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Lay summary

The key for survival of every species is to transmit its genetic material, the DNA, to
the next generation. This DNA must be of highest quality as damage can leave an
individual sterile. Unfortunately, in mammals, nearly half of the DNA consists of
“‘jlumping genes” or transposons, which, as the name suggest, have the ability to
move around and cause DNA damage. If these transposons are not properly
controlled, it can lead to male infertility. Therefore, a defence mechanism
safeguarding the germline against transposons exists which is known as the piRNA
pathway. This system puts a unique marker called DNA methylation on the
transposon genes, which helps keeping them in check. The pathway relies on the
small machines, or proteins, specifically MIWI2 and SPOCD1, which are necessary
for placing DNA methylation at these sited. While it is known how MIWI2 finds
transposons in our DNA, little is known about SPOCD1. In this study, | investigated
how SPOCD1 interacts with three other proteins: SPIN1, C190RF84, and TPR. |
discovered that each of the proteins sticks to a defined part of SPOCD1.
Additionally, | examined a specific part of SPOCD1 called the SPOC domain. While
| was able to get a very detailed picture of its structure, its exact job is not known
yet. We then focused on understanding how SPOCD1 and SPIN1 work together
and demonstrated that they communicate directly. We observed that some
transposons bear a specific histone signature, which SPIN1 recognizes. This could
indicate how SPOCD1 locates transposons within our DNA. To understand the
importance of the SPOCD1-SPIN1 interaction, we created a mouse with a version
of SPOCD1 that is unable to communicate with SPIN1. These male mice are
infertile and do not produce any mature sperm because some transposons are not
controlled. In summary, we not only define how SPOCD1 teams up with SPIN1,
C190RF84, and TPR, but also sheds light on the mysterious SPOC domain. We
show that SPOCD1 and SPIN1 need to communicate to control transposons.
Moreover, we discovered that transposons bear a specific signature to be
recognized by the SPIN1-SPOCD1 complex. Our findings challenge the current
understanding of the process and suggests a novel mechanism that ensures the

control of transposons.






Abstract

The survival of the germline is essential for the survival of a species. Yet, the
integrity of those cells is threatened by transposons during foetal development. In
fact, failure to silence transposons results in male infertility in mammals. The PIWI-
interacting RNA (piRNA) pathway is the primary germline defence system which
places CpG DNA methylation at transposon loci. piRNAs recruit the PIWI protein
MIWI2 to nascent transposon transcripts via complementary base pairing and
instruct DNA methylation through SPOCD1. In this work, | defined the interaction
of SPOCD1 with three downstream factors, SPIN1, C190RF84 and TPR.
C190RF84 interacts with a c-terminal a-helix of SPOCD1 and TPR interacts with
the SPOCD1 TFIIS-M domain. In addition, | solved the structure of the SPOCD1
SPOC domain, whose function remains to be determined, at 1.7 A. | then focused
on the SPOCD1-SPIN1 interaction. | showed that SPOCD1 directly interacts with
SPIN1, a chromatin reader that recognises H3K4me3 and H3K9me3. | found that
SPIN1 and SPOCD1 are interacting before MIWI2 is expressed which challenges
the current view of all molecular events required for piRNA-directed DNA
methylation occurring after the engagement of MIWI2. In addition, | saw that young
LINE1 transposon copies are marked by the SPIN1-associated chromatin marks
before the initiation of piRNA-directed DNA methylation. | then generated a Spocd1
separation-of-function allele in the mouse encoding a SPOCD1 variant that can no
longer interact with SPIN1. | showed that the SPOCD1-SPIN1 interaction is in fact
essential for spermatogenesis and piRNA-directed DNA methylation of young
LINE1 transposons. In summary, this work defines the interaction of SPOCD1 with
SPIN1, C190RF84 and TPR, gives an insight into the SPOCD1 SPOC domain
structure and defines the importance of the SPOCD1-SPIN1 interaction which
challenges the current model and proposes a novel two-factor authentication

system to form the basis of precision.
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1 Introduction

1.1 Germ cell development

The only way for a species to survive is to pass its genetic information, the
Deoxyribonucleic acid (DNA) to the next generation. Therefore, the transmission
of high-quality and errorless genetic material is crucial. Consequently, the Germ
cells (GCs) that give rise to gametes and transfer genetic material to the next
generation must be of the highest quality. The development of primordial germ cells
(PGCs) into spermatozoa in males or oocytes in females involves a carefully
orchestrated program that includes genetic, epigenetic, and morphogenetic
changes. Finally, these cells must perform the challenging task of fertilisation
because only successful fertilisation will ensure the survival of the species.
Therefore, complex quality control mechanisms are required to protect germ line
integrity. How the complex development of the male germ line is orchestrated will

be discussed in detail in the next Chapters.

1.1.1 Germ cell specification, migration, and colonization

During embryonic development, PGCs are derived from somatic cells (Lawson and
Hage 1994). Around Embryonic day 6.5 (E6.5), several primed cells in the mouse
embryo become PGCs (Lawson and Hage 1994; Ohinata et al. 2005). Signalling
molecules from the extraembryonic ectoderm initiate reprogramming of cells to
produce the PGC lineage (Ewen and Koopman 2010). Simultaneously, the somatic
development program is repressed in PGC precursors (Ewen and Koopman 2010).
One key factor is the transcription repressor B-lymphocyte-induced maturation
protein 1 (BLIMP1), which is expressed from E6.25 and is an important factor in
somatic transcriptional program repression (Ohinata et al. 2005; Kurimoto et al.
2008; Hayashi, de Sousa Lopes, and Surani 2007). At the same time, PGCs

1
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continue to express pluripotency markers to maintain their pluripotency potential
(Ewen and Koopman 2010).

The migration of PGCs is the next crucial step which is guided by signals from the
surrounding somatic cells (Wylie 1999). PGCs first migrate from the posterior
primitive streak at E7.5 into the subjacent endoderm, which develops into the
hindgut (Anderson et al. 2000; Clark and Eddy 1975). Then, PGCs are moved
passively into the embryo at E7.5 — 8.5 while the hindgut invaginates (Clark and
Eddy 1975; Lawson and Hage 1994). From E8.5, PGCs actively migrate from the
hindgut epithelium through the midline into two separate clusters, colonising the
nascent genital ridges by E12.5 (Molyneaux et al. 2001; Godin, Wylie, and
Heasman 1990) (Figure 1). With colonisation of the genital ridges, PGCs (how
called germ cells or gonocytes) integrate into the developing gonads and initiate
changes in morphology and gene expression, including the loss of their pluripotent
potential (Ewen and Koopman 2010) (Figure 1).

Inductive
signals
from
neighboring
tissue r;\
—> 2\ —>
PGC specification PGC migration PGC colonization
~E6.5 ~E75-11.5 of genital ridges

~E12.5

Figure 1: Germ cell development.
lllustration showing the key events of germ cell development: specification, migration, and
colonization in the mouse embryo. Primordial germ cells (PGC) shown in green. Figure adapted
from (Hansen and Pelegri 2021).

Until E12.5, germ cells retain their bipotential capacity, and male and female germ
cells are indistinguishable (Nakatsuji and Chuma 2001; Adams and McLaren 2002;
McLaren and Southee 1997). Germ cell differentiation starts around E12.5 and is
controlled by the somatic environment and not by the cells autonomously (Ewen

and Koopman 2010). The signature of differentiation is the entrance into meiosis
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in female germ cells and mitotic arrest in male germ cells (McLaren and Southee
1997; Adams and McLaren 2002; Hilscher et al. 1974). Male germ cells arrest and
exit the cell cycle at the G1/GO transition as prospermatogonia in an
unsynchronized manner from E12.5 — 14.5 which will be resumed only after birth
(Hilscher et al. 1974; McLaren and Southee 1997; Western et al. 2008). Since my
study focuses on the male germline, | will focus only on the male germline in the

following Chapters.

1.1.2 Epigenetic changes in the male developing germline

In the development of the zygote to adulthood, the cellular potential is progressively
restricted to give rise to all types of differentiated somatic cells (Hackett, Zylicz, and
Surani 2012). The unique exception is the germline which is derived from somatic
cells (Hackett, Zylicz, and Surani 2012). Therefore, epigenetic barriers have to be
reversed to allow the development of the germ cell (Hackett, Zylicz, and Surani
2012). Since the number of early PGCs is highly restricted to approximately 40
cells by E7.5, this process must be very robust and very efficient (McLaren and
Lawson 2005). Furthermore, it must be completed with mitotic arrest in male germ
cells and meiotic arrest in female germ cells around E13.5 (Hackett, Zylicz, and
Surani 2012). Therefore, it is likely that a combination of multiple mechanisms,
including active and passive events ensure the successful completion of this
process within the short time window of E7.5 — E13.5 (Hackett, Zylicz, and Surani
2012).

To achieve reprogramming, PGCs must repress the ongoing somatic programme
and activate the germ cell specific programme (Saitou, Barton, and Surani 2002;
Yabuta et al. 2006). This reprogramming in PGCs includes chromatin remodelling,
extensive changes in DNA methylation and the erasure of genomic imprints
representing the most comprehensive epigenetic resetting in the mammalian life

cycle (Surani, Hayashi, and Hajkova 2007).
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1.1.2.1 Histone modification

One of the epigenetic mechanisms that influences the reprogramming of PGCs is
chromatin remodelling (Surani and Hajkova 2010). These chromatin changes are
influenced by histone proteins which are essential for DNA packing in eukaryotes
(Bannister and Kouzarides 2011). Different types of histones exist which can be
modified on their tails by numerous modifications such as methylation and
acetylation (Seah and Messerschmidt 2018). These tails serve as docking
platforms for regulatory proteins with context-dependent regulatory outcomes
(Bannister and Kouzarides 2011). For example, histone modifications Histone 3
lysine 9 di- or tri-methylation (H3K9me2/3) and H3 lysine 27 trimethylation
(H3K27me3) are associated with repression and play an important role during

germline development (Seah and Messerschmidt 2018).

1.1.2.2 DNA methylation

A second mechanism that plays a key role in PGC reprogramming is DNA
methylation (Surani, Hayashi, and Hajkova 2007). DNA 5-methylcytosine (5mC)
modification is the most direct way to alter DNA readouts in mammals (Bird 2002).
Mechanistically, 5mC DNA methylation within a CpG context is primarily
associated with transcriptional repression by restricting the binding of DNA-
interacting proteins and by recruiting methylation-binding proteins (MBPs) (Borgel
et al. 2010; Wu and Zhang 2010).

The enzymes that methylate DNA are known as DNA methyltransferases
(DNMTSs). The enzymes DNMT1, DNMT3A, DNMT3B and the cofactor DNMT3L
belong to the group of DNA methyltransferases (Li, Beard, and Jaenisch 1993;
Aapola et al. 2000; Okano, Xie, and Li 1998). In rodents, an additional DNA
methyltransferase, DNMT3C, has been discovered (Barau et al. 2016). Each
protein contains an ATRX-DNMT3L-DNMT3A (ADD) domain that recognises
unmethylated histone 3 lysine 4 (H3K4), and a methyltransferase (MTase) domain
(Lyko 2018; Otani et al. 2009). However, the MTase domain of DNMTS3L is
catalytically inactive (Chédin, Lieber, and Hsieh 2002). Additionally, DNMT3A and


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/5-methylcytosine
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DNMT3B contain a Pro-Trp-Trp-Pro (PWWP) domain which binds histones with an
Histone 3 lysine 36 tri-methylation (H3K36me3) methylation pattern (Lyko 2018).
While DNMT3A, DNMT3B, DNMT3C, and DNMT3L play important roles in de novo
DNA methylation in mice, DNMT1 is responsible for methylation maintenance in
the developing embryo (Sasaki and Matsui 2008; Barau et al. 2016; Li, Beard, and
Jaenisch 1993; Lyko 2018). It has been demonstrated that Dnmtl knockout
embryos are developmentally delayed and not viable and show de-repression of
Intracisternal A particle (IAP) transposons (Walsh, Chaillet, and Bestor 1998;
Greenberg and Bourc'his 2019; Li, Bestor, and Jaenisch 1992). DNMT3C is
expressed only in male foetal germ cells, whereas DNMT3A, DNMT3B, and
DNMT3L are expressed in various developmental contexts in both sexes (Barau
et al. 2016; Aapola et al. 2000; Okano et al. 1999). It has been shown that Dnmt3b
mice are not viable, whereas Dnmt3a knockout mice develop to term but die at
approximately four weeks of age (Okano et al. 1999).

1.1.2.3 Mechanism of epigenetic changes

The epigenetic reprogramming in PGCs starts from E7.75 with the loss of
H3K9me2 and an increase of H3K27me3 by E9.5 (Seki et al. 2005; Seki et al.
2007; Hajkova et al. 2008) (Figure 2). The loss of H3K9me2 is likely the
consequence of a downregulation of the methyltransferase GLP which forms a
complex with G9a (also EHMT?2) which is responsible for deposition of Histone 3
lysine 9 mono- and di-methylation (H3K9mel and H3K9me2) (Tachibana et al.
2005; Hackett, Zylicz, and Surani 2012). Simultaneously, specific lysine
demethylases are upregulated (Hackett, Zylicz, and Surani 2012). The increasing
H3K27me3 levels could be deposited by the upregulated methyltransferase
enhancer of zeste homologue 1 (EZH1) (Shen et al. 2008). Interestingly, both
H3K9me2 and H3K27me3 are repressive marks (Sasaki and Matsui 2008).
Therefore, an increase in H3K27me3 may be necessary to maintain a repressive
chromatin state in PGCs to complement H3K9me2 loss (Sasaki and Matsui 2008).
At the same time H3K9me3 levels are maintained in migrating PGCs (Hajkova et
al. 2008).
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In parallel from E8.0 on, DNA methylation is removed in the developing germline
(Hackett et al. 2013). The extensive reprogramming in PGCs results in the loss of
approximately 90% of 5mC methylation in PGCs (Ben Maamar, Nilsson, and
Skinner 2021) (Figure 2). Upregulation of the transcription regulators BLIMP1 and
PR-domain containing protein 14 (PRDM14) results in the repression of essential
components of the de novo DNA methylation machinery (DNMT3A and DNMT3B)
as well as a key component of the methylation maintenance machinery (ubiquitin-
like containing PHD and RING finger domains 1, UHRF1) (Kurimoto et al. 2008;
Yamaji et al. 2008; Kato et al. 2007a; Kaneda et al. 2004; Sharif et al. 2007; Bostick
et al. 2007). This repression of the DNA methylation machinery induces the first
wave of DNA erasure which is a passive event (Ben Maamar, Nilsson, and Skinner
2021). Furthermore, the essential cofactor Np95 of the maintenance
methyltransferase DNMT1 is repressed and excluded from the nucleus which
affects DNMT1 activity from E9.5 (Seisenberger et al. 2012; Kurimoto et al. 2008;
Kagiwada et al. 2013). Additional mechanisms, such as the repression of the
methyltransferase GLP, may affect DNA methylation in an H3K9me2 dependent
and independent manner (Dong et al. 2008; Tachibana et al. 2008).

However, only the second wave of demethylation which starts around E10.5 with
entry into the genital ridges, results in demethylation of most genomic regions,
including transposable elements, imprinted loci and single copy genes (Hajkova et
al. 2002; Lee et al. 2002; Lane et al. 2003; Maatouk et al. 2006). This is believed
to be an active event caused by removal of DNA methylation by Ten eleven
translocation 1 and 2 (TET1 and TETZ2) (Hackett et al. 2013; Yamaguchi et al. 2013;
Vincent et al. 2013). TET enzymes oxidize 5mC to 5-hydroxymethylcytosine
(5hmC) thereby promoting the reversal of DNA methylation (Surani and Hajkova
2010) (Figure 2). The 5hmC can be further deaminated to 5-hydroxymethyluracil
(5hmU) or oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
(Melamed et al. 2018). The last two of these modified cytosines, 5fC and 5caC, are
targeted by the Thymine DNA glycosylase (TDG) followed by the Base excision
repair (BER) which ultimately leads to repair-driven demethylation (He et al. 2011;
Ito et al. 2011; Melamed et al. 2018). At the same time, PGCs undergo rapid
amplification which results in replication-dependent dilution of DNA methylation
(hemi methylated DNA) due to the absence of the DNA methylation maintenance
machinery (Hackett et al. 2013) (Figure 2). Interestingly, some sequences, such as
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IAP retrotransposons, are only partially demethylated during this process (Maatouk
et al. 2006). The DNA methylation of repetitive sequences and non-promoter
intergenic regions is completed before birth, while the majority of the remaining
methylation is deposited before postnatal day three (P3) in mice and is finally
completed at the age of five days (Li et al. 2004; Lees-Murdock, De Felici M Fau -
Walsh, and Walsh 2003; Oakes et al. 2007).
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Figure 2: DNA and chromatin changes during germ cell development.
a, Different stages of primordial germ cell development. Stages are indicated with developing germ
cell show in green. b, Epigenetic changes in PGCs. Histone H3 lysine 9 dimethylation (H3K9me?2),
H3 lysine 27 trimethylation (H3K27me3), 5mC (DNA methylation) and 5-hydroxymethylcytosine
(5hmC). Phases of demethylation are indicated below. Figure adapted from (Hackett et al. 2013)
and (Messerschmidt, Knowles, and Solter 2014).
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In summary, reprogramming of PGCs is achieved by DNA demethylation and
chromatin remodelling which are controlled by several complementary parallel
pathways (Hackett et al. 2013). This provides the robustness, flexibility, and
efficiency necessary to ensure successful germline development (Hackett et al.
2013).

1.1.3 Spermatogenesis

Approximately five days after birth, the arrested male germ cells, the
prospermatogonia, resume mitosis and enter the prophase of meiosis | (Bellve et
al. 1977; Hilscher et al. 1974). During spermatogenesis, diploid spermatogonial
stem cells produce male haploid germ cells within the seminiferous tubule
boundaries of the testis (Hess and de Franca 2008). This seminiferous epithelium
contains numerous concentric layers of germ cells which are penetrated by a
specific type of somatic cell, the Sertoli cells (Hess and Franca 2005) (Figure 3).
Sertoli cells orchestrate germ cell development and differentiation and are key in
providing the right environment and maintaining the correct timing during

spermatogenesis (Ye et al. 1993).

Sertoli cell

Elongate spermatid

Round spermatid
Pachytene spermatocyte
Preleptotene spermatocyte
Spermatogonium

Figure 3: Cross-section of seminiferous tubules from mice.
Tubule in stage VII with cell types labelled in the image. Scale bar = 40 um. Image adapted from
(Hess and de Franca 2008)
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Germ cells first undergo repeated mitotic divisions, followed by meiosis and
spermiogenesis (Jan et al. 2012). The meiosis step includes duplication of
chromosomes, genetic recombination, and reduction of chromosomes to obtain
haploid spermatids that mature into spermatozoa for release into the tubule lumen
(Hess and de Franca 2008) (Figure 4).
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k | Paternal imprints| | synapsis || Crossing over | I Spermiogenesis y

Figure 4: Developmental transition in male gametogenesis.
The top part indicates the timing of development. Key events are labelled in black overview. To
simplify, meiosis is only shown for one pair of homologous chromosomes (pink and blue). Figure
from (Kota and Feil 2010).

The process of spermatogenesis can be separated into different stages (Leblond
and Clermont 1952). These stages are defined based on periodic acid-Schiff
(PAS)-stained sections which allows to see changes in the Golgi region of
spermatids (Hess and de Franca 2008) (Figure 5).

First, diploid spermatogonia undergo mitosis (Hess and de Franca 2008). Based
on changes in heterochromatin, they can be divided into four classes:
undifferentiated type A spermatogonia (A single (As), A paired (Ap), A aligned
(Aa)), differentiated type A spermatogonia (A1, A2, As, As), intermediate
spermatogonia (In), and type B spermatogonia (B) (de Rooij and Russell 2000). B-
spermatogonia then divide by successive mitosis until the formation of preleptotene
spermatocytes (Lara et al. 2018). This starts the prolonged meiosis step which
takes approximately 14 days in the mouse and includes the following stages:
preleptotene, leptotene, zygotene, pachytene and diplotene (Hess and de Franca
2008). DNA synthesis, chromosome pairing, genetic recombination, and
chromosome separation occur during these steps (Lara et al. 2018). Subsequently,

the cell undergoes meiotic division in stage Xll (Hess and de Franca 2008). The
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division step takes approximately one day and can be separated into three stages:
first, meiosis | (division of 4n cells); second, the formation of secondary
spermatocytes (2n cells); third, meiosis I, the division of the 2n spermatocytes in
1n round spermatids (Hess and de Franca 2008) (Figure 6).

Spermiogenesis
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Mitosis

nm N Voviovi Vil IX XX | Xl

Figure 5: Overview of mouse spermatogenesis stages (I-XII).
Different stages are shown in layers, with the Sertoli cells separating each stage. Labelling of each
stage with letters or numbers. Bottom, periodic acid-Schiff (PAS) and haematoxylin stained early,
middle, and late spermatid nuclei. Spermatogonia (A, In, B); spermatocytes (PI: preleptotene, L:
leptotene, Z: zygotene, P: pachytene, D: diakinesis, Mi: meiotic division); round spermatids (1-8);
and elongated spermatids (9-16). Figure from (Hess and de Franca 2008)

Finally, the transformation of 1n spermatids into elongated and mature
spermatozoa is called spermiogenesis (Hess and de Franca 2008). During steps
1-3 of spermiogenesis, the Golgi apparatus is visible by PAS staining (Leblond
and Clermont 1952). In step 2-3 a single, large acrosomal granule is observed
(Leblond and Clermont 1952). The acrosomal granule begins to flatten and forms
a cap over the surface of the nucleus (capping) during stages 4 — 8 (Hess and de
Franca 2008). In late step 8, when the acrosome covers approximately 1/3 of the
nuclear surface, the nucleus begins to change shape (Hess and de Franca 2008).

In the following acrosomal steps 9 — 14, the acrosomal system migrates over the
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surface of the elongating spermatid nucleus (Hess and de Franca 2008). At the
same time, chromatin is packed more tightly which can be visualised by more
intense haematoxylin staining (Hess and de Franca 2008). The maturation steps
15 — 16 occur during stages lll — VIII, where the nucleus condensation continues
and the acrosome develops into a thin structure (de Franca et al. 1995). The extra
cytoplasm is removed and can be seen as cytoplasmic lobes and residual bodies
(de Franca et al. 1995) (Figure 5).

SECONDARY
PRELEPTOTENE LEPTOTENE ZYGOTENE PACHYTENE DIPLOTENE MEIOSIS | MEIOSISII  SPERMATIDS
SPERMATOCYTES
o A 4 :
4 o N ‘o
s > 2 o s A4 Fon
@ & Ft S e “ e
\’ " ‘~ y i o N ") P
; 8y —
| |

| |

Prophase, Prophase, Prophase, genetic Prophase, Metaphase, Short-lived Prophase, metaphase,
DNA synthesis il X K
and interphase cells anaphase and telophase II; rapidly

first appear chromosomes among chromosomes telophase | occur with no resulting in two haploid cell:

as thread-like pair and homologous separate rapidly; form DNA synthesis the spermatids

appear more chromosomes daughter celis
prominent and shortening

Figure 6: Morphology of mouse spermatocytes during the prolonged

meiosis step.
Different stages are labelled at the top, with arrows indicating the direction of development. Periodic
acid-Schiff (PAS) and haematoxylin staining of spermatocytes at the respective stages are shown
below. The main characteristics of each phase are presented in boxes below the spermatocytes.
Figure adapted from (Lara et al. 2018).

During spermatogenesis, the cell number and quality are constantly controlled
(Lara et al. 2018). Significant germ cell loss is observed in the spermatogonial
phase to regulate cell density (Murphy and Richburg 2014). Apoptosis, probably
caused by quality issues related to DNA integrity, is frequently observed during
meiosis and is slightly less frequent in spermatids (Murphy and Richburg 2014). In
fact, a major threat to DNA integrity is the activity of specific DNA sequences, the

transposons (Fu and Wang 2014).

1.2The piRNA pathway

Transposons, also called jumping genes, account for approximately 40 — 50 % of
the mammalian genome (Sasaki and Matsui 2008). As the name “jumping gene”
suggests, these elements are mobile and can threaten genomic integrity (Sasaki

and Matsui 2008). However, while transposons are commonly called invaders and
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cells are described as fighting against them, transposons are also major regulatory
units and drivers of evolution and adaptation (Casacuberta and Gonzalez 2013).
Throughout most of our lives, transposon sequences are methylated and thus
incapable of moving and causing damage (Slotkin and Martienssen 2007).
However, during germline reprogramming, the genome is broadly demethylated
which puts germ cells under the threat of a burst of transposon activity (Guibert,
Forné, and Weber 2012; Seisenberger et al. 2012; Molaro et al. 2014) (Figure 7).

Reprogramming de novo methylation (male germline)

= Genomic hypo-methylation
= |0
o i TEs are derepressed .
© 2 '
; TEs transcripts are post- > ‘
L 0 transcriptionally
T silenced
3 |
Q H H
E6.5 E11.5 E12.5 E14.5 E16.5 P3 adult

Figure 7: DNA demethylation and methylation during embryonic

development.
The figure shows DNA methylation levels (y-axis) from embryonic day 6.5 (E6.5) to adulthood (x-
axis). TE = transposable element.

1.2.1 Young transposable elements (transposons)

Mammals do have several types of transposons, including retrotransposons (also
Class | elements) and DNA transposons (also Class Il elements) (Mouse Genome
Sequencing et al. 2002; Deininger and Batzer 2002). DNA transposons “cut and
paste” themselves via a DNA intermediate that is associated with a transposase
and occupy less than 3 % of the mammalian genome (Wicker et al. 2007). In fact,
most mammals lack DNA transposons with the ability to move, because older
elements accumulated mutations (Pace and Feschotte 2007; Nagamori et al.
2015).

The more common retrotransposons follow a “copy and paste” mechanism for

propagation via an ribonucleic acid (RNA) intermediate (Platt, Vandewege, and
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Ray 2018). Retrotransposons can be divided into three subclasses: Long
interspersed nuclear elements (LINEs), Short interspersed nuclear elements
(SINEs), and Long terminal repeats (LTRs) (Nagamori et al. 2015). LINEs and
SINEs are non-LTR elements characterised by a repetitive tail and the absence of
long terminal repeats (Platt, Vandewege, and Ray 2018). LINEs are typically four
to seven kilo bases (kb) long and encode the enzymatic machinery necessary for
mobilisation (Platt, Vandewege, and Ray 2018). In contrast, SINEs are
nonautonomous; they lack machinery for self-mobilisation and are only 150 — 500
base pairs (bp) in length (Platt, Vandewege, and Ray 2018). Overall, LINE and
SINE elements are the most common types of transposons (Platt, Vandewege, and
Ray 2018). LTRs are a few hundred to ten kilobases, are self-autonomous, and
are structured similar to retrotransposons (Platt, Vandewege, and Ray 2018). In
mammals, LTRs occupy approximately 4 — 10 % of the genome (Mikkelsen,
Wakefield, et al. 2007). They encode at least one gag and one pol protein which
are surrounded by the 5’ and 3’ LTR (Platt, Vandewege, and Ray 2018). Some
LTRs contain an envelope protein gene as well (Eickbush and Malik 2007)
(Figure 8).

LINE

ORF1 ORF2 (n)

Gag Pol

LTR

A(n)

SINE

K

Figure 8: Overview of common retrotransposon structures.
All structural features are labelled accordingly. LINE, long interspersed nuclear elements; LTR, long
terminal repeats; SINE, short interspersed nuclear elements; UTR, untranslated region; ORF1,
nuclear chaperone protein; ORF2 reverse transcriptase; A(n), poly A repeat; LTR, long terminal
repeat; GAG, GAG protein; POL, polyprotein
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Most transposons accumulate mutations over time, and become inactive
(Nagamori et al. 2015). Nevertheless, mammals usually have at least one active
transposon family in their genomes (Platt, Vandewege, and Ray 2018). For
example, mice mainly battle IAP and LINE1 transposons (Dewannieux et al. 2004;
Goodier et al. 2001; Naas et al. 1998). Although these active transposons can drive
evolution, transposon movement often causes irreversible DNA damage (Platt,
Vandewege, and Ray 2018). In fact, transposon insertions have been associated
with several diseases and various forms of cancer (Chenais 2013; Hancks and
Kazazian 2016; Morse et al. 1988). At the same time, transposon expression is
essential in some settings, for example, for the development of neurons (Li et al.
2012; Reilly et al. 2013).

However, owing to their ability to be deleterious and compromise genome integrity,
transposons are tightly controlled in mammals, particularly in the germline (Platt,
Vandewege, and Ray 2018). For example, Krippel-associated box domain
containing zinc finger proteins (KRAB-ZFPs) recognise the sequence of
transposons via their zinc finger (Ecco, Imbeault, and Trono 2017). This recruits
KRAB-associated protein 1 (KAP1) which in turn recruits a series of epigenetic
regulators, including histone and DNA methyltransferases (Ecco, Imbeault, and
Trono 2017; Wolf et al. 2015). In addition, the cytidine deaminase Apolipoprotein
B mRNA editing enzyme catalytic polypeptide (APOBEC) family is involved in
editing complementary DNA (cDNA) transcripts of LTR and non-LTR transposons
in mammals. (Schumann 2007; Kinomoto et al. 2007; Richardson et al. 2014). This
transposon editing causes either direct destruction or high levels of mutations in
the cDNA, likely restricting its ability to cause further damage (Harris et al. 2003).
However, the main transposon defence mechanism is the piRNA pathway, which
silences through transcriptional and post-transcriptional mechanisms via P-

element induced wimpy (PIWI) proteins (Ozata et al. 2018).

1.2.2 PIWI proteins

PIWI proteins are a subclade of Argonaute proteins that are primarily expressed in
gonads (Lin and Spradling 1997; Fu and Wang 2014). In 2006, they were first found
to associate with a specific class of small RNAs, the PIWI-interacting RNAs
(pIRNAS) in mammals (Lau et al. 2006; Grivna et al. 2006; Aravin et al. 2006; Girard
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et al. 2006). PIWI proteins catalyse the endonucleolytic cleavage of RNA targets,
play a key role in piRNA maturation, and are essential for piRNA-directed
transposon silencing (Gunawardane et al. 2007; Saxe et al. 2013; Ozata et al.
2018).

In mammals, three PIWI proteins have been identified: MIWI (PIWIL1), MILI
(PIWIL2), and MIWI2 (PIWIL4) (Aravin et al. 2007; Carmell et al. 2007; Reuter et
al. 2011). Each PIWI protein contains three domains, the PAZ, MID and PIWI
domain (Ozata et al. 2018). When bound to piRNA, the PAZ domain harbours the
3’ of the piRNA containing the 2’-O-methyl modification, while the MID domain
accommodates the 5 end with the phosphate modification (Parker, Roe, and
Barford 2005; Ma et al. 2005; Tian et al. 2011). The PIWI domain contains an
endonuclease that hydrolyses target RNA (Parker, Roe, and Barford 2004).
However, only MILI and MIWI do have slicer activity on their targets (Reuter et al.
2011; De Fazio et al. 2011). It has been shown that mice piRNA biogenesis
happens in specific areas in the cell, the so called nuage (Ozata et al. 2018). MILI
is found in nuage located close to the mitochondria (pi-body), whereas MIWI2 is
found in the perinuclear region (piP-body) (Aravin et al. 2009; Wang et al. 2020).
PIWI proteins are expressed during different stages of spermatogenesis (Ozata et
al. 2018). MIWI2 is only expressed during the gonocyte stage (Carmell et al. 2007).
MILI is expressed longest from the gonocyte until the round spermatid stage while
MIWI expression only starts after birth in the late pachytene stage and stops in
round spermatids (Kuramochi-Miyagawa et al. 2008; Deng and Lin 2002).
Therefore, embryonic transposon silencing is facilitated by MILI and MIWI2,
whereas MILI and MIWI are responsible for silencing in the adult testis (Ozata et
al. 2018).

Mice without MILI or MIWI2 show deregulation of LINE1 and IAPs and a meiotic
arrest phenotype (Kuramochi-Miyagawa et al. 2008; Carmell et al. 2007).
Interestingly, animals with catalytically inactive MILI showed upregulation of LINE1
only (De Fazio et al. 2011). In contrast to that, MIWI knockout animals show a
spermatogenic arrest phenotype due to the upregulation of transposons in the
animal after birth (Deng and Lin 2002; Reuter et al. 2011).
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1.2.3 piRNA biogenesis

The germline-specific PIWI proteins associate with piRNAs to form a complex
called the piRNA-induced silencing complex (piRISC) (Siomi et al. 2011). In mice,
piRISCs are involved in transcriptional and post-transcriptional silencing of
transposons (Siomi et al. 2011). piRNAs were first identified in Drosophila
melanogaster (Aravin et al. 2001). To date, piRNAs that guide PIWI proteins have
been found in the gonads of insects, mammals, nematodes, and fish (Aravin et al.
2006; Girard et al. 2006; Vagin et al. 2006; Grivna et al. 2006; Houwing et al. 2007;
Lau et al. 2006; Saito et al. 2006; Batista et al. 2008; Das et al. 2008).

piRNAs are usually 24 - 35 nucleotides (nt) in length (Sun, Lee, and Li 2022). In
mice, piRNAs that associate with the PIWI proteins MILI, MIWI2 and MIWI do have
a distinct size of ~26 nt, ~28 nt and ~30 nt, respectively (Siomi et al. 2011). While
other small RNAs, such as Small interfering RNAs (SiRNAs) and Micro RNAs
(miRNAS), require the endonuclease Dicer for processing, piRNAs are processed
via a Dicer-independent mechanism (Vagin et al. 2006; Grivna et al. 2006; Aravin
et al. 2006; Girard et al. 2006; Houwing et al. 2007). piRNAs contain a &
monophosphate and a 2-O-methyl modification at the 3’ end which has been
hypothesised to increase piRNA stability (Kirino and Mourelatos 2007; Vagin et al.
2006; Gunawardane et al. 2007; Ruby et al. 2006; Horwich et al. 2007; Saito et al.
2007; Ohara et al. 2007; Montgomery et al. 2012; Kamminga et al. 2010; Lim et al.
2015).

piRNAs can be further separated into prepachytene and pachytene piRNAs
according to the developmental time point at which they are expressed (Girard et
al. 2006). Prepachytene piRNAs are expressed from the spermatogonia until the
prepachytene stage of meiosis (Ozata et al. 2018) (Figure 9). They are primarily
derived from transposons and associate with MILI and MIWI2 to transcriptionally
and post-transcriptionally silence transposons during embryonic development
(Kuramochi-Miyagawa et al. 2008; Aravin et al. 2008). The expression of
pachytene piRNAs begins during the pachytene stage of meiosis during adult
spermatogenesis (Li et al. 2013). Most pachytene piRNAs are derived from long
non-coding RNA (IncRNA) genes (Li et al. 2013). They associate with the PIWI
proteins MILI and MIWI and are involved in post-transcriptional silencing in adult
animals (Vourekas et al. 2012; Di Giacomo et al. 2013; Reuter et al. 2011).
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Figure 9: Expression of piRNAs during development.
Developmental expression of piRNAs during mouse spermatogenesis. The embryonic and
postnatal developmental stages are indicated in the upper part. Pre-pachytene and pachytene
PiRNA expressions are shown below. Figure adapted from (Fu and Wang 2014).

pPiIRNA biogenesis occurs in the so-called nuage within the cell which is in the
Intramitochondrial cement (IMC, pi-bodies) or perinuclear granules (piP-bodies)
(Wang et al. 2020; Aravin et al. 2009; Eddy 1974). piRNAs are made by two
pathways, the primary processing in the intramitochondrial cement and the
secondary processing which happens in the region close to the nucleus (Fu and
Wang 2014; Wang et al. 2020). In this process, piRNA biogenesis always follows
the order of 5’ formation, PIWI binding, and 3’ formation (Ozata et al. 2018). For
primary piRNA biogenesis, long piRNA precursors are generated by RNA
polymerase Il (Pol Il) from piRNA cluster (Siomi et al. 2011). These piRNA
precursors have a 5 7-methylguanosine cap and are 3’ polyadenylated (Fu and
Wang 2014). The long precursors are cut into shorter piRNA intermediates by an
endonuclease in a Mov10 like RISC complex RNA helicase 1 (MOV10L1)
dependent matter, which allows the piRNA intermediates to associate with MILI
(Nishimasu et al. 2012; Ipsaro et al. 2012; Vourekas et al. 2012; Saxe et al. 2013;
Vourekas et al. 2015). The 5’ end of these intermediates already has the signature
of a mature piRNA with a preference for uridine (Vourekas et al. 2012; Saxe et al.
2013). While bound to PIWI proteins, the piRNA intermediates are trimmed by the
exonuclease PARN like ribonuclease domain containing exonuclease 1 (PNLDC1)
and its cofactor Tudor and KH domain containing (TDRKH) to reach the length of
a mature piRNA (Izumi et al. 2016; Kawaoka et al. 2011; Nishimura et al. 2018;
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Saxe et al. 2013). Finally, the HEN methyltransferase 1 (HENMT1) modifies the 3’
end with a 2-O-methyl modification, generating mature primary piRNAs (Kirino and
Mourelatos 2007).

Primary processing produces the initial piRNA pool which is further amplified by
secondary processing, also called the ping-pong amplification loop (Fu and Wang
2014). During secondary processing, initiator piRNAs associate with PIWI proteins
and guide them to RNA targets through complementary base pairing (Brennecke
et al. 2007; Gunawardane et al. 2007). The PIWI protein cleaves the target RNA
between the 10" and 11" nucleotides, generating the 5’ end of the new secondary
piRNA intermediate with a 10 adenine bias (Gunawardane et al. 2007; Brennecke
et al. 2007; Aravin et al. 2008). The secondary piRNA intermediate is loaded onto
a PIWI protein where the 3’ end is established, generating mature secondary
piRNAs (Kirino and Mourelatos 2007; Fu and Wang 2014). This newly generated
secondary piRNA can associate with MILI and support post-transcriptional
silencing and piRNA amplification via the ping-pong cycle or associate with MIWI2,
localise to the nucleus, and facilitate transcriptional transposon silencing (Ozata et
al. 2018) (Figure 10).

Another essential pathway for piRNA generation is phased biogenesis (Ozata et
al. 2018). Once an RNA target enters the piRNA pathway, MILI and MIWI2 can
bind to it at regular distances, cleaving and thereby destroying the transposon
transcript (Yang et al. 2016; Ozata et al. 2018). The resulting piRNAs show a 1
uracil signature (Yang et al. 2016).

These different mechanisms allow for the generation of a broad range of piRNAs
that associates with PIWI proteins which are necessary for efficient transcriptional
and post-transcriptional transposon silencing in germ cells (Watanabe et al. 2018).
While post-transcriptional silencing relies on the endonuclease activity of PIWI
proteins, transcriptional silencing is executed by the DNA methylation machinery
(Ozata et al. 2018).
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Figure 10: piRNA biogenesis.
Schematic of primary and secondary (ping-pong amplification) piRNA biogenesis. The top part
shows the primary processing, and the bottom part depicts the secondary processing. All proteins
were labelled accordingly. PARN like ribonuclease domain containing exonuclease 1 (PNLDC1),
Tudor and KH domain containing (TDRKH), HEN methyltransferase 1 (HENMT1), Mov10 like RISC
complex RNA helicase 1 (MOV10L1). Image adapted from (Fu and Wang 2014)

1.2.4 The DNA methyltransferases in transposon methylation

Previous studies give some insight into which of the DNA methyltransferases are
necessary for de novo transposon methylation (Lyko 2018). A conditional knockout
(with Cre recombinase activation at E9.5) showed that DNMT3A, is necessary for
de novo methylation and normal spermatogenesis (Kaneda et al. 2004). However,
Dnmt3b conditional knockout mice did not exhibit this phenotype (Kaneda et al.
2004). It has been concluded that DNMT3B plays an essential role in the
methylation of a broad spectrum of sequences in the early embryo, whereas
DNMT3A broadly methylates the genome to ensure spermatogonial stem cell
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(SSC) commitment to spermatogenesis (Dura et al. 2022; Kaneda et al. 2004).
Dnmt3I knockout mice showed high transcription of LINE and IAP transposons in
spermatogonia and spermatocytes (Webster et al. 2005; Bourc'his and Bestor
2004; Hata et al. 2006). This mutation causes meiotic failure in male mice, resulting
in germ cell loss by the mid-pachytene stage, and complete azoospermia in older
animals (Sasaki and Matsui 2008). The same phenotype has been observed in
mice without DNMT3C (Barau et al. 2016).

It has been shown that DNMT3A and DNMT3C with the adapter protein DNMT3L
are essential for de novo methylation during germline development (Bourc'his and
Bestor 2004; Kaneda et al. 2004; Dura et al. 2022). A recent study investigated this
further and found that DNMT3A methylates the whole genome of prenatal male
germ cells with the exception of young transposon promoters, whereas DNMT3C
specifically methylates the promoter regions of young LTR or non-LTR elements
(Dura et al. 2022). At the same time DNMT3L is essential for the methylation of
both, the DNMT3A and DNMT3C genomic targets (Dura et al. 2022; Kato et al.
2007a). However, how the methylation machinery is associated with the piRNA

pathway has remained elusive until recently.

1.2.5 The nuclear piRNA pathway

It is known that MIWI2 is essential for nuclear piRNA-directed de novo DNA
methylation, but no direct connection between MIWI2 and the DNA methylation
machinery has been established (Kuramochi-Miyagawa et al. 2008).

MIWI2 does not exhibit slicer activity; it is the only nuclear PIWI protein and is
indispensable for the de novo methylation of active transposons (Aravin et al.
2008). MIWI2-directed de novo DNA methylation targets and controls evolutionary
young LINE1l and IAP elements (Pezic et al. 2014; Kojima-Kita et al. 2016).
Specifically, it associates with transposon promoter regions and guides the DNA
methylation machinery to these loci (Barau et al. 2016; Pastor et al. 2014).
Around E15.5, MIWI2 expression starts to be visible in the cytoplasm of germ cells
of the testis (Aravin et al. 2008). MIWI2 binds to piRNA which allows the piRNA-
MIWI2 complex to localise to the nucleus (Kuramochi-Miyagawa et al. 2008; Aravin
et al. 2008). By E16.5, MIWI2 is mainly nuclear and associates with the nascent
transposon transcript through complementary base pairing via piRNA (Zoch et al.
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2020; Ozata et al. 2018). This results in the recruitment of the DNA methylation
machinery and the placement of methylation (Kuramochi-Miyagawa et al. 2008)
(Figure 11). However, a direct link between MIWI2 and the DNA methylation
machinery has not been shown, and it remains unclear how DNA

methyltransferases are guided to these loci (Zoch et al. 2020).
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Figure 11: MIWI2-guided de novo DNA methylation.
Cytoplasmic MIWI2 (left) binds to piRNA and locates to the nucleus (right). Nascent transposon
transcripts are recognised by the piRNA-MIWI2 complex via complementary base pairing. This
results in recruitment of DNA methyltransferases (DNMT3s) and CpG methylation. Unmethylated
CpG, white; methylated CpG, black.

In addition to MIWI2, the nuclear proteins MORC family CW-type zinc finger 1
(MORC1), Tudor domain containing 9 (TDRD?9), Testis expressed 15 (TEX15) and
SPOC domain-containing 1 (SPOCD1) are essential for transcriptional transposon
silencing and are candidates for linking to the de novo DNA methylation machinery
(Pastor et al. 2014; Shoji et al. 2009; Schopp et al. 2020; Zoch et al. 2020).

Deletion of MORCL1 causes a phenotype very similar to that of the Mili or Dnmt3c
knockout (Barau et al. 2016; Pastor et al. 2014; Inoue et al. 1999; Watson et al.
1998). MORC1 belongs to the GHKL ATPase family and is present in
undifferentiated cells of blastocysts and gonocytes (Hruz et al. 2008; Inoue et al.
1999; Watson et al. 1998). MORCL1 is essential for the methylation of transposon

promoter but does not contribute to piRNA biogenesis (Pastor et al. 2014). Recent
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discoveries have suggested that MORC1 re-establishes heterochromatin on active
H3K9me3-marked transposons (Uneme et al. 2023). However, the exact role of
MORC1 in MIWI2-guided de novo DNA methylation in the male germline remains
unknown (Onishi, Yamanaka, and Siomi 2021; Uneme et al. 2023). Two proteins
that are known to associate with MIWI2 are TDRD9 and TEX15 (Schopp et al.
2020; Shoji et al. 2009). TDRD9 is a DExH-box helicase/ATPase containing a
Tudor domain (Wenda et al. 2017; Shoji et al. 2009). Although TDRD9 is not
essential for piRNA biogenesis, it is essential for LINE1 silencing (Shoiji et al. 2009;
Wenda et al. 2017). TEX15 contains a DUF3715 domain and two TEX15 domains
and is expressed in adult and foetal testes (Schopp et al. 2020; Yang et al. 2020).
While TEX15 is not involved in piRNA biogenesis, it is essential for mammalian
piRNA-directed de novo DNA methylation (Schopp et al. 2020; Yang et al. 2020).
However, the functional mechanisms underlying the effects of TDRD9 and TEX15
remain unclear (Shoji et al. 2009; Wenda et al. 2017; Schopp et al. 2020). Finally,
the discovery of SPOCDL1 provided a link between the piRNA pathway and the de
novo DNA methylation machinery (Zoch et al. 2020).

1.2.6 SPOCD1

SPOCDL1 is a novel nuclear protein that associates with MIWI2, and is expressed
only during the time of de novo DNA methylation (Zoch et al. 2020). The SPOCD1
interactome revealed an association with the DNA methyltransferases DNMT3L
and DNMT3A, linking MIWI2 and the piRNA pathway to the methylation machinery
(Zoch et al. 2020). In addition, SPOCD1 co-purifies in vivo with components of the
Nucleosome remodelling deacetylase (NURD) and Barrier-to-autointegration
factor (BAF) chromatin remodelling complex (Zoch et al. 2020) (Figure 12).

22



Introduction

@ H3K9me3

A H3K4me3
O DNA methylatior

D 2*

components NURD
P components:

-

©EMBO

Transposon

Figure 12: MIWI2-mediated de novo DNA methylation.
The MIWI2-piRNA complex recognises nascent transposon transcripts. MIWI2 interacts with
TDRD9, SPOCD1, and TEX15. SPOCDL1 recruits BAF and NURD components as well as DNMT3L
and DNMT3A. DNMT3C and MORCL1 are also important in de novo DNA methylation; however, the
crosstalk between these components is not yet known. Deposition of histone methylation patterns
or DNA methylation, as indicated. Image from (Onishi, Yamanaka, and Siomi 2021).

Male Spocdl deficient mice were infertile due to the upregulation of young LINE1
and IAP elements resembling the knockout phenotype of other nuclear piRNA
effectors such as Miwi2, Dnmt3c, Dnmt3l or Tex15 (Barau et al. 2016; Schopp et
al. 2020; Zoch et al. 2020; Carmell et al. 2007; Bourc'his and Bestor 2004). In
summary, SPOCDL1 is essential for piRNA-directed de novo DNA methylation and
transposon silencing, and provides the first linkage of the mammalian piRNA
pathway to the DNA methylation machinery (Zoch et al. 2020).

In addition, studies have revealed that SPOCD1 plays a role in different cancer
types such as colorectal cancer, gastric cancer, ovarian cancer, glioma,
osteosarcoma, and bladder cancer (Gan et al. 2023; Zhu et al. 2017; Liu et al.
2020; Liu et al. 2018; Liang et al. 2018; van der Heijden et al. 2016). SPOCD1
mutations have also been associated with bipolar and major depressive disorders
(Takamatsu et al. 2022). Furthermore, it has also been shown in adult human
testes that early SSCs express SPOCD1 while SPOCDL1 is downregulated in some
non-obstructive azoospermia (NOA) patients (Zhou et al. 2022). This study
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concluded that SPOCDL1 regulates the proliferation and apoptosis of human SSCs
via Adenylate kinase 4 (AK4) (Zhou et al. 2022).

Phylogenetic analysis revealed that SPOCD1 is closely related to the
transcriptional regulator PHD finger protein 3 (PHF3) and death inducer obliterator
(DIDO) and likely originated from a duplication of PHF3 (Zoch et al. 2020). In fact,
all three proteins contain a transcription factor 1 S mid (TFIIS-M) and Spen
paralogue and orthologue c-terminal (SPOC) domain, but SPOCD1 seems to have
lost the chromatin-binding Plant homeo domain (PHD) domain in the gene
duplication event (Zoch et al. 2020) (Figure 13).

SPOCD1 | TFISIM  SPOC |
PHF3 | AED 7RISy [SPod
DIDO | ARP TFISIM SPOC

Figure 13: Domain structures of SPOCD1, PHF3, and DIDO.
TFIIS-M (transcription factor 11 S mid) domain in green, SPOC (Spen paralogue and orthologue C-
terminal) domain in blue, and PHD finger in orange. The mouse sequences of SPOCD1 (B1ASB6),
PHF3 (B2RQG2), and DIDO (Q8C9B9) were used.

The TFIIS-M domain was first discovered as the mid/central domain of the
Transcription factor Il S (TFIIS) (Kettenberger, Armache, and Cramer 2003). The
TFIIS-M domain of TFIIS forms a three-helix bundle that is constructed around a
hydrophobic core (Morin et al. 1996; Olmsted et al. 1998) (Figure 14). It has been
shown that this domain is essential for binding to RNA Pol Il (Kettenberger,
Armache, and Cramer 2003). The TFIIS-Pol Il interaction enables faster and more
efficient transcription by the polymerase (Wind and Reines 2000). Specifically,
TFIIS is important for inducing structural changes that allow cleavage and release
of trapped RNA thereby reactivating arrested Pol Il (Kettenberger, Armache, and
Cramer 2004; Kettenberger, Armache, and Cramer 2003; Cheung and Cramer
2011).
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Figure 14: Structure of the TFIIS-M domain of TFIIS.
NMR structure of the mid-domain of transcription factor TFIIS. Secondary structure elements (a-
helix) are indicated in blue. The C- and N-termini are labelled in the figure. PDB: 1IENW (Morin et
al. 1996)

The SPOC domain is a small protein-protein interaction domain that can be found
in different eukaryotic species (Appel, Benedum, et al. 2023). In addition to
SPOCD1, DIDO, PHF3, SMRT/HDAC1-associated repressor protein (SPEN, also
SHARP or MINT), RNA binding motif protein 15 (RBM15), and its paralogue,
RBM15B, contain a SPOC domain (Appel, Benedum, et al. 2023). The SPOC
domains form a distorted B-barrel that contains around seven [(-stands and a
variable number of a-helices (Ariyoshi and Schwabe 2003; Mikami et al. 2014;
Zhang et al. 2016; Appel et al. 2021) (Figure 15). The surface of SPOC structures
shows distinct basic patches that allow the anchoring of phosphorylated serine
residues in protein-protein interactions (Appel et al. 2021; Mikami et al. 2014).
PHF3 and DIDO have two of these basic patches, SPEN, RBM15, and RBM15B,
do have one basic patch, whereas none is present in the SPOCD1 structure
prediction (Appel, Franke, et al. 2023). In fact, no interaction of the SPOCD1 SPOC
domain has been reported to date (Appel, Franke, et al. 2023). It is known that the
SPOCD1 SPOC domain does not interact with the C-terminal domain (CTD) of Pol
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I, likely because of the absence of basic patches in the predicted model (Appel,
Franke, et al. 2023).

Figure 15: SPOC domain structure.
Overlay of the crystal/NMR structures of the SPOC domains of SPEN (2RT5, green); RBM15 (7227,
blue); FPA (5KXF, grey) and PHF3 (6Q2V, pink).

Drosophila SPEN is involved in many signalling pathways that modulate gene
regulation during development, such as the development of the nervous system
and eye (Kolodziej, Jan, and Jan 1995; Jemc and Rebay 2006). Furthermore,
SPEN is important for cell remodelling during metamorphosis, and is a key factor
in Xist-mediated X-chromosome inactivation (Zhao et al. 2008; Gu et al. 2017;
McHugh et al. 2015). Drosophila, as well as mammalian SPEN, regulate
transcription via the Notch pathway (Oswald et al. 2002; Doroquez, Orr-Weaver,
and Rebay 2007). SPEN interacts with Nuclear receptor corepressor (NCoR),
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Silencing mediator for retinoid and thyroid receptors (SMRT), and RNA Pol 1l via
its SPOC domain in a phosphoserine-dependent manner (Shi et al. 2001; Mikami
et al. 2014; Appel, Franke, et al. 2023). More precisely, the basic surface of the
SPEN SPOC domain recognises the phosphorylated serine residue within the LSD
motif of SMRT or NCoR (Mikami et al. 2014; Oswald et al. 2016). Furthermore, the
SPEN SPOC domain interacts with the m8A reader Fragile X mental retardation 1
(FMR1) via a phosphorylated LSD motif (Appel, Franke, et al. 2023).

The Arabidopsis protein FPA also contains a SPOC domain and regulates
flowering time via alternative polyadenylation of the Flowering locus C (FLC)
Messenger RNA (mRNA) (Hornyik, Terzi, and Simpson 2010). However, the FPA
SPOC domain does not appear to be essential for polyadenylation (Zhang et al.
2016). In contrast, the role of the SPOC domain-containing yeast protein Bypass
of ess-1 (BYEL) is well known. It is a negative regulator of early transcriptional
elongation, likely by SPOC domain-dependent tethering of BYEL onto the CTD of
Pol 1l (Appel et al. 2021; Appel, Benedum, et al. 2023; Harlen and Churchman
2017).

The homologous RBM15 and RBM15B share 51 % sequence identity and are post-
transcriptional regulators that modulate alternative splicing, m8A modification, and
MRNA export (Appel, Benedum, et al. 2023; Lee and Skalnik 2012; Uranishi et al.
2009; Zhang et al. 2015). In each of these cases RBM15/ RBM15B interact in a
phosphorylation-dependent manner via the SPOC domain with the LPDSD motif
of SET domain bifurcated histone lysine methyltransferase 1 (SETDB1), with the
mO8A writer complex via the LSETD motif in WT1 associated protein (WTAP), or
with the nuclear export promoter End-binding 2 (EB2) (Lee and Skalnik 2012;
Appel, Benedum, et al. 2023; Gu et al. 2017; Appel, Franke, et al. 2023).

The Didol gene gives rise to three alternative splicing isoforms: DIDO1, DIDO2,
and DIDO3 (Appel, Benedum, et al. 2023). DIDO3 is the longest isoform that
contains all the domains shown in Figure 13 and is the only isoform containing the
complete SPOC domain (Appel, Benedum, et al. 2023). DIDO is important for
embryonic stem cell (ESC) gene regulation, differentiation, and self-renewal (Liu,
Kim, et al. 2014; Futterer et al. 2017). It has been found to be associated with
several cancer types and is an essential host factor for the replication of dengue
and Zika viruses in mosquito cells (Xiao et al. 2020; Li et al. 2020; Forghanifard et
al. 2020; Braig and Bosserhoff 2013; Caraballo et al. 2022). DIDO3 promotes self-
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renewal in ESCs by PHD domain association with H3 lysine 4 trimethylation
(H3K4me3), and in a SPOC-dependent manner with the Pol Il CTD (Gatchalian et
al. 2013; Appel, Franke, et al. 2023). The two phosphor-serine residues of the Pol
Il CTD anchor on the basic patches on the surface of the SPOC domain (Appel,
Franke, et al. 2023; Appel et al. 2021). A similar binding mechanism has been
shown for the DIDO paralogue PHF3 which is a transcription regulator that
associates with Pol Il by binding to pS2 marks in tandem CTD repeats via its SPOC
domain (Appel et al. 2021). It has been shown that PHF3 competes with TFIIS for
binding to Pol Il (Appel et al. 2021). Once PHF3 associates with Pol Il, thereby
displacing TFIIS, the polymerase stalls and cannot continue transcribing (Appel et
al. 2021). This mechanism is important for the regulation and differentiation of
neuronal genes (Appel et al. 2021). Furthermore, PHF3 is a transcription and
MRNA stability regulator and plays a role in tumour suppression (Appel et al. 2021,
Fischer et al. 2001).

In conclusion, SPOC domains, apart from SPOCD1, can be described as
phosphor-serine binding modules that mediate protein-protein interactions in
transcription, RNA processing, and chromatin regulation (Appel, Benedum, et al.
2023).

1.3 Aim of this study

SPOCD1 connects the piRNA pathway with the DNA methylation machinery for
the first time, indicating its key role in this pathway (Zoch et al. 2020). While it is
known that SPOCD1 is important in piRNA-directed de novo DNA methylation, we
do not fully understand its function and role (Zoch et al. 2020).

In the present study, we aim to elucidate the role of SPOCD1 in the nuclear piRNA
pathway. Using structural, biochemical, and in vitro mouse model techniques as a
combined approach, we aim to understand the role of SPOCDL1. In Chapter 3, we
defined three novel interactors of SPOCD1 and solved the crystal structure of one
of the SPOCD1 domains. In Chapter 4, we study the association of SPOCD1 with
one of its interactors in detail and conclude by proposing a new 2-factor
authentication model to form the basis of precision in the nuclear piRNA pathway.
During my PhD studies, | contributed to the publication that discovered SPOCD1
and was published in Nature (Zoch et al. 2020). The work in Chapter 3.5 and 3.6,
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is part of the manuscript “C190RF84 connects piRNA and DNA methylation
machineries to defend the mammalian germline”, which has been submitted for
publication in Molecular Cell. Furthermore, the manuscript “Two-factor
authentication underpins the precision of piRNA-directed LINE1 DNA methylation”
which is included in Chapter 4, is currently in revision in Nature.
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2 Material and methods

2.1 Protein structure prediction with AlphaFold2

The mouse SPOCD1 AlphaFold2 protein structure prediction model (Jumper et al.
2021; Tunyasuvunakool et al. 2021) was downloaded from the AlphaFold Protein
Structure Database (https://www.alphafold.ebi.ac.uk/). Models for the C190RF84,
for the SPOCD1-SPIN1 interaction as well as the single SPOCD1 proteins from

anolis, xenopus, and coelacanth were generated with AlphaFold2 without template
and using mmseqs2 for the multiple sequence alignment generation (Jumper et al.
2021; Tunyasuvunakool et al. 2021) on ColabFold (Mirdita et al. 2022).

2.2 Cloning

To clone the constructs shown in Table 1, several different techniques were used

based on the available materials and DNA sequences.

2.2.1 Polymerase chain reaction (PCR)

PCR for cloning was performed using Phusion hot start Il DNA-polymerase

(Thermo Scientific™ F549L) according to the manufacturer’s instructions.

2.2.2 PCR and gel cleanup

PCR cleanup was performed using the Qiagen QIAquick PCR Purification Kit
(Qiagen, 28104) or the MinElute PCR purification kit (Qiagen, 28004) for lower
concentrations. In both cases, all steps were performed according to the manual.

For DNA extraction from agarose gel, the QIAquick Gel extraction kit (Qiagen,
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28704) was used according to the manufacturer’s instructions. For very weak
bands, the MinElute Gel extraction kit (Qiagen, 28604) was used to elute in smaller

volumes.

2.2.3 Restriction digest and ligation

For restriction digestion, the appropriate NEB enzyme with compatible buffer was
used to digest the backbone (1 pg) and insert (100 — 1000 ng) for 1-2 hours at
digestion temperature. Backbones were additionally dephosphorylated with
Alkaline phosphatase calf intestinal (CIP, NEB, M0525S), according to the
manufacturer’s protocol. For the ligation of DNA fragments, T4 DNA ligase (NEB,
M0202) was used. Usually, a backbone : insert ratio of 1:3 is used, and the ligation

mix is incubated for 30 — 60 minutes at room temperature.

2.2.4 Gibson assembly and ligase independent cloning (LIC)

Some constructs were generated by Gibson assembly (Gibson et al. 2009) using
the NEB Gibson assembly master mix (NEB, E2611). Ligase-independent cloning
(LIC) has been used for some bacterial expression vectors (Stols et al. 2002;
Aslanidis and de Jong 1990).

2.2.5 Transformation into E.coli

50 ul CaClz competent XL-1 E.coli were thawed on ice and 2-10 pl of the ligation
mix was added. The cells were incubated for 30 minutes on ice. After heat shock
at 42 °C for 45 seconds the cells were kept on ice for 10 minutes. Super optimal
broth (SOC) medium (200 ul) was added, and the mixture was incubated for 30-60
minutes at 37 °C. The cells were plated on LB plates containing the respective

antibiotics and incubated overnight at 37 °C.
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2.2.6 Plasmid preparation from E.coli

Single colonies were picked and incubated in 4 ml LB media (5 g/l yeast extract,
10 g/l tryptone, 10 g/l NaCl, pH 7.0) with the appropriate antibiotic in a 14 ml tube
for 12-16 hours at 37 °C and 180 rpm. The culture was pelleted, and plasmid
isolation was performed according to the manufacturer’s instructions using the
QIAprep spin miniprep kit (Qiagen, 27104). The plasmid was eluted in 30-50 pl,
control digested with the appropriate restriction enzymes (NEB) and loaded on a
1-2% agarose gel. If the fragment size was as expected, the plasmid was sent for
sequencing using Source Bioscience. For sequencing analysis, ApE (A plasmid

editor, http://jorgensen.biology.utah.edu/wayned/ape/) was used.

2.3 Plasmids used in this study

Table 1: Plasmids used in this study.

HEK?293T cells

Plasmid Encoding Origin amount
used per

transfection

in HEK293T
cells
pcDNA3.1-GFP- Carboxy-terminal HA O'Carroll 350 ug
HA epitope-tagged eGFP laboratory
stock
pcDNA3.1- Carboxy-terminal HA Zoch et al. 1000 pg
mmSPOCD1-HA epitope-tagged mouse Nature 2020
SPOCD1
pcDNA3.1- Carboxy-terminal HA GenScript 1000 ug
hsSPOCD1-HA  epitope-tagged human clone ID
SPOCD1 OHu28102
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pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
L792R-HA SPOCD1 with L792R point mmSPOCD1

mutation -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
hsSPOCD1- epitope-tagged human pcDNA3.1-
L971R-HA SPOCD1 with L971R point hsSPOCD1-

mutation HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
ATFIIS-M-HA SPOCDL1 lacking amino acid mmSPOCD1

410-519 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
ASPOC-M-HA SPOCDL1 lacking amino acid mmSPOCD1

680-824 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 400 ug
mmSPOCD1- epitope-tagged containing pcDNA3.1-
fragment-1-HA mouse SPOCD1 amino acid mmSPOCD1

1-409 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 350 ug
mmSPOCD1- epitope-tagged containing pcDNA3.1-
fragment-1b-HA mouse SPOCD1 amino acid mmSPOCD1

205-409 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 370 ug
mmSPOCD1- epitope-tagged containing pcDNA3.1-
fragment-2-HA mouse SPOCD1 amino acid mmSPOCD1

410-679 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 750 ug
mmSPOCD1- epitope-tagged containing pcDNA3.1-
fragment-3-HA mouse SPOCD1 amino acid mmSPOCD1

680-1015 -HA
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pcDNA3.1- Carboxy-terminal HA Mutation of 700 pg
mmSPOCD1- epitope-tagged containing pcDNA3.1-
fragment-4-HA mouse SPOCD1 amino acid mmSPOCD1

830-1015 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A831- SPOCD1 lacking amino acid mmSPOCD1
1015-HA 831-1015 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A831- SPOCD1 lacking amino acid mmSPOCD1
922-HA 831-922 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A923- SPOCD1 lacking amino acid mmSPOCD1
1015-HA 932-1015 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A923- SPOCDLI1 lacking amino acid mmSPOCD1
969-HA 923-969 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A970- SPOCDLI1 lacking amino acid mmSPOCD1
1015-HA 970-1015 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment- SPOCD1 lacking amino acid mmSPOCD1
Ahelix-HA 942-964 -HA
pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A308- SPOCDLI1 lacking amino acid mmSPOCD1
317-HA 308-317 -HA
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pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A318- SPOCD1 lacking amino acid mmSPOCD1

327-HA 318-327 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A328- SPOCD1 lacking amino acid mmSPOCD1

337-HA 328-337 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A338- SPOCD1 lacking amino acid mmSPOCD1

347-HA 338-347 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A348- SPOCD1 lacking amino acid mmSPOCD1

357-HA 348-357 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 pg
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A358- SPOCDLI1 lacking amino acid mmSPOCD1

367-HA 358-367 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A368- SPOCDLI1 lacking amino acid mmSPOCD1

387-HA 368-387 -HA

pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
fragment-A388- SPOCDLI1 lacking amino acid mmSPOCD1

409-HA 388-409 -HA

pcDNA3.1- eGFP fused carboxy- Mutation of 820 ug
SV40-NLS-HA- terminal with SPOCD1 pcDNA3.1-
HIS-GST-GFP- amino acid 327-346 with mmSPOCD1
mmSPOCD1- amino-terminal SV40-NLS- -HA

327-346-HA HA-HIS-GST tag
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pcDNA3.1- Carboxy-terminal HA Mutation of 1000 ug
mmSPOCD1- epitope-tagged mouse pcDNA3.1-
8alanine-HA SPOCD1 with amino acid SV40-NLS-

338-347 mutated to alanine  HA-HIS-

GST-GFP

pcDNA3.1- Carboxy-terminal FLAG synthesized 300 pg for
mmC190RF84-  epitope-tagged mouse by GenScript IP-WB, 500
Flag C190RF84 pg for IP-MS
pcDNA3.1- Carboxy-terminal FLAG Mutation of 300 pg
mmC190RF84-  epitope-tagged mouse pcDNA3.1-
A61-81-Flag C190RF84 lacking amino mmC190RF

acid 61-81 84-Flag
pcDNA3.1- Carboxy-terminal FLAG Mutation of 300 pg
mmC190RF84-  epitope-tagged mouse pcDNA3.1-
A61-90-Flag C190RF84 lacking amino mmC190RF

acid 61-90 84-Flag
pcDNA3.1- Carboxy-terminal FLAG GenScript 725 ug
mmSPIN1-Flag epitope-tagged mouse clone ID

SPIN1 OMu23362

Recombinant protein
Plasmid Encoding Origin amount
used per

transfectio
nin
HEK293T

cells
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pPpET-HIS-  Amino-terminal HIS epitope-  Cloning of amino NA

mmSPIN  tagged mouse SPIN1 amino  acid 49-262 (from

1-49-262  acids 49-262 pPcDNAS3.1-
mmSPIN1-Flag) in
pET-HIS

PET-HIS-  Amino-terminal HIS-GST Cloning of amino NA

GST- epitope-tagged mouse acid 205-409 (from

mmSPOC SPOCD1 amino acids 205- pPcDNA3.1-

D1-F1b 409 mmSPOCD1-HA) in
pPET-HIS

PET-HIS-  Amino-terminal HIS-GST amino acids 457- NA

GST- epitope-tagged anolis 748 of codon

anolis- SPOCD1 amino acids optimized

SPOCD1- XM_008117905.1

F1b cloned in pET-HIS-
GST

pPET-HIS-  Amino-terminal HIS-GST IDT genblock NA

GST- epitope-tagged xenopus (amino acid 1-229

xenopus- SPOCD1 amino acids of XM_018091875)

SPOCD1- cloned in pET-HIS-

F1b GST

PET-HIS- Amino-terminal HIS-GST IDT genblock NA

GST- epitope-tagged coelacanth (amino acid 510-

coelacant SPOCD21 amino acids 1009 of

h- XM_014492850.1)

SPOCD1- cloned in pET-HIS-

Flb GST

pET-HIS- Amino-terminal HIS-GST Mutation of pET- NA

GST- epitope-tagged mouse HIS-GST-

mmSPOC SPOCD1 amino acids 205- mmSPOCD1-F1b

D1- 409 with amino acid 338-347

8alanine- mutated to alanine

Flb
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PET-HIS-  Amino-terminal HIS-GST Cloning of amino NA

GST- epitope-tagged mouse acid 687-830 (from

mmSPOC SPOCD1 SPOC domain pPcDNA3.1-

D1-SPOC mMmSPOCD1-HA) in
pET-HIS

PET-HIS-  Amino-terminal HIS-GST Mutation of pET- NA

GST- epitope-tagged mouse HIS-GST-

mmSPOC SPOCD1 SPOC domain with  mmSPOCD1-SPOC

D1- L792R point mutation

SPOC-

L792R

2.4 Cell lines and maintenance

Human embryonic kidney 293T (HEK293T) cells were obtained from the O’Carroll
lab stock, University of Edinburgh, and were regularly tested for mycoplasma
contamination. The cells were cultured in Glasgow minimum essential medium
(GMEM, Gibco, 11710035) that was supplemented with 10% (v/v) Foetal bovine
serum (FBS, Gibco, 10500064), 2 mM L-glutamine (Gibco, 25030024), and 1 mM
Sodium Pyruvate (Thermo Scientific, 11360039) and grown at 37 °C, 5% COe..
Cells were grown until ~90% confluency in 10 cm dishes and split every 2 - 4 days.
For splitting, the old media was removed, cells were incubated for 2 minutes in
trypsin-EDTA solution (Sigma-Aldrich, SM-2003-C) and resuspended in an
additional 8 ml of fresh media. The cells were then split in a 1:5 ratio or used for
seeding.

For freezing, HEK293T cells were grown to ~90% confluency in a 10 cm dish. The
media was carefully removed, and 2 ml trypsin-EDTA solution (Sigma-Aldrich, SM-
2003-C) was added. 8 ml of fresh media was added, and the cell suspension was
resuspended, transferred to a 15 ml falcon, and spun at 200 g for 5 minutes. The
supernatant was discarded, and the pellet was resuspended in 2 ml Cell Culture
Freezing Medium (Gibco, 12648010). One millilitre of the cell suspension was

aliquoted into cryotubes and frozen at -80 °C.
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2.5 HEK293T cell transfection

On day 0, the cells were detached with trypsin-EDTA (Sigma-Aldrich, SM-2003-C)
for 2 minutes, resuspended in fresh media, and counted. 5 x 10° HEK293T cells
were seeded in 6-well plates containing 2 ml of medium. 24 hours latern on day 1,
the medium was changed, and cells were transfected with jetPRIME (Polyplus,
101000046). Briefly, up to 2 ug of plasmid (exact amount in Table 1) was mixed
with 3 pl jetPRIME reagent in 200 pl jetPRIME buffer. The mixture was vortexed,
incubated for 10 minutes at room temperature, and carefully added to the cells in
fresh medium. The cells were incubated for another 2 days and then harvested for

immunoprecipitation (IP).

2.6 Immunoprecipitation (IP)

On day 3 of the transfection protocol (2 days post-transfection), the cells were
harvested. First, the cells were removed from the incubator, placed on ice, and
washed twice with ice-cold phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM
KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4). After the last washing step, cells were
resuspended in 1 ml lysis buffer (IP buffer: 150 mM KCI, 2.5 mM MgClz, 0.5% (v/v)
Triton X-100, 50 mM Tris-HCI pH 8.0, supplemented with 1x cOmplete ULTRA
EDTA-free protease inhibitors (Roche, 05892791001) and 37 U/ml Benzonase
(Millipore, 71205)) and incubated for 30 minutes on the rotating wheel at 4 °C. The
lysate was cleared by centrifugation for 10 minutes at 21,000 x g. Anti-HA magnetic
beads (Pierce, 88837) were calibrated in lysis buffer and aliquoted to obtain an
equivalent volume of 20 pl beads in each tube. 800 pl of cleared lysate was added
to the beads and incubated for 1 hour at 4 °C on a rotating wheel. The beads were
washed four times with 1 ml of lysis buffer and resuspended in 20 pl of elution
buffer (0.1% (w/v) sodium dodecyl sulphate (SDS), 50 mM Tris-HCI pH 8.0) after
the last washing step. The protein was eluted by incubating the beads in elution
buffer at 50 °C for 10 minutes. Finally, the eluate was transferred to a fresh tube

and stored at -20 °C until further processing.
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2.7 Western blot (WB)

For the Western blot (WB), 4 ul of 6x Lammli buffer (15% (w/v) SDS, 0.075% (w/v)
bromophenol blue, 50% (v/v) glycerol, 75 mM Tris-HCI pH 7.0, 0.75 M Dithiothreitol
(DTT, added fresh just before usage)) was added to 20 pl of the lysate and eluate
each. The samples were loaded onto a NuPage 4 — 12% Bis-Tris protein gel
(Invitrogen, NP0323BOX) and separated for 40 minutes at 200 V. Proteins were
blotted onto an Amersham Protran NC nitrocellulose membrane (Cytiva,
10600013) via wet transfer for 1 - 2 hours at 30 V. After Ponceau staining, the
membrane was blocked for 45 - 60 minutes in blocking buffer (4% (w/v) skimmed
milk powder (Sigma-Aldrich, 70166-500G) in PBS-T (PBS with 0.1% (v/v) Tween-
20)). The membrane was then incubated with the primary antibody (anti-HA, anti-
FLAG, anti-SPOCD1, or anti-TUBULIN, details in Chapter 2.29) in blocking buffer
for 1 hour at room temperature or overnight at 4 °C. After three 10 minutes washes
with PBS-T, the membrane was incubated for 1 hour with the appropriate
secondary antibody (IRDye 680RD donkey anti-rabbit or IRDye 800CW donkey
anti-mouse details in Chapter 2.29) diluted in blocking buffer. The membrane was
again washed three times with PBS-T and imaged on an LI-COR Odyssey CLx
system. The images were analysed using Image Studio Lite (LI-COR), and areas

of interest were cropped for presentation.

2.8 Mouse strains and experimentation

Mice were maintained at the University of Edinburgh, UK, in accordance with the
regulations of the UK Home Office. Animals were kept at 19 - 23°C and 30 - 70%
humidity in open-top cages with 12 hours light/dark cycle (7 am -7 pm/ 7 pm - 7
am).

2.8.1 Mice used in this study

Spocdl-HA (B6CBAF1/Crl;C57BL/6N;Hsd:ICR (CD1)): male embryo E14.5 and

E16.5
Miwi2-tdTomato (B6CBAF1/Crl;C57BL/6N;Hsd:ICR (CD1)): male embryo E16.5
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Spocdl-dSpinl (B6CBAF1/Crl;C57BL/6N): male embryo E16.5, male postnatal
day 14, male postnatal day 20, male and female 8-16 weeks
Hsd:ICR (CD1): male embryo E14.5, male and female 8-16 weeks

2.8.2 Allele generation

The Spocd1HA and Miwi2tdTomato (Miwi2tdTom) mouse alleles have been previously
described. The Miwi2Tom gllele is a Miwi2 null allele and is used as such. Both
lines were maintained on a mixed B6CBAF1/Crl;C57BL/6N;Hsd:ICR (CD1) genetic
background.

The Spocdl4SPINl gllele was generated by CRISPR-Cas9 gene editing, as
previously described (Wang et al. 2013; Yang et al. 2013). The single guide RNA
(sgRNA) (GGGTCAGGAATCAGGCTTGT) was denatured at 72°C for 2 minutes
and the single-stranded DNA (ssDNA) oligo containing the 8-alanine mutation
flanked by an 85 bp homology arm on each side
(AGATGGTAAACAGTTGAAGCCAAGGCAGGGAGGATTTCAGGCAGAGCCTT
GCCATACTCTCTCTCAGCAGGTCTACACTGGGTCAGCTGCCGCAGCGGCCG
CTGCCGCCGCTGCAAGTCAGCCAGGACAAATTGAACCTCTGGAGGAGTTGG
ACACCAACTCAGCCAGAAGGAAGAGAAGGCCCACAACTGCTCACCCTA) was
heated to 95°C for 5 minutes for denaturation.

The injection mix containing sgRNA (6.5 ng/ul, homemade in the lab), ssDNA oligo
(12 ng/ul, IDT Ultramer) and Cas9 mRNA (25 ng/ul, homemade in the lab) was
prepared and injected into the cytoplasm of fertilised 1-cell zygotes (B6CBA
F1/Crl).

Fo offspring were screened by PCR and the Spocd14SPINT allele was confirmed by
Sanger sequencing. The allele was established from one founder animal and
backcrossed several times to a C57BL/6N genetic background. Thus, the
Spocd14SPINI mice were on a mixed B6CBAF1/Crl;C57BL/6N genetic background.

2.8.3 DNA isolation

Mouse ear biopsies or tails were incubated overnight at 55°C in 500 pl TAIL buffer
(50 mM Tris-HCI pH 8.0, 100 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0,
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100 mM NacCl, 1% (w/v) SDS) supplemented with 0.5 mg/ml Proteinase K (Roche,
3115852001). The mixture was centrifuged for 10 minutes at 21,000 x g. The
supernatant (approximately 450 pl) was transferred to a fresh tube and one volume
of isopropanol was added. The samples were centrifuged for 30 min at 21,000 x g,
and the supernatant was discarded. The DNA pellet was washed with 70% ethanol
(EtOH), dried at room temperature, and resuspended in 50-100 pl of PCR-grade
water. Next, 1 pl of the DNA was used for the genotyping PCR.

2.8.4 Genotyping PCRs

Spocd14SPINL  animals were genotyped by PCR using four primers (F:
GACCCTGTATTTATTGAAGTCACTG, R: CCTCAGTGACATCAGGCGGA, WT-
F: CACTGGGTCAGGAATCAGGC, ASpin-R: GTCCTGGCTGACTTGCAGC). The
wild-type allele generated bands at 331 and 216 bp, and the ASpin1 allele resulted
in bands at 331 and 166 bp. The composition of the 25 pl PCR reaction was as

follows:

2.500 pl 10x DreamTaq Green Buffer (B71, Life technologies)
0.250 pl 10 mM dNTPs (733-1854, VWR)

0.025 ul 100 mM primer each

0.250 ul Tag polymerase (EMBL Heidelberg Facility)

1.000 pl DNA from ears/ tails

21.90 pl water

The reaction was mixed in a PCR tube and run on a thermocycler according to the
protocol in Table 2.

The PCR reaction was loaded on a 4% (w/v) agarose gel (A9539, Sigma-Aldrich)
containing 4% (v/v) Ethidium bromide (EtBr, 09-0617, Sigma-Aldrich) and the
bands were resolved by running at 180 V for 20 - 40 minutes in 1x TAE buffer (0.4
M Tris-Acetate pH8.3, 0.01 M EDTA) (Figure 16)
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Table 2: Genotyping PCR setting for Spocd145P'Nt animals.

Time (seconds) | Temperature (in °C) | Step
120 95 1
15 95 2
30 61.5 3
13 72 4

Go to 2 and repeat step 2-4 35x
120 72 5
infinite 20 6

Spocd1
O
NV S A
—— - ASpin

Figure 16: Genotyping of Spocd145PN mice.
Representative image of genotyping of Spocd1**, Spocd14SPINV+ and Spocd14SPINVASPINL The wild-
type band at 216 bp and ASPIN1 band at 166 bp are shown.

The SpocdlHA animals were genotyped using two primers (Spocdl"A-Fw:
CCCCATCCACTGTAGTATCTGC, Spocd1HA-R:
ATACAAACTAGGCAGGTGTGGG). The SpocdlHA allele generates a 238 bp
band, whereas the wild-type results in a 196 bp amplicon. The PCR settings are
listed in Table 3.

The Miwi2idTomato mice were genotyped with a set of 3 primers (Miwi2-
TOM_GenoF1: TACTCCCAAACTCCGAGTCAC, Miwi2-TOM_GenoR1:
TCTTGCGTTTCTGATAGGCAC, Miwi2_Gen-R2:
AAAAGGCACTCTGGCTAGGAG). The Miwi2idTomato moyse generates a 193 bp
band while the wild-type allele results in a 262 bp band (Figure 17). The PCR
settings are listed in Table 4.
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Table 3: Genotyping PCR setting for Spocd1"A animals.

Time (seconds) | Temperature (in °C) | Step
180 90 1

30 90 2

45 61.5 3

30 72 4

Go to 2 and repeat step 2-4 35x

300 72 5
infinite 4

Figure 17: Genotyping of Miwi2tdTomato mjce,
Representative image of genotyping of Miwi2+!tdTomato - \jyyj2tdTomato/tdTomato - gnd Miwi2*+*. Wild-type
band at 262 bp, tdTomato band at 193 bp.

Table 4: Genotyping PCR setting for Miwi2i4T°™ animals.

Time (seconds) | Temperature (in °C) | Step
180 94 1
30 94 2
30 62 3
40 72 4
Go to 2 and repeat step 2-4 35x
300 72 5
infinite 20 6
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2.9 Foetal testes collection

For foetal testis collection, mice were mated for four days and checked for plugs
every day. Once a plug was detected, females were separated from males, and
the plug day was counted as EOQ.5. 14 (for E14.5) days or 16 days (for E16.5) after
the detected plug the pregnant female was killed, and testes were collected from
all male embryos. Depending on further processing, the testes were flash-frozen
in liquid nitrogen or embedded in OCT (Cell Path, KMA-0100-00A) and then frozen

in liquid nitrogen.

2.10 Immunoprecipitation coupled with mass spectrometry (IP-MS)

For Immunoprecipitation coupled with mass spectrometry (IP-MS), the IP
conditions differ between HEK293T cells and foetal testes, but the STAGE tips and

Mass spectrometry (MS) analysis were the same for both.

2.10.1 HEK293T cell immunoprecipitation (IP)

The transfection of HEK293T cells for MS was performed as described in Chapter
2.5. Before harvesting, the cells were washed three times with ice-cold PBS, and
1 ml hypotonic lysis buffer (10 mM KCI, 10 mM Tris-HCI pH 8.0, 5 mM MgClz, 0.1%
(v/v) IGEPAL CA-630 with 1x cOmplete ULTRA EDTA-free protease inhibitors
(Roche, 05892791001)) was added to the wells. The cells were resuspended,
transferred to a glass cell homogeniser, and lysed with 20 strokes. 50 U/ml
Benzonase (Milipore, E8263-5KU) was added to each sample, and the tubes were
incubated for 30 minutes at 4°C on a rotating wheel. The lysate was cleared for 10
minutes at 21,000 x g, and 900 ul of the cleared lysate was added to 50 pul of anti-
HA magnetic beads (Pierce, 88837, additionally crosslinked with 20 mM dimethyl
pimelidate in borate buffer, pH 9.0, and equilibrated in lysis buffer). The tubes were
incubated for 1 hour at 4°C on a rotating wheel. Afterwards, beads were washed 5
times with hypotonic wash buffer (100 mM KCI, 50 mM Tris-HCI pH 8.0, 5 mM
MgClz, 0.1% (v/v) IGEPAL CA-630) and eluted for 15 minutes at 50 °C in elution
buffer (0.1% (w/v) Rapigest (Waters, 186001861) in 50 mM Tris-HCI, pH 8.0)
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2.10.2 Foetal testis immunoprecipitation (IP)

For the foetal testis IP-MS, testes were collected from E16.5 embryos and snap
frozen in liquid nitrogen. Per replicate, 25 or 50 testes were lysed and homogenised
in hypotonic lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM KCI, 5 mM MgCl2, 0.1%
(v/v) IGEPAL CA-630 with 1x cOmplete ULTRA EDTA-free protease inhibitors
(Roche, 05892791001) with the help of 20 strokes in a glass cell homogeniser. 50
U/ml Benzonase (Milipore, E8263-5KU) was added to each sample, and the tubes
were incubated for 30 minutes at 4°C on a rotating wheel. The lysate was cleared
for 10 minutes at 21,000 x g, and 900 pl of the cleared lysate was added to 50 pl
of anti-HA magnetic beads (Pierce, 88837, additionally crosslinked with 20 mM
dimethyl pimelidate in borate buffer, pH 9.0, and equilibrated in lysis buffer). The
tubes were incubated for 30 minutes at 4°C on a rotating wheel. Afterwards, beads
were washed 4 times with hypotonic wash buffer (100 mM KCI, 50 mM Tris-HCI
pH 8.0, 5 mM MgClz, 0.1% (v/v) IGEPAL CA-630) and eluted for 15 minutes at
50°C in elution buffer (0.1% (w/v) Rapigest (Waters, 186001861) in 50 mM Tris-
HCI pH 8.0).

2.10.3 STAGE tips

After the IP, the eluates were prepared for STAGE tips. An appropriate amount of
urea (Sigma, U5378-100g) was added to each eluate to obtain a final concentration
of 8 M and mixed until dissolved. The sample was spun down at 21,000 x g,
transferred to a Vivacon 500 spin column 30 K cartridge (Sartorius, VNO1H22), and
centrifuged for 15 minutes. All centrifugation steps were performed at 13,800 g.
100 pl of 0.05 M lodacetamide (IAA, Sigma, 11149-5g) in 8 M urea, 0.1 M Tris-HClI,
pH 8.2 was added to the column, mixed at 600 rpm on the shaker for 1 minute at
room temperature and incubated another 20 minutes at room temperature in the
dark. After centrifugation for 10 minutes, 100 pl of 8 M urea in 0.1 M Tris-HCI, pH
8.2 was added to the column and centrifuged for an additional 15 minutes. This
was followed by two washes with Ammonium bicarbonate (ABC) buffer (NH4HCO3
Sigma, A6141-500G-D) in ultrapure water) of 50 pl and 100 pl with 15 minutes
centrifugation each. The old collection tubes were then removed and replaced with
new ones. For trypsin digestion, 200 ng trypsin (Thermo Fisher, 90057) in 100 pl
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0.05 M ABC buffer was added to the spin column, wrapped with parafilm, and
incubated at 37 °C overnight after a brief mixing for 1 minute at 800 rpm on a
shaker. The next day, the column was centrifuged for 15 minutes and 100 pl of
ABC buffer was added. The tube was mixed at 800 rpm for 1 minute on a shaker,
incubated for a further 10 minutes and then centrifuged for 15 minutes. The flow-
through was transferred to a new tube, and the trypsin digest was stopped with 15
pl of 10% (v/v) Trifluoroacetic acid (TFA).

Now, the STAGE tips were prepared by inserting three layers of the C18 matrix
into 200 pl tips. The STAGE tips were activated by adding 50 pl methanol to the
STAGE tips and centrifuge. All centrifugation steps were performed at 1000 g for
3 - 5 minutes until all liquid passed through the matrix. Next, 50 pl of 80% (v/v)
acetonitrile (ACN) in 0.1% (v/v) TFA was added, centrifuged, and washed with 50
pl 0.1% (v/v) TFA. The sample was loaded onto the stage tip and centrifuged,
followed by a final wash with 70 pl of 0.1% (v/v) TFA. The STAGE tips were stored

at -20°C until elution for mass-spectrometry analysis.

2.10.4 Mass-spectrometry analysis

After eluting peptides from the STAGE tips (Rappsilber, Ishihama, and Mann
2003), they were loaded on an ultra-high resolution nano-flow liquid
chromatography nanoLC Ultimate 3000 unit fitted with an Easyspray column (50
cm, 2 pm particles) coupled to a high-resolution/ accurate-mass mass
spectrometer Orbitrap Fusion Lumos operating in data acquisition (DDA) mode
(Thermo Fisher Scientific). Separation was performed with a 2% - 40% - 95% 190
minutes gradient using mobile phase A (0.1% (v/v) aqueous formic acid) and
mobile phase B (80% (v/v) acetonitrile in 0.1% (v/v) formic acid). The parameters
for the MS acquisition were set as follows: cycle time of 3 seconds, MS1 scan
Orbitrap resolution at 120,000, RF lens to 30%, AGC target to 4 x 10°, and
maximum injection time to 50 milliseconds with the detected intensity threshold at
5 x 103, For the MS2 scan, an lon Trap with rapid scan settings was used. The
maximum injection time was 50 milliseconds with the AGC target set to 2 x 10,
This setup has been used in large proteome and interactome screens and allows
detection in the low attomole (10-18) range (Hein et al. 2015; Richards et al. 2015).
The raw data were processed using MaxQuant version 1.6.1.0, and the MaxQuant
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label-free quantitation (LFQ) algorithm was used for LFQ (Cox et al. 2014).
Common contaminants (e.g. trypsin and keratins) were removed during Perseus
analysis with the peptides searched against the mouse UniProt database for testis
samples and against the human UniProt database with specific mouse sequences
added for HEK293T cell samples (Tyanova et al. 2016; Cox et al. 2014; The
UniProt 2017). The LFQ intensities were imported into Perseus version 1.6.0.2
(Tyanova et al. 2016) for visualization and processed as described previously
(Hubner and Mann 2011). Data for the IP-MS experiment were deposited in

ProteomeXchange under the accession number PXD041214.

2.11 Multiple sequence alignment

Multiple sequence alignments of SPOCD1, C190RF84, and SPIN1 were
generated using ClustalW (Sievers et al. 2011) and edited using Jalview
(Waterhouse et al. 2009). The alignment of the SPOC domains from SPOCD1,
PHF3, DIDO1, SPEN, and RBM15 was generated with the following sequences:
B1ASB6, Q6ZMY3, XP_008116112.1, XP_031752218.1, JH127468.5, B2ZRQG2,
Q92576, HOGF02, AOA8JOR465, H3A2H7, B8A483, Q8C9B9, QIBTCO, G1KES5S5,
AOA1B8XZM4, H3BAT1, F1QQA3, Q96T58, Q62504, XP_016853340.1,
AOA803J536, H3A1lY7, XP_003201252.2, QOVBL3, Q96T37, AOA803TZ95,
F6QUY1, H3BG89, F1IRCY7. For the SPOCD1 alignment SPOCD1 sequences
from different species with the following identifiers were used: BLASB6, Q6ZMY 3,
F7FFW6, F1SV96, XP_008116112.1, F1MG39, AO0A151MMW3, HOXFY4,
AOA485PAI7, W5NRM3, H2R1B9, XP_023490296.1, XP_049473573.1,
XP_044853461.1, XP_040829971.1, XP_039185503.1, XP_034976513.1,
XP_036112709.1, XP_030727203.1, XP_032245124.1, XP_026965126.1,
XP_031752218.1, XP_025303405.3, JH127468.5, XP_007493079.1. Additionally,
all SPOCD1 alignments were edited based on the SPOC crystal structures or
secondary structure elements of the AlphaFold2 model (B1ASB6) using Jalview
(Waterhouse et al. 2009). The C19 alignment was generated with the following
sequences: NP_001357781.1, NP_001180552.1, XP_008115509.1. For the
SPIN1 alignment the following sequences were used: NP_001269957.1,
NP_006708.2, XP_003216493.1, NP_001182299.1, XP_005200980.1,
XP_027819975.1, XP_025058450.1, XP_028912020.1, XP_023372017.1,
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XP_032451534.1,  JAA37469.1, XP_023483342.1,  XP_049495778.1,
XP_044877341.1, XP_040819636.1, XP_039217345.1, XP_034955689.1,
XP_036117258.1, XP_030688348.1, XP_032283569.1, XP_026947908.1,
NP_001017097.1, XP_048949241.1, XP_001331783.2,
AMEX60DD201042989.3, BAB59130.1, XP_035642328.1, XP_052634446.1,
XP_006001418.1, XP_007497879.1.

2.12 Protein purification

The plasmids used for the protein purification are listed in

Table 1. All constructs were expressed in E. coli BL21 (DE3) cells and re-
transformed freshly for purification. A few colonies were picked for 25 ml pre-
culture in 2xTY media (16 g/l tryptone, 10 g/l yeast extract, 5 g/l NaCl)
supplemented with kanamycin and grown at 37 °C overnight. The following day, 1
ml of pre-culture was used to inoculate 250 ml of 2xTY media supplemented with
kanamycin (bacteria were grown in a total of 2 L for each purification) and grown
at 37°C until ODeoo = 0.8. The temperature was reduced to 18°C and Isopropyl -
d-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1mM.
Bacteria were harvested after 16 - 18 hours by pelleting at 4,000 x g for 20 minutes.
The pellets were frozen in the -80°C freezer and stored until purification.

Proteins were purified in 1 - 3 different steps as specified in Table 5 for each
construct. Table 6 lists all buffers that were used. First, the pellet was resuspended
in lysis buffer and lysed with the Constant systems 1.1 kW TS cell disruptor at 25
kpsi. The lysate was then cleared at 50,000 x g for 45 minutes and the supernatant
was filtered through a 0.22 pym syringe filter.

For Glutathione S-transferase (GST) tagged proteins, the filtered supernatant was
loaded onto 5 - 7 ml of Glutathione Sepharose High Performance beads (Cytica,
17-5279-02) equilibrated in wash buffer. After incubating for 2 hours rotating at 4
°C, the supernatant was discarded, and the beads were washed three times with
wash buffer. The protein was eluted with 5 x 10 ml of elution buffer.

For Polyhistidine (HIS) tagged proteins, the filtered supernatant was loaded onto
an equilibrated cOmplete His-Tag Purification Column (Roche, 6781535001)
attached to an Akta Start system to perform Metal ion affinity chromatography
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(IMAC). The column was washed with five column volumes and eluted with an
increasing imidazole gradient over 10 — 20 column volumes.

All fractions containing the protein of interest based on Coomassie staining of
SDS-page were pooled and prepared for dialysis overnight using SnakeSkin
Dialysis Tubing (Thermo Fisher, 68700 or 88244). If the tag needed to be removed,
TEV or 3C protease (homemade from Atlanta Cook’s lab) was added during
overnight dialysis. If the protein was clean enough, it was concentrated (Sartorius
Vivacon or Pierce PES protein concentrator was appropriate molecular weight cut-
off), flash frozen in liquid nitrogen, and stored in the -80 °C freezer.

If further purification was required, the protein was loaded onto an ion exchange
column (IEX, see Table 5), washed, and eluted with a gradient of NaCl (100 — 1000
mM, 0 — 100% buffer B). The fractions of interest were pooled, concentrated, and
further purified using size exclusion chromatography (SEC). Depending on the size
of the protein and contamination, a Superdex S200 or S75 was used. Fractions
containing the desired protein were pooled, concentrated and frozen as described

above.
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Table 5: Overview of recombinant protein purification steps.

Tag Organis  Protein Purificat Tag Purificat Purificat
m ion step removal ionstep ion step
1 ? 2 3
GST mouse SPOC GST yes IEX: SEC
Pull- Resourc
down eS
GST mouse SPOC GST yes IEX:
L792R Pull- Resourc
down eS
HIS mouse SPIN1 IMAC yes IEX: SEC
49-262 Resourc
eQ
GST mouse SPOCD1 GST no
Flb Pull-
down
GST mouse SPOCD1 GST no
Flb -8 Pull-
alanine down
GST xenopus SPOCD1 GST no
Flb Pull-
down
GST anolis SPOCD1 GST no
Flb Pull-
down
GST coelacan SPOCD1 GST no
th Flb Pull-
down
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Table 6: Buffer used for protein purification.

Name of
buffer

Composition for HIS-tag

Composition for GST-tag

Purification Step 1 - IMAC

Lysis buffer

- 20 mM Tris-HCI or HEPES
pH 7.5

- 200 mM NacCl

- 2.5 mM imidazole

- 0.5 mM beta-

mercaptoethanol

- cOmplete ULTRA EDTA-free

protease inhibitors (Roche,
05892791001)

- 0.01 g/l DNasel (Sigma,
D4527)

- 2 mM Pefabloc (Supelco,

- 20 mM Tris-HCI or HEPES
pH 7.5

- 150 mM NacCl

- 1 mM dithiothreitol (DTT)
- cOmplete ULTRA EDTA-
free protease inhibitors
(Roche, 05892791001)

- 0.01 g/l DNasel (Sigma,
D4527)

- 2 mM Pefabloc (Supelco,
76307)

76307)
Wash buffer - 20 mM Tris-HCI or HEPES - 20 mM Tris-HCI or HEPES
pH 7.5 pH 7.5
- 200 mM NacCl - 150 mM NacCl
- 2.5 mM imidazole - 1 mM dithiothreitol (DTT)
- 0.5 mM beta-
mercaptoethanol
Elution buffer -20 mM Tris-HCI or HEPES - 20 mM Tris-HCIl or HEPES
pH 7.5 pH 7.5
- 200 mM NacCl - 150 mM NacCl
- 500 mM imidazole - 20 mM reduced Glutathione
- 0.5 mM beta- (Sigma, G4251)
mercaptoethanol - 1 mM dithiothreitol (DTT)
Dialysis - 20 mM Tris-HCI or HEPES - 20 mM Tris-HCI or HEPES
buffer pH 7.5 pH 7.5
- 100 mM NacCl - 100 mM NacCl
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- 1 mM dithiothreitol (DTT) - 1 mM dithiothreitol (DTT)
Purification Step 2 - IEX
Buffer A - 20 mM Tris-HCI or HEPES - 20 mM Tris-HCI or HEPES
pH 7.5 pH 7.5
- 100 mM NacCl - 100 mM NacCl
- 1 mM dithiothreitol (DTT) - 1 mM dithiothreitol (DTT)
Buffer B - 20 mM Tris-HCIl or HEPES - 20 mM Tris-HCIl or HEPES
pH 7.5 pH 7.5
- 1000 mM NacCl - 1000 mM NacCl
- 1 mM dithiothreitol (DTT) - 1 mM dithiothreitol (DTT)
Purification Step 3 - SEC
SEC buffer - 20 mM Tris-HCIl or HEPES - 20 mM Tris-HCIl or HEPES
pH 7.5 pH 7.5
- 150 mM NacCl - 150 mM NacCl
- 1 mM dithiothreitol (DTT) - 1 mM dithiothreitol (DTT)

2.13 Protein crystallography, data collection and structure determination

For crystallisation, the SPOCD1 SPOC domain was concentrated to 9.5 mg/ml.
Initially, a 96 well INDEX crystal screen (Hampton research, HR2-144) was set up
using 0.2 ul protein plus 0.2 ul buffer in a sitting-drop vapour diffusion setting. The
first crystal was observed at 293 K (20°C) in well B9 containing 1.8 M ammonium
citrate tribasic, pH 7.0. More crystals were generated with the optimised condition
of 1.6 M ammonium citrate tribasic, pH 7.5. The crystals were flash cooled in liquid
nitrogen prior to data collection. The dataset was collected at 104 (DLS, Didcot
Oxfordshire) at 100 K using a wavelength of 0.97949 A,

The data were processed using autoPROC (Vonrhein et al. 2011) (v.1.0.5)
including XDS (March 15, 2019, built 20191211) (Kabsch 2010), pointless
(1.11.21) (Evans 2006), Aimless (0.7.4) (Evans and Murshudov 2013) and CCP4
(7.0.078) (Winn et al. 2011). Scaling was performed using SCALA (3.3.22) (Evans
2006). The structure was determined by molecular replacement with PHASER
(v.2.8.3.) (McCoy et al. 2007) using the flowering protein FPA (PDB code: 5KXF)
as a search model. The model was refined using PHENIX (v.1.17.1 3660)
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(Liebschner et al. 2019) and rebuilt with Coot (v.0.8.9.2) (Emsley et al. 2010).
Images were generated using the PyMol software (v.2.5.4, Schrodinger, LLC). The
coordinates were submitted to the Protein Data Bank under the accession code
80OUL1.

2.14 Protein surface charge and conservation prediction

The surface charge was calculated using APBS (Jurrus et al. 2018) in PyMol. The
surface conservation was determined with Consurf (Yariv et al. 2023) inputting an
alignment with SPOCD1 SPOC sequences from 25 different species (B1ASBS6,
Q6ZMY3, XP_008116112.1, XP_031752218.1, JH127468.5, XP_039185503.1,
XP_034976513.1, XP_007493079.1, XP_040829971.1, W5NRM3,
XP_036112709.1, XP_023490296.1, XP_030727203.1, XP_026965126.1,
XP_025303405.3, XP_032245124.1, XP_049473573.1, HOXFY4, H2R1B9,
XP_044853461.1, AOA485PAI7, F1MG39, KY025862.1, XP_007668675.2,
XP_020953261.1).

2.15 Immunofluorescence (IF)

For IF, freshly isolated testes were embedded in OCT embedding matrix (Cell Path,
KMA-0100-00A), frozen in liquid nitrogen, and stored at the -80°C at least 24 hours
before cutting. 6 — 8 um tissue sections were cut using a cryostat (Thermo Fisher)
at -16 °C and transferred to an adhesive microscopy glass slide. The slides were
then dried for several hours at room temperature. For fixing, 3.5% (v/v)
formaldehyde (15512, Sigma-Aldrich) diluted in PBS (137 mM NaCl, 2.7 mM KClI,
10 mM Naz2HPO4, 1.8 mM KH2PO4) was added for 10 minutes. The slides were
washed twice with PBS, permeabilised for 10 minutes with 0.1% (v/v) Triton X-100
in PBS, and blocked for 1 hour with blocking buffer (10% (v/v) natural donkey
serum (Merck, D9663), 1% (v/v) bovine serum albumin (BSA, Sigma-Aldrich,
B6917), and 0.1% (v/v) glycine (Sigma-Aldrich, 50046) in PBS). Primary antibodies
were diluted in blocking buffer and incubated overnight at 4 °C. The exact dilutions
of each antibody are shown in Chapter 2.29. The following morning, the sections
were washed three times with PBS and incubated with Alexa Fluor secondary
antibody (donkey anti-rabbit or donkey anti-mouse 488, 568, or 647) diluted in
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blocking buffer, as indicated in Chapter 2.29. DAPI (Invitrogen, D1306) stain at a
concentration of 5 yg/ml was also added to the secondary antibody. After one hour
incubation at room temperature, the slides were washed twice with PBS and
mounted using Prolong Gold (Invitrogen, P36930). The slides were dried overnight
and visualised on a Zeiss Observer or Zeiss LSM880 with an Airyscan module. If
the images were acquired with the Airyscan module, they were deconvoluted using
the Zeiss Zen software “Airyscan processing” with settings “3D” and a strength of
6. The Zeiss Zen software and ImageJ (ImageJ2; version 2.3.0/1.53q) were used

to process and analyse the images.

2.16 Immunofluorescence (IF) with RNase A and Triton X-100 treatment

IF of MIWI2 or HA-SPOCD1 was performed on Spocd1H~* E16.5 foetal testes as
described in Chapter 2.29. Before fixing, the 8 ym section were either treated with
25 ug/ml RNase A (10109142001, Sigma-Aldrich) or PBS (137 mM NaCl, 2.7 mM
KCI, 10 mM NazHPO4, 1.8 mM KH2PO4) as the untreated control for 10 minutes at
room temperature. The sections were washed three times for 5 minutes each and
subsequently fixed with 3.7% (v/v) formaldehyde (15512, Sigma-Aldrich) diluted in
PBS for 10 minutes. Slides were washed twice with PBS. Permeabilization,
blocking, antibody incubation, and mounting were performed as described in
Chapter 2.29.

2.17 Pull-down assay with recombinant protein

Untagged SPIN1 (amino acid 49-262) was mixed with GST-tagged recombinant
SPOCD1 F1b fragments to a final volume of 60 ul. As a binding buffer for the
mouse SPOCD1 assays, 20 mM Tris-HCI pH 7.5, 150 mM NaCl and 1 mM DTT
was used. For assays containing anolis, frog, and coelacanth fragments, 50 mM
Tris-HCI pH 8.0, 150 mM KCI, 5 mM MgClz, and 0.5% (v/v) Triton X-100 was used.
50 ul of the protein mixture was added to 15 pl of washed and equilibrated
Glutathione Sepharose High Performance beads (Cytica, 17-5279-02) and
incubated for 1 hour on a rotating wheel at 4°C. Afterwards, the beads were
washed four times with 500 yl binding buffer and eluted by boiling in 10 pl of 6x
Lammli buffer (15% (w/v) SDS, 0.075% (w/v) Bromophenol blue, 50% (v/v)
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Glycerol, 75 mM Tris-HCI pH 7.0, 0.75 M DTT (added fresh just before usage)).
Finally, 5 ul of the input and bead samples each were separated on a NuPage 4 —
12% Bis-Tris protein gel (Invitrogen, NP0323BOX) and stained with homemade
Coomassie stain (10% (v/v) ethanol, 5% (v/v) acetic acid, 0.001% (w/v) Brilliant

Blue R-250) .

2.18 Analytical size exclusion chromatography

For analytical size exclusion chromatography, SPIN1 (125 pg) and/or mouse GST-
SPOCD1-F1b (500 pg) was used for each run. The proteins were mixed in SEC
buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT) to a final volume of
250 ul. After one hour incubation on ice, the sample was spun down at 21,000 x g
for 10 minutes to remove precipitation and injected on a Superdex 200 10/300 GL
column (Cytiva, 17-5175-01) that has been calibrated in SEC buffer. Fractions
(500 pl) were collected, loaded on a NuPage 4 — 12% Bis-Tris protein gel
(Invitrogen, NP0323BOX), and visualised with a homemade Coomassie stain (10%
(v/v) ethanol, 5% (v/v) acetic acid, 0.001% (w/v) Brilliant Blue R-250).

2.19 Crosslink mass spectrometry (CL-MS)

2.19.1 Protein crosslinking

For crosslink mass spectrometry, 25 ug of recombinant fragments of Spocd1 (GST-
F1b) and Spinl were incubated in a buffer containing 20 mM HEPES pH 7.5,
150 mM NaCl, 1 mM DTT. Bis(sulfosuccinimidyl)suberate (BS3, Thermo Fisher
Scientific, 21580) was added for crosslinking at the BS3: protein ratios of 1:1, 2:1,
and 4:1 w/w on ice. After 2 hours, the reaction was stopped by adding 2 yl of 2 M
ABC. The mixture was separated on a NuPage 4 — 12% Bis-Tris protein gel
(Invitrogen, NP0323BOX) for 15 minutes. The gel was stained with InstantBlue
Protein Stain (Abcam, ab119211), and bands above 150 kDa were cut and

processed for MS.
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2.19.2 In-gel digestion of crosslinked protein

The gel piece was cut into small cubes and carefully transferred to an eppendorf
tube containing 150 ul of 50 mM ABC. 150 pl of ACN was added to the tube,
followed by a 30-minute incubation gently shaking at 37 °C. The supernatant was
discarded, and another 150 ul ABC and ACN was added each, incubated for 30
minutes, and discarded. Finally, 50 ul ACN was added for 10 minutes to shrink the
gel. For reduction, 150 ul of 10 mM DTT in 50 mM ABC buffer was added to the
gel pieces and incubated for 30 minutes at 37°C in a shaker. The supernatant was
removed, and the gel was shrunk by incubating for 10 minutes with 150 ul ACN.
All supernatants were discarded, 150 pl of 55 mM iodoacetamide (IAA) in 50 mM
ABC buffer was added, incubated for 20 minutes at room temperature, and all
supernatants were removed. For digestion, the gel pieces were then covered in
150 pl trypsin solution (10 mM ABC containing 10% (v/v) ACN with 13 ng/ul trypsin
(Thermo Scientific, 90057), from trypsin stock of 1 ug/ul in 0.1% (v/v) TFA). The
samples were incubated overnight at 37°C. The next day, 10% (v/v) TFA was
added to a final concentration of 0.1 — 0.5% (v/v) and incubated for 15 minutes in
the shaker. All supernatants were transferred to a fresh tube for loading on the
STAGE tip. The gel pieces were washed twice with 100 ul of 0.1% (v/v) TFA and
incubated for 15 minutes in the shaker each time. All supernatants were collected
for the STAGE tip.

2.19.3 STAGE tips of crosslinked protein

STAGE tips were prepared by inserting three layers of the C18 matrix into 200 pl
tips. The STAGE tips were activated by adding 20 pl methanol to the STAGE tips
and centrifuging. All centrifugation steps were performed at 1000 g for 3 - 5 minutes
until all liquid passed through the matrix. Next, the STAGE tips were washed twice
with 30 ul 0.1% (v/v) TFA, and the sample was loaded. This was followed by three
final washes with 30 pl of 0.1% (v/v) TFA. The STAGE tips were stored at -20 °C

until elution for mass-spectrometry analysis.

58



Material and Methods

2.19.4 Mass-spectrometry analysis of crosslinked protein

The digested peptides were eluted from the STAGE tips for MS analysis
(Rappsilber, Mann, and Ishihama 2007). The analysis was performed with the
Orbitrap Fusion Lumos (Thermo Fisher Scientific) with a “high/high” acquisition
strategy. An EASY-Spray column (50 cm x 75 uym i.d., PepMap C18, 2 ym
particles, 100 A pore size, Thermo Fisher Scientific) was used for separation, with
mobile phase A consisting of water and 0.1% (v/v) formic acid and mobile phase B
containing 80% (v/v) acetonitrile and 0.1% (v/v) formic acid. The peptides were
loaded at a flow rate of 0.3 pl/min and eluted at 0.25 yl/min with a linear gradient
from 2% mobile phase B to 40% mobile phase B over 102 or 132 minutes (each
sample was run twice with different gradients). This was followed by a linear
gradient increase from 40% to 95% mobile phase B over 11 minutes and a direct
introduction of the eluted peptides to the mass spectrometer. Data acquisition was
performed in a data-dependent mode with a 3 second acquisition cycle. In the
Orbitrap, precursor spectra with a resolution of 120,000 and m/z range of 350-1700
were recorded, and ions with a precursor charge state between 3+ and 8+ were
isolated with a window size of 1.6 m/z and fragmented using high-energy collision
dissociation (HCD) with a collision energy of 30. The fragmentation spectra were
recorded with a resolution of 15,000 with dynamic exclusion enabled (single repeat
count and 60 seconds exclusion duration). ProteoWizard (version 3.0) (Kessner et
al. 2008) was used for processing the mass spectrometric raw files into peak lists
and Xi software (version 1.7.6.4) (Mendes et al. 2019) was used to match cross-
linked peptides to spectra with in-search assignment of monoisotopic peaks (Lenz
et al. 2018). The search parameters were as follows: MS accuracy, 3 ppm; MS/MS
accuracy, 5 ppm; enzyme, trypsin; cross-linker, BS3; max missed cleavages, 4;
fixed modification, carbamidomethylation on cysteine; variable modifications,
oxidation on methionine; fragments, b and y ions with loss of H20, NH3, and
CH3SOH. The BS3 linkage specificity was assumed to be at lysine, serine,
threonine, tyrosine, and protein N-termini. Of the candidate cross-linked peptides,
only cross-linked peptides validated by Xi software were used (Mendes et al.
2019). Crosslink MS data was deposited under PXD041135.
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2.20 Chromatin immunoprecipitation (ChlP) sequencing analysis

For the ChIP sequencing (ChIP-seq) analysis, previously published raw fastq.gz
files of H3K4me3 and H3K9me3 were downloaded from the Sequence Read
Archive record SRP165187 (Yamanaka et al. 2019). For paired end reads, pre-
processing was performed by removing adapter sequences and trimming low-
quality bases with Trimmomatic v0.35 (Bolger, Lohse, and Usadel 2014). For ChlP-
seq samples, tru-seq adapter sequences were used. Bwa mem v0.7.16 (Li 2013)
using the -M parameter was used to align the trimmed reads to the mouse mm10
genome. Duplicates were removed by filtering the alignments with Picard

MarkDuplicates v2.24.0 (http://broadinstitute.qgithub.io/picard/) while improper
alignments were removed with Samtools view v1.11 -F 260 -f 3 (Li et al. 2009). If
multimapping reads were present, a single alignment, marked as primary by bwa,
was selected for downstream analysis. For visualisation, the BAM files were
converted to normalised bigWig files and plotted using deepTools (Ramirez et al.
2016) bamCoverage v3.5.0, with the following parameters: -bs 1 --normalizeUsing
BPM.

2.21 Chromatin immunoprecipitation (ChlP) heatmaps and average profile

plots

The genomic annotations for the repetitive elements LAMd_A, L1Md_T, L1Md_F,
L1Md_Gf, IAPEy, and MMERVK_10C were extracted from Repeat Masker using
the UCSC table browser. DeepTools v3.5.0 computeMatrix was used to compute
normalised read coverage across these elements. The length of the central regions
was normalised to 5 kb, with the flanking regions +/- 2 kb from the start and end
positions. DeepTools v3.5.0 plotHeatmap was used to draw heatmaps while
separating each repetitive element and sorting the rows in descending order of the
total signal. The heatmaps of LINE1 elements (L1Md_A, L1Md_T, L1Md_F) were
further separated into old (>38 nucleotides) and young (<=38 nucleotides)
categories based on their divergence from the consensus sequence (Zoch,
Auchynnikava, Berrens, Kabayama, Schopp, et al. 2020). Next, average profiles
were generated by calculating the mean signal between replicate samples for each
experiment and each category of repetitive elements. Calculations were performed
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using the seqplots package (Stempor and Ahringer 2016) in R, with bins of 50
bases, flanking regions of 2 kb, and the central region normalised to a length of 5
kb. Finally, plots were generated and edited using tidyverse packages (Wickham
2019).

2.22 Fertility assessment

Male fertility of Spocd14SPIN1 mice was assessed by mating Spocd14SPINI/ASPINI
studs with C57BL6/6N wild-type females and counting the number of pups born.
As a control, wild-type male littermates were mated with C57BL6/6N wild-type

females, and pups were counted.

2.23 Histology

Testes and epididymis were isolated from adult animals (6 - 8 weeks) and testes
were weighed and photographed. Afterwards, the testes and epididymis were fixed
overnight in Bouin’s fluid (Sigma-Aldrich, HT10132) and washed at least three
times in 70 % EtOH. The testes and epididymis were embedded by the Histology
Facility in QMRI, University of Edinburgh. Sections were cut to 6 pum thickness
using a microtome (Leica).

The sections were de-paraffinised and rehydrated using xylene (2 x 5 minutes) and
a decreasing alcohol series (2 x 100% ethanol for 20 seconds, 95%, 80%, and
70% EtOH for 20 seconds each). Periodic-acid-Schiff (PAS) staining was
performed on these slides according to the manufacturer’s instructions (TCS
Biosciences, HS462). The stained slides were then dehydrated using an increasing
alcohol series (70%, 80%, 95% and 2 x 100% EtOH for 20 seconds each) (Table 7)
and mounted on coverslips with Pertex mounting media (Pioneer Research
Chemicals, PRC/R/750). Scanning was performed using a Zeiss AxioScan
scanning microscope with a 40x objective. The images of the scans were exported

and processed using ImageJ for the final figure.
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Table 7: PAS staining of mouse tissue sections.

Step  Substance Time

1 Xylene 5 minutes Deparaffinization
2 Xylene 5 minutes and rehydration
3 Absolute EtOH 20 seconds

4 Absolute EtOH 20 seconds

5 95% EtOH 20 seconds

6 80% EtOH 20 seconds

7 70% EtOH 20 seconds

Wash in ddH20

8 Periodic acid 10 minutes, 1 ml per slide Staining

Wash in tap water for 3 minutes

9 Schiff Reagent 20 minutes, 1 ml per slide

Wash in tap water

10 70% EtOH 20 seconds Dehydrating
11 80% EtOH 20 seconds

12 95% EtOH 20 seconds

13 Absolute EtOH 20 seconds

14 Absolute EtOH 20 seconds

2.24 Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) assay

TUNEL assay was performed on paraffin-embedded adult tissues. The sections
were cut, de-paraffinised, and rehydrated, as described in Chapter 2.23. The slides
were then treated with proteinase K (10 ug/ml in 10 mM Tris-HCI pH 8.0) and
labelled using the Click-iT TUNEL assay (Invitrogen, C10617) with Alexa Fluor 647
dye according to the manufacturer’s instructions. Sections were counterstained
with DAPI (Invitrogen, D1306), embedded, imaged, and analysed as described in
Chapter 2.15.
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2.25 RNA sequencing and analysis

For RNA sequencing from P20 animals, RNA was extracted from one testis using
the Qiagen RNeasy Mini kit (Qiagen, 74104). The protocol was performed
according to the manufacturer’s instructions, including an on-column DNase
digest. The NEBrRNA depletion kit v2 (NEB, E7400) was used for ribosomal RNA
(rRNA) depletion, and libraries were generated using the NEBNext Ultra Il
Directional RNA Library Prep Kit for lllumina (NEB, E7760) with eight PCR cycles
following the manufacturer’s protocol. Samples were sequenced on a NextSeq 500
(Mlumina) in 150 bp single-end read mode.

For analysis, the adapter sequence was removed from the FASTQ files using
cutadapt version 1.18 (Martin 2011), and reads less than 50 nt were discarded
using the -m50 option. The trimmed and filtered reads were mapped against the
mouse consensus sequences of repetitive elements from RepBase44 (24.01)
using bowtie2 (2.4.2) (Langmead and Salzberg 2012) with the options --qc-filter --
no-unal. The number of reads mapping to each consensus sequence were counted
and analysed using a custom Perl script. The RNA-seq data generated in this study
has been deposited at the Gene Expression Omnibus under GSE228294. The
scripts used for the RNA sequencing analysis are available on github
(https://github.com/rberrens/SPOCD1-piRNA _directed DNA _met).

2.26 Fluorescence-activated cell sorting (FACS) of P14 spermatogonia

Spocd14SPINVASPINL  or Spocdl ** testes were isolated from P14 animals,
dealbulginated, and digested with 0.5 mg/ml Collagenase (Sigma-Aldrich, C7657)
and 50 ug/ml DNase (Sigma-Aldrich, DN25) in 2 ml GONI-MEM ((DMEM (Gibco,
41965039) supplemented with 1x penicillin-streptavidin (Gibco, 15140122), 1x
non-essential amino acids (NEAA, Gibco, 11140035), 1 mM sodium pyruvate
(Gibco, 11360070) and 1.5 mM sodium lactate (Sigma-Aldrich, L4263)) for 20
minutes at 32 °C on a shaker. Cells were carefully pelleted at 100 - 200g for 3 - 5
minutes and the supernatant was carefully removed. One millilitre of 0.05% trypsin-
EDTA (Gibco, 25200056) supplemented with 100 pg/ml DNase (Sigma-Aldrich,

DN25) was added and incubated for 12 minutes at 32 °C on a shaker. The digestion
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was stopped by adding 200 ul FBS (Gibco, 10270106) with 500 pg/ml DNase and
3 - 5 minutes incubation at 32 °C. The supernatant was removed, and the pellet
was resuspended in 100 pl GONI-MEM with 1000 pg/ml DNase. After counting the
cells, they were blocked by resuspending in 100 pl FACS buffer (Dulbecco’s
phosphate buffered saline, Sigma-Aldrich, D8537 with 2% (v/v) FBS) containing Fc
block (anti-CD16/32, eBioscience, clone 93, 1:50) and incubating for 20 minutes
on ice. Then, 100 ul FACS buffer containing anti-CD45 (eBioscience, clone 30-
F11, 1:200) and anti-CD51 (Biolegend, clone RMV-7, 1:50) biotin-conjugated
antibodies was added for 20 minutes on ice. After two washes with 100 yl FACS
buffer, the cells were stained with anti-CD94PC (clone eBioKMC8, eBioscience,
1:200), anti-c-KitPE%Y7 (clone 2B8, eBioscience, 1:1600), streptavidinV4® (BD
bioscience, 1:250), and 1 ug/ml DAPI (Invitrogen, D1306). After the final wash step,
cells were resuspended in 400 ul FACS buffer, filtered, and sorted on a BD Fusion
or BD Aria Il. Single, living CD457, CD51", c-Kit, and CD9* cells were sorted in
GONI-MEM at 4 °C, pelleted for 5 minutes at 500 g, shap frozen in liquid nitrogen,

and stored at -80°C until used for methylation sequencing (Figure 18).
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Figure 18: FACS gating strategy for P14 spermatogonia.
Representative gating strategy (n=3 mice) for sorting P14 undifferentiated spermatogonia. The
gates select single, living, undifferentiated spermatogonia from a single-cell suspension of P14
testes that are CD45-, CD51, c-Kit, and CD9*.
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2.27 Whole genome methylation sequencing (EM-seq) and analysis

For EM-seq, DNA was isolated from P14 FACS sorted P14 spermatogonial stem
cells. First, cells were digested overnight at 55 °C with 0.2 mg/ml proteinase K
(Roche, 3115852001) in 10 mM Tris-HCI pH 8.0, 5 mM EDTA, 1% (w/v) SDS, 0.3
M sodium acetate. This was followed by two rounds of phenol : chloroform : isoamyl
alcohol (PCI, 25:24:1, Sigma-Aldrich, 77617) extraction and one round of
chloroform extraction. For DNA precipitation, 1/10 volume of 3 M sodium acetate,
10 pg linear acrylamide (Invitrogen, AM9520), and 1 volume of isopropanol were
added and incubated overnight at -20 °C. Finally, the pellet was washed twice with
70% ethanol and solubilised in 5 mM Tris-HCI at pH 8.0. Libraries for EM-seq were
prepared with the NEBnext Enzymatic Methyl-seq kit (E7120, NEB) according to
the manufacturer’s protocol and sequenced on a NextSeq 2000 (lllumina) in 150
bp paired-end read mode.

Data for Spocdl-- and corresponding wild-type P14 spermatogonia were retrieved
from ArrayExpress under accession number E-MTAB-7997 (Zoch, Auchynnikava,
Berrens, Kabayama, Schopp, et al. 2020).

First, Trim Galore (v0.4.1,

www.bioinformatics.babraham.ac.uk/projects/trim _galore/, Cutadapt (Martin 2011)

version 1.8.1, parameters:—paired—length 25—-trim-n—clip_R2 5) was used to trim
the raw sequences by removing poor-quality calls and adapters. To use
overlapping read parts only once, trimmed reads were aligned to the mouse mm10
genome in paired-end mode with Bismark v0.22.1 (Krueger and Andrews 2011)
with bismark—score_min L,0,-0.4—paired settings. CpG methylation calls were
made based on the deduplicated mapping output from the Bismark methylation
extractor (v0.22.12). The SegMonk

(www.bioinformatics.babraham.ac.uk/projects/seqmonk/)  datastore  summary

report of aligned deduplicated bam files were used to calculate mapping statistics.
All reads were mapped to the spiked-in CpG unmethylated lambda and CpG
methylated pUC19 DNA to calculate the methylation conversation rate using the
Bismark pipeline, as outlined above. For probes containing at least 10 reads, 50
adjacent CpG running window probes were generated and the mean percentage

of methylation was calculated for each probe.
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For the analysis, specific genome features were defined; probes overlapping
genes, were defined as genic regions; probes overlapping 2,000 bp upstream of

annotated transcripts (as annotated by Ensembl, GRCm38.p6) were defined as

promoters; CpG islands (CGIl) were defined as overlapping the Ensembl

(GRCmM38.p6) CGI annotation. Reads overlapping transposons were removed
from the analysis of genetic, promoter, and CGI features. Transposons were
defined by UCSC repeat masker annotations (downloaded from the table browser

(https://genome.ucsc.edu/cgi-bin/hgTables, 02/2019). Simple repeats and small

non-coding RNAs were removed from the transposon annotation (containing
retrotransposons and DNA transposons). Transposable elements reads were
mapped using unique mapping, and any repeats overlapping gene bodies were
removed. Only mapping to full-length elements, defined as >5 kb for LINE1
elements, >6 kb for IAP families and >4.5 kb for MMERVK10C, were assessed.
Regions that did not overlap with genes or transposons were defined as intergenic
regions. The methylation level was determined by calculating the mean percentage
of individual CG sites. Reads overlapping the respective genomic regions were
extracted from SegMonk and plotted in RStudio to generate metaplots,
scatterplots, boxplots, and correlation analysis. Divergence (milliDiv) from the
consensus sequences was used to perform the methylation difference analysis.
Imprinted control regions (ICR) were extracted from

https://atlas.genetics.kcl.ac.uk/. SeqMonk and RStudio were used to generate

graphics and calculate statistics. The EM-seq data generated in this study has
been deposited on ArrayExpress under accession number E-MTAB-12713. The
scripts  for  the EM-seq analysis are available on github
(https://github.com/rberrens/SPOCD1-piRNA __ directed_DNA_met).

2.28 Statistical information

Data was plotted in R (version 2022.07.01+554 running R version 4.0.3 (2020-10-
10)) using the dplyr, ggplot2, tidyr, , cowplot, reshape2, ggrepel, ggpubr, scales
and RColorBrewer packages (versions dplyr_1.0.4, ggplot2_3.3.3, tidyr 1.1.2,
cowplot_1.1.1, scales 1.1.1, reshape2_ 1.4.4, ggrepel 0.9.1, ggpubr_0.4.0,
scales _1.1.1, RColorBrewer_1.1-2) or Microsoft Excel for Mac (version 16).
Statistical testing was performed with R (version 4.0.3 (2020-10-10)) using the R
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Studio software and with Perseus version 1.6.5.0 (Tyanova et al. 2016) for the
mass spectrometry data. Unpaired two-tailed Student’s t-tests were used to
compare differences between groups and adjusted for multiple testing using
Bonferroni correction where indicated, except for RNA-seq data analysis, where
Wald'’s tests and Benjamini-Hochberg correction were used. Averaged data are
presented as mean * s.e.m. (standard error of the mean), unless otherwise

indicated.

2.29 Antibodies used in this study

2.29.1 Antibody generation

To generate anti-SPOCDL1 rabbit serum, the TFIIS-M domain of mouse SPOCD1
was purified and injected into rabbits. The TFIIS-M construct contained an N-
terminal GST-tag and SPOCD1 residue 407 - 568. It was purified in a three-step
purification via GST batch pull-down, 3C digestion and dialysis, IEX (Resource Q),
and SEC (Superdex S200) (Table 5).

Biotem performed the immunization of the rabbits for us. Two New Zealand white
rabbits were injected on days 0, 14, 28, 56, and 70, according to the immunisation
protocol. Antibody-containing sera were collected on day 82. After validation, rabbit

175 was found to be the most potent and was used for all further analyses.

2.29.2 Primary antibodies

anti-HA (C29F4s, Cell Signaling Technologies, IF: 1:200, WB: 1:1000);
anti-FLAG (M2, Sigma-Aldrich, WB: 1:1000);

anti-SPOCD1 rabbit serum rb175 (O’Carroll laboratory antibody, IF: 1:500, WB:
1:500);

anti-a-TUBULIN (T9026, Sigma-Aldrich, WB: 1:10000);

anti-HA (6E2, Cell Signaling Technologies IF: 1:200);

anti-LINE1-ORF1p (di Giacomo et all, 2014, IF: 1:500);

anti-IAP-GAG (a kind gift from B. Cullen, Duke University, Durham, NC, USA, IF:
1:500);

anti-yH2AX (IHC-00059, Bethyl Laboratories, IF: 1:500);
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anti-MIWI2 (a kind gift from Ramesh Pillai, Université de Geneve, Switzerland IF:
1:500);

anti-SPIN1 (E6R1Z, Cell Signaling Technologies, IF: 1:500 (of a custom
preparation of 1.1 ug/ul in PBS));

anti-CD16/32 (clone 93, eBioscience, FACS: 1:50);

anti-CD45 (clone 30-F11, eBioscience, FACS: 1:400);

anti-CD51 (clone RMV-7, Biolegend, FACS: 1:100);

anti-CD94PC (clone eBioKMCS8, eBioscience, FACS: 1:200);

anti-cKitPE®Y’ (clone 2B8, eBioscience, FACS: 1:1600);

anti-HA beads (88837, Pierce, IP-MS: 50 ul, IP-WB: 20 pl).

2.29.3 Secondary antibodies

IRDye® 680RD Anti-Rabbit (LI-COR, 926-68073, WB: 1:1000);

IRDye® 800CW Anti-Mouse (LI-COR, 926-32212, WB: 1:1000);

Alexa Fluor donkey anti rabbit 488, 568, 647 (Life Technologies, 1:1000);
Alexa Fluor donkey anti mouse 488, 568, 647 (Life Technologies, 1:1000);

2.29.4 Antibody validation

The anti-HA antibodies were validated and used for IF and WB previously (Zoch et
al. 2020).

The anti-FLAG antibody is a widely used antibody and was used for WB previously
(Zoch et al. 2020).

The anti-SPOCDL1 rabbit serum rb175 was validated for IF by staining Spocd1-null
testis sections and was validated for WB by staining samples without SPOCD1.
The anti-a-tubulin antibody is widely used and validated for WB using recombinant
protein samples.

The anti-LINE1-ORF1p (Di Giacomo et al. 2014) and anti-IAP-GAG (Mietz et al.
1987) antibodies have been previously validated for IF in mouse sections.

The anti-yH2AX antibody has been previously used for IF on mouse sections
(Vasiliauskaité et al. 2018; Zoch et al. 2020; Much et al. 2016; Comazzetto et al.
2014).
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The anti-MIWI2 antibody was previously validated for IF in mouse sections
(Pandey et al. 2013).

The anti-CD16/32, anti-CD45, anti-CD51, anti-CD9, and anti-cKit antibodies have
been validated for FACS analysis of undifferentiated spermatogonia
(Vasiliauskaite et al. 2017; Zoch et al. 2020).

Anti-HA beads were used for IP in previous studies (Zoch et al. 2020).
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3 The interactome of SPOCD1

3.1 Contribution

Chapter 3.5 and 3.6 are part of a paper “C190RF84 connects piRNA and DNA
methylation machineries to defend the mammalian germline”, which has been
submitted for publication. | have contributed to the design, execution, and analysis
of most experiments in this chapter. | performed the IP-MS experiments with the
help of Dr. Ansgar Zoch and Dr. Tania Auchynnikava under the guidance of Prof.
Juri Rappsilber and Prof. Robin C. Allshire. Crystallographic data were collected
and analysed under the guidance of Prof. Atlanta G. Cook. Human genetic data
analysis was performed by Nadja Rotte and Dr. Birgit Stallmeyer under the
guidance of Prof. Frank Tuttelmann. Prof. Donal O’Carroll conceived and

supervised this study.

3.2 Introduction

The male germline is derived from somatic cells (Gan et al. 2013). During early
development in mammals, this necessitates erasing and resetting of DNA
methylation in these cells (Ginsburg, Snow, and McLaren 1990). This DNA
demethylation results in young, active LINE1 and IAP copies being derepressed,
threatening the integrity of the germline (Molaro et al. 2014). The piRNA pathway
is the primary germline defence system against transposons (Ozata et al. 2018).
The PIWI protein, MIWI2 binds to piRNA and instructs DNA methylation through
the DNMT3 complex which contains DNMT3A, DNMT3C, and DNTM3L (Chédin,
Lieber, and Hsieh 2002; Bourc'his and Bestor 2004; Webster et al. 2005; Barau et
al. 2016; Kato et al. 2007b). Recently, it was shown that SPOCD1 links MIWI2 and

the de novo DNA methylation machinery which ultimately induces DNA methylation
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(Zoch et al. 2020). While SPOCD1 does have two annotated domains, a TFIIS-M
and a SPOC domain (Zoch et al. 2020), the exact function of SPOCD1 and its

binding proteins remain unknown.

3.3 Research objective and preliminary work

Dr. Ansgar Zoch was the first to successfully determine the interactome of
SPOCD1 and MIWI2 in E16.5 testes (Zoch et al. 2020). He performed HA IP-MS
from N-terminal HA-tagged MIWI2. In addition to SPOCD1 coming up as an
interactor, he identified that the proteins Spindlin1 (SPIN1), Translocated promoter
region nuclear basket protein (TPR), and C190RF84 were enriched above our cut-
off (>4-fold, P < 0.05) (Figure 19a). The same experiment was repeated with C-
terminal HA-tagged SPOCD1, and SPIN1, TPR, and C190RF84 were observed
as the interactors with the highest enrichment and confidence (Figure 19b). In this
work, | investigate all three interactors in Chapter 3. The SPOCD1-SPIN1
interaction is introduced and studied in detail in Chapter 4.

TPR is a 267 kilo Dalton (kDa) component of the nuclear pore complex (NPC)
(Mitchell and Cooper 1992; Cordes et al. 1997). It is part of the nuclear interior with
the N-terminal part forming coiled-coiled structures and harbouring a short stretch
that is necessary for anchoring to the NPC. (Hase, Kuznetsov, and Cordes 2001;
Cordes, Hase, and Muller 1998; Bangs et al. 1998). The acidic c-terminus is largely
unfolded and flexible (Hase, Kuznetsov, and Cordes 2001). In different mammalian
cells, it has been shown that the NPC-binding part is located at the NPC, while
parts of the coiled-coiled and the c-terminus are found deeper within the nucleus
(Cordes et al. 1997; Frosst et al. 2002; Krull et al. 2004; Huve et al. 2008). TPR is
involved in mRNA and protein export (Bangs et al. 1998; Frosst et al. 2002). It plays
a key role in the formation of heterochromatin exclusion zones (HEZs) around the
NPC (Krull et al. 2010), is involved in mitotic spindle checkpoint signalling (Lee et
al. 2008), and is associated with maintaining genomic stability (Kosar et al. 2021).

However, it remains unknown which part of SPOCD1 interacts with TPR.
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Figure 19: The MIWI2-HA and SPOCD1-HA interactome in foetal testis.

a, Volcano plot showing enrichment (logz(mean LFQ ratio of anti-HA immunoprecipitates from n =
4 Spocd1"A*/wild-type) E16.5 foetal testes) and statistical confidence (log1o(P-value of two-sided
Student’s t-test)) of proteins co-purified with SPOCD1-HA. The line indicates enrichment >4-fold
and a significance of P < 0.05. b, Volcano plot showing enrichment and confidence as in a from n
= 4 Miwi2"~*/wild-type E16.5 foetal of proteins co-purified with MIWI2-HA. Data sourced from (Zoch
et al. 2020).

C190RF84 is an uncharacterized protein with unknown function. Like many key
piRNA factors, it is exclusively expressed during de novo DNA methylation.
Gabriela Konieczny generated a C190RF84-null allele and showed that
C190RF84 is required for piRNA-directed DNA methylation and male fertility
(Konieczny 2022). However, the modes of interaction between SPOCD1 and
C190RF84 remain unknown.

In this chapter, | mapped the interaction of SPOCD1 with TPR and C190RF84. In
addition, | solved the structure of the SPOC domain of SPOCD1, whose function

still remains elusive.

3.4 The interactome of SPOCD1

SPOCD1 is a 1015 amino acids protein that contains two predicted domains: the
TFIIS-M and SPOC domain (Figure 20a). Recent advances in protein structure
prediction have allowed to examine the secondary structure of SPOCD1 predicted

by AlphaFold (Jumper et al. 2021; Tunyasuvunakool et al. 2021) (Figure 20b). The
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SPOCD1 model reveals that the protein is highly unstructured apart from its two
domains (Figure 20b). Within the unstructured areas, small secondary structure

elements such as a-helices or a B-hairpin can be found (Figure 20b).

a SPOCD1 TFIIS-M SPOC

TFIISM

SPOC

Figure 20: Overview of domain structure of mouse SPOCD1.
a, Schematic overview of SPOCD1 with its two domain indicated. b, AlphaFold2 prediction of
SPOCD1 (B1ASB6) with secondary structure elements labelled and highlighted by colour. TFIIS-M
domain, green; SPOC domain, blue.

First, | wanted to understand the functions of the two domains that are present in
SPOCD1. Since all experiments carried out in mice are timely, expensive, and have
ethical challenges, | decided to establish an IP-MS protocol in HEK293T cells.
HEK293T cells were transfected with the protein(s) | wanted to study, and IP was
performed using the HA-tag of my protein of interest. In this context, it must be
noted that HEK293T cells do not express SPOCD1 or C190RF84; however,
human TPR and SPIN1 are expressed at endogenous levels in these cells.

In the first experiment, | transfected HEK293T cells with mouse SPOCD1-HA full-
length and saw endogenous HEK293T cell SPIN1 and TPR coprecipitating in the
mass-spectrometry analysis. Both proteins were clearly associated with SPOCD1
above our set enrichment cutoff (>4-fold, P < 0.05) (Figure 21a, b).
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Figure 21: SPOCD1 interacts with SPIN1 and TPR in HEK293T cells.
a, Schematic overview of SPOCD1 with its two domains; TFIIS-M, green; SPOC, blue, indicated.
b, Volcano plot showing enrichment and confidence (logz(mean LFQ ratio of anti-HA
immunoprecipitates from n = 3 Spocd-HA transfected/wild-type) HEK cells) and statistical
confidence (log1o(P-value of two-sided Student’s t-test)) of proteins co-purified with SPOCD1-HA.
The line indicates enrichment >4-fold and a significance of P < 0.05.

Knowing that SPOCD1, TPR, and SPIN1 associate together in HEK293T cells, |
wanted to understand the roles of the TFIIS-M and SPOC domains. For this
purpose, | generated constructs with a deletion of each of the domains
(Figure 22a). First, | generated a SPOCD1-HA construct with a deletion of the
TFIIS-M domain and determined its interactome in HEK293T cells (Figure 22b).
Although the SPOCD1-SPIN1 interaction was unaffected, the TPR interaction was
lost in the TFIIS-M deletion (Figure 22b). This indicated that TPR interacts with the
TFIIS-M domain. This experiment was repeated with an SPOCD1-HA construct
that did not have the SPOC domain (Figure 22c). In this case, both the interaction
of SPOCD1 with TPR and the interaction of SPOCD1 with SPIN1 were retained
compared to the SPOCD1 full-length IP-MS (Figure 22c). The SPOC domain did

not seem to play a role in the interaction with either TPR or SPIN1.
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Figure 22: TPR interacts with the TFIIS-M domain of SPOCD1.
a, Schematic of the SPOCD1 ATFIISM and SPOCD1 ASPOC constructs. TFIIS-M, green; SPOC,
blue. b, Volcano plot depicting enrichment and confidence (logz(mean LFQ ratio of anti-HA
immunoprecipitates from n = 3 SPOCD1 ATFIISM-HA transfected/wild-type) HEK293T cells) and
statistical confidence (logio(P-value of two-sided Student’s t-test)) of proteins co-purified with
SPOCD1 ATFIISM-HA. The line indicates enrichment by >4-fold and a significance level of
P < 0.05. ¢ Volcano plot (as in b) showing proteins co-purified with SPOCD1 ASPOC-HA.

Since C190RF84 is not expressed in HEK293T cells, | repeated the same
experiment with C190RF84 added in addition. | could demonstrate that when co-
transfecting SPOCD1-HA and C190RF84 in HEK293T cells, | can see C190RF84,
SPIN1, and TPR co-precipitated with SPOCD1 (Figure 23a), which resembles the
associations observed in foetal testes (Figure 19b). The C190RF84 interaction
was unaffected by deletion of the TFIIS-M domain of SPOCD1 (Figure 23b).
Consistent with the previous TFIIS-M deletion experiment (Figure 23b), TPR
interaction was lost. (Figure 23b). | then tested the SPOCD1-HA construct with a
SPOC deletion while co-transfecting C190RF84, and again, all three interactions
seemed to be retained (Figure 23c).

In summary, | could recapitulate the SPOCD1 complex containing SPIN1, TPR and
C190RF884 in HEK293T cells and could show that the SPIN1 and C190RF84
interactions are independent of any of the annotated domains in SPOCD1, while
TPR interacts with the TFIIS-M domain.
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Figure 23: SPOCD1 interacts with SPIN1, TPR, and C190RF84 in HEK293T

cells.

a, Volcano plot showing enrichment and confidence (logz(mean LFQ ratio of anti-HA
immunoprecipitates from n =3 SPOCD1-HA and C190RF84 transfected/wild-type) HEK293T cells)
and statistical confidence (log1o(P-value of two-sided Student’s t-test)) of proteins co-purified with
SPOCD1-HA. The line indicates enrichment by >4-fold and a significance level of P < 0.05. b,
Volcano plot (as in a) of proteins co-purified with SPOCD1 ATFIISM-HA from HEK293T cells
transfected with SPOCD1 ATFIISM-HA and C190RF84. ¢, Volcano plot (as in a) showing proteins
co-purified with SPOCD1 ASPOC-HA from HEK293T cells transfected with SPOCD1 ASPOC-HA
and C190RF84.
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3.5 The interaction of SPOCD1 with C190RF84

Next, the SPOCD1-C190RF84 interaction was investigated. To confirm the IP-MS
experiments (Figure 23), | repeated the IP-WB experiment with the SPOCD1
ATFIISM-HA and SPOCD1 ASPOC-HA constructs.

As expected, C190RF84 is co-precipitating with SPOCD1 full-length as well as
with the two deletion constructs (Figure 24). This confirmed the IP-MS results
which showed that the SPOCD1-C190RF84 interaction is independent of the
TFIIS-M or SPOC domain (Figure 23).
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Figure 24: The SPOCD1-C190RF84 interaction is independent of the

TFIIS-M or SPOC domains.
a, Schematic of the SPOCD1 ATFIISM and SPOCD1 ASPOC constructs. TFIIS-M, green; SPOC,
blue. b, Representative western blot analyses of n = 3 immunoprecipitations of the indicated
SPOCD1 constructs with C190RF84 in HEK293T cells.

To further map this interaction, | split SPOCD1 into four fragments and tested each
for interaction with C190RF84 in HEK293T cells (Figure 25a). | could show that
the N-terminal (F1) and middle fragment (F2) did not interact with C190RF84
(Figure 25b). However, the two C-terminal fragments (F3 and F4) pulled down
C190RF84 (Figure 25b). The minimal fragment for co-precipitation of C190RF84
appears to be fragment F4 which spans residues 830 — 1015 of SPOCD1
(Figure 25a,b).
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Figure 25: C190RF84 interacts with the C-terminus of SPOCD1.
a, Schematic of the SPOCD1 fragment tested for interaction. TFIIS-M, green; SPOC, blue b,
Representative western blot analyses of n = 3 immunoprecipitations of the indicated SPOCD1
fragments with C190RF84 in HEK293T cells.

Following this, | generated SPOCD1 full-length mutants with deletions in the C-
terminal region that interacted with C190RF84 (Figure 26a). Deleting the whole
fragment F4 (831-1015) from SPOCD1 resulted in loss of interaction (Figure 26b).
This stretch was then divided into two equally sized pieces (Figure 26a). In a
SPOCD1 deletion of residue 831-922 | maintain interaction with C190RF84, while
the SPOCD1 construct that stops at residue 922 (A923-1015) is not able to interact
(Figure 26b). Again, | split the interacting stretch, amino acids 923 — 1015, into two
parts and tested it for interaction with C190RF84 (Figure 26a). In the SPOCD1
construct with a deletion of amino acid 923-969 | lose interaction, while the
interaction is retained in the SPOCD1 construct with a deletion of the c-terminal
residues 970-1015 (Figure 26b). In conclusion, SPOCD1 amino acid 923-969 are
essential for the interaction with C190RF84 (Figure 26c¢).
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Figure 26: C190RF84 interacts with SPOCD1 residue 923-969.

a, Schematic of the SPOCD1 deletions tested for interaction. b, Representative western blot
analyses of n = 3 immunoprecipitations of the indicated SPOCD1 deletions with C190RF84 in
HEK293T cells. ¢, Schematic indicating residue 923-969 (red) in SPOCD1. a, c: TFIIS-M, green;
SPOC, blue

Having an AlphaFold SPOCD1 protein structure prediction, | investigated if there
is any secondary structure present in the C190RF84-interacting part. Indeed, in
the interacting part (residue 923-969), a well-defined a-helix (residue 942-964) can
be found (Figure 27a). This helix is conserved among mammals but becomes less

conserved in more distant animals such as amphibians (Figure 27b).
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Figure 27: The SPOCD1 a-helix is conserved among mammals.
a, AlphaFold2 prediction of SPOCD1 (B1ASB6) with secondary structure elements highlighted by
colour. TFIIS-M domain, green; SPOC domain, blue; residue 923-969, red; a-helix, pink. b, Multiple
sequence alignment of the SPOCD1 C190RF84-interacting region from different species.
Numbering of mouse SPOCD1 above the sequences. The secondary structure elements of mouse
SPOCD1 are shown below. Sequences are coloured according to sequence identity.

To understand whether this a-helix plays an important role in the SPOCD1-
C190RF84 interaction, | generated a SPOCD1 construct with a deletion of only the
a-helix (942-964). Indeed, this helix was shown to be essential for the interaction
of SPOCD1 with C190RF84 in HEK293T cells (Figure 28).

Having defined the interaction of SPOCD1 with C190RF84, | wanted to understand
which part of C190RF84 was responsible for interacting with SPOCD1. Using the
AlphaFold model (Jumper et al. 2021; Tunyasuvunakool et al. 2021) | could show
that C190RF84 is a very unstructured protein and contains only one structural
element, an a-helix spanning residue 64 — 81 (Figure 29a). This helix is highly

conserved in mammals and lizards (Figure 29b).
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Figure 28: C190RF84 interacts with the SPOCD1 C-terminal SPOCD1 a-

helix.
a, Schematic of the SPOCD1 Ahelix construct tested for interaction. TFIIS-M, green; SPOC, blue.
b, Representative western blot analyses of n = 3 immunoprecipitations of the SPOCD1 A helix
construct with C190RF84 in HEK293T cells.
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Figure 29: C190RF84 contains a conserved a-helix.
a, AlphaFold2 prediction of C190RF84 (H3BKT1), with the conserved a-helix highlighted in yellow.
b, Multiple sequence alignment of the C190RF84 a-helix in different species. Numbering for mouse
C190RF84 above the sequences. The secondary structure elements of mouse C190RF84 are
described below. Sequences are coloured according to sequence identity.

To determine if this C190RF84 helix is important, | generated a SPOCD1 construct
with a deletion of only the a-helix (61-81) (Figure 30a). With this construct, | still
observed a weak interaction with C190RF84 (Figure 30b). However, in the multiple
sequence alignment, the residues in front of the helix were also conserved
(Figure 30b). Therefore, | extended the C190RF84 helix deletion to amino acid 61-
90 which resulted in loss of interaction with SPOCD1 (Figure 30b). Although those
additional nine amino acids are not part of the a-helix, they seem to form a
secondary structure (Figure 30c).

In summary, my work showed that SPOCD1 interacts via an a-helix spanning
residues 942 — 964 with the structured area of C190RF84 within amino acids 61 —
90.
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Figure 30: SPOCD1 interacts with the conserved a-helix of C190RF84.
a, Schematic of the C190RF84 deletion constructs tested for interaction. Residue 61-81 in orange.
b, Representative western blot analyses of n = 3 immunoprecipitations of the C190RF84 deletion
constructs with SPOCD1 in HEK293T cells. ¢, AlphaFold2 C190RF84 (H3BKT1) prediction with
amino acids 61-90 highlighted in yellow.
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3.6 The SPOCD1 SPOC domain

SPOC domains are known as protein-protein binding modules (Appel, Franke, et
al. 2023). However, | could not define an interactor of the SPOCD1 SPOC domain
via my HEK293T cell IP-MS approaches in Section 3.3.1. Therefore, | decided to
follow a new strategy and studying the conservation and structure of the SPOCD1
SPOC domain.

The SPOC domain of SPOCD1 is highly conserved within its orthologue, extending
as far as the coelacanth (Figure 31). Even vertebrate sequences from PHF3,
DIDO1, SHARP/SPEN and RBM15 orthologues showed conservation of key
residues within the SPOC domain (Figure 31).

The SPOC domain of mouse SPOCD1 was purified using a three-step purification
procedure (Figure 32). Briefly, | purified the domain via its GST-tag using affinity
batch purification (Figure 32a). After the 3C-digest to remove the tag and dialysis
overnight (Figure 32b), the sample was loaded on a Resource S IEX column
(Figure 32c, d). Finally, the domain was purified by size exclusion chromatography
(Superdex 200pg column) (Figure 32e, f). The protein was concentrated, and an
initial 96-well screen was set up. Shortly after, the first crystals were observed in
one condition (Figure 33).

| optimised the crystal condition slightly and collected the crystallographic data.
Finally, | solved the structure of the SPOC domain at 1.7 A (Table 8). This allowed

me to compare it to the published SPOC domains of other proteins.
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Figure 31: Multiple sequence alignment of SPOC domains.
Structure-based multiple sequence alignment of the SPOC domain from SPOCD1 with
representative vertebrate sequences from the PHF3, DIDO1, SPEN, and RBM15 orthologues. The
numbering of human SPOCD1 is shown above. The secondary structure elements of the mouse
SPOCD1 SPOC domain (PDB:80U1), human PHF3 SPOC domain (PDB:6Q2V), human SHARP
SPOC domain (PDB:10OW1; SHARP is the human SPEN orthologue), and human RBM15 SPOC
domain (PDB:7Z27) are shown below the sequence, with dark rectangles for a-helices and lighter
arrows for B-strands. Sequences are coloured according to sequence identity. The position of the
human residue L971 is indicated by a black box.
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Figure 32: Purification of SPOCD1 SPOC domain.

a, Gel of the GST batch purification. GST-SPOC at 44 kDa. b. Gel of samples after dialysis and 3C
protease digestion. GST-SPOC at 44 kDa and SPOC (without tag) at 16 kDa. ¢, The Gel of the
Resource S run. d, Chromatograph of Resource S run shown in c. The UV, blue; conductivity,
orange; and concentration of buffer B, green; are shown. Fractions loaded onto the gels are shown.
e, Gel of SEC run. f, Chromatograph of the SEC run. The UV, blue; and conductivity, orange; are
shown. The fractions loaded onto the gel are indicated. M — marker, WC — whole cell, S —
supernatant, A1-H6 — fractions, UC — uncut, C — cut, 3C - 3C protease, | — input
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Figure 33: Crystal of the SPOCD1 SPOC domain.
Image of the crystal of the SPOCD1 SPOC domain in a 96-well INDEX screen (hit: B9). Scale bar:
200 um.
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Table 8: X-ray data collection and refinement of the SPOCD1 SPOC domain.

SPOCD1 SPOC domain
Data Collection

Beamline Diamond beamline 104
Wavelength (A) 0.97949
Space group P212121

a=5452A b=56.62A, c=97.66 A

Unit Cell =90 B=90"°y=90"
Resolution (A) 54.52 —1.70 (1.79 — 1.7)
Reflections 160141 (16403)
Unique Reflections 33752 (4799)
Rmeas (%0) 0.062 (0.513)
CC (1/2) 0.999 (0.802)
Completeness (%) 99.2 (98.7)
Mean |/cl 13.2 (2.1)
Multiplicity 4.7 (3.4)
Refinement

Rwork/Rfree 0.201/0.237
r.m.s Bonds 0.007
r.m.s. Angles 1.037
Ramachandran (%) 0

Allowed 0

Partially allowed 0

Disallowed 0
Total number of atoms 4679
Protein atoms 4403
Water/ligands 276
Average B factor 32.0

(protein/solvent) (A?)

Like known SPOC crystal structures, the SPOCD1 SPOC domain is composed of
eight B-strands that form a distorted [B-barrel surrounded by five a-helices
(Figure 34a). SPOC domains that do have a defined interactor, show distinct
surface charges that facilitate these interactions (Appel, Franke, et al. 2023).
Therefore, | calculated the surface charge of the SPOCD1 SPOC domain.
However, | could not find any strongly charged areas (Figure 34b). In addition to
that, | could not detect any conserved areas on the surface of the SPOCD1 SPOC

domain which would indicate a functional importance (Figure 34c).
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Figure 34: SPOCD1 SPOC Crystal Structure.
a, Cartoon view of the crystal structure of the SPOCD1 SPOC domain (80U1). The C-and N —
terminus was labelled with C or N, respectively. b, Surface charge of the SPOCD1 SPOC domain.
Colouring according to the surface charge. ¢, Surface conservation of the SPOCD1 SPOC domain.
Colouring according to conservation. All panels show the domains in the same orientation.

Since several SPOC domains from different proteins have been structurally
characterised, | compared my SPOCD1 SPOC structure with those from PHF3,
RBM15, and SHARP. Overall, all SPOC structures had similar folds (Figure 35).
Since SPOC domains are known for being phosphor-serine binding modules
(Appel, Benedum, et al. 2023), | examined whether | could identify a potential
phosphor-serine binding area in the SPOCD1 SPOC structure (Figure 35a).
However, based on the surface charge, the SPOCD1 SPOC domain looks different
from all other known SPOC structures in the phosphor-serine binding area
(Figure 35). PHF3 clearly showed two positively charged patches (Figure 35b).
RBM15 and SHARP exhibited a single, very strongly charged, basic patch
(Figure 35c, d). In contrast, the SPOCD1 SPOC domain did not have any strongly

positively charged patches on its surface (Figure 35a).
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Figure 35: SPOCD1 SPOC domain does not have distinct basic patches.
a, SPOCD1 SPOC domain (PDB:80U1) in cartoon view and surface charge in the same orientation.
b, Cartoon and surface charge views of the SPOC domain of PHF3 (PDB:6Q2V). ¢, RBM15 SPOC
domain (PDB:7Z27) in the cartoon and surface charge view. d, Domain structure and surface
charge of the SPOC domain of SHARP (PDB:10W?1). All structures are in the same orientation.
Colouring of the surface according to surface charge is indicated.
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Additionally, | looked at the binding mode of the RNA polymerase II CTD
diheptapeptide phosphorylated on Ser2 with PHF3 (Appel et al. 2021) and at
human SHARP with the phosphorylated SMRT peptide (Mikami et al. 2014)
(Figure 36). In the first instance, phosphorylated Pol Il CTD peptides were
anchored within two prominent basic patches (Figure 36b). Similarly, for the binding
of the phosphorylated SMRT peptide to SHARP, a strongly positively charged patch
was necessary for anchoring the phosphorylated residues (Figure 36c¢). In
SPOCD1, none of the positively charged patches were present (Figure 36a).
Based on the SPOCD1 SPOC crystal structure, the known phosphorylated

peptides were unlikely to bind to the domain (Figure 36a).

a SPOCD1 b PHF3 + RNA Polll 2xS2P CTD peptide ¢ SHARP with SMRT peptide

surface charge
E

-5 0 +5

Figure 36: SPOCD1 SPOC domain is unlikely to interact with
phosphorylated peptides.
a, SPOCD1 SPOC domain with colour according to its surface charge. b, Surface charge of the
PHF3 SPOC domain with an RNA polymerase Il CTD diheptapeptide phosphorylated on Ser2
(PDB:6IC8). ¢, SPOC domain of SHARP with the phosphorylated SMRT peptide (PDB:2RT5).
Colouring according to the surface charge is indicated. All structures are in the same orientation.

Based on this, | can conclude that the SPOCD1 SPOC is different from known
SPOC structures and unlikely to facilitate a protein-protein interaction in the same
fashion as is known for SPOC domains.

Nonetheless, our collaborators Nadja Rotte, Dr. Birgit Stallmeyer and Prof. Frank
Tattelmann obtained some data that could help us understanding the domain
better. They studied men with fertility issues and found one individual with a
mutation in the SPOCD1 gene. This individual, M3457, does have an Azoospermia

phenotype and is sterile. He carried a homozygous SPOCD 1¢2912T>G ygriant in exon
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15 which resulted in a SPOCD1 variant with leucin 971 mutated to arginine
(Leu971Arg). This residue is highly conserved in SPOCD1 as well as in its
homologues DIDO1 and PHF3. This mutation is of particular interest to us, as it is
located in the SPOC domain.

Since | solved the structure of the mouse SPOCD1 SPOC domain, | was able to
inspect this residue in the domain (Figure 37). The human residue L971
corresponds to residue L792 in mice. This mutated leucin was located at the end
of B-strand 7 (Figure 37a, b). Its side chain faced inward and was buried within a
hydrophobic pocket (Figure 37b). In addition, the surface charge around the L792
residue was not strong (Figure 37c). However, the surface around this residue is
highly conserved, indicating functional significance (Figure 37d). | modelled the
L792R mutation in the crystal structure and found that the arginine residue clashed
with the other residues in the pocket (Figure 37e). In addition, the replacement of
the hydrophobic leucin with a positively charged arginine might result in problems
during the folding and formation of secondary structures. However, analysis of the
mutation based on the crystal structure is only speculative, and only experimental
data will provide a clear answer.

Before conducting further experiments, | tested whether the lysine to arginine
SPOCD1 mutation affects the expression of the full-length protein. HEK293T cells
were transfected with cDNA of L971R human SPOCD1 and L792R mouse
SPOCD1. I could see that in both cases, the SPOCD1 mutant was expressed at
the wild-type level (Figure 38). This indicates that the full-length mutated SPOCD1
was stable, and that the observed phenotype was likely caused by defects within
the SPOC domain of SPOCD1.
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Figure 37: L792R mutation in the SPOCD1 SPOC domain.

a, Cartoon view of the SPOCD1 SPOC domain indicating the C - and N - terminus. b, Cartoon view
highlighting leucine 792 in red. On the right, zoom in into the region around residue 792. Residues
interacting with L792 are shown in grey, with the distance indicated by dotted lines. ¢, Surface
charge of the SPOCD1 SPOC domain in the same orientation as b. The position of L792 is indicated
by the small oval circle. d, Surface conservation of the SPOCD1 SPOC domain at position L792,
indicated by an oval circle. The orientation is the same as in b and c. e, The L792R mutation
modelled in the SPOCD1 SPOC crystal structure. Arginine is shown in pink, interacting residues in
grey with distances indicated. Yellow stars indicate clashes between the residues. The same
orientation is shown in b.

However, it is still unknown whether the SPOCD1 L792R mutation affects folding
of the SPOC domain. Also, given that | was able to crystalize the wild-type
SPOCD1 SPOC domain, it would be very informative to solve the structure of the
L792R SPOC domain. The mutated domain was purified to start the preparation
for crystallography. | started with a small-scale purification, where | saw that the
SPOC wild-type and mutant were expressed to a similar extent, but the mutant
failed to solubilise properly (Figure 39a). However, in the bead sample, | observed
a band of the mutant despite it being weaker than the wild-type band (Figure 39a).
The WT and L792R constructs were purified in a large-scale purification to get
enough for crystallography. Again, | processed both in parallel. After the first
purification step, the GST pull-down, | purified decent amounts of the wild-type
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SPOC domain, but failed to do so for the L792R SPOC domain (Figure 39b). | also
attempted to continue the purification using IEX. While the wild-type SPOC domain
behaved well, | lost everything of the L792R SPOC domain (data not shown)
making it possible to generate any crystallographic data.

In conclusion, the mutant SPOC L792R behaves differently than the wild-type
SPOC domain. While full-length human and mouse mutant SPOCD1 proteins are
expressed in HEK293T cells, mutations within the SPOC domain affect the

solubility, folding, and/or stability of the domain.

o = = |HA (SPOCD1)
WV vy W W | Tubulin

Figure 38: Full-length SPOCD1 with leucine to arginine mutation is

expressed in HEK293T cells.
WB of lysates from HEK293T cells transfected with the indicated constructs.
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Figure 39: SPOCD1 SPOC domain cannot be purified.

a, Coomassie gel of small-scale pull-down of SPOCD1 SPOC wild-type (WT) and L792R. b,
Coomassie gel for large-scale purification of wild-type and L792R SPOCD1 SPOC. The GST-SPOC
was expected to be 44 kDa. WC — whole cell, P — pellet (=insoluble), S — supernatant (=soluble), B
— beads, FT — flow through, F1 — F5 — fractions. n=2 for a and b
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3.7 Conclusion

In summary, this chapter studies some of the interactors of SPOCD1 and defines
the functions of different areas of SPOCD1. | could show that SPOCD1 interacts
with overexpressed C190RF84 and endogenous levels of TPR and SPIN1 in
HEK293T cells. In addition, IP-MS demonstrated that TPR interacts with the TFIIS-
M domain of SPOCD1. However, the interaction between SPIN1 and C190RF84
was independent of the SPOCD1 TFIIS-M or SPOC domains. More precisely, the
C190RF84’s residue 61-90 interacts with SPOCD1 via an a-helix spanning amino
acid 942-964. In addition, | solved the structure of the SPOCD1 SPOC domain at
1.7 A. Although the domain is different from all known SPOC structures and its

function remains unknown, the human mutation indicates its importance.
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4 Two-factor authentication underpins the
precision of piRNA-directed LINE1 DNA
methylation

4.1 Contribution

This chapter is a manuscript that has been submitted to Nature and is currently
under revision. The co-authors of this study are Dr. Ansgar Zoch (A.Z.), Dr.
Rebecca V. Berrens (R.V.B.), Shaun Webb (S.W.), Dr. Yuka Glinka (Y.G.), Dr.
Tania Auchynnikava (T.A.), Martina Schito (M.S.), Tamoghna Chowdhury (T.C.),
Dr. Juan Zou (J.Z.), Prof. Juri Rappsilber (J.R.), Prof. Robin C. Allshire (R.C.A.),
Dr. Joan Barau (J.B.), Prof. Atlanta G. Cook (A.G.C.) and Prof. Dénal O’Carroll
(D.OC).

The contributions of this study are as follows: | contributed to the design, execution,
and analysis of most experiments. A.Z. performed the IF and the IP-MS
experiments, under the guidance of T.A., J.R. and R.C.A.. RV.B., SW. and Y.G.
performed the bioinformatic analysis of the Methyl-seq, ChIP and RNA-seq data,
respectively. M.S. and T.C. performed molecular biology and histological
experiments. J.Z. performed the analysis of the CL-MS data. J.B. contributed to
analyses. D.O’C. and A.G.C. supervised this study. D.O’C. conceived this study.

D.O’C. and | wrote the final version of the manuscript.

4.2 Introduction

In Chapter 3, | defined two novel interactors of SPOCD1 and solved the structure
of the SPOCD1 SPOC domain. However, it remains unknown how SPOCD1 is
recruited to the sites of de novo DNA methylation in the genome of the developing
germline (Zoch et al. 2020). Although the prevailing view is that MIWI2 is solely
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responsible for guiding the de novo DNA methylation apparatus, we questioned
this hypothesis (Ozata et al. 2018). Transposon methylation must be very precise
to methylate every single transposon copy and at the same time avoid off-target
methylation. This makes it very unlikely that the entire system depends on piRNA-
MIWI2 recruitment to the nascent transposon transcripts.

In Chapter 3, we identified SPIN1 as another SPOCD1 interactor. This interaction
was observed in foetal testes as well as in HEK293T cells (Figure 19, Figure 21).
Could SPIN1 be the missing part that establishes the precision of piRNA-directed
de novo DNA methylation?

SPIN1 is a chromatin reader and member of the spindlin/Y-linked spermiogenesis-
specific transcript repeat (Spin/Ssty) family, which is important for gamete-to-
embryo transition (Staub, Mennerich, and Rosenthal 2002). SPIN1 is involved in
WNT/TCF-4 signalling (Wang et al. 2012), in RET signalling in liposarcoma (Franz
et al. 2015), stimulates the expression of rRNA genes (Wang et al. 2011) and plays
a role in antiviral defence (Ducroux et al. 2014). Additionally, SPIN1 is important for
chromosome segregation during cell division (Zhang et al. 2008; Sun, Li, and Gui
2010; Choi et al. 2017).

SPIN1 is highly conserved across different vertebrate species (Staub, Mennerich,
and Rosenthal 2002; Vallee et al. 2006; de Kloet and de Kloet 2005) and is
ubiquitously expressed (Thul et al. 2017). In some cancers, SPIN1 is
overexpressed, for example in breast cancer, in non-small-cell lung cancer
(NSCLC) and in liver cancer (Li et al. 2017; Song et al. 2018; Chen et al. 2016). It
has been shown that overexpression of SPIN1 affects the cell cycle progression
and stability of genomic materials (Yuan et al. 2008; Zhang et al. 2008).

SPIN1 knockout mice are not viable and die within two days of birth (Chew et al.
2013). Although mouse oocytes lacking SPIN1 undergo normal folliculogenesis,
they are unable to resume meiosis (Chew et al. 2013). This phenotype was
observed because SPIN1 is involved in meiotic resumption and regulation of
maternal transcripts post-transcriptionally through PDE3A and SERBP1,
respectively (Chew et al. 2013).

SPIN1 associates with several histone marks, such as H3K4me3, Histone 4 lysine
20 tri-methylation (H4K20me3), and the dual mark H3K4me3 - Histone 3 arginine
8 asymmetric di-methylation (H3R8me2a) (Wang et al. 2011; Su et al. 2014; Wang
et al. 2018). It has been shown that SPIN1 does have high affinity for H3K4me3
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(Wang et al. 2011). However, the addition of H3K9me3, resulting in a bivalent
histone H3K4me3-H3K9me3 methylation pattern, resulted in the highest affinity
(Zhao et al. 2020; Du et al. 2021). Although the unusual dual histone marks
H3K4me3 (activating) and H3K9me3 (repressing) are perceived to be mutually
exclusive, the bivalent mark has been found in several types of lineage-committed
stem cells (Matsumura et al. 2015; Mikkelsen, Ku, et al. 2007; Rugg-Gunn et al.
2010; Bilodeau et al. 2009).

SPIN1 is a 262 amino acid protein that contains three almost identical Tudor-like
domains (short: Tudor) (Oh et al. 1997; Zhao et al. 2007). Its crystal structure has
been solved, revealing that each of the three Tudor domains adapts a -barrel-like
fold (Zhao et al. 2007) (Figure 40). It has been shown that Tudor 1 associates with
H3R8me2a or H3K9me3, Tudor 2 associates with H3K4me3 or H4K20me3 while
Tudor 3 is not involved in the recognition of chromatin marks (Su et al. 2014; Yang
et al. 2012; Zhao et al. 2020; Wang et al. 2018).
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a SPIN1 1 262

Figure 40: Structure of SPIN1.
a, Schematic overview of SPIN1 with the three Tudor domains indicated. b, Crystal structure of
mouse SPIN1 with the three Tudor domains indicated, PDB: 2NS2

However, SPINDOC (also C11ORF84) has been identified as interacting with
SPIN1 via its Tudor domain 3 (Du et al. 2021; Devi et al. 2019) (Figure 41). In
addition, the SPIN1-SPINDOC complex exhibits high affinity for the H3K4me3-
H3K9me3 histone methylation pattern (Du et al. 2021). It has been shown that the
SPIN1-SPINDOC complex reading H3K4me3-H3KO9me3 can displace HP1
proteins from ribosomal DNA (rDNA) loci, resulting in the activation of rRNA
transcription (Zhao et al. 2020; Du et al. 2021).
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SPIN1

Tudor 1 Tudor 2

SPINDOC peptide

Figure 41:Crystal structure of SPIN1 with SPINDOC (C110RF84) and

H3K4me-H3K9me3 peptide.
SPIN1 is coloured in blue, with the Tudor domains indicated. The SPINDOC (C110RF84) peptide
is shown in red, and the histone peptide (H3K4me3-H3K9me3) is highlighted in grey. PDB: 7CNA

Recently, another SPIN1 interactor has been discovered (Liu et al. 2023). SPIN1
interacts via its Tudor domain 3 with HBX, a regulatory protein of the hepatitis B
virus (HBV), while concurrently recognising bivalent H3K4me3-H3K9me3 via
Tudor 1 and 2 (Liu et al. 2023). Functionally, this allows the virus to switch
H3K9me3-enriched repressed covalently closed circular (ccc) DNA into an
H3K4me3-marked active state, thus promoting HBV transcription (Liu et al. 2023).
In this study, we defined SPIN1 as a direct interactor of SPOCD1. We investigated
the role of the SPIN1-SPOCD1 interaction during embryonal development and
proposed a novel two-factor authentication model for piRNA-directed de novo DNA
methylation in mice, including SPIN1.
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4.3 Manuscript: Two-factor authentication underpins the precision of
piRNA-directed LINE1 DNA methylation

4.3.1 Abstract

The PIWI-interacting RNA (piRNA) pathway guides the DNA methylation of young
active transposons during male mouse germline development. piRNAs tether the
PIWI protein MIWI2 (PIWIL4) to the nascent transposon transcript that results in
DNA methylation through SPOCD1. Transposon methylation requires exacting
precision: all copies need to be methylated yet, at the same time, off-target
methylation must be avoided. However, the underlying mechanisms that ensure
this precision remain unknown. Here, we show that SPOCD1 directly interacts with
SPIN1, a chromatin reader that primarily binds H3K4me3 and this association is
augmented by H3K9me3. The prevailing assumption is that all molecular events
required for piRNA-directed DNA methylation occur after the engagement of
MIWI2. Interestingly, we find that SPIN1 expression precedes that of both SPOCD1
and MIWI2. Furthermore, we demonstrate that young LINE1s, but not old copies
are marked by H3K4me3 and H3K9me3 prior to the initiation of piRNA-directed
DNA methylation. We generated a Spocd? separation-of-function allele in the
mouse that encodes a SPOCD1 variant that no longer interacts with SPIN1. We
found that the SPOCD1-SPIN1 interaction is essential for spermatogenesis and
piRNA-directed DNA methylation of young LINE1 elements. We propose that
young LINE1 elements require a two-factor authentication process for DNA
methylation, the first being the recruitment of SPIN1-SPOCD1 to licence the locus
and the second is MIWI2 engagement with the nascent transcript, which is the
trigger for methylation. In summary, independent events that licence, and trigger

methylation underpin the basis of precision.

4.3.2 Results and Discussion

Young active transposable elements are a fundamental threat to the germline. The
mouse genome is currently battling LINE1 and IAP elements (Dewannieux et al.
2004; Goodier et al. 2001; Naas et al. 1998). Failure to silence transposons in the

germline results in infertility (Aravin et al. 2007; Bourc'his and Bestor 2004; Carmell
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et al. 2007). DNA methylation is a key mechanism that represses transposons
(Walsh, Chaillet, and Bestor 1998). However, this presents a major vulnerability to
the germline because DNA methylation is erased and reset during germ cell
development (Greenberg and Bourc'his 2019). The piRNA pathway defends the
germline during this period of hypomethylation (Ozata et al. 2018). It post-
transcriptionally silences young active transposons and directs their DNA
methylation (Ozata et al. 2018). piRNAs are small RNAs that are bound to PIWI
proteins (Ozata et al. 2018). Through base complementarity, piRNAs identify active
transposons and tether MIWI2 to these nascent transcripts (Ozata et al. 2018).
This sets in motion events that culminate in the recruitment of the de novo
methylation machinery. We recently defined MIWI2 interactomes from foetal
gonocytes and discovered SPOCD1, an essential factor that connects the piRNA
and de novo methylation machineries in vivo (Schopp et al. 2020; Zoch et al. 2020).
piRNA-directed transposon methylation requires precision. Failing to methylate
every active transposon would be detrimental to the genomic integrity of the
germline whereas aberrant off-target methylation could result in germline-
transmitted epimutations. piRNAs endow MIWI2 with the specificity to identify
active transposon loci and, through tethering, trigger silencing. However, whether
other mechanisms contribute to identifying active transposons and the exacting
precision of the pathway remains unknown.

SPOCD1 accumulates in the nucleus prior to the expression of MIWI2 during male
germ cell development (Zoch et al. 2020). SPOCD1 expression is first observed in
foetal gonocytes at embryonic day 14.5 (E14.5), whereas MIWI2 follows a day later
where it is mostly cytoplasmic until E16.5 when a significant nuclear fraction is
observed (Zoch et al. 2020). This pattern of successive accumulation could
indicate that the recruitment of SPOCD1 to transposons may occur independently
of MIWI2. The treatment of unfixed foetal gonocytes with RNase A results in the
loss of nuclear MIWI2 staining (Schopp et al. 2020). Interestingly, the nuclear
localization of SPOCD1 is insensitive to RNase A treatment (Figure 42a and
Figure 47a). Furthermore, MIWI2-deficiency does not impact SPOCD1 nuclear
localization (Figure 42b and Figure 47b). Together, these observations indicate that
SPOCD1’s recruitment to chromatin is independent of MIWI2. SPOCD1 does not
contain any known chromatin-binding domains. We therefore interrogated the
SPOCD1 IP-MS data from E16.5 foetal testis for chromatin-binding proteins and
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found SPIN1 as a highly enriched, high-confidence associated protein (Figure 42c)
(Zoch et al. 2020). SPIN1 is a chromatin reader that is comprised of three Tudor-
like domains (TLD1-3). SPIN1 is principally a high-affinity H3K4me3 reader and
TLD2 recognises this transcription-associated chromatin mark (Wang et al. 2011;
Yang et al. 2012; Santos-Rosa et al. 2002). TLD1 binds heterochromatin-
associated H3K9me3 and this interaction increases the overall affinity of SPIN1
chromatin binding (Bannister et al. 2001; Lachner et al. 2001; Du et al. 2021). The
third TLD (TLD3) does not contain an aromatic cage and mediates interactions with
other proteins. We next sought to identify which portion of SPOCD1 is required to
associate with SPIN1. To this end, we co-expressed SPOCD1 or fragments of it
with SPIN1 in HEK293T cells and tested their ability to interact. Full-length
SPOCD1 and the N-terminal 1-409 amino acids (fragment 1) co-precipitated SPIN1
(Figure 42d). The interaction was further mapped to amino acids 205-409
(fragment 1b) (Figure 42d). By sequentially deleting 10 to 20 amino acids segments
of the interacting fragment of SPOCD1, we mapped the SPIN1 association region
to 20 amino acids (328-347) (Figure 42e). These amino acids of SPOCD1 are
predicted to fold into a B-hairpin in the AlphaFold2 model (Figure 42f) (Jumper et
al. 2021; Tunyasuvunakool et al. 2021). Furthermore, fusion of 20 amino acids
(327-346) with GFP was sufficient to confer SPIN1 interaction (Figure 429). Finally,
we demonstrated that the SPOCD1-SPIN1 interaction can be recapitulated using

recombinant proteins. (Figure 42h-i).
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Figure 42: SPOCD1 directly interacts with the chromatin reader SPIN1.
a, MIWI2 (green), HA (red) and DAPI (blue) staining of E16.5 foetal testis sections from Spocd 14+
mice treated with PBS or RNase A prior to fixation. b, HA (red) and DAPI (blue) staining of E16.5

foetal testis sections from E16.

5 Miwi27;Spocd 1"4* and Miwi2*;Spocd 14+ mice. Images of (a) and

(b) are representative of n = 3 biological replicates. Scale bars in (a) and (b) are 2 ym. ¢, Volcano

plot showing enrichment (logz(mean LFQ ratio of anti-HA immunoprecipitates from n

Spocd1HA4HA ild-type) E16.5
Student’s t-test)) of proteins

4
foetal testes) and statistical confidence (log1o(P-value of two-sided
co-purifying with HA-SPOCD1 (data from (Zoch, Auchynnikava,

Berrens, Kabayama, Schopp, et al. 2020)). d-e, Representative western blot analyses of n = 3

immunoprecipitations of the

indicated SPOCD1 constructs with SPIN1 in HEK293T cells. f,
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AlphaFold2 structure prediction of mouse SPOCD1 (B1ASB6) with indicated domains highlighted.
g, Representative western blot analyses of n = 3 immunoprecipitations of the indicated mouse
SPOCD1 constructs with SPIN1 in HEK293T cells. h, Representative Coomassie gel image of n =
3 co-precipitation experiments with the indicated recombinant proteins. i, Analytical size exclusion
chromatography of the SPOCD1-SPIN1 complex. The top panel shows a representative
chromatogram for each of the runs superposed. Below, separate Coomassie gels of each run are
shown with samples from the same set of fractions on each gel (n = 2).

AlphaFold2 co-folding of SPOCD1 with SPIN1 predicts that the SPOCD1 B-hairpin
interacts with the TLD3 of SPIN1 (Figure 43a) (Jumper et al. 2021;
Tunyasuvunakool et al. 2021). Cross-linking mass spectrometry (CL-MS)
confirmed AlphaFold2’s prediction with crosslinks found adjacent to SPOCD1’s -
hairpin and TLD3 of SPIN1 (Figure 43b). SPIN1 is an extremely conserved protein
(Figure 48a) and is found throughout vertebrates (Figure 43c). We could retrieve
full-length SPOCD1 coding sequences for coelacanth (Latimeria chalumnae), the
green anole lizard (Anolis carolinensis), the tropical clawed frog (Xenopus
tropicalis) but not from salamanders (Axolotl mexicanum). SPOCD1 apparently
first arose in vertebrates with orthologs found in coelacanth but not ray-finned fish,
and was later lost in birds (Figure 43c) (Zoch et al. 2020). The SPOCD1 orthologs
are predicted to have a similar overall fold to mouse SPOCD1 but only lizard and
frog retain the conserved sequence and predicted B-hairpin structure that mediates
SPIN1 interaction in mice (Figure 43d). Indeed, the sequence alignment revealed
the coelacanth sequence to be less related to the other orthologs in this region
(Figure 43e and Figure 48b). Finally, we demonstrated that the frog and lizard
SPOCD1-SPIN1 interaction can be reconstituted using recombinant proteins
(Figure 43f). In summary, SPOCD1 interacts with the chromatin reader SPIN1, and

this association is conserved from amphibians to mammals.
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Figure 43: The SPOCD1-SPIN1 interaction is conserved.
a, AlphaFold2 prediction of SPIN1 (Q61142) and SPOCD1 (B1ASB6, only amino acid 326-348 are
shown) interaction. b, Cross-link mass spectrometry of mouse SPOCD1 fragment F1b (amino acid
203-409) with mouse SPIN1 (amino acid 49-262). Crosslinks are shown in green. ¢, Phylogenic
tree from mammals to ray-finned fish showing the presence of SPOCD1 and SPIN1 in the indicated
from Anolis carolinensis (anolis,
XP_008116112.1, amino acid 183 - 1397), Xenopus tropicalis (frog, XP_031752218.1) and Latimeria
chalumnae (coelacanth, JH127468.5). SPOC domain, TFIIS-M domain and SPIN1-interacting -
hairpin are highlighted. e, Multiple sequence alignment of the SPOCD1 SPIN1-interacting 3-hairpin
region from different species. Numbering for mouse SPOCD1 above the sequences. Secondary
structure elements of mouse SPOCD1 are shown below. Sequences are coloured according to

animal clades. d, AlphaFold2 prediction of SPOCD1
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sequence identity. f, Representative Coomassie gel image of n = 3 co-precipitation experiments with
the indicated recombinant SPOCD1 from different species with mouse SPIN1.

We next sought to understand if H3K4me3 and/or H3K9me3 mark young active
transposons, the targets of the piRNA pathway. We reanalysed ChIP-seq data from
foetal gonocytes purified from several developmental timepoints (Yamanaka et al.
2019). At E13.5, prior to the expression of the piRNA pathway and de novo
methylation, the genome is fully demethylated. The process of genome and
transposon methylation is occurring at E17.5, whereas by E19.5 and P2 the bulk
of genomic methylation has been completed (Kato et al. 2007a; Molaro et al. 2014).
We examined H3K4me3 at both young and old transposon families. We found that
the young LINE1 families (L1M_T, L1M_Gf and L1M_A) but not the old family
L1M_F were enriched in H3K4me3 at E13.5 prior to the onset of de novo
methylation (Figure 44a and Figure 49a). This enrichment was diminished but still
present at E17.5 but lost thereafter (Figure 44a and Figure 49a). H3K4me3
enrichment was not observed for the IAPEz and IAPEy families (Figure 44a and
Figure 49a). Next, we analysed H3K9me3, for which the IAP families showed a
high level of enrichment throughout all timepoints (Figure 44b and Figure 49b).
Both young and old LINE1 families showed a peak of H3K9me3 across the
promoter region at E13.5, thereafter the enrichment extended across the body of
the element (Figure 44b and Figure 49b). The young transposons families contain
both young active elements and older inactive copies, these can be roughly
distinguished by their divergence from their consensus sequence. We segregated
young and old copies within LINE1 families and analysed H3K4me3 and H3K9me3
enrichment. Strikingly, H3K4me3 promoter enrichment is only observed at young
LINE1 copies at E13.5 (Figure 44c and Figure 49c). H3K9me3 enrichment was
greater in older copies than their younger counterparts at E13.5 but thereafter old
and young elements showed similar levels of enrichment (Figure 44d and Figure
49d). In summary, young LINE1 elements are marked by both H3K4me3 and
H3K9me3 prior to piRNA-directed DNA methylation. The prevailing view is that
engagement of MIWI2 with the nascent transcript is the trigger for all downstream
processes that culminate in DNA methylation. However, the fact that young LINE1
elements show a distinct chromatin modification pattern prior to de novo genome

methylation challenges this view. We hypothesised that H3K4me3, augmented by
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H3K9me3, recruits SPIN1 and in turn SPOCD1 to young LINE1 elements prior to
the engagement of MIWI2 and this event licences the element for methylation. In
support of this hypothesis, we find that SPIN1 is expressed in foetal gonocytes at
E13.5 (earliest timepoint analysed) and throughout the process of de novo genome
methylation (Figure 44e and Figure 50). We tried to perform CUT&RUN for SPIN1
in E13.5 foetal testis but failed likely reflecting a limitation of the antibody. However,
we show that SPOCD1 associates with SPIN1 in E14.5 foetal gonads (Figure 44f).
In summary, we show that young LINE1 elements are enriched for H3K4me3-
K9me3 and SPOCD1 associates with SPIN1 prior to the expression of MIWI2.
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Figure 44: H3K4me3 and H3K9me3 mark young LINE1 elements prior to de

novo genome methylation.
a-d, Metaplot and heat map of H3K4me3 (a, ¢) and H3K9me3 (b, d) ChIP from foetal gonocytes at
the indicated timepoints during mouse development are shown. a-b shows data for different
transposon families. ¢-d shows young and old elements within the L1Md_T family. Data reanalysed
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from (Yamanaka et al. 2019) e, The panel shows SPIN1 (green) and DAPI (blue) staining of wild-
type foetal testis sections from indicated developmental timepoints. Images are representative of
n = 3 biological replicates. Scale bars are 2 um. f, Volcano plot showing enrichment (logz(mean
LFQ ratio of anti-HA immunoprecipitates from Spocd1/4HAAwild-type)) and statistical confidence
(log1o(P-value of two-sided Student’s t-test)) of proteins co-purifying with HA-SPOCD1 from E14.5
foetal testes. n = 3.

SPIN1 is expressed beyond the germline, involved in other cellular processes, and
required for mouse viability (Chew et al. 2013). Therefore, we decided to identify a
SPOCD1 separation-of-function mutation that uncouples SPOCD1 from SPIN1 to
understand the importance of this interaction. Mutation of eight amino acids to
alanine in one strand of the predicted [B-hairpin that mediates SPIN1 binding
abrogated the ability of SPOCD1 to co-precipitate SPIN1 when expressed in
HEK293T cells (Figure 45a). Furthermore, a recombinant SPOCD1 F1b fragment
(Figure 42d) with the 8 alanine mutation no longer interacts with recombinant
SPIN1 (Figure 45b). We termed this separation-of-function SPOCD1 mutant
SPOCD1-ASPIN1. We next engineered the Spocd145PIN" mouse allele (Figure 51).
As is the case with Spocd1~- mice, Spocd14SPINT/ASPINT (termed Spocd14SPINT) mice
are born in mendelian ratios from Spocd714SPIN'/* intercrosses and are
indistinguishable from their wild-type litter mates (data not shown) (Zoch et al.
2020). The separation-of-function mutation did not affect the levels or localization
of the SPOCD-ASPIN1 protein in Spocd14SPINT E16.5 foetal testes compared to
wild-type controls (Figure 45c¢ and Figure 51e). Furthermore, both SPIN1 as well
as MIWI2 levels and localization in Spocd74SPINT E16.5 foetal testes were
indistinguishable from wild-type foetal testes (Figure 45d-e and Figure 51f-g). In
summary, the Spocd74SPINT allele encodes a stably expressed SPOCD1 mutant
protein and does not impact on SPIN1 or MIWI2 expression. Spocd14SPINT male
mice are infertile and have atrophic testes (Figure 45f-g). Detailed histological
analyses revealed a complex spermatogenic arrest (Figure 45h). The vast majority
of Spocd14SPINT seminiferous tubules show a meiotic arrest that is typical of
mutations that affect piRNA-directed transposon methylation (Figure 45h).
However, a small number of tubules show cells that have further developed to the
round or elongated spermatid stage (Figure 45h). The loss of the SPOCD1-SPIN1

interaction also results in DNA damage and apoptosis (Figure 45i-j). In summary,
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the interaction of SPOCD1 with SPIN1 is essential for normal spermatogenesis

and male fertility.
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Figure 45: The SPOCD1-SPIN1 interaction is essential for spermatogenesis.
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a, Representative western blot analyses of n = 3 immunoprecipitations of the mouse wild-type and
SPOCD1 8 alanine mutated proteins with SPIN1 in HEK 293T cells. b, Representative Coomassie
gel image of n = 3 co-precipitation experiments with the indicated recombinant proteins. c-e,
Representative images of E16.5 gonocytes from n = 3 wild-type and Spocd14SPINT mice stained for
DNA (blue) and SPOCD1 (c), SPIN1 (d) or MIWI2 (e) in green. Scale bars are 2 um. f, Number of
embryos per plug fathered by studs with the indicated genotype mated to wild-type females. Data
are mean and s.e.m. from n = 6 wild-type (15 plugs total) and n = 6 Spocd74SPIN? studs (12 plugs
total). g, Testis weight of adult mice with the indicated genotype. Data are mean and s.e.m. from n
= 8 wild-type and n = 8 Spocd14SPINT mice. Insert shows a representative image of testes from wild-
type (left) and Spocd14SPIN (right) mice. h, Representative images of PAS & haematoxylin-stained
and testes sections of wild-type and n = 5 Spocd74SPINT adult animals, with different types of
spermatogenic arrest observed in tubules of Spocd 14SPIN testes indicated. The percentage of each
type of tubule is noted on the right. Scale bar is 20 pym. i-j, Adult testis sections stained for DNA
damage marker yH2AX (red) (i) and apoptotic cells (red) by TUNEL assay (j) from wild-type and
Spocd14SPINT mice (representative of n = 3 mice per genotype for yH2AX and n = 2 wild-type plus
n = 3 Spocd14SPINT mice for TUNEL). DNA was stained with DAPI (blue). Scale bars, 100 um. P in
f-g determined by two-sided Student’s f-test.

The spermatogenic arrest in Spocd74SPINT mice is indicative of defective
transposon silencing and DNA methylation. In agreement with the selective
marking of young LINE1 families with H3K4me3-K9me3 prior to the expression of
MIWI2, we found the expression of LINE1 ORF1p but not IAP GAG in Spocd14SPIN1
adult testis (Figure 46a-b). Furthermore RNA-seq from postnatal day 20 (P20)
testis confirmed that the same LINE1 families are deregulated in Spocd74SPINT and
Spocd1”- mice (Figure 46¢). The lack of deregulated expression of evolutionary
young IAP families (IAPEz) in Spocd14SPINT mice was also confirmed by this
analysis (Figure 46¢). We next analysed genome methylation from purified P14
spermatogonia, a timepoint used in previous analyses because it is prior to the
onset of the spermatogenic arrest but after completion of de novo genome
methylation (Schopp et al. 2020; Zoch et al. 2020). The piRNA pathway and
SPOCD1 are specifically required for de novo DNA methylation of young LINE1
and IAP elements (Schopp et al. 2020; Zoch et al. 2020; Aravin et al. 2007; Carmell
et al. 2007; Barau et al. 2016; Jain et al. 2017; Kuramochi-Miyagawa et al. 2008).
Accordingly, general genome de novo methylation is normal in Spocd74SPINT adult
testis (Figure 46d). Indeed, the loss of the SPOCD1-SPIN1 interaction did not
impact genic, intergenic, CpG island and gene promoter regions, or collective
transposon DNA methylation levels (Figure 46d). The young LINE1 families
L1Md_A, L1Md_Gf and L1Md_T failed to be fully methylated in Spocd714SFINt

spermatogonia, whereas near normal levels of methylation were observed for the
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young IAPEz family (Figure 46e). The piRNA pathway directs DNA methylation at
the promoters of transposons (Barau et al. 2016; Pastor et al. 2014). A metaplot
analysis of methylation levels from Spocd14SPINT spermatogonia revealed defective
de novo promoter methylation specifically in young LINE1 families such as
L1Md_T, L1Md_A and L1Md_Gf compared to the older L1Md_F family and the
IAPEz family (Figure 46f). The overall reduction in promoter methylation in
Spocd14SPINT cells is similar to that observed in Spocd?7- mice (Figure 46f) (Zoch
et al. 2020). We next looked at the loss of methylation at individual transposon loci
as a function of their divergence from the consensus sequence, which is a proxy
for age. This analysis confirmed that the SPOCD1-SPIN1 interaction is required for
the methylation of young LINE1 elements within the respective families
(Figure 46g). IAPEz element methylation was unaffected in Spocd714SPINT

spermatogonia (Figure 469).
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Figure 46: The SPOCD1-SPIN1 interaction is required for de novo DNA

methylation of young LINE1 elements.
a-b, Representative testis sections of n = 3 wild-type, Spocd14SPIN and Spocd1- stained in red for
the LINE1 ORF1p (a) or IAP GAG protein (b). DNA was stained with DAPI (blue). Scale bars are
100 uym. ¢, RNA-seq heat maps showing fold changes in expression relative to wild-type for the 10
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most upregulated LINE and ERVK transposable elements in Spocd1- P20 testes (n = 3 from each
genotype). d-g, Genomic CpG methylation analysis of P14 undifferentiated spermatogonia from
wild-type (n = 6), Spocd14SPIN (n = 4) and Spocd?1~~ mice (n = 3) . d-e, Percentages of CpG
methylation levels of the indicated genomic features (with genic, promoter and CpG island (CGl)
regions defined as those not overlapping transposable elements, and intergenic regions as those
not overlapping transposable elements or genes) or transposable elements (not overlapping genes)
are shown as box plots. Boxes represent interquartile range from 25th to 75th percentile, the
horizontal line the median, whiskers the data range of the median * 2x interquartile range. f,
Metaplots of mean CpG methylation over indicated transposable element. g, Correlation analysis
of mean CpG methylation loss relative to wild-type for individual transposable elements of the
indicated LINE1 and ERVK families in relation to their divergence from the consensus sequence in
Spocd14SPIN spermatogonia.

In summary, the SPOCD1-SPIN1 interaction is predominantly required for the
piRNA-directed DNA methylation of young LINE1 elements. Here we show that
SPOCD1 is a direct interactor of the chromatin reader SPIN1 and this interaction
arose early during tetrapod evolution. H3K4me3, the key determinant of SPIN1
chromatin association specifically marks young LINE1 elements (Wang et al. 2011;
Yang et al. 2012). H3K9me3, which biochemically augments SPIN1 chromatin
binding, is also found at the same elements (Du et al. 2021). These events as well
as the SPOCD1-SPIN1 interaction occur prior to the nuclear localisation of MIWI2
and the process of de novo DNA methylation itself. We demonstrate that this
interaction is required for spermatogenesis and piRNA-directed LINE1 methylation.
The spermatogenic phenotype in Spocd14SPINT mice differs from Spocd1- or Miwi2-
deficiency where a strict meiotic arrest is observed (Carmell et al. 2007; Zoch et al.
2020). The basis of this difference could lie in the fact that only LINE1s are
deregulated in Spocd14SPINT mice whereas defective LINE1 and IAP silencing are
observed in Spocd?’- or Miwi2"- mice (Zoch et al. 2020; Carmell et al. 2007;
Kuramochi-Miyagawa et al. 2008). Interestingly, in mice where the PIWI protein
MILI has lost its endonuclease activity a similar spermatogenic arrest is observed
and only LINE1s are deregulated (De Fazio et al. 2011). How SPOCD1 is recruited
to IAPs remains unknown, we speculate that another SPOCD1-associated protein
could mediate this recruitment through the recognition of a distinct chromatin
signature or sequence motif. The prevailing notion is that all molecular events
required for piRNA-directed DNA methylation occur after the engagement of the
piRNA-MIWI2 ribonucleoprotein complex with the nascent transcript. Here, we
demonstrate that multiple independent and developmentally choreographed
events are required for LINE1 piRNA-directed DNA methylation. Our revised model
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posits that the recruitment of SPIN1-SPOCD1 through chromatin modification to
young LINE1 elements constitutes a first licencing step. The engagement of MIWI2
with the nascent transcript is the second licencing event that triggers the
methylation process. In summary, we propose that a two-factor authentication

system ensures the precision of LINE1 piRNA-directed methylation.

119



Two-factor authentication underpins the precision of piRNA-directed LINE1 DNA methylation

4.3.3 Extended data figures

a DAPI MIWI2 HA (SPOCD1) Merged
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HA (SPOCD1) DAPI Merged

Figure 47: SPOCD1’s recruitment to chromatin is independent of MIWI2.
a, MIWI2 (green), HA (red) and DAPI (blue) staining of E16.5 foetal testis sections from Spocd1H4*
mice treated with PBS or RNase A prior to fixation. b, HA (red) and DAPI (blue) staining of E16.5
foetal testis sections from E16.5 Miwi2";Spocd174* and Miwi2*-;Spocd 174+ mice. Images of (a)
and (b) are representative of n = 3 biological replicates. Scale bars are 5 ym (a) and 10 ym (b).
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Figure 48: Multiple sequence alignment of SPIN1 and the SPOCD1 R-hairpin

region.

a, Multiple sequences alignment of SPIN1 from representative vertebrates. The domain structure
of mouse SPIN1 (Q61142) is indicated underneath the alignment in grey. b, Multiple sequence
alignment of the SPOCD1 R-hairpin region with representative vertebrate SPOCD1 sequences.
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Secondary structure elements from the AlphaFold2 model of mouse SPOCD1 (B1ASB6) are shown
below with grey arrows representing a R-strand. a-b, sequences are coloured according to
sequence identity. Numbering above according to mouse sequence.
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Figure 49: H3K4me3 and H3K9me3 mark young LINE1 elements prior to de

novo genome methylation.
Metaplot and heat maps of H3K4me3 (a, ¢) and H3K9me3 (b, d) ChIP from foetal gonocytes at the
indicated timepoints during mouse development. a-b, Panel shows data for different transposon
families as indicated. c-d, Top panels show young and old elements within the L1Md_A family, and
the bottom panels show young and old elements within the L1Md_F family. a-d, Data depicts
element plus adjacent 2 kb for each of the transposon families indicated. Data reanalysed from
(Yamanaka et al. 2019)
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Figure 50: SPIN1 expression and localization in the developing mouse

germline.
a, b, Representative images of sections from n = 3 wild-type foetal testis stained for SPIN1 (green)
and DAPI (blue) from indicated timepoints. Cell shown in (a) is highlighted with a white box in (b).
Scale bars are 2 um (a) and 10 ym (b).
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Figure 51: Generation of the Spocd745PIN mouse allele.
a, Schematic representations of the mouse Spocd? locus and encoded 1015 amino acid protein
are shown. sgRNA used for generation of the Spocd714SPIN? allele and adjacent PAM site are
indicated. b, Schematic of CRISPR targeting strategy showing the location of single-stranded oligo
DNA donor (ssODN) and homology arms (HA) used. ¢, Schematic representation, and sequencing
trace of the part of Spocd14SPINT exon 4 harbouring the mutation sites, a 30 bp sequence creating
the 8 alanine mutation is highlighted in red. Sequencing was performed on n = 3 animals. d,
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Representative image of genotyping result for Spocd1**, Spocd1+4SPINT and Spocd14SPINT mice. e-
d, Representative images of E16.5 gonocytes from n = 3 Spocd14SPINT and wild-type control mice
stained for SPOCD1 (e), SPIN1 (f) or MIWI2 (g,) in green. DNA was stained with DAPI (blue). Scale
bars are 5 um.
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4.4 Conclusion

In the present study, we elucidated the role of SPIN1 in piRNA-directed de novo
DNA methylation. First, we showed that SPOCD1 chromatin association was
independent of RNA and MIWI2. We demonstrated that SPOCD1 directly engages
with the chromatin reader SPIN1. We mapped this interaction and showed that an
antiparallel B-hairpin of SPOCD1 (residue 327-346) interacts with Tudor domain 3
of SPIN1. Furthermore, we recapitulated this interaction with SPOCD1 from frogs,
showing that it is an ancient interaction. Next, we discovered that specifically young
LINE1 elements are marked by SPIN1-associated chromatin marks, H3K4me3 and
H3K9me3. This distinct methylation peak was observed at E13.5, immediately
before the onset of de novo DNA methylation and disappeared after birth. In fact,
we demonstrated that SPIN1-expression is upregulated in germ cells at E13.5,
before other key factors, such as MIWI2 or SPOCD1, are expressed. In addition,
we showed that SPOCD1 and SPIN1 interact in E14.5 foetal testes before MIWI2
is present in these cells. We generated a separation of function allele in mice that
uncouples SPOCD1 and SPIN1 and observed the typical piRNA phenotype of male
mice which is infertility and reduced testis size due to defects in spermatogenesis.
We detected upregulation of young LINE1 elements, but not IAPs, in these
animals. Methylation sequencing confirmed this observation and revealed that
young LINE1s, but not IAPs, were hypomethylated. In summary, SPIN1 was
defined as a new interactor of SPOCD1 that plays an essential role in the piRNA-

directed de novo methylation of young LINE1 elements.
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5 Discussion and Conclusion

Since the discovery of piRNAs, PIWI proteins, and the piRNA pathway, much
knowledge has been gained regarding the pathway in flies (Ozata et al. 2018).
However, the foetal piRNA pathway in mammals remains poorly understood mainly
because of the difficulty in studying this pathway and the absence of an orthologous
tissue culture system. Studying MIWI2 is particularly difficult because it only
becomes nuclear once bound to a germline-specific small RNA, the piRNA. (Aravin
et al. 2008; Kuramochi-Miyagawa et al. 2008). Therefore, the use of foetal testes
from mice, which is a very limited material, is inevitable. The O’Carroll laboratory
recently overcame some of these problems by establishing an IP-MS protocol with
only 25-50 foetal testes targeting HA-tagged proteins (Zoch et al. 2020; Schopp et
al. 2020). This technical advancement has allowed us to obtain a high-quality
MIWI2 interactome (Zoch et al. 2020; Schopp et al. 2020). Among the MIWI2
interactors, two new essential executors of piRNA-directed transposon silencing
and methylation were discovered: TEX15 and SPOCD1 (Schopp et al. 2020; Zoch
et al. 2020). It was shown that SPOCD1 is a nuclear protein that is essential for
piRNA-directed de novo DNA methylation in the germline (Zoch et al. 2020).
Furthermore, the SPOCD1 interactome revealed association to the DNA
methyltransferases DNMT3A and DNMT3L, as well as the chromatin remodeller
complexes BAF and NURD (Zoch et al. 2020). However, the exact function of
SPOCD1 remains unclear. This study aimed to understand the role of SPOCD1 in
transposon methylation and gain deeper insight into the mechanism of piRNA-

directed de novo methylation in mammals.

First, | studied the interactome of SPOCD1. In foetal testis, three proteins, TPR,
C190RF84, and SPIN1, were associated with MIWI2 and SPOCD1 (Chapter 3).
Even in HEK293T cells overexpressed SPOCD1 associates with TPR, C190RF84,
and SPIN1. | could show that TPR interacts with the TFIIS-M domain of SPOCD1.
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Furthermore, | mapped the interaction between SPOCD1 and C190RF84 in more
detail and defined a small stretch in the c-terminus of SPOCD1 as the interacting
part. This stretch is conserved and formed an a-helix in the SPOCD1 AlphaFold2
prediction. | also mapped this interaction from the C190RF84 side and could
identify a short, conserved stretch that folds into an a-helical structure.

Having discovered SPOCD1 and three of its interactors, TPR, C190RF84 and
SPIN1, one can speculate about the nature of the complex. We know that SPOCD1
interacts directly with C190RF84 and SPIN1, but we do not know if it binds to TPR
or MIWI2 directly. This could be tested by pull-down assays with recombinant
protein. Based on some earlier IP-MS HEK experiments, | know that there is no
direct interaction between TPR, C190RF84 and SPIN1 (data not shown). SPOCD1
appears to be the central connection and docking platform for those three proteins.
| hypothesis that the complex builds up gradually. SPIN1 is expressed first and will
associate with chromatin. Once SPOCD1 is expressed, it will bind to SPIN1, with
TPR and C190RF84 being added stepwise to the complex. At the moment we do
not know if SPOCD1 and MIWI2 are interacting directly. However, | hypothesis that
this is not the case. | postulate that the piRNA-MIWI2 complex and the complex
around SPOCD1 containing TPR, C190RF84 and SPIN1 form separately. The
DNA methylation machinery might function as a bridge between those two
complexes, making contact with MIWI2 and SPOCD1, which results in the
formation of one big complex. This hypothesis could be tested with interaction
studies using recombinant proteins or with density gradient centrifugation to see

which complexes are present in foetal testis.

5.1 The SPOCD1-TPR interaction

While the TFIIS-M domain of TFIIS is known to be a Pol Il interacting module and
promoting transcription, | showed here that the SPOCD1 TFIIS-M domain is
interacting with the nuclear pore component TPR (Cheung and Cramer 2011). It
has been shown that components of the NPC are involved in transcription and
chromatin organization (Capelson et al. 2010; Gozalo et al. 2020). More
specifically, TPR controls DNA accessibility around the nuclear pore by the
formation of heterochromatin exclusion zones (Boumendil et al. 2019; Krull et al.

2010). Interestingly, transposons are associated with H3K9me3 enriched
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heterochromatin before de novo methylation (E13.5) and in early adulthood (P10)
(Slotkin and Martienssen 2007; Liu, Brind'Amour, et al. 2014; Pezic et al. 2014). In
addition, a recent study has highlighted the role of MORC1-dependent
heterochromatin formation in transposon silencing in gonocytes, indicating the
importance of heterochromatin in transposon control (Uneme et al. 2023; Pastor et
al. 2014). Therefore, one hypothesis is that the formation of heterochromatin
exclusion zones is important for piRNA-directed transposon silencing in mammals.
In fact, in Drosophila, components of the NPC play an essential role in piRNA-
guided heterochromatin formation (Batki et al. 2019). Furthermore, Drosophila
NPC components are involved in the export of piRNA precursors and there seems
to even be a specific pathway for heterochromatin-associated piRNAs
(EIMaghraby et al. 2019; Munafo et al. 2021). Additionally, TPR is involved in
mRNA export (Bangs et al. 1998; Lee et al. 2020; Aksenova et al. 2020). Therefore,
it is possible that TPR in the piRNA pathway exports piRNA precursors.

There are indications that TPR associated RNA export or heterochromatin
regulation may play a role in the piRNA pathway. However, its exact role requires
further investigation. First, the role of TPR in transposon silencing must be studied.
This can be achieved by generating a Tpr deletion in mice. However, deletion of
TPR results in preweaning lethality (Blake et al. 2021). An elegant way to
circumvent this limitation would be to generate a separation-of-function allele.
Once the interaction is better understood and the interacting parts of SPOCD1 and
TPR are defined, small mutations that would uncouple these two proteins could be
tested in HEK293T cells and once a promising candidate is found, generated in
mice. This mouse model would show whether the typical piRNA phenotype of male
infertility and upregulated transposons is observed. Furthermore, the mouse model
would allow to study chromatin formation by examining the heterochromatin stage
via Assay for transposase-accessible chromatin using sequencing (ATAC-seq).
Small RNA/ piRNA analysis could reveal whether TPR is important in the export of
piRNA precursors in germ cells, as has been done in previous Drosophila studies
(EIMaghraby et al. 2019).

In summary, the discovery of the SPOCD1-TPR interaction opens a new field of
research. It links the mammalian piRNA pathway to the nuclear pore complex and
will help in understanding the mechanisms of mammalian piRNA-directed de novo

DNA methylation during development.
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5.2 The SPOCD1-C190RF84 interaction

In my screen, | defined C190RF84 as an interactor of SPOCD1. The interaction
appears to occur between two a-helices, one from SPOCD1 and one from
C190RF84. C190RF84 is a very unstructured protein, and the only secondary
structural element present is this a-helix (Chapter 3.5). In SPOCD1, the interacting
a-helix is surrounded by long stretches of unstructured sequences. The two a-
helices could somehow interact with each other and facilitate this interaction; but
the exact nature of this interaction remains unclear. However, attempts to map this
interaction to a smaller minimal interaction area have not been successful.

Unfortunately, almost no information is available on C190RF84 in the literature.
Yet, it is known that Intrinsically disordered proteins (IDP) play an important role in
many biological processes (Dyson and Wright 2005; Yoon et al. 2012). Therefore,
it is possible that C190RF84 plays a central role in the piRNA pathway, even if it is
unstructured in most areas. From the CAGE dataset, we know that the mRNA
expression pattern is almost identical to that of SPOCD1 in the germline
(Consortium et al. 2014). Furthermore, a recent study investigating SPOCD1 in
SSCs showed that SPOCD1 and C190RF84 had the same expression pattern in
Single-cell RNA sequencing (scRNA-seq) (Zhou et al. 2022). A former PhD student
in the O’Carroll lab, Gabriela Konieczny, investigated the importance of this
interaction in mice (Konieczny 2022). She showed that the loss of C190RF84 in
mice results in male infertility with early meiotic arrest (Konieczny 2022). She
detected upregulation of active young LINE1 and IAP copies due to impaired
methylation of these elements which is similar to the Miwi2 or Spocd? knockout
mice (Konieczny 2022; Carmell et al. 2007; Zoch et al. 2020). It is possible that
C190RF84 is an adapter protein that allows the interaction of SPOCD1 with MIWI2
or the DNA methylation machinery. This hypothesis could be tested by performing
IP-MS of MIWI2 or components of the DNA methylation machinery in the absence
of C190RF84 from foetal testis. However, this approach is time- and cost-
intensive. An alternative method is the use of recombinant proteins. Although, the
purification of the highly unstructured proteins C190RF84 and SPOCD1, as well
as the purification of MIWI2, is likely to be a major challenge. If the purification of
at least the interacting parts of C190RF84 and SPOCD1 succeeded, it would allow
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further study of this interaction by determining whether it is a direct interaction and
gaining some structural information by crosslink-MS.

In summary, the importance of C190RF84 in piRNA-directed de novo DNA
methylation is unquestionable, as it shows the same phenotype as Spocd? or
Miwi2 knockout mice. It remains to be discovered what the exact role of C190RF84
in this process is and how the two a-helices facilitate the interaction between
SPOCD1 and C190RF84.

5.3 The SPOCD1 SPOC domain

The SPOC domain is a well-characterised domain that has been found in several
different proteins, including SPOCD1, PHF3, DIDO, SPEN/SHARP, and RBM15
(Appel, Benedum, et al. 2023). SPOC domains have been defined as phosphor-
dependent protein-protein interaction domains (Appel, Benedum, et al. 2023;
Appel, Franke, et al. 2023). In fact, most known SPOC domain interactions are
phosphorylation-dependent (Appel, Benedum, et al. 2023). This includes the
interaction of SPEN with SMRT, NCoR, Pol Il, and FMR1, of RBM15 with WTAP
and Pol Il, of DIDO with Pol Il, and of PHF3 with Pol Il (Appel, Franke, et al. 2023;
Appel et al. 2021; Oswald et al. 2016; Mikami et al. 2014; Shi et al. 2001). The
interaction of SPEN with Lysine Methyltransferase 2D (KMT2D) or C-terminal
binding protein 1 interacting protein (CtIP), as well as RBM15 with SETD1B, has
not been tested for phosphor-dependency (Oswald et al. 2016; Lee and Skalnik
2012; Oswald et al. 2005).

While | could not define an interactor of the SPOCD1 SPOC domain in my
HEK293T cells experiments, | solved the structure of the SPOCD1 SPOC domain
in Chapter 3.6. Overall, the structure is very similar to known SPOC domain
structures, but the surface charges are different. While the PHF3, RBM15, and
SHARP SPOC domain structures have distinct basic patches on their surface, they
are not present in the SPOC domain of SPOCD1. Some of the well-characterised
interactors of the SPOC domains, such as the CTD of Pol Il or the SMRT peptide,
would not be able to bind to SPOCD1. Furthermore, | studied a point mutation in
the SPOCD1 SPOC domain found in a sterile man. The residue that is mutated
from leucine to arginine faces inward and likely causes some steric issues within

the domain. The mutation was in an uncharged but highly conserved area. |
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showed that full-length SPOCD1 with the point mutation is expressed, but
recombinant expression of the SPOC domain alone failed, highlighted that the
mutation affects stability of the domain.

The SPOCD1 SPOC domain surface charge is different from that of most SPOC
domains. My analysis is in line with the conclusions based on the SPOCD1
AlphaFold2 model in a recent study (Appel, Franke, et al. 2023). The SPOC domain
does not have the distinct negatively charged patches that are present on other
SPOC domains (Appel, Franke, et al. 2023). In fact, the SPOCD1 SPOC domain
does not bind to the unphosphorylated, neither to the phosphorylated Pol Il CTD
peptides (Appel, Franke, et al. 2023). It might have completely lost its
phosphorylation dependency, or it may be associated with different targets in a
phosphorylation-dependent manner. The SPOC domain must have changed
during or after the gene duplication event from PHF3 to adapt to a new role and
function.

Based on this structure, the role of the SPOCD1 SPOC domain in de novo DNA
methylation is unknown. However, the human point mutation showed that it is
important. Furthermore, the high conservation of the area around the mutated
residue indicated that this specific region has an important function. In the infertile
man, full-length SPOCD1 was most likely expressed but did have a non-functional
SPOC domain. Because attempts to use an orthologous system (HEK293T cells)
to determine the SPOC domain interactor have been unsuccessful, a mouse model
must be generated to understand the role of the SPOCD1 SPOC domain. If we
wanted to generate a SPOCD1 allele with a SPOC domain deletion, we would have
to use a minigene strategy which is technically, but also in the result interpretation
quite challenging. A more elegant strategy would be to use the pathological L792R
mutation to generate the Spocd7L792R allele in mice. Performing IP-MS on foetal
testes from Spocd?** and Spocd1L792RL792R mice would allow us to determine
which interaction is lost in the SPOC domain point mutation.

In summary, we know that the SPOCD SPOC domain is important for male fertility,
but its exact role remains unknown. These results highlight the differences between
this SPOC domain and other known SPOC domains. It is likely that the SPOC
domain of SPOCD1 changed and adapted after the gene duplication event to fulfil
its unique new function in the de novo DNA methylation of transposons which

makes it an interesting domain to study further. Overall, it is likely that the domain
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is a protein-protein interaction module that plays a role in transcription, RNA
processing, or chromatin regulation, like other known SPOC domains (Appel,
Benedum, et al. 2023).

5.4 The SPOCD1-SPIN1 interaction

In Chapter 4, we studied the SPOCD1-SPIN1 interaction in detail. We
demonstrated that SPOCD1 association with chromatin is independent of MIWI2
and RNA. In fact, we showed that SPOCD1 interacts directly with the chromatin
reader SPIN1 via a small stretch in SPOCD1 that folds into a B-hairpin according
to the SPOCD1 AlphaFold2 model. Using crosslink-MS, we showed that this -
hairpin interacts with Tudor-like domain three of SPIN1, an interaction also
predicted by AlphaFold2. We observed that the SPOCD1 B-hairpin and the
SPOCD1-SPIN1 interaction is conserved in green anole lizard (Anolis carolinensis)
and tropical clawed frog (Xenopus tropicalis), but not in coelacanth (Latimeria
chalumnae). We found that specifically young LINE1 elements, but not IAPs, were
modified with H3K4me3 chromatin methylation prior to de novo DNA methylation.
Simultaneously, H3K9me3 was present in these elements. This observation was
even more pronounced if young and old elements within the young LINE1 family,
L1Md_T, were separated. We saw that SPIN1 is expressed as early as E13.5
before de novo DNA methylation and SPOCD1 or MIWI2 expression. In fact,
SPOCD1 associated with SPIN1 at E14.5, before MIWI2 localised to the nucleus.
Finally, we generated a Spocd? separation-of-function allele that uncouples
SPOCD1 and SPIN1, termed Spocd719¢SPINT \We observed that male mice are
infertile, germ cells do have DNA damage, and apoptotic cells which results in a
complex meiotic arrest phenotype in adult testes. This phenotype was caused by
derepressed young LINE1 but not IAP elements. Methylation sequencing revealed
that only young LINE1s were hypomethylated in these animals, whereas IAPs and
old transposons showed normal methylation levels.

In this study, we identified SPIN1 as a new key component of the piRNA-directed
DNA methylation machinery. SPIN1 is a well-characterised chromatin reader that
associates with different chromatin marks via its Tudor-like domain one and two
(Zhao et al. 2020; Wang et al. 2018; Su et al. 2014). It was shown that it exhibits
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the highest affinity for the bivalent H3K4me3-H3K9me3 histone modification (Du et
al. 2021; Zhao et al. 2020). Tudor-like domain three is a protein-protein interaction
domain, and two interactors, SPINDOC (C110RF84) and HBX, from hepatitis B
virus are known (Du et al. 2021; Devi et al. 2019; Liu et al. 2023). Interestingly, in
both cases, SPIN1 associates with the interactor and H3K4me3-H3K9me3
methylated histone tail simultaneously (Liu et al. 2023; Du et al. 2021). In both
instances, SPIN1 associates with a B-hairpin structure that complements the
Tudor-like three domain fold (Liu et al. 2023; Du et al. 2021). According to the
AlphaFold2 model, which is supported by the crosslink-MS and mapping data, the
interaction of the SPOCD1 B-hairpin with Tudor-like domain three from SPIN1
appears to be the same. This indicates that the SPOCD1-SPIN1 complex would
have high affinity for the H3K4me3-H3K9me3 histone tail as well. However, only
recombinant histone or histone peptide binding assays can answer this question.

Next, we attempted to understand the conservation of the SPOCD1-SPIN1
interaction. Interestingly, SPOCD1 is not only present in mammals but appears to
have first developed in vertebrates. While we did find a SPOCD1 sequence in
coelacanth, this SPOCD1 orthologue did not interact with SPIN1. Therefore,
SPOCD1 must have acquired SPIN1 binding ability after the coelacanth lineage
and before or with the emergence of frogs. Unfortunately, we could not obtain a
full-length sequence of SPOCD1 from salamander, as this would allow us to
understand exactly where SPOCD1 acquired its SPIN1 binding capacity. Hopefully,
advancements in next generation sequencing technologies and analyses will allow
for this in the future. Furthermore, it would be interesting to determine if additional
piRNA factors are present in vertebrates, indicating where the piRNA pathway first
arose. Germline-specific piRNAs have been identified in frog oocytes (Armisen et
al. 2009). Interestingly, birds seem to have lost SPOCD1, while they do have
piRNAs (Rengaraj et al. 2014). This could be because germ cell development
differs between mammals and other vertebrates (Strome and Updike 2015). While
the mammalian germ line is induced, germ cell specification in vertebrates is
preformed in early embryonal development (Strome and Updike 2015). Further
investigation is necessary to understand the role of SPOCD1, and specifically the
SPOCD1-SPIN1 interaction, in less studied species.

SPIN1 binds strongly to H3K4me3 which can be augmented by H3K9me3 (Zhao
et al. 2020). Interestingly, young LINE1 elements but not IAPs were decorated with
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this mark. A very distinct H3K4me3 peak was observed at E13.5, before the onset
of de novo DNA methylation, indicating that SPIN1 could be one of the first factors
to be recruited. This peak gets smaller at E17.5, during DNA methylation, until the
peak becomes barely visible from E19.5, when DNA methylation is finished. This
could indicate that SPIN1 chromatin association is particularly important in the
initial steps of de novo DNA methylation. Interestingly, repressing H3K9me3
histone methylation was present in all transposons over the entire length of the
element. This is in line with previous observations that H3K9me3 is enriched in
piRNA-dependent regions (Nagamori et al. 2018). At the same time, H3K4me3 is
a chromatin methylation that is associated with active transcription (Santos-Rosa
et al. 2002). The recognition of both H3K4me3 and H3K9me3 may allow SPIN1 to
specifically target actively transcribed transposons. Furthermore, it is known that
de novo DNA methylation of the male germline is inefficient when histones are
methylated at Histone 4 lysine 4 (H3K4) (Singh et al. 2013; Ooi et al. 2007).
Therefore, the SPIN1-SPOCD1 association with H3K4me3-H3K9me3 might be
necessary to overcome this obstacle by direct recruitment of the de novo DNA
methylation machinery through SPOCD1.

SPIN1 and SPOCD1 co-precipitate together as early as E14.5, shortly after the
distinct H3K4me3-H3K9me3 methylation pattern is observed and before the
expression of MIWI2 (Zoch et al. 2020). It is highly probable that at this time the
SPOCD1-SPIN1 complex associates with the promoter regions of young LINE1
elements, exhibiting this methylation pattern. This timing of the expression of key
piRNA factors and the change in chromatin signatures seem to be meticulously
regulated and are likely to hold functional relevance.

Interestingly, the phenotype that we observed in Spocd79Srin? animals is similar to
mice with a slicer inactive Mili which shows upregulation of LINE1, but not IAP
elements (De Fazio et al. 2011). In these animals, secondary piRNA biogenesis is
affected which results in de-repression of specifically LINE1 elements (De Fazio et
al. 2011). Interestingly, the same phenotype was observed in mice without TDRD9
and in mice with ATPase-mutated TDRD9 (Shoji et al. 2009; Wenda et al. 2017).
In both cases, the deletion or mutation of TDRD9 resulted in the upregulation of
LINE1 elements due to hypomethylation (Shoji et al. 2009; Wenda et al. 2017).
However, TDRD9 appears to be a nuclear effector and the ATPase domain is

essential for its function, although its exact role remains unknown (Shoji et al. 2009;
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Wenda et al. 2017). We know that SPOCD1 is not involved in piRNA biogenesis
(Zoch et al. 2020). Therefore, the observed phenotype in Spocd19Srin? animals
must be caused by a different mechanism. Since SPIN1 and TDRD9 are only
essential for LINE1 silencing, a second piRNA-dependent pathway that controls
IAP elements must be present. Interestingly, most nuclear piRNA factors are
necessary for LINE1 and IAP silencing, such as MIWI2, SPOCD1, TEX15,
DNMT3C, MORC1 and C190RF84 and only TDRD9 and SPIN1 are LINE1-
specific (Pastor et al. 2014; Barau et al. 2016; Schopp et al. 2020; Zoch et al. 2020;
Carmell et al. 2007; Konieczny 2022; Shoji et al. 2009). This highlights the
complexity of the entire mechanism and emphasises how much remains to be
discovered. In addition, it remains to be understood how SPOCD1 is recruited to
active IAP elements, if not by SPIN1.

In other settings, SPIN1 is known as a transcriptional activator, for example, by
promoting the activation of rRNA genes or the Wnt signalling pathway (Du et al.
2021; Wang et al. 2011; Su et al. 2014). In addition to recruiting SPOCD1, SPIN1
may be important for promoting the transcription of LINE1 sequences. This might
be necessary to quickly boost the number of transposon copies in cells to promote
the production of a wide range of secondary piRNAs which are necessary for
MIWI2 recruitment and LINE1 silencing. Furthermore, SPIN1 plays a role in
facilitating epigenetic changes (Liu et al. 2023). SPIN1 interacts with the hepatitis
B virus protein HBx and promotes the expression of the chromatinized viral
genome (Liu et al. 2023). In this process, SPIN1 supports the switch of the viral
chromatin from a repressive H3K9me3-enriched state to an active, H3K4me3-
enriched state (Liu et al. 2023). Already, an earlier study hypothesised that SPIN1
acts as a downstream effector of H3K4me3, which is found in H3K9me3-enriched
heterochromatin regions (Zhao et al. 2020). In the piRNA pathway, SPIN1 could
play a role in epigenetic changes of young LINE1 sequences. This could fit the
purpose of making LINE1 elements more accessible to the methylation machinery
or simply boost piRNA production. It is known that the piRNA pathway is necessary
for some chromatin changes, such as the establishment of H3K9me3 in germ cells
(Pezic et al. 2014). However, the mechanism by which the SPIN1-SPOCD1
complex affects transcription or chromatin dynamics is yet to be elucidated.
Based on our findings, we propose a novel two-factor authentication mechanism

to form the basis of precision. We believe that the first key factor is SPIN1
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recruitment to transposon loci via H3K4me3-H3K9me3 as early as E13.5. As soon
as SPOCD1 is expressed, at approximately E14.5, SPIN1 guides it to these loci.
When piRNA-bound MIWI2 is located at the locus around E16.5, it independently
finds nascent transposon transcripts by complementary RNA base pairing. Only
the presence of both SPOCD1-SPIN1 and the piRNA-MIWI2 complex will result in
the recruitment of the DNA methylation machinery and de novo methylation of

young LINE1 elements (Figure 52).

First authentication Second authentication
E13.5 & E14.5 E16.5

e
T 79098 93 D> <100000 9

H3K4me3
H3K9me3 H3K9me3

Figure 52: Two-factor authentication model.
A model of piRNA-directed de novo DNA methylation including SPIN1. All steps and proteins are
labelled accordingly. Unmethylated DNA is indicated by white circles, methylated DNA is indicated
by a black circle.

This mechanism could have developed to ensure precision of de novo transposon
methylation. One aspect of precision is avoiding off-targeting. The two-factor
authentication model decreases the risk of off-targeting due to its necessity of two
independent complexes to trigger methylation. However, one can speculate if off-
target methylation or failure to methylate a transposon would be more harmful to
the germline. There is a high chance that one single unmethylated, active
transposon could cause long-lasting damage to germ cells, and thus threaten
fertility. Alternatively, the SPOCD1-SPIN1 complex could be necessary to target
sequences that are not reliably detected by the piRNA-MIWI2 complex alone. A
piRNA-MIWI2 complex with lower degrees of base complementarity to the
transposon is likely to have different on/off rates. The SPOCD1-SPIN1 complex
would still detect those targets in a chromatin-dependent matter and might be able

to lock MIWI2 at the target to induce methylation. This would ensure a more
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sequence-independent mechanism that is able to tolerate transposon mutations
and therefore reliably silence transposons.

Another key aspect of the two-factor authentication model could be to ensure
completion of DNA methylation within the short time window before birth. The
recruitment of SPIN1-SPOCD1 via chromatin allows the assembly of the complex
before the start of de novo DNA methylation. As soon as the piRNA-MIWI2 complex
moves to the nucleus and finds its targets, it can trigger methylation and ensure
immediate transposon silencing. Weather the two-factor authentication model is
necessary to avoid off-targeting, to ensure silencing of targets with a low
complementarity to the piRNA or to allow a completion of the process in a short

time window, remains to be discovered.
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5.5 Impact and Outlook

Overall, the work presented in this thesis provides a big advancement in the
understanding of mammalian piRNA-directed de novo DNA methylation. We
identified and mapped three interactors of SPOCD1: TPR, C190RF84, and SPIN1.
This finding highlights the importance and key role of SPOCD1 in this pathway.
Owing to the number of interactions, SPOCD1 seems to be a central platform for
the recruitment of factors that are essential for de novo methylation. Furthermore,
the SPOCD1-TPR interaction indicates a connection of the nuclear pore complex
with the piRNA pathway in mammals. Given that we could not attribute a function
to the SPOC domain but showed that it is essential for human fertility, there are
more potential interactors or functions of SPOCD1 to be discovered. In fact,
SPOCD1 contains more conserved and ordered regions outside its domains which
could indicate additional protein interaction areas (Figure 53).

The discovery of the SPOCD1-SPIN1 interaction and its importance is a big step
towards better understanding the mechanisms of piRNA-directed de novo DNA
methylation in mammals. This study provides the first insight into the involvement
of a chromatin reader in recruiting piRNA factors during germline development
which could be a general mechanism adapted by piRNA effector proteins.
Furthermore, it highlights the importance and interplay between histone
methylation and the piRNA pathway. If the importance of SPIN1 solely depends on
SPOCD1 recruitment or also on its ability to promote transcription and induce
chromatin changes, remains to be discovered. In addition, the proposed two-factor
authentication model shows how precision could be ensured for the first time.
Given that the SPOCD1-SPIN1 interaction is only important for LINE1 silencing,
the pathway that is silencing IAPs is yet to be discovered. Our findings highlight
the complex mechanism of piRNA-directed de novo DNA methylation and provide

a starting point for a better understanding of the system.

139



Discussion and Conclusion

TPR Coiled-coil
\ /
A /
* /. C190RF84
\ / =
\ / 2
\ 4 S
\ // y
SPIN1 TLD1 |TLD2| |TLD3 \\ , 1 ‘\
\ \ \ / \ \
\ \ N / L I
\\ A A /l N
‘\\\ * 4 ¢ VA
W \ , Vo
\ ‘\ \ P N \ \‘
AN \
SPOCD1 TFIIS-M SPOC J
Conservation
Order

Figure 53: SPOCD1 interacts with TPR, SPIN1, and C190RF84.
The figure shows which part of SPOCD1 interacts with TPR, SPIN1, or C190RF84. Below

SPOCD1, the conservation and order of the respective SPOCD1 regions are shown. In addition,
the structure of the SPOC domain is presented.
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6 Appendix

6.1 Appended tables

Table 9: Proteins identified in SPOCD1-HA IP-MS from HEK293T cells.
Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1 immunoprecipitation from HEK293T cells. Enrichment and p-value are shown as
indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein | Gene Enrichment | p-value

B1ASB6 SPOCD1 | Spocd1 7356.9 4.25E-07
QY657 SPIN1 SPIN1 147.3 2.67E-06
QONX47 MARCHS5 | MARCH5 19.6 2.34E-04
Q96EY1 DNAJA3 | DNAJA3 17.8 2.83E-02
Q96BR5 COA7 COA7 10.2 6.89E-03
P36873 PPP1CC | PPP1CC 6.3 1.56E-02
QoBPZ2 SPIN2B | SPIN2B 5.8 2.07E-02
P08574 CYC1 CYC1 4.8 8.15E-03
P12270 TPR TPR 4.2 1.28E-03
P62136 PPP1CA | PPP1CA 4.1 1.76E-04
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Table 10: Proteins identified in SPOCD1-ATFIISM-HA IP-MS from HEK293T

cells.

Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1-ATFIISM immunoprecipitation from HEK293T cells. Enrichment and p-value are shown
as indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein Gene Enrichment | p-value

B1ASB6 SPOCD1 | Spocd1 25252.2 7.64E-06
Q9Y657 SPIN1 SPIN1 362.9 1.08E-04
Q9NX47 | MARCHF5 | MARCHF5 55.7 5.21E-05
Q9BPZ2 | SPIN2B SPIN2B 28.5 1.77E-04
Q96EY1 DNAJA3 DNAJA3 25.8 4.32E-03
Q5JUX0 SPIN3 SPIN3 17.9 3.66E-03
P36873 PPP1CC | PPP1CC 17.7 2.01E-02
P62136 PPP1CA | PPP1CA 12.7 1.71E-04
Q56A73 SPIN4 SPIN4 12.6 1.46E-03
P62140 PPP1CB PPP1CB 9.7 7.49E-04
Q13131 PRKAA1 PRKAA1 8.8 2.43E-02
Q9H936 GC-1 SLC25A22 7.2 3.52E-04
Q99943 AGPAT1 AGPAT1 7.1 9.78E-04
Q13576 IQGAP2 IQGAP2 6.9 2.80E-02
P41236 PPP1R2 PPP1R2 6.5 1.64E-02
Q9BT22 ALG1 ALG1 6.3 1.30E-03
014735 CDIPT CDIPT 5.8 2.41E-02
Q15386 UBE3C UBE3C 5.7 4.00E-03
015091 PRORP PRORP 5.1 1.83E-02
Q04727 TLE4 TLE4 4.9 6.18E-03
Q9Y5Y2 NUBP2 NUBP2 4.5 3.41E-02
060884 DNAJA2 DNAJA2 4.5 1.30E-03
Q969X5 ERGIC1 ERGIC1 4.5 1.74E-02
Q8I1XB1 DNAJC10 | DNAJC10 4.4 1.00E-04
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Table 11: Proteins identified in SPOCD1-ASPOC-HA IP-MS from HEK293T
cells.
Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1-ASPOC immunoprecipitation from HEK293T cells. Enrichment and p-value are shown
as indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein | Gene Enrichment | p-value

B1ASB6 SPOCD1 | Spocd1 3632.6 1.83E-04
Q9Y657 SPIN1 SPIN1 138.3 9.61E-04
Q96BR5 | COA7 COA7 14.0 3.02E-03
Q9BPZ2 | SPIN2B | SPIN2B 9.5 1.37E-02
P12270 TPR TPR 5.7 8.55E-03
014735 CDIPT CDIPT 5.2 1.07E-02
Q56A73 SPIN4 SPIN4 4.4 1.58E-02

Table 12: Proteins identified in SPOCD1-HA IP-MS from HEK293T cells

transfected with C190RF84.
Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1 immunoprecipitation from HEK293T cells transfected with C190RF84. Enrichment and
p-value are shown as indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein Gene Enrichment | p-value

B1ASB6 SPOCD1 Spocd1 2531.3 1.53E-04
Q9Y657 SPIN1 SPIN1 233.8 5.25E-04
H3BKT1 C190RF84 | Gm38999 62.6 1.08E-03
Q13555 CAMK2G | CAMK2G 16.1 8.92E-04
Q9BPZ2 | SPIN2B SPIN2B 15.6 7.79E-04
Q13557 CAMK2D | CAMK2D 11.6 1.35E-02
014879 IFIT3 IFIT3 114 2.22E-04
Q5JUX0 SPIN3 SPIN3 10.8 1.68E-03
P09914 IFIT1 IFIT1 10.3 5.04E-03
P20674 COX5A COX5A 7.9 1.62E-03
P42224 STAT1 STAT1 7.8 1.09E-02
Q96EY1 DNAJA3 DNAJA3 7.3 1.12E-02
Q8Wz42 | TTN TTN 7.0 8.91E-03
Q14240 EIF4A2 EIF4A2 6.3 5.50E-03
P61960 UFM1 UFM1 59 3.53E-03
P05161 ISG15 ISG15 59 8.93E-03
P62136 PPP1CA PPP1CA 5.1 1.55E-03
Q9NX47 | MARCHF5 | MARCHF5 4.5 6.17E-03
Q14139 UBE4A UBE4A 4.1 2.48E-02

144




Appendix

Table 13: Proteins identified in SPOCD1-ATFIISM-HA IP-MS from HEK293T
cells transfected with C190RF84.

Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1-ATFIISM immunoprecipitation from HEK293T cells transfected with C190RF84.
Enrichment and p-value are shown as indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein Gene Enrichment | p-value

B1ASB6 SPOCD1 Spocd1 5983.6 3.61E-05
Q9Y657 SPIN1 SPIN1 408.9 7.20E-05
H3BKT1 C190RF84 | Gm38999 50.5 7.03E-05
QoBPZ2 SPIN2B SPIN2B 37.9 2.24E-07
Q13555 CAMK2G | CAMK2G 29.8 3.91E-04
Q96EY1 DNAJA3 DNAJA3 14.5 8.56E-03
Q5JUX0 SPIN3 SPIN3 14.5 7.35E-04
P08134 RHOC RHOC 104 6.54E-04
Q13557 CAMK2D CAMK2D 9.6 8.14E-03
QONX47 MARCHF5 | MARCHF5 8.4 1.32E-03
P62136 PPP1CA PPP1CA 7.4 3.45E-04
P09914 IFIT1 IFIT1 6.9 1.17E-02
Q14240 EIF4A2 EIF4A2 6.0 2.04E-04
P36873 PPP1CC PPP1CC 5.0 9.28E-04
P42224 STAT1 STAT1 5.0 2.18E-02
Q15392 DHCR24 DHCR24 4.9 2.50E-02
014879 IFIT3 IFIT3 4.7 3.65E-03
QoUBM7 | DHCRY? DHCRY7 4.5 1.79E-03
P62140 PPP1CB PPP1CB 4.5 5.28E-04
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Table 14: Proteins identified in SPOCD1-ASPOC-HA IP-MS from HEK293T
cells transfected with C190RF84.

Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1-ASPOC immunoprecipitation from HEK293T cells transfected with C190RF84.
Enrichment and p-value are shown as indicated. P<0.05, two-sided Student’s t-test.

Protein.ID | Protein Gene Enrichment | p-value

B1ASB6 SPOCD1 Spocd1 759.9 1.37E-03
QY657 SPIN1 SPIN1 162.5 3.02E-03
014879 IFIT3 IFIT3 22.7 2.53E-03
H3BKT1 C190RF84 | Gm38999 19.3 2.36E-02
P09914 IFIT1 IFIT1 18.6 1.47E-04
P42224 STAT1 STAT1 12.8 1.64E-02
Q13555 CAMK2G | CAMK2G 11.3 1.25E-02
P05161 ISG15 ISG15 9.9 1.18E-02
Q01650 LAT1 SLC7A5 9.6 1.50E-02
P20674 COX5A COX5A 9.3 1.39E-02
Q14240 EIF4A2 EIF4A2 8.3 1.75E-02
P62328 TYB4 TMSB4X 6.7 3.87E-02
P83916 CBX1 CBX1 6.7 1.17E-03
P18031 PTPN1 PTPN1 5.7 2.18E-02
Q9Y314 NOSIP NOSIP 52 1.50E-02
P61769 B2MG B2M 5.1 1.99E-02
PODN76 U2AF U2AF1L5 5.0 6.71E-03
QY9UK45 LSM7 LSM7 5.0 3.44E-03
Q9NWV4 | CZIB CZiB 5.0 8.70E-03
000217 NDUFS8 NDUFS8 4.6 2.23E-03
075352 MPDU1 MPDU1 4.6 2.12E-02
QINXH9 | TRMT1 TRMTA1 4.3 7.02E-04

Table 15: Peptides of Crosslink-MS between SPOCD1 and SPIN1.

PepSeq: Peptide sequence, LinkPos: Linker position, ExpMz: expected Mz value, ExpMass:

expected mass, CalcMz, calculated Mz value, CalcMass: Calculated mass.

Protein1 | PepSeq1 LinkPos1 | Protein2 | PepSeq2 LinkPos2 | Score
SPIN1 EPGEVVDSLVGKQVEYAK | 12 SPOCD1 | KDFPR 1 11.37
SPIN1 EPGEVVDSLVGKQVEYAK | 12 SPOCD1 | KDFPR 1 10.69
SPOCD1 | GVKTVYYVYTGSGIR 3 SPIN1 QVEYAKEDGSK 6 9.49
SPOCD1 | GVKTVYYVYTGSGIR 3 SPIN1 QVEYAKEDGSKR | 6 8.75
SPIN1 EDGSKR 5 SPOCD1 | KDFPR 1 8.92
SPOCD1 | KDFPR 1 SPIN1 EDGSKR 5 7.61
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Table 16: Proteins identified in E14.5 IP-MS from foetal testis.
Table lists all statistically significant identified proteins with at least 4-fold enrichment in the HA-
SPOCD1 immunoprecipitation from E14.5. Enrichment and p-value are shown as indicated.
P<0.05, two-sided Student’s t-test.

Protein.ID | Protein | Gene Enrichment | p-value

B1ASB6 SPOCD1 | Spocd1 20.2 3.17E-04
Q61142 SPIN1 Spin1 1.4 7.99E-03
Q3UZQ3 | EEF1A1 | Eef1at 9.9 4.78E-02
Q9JI39 ABCB10 | Abcb10 5.2 3.48E-02
Q9CQE3 | MRPS17 | Mrps17 4.8 1.36E-04
Q91VTO POLD1 Pold1 4.4 8.39E-03

Table 17: Deregulated transposons in Spocd1”- P20 testis.
All significantly deregulated transposons in Spocd1-- P20 testis compared to wild type are shown.
Logz fold change and p-value are shown as indicated. P<0.01, Benjamini-Hochberg adjusted two-
sided Wald test, >2-fold change.

TE Fold Change | p-value
L1Md_Gf_5end 4.313397147 1.07E-120
L1MdTS_II 4.188874068 | 6.22E-161
L1MdTS_I 4154862378 | 4.07E-157
L1MdA_I 3.376421483 1.77E-08
IAPA_MM 3.25518228 4.25E-25
L1_MM 3.222265738 1.46E-08
GSAT_MM 3.105330597 5.70E-07
MMERVK10C 3.09248506 1.23E-43
IAPEY5_| 2.393241767 | 6.63E-16
L1MdA_II 2.336343028 | 4.95E-06
RLTR1IAP_MM 2.236978286 1.82E-19
IAPEZI 2.035161072 8.17E-29
IAPEYI 1.763579261 2.90E-12
IAPEY4_LTR 1.613067821 2.97E-12
IAPEY4_| 1.605771134 7.67E-13
L1MdA_lII 1.578347008 1.99E-05
ERVB4_1B-I_MM 1.52996832 4.34E-16
L1MdGT_II 1.485955625 1.37E-10
IAPLTR1_Mm 1.44624431 1.20E-17
IAP5-Mm_| 1.436609386 | 4.87E-17
L1MdTS_III 1.383782621 1.26E-13
RLTR10B2 1.359400966 0.000106574
L1MdGf_I 1.320545901 5.27E-06
SRV_MMe-int 1.313437606 1.50E-06
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IAPLTR4 1.286526944 0.001910298
RLTR11B 1.195482295 0.008079329
ERVB4_1B-LTR_MM | 1.117933848 5.98E-07
IAPLTR1a_I_MM 1.067636827 7.12E-14
IAP-d 1.057592293 1.35E-07
IAPEY_LTR 1.023802039 0.000650549
RLTR27_MM -1.058447755 | 0.00295282
RLTR10F -1.076573502 | 5.97E-05
RLTR1D_MM -1.194358123 | 0.000268012
RLTR44E_LTR -1.198956301 | 0.009312125
RLTR30_MM -1.207043131 | 0.00920941
RLTR19B_MM -1.270478325 | 0.000130374
RMER2 -1.362146877 | 0.000130374
ERVB5_2-LTR_MM -1.406550807 | 1.12E-06
RLTR13D2 -1.470015488 | 1.00E-11
RLTR19A_MM -1.553120483 | 0.00773014
RLTR43C -1.66463772 9.93E-05
RLTROD -1.752353336 | 8.65E-10
RLTR10D2 -1.796240835 | 3.93E-07
ERVB7_3-LTR_MM -2.094260281 | 0.000139046
RLTR50B -2.221295866 | 2.07E-05
LTRIS5 -2.261079985 | 2.68E-06
RLTR41A2 -2.389136075 | 0.00018098
RLTR1F_Mm -2.42550902 2.07E-07
RLTR9D2 -2.66877229 4.66E-10
IAPEY3_LTR -2.740075348 | 3.23E-20
RLTR41B -4.421002565 | 1.41E-07
RLTR30B_MM -4.607736872 | 5.87E-05
IAPLTR3 -4.864531996 | 1.93E-34
RLTR9A2 -5.815360486 | 1.46E-05
IAPLTR3_I -6.220278044 | 5.54E-130
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Table 18: Deregulated transposons in Spocd19Spin1/dSpin1 p2( testis.
All significantly deregulated transposons in Spocd19Srin1/dSpint P20 testis compared to wild type are
shown. Logz fold change and p-value are shown as indicated. P<0.01, Benjamini-Hochberg
adjusted two-sided Wald test, >2-fold change.

TE Fold Change | p-value
L1Md_Gf_5end | 3.891044694 6.42E-107
L1MdTS_II 3.609445572 3.09E-120
L1MdTS_I 3.578740966 2.51E-117
L1MdA_I 3.19212338 1.51E-07
L1_MM 3.047286404 1.26E-07
MMERVK10C 2.682364915 7.76E-33
L1MdA_II 2.467950832 1.78E-06
IAPEY5_| 2.049196676 3.22E-12
RLTR10B2 1.970640636 2.06E-09
L1MdA_lII 1.897733797 2.81E-07
L1MdGf_II 1.693428808 1.69E-13
IAPEYI 1.594396192 1.64E-10
LA1MdTS_III 1.568184198 3.38E-17
L1MdGf_I 1.242621255 2.65E-05
L1MdA_IV 1.161493765 1.97E-17
RLTR43C -1.214152088 | 1.64E-05
RLTROF -1.282363971 | 0.00258532
RLTR50B -1.283257663 | 0.00081605
IAPLTR3_I -1.308278093 | 5.35E-08
RLTR20D_MM | -1.333841431 | 7.33E-05
RLTR30_MM -1.398168259 | 8.57E-07
RLTR10D2 -1.403272988 | 2.49E-09
RLTR49 -1.46997044 0.001757721
RLTR9D2 -1.476592744 | 3.61E-06
RLTR41B -1.608733971 | 5.53E-05
IAPEY3_LTR -1.79230907 4.81E-23
RLTR1F_Mm -1.891237133 | 5.38E-11
RLTR41A2 -2.032497312 | 1.69E-13
RLTR30B_MM | -2.060714439 | 2.64E-16
RLTR9A2 -3.076100531 | 4.27E-13
RLTR9A3B -3.245467578 | 0.002927817
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6.2 List of Abbreviations

5caC 5-carboxylcytosine

5fC 5-formylcytosine

5hmC 5-hydroxymethylcytosine

5mC 5-methylctosine

ABC Ammonium bicarbonate

ACN Acetonitrile

ADD ATRX-DNMT3L-DNMT3A

AK4 Adenylate kinase 4

APOBEC Apolipoprotein B mRNA editing enzyme, catalytic polypeptide
ATAC-seq Assay for transposase-accessible chromatin using sequencing
BAF Barrier-to-autointegration factor

BER Base excision repair

BLIMP1 B-lymphocyte-induced maturation protein 1
bp Base pair

BS3 Bis(sulfosuccinimidyl)suberate

BSA Bovine serum albumin

BYE1 Bypass of Ess-1

cccDNA Covalently closed circular DANN

cDNA Complementary DNA

caGl CpG islands

ChiP Chromatin immunoprecipitation

ChiP-seq Chromatin immunoprecipitation sequencing
CIP Alkaline phosphatase calf intestinal

CL-MS Crosslink mass spectrometry

CpG Cytosine-phosphate-Guanine

CTD C-terminal domain

CtIP C-terminal binding protein 1 (CtBP1) interacting protein
DIDO Death inducer obliterator

DNA Deoxyribonucleic acid

DNMT DNA methyl transferase

DNMT1 DNA methyltransferase 1

DNMT3A/B/C/L DNA methyltransferase 3A/B/C/L

DTT Dithiothreitol

E6.5 Embryonic day 6.5

EB2 End-binding 2 protein

EDTA Ethylenediaminetetraacetic acid

EM-seq Whole genome methylation sequencing

ESC Embryonic stem cells

EtBr Ethidium bromide

EtOH Ethanol
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EZH1 Enhancer of zeste homologue 1
FACS Fluorescence-activated cell sorting
FBS Foetal bovine serum

FLC Flowering locus C

FMR1 Fragile X mental retardation 1

GC Germ cell

GST Glutathione S-transferase
H3K27me3 H3 lysine 27 trimethylation
H3K36me3 Histone 3 lysine 36 tri-methylation
H3K4 Histone 4 lysine 4

H3K4me3 Histone 3 lysine 4 trimethylation
H3K9mel Histone 3 lysine 9 -methylation
H3K9me2 Histone 3 lysine 9 di-methylation
H3K9me3 Histone 3 lysine 9 tri-methylation
H3R8me2a Histone 3 arginine 8 asymmetric di-methylation
H4K20me3 Histone 4 lysine 20 tri-methylation
HBV Hepatitis B virus

HCD High-energy collision dissociation
HEK293T Human embryonic kidney 293T
HENMT1 HEN methyltransferase 1

HEZ Heterochromatin exclusion zones
HIS Polyhistidine

IAA lodoacetamide

IAP Intracisternal A particle

ICR Imprinted control regions

IDP Intrinsically disordered proteins
IEX lon exchange

IF Immunofluorescence

IMAC Metal ion affinity chromatography
IMC Intramitochondrial cement

IP Immunoprecipitation

IP-MS Immunoprecipitation coupled with mass spectrometry
IPTG Isopropyl B-d-1-thiogalactopyranoside
KAP1 KRAB-associated protein 1

kb Kilo base

kDA Kilo Dalton

KMT2D Lysine Methyltransferase 2D
KRAB-ZFP Kriippel-associated box domain containing zinc finger protein
LFQ Label-free quantitation

LIC Ligase-independent cloning

LINE Long interspersed nuclear element
IncRNA Long non-coding RNA
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LTR Long terminal repeat

MBP Methylation-binding protein

MILI Murine Piwi-like protein 2, or PIWIL2
miRNA MicroRNA

MIWI Murine Piwi-like protein 1, or PIWIL1
MIwWI2 Murine Piwi-like protein 4 or PIWIL4
MORC1 MORC Family CW-Type Zinc Finger 1
MovioLl Mov10 like RISC complex RNA helicase 1
mRNA Messenger RNA

MS Mass spectrometry

MTase Methyltransferase

NA Not applicable

NCoR Nuclear receptor corepressor

NOA Non-obstructive azoospermia

NPC Nuclear pore complex

NSCLC Non-small-cell lung cancer

nt Nucleotide

NURD Nucleosome remodelling deacetylase
P3 Postnatal day 3

PAS Periodic acid-Schiff stain

PBS Phosphate-buffered saline

PBS-T Phosphate-buffered saline with 0.1% (v/v) Tween-20
PCI Phenol, chloroform, isoamyl alcohol
PCR Polymerase chain reaction

PGC Primordial germ cell

PHD Plant homeo domain

PHF3 PHD finger protein 3

piRISC piRNA- induced silencing complex
pPiRNA PIWI-interacting RNA

PIWI P-element induced wimpy

PNLDC1 PARN like ribonuclease domain containing exonuclease 1
Pol Il RNA polymerase

PRDM14 PR-domain containing protein 14
PWWP Pro-Trp-Trp-Pro

RBM15 RNA binding motif protein 15
RBM15B RNA binding motif protein 15B
rDNA Ribosomal deoxyribonucleic acid
RNA Ribonucleic acid

rRNA Ribosomal ribonucleic acid
scRNA-seq Single-cell RNA sequencing

SDS Sodium dodecyl sulphate

SEC Size exclusion chromatography
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SETDB1 SET Domain Bifurcated Histone Lysine Methyltransferase 1
sgRNA Single guide RNA

SINE Short interspersed nuclear element

siRNA Small interfering RNA

SMRT Silencing mediator for retinoid and thyroid receptors

socC Super optimal broth

SPEN/ Sharp SMRT/HDAC1-associated repressor protein

Spin/Ssty Spindlin/Y-linked spermiogenesis-specific transcript repeat
SPIN1 Spindlinl

SPOC Spen paralog and ortholog c-terminal

SPOCD1 SPOC domain-containing 1

SSC Spermatogonial stem cells

ssDNA Single-stranded DNA

TDG Thymine DNA glycosylase

TDRD9 Tudor Domain Containing 9

TDRKH Tudor and KH domain containing

TE Transposable element

TET1/2 Ten eleven translocation 1 and 2

Tex15 Testis expressed 15

TFA Trifluoroacetic acid

TFIIS Transcription factor 11 S

TFIIS-M Transcription factor 11 S mid domain

TPR Translocated promoter region, nuclear basket protein
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labelling
UHRF1 Ubiquitin like with PHD and ring finger domains 1

WTAP WT1 Associated Protein
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