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10 Chapter 1

General introduction

 As many as one in seven couples suffers from subfertility, meaning that they do not conceive 
after one year of unprotected intercourse. In approximately half of these subfertile couples, the 
semen quality of the male partner falls below WHO (World Health Organization) criteria [1, 2]. 
Unfortunately, only a minority of cases of low semen quality can currently be explained [3]. 
The most severe form of low semen quality is azoospermia in which no spermatozoa are found 
in the ejaculate. In approximately 25-50% of these cases, there is a failure to initiate or com-
plete spermatogenesis [4]. Many of these cases are thought to be due to impaired DNA repair 
mechanisms that can cause spermatogonial apoptosis [5-7], activate a male specific meiotic 
arrest checkpoint [8, 9] or, when the damage persists, lead to genomic aberrations in mature 
spermatozoa. Elucidating the molecular mechanisms that safeguard genomic integrity during 
spermatogenesis, might therefore reveal potential causes and even novel treatment options 
for male infertility.
 The psychological, social and ethical aspects of fertility treatments are frequent topics of 
debate. In addition, there is increasing debate about the safety of fertility treatments. Recent 
reports indicate that fertility treatments are associated with lower birth weight, increased inci-
dence of preterm birth, and a higher prevalence of birth defects [10, 11]. Increasing our basic 
knowledge of the maintenance of genomic integrity during normal germ cell development 
could aid in understanding these associations. At the same time, novel methods for assisted re-
production, such as creating artificial gametes [12] or spermatogonial autotransplantation [13] 
are being developed and steadily approach clinical application. Before these methods can be 
considered for clinical application, the maintenance of genomic integrity in germ cells should 
be studied thoroughly, as this is critical to be able to ensure that the offspring is genetically 
safe and sound. 
 This thesis focusses on a key protein complex that shapes, protects and thus prepares the 
genome for safe reproduction. This protein complex, called SMC5/6*, is known to be involved 
in chromatin structure maintenance and DNA repair, yet poorly studied in germ cells.

Background of the thesis

Spermatogenesis

 Spermatogenesis, the developmental process during which spermatogonial stem cells 
differentiate and develop into mature sperm (Figure 1), involves three major developmental 
stages: mitotic stem cell self-renewal, proliferation and differentiation (spermatogonial stage), 
meiosis (spermatocyte stage), and haploid cell development and maturation called spermio-
genesis (spermatid stage) (Reviewed in [14]). Lifelong production of healthy and functional 
spermatozoa requires a high level of DNA integrity maintenance that is specifically and dif-
ferentially regulated during these stages [14].

Spermatogonia

 At the spermatogonial stage, a perfect balance between spermatogonial stem cell (SSC) 
self-renewal, clonal expansion and differentiation towards meiosis is crucial to maintain life-

* For consistency, we will use rodent/human nomenclature throughout the introduction and discussion section of this thesis
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long spermatogenesis. Disturbance of this balance can lead to tumor-like germ cell clusters or 
germ cell depletion [15]. Of all germ cells, spermatogonia are most sensitive to DNA damage 
and they will easily go into apoptosis in response to induced DNA breaks, for instance caused 
by ionizing irradiation (IR) [16]. Even within the spermatogonia, the response to DNA damage 
is differentially regulated with the differentiating spermatogonia being much more radiosen-
sitive than the SSCs [16, 17]. The exact mechanisms that cause the spermatogonia to be more 
sensitive to DNA damage, and thus more sensitive to radio- or chemotherapy, than other mito-
tic cells are still unresolved.

Meiosis and homologous recombination

 After clonal expansion and differentiation, the spermatogonia will enter meiosis. During 
meiosis, one round of DNA replication (pre-meiotic S-phase) is followed by two consecutive 
rounds of chromosome segregation (Figure 1). In the first segregation step (meiosis I), the ho-
mologous chromosomes move to opposite poles. In the second division (meiosis II), the sister 
chromatids are segregated, resulting in four unique haploid cells. These complex divisions are 
preceded by a tightly regulated prophase I, in which the homologous chromosomes align and 

Figure 1: Mammalian spermatogenesis and meiosis. Spermatogenesis roughly consists of three major developmen-
tal stages exhibiting different cell types: spermatogonia, spermatocytes and spermatids. Spermatogonia maintain 
their own cell population by spermatogonial stem cell self-renewal or undergo clonal expansion and differentiation 
towards primary spermatocytes. After one S-phase, primary spermatocytes undergo two subsequent cell divisions 
(meiosis I and II) to give rise to haploid round spermatids. Round spermatids undergo extensive morphological and 
cytological changes resulting in elongated spermatids, which leave the seminiferous tubule for further maturation. 
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synapse, facilitated by formation of the synaptonemal complex.
 At the end of the pre-meiotic S-phase, hundreds of endogenous DNA double-strand breaks 
(DSBs) are induced that are required for the formation of meiotic crossovers. DSBs are particu-
larly dangerous to a cell because both strands of the double helix are cut, which can lead to 
genomic rearrangements. Two major pathways have evolved in order to repair DSBs (reviewed 
in [18]): non-homologous end joining (NHEJ) and homologous recombination (HR). NHEJ func-
tions by simply ligating the two resected DNA ends. Because NHEJ does not take into account 
any insertions or deletions that may have occurred, this process is error-prone and thought to 
be inhibited during meiosis [6]. HR on the other hand, utilizes the available undamaged chro-
mosome as a template for error free repair of the broken chromosome (Figure 2). HR can fol-
low two different pathways for final repair of the DSB: synthesis-dependent strand annealing 
(SDSA) and double-strand break repair (DSBR) (reviewed in [19]). In both pathways, the DSB 
triggers resection of the DNA around the 5’ end of the break, creating 3’ single-stranded DNA 
(ssDNA) overhangs (Figure 2A). These 3’ ssDNA overhangs invade a homologous sequence, 
forming a so-called D-loop, and DNA is synthesized at the invading end using the undamaged 
template DNA strand (Figure 2A). In the case of SDSA, the second DSB end will be annealed 

A
Double-strand break

End resection

Strand invasion
DNA ligation

B CSynthesis-dependent strand annealing (SDSA) Double strand break repair (DSBR)

Strand displacement
Annealing

DNA synthesis
Ligation

Non-crossover

Crossover

Non-crossover

or

Second end capture
DNA synthesis
Ligation

dHJ resolution

3’

3’5’

5’

Figure 2: DNA double strand break repair by homologous recombination. A] When a DNA double strand break (DSB) 
occurs, the DNA around the 5’ end is resected, creating a 3’ single-stranded DNA (ssDNA) overhang. This 3’ ssDNA over-
hang invades a homologous sequence, creating a D-loop. DNA is synthesized at the invading end using the undama-
ged template DNA strand. After this, further repair can be executed by synthesis-dependent strand annealing (SDSA) 
or double strand break repair (DSBR) B] SDSA: The second DSB end will be annealed up to the ssDNA on the other break 
end, followed by gap-filling DNA synthesis and ligation. This will lead to a non-crossover event. C] DSBR: The second 
DSB end can be captured to form a double Holliday Junction (dHJ). The resulting recombination intermediate must be 
resolved by nicking the HJs. Depending on the nick sites, either parallel (black arrows) or anti-parallel (green arrows), 
this will produce a non-crossover or a crossover event, respectively.
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up to the ssDNA on the other break end, followed by gap-filling DNA synthesis and ligation, 
leading to a non-crossover (NCO) event (Figure 2B). In the case of DSBR, the second DSB end 
can be captured to form a double Holliday Junction (dHJ) (Figure 2C). The resulting recombi-
nation intermediate must be resolved by nicking the HJs. Depending on the nick site, this will 
produce either a crossover (CO) or a non-crossover (see green and black arrows in figure 2C, 
respectively).
 Mitotic recombination and meiotic recombination have a fundamentally different purpose. 
Mitotic recombination serves to repair the damaged DNA quickly and accurately, and COs are 
a rare outcome. In contrast, during meiosis, it is essential that at least one or two COs per ho-
mologous chromosome pair are formed. Correct alignment and synapsis of the homologous 
chromosomes during prophase I are pivotal for the establishment of these crossovers which, 
by providing a physical link between homologous chromosomes, are in turn essential for cor-
rect chromosome orientation and segregation during the two subsequent meiotic M-phases 
(Reviewed in [20]). Meanwhile, incorrect processing of meiotic DSBs will lead to synapsis pro-
blems, subsequent meiotic arrest and spermatogenic failure [8, 9].

Spermiogenesis

 During spermiogenesis, the now haploid cells undergo extreme morphological and cyto-
logical changes that yield a spermatid with a distinct head, midpiece and tail region. Apart 
from removal of most of the cytoplasm and development of a tail, also the chromatin in the 
nucleus undergoes extensive remodeling (Reviewed in [21]). Most dramatically, the histones, 
around which the DNA in almost every cell is wound to pack the large eukaryotic genome, are 
substituted by protamines. This facilitates the extreme condensation of the chromatin, which 
protects the paternal genome against physical and chemical damage. Importantly, this ex-
change is accompanied by the induction of thousands of DSBs that, because the genome is 
now haploid, all have to be repaired by NHEJ. After this morphological and cytological me-
tamorphosis, the now elongated spermatids are released into the lumen of the seminiferous 
tubule from where they are then transported to the epididymis for further maturation [14].

Chromatin dynamics and the SMC protein complexes

 Spermatogenesis is characterized by continuously ongoing changes in chromatin compo-
sition and function. Chromatin structure and dynamics safeguard genomic integrity, influence 
replication and transcription and steer the mitotic and meiotic cell cycle. Therefore, failure in 
the spatio-temporal organization of chromatin can cause genomic instability, with varying 
consequences. In early spermatogenesis, failure to maintain genomic integrity can cause sper-
matogonial apoptosis [15], leading to spermatogenic failure. Later chromosomal misalignment 
can result in incorrect chromosome segregation or chromosomal aberrations, in turn causing 
meiotic arrest-related spermatogenic failure [8, 9]. Finally, chromosomal aberrations can cause 
aneuploidy in the gametes and subsequent congenital malformations of the offspring [22]. 
Hence, tight regulation of chromatin architecture and genome integrity maintenance is es-
sential for healthy spermatogenesis and fundamental for efficient and safe reproduction.
 Structure and dynamics of chromatin are to a large extent controlled by the structural 
maintenance of chromosomes (SMC) protein complexes [23-25]. These three large ring-like 



14 Chapter 1

complexes each consist of two SMC-proteins and several other non-SMC subunits. Three func-
tionally distinct SMC complexes have been described; Cohesin (SMC1/3), condensin (SMC2/4) 
and the SMC5/6 complex (Figure 3). All of these complexes are functionally characterized by 
the capacity to hold two double stranded DNA strands together [23, 24].

Cohesin and Condensin

 Cohesin’s main function is to provide sister chromatid cohesion and subsequent properly 
timed chromosome segregation during mitosis. By holding sister chromatids together and al-
lowing HR, cohesin is also found essential for DNA damage repair during the S and G2 phases 
of the cell cycle [23, 24, 26, 27]. Condensin is responsible for chromosome condensation prior 
to mitotic divisions by forming loops within a single chromosome [28]. In addition, both cohe-
sin and condensin are thought to influence gene expression by altering chromosomal confor-
mation and, for instance, controlling the interaction between specific promotor and enhancer 
elements [29-33]. 

The SMC5/6 complex 

 Like cohesin and condensin, the SMC5/6 complex consists of two SMC proteins (SMC5 and 
SMC6) and multiple non-SMC elements (NSE1-4 in mammals) (Figure 3) [23, 34]. The SMC pro-
teins contain an extensive coiled-coil domain that is folded back on itself through a central 
hinge domain (Figure 3A). The two terminal ends are in close proximity and form an ATP-bin-
ding and ATP-hydrolysis site. Through their hinge domains, SMC5 and SMC6 associate to form 
a heterodimer. The ring structure of the complex is closed by NSE1, NSE3 and NSE4 that form 
a bridge between the two ATPase domains (Figure 3B) [34]. NSE2 exclusively associates with 
SMC5, where it functions as an E3 small ubiquitin-related modifier (SUMO) ligase [35-37].
 The SMC5/6 complex was first described to be involved in the DNA damage response 
process by facilitating HR in yeast cells [38-41]. Mutations of any of the subunits of SMC5/6 
resulted in hypersensitivity to a 
wide range of DNA damaging 
agents [42-45]. In the absence 
of SMC5/6 function, recombi-
nation processes become de-
leterious to the cell because 
toxic recombination intermedi-
ates accumulate. Therefore, it is 
thought that SMC5/6 functions 
in resolving the recombination 
intermediates once they are 
formed. [38, 41, 46-48]. Simi-
larly, abrogation of the SMC5/6 
complex in yeast leads to un-
resolved linkages between 
chromosomes during meiosis, 
indicating that resolving re-
combination intermediates is 
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Figure 3: Mammalian SMC5/6 pro-
tein complex. The SMC5/6 com-
plex consists of two SMC proteins, 
SMC5 and SMC6, and several non-
SMC elements (NSEs). A] SMC5 and 
SMC6 each contain an extensive 
coiled-coil domain that folds back 
on itself at a central hinge domain, 
juxtaposing the terminal head do-
mains to form an ATP-binding and 
ATP-hydrolysis site. B] Through 
their hinge domains, SMC5 and 
SMC6 tightly associate. The cha-
racteristic closed-ring structure 
is established by NSE1, NSE3 and 
NSE4 that bridge the two ATPase 
domains. NSE2 exclusively associ-
ates with SMC5, where it functions 
as a SUMO ligase.
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an important function of SMC5/6 in both mitotic and meiotic cells [49-51].
 Although DNA damage repair by HR is generally considered to be SMC5/6’s main function, 
the SMC5/6 complex has been found to execute more functions. In human cancer cell lines 
lacking telomerase activity, the SMC5/6 complex facilitates intra-telomeric recombination in 
order to elongate telomeres during a process called alternative lengthening of telomeres (ALT) 
[36, 52-54]. Moreover, SMC5/6 is required for the translocation of the telomeres to the sites of 
HR, because the telomeres fail to relocalize and shorten when SMC5/6 function is lost [36].
 Similarly, SMC5/6 relocates DSBs that have occurred in heterochromatin (including the 
rDNA) towards euchromatin. Because the heterochromatic regions are rich in repetitive DNA 
sequences, recombinational repair of DSBs in these regions has a high risk of leading to intra-
chromosomal recombination structures. These hazardous structures impair genetic stability, 
and recombination is therefore generally suppressed in heterochromatin. It was found in yeast 
and Drosophila that SMC5/6 is key for the inhibition of HR in heterochromatin and the relocali-
zation of DSBs towards the safer euchromatin where repair is then allowed [52, 55-57].
 Finally, during mitotic S-phase, yeast SMC5/6 is thought to be required for maintaining 
replication fork stability and the restart of stalled replication. When replication forks collapse, 
DSBs occur which are generally repaired through HR [58]. Mutation of SMC6 [38] or NSE2 dys-
function [59, 60] results in X-shaped HR intermediates or joint molecules at stalled replication 
forks. This accumulation of aberrant intermediates results in chromosome bridges and misse-
gregation in the following cell division, causing replication arrest. SMC5/6 is therefore thought 
to resolve the HR intermediates in the process of restarting stalled replication forks. In yeast, 
SMC5/6 further provides structural organization to replication forks by loading specific pro-
teins onto stalled replication forks in order to maintain the fork in a recombination-competent 
conformation [61]. Finally, mutations in SMC6, NSE5 or NSE6 indeed all lead to replication ar-
rest [41, 45, 62, 63].

Aim and outline of the thesis

 The aim of this thesis is to gain understanding in the mechanisms that shape, protect and 
prepare the genome for one of the most complex and challenging, yet essential, processes of 
species survival: reproduction. To gain insight in how genomic integrity and stability is main-
tained during the diverse phases of rodent and human spermatogenesis, especially during 
spermatogonial stem cell development, differentiation and meiosis, we have investigated the 
possible roles SMC5/6 herein.
 We specifically addressed the following questions:
 -   What is the role of SMC6 in rodent and human spermatogenesis?
 -   What is known about the diverse roles SMC5/6 plays during meiosis?
 -   What is the function and biochemical regulation of the mammalian SMC5/6 complex in  
     DNA replication and repair?

 Chapter 2 focusses on possible roles of SMC6 during rodent spermatogonial differenti-
ation and meiosis. Chapter 3 aims to translate recent findings in rodent studies to human, 
thereby shedding light on the specific genome integrity maintenance mechanism that exist 
in human germ cells. In an attempt to find a common denominator and thereby create clarity 
in the field of SMC5/6 research, chapter 4 provides a clear overview of the versatile functions 
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of SMC5/6 during meiosis, from yeast to man. Chapter 5 further focusses on the function and 
biochemical regulation of SMC5/6 in DNA replication and repair using a cell line model and 
CRISPR-Cas9 mediated gene targeting. Finally, Chapter 6 aims to discuss the relevance of the 
obtained results presented in the current thesis and the implications and opportunities for 
future research. 
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