were transfected with the sgRNA plasmid backbone with no sgRNAs inserted. D. Total
expression of Trappc9 as measured by RT-qPCR after guiding dCas9-VPR to the indicated
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(Figure 20, continued) target sites in WT and DEL ESCs. E. Total expression of Ago2 as
measured by RT-gPCR after guiding dCas9-VPR to the indicated target sites in WT and DEL
ESCs.
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DISCUSSION

In this study, we sought to characterize the cis-regulatory mechanisms underlying brain-
specific imprinted expression of the Peg13-Kcnk9 locus. Previous work from human brain tissue
showed allelic CTCF binding and enhancer blocking activity at the Peg13 DMR and proposed a
model in which higher-order chromatin structure may lead to allelic enhancer effects (Court et
al. 2014). Using hybrid mouse crosses with a high density of allelic SNPs, we found that
paternal-specific CTCF binding at the Peg13 DMR leads to imprinted chromatin structure, and
that this imprinted chromatin structure precedes imprinted gene expression at the locus. Then,
in an in vitro neuron differentiation system, we showed that CTCF binding at the paternal DMR
and/or paternal Peg13 expression is required for imprinting control at the locus. Additionally, we
found that enhancer activation is sufficient to drive maternal-specific expression of Kcnk9 in a

manner that is dependent on pre-existing allelic chromatin structure.

We also tested a model in which the Peg13 IncRNA acts in cis to repress the
surrounding genes on the paternal allele. Other imprinted INncRNAs, such as Kcnglotl, Airn, and
Ube3a-ATS, mediate gene repression through mechanisms involving recruitment of cis-
repressive factors (Pandey et al. 2008; Nagano et al. 2008; Terranova et al. 2008; Schertzer et
al. 2019) or direct transcriptional interference (Meng et al. 2013; Latos et al. 2012; Tibbit et al.
2015). Preliminary support for this model includes i) the correlation between paternal Peg13
induction and maternally biased expression of Kcnk9, Trappc9, and Ago2 in the differentiation of
ESCs to iNs and ii) the loss of imprinted expression in DEL1 iNs with Peg13 TSS deletion. In
contrast to other cis-repressive IncRNAs, Peg13 is cytoplasmic. We found that ASO-mediated
knockdown of the Peg13 IncRNA did not affect the imprinted expression of Kcnk9 or Ago2. It is
possible that the act of transcription initiation/elongation or nascent Peg13 RNA could play a
functional role at the locus prior to export. We believe the ASOs likely reduced, to some extent,

nascent Peg13 in the nucleus given their effect on Trappc9 pre-mRNA. This experiment
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provides evidence against a cis-repressive role for Pegl13 but additional experiments are
merited, such as transcriptional inhibition by premature polyadenylation site insertion or
CRISPRI. Separate from any potential cis-regulatory role, other recent work has proposed that
Pegl13 may act as a miRNA sponge (Jiang et al. 2020; Feng et al. 2020; Gao et al. 2022) and

suppress Yyl through the recruitment of the PRC2 complex (Li et al. 2023).

In addition to its role in mediating allelic chromatin structure, our data also suggest that
CTCEF is important for maintaining an open chromatin state at the paternal Peg13 DMR.
Deleting the CTCF binding sites at the DMR led to a gain of methylation of the surrounding
region, which is similar to previous observations at the H19-1gf2 locus (Pant et al. 2004). ICR
maintenance is an area of ongoing research and is not fully understood. DNA-binding proteins
such as ZFP57 and TRIM28 are important for protecting ICRs from the wave of global
demethylation that occurs during early embryogenesis (Li et al. 2008; Messerschmidt et al.
2012; Zuo et al. 2012; Alexander et al. 2015). CTCF is bound to the unmethylated allele of
many ICRs and DMRs (Prickett et al. 2013), and it may play a part in ICR maintenance across

multiple imprinted regions in addition to its role in higher-order chromatin organization.

While this work provides important insights into brain-specific imprinted expression at the
Peg13-Kcnk9 locus, several key questions remain. It remains to be determined how the
imprinted biases of Trappc9, Chracl, and Ago2 are acquired during neuron differentiation. We
did not observe a change in Trappc9 or Ago2 levels upon enhancer activation or Kcnk9 TSS
activation, suggesting that the mechanism underlying Trappc9 and Ago2 imprinted expression
may be different from that of Kcnk9. While the imprinted expression of Kcnk9 and Pegl3 is
conserved between mouse and human (Court et al. 2014), the maternally biased expression of
Trappc9 and Ago2 may not be (Court et al. 2014), further supporting the notion that Trappc9

and Ago2 imprinting may be achieved through a different mechanism than Kcnk9.
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Genetic mutations in the Peg13-Kcnk9 locus are associated with intellectual disability
(Marangi et al. 2013; Abbasi et al. 2017; Mortreux et al. 2018; Barel et al. 2008), and our current
work on the mechanistic basis of imprinting at the Peg13-Kcnk9 locus may be informative for
future therapeutic approaches. Previously, re-activation of the normally silent paternal allele of
Kcnk9 by global histone deacetylase inhibition rescued the behavioral phenotype in a Birk-Barel
syndrome mouse model, a disease caused by a missense mutation in maternal Kcnk9 (Cooper
et al. 2020). In our study, we found that the paternal allele of Kcnk9 was reactivated upon
deletion of the CTCF-containing region of the DMR, highlighting additional therapeutic
opportunities in Birk-Barel syndrome, for example through dCas9-mediated blocking of CTCF at

the paternal DMR.

The role that higher-order chromatin structure plays in gene regulation remains a matter
of debate. Many lasting features of chromatin structure are established genome-wide early in
development (Collombet et al. 2020). But dynamic changes in chromatin contacts during
development correlate with transcriptional changes (Bonev et al. 2017), leading to questions
about the cause-effect relationship of chromatin structure and gene expression. Our data
suggests a model whereby chromatin structure established early in development can prime
lineage-specific gene expression patterns. Whether this mechanism will apply to other loci with
tissue-specific imprinted expression remains to be seen. Our finding that allelic chromatin
structure at the Peg13-Kcnk9 locus is largely static during differentiation is consistent with
recent experiments on the DIk1-Dio3 imprinted locus, where the paternal-specific activation of
DIk1 upon neurogenesis occurs in the absence of corresponding changes in chromatin structure
on the paternal allele (Lléres et al. 2019). It will be interesting to see if this holds true for genes
with more complex tissue-specific imprinted expression patterns. 1gf2 is known to be paternally
expressed in early development in a chromatin-structure dependent manner, but it intriguingly

switches to a maternal bias in the brain (Perez et al. 2015). Whether this happens in a static or
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dynamic chromatin structure environment, or whether this switch is dependent on chromatin
structure at all, remains an open question. Another example is found at the Grb10-Ddc locus.
Grb10 is maternally expressed in most adult tissues in mouse, but in neuronal tissue it is
expressed from an alternative paternal-specific promoter (Garfield et al. 2011; Hikichi et al.
2003). The maternal-specific expression in heart and muscle is depends on allelic chromatin
structure due to allelic CTCF binding at a secondary DMR (Juan et al. 2022), but the role of
chromatin structure in the switch to paternal expression in neuronal lineages has not been
investigated. Overall, our work contributes to an emerging model that imprinted chromatin
structure may be a widespread mechanism through which epigenetic inheritance regulates gene

expression across tissues.

In order to build upon this work, several additional experiments are suggested. While this
work suggests a model by which higher-order chromatin structure is the main factor in mediating
maternal expression of Kcnk9, Trappc9, and Ago2, our work leaves open the possibility of a role
for other Peg13 DMR features, most notably the Pegl13 IncRNA. Isolating the contributions of
individual elements of the Peg13 DMR is inherently challenging as it is difficult to make
modifications to elements such as DNA methylation, INncRNA transcription, and CTCF binding
without affecting the other components. One way to isolate the role of higher-order chromatin
structure more precisely would be to build upon our work in the Peg13 DMR neuron
differentiation system. If higher-order chromatin structure is the mechanistic basis of imprinted
expression at the locus, then reinsertion of a new CTCF binding site near the DMR deletion
should restore allelic expression. This approach would be especially powerful as it would predict
that paternal insertion of CTCF would restore proper imprinted expression, while maternal
insertion would result in an inverse imprinted expression pattern, with Kcnk9, Trappc9, and

Ago2 having a paternal bias.
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Additionally, further experiments are possible that would continue to test the role of the
Peg13 IncRNA in mediating imprinted expression in cis. The ASO KD approach that we took in
this work suggests that the INCRNA is not essential for imprinted expression. However, because
a cis-acting IncRNA could theoretically exert its repressive effects on local chromatin rapidly
after transcription, it is conceivable that the ASO approach is not fast enough to affect this
activity. As a result, a system that block Peg13 transcription itself may be more suitable to test
this model. While the straightforward deletion of the Peg13 promoter fails in this task due to
interference with other elements of the DMR, there are other possible means of achieving
Peg13 transcriptional knockdown. One possibility would be to direct CRISPRI to the promoter.
While it would have to be validated that the CRISPRI system does not affect DNA methylation or
CTCF binding, this would potentially be the most effective way to knock down Peg13 expression
in its entirety without a genetic deletion. Another approach would be to insert a premature
polyadenylation site (PAS) downstream of the Pegl3 TSS as has been done to test other
potential cis-acting INcRNAs (Engreitz et al. 2016). However, this approach would still allow for
the transcription of the 5’ end of Peg13, and so one would not be able to completely count out a
role for repressive elements in this section of the IncRNA. Furthermore, because Pegl3 is
internal to Trappc9 and transcribed in a sense direction, this approach risks premature
termination of paternal Trappc9 with unpredictable effects on the broader paternal allele. While
the native Pegl3 PAS apparently does not affect Trappc9 expression, possibly due to
mechanisms such as the repression of intronic PASs by the U1 snRNP (Almada et al. 2013;
Ran et al. 2021), this possibility must be considered with in this approach. Overall, while our
data suggest that Peg13 is not a cis-repressive INCRNA, experiments such as those suggested

here would further test this.

Overall, in this work we identify allele-specific chromatin structure at the Pegl13-

Kcnk9 imprinted locus and show that this allelic chromatin structure is important for mediating
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imprinted expression of the locus. More generally, we demonstrate that pre-existing chromatin
structure can be important for proper regulation of developmentally regulated genes. We
provide a high-resolution map of imprinted chromatin structure and a roadmap for future
explorations of allele-specific chromatin structure. We provide evidence against a model in
which the Peg13 IncRNA acts in cis to repress surrounding chromatin, although further
experiments are needed to fully eliminate this model. We also find that in addition to its function
in mediating allelic chromatin structure at the Peg13-Kcnk9 locus, allelic CTCF binding is also
important for maintaining the unmethylated state on the paternal allele. Whether these findings
are generalizable to other imprinted loci remains to be seen. Allelic binding of CTCF has been
identified at a number of additional loci (Prickett et al. 2013), suggesting that allelic chromatin
structure may a general means by which placental mammals achieve imprinted expression

across broad stretches of chromatin.
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METHODS

ESC line generation and culture

The ESC line used in this study were derived from an F1 Mus. Musculus (129/Sv) x Mus.
Castaneous cross, F1.2-3 (Eggan et al. 2001). Two PiggyBac plasmids were co-transfected into
ESCs for stable integration of EF1a-rtTA (PB-EF1a-M2rtTA;CMV-HygroR) and TetO-Ngn2 (PB-
TetO-Ngn2;SV40-NeoR) in the presence of piggyBac transposase. ESCs with the integrated
constructs were selected for 10 days in ESC media containing Hygromycin B (150 pg/ml) and
Geneticin (300 pug/ml). A single cell ESC clonal line (F1.2-3; EF1a-rtTA; TetO-Ngn2 clone D4)
with high differentiation potential and maintenance of proper imprinting at the Peg13-Kcnk9
locus was used for all studies described here. To passage ESCs, cells were washed with
HEPES-buffered saline (HBS), dissociated using 0.25% Trypsin in HBS with 1 mM EDTA, and
then transferred onto plates pre-coated with 0.2% gelatin in phosphate-buffered saline (PBS).
ESCs were maintained in serum/LIF ESC media composed of Dulbecco’s Modified Essential
Media (Thermo) supplemented with 10 mM HEPES (Thermo), 0.11 mM B-mercaptoethanol
(Sigma), 1X nonessential amino acids (Corning), 2 mM L-glutamine (Corning), 1X penicillin
streptomycin solution (Corning), 15% fetal bovine serum (Cytivia), and 1000 U/mL leukemia
inhibitory factory (Sigma). Cells were maintained in a humidified 5% CO- incubator at 37°C and

split every 48 hours or when cells reached 70% confluency, whichever came first.

Neuron differentiation

ESCs were cultured for 24 hours on gelatin-coated plates in ESC media (as above), then ESCs
were washed and cultured for 24 hours in neuron differentiation media [BrainPhys media
supplemented with 1X SM1 neuronal supplement (STEMCELL Technologies), 1X N-2
supplement (Thermo), 20 ng/mL brain-derived neurotrophic factor (STEMCELL Technologies),

and 1 pg/ml doxycycline (Sigma)]. Day 1 iNs were then dissociated using accutase (STEMCELL
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Technologies), counted, and plated on PEI-coated plates (0.1% PEI in borate buffer containing
50 mM boric acid and 24 mM sodium tetraborate at pH 8.4) in neuron differentiation media at a
density of 40,000 cells/cm?. Half of the media was replaced every 48 to 72 hours for a total of

six days, unless otherwise noted.

RNA isolation and cDNA synthesis

Total RNA was harvested from ESCs or iNs in biological triplicate using TRIzol (Thermo) and
subject to DNase treatment using TURBO DNase (Thermo). Reverse transcription was

performed using SuperScript Ill Reverse Transcriptase (Thermo) with random hexamers.

gPCR

gPCR reactions were prepared using Power SYBR Green (Thermo) and run on the Bio-Rad
CFX Opus 384 Real-Time PCR System. Relative expression was calculated using the delta-

delta Ct method relative to ActB.

ddPCR

PCR primer/probe sets were designed using the Thermo Custom Tagman SNP Genotyping
Assay Design Tool to overlap a musculus/castaneous SNP. Probes overlapping the musculus
(maternal) or castaneous (paternal) SNP were VIC-conjugated or FAM-conjugated, respectively.
Samples were prepared using ddPCR Supermix for Probes (No dUTP) (Bio-Rad). Droplets for
ddPCR were generated using the Bio-Rad QX200 Droplet Generator, PCR was performed
according to the Supermix protocol, and then droplets were read on the Bio-Rad QX200 Droplet

Reader.

Bisulfite Sequencing

Genomic DNA was extracted from cell pellets using the Monarch gDNA Purification Kit (NEB). 2

pg of purified genomic DNA was then bisulfite converted using the EpiTect Bisulfite Kit (Qiagen).
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PCR was performed on bisulfite-treated gDNA using HotStarTag DNA polymerase (Qiagen).
PCR product was then TOPO cloned (Thermo) and transformed into NEB Stable Competent E.
coli. Individual colonies were picked and subject to Sanger sequencing of the Pegl3 DMR (see
Table S2 for primer sequences). SNPs were used to identify maternal and paternal DNA
fragments, and sequencing traces were analyzed using BISMA (Rohde et al. 2010) to determine

the methylation status of individual CpGs.

Long-read methylome analysis

Isolated nuclei were subjected to GpC methylation using M.CviPl GpC methyltransferase (NEB),
followed by proteinase K and RNaseA treatment. Genomic DNA was purified from the reaction
using AMPure XP beads. A total of 6-12 ug of genomic DNA was dephosphorylated with rSAP
(NEB), followed by AMPure XP beads purification. In vitro Cas9 incubation was performed to
enrich the nanopore library for regions of interest using EnGen sgRNA synthesis kit (NEB) and
Cas9 nuclease (NEB). Cleaved genomic DNA product was treated with NEBNext dA-tailing kit
(NEB) and subjected to library preparation using nanopore adapter (ONT SQK-LSK109) and
Quick T4 DNA ligase (NEB). Libraries were sequenced in MinlON flow cell (ONT R9.4.1).
Sequencing data was then mapped to a mouse genome in which castaneous SNPs were
incorporated using minimap2 (2.24) (Li 2018). Variant tagging and haploid phasing of each
sequencing read were performed using nanopolish (0.13.2) (Simpson et al. 2017) and whatshap
(Patterson et al. 2015). Mapped data was split into each haplotype using bamtools (Barnett et
al. 2011), and CpG methylation analysis was performed using nanopolish call-methylation

package. Data was visualized in IGV (Robinson et al. 2011).

Chromatin immunoprecipitation (ChIP)

Chromatin for ChlP was prepared and sheared using the truChlP Chromatin Shearing Kit

(Covaris). Cells (~5 million ESCs or iNs per biological replicate) in culture plates were fixed in
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1% methanol-free formaldehyde (Thermo) at room temperature for 10 minutes and then
guenched with glycine. Chromatin prepared using the truChlP kit was sheared to 500 bp in a
volume of 130 ul using the Covaris S220 sonicator. Immunoprecipitation of chromatin was
performed as follows. For each IP, 50 pl of protein A beads (Thermo) were prepared by washing
on a magnetic stand three times using 0.1 M Na-phosphate buffer, pH 8. Beads were then
suspended in 50 ul Na-Phosphate buffer and incubated at room temperature for 10 minutes with
desired antibody [20 ul of CTCF antibody (Cell Signaling Technology #2899) or 11 pg of anti-
rabbit IgG (Thermo)]. Antibody-conjugated beads were washed three times with Na-phosphate
buffer and resuspended in 50 ul of Na-phosphate buffer. Resuspended beads were then added
to 100 pl of sheared chromatin and rotated at 4°C overnight. Beads were then washed at 4°C,
as follows: twice using low salt buffer (20 mM HEPES pH 8.0, 150 mM NacCl, 0.1% Triton X-100,
0.1% SDS, 2 mM EDTA), once using high salt buffer (20 mM HEPES pH 8.0, 500 mM Nacl,
0.1% Triton X-100, 0.1% SDS, 2 mM EDTA), twice using LiCl buffer (100 mM Tris-HCI pH 7.5,
0.5 M LiCl, 1% NP-40, 1% Na-deoxycholate), and twice using TE buffer (10 mM Tris pH 8.0, 1
mM EDTA). Beads were then resuspended in 250 pl elution buffer (10 mM Tris pH 8.0, 1 mM
EDTA, 1% SDS) and incubated at 65°C for 30 minutes to elute. Samples were then pelleted and
the supernatant was transferred to a new tube and incubated overnight at 65°C to reverse
crosslinking. 250 ul of TE buffer was added to each IP, and then samples were treated with 0.2
Ho/ul RNase A at 37°C for 1 hour followed by 0.2 pg/ul proteinase at 55°C for 1 hour. DNA was
then purified using phenol-chloroform extraction followed by ethanol precipitation and subject to

gPCR or ddPCR analysis.

Region Capture Hi-C

Hi-C libraries were generated using the Arima-HiC Kit with 3 pug of chromatin from ESCs, iNs, or
mouse cortical quarters as input, each from two biological replicates (except for DEL ESCs).

End repair and adapter ligation were performed using the Accel-NGS 2S DNA Library Kit (Swift
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Biosciences). Agilent SureSelect probes against the Peg13-Kcnk9 locus were designed against
mmZ10 chrl5:71850001-73350000. Probes overlapping musculus/castaneous SNPs were
designed to perfectly match both genotypes (i.e. two probes per SNP) for in vitro experiments
and B6 alone for in vivo experiments. End repaired and adapter ligated Hi-C libraries were then
enriched using Agilent SureSelectXT HS Target Enrichment System. Enriched DNA was
amplified and sequenced on lllumina NextSeq Sequencing System. Total sequencing depth was

170-190 million reads from mouse brain tissue and 20-60 million reads from cultured cells.

Region Capture Hi-C Analysis

The mm10 reference genome was N-masked at musculus/castaneous SNPs using
SNPsplit_genome_preparation from SNPsplit (Krueger and Andrews 2016). The N-masked
reference genome was then digested in silico according to the Arima restriction enzymes using
HICUP (Wingett et al. 2015). Bowtie2 (Langmead and Salzberg 2012) was then used to map
fastq files to the digested N-masked reference genome using the HiICUP wrapper. Resulting
SAM files were split into maternal and paternal reads using SNPsplit. Mapping statistics can be
found in Table S1. Maternal and paternal SAM files from biological replicates and reciprocal
crosses were first downsampled by random downsampling to achieve an equal number of reads
from all replicates and crosses, and then the allelic SAM files from individual samples were
merged by parent-of-origin. Allelic SAM files were converted to the Juicer medium format
(Durand et al. 2016b) and then converted to .hic format using Juicer pre. Final Hi-C plots were
visualized using Juicebox at 5 kb resolution (Durand et al. 2016a). Allelic subtraction plots were
generated using Juicebox. Virtual 4C plots were generated by summing the contacts made from
a 10 kb anchor point overlapping the genomic feature of interest and all surrounding genomic
regions using a 5 kb sliding window at 1 kb resolution. Insulation score was determined by

summing all contacts made in a sliding 200 kb window at 10 kb resolution.

Generation of sgRNA vectors
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dCas9-VPR and Cas9 experiments were performed using a published multiplex four sgRNA
construct system (Kabadi et al. 2014). The four sgRNAs for each of the sgRNA target sites
(Kenk9 TSS, E1, and E2; see Table S3) were cloned into four sgRNA backbones each
containing different small RNA promoters (Addgene #53186, #53187, #53188, #53189). Golden
Gate cloning into pLV-GG-hUbC-dsRED (Addgene #84034) generated the final vector co-

expressing four sgRNAs.

CRISPR deletion of DMR CTCF region

ESCs were co-transfected with 1000 ng of pX458 SpCas9(BB)-2A-GFP vector (Addgene
#48138, contains eGFP) (Ran et al. 2013) and 500 ng of vector co-expressing four sgRNAs to
the Pegl3 DMR CTCF region (contains DsRed) mixed with 3.75 pl of Lipofectamine 2000
(Thermo) in 500 ul of Opti-MEM (Thermo). The mixture was then plated into a suspension of
500,000 ESCs in 1.5 ml ESC media into individual wells of a gelatin-coated six-well culture
plate. After 24 hours, fresh ESC media was added. The next day, eGFP+/DsRed+ cells were
bulk sorted by FACS and expanded. Subsequently, single cells were sorted to establish clonal
lines and expanded. Genomic DNA was extracted using QuickExtract (Epicentre) and PCR
amplified across sgRNA sites (Table S2). PCR bands corresponding to deletion products were
gel isolated and subject to Sanger sequencing. SNPs in the amplicon allowed for allelic
determination of the deletion products. Wild-type clonal ESC lines were generated from the

same procedure performed in the absence of sgRNA (i.e. no sgRNA vector).

CRISPR activation of dCas9-VPR

2 pg total of multiplex sgRNA vector and EF1a-dCas9-VPR-Puro vector (Addgene #99373) at a
2:1 molar ratio was mixed with 5 pl of Lipofectamine 2000 (Thermo) in 500 ul of Opti-MEM
(Thermo). The mixture was then plated into a suspension of 600,000 ESCs in 1.5 ml ESC media

into individual wells of a gelatin-coated six-well culture plate. Media was then changed after 24
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hours to fresh ESC media. The next day, media was changed to ESC media containing 1 pg/ml
puromycin. After 24 hours of drug selection, ESCs were washed and RNA was purified using
TRIzol as above and subject to gPCR or ddPCR analysis. As a negative control, ESCs were
generated from the same procedure performed in the absence of sgRNA (i.e. blank sgRNA

backbone vector).

Analysis of allelic ChIP-seq data

To analyze previously published allelic ChiP-seq datasets from hybrid mouse brain, raw fastq
files were downloaded from GSE35140 (CTCF) or GSE33722 (H3K27ac). Reads were trimmed
using TrimGalore (Martin 2011) and then aligned using STAR (Dobin et al. 2013) to an mm10
genome in which musculus/castaneous SNPs had been N-masked using SNPsplit. Reads were
then split into maternal and paternal reads using SNPsplit as above. Resulting BAM files were
then converted to bigwigs using deepTools bamCoverage (Ramirez et al. 2014) and visualized

in IGV.

Single molecule FISH

RNAScope was performed on 16 um frozen adult mouse brain sections. Sections were fixed in
cold 4% paraformaldehyde for 15 minutes. Sections were then progressively dehydrated in 50%
ethanol, 70% ethanol, and 100% ethanol for 5 minutes each. Single molecule FISH was then
performed using the RNAScope Fluorescent Multiplex Kit (ACD Bio). Sections were
counterstained with DAPI and cover slipped with Aqua-Poly/Mount (Polysciences). Tissue

sections were imaged on an Axioscan 7 (Zeiss) microscope with a 64X objective.

Antisense oligonucleotide knockdown

ESCs were cultured for 24 hours on gelatin-coated plates in ESC media (as above), then ESCs
were washed and cultured for 24 hours in neuron differentiation media (as above). Day 1 iNs

were then dissociated using accutase, counted, and plated on PEI-coated plates in neuron
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differentiation media at a density of 40,000 cells/cm?. On day 3, four ASOs against Peg13 were
added at a concentration of 2.5 uM each. iNs were harvested on day 6 and then RNA
extraction, cDNA synthesis, gPCR and ddPCR were performed as above. See Table S4 for

ASO sequences.
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APPENDIX

Supplemental tables

Supplemental Table 1 — PCR primer sequences

Primer

Sequence

DMR bisulfite sequencing forward (WT and
DEL1)

GGTTTAAAATTTTAATAAGATGGGTTAA

DMR bisulfite sequencing reverse (WT and
DEL1)

ATACCCTAAAAATTACTACCTCAATAAA

DMR bisulfite sequencing forward (DEL2)

TATTTGGGTTTTTTTTGTGTTTTTT

DMR bisulfite sequencing reverse (DEL2)

CCCATCTTATTAAAATTTTAAACCTTATAT

Kcnk9 gPCR primer forward (total)

TTCCTTCTACTTCGCCATCAC

Kcnk9 gPCR primer reverse (total)

CCAGCACAGCGTAGAACATA

Pegl13 gPCR primer forward (total)

CTAAGAACGTGGGTGGGATTT

Pegl13 gPCR primer reverse (total)

GTGAGGCATTCTGTGGGAATA

Trappc9 gPCR primer forward (total)

GAATGACTTCCTGTGGTTAGGG

Trappc9 gPCR primer reverse (total)

CAGTTCCTCCGGGATAATGATAAA

Ago2 gPCR primer forward (total)

TTGGACATCAAACCTGAGAAATG

Ago2 gPCR primer reverse (total)

CTTCCATCAAACACTGGCTTC

Actb gPCR primer forward (total)

GACGAGGCCCAGAGCAAGAGAGG

Actb gPCR primer reverse (total)

GGTGTTGAAGGTCTCAAACATG

Kcnk9 ddPCR primer forward (allelic)

TGATCGCCTGTACCTTCACCTA

Kcnk9 ddPCR probe (allelic) CGAGGGCGTCGAACA (VIC)
CGAGGGCATCGAACA (FAM)
Kcnk9 ddPCR primer reverse (allelic) CCTCGCGCATCTCATGGT
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Supplemental Table 1 (Continued)

Peg13 ddPCR primer forward (allelic)

GGGTTTCTGCTATACCAACATCTCA

Pegl13 ddPCR probe (allelic)

AGCACCAAGTGCCC (VIC)

CACCAAATGCCC (FAM)

Peg13 ddPCR primer reverse (allelic)

GCGGATGCCTGCATTGTG

Trappc9 ddPCR primer forward (allelic)

GGTCTGTGGCCAGTCTTTGG

Trappc9 ddPCR probe (allelic)

CATCACCGATTGCTTC (VIC)

ATCACCGACTGCTTC (FAM)

Trappc9 ddPCR primer reverse (allelic)

CAAGGTGGTAGGCCTCATCA

Ago2 ddPCR primer forward (allelic)

TGCAGCAGCACCGACA

Ago2 ddPCR probe (allelic)

TCCTGGATGATCTCC (VIC)

CCTGGATAATCTCC (FAM)

Ago2 ddPCR primer reverse (allelic)

CTCGTACCATGGCAGCCA

Non-CTCF bound control gPCR primer forward

GGCAGATACAACATTCGAAACC

Non-CTCF bound control gPCR primer reverse CAGCAGTTTGTGAGCATTCC
CTCF bound DMR gPCR primer forward CGGCAATGCGGCAATCT
CTCF bound DMR gPCR primer reverse CTCGTGGACTGGCGTTC
DMR ddPCR primer forward (allelic) GGTGCGCAGCCACAC

DMR ddPCR probe (allelic)

TGGATGGAGACTTGCAGC (VIC)

TGGATGGAGACCTGCAGC (FAM)

DMR ddPCR primer reverse (allelic)

CAACTCAGTGGAGCACCCTTAG

DMR deletion spanning PCR forward

CATGCTGCTCCCTTGTAAGATA

DMR deletion spanning PCR reverse

CACTGGGACTCATGTAGGATTG
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Supplemental Table 1 (Continued)

Tubb3 gPCR primer forward CCATTCTGGTGGACTTGGAA
Tubb3 gPCR primer reverse GCACCACTCTGACCAAAGATA
Gata4 qPCR primer forward GGGACAGCTTCAGAGCAGAC
Gata4 qPCR primer reverse TCTCACTATGGGCACAGCAG
Nanog qPCR primer forward CGGTGGCAGAAAAACCAGTG
Nanog qPCR primer reverse AAGGCTTCCAGATGCGTTCA
Oct3/4 gPCR primer forward CTCCCGAGGAGTCCCAGGACAT
Oct3/4 gPCR primer reverse GATGGTGGTCTGGCTGAACACCT

Supplemental Table 2 — sgRNA sequences

SgRNA target sgRNA promoter sgRNA sequence

Peg13 DMR CTCF sites hu6é GATTCTGTGGTGCCATCTAGC

(Cas9 deletion) muU6 TGCGGCGCCCTCTACCGGGT
7SK CACAAATACTCGGTACACCG
hH1 ACCGTGCGCCAGTCACCATTG

Kcnk9 TSS (dCas9-VPR) hu6 ACCCGCGAATACATACACTC
muU6 GCGCCTCAGGCAGACCAGAG
7SK GGGCAGGCTACTCCGAGGAC
hH1 CGGGAGGTGGCGCGACCCAG

Pegl13 DMR (dCas9-VPR) | hU6 CTCCCCGTGCCCCTAAACCA
muU6 AATGTCCCACTATGTCTGCA
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Supplemental Table 2 (Continued)

7SK CACAAATACTCGGTACACCG
hH1 ACCGTGCGCCAGTCACCATTG
El (dCas9-VPR) hu6 AAACGGGTTAATGGTAACCA
muU6 TCTACCCGCTGGCTTAAGGG
7SK AGTTAGTTATCAGTCGGTGA
hH1 TGCCAGTCAATGAGCTACCC
E2 (dCas9-VPR) hu6 GCGGCACTAAGTAAAGGAGAG
muU6 CAGGGCCAGTCAGTCCGTGG
7SK CCCATCAAAAAAGAAATCCG
hH1 AGTGCATGAACACGTGTCCCA

Supplemental Table 3 — ASO sequences

ASO

Sequence

Pegl3_ASO1

/52MOErA/*/i2MOErG/*/i2MOErG/*/i2MOErT/*/i2MOErT/*G*C*T*
T*C*G*T*T*G*G*/i2MOErG/*/i2MOErT/*/i2MOErA/*/i2MOErT/*/32
MOErC/

Pegl3_ASO2

/52MOErC/*/i2MOEFrT/*/i2MOErA/* /i2MOErC/* /i2MOErA/*A*C*C*
A*C*A*AXT*G*C*/i2MOErG/*/i2MOErC/* /i2MOErC/* /i2MOErT/*/32
MOErA/

Pegl3 ASO3

/52MOErG/*/i2MOErT/*/i2MOErG/*/i2MOErT/*/i2MOErC/*G*C*A*
G*G*T*C*T*T*C*/i2MOErT/*/i2MOErA/*/i2MOErT/*/i2MOErC/*/32
MOErC/

Pegl3_ASO4

/52MOErC/*/i2MOErC/*/i2MOErC/*/i2MOErA/*/i2MOErA/*G*G*T*
A*A*G*A*A*C*A*/i2MOErT/*/i2MOErC/*/i2MOErC/*/i2MOErG/*/3
2MOErT/
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