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VIII ZUSAMMENFASSUNG

Zusammenfassung

Der Grofiteil des Saugetiergenoms liegt in Form von Heterochromatin vor, einer Struktur
aus Desoxyribonukleinsidure (DNS) und Proteinen, die sich durch begrenzte Zuging-
lichkeit der Erbinformation, geringe Transkriptionsaktivitdt und Anreicherung von
repetitiven Sequenzen auszeichnet. Die spezifische Regulierung und dichte Verpackung
bestimmter DNS-Abschnitte ist entscheidend fiir die Entwicklung von Saugetieren,
wahrend Defekte zu Krebs und Zelltod fithren kénnen.

Die Unterdriickung von Retrotransposons aus der Gruppe der endogenen Retroviren
(ERVs) durch Heterochromatisierung ist von wesentlicher Bedeutung fiir die Gewéahrleis-
tung genomischer Stabilitédt und transkriptioneller Integritéit. Die Zielmechanismen sowie
die Akteure, die an der Etablierung und Aufrechterhaltung des heterochromatischen
Zustands beteiligt sind, sind jedoch nicht vollsténdig bekannt.

Diese Doktorarbeit umfasst zwei Veroffentlichungen, in denen neue Beteiligte der Regu-
lierung des Heterochromatins identifiziert und charakterisiert wurden, wobei die Mecha-
nismen der ERV-Stilllegung in embryonalen Stammzellen der Maus als Modellsystem
verwendet wurden.

Es wurde ein 160 Basenpaar (bp) langes Sequenzelement von Intracisternal A-Partikel
(IAP) Retrotransposons identifiziert, welches die Bildung, Ausbreitung und Erhaltung
von Heterochromatin auslost. Diese kurze Heterochromatin induzierende (SHIN) Se-
quenz fithrt zu einer von den Proteinen SETDB1 und TRIM28 abhédngigen Ablagerung
von H3K9me3 (Trimethylierung von Lysin 9 des Histons 3), einer Histonmodifikation,
die ein Kennzeichen des Heterochromatins darstellt. Ein SHIN Sequenz Reportersystem
in Kombination mit genomweiten sh- und sgRNA-Screens identifizierte die neuen ERV
Regulationsfaktoren ATRX und MORC3. Beide Proteine binden an IAP-Elemente und
sind fiir eine effiziente Heterochromatinbildung und die Aufrechterhaltung von robustem
Heterochromatin notwendig.

Als ein wesentliches Ergebnis konnte gezeigt werden, dass ein funktionsfihiger MORC3-
ATPase-Zyklus und MORC3-SUMOylierung fiir die ERV-Chromatinregulation von
besonderer Bedeutung sind. Proteomanalysen von mutierten MORC3-Proteinen zeigten
eine beeintrachtigte Interaktion mit dem Histon-H3.3- Chaperon DAXX. Bedeutender-
weise ist H3.3 an MORC3-Bindungsstellen in MORC3 ko und mutierten Zellen deutlich
reduziert, was zeigt, dass MORCS3 ein kritischer Regulator des DAXX vermittelten
Histon H3.3-Einbaus in ERV-Regionen ist.

Zusammenfassend beschreibt diese Arbeit zwei neue Akteure der heterochromatischen
ERV-Regulierung und gibt einen molekularen Einblick in den H3.3 abhéngigen Stillle-
gungsmechanismus.



SUMMARY IX

Summary

The majority of the mammalian genome is present as heterochromatin, a structure
composed of deoxyribonucleic acid (DNA) and proteins, characterized by limited accessi-
bility of the heredity material, low transcriptional activity, and enrichment of repetitive
sequences. The specific regulation and dense packaging of certain DNA segments are
crucial for mammalian development whereas defects can lead to cancer and cell death.
Repression of retrotransposons of the so-called endogenous retroviruses (ERVs) by hete-
rochromatization is essential to ensure genomic stability and transcriptional integrity.
Yet, the targeting mechanisms as well as players involved in both, establishing and
maintaining the heterochromatic state, are not completely understood.

This thesis comprises two publications that identified and characterized novel players
involved in heterochromatin regulation using the mechanisms of ERV silencing in mouse
embryonic stem cells as a model system.

A 160 base pair (bp) sequence element of Intracisternal A particle (IAP) retrotransposons
was identified to trigger the formation, spreading, and maintenance of heterochromatin.
This short heterochromatin inducing (SHIN) sequence leads to deposition, of H3K9me3
(trimethylation of lysine 9 on Histone 3), a histone modification that represents a
hallmark of heterochromatin, in a SETDB1 and TRIM28 dependent manner. A SHIN
sequence-reporter system in combination with genome-wide sh- and sgRNA screens
identified the novel players ATRX and MORC3. Both factors bind to IAP elements
and are necessary for efficient heterochromatin formation and maintenance of robust
heterochromatin.

Of particular significance, a functional MORC3 ATPase cycle and MORC3 SUMOylation
are important for ERV chromatin regulation. Proteomic analyses of MORC3 mutant
proteins revealed compromised interaction with the histone H3.3 chaperone DAXX.
Importantly, H3.3 was strongly reduced on MORC3 binding sites in MORC3 ko and
mutant cells, indicating that MORC3 is a critical regulator of DAXX-mediated histone
H3.3 incorporation on ERV regions.

In summary, this work describes two novel players of heterochromatic ERV regulation
and provides molecular insight into the H3.3-dependent silencing mechanism.
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Introduction

1.1 Genetic Information and Chromatin

This chapter will introduce fundamental principles of biology and answer essential
questions such as: “How is heritable information carried in cells?”, “How are details
encrypted on top of the genetic code?” or “How does a cell remember what happened in
the past?”. Even though a broad range of explanations to these questions are nowadays
considered general knowledge, they are nonetheless extremely fascinating and a good
entry point for the investigations presented in this doctoral thesis.

1.1.1 Hereditary Material and the Molecule of Life

Probably one of the most intriguing questions, especially - but not only - for biologists,
is: “What is life? And what makes it so special?”, with a multitude of philosophical
and spiritual starting points for discussions.

On the physical level, the frequently used keywords “self-organizing chemistry” emphasize
the peculiar capacity of life to reproduce and pass on characteristics to the following
generation. This particular feature is only realizable since it contains its own instructions
within itself. Laws of how this information is transmitted to the next generation were
already formulated in 1865 by Gregor Mendel. He described how traits of peas were
inherited his experimental crosses (Mendel, 1866).

Yet the medium of heredity information transfer was unknown to him. About the
same time Ernst Haeckel proposed the idea, that the components responsible for the
inheritance of traits are localized in the nucleus of cells (Haeckel, 1866). However, for
him and most of his contemporaries, proteins remained the prime suspects of interest.
Only in 1944 Avery, MacLeod, and McCarty experimentally demonstrated that the
peculiar molecule of deoxyribonucleic acid (DNA) comprises the hereditary material,
when they succeeded in introducing new traits into bacteria, by insertion of foreign DNA
(Avery et al., 1944). By now we know very well that DNA in fact encodes information of
how to develop, grow, survive or reproduce. Therefore, it even acquired the honorable
title “blueprint of life”.

DNASs’ discovery and the understanding of its role as the carrier of genetic information
was only possible as a result of the collective and extended effort of many scientists. One
of the pioneer steps for recognizing the chemical and physical nature of our hereditary
material was when in 1869 Friedrich Miescher first isolated a new phosphorus-containing
molecule. He initially called it “nuclein” as it was extracted from the cells’ nuclei and
was later renamed nucleic acid (Dahm, 2005).

Unveiling the composition of this nucleic substance represents another milestone, achieved
by Albrecht Kossel, who was awarded the 1910 Nobel Price in Physiology or Medicine
for his work. He discovered that nuclein is built up out of the four nitrogen-containing
organic compounds adenine (A), guanine (G), thymine (T), and cytosine (C) (Jones,
1953).
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Each of these building blocks, or nucleotides, is composed of three parts: A five-carbon
sugar, a phosphate group, and a (nitrogen-containing) base. Phoebus Levene was the
first to discover the order of these three components (phosphate-sugar-base) and the
carbohydrate components of DNA and ribonucleic acid (RNA)(deoxyribose and ribose,
respectively) (Pray, 2008). RNA is another important molecule generated in cells from
a DNA template in a process called transcription. One of RNAs’ critical functions is
to transfer the information from DNA to proteins since it is a single-stranded copy of
certain DNA sequences, and serves as direct instruction for the proteins to be built
(Alberts et al., 2002).

The flow of genetic information predominantly occurs from DNA to RNA to proteins.
However, the “central dogma of molecular biology” specified more precisely, that the
transfer of information from nucleic acid to nucleic acid (e.g. from DNA to RNA, but
also from RNA to DNA), as well as from nucleic acid to protein is possible, while transfer
from protein to protein, or from protein to nucleic acid can not happen (Crick, 1970).

The complete set of DNA in an organism is called the genome and the succession of
bases in any order is referred to as a sequence. The basic physical and functional units
of heredity, encoding the instructions of all endogenous protein structures in the body,
are called genes. The bases A, T, G, C together with uracil (U), which is present in
the transcripts of RNA instead of T, are the alphabet of our genetic code. To translate
this four letter information into the 20 amino acids of proteins, each group of three
consecutive nucleotides, called a codon, in messenger RNA (mRNA) is used to specify
either one amino acid or a stop signal during the translation process (Alberts et al.,
2002).

While the bases are the bearers of information, enabling the DNA to encode, the sugar
and phosphate backbone serve to connect these bases and form the structure. An
important progress in understanding the complex organization of DNA was when Erwin
Chargaff showed in 1949 that in any given type of cell, the amount of A approximately
equals the amount of T, while the amount of C approximately equals the amount of G.
This finding eventually led to the base pairing model, where A is paired with T and G
with C, and a first indication on another crucial aspect for life: How the information
could be faithfully copied to be passed on from one generation to the next? By having
these ratios and each sequence being paired with the complementary sequence on a
second strand of DNA, semiconservative replication is the answer to the challenge
(Ekundayo and Bleichert, 2019).

Final steps of DNA structure characterization, obtained by Rosalind Franklin and
Maurice Wilkins in the early 1950s, revealed great symmetry and consistency in the
structure of DNA by X-ray diffraction patterns, and gave important clues about its
dimensions (Rapoport, 2003). The X-rays showed that the two strands of DNA could not
be parallel, suggesting a helical nature organization. The famous double helix structure
of DNA was finally published in 1953 by James Watson and Francis Crick, and is still
probably the most recognized symbol for life and life sciences (Watson and Crick, 1953).
Even most non scientist have at some point heard of or seen an image depicting the
famous double helix for which Watson, Crick and Wilkins received the 1962 Nobel Prize
in Physiology or Medicine for their discovery (Kyle and Shampo, 1998).
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1.1.2 Organization in the Shape of Chromatin

The spatial organization of DNA is essential for cells for several reasons. To begin
with, eukaryotic cells need to overcome the striking difficulty to arrange the enormous
amounts of genetic information inside the small nucleus. This is achieved by wrapping
the DNA around protein complexes. The resulting structure, called chromatin, is capable
of packaging the long nuclear DNA molecules tightly and leads to the formation of
stainable structures (Alberts et al., 2002). It was a mile stone in understanding the
organization of DNA when Walther Flemming, who described cells during their division
by light microscopy, noticed this well stainable structure in the cells nucleii, and termed
it chromatin from the Greek word chroma for color (Flemming, 1882). According to
the observation of condensing chromatin during cell division the resulting structures
were called chromosomes, which can be translated to “colored bodies”. Only much later
the chemical composition of this complex was resolved as a combination of DNA with
several types of proteins.

Associated with that packaging comes another advantage for the cells: It provides the
opportunity for an additional layer of information and gives the chance for further
regulation, above the sequence of the DNA, in Greek epi genetic. Studies of heritable
and regulatory effects above the level of DNA are therefore summarized in the field of
epigenetics (Henikoff and Greally, 2016), from which some chromatin associated aspects
will be highlighted in the following sections.

The fundamental structural units of chromatin are called the nucleosomes. FEach
nucleosome is composed of a segment of negatively charged DNA (ca. 147 base pairs),
wrapped in 1.65 left-handed super helical turns around an octamer of positively charged
proteins, termed histones. Each nucleosome core particle is constituted of two copies of
each of the four highly conserved basic histone proteins H2A, H2B, H3 and H4 (Kornberg
and Thomas, 1974; Luger et al., 1997). The primary level of chromatin structure, is
the arrangement of the repeating nucleosome units which are aligned in arrays and
sometimes referred to as “beads on a string” as they resemble the nucleosome and DNA
structure under the electron microscope (Olins and Olins, 1974; Baldi et al., 2020).
However, there are several more layers of complexity that were discovered over the
years. Nucleosomes are essentially globular in configuration, only the N-terminal ends
protrude as unstructured “histone tails” which are dynamically modified (Luger et al.,
1997). A large number of different covalent post-translational modifications (PTMs) (e.g.
acetylation, phosphorylation, methylation) with a wide variety of regulatory functions
can take place at this tails and contribute to nucleosome variability by changing their
biophysical properties. Also histone variants, most prominently present in histone
families H2A and H3, can substitute the usual histones and exhibit specialized functions,
not only in genome packaging, but also in other processes such as DNA repair or meiotic
recombination (Talbert and Henikoff, 2017). DNA itself can be modified as well, with the
most studied example being methylation of cytosines, which contributes to condensed
packaging of the nucleosomes (Moore et al., 2013). The linker histone H1 is not part of
the core nucleosome, but arrays of nucleosomes can be further compacted by interaction
of H1 with adjacent linker DNA, contributing to fiber formation of a higher structural
organization (Thoma and Koller, 1977; Willcockson et al., 2021)

As indicated above, chromatin is not only spatially organizing DNA, but with its
diverse features also confers information, which provides an opportunity for regulation
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of transcription (Kouzarides, 2007). Thereby genome architecture reflects and influences
genome function and, compaction of DNA contributes to regulated and controlled access
to the genetic information (Berger, 2007; Duan and Blau, 2012). Histone PTMs, histone
variants and DNA methylation (DNAme) correlate with either positive or negative
transcriptional states which will be further detailed in the next section.

1.1.3 Transcription Regulation by Chromatin Conformation

Development of multi cellular organisms requires precise regulation of transcription
to establish cell type-specific gene expression signatures. These programs then need
to be remembered and maintained over many cell generations. In this way, complex
organisms, even though their cells carry identical genetic material, can be composed of
various distinct cell types with differing identities and gene activity patterns, depending
on which regions of the genome are activated or repressed (Henikoff and Greally, 2016).
Chromatin and its chemical modifications play a central role in this regulation.

In 1928, Emil Heitz coined the term heterochromatin to describe chromosome regions
that remain condensed and visible under light microscopy in interphase nuclei (Heitz,
1928; Berger, 2019). Also in mitotic chromosomes heterochromatin is distinguished by
the dark stainable patters compared to euchromatin which appeared as unstained areas.
Roughly speaking, the organization of the genome can be divided into these two cate-
gories. Both are essential for eukaryotic cell function and have very special characteristics
and typical histone modifications. Euchromatin consists of “open chromatin” which
refers to a state with readily accessible DNA and less densely packed nucleosomes as a
consequence of active PTM marks on the histones. Heterochromatin on the other hand is
also termed “closed chromatin”, indicating reduced access to the DNA through addition
of repressive histone PTMs and binding of further proteins that pack nucleosomes into a
compact structure (Liu et al., 2020). Heterochromatin can additionally be divided in two
categories: constitutive heterochromatin, which are compacted genomic areas formed in
many cell types at centromeres and telomeres; and facultative heterochromatin, which
is more locus- or cell type-specific. If a gene is located in an euchromatic domain, it has
the potential to be transcriptionally active. On the other hand, most genes within or
adjacent to more densely compacted heterochromatic domains are usually associated
with silencing (Duan and Blau, 2012). Nevertheless chromatin states are not rigid, they
can be highly dynamic and influenced by numerous different factors, with long-range
control of gene expression (Dixon et al., 2015). Although the whole picture of chromatin
dynamics remains to be determined, so far several major pathways are well known to
contribute to chromatin organization and thereby also regulation of gene expression.
Molecular hallmarks of epigenetic control have been reviewed in more detail, for instance
by Kouzarides (2007) or Allis and Jenuwein (2016). Some examples with particular
interest for this thesis, such as DNA methylation, histone modifications, histone variants
and chromatin remodeling, will be introduced in this section.

DNA methylation in the form of 5-methyl cytosine (5mC), in CpG dinucleotides is a
typical mark for the compact and inactive heterochromatin and plays an important role
for mammalian development (Greenberg and Bourc’his, 2019). It is mediated by DNA
methyltransferases (DNMTs), a protein family which includes four active members in
mammals: DNMT1, DNMT3A, DNMT3B, and DNMT3L (Saitou et al., 2012). DNMT1
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acts together with the protein UHRF1 to maintain DNA methylation during replication,
preferentially methylating hemi-methylated cytosines (Sharif et al., 2007). On the other
hand DNMT3A and DNMT3B can act together with the regulatory cofactor DNMT3L
to mediate de novo methylation of unmethylated cytosines (Okano et al., 1998, 1999;
Ooi et al., 2007).

Histone modifications can support both active or repressive chromatin states and are
mediated by specific enzymes (Zhou et al., 2011). The frequent lysine (K) methylation is
established by a variation of histone lysine methyltransferases (KMTs) that can catalyze
mono- (mel), di- (me2) and trimethylation (me3), leading to different epigenetic marks
prevalent on tails of histones H3 and H4 (Zhang et al., 2021b). Histone tail methylations
are in general associated with repression, as for instance the heterochromatin charac-
teristic trimethylation of lysine 9 on Histone 3 (H3K9me3), H3K27me3 or H4K20me3.
But there are also exceptions of methylations, which are markers of active chromatin,
namely H3K4me and H3K36me, which are present on active genes and promoters (Pick
et al., 2014). The precise modes of action are still in process of being understood where
for example a recent study showed that enhancer-associated H3K4 methylation can
facilitate the activation of these enhancers (Bleckwehl et al., 2021). Active chromatin
regions, such as transcriptionally active genes, promoters and enhancers frequently dis-
play further characteristics. They are typically associated with the presence of different
transcription-associated proteins including RNA polymerase II or transcription factors
(TFs) and by acetylation of histone tails, with the key mark of H3K27 acetylation (ac),
while histones in silenced genomic regions are characterized by general deacetylation
(Kurdistani and Grunstein, 2003; Pick et al., 2014).

TFs as determinants of cell identity play central roles in differentiation, but many of
them can only bind accessible DNA. The so called pioneer transcription factors have the
ability to recognize DNA in the context of nucleosomes and their recent investigations
revealed in more detail how essential they are for cell fate transitions during embryonic
development (Cernilogar et al., 2019; Zaret, 2020). Especially for these rearrangements
histones and their tail modifications can be seen as docking units, they not only influ-
ence the compaction of chromatin, but also recruitment of transcriptional or further
compactional machinery (Bano et al., 2017). Thereby they promote the establishment of
unique gene expression patterns that ultimately promote different biological outcomes.
As this work is studying the mechanisms that lead to gene silencing and heterochromatin
regulation, the introduction will further focus on repressive histone marks and their
deposition mechanisms.

H3K9me3 is a central epigenetic modification that defines heterochromatin. Well charac-
terized histone KMTs that catalyze H3K9 methylation in mammalian cells are SETDBI1
(also known as ESET), G9a, SUV39H1 and SUV39H2, which share a catalytic SET
domain (Rea et al., 2000; Dillon et al., 2005; Feldman et al., 2006). The different
H3K9 methylation systems show a partial redundancy, however, knock out (ko) of
all H3K9 KTMs, and resulting complete loss of H3K9 methylation, dissolves mouse
heterochromatin organization (Montavon et al., 2021). The silencing mechanisms of
these factors include H3K9me mediated condensation of chromatin by forming a binding
site for heterochromatin protein 1 (HP1), as well as recruitment of DNMT3A and
DNMTS3B to de novo methylate DNA (Lachner et al., 2001). While SUV39H proteins
are preferentially targeted to the pericentric heterochromatin (Lehnertz et al., 2003)
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where they convert H3K9mel into its di- and trimethylated states (Loyola et al., 2009),
G9a also participates in the methylation of histone H3K9, silencing euchromatic genes
(Feldman et al., 2006). Since this thesis is focused on the silencing mechanisms of
retrotransposons, a process where H3K9me mediated by SETDB1 plays an essential
role, it will be further introduced in the separated chapter 1.3.3 “SETDBI1 marks ERVs
with H3K9me3” from page 13.

Histone variants are distinguished from canonical histones by distinct protein sequences
(Franklin and Zweidler, 1977) and have been extensively reviewed for example by Talbert
and Henikoff (2017), Ferrand et al. (2020) or Martire and Banaszynski (2020). With
their replication independent incorporation by designated chaperone systems and specific
PTMs they form another level of epigenetic control. Among the important functions
of histone variants are for example the role in determining centromere identity, by a
H3 variant in mammals called CENP- A (Gambogi and Black, 2019) or regulation of
DNA damage response where the variant H2A.X becomes phosphorylated as an early
response to DNA double strand breaks (DSBs) (Fernandez-Capetillo et al., 2002). The
most relevant histone variant for this thesis is H3.3, whose deposition and function will
be described in more detail from page 15 in chapter 1.3.5 “DAXX deposits the Histone
Variant H3.3".

Several protein factors are responsible for regulating and translating these epigenetic
marks into specific gene expression signals, where the degree of packaging, also referred
to as chromatin accessibility, plays a central role in modulating transcriptional output
(recently reviewed by Klemm et al. (2019)). Repressed regions are usually less accessible
by packaging of DNA into nucleosomes and their repressive marks. For example precise
positioning can inhibit transcription or transcription factor binding by directly blocking
binding sites (Thurman et al., 2012). Chromatin remodelers play an essential part in
modulating the chromatin accessibility, for example by sliding or spacing nucleosomes,
but also through eviction or exchange of histones with variants by the use of their
ATP-ases activity (reviewed by Becker and Workman (2013)).

Thereby the ATP-dependent nucleosome remodeling factors help to create a dynamic
chromatin environment by alteration of the nucleosome architecture, using the energy of
ATP hydrolysis to destabilize, shift, restructure or remove nucleosomes (Becker and Horz,
2002; Clapier and Cairns, 2009). The ATP-dependent chromatin remodeling complexes
are categorized into four groups, SWI/SNF, ISWI, CHD, and INOS80, depending on the
sequence and structure of ATPases in the complexes. They function in a lot of cellular
processes including transcriptional regulation, chromatin assembly, and DNA damage
repair and are essential for normal development. If disrupted the effect on health can be
disastrous, as they were shown to play key roles for many neurodevelopmental disorders
(Mossink et al., 2021). This is also true for the ATRX protein investigated in the first
study presented in this thesis. Mutation of this SWI/SNF family chromatin remodeler
causes Alpha-Thalassemia X-Linked Mental Retardation (ATRX) Syndrome, among
other characteristics which will be further introduced from page 14 in chapter 1.3.4
“ATRX stabilizes the Genome”.

Besides gene regulation heterochromatin also exerts other critical functions. It is essen-
tial for chromosome segregation, genome integrity, and is sometimes referred to as the
“guardian of the genome” (Allshire and Madhani, 2018; Janssen et al., 2018). Crucial
heterochromatin targets, and the focus of the studies presented in this thesis are genomic
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sequences belonging to the class of transposable elements. They are well suited models
for heterochromatin establishment and maintenance.

1.2 Transposable elements

Transposable elements (TEs) are DNA sequences of ancient origin with the ability to
move along the genome. Since they are of peculiar significance for the investigations
of this, thesis they will be introduced in more detail in the following sections, begin-
ning with their discovery as a milestone for the understanding of the function and
regulation of our genome. Especially the remnants of retroviral germ line infections
that occurred several million years ago, are the object of the presented studies. Due to
their similarity to exogenous viruses, they carry the designation endogenous retroviruses
(ERVs). Their structure and physical importance will be highlighted starting from page
8 with chapter 1.2.2 “Evolution and Structure of Endogenous Retroviruses”, while their
heterochromatic silencing mechanisms, as main interest of the presented studies, will
be described in chapter 1.3 “Factors of Heterochromatic ERV Silencing” from page
11.

1.2.1 Discovery and Classification of TEs

The discovery of TEs is attributed to a prominent biologist, Barbara McClintock, who
received the 1983 Nobel prize in Physiology or Medicine for the identification of mobile
genetic elements or “jumping genes”. She observed that different colour patterns in corn
were caused by the movement of TEs, which inspired her assumption that they bear
regulatory potential (McClintock, 1956). Since their initial discovery in corn, where they
constitute more than 50% of the genome, TEs have been identified in a large variety of
other organisms (Gogvadze and Buzdin, 2009).

The enormous extent of repetitive elements in mammalian genomes could only be fully
appreciated with the extensive technical advances allowing the sequencing and therefore
investigation of whole genomes. This huge milestone for our understanding of genes,
as well as non-coding regions and gene regulation represents a critical achievement for
life sciences (Behjati and Tarpey, 2013). At the beginning of the 2000s long lasting
consortia, using steadily evolving sequencing techniques, unveiled the first reference
genomes. The first version of the human reference genome was published in 2001 (Lander
et al., 2001), and just one year later the first mouse genome followed (Waterston et al.,
2002). However, these first references were still incomplete. While covering most of
the protein coding genes, around 8% of the human genome remained unsolved, with
especially long repetitive stretches being a problem for Next Generation Sequencing
(NGS). The improvement of the reference sequences by constantly evolving technologies,
as for example long-read sequencing, is an ongoing challenge. Just in spring 2022 the
first truly complete reference assembly of the human genome was published by the
“Telomere-to-Telomere” consortium, which for the first time provided the complete
sequences between the chromosome ends (so called telomeres) (Nurk et al., 2022). While
with improvements of the reference genome also the de novo repeat discovery leads
to continuously improving repeat annotations (Hoyt et al., 2022), already the initial
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sequences from two decades ago showed that in both mouse and human only about
2% of the genome is comprised of coding sequences. The huge remainder consists of
non-protein-coding regions. Their functions are still under investigation, but it has been
shown that they contribute to chromosomal structure, safeguard genomic integrity and
regulate protein production for example through heterochromatin or non-coding RNAs
(Allshire and Madhani, 2018; Statello et al., 2021). Very remarkably, in all mammalian
genomes investigated to date, TEs account for significant portions of the genome, as
in mouse and human, where they comprise between 40 and 60% (Lander et al., 2001;
Waterston et al., 2002).

TEs are classified in two major groups by their mode of transposition (Wicker et al.,
2007). DNA transposons, also called class IT elements, only comprise a very small part
of the mammalian genome. They move by a so-called “cut and paste” mechanism, where
they are truly “jumping” DNA sequences from one location in the genome to another
(Waterston et al., 2002; Wicker et al., 2007). Their movement is driven by the encoded
transposase enzyme, without promoting accumulations in copy number (Feschotte and
Pritham, 2007).

Class I elements, also referred to as retrotransposons, are the most abundant in both
human and mouse as they move by a “copy and paste” mechanism. This involves
reverse transcription of an RNA intermediate back into DNA which is shared between
retroviruses and retrotransposons (Bannert and Kurth, 2006). This mode of activity is
also indicated by their name, since the Latin word retro means backwards. The resulting
DNA can subsequently reintegrate as an additional copy within the host genome (Coffin
et al., 1997). By this mechanism retrotransposons were able to expand to a huge
abundance that makes up about 90% of all TEs present in humans (Bannert and Kurth,
2004).

Retrotransposons are further classified by the presence or absence of flanking long
terminal repeats (LTRs). Non-LTR retrotransposons include two subgroups of long
interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs)
(Mager and Stoye, 2015; Deininger et al., 2003). The LTR containing retrotransposons,
on the other hand, closely resemble the proviral-integrated form of infectious retroviruses,
pointing out their origin from ancient retroviral integrations. This resemblance, lead to
the synonymously used term endogenous retrovirus (ERV) (Stocking and Kozak, 2008).
As this kind of TEs is the focus of the presented studies, they will be further introduced
in the following section.

1.2.2 Evolution and Structure of Endogenous Retroviruses

Viruses are ancient companions of life and some of their integrations have been with our
ancestors for millions of years, relying on host cellular systems for their multiplication.
Endogenized retroviruses compose about 8% of the human genome and maintained
the capacity to expand by their “copy and paste” mechanism. Their activity bears
important potential of genomic variation for evolution, for example by genetic innovation
through mutating or creating new protein coding sequences but also by altering genome
organization and expression regulation (Friedli and Trono, 2015; Mager and Stoye, 2015;
Ferrari et al., 2021).
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ERVs originated from exogenous retrovirus (XRV) germ line infections which lead to
transmission of the stably integrated XRV sequences, called provirus, in the genome of
host cells over many host generations (Coffin et al., 1997). The provirus encodes typical
viral proteins as capsid group specific antigen (gag), protease (pro), envelope (env) and
polymerase (pol) flanked by LTRs which are essential for their replication (Jern and
Coffin, 2008).

Most ERV integrations were highly mutated or partially deleted during the course of
evolution, yet they still show homologies to the characteristic retroviral genome structure.
While they might contain functional gag, pro and pol genes, the loss of a functional
env sequence leaves them generally unable to generate active retroviral particles, and
therefore rendering them incapable of horizontal transmission. Instead they still remain
as "fossils® in the cells and continue to shape the genomes of their hosts from within
(Coftin, 2004; Stoye, 2012).

A group of mouse specific ERVs, the intracisternal A-type particles (IAPs), are a
prototype and largely studied model of mammalian retroelements that emerged from
a still active retroviral progenitor by loss of their env sequence (Ribet et al., 2008).
Even lacking an extracellular phase, IAPs can largely affect their host cells as their
intracellular retrotransposition can lead to mutations and impairment of genomic stability.
Consequently it is critical for host cells to regulate their activity by different measures.
Post-transcriptional silencing, e.g. by RNA interference (RNAi) has been reported for
[APs (Ramirez et al., 2006) but is less understood, compared to transcriptional ERV
silencing by heterochromatin formation which was investigated to a greater extent. The
heterochromatic silencing mechanisms which have been investigated on ERVs and in
particular TAPs, also as the focus of this thesis, will be described in chapter 1.3 “Factors
of Heterochromatic ERV Silencing” from page 11. IAPs have been studied for a long
time and their expression in early development and active transposition in tumors or
germ line of some mouse strains has been of interest (Kuff and Lueders, 1988).

Also other ERVs movement and accumulation represent a major force shaping genomes
and their activity shows the potential of gene regulation. ERVs impact on health and
development is object to many studies and will be shortly highlighted in the next
chapter.

1.2.3 ERVs Impact on health and development

Since their endogenization, many ERVs evolved to feature physiological roles in their
hosts. Some gained new cellular functions, as for example coding of new proteins,
like the syncytins. These proteins play crucial roles during placenta development and
originated from ERV envelope proteins (Mi et al., 2000). But also through their capacity
to cause mutations in existing genes and to alter the genomic architecture, ERVs are
seen as drivers of evolution (Friedli and Trono, 2015). Their contribution to genome
organization and gene regulation with dynamic roles in distinct developmental contexts,
for example when silencing needs to be partially relieved, have been recognized for a
while, as active ERVs were shown to enhance expression of neighboring genes (Jern and
Coffin, 2008; Rowe and Trono, 2011; Rowe et al., 2013b). Especially these physiological
roles in gene regulation during development gain increasing appreciation and have been
observed manifold (Gifford et al., 2013; Durnaoglu et al., 2021), with examples as
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driving species-specific germ line transcriptomes (Sakashita et al., 2020) or leading to
characteristic dynamics during embryogenesis (Low et al., 2021). Already a decade
ago it was recognized that many regulatory sequences had ERV origins (Jacques et al.,
2013; Sundaram et al., 2014) and that ERVs can function as physiological regulators
during normal development, e.g. by rewiring the core regulatory network of human
ES cells (Kunarso et al., 2010) or regulating innate immune responses (Chuong et al.,
2016; Grandi and Tramontano, 2018). Especially the LTRs bear regulatory potential
as enhancers or promoters as they harbor different binding sites e.g. for transcription
factors (TFs) and can act as regulatory elements to drive expression of nearby genes
(Cohen et al., 2009).

However, this regulation needs to be very well titrated since ERV derepression can be
associated with disease and genomic instability (Slotkin and Martienssen, 2007). Over
the years a wide variety of pathological conditions have been observed in correlation
with aberrant ERV regulation. The most prominent ones include cancer, neurological
disorders and autoimmune disease (Kiiry et al., 2018; Jansz and Faulkner, 2021). As
for example enhancers within ERVs were shown to convey oncogenic potential in acute
myeloid leukaemia (AML) (Deniz et al., 2020) but also expression of oncogenes in other
human cancers was driven by ERVs (Jang et al., 2019). This observations even made
ERVs attractive potential therapeutic targets against cancer (Grabski et al., 2019).
Activation of human ERVs (HERVs) was also shown to lead to neurotoxicity as it was
compromising development and function of cortical neurons (Padmanabhan Nair et al.,
2021) and an effect on neurodegeneration by ERV activation has been shown several
times (Ochoa Thomas et al., 2020). The hematopoetic system is affected where ERV
activation leads to apoptosis of pro-B cells (Pasquarella et al., 2016). Additionally also
certain autoimmune disorders are linked to ERV expression. A recent example showed
that antibodies against an ERV envelope protein activate neutrophils in systemic lupus
(Tokuyama et al., 2021).

Besides the more studied aspects of evolution and gene regulation also more recent
discoveries are made about ERV impact. One of them is for example, that ERVs
function as means of our body to communicate with the exogenous microbiota as the
skin microbiome was shown to promote ERV expression which then leads to increased
immune responses and inflammation (Lima-Junior et al., 2021). Since ERVs share
certain regulatory mechanisms with their exogenous homologs ongoing research keeps
discovering how ERVs can drive both resistance and promotion of XRVs (Chiu and
VandeWoude, 2021; Pluta et al., 2020).

Since regulation of ERV activity is key for health and development, cells needed to find a
way to keep them in check. This demands for strict regulation and sophisticated silencing
mechanism to control their activity. The precise role of ERVs as regulators of gene
expression are still under investigation, however, the guarding role of heterochromatin
to protect genome integrity against transposon activities has been observed for many
years (Liu et al., 2020). As mentioned in chapter 1.1.3 “Transcription Regulation
by Chromatin Conformation” heterochromatin plays an important role for the proper
regulation of gene expression, which is key for functional and healthy development. To
investigate heterochromatin formation in mouse ES cells, the publications summarized
in this thesis used the particular ERV family of [APs introduced in 1.2.2 “Evolution
and Structure of Endogenous Retroviruses”as a model. The current understanding of
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their heterochromatic silencing mechanisms will be outlined in the following sections.

1.3 Factors of Heterochromatic ERV Silencing

Silencing mechanisms that initiate and maintain the heterochromatin formation on
target sequences and in particular the identification and mechanistic characterization of
factors leading to the silencing of retrotransposons are the focus of this thesis.
Prominent heterochromatic modifications on ERVs in mouse ES cells include high
levels of DNA methylation, H3K9me3 and H4K20me3 (Mikkelsen et al., 2007). Since
H4K20me3 is not essential for transcriptional repression of IAPs (Matsui et al., 2010),
the focus of the following chapter will lay on the introduction of DNAme and H3K9 and
other factors known to contribute to ERV silencing in ES cells.

By analyzing TAP sub-fragments for their ability to induce transcriptional repression of
an enhanced green fluorescent protein (EGFP) reporter led to the identification of a
short heterochromatin inducing (SHIN) sequence of 160 base pairs (bp) in the central
gag part of the TAP sequence (Sadic et al., 2015). The two publications presented in this
thesis used screens on the basis of the SHIN sequence, and could confirm already well
described silencing factors such as DNMT1/UHRF1, TRIM28 or SETDBI1. But also
new candidates were discovered, most significantly ATRX/DAXX and MORC3, whose
functions were investigated in this work. For a better understanding, these main players
in ERV silencing in ES cells will be introduced in more detail during the following
chapter.

1.3.1 DNMT1 & UHRF1 maintain DNA Methylation

DNMT1 (DNA-methyltransferase 1) is the major maintenance DNA methyltransferase
in mammals. Its loss causes widespread hypomethylation of the genome and embryonic
lethality (Li et al., 1992). The protein UHRF1 (ubiquitin-like, containing PHD and
RING finger domains 1), also known as NP95 (nuclear protein, 95 kDa), forms a
complex with DNMT1 and mediates its recruitment to replicating heterochromatic
regions (Bostick et al., 2007; Sharif et al., 2007). UHRF1s critical role in maintenance
of DNAme is highlighted as its inactivation shows a phenocopy of DNMT1-KO with
hypomethylation and embryonic lethality (Bostick et al., 2007; Sharif et al., 2007).
Interestingly, UHRF'1 also binds methylated H3K9, in particular H3K9me3 and thereby
links DNA methylation and H3K9 methylation, two major epigenetic marks associated
with silencing and heterochromatin (Arita et al., 2012; Rothbart et al., 2013).

Contribution of DNAme to retrotransposon silencing was initially not implicated in
the early stages of embryonic development. Previous studies report that the knockout
of DNMT1, DNMT3a, DNMT3b or DNMT3L in Embryonic stem (ES) cells, derived
from the undifferentiated inner cell mass of blastocysts, does not impair silencing
of endogenous or exogenous retroviruses (Pannell et al., 2000; Hutnick et al., 2010;
Quenneville et al., 2012).Yet DNMT1s role for the repression of ERVs, was demonstrated
for later stages of embryonic development and in differentiated cells, where DNMT1
knockout embryos show upregulation of IAPs at embryonic day 8.5 (Walsh et al., 1998)
and Mouse Embryonic Fibroblast (MEF) cells treated with DNAme inhibitor displayed
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strong derepression of IAPs (Rowe et al., 2013a). Hypomethylation through impaired
DNMT1/UHRF1 pathways can induce tumors in mice, which where shown to be partially
caused by somatic ERV transposition leading to oncogenic mutations (Howard et al.,
2008).

Just a few years ago it was shown that also ES cells show a transient activation of ERVs
by acute depletion of DNMT1. However, this effect was not dependent on the loss of
DNAme itself. Instead the increased presence of hemimethylated DNA prolonged the
binding of UHRF1 which in turn disrupted the SETDB1-dependent H3K9me3 deposition
(Sharif et al., 2016).

Apart from their discovery as strong hits in the silencing screen, which depicts the
acute and transient effect mentioned above, the DNA methylation pathway components
DNMT1 and UHRF1 were not further investigated in the presented studies. Yet another
project in the Schotta laboratory dealt with the topic of DNAme and H3K9me dependent
ERV silencing dynamics during extra embryonic differentiation, where DNA methylation
has a dominant role over H3K9me3. The corresponding dissertation of Zeyang Wang
can be accessed in the electronic thesis library of the LMU (Wang, 2020).

1.3.2 TRIM28 and KRAB-ZFPs recruit Silencing Factors

One of the key players of ERV silencing in ES cells is a protein called tripartite-
motif-containing protein 28 (TRIM28), also known as Kriippel-associated box (KRAB)-
associated protein 1 (KAP1) or transcriptional intermediary factor 13 (TIF13) (recently
reviewed by Randolph et al. (2022)). TRIM28 is a universal transcriptional co-regulator,
which functions as a scaffold protein and recruitment factor for different chromatin
modifiers including the nucleosome remodeling and deacetylase (NuRD) complex (Schultz
et al., 2001), HP1 (Nielsen et al., 1999; P. et al., 2006), and the H3K9 methyl transferase
SETDBI1 (Schultz et al., 2002) regulating a broad range of physiologic processes and
defense against foreign DNA (Seki et al., 2010; Cheng et al., 2014; Randolph et al., 2022).
TRIM28 dependent heterochromatic features of HP1 and H3K9me3 establish persistent
and heritable gene silencing by long-range spreading of repressive chromatin marks
(Talbert and Henikoff, 2006; Groner et al., 2010). Both XRVs and ERVs are targeted
for TRIM28 dependent silencing and the control of ERV based enhancers is crucial to
preserve transcriptional dynamics in ES cells (Rowe et al., 2010, 2013b). The role of
TRIM28 is most important during early embryogenesis or in ES cells, where its deletion
reduces H3K9me3 and leads to ERV reactivation and cell death, while differentiated
cells only showed mild effects (Rowe et al., 2010).

TRIM28 is mostly recruited by the Krippel-associated box (KRAB) domain of certain
zinc finger proteins (ZFPs) which recognize and bind specific DNA sequences to enable
sequence-specific silencing (Friedman et al., 1996; Moosmann et al., 1996). These KRAB
domain containing ZFPs are tetrapod-specific and the largest family of transcriptional
regulators in higher vertebrates (Ecco et al., 2017). Their abundance and diversity
in mammalian genomes was recently studied by mass spectronomy (MS) analysis,
confirming that most KRAB-ZFPs indeed recruit TRIM28 and associated ERV silencing
factors. However, a subset of evolutionary more ancient KRAB-ZFPs also interacted with
factors related to other functions as genome architecture or RNA processing (Helleboid
et al., 2019). By keeping ERV activity in check, the KRAB-ZFPs also participate in the
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evolution of gene regulatory networks (Imbeault et al., 2017), especially during early
embryogenesis when the majority of KRAB-ZFPs is expressed (Corsinotti et al., 2013).
The ongoing expansion of KRAB-ZFPs is considered as an evolutionary arms race for
the defense against ERVs (Jacobs et al., 2014; Bruno et al., 2019), where a variety of
KRAB-ZFPs arises in co-evolution with expanding and mutating ERVs (Thomas and
Schneider, 2011; Lukic et al., 2014). Especially the evolutionary younger KARB-ZFPs
have been shown to bind active ERVs, including the IAP family (Wolf et al., 2020). As
an example, ZFP809 has been shown to silence de novo integrated retroviral vectors as
well as ERVs in ES and embryonic carcinoma cells, via binding to the proline tRNA
primer-binding site (PBS-pro) of these sequences (Wolf and Goff, 2009; Wolf et al.,
2015).

Investigations presented in the first paper of this thesis showed that the SHIN sequence,
within the IAP gag region, harbors a strong sequence specific silencing capacity (Sadic
et al., 2015). A major question arising from the identification of this sequence specific
silencing mechanism is: Which is the recognition factor of the SHIN sequence? KRAB-
ZFPs seemed likely candidates, and while ZFP819 had been shown to regulate IAPs
through the U3, 5-UTR, and pol regions, it does not recognize the gag part, where
the SHIN sequence is located (Tan et al., 2013). Our experimental approaches could
not identify the SHIN sequence recognition factor yet, neither by genome wide screens
nor by investigating the role of 37 candidate KRAB-ZFPs with enriched expression in
mouse ES cells compared to MEFs (Groh, unpublished data).

Besides the recruitment by KRAB-ZFPs also the addition of small ubiquitin-like modifiers
(SUMO) to TRIM28, in a process called SUMOylation, plays an important role in the
silencing of ERVs (Ivanov et al., 2007; Yang et al., 2015). SUMO proteins contribute
especially to protein-protein interactions for example of TRIM28 with SETDB1 and also
a role in the recruitment of TRIM28 to ERVs has been proposed (Geis and Goff, 2020).
Still the precise mechanisms of TRIM28 location to the SHIN sequence is unknown and
its further investigation bears potential for interesting findings.

1.3.3 SETDB1 marks ERVs with H3K9me3

The H3K9 methyltransferase SET Domain Bifurcated 1 (SETDB1, also known as ESET
and KMT1E) was identified as a TRIM28 associated silencing factor already two decades
ago (Schultz et al., 2002). Similar to the strong up regulation of ERVs and reduction of
H3K9me3 observed in TRIM28 depleted ES cells (Rowe et al., 2010), also the loss of
SETDBI in early embryogenesis results in a strong de-repression of many ERV classes
(Matsui et al., 2010; Karimi et al., 2011). Since the deletion of SETDB1 in MEFs,
similar to TRIM28, did not lead to a strong up-regulation of ERV expression, their
essential role for ERV silencing was believed to be most pronounced in the early phases
of development and ES cells while DNA methylation gains importance in differentiated
cells (Matsui et al., 2010; Rowe et al., 2010; Leung and Lorincz, 2012). However, more
recent studies also support ERV silencing roles for SETDB1 and TRIM28 in somatic
cells as for example B- or T-cells (L. et al., 2015; Pasquarella et al., 2016; Takikita
et al., 2016; Fukuda and Shinkai, 2020). Importantly a critical role of SETDB1 has
been reported in many cancers over the past years (recently reviewed by Lazaro-Camp
et al. (2021)), making SETDBI1 an attractive target for cancer therapy (Kang, 2018).
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The heterochromatin mark H3K9me3 plays an important role for silencing euchromatic
promoters and heterochromatin reprogramming, especially during embryo development
(Wang et al., 2018; Nicetto and Zaret, 2019). As a recent study showed its not only
the silencing potential of H3K9me3 that leads to the SETDBI1-mediated silencing
effects, but a more complex mechanism. One of the regulatory modes of SETDBI is by
controlling a dual heterochromatin state where SETDB1 dependent H3K9me3 together
with H3K36me3, usually associated with transcription, affect gene expression profiles in
mESCs by marking and repressing potential enhancers, which are also present on some
ERVs. Removal of SETDB1 caused loss of both signatures and turned these regions into
active enhancers causing up-regulation of several genes (Barral et al., 2022).

Not only SETDBI itself, but also some of its interacting proteins have been found
to contribute to provirus and ERV silencing, chromatin assembly factors CHAF1A /B,
which as part of a histone chaperone complex, contribute to H3K9me3 on ERVs by
inserting variants H3.1/2 during replication (Yang et al., 2015; Wang et al., 2018).
Beyond that also the protein ATF7IP (also known as MCAF1 or AM), an important co-
factor for SETDBI, is needed for efficient repression and stimulates SETDB1 enzymatic
activity (Wang et al., 2003; Ichimura et al., 2005). A screening for ERV silencing factors
confirmed ATFT7IP contribution in ES cells (Fukuda et al., 2018) while mechanistically
it was described that ATF7IP stabilizes SETDB1 and promotes its location to the
nucleus (Timms et al., 2016; Tsusaka et al., 2020). From the clinical aspect also ATF7IP,
together with SETDB1, has been proposed as a target for immunotherapy in cancer
(Hu et al., 2021).

Similar to the DNA methylation pathway components DNMT1/UHRF1, also the
SETDBI1 and ATFT7IP proteins were not further investigated in the present work as very
detailed analysis were performed previously in the Schotta laboratory. The corresponding
dissertations of Gustavo Pereira de Almeida studying ATF7IP and its ERV regulation
mechanisms (de Almeida, 2018) and of Alessandra Pasquarella and Rui Fan who studied
the role of SETDB1 during haematopoiesis (Pasquarella, 2015) and early embryonic
development (Fan, 2015) can be found in the electronic theses library of the LMU.

1.3.4 ATRX stabilizes the Genome

ATRX belongs to the SWI/SNF family of chromatin remodelers (Picketts et al., 1996)
and was identified as the gene mutated in the genetic disease of Alpha-Thalassemia
X-Linked Mental Retardation (ATRX) Syndrome (Gibbons et al., 2003). Alterations
of ATRX also contribute to different cancers (Dyer et al., 2017; Darmusey et al., 2021)
where they for instance can indicate high-risk in neuroblastoma progression (Akter
et al., 2021). On the molecular level ATRX has been shown to play a role in genome
stabilization and transcriptional repression, especially at H3K9me3-containing repetitive
regions. Most studied examples are telomeres, where it cooperates with the histone
chaperone DAXX to install the histone variant H3.3 to maintain structural integrity
(Wong et al., 2010; Lewis et al., 2010), and at pericentric heterochromatin, where it is
localized by readout of histone H3 modifications (Eustermann et al., 2011; Fioriniello
et al., 2020). Another target of ATRX are regulatory regions which have both H3K9me3
and H3K36me3, for example at the 3" exons of zinc finger genes, where it contributes to
preserve SETDB1 mediated H3K9me3 enrichment (Valle-Garcia et al., 2016).
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ATRX loss-of-function can cause genomic instability by alternative lengthening of
telomeres, replication stress as well as DNA damage through G-quadruplex (G4) and
DNA secondary structures (Akter et al., 2021; Teng et al., 2021). Other functions of
ATRX interestingly include RNA-binding of RepA /Xist to promote loading of PRC2
and contributing to X inactivation and other polycomb target genes by H3K27me3
deposition (Sarma et al., 2014; Ren et al., 2020). Recently the investigation of global
chromatin accessibility and transcriptional changes in human cancer cells were associated
with ATRX inactivation (Liang et al., 2020), supporting ATRX’s important role for
both genome stabilization and regulation.

The identification and characterization of ATRX as an ERV silencing factor is a novel
finding of the first publication presented in this thesis (Sadic et al., 2015) and is
connected to its well-characterized contribution to the depostion of H3.3 together with
the chaperone DAXX which will be highlighted in the following section.

1.3.5 DAXX deposits the Histone Variant H3.3

The ATRX interaction partner DAXX (Death domain-associated protein 6) was originally
identified to induce apoptosis (Yang et al., 1997). Nowadays multiple functionalities and
implications in different biological processes as DNA repair, chromatin modification and
defense to viral infections are known, with the most studied roles still being apoptosis
and transcriptional repression (Tang et al., 2015; Mahmud and Liao, 2019). Proper
DAXX function is indispensable for mammalian development, especially in early embryos
(Bogolyubova and Bogolyubov, 2021; Ishiuchi et al., 2021). One of the main functions
of DAXX is the formation of a histone chaperone complex, together with ATRX, which
specifically mediates replication-independent chromatin assembly of the variant histone
H3.3 (Drané et al., 2010; Lewis et al., 2010).

H3.3 differs from H3.1 and H3.2 by only four or five amino acids and is encoded by two
genes (H3-3A and H3-3B), whose translations result in identical proteins (Martire and
Banaszynski, 2020). Deposition of H3.3 into chromatin is meditated by two selective
chaperones: While the HIRA complex deposits H3.3 in association with actively tran-
scribed genes, and therefore is not of main interest for this thesis, the ATRX and DAXX
complex incorporate H3.3 for heterochromatin formation and telomere stabilization (Shi
et al., 2017; Loppin and Berger, 2020). This ATRX/DAXX mediated deposition has
been shown to be required for heterochromatin formation in embryos (Santenard et al.,
2010) and necessary for silencing ERVs (Elsasser et al., 2015). Additionally, H3.3 has
been reported to silences retroviruses (Wolf et al., 2017) and also DAXX was identified
as an HIV restriction factor with its antiviral function against HIV-1 replication by
initiating epigenetic repression of retroviral infection and inhibiting reverse transcription
(Shalginskikh et al., 2013; Dutrieux et al., 2015; Maillet et al., 2020).

Interestingly, DAXX has no reported own enzymatic activity, instead it acts as a scaffold
to bridge different proteins. These interactions are based on SUMOylation, where DAXX
itself is SUMOylated, but also harbors two SIM (SUMO-interacting Motif) domains
which recruit and bind SUMO-conjugated proteins to regulate their function (Mahmud
and Liao, 2019). Also the antiviral response is relying on SUMOylation dependent
mechanisms and DAXX, ATRX as well as many others were found in the SUMO2
proteome during HSV-1 infection (Sloan et al., 2015). Several interaction partners of
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DAXX and ATRX are composed in a multi-protein nuclear structure called PML bodies,
which function as a platform for the establishment of heterochromatin (Chang et al.,
2013; Delbarre and Janicki, 2021).

The contribution of DAXX to regulation of ERVs and other repetitive regions was,
simultaneously to our study, supported by other publications (Elsasser et al., 2015; He
et al., 2015). Also more recent investigations confirm that the loss of DAXX creates
a chromatin state permissive to transcription, due to ERV up regulation and leads to
impaired tissue regeneration for example in pancreatic cancers (Wasylishen et al., 2020).
Very interestingly for this work it was recently shown that the H3.3 exchange and
surrounding chromatin remodeling activities are highly dynamic with the protein SMAR-
CAD1 evicting the nucleosomes (Navarro et al., 2020). Since not all factors and
contributors necessary to replace evicted nucleosomes are known, the second study
presented in this thesis will contribute to finding answers to this open question.

1.3.6 A Family of Silencing Factors: The MORC Proteins

In the quest to identify so far unknown silencing factors one family of proteins, the
MORC proteins, were of particular interest. The first Morc gene, short for Microrchidia,
was identified in mice over two decades ago. As so often, a serendipitous mutation paved
the way for its initial discovery as it lead to a severe developmental phenotype. Insertion
of a transgene, with deletion of flanking genomic regions, caused infertility and reduced
testicle size of male mice by the complete arrest of spermatogenesis at an early meiotic
stage. Since the medical condition of microorchidism describes abnormally small testes,
the term Microrchidia was chosen to designate the mutation (Watson et al., 1998).

The subsequent characterization of the affected locus and gene product described the
first member, MORC or later MORCI1, of a conserved nuclear protein family present in
a wide variety of organisms. Soon the human homolog was studied, and investigations
of sequence similarities via BLAST (Basic Local Alignment Search Tool) and FASTA
algorithms discovered conformity to functionally undescribed human genes, that were
afterwards characterized as MORC2 and MORCS. Additionally several matches to
sequences of other species like the zebrafish Danio rerio, the nematode Caenorhabditis
elegans or the model plant Arabidopsis thaliana were reported, which suggested early,
that the discovered protein formed the first member of a whole new protein family with
diverse roles across different kingdoms of life (Inoue et al., 1999).

Further comparative genomics showed similarity to Morc genes in the genomes of a wide
range of organisms, from prokaryotes to eukaryotes. The evolutionary early appearance
suggested a prokaryotic origin while on the functional side, fusions of different family
members to several DNA- and peptide-binding domains implicated chromatin association
(Iyer et al., 2007, 2008). The ATPase domain of MORC proteins in particular, attributes
them as part of an even broader super family of chromatin associated proteins, the so
called GHKL-ATPases. This protein family is termed after prototypical members such
as the DNA Gyrase, the molecular chaperone HSP90, the Histidine Kinase, and the
DNA repair enzyme MutL (Inoue et al., 1999; Dutta and Inouye, 2000). Conservation
among MORC proteins, also between the plant and animal kingdom, is mainly present
in this GHKL-type ATPase and its fusion to an S5 fold (a beta-alpha-beta fold, termed
after domain 2 of the ribosomal protein S5) which together from the catalytically
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active ATPase module (Koch et al., 2017). A more recent comparative analysis of Morc
orthologs from plants and animals even lead to the definition of a “MORC domain” which
was defined as a highly conserved motif composition, also including the GHKL-ATPase
and S5 domains, spanning ~370 amino acids at the N-terminus (Dong et al., 2018).
Another characteristic attribute of many MORC proteins, both in plants and animals,
are one or more C-terminal coiled-coil domains which are important for protein-protein
interactions and specifically for the formation of homodimers, as seen for the human
MORC3 (Inoue et al., 1999; Mimura et al., 2010). Additionally, human and mouse
MORC proteins, unlike their plant homologs, harbor a CW type zinc finger domain.
This structural component is termed after its conserved cysteine (one letter code: C)
and tryptophan (one letter code: W) residues (Perry and Zhao, 2003) and was identified
as a histone modification reader confirming the chromatin association of MORC proteins
(He et al., 2010; Hoppmann et al., 2011).

While the mammalian MORC was first identified in the context of meiosis, the identifi-
cation of plant MORCs was based on screens for viral resistance and plant immunity
(Kang et al., 2008). The Arabidopsis MORCs were described to be required in different
processes, such as pathogen-induced chromatin remodeling, heterochromatin conden-
sation and gene as well as transposon silencing (Moissiard et al., 2012, 2014; Langen
et al., 2014). In more recent years further characterizations emphasized their role in
plant immunity, transcriptional gene silencing and plant growth by contribution to the
plant-specific RNA-directed DNA methylation pathway (Galli et al., 2021; Xue et al.,
2021).

The copy number of plant MORCs varies greatly between different lineages, where
Arabidopsis with 7 Morc genes is in the middle of a range from a single copy in some
algae up to 23 in common wheat (Dong et al., 2018). The duplications of Morc genes
together with different expression patterns might indicate functional divergence and
point at different roles as epigenetic regulators in various nuclear processes (Li et al.,
2013; Dong et al., 2018).

In animals the copy number of Morc genes is more stable. Many species, as for example
humans, contain 4 MORC protein family members (MORC1, MORC2, MORC3 and
MORC4) with the highest number in mouse and rat, which have 5 MORC proteins
(MORC1, MORC2a, MORC2b, MORC3 and MORCA4).

An evolutionary analysis of the Morc gene family, confirmed an origin before the diver-
gence of plants and animals as well as a further division of the branches within the plant
and animal kingdoms. The animal branch could be subdivided by two, Animal-Group I
and Animal-Group II, interestingly separating Morc genes from the same species. Even
though both animal groups contained vertebrate and invertebrate species the human
MORC1 and MORC?2 were part of Animal-Group I while Animal-Group II contained
human MORCS and MORC/ (Dong et al., 2018).

Beside the structural analysis also diverse functions in a variety of organisms are getting
elucidated in the recent years. As an example the MORC protein of the single cell,
eukaryotic parasite Toxoplasma gondii was described as an upstream transcriptional
repressor of sexual commitment, therefore playing a critical role in the parasites life
cycle (Farhat et al., 2020). Another example is the increasingly detailed analysis of the
C. elegans MORC, which provided insight into its role in trans generational maintenance
of chromatin organization downstream of small RNAs (Weiser et al., 2017), as well as
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compaction of DNA by forming DNA loops, where the C. elegans MORC has been
shown to topologically entrap and condense DNA (Kim et al., 2019).

More relevant for this study however, are the functions of mammalian MORCs. Also
here the research rapidly expands and several functions have already been investigated.
The first member of the MORC family, MORC1, has been shown to be responsible for
transposon repression in the germ line of male mice (Pastor et al., 2014). Even though
MORCI1 is mainly studied in spermatogenesis it also shows expression in the brain,
where it was recently proposed as a potential new target in mood regulation, connected
with early life stress and depression (Mundorf et al., 2021).

Early studies of the human MORC2 showed that it was highly expressed in cancer cells
an had a repression potential (Wang et al., 2010), MORC2 further showed recruitment
of histone deacetylases associated with transcriptional repression (Shao et al., 2010;
Zhang et al., 2015) and chromatin remodeling in DNA damage response (Li et al., 2012a;
Wang et al., 2015). MORC2s silencing potential was later confirmed by identification of
its essential contribution to human silencing hub (HUSH) dependent silencing, which de-
posits Setdbl mediated H3K9me3 (Tchasovnikarova et al., 2017). Mutations of MORC2
are associated with a neurological disorder, the Charcot-Marie-Tooth (CMT) disease,
characterized by damage to the peripheral nerves (Sevilla et al., 2015).

Several mutations in the MORC2 ATPase domain have been implicated in CMT disease,
and investigation of the most common mutation showed a function in hyperactivation
of HUSH-mediated silencing in neuronal cells (Tchasovnikarova et al., 2017). MORC2
together with the HUSH complex binds evolutionary young Linel (L1) transposons,
the only active retrotransposon in human, and promotes its transcriptional silencing by
mediating H3K9me3 despostion (Liu et al., 2017).

In rodents the Morc2 gene underwent a duplication by retrotransposition, where the
first copy Morc2a, gave rise to a second locus coding for the functional and germ
cell-specific protein MORC2b, which is essential for fertility of both sexes by regulation
of meiosis-specific genes (Shi et al., 2018).

MORC4 was for a long time a poorly studied member of the MORC family, apart from a
role as a potential lymphoma biomarker due to its high expression in a subset of diffuse
large B-cell lymphomas and roles in several kinds of inflammatory diseases like Crohn’s
disease or chronic pancreatitis (Liggins et al., 2007; Hong et al., 2016). Only recently
a study reported the molecular mechanism of the MORC4 ATPase activation and its
biological functions as it regulates the formation of nuclear bodies (NBs) and plays a
role in the cell cycle S-phase progression (Tencer et al., 2020).

In summary MORC proteins have been associated with vital, physiological functions,
that when impaired by Morc mutations or changed expression patterns result in severe
developmental phenotypes including germ line sterility, immune system defects, neural
disorders, and different kinds of cancer (Hong et al., 2016).

Also MORC3 has been shown to be an interesting factor for health. Since it is a key
protein in the investigations of this thesis it will be introduced separately in more detail
during the following section.
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1.3.7 MORCS3 - A promising candidate for ERV silencing

A special focus of this work lies on the protein MORC3. It presented itself among the
highest hits and as the most promising novel factor discovered in the sgRNA SHIN
silencing screen. At the outset of my research, MORC3 was a protein of largely unknown
function, yet several of its described structures made it an appealing suspect for further
investigation.

MORCS is ubiquitously expressed in human (Takahashi et al., 2007) and also known as
NXP-2 (Nuclear Matrix-binding Protein 2), KIAA0136, ZCWCC3 (Zinc finger CW-type
coiled-coil domain protein 3) and ZCW5 (Li et al., 2013). Besides the identification and
characterization of MORC family proteins mentioned in the previous section, human
MORC3 was discovered independently as the nuclear protein NXP-2. As its name
indicates it localizes to the nuclear matrix and has a RNA binding domain (Kimura
et al., 2002). The curiosity of both these characteristics where highlighted in the recent
study of another RNA binding, nuclear matrix protein, SAFB. SAFB modulates chro-
matin condensation and stabilizes heterochromatin foci in mouse cells by interaction
with heterochromatin-associated repeat transcripts such as major satellite RNAs and
promotion of phase separation (Huo et al., 2020). Even though the investigations of this
thesis did not focus on MORC3 RNA- or nuclear matrix-binding properties, neither touch
the aspect of phase separation, it should be mentioned that also MORC3, was recently
shown to form nuclear condensates through phase separation (Zhang et al., 2019b),
confirming earlier observations where overexpression of MORCS3 lead to formation of
whuclear domains (NDs)” (Mimura et al., 2010) and potentially directing to additional
functions beyond the results of this thesis. Especially the MORC3 RNA binding capacity
should be further investigated since it was recently shown that RNA plays a crucial
role in nuclear organization and promotes the formation of spatial compartments in the
nucleus (Quinodoz et al., 2021; Zhang et al., 2021a).

MORCS3, as NXP-2, has also been of clinical interest for over a decade as a frequent
autoantigen. NXP-2 autoantibodies occur in a variety of juvenile dermatomyositis
(Gunawardena et al., 2009), a disease characterized by inflammation of muscles and skin,
and are correlated with increased cancer risk in dermatomyositis patients (Fiorentino
et al., 2013). More recently the NXP2 autoantibodies are even used as a characterization
tool and predictor of complication and decision of therapeutic strategy (Fujimoto et al.,
2016). Besides the dermatomyositis, human MORC3 was mapped to chromosome 21
(Katsanis et al., 1997), while the mouse More3 region is localized on chromosome 16
(Inoue et al., 2000), which is connected with the mouse model of Down syndrome (Ling
et al., 2014) implicating a potential role of MORCS in this genetic disorder. A study of
partial trisomy of mouse chromosome 16, which leads to a neuropathology similar to
the one observed in patients with Down syndrome, identified interferon-related signal
transduction as the most significantly dysregulated pathway. Morc3 was among the
upregulated differentially expressed genes (DEG) but its functional contribution was not
investigated (Ling et al., 2014). Fitting to the assumption of MORC3 involvement in
interferon signaling, a recent data set on GEO describes MORC3 as a negative regulator
of Type I Interferon, while to associated publication is not available yet the regulation
of cell signaling pathways by MORCS3 is intriguing (GEO Series GSE182755)

MORCS3 plays an essential physiological role during development, since mutant mice
show a peculiar phenotype: Morc3~/~ mice die at, or within, a day after birth (Taka-
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hashi et al., 2007) and also the heterozygous mice show a detectable phenotype with
an altered haematopoietic stem cells niche and bone cell differentiation (Jadhav et al.,
2016) even though the mechanisms behind are not yet understood.

On the molecular level MORC3 is a conserved protein with a length of 942 amino acids in
mouse and 939 in human. Like the other MORC proteins, it contains the characteristic
N-terminal GHKL-ATPase domain which undergoes conformational changes coupled
with ATP turnover. The ATPase domain controls dimerisation, where the ATP unbound
MORCS3 is present as a monomer and forms a homodimer upon ATP binding (Mimura
et al., 2010; Li et al., 2016) together with the coiled-coil domain at the carboxy-terminus,
similar to the function of other GHKL ATPases which act as dimerized “molecular
clamps” (Corbett and Berger, 2006). ATP hydrolysis and connected dissolution of the
ATPase domain dimer requires DNA (Andrews et al., 2016).

The CW type zinc finger domain plays an important role for two aspects. On the one
hand, it can interact with the ATPase domain, leading to negatively regulated ATPase
activity. This inhibition can be relived by ligand binding to the CW-domain, resulting
in higher ATPase activity (Andrews et al., 2016; Zhang et al., 2019¢). Apart from its
regulatory role on the ATPase cycle, the CW domain has also been shown to bind to
histone H3 tails and several studies found MORC3 as an H3K4 binder (Li et al., 2012b;
Eberl et al., 2013) with a preference for posttranslational modifications (PTMs) with
the higher methylation state H3K4me3 (Andrews et al., 2016; Liu et al., 2016). MORC3
discovery as a reader of H3K4me3, is a very curious finding, since this active histone
mark is associated with promoters and first ChIP-seq analyses described that MORC3
localizes to H3K4me3 marked chromatin (Li et al., 2016), while its previously described
localization to promyelocytic leukemia-nuclear bodies (PML NBs) with regulation of
the tumor suppressor p53 were reported (Takahashi et al., 2007). The localization to
PML bodies is an interesting feature, as also the silencing factors DAXX, ATRX and
SETDBI1 have been found to associate with these structures in a SUMOylation depended
manner (Lin et al., 2006). In fact the repression capacity of NXP2 was recognized even
before the protein was studied as MORCS3 in the context of the MORC family. After
identification in a proteomic screen for SUMO2-binding proteins, silencing of a Gal4-
reporter confirmed the SUMO mediated repression by NXP-2, but its targets were not
investigated (Rosendorff et al., 2006). Later studies confirmed MORC3-SUMOylation
and 5 Lysines were identified to play a crucial role in the regulation (Mimura et al.,
2010) and potential SUMO dependent interactions.

Antiviral properties were described to restrict Herpes Simplex Virus 1 and Human
Cytomegalovirus (Sloan et al., 2016). Viral proteins can also serve as ligands for the
MORC3 CW domain by mimicking histones (Zhu and Qin, 2019) and thereby targeting
MORC3 and its anti-viral function, as it was described for the NS1 protein the Influenza
A Virus (Zhang et al., 2019a). Since the viruses aim at inhibiting MORCS3, also the po-
tential host cells need to counteract. A recent study proposed a model where the primary
anti-viral function of MORCS3 is self-guarded by a secondary interferon (IFN)-repressing
function. Therefore, if a virus targets MORC3 to counteract its primary anti-viral
function the secondary anti-viral IFN response will be unleashed (Gaidt et al., 2021).
Also transposon silencing has recently been reported as a novel MIWI2 association
partner and epigenetic regulator of piRNA dependent transposon silencing in male germ
cells (Kojima-Kita et al., 2021).
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Taken together MORCS3 is as an interesting new silencing factor to investigate, since the
molecular function of silencing in mESCs could not be explained yet. Its important role
in ERV silencing was further strengthened by Desai et al. (2021), who also reported an
ERV silencing function of MORC3 in mES cells shortly after the results of this thesis
were published in Groh et al. (2021).

1.4 Aims of the Thesis

As laid out in the previous chapters of the introduction, the importance of ERV regulation
for functional chromatin architecture in development and health are gaining increasing
appreciation. Even though many studies are performed to investigate heterochromatin
and silencing of transposons, the precise mechanisms of regulation are still not completely
understood.

A crucial step to investigate heterochromatin and regulation of endogenous retroviruses
was to identify an adequate model to study the silencing mechanisms. This goal was
reached in the first publication comprised in this thesis, by the discovery of a specific and
strong silencing recruitment sequence within the IAPEz family of ERVs. This significant
achievement was driven by the first author of the publication, Dennis Sadic, who finished
his PhD (Sadic, 2014) shortly after I joined the project. As a newly arrived student
in the Schotta lab I was eager to contribute to the exciting project investigating ERV
silencing and felt honored to be entrusted with the responsible role of conducting all
the revision experiments for the paper “Atrx promotes heterochromatin formation at
retrotransposons”, printed in this thesis from page 23.

The objective of both presented publications was to understand the silencing mechanisms
at this newly discovered reporter sequence by employment of different screening systems.
They were constructed out of the SHIN sequence, and either based on initiation of
silencing (publication 1, leading to the identification of ATRX) or maintenance of
silencing (publication 2, identifying MORC3) in genome scale screening approaches
to determine molecular functions and genes involved in mammalian heterochromatin
formation.

After identification of novel hits from the screens, the goal was to validate and further
investigate the proteins by genetic and biochemical experiments to uncover more about
the underlying mechanisms.

The focus and key objective during my doctoral time was the functional characterization
of MORC3 and eventually the identification of the molecular silencing mechanisms
behind the observed phenotype. To get a clearer picture of how MORC3 acts in the
context of chromatin, its location and binding sites in the genome were revealed by
ChIP-seq of a FLAG-tagged MORC3 cell line.

The next aim was the descriptive analysis of the MORC3-KO in SHIN silencing assays,
expression analyses by qPCR and RNA-seq as well as investigation of chromatin changes,
as chromatin accessibility by ATAC-seq and change in characteristic histone marks as
H3K9me3, H3K4me3 and H3K27ac.

The way for uncovering the molecular mechanism, by which MORC3 contributes to the
silencing, was paved by the generation and investigation of different MORC3 mutants cell
lines. To identify the most significant partners for MORC3 function, protein interaction
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studies of MORC3 and its mutants by IP-MS were performed. Finally, H3.3 ChIP-seq
experiments were conducted to confirm the newly discovered role of MORCS.

The results of this fascinating project are present in the second publication “Morc3
silences endogenous retroviruses by enabling Daxx mediated histone H3.3 incorporation”,
printed in this thesis from page 39.
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Abstract

More than 50% of mammalian genomes consist of retrotransposon
sequences. Silencing of retrotransposons by heterochromatin is
essential to ensure genomic stability and transcriptional integrity.
Here, we identified a short sequence element in intracisternal A
particle (IAP) retrotransposons that is sufficient to trigger hetero-
chromatin formation. We used this sequence in a genome-wide
shRNA screen and identified the chromatin remodeler Atrx as a
novel regulator of IAP silencing. Atrx binds to IAP elements and is
necessary for efficient heterochromatin formation. In addition,
Atrx facilitates a robust and largely inaccessible heterochromatin
structure as Atrx knockout cells display increased chromatin acces-
sibility at retrotransposons and non-repetitive heterochromatic
loci. In summary, we demonstrate a direct role of Atrx in the
establishment and robust maintenance of heterochromatin.
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Introduction

Silencing of retrotransposons is essential for embryonic develop-
ment. Firstly, novel retrotransposon insertions can impair genome
stability [1], and secondly, aberrant activation of retrotransposon-
based enhancers can confuse the transcriptome by affecting the
expression of nearby genes [2,3]. In light of these findings, recent
data have implicated retrotransposons in the development of human
diseases, such as cancer [4]. Hence, it is important to understand
how mammalian retrotransposons are targeted for silencing.
Silencing of retrotransposons involves the establishment of a
heterochromatic domain covering the important regulatory regions
of these elements. This heterochromatic structure shows a very
similar modification signature to pericentric heterochromatin and

features high levels of DNA methylation as well as H3K9me3 and
H4K20me3 [5]. Chromatin modifications on retrotransposons are
established by the same molecular machineries that act on pericen-
tric heterochromatin, except for H3K9me3 which is not predomi-
nantly mediated by Suv39h enzymes but rather depends on the
histone methyltransferase Setdbl [6]. Targeting of the repressive
machineries to retrotransposons is incompletely understood. In part,
DNA methylation imprints of germ cells are used to re-establish
heterochromatin during early embryonic development [7,8]. In addi-
tion, there is strong evidence for de novo pathways that recognize
specific retrotransposon sequences [9-11]. These pathways are
active in embryonic stem (ES) cells and can be utilized to study de
novo heterochromatin establishment.

To identify novel players in heterochromatin establishment and
maintenance on retrotransposons, we chose the abundant class of
IAP retrotransposons as model system. In ES cells, IAP silencing
depends on the transcriptional repressor Trim28 that interacts with
Setdbl and thus mediates the recruitment of H3K9me3. Trim28 and
Setdb1 also regulate the establishment and turnover of DNA methyl-
ation at IAP sequences in ES cells [12]. Interestingly, in differenti-
ated cells IAP silencing does not require the Trim28 pathway
anymore and largely depends on DNA methylation, suggesting that
Trim28 is mainly an important factor in the de novo pathway for
heterochromatin establishment [12,13]. How IAP sequences specifi-
cally recruit Trim28 and Setdbl in ES cells is largely unclear. Likely
candidates for targeting Trim28 to IAPs are sequence-specific KRAB
zinc finger proteins. Recruitment of Trim28 by KRAB zinc finger
proteins is well described in vitro [14-17] and on few endogenous
targets including MLV proviruses and imprinted regions [9,18,19].
This hypothesis predicts that retrotransposons contain nucleation
sites for silencing, bound by KRAB zinc fingers. In accordance with
this model, novel IAP insertions into the genome of mouse ES cells
recruit Trim28-dependent silencing [10,13].

Here, we systematically tested sequence elements of IAP retro-
transposons for their ability to induce heterochromatin formation
and identified a small region of 160 bp (SHIN) that is sufficient to
trigger silencing. Based on this sequence, we developed a shRNA
screen and identified the SNF2-type chromatin remodeler Atrx as
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strong modifier of IAP silencing. Atrx was initially identified as
the gene responsible for the X-linked alpha thalassemia/mental
retardation (ATR-X) syndrome [20]. ATRX-deficient cells display
numerous phenotypes connected to heterochromatic regions, such
as defective sister chromatid cohesion and telomere dysfunction
[21-23]. ATRX loss is further connected to alterations in DNA
methylation patterns at imprinted regions, rfDNA loci, telomeric
repeats, and pericentromeric heterochromatin [24,25]. Recruitment
to heterochromatic domains may be due to direct binding of the
Atrx ADD domain to H3K9me3 in the context of unmethylated
H3K4 [26,27]. Interaction with HP1, which is highly enriched at
heterochromatin, has been shown to also contribute to stable
recruitment of Atrx [26,27].

Recently, Atrx was found to interact with the histone H3.3-
specific chaperone Daxx to facilitate H3.3 deposition in telomeric
and pericentromeric regions [28-30]. Notably, this H3.3 deposition
pathway is frequently mutated in pancreatic neuroendocrine
tumors, glioblastoma, and pediatric neuroendocrine tumors [31-
35]. These mutations are generally associated with an activation of
the alternative lengthening of telomeres (ALT) pathway, a telomer-
ase-independent mechanism to extend telomere length by recombi-
nation [32,36]. It is currently unclear if H3.3 deposition by Atrx/
Daxx is really necessary to establish proper heterochromatin
domains across telomeres and pericentromeric heterochromatin.
Furthermore, it is not known if Atrx affects heterochromatin in other
regions of the genome.

In this study, we show that Atrx is crucial for heterochromatin
formation at IAP retrotransposons. Interestingly, heterochromatin
establishment does not involve Daxx-mediated histone H3.3 incor-
poration. Instead, Atrx is important for generating an inaccessible
chromatin structure on retrotransposons and non-repetitive regions
in the genome which is necessary for robust maintenance of hetero-
chromatin. Thus, our data reveal a novel role of Atrx in hetero-
chromatin organization and may help to explain pathological
phenotypes associated with ATRX syndrome or ATRX-deficient
tumors.

Results

Identification of a short heterochromatin inducing
sequence (SHIN)

To monitor the silencing potential of specific DNA sequence
elements of mouse IAP retrotransposons, we developed a lentiviral
hEF1o-EGFP reporter system (Fig 1A). When we combined the
reporter with the well-characterized repressor binding site (RBS) of
the MLV retrovirus [9,37], strong silencing of EGFP expression was
observed 2 days post-transduction (Fig 1A). Similar effects were
observed with the GAG region of IAP retrotransposons (Fig 1A). In
order to more systematically test silencing potential of IAP sequence
elements, we analyzed different IAP regions in our reporter assay
(Fig 1B). A previously characterized region containing the UTR of
IAP retrotransposons [10] displayed reporter silencing; however, the
strongest effect was exerted by the ~2,000-bp-long IAP-GAG region
(Fig 1B). As de novo silencing of IAP retrotransposons is restricted
to ES cells [38], we did not detect silencing in mouse embryonic
fibroblasts (MEF). To refine potential silencing initiating elements
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within the GAG region, we further dissected this element into 400-bp
fragments (Supplementary Fig S1A) and could finally determine a
region of 160 bp which was sufficient to induce strong reporter
silencing (Fig 1C). This sequence could not be further shortened
without compromising silencing potential (Fig 1C) and is highly
conserved in more than 600 IAP elements, predominantly of the
IAP-Ez subclass (Supplementary Fig S1C, Supplementary Table S1).
As will be outlined below, this short sequence element is sufficient
to trigger heterochromatin formation; thus, we termed this region
SHIN for short heterochromatin inducing sequence. Notably, SHIN
silencing is not restricted to the hEF1a promoter (Supplementary Fig
S1B) and is orientation independent (Supplementary Fig S1B),
suggesting that silencing is initiated by sequence-specific DNA bind-
ing factors.

The SHIN sequence induces heterochromatin

In ES cells, IAP silencing is mediated by heterochromatin that
depends on Trim28 which, in turn, recruits the H3K9me3 methyl-
transferase Setdb1 [6,10,39]. Similar to pericentric heterochromatin,
the H3K9me3-rich domains across IAP elements coincide with
H4K20me3 and DNA methylation. To test if SHIN silencing is depen-
dent on any of these chromatin modifications, we assessed the
extent of SHIN repression in ES cell lines that are depleted for the
major silencing machineries. Here, we measured the number of
EGFP-positive cells relative to the control reporter that does not
contain the SHIN sequence. Interestingly, cells deficient for Suv39h,
Suv4-20h, Dnmtl1, or Dnmt3ab can still effectively silence the SHIN
reporter (Fig 2A). In contrast, Setdbl knockout cells are severely
compromised in SHIN silencing (Fig 2A). Also, lentiviral knock-
down of Trim28, which did not even completely abolish Trim28
expression (Supplementary Fig S1D and E), resulted in strong silenc-
ing defects. These data demonstrate that SHIN silencing requires the
major players that also regulate silencing of endogenous IAP
elements.

Next, we asked if the SHIN sequence can directly trigger
Trim28-/Setdbl-dependent heterochromatin formation. To address
this question, we used a well-established recombinase-mediated
cassette exchange (RMCE) cell line to integrate the SHIN sequence
into a defined position of the ES cell genome (Supplementary
Fig S1F) [40,41]. We combined the SHIN sequence with a Tet-
inducible EGFP-T2A-zeocin reporter which is not transcribed in
the absence of doxycycline (Fig 2B). We also generated a control
reporter lacking the SHIN sequence (Fig 2B). RMCE of the two
reporter constructs resulted in the HA36::SHIN and HA36::control
cell lines (Fig 2B). ChIP-qPCR analysis revealed high levels of
H3K9me3 across the RMCE locus in HA36::SHIN cells, comparable
to endogenous IAP elements (Fig 2B). In contrast, only residual
occupancy for H3K9me3 was detected in HA36::control cells
(Fig 2B). To test if H3K9me3 across the SHIN reporter depends on
Setdbl, we performed CrispR/Cas knockout of Setdbl in HA36::
SHIN cells. Prolonged knockout of Setdbl is lethal for ES cells.
Thus, we could not select for Setdbl knockout cells and used a
mixed population of Setdbl-deficient/Setdb-proficient cells for
ChIP analyses 4 days post-sgRNA transduction (Fig 2C, Supple-
mentary Fig S1G). H3K9me3 levels at major satellite repeats are
dependent on Suv39h enzymes and therefore remained almost
unchanged upon Setdbl depletion (Fig 2C). Levels of H3K9me3 at
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Figure 1.

Identification of a short heterochromatin inducing sequence (SHIN) in mouse IAP retrotransposons.

A Reporter assay for retrotransposon silencing. Mouse ES cells were transduced with indicated lentiviral reporter vectors, and EGFP fluorescence was monitored 2 days
later by FACS. PE was used as empty channel. RBS, repressor binding site of the MLV virus; IAP-GAG, GAG coding sequence of IAP retrotransposons.

B The GAG coding region of IAP retrotransposons leads to strong reporter silencing in mouse ES cells. Structure of IAP elements: LTR, long terminal repeats; UTR, 5
untranslated region; GAG, GAG protein coding sequence; PRO, coding sequence of retroviral protease; and POL, coding sequence of retroviral polymerase. Indicated
sequence elements of IAP retrotransposons were cloned upstream of the EGFP reporter cassette and tested for silencing activity in mouse ES cells and MEFs. Fold
repression was calculated relative to the control EGFP vector at the same multiplicity of infection (MOI). Bar plots indicate the mean of four to seven biological

replicates. Error bars indicate the standard deviation.

C Identification of the 160-bp SHIN sequence. Sub-fragments of the GAG coding region were tested for silencing activity as in (B). The smallest fragment which was still
able to induce full repression was designated SHIN. Bar plots indicate the mean of two to six biological replicates. Error bars indicate the standard deviation.

Source data are available online for this figure.

endogenous IAP sequences were only mildly affected, indicating
that this modification may have a low turnover on these
sequences. Importantly, H3K9me3 was clearly reduced on a
unique Setdbl target region (pos control) and across the RMCE

EMBO reports Vol 16 | No 7 | 2015

locus containing the SHIN sequence (Fig 2C). In summary, our
data show that the SHIN sequence represents an initiation site for
heterochromatin formation from which H3K9me3 can spread over
the entire locus.

© 2015 The Authors
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Figure 2. The SHIN sequence induces Trim28-/Setdbl-dependent heterochromatin formation.

A SHIN silencing depends on the Trim28/Setdbl pathway. Mouse ES cells were transduced with the SHIN reporter or control vector, and EGFP fluorescence was
monitored 2 days later by FACS. The percentage of EGFP-positive cells after SHIN reporter transduction is shown relative to the control transduction (relative %
EGFP* cells). Setdbl knockout cells were generated by the transduction of Setdb1"°/1°* ES cells with Cre-expressing virus (Cre). Trim28 knockdown was performed by
the transduction of a lentiviral ShRNA vector (shTrim28 #1). Bar plots indicate the mean of three to six biological replicates. Error bars indicate the standard

deviation.

The SHIN sequence recruits H3K9me3. Recombination-mediated cassette exchange of the indicated SHIN reporter and control vector resulted in ES cell lines HA36::

SHIN and HA36::control, respectively. ChIP-qPCR analysis of H3K9me3 across the RMCE locus in HA36:SHIN and HA36:control cells. RMCE PCR amplicons (1-3) are
indicated. Control regions: maj sat, major satellite repeats; pos, Polrmt; neg, Tial; and IAP, endogenous IAP elements. N/A = sequence not present in the HA36:control
construct. Bar plots indicate the mean of three biological replicates. Error bars indicate the standard deviation.

Setdbl mediates SHIN-induced H3K9me3. HA36:SHIN cells were stably transduced with a Cas9 expression vector and then transduced with sgRNAs against Setdbl or

a control sequence, respectively. ChIP-gPCR for H3K9me3 was performed 4 days after sgRNA transduction. Since we could not select for Setdbl knockout, the
chromatin isolate for ChIP is composed of deleted and non-deleted cells. RMCE PCR amplicons (1-3) are indicated. Control regions: maj sat, major satellite repeats;
pos, Polrmt; neg, Tial; and IAP, endogenous IAP elements. Bar plots indicate the mean of three biological replicates. Error bars indicate the standard deviation.

Source data are available online for this figure.
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SHIN silencing requires the Snf2-type chromatin remodeler Atrx

Heterochromatin formation across SHIN strictly depends on the
Trim28/Setdbl pathway and recapitulates silencing of endogenous
IAP retrotransposons. Thus, we utilized our reporter assay to screen
for additional factors that regulate retrotransposon silencing using a
genome-wide shRNA screen (Fig 3A). We transduced wild-type ES
cells with a pooled genome-wide shRNA library, selected shRNA
expressing cells with puromycin and then transduced the SHIN
reporter. Cells that escaped SHIN silencing were isolated based on
their EGFP fluorescence, and shRNA sequences from these escaper
cells were cloned into a plasmid library (Fig 3A). We tested 71 indi-
vidual shRNA plasmids in a secondary screen. One shRNA which
most strongly inhibited SHIN repression was found to target the
SNF2-type chromatin remodeler Atrx (Fig 3B, Supplementary Table
S2). This shRNA clearly reduces Atrx mRNA and protein levels in
mouse ES cells (Supplementary Fig S2A and B). However, to rule
out off-target effects, we generated four independent knockout ES
cell lines (Supplementary Fig S2C) with loss of Atrx protein
(Fig 3C). Atrx knockout (ko) cells grow normally and show no obvi-
ous alterations in their cell cycle profile (Supplementary Fig S2D).
Importantly, SHIN silencing was defective in all Atrx knockout ES
cell lines (Fig 3D), which confirmed the shRNA screening result.

We then asked if Atrx is important for the Trim28/Setdb1 path-
way and performed SHIN silencing assays in wild-type versus Atrx
ko cells, depleted for Setdbl and Trim28, respectively (Supplemen-
tary Fig S2E and F). Although Setdbl could be depleted by around
70% (Supplementary Fig S2E), SHIN silencing was only mildly
impaired (Fig 3E). Setdbl depletion in Atrx ko cells, in contrast,
resulted in strong silencing defects (Fig 3E). This suggests that Atrx
enhances the efficiency of Setdbl-dependent repression, although
we cannot exclude the possibility that Atrx may act independently
of Setdbl in repressing the SHIN reporter, leading to synergistic
effects when both Setdbl and Atrx are depleted. Similar effects were
observed for shRNA knockdown of Trim28 (Fig 3E).

To test if Atrx is required for Trim28/Setdbl-dependent repres-
sion outside of IAP retrotransposons, we performed silencing assays
using a heterologous reporter system. The well-established repressor
binding site of MLV retrotransposons (RBS) is recognized by the
KRAB zinc finger protein Zfp809, which in turn recruits Trim28 and
Setdbl to induce silencing in a variety of cell types. In wild-type
cells, the RBS-EGFP reporter was efficiently silenced (Fig 3F,
Supplementary Fig S2G). However, RBS silencing was compromised
upon knockdown of Atrx in MEFs and in Atrx ko ES cells (Fig 3F,
Supplementary Fig S2G). Taken together, our data demonstrate Atrx
as a crucial component of the Setdb1/Trim28 silencing pathway.

SHIN silencing is independent of Daxx-mediated H3.3 deposition

On telomeres and pericentric heterochromatin, Atrx recruits Daxx to
mediate H3.3 deposition [28-30]. In order to test if the Daxx/H3.3
pathway plays a role in SHIN repression, we generated Daxx ko
cells (Supplementary Fig S3A). We found that SHIN silencing is
defective in Daxx ko cells (Supplementary Fig S3B), suggesting that
Daxx is an important component for retrotransposon silencing. To
address the question whether H3.3 deposition by Daxx is critical for
SHIN silencing, we generated rescue cell lines expressing wild-type
and mutant Daxx proteins (Supplementary Fig S3C). Re-expression
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of full-length Daxx protein in Daxx ko cells leads to a rescue in SHIN
silencing (Supplementary Fig S3D). However, the expression of
Daxx-mutant proteins with relaxed binding specificity for histone
H3.3 (E231A) or impaired H3.3 interaction (R257A) also resulted in
rescued SHIN silencing (Supplementary Fig S3D and E). In contrast,
the expression of Daxx with a deletion of the C-terminal repressor
domain [42] does not rescue SHIN silencing (Supplementary Fig
S3D). These data point toward a H3.3-independent function of Daxx
in SHIN repression. To confirm that H3.3 is really dispensable for
retrotransposon silencing, we generated H3.3 ko ES cell lines
(Supplementary Fig S4A). Histone H3.3 is mainly transcribed from
two loci in the mouse genome, H3f3a and H3f3b. Consequently,
H3f3a/H3f3b double knockout cells have essentially lost H3.3
protein (Supplementary Fig S4B). Notably, SHIN silencing is
completely intact in H3.3 ko cells (Supplementary Fig S4C). Due to
H3f3a duplications in the mouse genome that could eventually give
rise to functional H3.3 transcripts (see blat search and alignment
report in Supplementary Table S3), we performed H3f3a knockdown
in H3f3b ko cells. These cells have lost H3.3 (Supplementary Fig
S4D) but display robust SHIN silencing (Supplementary Fig S4E).
Finally, we re-analyzed published H3.3 ChIP-seq datasets in control
and Atrx ko ES cells [30]. We found only low enrichment of H3.3 in
control ES cells (Supplementary Fig S4F). Surprisingly, upon dele-
tion of Atrx, H3.3 becomes strongly enriched at IAP elements
(Supplementary Fig S4F), suggesting that Atrx does not promote
H3.3 incorporation at endogenous IAP elements, but rather inhibits
excessive H3.3 deposition. Alternatively, higher chromatin turnover
at IAP elements in the absence of Atrx may indirectly lead to more
H3.3 incorporation. Together with our finding that H3.3 interaction
mutants of Daxx can repress retrotransposon sequences and H3.3-
depleted cells are not impaired in SHIN repression, our data demon-
strate that SHIN silencing is independent of Daxx-mediated histone
H3.3 incorporation.

Atrx is required for efficient heterochromatin formation

Next, we sought to investigate how Atrx mediates SHIN silencing on
the molecular level. One possibility was that Atrx could mediate effi-
cient heterochromatin formation across the SHIN locus. To test this
hypothesis, we performed a re-silencing assay in HA36::SHIN ES
cells in which we depleted Atrx by shRNA-mediated knockdown
(Fig 4A). Strong induction of the Tet-inducible promoter using
doxycycline alleviates SHIN silencing in a small population of cells,
and constant selection pressure with zeocin allowed us to isolate a
homogeneous population of cells with strong EGFP expression. Lack
of promoter stimulation by doxycycline removal resulted in the
rapid loss of EGFP expression within 4 days in both control (shScr)
and Atrx-depleted (shAtrx) cells (Fig 4B, left panel). Loss of EGFP
expression coincided with presence of H3K9me3 across the RMCE
locus in shScr cells (Fig 4C, left panel, Supplementary Fig SSA).
H3K9me3 could also be established in shAtrx cells; however, abun-
dance of H3K9me3 appeared reduced in the test region 1 most distal
to the SHIN sequence (Fig 4C, left panel), indicating reduced hetero-
chromatin spreading. Surprisingly, re-silencing was very efficient in
shScr cells despite continuous doxycycline induction (Fig 4B, right
panel, Supplementary Fig S5A). A large proportion of these cells
displayed strongly reduced EGFP expression and the establishment
of H3K9me3 across the RMCE locus (Fig 4B and C, right panels).

© 2015 The Authors
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Figure 3. A shRNA screen identifies the chromatin remodeler Atrx as regulator of retrotransposon silencing.

A

Scheme of the shRNA screen. ES cells were transduced with a genome-wide pooled shRNA library at a low MOI and then transduced with the SHIN reporter. Cells
that escaped SHIN silencing were isolated by FACS sorting based on their high EGFP fluorescence. shRNA sequences of the EGFP* cells were amplified by PCR and
cloned into a lentiviral vector.

SHIN reporter assay in ES cells that were transduced with 71 random shRNA clones from the primary screen and scrambled control shRNAs. Dot plot displays the
ratio of EGFP* cells in test shRNA versus control shRNA transductions. The test shRNA with strongest reduction in SHIN silencing was directed against Atrx (yellow
dot). The top-scoring shRNAs of the secondary screen are listed in Supplementary Table S2.

Western blot for Atrx in wild-type and four independent Atrx ko cell lines. Tubulin serves as a loading control.

SHIN reporter silencing depends on Atrx. Wild-type and four independent Atrx ko ES cell lines were transduced with the SHIN reporter or control vector, and EGFP
fluorescence was monitored 2 days later by FACS. The percentage of EGFP-positive cells after SHIN reporter transduction is shown relative to the control transduction
(relative % EGFP* cells). The bar plot indicates the mean of three biological replicates. Error bars indicate the standard deviation.

Atrx ko cells are sensitive to perturbations in the Setdb1/Trim28 silencing pathway. SHIN reporter silencing in wild-type and Atrx ko ES cells that were transduced
with control (shScr), Setdbl, and Trim28 shRNAs. Bar diagram shows the difference in EGFP-positive cells upon knockdown of Setdbl and Trim28 compared to
control-treated cells. Bar plots indicate the mean of three to six biological replicates. Error bars indicate the standard deviation.

Atrx is generally important for Setdb1-/Trim28-dependent silencing. Mouse embryonic fibroblasts were transduced with control and Atrx shRNAs. Silencing of an
EGFP reporter construct containing the repressor binding site of the MLV retrovirus was monitored. The percentage of EGFP-positive cells after reporter transduction
is shown relative to the control transduction (relative % EGFP* cells). The bar plot indicates the mean of three biological replicates. Error bars indicate the standard
deviation.

Source data are available online for this figure.

In contrast, shAtrx cells are completely unable to induce hetero- heterochromatin. On transcriptionally inactive loci, heterochromatin
chromatin formation across the RMCE locus in continuous presence can be formed, but spreading appears reduced. In addition, Atrx is
of doxycycline (Fig 4B and C, right panels). In summary, these strictly required when heterochromatin formation is challenged by
data indicate that Atrx is necessary for efficient establishment of transcriptional activity.
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Figure 4. Atrx is required for efficient heterochromatin formation.
A

Scheme of the re-silencing assay in HA36:SHIN cells. The silenced transgene in HA36:SHIN cells was reactivated by the addition of doxycycline which activates the
Tet-responsive promoter (TRE). Cells in which the reporter was immediately activated (approx. 2-3%) were selected with zeocin. The EGFP* cells were then
transduced with control or Atrx shRNAs. Five days later, re-silencing was triggered by the removal of the zeocin selection pressure (day 0), and EGFP expression was
monitored in the presence or absence of doxycycline during the next 4 days (day 1-day 4).

Atrx is necessary for efficient silencing in competition with transcriptional activity. Re-silencing experiments as outlined in (A) were performed. Top panel: histograms
displaying EGFP fluorescence during the course of re-silencing. Removal of doxycycline (—dox) inactivates the TRE promoter, resulting in loss of EGFP expression.
Despite maintained TRE promoter stimulation (+dox), a large number of control cells (shScr) can silence the reporter, while Atrx-depleted cells (shAtrx) are unable to
induce silencing. Lower panel: Line plots indicating the average of the median EGFP fluorescence in three to four biological replicates. Error bars indicate the standard
deviation.

Atrx knockdown leads to impaired heterochromatin establishment. ChIP-qPCR analysis of H3K9me3 and H3K4me3 across the RMCE locus in HA36:SHIN cells at day 4
of the re-silencing assays as outlined in (A). Positions of the primer pairs at the RMCE locus are indicated in (A). IAP, endogenous IAP elements. H3K9me3 ChIP: pos,
Polrmt; neg, Tial; IAP, global endogenous IAPs. H3K4me3 ChIP: pos, Tial; neg, Polrmt; IAP, global endogenous IAPs. Mock (beads only control): pos, Polrmt; neg, Tial.
Bar plots indicate the mean of three biological replicates. Error bars indicate the standard deviation.

Source data are available online for this figure.
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Atrx is important for heterochromatin maintenance

Thus far, out data showed that Atrx is necessary for efficient de
novo establishment of heterochromatin. However, in embryonic
stem cells endogenous IAP elements are already covered by a
heterochromatic structure which needs to be maintained. We thus
wondered if Atrx is important for heterochromatin maintenance.
When we analyzed published ChIP-seq datasets for Atrx, Setdbl,
Trim28, and H3K9me3 in ES cells [43-45], we found strong enrich-
ment of Atrx across IAP retrotransposons with highest occupancy
over the SHIN region (Fig SA). These data suggest that Atrx has a
permanent role on these elements. ChIP-qPCR analyses for Atrx
could confirm the enrichment on IAP elements and a non-repetitive
control region (Fig 5B, top panel). However, heterochromatin
marks, such as H3K9me3 and DNA methylation, were not altered in
Atrx ko cells (Fig 5B, Supplementary Fig S5B and C).

The strong enrichment of Atrx, H3K9me3, Trim28, and Setdbl
on IAP sequences close to the SHIN region (Fig SA) suggests that
Atrx is recruited by H3K9me3 and/or Trim28/Setdbl. Thus, we
tested if Atrx is de novo recruited to a Setdbl-dependent hetero-
chromatin locus by analyzing HA36::SHIN cells. Enrichment of Atrx
at the SHIN region within the reporter locus demonstrates that the
recruitment of Atrx occurs in the context of Setdbl and Trim28
(Fig 5C). Thus, we investigated whether Atrx generally associates
with Setdbl/Trim28 target region in repetitive and non-repetitive
regions of the genome. The overlap between Atrx, Trim28, and
Setdbl in non-repetitive regions is relatively small (Supplementary
Fig S7A). Prominent enrichment was mainly observed on imprinted
genes and few intragenic loci (Supplementary Fig S7B-D, Supple-
mentary Tables S5 and S6). In contrast, our analyses revealed that
Atrx co-occupies many ERV classes which are also enriched for
Setdbl, Trim28, and H3K9me3, for example, IAP-Ez, MusD/ETn,
and MMERVKI10 elements (Fig 5D, Supplementary Fig S6, Supple-
mentary Table S4). Thus, we sought to investigate if some of these
ERV sequences become de-repressed in Atrx ko cells. Out of the
three tested ERV classes with the enrichment of Setdbl/Trim28/
Atrx, we detected the de-repression of MusD/ETn retrotransposons
(Fig SE), suggesting that Atrx function is rate limiting for the silenc-
ing of distinct ERV classes.

Figure 5. Atrx is important for heterochromatin maintenance.

EMBO reports

Challenges like DNA replication or transcription through intronic
IAP repeats require heterochromatin to be constantly re-established.
Based on our finding that Atrx is crucial for efficient establishment
of heterochromatin, we wondered if heterochromatin maintenance
is perturbed in Atrx ko cells when the Setdb1/Trim28 pathway has
reduced activity. Moderate knockdown of Trim28 in wild-type cells
resulted in slight up-regulation of endogenous IAP elements, demon-
strating that heterochromatin maintenance is not fully ensured.
However, when we performed Trim28 knockdown in Atrx ko cells,
we observed severe derepression of IAP retrotransposons (Fig SF).
These findings indicate that Atrx is required and rate limiting for the
repression of endogenous IAP elements when heterochromatin
maintenance is challenged.

Another way of challenging heterochromatin is to provoke tran-
scription across a heterochromatinized locus. In HA36::SHIN cells,
the EGFP reporter gene is not transcribed and covered with
H3K9me3 (Fig 2C). However, transcription can be induced by doxy-
cycline that allows the recruitment of the reverse tetracycline trans-
activator (rtTA) to the Tet-responsive promoter of the reporter gene.
Due to the heterochromatic state of the reporter gene in control cells
(shScr + dox), doxycycline induction leads to a very low percentage
of EGFP-positive cells (Fig 5G, Supplementary Fig S5D). In contrast,
doxycycline induction upon Atrx knockdown (shAtrx + dox) results
in a much higher percentage of EGFP-expressing cells (Fig 5G,
Supplementary Fig S5D). These data demonstrate that hetero-
chromatin is more vulnerable in Atrx ko cells.

Atrx regulates heterochromatin accessibility

Heterochromatin is generally characterized by a high compaction
grade which makes it largely inaccessible to transcriptional activators
and refractory to challenges. Our finding that transcription of a hetero-
chromatic locus can be more easily stimulated in the absence of Atrx
suggests that structural properties of heterochromatin like local nucleo-
some density or higher order folding are compromised when Atrx is
lost. To test this hypothesis, we performed MNase accessibility assays
in wild-type versus Atrx ko ES cells. Atrx is only binding to a small
fraction of the mouse genome, and thus, we did not detect global alter-
ations in MNase accessibility [43] (Fig 6A and B). To investigate Atrx

A Atrx binds to IAP retrotransposons. Cumulative ChIP-seq coverage profiles across IAP elements for Atrx, Setdbl, Trim28, and H3K9me3. The structure of IAP elements is

shown schematically; the position of the SHIN sequence is marked in dark gray. rpkm, reads per kilobase per million of reads.

H3K9me3 is not altered in Atrx ko cells. ChIP-gPCR analysis for Atrx and H3K9me3 in wild-type (wt) and Atrx ko ES cells. pos, Polrmt; neg, Tial; IAP, global endogenous
IAPs; and IAP SHIN, SHIN sequence of IAP elements. Bar plots indicate the mean of three biological replicates. Error bars indicate the standard error of the mean.

Atrx is recruited to newly formed heterochromatic sites. Atrx ChIP was performed in HA36:SHIN cells, in which the SHIN reporter locus was newly integrated into a
defined locus by RMCE (see Fig 2B). Bar plots indicate the mean of three biological replicates. Error bars indicate the standard deviation.

Setdb1l, Atrx, H3K9me3, and Trim28 co-occupy distinct ERV elements. Binary heatmap showing ChIP-seq enrichment over input (> 1.5-fold) on all mouse ERV repeat
classes. Selected ERV classes are indicated. Complete information is provided in Supplementary Fig S6 and Supplementary Table S4.

MusD/ETn retrotransposons are de-repressed in Atrx ko cells. RT-gPCR analysis of selected retrotransposon classes in wild-type (wt) and Atrx ko ES cells. Bar plots
indicate the mean of three to eleven biological replicates. Error bars indicate the standard deviation.

Heterochromatin maintenance is compromised in Atrx ko ES cells when core heterochromatin proteins are depleted. Wild-type and Atrx ko ES cells were transduced
with control or Trim28 shRNAs, and the expression of endogenous IAP elements was measured by gqRT—PCR. Bar plots indicate the mean of three biological replicates.
Error bars indicate the standard deviation.

Heterochromatin is more vulnerable in Atrx ko cells. Addition of doxycycline to HA36::SHIN cells results in binding of the reverse Tet transactivator (rtTA) to the Tet-
responsive promoter (TRE) in the SHIN reporter locus. Percentage of EGFP-expressing cells was monitored before and after the addition of doxycycline. Bar plots
indicate the mean of three biological replicates. Error bars indicate the standard deviation.

Source data are available online for this figure.

© 2015 The Authors
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A Chromatin accessibility is not globally changed in Atrx ko cells. Nuclei of wild-type and Atrx ko ES cells were digested with increasing amounts of MNase (0-16 U),
and DNA was analyzed on an agarose gel stained with ethidium bromide. M, size marker; “-”, no MNase; size of mono-, di-, tri-, and tetra-nucleosomes is indicated.

B Overlay of DNA electropherograms obtained from Bioanalyzer runs of the MNase-digested DNA from wild-type and Atrx ko ES cells. The first and the last sharp peak

represent the markers of the Agilent DNA 12000 kit.
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C Schematic of the locus-specific chromatin accessibility assay. MNase cuts open chromatin faster than more compact, less accessible regions. The amount of uncut
DNA of a specific locus thus correlates with accessibility of this region and can be measured by gPCR.

D Heterochromatin on IAP elements is less compact in Atrx ko cells. Locus-specific chromatin accessibility assays were performed in wild-type and Atrx ko ES cells using
a range of MNase concentrations. Curves represent an example of a smoothing fit to the data points. Shaded areas demarcate a confidence interval based on + one

functional standard deviation.

E Generally increased heterochromatin accessibility in Atrx ko cells. Locus-specific chromatin accessibility assays were performed in wild-type and Atrx ko ES cells.
Curve fitting to the data points resulted in a chromatin accessibility score which positively correlates with chromatin accessibility (see Supplementary Materials and
Methods). The average chromatin accessibility score for indicated regions in wild-type and Atrx ko cells was plotted as dots from three biological replicates. The entire
calculated curve fits from three biological replicates were used to assess statistically significant differences in digestion behavior (shown as dots with black border).
Since the chromatin accessibility score only reflects the slope of the curve fit at 50% digestion degree, this score does not directly correlate with statistically
significant differences in overall digestion behavior (also see Supplementary Materials and Methods).

Source data are available online for this figure.
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Heterochromatin formation is thought to initiate on specific nucleation sites from which it can spread over large distances. Proteins that recognize these initiation sites and
recruit Trim28/Setdb1l in the context of retrotransposons are currently unknown. Atrx is then necessary for the establishment and spreading of heterochromatin and mediates
heterochromatin compaction. Thus, Atrx-deficient cells are characterized by more vulnerable heterochromatin which cannot easily be maintained upon challenges, such as

transcription.

target regions, we employed a qPCR strategy to measure the MNase
digestion degree on specific genomic loci with increasing MNase
concentrations (Fig 6C). Curve fitting through these data points
allows statistical assessment of the digestion degree between wild-
type and Atrx-mutant cells (Supplementary Fig S7E). Further, we
derive a chromatin accessibility score which represents the digestion
rate at which 50% of the target locus is digested (Supplementary Fig
S7E). MNase accessibility at endogenous IAP retrotransposons is
significantly increased, whereas control regions, such as promoters
of active and inactive genes, show no alterations (Fig 6D and E,
Supplementary Fig S7F). Interestingly, chromatin accessibility was
also increased on non-repetitive Setdbl/Trim28 targets (Fig 6E,
Supplementary Fig S7E). These data demonstrate that Atrx renders
Setdb1-dependent heterochromatin more inaccessible.

Discussion

In the mammalian genome, heterochromatin is very abundant
across repetitive elements. Pericentric heterochromatin is mainly
organized by the Suv39h-HP1-Suv4-20h pathway [46-48], while
repetitive elements outside the pericentric compartment are
controlled by the Trim28/Setdb1 pathway, with support by Suv39h
enzymes [6,10,39,49]. A major characteristic of the heterochromatic
state is its modification pattern of H3K9me3/H4K20me3/DNA meth-
ylation and the buildup of an inaccessible chromatin structure
which does not allow strong transcriptional activity. Heterochroma-
tin formation is thought to initiate on specific nucleation sites from
which it can spread over large distances [50]. Initiation sites in

EMBO reports Vol 16 | No 7 | 2015

pericentric heterochromatin may be binding sites for specific tran-
scription factors [51] or involve other recruitment mechanisms for
Suv39h/HP1 complexes [52]. In the context of retrotransposons,
recruitment mechanisms may involve KRAB zinc finger proteins
which could serve as targeting platform for Trim28/Setdbl [9]. Our
work identified a novel nucleation site in IAP retrotransposons
(SHIN) that is sufficient to induce heterochromatin and transcrip-
tional repression of strong promoters (Fig 7). SHIN silencing
requires the Trim28/Setdbl pathway for heterochromatin formation
across an integrated reporter gene (Fig 2C). Cumulative coverage
maps across IAP elements revealed strong enrichment of Setdbl and
Trim28 across the SHIN sequence; however, additional coverage
was detected at the LTR/UTR region and in the beginning of the
POL coding sequence (Fig 5A). These findings suggest that endoge-
nous IAP elements may feature several independent nucleation sites
for heterochromatin formation. In support of this hypothesis, previ-
ous analyses of the LTR/UTR sequence revealed significant silencing
potential [10], although to a lower extent as compared to the SHIN
sequence (Fig 1). Which proteins recognize the SHIN sequence is
currently unclear. As silencing can only be initiated in ES cells,
KRAB zinc finger proteins with selective expression in ES cells are
likely candidates. As we could not further shorten the SHIN
sequence to less than 160 bp without compromising silencing
potential, it is quite likely that multiple DNA binding proteins are
involved in Trim28/Setdb1 recruitment.

Identification of the SHIN sequence as a strong heterochro-
matin nucleation site allowed a pilot screen for regulators of
heterochromatin establishment through which we identified the
chromatin remodeler Atrx. Atrx co-localizes with Trim28/Setdb1 and

© 2015 The Authors
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H3K9me3 on IAP elements, other ERV classes, and several single
copy loci (Fig 5A, Supplementary Fig S7A-D). We found that Atrx is
de novo recruited to Setdbl-dependent heterochromatin (Fig 5C),
suggesting that Atrx could be directly recruited by Setdb1 or Trim28.
However, as Atrx features domains which bind H3K9me2/3 and
HP1 [26,27], a complex combinatorial nature of interactions leading
to Atrx recruitment is likely. This may be further complicated by
potential interactions with non-coding RNAs [53] that may affect
heterochromatin formation on IAP elements [54].

We found that in the absence of Atrx reporter silencing is delayed
and spreading of heterochromatin is reduced (Fig 4), which could be
due to reduced activity of Setdbl in establishing H3K9me3. Being a
putative chromatin remodeler, we hypothesize that Atrx assists in
generating a proper nucleosomal array which can then serve as effi-
cient substrate for Setdbl. Consistent with this hypothesis, we found
that reduced Setdb1 activity leads to defects in the establishment of
silencing when Atrx is not present (Fig 3E). Secondly, heterochroma-
tin spreading and stability rely on the formation of properly spaced
nucleosomal arrays by HP1 molecules binding to H3K9me3 [55].
Atrx activity may be required to establish such arrays, and, as a
consequence, loss of Atrx would lead to compromised spreading.
Alternatively, Atrx may also promote heterochromatin spreading by
supporting Suv39h activity at retrotransposons [49]. A third function
of Atrx in heterochromatin establishment may be the recruitment of
additional factors to assist in this process. On telomeres, Atrx inter-
acts with Daxx to facilitate histone H3.3 deposition [28-30]. We
found that H3.3 is dispensable for silencing retrotransposon
sequences in reporter assays, suggesting that incorporation of this
histone variant is not important for Trim28/Setdbl-dependent
heterochromatin formation. Instead, we find that Daxx is important
for this process (Supplementary Fig S3). Recently, Daxx was found to
be involved in silencing of exogenous ASV retroviruses by H3K9me3
and DNA methylation [56]. Although it is unclear how silencing is
triggered in this context and if Atrx, Trim28, or Setdbl are involved
in this process, these data suggest Daxx as a global regulator of
retrovirus repression. Interestingly, we find that Daxx requires a
functional SUMO interaction motif to contribute to Setdbl-/Trim28-
dependent repression (Supplementary Fig S3), suggesting that the
interaction with sumoylated proteins is important in this context
[42]. This is consistent with the repressive activity of Daxx when
recruited by sumoylated transcription factors [42]. As Setdbl recruit-
ment to Trim28 has been shown to be SUMO dependent, and
because several heterochromatin proteins, like HP1, are sumoylated
[57,58], it is likely that Daxx recruitment might rely on the sumoyla-
tion of Trim28 or other factors. More thorough genome-wide screens
for retrotransposon silencing are necessary to identify such interac-
tion partners and additional components of this silencing pathway.

Heterochromatin formation is the net result of a dynamic balance
between factors that build up heterochromatic structures and
processes which act antagonistically [59]. Thus, the efficiency of the
heterochromatin buildup machinery is particularly critical in genomic
regions with prominent activity of antagonistic processes, for exam-
ple, transcription. Examples for such regions are retrotransposons
which reside in intronic regions of highly expressed genes. Unfortu-
nately, due to the lack of polymorphisms, it is not possible to directly
examine heterochromatin formation on these elements. However, we
could study heterochromatin establishment in competition with
transcriptional activity on the RMCE reporter locus. In wild-type cells,

© 2015 The Authors
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this reporter locus could be efficiently silenced despite strong
promoter activity. Atrx knockdown leads to impaired silencing. These
data clearly demonstrate that in the absence of Atrx, the activity of the
Trim28/Setdbl pathway is strongly reduced. Importantly, the
de-repression of MusD/ETn elements in Atrx ko cells represents a
physiological situation in which the full activity of the Setdb1/Trim28
pathway is necessary for silencing (Fig SE). The establishment of new
heterochromatin domains, for example, in the context of differentia-
tion, may also require Atrx for the full activity of the Setdb1/Trim28
pathway. The strong developmental phenotype of Atrx ko embryos
[60] supports this hypothesis, although more analyses are necessary
to identify Atrx target loci during developmental transitions.

Heterochromatin is generally characterized by low transcriptional
activity. A likely explanation for this property is that binding of tran-
scription factors and RNA polymerase is restricted by the largely inac-
cessible chromatin structure. We tested chromatin accessibility of
different genomic regions in mouse ES cells and found that pericen-
tric heterochromatin is highly inaccessible to MNase. A similarly low
accessibility was only observed for a promoter region which is under
control of the polycomb system (Six3, Fig 6E). IAP retrotransposons
display higher chromatin accessibility as compared to pericentric
heterochromatin, which may be due to a different organization of
these regions. Pericentric heterochromatin is composed of large
domains of major satellite repeats which cluster into higher order
structures to form so-called chromocenters. As retrotransposons form
much smaller domains of only several kilobases, higher order folding
of the chromatin structure is probably limited. However, chromatin
accessibility of IAP elements is still much lower as compared to
active promoters and may protect these regions from various chal-
lenges. Thus, it is currently unclear if the observed differences in
chromatin accessibility result from changes in large-scale chromatin
compaction or from an altered local nucleosomal organization. In this
study, we found that chromatin accessibility in Atrx ko cells is signifi-
cantly increased on IAP elements, demonstrating that Atrx is impor-
tant for proper heterochromatin organization. Interestingly, this more
accessible heterochromatin architecture is indeed vulnerable to chal-
lenges. For example, strong transcriptional activators can more easily
access their binding sites and lead to stronger transcriptional activa-
tion in Atrx ko cells. If Atrx-deficient heterochromatin is vulnerable
to other challenges, for example, DNA damage, remains to be tested.
Interestingly, chromatin architecture is not only altered on IAP retro-
transposons. We also tested non-repetitive genomic regions with the
enrichment of Atrx and H3K9me3 and consistently detected increased
chromatin accessibility. Thus, our data provide strong evidence for a
general role of Atrx in the establishment and robust maintenance of
heterochromatin domains.

Materials and Methods
Reporter gene silencing assay

Reporter constructs were stably integrated into cells by lentiviral
transduction, and the percentage of EGFP " cells was measured by
FACS after 2-4 days. Lentiviral particles were generated using
standard protocols, and virus titers were determined by titration in
HeLa cells. Mouse ES cells were transduced on gelatinized
multi-well dishes using spinoculation at a low multiplicity of
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infection to ensure a linear relationship between virus titer and
transduction rate. The ratio of the percentage of EGFP™ cells
generated by the reporter relative to the percentage of EGFP™ cells
generated by a control EGFP vector of the same virus titer was used
to quantify reporter silencing (relative % EGFP " cells). In Fig 1 and
Supplementary Fig S1, the reciprocal ratio (fold repression) is
plotted.

shRNA screen

Feeder-independent ES cells were transduced with a genome-wide
pooled shRNA library (Lentiplex, Sigma-Aldrich) at a low MOI,
selected for shRNA expression using 0.5 pg/ml puromycin, and then
transduced with the SHIN reporter. Cells that escaped SHIN silencing
were isolated by FACS sorting based on their high EGFP fluores-
cence. shRNA sequences of the EGFP ™ cells were amplified by PCR
and cloned into the pLKO1 backbone. For validation of hits, 71
random shRNA sequences of the primary screen were separately
transduced into ES cells and the SHIN reporter assay was performed
as indicated above. The number of EGFP-positive cells was
compared to a non-silencing scrambled control. Details are given in
the Supplementary Materials and Methods.

Resilencing assay

T86 cells (HA36::SHIN cells harboring a reverse Tet transactivator)
were treated with 2 pg/ml doxycycline for 2 days, and the
re-expression of the silenced reporter locus was selected with
50 pg/ml zeocin and 2 pg/ml doxycycline for at least 2 weeks.
Reactivated reporter cells were then transduced with a lentiviral
shRNA targeting either Atrx or a scrambled control sequence, and
knockdown cells were selected by the addition of 1 pg/ml puromy-
cin 2 days after transduction. After additional 3 days, zeocin
selection was released and resilencing of the EGFP reporter was
monitored daily in the presence or absence of doxycyline by FACS.
The median EGFP fluorescence was calculated using FlowJo™
(TreeStar). For ChIP experiments, cells were harvested 4 days after
zeocin release. Details are given in the Supplementary Materials and
Methods.

Supplementary information for this article is available online:
http://embor.embopress.org
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Endogenous retroviruses (ERVs) comprise a significant portion of mammalian genomes.
Although specific ERV loci feature regulatory roles for host gene expression, most ERV
integrations are transcriptionally repressed by Setdbl-mediated H3K9me3 and DNA
methylation. However, the protein network which regulates the deposition of these chromatin
modifications is still incompletely understood. Here, we perform a genome-wide single guide
RNA (sgRNA) screen for genes involved in ERV silencing and identify the GHKL ATPase
protein Morc3 as a top-scoring hit. Morc3 knock-out (ko) cells display de-repression,
reduced H3K9me3, and increased chromatin accessibility of distinct ERV families. We find
that the Morc3 ATPase cycle and Morc3 SUMOylation are important for ERV chromatin
regulation. Proteomic analyses reveal that Morc3 mutant proteins fail to interact with the
histone H3.3 chaperone Daxx. This interaction depends on Morc3 SUMOylation and Daxx
SUMO binding. Notably, in Morc3 ko cells, we observe strongly reduced histone H3.3 on
Morc3 binding sites. Thus, our data demonstrate Morc3 as a critical regulator of Daxx-
mediated histone H3.3 incorporation to ERV regions.
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ndogenous retroviruses compose a significant portion of
mammalian genomes. During evolution, most ERV inte-
grations in mammals were highly mutated or partially
deleted and are thus unable to generate functional retroviral
particles. However, remnant ERVs harbor binding sites for
transcription factors and can act as regulatory elements to drive
host gene expression!~0. This physiological role for the regulation
of normal development is contrasted by pathological effects of
aberrant ERV regulation in neurological diseases” and cancer8-10,
Many ERV families are thus transcriptionally repressed by a
silencing pathway that involves the formation of H3K9me3
heterochromatin!!:12, The current model for H3K9me3 estab-
lishment on ERVs is based on sequence-specific binding of
KRAB-ZnF proteins, which recruit the co-repressor Trim28 and
the histone methyltransferase Setdb112-14. The establishment of
DNA methylation is likely to happen during early embryogenesis,
and maintenance of high methylation levels on ERVs is later
ensured by Uhrfl/Dnmt1!>16, However, recent data indicate that
Dnmt1/Uhrfl can also induce de novo DNA methylation on
ERVs!7. Full establishment of H3K9me3 and DNA methylation,
as well as reduced chromatin accessibility on ERVs, require
activities, such as histone H3.3 deposition by Atrx/Daxx!8-21,
chromatin remodeling by Smarcad1??, and chromatin assembly
by Chafla/b?3. In ES cells, chromatin remodeling activities
enforce a dynamic exchange of Histone H3.324. In this context,
histone H3.3 deposition is necessary to replace evicted nucleo-
somes and ensure low chromatin accessibility?4. Currently, it is
not clear how histone H3.3 turnover is regulated and coordinated
with other chromatin-modifying activities to restrict chromatin
accessibility and to mediate heterochromatin spreading on ERVs.
We have previously identified a small heterochromatin inducing
sequence (SHIN) in Intracisternal A Type particle (IAP) elements20.
The SHIN sequence is a 160bp region from the GAG coding
sequence in IAPEz elements. Genomic insertions of reporters con-
taining the SHIN sequence attract Setdbl-dependent H3K9me320.
Using a genome-wide single-guide RNA (sgRNA) screen for genes
involved in SHIN silencing we now identified Morc3 as a player in
ERV silencing. Morc3 is a GHKL type ATPase protein that can form
a closed dimer in the ATP-bound state?. It further contains a CW-
type zinc finger domain that negatively regulates ATPase activity?°.
The binding of ligands, such as histone H3K4me3 or influenza virus
protein NS1 peptides, to the CW domain, relieves suppression of
ATPase activity and could regulate the turnover of ATPase domain-
mediated dimerization and opening?”28, Although H3K4me3-
mediated interaction of Morc3 with promoter regions in mouse
ES cells was reported®>, the molecular roles of Morc3 in transcrip-
tional regulation or chromatin organization are currently unclear.
We demonstrate that Morc3 binds ERV sequences and that loss of
Morc3 results in increased chromatin accessibility, reduced
H3K9me3, and de-repression of ERVs. We detect an interaction of
Morc3 with the histone H3.3 chaperone Daxx, which depends on
the Morc3-ATPase cycle and SUMOylation. This interaction is
crucial for Daxx-mediated histone H3.3 incorporation as Morc3 ko
ES cells lose H3.3 on ERVs. Thus, our data indicate Morc3 as a
regulator of Daxx-mediated histone H3.3 incorporation.

Results

Identification of Morc3 as an ERV silencing factor. To identify
factors regulating IAPEz silencing we performed a genome-wide
sgRNA screen based on the integration of an IAP SHIN reporter
in mouse ES cells (T90 cells, Fig. 1a). This reporter contains a
doxycycline-inducible promoter driving the expression of EGFP
and a zeocin resistance gene. In the wild-type condition, dox-
ycycline induction results in poor reporter activation due to its
heterochromatic state, whereas impaired SHIN silencing allows

doxycycline-induced reporter activity?. We used a pooled
genome-wide lentiviral sgRNA library?® to transduce T90 ES
cells, followed by doxycycline induction to activate the reporter
locus. Reporter activity also results in zeocin resistance. There-
fore, we applied zeocin selection to detect cells with an activated
reporter resulting from impaired heterochromatin. As a control,
we collected a second pool of cells without selection pressure. We
then identified the sgRNAs which were enriched in the zeocin
selected cells (Fig. 1b, Supplementary Data 1). Top enriched
sgRNAs targeted the major known ERYV silencing factors, such as
Dnmtl, Uhrfl, Setdbl, Trim28, and Atrx/Daxx (Fig. 1b). Another
top hit was Morc3, a protein not previously implicated in ERV
silencing. Due to the mode of selection with zeocin, we also
identified genes that might be related to zeocin resistance, DNA
damage repair, and apoptosis (Supplementary Data 1). We
compared our data with a similar screen for IAP silencing factors
which was recently published®0. Overall, we found very little
overlap between the two screens. Only the major silencing factors,
such as Atrx, Daxx, Dnmtl, Uhrfl, Trim28, and our top hit
Morc3 were present in both datasets (Supplementary Fig. Sla).
Different silencing inducing sequences (SHIN sequence vs. 5
LTR-UTR) used in the respective reporters could be responsible
for the differences in the screening hits.

To validate selected screening hits, we performed SHIN
silencing maintenance assays for candidate gene knock-outs
(Fig. 1c). Control sgRNA treatment did not result in an
activatable SHIN reporter, whereas sgRNA knock-out of Setdbl
and Morc3 resulted in significant SHIN de-repression (Fig. 1d,
FACS gating strategy in Supplementary Fig. S1b). We further
tested additional screening candidates in the SHIN maintenance
assay and could partially confirm our screening results (Fig. le).
We then complemented the functional testing with a SHIN
initiation silencing assay in which we test whether a newly
introduced SHIN reporter with a constitutively active promoter
can be silenced in different genetic backgrounds (Fig. 1f). Here,
the results differed from the maintenance assay as the DNA
methylation pathway appeared less important for establishing
silencing, while Setdb1/Trim28 and Atrx/Daxx were still critical
for silencing (Fig. 1g). Since Morc3 was important in both
maintenance and initiation of silencing we decided to functionally
characterize this protein in more detail.

Morc3 binds different families of endogenous retroviruses. To
assess if Morc3 directly regulates ERV silencing we performed
ChIP-seq experiments using a knock-in cell line that expresses
3xFLAG tagged Morc3 at endogenous levels (Supplementary
Fig. S2). We identified 2737 peaks that were shared between at
least two out of three replicates (Supplementary Data 2). Anno-
tation with genomic features revealed that most Morc3 peaks
associate with ERVs (Fig. 2a). We then classified the ERV families
to which Morc3 peaks associate and found a major enrichment
with IAPEz, LTRIS2, and RLTR families (Fig. 2b). Due to the lack
of polymorphisms, many ERV integrations cannot be precisely
mapped. To better assess the association of Morc3 with ERV
families we used RepEnrich23! to categorize all mappable Morc3
ChIP-seq reads into ERV families. This analysis confirmed the
prominent association of Morc3 with IAP, RLTR, and LTRIS
families (Fig. 2¢c, Supplementary Data 3). The most prominent
ERV family bound by Morc3 are IAPEz elements, from which the
SHIN sequence used in our screen originates. We generated
cumulative coverage plots for IAPEz elements to determine
whether Morc3 displays preferential binding with distinct IAPEz
features. Interestingly, comparison of the Morc3 profile with
ChIP-seq profiles for Setdbl, Trim28, and H3K9me3 (Fig. 2d)
revealed prominent co-enrichment of the silencing factors with
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Fig. 1 A genome-wide sgRNA screen for SHIN silencing identifies Morc3. a Setup of the sgRNA screen. T90 ES cells containing an inducible SHIN
reporter20 were transduced with a genome-wide sgRNA library pool. Cells were selected for sgRNA vectors and the reporter was activated with
doxycycline. Two independent cell batches were cultured to harvest non-selected cells representing the control, and zeocin-resistant cells representing
cells with impaired heterochromatin on the SHIN reporter. b Dot plot showing the sgRNA screen results ordered by p-value rank (RIGER SecondBestRank
scoring). Major ERV silencing factors are indicated. Morc3 represents a top hit in the screen. ¢ Schematic of the SHIN silencing maintenance assay. T90 ES
cells were transduced with sgRNAs for selected candidates and treated for integration with puromycin. Subsequently, doxycycline was added to the cells to
induce reporter activity. EGFP expression was analyzed by FACS. d FACS plots depicting EGFP fluorescence in cells with activated SHIN reporter. Almost
no activity was detected in cells transduced with a control sgRNA, demonstrating full SHIN silencing. sgRNAs targeting Setdb? or Morc3 result in SHIN de-
repression as indicated by cells showing EGFP expression. e Bar plot depicting the results of the SHIN maintenance silencing assay with selected candidate
genes. The red dotted line indicates the background reporter activity. Data are presented as mean values +/— SD of biological replicates per sgRNA
(n=2-4, for details see “Statistics and reproducibility” section). f Schematic of the SHIN silencing initiation assay. T89 ES cells were transduced with
sgRNAs for selected candidates and treated for integration with puromycin. Subsequently, the cells were transduced with a control virus without the SHIN
sequence or the SHIN reporter with a constitutive promoter, respectively. EGFP expression was analyzed by FACS and the percentage of EGFP expressing
cells, relative to the control reporter was calculated. g Bar plot depicting the results of the SHIN initiation silencing assay with selected candidate genes.
The red dotted line indicates the background reporter activity. Data are presented as mean +/— SD of biological replicates per sgRNA (n =1-12, for details
see “Statistics and reproducibility” section).
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Fig. 2 Morc3 is enriched on different families of endogenous retroviruses. a Genomic features associated with the 2737 Morc3 peaks. b Morc3 peak
association with ERV families. The bar plot shows the number of Morc3 peaks associating with the ten most enriched ERV families. ¢ Dot plot showing
Morc3 ChIP enrichment on ERV families. Red dots highlight ERV families with significant Morc3 over background enrichment. Selected ERV families are
labeled. d Cumulative coverage plot of Morc3, Setdb1, Trim28, and H3K9me3 ChlIP-seq profiles on IAPEz elements. Prominent enrichment is over the 5’
UTR and the GAG region. The position of the SHIN sequence is indicated as a dark gray bar. Setdb1 ChIP-seq is from a 3xFLAG knock-in ES cell line. Trim28
ChlIP-seq data are from ref. 23, @ Morc3 peaks are associated with Setdb1 and Trim28 binding and feature high H3K9me3. Top panel: Density plot showing
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the JAP-GAG region containing the SHIN sequence and with the
5'UTR region that is also able to induce reporter silencing!4. The
similarity of the Morc3 binding pattern to Setdbl and
Trim28 suggests a functional interplay with the H3K9me3
pathway (Fig. 2d). To investigate whether Morc3 more generally
associates with Setdbl and Trim28 on its identified peaks, we
generated a read-density heatmap of Setdbl, Trim28, and
H3K9me3 on Morc3 peaks (Fig. 2e). This analysis also revealed
prominent enrichment of Setdbl, and Trim28 on Morc3 peaks,
further supporting Morc3 association with H3K9me3 repressed
heterochromatin.

Morc3 knock-out results in ERV de-repression. To investigate
the role of Morc3 in ERV silencing we generated Morc3 knock-
out ES cells (Supplementary Fig. S3a). Transcriptome analysis by
RNA-seq revealed significant dysregulation of 252 genes (adjusted
p-value < 0.01) with a trend towards genes being upregulated
(Fig. 3a, Supplementary Data 4). We then asked if Morc3 could be
directly involved in the regulation of these genes by determining
Morc3 peaks in the vicinity of their transcription start sites. We
found that 64 upregulated and 18 downregulated genes had
Morc3 peaks in <100kb distance to their promoter (Supple-
mentary Data 5). When we investigated the detailed peak anno-
tation of these Morc3 peaks we found a strong association with
ERV LTR sequences. The highest enriched ERV family was
LRTIS2, which was found on 25 Morc3 peaks associated with
upregulated genes (Supplementary Data 5). These data suggest
that genes are indirectly regulated through de-repressed ERV
LTRs which could act as enhancer elements for neighboring
genes. Three prominent examples for upregulated genes are
shown in Fig. 3B. Irak3 has two Morc3 peaks in its gene body
which associate with RLTR13B2 and ORRI1A3, respectively.
Ube2l6 features Morc3 binding in an LTRIS2 element, over-
lapping the 3'UTR region. Cd200 shows Morc3 binding with an
LTRIS2 element downstream of its gene body. To attribute the
effects on gene regulation to Morc3 function, we generated rescue
ES cell lines by transducing the full-length Morc3 ¢cDNA into
Morc3 ko ES cells (Supplementary Fig. S3b). RNA-seq analysis of
Morc3 rescue cell lines revealed largely normalized gene expres-
sion compared to Morc3 ko cells (Supplementary Fig. S4a). We
validated selected Morc3 target genes by RT-qPCR in wild type,
Morc3 ko, and rescue cells. All selected target genes displayed de-
repression in Morc3 ko, whereas expression was reduced in res-
cue cells (Fig. 3c).

To determine Morc3 roles in ERV repression we performed
SHIN silencing initiation assays. Morc3 knock-out cells displayed
impaired SHIN silencing, whereas rescue cells can efficiently
establish SHIN repression (Fig. 3d). We also generated Morc3
knock-out cells from T90 SHIN reporter ES cells to investigate
Morc3-dependent ~ silencing maintenance  (Supplementary
Fig. S3c). Without doxycycline induction, no EGFP expression
could be detected in wild-type or Morc3 ko cells (Fig. 3e). We
then monitored EGFP expression from the SHIN reporter with 2
and 4 days of doxycycline induction. Wild-type cells failed to
activate the reporter and almost no EGFP positive cells could be
detected (Fig. 3e). In contrast, silencing of the SHIN reporter was
strongly impaired in Morc3 ko cells (Fig. 3e), demonstrating that
Morc3 is important for the maintenance of SHIN silencing.

To determine if IAP and potentially other ERV families are de-
repressed in Morc3 ko cells, we counted RNA-seq reads
corresponding to ERVs with RepEnrich2 and calculated differ-
entially expressed ERV families (Fig. 3f, Supplementary Data 6).
We found that indeed, major Morc3 target families, such as IAP,
RLTR, and LTRIS displayed significant de-repression, which can
be restored in Morc3 rescue cells (Fig. 3f, Supplementary

Fig. S4b). The extent of regulation is greatly reduced compared
to Setdbl knock-out where IAP de-repression is around 10-100-
fold!3:32, Therefore, our data suggest that Morc3 is a contributing
factor for ERV silencing that acts redundantly with other
mechanisms in the context of ERVs. However, individual ERV
integrations, probably with less redundancy in silencing mechan-
isms, are strongly de-repressed in Morc3 ko ES cells and affect the
expression of neighboring genes.

Morc3 knock-out leads to reduced H3K9me3 and increased
chromatin accessibility. To characterize the chromatin changes
coinciding with Morc3 loss, we measured H3K9me3 in wild type,
Morc3 ko, and rescue cells. Visual inspection of H3K9me3 pro-
files on Morc3 peaks revealed different patterns of changes.
Therefore, we clustered Morc3 peaks according to changes in
H3K9me3 patterns and generated a read-density heatmap of
Morc3 peak clusters with H3K9me3 pattern in wild-type cells,
together with fold change representation in Morc3 ko and rescue
cells (Fig. 4a). We found that H3K9me3 was generally reduced in
cluster I. Clusters II and III displayed a biased reduction of
H3K9me3 towards one side of the peak center. Clusters IV and V
showed reduced H3K9me3 mainly in the peak center and cluster
VI did not show appreciable changes in H3K9me3. Overall, the
average H3K9me3 signal on Morc3 peak centers is significantly
reduced in Morc3 ko cells and fully restored in Morc3 rescue cells
(Fig. 4b). The genomic features underlying the different Morc3
peak clusters cannot easily explain the different patterns of
change as all clusters display prominent enrichment of LTR ele-
ments (Supplementary Fig. S5a).

H3K9me3 heterochromatin is characterized by low chromatin
accessibility which could prevent efficient access of transcrip-
tional activators3334. To test if chromatin accessibility changes in
Morc3 ko cells, we performed ATAC-seq experiments in wild
type, Morc3 ko, and rescue ES cells. Altogether we identified 444
peaks with significantly higher accessibility in Morc3 ko ES cells,
while only 10 peaks were less accessible (Fig. 4c). Increased
chromatin accessibility is directly related to Morc3 loss as we
found reduced chromatin accessibility of these peaks in Morc3
rescue cells (Fig. 4c). Only a subset of the regulated ATAC-seq
peaks was directly overlapping with Morc3 peaks, suggesting
direct and indirect effects of Morc3 on chromatin accessibility
(Fig. 4c).

We tested if enhanced chromatin accessibility in Morc3 ko
could relate to activation of repressed enhancers by performing
H3K27ac ChIP-seq. We observed a subset of Morc3 peaks which
showed increased H3K27ac in Morc3 ko cells (Fig. 4d). These
regions appeared to associate with low levels of H3K27ac already
in wild-type cells (Supplementary Fig. S5b). We then asked for
the overlap of H3K9me3 reduction, H3K27ac increase, and
higher ATAC-seq accessibility in Morc3 ko cells. This analysis
revealed that almost all peaks that displayed signs of enhancer
activity (higher H3K27ac/ATAC-seq accessibility) displayed
reduced H3K9me3 (Fig. 4e). The genomic features of these
Morc3 peaks are characterized by ERV integrations and putative
ENCODE enhancers (Supplementary Fig. S5c—e), supporting the
view that Morc3 helps to repress distinct developmental
enhancers. An example of a Morc3 repressed enhancer is shown
in the genome browser screenshot for Irak3 (Fig. 4f). This locus
contains two Morc3 peaks in H3K9me3 chromatin. The peak
distal to the TSS overlaps with an RLTR13B2 element and does
not display chromatin changes in Morc3 ko cells. The second,
promoter-proximal peak overlaps with an ORR1A3 element, but
also with a region of developmental enhancers. This region shows
strongly increased H3K27ac, ATAC-seq signals, and one-sided
loss of H3K9me3 signal in Morc3 ko cells (Fig. 4f). Examples of
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Morc3 repressed enhancers associated with ERV (LTRIS2)
integrations are in the vicinity of Morc3 target genes Cd200
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and Ube2l6 (Supplementary Fig. S6).

6

Since IAPEz elements represent the major target of Morc3
peaks, we calculated the difference in H3K9me3, ATAC, and
H3K27ac signals comparing Morc3 ko vs. wild type and rescue vs.
wild-type cells (Supplementary Fig. S5f). We found that H3K9me3
is decreased in the IAP-GAG region, concomitant with increased
chromatin accessibility, while H3K27ac could not be detected
(Supplementary Fig. S5f, top panels). These chromatin changes
were reverted in Morc3 rescue cells (Supplementary Fig. S5f, lower

panel). We extended this analysis using RepEnrich2 analysis and
detected reduced H3K9me3 and increased chromatin accessibility
on other ERV families (Supplementary Fig. S7a, b).

Together, our data demonstrate that Morc3 is critical for the
full maintenance of H3K9me3 and low chromatin accessibility on
distinct ERV families and distinct developmental enhancers.

Morc3-dependent heterochromatin requires a functional
Morc3-ATPase cycle and -SUMOylation. Next, we thought to
investigate the importance of conserved Morc3 domains and
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Fig. 3 Morc3 knock-out cells display de-repression of genes and distinct ERV families. a Dot plot showing average expression vs. log2-fold change of
coding genes in wild type vs. Morc3 knock-out ES cells. Colored dots indicate genes with significantly changed expression (DESeq2 adjusted p-value
<0.05, n=3 biological replicates for each condition). Positions of relevant genes are indicated. b Genome browser view of Morc3-dependent expression
changes on selected target genes (Irak3, Ube2l6, and Cd200). Morc3 peaks are located on ERVs within or in close vicinity to these genes. Transcriptional
upregulation of the target genes in Morc3 ko cells can be rescued by expression of wild-type Morc3. € RT-gPCR analysis of selected Morc3 target genes in
wild type, Morc3 ko, and Morc3 rescue ES cells. Bar graph depicts mean relative expression to control genes (Actin and Hprt). Error bars indicate the
standard deviation of replicate experiments (n = 3). Individual data points are shown as colored dots. d SHIN initiation silencing assay in wild type, Morc3
ko, and Morc3 rescue ES cells. Bar graph depicts the mean relative percentage of EGFP positive cells of SHIN-reporter transduced cells relative to control
virus transduced cells. Error bars indicate the standard deviation of replicate experiments (n = 3). Individual data points are shown as colored dots. e SHIN
maintenance silencing assay in wild type and Morc3 ko ES cells. Bar graph depicts the mean percentage of EGFP positive cells after doxycycline induction
for 2 and 4 days, respectively. Error bars indicate the standard error of replicate experiments (n = 3). f Dot plot showing average expression vs. log2-fold
change of ERV families in wild type vs. Morc3 knock-out ES cells. Colored dots indicate ERVs with significantly changed expression (DESeq2 adjusted p-
value < 0.05, n=3 for each condition). Positions of relevant ERV families are indicated.

SUMOylation for its role in ERV heterochromatin establishment.
Morc3 has an N-terminal GHKL ATPase domain which under-
goes conformational changes coupled with ATP binding and
hydrolysis. The Morc3-ATPase domain is monomeric in the ATP
unbound state and dimerizes upon ATP binding?®. ATP hydro-
lysis and dissolution of the ATPase domain dimer are negatively
regulated by the CW domain. Ligand binding of the CW domain
relieves this inhibition and results in higher ATPase activity28. To
test the function of the Morc3-ATPase cycle (Supplementary
Fig. S8a) and SUMOylation for ERV silencing we generated
distinct Morc3 mutant rescue cell lines (Fig. 5a). The ATP
hydrolysis mutant (E35A) and the ATP binding mutant (G101A)
should disrupt the ATPase cycle due to the inability to bind or
hydrolyze ATP3. The AN mutant is unable to dimerize and
displays reduced ATPase activity?s. The CW ligand binding
mutant (W419A) has a reduced ATPase activity and would result
in a slowed-down ATPase cycle?. The 5KR mutant cannot be
SUMOylated® and potentially affects SUMO-dependent protein
interactions. The Morc3 mutant rescue cell lines display slight
overexpression of Morc3 (Supplementary Fig. S8b), which is not
directly related to the amount of Morc3 protein. In particular, the
ATP hydrolysis mutant shows low Morc3 protein levels, which
could suggest reduced stability of this mutant (Supplementary
Fig. S8¢c). All mutant rescue cell lines display a similar nuclear
distribution of Morc3 (Supplementary Fig. S8d). ChIP-seq ana-
lyses revealed concordant localization of most Morc3 mutant
proteins with Morc3 peaks and IAPEz elements (Fig. 5b, Sup-
plementary Fig. S8e). The ATP hydrolysis mutant failed to
properly localize to Morc3 targets and the ATP binding mutant
showed reduced binding to Morc3 binding sites (Fig. 5b, Sup-
plementary Fig. S8e). In the ChIP-seq data of the rescue cells, we
noticed subtle binding of Morc3 to H3K4me3 promoter regions
which was reported before?>. A more systematic analysis revealed
that, although ChIP-seq of Morc3 in the 3xFLAG knock-in cells
did not show association with H3K4me3, in wild type and some
mutant rescue cell lines Morc3 could be detected on H3K4me3
promoters (Supplementary Fig. S9a). The CW mutant failed to
localize to these regions, which would support H3K4me3-
dependent recruitment of Morc3 through the CW domain?°.
Impaired H3K4me3 localization of the SUMO mutant suggests
that SUMOylation contributes to H3K4me3 binding (Supple-
mentary Fig. S9a). We did not observe changes in promoter
H3K4me3 in Morc3 knock-out cells (Supplementary Fig. S9b)
and we did not detect large-scale changes in transcription (see
Fig. 3a). Therefore, we think that the major functional targets of
Morc3 are ERV sequences and distinct enhancers.

We then functionally tested the Morc3 mutant rescue cells in
SHIN initiation silencing assays and found that all mutant
proteins failed to induce SHIN silencing (Fig. 5c). We also
performed RT-qPCR analysis for selected Morc3 target genes

and ERVs and observed de-repression, comparable to Morc3
knock-out cells (Fig. 5d, Supplementary Fig. S10a). To assess
chromatin changes, we performed ATAC-seq and H3K9me3
ChIP-seq experiments in the mutant rescue cell lines. All
mutants displayed increased accessibility on ATAC-seq peaks of
ERV families (Fig. 5e). In line with increased chromatin
accessibility, we detected reduced H3K9me3 on Morc3 peaks
(Fig. 5f). Differences in cumulative ATAC-seq and H3K9me3
ChIP-seq coverage on IAPEz elements demonstrated compro-
mised chromatin architecture in Morc3 mutant rescue cells
(Supplementary Fig. S10b, c). Consistent with the de-repression
of Morc3 target genes we detected increased chromatin
accessibility on Morc3-associated peaks (Supplementary
Figs. $10d and S11). Taken together our data demonstrate that
a fully functional ATPase cycle and Morc3 SUMOylation are
critical for Morc3 functionality.

The Morc3-ATPase cycle and SUMOylation are needed for its
interaction with Daxx. Conformational changes during the
Morc3-ATPase cycle, as well as SUMOylation, might affect
interactions with other proteins that could be related to ERV
silencing. To test this hypothesis, we determined the protein
interaction context of Morc3 using ChIP-mass spectrometry
analysis. This approach uses cross-linking and solubilization of
chromatin through sonication. Therefore, proteins detected in
this approach represent direct and stable protein interactions as
well as low-affinity interactions which are more transient in
nature, and proteins for which the interaction with Morc3 is
mediated through DNA/RNA fragments. We found 489 proteins
significantly enriched in the Morc3 ChIP-MS data (Fig. 6a,
Supplementary Data 7). Importantly, we detected the major ERV
silencing factors Setdbl, Trim28, Atrx/Daxx, and Dnmt1/Uhrfl.
We also observed a strong association with SUMO proteins,
corresponding to high SUMOylation of Morc33> and consistent
with the role of SUMO in ERV repression?3. The functional
categorization of Morc3 interactors using Panther protein class
enrichment analysis revealed that many proteins in the Morc3
context belong to chromatin and histone-modifying activities
(Fig. 6b). Interestingly a large proportion of proteins related to
RNA binding and RNA processing, suggesting that Morc3 may
have roles in RNA metabolism.

Next, we investigated if the protein interaction context would
change in the Morc3 mutant rescue cell lines. In this analysis, we
did not include the ATP hydrolysis mutant (E35A) due to
impaired recruitment to Morc3 peaks. Comparison between
ChIP-MS results between wild type and mutant Morc3 proteins
did not reveal large overall changes, suggesting that the
interaction context is largely preserved in the mutants (Fig. 6¢c).
However, focusing on the major ERV silencing factors, we found
a selective reduction of Daxx in ChIP-MS data of most Morc3
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mutant proteins (Fig. 6¢). Only in the Morc3 CW mutant Daxx
association was minimally impaired (Fig. 6¢). Reduced associa-
tion with Daxx cannot be attributed to its reduced abundance,
since nuclear Daxx levels are maintained in the rescue cell lines
(Supplementary Fig. S12). We validated interaction with Daxx by
co-immunoprecipitation with wild-type Morc3 (Fig. 6d). In
agreement with the ChIP-MS data, Morc3 mutant proteins failed
to co-immunoprecipitate Daxx (Fig. 6d). These data indicate that

a fully functional Morc3-ATPase cycle, as well as Morc3
SUMOylation, are needed for Daxx interaction.

Daxx is known to regulate ERV silencing through a C-terminal
SUMO interaction motif (SIM)?. Since Morc3 is highly SUMOy-
lated and Daxx failed to interact with the Morc3 SUMOylation
mutant, we set out to determine if the interaction between Morc3
and Daxx is mediated through this C-terminal SIM. We performed
ChIP-MS experiments comparing Daxx knock-out cell lines with re-
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Fig. 4 Morc3 knock-out leads to reduced H3K9me3 and increased chromatin accessibility on target regions. a Changes in H3K9me3 on Morc3 peaks.
Morc3 peaks were grouped in six clusters according to changes in H3K9me3 in Morc3 ko ES cells. Read-density heatmaps show the normalized coverage
of Morc3 and H3K9me3 on Morc3 peaks, the log2-fold change in H3K9me3 signal between Morc3 ko and wild type ES cells, and the log2-fold change in
H3K9me3 between Morc3 rescue and wild type cells. Depletion of H3K9me3 is colored in blue, increased H3K9me3 appears red. b H3K9me3 coverage on
Morc3 peaks. Bar graph depicts mean normalized reads over all Morc3 peak centers (100 bp bin). Error bars indicate the standard error of replicate
experiments (n = 3). Individual data points are shown as colored dots. p-values were calculated by a Tukey multiple comparisons of means Anova test with
95% family-wise confidence level. € Dot plot showing average coverage vs. log2-fold change of ATAC peaks in wild type vs. Morc3 knock-out ES cells (top
panel) and wild type vs. Morc3 rescue ES cells (lower panel). Colored dots indicate ATAC peaks with significantly increased (red) or decreased (blue)
coverage in Morc3 ko ES cells (DESeq2 adjusted p-value < 0.05, n=3 for each condition), peaks with significantly increased ATAC coverage and
overlapping with Morc3 peaks are marked in orange. d H3K27ac coverage on Morc3 peaks. Morc3 peaks were divided into 2 groups according to the
change of H3K27ac in Morc3 ko compared to wt ES cells. Read-density heatmaps show the normalized coverage of Morc3 and H3K27ac on Morc3 peaks,
the log2-fold change in H3K27ac signal between Morc3 ko and wild-type ES cells, and between Morc3 rescue and wild-type cells. Depletion of H3K27ac is
colored in blue, increased H3K27ac appears red. e Venn diagram summarizing Morc3-dependent chromatin changes. f Genome browser view of Morc3-
dependent chromatin changes on Irak3. Positions of two Morc3 peaks are indicated by gray boxes. The promoter-proximal Morc3 binding site displays

selective loss of H3K9me3, increased H3K27ac, and increased chromatin accessibility, concomitant with elevated transcription.

expression of wild-type Daxx protein or Daxx®M, Tack of the
C-terminal SIM reduced association with SUMO proteins and
resulted in strongly reduced binding with Morc3 (Fig. 6e). In
addition, wild-type Daxx could co-immunoprecipitate Morc3,
whereas Daxx23M failed to bind Morc3 (Fig. 6f). Together, our
data indicate that SUMOylated Morc3 interacts with Daxx through
the C-terminal SIM.

Morc3 is important for Daxx-mediated histone H3.3 incor-
poration. Recent studies have shown the role of Daxx-mediated
H3.3 incorporation in ERV silencing and suggest a dynamic
turnover of histones in ERV heterochromatin!$2436. Therefore,
we asked if the association of Morc3 with Daxx is critical for
histone H3.3 incorporation on Morc3 target sites. We found
histone H3.3 prominently enriched on Morc3 peak regions
(Fig. 7a, Supplementary Fig. S13a). Histone H3.3 was largely lost
in Morc3 ko cells and could be re-established in Morc3 wild-type
rescue cells (Fig. 7a). Consistent with impaired Daxx interaction,
all Morc3 mutants failed to re-establish histone H3.3 on Morc3
peak regions (Fig. 7a). On Morc3 target genes, we detected
changed patterns of histone H3.3 which might be linked with the
transcriptional activation of these loci (Fig. 7b, Supplementary
Fig. S14). For example, Irak3 showed slightly increased histone
H3.3 incorporation in a broad region close to the promoter-
proximal peak (Fig. 7b), which is associated with increased
chromatin accessibility and H3K27ac (see Fig. 4f). The distal
Morc3 peak, in contrast completely lost histone H3.3 association
(Fig. 7b). Cumulative coverage of histone H3.3 confirmed that
Morc3 peaks with repressed chromatin almost completely lost
histone H3.3, whereas Morc3 peaks with gained H3K27ac signal
could maintain significant levels of this histone variant (Fig. 7c),
which might be linked with Daxx-independent histone H3.3
deposition in the context of enhancer activation37-38,

Then, we investigated histone H3.3 changes on ERV
chromatin. We found that Morc3 target ERV families displayed
strongly reduced histone H3.3 incorporation in Morc3 ko cells,
which could be rescued with wild-type Morc3 (Fig. 7d).
Cumulative coverage of histone H3.3 on IAPEz elements revealed
a strong association in wild-type cells and almost complete loss in
Morc3 knock-out cells (Fig. 7e). Re-expression of Morc3 could
rescue histone H3.3 deposition on IAPEz elements (Fig. 7e),
whereas Morc3 mutant proteins failed to rescue histone H3.3
deposition (Supplementary Fig. S13b).

Finally, we thought to compare the transcriptional changes
observed in Morc3 knock-out cells with transcriptional changes
in Daxx or histone H3.3 knock-out cells using published data for
knock-out vs rescue cells’®. Interestingly, a subset of Morc3
regulated ERV families displayed a trend towards being

upregulated in Daxx and histone H3.3-ko cells (Supplementary
Fig. S15A). In addition, several Morc3 target genes were
upregulated in Daxx and histone H3.3-ko cells (Supplementary
Figs. S15b and S16).

Together, our data demonstrate that Morc3 is critical for Daxx-
mediated histone H3.3 deposition on distinct ERV families and
enhancers.

Discussion

Our data show that Morc3 is a critical regulator of ERV chro-
matin in mouse ES cells. Other members of the MORC protein
family have already been implicated in ERV regulation. Morcl
was found to regulate transposable elements in the mouse
germline?? and Morc2a regulates LINE1 repression in mouse ES
cells#!. In human cells, MORC2 was identified to influence HUSH
complex silencing of HERVs#243, Although the MORC family of
proteins represent important regulators of ERV silencing in dif-
ferent cell types, their mechanism of action was largely obscure.
We can show a specific function of Morc3 in regulating Daxx-
mediated histone H3.3 incorporation to maintain ERV hetero-
chromatin (Fig. 7F). We found that in absence of Morc3, ERV
heterochromatin loses H3K9me3, shows increased accessibility
and reduced levels of histone H3.3. A previous study has
demonstrated high histone H3.3 turnover on ERV regions®%.
Smarcadl evicts nucleosomes from ERV heterochromatin and,
Daxx-dependent replacement by histone H3.3-containing
nucleosomes is needed to maintain low chromatin accessibility.
Loss of histone H3.3 or Daxx, therefore, leads to more accessible
chromatin and less H3K9me3 on ERVs. We found that Morc3
knock-out cells display a very comparable phenotype, supporting
the notion that Morc3 function is needed for proper Daxx
activity. Based on our data we propose the following model for
this process. High nucleosome turnover on ERV heterochromatin
is induced by chromatin remodelers, such as Smarcadl. The re-
establishment of these nucleosomes is mediated by Daxx, which
contributes histone H3.3/H4 dimers. For this activity, Daxx needs
to interact with SUMOylated Morc3 through its SUMO interac-
tion motif. Morc3 undergoes an ATPase cycle with conforma-
tional changes that could be necessary for Daxx interaction and
may function as “licensing step” for Daxx-mediated histone H3.3
deposition. In agreement with this model, we found that (I)
Morc3 knock-out cells display impaired histone H3.3 deposition,
(II) Daxx requires the C-terminal SIM domain to interact with
Morc3, (III) the Morc3 mutant which cannot be SUMOylated
failed to interact with Daxx (IV) Morc3 mutant proteins with
impaired ATPase cycle fail to interact with Daxx. It is interesting
to note that an efficient ATPase cycle is not only critical for
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Morc3 function but also affects the silencing activity of
MORC244,

The ATPase cycle is differently affected in the Morc3 mutant
proteins. The Morc3-ATPase mutant protein is modeled after an
Hsp90 mutant which binds ATP but fails to hydrolyze it*>. We
found that this mutant does not properly localize to Morc3 peak
regions and, overall protein abundance is reduced which could
10

NATURE C

suggest a higher degradation rate. The ATP binding mutant is
expected to impair dimerization and ATP hydrolysis. This
mutant localizes to Morc3 peaks, but with overall less intensity as
compared to wild type. The AN mutant does not dimerize and
displays reduced ATPase activity?. Localization to Morc3 peaks
is largely intact, but failure to re-establish histone H3.3 and ERV
heterochromatin demonstrates that Morc3 dimerization and/or
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Fig. 5 Morc3-dependent heterochromatin requires a functional Morc3-ATPase cycle and SUMOylation. a Morc3 mutations which impair the ATPase
cycle or Morc3 SUMOylation. Five mutant constructs were generated to impair ATP binding, ATP hydrolysis, dimerization, CW ligand interaction, and
SUMOylation. b Most Morc3 mutant proteins bind to Morc3 peaks. Read-density heat map showing the normalized coverage of Morc3 wild type and
mutant proteins on Morc3 binding sites. The Morc3 ATP hydrolysis mutant displays strongly reduced coverage on Morc3 peaks. € SHIN initiation silencing
assay with Morc3 mutant rescue cell lines. Bar graph depicts mean relative percentage of EGFP positive cells of SHIN-reporter transduced cells relative to
control virus transduced cells. Error bars indicate standard deviation of replicate experiments (n = 3). Individual data points are shown as colored dots.
Data for wild type, ko, and rescue are from Fig. 3d for comparison. d RT-gPCR analysis of selected Morc3 target genes in Morc3 mutant rescue ES cells. Bar
graphs depict mean relative expression to control genes (Actin and Hprt). Error bars indicate standard deviation of replicate experiments (n = 3). Individual
data points are shown as colored dots. Data for wild type, ko, and rescue are from Fig. 3c for comparison. e Dot plot showing average wt ATAC-seq
coverage vs. log2-fold change of ERV families in wild type vs. Morc3 mutant rescue ES cells (ATP hydrolysis mutant, ATP binding mutant, AN, CW ligand
binding, SUMOylation mutant). Colored dots indicate ERV families with significantly increased (red dots) or decreased (blue dots) coverage in Morc3
mutant rescue ES cells (adjusted p-value < 0.05, n=2 for each mutant condition and n =3 for wt). f Morc3 mutant proteins fail to rescue H3K9me3 on
Morc3 binding sites. Morc3 peaks group in six clusters according to changes in H3K9me3 in Morc3 ko ES cells (compare with Fig. 4a). Read-density
heatmaps show the fold change in H3K9me3 between Morc3 mutant rescue and wild-type ES cells. Depletion of H3K9me3 is colored in blue, increased

H3K9me3 appears red. All mutants fail to rescue the ko phenotype.

ATP hydrolysis are needed for Daxx-mediated histone H3.3
incorporation. The effect of the CW mutant is more complex.
The CW domain acts as a negative regulator of ATPase activity
and requires ligand binding to relieve auto-inhibition. Thus,
Morc3 is expected to feature full ATPase activity only in the
context of CW ligand binding. Mutation of the CW domain
impairs ligand binding and therefore results in reduced ATPase
activity, while dimerization of the ATPase domain is not affected.
The loss-of-function phenotype of the Morc3 CW mutant would
therefore suggest that ligand (H3K4me3) binding, and probably
efficient ATPase activity are needed for Morc3 function in vivo.

All Morc3 mutant proteins fail to establish histone H3.3 on
Morc3 binding sites. Although AN, CW, and SUMO mutants can
properly localize to chromatin, they show impaired interaction
with Daxx. This is most prominent in co-IP experiments, where
only relatively stable interactions are captured. In ChIP-MS we
observed differences between these mutants, the SUMO mutant
completely impaired association, whereas AN showed strongly
reduced and CW only slightly reduced Daxx association. This
could suggest that Daxx can localize to Morc3 binding sites with
AN and CW mutants, but stable interaction with Morc3 and
histone H3.3 deposition might then require an efficient ATPase
cycle. Unfortunately, we failed to ChIP Daxx and were unable to
distinguish whether Daxx binding to Morc3 peaks, or activity on
its binding sites, was impaired in Morc3 knock-out and mutant
rescue cell lines.

Our data show that histone H3.3 deposition is not generally
critical for ERV silencing. Several ERV families that are bound by
Morc3 and lose H3.3 do not show strong transcriptional upre-
gulation. However, individual ERV integrations and distinct
developmental enhancers strongly respond to Morc3 loss and can
affect the regulation of genes in their vicinity. It will thus be
important to explore the role of Morc3 for histone H3.3
deposition during differentiation and development, to assess if
other members of the MORC family also regulate Daxx function
and to understand if the dysregulation of their targets may con-
tribute to the different diseases associated with mutations in
MORC family members#246-48,

Methods

Cell culture. Feeder-independent ES cells were cultured in ES cell medium (500 ml
high glucose DMEM (Sigma, D6429), 91 ml (15%) fetal bovine serum (Sigma,
F7524), 6.05 ml penicillin-streptomycin (Sigma, P4333), 6.05 ml MEM non-
essential amino acid solution (Sigma, M7145), 1.2 ml 0.35% 2-mercaptoethanol
(Sigma M7522), and 2.4 ml homemade LIF) on 10 and 15 cm gelatin-coated plates.

Lentivirus production. Lentiviral particles were produced to perform Daxx rescue,
to carry reporter plasmids, to introduce sgRNAs for CRISPR-Cas9 knock-out, and
to deliver the screening libraries. 293T cells were transfected with a mix of 24 ug

plasmid DNA consisting of 8 ug lentiviral transfer vector, 8 ug of each of the
packaging plasmids psPAX2 (#183) and pLP-eco-env (#811). All plasmids are
listed in Supplementary Table S1. The DNA was mixed with 120 pl 2.5 M CaCl,
and adjusted to a final volume of 1200 pl with H,O. Subsequently, 1200 ul 2 x HBS
solution (50 mM HEPES, 280 mM NaCl, 1.5 mM Na,HPO,, adjusted to pH 7.05
with NaOH) was added slowly and dropwise to the mix while vortexing. The
transfection mix was added immediately to the 293T cells seeded 1 day ahead at a
density of 4 million per 10 cm dish. Four to eight hours after transfection, the
medium that contained precipitates of calcium phosphate and DNA was removed,
cells were washed with 1 x PBS and fresh medium was added. The virus-containing
culture supernatant was harvested 48 h after transfection.

Lentiviral transduction of mouse ES cells by spinoculation. For lentiviral
transduction, 200 thousand ES cells per well were seeded on gelatinized 6-well
dishes in ES medium containing 8 pug/ml polybrene (Sigma, #H9268). Viral
supernatant was added to the cells and plates were spun in a prewarmed centrifuge
at 1000 x g for 1 h at 37 °C to enhance viral transduction by improved viscosity for
infection. After centrifugation, the medium was carefully replaced or diluted with
fresh ES medium to reduce toxic side effects of polybrene.

sgRNA screen. The genome-wide sgRNA screen was conducted using the 2-vector
system (lentiGuide-Puro) GeCKOV2 pooled library. The plasmid library was
obtained from the Zhang lab (Addgene catalog #1000000053) and amplified in E.
coli?®. To validate the complexity of the library the purified plasmid pool was
sequenced. Plasmids were used for lentivirus production by calcium phosphate
transfection of 293T cells. To ensure complexity of the library ten parallel virus
preparations with a total amount of 80 pg plasmid DNA were set up. Harvested
supernatants were pooled. To identify optimal virus concentration for achieving a
multiplicity of infection (MOI) of 0.3, virus titers were determined for each virus
lot. Infectivity was tested by transducing ES cells with the GeCKOv2 library
through spinoculation of 300 thousand cells per well in 6-wells with different
volumes of virus supernatant (between 1 and 100 ul). After 48 h, cells were
transferred to 15 cm plates and put under selection with 0.5 ug/ml puromycin until
colonies were detected. The screening experiment was performed using T90 cells,
which are ES cells carrying the TetO-EGFP-T2A-Zeo-GAG2.22 reporter at one
specific integration®’. T90 cells also carry the rtTA for doxycycline induction of the
TRE promoter and a Cas9 transgene. For saturation, we aimed for infection of 100
cells per sgRNA. As the libraries carry 65.000 different sgRNAs, at least 6.5 million
ES cells ought to be transduced. As the MOI should be below 30%, 30 million T90
cells were transduced with the lentiviral sgRNA library pool at an MOI between
27-28%. Transduced cells were selected by puromycin treatment after 2 days with
0.5 pg/ml puromycin. The SHIN reporter was activated 2 days after transduction
with 0.1 pug/ml doxycycline. To determine the distribution of sgRNAs without
selection pressure, the cell pool was divided into two groups. The control pool was
cultured in medium containing 0.5 ug/ml puromycin and 0.1 pg/ml doxycycline to
determine the baseline sgRNA distribution. The selection pool was treated with
either 25 or 50 pg/ml zeocin from day 4 on. All cells were passaged every 2 days
and harvested 8 days after transduction. For the control pool, 20 million cells, and
for the zeocin-treated pool 400,000 cells were collected. Extraction of genomic
DNA was performed using the DNeasy Blood and Tissue Kit Mini (Qiagen,
#69504). DNA was sheared using a syringe and 27 x g needle, and DNA con-
centration was determined with the Q-bit fluorometer (Invitrogen). Quantitative
PCR (qPCR) was used on genomic DNA extracted from ES cells in the library
screen to determine the number of cycles necessary for amplification of the sgRNA
sequences with oligonucleotides GS3369 and GS3371 (Supplementary Table S7).
PCR was carried out with the Fast SYBR® Green Master Mix™ (Applied Biosys-
tems) in a LightCycler480™ (Roche). The reactions were performed in a total
volume of 20 pl in a 384-well plate (Sarstedt). Ct values were generated by the
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Fig. 6 Morc3-ATPase cycle and SUMOylation are needed for its interaction with Daxx. a ChIP-MS identification of Morc3-associated proteins. Morc3
ChIP-MS experiments (n = 3) were performed with Morc3-3xFLAG knock-in ES cells and wild-type ES cells using FLAG antibody. Dot plot shows log fold
change enrichment vs. —log(p value) of proteins in Morc3-3xFLAG vs. wild type (background IP) cells. Positions of labeled proteins are indicated by red
dots. b Panther protein class enrichment analysis of proteins which are significantly enriched in the Morc3 ChIP-MS. Bar graph shows the percentage of
total mouse proteins (black) or Morc3 ChIP-MS proteins (blue) in significantly enriched Panther protein classes (Fisher's exact test, p value <0.05). ¢
ChIP-MS analysis of mutant Morc3 proteins. Dot plots show relative iBAQ values of proteins quantified in wild type vs. mutant Morc3 ChIP-MS data.
Positions of ERV regulators are indicated. d Morc3 interaction with Daxx requires the ATPase cycle and SUMOylation. 3xFLAG tagged Morc3 wild type and
mutant proteins were immunoprecipitated from nuclear extract of rescue cell lines using anti-FLAG magnetic beads. Wild-type cells without FLAG epitope
served as negative control. Western blot analysis of Morc3, Daxx, and Nanog (negative control) revealed interaction of Morc3 wild type protein with Daxx.
Mutant Morc3 proteins fail to co-immunoprecipitate Daxx. Uncropped blots in Source data. @ ChIP-MS analysis of Daxx wild type vs. Daxx25IM mutant
proteins. Dot plot shows relative iBAQ values of proteins quantified in Daxx rescue cell lines expressing wild-type Daxx or Daxx25M mutant protein.
Positions of ERV regulators are indicated by red dots. f Daxx requires the C-terminal SIM domain for Morc3 interaction. 3xFLAG tagged Daxx wild type and
DaxxASM proteins were immunoprecipitated from nuclear extract of rescue cell lines using anti-FLAG magnetic beads. Wild-type cells without FLAG
epitope served as negative control. Western blot analysis of Daxx, Morc3, and Nanog (negative control) revealed interaction of Daxx wild type protein with
Morc3. Mutant Daxx25M failed to co-immunoprecipitate Morc3. Uncropped blots in Source data.
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LightCycler480 software (Roche) using the 2nd derivative max function. The
library preparation was performed in two steps of PCR reactions: For the first PCR,
the amount of input genomic DNA (gDNA) for each sample was calculated to
achieve 100x coverage over the GECKO library, which resulted in an input of at
least 40 ug DNA per sample (assuming 6.6 pg of gDNA for 1 million cells). For the
control sample, 46 separate 60 ul PCR reactions were performed with 1 pg gDNA
in each reaction using Q5® High-Fidelity DNA Polymerase (New England Biolabs).
For the zeocin-treated sample, the total amount of genomic DNA harvested was

used. Oligonucleotides used to amplify lenti CRISPR sgRNAs for the first PCR were
GS3367 and GS3368 (Supplementary Table S7). The first PCRs were pooled and
3 ul were used as a template for the second PCR. The second PCR served to attach
Illumina adapters and to barcode samples and was done in a 60 yl reaction volume
divided to two times 30 ul. Oligonucleotides used as primers for the second PCR
include both a variable-length sequence to increase library complexity and an 8 bp
barcode for multiplexing of different biological samples Amplification was carried
out with 18 cycles for the first PCR and 30 cycles for the second PCR. Primers for

12
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the second PCR for zeocin-treated samples were GS3369 and GS3371 (Index9) and
for the control samples GS3369 and GS3370 (Index11) (Supplementary Table S7).
The resulting amplicons of the second PCR were mixed, purified using AMPure XP
beads (Beckman Coulter) in a volume ratio of 1:1 according to manufacturer’s

instructions. Before sequencing, the purified PCR product was quality controlled by
Qubit fluorometer (Invitrogen) and Bioanalyzer (Agilent Technologies) measure-
ment according to manufacturer’s instructions. Sequencing was carried out by

LAFUGA sequencing facility at the Gene Center of the LMU Munich using the

Tllumina HiSeq 1500 and a 50 bp single-end run.

SHIN silencing assays

Initiation assay. SHIN Reporter constructs (#940 EGFP only and #1074 EGFP

SHIN) were stably integrated into cells by lentiviral transduction and the
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Fig. 7 Morc3 is important for Daxx-mediated histone H3.3 incorporation. a Histone H3.3 is enriched on Morc3 peaks. Read-density heat map showing
the normalized coverage of Morc3 and histone H3.3 in wild type, Morc3 ko, and rescue cell lines on Morc3 peaks. The Morc3 ko and all Morc3 mutant
rescue cell lines lose histone H3.3 from Morc3 peak regions. b Genome browser view of Morc3-dependent histone H3.3 changes on an example target
gene (Irak3). Positions of two Morc3 peaks are indicated by gray boxes. Both Morc3 binding sites display loss of histone H3.3. Histone H3.3 can be re-
established in Morc3 wild type but not mutant rescue cell lines. ¢ Density plot showing the average occupancy of histone H3.3 on Morc3 peaks with
increased or unchanged H3K27ac in Morc3 ko ES cells. Morc3 peaks with increased H3K27ac signal maintain significant levels of this histone variant while
Morc3 peaks with unchanged H3K27ac largely lose histone H3.3. d Dot plot showing average histone H3.3 coverage vs. log2-fold change on ERV families
in wild type vs. Morc3 knock-out or Morc3 rescue ES cells. Colored dots indicate ERVs significantly enriched with Morc3 (see Fig. 2c). e Cumulative
coverage plot of histone H3.3 ChIP-seq on IAPEz elements. In wild-type cells, prominent enrichment is over the 5’UTR and the GAG region. The position of
the SHIN sequence is indicated as dark gray bar. Morc3 ko cells show a strong reduction of histone H3.3 coverage which is completely reverted in Morc3
rescue ES cells. f Model for the role of Morc3 in Daxx-mediated histone H3.3 deposition. In wild-type ES cells, Smarcad1 can evict nucleosomes from ERV
chromatin?4. Nucleosome reassembly requires Daxx-mediated H3.3 incorporation. Our data show that Morc3 interacts with Daxx through the SUMO
interaction motif. An efficient Morc3-ATPase cycle and SUMOylation are important for Daxx interaction and assembly of histone H3.3 into ERV chromatin.
In Morc3 ko ES cells, Daxx is inactive on ERV chromatin and evicted nucleosomes cannot be replaced. This results in accessible ERV chromatin and

reduced H3K9me3.

percentage of EGFP* cells was measured by FACS after 2-4 days. Lentiviral par-
ticles were generated using standard protocols and virus titers were determined by
titration in T37 cells. Mouse ES cells were transduced on gelatinized multi-well
dishes using spinoculation at a low multiplicity of infection to ensure a linear
relationship between virus titer and transduction rate. The ratio of the percentage
of EGFP™ cells generated by the reporter relative to the percentage of EGFP* cells
generated by a control EGFP vector of the same virus titer was used to quantify
reporter silencing (relative %EGFP™ cells). Sequences of sgRNA oligonucleotides
are summarized in Supplementary Table S2.

Maintenance assay. Cells containing the SHIN reporter (based on T90 cells) were
incubated with 0.1 pug/ml doxycycline for 2 or 4 days and expression of the reporter
locus was measured as the percentage of EGFP™ cells. To test the effect of potential
ERV silencing mutants, T90 cells were transduced with lentiviral sgRNA con-
structs. Two days after transduction, cells were selected for sgRNA expression with
1 pg/ml puromycin and SHIN reporter was induced with doxycycline.

Morc3-FLAG knock-in. The Morc3-3xFLAG knock-in cell line K14-E8 was gen-
erated by CRISPR-Cas9 mediated double-strand break induction close to the
Morc3 STOP codon followed by homologous recombination providing a template
of the same genomic region (#1529, Plasmids are summarized in Supplementary
Table S1), including the 3xFLAG tag before the STOP and exchanging the sequence
of the PAM from TGG to TAG so that the repaired sequence cannot be targeted
(Supplementary Fig. S1). CRISPR and homology plasmids were transfected via
jetPRIME (Polyplus-transfection) and single clones were analyzed for Morc3-
3xFLAG expression by western blot. All cell lines used and generated are listed in
Supplementary Table 3.

CRISPR-Cas9-mediated knock-out. Stable knock-out cell lines were generated by
small-guide RNA (sgRNA) mediated Cas9 DNA cleavage using the pX330 plasmid
(Addgene plasmid #42230). DNA oligonucleotides were hybridized and ligated into
the BbslI digested pX330 to introduce the sgRNA sequence into the vector. Mouse
ES cells were co-transfected with the pX330 plasmid harboring the sgRNA and a
plasmid encoding a puromycin resistance gene (pLFIP) using jetPRIME (Polyplus-
transfection) (#1500/#1501, Supplementary Table S1). After 2 days, transfected
cells were selected by addition of 2 pug/ml puromycin to the medium. Puromycin
selection was removed after 1 day, and individual cell clones were isolated after
4-6 days. Clonal cell lines were analyzed by western blotting or by PCR and Sanger
sequencing.

Rescue cell lines. For the generation of Morc3 rescue cell lines, KO27-2 cells were
transfected with the PiggyBac (PB) Transposon Vector System via jetPRIME
(Polyplus-transfection). The system consists of two plasmids, one encoding the
transposase (#1704) and a second one containing the respective rescue construct
(Supplementary Table S1). After 2 days, transfected cells were selected by addition
of 2 ug/ml puromycin to the medium. Individual cell clones were isolated while
puromycin selection was maintained for 7-10 days.

For Daxx rescue cell lines, the Daxx KO cell line KO2-3 was transduced with
lentivirus carrying the plasmids #1272 or #1273, respectively (Supplementary
Table S1).

RT-qPCR. Total RNA was extracted using Trizol and the RNA Clean & Con-
centrator -25 Kit (Zymo Research, #R1017) including on-column DNAse digestion
(Qiagen, #79254) according to manufacturer’s instructions. For cDNA synthesis,
1 ug of RNA was used as input. The reaction was carried out using SuperScript III
reverse transcriptase (Invitrogen, #18080044), Random Primer 6 (NEB, #512308),
RNasin Ribonuclease inhibitor (Promega, #N2515). First, total RNA, random

hexamer primers, and RNase-free water were mixed and incubated for 10 min at
70 °C, followed by 1 min incubation on ice. Next, SuperScript buffer, dNTPs, DTT,
rRNasin, and SuperScript III reverse transcriptase were added and incubated at
25 °C for 8 min, followed by incubation at 50 °C for 50 min. Reaction was stopped
by heat inactivation at 70 °C for 15 min. qPCR was carried out with the Fast SYBR®
Green Master Mix (Applied Biosystems, 4385612) in a LightCycler480™ (Roche)
according to the Fast SYBR Green Master Mix-protocol. Oligonucleotides used as
primers for RT-qPCR are summarized in Supplementary Table S5. Every PCR-
reaction was performed in a total volume of 10 ul in triplicates in a 384-well plate
(Sarstedt). Two independent control genes (Actin and Hprt) were used as reference
genes for RT-qPCR experiments and geometric mean of reference Ct values was
used as normalization. Ct values were generated by the LightCycler480 software
(Roche) using the 2nd derivative max function and fold changes were calculated
using the 2-32C method.

ChlP-seq. For the standard ChIP protocol, 25 million ES cells were cross-linked in
7-8 ml pre-tempered ES medium containing 1% formaldehyde (Pierce #28906) for
10 min at 22 °C. Fixation was stopped by addition of 0.125 M final concentration of
glycine, followed by two washing steps with PBS containing 10% Serum. Fixed cells
were resuspended in 10 ml ice-cold buffer LB1 (50 mM Hepes-KOH pH 7.5,
140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.50% NP-40, 0.25% Triton X-100, 1 x
Roche cOmplete Mini, EDTA-free Protease Inhibitor Cocktail (Roche,
#04693159001), rocked at 4 °C for 10 min and after centrifugation resuspended in
10 ml ice-cold buffer LB2 (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA,
0.5mM EGTA, 1 x Roche cOmplete protease inhibitors), rocked at 4 °C for 5 min
and centrifuged again. The pelleted nuclei were resuspended in 1 ml ice-cold
shearing buffer (10 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1% Na-Deoxycholate, 0.1% SDS, 1 x Roche cOmplete protease inhibi-
tors). Buffer compositions for LB1, LB2, and shearing buffer are based on ref. 4°.
Exactly, 1 ml nuclei suspension was transferred to a 1 ml milliTUBE with AFA fiber
(Covaris, #520130) and sonicated using a Covaris S220 device for a time of
15-20 min and the following settings: Peak power 140 W, Duty factor 20%, Cycles
per burst 200, Temperature 4 °C. The sheared samples were added to a 1.5 ml tube
with 110 ul of 10% Triton X-100 (final concentration 1%) and centrifuged at
18407 x g for 15 min at 4 °C. The soluble chromatin containing supernatant was
divided in 110 pl aliquots (equivalent to 2-2.5 million cells) and for IP diluted with
890 pl complete Buffer A (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 0.5 mM EGTA,
1% Triton X-100, 0.1% SDS, 0.1% Na-Deoxycholate, 140 mM NaCl, 1 x Roche
cOmplete protease inhibitors). Per IP 30 ul of Protein G Dynabeads (Invitrogen,
#10004D) were used. For FLAG ChIP-seq experiments 1-2 ul of FLAG-M2 anti-
body (Sigma-Aldrich, #F3165) were used per IP and 4-5 IPs (equivalent to 10-12
million cells) were pooled to obtain enough material for library preparation. For
H3K9me3 ChIP-seq experiments, 1 ul of H3K9me3 antibody (Active Motif,
#39161) was used per IP. For H3K27ac ChIP-seq experiments, 2 ug of H3K27ac
antibody (Diagenode, pAB-174-050) were used per IP. Beads were incubated with
the corresponding antibody in complete Buffer A for 1.5h prior to IP, followed by
two washes with Buffer A (without Roche cOmplete protease inhibitors). Diluted
Chromatin was added to the prebound beads and incubated for 4 h on a rotating
wheel with 30 rpm at 4 °C. After IP beads were washed five times with Buffer A and
1 time with Buffer C (10 mM Tris-HCl pH 8.0, 10 mM EDTA) beads were
resuspended in 100 pl elution buffer (10 mM Tris-HCI pH 8.0, 300 mM NaCl,
5mM EDTA, 0.5% SDS). RNA was degraded with 2 ul RNase A (10 mg/ml) for
30 min at 37 °C. Proteins were digested with 2 pl Proteinase K (10 mg/ml) at 55 °C
for 1h and cross-link reversal of immunoprecipitated DNA was carried out
overnight at 65°C. DNA was purified using the Agencourt AMPure XP beads
(Beckman Coulter, #A63882).

For H3K9me3 and H3K4me3 ChIP-seq in wild type and Morc3 ko cells, a
protocol was adapted from ref. 5. Briefly, 2 million cells were lysed in 100 ul Buffer
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B (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1% SDS, 1 x Roche cOmplete protease
inhibitors) and sonicated in a microtube (Covaris; #520045) using the Covaris $220
device with the settings: Peak power 105 W, duty factor 2%, cycles per burst 200,
Temperature 4 °C. The supernatant after centrifugation was diluted with 900 ul
complete Buffer A and 150 ul chromatin (corresponding to ~300,000 cells) were
used per IP with 10 pl Protein G Dynabeads and 1 pl of H3K9me3 antibody (Active
Motif, #39161) or H3K4me3 antibody (Diagenode, CS-003-100) as

described above.

Library preparation was performed using the Ultra I DNA Library prep kit for
Illumina (NEB, #E7645S) according to manufacturer instructions. Sequencing was
performed by LAFUGA on an Illumina Hiseq 1500 using 50 bp paired-end runs for
FLAG, H3K9me3 and H3K4me3 ChIPs and a 50 bp single-end run for
H3K27ac ChIP.

Histone H3.3 ChIP-seq. Histone H3.3 ChIP was performed based on Navarro et al. 24,
with slight modifications. In detail, 10 million cells were cross-linked in 3 ml pre-
tempered ES medium containing 1% formaldehyde (Pierce #28906) for 10 min at 22 °C.
Fixation was stopped by addition of 0.125 M final concentration of glycine, followed by
two washing steps with PBS containing 10% Serum. Fixed cells were resuspended in
400 pl of Sonication Buffer 1 (50 mM Tris-HCI (pH 8.0), 0.5% SDS, 1 x EDTA-free
Protease Inhibitor Cocktail (Roche, #04693159001)) and sheared with the Bioruptor
Pico (Diagenode) for 20 cycles (30's on/30's off) at 4 °C. To every 100 pl of sheared
chromatin 500 pl lysis buffer (10 mM Tris-HCI (pH 8), 100 mM NaCl, 1% Triton X-
100, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodiumdeoxycholate, 0.5% N-laurolsarcodine,
1 x Roche cOmplete protease inhibitors) were added and run full speed at 4 °C for
10 min on a tabletop centrifuge. Each IP used the supernatant corresponding to 3
million cells and 30 pl of Protein A Dynabeads (Invitrogen, #10002D) prebound to 5 pl
of H3.3 antibody (Millipore, #09-838) for 1h at RT followed by two washes with lysis
buffer. Chromatin was added to the beads and incubated rotating overnight at 4 °C. The
beads were washed twice each time, for 5min with 1 ml RIPA (10 mM Tris-HCI (pH
8.0), 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 140 mM
NaCl), 1 ml RIPA high salt (10 mM Tris-HCI (pH 8.0), 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 360 mM NaCl), 1 ml LiCl Buffer (10 mM Tris-
HCI (pH 8.0), 250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA) and a
quick wash with 1 ml Buffer C (10 mM Tris-HCl pH 8.0, 10 mM EDTA). Elution and
library preparation was performed as in the ChIP-seq description above with the 50 bp
paired-end sequencing mode. All NGS files are listed in Supplementary Table 9.

ATAC-seq. The OmniATACS! transposition reaction was performed with 50
thousand ES cells using the Tagment DNA TDE1 Enzyme (Illumina, #20034197).
DNA was purified using the PCR clean-up MinElute kit (Qiagen, #28006). The
transposed DNA was subsequently amplified in 50 pl reactions with custom
primers®? listed in Supplementary Table 8. Libraries were purified and size selected
for fragments <600 bp using the Agencourt AMPure XP beads (Beckman Coulter,
#A63882). Sequencing was performed by LAFUGA on the Illumina Hiseq 1500
with 50 bp single-end reads.

RNA-seq. For samples GS271-GS276, total RNA was extracted using RNeasy Mini
Kit (Qiagen, #74106) including on-column DNAse digestion (Qiagen, #79254).
Ribosomal RNA was depleted using RNA Ribo-Zero rRNA Removal Kit (Illumina,
#MRZH11124). For samples GS947-GS950, total RNA was extracted using Trizol
and the RNA Clean & Concentrator -25 Kit (Zymo Research, #R1017) including
on-column DNAse digestion (Qiagen, #79254). Due to the discontinued Ribo-Zero
kit, ribosomal RNA was depleted with the NEBNext rRNA Depletion Kit (NEB,
#E6350). Libraries were prepared with the NEBNext Ultra Directional RNA Library
Prep Kit for Illumina (NEB, #E7420S). Sequencing was performed by LAFUGA on
an Illumina Hiseq 1500 using 50 bp paired-end runs.

ChIP-MS. Immunoprecipitation of bait proteins (Daxx or Morc3) was performed
according to the “Rapid immunoprecipitation mass spectrometry of endogenous
protein (RIME) for analysis of chromatin complexes” protocol®>. Cells were har-
vested and fixed at 22 °C for 10 min in ES medium with 1% Formaldehyde (Pierce
#28906) with a density of 4 million cells/ml. The fixation was stopped by 5 min
incubation with glycine at a final concentration of 0.125 M. The cell pellet was
washed twice with ice-cold PBS containing 10% serum and once with ice-cold PBS
without serum. Cell pellets of 60 million cells were flash-frozen and stored at
—80 °C for later use. All following steps were performed at 4 °C or on ice and
centrifugation was performed at 2000 x g for 5 min if not specified. For each
immunoprecipitation experiment, 60 million cells and 60 pl of Protein G Dyna-
beads (Invitrogen, #10004D) coupled with 6 pl of the FLAG-M2 antibody (Sigma-
Aldrich, #F3165) were used. Beads were washed twice with LB3 (10 mM Tris-HCI
pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5%
N-Lauroylsarcosine) and resuspended in 100 pl complete LB3 (LB3 containing 1 x
Roche cOmplete Mini, EDTA-free Protease Inhibitor Cocktail (Roche,
#04693159001)). The antibody was prebound to beads at 35 rpm on a rotating
wheel for 2-4 h and the beads were washed 4 x 1 ml with LB3.

Cells were lysed by resuspending in complete LB1 (50 mM Hepes-KOH, pH 7.5,
140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1 x
Roche cOmplete Mini, EDTA-free Protease Inhibitor Cocktail (Roche, #04693159001))
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and incubation on a rotating wheel at 35 rpm for 10 min followed by centrifugation. To
obtain nuclei, the lysed cells were resuspended in LB2 (10 mM Tris-HCI, pH 8.0,

200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, Roche cOmplete protease inhibitors) and
incubated on a rotating wheel at 35 rpm for 5 min followed by centrifugation. The
nuclei were resuspended in complete LB3 (complete LB3, 1x PhosStop EASYpack
(Roche, #4906837001), 20 mM N-Ethylmaleimide (NEM) (Thermo Fisher, #23030)) at
a maximum density of 20 million cells per 300 pl. Chromatin was sheared with the
Bioruptor pico (Diagenode) for 10-12 cycles (30 s on/30 s off) at 4 °C. After shearing 1/
10 volume of Triton X-100 was added followed by centrifugation at 20,000 x g for

10 min. The supernatant was added to the beads for chromatin-immunoprecipitation
and incubated for 4 h at 35 rpm on a rotating wheel. The beads with the bound
chromatin were washed with 4 x 1 ml of RIPA buffer (50 mM Hepes-KOH pH 7.6,
500 mM LiCl, I mM EDTA, 1% NP-40, 0.7% Na-Deoxycholate) for 5 min at 20 rpm on
a rotating wheel followed by the same washing process with 2 x 1 ml freshly prepared
ice-cold 100 mM AMBIC (ammonium hydrogen carbonate) solution. On the last
AMBIC wash the beads were transferred to a new tube. The beads were stored dry at
—80°C until MS analysis.

The sonicated chromatin was size checked with a 2100 Bioanalyzer (Agilent) using
the DNA high sensitivity kit (Agilent, #5067-4626) or the DNA 7500 kit (Agilent,
#5067-1506) following manufactures protocol. Shortly, Elution buffer (0.5% SDS,

300 mM NaCl, 5mM EDTA, 10 mM Tris-HCI) was added 1:10 to the sonicated
chromatin and incubated at 65 °C, shaking at 800 rpm overnight for de-cross-linking.
The de-cross-linked chromatin was treated with 0.2 pg/ml of RNAse A and incubated at
37°C, shaking at 700 rpm for 1 h. Next, the sample was treated with 0.2 ug/ml
Proteinase K and incubated at 55 °C, shaking at 700 rpm for 2 h. The DNA was purified
with the MinElute PCR purification kit (Qiagen, #28006) and concentration was
measured with the Qubit dsDNA high sensitivity kit (Thermo Fisher, #Q32851) before
loading the samples to the DNA HS/DNA 7500 chip.

Liquid chromatography-mass spectrometry (LC-MS). Beads were washed three
times with 50 mM NH,HCOj; and incubated with 0.5 pg/ul Lys-C and 20 U ben-
zonase in 6 M urea, 50 mM NH,HCO; pH 7.5 for 90 min at 28 °C, washed with
50 mM NH4HCO3, and the combined supernatants were digested overnight with
0.2 ug/ul of trypsin in presence of 10 mM DTT. Digested peptides were alkylated
with 30 mM TAA and desalted prior to LC-MS analysis.

For LC-MS/MS purposes, desalted peptides were injected in an Ultimate 3000
RSLCnano system (Thermo), separated in either a 15 cm analytical column (75 um
ID with ReproSil-Pur C18-AQ 2.4 um from Dr. Maisch) with a 50 min gradient
from 4 to 40% acetonitrile in 0.1% formic acid or in a 25 cm analytical column
(75 um ID, 1.6 um C18, Aurora-IonOpticks) with a 50 min gradient from 2 to 35%
acetonitrile in 0.1% formic acid. The effluent from the HPLC was directly
electrosprayed into a Qexactive HF (Thermo) operated in data-dependent mode to
automatically switch between full-scan MS and MS/MS acquisition. Survey full-
scan MS spectra (from m/z 375 to 1600) were acquired with resolution R = 60,000
at m/z 400 (AGC target of 3 x 109). The 10 most intense peptide ions with charge
states between 2 and 5 were sequentially isolated to a target value of 1 x 10° and
fragmented at 27% normalized collision energy. Typical mass spectrometric
conditions were spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated
capillary temperature, 250 °C; ion selection threshold, 33,000 counts.

Nuclear extraction. Nuclei for IP and western blot analysis were isolated via ficoll
gradient centrifugation. For each isolation 20 million cells were harvested and
overlayed on a ficoll gradient consisting of 20% Ficoll (Lymphocyte Separation
Medium1077, promo cell C-44010) and 80% NI-Stock (100 mM Tris/HCI pH 7.4,
10 mM MgCl,, 10 mM CaCl,l, 2% NP-40, 1.6% Triton X-100) with 0.1% DMSO.
Centrifugation speed was stepwise increased at 4 °C from 37 to 150 X g in 8 min
(30s at 37 x g, 30s at 58 x g, 30s at 84 x g, 30s at 114 x g, 6 min at 150 x g). The
supernatant was carefully removed, and nuclei washed once in cold PBS.

Co-IP for western blot. Nuclei were isolated via ficoll gradient centrifugation and
resuspended in complete 150 mM NaCl IP Buffer (50 mM HEPES ph 7.5, 150 mM
NaCl, 0.05% NP-40, 20% glycerol and freshly added 1 x Roche complete, 1 x Phos-
phoSTOP, 25 mM NEM, Benzonase (Merck, #1016540001) (1 pl for each 400 ul of
buffer) and 2.5 mM MgCl,). Tubes were incubated 3 min at 37 °C for benzonase
digestion, then salt concentration was adjusted to 300 mM by adding 5 M NaCl. After
30 min incubation on ice samples were centrifuged 30 min at 4 °C at maximum speed
and the supernatant was used as input for IP. Since the bait proteins were FLAG-tagged,
FLAG-M2 beads (Sigma, M8823-1ML) were used (80 pl beads for 80 million cells). IP
was performed for 4 h followed by three washing steps, 5 min each with 1 ml 300 mM
NaCl IP buffer (50 mM HEPES ph 7.5, 300 mM NaCl, 0.05% NP-40, 20% glycerol) on a
rotating wheel at 4 °C. For elution of immunoprecipitated proteins, beads were first
boiled in Limmli buffer without p-mercaptoethanol (for Daxx elution) and then boiled
in Limmli buffer containing B-mercaptoethanol (for Morc3 elution). Morc3 western
blot signals were detected by multiplexed fluorescent immunoblotting (LI-COR Bios-
ciences). Development of Daxx western blots after co-IP was performed with the
SuperSignal™ Western Blot Substrate Atto (Thermo Scientific, A45918).

Immunofluorescence analysis. Cells were seeded in 24-well plates containing 12 mm
poly-L-lysine coated coverslips (50 thousand cells/well). Cells were fixed with
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formaldehyde (500 pl/well, 3.7% formaldehyde in PBS for 10 min at RT). Coverslips
were washed twice for 5 min in 1 ml PBS. Permeabilization was performed for 5 min in
500 pl/well in permeabilization solution (10 mM sodium citrate tribasic dihydrate,
200 pl Triton X-100). Two washing steps with 1 ml PBS followed by two washing steps
with 1 ml washing solution I (21 H,0, 220 ml 10 x PBS, 2.2 ml Tween-20, 5.5 g BSA)
were performed before samples were blocked for 30 min in 300 ml blocking solution I
(50 ml washing solution I, 1.2 g BSA). Primary antibody (anti-Morc3, Rockland, 100-
401-N96S) was diluted in 200 pl/well blocking solution I and incubated over night at
4°C in the dark. Cells were then washed three times with washing solution I. Secondary
antibody was diluted in 200 pl/well blocking solution II (0.5 ml blocking solution I,
0.5 ml serum (goat or donkey)) and incubated for 1 h at RT in the dark. Next, coverslips
were washed three times 10 min with washing solution II (500 ml PBS, 500 pl Tween-
20), followed by embedding coverslips with Vectashield containing DAPI (Vector
Laboratories, Axxora - H-1200) and sealed with nail polish. Samples were stored at 4 °C
in the dark until pictures were taken at inverted confocal microscope Leica SP5 (x64)
and analyzed with Image].

Statistics and reproducibility. Results shown in Fig. le, g are combinations of
several experiments and the replicate number per sgRNA varies. Specifically in
Fig. le n =4 for sgDaxx, sgDnmtl, sgSetdbl and Trim28; n =3 for sgAtrx,
sgMorc3, sgNeg, SgTrim24 and sgUhrfl, n =2 for all remaining candidates. In
Fig. 1g: n =12 for sgNeg, n =11 for sgSetdbl, n =10 for sgDaxx, n =7 for
sgDnmt1 and sgUhrfl, n = 6 for no sgRNA control, sgMorc2a and sgTrim28, n = 4
for sgAtf7ip and sgAtrx, n =3 for Morc3 and sgZfp606, n =2 for sgDek and sg
HP1, n=1 for all remaining candidates.

All western blots are reproduced with n > 2 biologically independent
experiments. All uncropped blots are present in the source data file.

Bioinformatics analysis

sgRNA screen data analysis. Fastq files were trimmed with Trimmomatic version
0.36 and options “CROP:43 HEADCROP:23” to contain only the unique sgRNA
sequence. Reads were then mapped with bowtie to all sgRNA sequences of the
Gecko V2 library. Cvs files of library sequences were downloaded from addgene
(https://www.addgene.org/pooled-library/zhang-mouse-gecko-v2/). CSV files were
converted to fasta format using R. Bowtie was used to generate the library index.
Reads were then aligned with bowtie 1. The number of aligned reads to each
sgRNA sequence was calculated with bedtools command “bedtools genomecov”.
The numbers of reads for each sgRNA per sample were normalized in R as follows:
Normalized reads per sgRNA = (reads per sgRNA/total reads for all sgRNAs in
sample) 4 1. Hits were identified by conversion of sgRNA enrichment scores into
gene rankings by statistical analysis using the SecondBestRank scoring method for
RNAi gene enrichment ranking (RIGER) with the Riger] tool.

ChIP-seq. Paired-end ChIP-seq reads were aligned to the mouse genome mm10
using Bowtie2 with default settings. The resulting BAM files were filtered to remove
non-paired reads, low mapping quality, non-primary alignment, and PCR dupli-
cates with “samtools view -b -f 2 -F 1280 -q 20”. Homer tag directories were
generated with “makeTagDirectory”. BigWig files were generated from tag direc-
tories with “makeBigWig.pl mm10 -webdir. -url. -norm 1e7 -normLength 100
-fragLength 150 -update”.

Morc3 peaks were identified using findPeaks with option “-style factor” over Input.
The peak files of replicate experiments were merged using homer “mergePeaks” and,
peaks common in two replicates were kept for the final peak list. The final Morc3 peak
list was annotated using homer “annotatePeaks.pl”, resulting in detailed peak
annotation including association with repeat elements.

Morc3 association with repeats was determined using RepEnrich2. The fraction
counts for each repeat family were normalized and repeat families with significant
enrichment (padj < 0.05 & log2FoldChange > 0.5) in Morc3-FLAG ChIP-seq vs.
wild type FLAG ChIP-seq (background) were calculated using DeSeq2. Enrichment
of H3K9me3 on ERVs in wild type vs. Morc3 knock-out and Morc3 rescue cells
was also calculated with RepEnrich2 and DeSeq2.

Heatmaps for ERV silencing factors Trim28, Setdbl, Morc3, and histone H3.3/
H3K9me3 were plotted as log-transformed normalized coverage (calculated from
Homer tag directories with annotatePeaks.pl).

Cumulative coverage plots on IAPEz elements were performed as described
earlier??. Cumulative coverage plots on IAPEz of H3K9me3 mutant rescues were
normalized based on non-Morc3-related H3K9me3 peaks in the wt sample.

Heatmaps of H3K9me3 and H3K27ac were plotted as log-transformed
normalized coverage (calculated from Homer tag directories with
annotatePeaks.pl). Heatmaps of H3K9me3 mutant rescues were normalized based
on non-Morc3 related H3K9me3 peaks in the wt sample.

RNA-seq. Paired-end reads were aligned to the mouse genome version mm10 using
STAR with default options “--runThreadN 32 --quantMode TranscriptomeSAM
GeneCounts --outSAMtype BAM SortedByCoordinate”. Read counts for all genes
were normalized using DESeq2. Differentially expressed genes were determined
using the DESeq2 results function (adjusted p-value < 0.01).

Expression of ERV families was calculated using RepEnrich2. Fraction counts
were normalized and differentially expressed repeats were calculated using DeSeq2.

ATAC-seq. Single-end ATAC-seq reads were aligned to the mouse genome mm10
using Bowtie with options “-q -n 2 --best --chunkmbs 2000 -p 32 -S -m 1”.
Duplicated reads were subsequently removed using Picard. Homer tag directories
were generated using makeTagDirectory and bigwig files were generated with
makeBigWig.pl. ATAC peaks were identified using Homer findPeaks.pl with the
option “-style factor” over Input. Peaks from all samples were merged using
mergePeaks resulting in a unified Peak set. Raw ATAC coverage counts were
calculated with annotatePeaks. Differential ATAC peaks were determined with the
DESeq2 result function.

ATAC coverage of ERV families was calculated using RepEnrich2 on BAM files
including multi-mapping reads. Fraction counts were normalized, and
differentially accessible repeats were calculated using DeSeq2.

IGV Screenshots. IGV screenshots were taken from respective bigwig files using
IGV 2.10.0.

ChIP-MS data analysis. MaxQuant (1.6.14.0) was used to identify proteins and
quantify by iBAQ with the following parameters: Database,
‘UP000000589_10090_Mmusculus_2020; MS tol, 10 ppm; MS/MS tol, 20 ppm Da;
Peptide FDR, 0.1; Protein FDR, 0.01 Min. peptide Length, 7; Variable modifica-
tions, Oxidation (M); Fixed modifications, Carbamidomethyl (C); Peptides for
protein quantitation, razor and unique; Min. peptides, 1; Min. ratio count, 2.

The final list of proteins found was filtered and statistically processed in R
studio version 3.5.0 using the Linear Models for Microarray Data (LIMMA) R
script Version 1.0.1 that is available on GitHub written by Wasim Aftab (https:/
github.com/wasimaftab/LIMMA-pipeline-proteomics).

For comparative analysis between Morc3 wild type and mutant proteins, iBAQ
values for proteins identified with more than 2 peptides were normalized to Morc3
or Daxx, respectively, by dividing by the iBAQ value of the bait. Mean normalized
iBAQ values from replicate experiments were plotted. Daxx was not detected in the
Morc3 ATP binding and SUMOylation mutant ChIP-MS experiments.

Pathway enrichment analysis of significantly Morc3-associated proteins was
performed using Panther.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support this study are available from the corresponding author upon
reasonable request. ChIP-MS proteomics datasets generated in this study have been
deposited to the ProteomeXchange database under the accession code PXD027368.
ATAC-seq, ChIP-seq, and RNA-seq datasets generated in this study have been deposited
to the GEO database under the accession code GSE159936. The published Trim28 ChIP-
seq data used in this study are available in the GEO database under accession code
GSM1819199. The published Daxx-ko and H3.3-ko RNA-seq data used in this study are
available in the GEO database under accession code GSE102688. Source data are
provided with this paper.
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