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1. Introduction

1.1. Gametogenesis

Gametogenesis is a biological process by which diploid or haploid precursor cells undergo
division and differentiation to form mature male (sperm) or female (egg) haploid gametes. Male
and female mouse gametogenesis differ significantly, both morphologically and biochemically.
In males, a single precursor (spermatogonia) divides and differentiates into 4 sperm cells
(spermatogenesis), while in females, a single precursor (oogonia) develops into only one
mature egg (oogenesis). Both of these processes occur in organs called gonads which
facilitate the appropriate niche necessary for such dimorphism. Male gonads are called testes

and female gonads are called ovaries. A diagram of both processes is shown in Figure 1.1.
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Figure 1.1 Gametogenesis in mammals.

Primordial germ cells (spermatogonia and oogonia) either self-renew or differentiate and enter meiosis. The
exchange of genetic material occurs in prophase | and cells divide 2 consecutive times. The first division is
reductional, halving the number of chromosomes, while the second division is similar to mitosis. In case of
spermatogenesis, the result is 4 spermatozoa, while in case of oogenesis the result is only one egg since the other
3 cells die via apoptosis (image adopted and modified from Kerkis et al. 2011).



1.1.1. Spermatogenesis

In higher vertebrates like mice, the male reproductive organ produces sperm from puberty to
old age. lItis encased in a tough membranous shell called tunica albuginea which contains a
system of fine coiled tubes called seminiferous tubules which are immersed in the interstitial
tissue. A thin layer of cells, containing germ stem cells lines the inner wall of every tubule and
these cells differentiate radially inward. The stem cells, spermatocytes (cells undergoing
meiosis) and spermatids (post-meiotic cells) are supported by Sertoli cells, which are
stimulated by testosterone produced by Leidig cells located between seminiferous tubules.
These Sertoli cells also form the blood-testis barrier by attaching to the inner extracellular
matrix of the basal lamina, effectively making the layers and lumen of the tubules
immunologically privileged sites. Leidig cells are embedded in the interstitial space along with
immune and blood cells, nerves and lymph tissue and they mediate the endocrine signals
received from the pituitary gland (for more information see Alberts, 2009; Mecklenburg and
Hermann, 2016).

Spermatogenesis can be divided into 3 phases: stem cell proliferation, meiosis and
spermiogenesis. Primary spermatocytes that enter meiosis are formed by a complex series of
events involving spermatogonial stem cells. The fate of a germ stem cell depends on a ratio
between renewal and differentiation factors. Spermatogonia type A either renew via mitosis,
forming a chain of cells with intracellular bridges between each other, or differentiate. Since
the chain is oriented such that only the first cell of the chain receives full renewal signalling
from the stem cell niche, the signal is diluted through the chain to a level sufficient for breakage
of the chain and further differentiation. The final product of this stem cell differentiation is

spermatogonia type B, which enters meiosis.

Meiosis is a specialised cell cycle unique to germ cells. Similar to mitosis, the cells replicate
DNA once, and then unlike mitosis, which is followed by one, meiosis is followed by 2
consecutive cell divisions (meiosis | and Il) and results in 4 cells with a haploid instead of 2
cells with a diploid genome. This reductional cell division and the exchange of genetic material
occurring between parental homologous chromosomes are crucial for sexual reproduction.
Mouse interphase genome is divided into 40 DNA molecules (2n; representing 20 homologous,
parental pairs of chromosomes), which upon entering the cell cycle replicate in the S-phase
(4n; representing the replicated genome) and condensate into 40 sister chromatid pairs during
prophase (in the cell cycle, a chromatid is a condensed DNA molecule). Unlike mitosis, upon
entering meiosis, spermatocytes form specialized structures called chromosomal axes which
are comprised of axial elements (AEs) and serve as proteinaceous scaffolds for each of the
40 sister chromatid pairs (also referred to as meiotic chromosomes). The cell then

enzymatically introduces double stranded DNA breaks (DSB) throughout the genome which
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then each chromosome repairs by using its parental homologue as template, effectively
exchanging the genomic information. These structures comprised of 2 physically paired
homologoues chromosomes (altogether 4 chromatids) are called bivalents or tetrades. The
architecture of these chromosomal formations is facilitated by the formation of a zipper-like
structure called the synaptonemal complex (SC), which will be described in more detail later.
During anaphase |, each chromosome of a bivalent is then segregated into a daughter cell,
resulting in 2 cells with a reduced number of chromosomes (2n; representing 20 chromosomes
containing 40 chromatids of mixed genetic material). In anaphase Il, chromatids of each
remaining chromosome are segregated into another 2 daughter cells, resulting all together in
4 haploid gametes (n; representing 20 recombinant DNA molecules). These gametes then

undergo metamorphosis in the process called spermiogenesis.

Spermiogenesis is a process by which spermatids alter their morphology and cell content in
the post-meiotic stage of gametogenesis. A large round shape is replaced by a smaller,
spindle-like form. Acrosomes are formed for the purpose of penetrating oocytes during
fertilization and a flagellum develops for the necessary motility. The midsection of the
spermatid loses most of the cytoplasam but accumulates tightly packed mitochondria that are
paramount for the high-energy demand supporting high mobility. The resulting spermatozoa
have all necessary requirements to reach and fertilize the egg in the female oviduct. The
gametogenesis in mice lasts 35 days starting from 4 days post-partum (dpp) and mice become

fertile at age of 6 weeks. A diagram of testis morphology is shown in Figure 1.2.
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Copyright © 2005 Nature Publishing Group
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Figure 1.2 Testis organization and spermatogenesis

Cross-section diagram of testis showing the seminiferous tubules, epididymis and vas deferens. Also, a cross-
section of a seminiferous tubule showing spermatogonia, meiotic and post-meiotic cells as well as Sertoli cells. The
immature sperm cells created in the tubules move to the epididymis where they finish metamorphosis and are ready
to be ejaculated through vas deferens.
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1.1.2. Oogenesis

Similar to development of sperm, primary oocytes entering meiosis also form the chromosomal
axis, exchange genetic material and go through meiosis | and Il. However, unlike
spermatogenesis, which starts shortly after birth, oogenesis starts during fetal development at
13.5 days post coitum (dpc). Oogonia stem cells (primordial oocytes) travel to the developing
ovary and mitotically divide to create primary oocytes, which are located in a primordial ovarian
follicle. Also, meiosis starts before birth and proceeds to the end of diplotene where it is
stopped in dictyate arrest until puberty. This pool of arrested primary oocytes is finite for the
rest of the animal’s life and once it is depleted the unit becomes sterile. Upon reaching puberty,
a hormonal wave starts the first menstrual cycle, where a single primary oocyte is released
from the dictyate arrest and finishes meiosis |, becoming a secondary oocyte and creating the
first polar body. The follicle develops into a primary, secondary and tertiary follicle. Unlike
spermatogenesis, only one oocyte is formed during oogenesis because during anaphase | and
Il, when the genetic material is being segregated, half of the chromatids are each time allocated
by asymmetric division into a polar body that barely contains any cytoplasm, which then
undergoes apoptosis. During ovulation, secondary oocyte is released into the oviduct,
however, in order to complete meiosis Il and create the second polar body, the secondary
oocyte needs to be fertilized. The resulting mature ovum is at that point, after fertilization, called
zygote. Further embryonic development continues by mitotic divisions of the zygote, which
subsequently implants into the uterus wall at the stage called blastocyst. The follicle that
released the secondary oocyte remains as corpus luteum, providing hormonal signalling which
governs uteral preparation for implantation of the embryo. In humans, 14 days after ovulation
and with the lack of embryo replacing the corpus luteum signalling, the corpus luteum becomes
corpus albicans, which shuts down the signalling leading to the restart of the menstrual cycle.
A diagram of ovary morphology is shown in Figure 1.3 (for more information see Alberts, 2009;
Sen and Caiazza, 2013).
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Figure 1.3 Ovary organization and folliculogenesis.

Meiosis | occurs in the primary follicles of embryonic ovaries and enter dictyate arrest until puberty. Due to
hormone induction during the first menstrual cycle, a primary oocyte is released from the dyctiotene and matures
into a secondary oocyte, forming the first polar body in the process. Upon ovulation, secondary oocytes are
released from the ovary into the oviduct, leaving behind corpus luteum, where meiosis Il finishes only if
fertilization occurs. Upon fertilization, a mature ovum with the second polar body is formed. https://biology-
forums.com

1.2. Meiotic prophase |

For mitotic divisions to be possible, chromosomes (each comprised of a pair of sister
chromatids) need to align at the equatorial plane of a dividing cell and bi-orient toward the
spindle poles, which during anaphase allows the pulling forces of the mitotic spindle to
segregate one of each sister chromatids into a different daughter cell. Unlike mitosis, bivalents
formed in prophase | (comprised of 2 pairs of sister chromatids from the 2 homologues
destined to undergo recombination) also need to bi-orient at the equatorial plane so that during
anaphase |, the spindle can segregate each chromosome into a different daughter cell. Each
of those cells then undergoes meiosis Il, which is essentially the same as mitosis, but with half
the number of chromosomes. However, to accomplish such a complex feat, the homologous
chromosomes first need to be able to recognise each other, physically interact and exchange
genetic material, which happens during meiotic prophase I. This requires a complex spatio-
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temporal singling network and surveillance system which can be divided into 4 stages based
on chromosome morphology: leptotene, zygotene, pachytene and diplotene. An overview of

meiotic prophase | is shown in Figure 1.4, which will be explained step by step in the following

S
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Taken from Cohen and Holloway, Biology of Reproduction, 2010.

Figure 1.4 Meiotic prophase |

An overview of events leading to axis and synaptonemal complex formation and their subsequent dissolution.
The first four stages of prophase | are depicted (leptonema, zygonema, pachynema, and diplonema), together
with the progression of synapsis events: localization of synaptonemal complex protein 3 (SYCP3; red) and 1
(SYCP1; green) and the appearance of major markers for recombination (colored circles). Homologous
chromosomes, consisting of paired sister chromatids, are depicted as single looping lines radiating from the
synaptonemal complex core. The timing of prophase | stages for male and female meiosis is shown above the
cartoon image, representing the temporal differences in prophase | progression between male and female germ
cells.

1.21. Leptotene

Changes in chromosomal structure, including chromatin condensation and recruitment of

scaffold proteins, take place during early prophase I. The first stage of meiotic prophase | is

leptotene where chromatin compaction already started and accumulation of SYCP3 and
6



SYCP2 forms the lateral elements (LEs) of the chromosomal axis. LEs together with cohesin
complexes form the axial elements (AEs) (Kouznetsova et al. 2005, Fukuda et al. 2014).
Another important event during the formation of AEs is the recruitment of proteins containing
HORMA domain, which is a highly conserved multifunctional module that acts as signal-
responsive adaptor mediating protein-protein interactions (Aravin and Koonin, 1998;
Rosenberg and Corbett, 2015). HORMAD1 and HORMAD?2 interact with unsynapsed
chromosomal axes and are removed with the formation of the synaptonemal complex (SC;
forms between synapsed homologous chromosomes), but again reappear during dissolution
of SC in diplotene (Wojtasz et al. 2009; Fukuda et al. 2010; Daniel et al. 2011). At the same
time, DSBs are introduced genome-wide by an enzyme similar to the subunit A of DNA
topoisomerase VI, named SPO11, in a non-random manner (Romanienko and Camerini-Otero
2000; Metzler-Guillemain and de Massy, 2000; Keeny 2008, Vrielynck et al. 2016). Two
isoforms of SPO11 have been described before: SPO11a which was implicated in the sex
body formation and maintenance and SPO113 which was shown to be the isoform responsible
for the formation of DSB (Romanienko and Camerini-Otero 1990; Bellani et al. 2010; Kauppi
et al. 2011). It was also recently shown that SPO11f requires TOPOVIBL, a protein similar to
the subunit B of topoisomerase VI, for the formation of DSB (Robert et al. 2016). Most of these
DSBs are introduced at specific sites in the genome called hotspots (Gerton et al, 2000; Hwang
and Hunter, 2011). Recent genome-wide mapping identified 15 000 — 20 000 hotspots in the
mouse genome, each approximately 1 — 2 kilobases long, roughly 50 — 100 kb apart, which
are positioned away from the regulatory sequences (Paigen and Petkov, 2010; Kumar and de
Massy, 2010). The further processing of DSBs requires re-sectioning by a DNA damage
sensor, the MRE complex, and subsequent activation of ATM and ATR kinases which are
responsible for the phosphorylation of the histone H2AX (Rogakou et al. 1998; Mahadevaiah
et al. 2001; Redon et al. 2002; Royo et al. 2013). The resulting yH2AX is a chromatin marker
for recruitment of early recombination protein RAD51 and its meiosis specific homologue
DMC1 (Rockmill et al. 1995; Pittman et al. 1998). Chromatin modified in such manner is
transcriptionally silenced, a phenomenon termed meiotic silencing of unsynapsed
chromosomes (MSUC). During early to mid-leptotene stage, the interaction of meiotically
induced DNA DSBs with matching sequences on the homologous chromosome brings the AEs
of homologous chromosomes into alignment (Page and Hawley, 2004; Baudat and de Massy,
2012). The sites of these interactions are visualized as ~400-nm interaxis bridges (Albini and
Jones, 1987; Tesse et al. 2003) of which a subgroup matures into a structure termed axial
associations (AAs) that later serve as nucleation sites for SC formation (Wiltshire et al. 1998).
Although some organisms like Drosophila melanogaster (McKim and Hayasi-Hagihara,1998)
and Caenorhabditis elegans (Dernburg et al, 1998) do not require DSBs in order to form SCs,

they are indispensable for SC formation in mammals. Mice lacking Spo11, and thus DSBs,
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show aberrant SCs which results in promiscuous interactions between non-homologous
chromosomes which eventually activates a checkpoint mechanism that Kkills the cell (Baudat
et al. 2000, Romanienko and Camerini-Otero, 2000).

1.2.2. Zygotene

During the transition from leptotene to zygotene, telomeres of prophase | chromosomes cluster
together and acquire a bouquet formation during which they attach to the nuclear envelope
(NE) and move along the inner nuclear membrane (Alsheimer, 2009). To obtain such mobility,
the telomers connect to the cytoskeleton and perinuclear motor proteins through meiosis-
specific telomere protein complexes containing SUN/KASH-domain nuclear transmembrane
proteins (Chikashige et al. 2006; Conrad et al. 2007; Penkner et al. 2009). The resulting
chromosome “bouquet” is thought to promote homologous chromosome pairing, meiotic
recombination and possibly metaphase plate alignment (Scherthan 2006; Tomita and Cooper,
2007). In mammals, there are two such proteins, SUN1 and SUN2. Deletion of SUN1 prevents
telomere attachment to the NE and impairs homologue pairing and synapsis (Ding et al, 2007).
Mammalian telomeres contain the shelterin complex which protects telomeres from the
deoxyribonucleic acid (DNA) damage response and regulates telomere maintenance by
telomerase (Palm and de Lange, 2008). Shelterin contains two double-stranded TTAGGG
repeat binding proteins, TRF1 and TRF2, as well as TRF1 binding partner Rap1.
Heterozygosity for the shelterin component TRF1 and disruption of the ATM kinase, the
SMC1B cohesin, or the ATM kinase target H2AX alter telomere dynamics but not their
attachment (Scherthan, 2007). Upon entering zygotene, the transient homologue interactions,
mediated by RAD51/DMCH1, stabilize by binding mismatch repair (MMR) proteins MSH4/MSH5
(Kneitz, 2000; Novak et al. 2001; Reynolds et al, 2013; Manhart and Alani, 2016). Msh4/Msh5
is @ member of the ZMM family of meiotic proteins needed to form crossovers. zmm mutants
are defective in synaptonemal complex formation and show less crossovers, suggesting a role
in their formation (Surtees et al, 2004; Storlazzi et al, 2010). In budding yeast, Msh4/Msh5 has
been shown to stabilize strand invasion intermediates in the later zygotene stage (Borner et
al, 2004). It has recently been shown that sumoylation of MMR proteins stabilizes the invasion
of DNA strands by forming D-loops which favours the crossover pathway and the reciprocal
exchange between homologues (Reynolds et al, 2013). Non-sumoylated MMR proteins
dissociate from the DSBs, which are subsequently repaired by a non-crossover pathway,
resulting in non-reciprocal exchanges. The stable interaction of sumoylated MMR proteins is
thought to nucleate the initiation of synaptonemal complex formation. The SC is a zipper-like
structure composed of two lateral elements (LEs) that are joined together by transverse
filaments (Page and Hawley, 2004; Costa et al, 2005). Transverse filaments are formed via

dimerization of coiled-coil domain containing SYCP1 proteins (Hamer et al, 2006; Fraune et
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al. 2011; Baudat et al. 2013), which bridge the gap between one LE and the central element
(CE) comprised of SYCE proteins and TEX12 (Meuwissen et al, 1992; Bolcun-Filas et al. 2007;

Davies et al. 2012). A diagram of SC formation and its structure is shown in Figure 1.5.
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Figure 1.5 Assembly and organisation of the synaptonemal complex

A Assembly of synaptonemal complex (SC) components. In early prophase |, SYCP2 and SYCP3 accumulate
on the chromosomes, forming the axial elements which later become part of the synaptonemal complex as
lateral elements. The assembly of SC starts with the association of transverse filament protein SYCP1 with
lateral elements, marking the beginning of central region formation. The final result is a structure extending
along the whole length of the homologous chromosomes in a zipper-like manner. Adopted from Fraune et
al. 2012.

B Schematic diagram of the synaptonemal complex organization. Lateral elements (LE), transverse filaments
and central elements (CE) of the central region are depicted. Interaction of transverse elements connecting
the homologues. Adopted from Page and Hawley, 2004.

Synaptonemal complex facilitates synapsis and subsequent formation of crossovers between
the juxtaposed homologous chromosomes. By the end of zygotene, most of the DSBs have
been repaired and autosomes synapsed, with an exception of X and Y chromosomes in males,

which have only a short homology sequence.

1.2.3. Pachytene

Once all homologues are synapsed and every bivalent has a full SC established, the cell enters
pachytene stage. Axes of autosomes in the bivalents displace HORMAD1 for SYCP1, and

since all DSBs are repaired, yH2AX is removed from all the autosomal hot spots. In this stage
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of meiosis, global transcription resumes at a significantly reduced rate. This transcriptional
activation is accomplished by removal of silencing factors associated with yH2AX (Baarends
et al. 2005; Ichijima et al. 2012). An exception to these genome wide changes are the sex
chromosomes in males, X and Y. These chromosomes have only a short homology sequence
called the pseudosomal region (PAR; Kauppi et al. 2012). Unlike on the autosomes, the DSBs
on sex chromosomes remain unrepaired, which activates the checkpoint response involving
ATR (Turner et al. 2005; Greaves et al. 2006; Royo et al. 2013) and BRCA1 (Turner et al.
2004). Phosphorylation of H2AX leads to transcriptional silencing of XY chromatin, a
phenomenon termed meiotic sex chromosome inactivation (MSCI; McKee and Handel 1993;
Yan and McCarrey, 2009). This silenced chromatin, along with all the associated proteins, is
called the sex body (Solari, 1974; Turner et al. 2005; Bolcun-Filas and Schimenti 2012). Meiotic
silencing involves two sets of proteins: “sensors”, which localize to AEs and sense asynapsis,
and “effectors”, which localize to the chromatin loops associated with unsynapsed AEs,
causing gene silencing over a considerable distance. SYCP3, HORMAD1, HORMAD2 and
BRCA1 have been identified as sensors (Turner et al. 2004; Kouznetsova et al. 2009; Daniel
et al. 2011; Wojtasz et al. 2012;) and the mediator of DNA damage checkpoint 1 (MDC1) and
histone variant H2AFX as effectors (Fernandez-Capetillo et al. 2003; Ichijima et al. 2011).
Failure to properly establish MSCI initiates the activation of meiotic prophase | checkpoint,
which initiates apoptosis (Royo et al. 2010). This is accomplished when the finite amount of
pachytene silencing factors, usually restricted only to the sex body, is diluted to the unrepaired
DSBs on the autosomes, effectively re-establishing MSUC during pachytene. Insufficient
silencing of the sex chromosomes results in the activation of Y chromosome Zfy genes that
produce regulatory and cytotoxic proteins, which initially promote MSCI, then monitor its
progress (since if MSCI is achieved, Zfy genes will be silenced), and finally execute cells with
MSCI failure (Royo et al, 2013; Vernet et al. 2016).

During mid-pachytene, at least one DSB per autosome and one on the PAR will mature into a
crossover. The resident MSH4/MSH5 complex on these DSBs serves as a platform for
MIh1/MIh3 recruitment (Santucci-Darmanin et al. 2000). These breaks will give rise to future
chiasmata, which are the only physical connection between homologues and necessary for
proper segregation in metaphase |. The regulation of these maturation events is paramount
and several mechanisms are involved to ensure an even distribution of crossovers that are not
too close to each other. This process called crossover interference is poorly understood, but
recent studies are trying to shed light on to the mechanisms involved in it (Zickler and Kleckner,
2016). Moreover, recently the SUMO ligase RNF212, a putative ubiquitin E3 ligase HEI10, and
CNTD1 were identified as factors involved in selective stabilization of pre-CO sites and

required for crossover formation (Hunter, 2015).
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1.2.4. Diplotene

At the onset of diplotene, the synaptonemal complex starts to dissociate and homologs
separate, however, they remain physically connected at the crossover sites, which are
cytologically visible as chiasmata. The sister chromatids of the same chromosome are still held
together by cohesion complexes. SYCP3 is still on the axes, but disappears after diplotene,
remaining only on the centromeric region until anaphase Il. Control of the redistribution of axial
proteins still remains to be described. The removal of cohesins happens gradually with the
dissolution of the synaptonemal complex and a subpopulation of cohesin complexes remains

bound to centromeres which is important for proper segregation in both meiotic divisions.

1.3. Cohesin complex

1.3.1. Structure of the cohesin complex and its role in sister chromatid

cohesion

In the cell cycle, replication of DNA produces two daughter chains, which need to remain
closely associated throughout the process in order for the proper segregation to take place. In
both mitosis and meiosis, this sister chromatid cohesion is established with a multiunit protein
structure called the cohesin complex. Cohesins are evolutionarily conserved and play a role in
many biological processes: cohesin ensures faithful chromosome segregation, regulates gene
expression and preserves genome stability (Merkenschlager, 2010; Haering and Jessberger,
2012). The cohesin complex was first discovered in genetic screens that aimed to identify
proteins involved in sister chromatid cohesion (SCC; Michaelis et al. 1997; Guacci et al. 1997).
In mammals, the mitotic cohesin complex is formed from 4 core cohesin subunits: SMC
(structural maintenance of chromosome) proteins SMC1a and SMC3, a kleisin RAD21 and a
stromal antigen protein (either STAG1 or STAG2). There is ample evidence that the first 3
cohesins form a ring-like structure which physically entraps the 2 sister chromatids and holds
them together (Figure 1.6; Anderson et al. 2002; Haering et al. 2002; Huis in ‘t Veld et al. 2014).
Each of the SMC proteins has a long a-helix domain, which is interrupted in the middle by a
hinge domain. This enables a specific folding where two parts of the a-helix interact along their
length forming a coiled-coil, bringing the C- and N-terminus together and forming a globular
head domain containing an ATP nucleotide binding domain (NBD) of the ABC family. Similar
structure with a hole in the middle can be found in other complexes able to manipulate DNA,
such as the MCM licensing factors (replicative helicases), Rho transcription terminator (RNA
helicase), PCNA (DNA replication processivity factor) or MSH2 and MSH6 sliding clamps
(mismatch repair proteins), but all are of a full level of magnitude smaller in diameter. The
hinge of the SMC proteins is a dimerization domain necessary for the interaction between
SMC1 and SMC3, which results in a SMC1/SMC3 heterodimer containing 2 coiled-coil arms
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with an NBD on each end. Upon ATP binding and interaction with the kleisin molecule, the
formation of the 30-nm wide ring is completed (Uhlmann, 2016). The kleisin RAD21 also binds
the stromal antigen molecule, which contains armadillo repeats, structurally similar to HEAT
repeats. Additionally, there are meiosis specific isoforms of cohesin proteins: SMC1, kleisins
REC8 and RAD21L and stromal antigen STAG3, which will be discussed later.

PCNA
+ATP @
—_—
B —
MCM
K
SMC SMC 10 nm MSH2-6

Figure 1.6 Structure of the cohesin complex

In mammals, the mitotic cohesin complex is formed from 4 core cohesin subunits: SMC1, SMC3, RAD21 and
STAG. The complex is ring shaped and has a role in maintaining sister chromatin cohesion, regulates gene
expression and preserves genome stability.

A SMC molecule folds in a way that 2 of its a-helixes interact creating a coiled coil domain which also brings
the C-and N-terminus in close proximity, forming a head domain containing an ATP nucleotide binding
domain (NBD). The hinge domain, positioned between the 2 a-helixes, is also a dimerization domain,
allowing SMC1 and SMC3 to create a heterodimer with 2 coil-coiled arms with an NBD at each end. Upon
ATP binding and kleisin interaction, the ring closes. Similar structure that entraps nucleic acids can be found
in other protein complexes like PCNA, MCM and MSH2/6. The picture was adopted from Haering and
Jessberger, 2012.

B The structure of cohesin complex entrapping 2 sister DNA molecules. Model of the cohesin ring encircling
two chromatids. SMC3 (gray) is present in all cohesin complexes. There are two SMC1 genes and proteins:
SMC1a (dark blue) and a meiosis-specific SMC1 (light blue). The tripartite ring closes via the association
of an a-kleisin subunit, of which three variants exist: the ubiquitous RAD21 (dark turquoise), and two
meiosis-specific forms, REC8 and RAD21L (light turquoise). A third component, of which there are three
variants, associates with the complex via binding to the a-kleisin: canonical STAG1 or STAG2 (dark orange)
or the meiosis-specific STAG3 (light orange) The picture was adopted from McNicoll and Stevense, 2013.
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1.3.2. Cohesin dynamics during mitosis

During mitosis, cohesin complex is loaded on to the DNA in telophase, just after the
reassembly of nuclear envelope. Loading of the cohesin complex onto mitotic chromosomes
is performed by a kollerin complex comprised of SCC2 and SCC4 (Ciosk et al. 2000; Weitzer
et al. 2003). SCC2 C-terminus contains HEAT repeats and is necessary for recruitment of
cohesin on to the DNA, while the N terminus is required for binding to SCC4. Also, the
interaction between SMC proteins of the cohesin complex and DNA is facilitated by their
conformational change upon ATP binding and hydrolysis in their NBD domains. Upon entry
into mitosis, SCC2/SCC4 dissociates from the DNA, however, recent studies showed that
cohesin is reloaded on to the centromeres of mitotic chromosomes, suggesting that another
mechanism of cohesin loading exists besides the kollerin complex. Regardless, once loaded
after the S-phase, most of the cohesin complexes remain stably bound to the DNA until the
activation of the prophase pathway and entrance into mitosis. For stable cohesion to be
established, at least one of two conserved, consecutive lysine residues in the SMC3 subunit
of the complex must be acetylated by acetyl transferases ESCO1 and ESCO2 (Unal et al.
2008; Whelan et al. 2012; Kouznetsova et al. 2016; Rivera-Colon et al. 2016). The main
function of the acetylation event is to stabilize cohesin and prevent any precocious dissociation
from DNA until the binding of factors necessary for disrupting the cohesion establishment upon
entry into mitosis. Depletion of ESCO1 in mammalian cells causes cohesion defects but they
remain viable, which suggests redundancy in the cohesion establishment function. These
cohesin—DNA interactions can be reversed by the binding of WAPL to PDS5 (Gandhi et al.
2006; Kueng et al. 2006; Tedeschi et al. 2013), which directly interacts with the stromal antigen
subunit of the cohesin complex. WAPL releases cohesin from DNA by opening a DNA “gate”
between SMC3 and kleisin subunits (Chan etal. 2012; Buheitel and Stemmann, 2013;
Eichinger et al. 2013; Huis in ‘t Veld et al. 2014). If WAPL is depleted, the removal of cohesin
is prevented and the bulk of cohesin remains on the chromosomes until metaphase (Peters et
al. 2008). The maintenance of cohesion by the acetylation event is mediated by the recruitment
of sororin, which displaces WAPL from PDS5, effectively stabilizing cohesion. However, SMC3
acetylation promotes sororin binding only when it occurs during DNA replication (Lafont et al,
2010; Nishiyama et al, 2010; Song et al, 2012). Sororin is also required for stabilization of
cohesin on chromatin during replication (Gerlich et al, 2006; Schmitz et al, 2007).

Upon entry into mitosis, the bulk of cohesins in mammalian cells is removed from chromosome
arms via prophase pathway, except of the cohesin associated with centromeres, which is
removed during the metaphase to anaphase transition. One of the first events during the

prophase pathway is the phosphorylation of the SMC1 and stromal antigen subunit of the
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cohesin complex by polo-like kinase 1 (PLK1; Losada et al. 2002; Sumara et al. 2002; Lenart
et al 2007). Phosphorylation of other prophase and prometaphase proteins by AURORA B also
contributes to cohesin dissociation from chromosomes arms (Sumara et al. 2004). The release
of cohesin complex by WAPL, as described above, might be caused by a conformational
change in the cohesin ring as a result of the interaction of WAPL/PDS5 with now

phosphorylated SA2, which has a lower affinity for the PDS5/sororin complex.

During the prophase pathway, cohesin removal must be inhibited at the centromeres in order
for the anaphase spindle to properly bi-orient the sister chromatids and afterwards segregate
each into a different daughter cell. This is accomplished by the binding of shugosin (SGO1/2;
McGuinnes, 2005; Ishiguro et al. 2010; Tanno et al. 2015), which recruits the protein
phosphatase 2A (PP2A) complex, which dephosphorylates SA2 and inhibits WAPL activity
(Kitajima et al. 2006; Shintomi and Hirano 2009; Hara et al. 2014). This protection lasts until
anaphase when activation of the anaphase promoting complex (APC/C) promotes degradation
of securin (Nasmyth, 2004). Securin is an inhibitor of separase, which when released cleaves
the kleisin subunit of the cohesin complex, releasing bi-oriented sister chromatids to the forces

of the spindle. An overview of cohesin dynamics in mitosis is shown in Figure 1.7.
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Figure 1.7 Cohesin dynamics in mitosis

Cohesin is loaded onto chromatin in early G1 phase, and this loading is assisted by the nipped-B-like protein
This heterodimer makes contact with all four cohesin subunits and may function as a molecular 'shaft' to convey
energy from the ATP hydrolysis that takes place in the head domains SMC1a and SMC3 to the hinge region,
which is thought to transiently dissociate to allow entry of the DNA. Subsequent binding of PDS5 and WAPL to
cohesin, through RAD21 and stromal antigen (SA), promotes its unloading. The DNA fibre exits the complex
through the interface created by the SMC3 head domain and the amino-terminal region of RAD21. During DNA
replication, the cohesin acetyltransferases (CoATs) ESCO1 and ESCO2 acetylate (Ac) K105 and K106 in the N-
terminal domain of SMC3, and sororin is recruited to PDS5, which displaces WAPL, although it remains bound
to cohesin. sororin-bound acetylated cohesin complexes encircling the two sister chromatids are stably bound to
chromatin. In prophase, most cohesin dissociates from chromatin when polo-like kinase 1 (PLK1) phosphorylates
(P) the SA subunit, and sororin is released from cohesin after being phosphorylated by aurora kinase B (AURKB)
and cyclin-dependent kinase 1 (CDK1). Concomitantly, shugoshin 1 (SGO1) and its partner protein phosphatase
2A (PP2A) accumulate at centromeres to counteract the above-mentioned phosphorylation events and prevent
cohesin dissociation. Centromeric cohesin remains on chromatin until anaphase, when cleavage of RAD21 by
separase destroys the integrity of the cohesin ring. The cohesin complexes that are released during mitosis can
be reused in the ensuing G1 phase after a cohesin deacetylase (histone deacetylase 8 (HDACS8) in human cells)
removes acetyl groups from SMC3. Adapted from Remeseiro and Losada, 2013.

1.3.3. Other roles of cohesin complexes in eukaryotic cells

The main role of cohesin is to maintain sister chromatin cohesion and to ensure the proper
chromosome segregation during mitosis. Cohesins have also been shown to mediate DNA
repair and regulate transcription by keeping distant DNA chains in close proximity, whether to
bring a sister chromatid for homologous repair or an enhancer to the transcription machinery.

DSB repair during the cell cycle can be accomplished by two different mechanisms. In G1
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phase of the cell cycle, DSBs are repaired by non-homologous end joining (NHEJ), which
easily results in loss of genetic information. In G2, the DSBs are repaired by homologous
recombination (HR), where a sister strand is used as a template to replace the lost nucleotides,
leaving the genetic information intact. Since close proximity of sister chromatids is necessary
for HR, it can easily be concluded that sister chromatid cohesion might have a role in DSB
repair. Biochemical approaches identified cohesins as components of the DNA damage
response pathway (Jessberger et al. 1996), as well as screening studies trying to identify DNA
damage hypersensitive mutants (Sjogren and Nasmyth 2001). Also, it has been shown that
cohesin is recruited to the sites in close proximity to DSBs (Kim et al. 2002; Sjogren et al. 2007,
Ito et al. 2014; Gelot et al. 2016). This damage induced (DI) cohesin can be reloaded onto the
chromatin during G2 phase of the cell cycle and depends on checkpoint kinase 1 (Chk1), which
phosphorylates SMC3 upon DNA damage and effectively counteracts WAPL, establishing a
post-replication sister chromatid cohesion (Unal et al. 2008). Cohesin was also implicated in
an intra-S DNA damage checkpoint, involving phosphorylation of two cohesin subunits, SMC1
and SMC3, in an ATM (ataxia-telangiectasia mutated) and NBS1 (Nijmegen Breakage
Syndrome protein 1) dependent manner (Kim et al, 2002; Yazdi et al. 2002; Kitagawa et al.
2004; Jessberger, 2009). Additional complexes containing the SMC1/SMC3 heterodimer,
similar to cohesin, have been suggested to be involved in DNA repair and/or in intra-S
checkpoint function, such as the BRCA1 supercomplex (BASC; Yazdi et al, 2002). Cohesin
was also reported to have a role in the G2-M checkpoint, independent of cohesin (Watrin and
Peters, 2009). In these experiments, depletion of sororin from cells in culture had no effect on
the G2-M checkpoint, which was consistent with its role in sister chromatin cohesion

establishment and maintenance but not in chromatin association of cohesin.

The role of cohesin in gene expression was first suggested after studies that showed evidence
of cohesin association with chromatin in post-replicative and non-dividing cells (Dix et al. 1997;
Wendt et al. 2008). In general, transcription is often mediated by sequences located several
kilobases away from a gene by the combined actions of transcriptional activators, silencing
proteins and factors that modify chromatin. Studies in Drosophila reveal that chromosomal
proteins required for sister chromatid cohesion also play critical roles in control of gene
expression during development (Misulovin et al. 2008). Nipped-B protein, a Drosophila
orthologue of a mammalian cohesin loader NIPBL, was discovered by screening experiments
trying to identify genes involved in regulation of cut homeobox gene, necessary for fly wing
development (Rollins et al. 1999). The regulation is mediated by a distant transcriptional
enhancer located more than 80 kb upstream of the transcription start site. RNA interference
(RNAI) experiments provided evidence of Nipped-B involvement in sister chromatid cohesion
(Rollins et al. 2004; Seitan et al. 2006). However, reducing cohesin dosage increases cut

expression in the developing wing, while reducing Nipped-B decreases expression. Moreover,
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the binding of cohesin and Scc2, an ortholog of Nipped-B, have been mapped genome-wide
in the yeast Saccharomyces cerevisiae (Donze et al. 1999; Glynn et al. 2004; Lengronne et al.
2004), where the binding of yeast cohesin associates with silent loci, including the telomeres
and the HMR locus. In humans, mutations in NIPBL or the cohesin subunits SMC1a and SMC3
lead to a constellation of severe developmental defects known as Cornelia de Lange syndrome
(CdLS), which appear to be independent of cohesins canonical role in chromatid cohesion
(Krantz et al. 2004; Borck et al. 2007; Liu et al. 2009). In mammalian cells, cohesin is
preferentially enriched at DNase | hypersensitive sites, occupied by CCCTC binding
transcriptional insulator protein (CTCF; Parelho et al. 2008; Wendt et al. 2008). The insulating
function of CTCF prevents the spread of heterochromatin between domains and largely
depends on cohesin function around these sites (Splinter et al. 2006; Rubio et al. 2008; Wendt
et al. 2008). The binding pattern of SMC1 cohesin is effected by CTCF, but not the other way
around. CTCF is thought to target cohesin loading to the chromatin where genes need to be
regulated by cohesins long-range interaction capability by forming chromatin loops. A
mechanistic insight into cohesins role at these sites was given by a study proposing that the
complex forms the topological basis for cell-type-specific intrachromosomal interactions at the

developmentally regulated cytokine /FNG locus (Hadjur et al. 2009).

1.3.4. Role of cohesin complex in meiosis

During the meiotic prophase |, chromosomes are organized into an axis-loop form, and the
meiotic cohesin complex is a major component of the chromosome axis, which later forms the
lateral element of the SC (Page and Hawley; 2004). Meiotic cohesin complexes contain several
isoforms of the conventional subunits: SMC1a can be replaced by SMC13, kleisin RAD21 with
REC8 or RAD21L (RAD21-like) and stromal antigens STAG1 and STAG2 with STAG3
(Revenkova et al. 2001; Prieto et al, 2002; Eijpe et al, 2003; Gutierrez-Caballero et al, 2011;
Ding et al. 2016). The existence of these isoforms implies multiple combinations, resulting in
potentially 18 different cohesin complexes. However, only 6 cohesin complexes have so far

shown to exist in vivo (Figure 1.8).
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Figure 1.8 Cohesin complexes

Shown are cohesin variants for which evidence exists. The canonical cohesin complex is present in all somatic
cells and likely in early meiocytes (“Mit & Mei”). All other complexes are meiosis-specific (“Mei”). There may be
other cohesin variants as well. Figure was adopted from Jessberger, 2011.

The study of meiotic cohesins in mammals mostly involves gene knockouts/knockdowns and
has a vast advantage over their mitotic counterparts because of tissue specific expression. For
studies of their role in meiosis, mitotic cohesin genes must be conditionally inactivated in
gonads only, either by timed excision with recombinases like cre or injections of expression
inhibitors like RNAI. Failure to do so can lead to abnormal organism development, cancer or
death. Unlike canonical cohesins, meiotic cohesin genes can be inactivated organism-wide,
because they have no function in somatic tissue or that function is highly redundant, resulting
in organism’s infertility in the worst-case scenario. An example of such redundant function is
SMC1B general knockout which exhibited minor DNA repair defects in mouse fibroblasts
(Mannini et al. 2015). So far, several knockout mice have been produced for in vivo functional

analysis of meiotic cohesin subunits (Table 1.1).



Mutant AEs SCs Arrest* Sex Body Notes

Smci1p’- shorter shorter T: IV absent MSCI failure, MSUC
Revenkova et al., 2004 (50 %) partial C: early/mid response, telomere defects,
Adelfalk et al., 2009 synapsis pachy partial loss of SCC; DSBR
Biswas et al., 2013
delay
Rec8™" shorter shorter T:? absent SYCP1 betw, sister chr.;
Bannister et al., 2004 partial C: late zygo premature loss of SCC;
Xu et al., 2005 synapsis DSBR impaired
Rad21L™" shorter shorter T:? absent non-homologous synapsis;
Herran et al., 2011 partial C: mid zygo DSBR impaired
synapsis
Rec8’-Rad21L" absent absent T:? absent little cohesin loading; AEs
Llano et al., 2012 C: mid lepto similar to full STAG3
Ward et al., 2016 deficiency
Stag3” ** absent/ absent/ T:upto IV absent partial centromere cohesion
Fukuda et al., 2014 drastically drastically C: lepto or defect; SYCP1 betw. sister
Hopkins et al., 2014 shortened shortened mid zygo chr.
Llano et al., 2014
Winters et al., 2014
Stag3”" Rad21L™" drastically absent/ T:? absent enhanced centromere
Ward et al., 2016 shortened drastically C: mid zygo cohesion defect; SYCP1
shortened betw. sister chr.
Stag3”"Rec8”" drastically absent/ T:? absent enhanced centromere
Ward et al., 2016 shortened drastically C: mid zygo cohesion defect; AEs
shortened similar to Rec8” Rad21L"

or full STAG3 deficiency;
SYCP1 betw. sister chr.

Figure 1.9 Overview of cohesins in meiosis and meiotic cohesin mutant phenotypes.

Some of the key phenotypes observed in individual mouse strains deficient for one or two cohesin proteins. The
respective references are indicated. T: arrest stage based on most advanced stage of tubular development; C:
arrest stage based on appearance of chromosomes and associated proteins; in several instances, the named
stages are approximations due to difficulties determining the corresponding normal stage. The Stag3 mutants
used by Hopkins et al, Ward et al., Fukuda et al., and Llano et al., were of distinct origin and express low levels of
STAGS3 and thus display a hypomorphic phenotype. Table was adopted from Biswas et al, 2016.

In general, depletion of meiosis-specific cohesin subunits, such as SMC13, REC8 and
RAD21L, causes meiotic blockage prior to the pachytene stage due to errors in pairing or the
synaptic process in male mice. In SMC1B-depleted spermatocytes, formation of AEs is
partially defective, with AEs markedly shortened and chromatin loops more extended
(Revenkova et al. 2004; Novak et al. 2008). SMC1a complexes provide sufficient cohesion to
keep sister chromatids together during prophase I, but still a high level of asynapsis is observed
in Smc1B™~ meiocytes. Overexpression of SMC1a under Smc1B promoter in Smc1B™~
meiocytes managed to compensate for the majority of deficiencies (Biswas dissertation, 2014).
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SMC1B-depleted oocytes are highly-error prone but proceed to metaphase Il (Revenkova et
al. 2004). In REC8-depleted spermatocytes, AEs are formed and partially synapsed, but the
synapsis occurs between sister chromatids rather than homologous chromosomes (Bannister
et al. 2004; Xu et al. 2005). REC8-null neonatal ovaries are devoid of oocytes and ovarian
follicles, indicating that REC8-depleted oocytes never proceed beyond prophase | (Xu et al.
2005). In RAD21L-depleted spermatocytes, AEs are fragmented and poorly aligned, and
synapsis occurs between non-homologous chromosomes (Herran et al. 2011). Surprisingly, it
has been reported that RAD21L-deficient females are fertile but develop an age-dependent
sterility. Furthermore, it has been shown recently that mice lacking both REC8 and RAD21L
fail to assemble their AEs, revealing that these two meiosis-specific kleisins are essential for
the assembly of AEs. The pairing and recombination of homologous chromosomes during the
meiotic prophase is necessary for the accurate segregation of chromosomes in meiosis.
However, the mechanism by which homologous chromosomes achieve this pairing has
remained an open question. Meiotic cohesins have been shown to affect chromatin
compaction; however, the impact of meiotic cohesins on homologous pairing and the fine
structures of cohesion-based chromatin remain to be determined. A recent report using live-
cell imaging and super-resolution microscopy in fission yeast, demonstrated that the lack of
meiotic cohesins alters the chromosome axis structures and impairs the pairing of homologous
chromosomes (Ding et al. 2015). These results suggest that meiotic cohesin-based

chromosome axis structures are crucial for the pairing of homologous chromosomes.

1.3.5. Stromal antigen (STAG) cohesin subunit

STAG or SA (stromalin) in vertebrates, was initially identified in human and Xenopus laevis
cohesin complexes (Losada et al, 2000; Sumara et al, 2000), and named Scc3p in
Saccharomyces cerevisiae (Michaelis et al, 1997). Despite very important recent progress, the
functions of STAG proteins are still the least understood of any of the cohesin proteins. In
vertebrates, there are three STAG variants called SA1-3, and the cohesin complex associates
with one of them. SA1 and SA2 are ubiquitously expressed and appear to serve as interaction
platforms of cohesin with other factors. For example, the insulator protein CTCF, which
functionally interacts with and depends on cohesin, associates with SA2 (Xiao et al, 2011),
which was also reported to interact with trans-activator proteins (Lara-Pezzi et al, 2004). SA1
also regulates transcription and cohesin binding to genomic sites also bound by CTCF
(Remeseiro et al, 2012a). In addition, SA1 is required for sister chromatid cohesion at
telomeres, while SA2 is necessary for centromeric cohesion (Canudas and Smith, 2009). In
mice, heterozygous SA1 deficiency increases tumorigenesis, and embryonic fibroblasts
derived from homozygous Stag1” mice show telomere-associated chromosome segregation

defects and increased aneuploidy (Remeseiro et al, 2012b). SA1 is enriched at telomeres in
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Hela cells and directly binds telomeric DNA through a characteristic motif, an AT hook (Bisht
et al, 2013). Phosphorylation of STAG proteins was reported in meiotic cells (Fukuda et al,
2012), and in mitotic cells, SA2 phosphorylation is required for dissolution of sister chromatid
arm cohesion in prophase and prometaphase (Hauf et al, 2005). Potential roles of cohesins,
including STAG proteins in human cancer, whether tumor-promoting or tumor-suppressing,
depending on the circumstances such as overexpression, mutation, or protein loss, are
currently debated (Solomon et al, 2011; Balbas-Martinez et al, 2013).

STAG3 was initially shown to be specific to spermatocytes where it associates with the
synaptonemal complex (Pezzi et al, 2000). Moreover, STAG3 was found to be associated with
axial elements and lateral elements and accumulates at the inter-sister chromatid domain,
consistent with its potential role in sister chromatid cohesion (Prieto et al, 2001). STAG3 also
associates with the paired and unpaired regions of the X and Y sex chromosomes and partially
co-localizes with the inner centromeres and is also found at telomeres (Liebe et al, 2004). With
progression of meiosis beyond pachynema, that is, with dissolution of the SC, STAG3
dissociates from the chromosome axes. At the metaphase to anaphase | transition, STAG3
disappears from chromosome arms and remains chromosome-associated at the centromeres.
In anaphase |, STAG3 vanishes entirely and is not observed at later stages of meiosis. In other
vertebrates, such as marsupials, a similar localization of STAG3 in spermatocytes was
reported (Page et al, 2006) and expression patterns in human testis, ovary, spermatocytes,
and oocytes are consistent with the observations in mice and a role in sister chromatid
cohesion (Houmard et al, 2009; Nogues et al, 2009; Garcia-Cruz et al, 2010). In oocytes, a
similar pattern of chromosome associations was observed where STAG3 is found along
chromosome axes from leptonema to diplonema and dissociates during dictyate arrest (Prieto
et al, 2004). In aged oocytes from senescence-accelerated mice, STAG3 levels, like those of
other cohesin proteins, are significantly reduced (Liu and Keefe, 2008), consistent with the
hypothesis of the loss of cohesin as a major contributor to increased age-dependent
aneuploidy (reviewed in Jessberger, 2012). Recently, a 1-bp deletion in the Stag3 gene, that
causes a frameshift, was found in patients of a family affected by premature ovarian failure.
This gives rise to a small truncated protein of 194 amino acids of 1,225 amino acids (Caburet
et al, 2014). Besides STAG3, the SA1 and SA2 (Prieto et al, 2002) proteins are also present

in early prophase I, but their biological functions in meiocytes are unclear.
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1.4. Aim of the project

Spermatogenesis is a crucial biological process in sexual reproduction and it is necessary for
the creation of haploid gametes from diploid precursor cells. During meiosis, the chromosome
architecture is rearranged into a structure called the chromosome axis which is necessary for
the processes leading to crossover and proper chromosome segregation in anaphase | and Il.
These processes include DNA double strand break formation, homologous chromosome
search and pairing, synaptonemal complex formation and the loading of cohesin complexes
containing meiosis specific cohesin subunits. The specific meiotic roles of individual cohesin
proteins are incompletely understood. The aim of this study is to describe the role of the only

meiotic stromal antigen cohesin, STAGS3, in mammalian meiosis.

The key aspects of describing this role are:

1. Characterisation of STAG3-deficient mouse phenotype

Since STAG3 was previously shown to interact with the cohesin ring only through association
with meiotic kleisins RAD21L or REC8, STAG3-deficient mouse phenotype should be similar
to that of RAD21L"- REC8" double knockout, which was described recently (Llano et al, 2012).
Immunofluorescence analysis of spermatocyte chromosome spreads from STAG3-deficient
testis should provide insight into the key aspects of meiosis that depend on STAG3 function.
This is achieved by probing for proteins crucial in above mentioned meiotic processes.
Immunoprecipitation of meiotic cohesin complexes from STAG3-deficient testis should
describe which complexes are responsible for whatever cohesion remains intact without the

function of STAG3 containing complexes.

2. Discovery of unknown STAG3 interactors using in vitro assays

Immunoprecipitation of STAG3 containing cohesin complexes from wild type testis should
provide more information about its interactors. Tagging the protein and overexpressing it in a
protein expression system should provide ample material for in vitro protein-protein interaction

assays like immunoprecipitation and pulldowns.

3. Discovery of unknown STAG3 interactors by in vivo assays

More reliable data can be collected from in vivo than in vitro studies. Tagging STAG3 and
transfecting mouse zygotes should give rise to a new mouse line which already has the
STAG3-containing cohesin complexes assembled under the same spatio-temporal conditions

as in wt mouse.
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2. Materials and Methods

2.1. Materials

2.1.1. Mice and mouse cell lines

To study the function of STAG3, a mouse line lacking functional STAG3 was created. Stag3*oke
embryonic stem (ES) cells were obtained from Knockout Mouse Project (KOMP) Repository,
San Diego, USA (clone name EPD050 4 G09), which were derived from the parental ES line
JMBA3.N1. The allele name is Stag3™m'akOMPIWti and js named “ko” in this thesis to indicate

that this is a knockout-first construct (Figure 2.1) and not a deletion allele.

tm1a FR loxP (* FRTIoxP  loxP

B- |> oo 1Y S B B

ot

Flp l ‘ Cre
tmic tm1b

M5B o— )= —O

'''''''
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Figure 2.1 STAG3 “knockout-first” allele

Insertion of the promotor-driven reporter cassette in the STAG3 gene also introduces an alternative splice
acceptor site that bypasses whole exon 5 in this variant, making it a "knockout-first” allele. LoxP sites can be
found inside the cassette and downstream of it, surrounding exon 5. Introducing cre recombinase into the cell,
the promoter-driven reporter is excised along with exon 5 while the inducible reporter remains (this can be used
to compare phenotypes between the “knockout-first” version and the actual removal of exon 5). The cassette is
also surrounded by FRT sites which are the target of fl[p recombinase. When introduced in the cell, flp
recombinase excises the cassette out of the gene rendering it active again. The remaining flox sites can still be
used to excise exon 5 using cre recombinase which is useful for the creation of conditional knockouts. The image
was taken from KOMP at www.komp.org

This construct uses a promoter-driven targeting cassette for the generation of a 'Knockout-first
allele' (Skarnes et al., 2011) in C57BL/6N embryonic stem cells (Pettitt et al., 2009). This
strategy relies on the identification of a 'critical' exon common to all transcript variants that,
when deleted, creates a frame-shift mutation. The KO-first allele is flexible and can produce

reporter knockouts, conditional knockouts, and null alleles following exposure to site-specific
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recombinases Cre and Flp. ES cells were injected into C57BL/6 blastocysts and the resulting
mice bred to homozygosity for this locus. Genotyping was performed using the following PCR
primers: STAG3 Geno1, STAG3 Geno2, STAG3 Geno3 (see section Materials and Methods
2.1.3) andyielded the following products: Stag3 ko: primers 1 and 2 (product: 1412 bp); Stag3
wt: primers 1 and 3 (product: 1077 bp).

A STAG3-GFP transgenic mouse line was used for immunoprecipitation and other protein
analysis experiments involving STAG3 in vivo. Bacterial Artificial Chromosome (BAC),
containing full sequence STAG3 gene with an eGFP sequence at the end of the last exon, was
obtained from the Transgenic Facility at Max Planck Institute of Molecular Cell Biology and
Genetics (MPI-CBG), Dresden, Germany and injected into fertilized eggs of C57BL/6 mice.
The zygotes were then transferred to pseudopregnant foster mothers and 3 weeks after birth,
the mice genotyped for GFP and STAG3. The resulting mouse line had the exogenous gene
inserted in an unknown position in the genome while the endogenous STAG3 gene was still

active.

In an attempt to create a mouse line with a deficient endogenous STAG3 but with an active
exogenous STAG3-GFP transgene, the newly acquired STAG3-GFP transgenic mouse was
bred with a STAG3 heterozygote, STAG3** mouse (Figure 2.1). However, a full endogenous
knockout is indistinguishable from the heterozygote if one attempts to genotype them because
the wt gene is always present in the transgene. This problem will be addressed later in the
thesis. SMC1B-LAP mouse line from the Jessberger lab was used as positive control for FACS
analysis of STAG3-GFP cells. This mouse line was previously described (Murdoch et al, 2013).
REC8” mice, deficient for kleisin REC8 function, were used in some pulldown experiments as
negative control. This mouse line has previously been described (Kudo et al, 2009; Biswas et
al. 2016).

Animals were bred and maintained under pathogen-free conditions at the Experimental Center
of the Medizinisch-Theoretisches Zentrum of the Medical Faculty at the Dresden University of
Technology according to approved animal welfare guidelines, permission number 24-9168.24-
1/2010-25 granted by the State of Saxony.

2.1.2. Bacteria

Stellar™ Competent Cells (Clontech) were used for all cloning and subcloning procedures.
This includes the full length STAG3 and 5 of its fragments, as well as the viral baculovector.
Chemically competent NEB™ 10-beta Competent E. coli (High Efficiency) were used for
plasmid propagation.
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2.1.3. Primers and other oligonucleotides

oligoname

sequence 5' - 3'

STAG3 Exon-exon junction primers:

E3-F1

E3-F2
E3-F3
E4-F1

E4-F2
E4-F3
E4-R1
E4-R2
E4-R3
ES5-F1

E5-F2
E5-F3
E5-R1
E5-R2
E5-R3
E6-R1
E6-R2
E6-R3

TAGTCCCTCAACTAACGAAGACAG
CCCTCAACTAACGAAGACAGC
AAGACAGCGACTTGGAAGACAGC
CGGAAGAAGCAGTCCCGAATAG
TCTAGTGGGAATGGCAAGAATG
GTGGGAATGGCAAGAATGAATCAG
AAGTAATTGGTTGATGGCACTG
CTGATTCATTCTTGCCATTCCCAC
GGTTGATGGCACTGATTCATTC
TCTTTGGTGGATGAGTGGCTAG
TTGGTGGATGAGTGGCTAGATAAC
GGTGGATGAGTGGCTAGATAAC
AGTTATCTAGCCACTCATCCACC
ATCTAGCCACTCATCCACCAAAG
GCCACTCATCCACCAAAGAC
TTCCGTTAGGTGTTGGATGATCTC
CCGTTAGGTGGTGGATGATCTC
GGTGGTGGATGATCTCTGAATTGG

Fragment insert primers:

STAG3_F1
STAG3 F2
STAG3_F3
STAG3_R1
STAG3_R2
STAG3_R3
Nested F1
Nested F2
Nested R1

Nested R2
STAG3_FW-NS
STAG3_REV-NS

AATAATAACATGCGGCCGCACCTACTCTGTGGTCACCTTC
AATAATAACATGCGGCCGCATGTGAAGTAGCAGTGGAGGC
AATAATAACATGCGGCCGCAATGATTGTAGGGGGACGGG
AATAATAACATGGCGCGCCCTCTCTGTCCATGACCATGG
AATAATAACATGGCGCGCCCTGAGGGCTGAAGATGAGAA
AATAATAACATGGCGCGCCGAAATCCTCCATGTTCAGCTC
TTCTAAGGCTTAACCGCCCGC
GAAAGGACCTCTGAGGTGGTG
TGGCTAGGACCCAAAGAATGC
AGTGCTGACGTAAAGCCCTCC
CCTACTCTGTGGTCACCTTCTACC
GAAATGCTCCATGTTCAGCTCTGTTG

pOCC119 Stag3-GFP sequencing primers:

Inf_pOCC119_F1
Inf_pOCC119_F2
Inf_pOCC119_F3
Inf_pOCC119_R1
Inf_ pOCC119_R2
Inf_pOCC119_R3
Seq_pOCC119_F
Seq_pOCC119_R
pOCC119_amp_5'
pOCC119_amp_3'
m13_F

GGGGCCGGCGGCCGCACCTACTCTGTGGTCACCTTCTACC
GGGGCCGGCGGCCGCATGTGAAGTAGCAGTGGAGGCCATCAG
GGGGCCGGCGGCCGCAATGATTGTAGGGGGACGGGATTTCC
GGATCCCGGCGCGCCCTCTCTGTCCATGACCATGGAAACC
GGATCCCGGCGCGCCCTGAGGGCTGAAGATGAGAAGCA
GGATCCCGGCGCGCCGAAATCCTCCATGTTCAGCTCTGT
TCGAGCTCGAACAACAACAAC
AACTTGTGGCCGTTTACGTCG
GCCGCGCCGGGATCCAGCAGCGG
GCGGCCGCCGGCCCCTGGAAC
GTAAAACGACGGCCAG
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m13_R CAGGAAACAGCTATGAC
His6_sqg-F CCGCGAAATTAATACGACTCAC
His6_sg-R CTTTGTTAGCAGCCTCGAATC

Stag3 sequencing primers:

Stag3sq-F1 TCTATGATGGCTTTCCTATGGATG
Stag3sq-F2 AAGCAGTGAGTGATAGAGAGC
Stag3sq-F3 GAACCATGTTCTCGACTCCTC
Stag3sq-F4 CATTGTCTGAGCTTCCTCCTG
Stag3_sq-R1 CTTATCTCCCTGCTCATTGGC
Stag3_sq-R2 CTGGCCTTCTTTATGGAGAGT
Stag3_sg-R3 CCTTGACTCTGGTATATTTTTCCA
Stag3_sq-R4 CCAAATCTTGCATTCCTGGAG

Gateway cloning primers

GW1_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTGATGCCTACTCTGT
GW1_R GACTTGTACCTCCTAAAGACTTGGGTCGAAAGAACATGTTTCACC
GW2_F CACCATGCCTACTCTGTGGTCACC

GW2_R TCAGAAATCCTCCATGTTCAGCTCTGTTG

EMSA oligonucleotides
Y1+Cy5 Cy5-TGGATCCGCATGACATTCGCCGTAAGCGACGCTCTTCCGTG
Y1_compl ACCTAGGCGTACTGTAAGCGGCATTCGCTGCGAGAAGGCAC

2.1.4. Plasmids

Vector name Source

pCR-XL-TOPO IMAGE clone 8862033
pBaC-4x-1 Novagen; 70045-3
PENTR-D-TOPO Invitrogen; K2400-20
pDONR Invitrogen; 12536-017
pOCC119 David Dreschel, MPI-CBG
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2.1.5. Antibodies

Table 2.1 List of primary antibodies used.

Antigene Host Source IF application IB application

ACA human Antibodies inc. 1:100 i

Dmct rabbit Santa Cruz 1:100 -

eGFP qoat MPLCBG 1:100 1:3000

Min rabbit Merk 1:50 -
Nobox rabbit Abcam 1:500 i
PdsSb rabbit Bethyl 1:300 )

Rad21 abbit Abcam 1:100 1:1000
Rad21L abbit Hirano 1:500 1:1000
Radd1 rabbit Santa Cruz 1:100 -

Rec8 guineapig Christer H56g 1:100 1:1000
SYCP1 rabbit Abcam 1:200 i
SYCP3 rabbit Novus 1:100 i
Smc1i3 mouse Homemade - crude supernatant
smecta abbit Abcam 1:100 1:1000
SMC3 abbit Bethyl 1:100 1:1000

Stag1 rabbit Antibody verify - 1:1000

Stag2 rouse Antibody verify IF NO 1:1000

Stag3 rabbit Jessberger 1:100 1:1700
SYCP3 mouse Homemade crude supernatant | crude supernatant

T goat Santa Cruz 1:500 i

Trf2 rabbit Santa Cruz 1:500 i
yH2AX rabbit Millipore 1:700 -
YH2AX mouse Millipore 1:1000 -

HORMADT | ¢ineapig Attila Toth 1:700 1:500

RPA goat Edyta Marcon 1:500 i
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Table 2.2 List of secondary antibodies used.

Name Source IF application E[B .
application
Alexa Flour 488 goat . . -
anti-rabbit Invitrogen 1:500
Alexa Flour 488 goat . . -
anti-guinea oig Invitrogen 1:500
Alexa Flour 488 goat . . -
anti-mouse Invitrogen 1:500
Alexa Flour 488 goat . . -
anti-human Invitrogen 1:500
Alexa Flour 488 donkey . _
anti-rabbit Jackson Lab. 1:500
Alexa Flour 488 donkey . _
anti-guniea pig Jackson Lab. 1:500
Alexa Flour 488 donkey . _
anti-mouse Jackson Lab. 1:500
Alexa Flour 488 donkey . _
anti-human Jackson Lab. 1:500
Alexa Flour 568 goat . . _
anti-rabbit Invitrogen 1:500
Alexa Flour 568 goat Invitrogen 1:500 _
anti-guinea oig 9 '
Alexa Flour 568 goat Invitrogen 1:500 _
anti-mouse 9 '
Alexa Flour 568 goat Invitrogen 1:500 _
anti-human 9 '
Alexa Flour 568 donkey Jackson Lab 1:500 _
anti-rabbit ' '
Alexa FI_our_568 d_onkey Jackson Lab. 1:500 -
anti-guinea oig
Alexa FIOl?'r 568 donkey Jackson Lab. 1:500 -
anti-mouse
Alexa FIOl."r 568 donkey Jackson Lab. 1:500 -
anti-human
HRP goat anti-rabbit Jackson Lab. - 1:10000
HRP goat anti-mouse Jackson Lab. - 1:10000
HRP goat a_mti-guniea Jackson Lab. _ 1:10000
pig
HRP donkey anti-goat Jackson Lab. - 1:10000

28




2.2. Methods

2.2.1. RNA extraction and RT-PCR

A single cell suspension was obtained from whole testes using Dounce homogenization,
followed by centrifugation at 600 rpm for 10 min at 4°C. One ml of TRIzol was added to the
cell pellet and incubated at room temperature (RT) for 5 min, followed by 200 pul of chloroform
and incubated at RT for 3 min. The mixture was centrifuged at 1,770 g for 15 min and the
aqueous phase used for RNA precipitation with 500 ul of isopropanol followed by centrifugation
at 1,770 g for 10 min at 4°C. The pellet was washed with 70% ethanol, dried, and resuspended
in 50 pl of RNAase-free water. One g of total RNA was used per 20 pl of reverse transcription
reaction (SuperScript ll, Invitrogen). The mixture was incubated for 5 min at 65°C before adding
the 5x first-strand buffer and DTT (10 mM final concentration). The mixture was chilled and
heated to 42°C before adding the SuperScript reverse transcription enzyme (10 u/pl final
concentration). The reaction was incubated for 50 min at 42°C, followed by inactivation at 70°C
for 15 min. 2 ul of the RT reaction was used as template in a standard 50 ul PCR (denaturation
at 95°C for 30 s, annealing at 60.5°C for 30 s, and elongation at 72°C for 1 min). The primers
used were: E3 fwd, E4 rev, E4 fwd, E5 rev (see section Materials and Methods 2.1.3) and
yielded the following products: exon 3 — exon 4 junction: primers E3 fwd and E4 rev: (product:
108 bp in both wt and ko); exon 4 — exon 5: primers E4 fwd and E5 rev (product: 158 bp only
in wt; Figure 2.2).
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Figure 2.2 RT-PCR primer map of STAG3k° gllele

Presence of the insertion cassette in STAG3 gene results in a cDNA without exon 5. This combination of primers
can detect exon 3 — exon 4 junction in both wt and ko, while exon 4 — exon 5 junction can only be found in wt.

2.2.2. Cryosectioning of testes and ovaries

Whole testes or ovaries were fixed in 4% formaldehyde in PBS pH 7.4 at room temperature
for 30 min. Following fixation, samples were incubated in 30% sucrose for 16 h at 4°C, and
immersed in O.C.T Compound (Tissue-Tek 4583) in specimen molds (Tissue-Tek 4566
Cyromold 15 x 15 x 5 mm) and frozen at -80°C. 7 uym sections were cut using a Leica CM1900
cryostat microtome and placed onto microscope slides (StarFrost KO78; 76 x 26 mm). Sections
were immersed in cold methanol for 10 min, then in cold acetone for 1 min, and dried for 10
min. The slides were washed in 1 x PBST (PBS plus 0.1% Tween-20), then subsequently
blocked in 2% BSA in 1x PBS for 30 min, and incubated with primary antibodies at 4°C for 16
h. Primary antibodies used in Figure 3.2 and Figure 3.3 were: anti-SYCP3 (mouse monoclonal,
hybridoma cell line supernatant) and anti-yH2AX phospho-Ser139 (1:500, mouse monoclonal
IgG1, Millipore 05-636). Slides were washed three times in 1x PBS and incubated with
secondary antibodies for 1-2 h at 22°C. Slides were washed three times in 1x PBS and
mounted using VectaShield mounting media (Vecta Laboratories, H-1000) containing 1 pyg/ml
DAPI and 24 x 50 mm coverslips (Engelbrecht, K12450, depth 0.13— 0.17 mm). Testis sections
were imaged using a Zeiss Axiophot microscope at 20x or 40x magnification with oil of

refractive index 1.518 (Zeiss, Immersol 518 F).
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Ovaries were sectioned (7 um thick sections) to compare the number of oocytes between adult
wt and ko mice and every 10" section was put on a microscope slide (StarFrost KO78; 76 x 26
mm). The slides were probed with anti-NOBOX (oocyte marker; Suzumori et al. 2002) and
NOBOX-positive foci counted.

2.2.3. Chromosome spreads

The tunica albuginea was removed from the testes, and testis tubules were incubated in 500
gl of 1 mg/ml collagenase for 10 min at 32°C. A single tubule suspension was obtained by
pipetting and then centrifuged for 5 min at 380 g at 22°C. The pellet was resuspended in 0.05%
trypsin and incubated for 5 min at 32°C with agitation of 350 rpm. Trypsin activity was
neutralized by adding 200 ul of DMEM containing 10% FCS. The single cell suspension was
filtrated through a 40-Im strainer by centrifugation at 380 g for 10 s and then centrifuged at 320
g for 5 min at 22°C. The pellet was resuspended in 500 ul of PBS. For embryonic ovaries, a
single ovary was incubated in PBS + 5 mM EDTA (pH 7.2) for 2 min at 4°C, incubated in a
droplet of 1 mg/ml collagenase in 1x PBS for 2 min at 4°C, washed in 1x PBS, and macerated
in 15 ul of 1x PBS. The single cell suspension was obtained by diluting the macerate 10% in
PBS. 1-2 pl of single cell suspension was added to each well of a 10-well slide (Thermo
Scientific, ER-308B-CE24, 10 well, 6.7 mm) containing 0.25% NP-40; cells were lysed for 2
min and fixed with 25 ul of 1% PFA, 5 mM sodium borate pH 8.5, 0.15% Triton-X 100. The
slides were incubated in a wet chamber for 1 h, dried for 30 min to 1 h, washed two times with
0.5% Photo-Flo (KODAK, 146 4510), washed two times with PBS, dried, and stored at -20 °C.

2.2.4. Preparation of samples for FACS analysis

The single cell suspension was obtained as in section Materials and Methods 2.2.3. The cells
were centrifuged at 380 g for 5 minutes at 4°C and PBS replaced with FACS basic buffer (20
mM HEPES, pH 7.2, 1.2 MgS0O4x7H,0, 1.3 mM CaCl.x2H20, 6.6 mM sodium pyruvate, 4
pMg/mL DNase). Hoechst dye was added to final concentration of 5 pg/mL and the cells were
incubated for 1 hour at 32°C in complete dark with agitation of 350 rpm. The cells were again
centrifuged at 380 g for 5 minutes at 4°C and the buffer replaced with fresh, Hoechst-free basic
FACS buffer to avoid background signal and diluted 1/10 for FACS analysis.

2.2.5. Immunofluorescence analysis

Chromosome spreads were either blocked in a buffer containing 2% BSA, 0.1% Tween-20 in
PBS or 10% goat serum for at least 1 hour at room temperature before the primary antibody
treatment. Slides were incubated with the primary antibody for at least 2 h at 37 °C, washed
3 x with 2% BSA, 0.1% Tween-20 in PBS and incubated with the secondary antibody for 1
hour at 37 °C. The slides were again washed 3 x with 2% BSA, 0.1% Tween-20 in PBS and
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allowed to dry for 10 min and afterwards mounted with VectaShield mounting media (Vecta
Laboratories, H-1000) containing 1 pug/ml DAPI and 24 x 50 mm coverslips (Engelbrecht,
K12450, depth 0.13— 0.17 mm).

Nuclear spreads were staged based on axis development, which was assessed mainly by
detection of SYCP3. Dotty SYCP3 signal all over the nucleus corresponded to preleptotene
stage while short stretches of axis to leptotene stage. Preleptotene stage cells have active
DNA replication, so EdU labelling can be used in combination with SYCP3 staining to identify
preleptotene spermatocytes and to confirm the axis morphology that characterizes them. Long
and incomplete axis are formed in mid-zygotene where SYCP1 staining shows partial synapsis
of the chromosomes. Late zygotene Is characterised by whole axes and almost complete
synapsis. To identify substages of wt pachytene spermatocytes, a combination of SYCP3 and
H1t staining was used (Inselman et al, 2013). Early pachytene: thickness of synapsed axis
pairs is uniform along the entire bivalent, the sex body is crescent shaped with a very short
PAR region and H1T staining shows low intensity or no signal. Mid-pachytene autosomal axis
has same characteristic as early pachytene but increased H1t signal. To distinguish early from
mid-pachytene, H1t signal intensity was measured in all pachytene cells that do not have late
pachytene characteristics and the cut-off was set in the median. These data were used in
experiments where SYCP3 was excluded from the staining and yet pachytene staging was
necessary. Late pachytene spermatocytes autosomes show thickening of SYCP3 signal at
their end, the H1t staining intensity is above any of the previously measured stages and the
sex body shows a specific “&” shape, with short, hair-like protrusion. Early diplotene cell
autosomes show “bubbles” of de-synapsis which looks similar to late zygotene, except the
shape of these non-synapsed regions differ. The autosomes in the synaptonemal complex
formation process close much smaller angles between the 2 axes and the area between them
is elongated while the dissolving of the synaptonemal complex shows bigger angles at the
juncture between the 2 axes and the area between them is more round-shaped. Also, the
whole process of prophase | progression starts with high levels of double-stranded DNA breaks
(DSBs) in leptotene which can be detected by yH2AX staining. As the breaks are repaired and
the cells progress, yH2AX staining gets concentrated on the unsynapsed axes, and finally,
only to the sex chromosomes in pachytene because X and Y chromosomes remain
unsynapsed all the way to the first division. However, the process of de-synapsis does not
recruit any more yH2AX which allows an easy way to distinguish late zygotene from early
diplotene. Late diplotene has the process of de-synapsis completed and the chromosomes are
held together only by chiasmata. Fluorescence was visualized with Zeiss Axiophot

fluorescence microscope and images were analysed in Imaged version 1.51h.
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2.2.6. Telo-FISH
For telomere detection, Telomere PNA FISH Kit/FITC (DakoCytomation K5325) was used.

Chromosome spreads prepared as described in section Materials and Methods 2.2.3 were
pre-treated with TBS1 solution for 2 min, then 3.7% formaldehyde for 2 min and washed in
TBS 1 and TBS2 two times for 5 min. Pre-treatment Solution was diluted 1:20000 in TBS and
added to the wells. The slides were washed with TBS3 and TBS4 two times for 5 min. The
slides were immersed in cold ethanol series 70%, 85% and 95% 3 times, 2 min each and air
dried in a vertical position. 10 pl of Telomere PNA Probe/FITC was added to the wells and
covered with an 18x18 cover slip. The cover slip edges were covered with plastic glue to
prevent evaporation of the sample and the slides placed in a 80 °C, preheated incubator for 5
min and then at RT in a dark room for 30 min. The slides were briefly washed in 1:50 diluted
Rinse and 5 min in the Wash Solution at 65 °C. Imersion in the ethanol series was repeated
and the slides air dried. The slides were mounted with VectaShield mounting media (Vecta
Laboratories, H-1000) containing 1 ug/ml DAPI and 24 x 50 mm coverslips (Engelbrecht,
K12450, depth 0.13— 0.17 mm).

2.2.7. ImageJ analysis

To perform ACA, RAP1 and DMC1 foci quantifications and other colocalization experiments,
images were analysed in ImagedJ. Multi-channel RGB color immunofluorescence images were
separated into grayscale images and in the cases of ACA signal, where the foci were easily
distinguishable from the background, a background threshold was set and the foci were
automatically counted by the program. In other cases, the foci were counted by hand with an

attempt to identify similar type foci and sort them in the same manner.

To confirm the co-localization signals as genuine, the 2 main channels were always turned 90
degrees clockwise relative to each other. If there was a significant difference between the
number of foci in these two conditions, the co-localizations were considered genuine. To make
sure that the shape of the cell does not influence the results, only the spreads with similar
shaped, circular nuclei were used. In this case, Imaged analysis was necessary for unbiased

quantification. For the comparison of these samples, student T-test with p<0.05 was used.

2.2.8. Cloning and production of recombinant STAG3 fragments

To create the recombinant STAG3 construct and its fragments, pOCC119 vector obtained from

MPI-CBG Protein Expression Facility was used (Figure 2.3A).
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3C TEV
HIS6

Figure 2.3 Recombinant STAG3 and its fragments

A Polyhistidine (His6) and Maltose Binding Protein (MBP) are upstream of STAG3 cDNA sequence, separated
by a 3C protease cleavage site, and Green Fluorescent Protein (GFP) is downstream, separated by a TEV
cleavage site.

B Map of the fragments of STAGS3 relative to the full sequence of cDNA.

The selection property of the vector is the ampicillin resistance gene. Upstream of the cloning
site, the plasmid has a polyhistidine (His6) sequence fused to a maltose binding protein
sequence (MBP) which is separated from the cloning site by a 3C protease recognition site,
while downstream it has a green fluorescent protein (GFP) sequence, separated from the
cloning site by a TEV protease recognition site. Both full length STAG3 and fragments of
STAG3 cDNA (Figure 2.3B) were created by PCR amplification from pCR-XL-TOPO STAG3
plasmid (IMAGE clone 8862033) using primers with overhangs homologous to the vector
cloning site (see section Materials and Methods 2.1.3) and cloned into pOCC119 by In-Fusion
Cloning procedure (Figure 2.4; CloneTech 121416). The amplification of STAG3 cDNA and
gene fragments was performed with Q5® High-Fidelity DNA Polymerase, using this setup:

Component Volume used
Q5 Buffer 5x 10

dNTPs Mix (10 mM) 1 pl

Fw primer (10 mM) 2.5yl

Rev primer (10 mM) 2.5yl

DNA template (500 pg/ul) 1 ul

Q5 Polymerase 0.5 ul
Water 32.5 ul
Total volume 50 pl
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Thermic protocol

o ~ 0N

95 °C, 2 min

95 °C, 10 sec

62 °C, 45 sec

72 °C, 2 min (1 Kb / min)

Go to step 2 and repeat 30 times
72 °C, 10 min

4°C
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Generate a linearized vector
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v
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Figure 2.4 In-Fusion Cloning Method

A vector can be linearized with restriction enzymes that leave ends with overhangs or blunt ends, however, 3’
overhangs should be avoided because the In-Fusion Enzyme truncates them (since they cannot be replicated)
resulting in loss of information. The 2 primers used in PCR amplification of a gene of interest should contain
overhangs on their 5" end that are homologous to a minimum of 15 base pairs at both ends of the linearized
vector. Orientation of the insert is determined by which primer contains which overhang. Once both vector and
insert are purified, they are mixed in 1:2 ratio, respectively, and incubated with the In-Fusion Enzyme at 50 °C
for 15 min. The enzyme truncates any 3’ overhangs creating 3’ indents, revealing 5’ overhangs in both vector
and insert which are complementary. After alignment, the enzyme polymerases any non-aligned strands but no
ligation occurs. Once the bacteria are transformed, their own repair mechanisms repair nicked DNA. Image
obtained from Clontech at www.clontech.com
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The sequences of dsDNA fragments ready for cloning contained 15 base pairs on both ends
that were homologous to the linearized pOCC119 vector ends (linearization was achieved
using restriction enzyme digestion by EcoRV and Notl at 37 °C for 16 hours). Both linearized
vector and fragments were purified, using a PCR DNA and Gel Band Purification Kit (GE
Healthcare, 28903470), and 5X In-Fusion HD Enzyme Premix was added. The reaction setup

is as follows:

5X In-Fusion HD Enzyme Premix 2 pl

Linearized vector 2 pl (50 ng)
Purified PCR fragment 5 ul (100 ng)
dH20 1l

Total volume 10

2.2.9. Preparation of cell “pearls’ from insect cell extracts

Insect cells infected with the baculovirus were grown in a growth medium for 72 hours and
collected by centrifugation at 300 g for 10 minutes. The visibly green pellet was resuspended
in the thin layer of leftover medium and collected by 25 ml pipet. Drop by drop of this green,
dense suspension was dropped into a small tank filled with liquid nitrogen, resulting in so-
called “pearls” which were then stored at — 80 °C. 150 ug of pearls was resuspended in the
lysis buffer (2 x PBS, 1% NP — 40, protease inhibitors, 5 ug/ml benzonase SIGMA) and the
nuclear membranes were broken by 20 passages through the rough homogenizer using a tight
pestle. To remove the cell debris, the extract was clarified by centrifugation through a 40 ym
filter at 6 000 g for 20 min.

2.2.10. Gel filtration chromatography

The filtration curve was first standardized in reference to the void volume which was
determined by loading Blue Dextran on to the gel filtration column. The curve speed was set
to 0.5 mL per centimetre and fractions collected at every 0.5 mL. 500 ug of purified recombinant
STAG3 was loaded on to a gel filtration column after 30 min incubation in 5 different conditions:
PBS, 0.5% SDS, 20 mM spermidine, 20 mM EDTA or 1.5 M NaCl.

2.2.11. Crosslinking of antibodies to the paramagnetic beads using
AminoLink™ Coupling Resin

To covalently crosslink the recombinant STAG3 to an agarose resin, AminoLink™ Coupling

Resin protocol was applied (Figure 2.5). 2 mL of resin was transferred into a column and
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allowed to settle by gravity flow. The column was equilibrated with PBS, the purified
recombinant STAG3 was added and the resin bed re-suspended. In a fume hood, 40 pl of
Cyanoborohydride Solution was added to the reaction slurry (final concentration was 50 mM
NaCNBH3) and the column was rotated for 16 hours at 4°C. A sample from the column
supernatant was collected before and after the incubation to assess the efficiency of the
coupling reaction and measured on nanodrop. After 16 hours, the column was washed with
PBS followed by 4 ml of quenching buffer (1M TriseHCI, pH 7.4). The coupling process was
repeated with the quenching buffer instead of recombinant STAG3 and for 30 min instead of
16 hours to block all other available active sites (crosslinking of remaining active sites with
primary amines of Tris in excess concentrations). The resin was washed in 10 ml of 1 M sodium

chloride and afterwards with PBS containing 0.05% sodium azide and stored at 4°C.

NaCNBH;,

H
Agarose Aldehyde Primary Schiff Base Stable Secondary
Bead Group Amine Bond Amine Bond
AminoLink Resin Immobilized Protein

Figure 2.5 The principle of AminoLink™ coupling assay

The activated support resin contains aldehyde functional groups that spontaneously react with primary amines
on proteins or other molecules. The Schiff base bonds that form is reduced to stable secondary amine bonds in
the presence of the mild reducing agent, sodium cyanoborohydride. Coupling efficiency by this reductive
amination mechanism is typically greater than 80%, regardless of the ligand’s molecular weight or pl. Once the
ligand is immobilized, the prepared resin can be used for multiple rounds of affinity purification in simple gravity-
flow. Image adopted from ThermoFisher Scientific at www.thermofisher.com

2.2.12. Protein extraction and imunoblotting

For protein extraction and immunoblotting, nuclear extracts were prepared essentially as
described in Jessberger et al, 1993. Briefly, the tunica albuginea was removed from the testes
and a single cell suspension created using Dounce homogenization by grinding the tissue 25
times through a smooth surface homogenizer with a loose pestle in buffer B (5 mM KCI, 2 mM
DTT, 40 mM Tris (pH 7.5), 2 mM EDTA, and protease inhibitors). The nuclear membranes
were broken by 40 passages through the rough homogenizer using a tight pestle pestle. The
nuclear suspension was centrifuged at 1,180 g for 3 min, the nuclear pellets resuspended in
buffer C (5 mM KCI, 1 mM DTT, 15 mM Tris (pH 7.5), 0.5 mM EDTA, and protease inhibitors),
and nuclear proteins were extracted by adding ammonium sulphate (AS; pH 7.4) to a
concentration of 2560 mM and incubating on ice for 30 min. Samples were centrifuged at
234,000 g for 30 min at 4°C. Supernatant was collected and protein content measured by
Bradford before being stored at -20°C in Laemmli buffer for Western analysis. 5 pg of protein

was run on an SDS-PAGE gel, transferred to a nitrocellulose membrane, and blocked in 5%
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milk in PBST for 1 h at 22°C. Primary antibodies were added at 1 pg/ml in PBST for 16 h at
4°C. A biotinylated protein ladder (Cell Signaling Technology 7727) was loaded onto the gels
and detected using an anti-biotin HRP (Cell Signaling Technology 7075). Also, PageRuler™
Plus Prestained Protein Ladder which was detectable by itself in visible light was used. Blots
were washed three times in PBST and developed using chemiluminescent HRP substrate
(Millipore, WBKLS) and imaged on a Kodak ImageStation 2000MM or Amersham Imager 600.

All extracts were prepared using a solution mix comprised of protease inhibitors, which
included 1 mM Phenylmethylsulphonyl fluoride (PMSF) and Complete EDTA free protease
inhibitor cocktail tablets (Roche, 11873580001), and phosphatase inhibitor 0.5 Sodium

orthovanadate.

2.2.13. Differential salt extraction

For stepwise salt extraction of nuclei, the nuclei were first incubated for 30 min, on ice in a
hypotonic buffer to allow nucleoplasmic proteins to diffuse out of the nuclei. The nuclei were
then centrifuged (800 rpm, 5 min, 4°C) and the supernatant taken. The nuclei were washed
once with the same buffer and same low speed centrifugation. The nuclei were then
resuspended in the same buffer with 25 mM ammonium sulphate added to extract proteins
loosely bound to chromatin, and incubated for 30 min on ice. Again, the nuclei were
centrifuged, the supernatant taken (25 mM fraction), washed once, and resuspended and
incubated for 30 min on ice in the same buffer containing 250 mM ammonium sulphate to
extract proteins tightly chromatin-associated. After centrifugation at 1,770 g for 10 min at 4°C

to pellet the remnant nuclei, the supernatant was taken (250 mM fraction).

2.2.14. Protein immunoprecipitation and pulldowns

Protein extracts for immunoprecipitation and pulldown experiments were obtained as
described above (see section Materials and Methods 2.2.10). The protein concentration was
measured either by Bradford Assay or nanodrop. The latter was preferable since in these
experiments the relative amount of proteins to input was sufficient for the results to be

comparable. Immunoprecipitation conditions used in individual experiments were as follows:

Figure 3.11: 150 pg of total nuclear protein extract was diluted in PBS to a volume of 400 pl
and 200 pl of anti-SMC1[ hybridoma supernatant was added to a final volume
of 600 pl. 300 pg of protein G-coupled paramagnetic beads (Dynabeads® Protein
G, Thermofisher Scientific) were added to the solution and incubated for 16 h
with rotation of 8 rpm at 4°C. Controls were made under same conditions but with
20 pg of general mouse 1gG instead of hybridoma The beads were washed 5
times in PBS and eluted by boiling at 95 °C and 5% inputs were loaded on to the
8% SDS gel next to the IP reactions.
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Figure 3.18:

Figure 3.19:

Figure 3.21:

300 ug of paramagnetic protein G Dynabeads were incubated with 4 ug of goat
anti-GFP antibody for 30 min at 22 °C. The beads were washed with PBS 2 times
and incubated with 150 ug of purified, protease 3C cleaved recombinant STAG3
for 16 h at 4°C. The beads were washed with PBS 3 times and eluted by boiling
at 95 °C.

300 pg of paramagnetic protein G Dynabeads were incubated with 4 pg of goat
anti-GFP antibody for 30 min at 22 °C. The beads were washed with PBS 2 times
and incubated with 150 ug of purified, protease 3C cleaved recombinant STAG3
for 2 h at 4°C. The beads were washed with PBS 3 times and added to 150 pg
of mouse testis nuclear extract (extraction described in section Materials and
Methods 2.2.9). The final ammonium sulphate concentration was set to either 65
mM or 185 mM. The beads were washed with PBS 3 times and eluted by boiling
at 95 °C.

First, 150 ug of mouse nuclear extract was diluted in 0.8 x PBS to set the final
ionic strength to that of PBS. Secondly, 300 ug of paramagnetic protein G
Dynabeads were incubated with 4 ug of goat anti-GFP antibody for 30 min at 22
°C. The beads were washed with PBS 2 times and incubated with 150 ug of
purified, protease 3C cleaved recombinant STAG3 for 2 h at 4°C. The beads
were washed with PBS 3 times and added to the adjusted ionic strength mouse
nuclear extracts. The final IP conditions were set to 0.1% TritonX-100, 0.1% Brij
58 and 0.01% SDS in PBS and the pulldown incubated for 16 hours at 4°C.
Beads of each condition were washed with their respective IP buffer 3 times and
eluted by boiling on 95°C.

Figure 3.22: Covalently crosslinked anti-GFP-beads were incubated with 150 pg of mouse

Figure 3.26:

Figure 3.27:

nuclear extract, which was diluted to final concentration of 65 mM ammonium
sulphate, for 16 hours at 4 °C. The beads were washed 3 times with PBS and
eluted by boiling at 95 °C.

300 ug of paramagnetic protein G Dynabeads were incubated with 2 ug of goat
anti-GFP antibody for 30 min at 22 °C. The beads were washed 2 times with PBS
and added to 150 ug of STAG3-GFP mouse line nuclear extract, which was
adjusted to a final concentration of 65 mM ammonium sulphate, and incubated
for 2 hours at 4°C. The beads were washed with PBS 3 times and eluted by
boiling at 95 °C.

First, 150 ug of STAG3-GFP mouse nuclear extract was diluted in 0.8 x PBS to
set the final ionic strength to that of PBS. Secondly, 300 ug of paramagnetic

protein G Dynabeads were incubated with 2 pg of goat anti-GFP antibody for 30
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min at 22 °C. The beads were washed with PBS 2 times and added to the
adjusted ionic strength mouse nuclear extracts. The final IP conditions were set
to 0.1% Tween-20, 0.1% TritonX-100, 0.1% Brij 58. 500 mM NaCl, 0.01% and
0.1% SDS in PBS and the immunoprecipitation incubated for 2 hours at 4°C. The
beads were eluted by boiling at 95 °C.

2.2.15. Coomassie Brilliant Blue and silver staining of gels

For silver staining, gels were first incubated in a fixing solution (methanol : acetic acid : water
= 45 : 5 : 45) ) for 30 min and washed in water 4 times during 1 hour to remove the acid
completely. The gel was sensitized with 0.02% sodium thiosulphate for 2 minutes and washed
with water 2 times, 1 minute each and then incubated in the silver staining solution (0.1 %
silver nitrate) for 20 minutes in the dark. The gel was washed 2 times with water, 1 minute each
and developed in 0.04% formalin, 2% sodium carbonate solution. The developer was

quenched by low pH by adding 100 ml of 1% acetic acid which was also used for storage.

The Coomassie staining was performed by boiling the gel in 1% Coomassie Brilliant Blue
solution followed by an overnight incubation in de-staining solution (methanol : acetic acid :
water = 45 : 2 : 45). The gel was washed in water the next day to return it to its original size

and stored in water.

2.2.16. Electrophoretic mobility shift assay (EMSA)

The dsDNA used in this experiment was prepared by incubating two 46 bp complementary
strands of oligonucleotides (see section Materials and Methods 2.1.3) in a decreasing
temperature gradient (70 °C - 25 °C) for 55 minutes, out of which one strand had a CY5
chromophore at the 5’ end. A series of 5 decimal dilutions was made from 160 nM purified
recombinant STAG3 (for preparation see section Materials and Methods 2.2.7) and 100nM
dsDNA added to each in a total volume of 20 pl. The reaction was incubated for 30 min at 4°C
and loaded on to a 4% agarose gel. The gel was run for 2.5 hours at 70 V at 4°C. Infrared

camera was used to detect the CY5 chromophore.

41



3. Results

3.1. STAG3-deficient mice are infertile

To assess the role of STAG3 in mammalian meiosis, a mouse model lacking STAG3 protein
function was used. The embryonic stem cell Stag3™'2KOMPIWsi was obtained from KOMP and
injected into blastocysts to produce the respective Stag3 mutant strain. This strain carries a
knockout-first cassette in intron 4, which disables gene expression by providing a splice
acceptor located in the lacZ part of the insert, after which further splicing is not possible (see
section Materials and Methods 2.1.1). The mice were bred to obtain homozygosity and the
strain named Stag3*°*° to indicate its ‘knockout-first’ design. The resulting mice were healthy
but infertile. The testes of Stag3<*° males were 30% size and weight of wild-type (wt) mice
(Figure 3.1A). To determine the presence of Stag3 mRNA, RT-PCR was performed, which
confirmed the disruption of transcription and termination of splicing. Primers were designed
such that the PCR product spans wt spliced and alternative, insert cassette mediated spliced
exon-exon junctions of exons 3 — 4 and 4 — 5, respectively. The 108 base pair (bp) band
representing the exon 4 — exon 5 junction was missing in Stag3*“*® which confirmed the
disruption of Stag3 gene expression (Figure 3.1B). To confirm the absence of STAG3 protein,
Stag3k°° nuclear extracts were analysed by immunoblotting (IB; Figure 3.1C), which revealed
no STAG3 band in the Stag3°° extracts, except for a non-specific band just above the STAG3
expected size which is also present in wt. This is also confirmed by anti-SMC1p3
immunoprecipitation, which is described later in this chapter, section 3.5. The lack of STAG3
was also shown by anti-STAG3 immunostaining of wt and Stag3?k spermatocyte

chromosome spreads (Figure 3.1D).
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Figure 3.1: Characterization of spermatogenesis in Stag3°° mice.
A Testis samples from wt (Stag3**) and Stag3kk° mice, 40 days of age.

B RT-PCR analysis of testis mRNA from wt (Stag3**) and Stag3k’® mice. The primer pairs are shown
indicating the respective exons (E3, E4, E5); the expected size (bp) of the PCR products is provided.

C Immunoblot of testis nuclear extracts of the indicated mice, probed with anti-STAG3 or anti-SMC3 antibody
as indicated. The anti-STAG3 antibody recognizes a specific band corresponding to the predicted molecular
weight (139 kDa) of STAG3, which was present in wt but absent in Stag3 o extracts. An unspecific band is
marked by an asterisk. A gel was loaded in parallel using the same extracts, and the corresponding
membrane was probed with an antibody directed against SMC3, which has the same predicted molecular
weight (139 kDa). The pictures are representative of three independent experiments. M= biotinylated protein
marker.

D Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3 ¢ mice, probed with
anti-SYCP3 antibody for AEs and SCs and anti-STAG3; nucleic acids were stained with DAPI. The stages of
wt prophase | spermatocytes are indicated, and two examples of Stag3 *°° chromosome spreads are
provided. Cells that show the most developed albeit very small SYCP3-positive axis-like structures and the
least yH2AX staining to be the most advanced. These leptotene-like cells typically show up to 40 separate
SYCP3-positive dots or very short axial structures (n = 65). Size bars indicate 10 pm.

3.2. Meiotic arrest in STAG3-deficient spermatocytes

Infertility of STAG3-deficient mice indicates disruption of meiotic process, so analysis of testis
sections from Stag3*°*° and wt mice was performed. The sections were stained for: SYCP3,
which localizes to AE and SC; for the phosphorylated form of histon H2AX (yH2AX), which
marks unsynapsed regions of chromosomes; and with DAPI to visualise the chromatin (Figure
3.2). The sections revealed the tubules to be less than half in diameter. Tubules of

seminiferous epithelium cycle Stage | and IV, obtained from Stag3° testis, contained cells
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Figure 3.2: Axial element (AE) formation requires STAG3.

A

B

Immunofluorescence staining of testis sections of wt and Stag3*°%° mice, probed with anti-SYCP3 and anti-
yH2AX; nucleic acids are stained with DAPI.

Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*°% mice, probed with
anti-SYCP3 antibody for AEs and synaptonemal complexes; nucleic acids were stained with DAPI. The
stages of wt prophase | spermatocytes are indicated, and two examples of Stag3°® chromosome spreads
showing different SYCP3 staining patterns are provided. Size bars indicate 10 ym.

Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*°%° mice, probed with
anti-SYCP3 and anti-yH2AX; nucleic acids were stained with DAPI. The stages of wt prophase |
spermatocytes are indicated, and six examples of Stag3*°® chromosome spreads showing different staining
patterns are provided. In agreement with the analysis of the testicular sections, those cells that show the
most developed albeit very small SYCP3-positive axis-like structures and the least yH2AX staining are
assumed to be the most advanced. These leptotene-like cells typically show up to 40 separate SYCP3-
positive dots or very short axial structures (n = 65).

Size bars indicate 10 Im.
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positive for SYCP3 and yH2AX. In wt testis, cells progressing from stage | to IV show an
incremental compaction of yH2AX as more and more DSBs are repaired. Stag3°° cells with
less and more compact yH2AX signal were considered more advanced. Only some axial
structures marked with SYCP3 were detected and they were very short (Figure 3.1D). The fact
that there was any SYCP3 in these cells defines them as at least leptonema stage of meiotic
prophase |, however, the general absence of AEs prevents precise staging by observing
chromosome architecture. Another way to determine their stage is by their cell associations
within the tubule (Figure 3.3).
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Figure 3.3: Staging of individual Stag3*°° tubules

Stag3koko testis tubules. The tubules were stained with anti SYCP3, anti yH2AX and DAPI. Single channel DAPI
images are provided in inverted colour to highlight chromatin features. The stages of the seminiferous tubules
are indicated with roman numbers. Some cells are annotated as examples. Inm = intermediate spermatogonia;
Bm = B spermatogonia; PL = preleptonema; L/Z = leptonema/zygonema; P =pachynema. No cells beyond early
pachynema are observed at any stage.

Progression up to tubular stage IV was observed in a manner similar to wt testis, at least as
far as the tubule content is concerned. This was also shown by analysing juvenile male mice
at days 11, 13, and 15 post-partum (pp), whose cells reach late zygonema just before juvenile
stage IV. There was only one cell layer with no pachytene cells observed in Stag3*°*° tubules
beyond stage V. Stage VI tubules showed only spermatogonia B type cells, however, wt

tubules also harbour pachytene cells. Stage VIII tubules of Stag3 °*° testis showed only cells
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in stages earlier than zygotene, indicated by low SYCP3 signal, while wt testis tubules already
have pachytene and diplotene cells in this stage. This is also true for all subsequent tubule
stages. Early pachytene cells of Stag3 < testis were observed only in stages | to 1V, indicated
by SYCP3- and yH2AX-positive signal, along with immature spermatogonia. These data

indicate that Stag3<°° testis has spermatogenesis arrested at tubular stage IV.

In summary, the most advanced chromosomal stage should be considered as leptotene-like
and the most advanced tubular stage as stage IV, since no pachytene cells were observed
beyond it. Because of this, the term ‘leptotene-like’ will be used to describe the Stag3°*° cell
stages from now on, since no or only very short AEs can be detected. However, it is important

to note that wt leptonema significantly differs from this leptotene-like state.

3.3. Chromosome axis and synaptonemal complex formation are
deficient in Stag3°° spermatocytes

To take a closer look at the chromosome architecture of Stag3t“® spermatocytes,
chromosome spreads were prepared and immunostained with anti-SYCP3 and anti-yH2AX
antibodies. Only dot-like patches and/or stretches of SYCP3 signal was observed, confirming
the cell’s inability to form AEs. These stretches might resemble very short AEs or they might
as well be aggregates of SYCP3 or a combination of both (Figure 3.2B). An example of such
amorphic SYCP3 aggregation was observed in some cells which were deemed less advanced,
while in other such cells the pattern was diffused along the chromatin. In cells considered more
advanced, the dot-like pattern of SYCP3 staining sometimes reached 40 dots (equivalent to
the number of mouse chromosomes), of which some were slightly elongated. However, most
cells displayed between 10 and 40 round spots. This is in line with the Stag3*°k° testis section
analysis, where stage VIl tubules and beyond showed weak SYCP3 signal in leptotene and
zygotene spermatocytes compared to a much stronger signal in stages | to IV, which harbour
pachytene cells in wt testis. As the cells progress, more DSBs are repaired, the homologous
chromosomes start to pair and the damage response and unsynapsed chromosome marker
yH2AX is displaced from paired AEs in wt spermatocytes. This is manifest in a more compact
YH2AX signal which finally in pachytene only exists on the chromatin containing X and Y
chromosomes. This chromatin is termed the sex body and the X and Y chromosomes
comprising it pair only in a short segment, the pseudoautosomal region or PAR (Figure 3.2C).
Considering that there are no AEs in Stag3® spermatocytes and thus no chromosome
pairing and pairing-associated removal of yH2AX from autosomes, the yH2AX signal staining
pattern does become generally more compact. (Figure 3.2C and Figure 3.3). Some cells were

observed to display a single cloud of yH2AX, which indicates development up to stage IV.
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3.3.1. STAG3 is necessary for the formation of the synaptonemal complex

To determine whether there is indeed no formation of synapsis between chromosomes,
chromosome spreads of Stag3*°*° and wt spermatocytes were stained for SYCP3 and SYCP1,
which is a marker for the SC. The SYCP3-positive only axes mark for the absence of synapsis,
while axes positive for both SYCP1 and SYCP3 reveal the synapsed regions. Wit
spermatocytes showed the expected pattern of SYCP1 signals at appropriate stages, while
SYCP1 signals in Stag3° |eptotene-like spermatocytes were detected in at least half of the
cells. Examples of cells with and without SYCP1 signals are shown in Figures 3.4A and 3.5A.
In cells that show abundance of SYCP1 signal, many but not all foci co-localize with SYCP3

signal.
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Figure 3.4: Stag3“°*° and synapsis-related proteins

A Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3**° mice, probed with
anti-SYCP3 for axial elements (AEs) and anti-SYCP1 for synapsed axes; nucleic acids were stained with
DAPI. Four examples of Stag3*°*° nuclei are shown, representing different levels of SYCP1 staining. Five
SYCP3/SYCP1 structures are shown magnified at the bottom of the figure and are numbered.

B Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3““*° mice, probed with
anti-SYCP3 for AEs and anti-HORMAD1 for unsynapsed axes; nucleic acids were stained with DAPI. Three
examples of Stag3o* spreads are shown, displaying different levels of HORMAD1 staining, including
occasional aggregates and local accumulation.

C Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3***° mice, probed with
anti-SYCP3 for AEs and anti-DMC1 for double-strand break repair foci.

Size bars indicate 10 pm.
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This co-localization never fitted completely but was found in close proximity, overlapping in the
majority of their respective surfaces. The magnified examples are shown in Figure 3.4A,

bottom right.

However, the majority of SYCP3 signal did not co-localize with SYCP1, indicating prevalent
lack of synapsis. SYCP1 signal that did not co-localize with SYCP3 may represent non-specific
deposits of SYCP1 that does not associate with any AEs. The foci positive for both SYCP1
and SYCP3 were either partially or fully co-localizing as dingle dots or a row of dots, but never
as full stretches. This may indicate either non-specific deposits of these proteins or a failed
attempt in generating initiation sites for SC formation using the very short stretches of AEs.

These data confirm the absence of SCs in Stag3*°*® spermatocytes.

Another way to observe the absence of SCs is to observe the presence of another marker
which is present on the AEs before synapsis and removed from AEs as the SC forms between
homologous chromosome axes. HORMAD1 associates with AEs in leptonema and remains
bound as long as chromosomes stay unsynapsed (Wojtasz et al. 2009; Fukuda et al, 2010,
Daniel et al. 2011). Immunostaining of wt and Stag3*°*° spermatocyte chromosome spreads
with anti-HORMAD1 antibody revealed the expected staining pattern in wt spreads, while the
STAG3-deficient cells showed that HORMAD1 indeed associates with chromatin in the
absence of STAG3 (Figure 3.4B and Figure 3.5B). Most of the HORMAD1 signal co-localized
with SYCP3 and the most intense signal was associated with the SYCP3 dots and short
stretches, but not larger aggregates. It is important to note that since HORMAD1 signal is
diffusely distributed around the chromatin, some of the signal co-localization might have
happened by chance. In summary, HROMAD1 signal mostly associates with SYCP3 dots and
short stretches in the absence of STAG3. This brings more evidence in favour of the
assumption that the large SYCP3 signal clusters are SYCP3 aggregates and do not represent
AEs.
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SYCP3 HORMAD1 DAPI HORMAD1
SYCP3 DMC1 DAPI DAPI DMC1 SYCP3

Figure 3.5: IF staining for SC related proteins; Single colour channel and merged images
Stag3koke gspermatocyte chromosome spreads stained with DAPI, and probed for SYCP3 and:

A SYCP1
B HORMAD1
C DMC1

Size bars indicate 10 um.

3.3.2. STAGS3 is dispensable for the formation of DNA double-stranded breaks

but is, at least indirectly, necessary for their processing

The processing of DSBs requires the chromosomal axis, and since the formation of AEs and
SCs is clearly impaired in Stag3**°, one might expect the formation of DSBs and their
processing to be impaired as well. To further assess this, immunostaining of wt and Stag3*°’°
spermatocyte chromosome spreads with anti-DMC1, a meiosis-specific recombinase that is
involved in meiotic homologous recombination-mediated DSB repair (Habu et al. 1996; Pittman
et al. 1998; Yoshida et al. 1998), was performed. The Stag3*°° spermatocytes showed an
abundant amount of DMC1 foci distributed along the chromatin (Figure 3.4C and Figure 3.5C).

This shows that STAG3 is not necessary for their formation. However, meiotic processing of
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DSBs is not possible since synapsis is necessary to bring the homologous chromosomes in a

close enough proximity for the use of homologous DNA chains as repair templates.

The difficulty in assessing the exact number of DMC1 foci rises from the lack of axis and thus
SYCP3-DMC1 co-localization, however, an estimation was made between 100 and 200 foci in
Stag3 o cells. This is consistent with the inability of these cells to progress through pachytene
since wt pachytene cells have less than 40 DMC1 foci localizing to the SC. These data indicate
a deficiency in DSB processing in the absence of STAGS3, since DSBs are introduced in the
chromatin loops without an established axis necessary for their repair. To observe DMC1 foci
of both wt and Stag3*°° spermatocytes in only leptotene and zygotene cells, 11- and 13- day-
old mouse testes were analysed, respectively (Figure 3.6). A similar number of DMC1 foci was
observed in Stag3*® spermatocytes at both time points, while the number of foci in wt
zygonema was reduced compared to wt leptonema. In some rare Stag3*°*° cells which
displayed some axis-like structures, some DMC1 foci were co-localizing with these SYCP3
signals, which might suggest that STAG3 is not required for axis association of DMC1.
However, given the sheer number of DMC1 foci located on the loops, these rare cases of

signal co-localization might happen by chance.

Day 11 pp Day 13 pp Day 13 pp
Stag3**

Stag3ko/ko

SYCP3 DMC1 DAPI

Figure 3.6: IF staining for DMC1, SYCP3 and nucleic acid in juvenile mice.

Staining of wt and Stag3*o’° testis nuclei from juvenile mice of day 11 and 13 pp for DMC1, SYCP3 and nucleic
acid. An additional, rare example of Stag3® nuclei showing some axes-like structures is shown for day 13 pp. Size
bar indicates 10 ym.
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3.4. Centromere and telomere cohesion is impaired in Stag3koke
spermatocytes

SYCP3 foci and stretches were most often found in DAPI-intense pericentromeric regions of
heterochromatin, so it was interesting to determine their relationship with the centromeres. The
chromosome spreads of wt and Stag3**® spermatocytes were stained with ACA (anti-
centromere antibodies) and anti-SYCP3 to see if any of the approximately 40 SYCP3 foci are
in the vicinity of or even co-localizing with centromeres. An average of 71% (n=18) of SYCP3
signals in Stag3*°*° cells were indeed close to or partially overlapped with the centromeric

signal (Figure 3.7A).
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Figure 3.7: Centromeres and telomeres in Stag3*°k° spermatocytes.

A Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3°’® mice, probed with
anti-SYCP3 and anti-centromere antibody (ACA); nucleic acids were stained with DAPI. Three examples of
Stag3koke spreads are shown to indicate centromere cluster formation and to highlight partial co-localization
of SYCP3 with centromeres and the structures of these regions. Three areas are provided as magnified
excerpts. Size bars indicate 10 Im.

B Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3*°%® mice, probed with
anti-SYCP3 and anti-RAP1 to stain telomeres; nucleic acids were stained with DAPI. Three examples of
Stag3k*® spreads are shown to represent different stages and to show an example of telomere cluster
formation, which is shown in a magnified excerpt as well. Size bars indicate 10 Im.
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However, complete overlap of ACA and SYCP3 signals was never observed, even though the
SYCP3 signal is found in the pericentromeric region most of the times. Different cells showed
different ratio of co-localization, which might indicate different stages of development between
them. Many of the ACA foci appear in pairs, indicating possible loss of sister chromatin
cohesion. To determine whether this is true, the number of ACA foci was quantified. 20
synapsed chromosomes in pachynema of wt spermatocytes bring their 4 centromeres in such
close proximity that only 20 ACA foci are observable. Since Stag3*°*° spermatocytes have no
SC formed, full centromeric cohesion would show 40 ACA signals, while complete loss of
centromeric cohesion would count 80 foci. The average number of clearly separated
centromere signals obtained from the quantification of Stag3*°° spermatocytes was 55 + 8 (n

= 36). This clearly shows a partial loss of centromeric cohesion (Figures 3.7A and 3.8A).
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Figure 3.8 Inverted colour images of Stag3k°k° spermatocyte staining for centromeres and
telomeres.

A SYCP3 and ACA; a magnified picture of a pair of centromere signals, indicating loss of sister cohesion, is
showed.

B SYCP3 and RAP1; Three examples of telomere counting, and their magnified images indicating loss of sister
telomere cohesion, are showed

The minimum numbers of spots counted and a telomere cluster are indicated. Size bars indicate 10 um.
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In case of these clearly separated pairs of ACA foci, the SYCP3 signal often appears as small
extensions between or to the side of them. In some cases, SYCP3 connects the 2 ACA foci or
appears as 2 separate lines originating between the ACA foci and extending to both sides.
This is clearly visible in examples provided in Figure 3.7A. There are also cells where
centromere signals cluster in groups of up to 10, and most but not all of them co-localize with
the SYCP3 signal. Unlike the small round foci and stretches of SYCP3, large aggregates of
SYCP3 signal typically do not co-localize with the ACA foci, providing further evidence that
these are un-specific deposits of SYCP3. Together, these data suggest that SYCP3 forms
structures specifically at centromeres, possibly indicating vain attempts to initiate the formation
of AEs.

Mouse centromeres are telocentric so the cohesion state of telomeric chromatin is also of great
interest. Association of STAG3 with SMC1, a cohesion subunit shown to protect telomeres
(Priteo et al. 2001; Adelfalk et al. 2009) possibly implicates STAG3 into telomere maintenance
as well. In order to determine whether STAG3 affects telomere cohesion, wt and Stag3koke
spermatocyte chromosome spreads were stained with anti-RAP1 and anti-SYCP3 (Figure
3.7B). Since mouse primary spermatocytes have 40 chromosomes and each of the 2
chromatids in a chromosome contributes 2 telomeres, the telomere count in these cells goes
up to 160 foci, depending on how many of them are in cohesion. Pachytene wt cells with
complete synapsis show 40 RAP1 foci. When cells are unable to form SCs, like in the case of
Stag3 e spermatocytes, there should be 80 observable telomeres if all sister chromatids are
in cohesion and 160 observable telomeres in the case of complete loss of telomeric cohesion.
There were more than 40 signals observed in Stag3*® spermatocytes, which confirms the
failure of synapsis. However, it was not possible to precisely count the number of foci because
some cells display clusters of RAP1 foci that usually contain more than 10 tightly overlapping
foci. Other cells show co-localization of several RAP1 foci with SYCP3 dots or stretches and
some even show foci of different intensities next to each other. This could indicate a loss of
telomeric cohesion, but it could also be telomeres from different chromosomes. Nevertheless,
quantifying the foci in cells that do not show large clusters of foci showed up to 114 signals per
cell (Figure 3.8B; n = 14), which is probably a significant underestimation. These data suggest
that STAG3 is necessary for telomeric cohesion in primary spermatocytes and that there is at

least partial loss of telomeric sister chromatid cohesion in these cells lacking STAG3.

Since not all individual RAP1 foci co-localize with SYCP3 signals, it is logical to assume that
these telomeres maintain cohesion even without the formation of structures containing SYCP3.
Many of the cells displayed clusters of RAP1 foci co-localizing with SYCP3 signal which is
reminiscent of telomere bouquet formation, an event in wt cells which brings chromosome ends
in proximity next to each other during leptotene/early zygotene (Scherthan. 2001; Siderakis,

Tarsounas. 2007). These data suggest that telomere bouquet formation still occurs in the
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absence of STAG3 and that these cells reach at least late leptotene. These results were
confirmed by telomere-FISH, which also displayed up to 117 foci and telomere clusters (Figure
3.9). The average number of FISH telomere signals was 74 (n=23) in cells not displaying any
clusters. When compared to SMC1B-deficient spermatocytes (Adelfalk et al. 2009), no
extended stretches or telomere bridges were observed in Stag3*°*° spermatocytes. However,
these cells also advance further than STAG3-deficient cells, even forming almost complete

synapsis with many pachytene-like chromosome structures.

Stag3**

Late Leptonema Zygonema Pachynema
Stag3kolko

SYCP3 Telo-FISH DAPI

Figure 3.9 Telo-FISH analysis of wt and Stag3°k° testis chromosome spreads.

Three prophase | stages of wt and three examples of Stag3*o*® nuclei, including one showing a telomere cluster,
are showed. Size bar indicates10 um.

3.5. Cohesin proteins in Stag3*°k° spermatocytes

The presence of any sister chromatid cohesion in STAG3-deficient spermatocytes implies that
at least some cohesin complexes are still present on the chromosomes. To confirm this, wt
and Stag3*°*° spermatocyte chromosome spreads were stained for SMC3, a universal cohesin
subunit present in all cohesin complexes (Figure 3.10A). Unlike wt cells where SMC3 localizes

along the entire axis of the chromosomes, Stag3*°*° spermatocytes showed dotty, diffused
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pattern of SMC3 foci along the entire chromatin. There was no specific pattern of localized
SMC3 signal in any nuclear region, which suggests that the cohesin complexes are evenly
distributed on the chromatin, still providing some sister chromatin cohesion. SMC1a and
SMC1p proteins, of which either can heterodimerize with SMC3, were also present on the

chromatin in the same diffused pattern with no specific localization pattern (Figure 3.10B, C).
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Figure 3.10: Cohesins in wt and Stag3ko/ke,

Immunofluorescence staining of spermatocyte chromosome spreads of wt and Stag3k°*® mice, probed for
SYCP3 and:

A SMC3 as a universal cohesin;

B SMC1a as a universal cohesin;

C SMC1B as a meiosis specific cohesin;

D RAD21 or RAD21L as universal and meiosis specific kleisins, respectively.

Nucleic acids were stained with DAPI. Size bars indicate 10 Im.

The kleisins RAD21 and meiosis-specific RAD21L were both detected on the chromatin of

Stag3k°° spermatocytes, although the RAD21L signals were weak.

In order to determine which meiotic cohesin complexes are present on the chromatin of
STAG3-deficient spermatocytes, immunoprecipitation experiments with anti-SMC1 antibody
from wt and Stag3°° testis nuclear protein extracts was performed. SMC1B is a meiosis-

specific SMC cohesin subunit, so precipitates obtained by these experiments should be from
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spermatocytes only and contain the majority of meiosis-derived cohesin complexes. SMC13
was present in both wt and Stag3*°*® extracts, as shown in Figure 3.11A, as well as the
universal cohesin subunit SMC3, although a small fraction of it bound non-specifically to the
beads as visible from the IgG control. Kleisin, RAD21 was not detected in the precipitates,
which is in line with other studies showing no interaction between STAG3 and RAD21 (Lee
and Hirano, 2011). However, a meiosis-specific kleisin REC8 was detected in precipitates from
both wt and Stag3*°*® extracts, as was expected. Interestingly, there was significantly less
RECS in both extracts and precipitates from the mutant cells, which might indicate decreased
stability of this particular kleisin in the absence of STAG3. Another meiosis-specific kleisin,
RAD21L was detected at wt-like signal levels. STAG3 band was present only in the wt
precipitates and clearly missing from the Stag3*°*® precipitates, which is another proof that
Stag3kok° spermatocytes do not contain STAG3 and that the band present in both inputs and
previous IB experiments (Figure 3.1C) is indeed non-specific backround. Both of the other
STAG variants, SA1 and SA2 were co-precipitated with SMC1. Interestingly, probing for these
proteins showed much stronger signals in the IPs from Stag3*°*° spermatocytes, which may
imply that the absence of the meiosis-specific stromal antigen might elicit a compensation

attempt by other SAs.

Immunoprecipitation experiments showed the presence of cohesin subunits in the extracts and
that they interact as expected, but whether these complexes are bound to chromatin and to
what extent cannot be derived from these data. To assess this, testis nuclear extracts from wt
and Stag3**° mice were obtained using a differential salt extraction method with increasing
salt concentrations of 0, 25 and 250 mM ammonium sulphate (AS; Figure 3.11B). Two
cohesins present in all testis cells, SMC3 and SMC1a, as well as meiosis-specific cohesins,
SMC1B and RECS, dissociated from chromatin at high salt concentration in wt spermatocytes,
which implies that they are tightly bound to chromatin. REC8 was managed to be extracted
with 25 mM salt concentration and a fraction if it even leaked out of the nucleus before salt
was added. These conditions are usually used to extract the nucleoplasmic fraction of proteins,
which is still not bound to chromatin, which may indicate that REC8 accumulates in the
nucleoplasm at even larger quantities in Stag3*® spermatocytes compared to wt. Together,
these data show that cohesin complexes are present on the chromosomes of Stag3<oke

spermatocytes.
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Figure 3.11 Cohesin proteins in wt and in Stag3°° testis

A Immunoprecipitation of cohesin complexes from wt and Stag3ko%° testis nuclear extract using anti-SMC1B
antibody (1B) or control IgG as indicated. Precipitates and 5% of input extracts are probed with the indicated
antibodies for specific cohesin proteins.

B Stepwise extraction of proteins from wt and in Stag3#°*° testes nuclei using 0, 25, and 250 mM ammonium
sulphate (AS) as indicated. Extracts were immunoprobed using the antibodies indicated on the right.
*Unspecific band; M = marker; kDa numbers refer to marker signals.
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3.6. Deficiencies in Stag3k’’*® oocytes largely parallel those in
spermatocytes.
Most of the adult Stag3*o*® female mice lacked ovaries altogether, while others had
significantly reduced ovary size with no oocytes present. To observe meiotic prophase | and
get the data comparable to male deficiencies described above, chromosome spreads from 15
day old embryonic ovaries were analysed by immunofluorescence (Figure 3.12). At this time
point, leptotene to very late zygotene staged oocytes can be found in wt ovaries. Staining with
anti-SYCP3 revealed extremely short axis-like structures and dots, as well as larger

aggregates, which is similar to Stag3*°’*® spermatocytes.

A Stag3**
Leptonema

Stag3kolko

Zygonema. Late Zygonema

SYCP3 SYCP3 DAPI

B Stag3** Stag3kolko
Late Zygonema
HORMAD1 SYCP3 DAPI

C Stag3** Stag3koke

Leptonema Zygonema /

Figure 3.12 Synaptonemal complex and axis related markers in day 15 oocyte chromosomes
of wt and Stag3°*° mice

yH2AX SYCP3 DAPI

Immunofluorescence staining of chromosome spreads with anti-SYCP3 and:
A SYCP1 as a synapsis marker;

B HORMAD1 as a marker for unsynapsed regions;

C yH2AX to show progression through the initial stages of prophase [;

Size bars indicate 10 ym.
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3.6.1. Chromosome axis and synaptonemal complex related proteins in

Stag3koke oocytes.

About 80% of the cells displayed small dots of SYCP1 which overlapped with SYCP3 about
40% of the time (Figure 3.12A). As in Stag3*°*® spermatocytes, HORMAD1 localized diffusely
throughout the entire chromatin and also overlapped with SYCP3, which is to be expected due
to its widespread presence (Figure 3.12B). No specific structure or localization pattern was
detected. Consistent with the spermatocyte data, yH2AX signal was found to be ranging from
a diffused pattern and large quantities to more concentrated clouds in those cells that show
abundancy of short SYCP3 stretches and numerous foci (Figure 3.12C). Cells that have many

defined SYCP3 spots and little yH2AX were considered the most advanced.

3.6.2. Centromere and telomere cohesion is impaired in Stag3koke
spermatocytes

Stag3<° oocytes also displayed pairs of ACA signal which was counted above 40 foci, usually

between 41 and 68 (n = 12), and many of these overlapped with SYCP3 signals. Centromere

clusters were also observed in some oocytes (Figure 3.13A), most likely belonging to a more

advanced stage of early zygotene.

A  Stag3** Stag3kolko

3 . - -

ACA SYCP3 DAPI

B Stag3** Stag3ko/ko

% - - -

SYCP3 RAP1 DAPI

Figure 3.13 Centromeres and telomeres in day 15 oocyte chromosomes of wt and Stag3k°k°
mice

Immunofluorescence staining of chromosome spreads with anti-SYCP3 and:
A ACA as a centromere marker;
B RAP1 as a telomere marker;

Size bars indicate 10 pm.
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Smaller clusters could also be found in many oocytes, rendering the quantification of ACA foci
an underestimation since only clearly separated foci were counted. Examples of images used
for counting are provided in Figure 3.14A. In comparison, wt oocytes showed 38-40 centromere

signals, which is also indicative of how difficult it is to count all foci.

Similar to Stag3“’*® spermatocytes, RAP1 foci were analysed in embryonic oocytes. The
telomere signals also greatly varied in quantity. Figure 3.13B shows three examples of
Stag3 < oocytes of different stages (Figure 3.14B shows RAP1 inverted colour spots used

for counting).

A Stag3** Stag3kolko
ACA
SYCP3
DAPI
40 spots =52 spots = 58 spota

%, : ACA
2 - (inverted color)

B Stag3** Stag3ko/ko
SYCP3
RAP1
DAPI
44 spots 108 is =86 spols >899 spots
: =i RAP1

(inverted color)

Figure 3.14 Inverted colour images of Stag3k®*® oocyte staining for centromeres and
telomeres.

Examples of immunofluorescence, inverted color images obtained by staining for SYCP3 and:

A ACA as a centromere marker;
B RAP1 as a telomere marker.

The minimum numbers of centromere or telomere spots counted and an example of centromere clusters are
provided. Wt cells in leptonema show 40 centromeres since the axes are not yet synapsed, and show between
40 and 80 telomeres in zygonema depending on the status of synapsis. In the example shown, 44 telomere spots
are detected, consistent with the advanced zygotene stage. Size bars indicate 10 ym.
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The number of RAP1 foci that were clearly separate from others was always above 80,
between 82 and 122, which is also probably a gross underestimate due to the presence of
telomere clusters and signal strength variety. These foci were often observed in pairs, which
suggests a loss of sister chromatid cohesion, at least in the telomeric region. 80 telomeres are
expected to be observable if no synapsis between homologous chromosomes is present and
all sister chromatids are in cohesion, which is expected in Stag3*°*® oocytes due to the lack of
AEs, and 160 are expected if there is a complete loss of sister chromatid cohesion. Thus, any
number of foci above 80 indicates at least partial loss of telomeric cohesion. No telomere
extensions, bridges or any other observable defects were detected, which is consistent with
the spermatocyte data. Together, these data show that Stag3*°*° oocytes display at least

partial loss of centromeric and telomeric sister chromatid cohesion.

3.6.3. Other cohesins in Stag3k°*° oocytes

Like in Stag3*°’*® spermatocytes, cohesin proteins such as SMC3, SMC1a, SMC1B, RAD21,
and low levels of RAD21L were detected in Stag3*°*° oocytes spreads and localized diffusely

in dotty patterns throughout the chromatin (Figure 3.15).
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SYCP3 RAD21 DAPI
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SYCP3 SMC1a DAPI
F Stag3** Stag3kolko

E .

SYCP3 STAG3 DAPI
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Figure 3.15 Cohesin proteins in wt and Stag3“°° oocytes
Immunoflourescence images of wt and Stag3*°® oocyte chromosome spreads, probed for SYCP3 and:

SMCS3, a universal cohesin;

RAD21L, a meiosis specific kleisin;

RAD21, a universal kleisin;

SMC1, a meiosis specific cohesin;
SMC1a, a universal cohesion;

STAG3, a meiosis specific strimalin antigen.

TMOO W >

Nucleic acids were stained by DAPI. Size bars indicate 10 ym.
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3.7. The expression and purification of recombinant STAG3 in insect
cells

In order to understand the biological functions of STAG3 it is necessary to identify the parts of
the meiotic machinery that it interacts with. This includes both meiosis-specific and mitotic
proteins. As already shown by the IP data above, STAG3 interacts, directly or indirectly, with
the cohesin ring components like SMC3, SMC1 and RAD21L or REC8. Out of the two kleisins,
RECS8 seems to be the more important component of the SMC1B/STAG3 containing cohesin
rings in axis formation given its decreased levels in the Stag3 % mice SMC1B pulldowns,
compared to RAD21L (Figure 3.11A). Furthermore, no other single cohesin mutant showed
such extreme phenotype as Stag3“°*°, leading to the consideration that STAG3 might function
as a platform for the interaction between the majority of meiosis specific cohesin rings and the
rest of the meiotic prophase | machinery. To identify the proteins that directly or indirectly
interact specifically with STAG3 containing cohesin rings, immunoprecipitation experiments
from wt mouse testis nuclear protein extracts, using anti-STAG3 antibody, were performed.
Unfortunately, the available antibodies, which successfully recognised the denatured form of
the protein in immunoblotting and immunofluorescence experiments, had poor binding affinity
for the STAG3 native structure. A different approach, using genetic engineering to create a
recombinant STAG3, was taken to address this issue. Fusing protein tags to STAG3 and
expressing it in cell culture would allow quick and abundant isolation and purification of the
recombinant protein which can be further used in a plethora of in vitro experiments such as
immunoprecipitation and protein-protein interaction assays. In theory, mixing purified STAG3
recombinant protein with a mouse testis nuclear extract would result in the formation of cohesin
complexes in vitro which can be immunoprecipitated with an antibody targeting one of the tags
and then analysed by immunoblotting and/or mass spectrometry. The ability of cohesin
complexes to form in vitro was already previously shown in our lab. Detecting novel STAG3
interactors would open doors to a cornucopia of potential future studies of the meiotic
machinery, while studying the binding properties of STAG3 to some of the key interactors might
further shed light onto the biological function of STAGS itself. Ideally, using full STAG3
sequence in these in vitro experiments should reveal most of the STAGS3 interactors, while
using carefully designed fragments of STAG3 should roughly map the domains involved in the
interaction process. However, to more precisely map the key amino acid residues necessary
for proper interaction, compensation studies in which the candidate residues were mutated
and then introduced back into the Stag3“°*® mouse in an attempt to rescue the mutant, i.e.
using CRISPR/CAS9, would be necessary.

cDNA sequences for protein tags were added upstream and downstream of the full STAG3
cDNA and its 5 different fragments, which were then each cloned into a baculovirus-derived

plasmid vector (see section Materials and Methods 2.2.7). The tags used were: green
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fluorescence protein (GFP) at the C-terminus and maltose-binding protein (MBP) and
polyhistidine (His-Tag) at the N-terminus. To determine proper integration of these constructs
and their sequence, primers for polymerase chain reaction (PCR) were constructed (See
section Materials and Methods 2.1.3). The virus containing this vector was created and used
to infect insect cell cultures which then overexpressed the recombinant STAG3. One of the
advantages of having a GFP tag fused to a protein being overexpressed in such a system is
the visible green fluorescence of the cells, making the transfection process efficiency easier to
monitor by naked eye, and of the concentrated protein solution making the purification column
and fractions containing the protein green. The protein was purified from the insect cell extract
using Ni-NTA Agarose column (Invitrogen R901-15), containing a nickel-charged affinity resin,
which binds the polyhistidine tag of the protein (see section Materials and Methods 2.2.8). An

example of this purification process is provided in Figure 3.16.
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Figure 3.16: Purification of recombinant STAG3.

Insect cell lysate containing recombinant STAG3 was passed through a Ni-NTA Agarose column. The column
was washed with high salt and eluted with 250 mM imidazole after which the purified protein was
desalted/concentrated and incubated with 3C protease for 2 hours. Individual fractions were collected for SDS-
PAGE analysis using Coomassie Brilliant Blue for protein visualisation. Flow-through 1 was collected during high
salt wash and flow-through 2 during desalting/concentration. 3 different concentrations of bovine serum albumin
(BSA) was used as a loading control. Pre-stained protein marker bands (M) are shown in kiloDaltons (kDa). The
recombinant STAG3 size is 214 kDa and the cleavage products are 167 kDa and 47 kDa.
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The column was not able to bind all of the recombinant protein and the flow-through was visibly
green. At first, one might think that there is simply too much protein for the column capacity,
but increasing the amount of resin did not affect the amount of protein in the flow-through.
Moreover, filter of the desalting/concentration column was visibly green and the final protein
yield was lower. Finally, in some instances during the site-specific protease cleavage reaction,
which removes the His-MBP-tag and lasts 2-16 hours, the protein precipitated either partially
or completely which was measurable by the size of the green pellet, nanodrop or Bradford
protein assay and SDS-PAGE analysis. One possible reason for this precipitation effect might
be the loss of the MBP tag which is empirically known to improve protein solubility. However,
leaving the purified protein for 2-16 hours without the protease in some instances also resulted
in precipitation to various degrees. Except high ion strength, no additional conditions that cause

precipitation were identified.

Since precipitation occurs gradually over time, it is easy to assume the recombinant protein’s
ability to aggregate. To discern whether this is true and to what degree, gel filtration
chromatography experiments were performed with the purified recombinant STAG3. Blue
Dextran was loaded onto the column to indicate the void volume (Figure 3.17A). The major
fraction containing the recombinant STAG3 was eluted from the void volume, indicating at least
4 proteins aggregating together (Figure 3.17B). In an attempt to dissolve the aggregates, the
experiment was repeated under several different conditions. Interestingly, strong ionic
detergent conditions, such as 0.5% SDS, failed to break apart the aggregates of recombinant
STAG3 (Figure 3.17C), but in the presence of a polycation, 20 mM spermidine, the profile
showed only a small fraction of the protein in the void volume while forming additional peaks
at 60 ml and 65 ml, which is roughly between dimeric and monomeric range (Figure 3.17D).
Under the conditions of 20 mM EDTA, which is in lower concentrations used as a metal ion
sequester, the profile showed a single saturated peak at 107 ml (Figure 3.17E), that is, the
peak was not measurable by the detector. The signal peak under high ionic strength conditions,
i.e. 1.5 M NaCl, was in the same position as under PBS conditions but had drastically lower
amplitude (Figure 3.17F) indicating loss of protein. This is consistent with the previous
observation that the purified protein instantly precipitates when mixed with the mouse nuclear
extract which contains 250 mM ammonium sulphate (AS) or 500mM NaCl. Besides analysing
the aggregate state by gel filtration, it is worth mentioning that the green protein pellet formed
by precipitation of the purified protein could readily be dissolved in solutions standardly used

for preventing protein aggregation like 0.5 M arginine buffer (pH 8.0).
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Figure 3.17 Gel filtration chromatography of recombinant STAG3
Effect of 5 different conditions on recombinant STAG3 was measured by gel filtration chromatography.

A Blue Dextran; control for identifying the void volume fraction
B PBS
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Figure 3.17 Gel filtration chromatography of recombinant STAG3

C SDS, 0.5%
D Spermidine, 20 mM
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Figure 3.17 Gel filtration chromatography of recombinant STAG3
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3.8. Immunoprecipitation of recombinant STAG3

In order to mix the insect cell expressed, purified recombinant STAG3 with the mouse testis
nuclear protein extract, it first needed to be immobilized on a resin. Previous attempts to mix
the two solutions resulted in immediate precipitation of the fluorescent protein. The mouse
protein extract contained 250 mM ammonium sulphate, which when diluted decreased the
amount of precipitate, but never completely. This could either be a consequence of the change
in salt concentration or the change in concentration of the protein itself. Desalting the mouse
extract was possible but undesirable due to protein loss. In any case, preparing the bait
separately and then adding the mouse extract was preferable because the beads-bait complex
can easily be transferred from buffer to buffer and because of the possibility to make controls
between steps. An example of immunoprecipitation of recombinant STAG3 with anti-GFP is
shown in Figure 3.18. To confirm that the visible band is recombinant STAG3, the purification
product was cleaved by 3C protease that targets a junction site between STAG3 sequence
and His6-MBP—tag (from now on referred to as MBP-tag) and immunoprecipitated using anti-
GFP.
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Figure 3.18 Immunoprecipitation of recombinant STAG3 with anti-GFP antibody.

Purified STAG3 was incubated with 3C protease for 16 hours (cleaved) after which G-protein-coupled paramagnetic
beads, preincubated with anti-GFP antibody, were added. Beads were separated from the solution by magnet, the
protein-antibody conjugate was eluted by boiling for SDS-Page analysis and Coomassie Brilliant Blue was used for
protein visualisation. Lanes marked for Input and Eluate show parts of the purification process. The recombinant
STAGS size is 214 kDa and the cleavage products are 167 kDa and 47 kDa (MBP indicated).
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Cleaving the 214 kDa recombinant STAG3 yielded a 167 kDa STAG3 containing fragment and
47 kDa MBP-tag. The immunoprecipitation lane showed enrichment in STAG3-GFP fragment

but no MBP-tag. The other two lower bands are heavy and light immunoglobulin chains.

Another way to immobilize the recombinant STAGS focused on its MBP component. Amylose
coupled paramagnetic beads were used to pulldown the protein directly from the crude cell
lysate in high enough quantity for subsequent pulldown experiments from the mouse testis
nuclear extracts. In this case, once the mouse proteins are added, the bait-target complex
could be eluted by 3C protease cleavage. However, this wasn’'t possible because 3C was
unable to cleave the protein once it was bound to the beads. Usually, 1-2 h is enough for the
complete cleavage of 250 ug of recombinant STAG3, however, an over-night incubation with
bead-bound recombinant STAG3 did not yield any cleavage products once the beads were
eluted by boiling. For this reason, skipping the 3C cleavage altogether, pulling down the full-

length protein and eluting by boiling was preferable.

3.8.1. Pulldown of STAG3 interactors from mouse testis nuclear extracts

To obtain more information about the interactors of STAGS3, pulldowns from mouse testis
nuclear extracts were performed using the full length or cleaved product of recombinant
STAG3 bound to either amylose or anti-GFP antibody—protein G bead conjugates. One
example for such pulldown is shown in Figure 3.19. Full length recombinant STAG3 was
immunoprecipitated with anti-GFP antibody bound to paramagnetic beads which was then
used to pulldown STAG3 interactors from the mouse testis nuclear extract. The beads were
eluted by boiling and loaded on to a gel for SDS-PAGE analysis. When comparing the lane
containing only bait to the lane with bait and mouse nuclear proteins, no differences between
band profiles were observed. Same results were obtained when using the STAG3-GFP

fragment or full length STAG3 bound to amylose beads as bait (data not shown).
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Figure 3.19 SDS-PAGE analysis of pulldowns from mouse testis nuclear extracts using
recombinant STAG3

Recombinant STAG3 was immunoprecipitated from insect cell extracts using anti-GFP antibody bound to protein
G-coupled paramagnetic beads. Using this conjugate as bait, pulldowns (PD) from mouse testis nuclear extracts
were performed under 2 different salt concentrations, 65 and 185 ammonium sulphate (AS). (M) pre-stained
protein marker. Recombinant STAGS size is 214 kDa. The gell was stained with Coomassie.

To detect specific direct and indirect interactors like REC8 and SMC3, respectively,
immunoblot analyses of these pulldowns from mouse nuclear extracts were performed. One
example is shown in Figure 3.20, where the pulldown was done under 2 different salt
concentration conditions, 85 and 170 mM ammonium sulphate, and the membrane probed
with anti-GFP and anti-REC8 antibodies. Pulldowns were also done with testis nuclear extract
from a REC8-deficient mouse line (REC8", see section Materials and Methods 2.1.1) as
control. The anti-GFP probed membrane (Figure 3.20A) confirmed that the bait contained
recombinant STAG3 at expected band size 214 kDa, although some degradation product was

observed. However, REC8 was not detected in either of the conditions (Figure 3.20B). One
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reason for this might be the inaccessibility of STAG3 interactors to their respective binding
domains of the recombinant STAG3 which could be relieved by introducing more stringent
conditions under which the pulldowns are performed. Another reason might be that RECS8 is
unstable in cells devoid of STAGS or it needs to associate with the SMC cohesin subunits
before it can bind STAGS.

The experiment was repeated using the same stock of previously prepared bait (Figure 3.18,
eluate lane), the ionic strength of the mouse nuclear extracts adjusted to that of PBS and PBS
containing TritonX-100, Brij58 or SDS was added to achieve their final concentration of 0.1%,
0.1% and 0.01%, respectively. Probing with polyclonal anti-SMC3 revealed weak bands under
all 3 conditions at the expected size of 139 kDa (Figure 3.21A). However, SMC3 antibody used
in some of the previously described experiments also sometimes revealed weak signals even
in IgG control experiments (i.e. Figure 3.11A). However, probing the same membrane with

anti-SMC1 antibody didn’t reveal any expected bands in this pulldown (Figure 3.21B).

73



# #

SN S o
a2 'qb' o
@ﬁyﬁ;ﬁﬁﬁ\qﬁﬁﬁ Qg;iiﬁﬁét&¢“‘#¢ﬁﬁ;ag§ tyi;qﬁﬁ?
q L] Al
M Insect WT mouse RECE- mouse M

250 -

130-

100 -
70 -
55 -

35-

5=

15-

10-

250-

130-

100 -
F0-
55-

35-

25

15-

10-

Figure 3.20 Pulldown of STAG3 interactors using immobilised recombinant STAG3

Pulldowns of STAGS interactors from wt and REC8” testis nuclear extract using immobilized recombinant
STAGS3 or just anti-GFP antibody. Immunoprecipitation was performed under 2 different ionic strength conditions,
185 and 65 mM ammonium sulphate (AS). Precipitates and 5% of input extracts were probed with:

A anti-GFP antibody

B anti-REC8 antibody
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Figure 3.21 Pulldowns from mouse nuclear extract using recombinant STAG3 in different
stringency conditions

Pulldowns from mouse wt nuclear extracts using immobilized recombinant STAG3 in increasing stringency
conditions. Extracts were adjusted to PBS ionic strength and PBS containing Triton-X 100, Brij 58 or SDS were
added to their final concentration of 0.1%, 0.1% and 0.01%, respectively. Precipitates and 5% of input extracts
were probed with

A anti-SMC3

B anti-SMC18
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3.8.2. Pulldowns from mouse nuclear extracts using recombinant STAG3

covalently crosslinked to an agarose resin

In some instances, covalently crosslinking the bait to a resin can improve the yield.
Recombinant STAG3 was crosslinked to agarose beads using AminoLink™ Coupling Resin
(see section Materials and Methods 2.2.10) overnight and the amount of protein measured at
0 and 16 hours of incubation. The efficiency of crosslinking was 85% and the resin was visibly
green. Pulldown experiments from mouse nuclear extracts were performed using crosslinked
recombinant STAG3 (Figure 3.22) and the blot probed with anti-SMC3 antibody. Only one non-
specific band could be observed in the pulldown compared to the control crosslinking reaction
which did not contain any bait and increasing the amount of the beads revealed a few more
non-specific signals. The blot showed below was overexposed to insure detection of even the
weakest signal.
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Figure 3.22 Pulldowns from mouse nuclear extracts using recombinant STAG3 covalently
crosslinked to the antibody-bead conjugate

Pulldowns from mouse nuclear extracts using recombinant STAG3 crosslinked to agarose beads. Input and
precipitates were probed with anti-SMC3. Pre-stained protein marker sizes are shown in kilodaltons (kDa).

76



3.9. Recombinant STAG3 binds DNA

Because the recombinant STAG3 cannot bind STAG3 interactors in any of the tested
conditions in vitro, perhaps other factors, that are only present in the mouse testis, are
necessary. Previous studies of yeast protein rec11, a homologue of mammalian STAG3,
showed that rec11 must first bind DNA before it can interact with the cohesion complex
components (Sakuno and Watanabe, 2015). Another study showed that timely
phosphorylation of rec11 is necessary for loading of SC associated elements (Phandis et al,
2015). Conditions in meiotic cells or testis may contain yet unknown factors/events that are not
presentin insect cells. To recombinant STAG3 binds DNA, Electrophoretic Mobility Shift Assay
(EMSA) was performed (see section Materials and Methods 2.2.15) with decimal dilutions of
purified recombinant STAG3 and 100 mM, 46 base pair double stranded DNA (dsDNA)
fragment in which one DNA chain was labelled with a CY5 chromophore (Figure 3.23). Protein
concentrations above 1.6 nM could easily retard the movement of the DNA through the gel,
while lower than 0.16 nM failed to do so. However, to further investigate the DNA binding
properties of recombinant STAG3, experiments with different length nucleic acid, single-
stranded DNA, DNAs with secondary structures and other variations should be performed. In
conclusion, STAG3 seems to have the ability to bind DNA, at least in vitro and at protein

concentrations above 0.16 nM.
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Figure 3.23 Electrophoretic Mobility Shift Assay of recombinant STAG3 and DNA

Decimal dilutions of purified recombinant STAG3 were incubated for 15 minutes at 4 °C with 100 nM, 60 base
pair dsDNA in which one chain was labelled with CY5 chromophore. The 4% gel was run on 70 V for 2 hours, 4
°C..

3.10. Introducing STAG3-GFP fusion protein into a mouse line

It has become clear that under the conditions tested so far, the insect cell expressed
recombinant STAG3 is not able to bind STAG3 interactors from the mouse nuclear extract in
vitro. So in order to introduce a labelled STAG3 into a mouse line, a Bacterial Artificial
Chromosome (BAC) containing STAG3-GFP under STAG3 promoter was used (see section
Materials and Methods 2.1.1). The BAC was injected into 168 mice zygotes which were then

transferred into surrogate females and the progeny was genotyped for GFP. Only one female
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was genotyped as GFP-positive and bred with wt males. The resulting mouse line had both
the STAG3 and the exogenous GFP-tagged transgene integrated at an unknown locus in the
genome. FACS analysis was performed on STAG3-GFP testis single cell suspension and
compared to GFP negative littermates (negative control) and SMC1[3-LAP (positive control)

mice cells (n=2, Figure 3.24).
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Figure 3.24 FACS analysis of STAG3-GFP testis cells

Single cell suspension of STAG3-GFP testis cells was analysed by fluorescence-activated cell sorting (FACS),
along with the testes from wt littermates (negative control) and SMC1B-LAP mice (positive control). The data
was gated for GFP positive events according to the negative control. STAG3-GFP cells showed significantly
more GFP positive events compared to GFP negative littermates and a fairly similar profile pattern to SMC1-
LAP cells, although there were 3 times more positive events. Hoechst staining analysis of GFP positive events
revealed that a subpopulation of these cells corresponds to primary spermatocytes (4n).

The data was gated following the analysis of GFP negative littermate cells, which was then
used in the analysis of STAG3-GFP and SMC1B-LAP mice cells. Hoechst dye was added to
distinguish different cell cycle stage cells according to the amount of DNA they contain and
100 000 events were analysed per sample. STAG3-GFP sample showed significantly more
GFP positive events and the profile looked similar in pattern to SMC1B-LAP, although there
were 3 times more GFP positive events. The Hoechst analysis of GFP positive events revealed
a subpopulation of cells corresponding to primary spermatocytes (4n).

In order to verify expression and localization of the transgene expressed STAG3-GFP,

immunostaining of spermatocyte chromosome spreads with anti-GFP or anti-STAG3 antibody
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was performed. The background of anti-GFP staining (Figure 3.25B) was high and the signal
much lower in intensity compared to the anti-STAG3 staining (Figure 3.25A), which might be
an indication of lower expression when compared to the endogenous STAG3 or the specificity
of the two antibodies is no equitable. Only pachytene staged cells showed correct localisation
of the GFP signal along the chromosome axes, while other stages showed no such pattern.
The experiment was controlled for the possibility of signal “bleed through” from the red channel
to the green channel by repeating the experiment without adding the anti-GFP primary
antibody, which resulted in no signal in the green channel. Also, two different blocking
procedures, either with 10% goat serum or 2% BSA, were attempted, yielding no difference in
signal pattern or intensity. Moreover, to see if STAG3-GFP, along with its expression levels,
retains the full biological function of endogenous STAG3, these mice were bred with the
STAG3*"* mice in hope to knockout the endogenous gene while the transgene remains as the
only source of STAG3 expression. However, the genotyping for such a knockout presents a

challenge which will be discussed later.
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Figure 3.25 Localization of STAG3-GFP on the chromosomes of mouse spermatocytes

Zygotene and pachytene staged cells in STAG3-GFP transgenic mouse spermatocytes. The chromosome
spreads were stained for SYCP3 and:

A STAGS; stains for both the STAG3-GFP fusion protein and endogenous STAG3.

B GFP; stains for STAG3-GFP fusion protein.

Size bars indicate 10 um.

81



3.11. Immunoprecipitation of STAG3-GFP containing cohesin complexes
from STAG3-GFP mouse spermatocyte nuclear extracts
STAG3 in vitro experiments suggested the possibility that the protein might require certain
parts of the spatio-temporal regulation provided by the meiotic machinery to bind its interactors.
This may involve some modification of STAG3 before or upon loading to the chromosomes,
such as timely phosphorylation like shown in yeast (Phandis et al, 2015), which would be
necessary for further recruitment of downstream factors necessary for AE and SC formation.
The advantage of expressing STAG3-GFP in mouse spermatocytes is a sure way to
circumvent these possibilities during IP experiments. Immunoprecipitation from both wt and
transgenic mouse spermatocyte nuclear extracts, using anti-GFP antibody to precipitate
STAG3-GFP along with its interactors, and immunoblot analysis were performed. The
predicted size of STAG3-GFP is 165 kDa and its expression is clear from the input in the blot
probed with anti-GFP antibody (Figure 3.26A). One clear band at the same position was
observed in STAG3-GFP, but not wt precipitates, although the signal intensity was similar to
the 10% input signal. To compare the relative expression of the transgene expressed STAG3
and the endogenous STAG3, the blot was probed with anti-STAG3 antibody (3.26B). Both
STAG3 and STAG3-GFP protein bands were detected in the input of transgenic nuclear
extracts at 140 and 165 kDa, respectively, while only the former was detected in the wt input.
The relative intensity between the bands indicates a significantly higher expression of the
endogenous STAG3 compared to the transgene expressed protein. Surprisingly, both were
also detected in the precipitates of the transgenic extracts, with the STAG3-GFP signal
dominating in intensity, while none were present in the wt. The presence of both proteins might
suggest a possible multimerization event that might even be native to endogenous STAG3.

This possibility will be discussed more later.

The same blot was analysed for the direct and indirect known interactors, REC8 and SMC18,
respectively. REC8 was detected at the predicted size just above 70 kDa in both inputs and
the precipitates from the transgenic extract, but not in wt precipitates (3.26C). It is important to
mention that the overall signal of the blot is lower because the exposure level of the membrane
during detection was limited by the saturated non-specific band signal just below 250 kDa,
which might explain why RECS8 signal is so weak in the precipitate and both inputs. SMC13
was detected at the predicted size of 150 kDa in both inputs and precipitates from transgenic
extracts, but not in wt precipitates (3.26D). However, precipitate signal intensity from the

transgenic extract was significantly lower than in 10% input.
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Figure 3.26 Immunoprecipitation of STAG3-GFP containing cohesin complexes from

STAG3-GFP mouse testis nuclear extracts using anti-GFP antibody

The precipitates were analysed by immunoblotting and the same membrane probed against:
A GFP; the STAG3-GFP signal band was detected at expected size of 165 kDa in both input and IP, while wt

control showed no bands at the designated size.

STAGS3; both endogenous STAG3 and STAG3-GFP bands were detected in the input of STAG3-GFP
extracts, at 139 and 165 kDa, respectively. The STAG3 band was visibly stronger than STAG3-GFP band.
Surprisingly, both bands were detected in the IP of STAG3-GFP extracts, with STAG3 band being very faint.
Only STAG3 band was detected in the wt input, while no bands were detected in the wt control IP.
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Figure 3.26 Immunoprecipitation of STAG3-GFP containing cohesin complexes from
STAG3- GFP mouse testis nuclear extracts using anti-GFP antibody

C RECS; Both the STAG3-GFP and wt inputs contained the REC8 band at 80 kDa, although the signal was
weak. The band was also present in the STAG3-GFP IP and absent from the wt IP.

D SMC1B; the SMC1B band was detected in both STAG3-GFP and wt inputs at the expected size of 141 kDa.
The band was present in the STAG3-GFP IP, as expected, but not in the wt control IP.
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Now that the known interactors were detected, it is safe to assume that the cohesin complexes
incorporate STAG3-GFP which then might recruit other components of the meiotic machinery.
To detect these proteins, future experiments should involve Mass Spectrometry (MS) analysis
of these precipitates. In the meantime, optimal IP conditions to increase the yield of specific
proteins and reduce the background, should be identified. The current problem with previous
experiments was the yield of the bait. Immunoblot analysis can detect very small amount of
protein, but for MS analysis, after analysing the sample by SDS-PAGE and Coomassie Brilliant
Blue staining, it is also recommended for the bait band to be predominant. However, neither
Coomassie nor silver staining analysis showed such a predominant band. To address this
issue, silver staining analysis of precipitates obtained under increasing stringency conditions
was performed (Figure 3.27). Increasing the amount of protein input under optimal conditions
might give a stronger signal with significantly lower background. Lower stringency conditions
showed minor improvement (3.27A) while higher stringency conditions, specifically 0.01 %
SDS, had a significantly lower background (3.27B), but the prominent bands were still not
visible by eye. Since immunoblot analysis of IPs in some of these conditions revealed the
presence of SMC13, SMC3 and RECS8, one would expect that these bands should be among
the last to disappear with higher stringency. No bands were detected in 0.1 % SDS treated
precipitates. Further immunoprecipitation experiments with increased amount of nuclear
extract in 0.01 % SDS should be performed, however, using larger IP volumes of the same
protein concentration as used in these experiments is recommended rather than concentrating

the nuclear extracts.
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Figure 3.27 Silver staining analysis of anti-GFP precipitates from STAG3-GFP nuclear

extracts under increasing stringency conditions.

The precipitates were obtained under increasing stringency conditions:

A

PBS, Tween-20 (0.1%), Triton-X 100 (0.1%), Brij 58 (0.1%). A pipetting error can be visible in the wt sample
of Triton-X 100 condition. 5% of wt and transgene (tg) inputs and pre-stained protein ladder lanes (M) are

NaCl (500 mM), SDS (0.01% and 0.1%). The gel also contains an IP sample with 10 times more protein
input in PBS. 5% of wt and transgene (tg) inputs and pre-stained protein ladder lanes (M) are marked.
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4. Discussion

Meiosis is a crucial biological function for creation of haploid gametes necessary for sexual
reproduction. The process itself includes formation of the chromosomal axis, synapsis of
homologous chromosomes and recombination of their genetic material. Failing to properly
execute any of these processes leads to detection and elimination of these cells by a meiotic
surveillance system via apoptosis. An exception of this can be found in mammalian female
gametogenesis where cells can progress to the end of oogenesis, resulting in aneuploidies
manifesting as a plethora of genetic diseases if fertilization occurs. The cohesin complex is a
proteinaceous ring-like structure with the main function of establishing cohesion between
newly replicated sister DNA molecules, but is also involved in meiotic chromosomal axis
formation and maintenence, synaptonemal complex formation, genetic recombination and
gene expression regulation (Parelho et al. 2008; Merkenschlager, 2010; Haering and
Jessberger, 2012). Any disruption in function of cohesin complexes results in a loss of sister
chromatid cohesion, disruption of chromosomal axis architecture or defective synapsis, which
leads to activation of the meiotic surveillance system that kills the cell. STAGS3 is a meiosis
specific stromal antigen (SA) component of the cohesin complex. Previous studies identified
STAG3-containing complexes to associate with the chromosomal axis, synaptonemal complex
and the sex body in males. However, no studies were made involving a completely STAG3-
deficient mouse, which was addressed in this doctoral thesis. The aim of this study was to
describe the STAG3 mouse mutant in detail and try to shed some light onto the biological role

of STAG3 in mammalian meiosis.

STAG3k gpermatocytes show the most severe phenotype of all single cohesin

mutants

Stag3*°*° spermatocytes lack AEs and their spermatogenesis is aborted at a leptotene-like
stage, which is the earliest stage of arrest among all the single cohesin mutants. For the same
reason, staging of these cells is not possible by standard analysis of chromosome architecture.
However, observing cell interactions in testis seminiferous tubules allows staging by tubular
development. Together with this analysis and the fact that SYCP3 was found in dot-like
structures and short stretches, SYCP1 in spotty deposits, yH2AX in reduced amounts and
telomeres in clusters, it is easy to assume that the most advanced cells reach late zygotene.
This assumption is tentative because, other than tubular cell associations, zygonema as such
is defined by clearly visible AEs that are undergoing synapsis and by other chromosome

features which are heavily perturbed in Stag3**° spermatocytes and embryonic oocytes.
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Therefore, these cells will from now on be referred to as leptotene-like, since the terminology
in this case is not clearly defined. Both male and female meiocytes lacking the STAG3 protein
showed a drastic phenotype with virtually no AEs and thus no SCs. Many of these cells display
dotty foci of SYCP3, as well as aggregates, but only a small amount have short stretches and
filaments that resemble short axis-like structures. These structures represent either AE initiator
units or non-specific aggregates of SYCP3, which tends to form filamentous structures in vitro
by itself (Yuan et al, 1996). Also, SYCP3 signal in these cells tends to orbit the centromeres
and telomeres, sometimes even protruding into the ACA or RAP1 foci and partially overlapping,
especially in those cells where these foci cluster. The SYCP3 signal never overlaps completely
with ACA foci, but extends to the side or between pairs of ACA foci instead, sometimes forming
two filaments starting between centromere pairs and extending to the sides perpendicular to
the direction these foci pairs face. SYCP1, which marks the synapse, is present in very small
amount of foci, which sometimes overlap with SYCP3 in small dot like structures, but not in all
cells. In comparison, mice spermatocytes lacking cohesin REC8 exhibit shortened AEs and
show evidence of synapsis between sister chromatids (Xu et al, 2005), which might explain
these SYCP1/SYCP3 positive foci, if indeed these are legitimate co-localization events. High
resolution microscopy images might provide evidence to support this. Formation of DSBs does
not seem to depend on STAG3, since DMC1 foci can still be detected in Stag3o°
spermatocytes. This is consistent with other cohesin deficiencies such as Smc1B” mouse
(Revenkova et al, 2004; Biswas et al, 2013), which also showed the presence of DMC1, as
well as RADS51 foci. Presence of relatively large amounts of DMC1 foci in most of the cells
suggests that these DSBs do not repair efficiently. By the end of zygotene, wt meiocytes
contain less than 50 DMC1 foci, which are the result of DSB processing of the initial pool of
120 - 200 foci in early zygotene. Most of the Stag3*°*® spermatocytes display more than 100
foci, but more precise counting was proven to be difficult, so deriving precise stages from these
numbers was not possible. These data suggest that DSBs are not efficiently processed in the
absence of STAG3, which is similar to the delayed repair exhibited by Smc1B”- spermatocytes
(Biswas et al, 2013), as well as Rec8” Rad21L” spermatocytes (Llano et al, 2012), which
exhibit a similar phenotype as Stag3*°*® spermatocytes. This may also be the consequence of
cells failing to develop enough for these DSBs to undergo repair. Another indication of delayed
DSB repair is the persistence of yH2AX signal in the majority of Stag3*°*® spermatocytes, as
well as the failure of their chromosomes to synapse. As wt cells progress, yH2AX signal is
displaced from synapsed AEs, except from X and Y chromosomes which remain unsynapsed
for the most of their sequence. Even though Stag3*°*® spermatocytes lack AEs and SCs, the
diminishing of yH2AX signal and its concentration into cloud formations within cells that
progress the furthest according to tubular stage development, suggests that the ATM-mediated

phosphorylation of H2AX cannot be maintained despite the failure to synapse. Initial
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assumption was that ATM activity requires the formation of AEs and that the maintenance of
H2AX phosphorylation requires AE-associated proteins such as HORMAD1 (Fukuda et al,
2010; Daniel et al, 2011). However, HROMAD1 is still present in Stag3*’*® spermatocytes,
although diffusely distributed along the chromatin, which is still interesting because HORMAD1
binds AEs of unsynapsed chromosomes and these cells have no AEs as such. There was no
data on HORMAD1 binding pattern in the analysis of the Rec8°° Rad21L**° spermatocytes
(Llano et al, 2012).

Sister chromatid cohesion is only partially impaired in STAG3-deficient meiocytes, indicating
involvement of other cohesin complexes in their maintenance. Quantification of ACA foci
revealed an average of 55 foci per mutant cell, which indicates that there is no synapsis
between homologous chromosomes and that the sister chromatid cohesion is partially
dissolved. A full dissolution of sister chromatid cohesion would count 80 clearly separated ACA
foci. Similar data concerning sister chromatid cohesion was provided in studies of
REC8”, RAD21L" and SMC1B” mice, although their levels were reduced (Bannister et al,
2004; Revenkova et al, 2004; Xu et al, 2005; Herran et al, 2011; Biswas et al, 2013). This is
also in line with a recent study of a STAG3 hypomorph mouse generated by insertional
mutagenesis (Caubert et al, 2014). Another recent study showed that the SMC1a-based
complexes present in prophase | provide a substantial fraction of centromeric sister chromatid
cohesion (Biswas et al, 2013). In the absence of STAG3, SMC1B and/or SMC1a complexes
containing other STAGs, SA1 and/or SA2, should be the ones responsible for the remaining
sister chromatid cohesion. It was shown before that only a small fraction of SMC13 complexes
should interact with either SA1 or SA2 (Lee and Hirano, 2011), however, this fraction appears
to be increased in Stag3*°’*® spermatocytes as visible from Figure 3.11A. Since it is clear from
these data that SA1- and/or SA2-containing cohesin complexes provide the remaining
cohesion in STAG3-deficient spermatocytes, it is safe to assume that they carry this function

in wt spermatocytes as well, albeit, probably in smaller amount.

Just as centromeric sister chromatid cohesion, telomeric sister chromatid cohesion also
depends on STAG3. Quantification of both RAP1 and telomere-FISH signal in Stag3koke
spermatocytes revealed more than 80, but never all 160 foci. It is not possible to guarantee
that all foci were counted due to a weak signal strength of some of the individual foci, however,
it is safe to conclude that STAG3 has at least a partial roll in telomere sister chromatid
maintenance. Unlike SMC1, which was shown to have a role in protecting telomeres from
damage such as breaks, large extensions and inter-chromosomal telomere bridges (Adelfalk
et al, 2009), STAG3 was not shown to carry a similar role, as no such telomere perturbations
were revealed by RAP1 staining or FISH experiments in Stag3**® meiocytes. This may
suggest that a different type of SMC1B-containing complex is responsible for telomere

protection, such as SMC1B/SA1 or SMC1B/SA2 perhaps. However, it is also possible that
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Stag3koe spermatocytes never develop far enough to exhibit telomere perturbations that are
present in SMC1B” cells, which make to as far as early pachytene stage. Moreover, it was
shown in mitotic cells that SA1 binds directly to DNA through its unique AT-hook to promote
sister chromatid cohesion at telomeres (Bisht et al, 2013). This notion is intriguing, since it
reveals a possibility that STAG3 might also work alone to promote telomeric sister chromatid

cohesion, without the need for the whole cohesin complex.

STAG3-deficient meiocytes do not form AEs and SCs, unlike other meiosis-specific cohesin
mutants, which contain AEs that are very short and SCs that are not complete on every
chromosome pair (Bannister et al, 2004; Revenkova et al, 2004; Xu et al, 2005; Herran et al,
2011). This highlights STAG3 as a crucial component of the meiotic fraction of cohesin
complexes necessary for axis formation and sister chromatid cohesion. In comparison,
REC87 RAD21L" mutant (Llano et al, 2012) also exhibits an almost complete lack of axis,
which is not surprising since RAD21L and RECS8 are the only kleisins that have been shown
to interact with STAG3, connecting it to the rest of the cohesin complex. This is supported by
the data retrieved from immunoprecipitation experiments in this study, where RAD21 was not
detected in wt SMC1 precipitates (Figure 3.11A) and was observable only as weak signal on
pre-pachytene chromosomal axes. Depletion of STAG3 most likely affects RAD21L- and
REC8-based complexes, displaying a similar phenotype to the “double knockout” of these
kleisins. These data, together with the fact that out of the two kleisins only REC8 exhibits sister
chromatid cohesion impairment, suggest that other combinations of cohesin complex subunits
is possible. SMC cohesin subunits SMC3, SMC1a and SMC1 are present in STAG3-deficient
spermatocytes and localize throughout the chromatin, which suggests that other cohesin
complexes are indeed present. REC8 and RAD21L are also present, however the stability of
RECS is somewhat reduced, suggesting a decrease in its stability in the absence of STAG3.
More evidence of this was offered by the differential salt extraction experiments, where almost
all of the REC8 protein was detected in the low-salt fraction, indicating loose chromatin
association of this particular meiotic kleisin in Stag3*°° spermatocytes. Interestingly, previous
studies showed little or no association of meiotic cohesin subunits with SA1 or SA2 (Ishiguro
et al, 2011; Lee and Hirano, 2011), suggesting that cohesin complexes, almost entirely
comprised of mitotic cohesins, are responsible for what is left of sister chromatin cohesion in
Stag3*°*> meiocytes. This study also showed that precipitation of SMC1p containing cohesin
complexes co-precipitates both SA1 and SA2 in very small amounts, as indicated by very weak
signals (Figure 3.11A), which was even more prominent in spermatocytes devoid of STAGS. It
is possible that the absence of STAG3 elicits an upregulation in the levels of SA1 and SA2 in
these mutants (not visible from total testis extracts). Another possibility is that the stability of

SA1 and SA2 is increased by association with cohesin complexes usually interacting with
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STAG3 now that STAG3 is out of the competition. Also, with its high affinity partner STAG3
gone, SMC1p might bind SA1 and SA2 much more stably than in wt conditions.

SMC1a-based complexes were found to be responsible for a substantial amount of cohesion
in early meiotic prophase |, after which SMC1[3 type complexes take over (Eijpe et al, 2000).
Consistently, studies on SMC1B"- meiocytes observed sustainable sister chromatid cohesion
at centromeres and along chromosome arms (Revenkova et al, 2004; Biswas et al, 2013),
which can only be provided by SMC1a-based complexes in this mutant. Several groups have
reported IP data obtained from testis nuclear extracts or somatic cell overexpression systems,
providing evidence of SMC1a association with RAD21 or RAD21L (Gutierrez-Caballero et al,
2011; Ishiguro et al, 2011; Lee and Hirano, 2011). Conversly, Ishiguro et al, 2011, provided
evidence against the interaction of SMC1a with RAD21L. Together, this study on STAG3-
deficient mice and the study on the meiotic kleisin double knockout Rec8” Rad21L" mice
confirm that cohesin is required for the formation of AEs and SCs, which when applied to the
data obtained from SMC13-deficient mouse leads to the conclusion that SMC1a-based
complexes significantly contribute to the formation of AEs and SCs. The existence of
SMC1a/RAD21 complex is in line with IP and pulldown experiments (Gutierrez-Caballero et al,
2011; Ishiguro et al, 2011), which also showed the interaction of STAG3 with these complexes,
although the levels detected were very low. The evidence of SMC1a interacting with RAD21L
and RECS is controversial, since only some studies could provide it (Revenkova et al, 2004;
Ishiguro et al, 2011; Lee and Hirano, 2011). However, data from several groups support that
SMC1B forms complexes with each of the three kleisins (Revenkova et al, 2004; Gutierrez-
Caballero et al, 2011; Ishiguro et al, 2011; Lee and Hirano, 2011), and according to the data
in this study, considering such strong phenotype of Stag3“*® meiocytes, STAG3 probably
associates with each of these complexes. If we consider the dosage phenotype of STAG3,
described by Fukuda et al, 2014, reduced levels of STAGS3 can still provide cohesion for the
formation of AEs, even though they are much shorter than in wt, and for detectable, but
aberrant synapsis. RAD21 and RAD21L were found to localize on those AEs, but not RECS,
suggesting that STAG3 is paramount for REC8-containing cohesin complexes. Another group
also reported a STAG3 mutant, obtained by a lentiviral insertion in exon 8 of the STAG3 gene
(LIano et al, 2014). It was not clear if this was a complete knockout, since continuous stretches
of the SC marker SYCP1 was detected colocalizing with short axes marked by SYCP3 and no
immunoblot or mMRNA RT-PCR data was presented. This suggest that at least partial synapsis
still occurs, which is strikingly similar to that of STAG3 hypomorph phenotype described by
Fukuda et al, 2014. In comparison to these mutants, STAG3 mutants described in this study
bear the most severe phenotype. However, the similarities between these mutants are
obvious, like partial loss of centromeric cohesion and the presence of other cohesins observed

on chromosome spreads.
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All together, these data suggest that meiotic chromosome AEs and SC formation depend on
SMC1a- and SMC13-based cohesin complexes containing STAG3. SMC1a complexes
contribute in the initial phases of meiosis I, after which SMC13 complexes almost completely
take over. However, in either case, the presence of STAGS3 in these complexes is paramount
for the entirety of the meiotic prophase I. None of the other individual cohesin mutants exhibited

such a drastic phenotype, which highlights STAG3 as the most important meiotic cohesin.

Insect cell expressed recombinant STAG3 showed no evidence of participating in de
novo formation of cohesin complexes using cohesin subunits from mouse nuclear

extracts

The baculoviral infection of insect cells, using a vector containing the peptide of interest and
the subsequent overexpression and purification of that peptide is a well-known method of
studying protein-protein interactions (more information can be found in Fernandez and
Hoeffler, 1999). An example of such use of baculoviral vector/insect cell system is the co-
expression of SA2 and RAD21 (Zhang et al, 2013). This method was chosen due to several
advantages: an eukaryotic expression system provides posttranslational modification to the
peptide of interest, although one cannot guarantee that all necessary modifications of the
transgene will be implemented; prokaryotic vectors are usually less reliable with large inserts
and STAG3 cDNA is more than 4 kilobases long; availability of the well-established method at
the MPI-CBG protein facility; a previous study demonstrated co-expression of mitotic stromal
antigen SA2 and its kleisin interactor RAD21 in the same system (Zhang et al, 2013).
Expressing the full length STAG3 and immobilizing it on a resin can be used as bait in a
pulldown assay from a mouse nuclear protein extract. Once the binding interactors are
detected by mass spectrometry (MS), the experiments would be repeated with fragments of
STAG3, effectively mapping the binding regions for groups of these proteins. However,
western blot analysis should first detect the known interactors like REC8, SCM1b and SMC3,

which was not the case in this study using the recombinant STAG3.

The expression of recombinant STAG3 was abundant in insect cells, initially concluded from
green fluorescence of cell culture and prepared “pearls” and later by gel electrophoresis and
Coomassie staining. The purification of the recombinant protein indicated a problem with its
His-tag binding capacity. The column was not able to bind all of the recombinant protein and
the flow-through was visibly green. At first, one might think that there is simply too much protein
for the column capacity, but increasing the amount of resin did not affect the amount of protein
in the flow-through. This might be explained as a partial degradation of the protein, which could
be shown by anti-GFP immunoprecipitation of the flow-through and immunoblot analysis

probed for GFP and STAG3. Another explanation is that the polyhistidine tag might be
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obscured during the aggregation of the protein. Recombinant STAG3 has the ability to
aggregate, as was shown by gel filtration chromatography. Therefore, the purified protein might
be the sub-population that still wasn’t aggregated at the time of cell lysis. The aggregates
themselves are pretty stable, considering that 0.5% SDS solution wasn'’t able to dissolve them.
Interestingly, 20 mM EDTA or spermidine had a significant effect on aggregate stability. Why
a polycation and a metal sequester would affect the aggregates and a strong ionic detergent
would not, is not intuitively clear. The need for a metal ion might be implicated in either STAG3
biological function or its aggregation capability, but there is no data in the current literature
supporting this. Other in vivo chelation experiments targeting Ca?*, Mg?* or other metal ions

might prove more insight into this problem.

Regardless of its ability to aggregate, immunoprecipitation of the purified recombinant STAG3
was successful, which was confirmed by SDS-PAGE of the sample subjected to proteolytic
cleavage with the site-specific protease 3C. However, using this immunoprecipitated
recombinant STAG3 as bait in pulldown experiments from mouse nuclear protein extracts
showed no additional protein bands. Moreover, immunoblot analysis showed no known
interactor bands present. This may be explained in the same manner as the abundance of the
recombinant STAG3 in the flow-through during the purification process. The ability of the
protein to aggregate might mask the binding sites for REC8, which in turn renders other
cohesins not able to participate in the formation of STAG3 containing cohesin complexes.
Another explanation for this involves the possible spatio-temporal regulation of the meiotic
stromal antigen cohesin subunit. The recruitment of STAG3 onto the meiotic chromosomal
axis might require other events in meiosis, like phosphorylation or DNA binding. It is known
that STAG3 is phosphorylated during meiosis (Fukuda et al, 2012, 2014). Also, it was shown
in yeast that the STAG3 homologue Rec11 needs to bind DNA first before it can interact with

other components of the cohesin complex (Phadnis et al, 2015).

Analysis of the STAG3 primary protein structure reveals a domain rich in positive amino acid
residues, which might be responsible for the protein’s affinity for the negatively charged DNA.
Additionally, STAG3 is mostly comprised of armadillo type folds, structurally similar to HEAT
repeats. Stacked armadillo repeats (ArmR) are each typically consisting of 42 amino acids
arranged in three a-helices. These superhelical structures present an extensive solvent-
accessible surface that is well suited for binding large substrates such as proteins and nucleic
acids (Andrade et al, 2001), which might also be contributing to the STAGS3 affinity for DNA,
as well as many other proteins involved in meiosis. Alltogether, these data provide evidence
that the recombinant STAG3 interacts with a double stranded DNA (dsDNA) fragment.
However, further experiments are necessary to implicate DNA binding as necessary for proper
STAG3 cohesin complex formation and cohesion establishment. Such experiments would

involve mapping the precise regions of the protein, or even amino acid residues necessary for
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DNA interaction. Mouse mutants lacking these STAG3 domains should show impairment in

cohesin complex establishment.

STAG3-GFP fusion protein most likely compensates for the loss of endogenous STAG3
in mice.

In vitro experiments using STAG3 overexpressed in insect cells raised concerns about the
possible lack of either proper post-translational modification or presence of other signalling
factors necessary for meiotic cohesin complex formation. To mitigate any unknown lack of
meiotic spatio-temporal regulation and/or posttranslational modification of STAGS3, in vivo
established STAG3-GFP containing cohesin complexes would be very advantageous for its
study. The tag is necessary for immunoprecipitation experiments due to the lack of functional
anti-STAG3 antibodies that recognise the native form of STAG3 and attempts to generate
monoclonal antibodies during the course of this thesis had failed. STAG3-GFP containing BAC
was injected into mouse zygotes and the resulting mice bred with the STAG3 heterozygote
(STAG3*™). As explained in section Materials and Methods 2.1.1, the STAG3%*° mice are
completely deficient for STAG3 protein and this deficiency is the result of an alternative splicing
site provided by an insertional cassette with flox sites inside and outside of the cassette.
Genotyping relies on PCR detection of the insertional cassette for the STAGS3 floxed allele and
of a DNA segment for the wt allele which is otherwise split and separated by the cassette.
Using these genotyping primers, STAG3** mouse will show only the wt band, STAG3*"* will
show both the floxed band and the wt band and STAG3® will show only the floxed band.
However, introducing STAG3-GFP transgene into the genome of this mouse line makes
genotyping difficult but still crucial to discern if the transgene is fully functional. If the transgene
is present in the STAG3 knockout background and the phenotype of these mice is identical to
the wt mice, then it is safe to assume that the transgene fully compensates for the loss of
endogenous STAG3. The difficulty of this genotyping method lies in the fact that STAG3-GFP
sequence will always be detected as wt positive, regardless if the endogenous STAG3 locus
is STAG3** or STAG3 ke, effectively making the heterozygote indistinguishable from the
knockout. None of the possible primer combinations can make this genotyping viable without
mapping the precise location of the transgene insert in the genome. However, the solution to
this genotyping conundrum lies in the function of the insertion cassette itself. By crossing these
mice with a Cre expressing mouse, the neomycin reporter gene of the insertional cassette is

cut out, creating a different version of a still deleterious allele (Figure 4.1, tm1b).
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Figure 4.1 Excised (“ex’’) version of the deleterious STAG3 allele

The original floxed allele can be subjected to Cre recombinase which is produced in a mouse and controlled by
meiotic vasa promoter, ensuring spatio-temporal specificity. The recombinase is expressed only in
spermatogonia cells about to enter meiosis. Introducing this allele into the STAG3 floxed line allows detection of
a STAG3 knockout without using the standard wt primers (see section Materials and Methods 2.1.1). Genotyping
for GFP will detect the presence of the transgene, while using a primer pair, of which one binds 500 bp upstream
of loxP 1 site and the other 500 bp downstream of loxP 3 site, gives a 1000bp product in case of the new allele
(“ex” for “excised”) and a much bigger product in case of the original floxed allele (“fI” for “floxed”). It is important
to note that the absence of the neo protein cannot be used as an allele distinguishing method since both excised
and wt alleles lack the neo reporter. This method still cannot distinguish between all heterozygotes and knockouts
but it can detect a subset of knockouts which have both versions of the knockout allele in the endogenous STAG3
locus (STAG3%¥fl and STAG3-GFPexf),

Genotyping for GFP will detect the presence of the transgene, while using a primer pair, of
which one binds 500 bp upstream of loxP 1 site and the other 500 bp downstream of loxP 3
site, gives a 1000bp product in case of the new allele (“ex” for "excised”) and a much bigger
product in case of the original floxed allele (“fI” for “floxed”). This method still cannot
distinguish between the heterozygote and every knockout allele combination but it can detect
a subset of knockouts which have both versions of the knockout allele in the endogenous
STAG3 locus (STAG3*¥" and STAG3-GFP®/"). By identifying those mice, a full phenotype
analysis should reveal whether the transgene can compensate for the lack of endogenous
STAG3 function (i.e. testis size of STAG3®" should be 30% the size of wt and STAG3-GFPM),

While breeding of these mice is proceeding, preliminary analysis of GFP positive mice from
the STAG3-GFP line was performed. FACS analysis of single cell suspension obtained from
STAG3-GFP testis revealed significantly more events of high green fluorescence compared to
the wt and a pattern fairly similar to that of SMC1b-LAP, although the expression in
STAG3-GFP mouse was weaker. Other experiments, like immunoprecipitation and
immunofluorescence, also showed a STAG3-GFP signal to be weaker than the wt signal.
Several explanations are possible for this generally lower expression profile of STAG3-GFP
compared to the endogenous STAG3. One possibility is that sufficient levels of STAG3
negatively regulate its own expression, and if the STAG3-GFP has a bit lower affinity for its
partners, due to the GFP tag, the equilibrium of binding kinetics would selectively shift in favour
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of the endogenous STAG3. Since the absence of STAG3 positively regulated the levels and
possibly, indirectly the stability of SA1 and SA2 (Figure 3.11A), it is possible that STAG3 can
regulate its own levels. This possibility will get more credence once the STAG3-GFP*/" mouse
is analysed and comparably higher levels of STAG3-GFP are detected. Another possibility is
that the transgene was integrated close to a heterochromatin area or a possible enhancer isn’t
readily available to reach this site, resulting in lower expression. However, this possibility might
only be confirmed if the STAG3-GFP®" mouse exhibits a hypomorphic phenotype where the
STAG3-GFP levels are reduced enough to be comparable to the mutants described by Fukuda
et al, 2014, and Llano et al, 2014. Hoechst dye was added to distinguish GFP positive cells by
their DNA count and the analysis indeed revealed a GFP positive primary spermatocyte

population.

Immunofluorescence staining of STAG3-GFP chromosome spreads, with anti-GFP antibody,
revealed a pachytene localization pattern similar to that of STAGS3 in wt, although the signal
was much weaker. Surprisingly, other prophase | stages showed no defined patterns of GFP
signal and a lot of background. If this particular antibody batch exhibits generally higher
background and lower affinity for GFP or STAG3-GFP is expressed in lower levels than the
endogenous STAGS, it is possible that only synapsed chromosomes had strong enough signal
to be visible. To clarify this, a well-established positive control which has a similar localization
pattern and frequency is necessary. The closest to such a control would be an SMC13-LAP
mouse because the majority of SMC13-containing cohesin complexes also contain STAG3.
Immunofluorescence analysis of these chromosome spreads will be performed during the
revision of this thesis, once more mice are available, and hopefully added afterwards.
Moreover, staining with anti-STAG3 antibody showed a wt STAG3 localization pattern and
signal strength in all stages. These data suggest that STAG3 positive foci are either solely
comprised of STAG3-GFP in case of the knockout or a mix of endogenous STAG3 and
STAG3-GFP proteins in case of the heterozygote, since both GFP and STAG3 signals were
detected on these chromosomes. Also, in case of the later, the ratio might be in favour of the
endogenous STAG3, which might reflect the same difference between STAG3-GFP and
endogenous STAG3 levels, as observed by immunoblot analysis (Figure 3.26B). However,
these assumptions are valid only if SMC1B-LAP positive control reveals a GFP signal similar

in pattern and intensity as the STAG3 signal.

Immunoprecipitation experiments and immunoblot analysis of STAG3-GFP nuclear protein
extracts, using anti-GFP antibody, revealed the presence of cohesin subunits expected to be
a part of STAG3 containing cohesin complex. The REC8 signal was much weaker than SMC13
signal, which corresponds to the dual nature of STAG3 binding to meiotic kleisins. Further
probing with anti-RAD21L antibody should reveal a signal similar or weaker than REC8, which

together with REC8 should explain the SMC1p signal strength. However, this cannot be
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quantified by immunoblot analysis since the signal strengths are not necessarily linear, and
different antibodies yield different signal strength. Interestingly, although probing the blot with
anti-STAG3 antibody revealed both the endogenous STAG3 band and the transgene band,
the latter was much weaker in signal. Even though the band signal between different probing
of the same membrane depends on antibody specificity and exposure duration and might not
correlate linearly, a difference between the relative signal strength of specific bands of the
same probing is significant. This difference can be explained if STAG3 forms oligomers as a
functional cohesin subunit. /n vitro experiments with recombinant STAG3 revealed its ability to
aggregate. While this might have been a characteristic of that particular fusion protein, it is also
possible that such feature was a symptom of an unregulated biological function of STAG3 to
form dimers, or even multimers. However, it is important to note that GFP itself has a tendency
to multimerize. If STAG3 had another tag except GFP or if a better anti-STAG3 antibody was
available, a reverse IP would confirm if this is indeed an oligomerization event. Other than the
negative control being clear in that blot, the evidence of STAG3 ability to oligomerize is rather
weak. To strengthen the data showing that STAG3-GFP fully compensates for the loss of the
endogenous STAG, it is crucial to analyse the testes with STAG3-GFP in STAG3 knockout

background.

Interpretation of these data relies on the assumption that the transgene fully compensates for
the endogenous STAG3 function. During these preliminary experiments, 21 GFP positive mice
were sacrificed and testes taken for different analyses, out of which 16 were genotyped as
STAG3 heterozygotes (STAG3***), which are indistinguishable from homozygote knockouts
by the means of this genotyping protocol. A subpopulation of these erroneously genotyped
heterozygotes are actually homozygous knockouts, which according to Mendelian law of
inheritance contains 5 mice. Interestingly, even though only a few of these testes were taken
for IF analysis and showed no phenotype, none of these 16 pairs of testes were different in
size from wt. Statistically, assuming that the transgene cannot compensate for the loss of the
endogenous STAG3, the p-value of selecting zero reduced-size testes from 16 heterozygous
mice of this line is p<0.05 (= 0.015). This is strong statistical evidence that the transgene can
fully compensate for the function of endogenous STAG3. Another way to get more data before
the Cre mouse line is ready, is to sacrifice another 15 “heterozygous” STAG3-GFP mice, use
one testis to make nuclear extracts and one to make 1 chromosome spread slide for each of
these mice. Immunoblot analysis of these extracts should reveal approximately 5 testes which
have no endogenous STAG3 band and only the STAG3-GFP band. The corresponding slide
can be used for a quick preliminary analysis of chromosome architecture and the presence of

other cohesins.

Mass spectrometry analysis of anti-GFP immunoprecipitation experiments using nuclear

extracts from STAG3-GFP mice is crucial for detection of novel STAG3 interactors. Once the
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list of potential candidates is available, a few selected should be used in protein interaction
assays to identify key binding domains. Subsequent compensation studies will be needed,
where mutations are introduced into these domains and transfected into the STAG3 knockout
background by following identical procedure used to obtain STAG-GFP**" mice. However,
once both “excised” and “floxed” alleles are obtained and maintained in the colony, this whole

procedure should take significantly less time.
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5. Summary

The process of mammalian spermatogenesis is crucial for sexual reproduction because it
results in formation of gametes. During meiosis, each chromosome assembles into a
specialized structure called the chromosomal axis which is used as a platform for meiotic
processes. Genome-wide double stranded DNA breaks (DSBs) are introduced and
subsequently repaired via homologous recombination, which as a consequence has the
pairing of homologous chromosomes and exchange of genetic material between them. Also,
the resulting chiasmata remain as a physical link between homologous chromosomes,
providing resistance to the tension created by the meiotic spindle until all bivalents are bi-
directionally aligned on the metaphase plate. The cohesin complexes are tripartite ring-like
structures that primarily maintain sister chromatid cohesion after the DNA replicates. Other
functions of cohesin complexes involve DNA repair and gene expression regulation, as well as
still poorly described roles in the intricate network of meiotic signalling pathways and interaction
events. Meiosis-specific cohesin subunits are implicated in chromosomal axis formation,
synaptonemal complex formation and DSB formation. These include SMC1, kleisins RAD21L
and RECS8 and stromal antigen STAG3. The aim of this study was to describe the role of

STAG3 in mammalian meiosis.

Newly generated STAG3-deficient mice of both sexes are sterile with meiotic arrest. In these
mice, meiotic chromosome architecture is severely disrupted as no bona fide axial elements
(AE) form and homologous chromosomes do not synapse. Axial element protein SYCP3 forms
dot-like structures, many partially overlapping with centromeres. Asynapsis marker HORMAD1
is diffusely distributed throughout the chromatin, and SYCP1, which normally marks synapsed
axes, is largely absent. Centromeric and telomeric sister chromatid cohesion are impaired.
Centromere and telomere clustering occurs in the absence of STAG3, and telomere structure
is not severely affected. Other cohesin proteins are present, localize throughout the STAG3-
devoid chromatin, and form complexes with cohesin SMC183. No other deficiency in a single
meiosis specific cohesin causes a phenotype as drastic as STAG3 deficiency. STAG3

emerges as the key STAG cohesin involved in major functions of meiotic cohesin.

To further describe STAG3 function, a genetic construct coding for STAG3 tagged with green
fluorescent protein (GFP) on C-terminus and polyhistidine-maltose binding protein (His6-MBP)
on N-terminus, was created and incorporated into a baculoviral vector used to infect insect cell
cultures. The overexpressed fusion protein was purified from these cells using a nickel
purification column, also known as HisTrap. The purified protein was immobilised on
paramagnetic beads as bait in pulldown assays from wild type mouse nuclear extracts for

detection of STAGS interactors. No known interactors were detected in these experiments. Gel
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filtration chromatography analysis showed that this fusion protein forms aggregates which are
resistant to disruption by strong ionic detergents like SDS but easily disassembled by metal
ion sequesters like EDTA, polycathion spermidine and high ionic strength conditions like 500
mM NaCl. The fusion protein also demonstrated the ability to bind double stranded DNA, as

shown by electrophoretic mobility shift assay (EMSA).

Since in vitro experiments demonstrated that above described recombinant STAG3 is not able
to form de novo cohesin complexes from mouse nuclear extracts, in vivo experiments were
the obvious next step. A Bacterial Artificial Chromosome (BAC), containing the STAG3 gene
and a GFP sequence inserted directly before the open reading frame STOP codon, was
injected into fertilized mouse eggs, which were then transferred into pseudo-pregnant female
mice. The newly born GFP-positive mouse was used for breeding to create a colony that can
eventually give rise to mice deficient in endogenous STAG3 function (STAG3 knockout)
expressing the STAG3-GFP fusion protein under STAG3 promoter from a different locus in the
genome. Preliminary experiments indicated that the cohesin complexes containing STAG-GFP
compensated for the loss of endogenous STAG3. Using anti-GFP antibodies,
immunoprecipitation experiments (IPs) directly from STAG3-GFP nuclear extracts revealed
the expected cohesin subunit interactors. Future experiments should involve mass
spectrometry analysis of these IPs once the optimal IP incubation conditions are determined.
Hopefully, new STAG3 interactors will be discovered and subjected to further interaction
studies. Moreover, the analysis of STAG3-deficient mice expressing the STAG3-GFP fusion
protein is crucial in order to confirm that STAG3-GFP completely compensates for the loss for
endogenous STAG3.
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6. Zusammenfassung

Der Ablauf der Spermatogenese ist entscheidend bei der sexuellen Reproduktion, da er zur
Bildung der Gameten fuhrt. Wahrend der Meiose formen die einzelnen Chromosomen
spezialisierte Strukturen, die chromosomale Achse genannt werden und als Gerust fur
meiotische Prozesse dienen. Genomweite DNA-Doppelstrang-Briiche (DSBs) werden erzeugt
und anschlieRend durch homologe Rekombination repariert, welche zur Folge hat, dass sich
die homologen Chromosomen aneinander lagern und genetisches Material untereinander
austauschen. Die resultierenden Chiasmata verbleiben als physikalische Verbindung
zwischen den homologen Chromosomen und liefern Widerstand gegentber der durch die
meiotische Spindel aufgebaute Spannung bis alle Bivalenten bidirektionell in der

Metaphasenplatte ausgerichtet sind.

Die Cohesinkomplexe sind dreiteilige ringahnliche Strukturen die hauptsachlich die Schwester-
Chromatid-Kohasion nach der DNA-Replikation erhalten. Weitere Funktionen der
Cohesinkomplexe sind DNA-Reparatur und die Regulation der Genexpression, sowie noch
schlecht beschriebene Rollen im komplexen Netzwerk der meiotischen Signalwege und
Interaktionen. Meiosespezifische Cohesinuntereinheiten werden mit der Bildung der
Chromosomenachse, des Synaptonemalen Komplex und der DSBs in Verbindung gebracht.
Diese sind SMC1, die Kleisine RAD21L und REC8 und das stromale Antigen STAG3. Das

Ziel dieser Arbeit war es die Rolle von STAG3 in der Meiose der Sauger zu beschreiben.

Neu generierte STAG3-defiziente Mause beider Geschlechter sind steril und haben einen
meiotischen Arrest. In diesen Mausen ist die meiotische Architektur der Chromosomen
zerstort, da keine bona fide axiale Elemente gebildet werden und keine Homologenpaarung
stattfindet. Das axiale Protein SYCP3 bildet punktférmige Strukturen, von denen einige
teilweise mit Zentromeren Uberlagern. HORMAD1, ein Marker fir Asynapsis. ist diffus tGber
das Chromatin verteilt und SYCP1, welches normalerweise synapsierte Achsen markiert, ist
weitgehend abwesend. Die Kohasion der Schwesterchromatiden von Zentromeren und
Telomeren ist eingeschrankt. Das Zusammenlagern der Zentromere und Telomere l3uft in
Abwesenheit von STAG3 ab und die Struktur der Telomeren ist nicht schwerwiegend
beeinflusst. Weitere Cohesinproteine sind anwesend, lokalisieren im gesamten STAG3 freien
Chromatin und bilden Komplexe mit dem Cohesin SMC1f3. Kein Mangel eines einzelnen
meiosischspezifischen Cohesins verursacht einen so drastischen Phanotyp wie STAG3. Somit
ist STAG3 das Schlussel-STAG-Cohesin mit wichtigen Funktionen in der meiotischen

Kohasion.

Um die Funktionen von STAG3 weiter zu beschreiben, wurde ein genetisches Konstrukt, das

fur STAG3 codiert, welches C-terminal das grin fluoreszierende Protein (GFP) sowie N-
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terminal ein Polyhistidin-Maltose-Bindeprotein (His6-MBP) enthalt, erzeugt und in einen
baculoviralen Vektor eingebracht um Insektenzellkulturen zu infizieren. Das Uberexprimierte
Fusionsprotein wurde mittels einer Nickel-Purifikationsaule, die auch als HisTrap bekannt ist,
aus diesen Zellen aufbereitet. Das aufbereitete Protein wurde mittels paramagnetischen
“beads” immobilisiert und als Koder in “pulldown’-Assays mit nuklearen Wildtyp-Maus-
Extrakten verwendet um Interaktionspartner des STAG3 zu finden. Dabei konnten keine
bekannten Interaktionspartner gefunden werden. Die Analyse mittels Gelfiltrations-
Chromatographie zeigte, dass dieses Fusionsprotein Aggregate bildet, die widerstandsfahig
gegenlber Zerstérung mit starken ionischen Detergenzien wie SDS sind, sich aber leicht durch
Komplexbildner von Metallionen wie EDTA, “polycathion spermidine” und hoch ionische
Bedingungen wie 500mM NaCl zerlegen lassen. Weiterhin zeigte das Fusionsprotein im

“electrophoretic mobility shift assay” (EMSA) die Fahigkeit doppelstrangige DNA zu binden.

Da die in vitro Experimente zeigten, dass das oben beschriebene rekombinante STAGS3 nicht
in der Lage ist de novo Cohesinkomplexe von nuklearen Maus-Extrakten zu bilden, waren in
vivo Analysen der nachste offensichtliche Schritt. Ein Bacterial Artificial Chromosome (BAC)
mit STAG3 und der GFP-Sequenz, welche direkt vor dem Stopcodon des offenen Leserasters
eingefuhrt wurde, wurde in befruchtete Mausoozyten injiziert und diese in pseudotrachtige
Mause transferiert. Die neu geborenen GFP-positiven Mause wurden in der Zucht genutzt, um
eine Kolonie von Mausen erzeugen zu kénnen, die defizient beziiglich der endogenen STAG3
Funktion (STAG3-Knockout) ist und die das STAG3-GFP-Fusionsprotein unter dem STAG3-
Promoter von einem anderen Locus exprimieren. Vorlaufige Ergebnisse weisen darauf hin,
dass die Cohesinkomplexe mit STAG3-GFP den Verlust des endogenen STAG3
kompensieren kdénnen. Immunoprazipitationsexperimente (IPs) mit anti-GFP Antikérpern und
nukledren Extrakten aus STAG3-GFP-Mausen zeigten die zu erwarteten interagierenden
Cohesinuntereinheit. Kinftige Experimente sollten, nach Bestimmung der optimalen
Inkubationsbedingungen fiur die IP, massenspektroskopische Untersuchungen dieser IPs
beinhalten. Hoffentlich kbnnen neue Interaktionspartner des STAG3 entdeckt werden, die
dann fur weitere Interaktionsstudien genutzt werden. Zudem ist die Analyse der STAG3-
defizienten Mause mit Expression des STAG3-GFP Fusionsproteins entscheidend, um zu

bestatigen, dass STAG3-GFP fur den Verlust des endogenen STAG3 kompensieren kann.

102



7. References

Adelfalk C, Janschek J, Revenkova E, Blei C, Liebe B, Gob E, Alsheimer M, Benavente R,
de Boer E, Novak |, H66g C, Scherthan H, Jessberger R. 2009. Cohesin SMC1beta
protects telomeres in meiocytes. J. Cell Biol., 187(2):185-199 DOI:
10.1083/jcb.200808016.

Aguilar C, Davidson C, Dix M, Stead K, Zheng K, Hartman T, Guacci V. 2005.
Topoisomerase Il suppresses the temperature sensitivity of Saccharomyces cerevisiae
pds5 mutants, but not the defect in sister chromatid cohesion. Cell Cycle, 4(9):1294—
1304 DOI: 10.4161/cc.4.9.1997.

Alberts B, Johnson A, Lewis J, Morgan D, Raff M, Roberts K, Walter P. 2014. Molecular
Biology of the Cell, Sixth Edition. Garland Science.

Albini SM, Jones GH. 1984. Synaptonemal complex-associated centromeres and
recombination nodules in plant meiocytes prepared by an improved surface-spreading
technique. Exp. Cell Res., 155(2):588-592.

Anderson DE, Losada A, Erickson HP, Hirano T. 2002. Condensin and cohesin display
different arm conformations with characteristic hinge angles. J. Cell Biol., 156(3):419—
424 DOI: 10.1083/jcb.200111002.

Andrade MA, Perez-Iratxeta C, Ponting CP. 2001. Protein repeats: structures, functions, and
evolution. J. Struct. Biol., 134(2-3):117-131 DOI: 10.1006/jsbi.2001.4392.

Aravind L, Koonin EV. 1998. The HORMA domain: a common structural denominator in
mitotic checkpoints, chromosome synapsis and DNA repair. Trends Biochem. Sci.,
23(8):284-286.

Baarends WM, Wassenaar E, van der Laan R, Hoogerbrugge J, Sleddens-Linkels E,
Hoeijmakers JHJ, de Boer P, Grootegoed JA. 2005. Silencing of unpaired chromatin and
histone H2A ubiquitination in mammalian meiosis. Mol. Cell. Biol., 25(3):1041-1053 DOI:
10.1128/MCB.25.3.1041-1053.2005.

Balbas-Martinez C, Sagrera A, Carrillo-de-Santa-Pau E, Earl J, Marquez M, Vazquez M, Lapi
E, Castro-Giner F, Beltran S, Bayés M, Carrato A, Cigudosa JC, Dominguez O, Gut M,
Herranz J, Juanpere N, Kogevinas M, Langa X, Lépez-Knowles E, Lorente JA, Lloreta J,
Pisano DG, Richart L, Rico D, Salgado RN, Tardén A, Chanock S, Heath S, Valencia A,
Losada A, Gut |, Malats N, Real FX. 2013. Recurrent inactivation of STAG2 in bladder
cancer is not associated with aneuploidy. Nat. Genet., 45(12):1464—1469 DOI:
10.1038/ng.2799.

Bannister LA, Reinholdt LG, Munroe RJ, Schimenti JC. 2004. Positional cloning and
characterization of mouse mei8, a disrupted allelle of the meiotic cohesin Rec8. Genesis,
40(3):184—194 DOI: 10.1002/gene.20085.

Baudat F, Imai Y, de Massy B. 2013. Meiotic recombination in mammals: localization and
regulation. Nat. Rev. Genet., 14(11):794-806 DOI: 10.1038/nrg3573.

Baudat F, Manova K, Yuen JP, Jasin M, Keeney S. 2000. Chromosome synapsis defects

and sexually dimorphic meiotic progression in mice lacking Spo11. Mol. Cell, 6(5):989—
998.

103



Bellani MA, Boateng KA, McLeod D, Camerini-Otero RD. 2010. The expression profile of the
major mouse SPO11 isoforms indicates that SPO11beta introduces double strand
breaks and suggests that SPO11alpha has an additional role in prophase in both
spermatocytes and oocytes. Mol. Cell. Biol., 30(18):4391-4403 DOI:
10.1128/MCB.00002-10.

Bisht KK, Daniloski Z, Smith S. 2013. SA1 binds directly to DNA through its unique AT-hook
to promote sister chromatid cohesion at telomeres. J. Cell. Sci., 126(Pt 15):3493-3503
DOI: 10.1242/jcs.130872.

Biswas U, Hempel K, Llano E, Pendas A, Jessberger R. 2016. Distinct Roles of Meiosis-
Specific Cohesin Complexes in Mammalian Spermatogenesis. In: Cohen PE (ed) PLoS
Genet., 12(10):e1006389 DOI: 10.1371/journal.pgen.1006389.

Biswas U, Wetzker C, Lange J, Christodoulou EG, Seifert M, Beyer A, Jessberger R. 2013.
Meiotic cohesin SMC1[3 provides prophase | centromeric cohesion and is required for
multiple synapsis-associated functions. In: Hawley RS (ed) PLoS Genet.,
9(12):e1003985 DOI: 10.1371/journal.pgen.1003985.

Bolcun-Filas E, Costa Y, Speed R, Taggart M, Benavente R, De Rooij DG, Cooke HJ. 2007.
SYCE2 is required for synaptonemal complex assembly, double strand break repair, and
homologous recombination. J. Cell Biol., 176(6):741-747 DOI: 10.1083/jcb.200610027.

Bolcun-Filas E, Schimenti JC. 2012. Genetics of meiosis and recombination in mice. Int Rev
Cell Mol Biol, 298:179-227 DOI: 10.1016/B978-0-12-394309-5.00005-5.

Borck G, Zarhrate M, Bonnefont J-P, Munnich A, Cormier-Daire V, Colleaux L. 2007.
Incidence and clinical features of X-linked Cornelia de Lange syndrome due to SMC1L1
mutations. Hum. Mutat., 28(2):205-206 DOI: 10.1002/humu.9478.

Borner GV, Kleckner N, Hunter N. 2004. Crossover/noncrossover differentiation,
synaptonemal complex formation, and regulatory surveillance at the leptotene/zygotene
transition of meiosis. Cell, 117(1):29-45.

Buheitel J, Stemmann O. 2013. Prophase pathway-dependent removal of cohesin from
human chromosomes requires opening of the Smc3-Scc1 gate. EMBO J., 32(5):666—-676
DOI: 10.1038/emb0j.2013.7.

Caburet S, Arboleda VA, Llano E, Overbeek PA, Barbero JL, Oka K, Harrison W, Vaiman D,
Ben-Neriah Z, Garcia-Tuioén |, Fellous M, Pendas AM, Veitia RA, Vilain E. 2014. Mutant
cohesin in premature ovarian failure. N. Engl. J. Med., 370(10):943-949 DOI:
10.1056/NEJMo0a1309635.

Canudas S, Smith S. 2009. Differential regulation of telomere and centromere cohesion by
the Scc3 homologues SA1 and SA2, respectively, in human cells. J. Cell Biol.,
187(2):165-173 DOI: 10.1083/jcb.200903096.

Chan K-L, Roig MB, Hu B, Beckouét F, Metson J, Nasmyth K. 2012. Cohesin's DNA exit gate
is distinct from its entrance gate and is regulated by acetylation. Cell, 150(5):961-974
DOI: 10.1016/j.cell.2012.07.028.

Chikashige Y, Tsutsumi C, Yamane M, Okamasa K, Haraguchi T, Hiraoka Y. 2006. Meiotic

proteins bgt1 and bqt2 tether telomeres to form the bouquet arrangement of
chromosomes. Cell, 125(1):59—69 DOI: 10.1016/j.cell.2006.01.048.

104



Cohen PE, Holloway JK. 2010. Predicting gene networks in human oocyte meiosis. Biol.
Reprod., 82(3):469—-472 DOI: 10.1095/biolreprod.109.083014.

Conrad MN, Lee C-Y, Wilkerson JL, Dresser ME. 2007. MPS3 mediates meiotic bouquet
formation in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A., 104(21):8863—-
8868 DOI: 10.1073/pnas.0606165104.

Costa Y, Speed R, Ollinger R, Alsheimer M, Semple CA, Gautier P, Maratou K, Novak I,
H60g C, Benavente R, Cooke HJ. 2005. Two novel proteins recruited by synaptonemal
complex protein 1 (SYCP1) are at the centre of meiosis. J. Cell. Sci., 118(Pt 12):2755-
2762 DOI: 10.1242/jcs.02402.

Daniel K, Lange J, Hached K, Fu J, Anastassiadis K, Roig I, Cooke HJ, Stewart AF,
Wassmann K, Jasin M, Keeney S, Toth A. 2011. Meiotic homologue alignment and its
quality surveillance are controlled by mouse HORMAD1. Nat. Cell Biol., 13(5):599-610
DOI: 10.1038/ncb2213.

Davies OR, Maman JD, Pellegrini L. 2012. Structural analysis of the human SYCE2-TEX12
complex provides molecular insights into synaptonemal complex assembly. Open Biol,
2(7):120099-120099 DOI: 10.1098/rsob.120099.

Dernburg AF, McDonald K, Moulder G, Barstead R, Dresser M, Villeneuve AM. 1998. Meiotic
recombination in C. elegans initiates by a conserved mechanism and is dispensable for
homologous chromosome synapsis. Cell, 94(3):387-398.

Ding D-Q, Haraguchi T, Hiraoka Y. 2016. A cohesin-based structural platform supporting
homologous chromosome pairing in meiosis. Curr. Genet., 62(3):499-502 DOI:
10.1007/s00294-016-0570-x.

Ding D-Q, Matsuda A, Okamasa K, Nagahama Y, Haraguchi T, Hiraoka Y. 2016. Meiotic
cohesin-based chromosome structure is essential for homologous chromosome pairing
in Schizosaccharomyces pombe. Chromosoma, 125(2):205-214 DOI: 10.1007/s00412-
015-0551-8.

Ding X, Xu R, Yu J, Xu T, Zhuang Y, Han M. 2007. SUN1 is required for telomere attachment
to nuclear envelope and gametogenesis in mice. Dev. Cell, 12(6):863-872 DOI:
10.1016/j.devcel.2007.03.018.

Donze D, Adams CR, Rine J, Kamakaka RT. 1999. The boundaries of the silenced HMR
domain in Saccharomyces cerevisiae. Genes Dev., 13(6):698-708.

Eichinger CS, Kurze A, Oliveira RA, Nasmyth K. 2013. Disengaging the Smc3/kleisin
interface releases cohesin from Drosophila chromosomes during interphase and mitosis.
EMBO J., 32(5):656—665 DOI: 10.1038/emboj.2012.346.

Eijpe M, Heyting C, Gross B, Jessberger R. 2000. Association of mammalian SMC1 and
SMCS3 proteins with meiotic chromosomes and synaptonemal complexes. J. Cell. Sci.,
113 (Pt 4):673-682.

Eijpe M, Offenberg H, Jessberger R, Revenkova E, Heyting C. 2003. Meiotic cohesin REC8
marks the axial elements of rat synaptonemal complexes before cohesins SMC1beta
and SMC3. J. Cell Biol., 160(5):657—670 DOI: 10.1083/jcb.200212080.

Fernandez JM, Hoeffler JP. 1998. Gene Expression Systems. Academic Press.

105



Fernandez-Capetillo O, Celeste A, Nussenzweig A. 2003. Focusing on foci: H2AX and the
recruitment of DNA-damage response factors. Cell Cycle, 2(5):426-427.

Flachs P, Mihola O, Simecek P, Gregorova S, Schimenti JC, Matsui Y, Baudat F, de Massy
B, Pialek J, Forejt J, Trachtulec Z. 2012. Interallelic and intergenic incompatibilities of the
Prdm9 (Hst1) gene in mouse hybrid sterility. In: Nachman MW (ed) PLoS Genet.,
8(11):e1003044 DOI: 10.1371/journal.pgen.1003044.

Fraune J, Schramm S, Alsheimer M, Benavente R. 2012. The mammalian synaptonemal
complex: protein components, assembly and role in meiotic recombination. Exp. Cell
Res., 318(12):1340-1346 DOI: 10.1016/j.yexcr.2012.02.018.

Fukuda T, Daniel K, Wojtasz L, Toth A, H66g C. 2010. A novel mammalian HORMA domain-
containing protein, HORMAD1, preferentially associates with unsynapsed meiotic
chromosomes. Exp. Cell Res., 316(2):158-171 DOI: 10.1016/j.yexcr.2009.08.007.

Fukuda T, Pratto F, Schimenti JC, Turner JMA, Camerini-Otero RD, H66g C. 2012.
Phosphorylation of chromosome core components may serve as axis marks for the
status of chromosomal events during mammalian meiosis. In: Handel MA (ed) PLoS
Genet., 8(2):1002485 DOI: 10.1371/journal.pgen.1002485.

Fukuda T, Fukuda N, Agostinho A, Hernandez-Hernandez A, Kouznetsova A, Hédg C, 2014.
STAG3-mediated stabilization of REC8 cohesin complexes promotes chromosome
synapsis during meiosis. EMBO J. 33(11):1243-55. doi: 10.1002/embj.201387329.

Gandhi R, Gillespie PJ, Hirano T. 2006. Human Wapl is a cohesin-binding protein that
promotes sister-chromatid resolution in mitotic prophase. Curr. Biol., 16(24):2406-2417
DOI: 10.1016/j.cub.2006.10.061.

Garcia-Cruz R, Briefio MA, Roig |, Grossmann M, Velilla E, Pujol A, Cabero L, Pessarrodona
A, Barbero JL, Garcia Caldés M. 2010. Dynamics of cohesin proteins REC8, STAG3,
SMC1 beta and SMC3 are consistent with a role in sister chromatid cohesion during
meiosis in human oocytes. Hum. Reprod., 25(9):2316-2327 DOI:
10.1093/humrep/deq180.

Gelot C, Guirouilh-Barbat J, Lopez BS. 2016. The cohesin complex prevents the end-joining
of distant DNA double-strand ends in S phase: Consequences on genome stability
maintenance. Nucleus, 7(4):339-345 DOI: 10.1080/19491034.2016.1194159.

Gerlich D, Koch B, Dupeux F, Peters J-M, Ellenberg J. 2006. Live-cell imaging reveals a
stable cohesin-chromatin interaction after but not before DNA replication. Curr. Biol.,
16(15):1571-1578 DOI: 10.1016/j.cub.2006.06.068.

Gerton JL, DeRisi J, Shroff R, Lichten M, Brown PO, Petes TD. 2000. Global mapping of
meiotic recombination hotspots and coldspots in the yeast Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. U.S.A., 97(21):11383—-11390 DOI: 10.1073/pnas.97.21.11383.

Glynn EF, Megee PC, Yu H-G, Mistrot C, Unal E, Koshland DE, DeRisi JL, Gerton JL. 2004.
Genome-wide mapping of the cohesin complex in the yeast Saccharomyces cerevisiae.
In: Bruce Stillman (ed) PLoS Biol., 2(9):E259 DOI: 10.1371/journal.pbio.0020259.

Greaves IK, Rangasamy D, Devoy M, Marshall Graves JA, Tremethick DJ. 2006. The X and
Y chromosomes assemble into H2A.Z-containing [corrected] facultative heterochromatin
[corrected] following meiosis. Mol. Cell. Biol., 26(14):5394-5405 DOI:
10.1128/MCB.00519-06.

106


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hern%C3%A1ndez-Hern%C3%A1ndez%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24797475
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kouznetsova%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24797475
https://www.ncbi.nlm.nih.gov/pubmed/?term=H%C3%B6%C3%B6g%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24797475
https://www.ncbi.nlm.nih.gov/pubmed/?term=fukuda+2014+stag3

Gutiérrez-Caballero C, Herran Y, Sanchez-Martin M, Suja JA, Barbero JL, Llano E, Pendas
AM. 2011. Identification and molecular characterization of the mammalian a-kleisin
RAD21L. Cell Cycle, 10(9):1477-1487 DOI: 10.4161/cc.10.9.15515.

Habu T, Taki T, West A, Nishimune Y, Morita T. 1996. The mouse and human homologs of
DMC1, the yeast meiosis-specific homologous recombination gene, have a common
unique form of exon-skipped transcript in meiosis. Nucleic Acids Res., 24(3):470-477.

Hadjur S, Williams LM, Ryan NK, Cobb BS, Sexton T, Fraser P, Fisher AG, Merkenschlager
M. 2009. Cohesins form chromosomal cis-interactions at the developmentally regulated
IFNG locus. Nature, 460(7253):410—413 DOI: 10.1038/nature08079.

Haering CH, Jessberger R. 2012. Cohesin in determining chromosome architecture. Exp.
Cell Res., 318(12):1386—1393 DOI: 10.1016/j.yexcr.2012.03.016.

Haering CH, Lowe J, Hochwagen A, Nasmyth K. 2002. Molecular architecture of SMC
proteins and the yeast cohesin complex. Mol. Cell, 9(4):773—-788.

Hamer G, Gell K, Kouznetsova A, Novak |, Benavente R, H66g C. 2006. Characterization of
a novel meiosis-specific protein within the central element of the synaptonemal complex.
J. Cell. Sci., 119(Pt 19):4025-4032 DOI: 10.1242/jcs.03182.

Hara K, Zheng G, Qu Q, Liu H, Ouyang Z, Chen Z, Tomchick DR, Yu H. 2014. Structure of
cohesin subcomplex pinpoints direct shugoshin-Wapl antagonism in centromeric
cohesion. Nat. Struct. Mol. Biol., 21(10):864—-870 DOI: 10.1038/nsmb.2880.

Hartman T, Stead K, Koshland D, Guacci V. 2000. Pds5p is an essential chromosomal
protein required for both sister chromatid cohesion and condensation in Saccharomyces
cerevisiae. J. Cell Biol., 151(3):613-626.

Hauf S, Roitinger E, Koch B, Dittrich CM, Mechtler K, Peters J-M. 2005. Dissociation of
cohesin from chromosome arms and loss of arm cohesion during early mitosis depends
on phosphorylation of SA2. In: Hawley RS (ed) PLoS Biol., 3(3):e69 DOI:
10.1371/journal.pbio.0030069.

Herran Y, Gutiérrez-Caballero C, Sanchez-Martin M, Hernandez T, Viera A, Barbero JL, de
Alava E, De Rooij DG, Suja JA, Llano E, Pendas AM. 2011. The cohesin subunit
RAD21L functions in meiotic synapsis and exhibits sexual dimorphism in fertility. EMBO
J., 30(15):3091-3105 DOI: 10.1038/emboj.2011.222.

Hopkins J, Hwang G, Jacob J, Sapp N, Bedigian R, Oka K, Overbeek P, Murray S, Jordan
PW. 2014. Meiosis-specific cohesin component, Stag3 is essential for maintaining
centromere chromatid cohesion, and required for DNA repair and synapsis between
homologous chromosomes. In: Hunter N (ed) PLoS Genet., 10(7):e1004413 DOI:
10.1371/journal.pgen.1004413.

Houmard B, Small C, Yang L, Naluai-Cecchini T, Cheng E, Hassold T, Griswold M. 2009.
Global gene expression in the human fetal testis and ovary. Biol. Reprod., 81(2):438—443
DOI: 10.1095/biolreprod.108.075747.

Huis in 't Veld PJ, Herzog F, Ladurner R, Davidson IF, Piric S, Kreidl E, Bhaskara V,
Aebersold R, Peters J-M. 2014. Characterization of a DNA exit gate in the human
cohesin ring. Science, 346(6212):968-972 DOI: 10.1126/science.1256904.

Hunter N. 2015. Meiotic Recombination: The Essence of Heredity. Cold Spring Harb
Perspect Biol, 7(12):a016618 DOI: 10.1101/cshperspect.a016618.

107



Hwang PY-H, Hunter N. 2011. Mapping meiotic breaks: Spo11 oligonucleotides precisely
mark the spots. Genome Biol., 12(4):111 DOI: 10.1186/gb-2011-12-4-111.

Ichijima Y, Ichijima M, Lou Z, Nussenzweig A, Camerini-Otero RD, Chen J, Andreassen PR,
Namekawa SH. 2011. MDC1 directs chromosome-wide silencing of the sex
chromosomes in male germ cells. Genes Dev., 25(9):959-971 DOI:
10.1101/gad.2030811.

Ichijima Y, Sin H-S, Namekawa SH. 2012. Sex chromosome inactivation in germ cells:
emerging roles of DNA damage response pathways. Cell. Mol. Life Sci., 69(15):2559—
2572 DOI: 10.1007/s00018-012-0941-5.

Inselman A, Eaker S, Handel MA. 2003. Temporal expression of cell cycle-related proteins
during spermatogenesis: establishing a timeline for onset of the meiotic divisions.
Cytogenet. Genome Res., 103(3-4):277-284.

Ishiguro K-I, Kim J, Fujiyama-Nakamura S, Kato S, Watanabe Y. 2011. A new meiosis-
specific cohesin complex implicated in the cohesin code for homologous pairing. EMBO
Rep., 12(3):267-275 DOI: 10.1038/embor.2011.2.

Ishiguro T, Tanaka K, Sakuno T, Watanabe Y. 2010. Shugoshin-PP2A counteracts casein-
kinase-1-dependent cleavage of Rec8 by separase. Nat. Cell Biol., 12(5):500-506 DOI:
10.1038/ncb2052.

Ito M, Kugou K, Fawcett JA, Mura S, lkeda S, Innan H, Ohta K. 2014. Meiotic recombination
cold spots in chromosomal cohesion sites. Genes Cells, 19(5):359-373 DOI:
10.1111/gtc.12138.

Jessberger R. 2012. Age-related aneuploidy through cohesion exhaustion. EMBO Rep.,
13(6):539-546 DOI: 10.1038/embor.2012.54.

Jessberger R. 2011. Cohesin complexes get more complex: the novel kleisin RAD21L. Cell
Cycle, 10(13):2053-2054 DOI: 10.4161/cc.10.13.15802.

Jessberger R. 2009. Cohesin's dual role in the DNA damage response: repair and
checkpoint activation. EMBO J., 28(17):2491-2493 DOI: 10.1038/emb0j.2009.217.

Jessberger R, Riwar B, Baechtold H, Akhmedov AT. 1996. SMC proteins constitute two
subunits of the mammalian recombination complex RC-1. EMBO J., 15(15):4061-4068.

Kauppi L, Barchi M, Baudat F, Romanienko PJ, Keeney S, Jasin M. 2011. Distinct properties
of the XY pseudoautosomal region crucial for male meiosis. Science, 331(6019):916—
920 DOI: 10.1126/science.1195774.

Kauppi L, Jasin M, Keeney S. 2012. The tricky path to recombining X and Y chromosomes in
meiosis. Ann. N. Y. Acad. Sci., 1267(1):18-23 DOI: 10.1111/j.1749-6632.2012.06593.x.

Keeney S. 2008. Spo11 and the Formation of DNA Double-Strand Breaks in Meiosis.
Genome Dyn Stab, 2(Chapter 26):81-123 DOI: 10.1007/7050_2007_026.

Kim J-S, Krasieva TB, LaMorte V, Taylor AMR, Yokomori K. 2002. Specific recruitment of

human cohesin to laser-induced DNA damage. J. Biol. Chem., 277(47):45149-45153
DOI: 10.1074/jbc.M209123200.

108



Kitajima TS, Sakuno T, Ishiguro K-I, lemura S-I, Natsume T, Kawashima SA, Watanabe Y.
2006. Shugoshin collaborates with protein phosphatase 2A to protect cohesin. Nature,
441(7089):46-52 DOI: 10.1038/nature04663.

Kneitz B, Cohen PE, Avdievich E, Zhu L, Kane MF, Hou H, Kolodner RD, Kucherlapati R,
Pollard JW, Edelmann W. 2000. MutS homolog 4 localization to meiotic chromosomes is
required for chromosome pairing during meiosis in male and female mice. Genes Dev.,
14(9):1085-1097.

Kouznetsova A, Novak |, Jessberger R, H66g C. 2005. SYCP2 and SYCP3 are required for
cohesin core integrity at diplotene but not for centromere cohesion at the first meiotic
division. J. Cell. Sci., 118(Pt 10):2271-2278 DOI: 10.1242/jcs.02362.

Kouznetsova A, Wang H, Bellani M, Camerini-Otero RD, Jessberger R, H66g C. 2009.
BRCA1-mediated chromatin silencing is limited to oocytes with a small number of
asynapsed chromosomes. J. Cell. Sci., 122(Pt 14):2446-2452 DOI: 10.1242/jcs.049353.

Kouznetsova E, Kanno T, Karlberg T, Thorsell A-G, Wisniewska M, Kursula P, Sjégren C,
Schiler H. 2016. Sister Chromatid Cohesion Establishment Factor ESCO1 Operates by
Substrate-Assisted Catalysis. Structure, 24(5):789—-796 DOI: 10.1016/j.str.2016.03.021.

Krantz ID, McCallum J, DeScipio C, Kaur M, Gillis LA, Yaeger D, Jukofsky L, Wasserman N,
Bottani A, Morris CA, Nowaczyk MJM, Toriello H, Bamshad MJ, Carey JC, Rappaport E,
Kawauchi S, Lander AD, Calof AL, Li H-H, Devoto M, Jackson LG. 2004. Cornelia de
Lange syndrome is caused by mutations in NIPBL, the human homolog of Drosophila
melanogaster Nipped-B. Nat. Genet., 36(6):631-635 DOI: 10.1038/ng1364.

Kudo NR, Anger M, Peters AHFM, Stemmann O, Theussl H-C, Helmhart W, Kudo H, Heyting
C, Nasmyth K. 2009. Role of cleavage by separase of the Rec8 kleisin subunit of
cohesin during mammalian meiosis |. J. Cell. Sci., 122(Pt 15):2686—-2698 DOI:
10.1242/jcs.035287.

Kueng S, Hegemann B, Peters BH, Lipp JJ, Schleiffer A, Mechtler K, Peters J-M. 2006. Wapl
controls the dynamic association of cohesin with chromatin. Cell, 127(5):955-967 DOI:
10.1016/j.cell.2006.09.040.

Kumar R, de Massy B. 2010. Initiation of meiotic recombination in mammals. Genes (Basel),
1(3):521-549 DOI: 10.3390/genes1030521.

Lafont AL, Song J, Rankin S. 2010. Sororin cooperates with the acetyltransferase Eco2 to
ensure DNA replication-dependent sister chromatid cohesion. Proc. Natl. Acad. Sci.
U.S.A., 107(47):20364—20369 DOI: 10.1073/pnas.1011069107.

Lara-Pezzi E, Pezzi N, Prieto |, Barthelemy I, Carreiro C, Martinez A, Maldonado-Rodriguez
A, Lopez-Cabrera M, Barbero JL. 2004. Evidence of a transcriptional co-activator
function of cohesin STAG/SA/Scc3. J. Biol. Chem., 279(8):6553-6559 DOI:
10.1074/jbc.M307663200.

Lee J, Hirano T. 2011. RAD21L, a novel cohesin subunit implicated in linking homologous
chromosomes in mammalian meiosis. J. Cell Biol., 192(2):263-276 DOI:
10.1083/jcb.201008005.

Lengronne A, Katou Y, Mori S, Yokobayashi S, Kelly GP, Itoh T, Watanabe Y, Shirahige K,

Uhlmann F. 2004. Cohesin relocation from sites of chromosomal loading to places of
convergent transcription. Nature, 430(6999):573-578 DOI: 10.1038/nature02742.

109



Liebe B, Alsheimer M, H66g C, Benavente R, Scherthan H. 2004. Telomere attachment,
meiotic chromosome condensation, pairing, and bouquet stage duration are modified in
spermatocytes lacking axial elements. Mol. Biol. Cell, 15(2):827-837 DOI:
10.1091/mbc.E03-07-0524.

Liu J, Feldman R, Zhang Z, Deardorff MA, Haverfield EV, Kaur M, Li JR, Clark D, Kline AD,
Waggoner DJ, Das S, Jackson LG, Krantz ID. 2009. SMC1A expression and mechanism
of pathogenicity in probands with X-Linked Cornelia de Lange syndrome. Hum. Mutat.,
30(11):1535-1542 DOI: 10.1002/humu.21095.

Liu L, Keefe DL. 2008. Defective cohesin is associated with age-dependent misaligned
chromosomes in oocytes. Reprod. Biomed. Online, 16(1):103-112.

Llano E, Gomez-H L, Garcia-Tuién |, Sanchez-Martin M, Caburet S, Barbero JL, Schimenti
JC, Veitia RA, Pendas AM. 2014. STAGS is a strong candidate gene for male infertility.
Hum. Mol. Genet., 23(13):3421-3431 DOI: 10.1093/hmg/ddu051.

Llano E, Herran Y, Garcia-Tufién |, Gutiérrez-Caballero C, de Alava E, Barbero JL,
Schimenti J, De Rooij DG, Sanchez-Martin M, Pendas AM. 2012. Meiotic cohesin
complexes are essential for the formation of the axial element in mice. J. Cell Biol.,
197(7):877-885 DOI: 10.1083/jcb.201201100.

Losada A, Yokochi T, Kobayashi R, Hirano T. 2000. Identification and characterization of
SA/Scc3p subunits in the Xenopus and human cohesin complexes. J. Cell Biol.,
150(3):405-416.

Mahadevaiah SK, Turner JM, Baudat F, Rogakou EP, de Boer P, Blanco-Rodriguez J, Jasin
M, Keeney S, Bonner WM, Burgoyne PS. 2001. Recombinational DNA double-strand
breaks in mice precede synapsis. Nat. Genet., 27(3):271-276 DOI: 10.1038/85830.

Manhart CM, Alani E. 2016. Roles for mismatch repair family proteins in promoting meiotic
crossing over. DNA Repair (Amst.), 38:84—-93 DOI: 10.1016/j.dnarep.2015.11.024.

Mannini L, Cucco F, Quarantotti V, Amato C, Tinti M, Tana L, Frattini A, Delia D, Krantz ID,
Jessberger R, Musio A. 2015. SMC1B is present in mammalian somatic cells and
interacts with mitotic cohesin proteins. Sci Rep, 5(1):18472 DOI: 10.1038/srep18472.

Martins DS, Ambrésio CE, Saraiva NZ, Wenceslau CV, Morini AC, Kerkis |, Garcia JM,
Miglino MA. 2011. Early development and putative primordial germ cells characterization
in dogs. Reprod. Domest. Anim., 46(1):e62—6 DOI: 10.1111/j.1439-0531.2010.01631 .x.

McGuinness BE, Hirota T, Kudo NR, Peters J-M, Nasmyth K. 2005. Shugoshin prevents
dissociation of cohesin from centromeres during mitosis in vertebrate cells. In: Hawley
RS (ed) PLoS Biol., 3(3):e86 DOI: 10.1371/journal.pbio.0030086.

McKee BD, Handel MA. 1993. Sex chromosomes, recombination, and chromatin
conformation. Chromosoma, 102(2):71-80.

McKim KS, Hayashi-Hagihara A. 1998. mei-W68 in Drosophila melanogaster encodes a
Spo11 homolog: evidence that the mechanism for initiating meiotic recombination is
conserved. Genes Dev., 12(18):2932-2942.

McNicoll F, Stevense M, Jessberger R. 2013. Cohesin in gametogenesis. Curr. Top. Dev.
Biol., 102:1-34 DOI: 10.1016/B978-0-12-416024-8.00001-5.

110



Mecklenburg JM, Hermann BP. 2016. Mechanisms Regulating Spermatogonial
Differentiation. Results Probl Cell Differ, 58(Suppl):253-287 DOI: 10.1007/978-3-319-
31973-5_10.

Merkenschlager M. 2010. Cohesin: a global player in chromosome biology with local ties to
gene regulation. Curr. Opin. Genet. Dev., 20(5):555-561 DOI:
10.1016/j.9gde.2010.05.007.

Metzler-Guillemain C, de Massy B. 2000. Identification and characterization of an SPO11
homolog in the mouse. Chromosoma, 109(1-2):133—138.

Meuwissen RL, Offenberg HH, Dietrich AJ, Riesewijk A, van lersel M, Heyting C. 1992. A
coiled-coil related protein specific for synapsed regions of meiotic prophase
chromosomes. EMBO J., 11(13):5091-5100.

Michaelis C, Ciosk R, Nasmyth K. 1997. Cohesins: chromosomal proteins that prevent
premature separation of sister chromatids. Cell, 91(1):35—45.

Misulovin Z, Schwartz YB, Li X-Y, Kahn TG, Gause M, MacArthur S, Fay JC, Eisen MB,
Pirrotta V, Biggin MD, Dorsett D. 2008. Association of cohesin and Nipped-B with
transcriptionally active regions of the Drosophila melanogaster genome. Chromosoma,
117(1):89-102 DOI: 10.1007/s00412-007-0129-1.

Murdoch B, Owen N, Stevense M, Smith H, Nagaoka S, Hassold T, McKay M, Xu H, Fu J,
Revenkova E, Jessberger R, Hunt P. 2013. Altered cohesin gene dosage affects
Mammalian meiotic chromosome structure and behavior. In: Hawley RS (ed) PLoS
Genet., 9(2):e1003241 DOI: 10.1371/journal.pgen.1003241.

Nogués C, Fernandez C, Rajmil O, Templado C. 2009. Baseline expression profile of
meiotic-specific genes in healthy fertile males. Fertil. Steril., 92(2):578-582 DOI:
10.1016/j.fertnstert.2008.06.034.

Novak I, Wang H, Revenkova E, Jessberger R, Scherthan H, H66g C. 2008. Cohesin
Smc1beta determines meiotic chromatin axis loop organization. J. Cell Biol., 180(1):83—
90 DOI: 10.1083/jcb.200706136.

Novak JE, Ross-Macdonald PB, Roeder GS. 2001. The budding yeast Msh4 protein
functions in chromosome synapsis and the regulation of crossover distribution. Genetics,
158(3):1013-1025.

Page J, Viera A, Parra MT, la Fuente de R, Suja JA, Prieto |, Barbero JL, Rufas JS, Berrios
S, Fernandez-Donoso R. 2006. Involvement of synaptonemal complex proteins in sex
chromosome segregation during marsupial male meiosis. PLoS Genet., 2(8):e136 DOI:
10.1371/journal.pgen.0020136.

Page SL, Hawley RS. 2004. The genetics and molecular biology of the synaptonemal
complex. Annu. Rev. Cell Dev. Biol., 20(1):525-558 DOI:
10.1146/annurev.cellbio.19.111301.155141.

Palm W, de Lange T. 2008. How shelterin protects mammalian telomeres. Annu. Rev.
Genet., 42(1):301-334 DOI: 10.1146/annurev.genet.41.110306.130350.

Parelho V, Hadjur S, Spivakov M, Leleu M, Sauer S, Gregson HC, Jarmuz A, Canzonetta C,
Webster Z, Nesterova T, Cobb BS, Yokomori K, Dillon N, Aragon L, Fisher AG,
Merkenschlager M. 2008. Cohesins functionally associate with CTCF on mammalian
chromosome arms. Cell, 132(3):422—-433 DOI: 10.1016/j.cell.2008.01.011.

111



Penkner AM, Fridkin A, Gloggnitzer J, Baudrimont A, Machacek T, Woglar A, Csaszar E,
Pasierbek P, Ammerer G, Gruenbaum Y, Jantsch V. 2009. Meiotic chromosome
homology search involves modifications of the nuclear envelope protein Matefin/SUN-1.
Cell, 139(5):920-933 DOI: 10.1016/j.cell.2009.10.045.

Peters J-M, Nishiyama T. 2012. Sister chromatid cohesion. Cold Spring Harb Perspect Biol,
4(11):a011130-a011130 DOI: 10.1101/cshperspect.a011130.

Pettitt SJ, Liang Q, Rairdan XY, Moran JL, Prosser HM, Beier DR, Lloyd KC, Bradley A,
Skarnes WC. 2009. Agouti C57BL/6N embryonic stem cells for mouse genetic
resources. Nat. Methods, 6(7):493-495 DOI: 10.1038/nmeth.1342.

Pezzi N. 2000. STAG3, a novel gene encoding a protein involved in meiotic chromosome
pairing and location of STAG3-related genes flanking the Williams-Beuren syndrome
deletion. FASEB Journal, 14(3):581-592.

Phadnis N, Cipak L, Polakova S, Hyppa RW, Cipakova I, Anrather D, Karvaiova L, Mechtler
K, Smith GR, Gregan J. 2015. Casein Kinase 1 and Phosphorylation of Cohesin Subunit
Rec11 (SA3) Promote Meiotic Recombination through Linear Element Formation. In:
Sekelsky J (ed) PLoS Genet., 11(5):e1005225 DOI: 10.1371/journal.pgen.1005225.

Pittman DL, Cobb J, Schimenti KJ, Wilson LA, Cooper DM, Brignull E, Handel MA, Schimenti
JC. 1998a. Meiotic prophase arrest with failure of chromosome synapsis in mice deficient
for Dmc1, a germline-specific RecA homolog. Mol. Cell, 1(5):697-70

Pittman DL, Cobb J, Schimenti KJ, Wilson LA, Cooper DM, Brignull E, Handel MA, Schimenti
JC. 1998b. Meiotic prophase arrest with failure of chromosome synapsis in mice deficient
for Dmc1, a germline-specific RecA homolog. Mol. Cell, 1(5):697-705 DOI:
10.1016/S1097-2765(00)80069-6.

Prieto I, Pezzi N, Buesa JM, Kremer L, Barthelemy I, Carreiro C, Roncal F, Martinez A,
Gomez L, Fernandez R, Martinez-A C, Barbero JL. 2002. STAG2 and Rad21
mammalian mitotic cohesins are implicated in meiosis. EMBO Rep., 3(6):543-550 DOI:
10.1093/embo-reports/kvf108.

Prieto |, Suja JA, Pezzi N, Kremer L, Martinez-A C, Rufas JS, Barbero JL. 2001. Mammalian
STAGS is a cohesin specific to sister chromatid arms in meiosis |. Nat. Cell Biol.,
3(8):761-766 DOI: 10.1038/35087082.

Prieto |, Tease C, Pezzi N, Buesa JM, Ortega S, Kremer L, Martinez A, Martinez-A C, Hultén
MA, Barbero JL. 2004. Cohesin component dynamics during meiotic prophase | in
mammalian oocytes. Chromosome Res., 12(3):197-213.

Redon C, Pilch D, Rogakou E, Sedelnikova O, Newrock K, Bonner W. 2002. Histone H2A
variants H2AX and H2AZ. Curr. Opin. Genet. Dev., 12(2):162-169.

Remeseiro S, Cuadrado A, Carretero M, Martinez P, Drosopoulos WC, Cafiamero M,
Schildkraut CL, Blasco MA, Losada A. 2012. Cohesin-SA1 deficiency drives aneuploidy
and tumourigenesis in mice due to impaired replication of telomeres. EMBO J.,
31(9):2076—-2089 DOI: 10.1038/emboj.2012.11.

Remeseiro S, Cuadrado A, Gomez-Lopez G, Pisano DG, Losada A. 2012. A unique role of

cohesin-SA1 in gene regulation and development. EMBO J., 31(9):2090-2102 DOI:
10.1038/emboj.2012.60.

112



Remeseiro S, Cuadrado A, Losada A. 2013. Cohesin in development and disease.
Development, 140(18):3715-3718 DOI: 10.1242/dev.090605.

Revenkova E, Eijpe M, Heyting C, Gross B, Jessberger R. 2001. Novel meiosis-specific
isoform of mammalian SMC1. Mol. Cell. Biol., 21(20):6984-6998 DOI:
10.1128/MCB.21.20.6984-6998.2001.

Revenkova E, Eijpe M, Heyting C, Hodges CA, Hunt PA, Liebe B, Scherthan H, Jessberger
R. 2004. Cohesin SMC1 beta is required for meiotic chromosome dynamics, sister
chromatid cohesion and DNA recombination. Nat. Cell Biol., 6(6):555-562 DOI:
10.1038/ncb1135.

Reynolds A, Qiao H, Yang Y, Chen JK, Jackson N, Biswas K, Holloway JK, Baudat F, de
Massy B, Wang J, H66g C, Cohen PE, Hunter N. 2013. RNF212 is a dosage-sensitive
regulator of crossing-over during mammalian meiosis. Nat. Genet., 45(3):269-278 DOI:
10.1038/ng.2541.

Rivera-Colén Y, Maguire A, Liszczak GP, Olia AS, Marmorstein R. 2016. Molecular Basis for
Cohesin Acetylation by Establishment of Sister Chromatid Cohesion N-Acetyltransferase
ESCO1. J. Biol. Chem., 291(51):26468—-26477 DOI: 10.1074/jbc.M116.752220.

Robert T, Nore A, Brun C, Maffre C, Crimi B, Bourbon H-M, de Massy B. 2016. The
TopoVIB-Like protein family is required for meiotic DNA double-strand break formation.
Science, 351(6276):943-949 DOI: 10.1126/science.aad5309.

Rockmill B, Sym M, Scherthan H, Roeder GS. 1995. Roles for two RecA homologs in
promoting meiotic chromosome synapsis. Genes Dev., 9(21):2684—-2695.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. 1998. DNA double-stranded
breaks induce histone H2AX phosphorylation on serine 139. J. Biol. Chem.,
273(10):5858-5868.

Rollins RA, Korom M, Aulner N, Martens A, Dorsett D. 2004. Drosophila nipped-B protein
supports sister chromatid cohesion and opposes the stromalin/Scc3 cohesion factor to
facilitate long-range activation of the cut gene. Mol. Cell. Biol., 24(8):3100-3111 DOI:
10.1128/MCB.24.8.3100-3111.2004.

Rollins RA, Morcillo P, Dorsett D. 1999. Nipped-B, a Drosophila homologue of chromosomal
adherins, participates in activation by remote enhancers in the cut and Ultrabithorax
genes. Genetics, 152(2):577-593.

Romanienko PJ, Camerini-Otero RD. 1999. Cloning, characterization, and localization of
mouse and human SPO11. Genomics, 61(2):156—-169 DOI: 10.1006/geno.1999.5955.

Romanienko PJ, Camerini-Otero RD. 2000. The mouse Spo11 gene is required for meiotic
chromosome synapsis. Mol. Cell, 6(5):975-987.

Rosenberg SC, Corbett KD. 2015. The multifaceted roles of the HORMA domain in cellular
signaling. J. Cell Biol., 211(4):745-755 DOI: 10.1083/jcb.201509076.

Royo H, Polikiewicz G, Mahadevaiah SK, Prosser H, Mitchell M, Bradley A, De Rooij DG,
Burgoyne PS, Turner JMA. 2010. Evidence that meiotic sex chromosome inactivation is
essential for male fertility. Curr. Biol., 20(23):2117-2123 DOI:
10.1016/j.cub.2010.11.010.

113



Royo H, Prosser H, Ruzankina Y, Mahadevaiah SK, Cloutier JM, Baumann M, Fukuda T,
Ho66g C, Toth A, De Rooij DG, Bradley A, Brown EJ, Turner JMA. 2013. ATR acts stage
specifically to regulate multiple aspects of mammalian meiotic silencing. Genes Dev.,
27(13):1484-1494 DOI: 10.1101/gad.219477.113.

Rubio ED, Reiss DJ, Welcsh PL, Disteche CM, Filippova GN, Baliga NS, Aebersold R,
Ranish JA, Krumm A. 2008. CTCF physically links cohesin to chromatin. Proc. Natl.
Acad. Sci. U.S.A., 105(24):8309-8314 DOI: 10.1073/pnas.0801273105.

Sakuno T, Watanabe Y. 2015. Phosphorylation of cohesin Rec11/SA3 by casein kinase 1
promotes homologous recombination by assembling the meiotic chromosome axis. Dev.
Cell, 32(2):220—-230 DOI: 10.1016/j.devcel.2014.11.033.

Santucci-Darmanin S, Walpita D, Lespinasse F, Desnuelle C, Ashley T, Paquis-Flucklinger
V. 2000. MSH4 acts in conjunction with MLH1 during mammalian meiosis. FASEB J.,
14(11):1539-1547.

Scherthan H. 2006. Factors directing telomere dynamics in synaptic meiosis. Biochem. Soc.
Trans., 34(Pt 4):550-553 DOI: 10.1042/BST0340550.

Scherthan H. 2007. Telomere attachment and clustering during meiosis. Cell. Mol. Life Sci.,
64(2):117-124 DOI: 10.1007/s00018-006-6463-2.

Schmitz J, Watrin E, Lénart P, Mechtler K, Peters J-M. 2007. Sororin is required for stable
binding of cohesin to chromatin and for sister chromatid cohesion in interphase. Curr.
Biol., 17(7):630-636 DOI: 10.1016/j.cub.2007.02.029.

Schramm S, Fraune J, Naumann R, Hernandez-Hernandez A, H66g C, Cooke HJ, Alsheimer
M, Benavente R. 2011. A novel mouse synaptonemal complex protein is essential for
loading of central element proteins, recombination, and fertility. In: Villeneuve AM (ed)
PLoS Genet., 7(5):e1002088 DOI: 10.1371/journal.pgen.1002088.

Seitan VC, Banks P, Laval S, Majid NA, Dorsett D, Rana A, Smith J, Bateman A, Krpic S,
Hostert A, Rollins RA, Erdjument-Bromage H, Tempst P, Benard CY, Hekimi S, Newbury
SF, Strachan T. 2006. Metazoan Scc4 Homologs Link Sister Chromatid Cohesion to Cell
and Axon Migration Guidance. In: Hawley RS (ed) PLoS Biol., 4(8):e242—-1425 DOlI:
10.1371/journal.pbio.0040242.

Shintomi K, Hirano T. 2009. Releasing cohesin from chromosome arms in early mitosis:
opposing actions of Wapl-Pds5 and Sgo1. Genes Dev., 23(18):2224—-2236 DOI:
10.1101/gad.1844309.

Sjogren C, Nasmyth K. 2001. Sister chromatid cohesion is required for postreplicative
double-strand break repair in Saccharomyces cerevisiae. Curr. Biol., 11(12):991-995
DOI: 10.1016/S0960-9822(01)00271-8.

Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, lyer V, Mujica AO, Thomas M,
Harrow J, Cox T, Jackson D, Severin J, Biggs P, Fu J, Nefedov M, de Jong PJ, Stewart
AF, Bradley A. 2011. A conditional knockout resource for the genome-wide study of
mouse gene function. Nature, 474(7351):337-342 DOI: 10.1038/nature10163.

Solari AJ. 1974. The behavior of the XY pair in mammals. Int. Rev. Cytol., 38(0):273-317.

114



Solomon DA, Kim T, Diaz-Martinez LA, Fair J, Elkahloun AG, Harris BT, Toretsky JA,
Rosenberg SA, Shukla N, Ladanyi M, Samuels Y, James CD, Yu H, Kim J-S, Waldman
T. 2011. Mutational inactivation of STAG2 causes aneuploidy in human cancer. Science,
333(6045):1039-1043 DOI: 10.1126/science.1203619.

Song J, Lafont A, Chen J, Wu FM, Shirahige K, Rankin S. 2012. Cohesin acetylation
promotes sister chromatid cohesion only in association with the replication machinery. J.
Biol. Chem., 287(41):34325-34336 DOI: 10.1074/jbc.M112.400192.

Splinter E, Heath H, Kooren J, Palstra R-J, Klous P, Grosveld F, Galjart N, de Laat W. 2006.
CTCF mediates long-range chromatin looping and local histone modification in the beta-
globin locus. Genes Dev., 20(17):2349-2354 DOI: 10.1101/gad.399506.

Storlazzi A, Gargano S, Ruprich-Robert G, Falque M, David M, Kleckner N, Zickler D. 2010.
Recombination proteins mediate meiotic spatial chromosome organization and pairing.
Cell, 141(1):94-106 DOI: 10.1016/j.cell.2010.02.041.

Storlazzi A, Tessé S, Gargano S, James F, Kleckner N, Zickler D. 2003. Meiotic double-
strand breaks at the interface of chromosome movement, chromosome remodeling, and
reductional division. Genes Dev., 17(21):2675-2687 DOI: 10.1101/gad.275203.

Strom L, Karlsson C, Lindroos HB, Wedahl S, Katou Y, Shirahige K, Sjogren C. 2007.
Postreplicative formation of cohesion is required for repair and induced by a single DNA
break. Science, 317(5835):242-245 DOI: 10.1126/science.1140649.

Sumara |, Giménez-Abian JF, Gerlich D, Hirota T, Kraft C, la Torre de C, Ellenberg J, Peters
J-M. 2004. Roles of polo-like kinase 1 in the assembly of functional mitotic spindles.
Curr. Biol., 14(19):1712—-1722 DOI: 10.1016/j.cub.2004.09.049.

Sumara |, Vorlaufer E, Stukenberg PT, Kelm O, Redemann N, Nigg EA, Peters J-M. 2002.
The dissociation of cohesin from chromosomes in prophase is regulated by Polo-like
kinase. Mol. Cell, 9(3):515-525.

Surtees JA, Argueso JL, Alani E. 2004. Mismatch repair proteins: key regulators of genetic
recombination. Cytogenet. Genome Res., 107(3-4):146—159 DOI: 10.1159/000080593.

Suzumori N, Yan C, Matzuk MM, Rajkovic A. 2002. Nobox is a homeobox-encoding gene
preferentially expressed in primordial and growing oocytes. Mech. Dev., 111(1-2):137-
141.

Tanno Y, Susumu H, Kawamura M, Sugimura H, Honda T, Watanabe Y. 2015. The inner
centromere-shugoshin network prevents chromosomal instability. Science,
349(6253):1237—1240 DOI: 10.1126/science.aaa2655.

Tedeschi A, Wutz G, Huet S, Jaritz M, Wuensche A, Schirghuber E, Davidson IF, Tang W,
Cisneros DA, Bhaskara V, Nishiyama T, Vaziri A, Wutz A, Ellenberg J, Peters J-M. 2013.
Wapl is an essential regulator of chromatin structure and chromosome segregation.
Nature, 501(7468):564—568 DOI: 10.1038/nature12471.

Tomita K, Cooper JP. 2007. The telomere bouquet controls the meiotic spindle. Cell,
130(1):113-126 DOI: 10.1016/j.cell.2007.05.024.

Turner JMA, Aprelikova O, Xu X, Wang R, Kim S, Chandramouli GVR, Barrett JC, Burgoyne
PS, Deng C-X. 2004. BRCA1, histone H2AX phosphorylation, and male meiotic sex
chromosome inactivation. Curr. Biol., 14(23):2135-2142 DOI:
10.1016/j.cub.2004.11.032.

115



Turner JMA, Mahadevaiah SK, Fernandez-Capetillo O, Nussenzweig A, Xu X, Deng C-X,
Burgoyne PS. 2005. Silencing of unsynapsed meiotic chromosomes in the mouse. Nat.
Genet., 37(1):41-47 DOI: 10.1038/ng1484.

Uhlimann F. 2016. SMC complexes: from DNA to chromosomes. Nat. Rev. Mol. Cell Biol.,
17(7):399-412 DOI: 10.1038/nrm.2016.30.

Unal E, Heidinger-Pauli JM, Kim W, Guacci V, Onn |, Gygi SP, Koshland DE. 2008. A
molecular determinant for the establishment of sister chromatid cohesion. Science,
321(5888):566—569 DOI: 10.1126/science.1157880.

Vernet N, Mahadevaiah SK, De Rooij DG, Burgoyne PS, Ellis PJI. 2016. Zfy genes are
required for efficient meiotic sex chromosome inactivation (MSCI) in spermatocytes.
Hum. Mol. Genet..ddw344 DOI: 10.1093/hmg/ddw344.

Vrielynck N, Chambon A, Vezon D, Pereira L, Chelysheva L, De Muyt A, Mézard C, Mayer
C, Grelon M. 2016. A DNA topoisomerase VI-like complex initiates meiotic
recombination. Science, 351(6276):939—943 DOI: 10.1126/science.aad5196.

Ward A, Hopkins J, Mckay M, Murray S, Jordan PW. 2016. Genetic Interactions Between the
Meiosis-Specific Cohesin Components, STAG3, REC8, and RAD21L. G3 (Bethesda),
6(6):1713-1724 DOI: 10.1534/g3.116.029462.

Weitzer S, Lehane C, Uhlmann F. 2003. A model for ATP hydrolysis-dependent binding of
cohesin to DNA. Curr. Biol., 13(22):1930—-1940.

Wendt KS, Yoshida K, Itoh T, Bando M, Koch B, Schirghuber E, Tsutsumi S, Nagae G,
Ishihara K, Mishiro T, Yahata K, Imamoto F, Aburatani H, Nakao M, Imamoto N,
Maeshima K, Shirahige K, Peters J-M. 2008. Cohesin mediates transcriptional insulation
by CCCTC-binding factor. Nature, 451(7180):796—801 DOI: 10.1038/nature06634.

Whelan G, Kreidl E, Peters J-M, Eichele G. 2012. The non-redundant function of cohesin
acetyltransferase Esco2: some answers and new questions. Nucleus, 3(4):330-334 DOI:
10.4161/nucl.20440.

Wiltshire T, Park C, Handel MA. 1998. Chromatin configuration during meiosis | prophase of
spermatogenesis. Mol. Reprod. Dev., 49(1):70-80 DOI: 10.1002/(SICI)1098-
2795(199801)49:1<70::AID-MRD8>3.0.CO;2-L.

Wojtasz L, Cloutier JM, Baumann M, Daniel K, Varga J, Fu J, Anastassiadis K, Stewart AF,
Reményi A, Turner JMA, Téth A. 2012. Meiotic DNA double-strand breaks and
chromosome asynapsis in mice are monitored by distinct HORMAD2-independent and -
dependent mechanisms. Genes Dev., 26(9):958-973 DOI: 10.1101/gad.187559.112.

Wojtasz L, Daniel K, Roig I, Bolcun-Filas E, Xu H, Boonsanay V, Eckmann CR, Cooke HJ,
Jasin M, Keeney S, McKay MJ, Téth A. 2009. Mouse HORMAD1 and HORMAD2, two
conserved meiotic chromosomal proteins, are depleted from synapsed chromosome
axes with the help of TRIP13 AAA-ATPase. In: Lichten M (ed) PLoS Genet.,
5(10):e1000702 DOI: 10.1371/journal.pgen.1000702.

Xiao T, Wallace J, Felsenfeld G. 2011. Specific sites in the C terminus of CTCF interact with

the SA2 subunit of the cohesin complex and are required for cohesin-dependent
insulation activity. Mol. Cell. Biol., 31(11):2174-2183 DOI: 10.1128/MCB.05093-11.

116



Xu H, Beasley MD, Warren WD, van der Horst GTJ, McKay MJ. 2005. Absence of mouse
RECS8 cohesin promotes synapsis of sister chromatids in meiosis. Dev. Cell, 8(6):949—
961 DOI: 10.1016/j.devcel.2005.03.018.

Yan W, McCarrey JR. 2009. Sex chromosome inactivation in the male. Epigenetics,
4(7):452-456.

Yazdi PT, Wang Y, Zhao S, Patel N, Lee EY-HP, Qin J. 2002. SMC1 is a downstream
effector in the ATM/NBS1 branch of the human S-phase checkpoint. Genes Dev.,
16(5):571-582 DOI: 10.1101/gad.970702.

Yoshida K, Kondoh G, Matsuda Y, Habu T, Nishimune Y, Morita T. 1998. The mouse RecA-
like gene Dmc1 is required for homologous chromosome synapsis during meiosis. Mol.
Cell, 1(5):707-718.

Yuasa T, Hayashi T, lkai N, Katayama T, Aoki K, Obara T, Toyoda Y, Maruyama T, Kitagawa
D, Takahashi K, Nagao K, Nakaseko Y, Yanagida M. 2004. An interactive gene network
for securin-separase, condensin, cohesin, Dis1/Mtc1 and histones constructed by mass
transformation. Genes Cells, 9(11):1069-1082 DOI: 10.1111/j.1365-2443.2004.00790.x.

Zhang N, Jiang Y, Mao Q, Demeler B, Tao YJ, Pati D. 2013. Characterization of the
interaction between the cohesin subunits Rad21 and SA1/2. PLoS ONE, 8(7):e69458
DOI: 10.1371/journal.pone.0069458.

Zickler D, Kleckner N. 2016. A few of our favorite things: Pairing, the bouquet, crossover

interference and evolution of meiosis. Semin. Cell Dev. Biol.,, 54:135-148 DOI:
10.1016/j.semcdb.2016.02.024.

117



Anlage 1
Technische Universitidt Dresden
Medizinische Fakultat Carl Gustav Carus
Promotionsordnung vom 24. Juli 2011

Erklarungen zur Er6ffnung des Promotionsverfahrens

1. Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzuldssige Hilfe
Dritter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt
habe; die aus fremden Quellen direkt oder indirekt ibernommenen Gedanken sind
als solche kenntlich gemacht.

2. Bei der Auswahl und Auswertung des Materials sowie bei der Herstellung des
Manuskripts habe ich Unterstiitzungsleistungen von folgenden Personen erhalten:
Prof. Rolf Jessberger, Institut fOr Physiologische Chemie, Medizinischen Fakultat der
Technischen Universitat Dresden.

3. Weitere Personen waren an der geistigen Herstellung der vorliegenden Arbeit
nicht beteiligt. Insbesondere habe ich nicht die Hilfe eines kommerziellen
Promotionsberaters in Anspruch genommen. Dritte haben von mir weder
unmittelbar noch mittelbar geldwerte Leistungen fiir Arbeiten erhalten, die im
Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.

4. Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder
dhnlicher Form einer anderen Priifungsbehorde vorgelegt.

5. Die Inhalte dieser Dissertation wurden in folgender Form veréffentlicht:

Manuskript:

Winters T, McNicoll F, Jessberger R, 2014. Meiotic cohesin STAG3 is required for
chromosome axis formation and sister chromatid cohesion. EMBO J. 33(11):1256-70. doi:
10.1002/embj.201387330.

6. Ich bestatige, dass ich die Promotionsordnung der Medizinischen Fakultat der
Technischen Universitat Dresden anerkenne.

Ort, Datum
Dresden, 20.04.2017.

Unterschrift des Doktoranden

118



Anlage 2
Hiermit bestatige ich die Einhaltung der folgenden aktuellen gesetzlichen
Vorgaben im Rahmen meiner Dissertation

o das zustimmende Votum der Ethikkommission bei Klinischen Studien,
epidemiologischen Untersuchungen mit Personenbezug oder Sachverhalten,
die das Medizinproduktegesetz betreffen
Aktenzeichen der zusténdigen Ethikkommission nicht anwendbar

o die Einhaltung der Bestimmungen des Tierschutzgesetzes
Aktenzeichen der Genehmigungsbehérde zum Vorhaben/zur Mitwirkung

24-9168.24-1/2010-25 und DD24-5131/367/4
O die Einhaltung des Gentechnikgesetzes
Projektnummer S6-8811.71/91-03

O die Einhaltung von Datenschutzbestimmungen der Medizinischen Fakultat
und des Universitatsklinikums Carl Gustav Carus.

Ort, Datum
Dresden, 20.04.2017.

Unterschrift des Doktoranden

119



